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Preface

Phytophthora is a microbial genus belonging to a fungi-like group of oomycetal
phytopathogens. This genus has many species that affect different parts of the
plant, especially the root and stem base. The diseases of Phytophthora are usually
accompanied by definite symptoms such as wilting and foliage discoloration.
Phytophthora is widely prevalent worldwide because it can survive under extreme
conditions and different habitats like soil and plant debris.

Microbial infection with Phytophthora spp., one of the more destructive phytopatho-
gens, is a common reason for loss of economic crops. The agronomic countries depend
mainly on exportation of essential plants like fruits, vegetables, and cereals. Thus,
damage to these plants leads to economic loss and food security threats. Various
species of Phytophthora, including P. cinnamomi, P. cryptogea, P, citricola, P. cactorum,
and P, cambivora, damage different plants including ornamental horticulture plants.
Phytophthora infects the aerial parts of the plant, targeting the root and stem base.
However, some species of Phytophthora, such as P, ilicis, P ramorum, and P. kernoviae,
affect only the aerial parts of plants.such as P, ilicis, P ramorum, and P. kernoviae.

Discoloration and decay are symptoms of infection of roots and stem bases.
Foliar symptoms do not appear until most of the plant’s roots have been killed, or
microbial invasion of the stem base has been carried out. The infected foliar parts
of plants like conifers are usually associated with clear symptoms such as wilting,
shedding of leaves, dieback, and a gradual fading of color. Phytophthora infection
leads to retarding of water and nutrient delivery to the stem, therefore resulting
in the symptoms mentioned previously. Extreme conditions like drought will hasten
their onset. As such, constant examination of roots and stem bases is essential
because the foliar symptoms never appear at the early stages of Phytophthora
infection of the roots. Some other foliar symptoms are represented as wet, dark
brown to black spots on the leaves and stems causing wilting and aerial dieback
but no stem or root death.

Although Phytophthora belongs to a fungi-like group called oomycetes, it is more
closely related to algae. Phytophthora is a motile microorganism that migrates
via tiny spores called zoospores, which quickly move in water and attract to

the roots due to chemical exudates. Poor discharging or retaining of water inside
the plant leads to worse disease because zoospores require water to survive

and move. Other long-living spores produced by the Phytophthora species are
called oospores and chlamydospores, which are liberated after roots decay in the
soil causing contamination even for compost and standing areas. But oospores
are more dangerous than chlamydospores because they can survive outside the
host. Unfortunately, the fungicides used for Phytophthora control are fungistatic
not fungicidal, so disease progression takes place after fungicide decays. Other than
fungicides, there are various chemical disinfectants and non-chemical methods
like steaming, solarization, and bio-fumigation used for Phytophthora control.

The final and radical solution to the problem of Phytophthora infection of plants is
based on two axes. The first axis is prophylactic, that is, prevention of Phytophthora



infestation via continuous disinfection of irrigation water sources, preventing
sewage from reaching the soil, purifying the soil continuously from weeds and
harmful plants, and spraying pesticides and fungicides in reduced doses. The
second axis depends on the treatment in the event of any infection, whether to the
roots, stems, or foliar parts of the plant, by spraying fungicides in intensive doses
with re-examination of the tissues of all plant parts to ensure plant safety and to
stop disease spread.

Advisements given to farmers in the form of preventive measures include draining
any open soil and standing water, ensuring water irrigation is free from Phytophthora,
covering water reservoirs to prevent contamination, filtrating and sterilizing water,
using disposable tools like pots and trays or at least carefully disinfecting reused
ones, and taking only healthy cuttings at propagation. Those individuals importing
plants should inspect all plants and remove any that show signs of infection.

This book is divided into three sections. Section 1, “Phytophthora Threats on
Economic Plants in Egypt and Ghana,” includes Chapter 1 “Phytophthora spp.:
Economic Plant Threats in Egypt” and Chapter 2 “Phytophthora Diseases in Ghana:
Threats, Management Options and Prospects.” Section 2, “Biocontrol of Phytophthora
Infections,” includes Chapter 3 “Plant Beneficial Microbes Controlling Late Blight
Pathogen, Phytophthova infestans” and Chapter 4 “Endophytic Microorganisms

as an Alternative for the Biocontrol of Phytophthora spp.”. Section 3, “Prevalence and
Recognition of Phytophthora,” includes Chapter 5 “Phytophthora Diseases Prevalence,
Its Effects and Controls in Ghana” and Chapter 6 “Recognition and Early Stage
Detection of Phytophthora in a Crop Farm Using IoT”.

