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A BST R AC T
Potato late blight (PLB) caused by Phytophthora infestans (Mont.) de Bary is an important
and serious threat to successful potato production in the world. The disease spreads through
seed and soil residual material. In Pakistan, PLB can induce 100% yield losses under epidemic
condition. Due to lack of resistance in indigenous potato germplasm, growers in Pakistan
manage the disease using fungicides. Excessive use of fungicides can lead to resistance
resulted in the development of isolates resistant to all fungicides. Disease predictive model
under such situation may be effective tool to predict early onset of disease. A predictive model
was developed on ten years data of PLB severity and environmental variables by using
stepwise logistic regression. The model was validated by another regression model based on
two years data. The two models explained 75% and 82% disease variability, respectively.
Maximum temperature, relative humidity and wind speed appeared to be most significant
variables in the PLB development during ten year and two year models. There was significant
correlation of maximum temperature, relative humidity and wind speed with PLB severity
during ten years (2001-2010) and two years (2011-2013). PLB severity increases with increase
in the maximum temperature, relative humidity and wind speed. The environmental variables
conducive for the development of PLB were characterized on five potato varieties/lines i.e.,
Desiree, Diamont, SH-5, SH-339 and FD35-36. Most prominently, relative humidity played
significant role in the development of PLB severity on the five varieties/lines. Ninety three
percent of variability in disease development on SH-339 was explained by relative humidity
during two year model. Seven fungicides of which four systemic materials (Fluopicolide,
10

Iprovalicarb, Phenylamide and Ethyl hydrogen phosphonate) and three contact materials
(Hexamethylenetetramine, Propineband Acitamide) were applied at recommended doses to
manage PLB severity. The results revealed that all the treatments significantly reduced the
PLB as compared to the control. Application of Phenylamide and Propineb were the most
effective treatments in managing PLB severity, followed by Fluopicolide, Ethyl hydrogen
phosphonate, Acitamide, Iprovalicarb and Hexamethylenetetramine.

CHAPTER 1

INTRODUCTION

Potato (Solanum tuberosum L.) is the world's top ranked non grain food commodity
(FAO, 2008). In the developed world, potato has long been a major part of the staple diet,
and up until the 1990s most potatoes were grown and consumed in Europe, North America
11

and countries of the former Soviet Union (FAO, 2008). Since then, there has been a dramatic
increase in potato production and demand in Asia, Africa and Latin America, where output
has risen from less than 30 million tons in the early 1960s to more than 165 million tons in
2007 (FAO, 2008). Global potato production reached a record 364.81 million tons in 2012
(FAO, 2014), and is set to rise even further. As concern grows over the risk of food shortage
and food instability in dozens of low income countries, global attention is turning to the
potato crop to try to ease the strain of food price increase. The United Nations designated
2008 as the "International Year of the Potato," and potato is now being promoted as an
important contributor to the solution to global hunger (FAO, 2008). Potato is not without its
problems, however, P. infestans, the causal agent of potato late blight, is a highly aggressive
plant pathogen that can destroy a potato crop in a matter of days.
Among potato diseases, late blight of potato is the most devastating, causing 50–
70% potato yield loss if environmental conditions are favorable (Khair and Haggag, 2007;
Haq et al., 2008; Rahman et al., 2008) which can reach up to 100% (Ghorbani et al., 2004;
Large, 1940; Fry and Goodwin, 1997). This disease was held accountable for the Irish potato
famine that resulted in more than a million deaths in the 1840s (Large, 1940). Before the
disease appeared in Ireland, it caused a devastating epidemic in the early 1840s in the
Northeastern United States. In the Bolivian Andes, the disease has resulted in a direct loss
of approximately $30 million and $100 million lost in potential yields annually (FernandezNorthcote et al., 2000).
In Pakistan potato is affected by number of diseases including scab, black scurf, wilt,
black leg, Potato Leaf Roll Virus disease, Potato Virus X and Y disease, early blight and
late blight etc. As in the recent years many problems like diseases and insect pests, became
more hazardous and a large number of farmers don’t have the right knowledge of cultivation
technique and protection strategies. In Pakistan late blight was reported in the hilly areas
especially in Kaghan valley in 1984 (Khan et al., 1985). Later, it spread in the plains of
Punjab, NWFP, Balochistan and Northern areas (Khan et al., 2003). P. infestans is a
potential threat to potato production in Pakistan because of its increasing prevalence and
severity (Ahmad and Mirza, 1995). Epidemics of late blight of potato has significant yield
losses in the past and is still a major threat to potato production in Pakistan (Younis et al.,
2009). Annually estimated yield losses due to late blight of potato range between 30-75%
(Olanya et al., 2007; Myint et al., 2001; Haverkort et al., 2009). Late blight is the most
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serious disease of potato globally and can completely destroy the crop (Ghorbani et al.,
2004).
Phytophthora infestans has the potential to produce large amounts of variation in
progeny via both asexual and sexual reproduction (Brasier, 1992; Brasier and Hansen,
1992). In recent years, new varieties and more aggressive races of the pathogen has been
reported from around the world, with high genetic diversity, aggressive behaviors, there is
also fungicide resistance to certain systemic fungicides commonly used for management of
the late blight (Spielman et al., 1991; Goodwin, 1997). Before the 1970s, global population
of P. infestans in most parts of the world (outside of Mexico) consisted of the A1 mating
type, on asexually reproducing clones or relatively of low genetic diversity (Fry et al., 1992;
Samen et al., 2003). The A2 mating types were first reported from Switzerland in 1981
(Hohl and Iselin, 1984) and subsequently from Europe, America and other parts of the world
(Fry et al., 1992; Goodwin et al., 1998), thereby changing the old population of P. infestans
to have increased genetically diverse and aggressive new population consisting of both A1
and A2 strains with the ability to produce oospores through sexual reproduction.
The occurrence of P. infestans in Pakistan was first documented by Khan et al.,
(1985), from Swat Valley through scientific investigations. Some years later, Ahmad and
Mirza (1995) reported the presence of the A2 mating type of P. infestans in Pakistan. Recent
surveys have demonstrated the presence of both A1 and A2 varieties in several countries,
including China, India, Indonesia, Japan, Korea, Nepal, Pakistan and Thailand (Ahmad and
Mirza, 2002; Ghimire et al. 2003). Although changes in population structure of P. infestans
are generally monitored on the basis of mating type, mtDNA-haplotype, Glucose-6phosphate isomerase (Gpi), RFLP and peptidase (Pep) analysis and SSR markers (Cooke
and Lees, 2004). However, such techniques are either unavailable in developing countries
like Pakistan or very expensive. Thus, characterization of population of P. infestans through
simple aggressiveness variables might be helpful in detecting quick and short-term
population changes of the pathogen.
Cultivation of varieties having the ability to resist infection by late blight of potato
and that is thought to be the most economic and valid option to manage this disease. None
of the commercial varieties are resistant to P. infestans. Breeders have developed many new
varieties/advanced lines during the last few years, which are required to be continually tested
for presence of resistance (Parvez et al., 2003). Genetic resistance of potato variety was
utilized to lower the fungicide rates and the most resistant varieties were protected with half
13

the rate of the fungicides (Kapsa, 2002). Potato late blight severity was recorded under
natural epidemic conditions on 270 potato germplasm accessions over three years and found
only 10 accessions as resistant (Gopal and Singh, 2003; Fry, 2008). Potato varieties grown
in Pakistan have low levels of resistance to late blight (Ghazanfar et al., 2010).
When the disease appears farmers have no option except to apply the crop with some
effective fungicides. Frequent use of fungicides is neither economical nor beneficial for the
environment and human health. Although, the efficacy of some fungicides against late blight
has been reported (Shuja, 1995), large scale testing of fungicides against late blight has not
been reported from Pakistan. The occurrence of the late blight pathogen and application of
fungicides for management of the disease in potato growing regions of the country have
been repeatedly demonstrated (Farooq et al., 2002; Khan et al., 2003). Four fungicides viz.,
Acrobat (cinamic acid amides), Ridomil Gold (mefenoxam+ chlorothalonil), Banko
(chlorothalonil) and Score (difenoconazole) were tested against late blight on 30
varieties/lines under natural conditions. All the fungicides significantly reduced disease
severity on most of the varieties/lines compared to untreated control (Khan et al., 2003).
Environmental factors play significant role in the development of PLB epiphytotic
(Zwankhuizen and Zadoks, 1998). For the most efficient and sustainable disease
management strategies, epidemiological and biological data were used to develop a model
for the management of potato late blight (Bourke, 1970).
Disease prediction models are used to explore the probability of disease outbreaks,
providing significant new information for potato growers. This enables farmers to estimate
risk, cost and benefit ratios, site selection, selection of propagative material and
implementation of a timely disease management plan to protect the crop. Predictive models
allow farmers for the pathogen to forecast when the environment is favorable for late blight
infection (Morales et al., 2004; Naerstad et al., 2007). A number of models have been
developed to predict initial infection of late blight epidemic. The first disease predictive
model was based on a set of “Dutch rules” that included night temperature, the duration of
dew at night, mean cloudiness, and daily rainfall (van Everdingen, 1926).
Beaumont, (1947) developed a model based upon the “temperature- humidity rule” in
England, which consisted of two or more consecutive days with minimum temperature ≥
10oC and relative humidity ≥ 75%. Cook, (1949) developed a simple graphical model based
on rainfall and daily average temperature. Hyre, (1954) modified Cook’s system, classified
days as being “favorable” or “unfavorable.” Days were considered favorable when the mean
14

temperature of the previous 5 days was less than 25.6ºC and the cumulative precipitation
for the 10 previous days was 3 cm. Wallin, (1962) developed a model based upon severity
values based upon hours of high relative humidity (>90%) and temperature values. Wallin
and Hyre models were used to develop a new computerized model “BLITECAST” which
has been used effectively in many potato-growing areas of North America (Krause, et al.,
1975). Disease forecasting models demand, a continuous need of validation due to
continuous modifications made to the model (Andrade-Piedra et al., 2005). The purpose of
validation is to test the model fitness within its region of application (Rykiel, 1996;
Schlesinger et al., 1979). A disease predictive model may reduce uncertainty about the
management decisions that farmers must take by providing a quantitative description of
disease risk. Forecasting model provides an early prediction that may help to manage late
blight with or with a minimum number of fungicidal sprays (Shtienberg, 2010). Jhorar et
al., (1997) developed a disease predictive model based on 15 years of data and found that
the environmental variables (temperature and relative humidity) played significant role in
disease development. Thus, the hypothesis of this current study was that “on the basis of
knowledge about the environmental variables, the severity of late blight of potato can be
predicted for improved management of this disease using fungicides”.
If a model could provide accurate advanced predictions to better manage, farmers
to apply more timely management (fungicides) measures for late blight in Faisalabad.
Current study would help to forecast disease for specific areas within Pakistan and would
reveal for the optimum timing for fungicides applications. The objectives of this study were
to. 1) develop a disease predictive model from ten years data collected from the Ayub
Agriculture Research Institute (AARI), Faisalabad and 2) validate the proposed model on
two years of new data recorded from an experimental area at the University of Agriculture
Faisalabad, and 3) evaluate different fungicides for the management of late blight of potato
under field conditions.
CHAPTER 2

REVIEW OF LITERATURE
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2.1. History and background of the late blight pathogen
“In the wake of the potato late blight famine in Ireland and Europe in the 1840’s,
agronomists and plant pathologists faced the task of coming to understand this disease and
devising ways to combat it; that effort still goes on today. It has not, in the main, been a
heroic tale of scientific triumph; on the contrary, late blight has allegedly broken the hearts
of more agricultural scientists and farmers than any other single crop disease” (Turner,
2005).
2.1.1. History of the pathogen
Late blight caused some of the most well known historical plant disease epidemics,
leading to the Irish potato famine in the 1840’s and mass migration and death of millions
of Irish people (Large, 1940). The first incidence of the disease was reported from the east
coast of the U.S during 1843. In 1845, the first outbreaks in Europe occurred in Belgium.
Later in the same year it had spread to England, Holland, Germany, and Ireland (Bourke,
1991). The Irish residents were dependent on potato as a major source of food and therefore
the disease in Ireland caused a sever famine resulted in a demographic decline in the Irish
population that exceeded twenty one percent (Large, 1946; Turner, 2005).
Marie-Anne Libert a Belgian mycologist was the first person who described the
cause of the blight as a fungus and proposed the name Botrytis vastatrix (Zadoks, 2008).
About the same time another scientist, Jean Francis Camille Montagne, described the
fungus and named it Botrytis infestans. At that time, however, it was a common conviction
that germs, spores and bacteria were not a cause but an outcome of diseases.
‘The potato murrain’ remained a secrecy, until the life cycle of the potato blight was
described by Anton de Bary, in 1861. It was accepted and recognized that a fungus was
responsible for disease development. It was also de Bary who suggested the pathogen name
Phytophthora infestans, which means ‘infectious plant destroyer (Large, 1946).
Historically, there has been a long-standing controversy if potato late blight has its
origin in Mexico or in the Andes (Andrivon, 1996). Due to the high genotypic and
phenotypic variation and the presence of both mating types of P. infestans, central Mexico
has been proposed as the center of origin for the late blight pathogen. However, recently
another theory has been suggested with the Andes as the center of origin based on the
mitochondrial and nuclear loci in P. infestans and its close relative P. andina (GómezAlpizar et al., 2007).
16

The first known migration of late blight took place from the U.S to Europe, which
caused the Irish famine in the 1840’s. Once the pathogen was introduced in Europe it was
distributed by the international seed trade to the rest of the world (Fry et al., 1993). Between
the 1840’s and 1970’s there is no clear evidence of any migrations of P. infestans taking
place. The populations of P. infestans in the world (except Mexico) before 1970 consisted
of only the A1 mating type and P. infestans populations were dominated by a single clonal
lineage, US-1 (Goodwin et al., 1994). The second global migration of P. infestans can be
divided in two parts and this is also the event that changed the population structure of this
pathogen since this migration carried both mating types.
The first part of this second migration occurred in 1976 via a shipment of potato
tubers from Mexico to Europe (Niederhauser, 1991). This shipment was meant to cover a
shortage of potatoes in Europe. Import of potato tubers from Mexico was normally not
allowed because of the fear of introducing the A2 mating type (Fry et al., 2008). However,
this shipment probably carried both the A2 mating type and also other novel alleles. This
relocation was not discovered in Europe until 1984 when the A2 mating type was found in
Switzerland (Hohl and Iselin, 1984). The “new” population displaced the old one (Spielman
et al., 1991; Drenth et al., 1994) and was disseminated to the rest of Europe and other parts
of the world.
The second migration event of P. infestans brought new varieties of P.
infestans from Mexico to the U.S and Canada in the 1980’s (Fry et al., 1993). It has been
confirmed that the varieties found in the U.S correspond to varieties found in northwest
Mexico. Both mating types are now present in the U.S and Canada but the population
consists of only a few predominate varieties (Fry and Goodwin, 1997).

2.2. Disease Symptomology
Symptoms of potato late blight are marked in all parts of the potato plant: stems,
stolons, leaflets and tubers (de Bary, 1853; de Bary, 1876). In leaves the disease normally
appears first as small irregular necrotic spots, which quickly turn to lesions with a dark
brown necrotic center surrounded by distorted pale green or chlorotic tissue. In dry
environments, the first symptoms of disease can be necrotic spots on stems (Birch and
Whisson, 2001; Fry, 2008). Increasingly, nearly all of the shoot tissue becomes nerotic and
only depressed dead stems remain in the field (Smart and Fry, 2001). Tubers may also
become infected and rot before and in during of storage (Nyankanga et al., 2007). The
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devastation is completed by secondary pathogens that easily invade infected tuber (Smart
and Fry, 2001). 2.3. The life cycle
The late blight pathogen P. infestans belongs to the group Oomycetes and the
kingdom Stramenopila. The cell walls of Oomycetes mainly consist of cellulose in contrast
to true fungi whose cell wall is containing chitin. Taxonomically, P. infestans is more
closely related to brown algae than to true fungi even if late blight often is classified as a
fungal disease (Erwin and Ribeiro, 1996). The pathogen can attack nearly all parts of the
potato plant; (foliage, stem and tubers), but not roots (Fehrmann and Dimond, 1967). The
life cycle of the pathogen can be divided into an asexual phase, and if both mating types are
present, a sexual part. The Oomycetes are diploid for the major part of their life cycle.
2.3.1. The asexual part of the life cycle
If one mating type is present, only the asexual life cycle is possible. Shoots emerge
with living mycelium of P. infestans from the infected tubers. From the mycelium
sporangiophores emerge through the stomata of stems and leaves, and produce sporangia.
The sporangia are often released in the morning when the temperature is rising and the
relative humidity is decreasing. The spores are dispersed by wind and/or rain to a nearby
plant or a neighbouring canopy. The dispersal of airborne sporangia among fields and
regions are limited by the effects of solar radiation and air humidity on the survival of these
propagules. As a result, they can mostly only be dispersed over shorter distances (Mizubuti
et al., 2000). Sporangia can germinate directly or release three to eight zoospores. When in
contact with leaf or stem tissues, the sporangia or zoospores form germ tubes and
appressoria and penetrate the host. The mycelium grows intercellularly and haustoria are
formed inside the cells. The cells in the potato plant die as the mycelium continues to
colonize the host plant. New sporangiophores emerge through stomata and the sporangia
produced can spread and give rise to new sporulating lesions after a few days. The zoospores
have an optimum germination temperature of 10-15ºC whereas the majority of sporangia
germinate directly in temperatures around 20-25ºC (Fry, 2008).
The asexual phase of the P. infestans life cycle enables rapid dispersal and after a
short generation time, huge amount of sporangia are released (Fry, 2008). Phytophthora
infestans has a latent period as short as three days (Flier and Turkensteen, 1999), and all of
the above ground part of the plant can be destroyed within a week. If the infected crop is
left untreated, there is a risk of sporangia or zoospores reaching and infecting the tubers. In
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this way, the entire harvest can be destroyed. Furthermore, the infected tubers can serve as
an inoculum source during the following growing season.
2.3.2. The sexual part of the life cycle
Phytophthora infestans has two mating types designated A1 and A2. If both mating
types co-exist the pathogen can undergo sexual reproduction. When the two mating types
come in contact, fertilization can take place between the oogonium and the antheridium
resulting in the formation of thick walled oospores. The oospores are formed within the
plant tissue and when the infected plant debris falls to the ground, the oospores become
incorporated into the soil where they can survive for years (Pittis and Shattock, 1994; Drenth
et al., 1995). When the oospores germinate a germ tube is formed which produces a
sporangium. Sporangia can either produce infectious zoospores or infect the host directly.
The factors that govern the germination of oospores in the soil are still mostly unknown.
The effect of oospores on the epidemiology of late blight is also to a large extent unexplored
(Andrivon, 1995; Widmark et al., 2011).
In Asia the situation is more complex. Recent surveys have demonstrated the
presence of both the A1 and A2 mating types in several countries, including China, India,
Indonesia, Japan, Korea, Nepal, Pakistan and Thailand. (Ahmad et al., 2002; Ghimire et
al., 2003). Other studies have found only the A1 mating type in certain countries, such as
Bangladesh, Sri Lanka, the Philippines, Taiwan and Vietnam (Hossain et al., 2002),
although one wonders if A2 populations have not spread from neighboring countries since
these studies were done. Apparently only the A1 mating type is found in Vietnam, although
little is known about the population structure. In Pakistan, the occurrence of P. infestans
was first reported by Khan et al., (1985) from the District of Swat. Some years later, Ahmad
and Mirza (1995) reported the presence of the A2 mating type in Pakistani population of P.
infestans. Although there is yet no clear evidence for the role of sexual recombination or
oospores in nature in Asia; nor has it been established that new populations have made
disease management more difficult.

