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Potato (Solanum tuberosum L.) has been remained an important agricultural crop in
resolving global food issues through decades. The crop has experienced enormous growth
in terms of production throughout the world in recent decades because of improvement in
agricultural mechanization, fertilizers application and irrigation practices. Nevertheless, a
significant proportion of this valuable crop is still vulnerable to losses due to prevalence
of different viral, bacterial, fungal and nematodes infestations. Late blight, caused by
Phytophthora infestans (Mont.) de Bary, is one of the most threatening pathogenic
diseases which not only results in direct crop losses but also cause farmers to embrace
huge monetary expenses for disease control and preventive measures. The disease is well
known for notorious ‘Irish Famine’ which resulted in drop of Irish population by more
than 20% as result of hunger and potato starvation. Globally, annual losses of crop and
money spend on fungicides for late blight control exceeds one trillion US dollars. This
paper reviews the significance of late blight of potato and controlling strategies adopted
for minimizing yield losses incurred by this disease by the use of synthetic fungicides.

*Corresponding Author:
E-mail: majeedpsh@gmail.com

Advantages and disadvantages of fungicides application are discussed.

Introduction

Potato (Solanum tuberosum L.) is an important
tuberous crop cultivated for uses as vegetable, food and
several other processed products. Basically a temperate
crop, potato is best propagated in regions where
temperature  remains  relatively lower (15-30°C).
Generally, potato tubers of small size or cuttings of large
tubers possessing eyes are used as propagating organs for
cultivation of potato. During 2004 global potato
production was recorded as 336 MT which significantly
increased to 374 MT (Figure 1), with more than 80%
production recorded in Europe and Asia (Axel et al.,
2012; FAOSTAT 2016). China is the major potato
growing country followed by India and Russia
respectively (Table 1). In Pakistan, total area under
cultivation for different crops is roughly 24 million
hectare (Mha) of which an average of 1.3 million hectare
(Mha) is allocated to potato crop producing 20 MT/ha
(Sajid, 2012; FAOSTAT, 2016). Data presented in Fig. 2
depicts an increase in production of potato as well as area
harvested in Pakistan during the period 2004-2014.
Growth in production and harvested area for potato
cultivation in the country is due to suitable climatic
conditions and popularity of crop for domestic
consumption. Although, in recent years a steady growth in
potato production has been observed, the crop however is

still challenged by different climatic adversities and
diseases caused by viruses, bacteria, fungi and nematodes.

Late blight of potato is a fungal disease caused by
Phytophthora infestans in class Oomycetes which has
drastic impacts on growth, yield and overall productivity
of potato particularly in moist-temperate conditions (Fry,
2008). Late blight is notoriously known for Irish
devastations in the 1840°s causing starvation which
resulted in death of 1 million people and mass migrations
from Ireland to the USA and other European countries
(Zadoks, 2008). Although devastations such as the Great
Irish Potato Famine are less likely to reoccur because of
the profound use of fungicides, late blight of potato,
however, is still considered as a threatening and
production-limiting disease for potato crop. The pathogen
produces asexual propagating structures - sporangia and
zoospores - which are dispersed by wind and rain for
further infection while sexual reproduction results in
yielding oospores which can survive the pathogen for
longer periods (Brylinska et al., 2016). The impact of
disease is adverse under low temperature (<20°C) and
high humid conditions. Generally, whole plant can be
challenged by the pathogen; however, leaves and tubers
may be mostly damaged resulting in substantially poor
crop yields. Direct crop losses as a result of late blight
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epidemic are difficult to estimate due to lack of
monitoring system and coordination between potato
growers and agricultural bureaus particularly in
developing countries; nonetheless, yearly financial costs
(global) are calculated as more than 3.2 billion US$
(Haverkort et al., 2008) a value which is equivalent to
334.6 billion Pakistani Rupees. Synthesis and marketing
of fungicidal compounds has greatly reduced the
atrocities of late blight disease in recent years; however,
under more humid and cold regions and due to the
appearance of resistant strains of the pathogen, fungicides
may not prove 100% effective in controlling disease in
addition to their hazardous effects on ecosystem. Thus, in
potato growing agro-zones where P. infestans
predominates with devastating effects, reliance only on
fungicides use is not mandatory, rather a holistic approach
comprising the timing of sowing and cultivation of
resistant cultivars coupled with proper fungicides
application needs to be employed. This review paper
focuses general aspects of late blight disease, control
through fungicides application and associated challenges.