Waleed Mohamed Hussain Abdulkhair

Microbiology Department,

Egyptian Drug Authority,

(National Organization for Drug Control and Research, formerly),
Giza, Egypt
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Chapter1

Phytophthora spp.: Economic Plant
Threats in Egypt

Waleed Mohamed Hussain Abdulkhair

Abstract

The potato crop is exposed to infection with many fungal diseases including late
blight, caused by Phytophthora infestans. The control of late blight disease requires an
integrated management approach represented in cultivation control, plant resistance,
and fungicide control. The citrus plants are infected by Phytophthora nicotianae that is
causing root rot disease in Egypt. Three species of Phytophthora responsible for infec-
tion of citrus plants; P, nicotianae, P, citrophthora, and P. palmivora. Other pathogens
associate P, nicotianae and form complexes or coinfection that release different
diseases for citrus plants such as gummosis, Phytophthora—Diaprepes complex (PDC),
and Huanglongbing syndrome (HLBS).

Keywords: oomycetes, pathogenicity, coinfection, citrus plants, potatoes

1. Introduction

Plants are exposed to various biotic and abiotic stresses that affect their growth
and yield. Biotic stress is represented by different microbial diseases that infect
the plant. Therefore, the control of biotic stress is very urgent to maintain healthy
crops Egypt suffers from accelerated population growth, which hinders economic
development and constitutes an explicit threat to food security if it is not decisively
controlled. FAO reported that “In the next decades, Africa will suffer from severe
decrease of crops due to water deficiency, adverse weather events, pests and other
factors, which lead to famines and drought”.

Crops are exposed to microbial infections particularly fungal infections includ-
ing Phytophthora infection as one of the main destructive phytopathogens. Among
these crops, citrus is exposed to damage and subsequently high economic loss due
to Phytophthora infection. — spp. infect different parts of citrus plants causing
various diseases such as damping-off of seedlings, fibrous root rot, crown rot,
and gummosis [1]. Ten species of genus Phytophthora are known to infect citrus
plants around the world causing serious diseases such as gummosis, and root and
fruit rots [2]. Chemical fungicides are one of the control measures, which provide
an effective result, but their effects are not eco-friendly due to their harmful
effects. Different fungicides, including Fosetyl-Al and Metalaxyl-M, may be used
separately or by alternation to reduce the development of fungicide resistance [3].
Metalaxyl-M is usually used in East African countries to control the Phytophthora
infection prevalence in potatoes [4, 5]. Climatic conditions play an important role
in the prevalence of Phytophthora infection in citrus plants; i.e., the root infections
caused by P, citrophthora are severe during spring and very mild during winter, on

3 IntechOpen



Agro-Economic Risks of Phytophthora and an Effective Biocontrol Approach

the other hand, the root infections caused by P. nicotianae are severe during summer
and early autumn and very mild during winter [6].

Potato is one of the economic crops which are important for Egyptian exporta-
tion. This strategic and economic crop is exposed to complete damage by late blight
disease caused by P, infestans, which is considered the most common disease for
both potatoes and tomatoes worldwide [7-10]. Control of Phytophthora infection
depends mainly on the contentious elimination of spoiled piles of potatoes and
using a convenient means for both harvesting and storage [11]. Although different
fungicides are used in the control of late blight, the phenyl amide fungicides such as
Ridomil still the most effective ones [12, 13]. Nevertheless, the use of Ridomil leads
to resistance development with frequent usage, so the strategy of Ridomil practice
should be modified; i.e., the potatoes should be treated with Ridomil (0.75 kg ha™l)
followed by another dose (1.5 kg ha™) to prevent both formations of late blight
disease and resistance development [14-16]. In such a way, using fungicides as an
effective treatment for late blight disease increases the productivity of potatoes by
as much as 60% and therefore decreases the economic loss [17]. In this chapter, we
will elucidate the harmful effects of Phytophthora spp. on crops in Egypt, and the
followed recent methods to control its diseases to maintain sustainable agriculture
and a strong economy, therefore.