2.4. Ecology and epidemiology of P. infestans
2.4.1. Primary sources of inoculum
Until the 1980s in Europe the only primary sources of inoculum were asexually
reproducing clonal populations of P. infestans from infected tubers that overwintered during
storage, in soil or cull piles (Hirst and Stedman, 1960). The introduction of a sexually
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reproducing population during the 1980s and 1990s into Europe represented a new primary
inoculum source; P. infestans oospores were able to survive in the soil without a living host
(Andrivon, 1995; Drenth et al., 1995). The relative importance and impact of epidemic
progress resulting from different potential sources of primary inoculum varies considerably
among countries (Fry, 2008). In the Netherlands and the UK (Cooke et al., 2011) waste
potatoes in dumps (cull piles) was recognized as the most dangerous source of inoculum for
potato production and very strict rules were imposed in 1999, as all potato dumps had to be
covered with black plastic before growing season in the Netherlands (Zwankhuizen et al.,
2000). After the successful elimination of potato dumps, infected seed tubers became the
major source of primary inoculum (Cooke et al., 2011).
In the UK and Ireland, infected seed potato is regarded as one of the most important
sources of primary inoculum (Cooke et al., 2011; Moller et al., 2009). It is suspected that
infected seed tubers in particular might be the main source of inoculum because up to 20%
of tubers in certain commercial certified seed lots have been shown to be infected by P.
infestans (Appel et al., 2001). In fact, symptomatic tubers are not a very efficient source for
initiating late blight epidemics. Only 21 tubers out of 3260 (0.6%) in five successive years
were able to produce symptomatic stems (Hirst and Steadman, 1960). Similar results were
obtained in Finland (Makela, 1966). Though both the Al and A2 mating types of P. infestans
occur throughout Europe, oospores are regarded as being of minor importance as a source
of primary inoculum in most countries (Moller et al., 2009; Cooke et al., 2011). Only in the
Nordic Countries (Andersson et al., 1998; Widmark et al., 2007) and the Netherlands
(Turkensteen et al., 2000; Zwankhuizen et al., 2000) are oospores regarded as an important
source of primary inoculum in potato production. There is no estimate of the frequency of
oospore derived epidemics in the Nordic countries, but according to a
Dutch survey 18% of the cases of early infections in monitored potato fields in 20032005
were driven by oospores (Evenhuis et al., 2007).
Alternative hosts may also serve as a primary source of inoculum. P. infestans has
been traditionally regarded as a pathogen with a limited host range (Fry, 2008). In North
America and Europe the most important cultivated hosts are potato and tomato (Berg, 1926;
Legard et al., 1995). Solanaceous weeds in North America and Europe and numerous wild
Solanum species in Central and South America can be infected by P. infestans (Flier et al.,
2003; Fry, 2008). Until recently the role of alternative hosts in the epidemiology of late
blight in Europe has been regarded as minor (Flier et al., 2003). The importance of certain
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Solanaceous weeds, such as Solanum nigrum L. and S. physalifolium Rusby could increase
in northern Europe in the future as a result of climate change. These weeds are currently
very rare in Finland, but occur frequently in southern Scandinavia, where P. folium has
been shown to be a very favourable host for oospore production of Phytophthora infestans
(Andersson, 2007).
2.4.2. Primary infection and colonization
Infection of shoots via infected tubers can be caused by mycelium growing from the
tuber into the developing stem tissue or via sporangia and zoospores formed on the tuber
surface under moist conditions (Hirst and Stedman, 1960; Makela, 1966; Zwankhuizen et
al., 2000). It has been shown using ELISA (Schlenzig et al., 1999) and PCR (Appel et al.,
2001) that P. infestans can be detected from sprouts and the lower parts of the stem,
indicating systemic growth of the pathogen from tubers to stems. In symptomatic potato
tubers sporulation has been detected within 19 hours after they have been taken from cold
storage to a warmer environment and high moisture. Zoospores formed in seed tubers in soil
can infect neighboring plants, stems and the lowest leaves of the shoot produced by infected
seed tubers (Hirst and Stedman, 1960; Johnson, 2010).
Oospores in soil germinate and form one sporangium, which then produces motile
zoospores. Zoospores can swim in wet soil towards stems and leaves that touch the ground
and thereby cause infection. Oospores and zoospores can also be dispersed to lower parts
of the crop in soil splashed by raindrops. Germination of oospores is favoured by wet soil
and temperatures of 10-20°C (Pittis and Shattock, 1994; Turkensteen et al., 2000; Stomberg
et al., 2001).
2.4.3. Secondary infection and fungal colonization of aerial potato
tissues
The driving force of destructive late blight epidemics is the ability of the pathogen
to produce rapidly enormous quantities of asexual spore, sporangia and zoospores (Crosier,
1934). It is estimated that more than 300,000 sporangia per day can be produced in a single
lesion on a potato leaflet (Legard et al., 1995, Fry and Goodwin, 1997). Recent studies
indicate that the most aggressive Nordic strains under favourable conditions can produce
more than 1,000 sporangia/mm2 of infected leaf (Lehtinen et al., 2009). The sporangia
produced in primary lesions are disseminated by rain splash within the plant canopy, as
well as wind-driven rain to neighboring plants and fields. Winds and aerosols of water
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vapour created during rain showers carry infectious sporangia, thereby promoting longdistance dispersal over wider geographic regions. During heavy rains sporangia in air are
washed into the ground outside potato fields and are mostly eliminated. Sporangia are also
very vulnerable to UV radiation and lose their infectivity within minutes in direct sunlight
(Harrison, 1992).
Sporangia impacting on susceptible host tissue in relatively dry and warm conditions
can germinate directly, forming a germ tube that penetrates through the host cell wall, or via
open stomata. In moist conditions, sporangia attach to the host surface and produce
numerous motile zoospores. Zoospore formation is further enhanced by chilly temperatures
of around 4 to 6°C. Within 30 to 60 minutes, zoospores encystand in favorable conditions,
zoospores produce germ tubes, which actively penetrate through the host epidermis.
Gradually host tissue collapses as seen in visible symptoms. The pathogen starts to produce
the next generation of sporangia at the tips of sporangiophores growing out of stomata on
the lower lamina of the potato leaf. Secondary sporangia are further disseminated by wind,
rain splashes and aerosols induced by rains, and disease intensity increases at an exponential
rate with multiple generations of sporangia occur unless pathogen development is restricted
by fungicides, unfavorable environmental conditions and/or lack of susceptible host tissue
at the end of the epidemic (Harrison, 1992; Fry, 2008). In current P. infestans populations a
new generation of sporangia can be produced in favorable conditions every 3 to 6 days,
depending on the aggressiveness of the isolate (Lehtinen et al., 2009).
2.4.4. Survival in tubers
For the asexually reproducing P. infestans population, the ability to infect tubers was
its only mechanism to ensure its survival to the next season. Tuber infection is induced by
sporangia and zoospores produced in the canopy and washed off into the soil by rain
showers or dew. No systemic growth of the pathogen via stolons to tubers is known to occur.
Oospores in soil can, however, infect tubers. Tubers are infected mainly by motile zoospores
in wets oil via open lenticels, eyes, growth cracks or wounds (Croxall and Smith, 1976;
Darrow, 2005; Olanya et al., 2009). Additionally, tuber infection can take place during
harvest, if during lifting tubers are mixed with infected foliage. Tubers can further be
infected between harvest and storage, if they are exposed to air-borne sporangia of P.
infestans from surrounding potato fields. Chemical or mechanical vine killing before harvest
reduces the risk of tuber blight (Miller et al., 2002; Nzrstad et al., 2007).
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Tuber infection is affected by a range of biotic and abiotic factors, as reviewed by
Nyankanga et al., (2007) and Olanya et al., (2009). Dispersal of P. infestans from diseased
tubers to healthy ones before harvest in soil is common in moist soil (Olanya et al., 2009).
The level of late blight infestation in a canopy is not very well correlated with the amount
of tuber blight. The risk for tuber blight is highest if disease progress in the canopy is slow,
resulting in a long period of sporulating lesions present in the crop. Simultaneously frequent
rain showers wash off sporangia into the soil and high soil moisture, crucial for zoospore
formation, is maintained (Croxall and Smith, 1976). Under normal low temperature storage
conditions tuber blight does not markedly spread from one tuber to another, but if storage
temperature rises above 8 to 10°C, sporangia produced on diseased tuber surfaces can spread
rapidly throughout the stored tubers (Dowley and O'Sullivan, 1991).
After infection of a tuber, the survival of an asexual P. infestans population is fully
dependent on the viability of the tuber in storage, soil, or cull pile. The survival ability overwinter in a cool climate has probably been one of the most serious genetic bottlenecks
reducing the diversity of P. infestans populations before the era of oospores. In the northern
European climate tubers stored outside have traditionally frozen during winter, but warmer
winters have changed this situation (Cooke et al., 2011). Also, improved storage
technologies, including rapid cooling, improves the ability of infested tubers to remain
viable or even symptomless during storage (Olanya et al., 2009). In studies of survival of P.
infestans in artificially infected tubers in Finnish conditions carried out in the early 1960s
(Makela, 1966), practically none was infectious after storing or burial in soil under natural
conditions.
2.4.5. Survival as oospores
If both Al and A2 mating types are present in a single leaflet of potato, or stem tissue,
oospores can form in abundance in a potato canopy in favourable climatic conditions
(Stromberg et al., 2001). Oospores formed in potato tissue are incorporated into soil attached
to potato residues and survive in the absence of a living host in soil after degradation of host
tissue (Andrivon, 1995; Drenth et al., 1995). The reported longevity of oospores differs
among individual studies, but in most cases it is shown to be long enough for survival of the
pathogen over winter (Pittis and Shattock, 1994; Andrivon, 1995; Drenth et al., 1995;
Medina and Platt, 1999). In studies of Turkensteen et al., (2000) oospores contaminated
soils remained infectious for 3-4 years depending on the soil type in the Dutch environment.
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P. infestans oospores produced by crossing Danish, Finnish, Norwegian, and Swedish
isolates, and buried in soils in the respective countries, also remained viable for 3-4 years
under natural conditions, though the proportion of viable oospores was very low after 3years
of burial (Cooke et al., 2011).
The formation and germination of oospores is favoured by relatively cool
temperatures. The ability of P.infestans to produce oospores is different for different potato
varieties, but this ability is not clearly connected to field resistance of the varieties
(Stromberg et al., 2001). The importance of the oospores for the survival of the pathogen in
the suitable climate is enhanced by frozen soil, which conserves the oospores in conditions
that would kill tubers. It also seems obvious that in spring there is a germination peak of
oospores that coincides with the planting and emergence of the potato crop (Widmark et al.,
2011).

2.5. Disease epidemiology
Mostly in the world, initial inoculum from main sources contributes to epidemics.
Cull piles, infected tubers or volunteer plants are possible sources from where inoculum
could spread to potato fields (Zwankhuizen and Zadoks, 1998).
Epidemics begin as soon as the rainy season starts and potato crop is available. In
this case, the epidemic might be initiated by asexual inoculum from cull piles and sexual
inoculum from oospores, but in each case the inoculum is thought to come from particular
sources where the pathogen has over wintered.
In several highland tropical locations regular seasonal epidemics do not initiate from
sexual over-wintering inoculum, but rather disease intensity increased and decreased
throughout the year with alternating wet and dry conditions (Garrett et al., 2001). High
levels of infection from inoculum suspended in air occur as soon as the rainy seasons start,
seemingly coming from a lot of locations where disease continues at minute levels even
through the dry seasons. Potato late blight is a sporadic disease that occurs only when
climatic conditions are favorable within the canopy and inoculum is present (Lacy and
Hamerschimdt, 1995). Relative humidity and leaf wetness duration are important variables
in determining disease development. As a result, change in environmental variables like air
temperature, relative humidity, rainfall and wind speed throughout the growing season
influence disease development significantly (Baker et al., 2005).
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2.6. Development of a disease predictive model
Forecasts are typically highly specific to certain regions. They are developed in
response to specific cultural procedure adopted, prevailing environment of that region, and
to grower’s responses in the region. It is well known that forecasting that work well in some
locations, may not work in other locations. This has been amply demonstrated by Singh et
al., (2000) while developing forecasting models for western Uttar Pradesh. They tested
Dutch rules, Beaumont rules, Cook’s and Hyre’s method, and Wallins relative humidity and
temperature method for predicting late blight in north west Uttar Pradesh. But none of them
were applicable to this region, thus supporting the idea of developing region specific
models.
Formerly published late blight forecast systems predicted the risk of disease based on the
presence or absence of favorable conditions of weather (Henderson et al., 2007) and
research was done to identify important weather factors useful for forecasting of late blight.
Under climate changing conditions, growing season patterns and variability may move away
from the expectations of even the most skilled growers. In such situations, early warning
systems for plant disease can provide growers disease risk information that has the potential
to limit expenditures and the amount of chemical released into the environment (Barker,
2008). Different disease predictive models have been tested to predict future late blight
outbreaks (Grünwald et al., 2000) in order to establish the necessary treatment to manage
late blight disease (Iglesias et al., 2010).
Recent developments in information technology have made it possible to recover
weather data continuously for individual sites and to use this information in computerbased
decision support systems (DSS) to predict the week of disease outbreak and to determine
the most suitable intervals between fungicidal applications. The objective is to achieve
optimum disease management with minimum fungicide use. One such DSS is
‘NegFry’, the first part of which is based on the negative prognosis (Ullrich and Schrödter,
1966) which calculates the epidemic-free period for P. infestans and then recommends the
first spray at the end of this period. The second part of the model is based on a method
developed by Fry et al., (1983) and calculates subsequent spraying intervals based on blight
units. The blight units are calculated using the length of any humid spell, the air temperature
during the humid spell and the susceptibility of the potato variety to late blight. The input
requirement for the NegFry model includes air temperature, relative humidity, rainfall,
variety susceptibility and crop emergence week.
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Further developments of these systems will include the use of weather forecasts, to predict
blight whether before it occurs and give an early warning of blight weather. Model builders
are also working on Internet-based programs that will allow farmers to log-on directly and
get spray timings for individual crops in specific locations. However, in developing
countries where farmers are illiterate and do not have access to modern gadgets, role of
Public Sector Institutions in providing blight warnings through prediction models and DSS
is critical.

2.7. Validation of the potato late blight model
The first step in validation is to analyze the data from the field to determine
significance between disease and environmental variables and to make sure that there were
no noticeable errors (Sargent, 1984). Then comparing epidemics of disease with those
observed and predicted variables in the authentication using graphical and statistical tests
would be the second step towards validation. Comparisons of graph can be done by plotting
observed and calculated disease progress curves of blight severity. Graph comparing
technique can be used to evaluate for goodness of fit of model performance (Snedecor and
Cochran, 1989). Late blight is a forecasting model which simulates the role of weather
conditions, resistance, host growth and fungicide use on development and growth of P.
infestans (Andrade-Piedra et al., 2005) and NegFry model used for forecasting the risk of
primary infections and subsequent applications of fungicides (Fry et al., 1983). Accuracy
of model fitness with environmental conditions conducive to disease development is
particularly remarkable (Barker et al., 2007). The main intention of model validation with
previous models was to control maximum disease by using minimum fungicide in put
(Eremeev et al., 2006).
Up gradation was required to use the potato late blight model for investigating
operational and strategic management issues. New parameter values describing host
pathogen interactions were determined experimentally in the laboratory for a number of
variety isolate combinations (Skelsey, 2008). The heavy weather dependence of the disease
cycle also required that environment-pathogen interactions were included in the model
(Zwankhuizen and Zadoks, 2002; Rotem et al., 1970). This increased level of detail and
the applied nature of the research goals prompted an assessment of the quality of model
predictions using real world data. Both temporal and spatial model predictions were in close
agreement with observations, confirming the ability of the model to translate measured
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resistance components, weather data and initial conditions into realistic epidemics
(Skelsey, 2008).
The data of Rotem et al. (1970) precede the migration of the A2 mating type into
Europe; therefore it would be of benefit in the future to revamp the climatic relations using
pathogenic data pertaining to the new, more aggressive Phytophthora population. It is also
possible that predictive accuracy could have been improved through a more detailed
treatment of environment-pathogen interactions in the model. The goal in validation,
however, is not to achieve or force a high level of predictive accuracy. As a tool for heuristic
learning, it was deemed more important to be able to produce realistic epidemic dynamics
using as simple and transparent a model as possible. For the same reason, model calibration
was to be avoided if at all possible. An emergent dichotomy in the effects of resistance
components on disease progress was used to formulate a plausible hypothesis regarding
differences in observed disease progress curves in different years. This application of a
sensitivity analysis demonstrates that transparency in model results facilitates an increased
understanding of model behavior, which in turn leads to an improved understanding of
system dynamics.

2.8. Disease management by fungicides
2.8.1. General use of fungicides against late
blight
Current management of late blight is done through repeated fungicides application, but
consumer concerns more chemical use of spray applications at the time of maximum disease
risk (Henshall and Beresford, 2004). The use of fungicides for late blight control became
routine after the Second World War (McCallan, 1967). In Europe it is difficult to manage
potato production without the use of frequent applications of fungicides to manage late
blight. Fungicides used for late blight management are not toxic to potato. Modern
compounds are engineered to interfere with vital metabolic pathways in
Oomycetes and many of them do not prohibit growth of true fungi (Gisi and Sierotzki, 2008).
The first universal fungicide, `Bordeaux Mixture', was developed by Millardet (French) and
was officially introduced in 1886. Bordeaux Mixture is a mixture of copper sulphate and
slaked lime (McCallan, 1967). This compound dominated the world fungicide market until
the 1940s when it was replaced by less toxic fixed copper fungicides and the first organo
metallic compounds (Turner, 2005). Bordeaux mixture and copper fungicides are not
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absorbed or transferred in plant tissue. They should be applied prophylactically and only
complete coverage of all plant tissues provides effective control (Finckh et al., 2008).
Copper and other inorganic products in Europe during recent decades have mainly been
used in organic potato production. Gradually through the 2000s, they have been banned due
to environmental concerns in most European countries (Speiser et al., 2006).
The development of organic chemistry during and after the Second World War, partly
by accident, provided new compounds for chemical blight control. Dithiocarbamates were
patented in the USA already in 1934, but it was only in 1946 when their efficacy in potato
late blight control was realized. Manganese ethylenebisdithiocarbamates, Maneb (1954) and
Mancozeb (1961), during the 1960s became the most commonly used fungicides against
late blight (McCallan, 1967). They are still globally the most widely used late blight
fungicides as straight products and in pre packed mixtures with numerous other compounds
(Gullino et al., 2010). After application, dithiocarbamates remain on the surface of the plant
and are not absorbed by plant tissues (Edgington et al., 1980). Dithiocarbamates can be
redistributed from the upper leaf layers to lower leaf layers (Bruhn and Fry, 1982). There is
also evidence that under favorable moisture conditions Mancozeb can be redistributed and
protect new growth better than expected for a contact fungicide (Evenhuis et al., 2006).
Heavy rain or irrigation, however, washes Mancozeb from the plant into the soil and
protection efficacy is rapidly lost under these conditions (Schepers, 1996).
The next significant improvement in late blight chemical control was the development
of fungicides capable of penetrating and systemically moving within plant tissue (Cohen
and Coffey, 1986; Wong and Wilcox, 2001). Systemic fungicides penetrate the plant via
roots or aerial parts and are transported within vascular tissue, also protecting new growth
after treatment (Edginton et al., 1980, Cohen and Coffey, 1986). Locally systemic
compounds, often termed translaminar fungicides, penetrate leaf tissue from a sprayed to
non sprayed lamina in concentrations sufficient to provide disease control on the non
sprayed side. They usually also move towards new growth after treatment at leaf edges, but
are not transported in vascular tissues towards the apex (Ypema and Gold, 1999; Wong and
Wilcox, 2001).
The first fungicide for late blight management with translaminar properties was curzate,
which was launched on to the market in 1977 (Douchet et al., 1977; Cohen and Grinberger,
1987; Johnson et al., 2000). The first truly systemic fungicide, metalaxyl, was also
introduced on to the market in 1977 (Urech et al., 1977). It belongs to a group of
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phenylamides that have protective, curative and eradicative antifungal activity, controlling
different diseases caused by Peronosporales, including P. infestans (Cohen and Coffey,
1986). The weakness of phenylamides is the risk of rapid development of fungicide
resistance in P. infestans populations (Dowley and O' Sullivan, 1981; Davidse et al., 1983;
Dowley et al., 2002).
Due to resistance problems faced a few years after intensive use of phenylamides
(Dowley and O' Sullivan, 1981; Davidse et al., 1983) several new types of fungicides were
developed and introduced during the 1980s and 1990s. The systemic fungicide, Previcur,
was introduced into commercial use in 1978 and was primarily used as a soil treatment
against Oomycetes in ornamentals and vegetables. In the 1980s it was additionally adapted
for potato late blight management to replace phenylamides (Cooke et al.,1981; Burden et
al., 1988).
The first Carboxylic acid amide fungicide, Acrobat was introduced in 1988 (Albert et
al., 1988) and commercialised as a pre-packed mixture with Mancozeb during the beginning
of the 1990s (Cohen et al., 1995). Acrobatis a translaminar fungicide fully absorbed within
a few hours after application into leaf tissue and the adjacent leaf lamina (Cohen and Gisi,
2007). Another Carboxylic acid amide fungicide, Revus, was introduced and
commercialised in 2005 (Huggenberger and Kuhn, 2006; Lamberth et al., 2006). Revus has
both contact and translaminar properties. Within two hours after application the fungicide
is totally absorbed into the wax layer of the leaf surface, providing good rainfastness and
persistent efficacy. Thereafter Revus is gradually transported into leaf tissues, contributing
slower curative and translaminar activities than acrobat as well as protection of new growth
at the leaf edges (Huggenberger and Kuhn, 2006; Cohen and Gisi, 2007). The fungicide is
also redeposited in the apex, providing reasonable protection for new apical growth, but the
mechanism of transport is not yet fully understood (Huggenberger and Knauf-Beiter, 2009).
The new types of contact fungicides were developed in the 1980s and 1990s. Omega, a
dinitroaniline compound, was first registered for potato late blight control in Europe in the
Netherlands in 1992 (Anema et al., 1992). Omega is tightly absorbed into wax layers of the
leaf surface within two hours after application, providing good rain fastness in comparison
to dithiocarbamates (Schepers, 1996). The compound is persistent in epidermal wax layers
where it is deposited for at least thirteen days (Mathiassen et al., 1997). However, the
fungicide is not redistributed to the new growth of leaf edges or apex and during the period
of rapid potato growth at high infection pressure a safe application interval is between 5
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and 7 days, depending on the application rate (Cooke and Little, 2006). Another new
contact compound, Zoxiam was introduced for potato late blight control in1998 (Egan et
al., 1998) and commercialised in Europe as a pre-packed mixture with mancozeb in the
early 2000s (Cohen and Gisi, 2007). Zoxiam belongs to the benzamide chemical group, but
in plants it behaves similarly to Omega: after application Zoxiamis very strongly bound in
to the wax layer of the plant epidermis (Bacci et al., 2007). This provides good rainfastness, but the fungicide has no translaminar or systemic properties, and it is not
redistributed after application to any new growth of plant leaves or to the apex (Egan et al.,
1998).
The majority of novel fungicides developed after 1999 are inhibitors of the
mitochondrial respiration chain. They belong to several different chemical groups, but
many of them are strobilurins (Gisi et al., 2011). The majority of these compounds have
been developed for control of true fungi (Bartlett et al., 2002), but a few compounds also
are effective against Oomycetes (Gisi and Sierotzki, 2008). Famoxate was announced in
1996 (Joshi and Sternberg, 1996) and commercialised in 1997 (Barlett et al., 2002). Reason
was first introduced in 1998 (Mercer et al., 1998) and commercialised as different
prepacked mixtures with other compounds in 2001 (Barlett et al., 2002). Ranman was
introduced in 1998 and registered in Europe for potato late blight control in 2001 (Mitani
et al., 2001). Famoxate is a protectant contact fungicide with no translaminar movement or
curative action against P. infestans (Joshi and Sternberg, 1996). The residual effect in trials
has lasted up to 13 days after fungicide application (Andrieu et al., 2001). Reason
penetrates crop tissues rapidly and is transported translaminarly, providing also curative
action against P. infestans (Musson et al., 2004). Ranmanis a protective contact fungicide
that is absorbed by the epidermal wax layers within one hour after application, being
completely rain fast (Ebersold, 2002). Residual efficacy lasts for 7 -14 days after
application, depending on the infection pressure (Ohshima et al., 2004, Mitani et al., 2005).
Rehman et al., (2008) reported that the application of the fungicides Filthane M-45,
Secure, Melody Duo, Ridomil gold and Metaril are highly effective to minimize late blight.
Platt et al., (1998) treated the plots of potatoes cv. Green Mountain with copper oxychloride
and concluded that all treatments, except Acrobat, reduced foliar and tuber late blight and
increased tuber yields relative to control plots. When late blight susceptible varieties are
sown applications of Omega at either 10 or 14 day intervals were partially effective in
managing the disease (Kirk et al., 2005). The mixture of fungicides is very effective in
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managing late blight proved by Kankwats et al., (2003) as the application of Ridomil
consistently retarded late blight development and increased the yield when used in
combination with Dithane M-45 due to the reason of that being contact fungicide Dithane
M-45 does not persist long on the leave (Fry, 1977) and plots that sprayed with longer
intervals were unprotected. Nevertheless the efficacy of newly released systemic fungicides
for the control of late blight of Tomato was evaluated in the plains of West Bengal. Infinito
68.75% SC @ 1500 g/ha showed lowest late blight disease incidence in tomato which is
closely followed by the mixture formulation of curzate 8% @ 960 g ai/ha at 1500 g/ha.
Single application of infinito 48% SC @ 96 g ai/ha at 200 g /ha and curzate 72.2% SL @
902.5 g ai/ha at 1250 g/ha recorded significantly higher leaf blight incidence. However,
percentage disease severity was found to be lowest in a mixture formulation of curzate 8%
@ 120 g ai/ha + Mancozeb 64% @ 960 g ai/ha which was statistically at per with Infinito
68.75% SC @1500 g/ha. Lower late blight disease incidence and highest fruit yield of
tomato was obtained with the application of infinito
68.75% SC@ 1500 g/ha (Debnath and Nath, 2009).
2.8.2. Resistance against most of the widely used fungicides
Phenylamide fungicides such as Mefenoxam (Metalaxyl-M), Metalaxyl, Oxadixyl
and Benalaxyl are systemic single site fungicides inhibiting ribosomal RNA synthesis,
specifically RNA polymerisation (Davidse, 1988). Due to the extremely narrow target site
in the metabolic processes of pathogens, phenylamides are vulnerable to development of
complete resistance in pathogen populations. Moreover, cross-resistance against all
compounds in this fungicide class normally develops (Gisi and Cohen, 1996). Phenylamide
resistance in field isolates of P. infestans and failure of these products in late blight control
was detected in the Netherlands (Davidse et al., 1983) and in Ireland (Dowley and
O'Sullivan, 1981) after only two seasons of intensive use. Thereafter, resistance has been
reported from all over the world (Deahl and Demuth, 1992). Since anti-resistance strategies
initiated in the 1980s and 1990s (Staub,1991) are followed, phenylamides can be safely used
as a part of spray programmes against late blight (Dowley et al.,2002; Gisi et al.,2011).
Fungicides belonging to the carbamate group and Carboxylic acid amide fungicides
severely disturb assembly of cell membranes (Gisi and Sierotzki, 2008). Previcur is reported
to affect permeability of cell membranes of Oomycetes and cause leakage of cell
components (Papavizas et al., 1978). There are certain synergistic effects between Previcur
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and other fungicidal compounds (Johnson et al., 2000). Previcur fungicides have been
relatively widely used worldwide for potato late blight control for almost thirty years
without resistance having been detected infield isolates of P. infestans, although resistance
in certain Pythium species has been reported (Gisi and Sierotzki, 2008).
In the presence of Carboxylic acid amide fungicides the morphology and
ultrastructure of cell walls of Phytophthora species show many remarkable changes
(Johnson et al., 2000). However, the primary biochemical inhibitory mode of action and
target site of Carboxylic acid amide fungicides in Oomycete cells is still unclear (Cohen et
al., 1995; Cohen and Gisi, 2007; Gisi and Sierotzki, 2008). According to Griffits et al.,
(2003) biosynthesis of cell membrane components like phospholipids and lecithin is
prohibited. Gisi and Sierotzki, (2008) suggested that most likely the inhibitory processes are
membrane-bound and take place at the interface between the plasmalemma and cell wall. In
spite of intensive monitoring of resistance in P. infestans populations to acrobat since its
commercialisation, no resistant field isolates of the pathogen have been found (Gisi and
Sierotzki, 2008; Cooke et al., 2011). Relatively short practical experience in monitoring of
development of resistance against Revus does not indicate any resistance problems (Cooke
et al., 2011; Gisi et al., 2011).
Most fungicides developed after 1999 inhibit electron transport at cytochrome. This
is located on the outer side of mitochondrial membranes (Gisi and Sierotzki, 2008).
Famoxadone and fenamidone are chemically distinct from strobilurins, but they have similar
biochemical modes of action and target site and they belong to the same cross resistance
group as strobilurins (Barlett et al., 2002). Cyazofamid blocks the electron transfer in
mitochondrial cytochrome complex. The biochemical mode of action of Zoxamideis unique
among Oomycete fungicides. Zoxamide inhibits nuclear division of Oomycete cells by
disruption of cellular microtubules as the result of highly specific covalent binding to the
subunit of tubulin (Egan et al., 1998). A similar mode of action is known for relatively old
benzimidazole fungicides e.g. Benomyl and thiophanatemethyl, active against many
representatives of true fungi (Davidse, 1986). Zoxamid has no crossresistance with other
chemical groups of fungicides (Egan et al., 1998). The theoretical risk for resistance
development in P. infestans against zoxamide is considered relatively low
(Young et al., 2001; Cooke et al., 2002; Bacci et al., 2007). Resistance against
Cymoxanil has not been reported in field populations of P. infestans (Gisi and Sierotzki,
2008).
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2.8.3. Integrated approach to late blight
management
Integrated pest management and application of late blight fungicides can be reduced
by reducing sources of primary inoculum, using variety resistance, improving crop
rotations, using late blight forecasts and decision support systems (DSS) and improving crop
management technologies (Hewson and Sagenmuller, 2000; Hansen et al., 2002; Fry, 2008;
Cooke et al., 2011).
In most parts of Europe infected seed potato is one of the most important sources of
primary inoculum (Zwankhuizen et al., 2000; Cooke et al., 2011). The incidence of
symptomatic tubers in certified seed potato is strictly limited, but the occurrence of latent
infections is normally not inspected. In Germany up to 20% of tubers in certain commercial
seed lots have been latently infected (Appel et al., 2001). In current high quality seed potato
storage at temperatures below 4°C tuber blight symptoms rarely develop, though the
pathogen survives in latently infected tubers to the next season. PCRbased tests of seed
potato to detect latent infections should be applied to improve seed quality (Johnson and
Cummings, 2009).
In regions where waste piles are regarded as the main source of primary inoculum,
covering dumps with black plastic has proven to be a very effective way to reduce blight
(Zwankhuizen et al., 2000; Cooke et al., 2011). Volunteer potato growing as weeds in other
crops may represent a source of primary inoculum though their main effect seems to be
accelerating the epidemic rather than being a primary inoculum source. Survival of
volunteer plants can be reduced by herbicides and crop rotations (Boonekamp, 2005; Cooke
et al., 2011).
In regions like Finland, where oospores play an important role as a primary source
of inoculum (Evenhuis et al., 2007), it is important to prevent production of oospores by
keeping the crop as healthy as possible until harvest. Also a long enough crop rotation
reduces the amount of oospores in the soil (Andrivon, 1995; Turkensteen et al., 2000).
Bodker et al., (2006) reported that in fields with crop rotation late blight starts considerably
later than in potato monoculture or where very short rotations are used, which can reduce
the need for control by one to two fungicide applications.
There is much potential for reduction of fungicide applications if varieties with good
field resistance were to be grown more extensively than now. Varieties with reasonable field
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resistance can be grown safely with low fungicide input at low or moderate infection
pressure, but there is risk of failure in blight control at high disease pressure (Cooke et al.,
2011).
DSSs can organize and integrate all available information on the epidemiology of P.
infestans, historical weather data and forecasts, potato growth, properties of fungicides,
variety resistance and modelled disease pressure to make decisions concerning successful
late blight management (Fry et al.,1983; Hansen et al., 2002; Cooke et al., 2011). Potato
experts and advisors have utilised numerous DSSs developed in their extension work, but
among ordinary potato growers the systems have not been very popular (Hansen et al.,
2002).
The use of protectant and systemic fungicides for managing potato late blight has perhaps
been the most studied aspect of this disease management in temperate countries (Olanya et
al., 2001). Preventive fungicides principally inhibit spore germination and penetration, but
once the pathogen enters the leaves, these fungicides become ineffective. Under such
conditions, a product having some curative and systemic activity, such as Metalaxyl is
desirable (Schwinn and Margot, 1991). However, pathogens can easily develop resistance
to systemic fungicides like Metalaxyl because they have single site mode of action, so their
repeated application at proper interval is mandatory (Kankwatsa et al., 2003; Kirk et al.,
2005) but in different countries fungicide application intervals, frequency of application
and timing, and fungicide dose response relationship have not been well investigated. The
efficacy of some chemicals against late blight has been reported in Pakistan (Shuja, 1995),
but large scale testing of fungicides against late blight has not been explored so far.
In Pakistan potato late blight is a major agricultural problem in most parts of the
country, where potatoes are grown. The disease is controlled by rigorous application of
fungicides. Three systemic fungicides i.e. Fosetyl Aluminum, Curzate and Ridomil Gold
and three contact fungicides i.e. Revus, Antracol and Blue copper were tested for their
effects on late blight of potato and consequent tuber yield in field conditions, applied as
foliar sprays at seven day interval (Majeed et al., 2014). Both types of fungicides were found
highly effective in reducing disease severity level and disease progress. However, systemic
fungicides more effectively controlled diseases severity and the disease progress than
contact fungicides. Although in Pakistan, potato varieties have low levels of general
resistance to late blight pathogen. Most commercial potato farmers rely on fungicide
applications for control of P. infestans. Application of fungicide treatments can considerably
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reduce late blight disease risk, with a corresponding decrease in disease index (Ghazanfar
et al., 2012).
CHAPTER 3