Table 1 Top 5 potato producing countries during 2013-14*

Country Production (MT)
China 96.01
India 45.9
Russia 30.9
Ukraine 23.0
United States of America 19.9

*Source: FAOSTAT 2016

Phytophthora Infestans — Propagation, Mode of

Infection and Disease Symptoms

P. infestans is a diploid, mycelial plant pathogen that
fits better in Kingdom Fungi because of many common
features the pathogen shares with fungal relatives. The
pathogen has branched mycelium which bear lemon
shaped sporangia. These sporangia serve as asexual
propagating organs which on detachment from parent
mycelium are disseminated by wind, rain water and
mechanical means to produce new mycelia of the
pathogen on host tissues. Lemon shaped sporangia
germinate directly by producing germ tube when
temperature is above 20°C and conditions are dry but
produce tiny structures ‘zoospores’ in the presence of
moisture and low temperature ranging between 10 and
15°C (Fry, 2008). Germination either from sporangia (in
dry and high temperature) or from zoospores (in humid
and low temperature) results in the successful
establishment of new hyphae of P. infestans in host
tissues when growth conditions are suitable for pathogen.
This asexual cycle may recur many times subject to the
presence of host and ideal environment. Sporangia and
zoospores cannot maintain their lives in soil, air or water
for long time if host is not available.

Besides asexual reproduction, the presence of matable
hyphae (Al & A2) may contribute to sexual union
resulting in the formation of antheridia and oogonia which
are brought together by hormonal signals resulting in

oospore production (Chern et al.,, 1996; Fry, 2008).
Generally, temperature and humidity apparently have no
role in facilitation of sexual reproduction except that
asexual reproduction may proceed more rapidly under
cool and moist conditions than sexual reproduction do.
Like sporangia and zoospores, oospores are also capable
of producing new mycelia via germ tube and thereby
multiplying the pathogen. Oospores have advantages over
sporangia and zoospores of being resistant to dryness and
higher temperature and can maintain their survival in soil
up to four years (Yuen and Andersson, 2013). Thus, P.
infestans is capable of survival and infection in on-going
cropping season by producing sporangia and zoospores
through asexual reproduction while for the next season(s)
by sexually formed oospores. Either source of inoculum
wither sporangia, zoospores or oospores harbored in
leaves, tubers, debris and in soil can infect fresh plants
when they come into contact. Entry into the host is
usually via stomata of leaves and stems by germ tube of
sporangia, zoospores or oospore; however, peel of tuber
or injured parts may also provide attractive side for
infection.

Once the host tissues are challenged by the pathogen
its mycelium starts proliferation. Specialized rounded
structures haustoria are formed which establish
intercellular connection with host tissues by disrupting
host cell wall for nutrient absorption (Whisson et al.,
2016). Profuse intercellular growth of mycelium and
haustorial development result in cell damage of host with
the appearance of greenish brown or yellowish spots
which turn black with disease progress (Fig. 3). When
climate is suitable for growth of P. infestans, other parts
of potato are severely damaged resulting in wilting of
whole plants (Fig 4). Under moist conditions, sporangia
formation on sporangiophores occurs which commence
sporulation, making the mycelia visible at lower surface
of leaves (Schumann and D’Arcy, 2000). The sporangia
are then disseminated over long distance by air from sites
of infection to healthy potatoes and tomatoes. Sporangial
germination occurs either directly by protruding germ
tube or by producing motile zoospores within hours in the
presence of moisture when they come into contact with
host’s leaves which will initiate disease symptoms in two
or three days (Fry, 1998). Successful infection and
establishment of late blight disease is a complex process
which involves interaction between host and the pathogen
under influential roles of environment. This interaction is
influenced by several factors such as availability of
moisture, prevailing temperature, virulence capacity of
the pathogen and degree of resistance of host plants. In
ideal growth conditions for pathogen, greater disease
damage is caused resulting in greater crop losses.