2. Phytophthora

The phytopathogenic fungus Phytophthora spp. is unrelated to true fungi and
belongs to oomycetes. This oomycete has mycelia which released branched sporan-
giophores, which produce lemon-shaped sporangia at their tips. This oomycete is
characteristic of swellings produced by sporangiophores at the places of sporangia
formation [18, 19]. Different species are belonging to the genus Phytophthora
including Phytophthora infestans which have two mating types (Al and A2) which
are required to produce sexual spores known as oospores. P, infestans is the causative
pathogen of potato late blight disease [18-20]. Oospores are the main reason for
new strains’ release of P, infestans worldwide, which are more deleterious than the
old strains. Sexual reproduction begins with the growth of the two mating types
adjacently, where the globose oogonium is developed above the antheridium due
to the growth of female hypha through the young antheridium, which in turn
fertilizes the oogonium to develop a thick-walled and hardy oospore. The germi-
nation of oospores is carried out by a germ tube that produces sporangia, which
germinate entirely by releasing three to eight zoospores at temperatures up to 12 or
15°C, whereas above 15°C sporangia may germinate directly by producing a germ
tube [19].

3. Phytophthora diseases in Egypt

Egypt is an agronomic country that depends on the exportation of crops to
develop its economy. Therefore, all agronomic pests including Phytophthora spp.
which destroy the crops and other plants are threats and lead to decline of the
economy. Potatoes and citrus plants are occupied the first ranks of Egyptian
agronomic crops which export to different countries over the world, especially the
European Union and Arabic Gulf countries. In Egypt, potatoes and citrus plants are
usually attacked by P. infestans and P. nicotianae, respectively. These phytopathogenic
fungi are very deleterious due to their severe effects and resistance ability for many
fungicides. So, the control of these pathogens is a very urgent approach to maintain
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healthy crops, food security, and a strong economy. In the last 5 years, the Egyptian
government has succeeded to render the orange crop is the first exported citrus
plant worldwide due to new strategies and sustainable agriculture programmes
which are applied intensively.

4. P. infestans
4.1Life cycle

Temperature plays an important role in its life cycle, where sporangia of
P, infestans can germinate by a single germ tube at 13-21°C, and the emergence of
late blight is accompanied by a moderate temperature (10-16°C) and high rela-
tive humidity [21, 22]. The fungal growth is inhibited at 30°C or more, and it can
further sporulate when the temperature be relatively moderate with high relative
humidity near 100% [19]. The emergence of lesions is the main symptom of late
blight disease. These lesions have appeared as small circular or irregular with light
to dark green color, and they are also water-soaked [22]. These lesions are appeared
on both lower and upper leaves, where unfavorable and favorable climate conditions
are present, respectively [22]. At high humidity, the lesions are fast enlarged with
the formation of brown areas with the absence of clear borders. At these borders,

a white zone (3-5 mm) of downy mildew growth has appeared on the lower sides
of the leaves, and then all leaves are infected and die [19]. Therefore, thereisa
relationship between late blight infection and humidity, where the infection and
symptoms appearance are accompanied by high relative humidity for a minimum of
7-10 hours. The late blight infection is distributed via spores scattering by wind and
rain until reach healthy plants where the disease cycle begins again. The life cycle of
P, infestans depends on two main environmental factors; humidity and temperature.
The moderate temperature and high relative humidity intensively allow to forma-
tion and distribution of late blight infection. Many life cycles maybe happen in one
season, and subsequently, the oomycetal infection is more prevalent even in the soil
as a carrier for spores. The late blight disease can completely damage the potatoes
within a few days or a few weeks when favorable environmental conditions are
provided. On the other hand, late blight disease is attenuated and disappeared with
dry weather, where the oomycetal activity is stopped and the existing lesions do not
enlarge and turn black, curl, and wither [19].

The late blight infection begins with close contact with sporangia and tubers.
Usually, late blight infection happens when sporangia are penetrating the tubers of
potatoes. Developing and mature tubers are a target for sporangia; however, mature
ones are a more favorable targets because they can cause cracks in the soil and give
sporangia ready access. The moist soil accelerates the infection of tubers, which are
usually appeared as irregular dark purple or brownish blotches. When the infected
tuber is torn off, water-soaked, dark, reddish-brown infected tissues have appeared,
and the oomycetal infection may be deeply extended into 5-15 mm in the tuber
flesh. The coinfection may happen for the infected tubers, where other fungal and
bacterial infections are present. The coinfection causes soft rots which characterize
by a putrid taste and offensive odor [19, 22].