MATERIALS AND METHODS

The current research work presented in this dissertation was conducted at the
research area of the Department of Plant Pathology, University of Agriculture, Faisalabad
during the two potato growing seasons from October 2011 to February 2012 and October
2012 to February 2013. The allocated research area is an open vast field where crops of
different seasons are grown for research studies.

3.1. Collection of diseased samples
Isolates of P. infestans were obtained from naturally infected potato plants at the
research area of the Department of Plant Pathology, University of Agriculture, Faisalabad,
Pakistan. Natural infection was used to initiate epidemics. Samples were collected on the
basis of appearance of characteristic visual symptoms of disease on leaves and stems.
Isolates were collected from early outbreaks of potato late blight in potato fields. In each
plot five potential inoculum source plants were sampled. The potential inoculum source
was defined as the plant in center of the disease foci, with more late blight than the
surrounding plants and one or more stem lesions. From each plant one stem containing
minimum three leaflets with single lesions and one stem lesion were sampled. These lesions
were excised and put into separate bags. The mother tuber from each plant was collected
in a separate bag with a piece of the stem of interest left on, while the other stems were
pulled away, to indicate which area of the mother tuber to sample from. However some of
the mother tubers were completely decomposed and not possible to sample. In one plot
mainly single lesion plants were detected and consequently more plants were sampled. The
samples were kept in a mini, portable refrigerator and brought to laboratory for isolation
purpose.
3.1.1. Isolation and purification of P. infestans
For the isolation of P. infestans, PARP medium (pimaricin (0.4 ml/L) + ampicillin
(2.5 ml/L) + rifampicin (1 ml/L) + pentachloronitrobenzene (100 mg/L)) was used
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(Kannwischer and Mitchell, 1978). Pieces from the infected leaves along with some healthy
portion were separated and washed thoroughly in running tap water for 10-15 min. Washed
roots and foliar parts were cut into pieces, immersed in 0.1% Clorox for 1 min. and rinsed
three times in sterilized distilled water. Roots and foliar pieces were dried on sterile blotting
paper and placed over PARP medium. The plates were incubated at 27°C for 3 -4 days.
When colonies of P. infestans appeared around the plated infected material on PARP
medium, they were isolated, and purified by single spore culture method (Drenth and
Sendall, 2001). Isolate Fsd-12 was confirmed through detailed morphological and cultural
characterization (Akhtar et al., 2012); the isolate was also confirmed to be pathogenic using
Koch’s Postulate. The virulence of isolate was determined by inoculating six leaf disks
obtained from differential set of potato clones, incubating leaf disks in moist conditions at
16-18°C for 7 days and scoring the rate of growth and sporulation. Interaction was
determined to be compatible if sporangiophores were visible on at least one of the six leaf
disks and isolate considered to be pathogenic. If sporangiophores were not visible on at
least one of the six leaf disks then isolate considered to be non pathogenic. The mean
number of virulence per isolate was calculated using the method described by Andrivon,
(1994). Forty isolates of P. infestans collected from the field area of the University of
Agriculture, Faisalabad, from five varieties/lines.

Eight isolate collected from each

variety/line i.e., Desiree (F-1, F-2, F-3, F-4, F-5, F-6, F-7 and F-8), Diamont (Fsd-9, Fsd10, Fsd-11, Fsd-12, Fsd-13, Fsd-14, Fsd-15, and Fsd-16), SH-5 (S-17, S-18, S-19, S-20, S21, S-22, S-23 and S-24), SH-339 ( SH-25, SH-26, SH-27, SH-28, SH-29, SH-30, SH-31
and SH-32) and FD35-36 (FD-33, FD-34, FD-35, FD-36, FD-37, FD-38, FD-39 and FD40).
3.1.2. Identification of P. infestans
Phytophthora infestans belongs to the class Oomycetes, order Peronosporales,
family Pythiaceae and genus Phytophthora. The vegetation is mycelium characterized by
the absence of cross walls, among which both asexual and sexual reproduction occurs. The
sporangiophores and sporangia emerge at asexual reproduction phase. The sporangia are
lemon shape, measurement of 21 – 38um x 12 – 23 um. The sporangia develop at the end
of these sporangiophores. Oospores are formed at sexual reproduction. When mycelia of
different mating types of the fungus grow together, one of them may form antheridia and
the other oogonia. The oogonium grows through the antheridium, allowing fertilization. The
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fertilized oogonium develops into a thick walled oospore, while the oospore is orange red,
nearly round-shaped, measurement of 28 – 32 um (Shattock et al., 1986).
3.1.3.

Cultural

and

morphological

characteristics of the Fsd-12 isolate
Pure culture of Fsd-12 isolate was obtained by culturing sporangia on PARP medium
as described previously in the materials and methods portion (3.1.1) of this document. The
detailed cultural and morphological characteristics of Fsd-12 isolate were observed. The
colony morphology (white and fluffy) was similar in all P. infestans isolates, which are
mentioned in Table 3.1. The morphology of sporangia and mycelia was also observed under
a compound microscope and the results showed non septate sporangia on obvious
sporangiophore structures whose morphology matched with P. infestans isolates of AARI,
Faisalabad (Akhtar et al., 2012). Sporangia of Fsd-12 isolate were an average of 23-43 μm
in length and 15-22 μm in width with a length/breadth ratio of 1.67.Sporangia were observed
ovoid, ellipsoid to limoniform, tapering at the base and semipapillate in shape.
Sporangiophores were compound sympodial with a small swelling below the sporangium.
The optimum temperature for growth of all isolates was about 1824°C.
3.1.4. Virulence comparison of P. infestans
isolates
Inoculation of the isolates consisted of a sporangial suspension prepared from
sporulating lesions adjusted (with a haemocytometer) to a concentration of 5×104 sporangia
ml−1. After two hour of conditioning at 7 °C, two 30-μl drops of inoculum were placed on
the abaxial side of each leaflet. Glass-covered boxes were placed in a cool, illuminated
chamber. After 24 hour, the leaflets were inverted. Virulence of the isolates was evaluated
7 days after inoculation. Avirulent isolates were not sporulated and caused no lesions.
Intermediate isolates were able to sporulate and cause lesions of an area bigger than that of
the inoculation drop (up to 1-35% of leaf area). Virulent isolates were able to sporulate and
cause lesions of an area bigger than that of the inoculation drop (up to 36% or more infection
of leaf area). Sixteen isolates ( F-8, Fsd-11, Fsd-16, S-17, S-20, S-24, SH-25, SH-26, SH27, SH-30, SH-32, FD-33, FD-36, FD-37, FD-39 and FD-40) of five potato varieties found
avirulent while twenty three isolates (F-1, F-2, F-3, F-4, F-5, F-6, F-7, Fsd-9, Fsd-10, Fsd13, Fsd-14, Fsd-15, S-18, S-19, S-21, S-22, S-23, SH-28, SH-29, SH-31, FD-34, FD-35 and
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FD-38) observed intermediate to cause infection to the potato plants. Only Fsd-12 found
virulent to cause infection to the potato plants.
3.1.5. Pathogenicity test
The culture of isolate Fsd-12 was obtained by transferring the late blight infected
tissues onto PARP medium. For zoospore production and multiplication, older leaves from
the middle of the six week old plants of the susceptible varieties i.e. Desiree, Diamont, SH 5, SH-339 and FD35-36 were placed onto moistened filter paper in 140 mm Petri plates.
The adaxial surfaces of these leaves were injured at the center using a sterile
10 μl micropipette tip and a 5 μl sporangial suspension, collected from PARP medium was
placed on the wound of each leaf for 24 hrs at 18°C in darkness. The suspension was then
filtered through four layers of sterile muslin cloth to remove other fragments. The zoospore
suspension was adjusted in sterilized distilled water to a concentration of 5000 zoospores
per ml using a haemocytometer. Five to six week old grown plants were sprayed to runoff
(not a precise quantitative method) with a hand sprayer using a P. infestans zoospore
suspension. Symptoms appeared within a week after spray of P. infestans zoospore
suspension. Data regarding the proportion of leaf and plant blighted were visually estimated
by using a 1-9 Nutter scale to record percent disease severity.

3.2. Plant materials
Present study was under taken for two consecutive growing seasons during the
period from October 2011 to February 2013. In each season, tubers were sown in autumn
planting (middle of October). Five susceptible varieties of potato against late blight disease
were bought from Potato Research Center Sahiwal. The planted potato varieties were
Desiree, Diamont, SH-5, SH-339 and FD35-36. These five varieties were grown under
RCBD design in the research area of Department of Plant Pathology, University of
Agriculture, Faisalabad. The distance between plant to plant was 20 cm and row to row was
75 cm. Two-year disease severity data were recorded on weekly basis during the growing
seasons of 2011-12 and 2012-13, starting from last week of December to 2 nd week of
February.
3.2.1. Data recording
A linear disease rating scale was used for evaluation of resistance or susceptibility
level of varieties/lines.
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Table 3.1: Disease rating scale for late blight of
potato
Grade

Disease severity (%)

Symptoms

1

0

No disease

2

1-25%

7

25-50%

9

100%

Few lesion
Only top leaves are green
Foliage completely destroyed
(Nutter and Esker, 2006)

3.3. Collection of environmental variables data
For the development of a model, previous ten years (2001-2010) environmental
variables consisting of maximum and minimum air temperature, relative humidity, rain fall
and wind speed were collected from Ayub Agriculture Research Institute (AARI),
Faisalabad (10-13 km away from the University of Agriculture, Faisalabad) and converted
into weekly average data. Data of environmental variables (maximum and minimum air
temperature, relative humidity, rain fall and wind speed) for two years (2011-2013) were
collected from the website www.uaf.edu.pk University of Agriculture, Faisalabad, and
converted into weekly averaged data, for the validation of ten years disease predictive
model. The relationship of environmental variables with disease severity was determined
by stepwise logistic regression analysis.

3.4. Development of disease predictive model based on ten
years data (2001-2010)
3.4.1. Data collection of potato late blight
severity
In order to develop a disease predictive model, ten years disease severity data were
taken from AARI. Five susceptible to highly susceptible varieties (Desiree, Diamont, SH 5, SH-339 and FD35-36) were consecutively sown for ten years (20012010) at ARRI,
Faisalabad. Varieties were sown in randomized complete block design (RCBD), each
genotype had three replications. Each variety was planted in a 15m length row. The tubers
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were planted through dibbler at a distance of 25cm. The row-to-row distance between two
varieties was 75cm. Plots were inoculated with spore suspension of P. infestans (5000
spores/ml). Disease severity data were recorded on weekly basis from the month of
November to February on five varieties during all ten years (2001-2010) using 1-9 disease
rating scale (Nutter and Esker, 2006).
3.4.2. Analysis of data
The data were analyzed using three statistical softwares packages i.e. Statistix 8.1, IBM
SPSS statistics 22 and SAS 9.3 (SAS institute, 1990). Analysis of variance (ANOVA), and
comparison between disease severity and environmental variables were made through
Turkey’s honest significant difference (HSD) test at P< 0.05 level. Strength of association
of environmental variables with disease severity was determined by correlation analysis.
The principal component analysis (PCA) between disease severity and environmental
variables was conducted using SAS 9.3 software (Hotelling, 1933). Disease predictive
model for PLB based on ten years (2001-2010) environmental variables was developed
using stepwise logistic regression analysis (Myers, 1990). Best model was selected on the
bases of maximum R2 value, minimum C (P) and residual mean square error (RMSE) value.
Environmental variables exhibited significant relationship with disease severity was
graphically plotted and critical ranges of environmental variables conducive for PLB
severity were determined.
3.4.3. Evaluation of model
Model was evaluated according to the procedures described by Chattefuee and
Hadi (2006) and Snee (1977). They suggested the following options to assess the model
1) Comparison of dependent variable and regression coefficients with physical theory
2) Comparison of observed vs. predicted data
3) Collection of new data to check predictions
Assessment of predictions was done by computing statistic indices like R 2 , standard
error of estimates (SEEy), F-statistic (Madden et al., 2007), root mean square error (RMSE)
and % error (Wallach and Goffinet, 1989). The formulas used for RMSE and % error were:
n

i 1

(oi

pi ) 2

n

RMSE

Observed value – Predicted value
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% Error =

x 100
Observed value

Where Pi and Oi are the predicted and observed data points for studied variables,
respectively, and n is the number of observations. Model performance is considered good if
the values of R2 maximum, SEEy minimum, F-statistic significant at P˂ 05, (RMSE and %
error) are below or equal to ± 20 (Madden et al., 2007).
3.4.4. Validation of the predictive model by
two years data (2011-2013)
For the validation of ten years model, a separate experiment was conducted at the
field area of Department of Plant Pathology, University of Agriculture, Faisalabad in the
same manner as it was conducted in AARI during last ten years. Five varieties viz; Desiree,
Diamont, SH-5, SH-339 and FD35-36 were sown in RCBD with three replications
(maintaining R x R and P x P distance as mentioned in section 3.4.1). Disease severity data
were recorded on weekly basis from the month of December to February on five varieties
during two years (2011-2013) using 1-9 Nutter disease rating scale (Nutter and Esker, 2006).
Disease severity on five varieties and environmental data of two years were employed for
model validation. Logistic regression analysis was used to determine the relationship
between environmental variables and disease severity. Stepwise regression analysis was
used to develop model based on two years environmental data and disease severity. Both
regression models based on ten years (2001-2010) and two years (2011-2013) were
validated by comparing homogeneity of regression coefficients of F-test (Harrell, 2001).

3.5. Management of potato late blight under field conditions
Use of disease predictive model has the potential to improve timing of fungicide
applications and to allow the fungicide dosage to be adjusted according to cultivar resistance
and infection pressure. Prevention of tuber blight is mainly obtained by using fungicides
during the growing season. Control of primary inoculum sources, use of dynamic fungicide
dosages related to weather forecasts and exploitation of resistant cultivars are probably the
most important elements in integrated late blight control strategies. In present study different
fungicides under the consideration of disease predictive model were used to control PLB.
Five potato varieties/lines N-22, FD-48-4, FD-69-1, FSD- White and Cardinal tolerant to
potato late blight were sown under RCBD with three replications (maintaining R x R and P
x P distance as mentioned in section 3.4.1) at the Department of Plant Pathology, University
of Agriculture Faisalabad. Treatments were randomized within the replication in a block. In
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each replication there were seven treatments and a control. Seven fungicides four systemic
(Fluopicolide, Iprovalicarb, Phenylamide and Ethyl hydrogen phosphonate) and three
contact (Hexamethylenetetramine, Propineband Acitamide) were applied at the commended
doses. Untreated rows of each variety/line served as check. First spray of the fungicides was
conducted after thirty to forty percent appearance of disease symptoms. Second and third
spray was conducted after 7 days interval. All data of potato late blight disease as influenced
by the treatments were statistically analyzed through statistix 8.1 software, all possible
interactions and comparisons of fungicides were determined through ANOVA. All
treatments were compared to each other and with control by Turkey’s HSD test at 5% level
of probability (Steel et al., 1997).
Table 3.2: The scheme of treatments and their
application rate
Sr.

Chemical
name

Active ingredient Formu

No

Trade
name

1

Infinito

Fluopicolide

Fluopicolide
+Propamocarb

2

Melody

Iprovalicarb

4

Phenylamide
Ridomil
gold

mefenoxam+

Antracol

Propineb

Solocol

ded dose

5/55

350ml/acre

WDG
80WG

chlorothalonil

Propineb

Revus

Acitamide

300g/acre

200g/acre
68
W.P

Propineb

250g/acre

23.3%
W/W

Bayer Crop

Bayer Crop
Science

350g/acre
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Bayer Crop

Science

W/V

Mandipropamid

Bayer Crop
Science

50%
W/W
6

Manufacturer

Science

70%

Hexamethyle
netetramine
5

lation

Propineb +
iprovalicarb

duo
3

Recommen

Bayer Crop
Science

250ml/acre

Syngenta

7

Aliette

Phosphonate

Aluminium
ethyle phosphate

82%
WDG

240g/acre

Bayer Crop
Science

(McGrath, 2004)

CHAPTER 4

RESULTS

4.1. Analysis of variance of potato late blight severity during
ten years (2001-10)
During ten years analysis of variance the individual effects of variety, year and week for
PLB severity were significant. The two-way interaction of varieties with week and variety
with year were also significant (Table 4.1). The two-way interaction of week and year and
three-way interaction of variety with week and year were not significant. This indicated that
there was limited variation of PLB severity with respect to varieties, weeks and years (Table
4.1).
Table 4.1: Analysis of variance of potato late blight severity during
ten years (200110)
Source

DF

SS

MS

F Value

P Value

Replication

2

18.23

9.114

Variety

4

92.06

23.02

27.14

0.001**

Week

5

2484.76

496.95

586.03

0.001**

Year

9

44.40

4.93

5.82

0.001**

Variety*Week

20

120.03

6.00

7.08

0.021*

Variety*Year

36

66.90

1.85

2.19

0.041*

Week*Year

45

38.29

0.85

1.00

0.469NS

Variety*Week*Year

180

141.14

0.78

0.92

0.734 NS

Error

598

507.10

0.84

Total

899

3512.92

* = Significant at (P< 0.05)

** = Significant at (P< 0.01) NS Non-Significant
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4.2. Analysis of variance of weekly environmental
variables during ten years (2001-2010)
During ten years (2001-2010) analysis of variance, the individual effect of year and
variety was significant in case of environmental variables i.e. maximum and minimum
temperature, relative humidity, rainfall and wind speed. The two-way interactive effect of
year and variety was not significant (Table 4.2a and Table 4.2b).
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Table 4.2a: Analysis of variance of weekly environmental variables (temperature and relative humidity) during ten years
(2001-2010)
Maximum temperature (oC)
Source

DF

SS

MS

Week (Rep)

5

2281.08 456.22

Year (Y)

9

3488.12 387.57

Variety (V)

4

0.04

F

Minimum temperature (oC)
P

MS

238.03

47.61

F

P

F

P

37541

7508.2

33591

3732.33

38477.6

0.001**

3944.49

0.01

1.28

0.001**

0.04

0.01

1.28

0.001**

19

4.75

48.96

0.001**

0.07

0.471 NS

0.02

0.0056

0.07

0.471 NS

89

2.48

25.56

0.066 NS

0.66

0.0078

82

0.097

0.02 0.0055

Error

845

0.66 0.0078

Total

899

5769.92

0.018*

MS

0.005**

36

438.28 56189.3

SS

49688.5

Y*V

* = Significant at (P< 0.05)

SS

Relative Humidity (%)

4143.24
** = Significant at (P< 0.01)

71322

NS= Non significant

Table 4.2b: Analysis of variance of weekly environmental variables (rainfall and wind speed) during ten years (2001-2010)
Rainfall (mm)
SS
Source

MS

F

Wind speed (km/h)
P

SS

MS

F

P

DF
223.6

44.72

9

186.39

20.71

1.82

4

157.24

39.31

3.46

Week (Rep)

5

Year (Y)
Variety (V)

179.28

35.86

0.041*

1194.84

132.76

32380.46

0.003**

0.001**

0.77

0.19

46.34

0.001**

45

Y*V

36 107389.84

Error

845

9589.96

Total

899 117547.03

* = Significant at (P< 0.05)

2983.05

262.82

0.084 NS

11.35

** = Significant at (P< 0.01)

3.56

0.098

3.45

0.0041

1381.9
NS= Non significant
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23.90

0.054*

4.2.1. Comparisons of weekly environmental variables during 2001-2010
Among all the environmental variables (maximum temperature, relative humidity
and rainfall) and disease severity expressed a significant difference during ten years but the
amount of rainfall was observed negligible. There was a significant difference observed in
maximum temperature, relative humidity and disease severity in five years 2002, 2004,
2006, 2010 and 2008 years as comparison to 2001, 2003, 2005, 2007 and 2009 five years
but these years showed non significant difference within each other. The wind speed also
showed a significant difference in 2002, 2004, 2006 and 2010 years, in comparison to 2001
and 2009 years but these years showed non significant difference within each other. There
was a non significant difference found in minimum temperature in all ten years. A
significantly different mean disease severity of 27% was recorded in 2001, 2003, 2005,
2007 and 2009 years as compared to 2002, 2004, 2006, 2008 and 2010 years, where the
disease severity was 12% (Tables 4.3).

