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ABSTRACT

Food security has become an important issue at present world. It is estimated that, on a global scale, pathogens
and pests are reducing crop yields for five major food crops namely, rice, wheat, maize, soybean and potato by 10
to 40 percent. Mitigating the losses due to plant diseases will obviously help in meeting the growing demand for
quality food production. For this, all the factors affecting disease development must be understood clearly and
appropriate management strategies must be followed. This review discusses these three major factors; host, pathogen
and environment. Temperature, light, relative humidity/moisture are important aerial and edaphic environmental
factors that are considered to have major impact on disease development. Development of resistant cultivars and
suppressing virulence factors in pathogens are critical to disease control.
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INTRODUCTION

Plant disease, an impairment of the normal state of a plant that
interrupts or modifies its vital functions [1]. It is a sustained or
progressive impairment of an organism’s cells or tissues that causes
structural or functional abnormalities. Symptoms of diseases vary
from marring only the physical appearance of the plant they infect
to affecting tissues critical to the organism’s growth, weakening or
even killing the infected plant. The disease triangle is a concept
that illustrates the importance of the necessary three elements; just
as there are three sides of a triangle, there are three critical factors
necessary for a disease to develop. A disease occurs when a virulent
disease causing agent, or pathogen, meets the susceptible host
under environmental conditions favourable to disease development
[2]. However, some literatures have added either ‘time’ or ‘human
interference’ as fourth factor (making a disease square), but, as the
other three aspects have a degree of human influence on a particular
time, the disease triangle is sufficient as a framework for discussing
the various factors that affect disease [3]. It is the balance of the
interactions among three elements that determines whether or not
disease develops to destructive levels in a particular situation. The
susceptibility of the host and the activity of pathogen can be affected
by the environment. For example, by providing the conditions of
leaf wetness required for spore germination and infection, plant
becomes more susceptible to pathogen. Similarly, by secreting
chemical factors, the pathogen and the host can affect each other.
As well as the hosts can influence the environment by influencing
the microclimate within their canopy. Therefore, it is necessary to

study the environmental factors influencing disease development,
the population genetics of the host resistance and the susceptibility
and evolutionary potential of the pathogen populations to produce
new races that may be more virulent to hosts or more resistant to
pesticides, in order to develop a forecasting system. This review
aims at understanding the factors and their interactions as a whole
as understanding this will allow prediction of disease outbreaks at
a particular place at a particular time.

LITERATURE REVIEW

Pathogen Components: For a pathogen to be able to develop
disease in host, it must be virulent, be able to adapt to the host
environment, along with having high dispersal and survival
efficiency. In certain part of the time in their life cycles, most
pathogens go through dormancy. When a pathogen is dormant,
no disease can occur. Plants have evolved a complex and multi-
layered immune system over time that is effective in warding
off most microbial infections [4]. At the same time, numerous
microbes - such as bacteria, fungi, oomycetes and viruses have
evolved the ability to cause disease in plants [5]. Virulence is the
ability of a pathogen to invade and multiply within the host. The
unique virulence factors produced by individual pathogens, which
determine the extent and severity of disease they may cause, makes
some pathogens more virulent than others. Microbial virulence
factors include all those molecules produced by pathogens that
invade and harm a susceptible host. Any molecule such as plant
cell-degrading enzyme, toxin, hormone, capsules, lipoproteins,
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siderophore, or extracellular polysaccharide that occurs on
the microbial cell surface or is translocated to an extracellular
environment where it harms the host cells, is a virulence factor
[6]. Not only this, intracellular changes in metabolic regulatory
networks, governed by protein sensors or regulators and non-
coding regulatory RNAs are also known to contribute to virulence.
Furthermore, some secreted microbial products have the ability
to manipulate host machinery by entering inside the host cell,
contributing to the success of the infection.