Control Methods

One of the most important and reliable techniques
used for late blight control is the application of chemical
substances termed as fungicides (Majeed et al., 2014a).
Fungicides are different formulations of inorganic and
organic materials which have the potentials of growth
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inhibition, killing of zoosporangia/zoospores and
mycelium of the causative organism. Application of
fungicides at suitable time and intervals during potato
growing period helps potato growers to manage potential
crop damage. Besides fungicides applications, cultivation
of late blight (LB) resistant cultivars is an appealing
approach to resist late blight outbreak. However, to date
no cultivar of potato elsewhere has sufficient resistance
level to P. infestans (Song et al., 2003). Elevation of
secondary metabolites particularly glycoalkaloids and
phytoalexins in leaves and tubers of potato via breeding
may offer host defense against LB pathogen to some
degree, however, these practices will not completely
neutralize the adverse effects of late blight (Majeed et al.,
2014b,c). Use of plant extracts and natural products as
alternative measures to fungicides application are likely to
achieve sustainable control of LB posing less severe
challenges to environment and minimizing the risks
associated with emerging fungicide-resistant strains of P.
infestans (Majeed et al., 2011, 2015). Thus, there is a
great need for search of integrated and eco-friendly
methods for control of P. infestans.
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Figure 1 Global potato production during 2004-2013
(Source: FAOSTAT 2016)
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Figure 2 Potato production and area harvested in Pakistan
during 2004-14 (Source: FAOSTAT 2016)

Late Blight Fungicides - Advantages and Disadvantages

Nature and Mode of Activity

Fungicides are chemical substances of diverse origin
which are toxic to target fungal pathogens. They may be
formulated from inorganic or organic ingredients or
combination of both. Fungicides are capable of destroying

pathogenic fungi by killing their mycelia, zoosporangia,
zoospores or other propagating structures. Mechanism of
suppressive effects of different fungicides is different.
Possible explanation of mode of activity of commonly
used fungicides may include their capacity to disrupt cell
membranes of target parasite, activate catalytic enzymes
of the host tissues to suppress the growth of the pathogen
and making its growth conditions unsuitable by patho-
toxic activity. Fungicides may prevent zoospore
encystment, may cause their bursting and prevent the
protoplast of Oomycete pathogen to regenerate (Cohen et
al., 2007). There are several different classes of
fungicides used for LB control. Late blight may be
effectively controlled when application of fungicides is
made before infection because most fungicides have
protective effects and they lose efficacy after P. infestans
once establish itself in plant tissues (Schwinn and Margot,
1991). In general, there are two types of fungicides
available to potato growers to handle LB disease-
protectant and systemic. Many of the LB fungicides have
protective properties i.e., they tend to protect host plant by
inhibiting or Kkilling the propagating structures of LB
pathogen before it establishes itself. Sprays of protectant
fungicides on potato foliage are generally done 4 weeks
after planting with further successive application made at
7-10 day intervals. However, in wet and cool conditions
5-7 day intervals of spraying reveals good results.

Protectant fungicides do not persist for long duration
because wind and rain can wash down their effective
ingredients (Deahl et al., 1993; Miller et al., 1998).
Fungicides are effective against the disease if they are
applied in wet conditions and with a greater frequency
rate (Schepers, 1996), however, under wet conditions and
heavy rainfalls, they may show less effectivity because of
rain erosion and difficulty in spraying (Kankwatsa et al.,
2003). On the other hand, systemic fungicides are more
persistent as compared to protectant fungicides and may
be used to control the late blight disease. Systemic
fungicides can reach deeper parts of the host plant and
they remain active longer. Applications of systemic
fungicides are made beginning 60 days after planting with
up to 3 applications at 10-day intervals (Deahl et al.,
1993; Mukalazi et al., 2001; Mantecon, 2007). In addition
to contact and systemic fungicides, local and acropetal
penetrants are also used which for some protective
barriers on and with penetration to host tissues (Jung et
al., 2007).