4.3. Correlation of weekly environmental variables with
potato late blight severity during ten years (200110)
Maximum air temperature, relative humidity and wind speed were positively
correlated with all the five varieties tested (Desiree, Diamont, SH-5, SH-339 and FD 3536).
There was a positive correlation of rainfall observed with all the five varieties but its
contribution was very poor. Minimum temperature initially exhibited significant but
negative correlations with two varieties i.e., Desiree and Diamont while in case of SH-5 and
SH-339 showed significant correlation and its contribution was also observed poor in all the
varieties during ten years. Only FD35-36 expressed non significant correlation in case of
minimum temperature during 2001-10 years (Table 4.4).
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Table 4.3: Comparisons of weekly environmental variables and potato late blight severity during ten years (2001 -2010)
Environmental factors

2001

Maximum temperature (°C)

2002

2003

2004

2005

2006

2007

2008

2009

2010

HSD

21.75a* 18.91b

22.33a

19.00b

21.58a

19.00b

21.71a

17.83b

21.75a

18.91b

1.99

Minimum temperature (°C)

06.00a

06.83a

05.95a

07.00a

06.08a

07.00a

05.96a

07.33a

06.00a

06.83a

2.81

Relative humidity (%)

66.75b

79.5 a

67.16b

79.60a

66.83b

79.57a

67.40b

80.06a

66.75b

79.53a

5.25

Rainfall (mm)

00.02b

00.41a

00.04b

00.41a

00.03b

00.41a

00.03b

00.41a

00.02b

00.41a

0.36

Wind speed (km/h)

03.36c

04.31ab

03.61abc

04.40a

03.40bc

04.40a

03.62abc

04.09abc

03.36c

04.31ab

0.262

Disease severity (%)

26.90a

11.75b

26.90a

11.55b

26.90a

11.79b

26.80a

11.85b

26.82a

12.15b

0.55

*Means with similar letters in a row are not significantly different at (P< 0.05)
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Table 4.4: Correlation of weekly environmental variables with
Potato late blight severity during 10 years (20012010)
Environmental Variables
Maximum
temp. (°C)
0.7410*
0.0188

Minimum
temp. (°C)
-0.5390**
0.0001

Relative
Humidity (%)
0.9106**
0.0018

Diamont

0.7830*
0.0150

-0.4712*
0.0381

0.9414*
0.0151

0.2952**
0.0010

0.8809*
0.0408

SH-5

0.7020*
0.0150

0.4413**
0.0011

0.9511*
0.0200

0.2051**
0.0020

0.9034**
0.0076

SH-339

0.7911*
0.0357

0.3935**
0.0002

0.9802**
0.0045

0.1522*
0.0121

0.8675*
0.0134

FD35-36

0.8110**
0.0001

0.4115NS
0.2231

0.8611*
0.0170

0.1822**
0.004l

0.8412*
0.0394

Varieties
Desiree

* = Significant at (P< 0.05)

Rainfall Wind speed
(mm)
(km/h)
0.3891**
0.8971*
0.0021
0.0152

** = Significant at (P< 0.01) NS = Non significant

4.3.1. Week wise correlation of environmental variables with potato late blight severity
during ten years (2001-2010)
Maximum temperature expressed a positively significant correlation with mean
disease severity during all the ten years. The minimum temperature expressed significant
correlations in 6 of the 10 years 2002, 2003, 2004, 2006, 2008 and 2010, whereas
nonsignificant correlation observed in 4 of the 10 years 2001, 2005, 2007 and 2009 (Table
4.5). Relative humidity and wind speed also showed a significant correlation with mean
disease severity during all the ten years. Rainfall had significant correlation with PLB
severity in 6 of the 10 years 2002, 2004, 2006, 2007, 2008 and 2010 while non significant
correlation was found in 4 years i.e., 2001, 2003, 2005 and 2009 years. Maximum
temperature, relative humidity and wind speed had significant correlations with disea se
severity during all the ten years, whereas minimum temperature and rainfall had non
significant correlation with disease severity in (2001, 2005, 2007 and 2009) years and
(2001, 2003, 2005 and 2009) years, respectively (Table 4.5).
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Table 4.5: Week wise correlation coefficients of environmental variables with potato late blight severity during ten
years (2001-2010)
Environmental
variables

PLB severity (%)
2001

2003

2005

2006

2007

2008

2009

2010

0.5542**
0.0022

0.0002

0.6618**
0.0003

0.0022

0.5918**
0.0003

0.6918**
0.0003

0.7199*
0.0292

0.7423**
0.0020

0.6988**
0.0003

0.6548*
0.0222

0.4122 NS
0.5211

0.7382*
0.0371

0.8323**
0.0081

0.6354*
0.04554

0.6061 NS
0.7474

0.7314**
0.0091

0.6240 NS
0.2202

0.6469*
0.0191

0.4122 NS
0.5211

0.7382*
0.0371

0.7121**
0.0001

0.7111**
0.0001

0.7192**
0.0020

0.8323**
0.0081

0.8147**
0.0041

0.5523*
0.0105

0.8433**
0.0041

0.7323**
0.0001

0.7152*
0.0400

0.8521**
0.0081

Rainfall (mm)

-0.4214 NS
0.0647

0.6314**
0.0003

0.5414 NS
0.0781

0.7631**
0.0004

0.3615 NS
0.0712

-0.6321**
0.0004

0.5541**
0.0004

-0.6631**
0.0004

0.4152 NS
0.0571

-0.6431**
0.0020

Wind speed

0.7198**
0.0001

0.6609**
0.0001

0.7233**
0.0011

0.5957*
0.0441

0.7501**
0.0008

0.6550*
0.0202

0.7388**
0.0002

0.6427**
0.0019

0.7199**
0.0047

0.6609**
0.0004

Maximum
temperature (°C)
Minimum
temperature (°C)
Relative humidity
(%)

(km/h)

* = Significant at (P< 0.05)

** = Significant at (P< 0.01)

NS=Non significant (P ≥ 0.05)
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4.3.2: Principal component analysis for the development of a disease
predictive model during ten years (2001-2010)
Disease and environmental data were collected on weekly basis and subjected to
Pearson correlations among variable to check the strength of association between these
variables (Table 4.4). Most of the environmental variables (X variables) found highly
correlated with each other which indicated multicollinearity in environmental data.
Multicollinearity is a statistical phenomenon in which two or more predictor variables in a
multiple regression model are highly correlated, meaning that one can be linearly or non
linearly predicted from the others with a non-trivial degree of accuracy. Furthermore, the
data was subjected to OLS (Ordinary Least Square) regression to confirm the
multicollinearity problem. Variable Inflation Factors (VIF) of minimum temperature and
rainfall was high enough to be deleted (Table 4.6). VIF is the coefficient of multiple
determination of the regression produced by regressing the variable Xi against the other X
variables. If any VIF exceeded 10, the correspondent variable should be considered to be
deleted or otherwise to use an alternative method instead of OLS.
Table 4.6: Ordinary least squares linear regression of potato late
blight severity with environmental predictor variables
based on ten years (2001-2010)
Variable

t-

P-

Estimate

Standard
Error

Value

Value

28.74

1.62

17.73

0.001

0

Maximum temperature (°C)

0.63

0.03

18.20

0.001

4.23

Relative humidity (%)

0.17

0.01

14.46

0.001

5.34

Wind speed (km/h)

0.21

0.06

3.31

0.001

4.17

Minimum temperature (°C)

0.10

0.03

2.82

0.011

23.71

Rainfall (mm)

0.90

0.16

5.51

0.001

29.98

Intercept

Parameter

VIF

To remove the issue of multicollinearity, the data was subjected to Principal Component
Regression (PCR) which is a biased regression method to solve the collinearity problems.
All the environmental variables were selected to conduct PC regression, among these
environmental variables first three variables explained 97% variation in disease
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development (Table 4.7). Moreover, scree plot for predictor variables was also observed to
finalize the selection of number of principal components for further regression analysis.
Fourth component depict elbow like appearance, so it was the indication of the selection of
first three principal components (Fig. 4.1). In the first two components, the cumulative
proportion of maximum temperature and relative humidity was enough high to explain 94%
variability in disease severity. Both principal components maximum temperature and
relative humidity participated positively in disease occurrence. Second PC explained high
proportion (cumulative 97%) of relative humidity and wind speed, while both were also
positively correlated with the disease severity (Table 4.7). Table 4.7: Eigenvalues of the
correlation statistics
Variables

Eigenvalue

Difference

Proportion

Cumulative

Disease severity (%)
Maximum temperature (°C)

2.70
1.81

0.89
0.69

0.45
0.30

0.45
0.75

Relative humidity (%)

1.21

0.91

0.19

0.94

Wind speed (km/h)

1.11

0.07

0.13

0.97

Minimum temperature (°C)

0.13

0.08

0.02

0.99

Rainfall (mm)

0.05

0.01

1.00

After principal component analysis, the data was subjected to logistic regression
analysis to determine the total variation explained by particular PCs in disease
development. Coefficient of determination as explained by these Principal Components was
high enough to reflect good models. As the first three principal components encompassing
the major effect (cumulative 97%) of all the environmental predictors so it was found that
75% variability in ten years model was explained by these variables. Moreover, observed
and predicted disease severity values were in conformity in most of the cases (Fig. 4.3).
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Fig. 4.1: Graphical representation of Eigenvalues versus principal component and
variance explained versus principal component for the model of 2001-2010

4.4. Potato late blight predictive model based on ten year
data (20012010)
A logistic regression model was developed on the basis of the coefficient of
determination (R2) (maximum value), RMSE (minimum value) and Mallows Cp (p =
number of regressor variables in the model). The model statistically justified, R 2 = 75% at
P<0.05, C(p)= 3.21 and RMSE = 0.99 was used to predict the probable attack of PLB under

a set of local environmental variables given as under:
R2= 75%

Y= –39.15 + 1.15x1 + 0.35x2 + 0.65x3 + e

where Y = PLB severity, X1= maximum temperature, X2= relative humidity and
X3= wind speed
The detailed disease predictive regression model was developed through stepwise
logistic regression method. It is evident from the model that the major factors responsible
for the occurrence of PLB were maximum temperature, relative humidity and the wind
speed at that time. It indicated that with one unit change in maximum temperature, relative
humidity and wind speed there would be probable positive change of 1.15 and
0.35 and 0.65 units in PLB severity.
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4.4.1. Model assessment
The above-cited model was assessed according to the procedures described by
Chattefuee and Hadi, (2006) and Snee, (1977). They listed the following options to assess
models:
1) Comparison of the dependent variable and regression coefficients with physical theory,
2) Comparison of observed vs. predicted data
3) Collection of new data to check predictions
4.4.2. Comparison of the dependent variable (Potato late blight) and regression
coefficients with physical theory
One of the most important parameter to check the model reliability is the value of
coefficient of determination, i.e., R2 . In the present study it was 75%, which is considered
fairly good particularly under field conditions when one has no control on any of the studied
variables. Similarly standard error (3.78) of estimate was not so high (Table 4.8). The
relative contribution of wind speed, maximum temperature and relative humidity, towards
the development of model was significant at <0.05, (Table 4.9). Each independent variable
in the model showed quite low standard error ~5 (Table 4.10). These criteria indicated that
the model was statistically good, and may effectively predict potato late blight disease
severity. Analysis of variance of model data was highly significant. Three environmental
variables (maximum temperature, relative humidity and wind speed) and disease severity
showed significance towards model development (Table 4.10).
Table 4.8: Summary of regression statistics of the predictive model
for potato late blight based on ten years (2001-2010)
Regression Statistics
R-Square

75%

Adj-R Square

74.9%

C (P) value

3.21

RMSE

0.99

Standard error of Y

3.78

Observations

900

54

4.4.3: Evaluation of model by homogeneity of regression
The model with significant variables was developed by stepwise logistic regression
and evaluated to predict PLB severity during ten years (Table 4.9). Out of five variables
entered, three of them i.e. wind speed, maximum temperature and relative humidity
significantly influenced disease. Wind speed, maximum temperature and relative humidity
appeared as the main contributing environmental variables in the stepwise regression
analysis. In stepwise regression analysis minimum temperature and rainfall were dropped,
as their influence was very poor (Table 4.9). The model containing these variables
explained 60 to 75 percent of the variation in potato late blight severity. When these three
environmental variables entered, the model was used to predict PLB severity, there was a
fairly good R2 (75%) value obtained (Table 4.9).
Table 4.9: Summary of stepwise logistic regression model to predict
potato late blight during 2001-2010
Variable entered

Step

R2

C (P) Value

RMSE P- Value

Minimum
temperature (°C)
Rainfall (mm)

1

22.27

258.54

Value
1.98

2

30.33

116.51

1.67

0.006**

Wind speed (km/h)

3

59.88

11.69

1.55

0.001**

Relative humidity
(%)
Maximum
temperature (°C)

4

71.93

5.97

0.99

0.001**

5

75.12

3.21

0.97

0.001**

* = Significant at (P< 0.05)

0.117NS

** = Significant at (P< 0.01)

The detail of estimates, standard error, chi square and p value are given in Table
4.10. It may be concluded that the model is good for prediction purpose from set of the
favourable environmental variables based on physical theory. Ten years environmental
variables and PLB severity data of five varieties was subjected to stepwise logistic
regression analysis to develop disease predictive model. A logistic regression model
Y= –39.15 + 1.15x1 + 0.35x2 + 0.65x3 + e (where Y = PLB severity, X1= maximum
temperature, X2= relative humidity, and X3= wind speed) was developed to predict the
outbreak of PLB severity. Environmental variables and PLB severity had low standard error
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(Table 4.10) and three environmental variables i.e. wind speed, maximum temperature and
relative humidity significantly influenced disease severity during ten years (Table 4.10).
Table 4.10: Analysis of maximum likelihood estimates of the predictive
model for potato late blight based on ten years (20012010)
Parameter

DF

Estimate

Standard

Chi-

Error

Square

F
Value

P-value

Intercept

1

-39.15

3.78

77.24

314.30

0.001**

Maximum temperature (°C)

1

1.15

0.04

75.12

331.08

0.001**

Relative humidity (%)

1

0.35

0.01

71.93

209.11

0.001**

Wind speed (km/h)

1

0.65

0.06

59.88

10.94

0.001**

Rainfall (mm)

1

1.46

0.68

30.33

81.15

0.006**

Minimum temperature (°C)

1

0.88

1.45

22.27

29.35

0.117NS

* = Significant at (P< 0.05)

** = Significant at (P< 0.01)

4.4.4: Graphical representation of potato late blight predictive model based on ten-year
data (2001-2010)

The graphs of normal probability plot and disease versus fit, best explained the tenyear full model (Fig. 4.2). The probability plots are frequently recommended for assessing
the goodness of fit of a hypothesized distribution and are often used as an informal method
of assessing the non normality of a set of data (Johnson and Wichern, 1982).
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Fig. 4.2: Normal probability plot and residual versus fit for the model of 2001-2010
The normal probability plot for the ten years full model showed that most of the data points
were placed on the reference line whereas only five data points both at the lower side and at
the higher side deviate from the reference line affecting the normal distribution of data
points; it could be the cause of an error in the regression model. Residuals are estimates of
experimental error obtained by subtracting the observed responses from the predicted
responses. Residuals can be considered as the elements of variation unexplained by the
fitted model. The purpose of this dot plot is to provide an indication of the distribution of
the residuals. The ten years model showed that 74.5% data points were distributed
uniformly around the reference line indicating a better fit of regression model. Only five
data points were not very closely distributed on the reference line leading to the addition of
an error in the regression model.
4.4.5. Evaluation of model by comparing the observed and predicted data
Second step of model evaluation was completed by comparing observed and
predicted data. Two criteria i.e. percent error and root mean square error (RMSE) value
were used to evaluate the predictions of the model. Model efficiency is considered optimum
if predictions of the model having percent error and RMSE ~ ± 20. In present studies, most
of predictions obtained using ten years model on five varieties, showed percent error ~ ±
20 (Table 4.11). Average RMSE of total predictions (900) during ten years on five varieties
was low i.e. less than ± 20 (Table 4.12).

57

The environmental variables maximum temperature, relative humidity and wind
speed were observed epidemiologically important in the development of PLB on five potato
varieties. These were subjected to stepwise regression analysis and single variety models
were developed. The PLB severity values predicted by these single variety models were in
close conformity with observed values recorded on five potato varieties viz. Desiree,
Diamont, SH-5, SH-339 and FD35-36.
Table 4.11: Multiple linear regression equations based on weekly environmental
variables and predicted potato late blight severity values during ten years
Regression equations of PLB Severity (%)
%Error
R2
Y = bo + b1 X1 + b2 X2 + b3 X3……..
Observed Predicted
Desiree = 32.56 + 0.65X1 + 0.21X2 + 0.66X3

4.00

3.95

1.25

(X1= Maximum temperature, X2= Relative

8.00

7.98

10.25

Humidity, X3= Wind speed)

1.00

0.92

8.00

2.00

1.79

10.5

Diamont = 24.48 + 0.57X1 + 0.14X2 + 1.45X3

1.00

0.83

17.00

(X1= Maximum temperature, X2= Relative

5.00

4.80

4.00

Humidity, X3= Wind speed)

4.00

3.68

8.00

6.00

5.50

8.33

SH-5 = 34.54 + 0.66X1 + 0.23X2 + 0.24X3

1.00

0.88

12.5

(X1= Maximum temperature, X2= Relative

2.00

1.93

3.5

Humidity, X3= Wind speed)

5.40

4.60

14.8

6.08

5.27

12.8

2.30

1.88

18.3

6.06

5.89

2.8

6.00

5.67

5.50

4.43

3.65

10.4

SH-339 = 19.86 + 0.39X1 + 0.13X2 + 0.47X3
(X1= Maximum temperature, X2

= Relative

Humidity, X3= Wind speed)
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0.86

0.81

0.84

0.84

FD35-36 = 36.31+ 0.875X1+ 0.22X2 + 0.21X3

1.05

0.85

19.1

(X1= Maximum temperature, X2= Relative

6.00

5.79

3.5

Humidity, X3= Wind speed)

3.15

2.85

9.5

6.26

5.58

10.9

0.86

Table 4.12: Summary of multiple linear regression model developed
to predict potato late blight severity with respect to weekly
environmental variables on five potato varieties during ten years
2

Variables
Desiree

C(p)

RMSE

4.64

0.74

F-Value

Pr > F

R
Maximum temp. (°C)

0.86
0.81

20.79

1.54

198.38

0.001**

Relative Humidity (%)

0.86

4.64

0.98

6.17

0.004**

Wind speed (km/h)

0.85

8.77

0.75

12.92

0.007**

Rainfall (mm)

0.19

279.09

2.33

13.88

0.016*

Diamont 

0.81

5.05

0.86

Maximum temp. (°C)

0.69

39.08

0.85

35.58

0.001**

Relative Humidity (%)

0.81

5.05

0.67

36.01

0.001**

Wind speed (km/h)

0.65

94.95

1.15

34.41

0.001**

Rainfall (mm)

0.20

182.88

1.92

15.10

0.003**

SH-5 

0.84

2.55

0.75

Maximum temp. (°C)

0.72

111.35

0.69

28.25

0.002**

Relative Humidity (%)

0.84

2.55

0.60

9.75

0.001**

Wind speed (km/h)

0.64

137.77

1.12

17.62

0.001**

Rainfall (mm)

0.28

195.06

1.47

22.09

0.028*

SH-339

0.84

5.71

0.52

Maximum temp. (°C)

0.75

32.25

0.89

125.89

0.001**

Relative Humidity (%)

0.84

5.71

0.62

6.24

0.002**

Wind speed (km/h)

0.82

10.03

0.96

21.86

0.001**

Rainfall (mm)

0.21

220.76

1.87

15.57

0.016*
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FD35-36

0.86

4.31

0.83

Maximum temp. (°C)

0.66

173.29

1.43

16.94

0.001**

Relative Humidity (%)

0.86

4.31

0.71

13.83

0.001**

Wind speed (km/h)

0.83

15.97

0.98

131.25

0.001**

Rainfall (mm)

0.27

238.82

1.88

21.75

0.005**

* = Significant at (P< 0.05)

** = Significant at (P< 0.01)

The models with significantly important variables were developed by stepwise
regression on five potato varieties separately to predict PLB severity during ten years (Table
4.12). Out of five variables entered, three of them i.e. maximum temperature, relative
humidity and wind speed exerted significant contribution in the development of disease. In
stepwise regression analysis rainfall was assessed, as its contribution was found very poor
in Desiree, Diamont, SH-5, SH-339 and FD35-36 (Table 4.12). The model containing these
variables explained above 80 percent variability in disease development in all varieties.
When these three environmental variable models were used to predict PLB severity, there
was a fairly good R2 value 0.81-0.86, low C (p) = 2.5-5.71 and low RMSE = 0.52-0.86
values come as result (Table 4.12).
There was a fair degree of matching between observed and predicted values. It was
clear in the graph showed in Fig. 4.3. that mostly predictions (out of 900 data points, only
3 points have difference greater than 20) were centralized between 95% confidence interval
(C.I) and 95% predictive interval (P.I) representing a good fit between observed and
predicted data (Fig. 4.3).
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Fig. 4.3: A fitted line plot for PLB with observed and predicted data points at 95%
confidence and predictive interval

4.5. Analysis of variance of potato late blight severity
during two years (2011-2013)
During two years (2011-2013) analysis of variance, the individual effect of week,
year and variety was significant in the development of PLB severity (Table 4.13). The two
way interactive effect of week with year, week with variety and year with variety was
significant whereas; the three way interactive effect of weeks with year and varieties was
also significant.
Table 4.13: Analysis of variance of potato late blight during two years
(2011-2013)
Source
Replication

DF
2

SS
0.52

MS
0.26

F Value

P Value

Week

5

428.75

85.75

725.66

0.003**

Year

1

5.43

5.43

45.91

0.001**

Variety (variety)

4

11.23

2.81

23.76

0.001**

Week*Year

5

2.77

0.55

4.69

0.006**
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Week*Variety

20

11.71

0.59

4.96

0.033*

Year*Variety

4

2.94

0.74

6.23

0.001**

Week*Year*Variety 20

15.12

0.76

6.40

0.001**

Error

118

13.94

0.12

Total

179

492.41

* = Significant at (P< 0.05)

** = Significant at (P< 0.01)

4.6. Analysis of variance of environmental factors during
two-year (201113)
During two years (2011-2013) analysis of variance, the individual effect of year and
variety was significant in case of environmental variables i.e. maximum and minimum
temperature, relative humidity, rainfall and wind speed. The two-way interactive effect of
year and variety was not significant (Table 4.14a and Table 4.14b).
4.6.1. Comparison of environmental variables during two-years
(2011-2013)
During two years 2011-2012 and 2012-2013 only rainfall and PLB severity showed
significant difference. Maximum and minimum temperature, relative humidity and wind
speed did not show significant difference during both years (Table 4.15). The maximum
temperature during two years was 18 °C and 19 °C, whereas; there were significant
differences observed in PLB severities i.e., it was 3.13% and 11.37% during two years
(Table 4.15).
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Table 4.14a: Analysis of variance of weekly environmental variables (temperature and relative humidity) during two years (2011-2013)
Maximum temperature (oC)
Minimum temperature (oC)
Relative Humidity (%)
Source

DF

SS

MS

F

P

SS

MS

F

304.69

60.91

Week (Rep)

5

502.5

100.50

Year (Y)

1

14

14.00

0.71

0.004**

0.022

0.022

1.38

Variety (V)

4

109.68

27.42

1.41

0.002**

0.08

0.02

Y*V

4

191.44

47.86

2.44

0.052 NS

0.44

0.11

Error

165

3235.56

19.61

2.62

0.016

Total

179

4053.18

* = Significant at (P< 0.05)

P

MS

F

P

3474.69

694.94

0.018*

70.60

70.60

360.05

0.002**

1.25

0.006**

1.09

0.27

1.38

0.012*

6.88

0.409 NS

5.44

1.36

6.97

0.409 NS

32.12

0.195

307.85
** = Significant at (P< 0.01)

SS

3583.94

NS= Non significant

Table 4.14b: Analysis of variance of weekly environmental variables (rainfall and wind speed) during two years (2011-2013)
Rainfall (mm)
Wind speed (km/h)
SS

MS

F

P

SS

MS

F

P

Source

DF

Week (W)

5

100.80

20.16

Year (Y)