Exploiting the platforms such as Next-Generation Sequencing
(NGS) and its companion applications like proteomics have
helped to gain insights into how these plant pathogens develop
the sophisticated strategies to attack. Various pathogenic organisms
use various virulence factors to develop disease in plants. Gram-
negative bacterial pathogens such as Pseudomonas syringae, Ralstonia
solanacearum, Xanthomonas and Erwinia spp. use the conserved Type
III Secretion System (TTSS) to translocate virulence-mediating
effector proteins into the host cell [7]. Agrobacterium tumefaciens,
the causal agent of crown gall disease, injects into the plant cell
a fragment of its plasmid DNA (T-DNA) and several virulence
proteins via a Type IV Secretion System (TEFSS) [8]. The soil-borne
pathogen Ralstonia solanacearum uses a Type III Secretion System
(T3SS) to inject effector proteins into plant cells (15). Different
bacteria, interacting with different hosts, have independently
evolved Type 3 Secretion System (T3SS) effectors capable of
interfering with similar functions in their host cells. These bacteria
manage to do so by mimicking components of their eukaryotic
hosts and some have been shown to target key cell mechanisms
[9]. Bacterial T3SS effectors that directly interfere with their host
ubiquitin/proteasome pathway have recently been identified
and studied in Pseudomonas syringae [10]. Effectors are generally
associated with the biotrophic growth phase of fungi, where they
play a crucial role in keeping host cells alive and the immune
system suppressed. This has been observed in transcriptomics
studies with Colletotrichum higginsianum, Colletotrichum orbiculare,
Colletotrichum graminicola, Fusarium oxysporum, Magnaporthe oryzae,
Zymoseptoria tritici, Leptosphaeria maculans, and Ustilago maydis [11].
The roles of the peroxisomes in the rice blast fungus Magnaporthe
oryzae and C. higginsianum gene ChSTE7 is involved in regulation
of vegetative growth, appressorial formation, and invasive growth
in host tissues. This is an important and conserved virulence
factor affecting infection of C. higginsianum on cruciferous plants
[12]. As a necrotrophic fungus, the wheat pathogen Fusarium
graminearum Schwabe (teleomorph Gibberellae zeae) produces,
among other things, cell wall-degrading enzymes and toxins [13].
The dimorphic maize (Zea mays) smut fungus Ustilago maydis
utilizes pheromone role for pathogenicity [14]. Some pathogens
use pectic enzymes as virulence factors such as the pathogenic
bacterium Erwinia chrysanthemi utilizes apectolytic enzyme, pectate
lyase C for pathogenesis [15]. Similarly, small proteins CgDN3
from Colletotrichum gloeosporioides is required for pathogenicity on
Stylosenthes [16] Plant viruses need to confront plant defence
mechanisms and to hijack the functions of different host factors in
order to accomplish their life cycle [17]. A virus can cause productive
infection only in those plants that have not developed specific
defensive responses to its virulence factors. Although viruses may
adopt various strategies to go about achieving this, it is believed
the most usual strategy they adopt is that of producing silencing
suppressors [18]. They utilize the plant machinery for their nucleic
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acid and protein synthesis and they take advantage of the plant’s
transport system to spread, locally through plasmodesmata and
systemically through the phloem [19].

Not only virulence, study of the adaptive potential of plant
pathogen to host environment and external environment is
essential to manage them. Pathogens evolve due to various forces
such as spatial dispersion, recombination, genetic drift, selection by
the host plant resistance, etc. [20]. Many pathogens have developed
resistance to chemical control measures to overcome host resistance.
For example, many researches have reported that Colletotrichum
gloeosporioides has developed ability to overcome host resistance
[21,22] and fungicide resistance [23]. Similatly, Plasmopara viticola
have showed high evolutionary potential and reported for fungicide
resistance [24]. Similarly, if we light on spatial adaptation, though
yellow rust of wheat caused by Puccinia striiformis f. sp. tritici, has
previously shown preferential development in cold areas, certain
strains of it were recently able to invade warmer regions due to their
developed adaptation [25]. Population density also has significant
effect on disease development. It is reported that the appearance
of bacterial canker symptoms is closely related to the population of
the pathogen colonizing the host. The pathogen can survive as an
effective endophyte in tomato but apparently has to establish an
endophytic population of >108 CFU g—1 plant tissue to induce
disease symptoms [26]. Knowledge of the pathogen adaptation
ability and virulence factors is crucial for designing effective crop
protection strategies.