Change in Sensitivity of P. Infestans to Metalaxyl
Fungicides

It has been observed during the last few years that new
strains of P. infestans has been reported which show
insensitivity to metalaxyl containing fungicides (Gisi and
Cohen, 1996; Inglis et al., 1996). Although, metalaxyl
containing fungicides reveals good results against P.
infestans (Gisi and Cohen, 1996) continuous applications
of these fungicides has resulted in resistance development
in P. infestans (Clayton and Shattock, 1995; Colon et al.,
1995; Delen, 2016) and a considerable proportion of
metalaxyl-insensitive genotypes of P. infestans has been
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documented from different regions worldwide. In 1980,
phenylamide resistant isolates of P. infestans were
detected on field-grown potatoes in Ireland, Netherlands
and Switzerland and the detection of these resistant
isolates were associated with a decline in the disease
control (Jmour and Hamada, 2006). Since then various
workers have investigated the occurrence of resistant
isolates of P. infestans from different potato growing
regions. Besides phenylamides, other classes of
fungicides which exhibited good suppressive effects
against oomycete pathogen have also lost their effectivity
after 1980s. Goodwin et al. (1996) confirmed that isolates
of P. infestans originated from 13 out of 15 states US,
Columbia and Canada were resistant to Phenyl amide
class. Gisi and Cohen (1996) have established larger
samples of collected isolates were insensitive to
fungicides especially meatalxyl compounds. Kato et al.
(1997) on the other hand argue that emergence of virulent
strain could not be explained on the basis of insensitivity
of isolates to fungicides as they observed that 4 clonal
lineages commonly found in US and Canada did not show
resistance to protectant chlorothalonil fungicides and
mancozeb. Saville et al. (2015) has recently shown that
clonal lineages of P. infestans (US11 and US8) were
insensitive to applied fungicides such as cymoxanil,
mandiprompamid, mefenoxam etc.

Figure 3 Symptoms of late blight disease on potato foliage

Healthy plants

Figure 4 Completely wilted plants due to late blight damage

Reasons for Resistance Development

After the 1845s late blight epidemics in Ireland and
Europe, P. infestans had grabbed sufficient attention of
plant pathologists to deal with potential enemy. Several
researches were focused on finding cure of the disease.
Resultantly, different synthetic chemicals were
formulated for suppressing late blight pathogen. Until
1980s, almost all types of fungicides prepared for late
blight control were effective and the primary methods to
cope with P. infestans. The appearance of different
genotypes during the 1980s opened a new chapter in plant
pathology highlighting “resistance and insensitivity” of
the newly emerged genotypes to “phenylamide” and
“metalaxyl” fungicides. Several studies document those
different fungicides once highly effective in suppressing
P. infestans before the 1980s have now lost their efficacy
of controlling late blight in different parts of the world
(Goodwin et al., 1998; Yuan et al., 2006). Vincelli and
Dixon (2002) argues that there are two types of resistance
development -qualitative and quantitative- in pathogen
towards fungicides. In quantitative resistance, new
variants show comparatively less sensitivity to fungicides
than their parental types. This type of resistance can be
overcome by increasing the dose and spray frequency of
fungicides. On the other hand in qualitative resistance,
progenies show greater resistance to fungicides than their
parents and cannot be compromised by increasing dose
rate and frequency of fungicide spray (Vincelli and
Dixon, 2002). Reports of increased number of isolates and
cases of resistance development to fungicides are
generally assigned to the appearance of new genotypes.
First possible reason of the appearance of resistant
variants is successive application of the particular
fungicides. Continuous application of the particular
fungicides results in segregation and recombination of
genes with potential resistance to applied fungicides in the
progenies of P. infestans; thus in a particular pathosystem
new variants of P. infestans are likely to emerge in
response to frequent usage of a fungicide. Secondly,
migration of diverse strains of P. infestans to and from
different agro-ecological systems is likely an important
factor in resistance development to fungicides. Since
mixed occurrence of diverse genotypes in a given
agricultural ecosystem arised from migration, nutation,
genetic recombination or evolution does not imply that all
the genotypes of P. infestans will show similar responses
to the applied fungicides in that agro-ecosystem; thus
there are chances of emergence of new strains with
fungicide resistance (Majeed et al., 2015). These strains
may dominate the particular agro-system by eliminating
fungicides-sensitive strains. Selection pressure as a result
of continuous application of fungicides will presumably
increase the frequency of resistant genotypes in a
population (Grunwald et al., 2006). Kato et al. (1997)
give four reasons of the appearance of new variants and
replacement of old population of P. infestans by the new
variants: 1, migration; 2, enhanced pathogenicity of P.
infestans strains to tomato; 3, enhanced pathogenic fitness
of P. infestans strains on potato and; 4, loss of efficacy of
the protectant fungicides in that environment. Moreover,
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sexual reproduction among Al and A2 genotypes
produces oospores which can overwinter cool
temperatures and will definitely yield progenies
possessing variable traits. Thus genetic recombination
may possibly contribute to the emergence of resistant
pathotypes. Role of mutation in developing fungicides
resistance cannot be excluded as well. Mutation may
occur in parental strains as a result of UV radiation in
potato fields located at high altitudes or due to some of
the fungicides containing mutagenic chemicals. These
mutant strains have possible opportunity to give rise to
resistant strains directly. Natural mutations in the course
of gamete formation and then giving rise to resistant
progenies are equally important contributing factors for
evolution of fungicides resistance in isolates of P.
infestans. Additionally, use of site-specific fungicides
pose a high risk of development resistance in target
pathogen compared to multi-site fungicides which act at
different sites of host tissues affecting not only the target
pathogen but also inhibit the growth of other microbes
(Gisi and Sierotzki, 2008).