1

414.58

414.58

6.53

0.042*

0.02

0.02

14.28

0.018*

Variety (V)

4

114.92

28.73

0.45

0.047*

0.08

0.02

14.28

0.002**

Y*V

4

318.12

79.53

1.25

0.467 NS

0.04

0.01

7.14

0.409 NS

Error

165

10468.96

63.45

0.236

0.0014

688.84

137.77

Total

179

* = Significant at (P< 0.05)

11414.38
** = Significant at (P< 0.01)

689.216
NS= Non significant
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Table 4.15: Comparison of weekly environmental variables for
potato late blight severity during two years (20112013)
Environmental variables

2011-12

2012-13

HSD

Maximum temperature (°C)

17.83 a*

18.66 a

1.78

Minimum temperature (°C)

03.42 a

03.44 a

0.04

Relative humidity (%)

67.00 b

68.25 a

0.15

Rainfall (mm)

00.13 b

03.17 a

1.97

Wind speed (km/h)

03.28 a

03.29 a

0.11

Disease severity (%)

03.13 b

11.37 a

1.11

*Means with similar letters in a row are not significantly different at (P< 0.05)

4.7. Potato late blight disease predictive model based on
two-year data (2011-2013)
Similarly predictive model based on two years data (2011-2013) was developed on
the same lines as was done for ten years data.
4.7.1. Correlation of weekly environmental variables with potato
late blight severity during two years (2011-2013)
A significant role was played by environmental variables i.e. maximum and minimum
temperature, relative humidity and wind speed in disease occurrence, in all five varieties
i.e., Desiree, Diamont, SH-5, SH-339 and FD35-36, except Desiree (r=0.62), in case of
minimum temperature, which expressed a non-significant correlation with PLB severity
during two years. Rainfall expressed a non-significant correlation in case of SH5, SH-339
and FD35-36 with PLB severity in disease occurrence, during two years (Table
4.16).
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Table 4.16: Correlation of weekly environmental variables with
potato late blight severity during two years (20112013)
Environmental variables
Maximum
temp. (°C)

Minimum

Relative

Rainfall

Wind speed

Humidity
0.9111*
0.0481

(mm)
0.3211**
0.0047

(km/h)
0.9022**
0.0011

Desiree

0.6661*
0.0180

temp. (°C)
0.6210 NS
0.0593

Diamont

0.7291**
0.0074

0.4513**
0.0058

0.9312*
0.0250

0.4452**
0.0052

SH-5

0.7215**
0.0091

0.4112**
0.0048

0.9405*
0.0231

-0.7914NS
0.8062

0.8988**
0.0012
0.9119**
0.0015

SH-339

0.6713*
0.0160

0.4614**
0.0051

0.9871*
0.0231

-0.5211 NS
0.6381

0.8851**
0.0026

FD35-36

0.6875*
0.0161

0.3412*
0.0104

0.8641*
0.0123

-0.5412 NS
0.9901

0.8068*
0.0231

Varieties

* = Significant at (P< 0.05)

** = Significant at (P< 0.01)

NS = Non significant

4.7.2. Week wise correlation of two year environmental variables with potato late
blight during 2011-13
A significant correlation was observed between environmental variables

i.e.,

maximum temperature, relative humidity, rainfall and wind speed, and PLB severity during
both years while in 2013, only the correlation of minimum temperature (r < 0.52) with mean
disease severity was found non-significant during the subsequent years (Table 4.17).
Table 4.17: Week wise correlation of two year environmental
variables with potato late blight during 2011-13
Environmental variables

2012

2013

Maximum temperature (°C)

0.6701**
0.0010
0.4012*
0.0218

0.7034**
0.0040
0.5149 NS
0.1432

0.8493**
0.0001

0.8761**
0.0010

Minimum temperature (°C)
Relative humidity (%)
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Rainfall (mm)

0.3784*
0.0319

0.4606*
0.0104

Wind speed (km/h)

0.7872**
0.0011
* = Significant at (P< 0.05)
** = Significant at (P< 0.01)
4.7.3: Principal component analysis for the development of a

0.7613*
0.0102
NS = Non significant

disease predictive model during ten years (2001-2010)
Disease severity and environmental data were collected on weekly basis and
subjected to Pearson correlations among variable to check the strength of association
between these variables (Table 4.16). Most of the environmental variables (X variables)
found highly correlated with each other which indicated multicollinearity in environmental
data. Multicollinearity is a statistical phenomenon in which two or more predictor variables
in a multiple regression model are highly correlated, meaning that one can be linearly
predicted from the others with a non-trivial degree of accuracy. Furthermore, the data was
subjected to OLS (Ordinary Least Square) regression to confirm the multicollinearity
problem. Variable Inflation Factors (VIF) of minimum temperature and rainfall was high
enough to be deleted (Table 4.18). VIF is the coefficient of multiple determination of the
regression produced by regressing the variable Xi against the other X variables. If any VIF
exceeded 10, the correspondent variable should be considered to be deleted or otherwise to
use an alternative method instead of OLS.
Table 4.18: Ordinary least squares linear regression of potato late
blight severity with environmental predictor variables
based on two years (2011-2013)
Variable

Parameter

t-

P-

Estimate

Standard
Error

Value

Value

Intercept
Maximum temperature (°C)

6.03
0.29

1.09
0.04

5.53
6.98

0.001
0.001

0
1.63

Relative humidity (%)

0.29

0.06

4.78

0.001

2.17

Wind speed (km/h)

0.02

0.01

1.77

0.001

1.85

Minimum temperature (°C)

0.07

0.03

2.25

0.021

21.35

Rainfall (mm)

0.49

0.03

15.08

0.001

31.36
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VIF

To remove the issue of multicollinearity, the data was subjected to Principal Component
Regression (PCR) which is a biased regression method to solve the collinearity problems.
The first three environmental variables explained 94% variation in disease development, so
the first three environmental variables were selected to conduct PC regression (Table 4.19).
Moreover, scree plot for predictor variables was also observed to finalize the selection of
number of principal components for further regression analysis. Fourth component depict
elbow like appearance, so it was the indication of the selection of first three principal
components (Fig. 4.4). In the first two components, the cumulative proportion of maximum
temperature and relative humidity was enough high to explain 86% variability in disease
severity. Both principal components maximum temperature and relative humidity
participated positively in disease occurrence. Second PC explained high proportion
(cumulative 94%) of relative humidity and wind speed, while both were also positively
correlated with the disease severity (Table 4.19).
Table 4.19: Eigenvalues of the regression statistics
Variables

Eigenvalue

Difference

Proportion

Cumulative

Disease severity (%)

2.84

1.44

0.47

0.47

Maximum temperature (°C)

1.93

0.47

0.23

0.71

Relative humidity (%)

1.39

0.48

0.15

0.86

Wind speed (km/h)

1.15

0.18

0.12

0.94

Minimum temperature (°C)

0.27

0.14

0.05

0.98

Rainfall (mm)

0.12

0.02

1.00

After principal component analysis, the data was subjected to logistic regression
analysis to determine the total variation explained by particular PCs in disease
development. Coefficient of determination as explained by these Principal Components was
high enough to reflect good models. As the first three principal components encompassing
the major effect of all the environmental predictors so it was found that 82% variability in
ten years model was explained by these variables. Moreover, observed and predicted
disease severity values were in conformity in most of the cases (Fig. 4.6).
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Fig. 4.4: Graphical representation of Eigenvalues versus principal component and
proportion of variance explained versus principal component
4.7.4: Potato late blight disease predictive model based on two
years data (20112013)
In the present study a logistic regression model was selected on the basis of
coefficient of determination (R2) (maximum value), RMSE (minimum value) and Mallows
Cp (p = number of regressor variables in the model). The model statistically justified, R 2=
82% at P<0.05, C (p) = 6.00 and RMSE = 0.55 was used to predict the probable attack of
PLB under a set of given environmental variables given as under: Y= 44.45 + 0.75x1 +
0.18x2 + 1.51x3 + e

R2 = 82%

Where Y= PLB severity, x1= Maximum temperature, x2= Relative humidity and x 3=
Wind speed.
It is evident from the model that major variables responsible for the occurrence of
PLB were maximum temperature, relative humidity and wind speed prevalent at that time.
It indicated that with one unit change in maximum temperature, relative humidity and wind
speed there would be probable change of 0.75, 0.18 and 1.51 units in PLB severity (Table
4.22).
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4.7.5: Potato late blight disease predictive model assessment
during two years (20112013)
After selecting independent variables, regression models need to be validated before
being used because the goal of model development is to identify the best possible set of
variables for this particular pathosystem. However, using the same set of data for model
selection and inference, without model validation, can lead to unreliable models
(Chattefuee and Hadi, 2006; Snee, 1977).
4.7.6: Comparison of the dependent variable (potato late blight)
and regression coefficients with physical theory
One of the most important parameter to check the model reliability is the value of
coefficient of determination, i.e. R2 . In the present study it was 82%, which is considered
fairly good particularly under field conditions when one has no control on any of the studied
variables (Table 4.20). Similarly standard error of estimate was not so high (5.89). Each
independent variable in the model showed quite low standard error ~5 (Table 4.22). These
criteria indicated that the model was statistically good, and may effectively predict potato
late blight severity. Analysis of variance of model data was highly significant. All the
environmental variables and disease severity showed significance towards model
development (Table 4.22).
Table 4.20: Summary of regression statistics of the predictive
model for potato late blight based on two Years
(2011-2013)
Regression Statistics
R-Square

82%

Adj-R Square

81.7%

RMSE

0.55

C (P) value

6.00

Standard Error of Y

5.89

Observations

180
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4.7.7: Evaluation of model by homogeneity of regression
The model with significant variables was developed by stepwise logistic regression
and evaluated to predict PLB severity during two years (Table 4.21). Out of five variables
entered, three of them i.e. wind speed, maximum temperature and relative humidity
significantly influenced disease. Wind speed, maximum temperature and relative humidity
appeared as the main contributing environmental variables in the stepwise regression
analysis (Table 4.21). The model containing these three variables explained 55 to 82% of
the variation in potato late blight severity. When these three environmental variables
entered, the model was used to predict PLB severity, there was a fairly good R 2 (82%) value
obtained (Table 4.21).
Table 4.21: Summary of stepwise logistic regression model to predict potato late
blight during 2011-2013
Step

R2

C (P)
value

RMSE

P-Value

Wind speed (km/h)

1

55.14

17.22

1.15

0.001**

Relative humidity (%)

3

80.27

7.12

0.93

0.024*

Maximum temperature (°C)

2

82.06

6.00

0.55

0.002**

Rainfall (mm)

4

27.86

23.64

0.88

0.006*

Minimum temperature (°C)

5

7.02

15.42

1.07

0.081NS

Variable entered

* = Significant at (P< 0.05)

** = Significant at (P< 0.01)

The detail of estimates, standard error, chi square and p value are given in Table
4.22. It may be concluded that the model is good for prediction purpose from set of the
favourable environmental variables based on physical theory. Two years environmental
conditions and PLB severity data of five varieties was subjected to stepwise logistic
regression analysis to develop disease predictive model. A logistic regression model
Y= 44.45 + 0.75x1 + 0.16x2 + 1.51x3 + e (where Y= PLB severity, x 1= Maximum
temperature, x2= Relative humidity and x3 = Wind speed) was developed to predict the
outbreak of PLB severity. Environmental variables and PLB severity had low standard error
(Table 4.22) and three environmental variables i.e., maximum temperature,

relative

humidity and wind speed significantly influenced disease severity during two years (Table
4.22).
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Table 4.2
2: Analysis of maximum likelihood estimates
Parameter

DF

Estimate

Standard

Chi-

Error

Square

FValue

P-value

Intercept

1

44.45

5.89

56.96

30.56 0.001**

Maximum temperature (°C)

1

0.75

0.14

82.06

48.73 0.001**

Relative humidity (%)

1

0.18

0.08

80.27

3.12 0.020*

Wind speed (km/h)

1

1.51

0.20

55.14

227.30 0.001**

Rainfall (mm)

1

1.05

0.21

27.02

47.62 0.001**

Minimum temperature (°C)

1

0.15

0.06

7.44

* = Significant at (P< 0.05)

22.34

0.06NS

** = Significant at (P< 0.01)

4.7.8: Graphical representation of potato late blight disease predictive model based on
two year data (2011-2013)

The graphs of normal probability plot and disease versus fit, best explained the two
year full model (Fig. 4.5). The probability plots are frequently recommended for assessing
the goodness of fit of a hypothesized distribution and are often used as an informal means
of assessing the non normality of a set of data (Johnson and Wichern, 1982).

Fig. 4.5: Normal probability plot and residual versus fit for the model
of 2001-2010
The normal probability plot for the two years full model showed that most of the
data points were placed on the reference line whereas only two data points less than 20%

73

both at the lower side and at the higher side deviate from the reference line affecting the
normal distribution of data points; it could be the cause of an error in the regression model.
Residuals are estimates of experimental error obtained by subtracting the observed
responses from the predicted responses. Residuals can be considered as the elements of
variation unexplained by the fitted model. The purpose of this dot plot is to provide an
indication of the distribution of the residuals. The two years model showed that 82% of the
data points were distributed uniformly around the reference line indicating a better fit of
regression model. Only four data points were not very closely distributed on the reference
line leading to the addition of an error in the regression model.
4.7.9: Evaluation of model by comparing the observed and predicted
data
Second step of model evaluation was completed by comparing observed and
predicted data. Two criteria i.e. percent error and root mean square error (RMSE) value
were used to evaluate the predictions of the model. Model efficiency is considered good if
predictions of the model having percent error and RMSE ~ ± 20.
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Table 4.2
3: Multiple linear regression equations based on weekly environmental variables
and predicted potato late blight severity values during 20112013
%Error R2

Regression equations of PLB Severity (%)
Y = bo + b1 X1 + b2 X2 + b3 X3……..
Observed Predicted
Desiree = – 4.488 + 0.36X1 + 0.19X2 + 0.49X3

1.25

1.02

18.4

5.50

5.16

6.11

Humidity,

5.75

5.24

8.86

X3 = wind speed)

2.20

2.54

15.45

Diamont = – 5.26 + 0.36X1 + 0.32X2 + 0.51X3

5.25

5.21

0.76

1.10

1.09

0.91

Humidity,

5.67

5.43

4.23

X3 = wind speed)

6.42

6.27

15.1

SH-5 = – 4.33+ 0.32X1 + 0.34X2 + 0.53X3

4.33

4.30

7.30

3.75

3.82

1.72

6.00

5.91

1.50

1.15

1.25

8.69

5.08

5.07

0.19

1.10

0.99

10.0

6.00

5.97

0.50

1.00

1.10

10.0

4.90

4.92

0.40

1.08

1.05

2.77

4.42

4.33

2.03

4.17

3.87

7.19

(X1=Maximum

(X1=Maximum

(X1=Maximum

temperature,

temperature,

temperature,

X2=

X2=

X2=

Relative

Relative

Relative

Humidity,
X3 = wind speed)
SH-339 = – 3.85+ 0.26X1 + 0.38X2+ 0.51X3
X3 = wind speed)

FD35-36 = – 12.54+ 0.29X1 + 0.14X2 + 0.43X3
X3= wind speed)

0.80

0.89

0.91

0.86

0.80

In present studies, most of predictions obtained using two years model on five
varieties, showed percent error ~ ± 20 (Table 4.23). Average RMSE of total predictions
(180) during two years on five varieties was low i.e. less than ± 20 (Table 4.24).
The environmental variables maximum and minimum temperature, relative
humidity, rainfall and wind speed were epidemiologically important in the development of
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PLB on five potato varieties. These were subjected to stepwise regression analysis and
single variety model were developed. The PLB severity values predicted by these single
variety models were in close conformity with observed values recorded on five potato
varieties viz. Desiree, Diamont, SH-5, SH-339 and FD35-36 (Table 4.23).
The models with significantly important variables were developed by stepwise
regression on five potato varieties separately to predict PLB severity during two years
(Table 4.23). Out of five variables evaluated, three of them i .e. maximum temperature,
relative humidity and wind speed exerted significant influence in the occurrence of disease
actively in case of all five varieties i.e. Desiree, Diamont, SH-5, SH-339 and FD35-36.
These three environmental variables i.e. maximum temperature, relative humidity and wind
speed appeared as the main contributing environmental variables in the stepwise regression
analysis in case of all five varieties. The model containing these variables explained above
80 percent variability in disease severity in all varieties. When these three environmental
variable models were used to predict PLB severity, there were fairly good R 2 80-91%, low
C (p) 2.16-3.55 and low RMSE 0.60-0.81 values obtained as result (Table 4.24).
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Table 4.2
4: Summary of stepwise multiple linear regression model developed to predict
potato late blight with respect to weekly environmental variables on five
potato varieties during 2011-2013
Variables

R2

C(p)

RMSE

Desiree

0.85

2.17

0.75

Maximum temp. (°C)

0.66

6.11

Relative Humidity (%)

0.77

Wind speed (km/h)

F-Value

Pr > F

1.54

19.35

0.039*

3.41

0.98

12.80

0.019*

0.85

2.17

0.75

6.53

0.002**

Rainfall (mm)

0.44

18.78

1.13

38.52

0.127NS

Diamont 

0.89

2.25

0.67

Maximum temp. (°C)

0.85

2.71

0.85

12.39

0.001**

Relative Humidity (%)

0.89

2.25

0.67

3.14

0.006**

Wind speed (km/h)

0.65

12.70

1.15

18.79

0.016*

SH-5 

0.91

3.55

0.60

Maximum temp. (°C)

0.86

5.75

0.99

12.25

0.008**

Relative Humidity (%)

0.91

3.55

0.60

4.46

0.047*

Wind speed (km/h)

0.68

19.74

1.22

22.05

0.017*

Rainfall (mm)

0.37

27.25

1.58

45.65

0.053*

SH-339

0.86

2.16

0.76

Maximum temp. (°C)

0.85

2.15

0.81

2.57

0.001**

Relative Humidity (%)

0.81

2.13

0.88

8.12

0.019*

Wind speed (km/h)

0.64

7.46

0.96

18.37

0.007**

FD35-36

0.80

2.93

0.81

Maximum temp. (°C)

0.68

10.48

1.13

9.28

0.012*

Relative Humidity (%)

0.80

2.93

0.81

4.16

0.042*

Wind speed (km/h)

0.74

3.49

0.88

5.60

0.004**

Minimum temp. (°C)

0.23

15.86

1.65

28.65

0.111NS

* = Significant at (P< 0.05)

** = Significant at (P< 0.01)

NS= Non Significant

There was a fair degree of matching between observed and predicted values. It was
clear in the graph showed in Fig. 4.6 that mostly predictions (out of 180 data points, only
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five points have difference greater than 20) were centralized between 95% confidence
interval (C.I) and 95% predictive interval (P.I) representing a quite good fit between
observed and predicted data values. Figure given below representing observed and
predicted values of data (Fig. 4.6).

Fig. 4.6: A fitted line plot for potato late blight disease with observed and predicted
disease severity at 95% confidence and predictive interval
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4.8. Potato late blight disease predictive model
validation with two year model
Using the same set of data for model selection and inference, without model
validation, may lead to unreliable results. The most reliable option in validating the model
is making prediction by collecting data from some other source/location., i.e., any other
data not used in the model development. Therefore, model developed from 2001-2010 data
collected from AARI, Faisalabad was validated on two years data from 2011-2013 collected
from the experiment established in the research area of the Department of Plant Pathology,
University of Agriculture Faisalabad. The regression lines of the two models showed good
fit in to the data. The logistic regression model based on the ten years of data indicated
value of R2 = 75% which can be compared with logistic regression model based on two
years data indicated value of R 2 = 82%. The two regression lines were in close proximity.
The comparison of the two models is given in the Table 4.25. The P-value for model
comparison was 3.92, which was not significant indicating that two models can be super
imposed with each other. Table 4.25: Comparison of two models for validation
Model
Regression equations
R2 Value F value P value

Model(I)

Y= –39.15 + 1.15x1 + 0.35x2 + 0.65x3 + e

Vs

Vs
Y= 44.45 + 0.75x1 + 0.18x2 + 1.51x3 + e

Model(II)

Model(I) =Model based on ten years data
Model(II)=Model based on two years data

4.9.

NS

75%
393.64

3.92NS

82%
=

Non

significant

Characterization of environmental variables
conducive for the development of disease severity
on five varieties during the ten years of study
(2001-2010)
The environmental variables conducive for the PLB development were characterized

on five potato varieties i.e., Desiree, Diamont, SH-5, SH-339 and FD35-36. There was
significant relationship observed between maximum, relative humidity and wind speed with
PLB severity. The graphs are showing the relationship between environmental variables
and PLB severity (Fig. 4.7-4.9). The five varieties performed similarly during the ten years.
Maximum temperature had significant relationship with PLB severity (Fig.4.7). The
maximum temperature ranged from 15 oC to 23oC during ten years. The PLB severity
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increased with increase in temperature and the linear regression model explained 66 to 80
percent of variability in the disease severity.
Relative humidity had positively significant influence on PLB severity (Fig.4.8) and
regression model explained 60 to 83 percent variability in disease severity. There was
positive relationship i.e., as the relative humidity increased the disease severity also
increased. The maximum influence of relative humidity was observed in case of FD3536
where it contributed 83% towards disease severity. The wind speed had significant effect
on the disease severity and its contribution was very significant (Fig.4.9). The logistic
model properly fitted to the data as indicated by high R 2 values. The wind speed exerted
maximum influence of about 90% in disease severity in case of SH-339.
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Fig. 4.7: Relationship of weekly maximum temperature with PLB
severity on five potato varieties i.e. y 1=Desiree,
y2=Diamont, y3=SH-5, y4=SH-339 and y5=FD35-36 during
ten years (2001-2010)

Fig. 4.8: Relationship of weekly relative humidity with PLB severity
on five potato varieties i.e. y1=Desiree, y2=Diamont,
y3=SH-5, y4=SH-339 and y5=FD35-36 during ten years
(2001-2010)
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Fig. 4.9: Relationship of weekly wind speed with PLB severity on five potato varieties
i.e. y1=Desiree, y2=Diamont, y3=SH-5, y4=SH-339 and y5=FD3536 during ten years
(2001-2010)

4.10. Characterization of environmental variables
conducive for the development of disease severity
on five varieties during two years (2011-13)
During two years all five varieties responded similarly with the very little variation
in the environmental variables. As the maximum temperature increased from 16 oC to 20oC
the disease severity increased. A good relationship was observed on the five varieties in
case of maximum temperature, which was best explained by R 2 values i.e., 0.72, 0.73, 0.71,
0.65 and 0.76 on Desiree, Diamont, SH-5, SH-339 and FD35-36, respectively (Fig. 4.10).
A significant relationship was observed between relative humidity and disease severity.
Maximum disease severity (R2 =0.93) was observed at 87% relative humidity on SH-339
variety. The regression coefficients for five varieties were 0.87, 0.90, 0.89, 0.93 and 0.68
(Fig. 4.11). The wind speed had significant effect in the disease severity and its contribution
was also significant (Fig.4.12). The logistic model properly fitted to the data as indicated
by high R2 values. The wind speed exerted maximum influence of 81% and 82% measuring
variability in disease severity in case of Desiree and SH-5 (Fig. 4.12).
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Fig. 4.10: Relationship of weekly maximum temperature with PLB
severity on five potato varieties i.e. y1=Desiree, y2=Diamont, y3=SH5, y4=SH-339 and y5=FD35-36 during two years (2011-2013)
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Fig. 4.11: Relationship of weekly relative humidity with PLB severity
on five potato varieties i.e. y1=Desiree, y2=Diamont, y3=SH-5,
y4=SH-339 and y5=FD3536 during two years (2011-2013)

Fig. 4.12: Relationship of weekly wind speed with PLB severity on five potato varieties
i.e. y1=Desiree, y2=Diamont, y3=SH-5, y4=SH-339 and y5=FD3536 during two years
(2011-2013)

4.11. Evaluation of different fungicides against Potato
late blight during two years (2011-2013)
4.11.1. Analysis of variance for potato late blight management
(2011-13)

All the possible interactions of the treatments are shown in the ANOVA Table 4.26.
The individual effects of year, spray, variety and treatment had significant effect against
disease severity. The two-way interactions between spray with year, variety with year,
treatment with year and variety with spray were significant; whereas the interactions
between varieties with treatments and spray with treatment were not significant. The threeway interaction between varieties, spray and year was significant whereas variety with
spray and treatment, variety with treatment and year, spray with treatment and year were
not significant. The four-way interaction of variety with spray, treatment, and year was also
not significant (Table 4.26).
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4.11.2. Comparisons of different treatments against potato late
blight severity