Host factors: A pathogen at critical stage of its life cycle to infect,
must come in contact with a susceptible host at appropriate growth
stage of host, for a disease to develop. Pathogen-host interactions
are often very specific as plant pathogens cause diseases to specific
hosts only where they can get their food source for growth and
development. Some pathogens attack only a particular genus or
even species of organism, while other pathogens have a wide range
of hosts belonging to many families. For example, Cercospora sojina
causes frogeye leafspot disease on soybean but does not cause
disease on corn, alfa-alfa, etc. At the same time, Fusarium oxysporum
causes fusarium wilt in several hundred species of crops including
potatoes, tomatoes, legumes, melons, bananas, etc. This may be
related to evolution of the pathogen and the host. Additionally,
not all individuals within that species will have the same level of
susceptibility, even if a species is susceptible. The infection process
is either successful or unsuccessful depending on the type of host,
whether susceptible or resistant, respectively [27]. ‘Makassane’, a
new IRRI-bred rice variety has improved resistance to blast and
the variety ‘Vijay’ of wheat is resistant to stem rust Ug99 [28]. An
individual plant may have resistant genes that defend it against
infection. The capability of plant pathogen for reaching the full
infection occurs after it overcomes the plant defences. If the host
is resistant to a particular pathogen, even when the pathogen is
present under favourable environmental conditions, a disease
will not occur. The prior health of the host is often important in
determining the occurrence of disease as it can be seen in most
cases that vigorous, strong-growing, non-stressed plants are less
susceptible to disease than plants growing under stress conditions.

Certain growth stages of plants are more vulnerable while other
stages may be resistant to pathogen for a particular pathogen to
attack. The response of host plants to pathogens often depends
on the developmental stage of the host when challenged by the
pathogen [29]. For example, in young tomato plants, disease
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symptoms caused by Clavibacter michiganensis sub sp. michiganensis
appeared earlier than in older plants [30]. Infestation by E.
cruciferarum on oilseed rape increases as the host plant ages or
matures [31]. Cramer reported that older onion plants were less
susceptible than seedlings/dormant bulbs to Fusarium basal rot,
incited by Fusarium oxysporum f. sp. Cepae [32]. Similarly, strawberry
becomes more susceptible to the pathogen Botrytis cinerea once it
flowers [33]. Additionally, it has been found that younger leaf tissues
of wheat had greater disease severity to wheat stem rust disease [34].
Not only this, onset of developmental resistance to Xanthomonas
oryzae pv. Oryzae can be seen in rice as the crop enters its vegetative
phase [35,36]. These all examples represent age-related resistance.
In this age-related resistance, as plant tissues age, they become less
susceptible to pathogens infection. The molecular mechanism for
the resistance in older plants has not been described clearly in
literatures. However, changes in contents and biochemical activities
of proteins, enzymes, and phenolics during developmental stages of
host plants could assist resistance.

Plant densities have significant influence on the development
of foliar diseases in many crops. A denser canopy provides ideal
moisture and temperature conditions for the development of
Sclerotia sclerotiorum [37,38] Higher plant densities support foliar
diseases like botrytis gray mold of chickpea [39]. The severities of
Late leaf spot and rust diseases were significantly more in higher
plant densities than in low plant densities in groundnut [40]. On
the contrary to commonly held belief, powdery mildew severity
showed negative correlation on barley with increasing plant

density [41].

Environmental factors: Environmental factors have been
considered to have the major impact on disease development.
Even if a susceptible host and a virulent pathogen are present
in a certain locality, serious disease will not occur unless the
environment favours its development. Some pathogens are
capable of causing disease throughout the world, in areas where
plants susceptible to them are grown, for they can tolerate a wide
range of environmental conditions. Other pathogens may be less
tolerant of environmental variations and are likely to be restricted
in their geographical distribution. Not only may environment
directly influence either host or pathogen, it may also affect
disease incidence and development, because of the interaction
of effects on the host and pathogen. Host plant’s physiological
state, including its growth, immune system and abiotic stress
response are affected by the environmental condition. Similarly,
environment has profound effect on a pathogen’s survival,
germination, expression and delivery of virulence factors. The
same plant can be fully resistant or susceptible, and the pathogen
could range from being able to cause severe disease to being only
weakly pathogenic due to these variable environmental conditions.
Many environmental conditions affect plant disease development,
including temperature, light, water availability, soil fertility, wind
speeds, and atmospheric ozone, methane and CO, concentration.
Plant diseases develop under an optimal range of climatic variables;
however, the occurrence and severity of a disease in an individual
plant is defined by the deviation of each climatic variable within the
optimal range for disease development, thus climate affects all life
stages of the pathogen and host [42]. The environment may affect
plant pathogen, therefore, survival, vigour, rate of multiplication,
sporulation, direction, distance of dispersal of inoculums, rate of