How Resistance is Overcome

In order to manage fungicides resistance development
in P. infestans and several other phyto-pathogens, causes
of resistance induction clearly need to be understood.
Understanding the reasons of resistance development can
be achieved by surveys, sensitivity tests of isolates,
mitochondrial haplotyping, using molecular and genetic
approaches. In agro ecosystems where enhanced
pathogenicity towards tomato is dominant, mixed
cultivation of potato and tomato may offer a way to
reduce high risks of fungicides resistance incidence.
Frequent uses of fungicides need to be avoided. Some
alternative measures in this regards can help in reducing
the fungicides frequencies. For instance, use of cultivars
with late blight resistance can be useful in reducing
reliance on fungicides application. If the use of fungicides
is unavoidable such as in favorable conditions for P.
infestans’ growth and spread, then instead of using a
specific fungicide application, combination of different
classes of fungicides may be useful in management of
fungicides resistance risks. Similarly, spray of multi-site
fungicides are considered as low contributing factor in
resistance development than site specific fungicides (Gisi
and Sierotzki, 2008). Reducing the spray frequencies and
enhancing the spray intervals, alternative application of
different group of fungicides in a growing season can
manage the risk (Vincelli and Dixon, 2002). Up gradation
of existing fungicides or formulation of new ones on the
basis of resistance risk surveys generally are helpful
tactics to overcome the resistance development risks for
some years.

Summary

Late blight of potato caused by P. infestans is
primarily managed in most of the agro systems by
continuous usage of fungicides. Although fungicides
application results in reducing crop damages and

economic losses; however, their use have given rise to
appearance of resistance induction in P. infestans strains
which make late blight control difficult for potato
growers. Currently, in several agro-ecosystems, resistant
pathotype dominate than the wild ancestors. This
dominance of fungicides resistant strains is partly because
of successive application of fungicides and partly due to
migration, genetic recombination, mutation events,
evolution and high selection pressure. The emergence of
new variants of P. infestans continuously poses high risk
of fungicides resistance. To manage risk of fungicides
resistance development in the isolates of P. infestans,
sustainable approaches are dire required. First, extensive
surveys and risk assessment are extensively necessary in
different geographic locations to indicate prevalence of
isolates of P. infestans which are resistant to certain
classes of fungicides. On the basis of surveys and risk
assessments, corresponding measures may be taken.
Secondly, since continuous use of fungicides may result
in high selection pressure and subsequent dominance of
resistant strains in a given environment, therefore, spray
frequencies need to be reduced and their interval of
application be increased. Thirdly, using different
fungicides in mixtures instead of solo use seem to be
helpful in reducing resistance development risks. Finally,
mixed cultivation of potato, tomato and other hosts of P.
infestans in a specific agro eco-climate are likely to
manage fungicides resistance induction in strains of P.
infestans.
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