All the treatments were significantly effective in reducing PLB severity compared
to untreated control (Table 4.27). Comparative efficacy of untreated control and
Fluopicolide in comparison to rest of all treatments was statistically different. Among all
fungicides Phenylamide provided significant result as compared to all other treatments
except Propineb. Application of Phenylamide was observed the most effective treatments
in controlling PLB severity whereas; Fluopicolide, Iprovalicarb, Acitamide, Ethyl
hydrogen phosphonate and Hexamethylenetetramine also controlled the PLB effectively as
compared to untreated control.
4.11.3. Comparison of potato varieties and fungicide treatment

The mean PLB severity significantly reduced in all varieties i.e., N-22, FD48-4, FD69-1,
FSD White and Cardinal in first, second and third sprays. Four varieties i.e. N-22, FD484,
FD69-1 and FSD White showed significant difference in disease severity while Cardinal
showed no significant difference in its disease severity among first, second, and third
sprays. In first and second sprays, three varieties i.e., FD69-1, FSD White and Cardinal had
significant difference in their disease severities while N-22 and FD48-4 showed no
significant difference. In third spray, only FSD White genotype showed significant
difference as compared to all other varieties while N-22, FD48-4, FD69-1 and Cardinal
showed no significant difference (Table 4.28).
4.11.4. Comparisons of treatments and years against potato late
blight severity

All the treatments were significantly effective in reducing PLB severity compared
to untreated control in 2011-2012 and 2012-2013 years (Table 4.29). In 2011-2012 year
only Propineb, Phenylamide and Fluopicolide treatments showed significantly different
results as compared to 2012-2013 year treatments including control. Propineb and
Phenylamide were also effective in reducing PLB severity compared to all other treatments
and untreated control during the 2011-2012 year while all treatments were significantly not
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different

from

each

other

except

(Propineb

and

Phenylamide)

and

(Hexamethylenetetramine and Fluopicolide) which were also significantly not different
from each other. In 2012-2013, Phenylamide showed more effective result compared to
other treatments and control. All the treatments were also significantly effective in reducing
PLB severity compared to untreated control except Fluopicolide during the 2012-2013 year.
Only control and Fluopicolide showed significantly different results as compared to all
other treatments while all other treatments (Iprovalicarb, Propineb, Phenylamide,
Hexamethylenetramine, Ethyl hydrogen phosphate and Acitamide) and
(control and Fluopicolide) showed statistically same results within each other in 20122013
year (Table 4.29).
4.11.5. Comparisons of potato late blight severity with variety,
spray and year

The mean PLB severity significantly reduced in all varieties i.e., N-22, FD48-4,
FD69-1, FSD White and Cardinal in first, second and third sprays during 2011-2012 and
2012-2013 years while mean PLB severity significantly reduced in three varieties i.e., N 22, FD48-4 and FSD White in first, second and third sprays during both year. Three
varieties i.e. N-22, FD69-1 and FSD White had significant difference in mean disease
severity in third spray with respect to first and second sprays during 2011-12 and 201213
while variety FD48-4 had no significant difference in its mean disease severity among all
three sprays during both years except third spray in 2012-2013 year. Cardinal variety had
no significant difference in mean disease severity of all three sprays of both years (Table
4.30). In first and second sprays two varieties i.e., FSD White and Cardinal showed
significant difference in mean disease severity during 2011-2012 year while two varieties
N-22 and FD48-4 showed no significant difference in mean disease severity. In third spray
three varieties i.e. N-22, FD48-4 and FSD White showed significant difference in their
mean disease severities while two varieties FD69-1 and Cardinal showed no significant
difference during 2011-2012 year. In first spray all varieties showed significant difference
in mean disease severity during 2012-2013 year. Whereas in second spray three varieties
i.e., FD69-1, FSD White and Cardinal showed significant difference in mean disease
severity during 2012-2013 year while two varieties N-22 and FD48-4 showed no significant
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difference in mean disease severity. In third spray all varieties showed no significant
difference in mean disease severity during 2012-2013 year (Table 30).
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Table 4.26: Analysis of variance for potato late blight management
(2011-13)
Source

DF

SS

MS

F

P

Replication

2

103.71

51.86

Year

1

16.76

16.76

8.90

0.003**

Spray

2

1108.62

554.31

294.85

0.001**

Variety

4

1884.04

471.01

249.97

0.001**

Treatment

7

99.39

14.19

7.54

0.001**

Spray*Year

4

29.18

7.29

3.87

0.004**

Variety*Year

4

60.03

15.01

7.97

0.001**

Treatment*Year

7

60.79

10.54

5.82

0.032*

Variety*Spray

16

221.47

13.84

7.35

0.001**

Variety*Treatment

28

60.28

2.15

1.14

0.21 NS

Spray*Treatment

28

60.11

2.15

1.14

0.28 NS

Variety*Spray*Year

16

61.07

3.82

2.03

0.001**

Variety*Spray*Treatment

112

40.42

0.36

0.19

1.00 NS

Variety*Treatment*Year

28

29.34

1.05

0.56

0.97 NS

Spray*Treatment*Year

28

14.78

0.53

0.28

0.99 NS

Variety*Spray*Treatment*Year

112

44.87

0.40

0.21

1.00 NS

Error

798

1503.66

1.88

Total

1199 5719.19

* = Significant at (P< 0.05)

** = Significant at (P< 0.01) NS= Non Significant

Table 4.27: Comparisons of different treatments against potato
late blight severity
Sr. No.

Treatments

Mean disease severity (%)

T0

Control

42.58 a*

T1

Iprovalicarb

14.27 cd

T2

Propineb

10.35 de

T3

Phenylamide

T4

Hexamethylenetetramine

17.64 bc

T5

Ethyl hydrogen phosphonate

14.81 bcd

9.94 e

88

T6

Acitamide

14.81 bcd

T7

Fluopicolide

24.21 f

HSD

4.38

*Means with similar letters in a column are not significantly different at (P˂ 0.05)
Table 4.28: Comparisons of potato late blight severity with variety
and spray
PLB severity (%)
Variety

1st spray

2nd spray

N-22

33.78 e

FD48-4

35.21 de

13.77 fg

3.08 ik

FD69-1

8.83 gh

3.18 ij

1.52 jk

32.89 e

8.72 gh

FSD White
Cardinal
HSD

9.77 fgh

3rd spray

72.17 b
2.52 ijk

1.45 k

1.44 k*

0.86 l ijkl

4.81

*Means with similar letters in a row and column are not significantly different at (P˂ 0.05)

Table 4.29: Comparison of treatments and years against potato
late blight severity
Sr.

2011-12

2012-13

Mean disease
severity (%)
67.69 a

Mean disease
severity (%)
59.48 a*

14.32 cd

14.22 bc

No.

Treatment

T0
T1

Control
Iprovalicarb

T2

Propineb

10.20 e

10.40 bc

T3

Phenylamide

10.27 e

8.78 c

T4

Hexamethylenetetramine

21.74 b

11.71 bc

T5

Ethyl hydrogen phosphonate

17.53 cd

10.90 bc

T6

Acitamide

16.42 cd

13.20 bc

T7

Fluopicolide

23.93 b

23.90 d

3.91

3.83

HSD

89

*Means with similar letters in a column are not significantly different at (P˂ 0.05)
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Table 4.30: Comparisons of potato late blight severity with variety, spray and year
2011-12

2012-13

1st Spray

2nd Spray

3rd Spray

1st Spray

2nd Spray

3rd Spray

N-22

40.63 bc*

37.54 bc

17.46 d

45.08 f

38.25 bc

2.46 hi

FD48-4

36.46 c

34.38 c

25.88 i

35.42 c

34.37 c

6.50 efg

FD69-1

37.33 cef

9.92 d

4.21 g

9.96 d

FSD White

88.96 a

86.25 a

38.54 bc

90.81 a

2.58 ij

2.54 hi

Varieties

Cardinal
HSD

2.25 ghi

3.04 egh

4.25

*Means with similar letters in a row and column are not significantly different at (P˂ 0.05)

9.91 def

2.50 ghi

86.75 a

8.46 efg

2.58 hi

1.67 hij

DISCUSSION
The comparison of environmental variables during 2001-2010 revealed that at 22 oC was
maximum temperature in 2003 resulting in high disease severity. The disease occurrence is
dependent on the environmental factors and in particular years the temperature is the most
influencing factor for disease in moderate environment (Baker et al., 2005; Iglesias et al.,
2010). There was a significant relationship between the mean temperature and disease severity
(Garrett et al., 2001; Sparks et al., 2014). Differences in maximum temperature, relative
humidity, rainfall and disease severity was observed significant in five years of 10 (2001,
2003, 2005, 2007 and 2009) with respect to the other five years i.e. 2002, 2004, 2006, 2008
and 2010 while these years were not significant within each other. Difference in minimum
temperature was not significant during all ten years. Differences in wind speed was found
significant in 2002, 2004, 2006 and 2010 with respect to 2001 and 2009 while 2003, 2007 and
2008 expressed non significant result with all rest of the years. During two years 2011 and
2013 there was relative humidity, rainfall and PLB severity had significant difference during
2011-2012. The maximum and minimum temperature, relative humidity, rainfall, wind speed
and disease severity showed not significant difference during year of 2012-2013. Relative
humidity, rainfall and disease severity showed significant difference during both years. The
maximum temperature during two years prevailed at 18.66 oC, whereas the disease severity
increased upto 11.37%. The literature supports these findings as disease severity decreased
when the maximum and minimum temperature reached to the below optimum limits i.e. 18
oC

and 4oC. Relative humidity and leaf wetness duration are important variables in

determining disease occurrence. As a result, change in environmental variables like air
temperature, relative humidity, rain fall and wind speed throughout the growing season
influence the disease development significantly (Baker et al., 2005; Arora, et al., 2014; Fry et
al., 2015).
During the ten years, the maximum temperature, relative humidity, rainfall and wind speed
were significantly correlated with PLB severity of all five varieties but minimum temperature
was positively correlated with SH-5 and SH-339 and negatively correlated with Desiree and
Diamont while in case of FD35-36 showed not significant correlation. During two years
I

(2011-2013), maximum temperature, relative humidity and wind speed were significantly
correlated. When relative humidity increased the PLB severity increased in 2011-13 and when
relative humidity decreased the PLB severity decreased during 2011-13. It is concluded from
significant correlation of environmental conditions with potato blight that these variables
influence disease, so can be used to predict its onset. Thus to quantify potato late blight
severity in relation to environmental variables, regression analysis was used. A regressions
model containing maximum temperature, relative humidity and wind speed explained 75% of
the variability in PLB severity during ten years model. This model was validated by
comparing it with another model based on two years data. The model with significant
environmental variables explained 82% variability in disease occurrence. All the
environmental variables exerted a significant influence on disease severity. It was also
observed that when temperature remained low due to rainfall during the growing season at
different locations of Australia, blight infection appeared in severe form (Salam et al., 2011).
For forecasting potato blight 90% relative humidity threshold provides best results (Lacy and
Hamerschimdt, 1995; Henderson et al., 2007). Model developed on the basis of temperature
and relative humidity showed high coefficient of determination, i.e. R 2= 0.99 to predict potato
blight. Wind speed was also an important predictor in present model. One reason behind this
is that, primary infection is caused by primary air borne inoculum (Zhang et al., 2005).
Secondly, wind speed has a significant role in the dispersal of spores (Zwankhuizen and
Zadoks, 1998; Fry et al., 2015). Because the pathogen is spread in most of the countries by
the infected plant parts present in the previously grown fields of potato. In the development
of epidemics, the environment is driving force (Rabbinge and Bastiaans, 1989; Hardwick,
1998; Arora, et al., 2014). It has the major environmental variables i.e., temperature, humidity
and wind speed. The timing and duration of each event is very important. The relationship
between the occurrence of disease and environmental variables are the main components of
disease forecasting system. For predicting epidemic development, weather forecasting can be
used in these systems. The two models were compared for validation and reliability; the two
models had close association with each other. Logistic regression model based upon ten years
data (2001-10) is a region specific model i.e.
Y= –39.15 + 1.15x1 + 0.35x2 + 0.65x3 + e showing R2 = 75%, when validated with two years
(2011-13) data i.e. Y= 44.45 + 0.75x1 + 0.18x2 + 1.51x3 + e explained 82% variability in

disease severity, and these models validated each other as there was homogeneity of
regression lines. Environmental variables present in these models are important as reported
by other researchers. First model anticipated, based upon night temperature, dew at night,
rainfall and mean cloudiness (Van Everdingen, 1926). Forecasts are typically highly specific
to certain regions. They are developed in response to specific cultural procedure adopted,
prevailing environment of that region, and to grower’s responses in the region. It is well
known (Singh et al., 2000) that forecast that work well in some locations, may not work in
other locations. Some models were tested with the Dutch rules, Beaumont rules, Cook’s and
Hyre’s method, and Wallins (Andrade-Piedra et al., 2005). Relative humidity and temperature
predicted late blight in North West Uttar Pradesh. But none of them were applicable to this
region, thus supporting the idea of developing region specific models (Grünwald et al., 2000).
Several issues exist with the use of multiple regression models, such as ensuring that
explanatory variables are independent of each other (Johnston, 1972; Mason et al., 1975) and
variable selection (Hocking, 1976; Thompson, 1978; Baker et al., 2014).
Finally, validation procedures evaluate the suitability and accuracy of regression models.
The data of Rotem et al., (1970) precede the migration of the A2 mating type into Europe,
therefore it would be of benefit in the future to revamp the climatic relations using pathogenic
data pertaining to the new, more aggressive Phytophthora population. It is also possible that
predictive accuracy could have been improved through a more detailed treatment of
environment-pathogen interactions in the model. The goal in validation, however, was not to
achieve or force a high level of predictive accuracy. As a tool for heuristic learning, it was
deemed more important to be able to produce realistic epidemic dynamics using as simple and
transparent a model as possible. For the same reason, model calibration was to be avoided if
at all possible. The results of a sensitivity analysis proved to be useful in this respect. This
somewhat unusual application of a sensitivity analysis demonstrates that transparency in
model results facilitates an increased understanding of model behavior, which in turn leads to
an improved understanding of system dynamics. Under environment changing conditions,
growing season patterns and variability may move away from the expectations of even the
most skilled growers. In such situations, early warning systems for plant disease can provide
growers disease risk information that has the potential to limit expenditures and the amount
of chemical released to the environment

(Barker, 2008; Baker et al., 2014). Different disease predictive models have been tested to
predict the possibility of late blight outbreaks (Grünwald et al., 2000). The model showed an
R2 of 88% with 13.18 slopes and - 10.67 intercept. It was observed that temperature and
precipitation played vital role in the discharge of spores, and thus, augmented disease severity.
They also developed another model based upon two weather inputs; daily mean temperature
and rainfall. When that model was validated at different locations proved effective in giving
the simulations of spore dispersal.
Formerly published late blight forecast systems predicted the risk of the disease based on
the presence or absence of favorable conditions of weather (Henderson et al., 2007). Schoeny
et al., (2007) established a model and explained that disease appeared only when particular
weather based variables were conducive, and wind speed remained the most prominent
parameter of the model in their studies. Current logistic regression model i.e. ten years model
is the first time study in Pakistan according to best information to predict potato blight. Model
contains fairly large data set, have been validated with two years data set and satisfactory
results have been achieved regarding potato late blight predictions. Secondly, model has good
forecasting power. Thus, model would surely help in taking accurate predictions of blight.
This is in accordance with the results of many research workers who concluded that variation
in environmental variables affected the potato blight disease (Ullrich and Schrödter, 1966; Fry
et al., 1983). In this study, higher level of disease severity was recorded at high relative
humidity ranges, explaining that, relative humidity by increasing plant moisten period, favors
potato blight disease. There is also possibility that high relative humidity influence disease
severity by maintaining the leaf wetness period, which is critical for the development and
intensity of blight disease. Reason behind this is that relative humidity declines down
evaporation rate, which helps in maintaining the leaf wetness. The heavy weather-dependence
of the disease cycle also required that environment-pathogen interactions were included in the
model. In order to maintain transparency of model results, a highly idealized set of
environment-pathogen relations was developed using the experimental results of
Zwankhuizen and Zadoks (2002) and Rotem et al., (1970). This increased level of detail and
the applied nature of the research goals prompted an assessment of the quality of model
predictions using real world data. Validation of model predictions was in close agreement
with observations, confirming the ability of the model to translate measured resistance

components, weather data and initial conditions into realistic epidemics (Skelsey, 2008).
Similar investigations are reported by Refsgaard, (2004) that the level of conformation
between model performance and reality was assessed by comparing predictive and observed
performance. LATEBLIGHT is a forecasting model which simulates the role of weather
conditions, resistance, host growth and fungicide use on development and growth of P.
infestans (Andrade-Piedra et al., 2005). This is supported by previous findings of (Barker et
al., 2007) which measured the accuracy of model fitness with environmental variables
conducive to disease development is particularly remarkable. The main intention of model
validation with previous models was to control maximum disease by using minimum
fungicides (Eremeev et al., 2006).
Another most notable feature about the results of this study was how variable forecasting
schemes were in their ability to predict disease outbreaks accurately. The data showed that
successful forecasting of a late blight outbreak was imprecise despite the availability of
highresolution meteorological data from the immediate proximity. During the ten years the
environmental conditions had significant contribution in development of PLB severity.
Maximum temperature, relative humidity and wind speed contributed actively towards the
disease development during ten years. The contribution of maximum temperature was
explained by regression, which showed 66 to 80% variability in disease severity. Wind speed
exerted 65 to 90% contribution in the disease development whereas; the contribution of
relative humidity was 60-83% in the disease severity.
During two years the environmental conditions also had significant contribution in
development of PLB severity. Maximum temperature, relative humidity and wind speed
contributed towards the disease development actively during two years (2011-2013). The
contribution of maximum temperature was explained through regression, which showed 65 to
76% variability in disease development. Relative humidity exerted 68 to 93% contribution in
the disease development; whereas, the contribution of wind speed was explained 64 to 82%,
disease variability.
The environmental conditions conducive for the development of PLB were
characterized on five potato varieties i.e., Desiree, Diamont, SH-5, SH-339 and FD35-36. All
the five varieties performed similarly during the ten years. Most prominently wind speed
played significant role in the development of PLB severity on the five varieties. Eighty six

percent of variability in disease development on SH-5 was explained by wind speed of 8km/h.
Maximum temperature also played significant role in the severity of PLB severity on the five
varieties. As the maximum temperature increased from 15 oC to 23oC the disease severity
increased on all varieties. Eighty percent of variability in disease development on Diamont
was explained by maximum air temperature of 22 oC. Disease severity on all the five varieties
increased as the maximum temperature increased. A significant correlation was observed
between relative humidity and PLB severity. The linear regression explained 76, 72, 81, 60
and 83 percent disease variability about relative humidity in Desiree, Diamont, SH-5, SH-339
and FD35-36, respectively. The maximum disease was observed at relative humidity of 60 83% on five varieties. Relative humidity showed positive relationship with PLB severity i.e.
when relative humidity increased, the disease severity increased. The wind speed also showed
a fairly good relationship with the disease severity on the five varieties. The maximum disease
severity 86 percent was recorded on the variety SH-5 at the wind speed of 7 km/h. During 2
years all the five varieties performed similarly with little variations in environmental
conditions. As the maximum temperature increased from 16 oC to 20oC the disease severity
increased and the regression coefficient explained 51 to 56% disease variability. Maximum
disease severity 93% was observed at 87% relative humidity on the SH-339 variety. Wind
speed demonstrated 64 to 82% variability of disease development within the range of 1 km/h
to 5 km/h. Other researchers have also documented that mid-season or late infection may
result in less severe epidemics and less yield loss (Olanya et al., 2002; Baker et al., 2014;
Arora, et al., 2014). A simple graphical model developed based on rainfall and daily average
temperature (Cook, 1949). In Cook’s modified system, days classified as being “favorable”
or “unfavorable” (Hyre, 1954). Days were considered favorable when the mean temperature
of the previous 5 days was less than 25.6 ºC and the cumulative precipitation for the 10
previous days was 3 cm. Wallin and Hyre models were used to develop a new computerized
model “BLITECAST” which has been used effectively in many potato-growing areas of
North America (Krause et al., 1975). During the cropping seasons, the weather conditions
(temperature, rainfall, relative humidity) at the experimental sites were not very conducive.
This may explain the low severity of late blight. Severe late blight epidemics have been
reported to occur in the tropics during heavy rains or moisture on potato leaves for at least 8–
10 h/day for several consecutive days (Olanya et al., 2001; Henderson et al., 2007). Similarly,

optimum temperature (20 oC) and high relative humidity (>90%) may be conducive for disease
occurrence (Henderson et al., 2007; Arora, et al., 2012; Sparks et al., 2014; Baker et al., 2014).
In the work of Zwankhuizen and Zadoks (2002), the 90% RH used to define favorable hours
was ineffective for this study and was lowered to an 82% RH level to define favorable periods,
similar to the work reported by Gudmestad et al., (1995). The number of days with
precipitation was not as important as the amount of precipitation, which is different from the
results of (Johnson et al.,1998; Henderson et al., 2007). The Netherlands model identified the
number of days with precipitation in September and the total global radiation in September as
being important in classifying outbreaks (Zwankhuizen and Zadoks, 2002).
Principal component analysis (PCA) and logistic regression were used to develop a
prediction model for late blight outbreaks. Examination of the raw data indicated that the prior
year's (2001-2010) outbreak status was useful in predicting the current year's outbreaks.
Therefore, the prior year's outbreak status was included in present model examined. Using the
models developed in this study, prediction for the occurrence of late blight could be made
each year on 2 nd week of December. This is 4 to 10 weeks after planting and 14 days before
late blight was observed in previous years studied. The values of disease severity and
environmental variables (maximum temperature, relative humidity and wind speed) would be
available on 2nd week of December, and both PCA and logistic functions could he used. If
model criteria for the occurrence of a late blight outbreak were fulfilled before 2 nd week of
December, a prediction for the potential occurrence of an outbreak could be made earlier.
These empirically based prediction for the presence or absence of late blight would be general
in nature, advising growers near the beginning of the growing season of the likelihood of an
outbreak. Such warning is important in Pakistan, where late blight is sporadic in occurrence
and growers are not accustomed to applying fungicides early in the season. When a late blight
outbreak is likely, growers can monitor individual fields more thoroughly and initiate
fungicide sprays in areas with a history of early occurrence of late blight before row closure.
Several late blight prediction systems have used weather variables to successfully predict the
initial occurrence of late blight in a region (Van Everdingen, 1926; Beaumont, 1947; Wallin,
1962). Two of these are systems developed in Holland by Van Everdingen (1926) and in
England by Beaumont (1947). The "Dutch rules" developed by

Van Everdingen (1926) consist of (i) dew during at least 4 h at night, (ii) a minimum
temperature of 10°C or higher, (iii) mean cloudiness of 0.8 or more on the next day, and (iv)
measurable rainfall during the next 24 h. Control measures are recommended when all four
conditions are obtained (Van Everdingen, 1926). Beaumont (1947) developed the
"

temperature-humidity rule" in England, which consists of two or more consecutive days with

(i) minimum temperature not less than 10°C, and (ii) relative humidity not below 75%.
Use of disease predictive model has the potential to improve timing of fungicide
applications and to allow the fungicide dosage to be adjusted according to cultivar resistance
and infection pressure. Prevention of tuber blight is mainly obtained by using fungicides
during the growing season. Control of primary inoculum sources, use of dynamic fungicide
dosages related to weather forecasts and exploitation of resistant cultivars are probably the
most important elements in integrated late blight control strategies (Cooke, et al., 2011). In
present study different fungicides under the consideration of disease prediction model were
used to control PLB. PLB disease prediction model is the first time studied in Pakistan
according to significant information to predict potato blight disease. Therefore, eight
treatments were applied to potato crop under model consideration, one control and seven
fungicides (Fluopicolide, Iprovalicarb, Phenylamide, Ethyl hydrogen phosphonate,
examethylenetetramine, Propineb and Acitamide) to control PLB disease. Phenylamide and
Propineb provided excellent control against late blight on potato, due to their mode of action.
Recent developments in information technology have made it possible to recover weather data
continuously for individual sites and to use this information in computer-based decision
support systems (DSS) to predict the week of disease outbreak and to determine the most
suitable intervals between fungicidal applications. The objective is to achieve optimum
disease management with minimum fungicide use (Ullrich and Schrödter, 1966)
Horizontal resistance is the only way and long lasting solution to PLB management.
Therefore, the lengthy process of transferring resistance genes is required which need a long
period of time. In Pakistan still none of the commercial varieties/advanced lines was found to
be resistant to P. infestans. These results are almost same as obtained by Parvez et al. (2003)
and Subhani et al., (2013) that no commercial variety was found to have general resistance to
late blight caused by P. infestans.