spore germination and penetration can be affected [43].
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Temperature and CO, concentration in air: Temperature is the
determining factor in the seasonal and regional incidence of disease
and determines the geographic distribution. There is an optimal
temperature range for every plant-pathogen interaction, at which
disease develops.
pathogen for its growth. Different stages in a life cycle of a pathogen

There is also an optimum temperature for a

may have different optimum temperatures. If we take an example
of fungi, different growth stages of fungi, such as the production of
spores, their germination, and the growth of the mycelium, may have
slightly different optimum temperatures. Daytime temperatures
of 35 °C and night temperatures of 27°C are most favourable for
Xanthomonas oryzae bacteria to colonize rice [44]. Yellow rust caused
by Puccinia striformis f. sp. tritici (Pst) is a major disease of wheat
in temperate areas with cool and wet summers and mild winters
[45]. High temperatures during the growing season have been
considered a constraining factor for Pst development and long-
distant dissemination [46]. High atmospheric CO, concentrations,
temperatures, and changes in precipitation patterns as well as
frequency of extreme weather phenomena will significantly affect
crop production and therefore the presence of diseases will be
altered under these conditions [47]. Not only the incidence, but the
climatic condition influences the temporal and spatial distribution
of plant diseases. It is anticipated that the projected increase in
global temperature will most likely change the regional distribution
in which a crop is susceptible to a particular pathogen [48]. New
races may evolve on a faster rate under elevated temperature and
CO, as evolutionary forces act on massive pathogen populations
boosted by a combination of increased fecundity and infection
cycles under favourable microclimate [49]. When the CO, level
and the temperature were elevated, an increase on powdery mildew
disease was observed on zucchini, Alternaria leaf spot on rocket
salad, black spot and downy mildew on basil, Allophoma tropica
on lettuce and Phoma leaf spot on garden beet [50]. Increased CO,
concentration has been found to increase disease severity in rice
[51]. Similarly, the severity of wheat diseases also increases when
plants and pathogens are acclimatized to elevated CO,. For the
fungal pathogen Fusarium graminearum, elevated CO, levels not only
increased the susceptibility of wheat varieties (irrespective of the
resistant and susceptible genotypes evaluated), but also increased
the virulence of the fungal isolate [52], resulting in more severe
disease overall. In contrast, in comycete-plant interactions between
soybean and Peronospora manshurica, CO, concentrations of 550
ppm decreased the severity of the disease by more than 50% [53].
The development of powdery mildew disease of Brassica napus
was more at 22/17°C than at 14/10°C [54]. Higher temperatures
resulted in more rigorous replication of Turnip Crinkle Virus
(TCV) in Arabidopsis plants [55], and facilitated the spread of
tobacco mosaic virus or turnip mosaic virus by weakening the
plant defence responses [56]. Higher temperature caused faster
disease symptom development on plants affected by peanut stunt
virus, which after reaching a plateau, dropped precipitously [57].
Schwartz et al. reported that leaf blight, caused by Pontoea. ananatis,
is favored by prolonged periods of rain, high Relative Humidity
(RH), and temperatures of 28 to 35°C during the bulbing stage
[58]. Disease severity caused by Pontea spp. and Erwinia cowanii
on onion increased with both increasing temperature and RH,
whereas disease progression was restricted under cool temperatures

(15°C) and low RH (40 to 60%) [59].