Sometimes blight disease appears suddenly and rapidly then farmers have no option
other than effective fungicides. However, frequent use of fungicides is neither cost effective
nor eco friendly, although different strategies could be adopted to control the PLB and also to
avoid frequent use of fungicides. Eight fungicide treatments were applied under field
conditions to evaluate that which one is provided most significant results. All the treatments
were significantly effective in reducing PLB severity compared to untreated control. The role
of Phenylamide was found most significant to reduce disease severity in competition of other
fungicides. Foliar application of Phenylamide and Propineb reduced the PLB severity
significantly as compared to the control (sprayed with distilled water) and other fungicides.
This means that Phenylamide and Propineb could be effective in controlling the disease
severity by enhancing the tolerance of plants. Phenylamide and Propineb controlled 2.94 and
3.03% late blight severity. Whereas five treatments i.e., Fluopicolide, Iprovalicarb, citamide,
Hexamethylenetetramine and Ethyl hydrogen phosphonate also controlled the PLB but these
were less effective than Phenylamide and Propineb. In former results, generally, the use of
fungicides was started after the Second World War (McCallan, 1967). Currently in Europe it
is difficult to manage potato production without frequent applications of fungicides against
late blight (Gisi and Sierotzki, 2008).The first universal fungicide, `Bordeaux Mixture', was
developed by Millardet (French) and was officially introduced in 1886. Bordeaux mixture is
a mixture of Copper sulphate and slaked lime (McCallan, 1967). This compound dominated
the world fungicide market until the 1940s when it was replaced by less toxic fixed-copper
fungicides and the first Organo metallic compounds (Turner, 2005). Bordeaux mixture and
copper fungicides are not absorbed or transferred in plant tissue. They should be applied
prophylactically and only complete coverage of all plant tissues provides efficient control
(Finckh et al., 2008).The first fungicide for late blight control with translaminar properties
was cymoxanil, which was launched on to the market in 1977 (Douchet et al., 1977). The first
truly systemic fungicide, Metalaxyl, was also introduced on to the market in 1977 (Urech et
al., 1977). This is in agreement with (Gan et al., 2006) who reported that with fewer
applications of curative systemic fungicides, late blight can be controlled effectively.
Successful control of late blight through these two systemic fungicides might also have
resulted because of their good translocation into tissues of the host. Previous researches have
shown that only those systemic fungicides perform well which show movement into newly

developed tissues (Davidson and Kimber, 2007). Phenylamide fungicides such as Ridomil
gold, Mefenoxam, Metalaxyl, Oxadixyl and Benalaxyl are systemic single site fungicides
inhibiting ribosomal RNA synthesis, specifically RNA polymerization and Phosphonate
Inhibits oxidative phosphororylation in Oomycete (Davidse, 1988). The biochemical mode of
action of mandipropamid is based in an uncoupling effect of oxidative phosphorylation that
interrupts the fungal cell energy production process (Anema et al., 1992). Based on extensive
worldwide efficacy tests and practical experiences throughout the 1990s, Mandipropamid
proved to be an effective alternative to other fungicides available at that time for late blight
control. It also controlled tuber blight more efficiently than any other fungicide at that time
(Weiterstadt, 1997). Response of P. infestans populations to Mandipropamid has been
monitored frequently worldwide since the early1990s. No sign of resistance or increased
tolerance to Mandipropamid has been reported in field populations of P.infestans (Cooke and
Little, 2006). A procedure which may increase fungicide efficiency is the use of a procedure
to time fungicide applications so that fungicide is applied only when environmental conditions
are conducive to disease occurrence. Various procedures have been devised for timing
fungicide applications to control potato late blight (Hyre, 1954; Wallin, 1962). A recent
innovation is "BLITECAST" which has combined a system based on relative humidity and
temperature (Wallin, 1962) with a system based on rainfall and temperature (Hyre, 1954). A
different and very simple timing system which might be useful in climates in which rainfall
and high relative humidity are positively correlated is one that prescribes fungicide application
after an appropriate accumulation of rain.

CHAPTER 5
SUMMARY

Potato late blight predictive model based on ten years environmental variables was
developed and validated by the two years model. A positively significant (P<0.05) correlation
was found among maximum temperature, relative humidity, rainfall and wind speed with PLB
severity of all five varieties but minimum temperature was positively correlated with SH-5
and SH-339 and negatively correlated with Desiree and Diamont while in case of FD35-36

showed not significant correlation. During two years (2011-2013), maximum temperature,
relative humidity and wind speed were significantly correlated. In week wise correlation, a
significant (P<0.05) correlation was observed between (maximum temperature, relative
humidity and wind speed) and (mean disease severity) during all the ten years. The minimum
temperature and rainfall expressed significant correlations in 6 (2002, 2003, 2004, 2006, 2008
and 2010) and (2002, 2004, 2006, 2007, 2008 and 2010) out of 10 years while non-significant
correlation were observed in 4 (2001, 2005, 2007 and 2009) and (2001, 2003, 2005 and 2009)
out of 10 years, respectively. There were significant correlation coefficients for maximum and
minimum temperature, relative humidity and wind speed i.e., r value upto 0.74 and 0.83, 0.85
and 0.75; whereas, for rainfall a positive significant correlation was found, the r value was
0.76 in 2004 year while all other years had poor and negative correlation or not significant
correlation with disease severity. During 2011-13, a significant (P<0.05) correlation was
observed among environmental variables i.e., maximum temperature, relative humidity, wind
speed and PLB severity with all five varieties i.e., Desiree, Diamont, SH-5, SH-339 and FD3536 during overall correlation of two years. Rainfall was also found significant in case of
Desiree and Diamont during two years but was observed non significant in case of SH-5, SH339 and FD35-36 with PLB severity. The contribution of maximum temperature, relative
humidity, rainfall and wind speed in the development of PLB severity was 73%, 98%, 64%
and 91%, respectively during two years (2011-2013). PLB predictive model based on ten
years (2001-2010) data was developed and validated by using two years (2011-2013) data.
The multiple regression equations for the two models were;
Y= –39.15 + 1.15x1 + 0.35x2 + 0.65x3 + e

R2= 75% (ten years model)

Where Y= PLB severity, x1= Maximum temperature, x2 = Relative Humidity and x3 = Wind
speed.
Y= 44.45 + 0.75x1+ 0.18x2 + 1.51x3 + e

R2= 82% (two years model) Where Y= PLB

severity, x1= Maximum temperature, x2= Relative Humidity and x3 = Wind speed.
The two models were compared and found non-significant, indicating that there was a
close association between the two models. All the environmental variables were significantly
influencing the development of PLB disease. After using PCA and stepwise logistic regression
the major responsible variables were maximum temperature, relative humidity and wind
speed. The model was fit for PLB prediction.

Seven

fungicidal

treatments

Fluopicolide,

Iprovalicarb,

Acitamide,

Hexamethylenetetramine, Phenylamide, Propineb and Ethyl hydrogen phosphonate were used
to manage PLB disease. The results revealed that all the treatments significantly reduced the
PLB severity as compared to the untreated control. Comparative efficacy of all treatments was
statistically different except Ethyl hydrogen phosphonate and Acitamide. Application of
Phenylamide and Propineb were observed the most effective treatments in controlling PLB
severity. Whereas Fluopicolide, Iprovalicarb, Acitamide, Hexamethylenetetramine and Ethyl
hydrogen phosphonate were also controlling the PLB effectively as compared to untreated
control.

CONCLUSIONS
I.

Ten years PLB predictive model based on three environmental variables i.e.
maximum temperatures, relative humidity and wind speed explained 75 percent
variability in disease development.

II.

Maximum (15-23°C), relative humidity (66- 90%), and wind speed (1 -7 km/h)
were found critical environmental ranges for potato blight epidemic during
20012010.

III.

Among five potato varieties, SH-339 and FD35-36 showed significantly lower
PLB severity during 2001-2010.

IV.

Maximum temperature, relative humidity and wind speed played most significant
role in the development of PLB during ten years.

V.

Correlation of environmental variables with PLB was found significant during two
years.

VI.

Two years model based on three environmental variables explained 82 percent
significance with disease severity.

VII.

Maximum temperature (16-20°C), relative humidity (61- 85%), and wind speed
(15.5 km/h) were found critical environmental ranges for potato blight epidemic
during 2011-2013.

VIII.

Models on five potato varieties Desiree, Diamont, SH-5, SH-339 and FD35-36
respectively, were in close conformity with observed values of PLB severity for
both the ten and two years models.

IX.

Logistic regression models based upon ten and two years disease severity data
were compared and found non-significant, indicating that there was a close
conformity between models. The models were found fit for PLB prediction.

X.

All fungicide treatments were significantly effective in reducing PLB severity
compared to untreated control but Propineb and Phenylamide were the most
effective treatments in controlling PLB severity.

RECOMMENDATIONS
I.

Continuous monitoring of spore density, maturity, movement and distribution of
spore would be necessary for precise late blight disease prediction.

II.

Environmental variables i.e., maximum temperature, relative humidity and wind
speed would be used in the development of a PLB decision support model.

III.

There must be installation of weather stations at major potato growing areas of
Pakistan particularly in province Punjab, so that, environmental data may be made
available for establishing future prediction system.

IV.

Local area environmental variables should be used for the development of a
disease predictive model for a specific area.

V.

Many local area models should be used for the development of a Decision Support
System at the country level for the appropriate management of PLB.

VI.

For the management of PLB, the use of Propineb and Phenylamide fungicides
would be helpful as post infection applications.
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APPENDICES
Principal component analysis 2001-10
The PRINCOMP Procedure

Observations 900
Variables

6
Simple Statistics

Disease

Max

Rh

Ws

Min

Rnf

Mea
n

3.97866666
7

20.2800000
0

73.3400000
0

3.89030000
0

6.50083333
3

0.208333333
3

StD

1.90682936
2

3.36292992

10.5952156
8

1.82889541
5

2.94476026
5

0.692117990
9

Correlation Matrix
Disease

Max

Rh

Ws

Min

Rnf

Disease 1.0000 -.2551 -.3214 0.0812 -.1818 -.4350
Max

-.2551 1.0000 -.7629 0.2673 0.4648 0.0826

Rh

-.3214 -.7629 1.0000 -.2667 -.2411 0.2526

Ws

0.0812 0.2673 -.2667 1.0000 0.7635 0.6456

Min

-.1818 0.4648 -.2411 0.7635 1.0000 0.6666

Rnf

-.4350 0.0826 0.2526 0.6456 0.6666 1.0000

Eigenvectors
Prin1

Prin2

Prin3

Prin4

Prin5

Prin6

Disease -.161517 -.398821 0.742348 0.110583 0.391749 0.313174
Max

0.386957 -.414977 -.484448 -.033548 0.145871 0.648818

Rh

-.238042 0.670160 0.056437 0.238570 -.109566 0.649705

Ws

0.510480 0.032030 0.438731 -.394779 -.603962 0.158992

Min

0.560102 0.063828 0.111864 0.801252 -.009422 -.166149

Rnf

0.439556 0.463165 0.077757 -.363147 0.669620 -.077184

All possible models of ten year data
The REG Procedure
Model: MODEL1
Dependent Variable: Disease

Number of Observations Read 900
Number of Observations Used 900

Number in Adjusted R-Square
Model R-Square

C(p)

Root
MSE

SSE

Variables in Model

5

0.7536

0.7591

2.8419 0.98605

285.85173 Max Min Rh Rnf Ws

3

0.7491

0.7527

3.2077 0.99762

293.59861 Max Rh Ws

4

0.7236

0.7273

14.9416 1.00252

296.49009 Max Min Rnf Ws

4

0.7069

0.7098

32.4485 1.03234

315.45632 Max Min Rh Ws

4

0.7060

0.7099

34.3676 1.03396

315.37764 Max Min Rh Rnf

3

0.7047

0.7076

34.9069 1.03625

317.84657 Max Min Rh

2

0.7000

0.7020

39.1968 1.04441

323.96221 Max Min

3

0.6998

0.7028

40.3141 1.04478

323.10398 Max Min Ws

3

0.5450

0.5495 211.6868 1.28627

489.72699 Max Min Rnf

4

0.5440

0.5501 213.1093 1.28771

489.16555 Max Rh Rnf Ws

3

0.4351

0.4407 333.3281 1.43319

607.99695 Rh Rnf Ws

4

0.4334

0.4410 335.0799 1.43534

607.75572 Min Rh Rnf Ws

3

0.4131

0.4190 357.6242 1.46077

631.61975 Min Rh Ws

2

0.4101

0.4141 361.1422 1.46449

636.98479 Rh Ws

3

0.3329

0.3396 446.4634 1.55745

717.99677 Max Rnf Ws

3

0.2535

0.2610 534.3706 1.64755

803.46761 Min Rh Rnf

2

0.2325

0.2376 558.4793 1.67055

828.85266 Max Ws

2

0.2319

0.2371 559.0832 1.67115

829.43985 Min Ws

3

0.2300

0.2377 560.3559 1.67325

828.73268 Min Rnf Ws

2

0.2050

0.2103 588.9901 1.70019

858.51785 Rnf Ws

1

0.1865

0.1893 610.5381 1.71981

881.41316 Ws

2

0.1691

0.1747 628.8091 1.73810

897.23324 Min Rnf

Number in Adjusted R-Square
Model R-Square

C(p)

Root
MSE

SSE

Variables in Model

3

0.1609

0.1694 636.7937 1.74667

903.05196 Max Rh Rnf

2

0.1434

0.1491 657.3892 1.76481

925.02120 Rh Rnf

1

0.1003 0.1033 706.6304 1.80867

974.84224 Min

2

0.0973 0.1033 708.6059 1.81169

974.81850 Min Rh

2

0.0830

0.0891 724.5241 1.82601

990.29545 Max Rh

2

0.0639

0.0702 745.7005 1.84490 1010.88498 Max Rnf

1

0.0619

0.0651 749.4054 1.84685 1016.43180 Max

1

0.0298

0.0330 785.1994 1.87820 1051.23374 Rnf

1

0.0033

0.0066 814.7763 1.90371 1079.99088 Rh

All possible models of all varieties 2001-10
The REG Procedure

Number of Observations Read 180
Number of Observations Used 180
Dependent Variable: Desiree

Number in Adjusted R-Square
Model R-Square

C(p)

Root
MSE

SSE Variables in Model

4

0.8598

0.8737

7.7719 0.76679

32.92651 Max Rh Rnf Ws

3

0.8585

0.8684

4.6415 0.73367

29.60500 Max Rh Ws

5

0.8579

0.8700

6.0000 0.73607

4

0.8431

0.8538

10.7257 0.77344

3

0.8346 0.8431

13.1770 0.79410

35.31318 Max Min Rh

4

0.8343 0.8455

14.1646 0.79504

34.76466 Max Min Rh Rnf

3

0.8162

2

0.8136 0.8199

3

0.5787 0.6001 114.0741 1.26759

89.97969 Max Rnf Ws

4

0.5718 0.6008 115.7683 1.27788

89.81399 Max Min Rnf Ws

4

0.5123

0.5454 138.7997 1.36377 102.29253 Min Rh Rnf Ws

3

0.5110

0.5359 140.7503 1.36560 104.43296 Min Rnf Ws

0.8256

20.4379 0.83716
20.7907 0.84316

29.25744 Max Min Rh Rnf Ws
32.90146 Max Min Rh Ws

39.24715 Max Rh Rnf
40.52192 Max Rh

Number in Adjusted R-Square
Model R-Square

C(p)

Root
MSE

SSE Variables in Model

2

0.4863 0.5037 152.1087 1.39969 111.67061 Rnf Ws

3

0.4779 0.5044 153.8080 1.41110 111.50768 Rh Rnf Ws

3

0.3573

2

0.2501 0.2756 246.8440 1.69104 162.99861 Rh Rnf

3

0.2475 0.2857 244.6211 1.69406 160.71066 Max Min Rnf

3

0.2368

0.2756 248.8217 1.70601 162.98653 Min Rh Rnf

2

0.2141

0.2407 261.3130 1.73123 170.83798 Min Rh

1

0.1792 0.1931 279.0940 1.76926 181.55540 Rh

2

0.1725 0.2005 277.9976 1.77644 179.87780 Rh Ws

2

0.1658

2

0.1626 0.1910 281.9509 1.78699 182.01972 Min Ws

3

0.1519 0.1950 282.2835 1.79839 181.11627 Max Min Ws

2

0.1420

1

0.1369 0.1515 296.3579 1.81426 190.90909 Rnf

2

0.0549 0.0869 325.1821 1.89849 205.44258 Max Ws

1

0.0184

1

0.0129 0.0297 346.9631 1.94017 218.32722 Max

2

0.0034 0.0306 348.5846 1.95620 218.12212 Max Min

1

0.0057

0.3900 201.3275 1.56556 137.25397 Min Rh Ws

0.1941 280.6916 1.78364 181.33741 Min Rnf

0.1711 290.2192 1.80885 186.49950 Max Rnf

0.0351 344.7169 1.93476 217.11019 Ws

0.0113 354.5695 1.95840 222.44840 Min
Dependent Variable: Diamont

Number in Adjusted R-Square
Model R-Square

C(p)

Root
MSE

SSE Variables in Model

5

0.8041

0.8207

5.0000 0.86364

40.27761 Max Rh Rnf Ws

3

0.8004

0.8141

5.0524 0.86406

57.24526 Max Rh Ws

4

0.7519

0.7687

19.6336 0.97177

51.93843 Max Min Rh Rnf

5

0.7314

0.7451

24.7484 1.01106

57.24526 Max Min Rh Rnf Ws

4

0.7266

0.7451

26.7442 1.02018

57.24213 Max Min Rh Ws

3

0.7226

0.7367

Number in Adjusted R-Square
Model R-Square

27.2863 1.02764
C(p)

Root
MSE

59.13822 Max Min Rh
SSE Variables in Model

2

0.7141 0.7238

29.1668 1.04321

62.03261 Max Rh

3

0.7109 0.7256

30.6220 1.04903

61.62625 Max Rh Rnf

3

0.6813 0.6975

39.0887 1.10147

67.94136 Max Rnf Ws

4

0.6757 0.6977

41.0261 1.11106

67.89471 Max Min Rnf Ws

4

0.5280

0.5600

82.4932 1.34045

98.82423 Min Rh Rnf Ws

3

0.5242

0.5484

83.9740 1.34576 101.42052 Min Rnf Ws

3

0.5109

0.5358

87.7661 1.36440 104.24895 Rh Rnf Ws

2

0.4879 0.5053

3

0.3863 0.4175 123.3884 1.52842 130.81896 Max Min Rnf

2

0.2575 0.2827 161.9864 1.68117 161.10033 Max Rnf

3

0.2411 0.2797 164.8789 1.69961 161.76603 Min Rh Ws

2

0.2048

94.9544 1.39612 111.10233 Rnf Ws

0.2317 177.3202 1.73982 172.53747 Rh Rnf

2

0.2039 0.2309 177.5875 1.74083 172.73690 Min Rnf

3

0.1973 0.2381 177.4068 1.74801 171.11034 Min Rh Rnf

1

0.1929

0.2066 182.8875 1.75274 178.18182 Rnf

3

0.1880

0.2293 180.0554 1.75807 173.08585 Max Min Ws

2

0.1664

0.1946 188.4989 1.78136 180.87551 Min Ws

2

0.1094

0.1396 205.0552 1.84117 193.22456 Min Rh

2

0.1059

0.1362 206.0906 1.84485 193.99683 Max Ws

1

0.0824 0.0980 215.5972 1.86889 202.57940 Max

2

0.0687 0.1003 216.8950 1.88277 202.05562 Max Min

1

0.0562 0.0722 223.3679 1.89544 208.37541 Rh

2

0.0419 0.0744 224.7024 1.90971 207.87898 Rh Ws

1

0.0186

0.0352 234.4871 1.93279 216.66900 Min

1

0.0052

0.0119 241.5290 1.95608 221.92141 Ws

Dependent Variable: SH-5

Number in Adjusted R-Square
Model R-Square
0.8426

C(p)

Root
MSE

4

0.8341

3

0.8326 0.8440

2.5829 0.75008

30.94448 Max Rh Ws

4

0.8311 0.8426

4.5708 0.75342

31.21995 Max Min Rh Rnf

2

0.8308 0.8366

2.6606 0.75412

32.41549 Max Rh

3

0.8306 0.8392

3.7358 0.75459

31.88644 Max Min Rh

5

0.8298

6.0000 0.75637

3

0.8295 0.8381

4.1133 0.75714

32.10239 Max Rh Rnf

4

0.8275 0.8392

5.7344 0.76141

31.88563 Max Min Rh Ws

3

0.5036 0.5288 111.3496 1.29182

93.45223 Max Rnf Ws

4

0.5028 0.5365 110.6906 1.29285

91.93098 Max Min Rnf Ws

4

0.4858

3

0.4679

2

0.4274 0.4468 137.7754 1.38738 109.71459 Rnf Ws

3

0.4225 0.4519 138.0285 1.39332 108.71519 Rh Rnf Ws

3

0.3789

0.4105 152.3657 1.44493 116.91749 Min Rh Ws

3

0.3395

0.3730 165.3499 1.49012 124.34577 Min Rh Rnf

2

0.3367

0.3592 168.1405 1.49318 127.08643 Rh Rnf

2

0.3164 0.3396 174.9507 1.51590 130.98254 Min Rh

3

0.3033 0.3387 177.2510 1.53037 131.15434 Max Min Rnf

2

0.2785

1

0.2633 0.2758 195.0689 1.57369 143.63636 Rnf

2

0.2551 0.2803 195.4887 1.58243 142.73233 Min Rnf

2

0.1610

1

0.1560 0.1703 231.6514 1.68444 164.56518 Rh

2

0.1552 0.1839 228.9297 1.68515 161.86394 Min Ws

3

0.1407 0.1844 230.7370 1.69955 161.75364 Max Min Ws

1

0.0746

0.8442

4.0893 0.74674

SSE Variables in Model

0.5206 116.1837 1.31477

31.22683 Max Rh Rnf Ws

30.89337 Max Min Rh Rnf Ws

95.07361 Min Rh Rnf Ws

0.4950 123.0718 1.33736 100.15849 Min Rnf Ws

0.3030 187.6343 1.55732 138.23883 Max Rnf

0.1894 227.0067 1.67941 160.76374 Rh Ws

0.0903 259.3677 1.76372 180.42169 Min

Number in Adjusted R-Square
Model R-Square

C(p)

Root
MSE

SSE Variables in Model

2

0.0647

0.0964 259.2433 1.77312 179.20631 Max Min

1

0.0270 0.0435 275.6028 1.80855 189.70977 Max

2

0.0102 0.0437 277.5098 1.82409 189.65655 Max Ws

1

0.0158

0.0014 290.1881 1.84790 198.05398 Ws
Dependent Variable: SH-339

Number in Adjusted R-Square
Model R-Square

C(p)

Root
MSE

SSE Variables in Model

4

0.8319

0.8462

5.0000 0.51563 14.35701 Max Rh Rnf Ws

3

0.8298

0.8413

5.7125 0.51896 14.81233 Max Rh Ws

5

0.8138

0.8233

4

0.8119

0.8247

3

0.7974 0.8077

15.5088 0.56614 17.94860 Max Min Rh

4

0.7965 0.8103

16.6025 0.56741 17.70764 Max Min Rh Rnf

3

0.7592

28.2230 0.61715 21.32894 Max Rh Rnf

2

0.7457 0.7543

32.2579 0.63430 22.93344 Max Rh

3

0.5846 0.6057

86.4251 0.81068 36.80316 Max Rnf Ws

4

0.5771 0.6057

88.4063 0.81796 36.79816 Max Min Rnf Ws

3

0.5213 0.5457 107.4861 0.87017 42.40267 Min Rnf Ws

4

0.5211 0.5536 106.7150 0.87038 41.66591 Min Rh Rnf Ws

2

0.5112 0.5278 111.7702 0.87933 44.07343 Rnf Ws

3

0.5038 0.5290 113.3378 0.88599 43.95845 Rh Rnf Ws

3

0.3590

2

0.2307 0.2568 206.8964 1.10314 69.36468 Rh Rnf

3

0.2282 0.2674 205.1611 1.10495 68.37157 Max Min Rnf

3

0.2217

0.2612 207.3408 1.10963 68.95110 Min Rh Rnf

2

0.2143

0.2410 212.4528 1.11483 70.84197 Rh Ws

2

0.1996

0.2267 217.4518 1.12524 72.17107 Min Rh

1

0.1980

0.2116 220.7635 1.12636 73.58329 Rh

0.7715

10.0371 0.54271 16.49385 Max Min Rh Rnf Ws
11.5464 0.54545 16.36338 Max Min Rh Ws

0.3916 161.5882 1.00700 56.78683 Min Rh Ws

Number in Adjusted R-Square
Model R-Square

C(p)

Root
MSE

SSE Variables in Model

2

0.1684 0.1965 228.0503 1.14699 74.98888 Min Ws

3

0.1565 0.1993 229.0690 1.15517 74.72800 Max Min Ws

2

0.1519

1

0.0884 0.1039 258.5754 1.20084 83.63636 Rnf

2

0.0836 0.1147 256.7912 1.20402 82.63024 Max Ws

2

0.0817

0.1128 257.4538 1.20530 82.80642 Max Rnf

1

0.0595

0.0755 268.5484 1.21972 86.28787 Ws

1

0.0023 0.0147 289.9036 1.25921 91.96561 Max

2

0.0170 0.0175 290.9185 1.26840 91.70370 Max Min

1

0.0172

0.1807 233.6264 1.15828 76.47140 Min Rnf

0.0174 295.0189 1.26849 93.32562 Min
Dependent Variable: FD35-36

Number in Adjusted R-Square
Model R-Square

C(p)

Root
MSE

SSE Variables in Model

4

0.8656

0.8774

5.8988 0.81173

35.71910 Max Rh Rnf Ws

3

0.8563

0.8660

4.3150 0.82773

37.68255 Max Rh Ws

5

0.8545

0.8668

6.0000 0.83293

4

0.8299

0.8415

14.2718 0.90041

44.59033 Max Min Rh Ws

3

0.8233

0.8323

15.9750 0.91768

47.15952 Max Rh Rnf

2

0.8138 0.8201

18.9344 0.94219

50.60029 Max Rh

3

0.8129 0.8224

20.0093 0.94452

49.95842 Max Min Rh

3

0.8127 0.8222

20.0672 0.94490

49.99861 Max Min Rh Rnf

4

0.6167 0.6427

94.8561 1.35175 100.49789 Max Min Rnf Ws

3

0.6104

97.9241 1.36286 104.01396 Max Rnf Ws

3

0.5269

0.5510 130.0200 1.50167 126.28141 Max Min Rnf

2

0.4196

0.4393 173.2956 1.66329 157.69264 Max Rnf

4

0.3681

0.4109 188.7958 1.73557 165.67122 Min Rh Rnf Ws

3

0.3680

0.4001 191.1821 1.73573 168.71432 Rh Rnf Ws

3

0.3628

0.3952 193.1936 1.74289 170.10987 Min Rnf Ws

0.6302

37.46399 Max Min Rh Rnf Ws

Number in Adjusted R-Square
Model R-Square

C(p)

Root
MSE

SSE Variables in Model

2

0.3476

0.3697 201.5100 1.76351 177.26717 Rnf Ws

1

0.2602 0.2727 238.8285 1.87794 204.54545 Rnf

2

0.2504 0.2758 239.5800 1.89032 203.67927 Min Rnf

2

0.2480 0.2735 240.5079 1.89331 204.32301 Rh Rnf

3

0.2370 0.2758 241.5730 1.90710 203.67439 Min Rh Rnf

3

0.1931

1

0.1893 0.2030 267.0799 1.96585 224.14565 Max

2

0.1880 0.2155 264.0332 1.96747 220.64435 Max Min

2

0.1751 0.2030 269.0756 1.98301 224.14265 Max Ws

3

0.1404 0.1841 278.7622 2.02430 229.47546 Min Rh Ws

2

0.1226

0.1524 289.6182 2.04508 238.39464 Min Rh

2

0.1030

0.1334 297.3240 2.06789 243.74078 Min Ws

1

0.0790 0.0946 311.0538 2.09537 254.65375 Min

2

0.0159 0.0492 331.4366 2.16595 267.40730 Rh Ws

1

0.0087

0.0255 339.0544 2.17383 274.07994 Rh

1

0.0044

0.0126 344.2892 2.18818 277.71174 Ws

0.2341 258.4695 1.96122 215.39684 Max Min Ws

Principal component analysis 2011-13
The PRINCOMP Procedure

Observations 180
Variables

6

Simple Statistics
Disease

Max

Rh

Ws

Min

Rnf

Mea
n

3.99444444
4

17.8333333 67.6277777
3
8

3.28666666
7

3.42777777
8

1.64583333
3

StD

1.63966961
6

1.67965147 4.72841234

1.96219578
3

1.31293758
0

1.83671338
6

Correlation Matrix

Disease

Max

Rh

Ws

Min

Rnf

Ws

Min

Rnf

Correlation Matrix
Disease

Max

Rh

Disease 1.0000 0.6711 0.2110 0.7559 0.5934 -.0903
Max

0.6711 1.0000 0.2777 0.3929 0.5746 -.1795

Rh

0.2110 0.2777 1.0000 -.1032 0.4775 0.2955

Ws

0.7559 0.3929 -.1032 1.0000 0.3292 -.1444

Min

0.5934 0.5746 0.4775 0.3292 1.0000 -.2100

Rnf

-.0903 -.1795 0.2955 -.1444 -.2100 1.0000

Eigenvectors
Prin1

Prin2

Prin3

Prin4

Prin5

Prin6

Disease 0.542187 -.082651 0.284579 -.018399 -.066874 -.783202
Max

0.488327 0.032285 -.131917 0.818186 -.028406 0.269920

Rh

0.219325 0.716180 -.174291 -.230555 -.592200 0.068906

Ws

0.415998 -.355414 0.498695 -.338020 -.228775 0.534167

Min

0.479596 0.191485 -.351664 -.371755 0.673165 0.135279

Rnf

-.128060 0.562340 0.706308 0.156901 0.372197 0.073178

All possible models of two year data
The REG Procedure
Model: MODEL1
Dependent Variable: Disease

Number of Observations Read 180
Number of Observations Used 180
Number in Adjusted
RModel R-Square
5

0.8453

Square
0.8516

C(p)

Root
MSE

SSE

Variables in Model

4.7100 0.37726 105.12019 Max Min Rh Rnf Ws

4

0.8345

0.8395

5.2132 0.41862 106.09480 Max Rh Rnf Ws

4

0.8322

0.8373

5.4003 0.48258 107.17443 Max Min Rh Rnf

3

0.8171

0.8202

6.0036 0.55305 110.69255 Max Rh Ws

Number in Adjusted R-Square
Model R-Square

C(p)

Root
MSE

SSE

Variables in Model

3

0.7581 0.7621

17.4960 0.80651 114.48194 Max Min Rh

4

0.7570 0.7625

19.2074 0.80820 114.30757 Max Min Rh Ws

3

0.7380

0.7424

33.1930 0.83925 123.96512 Max Rh Rnf

2

0.7339 0.7368

35.6268 0.84587 126.64374 Max Rh

3

0.7117 0.7165

53.8286 0.88044 136.43184 Min Rh Rnf

4

0.7115 0.7179

54.7030 0.88075 135.75186 Min Rh Rnf Ws

3

0.7066

0.7115

57.7975 0.88815 138.82965 Rh Rnf Ws

2

0.7012 0.7045

61.3840 0.89633 142.20464 Rh Rnf

3

0.6544 0.6602

98.6589 0.96388 163.51563 Min Rh Ws

2

0.6519

0.6558 100.1906 0.96740 165.64922 Min Rh

1

0.5689 0.5713 165.4589 1.07653 206.28863 Rh

2

0.5669 0.5717 167.1702 1.07911 206.11425 Rh Ws

4

0.5250

0.5356 199.9009 1.13004 223.47156 Max Min Rnf Ws

3

0.5138

0.5219 208.8272 1.14334 230.07260 Max Min Rnf

3

0.5108

0.5190 211.1186 1.14678 231.45692 Max Rnf Ws

2

0.5093

0.5148 212.4756 1.14853 233.48498 Max Rnf

1

0.4473 0.4504 261.8303 1.21902 264.51040 Max

2

0.4451 0.4513 263.0816 1.22141 264.05804 Max Ws

2

0.4448 0.4510 263.3056 1.22173 264.19341 Max Min

3

0.4422 0.4515 264.8893 1.22461 263.94190 Max Min Ws

3

0.3549

0.3657 333.2634 1.31696 305.24932 Min Rnf Ws

2

0.3517

0.3589 336.6543 1.32022 308.50620 Min Rnf

1

0.3485 0.3522 340.0551 1.32345 311.76902 Rnf

2

0.3461 0.3534 341.0750 1.32592 311.17694 Rnf Ws

2

0.0596

0.0701 566.7583 1.59008 447.52097 Min Ws

1

0.0392

0.0445 585.1015 1.60724 459.81114 Min

1

0.0026

0.0082 614.0835 1.63755 477.32025 Ws

All possible models of all varieties 2011-13
The REG Procedure

Number of Observations Read 36
Number of Observations Used 36
Dependent Variable: Desiree

Number in Adjusted R-Square
Model R-Square

C(p)

Root
MSE

SSE Variables in Model

3

0.7711

0.8335

2.0907 0.74180

4.40219 Max Rh Rnf Ws

3

0.7690

0.8530

2.1740 0.74522

3.88747 Max Rh Ws

3

0.7598

0.8253

3.2312 0.75991

4.61972 Max Rnf Ws

2

0.7587 0.8026

4.0850 0.76170

5.22163 Max Ws

3

0.7571 0.8233

3.3138 0.76424

4.67251 Max Min Ws

4

0.7518 0.8420

4.5393 0.77254

4.17767 Max Min Rnf Ws

4

0.7466 0.8387

4.6763 0.78059

4.26521 Max Min Rh Ws

5

0.7343 0.8551
Ws

6.0000 0.79929

3.83315 Max Min Rh Rnf

2

0.7051 0.7587

3.9872 0.84198

6.38043 Min Ws

3

0.7034 0.7843

4.9289 0.84442

5.70431 Min Rnf Ws

3

0.6999

0.7817

5.0353 0.84943

5.77230 Min Rh Ws

2

0.6930

0.7489

4.3961 0.85905

6.64167 Rh Ws

4

0.6724

0.7915

6.6292 0.88744

5.51285 Min Rh Rnf Ws

3

0.6548

0.7490

6.3914 0.91095

6.63865 Rh Rnf Ws

1

0.6252 0.6593

6.1042 0.94924

9.01061 Ws

2

0.5955 0.6690

7.7009 0.98618

8.75292 Rnf Ws

1

0.3880 0.4436 15.0325 1.21303 14.71450 Max

2

0.3808 0.4934 14.9711 1.22009 13.39756 Max Min

2

0.3321 0.4536 16.6202 1.26716 14.45114 Max Rnf

3

0.3281 0.5114 16.2273 1.27094 12.92240 Max Min Rnf

2

0.3210 0.4444 16.9985 1.27771 14.69282 Max Rh

3

0.3097 0.4980 16.7814 1.28824 13.27641 Max Min Rh

4

0.2683 0.5344 17.2736 1.32628 12.31314 Max Min Rh Rnf

Number in Adjusted R-Square
Model R-Square

C(p)

Root
MSE

SSE Variables in Model

3

0.2488

0.4537 18.6161 1.34390 14.44852 Max Rh Rnf

1

0.2460 0.3145 20.3752 1.34639 18.12774 Min

2

0.1757 0.3256 21.9186 1.40776 17.83606 Min Rnf

2

0.1664 0.3180 22.2317 1.41563 18.03604 Min Rh

3

0.0942 0.3412 23.2709 1.47573 17.42223 Min Rh Rnf

1

0.0470

1

0.0995 0.0005 33.3762 1.62584 26.43358 Rnf

2

0.1528 0.0568 33.0431 1.66477 24.94304 Rh Rnf

0.0482 31.3999 1.58654 25.17100 Rh

Dependent Variable: Diamont

Number in Adjusted R-Square
Model R-Square

C(p)

Root
MSE

SSE Variables in Model

3

0.8556 0.8950

2.2599 0.67355

3.62931 Max Rh Ws

4

0.8409 0.8988

4.0334 0.70690

3.49796 Max Rnf Ws

4

0.8351

0.8951

4.2543 0.71973

3.62607 Max Rh Rnf Ws

2

0.8213

0.8538

2.7134 0.74920

5.05177 Max Ws

5

0.8154

0.8993

6.0000 0.76143

3

0.8130

0.8640

4.1077 0.76653

3

0.8005 0.8549

4.6477 0.79165

5.01369 Max Min Rnf Ws

4

0.7863 0.8640

6.1065 0.81940

4.69989 Max Min Rh Ws

2

0.7724 0.8138

5.0986 0.84555

6.43464 Min Ws

3

0.7471 0.8161

6.9618 0.89130

6.35535 Min Rnf Ws

3

0.7463 0.8155

6.9967 0.89272

6.37553 Min Rh Ws

4

0.7117 0.8165

8.9360 0.95172

6.34034 Min Rh Rnf Ws

2

0.6542 0.7171 10.8607 1.04218

9.77531 Rh Ws

3

0.6268 0.7286 12.1760 1.08273

9.37837 Rh Rnf Ws

1

0.6179 0.6526 12.7043 1.09562 12.00375 Ws

2

0.5763 0.6534 14.6600 1.15364 11.97802 Rnf Ws

2

0.5210

3.47862 Max Min Rh Rnf Ws
4.70060 Max Min Ws

0.6081 17.3582 1.22667 13.54238 Max Min

Number in Adjusted R-Square
Model R-Square

C(p)

Root
MSE

SSE Variables in Model

3

0.4979

0.6348 17.7649 1.25592 12.61861 Max Min Rh

1

0.4844

0.5312 19.9392 1.27272 16.19828 Max

3

0.4621 0.6088 19.3173 1.29994 13.51866 Max Min Rnf

4

0.4490 0.6494 18.8967 1.31558 12.11529 Max Min Rh Rnf

2

0.4287

2

0.4273 0.5315 21.9261 1.34126 16.19068 Max Rnf

3

0.3573 0.5326 23.8574 1.42087 16.15088 Max Rh Rnf

1

0.3519 0.4108 27.1149 1.42683 20.35853 Min

2

0.3090 0.4346 27.6969 1.47333 19.53643 Min Rh

2

0.2799 0.4109 29.1139 1.50399 20.35798 Min Rnf

3

0.2315 0.4411 29.3116 1.55375 19.31306 Min Rh Rnf

1

0.0664

1

0.0767 0.0211 50.3414 1.83915 33.82457 Rnf

2

0.1316 0.0741 49.1832 1.88543 31.99355 Rh Rnf

0.5326 21.8574 1.33961 16.15090 Max Rh

0.0306 49.7805 1.83028 33.49942 Rh

Dependent Variable: SH-5

Number in Adjusted R-Square
Model R-Square

C(p)

Root
MSE

SSE Variables in Model

4

0.8938

0.9324

4.0085 0.57220

2.29191 Max Rh Rnf Ws

3

0.8833

0.9151

3.5482 0.59992

2.87922 Max Min Ws

5

0.8763

0.9325

6.0000 0.61761

2.28865 Max Min Rh Rnf Ws

4

0.8750

0.9205

5.0721 0.62078

2.69760 Max Min Rh Ws

3

0.8552

0.8947

5.3623 0.66813

3.57116 Max Min Ws

2

0.8385

0.8678

5.7541 0.70581

4.48350 Max Ws

4

0.8374

0.8965

7.2004 0.70806

3.50941 Max Min Rnf Ws

3

0.8321

0.8779

6.8566 0.71948

4.14116 Max Rnf Ws

2

0.8159

0.8493

7.3983 0.75356

5.11067 Min Ws

3

0.8123

0.8635

8.1365 0.76070

4.62937 Min Rnf Ws

3

0.8069

0.8596

8.4859 0.77158

4.76265 Min Rh Ws

Number in Adjusted R-Square
Model R-Square
4

0.7895

0.8660

C(p)

Root
MSE

9.9137 0.80573

SSE Variables in Model
4.54438 Min Rh Rnf Ws

2

0.7318 0.7806 13.5154 0.90946

7.44398 Rh Ws

3

0.7016 0.7830 15.2970 0.95921

7.36067 Rh Rnf Ws

1

0.6568 0.6880 19.7498 1.02883 10.58492 Ws

2

0.6208 0.6898 21.5881 1.08132 10.52323 Rnf Ws

2

0.5091 0.5984 29.7166 1.23035 13.62381 Max Min

3

0.4651 0.6110 30.5979 1.28438 13.19707 Max Min Rh

1

0.4621

0.5110 35.4889 1.28796 16.58846 Max

3

0.4600 0.6072 30.9278 1.29049 13.32291 Max Min Rnf

4

0.4340 0.6398 30.0294 1.32111 12.21734 Max Min Rh Rnf

2

0.4053

0.5134 37.2691 1.35420 16.50462 Max Rnf

2

0.4027

0.5113 37.4621 1.35721 16.57824 Max Rh

1

0.3622

0.4202 43.5651 1.40246 19.66906 Min

3

0.3310

0.5134 39.2689 1.43634 16.50453 Max Rh Rnf

2

0.3044

0.4308 44.6148 1.46464 19.30659 Min Rh

2

0.2965 0.4244 45.1858 1.47288 19.52439 Min Rnf

3

0.2412 0.4481 45.0767 1.52970 18.71988 Min Rh Rnf

1

0.0454

0.0497 76.5140 1.79547 32.23713 Rh

1

0.0931 0.0063 80.3690 1.83596 33.70758 Rnf

2

0.1322 0.0736 76.3821 1.86857 31.42395 Rh Rnf
Dependent Variable: SH-339

Number in Adjusted R-Square
Model R-Square

C(p)

Root
MSE

SSE Variables in Model

3

0.8071

0.8597

2.1550 0.75989

4.61951 Max Rh Ws

4

0.7838

0.8624

4.0343 0.80436

4.52895 Max Min Rnf Ws

4

0.7835

0.8622

4.0448 0.80506

4.53680 Max Min Rh Ws

2

0.7734

0.8146

2.1315 0.82347

6.10293 Min Ws

3

0.7575

0.8237

3.7354 0.85189

5.80570 Max Min Ws

Number in Adjusted R-Square
Model R-Square

C(p)

Root
MSE

SSE Variables in Model

2

0.7546 0.7992

2.8085 0.85707

6.61110 Max Ws

3

0.7525 0.8200

3.8948 0.86062

5.92528 Min Rh Ws

5

0.7492

0.8632

6.0000 0.86633

4.50320 Max Min Rh Rnf Ws

3

0.7476 0.8164

4.0534 0.86922

6.04432 Min Rnf Ws

4

0.7258 0.8255

5.6546 0.90594

5.74504 Max Rh Rnf Ws

3

0.7244 0.7995

4.7941 0.90831

6.60024 Max Rnf Ws

4

0.7173 0.8201

5.8921 0.91988

5.92332 Min Rh Rnf Ws

2

0.6683 0.7286

5.9047 0.99637

8.93485 Rh Ws

3

0.6480 0.7440

7.2294 1.02641

8.42808 Rh Rnf Ws

1

0.6122 0.6475

7.4649 1.07735 11.60692 Ws

2

0.5706 0.6486

9.4134 1.13374 11.56826 Rnf Ws

2

0.4591 0.5574 13.4146 1.27241 14.57129 Max Min

3

0.4146 0.5743 14.6757 1.32367 14.01672 Max Min Rh

1

0.3987

0.4533 15.9800 1.34156 17.99782 Max

3

0.3918

0.5577 15.4032 1.34920 14.56278 Max Min Rnf

1

0.3604

0.4185 17.5067 1.38360 19.14362 Min

4

0.3438

0.5824 16.3172 1.40141 13.74765 Max Min Rh Rnf

2

0.3331

0.4543 17.9365 1.41284 17.96513 Max Rnf

2

0.3321

0.4535 17.9735 1.41394 17.99293 Max Rh

2

0.3075

0.4334 18.8536 1.43965 18.65344 Min Rh

2

0.2894 0.4186 19.5029 1.45834 19.14079 Min Rnf

3

0.2507 0.4550 19.9066 1.49761 17.94273 Max Rh Rnf

3

0.2254

0.4366 20.7128 1.52265 18.54776 Min Rh Rnf

1

0.0534

0.0424 34.0073 1.77561 31.52789 Rh

1

0.0746 0.0231 34.8555 1.79345 32.16452 Rnf

2

0.1083 0.0932 33.7769 1.82129 29.85388 Rh Rnf

Dependent Variable: FD35-36

Number in Adjusted R-Square
Model R-Square

C(p)

Root
MSE

SSE Variables in Model

4

0.7301

0.8283

4.1199 0.80975

4.58987 Max Min Rh Ws

3

0.7327

0.8056

2.9270 0.80585

5.19514 Max Rh Ws

3

0.7108 0.7897

3.4956 0.83827

5.62157 Min Rh Ws

4

0.6945 0.8056

4.9269 0.86148

5.19506 Max Rh Rnf Ws

5

0.6913 0.8316
Ws

6.0000 0.86602

4.49991 Max Min Rh Rnf

4

0.6713

0.7909

5.4528 0.89359

5.58947 Min Rh Rnf Ws

2

0.6674

0.7278

3.6980 0.89897

7.27336 Rh Ws

4

0.6459

0.7747

6.0294 0.92751

6.02190 Max Min Rnf Ws

3

0.6345

0.7342

5.4715 0.94230

7.10346 Max Min Ws

3

0.6338

0.7337

5.4894 0.94319

7.11692 Rh Rnf Ws

3

0.6100

0.7164

6.1073 0.97342

7.58035 Min Rnf Ws

2

0.6093

0.6803

5.3910 0.97428

8.54306 Min Ws

2

0.5457 0.6283

7.2441 1.05055

9.93290 Max Ws

3

0.5218 0.6522

8.3928 1.07787

9.29442 Max Rnf Ws

2

0.5098 0.5989

8.2933 1.09137 10.71976 Max Min

3

0.4913 0.6300

9.1835 1.11172

3

0.4890

0.6284

2

0.4527

0.5522

4

0.4339

1

0.4295 0.4814 10.4809 1.17730 13.86038 Min

2

0.4052 0.5133 11.3415 1.20212 13.00588 Min Rh

1

0.4015 0.4559 11.3885 1.20586 14.54108 Max

2

0.3947 0.5047 11.6489 1.21273 13.23644 Min Rnf

3

0.3843 0.5522 11.9569 1.22308 11.96745 Max Rh Rnf

1

0.3595 0.4177 12.7486 1.24744 15.56114 Ws

2

0.3523 0.4701 12.8840 1.25445 14.16269 Max Rnf

3

0.3388 0.5191 13.1360 1.26747 12.85178 Min Rh Rnf

9.2424 1.11420

9.88743 Max Min Rnf
9.93160 Max Min Rh

9.9570 1.15314 11.96751 Max Rh

0.6397 10.8380 1.17280

9.62829 Max Min Rh Rnf

Number in Adjusted R-Square
Model R-Square

C(p)

Root
MSE

SSE Variables in Model

2

0.2986

0.4261 14.4496 1.30541 15.33693 Rnf Ws

1

0.1662 0.2420 19.0118 1.42332 20.25843 Rh

2

0.1056 0.2682 20.0758 1.47409 19.55649 Rh Rnf

1

0.0000

0.1000 27.6337 1.63477 26.72471 Rnf

In above mentioned tables abbreviated environmental variables are Max= Maximum
temperature, Min= Minimum temperature, Rh= Relative humidity, Rnf= Rainfall and Ws=
Wind speed.
ANOVA Table for disease management 2011-12
Source
DF
SS
MS

F

P

Significance
level= 0.05

Replicate

2

91.16

45.57

Variety

4

1269.94

317.48

213.59

0.001

**

Spray

4

570.56

142.63

95.96

0.001

**

Treatment

7

52.83

7.54

5.08

0.002

**

Variety*Spray

16

188.75

11.79

7.94

0.001

**

Variety*Treatment

28

54.15

1.93

1.3

0.143

NS

Spray*Treatment

28

48.24

1.72

1.16

0.266

NS

Variety*Spray*Treatment

112

42.45

0.37

0.25

1.321

NS

Error

398

591.59

1.48

Total

599

* = Significant at (P< 0.05)

** = Significant at (P< 0.01)

ANOVA Table for disease management 2012-13
Source
DF
SS

MS

NS = Non Significant
F

P

Significance
level= 0.05

Replicate

2

154.69

77.34

Variety

4

665.23

166.30

86.1

0.001

**

Spray

4

578.06

144.51

74.81

0.001

**

Treatment

7

57.57

8.22

4.26

0.002

**

Variety*Spray

16

93.29

5.83

3.02

0.001

**

Variety*Treatment

28

35.78

1.27

0.66

0.907

NS

Spray*Treatment

28

27.67

0.98

0.51

0.983

NS

Variety*Spray*Treatment

112

42.17

0.37

0.19

0.364

NS

Error

398

768.80

1.93

Total

599

* = Significant at (P< 0.05)

** = Significant at (P< 0.01)

NS = Non Significant