Light: Light plays an important role in regulating the chemical
and physiological processes in most organisms. There are many
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reports that have indicated that light influences both the defence
responses in the host and the virulence of the pathogens [60].
Light has indirect effects on moisture on leaf surfaces, which in
turn has impact on disease development. In a study conducted.
[61], both the establishment of local defence responses and
Systemic Acquired Resistance (SAR) are affected by light density.
SAR development in response to infection by virulent bacteria is
completely lost when primary infection occurs in the absence of
light. Another experiment Chen L], et al. [62], demonstrated that
higher light intensity increased susceptibility of Nicotiana tabacum
to Cucumber mosaic virus and accelerated systemic symptoms
compared with plants grown in lower light intensities. Expression
of Salicylic Acid mediated defence genes was strongly depressed
in virus inoculated plants grown in high light compared to low
light intensities. It is also known to have effect on sporulation of
several fungal and oomycete species, and the circadian clock of one
fungal phytopathogen has been linked to the pathogen’s virulence
programme [63]. The interaction of light intensity and photoperiod
have been found to affect the germination of pathogen. Studies with
Brassica graminis f.sp. hordei showed that increased light intensity
lengthened the latent period, with the highest light intensities
causing a reduction in sporulation [64]. Ayres found that white
light and shorter wavelengths stimulated germ tube development in
Erysiphe pisi [65]. Plants acclimated to high light displayed increased
resistance against virulent Pseudomonas Syringae DC3000 both
in tissues exposed directly to excess light and in systemic leaves,
analogous to the establishment of Systemic acquired resistance
[66]. A study showed that constant dark inhibited Hyaloperonospora
arabidopsidis (Hpa) growth while constant light supported higher
level of Hpa biomass production than that in normal light/dark
or constant regimes [67]. Similarly, disease incidence and internal
bacterial growth in the tomato seedlings were significantly reduced
when grown under green and red light [68]. Thus, light intensity,
photoperiod and wavelength have direct or indirect effect on
disease development.

Relative humidity and precipitation: Relative Humidity (RH)
has been widely studied or applied as a predictor for disease
development in various pathosystems at different stages, including
fungal growth and sporulation of numerous plant pathogens [69].
Atmosphere humidity and precipitation in the form of rain, fog
and dew affect seasonal and local incidence of diseases. Moisture
makes the plant cells turgid which facilitates the pathogen to grow
in the host. Raindrops facilitate the liberation and dispersal of
pathogens like fungi and bacteria, and when the propagules are
dispersed, conditions are likely to be suitable for germination
and infection. Many diseases get worse as leaf wetness period
increases. For example, gray mold disease caused by Botrytis cinera
on roses increases with longer wet periods. Such is the case with
anthracnose of tomato (Colletotrichum coccodes), leaf rust in wheat (
Puccinia recondita) and stem rot in soybean( Diasporthe phaseolorum)
[70]. Majority of leaf and fruit diseases caused by fungi, water molds
and bacteria are favoured by high RH. The infection, colonization
and conidiation of M. oryzae on perennial ryegrass were highly
dependent on the atmospheric moisture levels. Nearsaturated
humidity conditions were most favourable for M. oryzae infection
and conidiation [71]. Similarly, higher relative humidity around
the plants resulted in significantly greater level of disease caused by
Erysiphe graminis f. sp. Hordei [72]. The optimum relative humidity
for the initiation of Rhizopus soft rot is in the range of 75-84% and
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few infections occur at 93-99% [73]. Thus, if we become able to
maintain RH of 85-90%, the disease doesn’t develop. There was
a large increase in disease severity by Didymella rabiei on chickpea
with increase in RH from 95% to 100% [74]. In contrast, the
severity of tomato powdery mildew caused by Oidium lycopersici
decreased with increase in RH from 80% to 95% [75], which
indicates tomato powdery mildew is favoured by dry condition.
While in case of grapevine powdery mildew, disease incidence and
severity increased increasing humidity to an optimum near 85%
RH, and then appeared to plateau or decrease marginally at higher
values [76].

Edaphic factors: The soil moisture, soil type, pH, temperature,
soil microbiomes and nutrients play an important role in disease
incidence and development. The prevalence of infection and
severity of diseases due to soil borne pathogens is determined
by these edaphic factors. Soil moisture may exist as rain or
irrigation water on plant surface or around the roots. Moisture is
indispensable for the germination of fungal spores, penetration
of the host by germ tube and initial development and severity.
The disease development by stem gall of coriander was maximum
(77.5%) at 25°C soil temperature giving 52.5% disease incidence
and 30% disease severity, as well as 45% of soil moisture level
was favourable for disease development and resulted in 70.25%
disease incidence and 35.25% disease severity. Very low and very
high soil moisture and temperature were not favourable for disease
development [77]. High soil moisture favours development of water
mold fungi such as Pythium and Phytophthora whereas low moisture
or drought favours diseases like charcoal rot diseases of field crops,
aspergillus ear rot and fusarium diseases [78]. Elevated moisture
in soil raises CO, level that makes roots more susceptible to root
rotting organisms. The clubroot disease caused by Heteroconium
chaetospira in Chinese cabbage was non-symptomatic in alkaline
soils at a pH range from 7 to 7.2. Also the pathogen-treated plants
were completely protected from clubroot at low to moderate soil
moisture contents (40 to 60%), but they were severely damaged
at high soil moisture contents (80%) [79]. Likewise, in general,
root rot caused by Phytophthora are inhibited by lower soil pH as
low soil pH restricts sporangium formation, zoospore release and
motility of the pathogen [80]. In certain cases, high pH reduces the
availability of soil nutrients to the pathogen and hence restricts
their effects as in the case of Fusarium wilt [81]). When nutrient
levels are below optimum, the effects of soil-borne pathogens are
more serious, especially for immobile nutrients. Insufficiency of
nutrients can cause root starvation and plant death, even though
the pathogen itself may not be toxic. It can be said that healthy,
well-nourished plants are less susceptible to pathogens and disease
than nutrient-deficient plants. Potassium deficiency impairs the
synthesis of proteins, starch, cellulose and cell wall development,
which may directly correlate to a pathogen’s ability to enter plant
tissue; Calcium plays an important role in plant disease resistance
as it maintains structural integrity of plant membranes. Under Ca
deficiency, compounds such as sugars and amino acids may leak
into areas between cells where these compounds become available to
pathogens [82]. Similarly, boron is known to be toxic to pathogenic
fungi [83]. Phosphorus is also found to increase resistance to diseases
in plants. The role of Nitrogen in disease resistance is quite easily
demonstrated but the effect of N is also seen variable. This is due
to the different response depending on the type of the pathogen.
Regarding the obligate parasites, e.g., Puccinia graminis and
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Erysiphe graminis, when there is high N supply there is an increase
in severity of the infection; however, when the disease is caused
by facultative parasites, e.g., Alternaria, Fusarium and Xanthomonas
spp., high N supply decreases the severity of the infection [84].
It is found that soil type also affects the activity of pathogens in
soil. High clay content in soil with high cation exchange capacity
can suppress the infection rate of Pythium ultimum[85] and high
organic matter content can suppress disease like Fusarium wilt of
banana [86]. Addition of composts or organic matter enhances the
plant defence system through induced system resistance [87]. Soil
microbial community also influence the incidence of disease. For
example, actinobacteria [88] and arbuscular mycorrhizal fungi [89]
have the ability to inhibit the growth of soil-borne pathogens in
many ways. Thus working on the concept of disease suppressive soil
is a most to manage soil-borne pathogens.

CONCLUSION

The world population is increasing at a faster rate. But the pace
of agricultural production is not parallel with the increasing
population. One of the major limiting factors in agricultural
production is the incidence of diseases. The use of chemical control
measures has severely affected the sustainability of the environment.
Therefore, in order to increase food production keeping in mind
the safety of environment, it is very much important to understand
each individual factors affecting disease development in detail.
For successful management of disease, some components of the
disease triangle must be disturbed. The first and best defence
against pathogens is a healthy and resistant plant. Though breeding
for resistant cultivars is one of the most important methods and
long-practised idea for dealing with disease outbreaks, this alone
is not sufficient to eliminate risk. Although the manipulation of
the environmental parameters is difficult at field levels, negative
effects of environment can be avoided through some management
strategies such as choice of planting date and place. Understanding
the combined effects of environmental parameters on pathogens
is equally important to control disease. This will help predict
and prepare for the challenges ahead. Similarly, knowing and
understanding the disease cycle for a particular disease and
disturbing any step in the disease cycle will be very helpful in
managing the disease. All in all, the concept of integrated disease
management should be followed by carefully understanding all the
factors affecting disease incidence and development.
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