There are two types of sporangia germination of P, infestans; direct germina-
tion by a germ tube or indirect germination by zoospores formation. Secondary
sporangia may be produced by germ tubes, and germinate at 7-13°C with the
presence of free water on leaves, and form 8-12 motile zoospores per sporan-
gium, which swim in the water and attach to the leaf surface and infect the plant.
Zoospores liberate the germ tubes and by which infect the leaves either through
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stomata or by direct penetration, where the mycelia grow and release long-curled
haustoria between the cells. The second phase of the life cycle starts in the moist
soil bearing sporangia. Zoospores profusely germinate and penetrate the tubers
through the wounds [21, 22].

4.2 Control

The control of late blight infection depends on different management
approaches including cultivation control, plant resistance and fungicides control.

4.2.1 Cultivation control

Control of late blight disease can be achieved by using good agricultural
practices as the most common control technique including using healthy seeds,
elimination of all infected potatoes, avoidance of frequent or night-time over-
head irrigation, using more conventional methods for both harvesting and stor-
age, and using more effective fungicides and herbicides to destroy the dropped
infected parts of potato plant [23]. As mentioned above, the prevalence of late
blight disease depends on providing adequate weather conditions (moderate
temperature and high relative humidity) despite these conditions being beyond
the control. Nevertheless, some measures should be applied such as the selec-
tion of proper fields and taking into account the appropriate method, time and
amount of irrigation. The proper field should have good water seepage, high
drainage, free from inoculum sources (infected potatoes), and also free from
the weeds which restrict the air movement within the canopy and block the
access of fungicides to the leaves and tubers of potatoes, and alternative late
blight hosts like hairy nightshade that supports the disease prevalence [21, 22].
Sprinkler irrigation is a more adequate method for potato cultivation because it
does not provide sufficient humidity that allows fungal growth and late blight
disease incidence. It is preferable to grow potatoes in rows parallel with the
winds to improve the air circulation and therefore foliage dryness. Conscious
cultivation of potatoes requires rooting of the vines before 2 weeks of harvest,
and then spraying the foliage with fungicides to kill living late blight spores.
The healthy tubers should be dried during and after storage, while the infected
tubers should be separated from the healthy ones [24].

4.2.2 Plant resistance

The plant resistance to late blight disease is another means for control that saves
us from using fungicides and subsequently prevents or diminishes fungicide resis-
tance. The plant resistance for late blight disease is an eco-friendly means, so the
modern approach of potato cultivation depends on using resistant cultivars, which
vary among each other in the resistance rate to late blight disease. Therefore, the
pursuit of late blight resistance is a very urgent matter, so a lot of potato cultivars are
genetically engineered to be resistant. Nevertheless, these genetically engineered
cultivars can be destroyed by other new strains of P, infestans because the resistance
is encoded by a single gene. So, using of polygenic (durable) resistant cultivars is
very helpful to allow the production of healthy potatoes free from any deposits of
fungicides. Although plant resistance technique is very effective for control of late
blight disease, avoidance of cultivation inadequate weather for late blight emergence
is required; as well as, frequent spray with an effective fungicide to completely
prevent the growth of P, infestans [25].
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4.2.3 Fungicides control

Despite the two previous effective methods in controlling the spread of late
blight that infects potato plants, using fungicides are very essential to completely
prevent or eradicate the late blight disease. The fungicides are also used as prophy-
lactic agents, where they are sprayed on healthy potatoes to prevent any growth
chance of P, infestans. The use of fungicides must be frequent and periodically
because they may be broken down by weather factors. There are two types of fun-
gicides according to their mobility named protectant and penetrant. The protectant
fungicides are usually used before the incidence of late blight infection because
the already infected potatoes never get rid of the symptoms of late blight and the
damaged tissues are never repaired. The penetrant fungicides are effectively used
after the incidence of late blight infection because they can kill the fungus and stop
the prevalence of late blight infection. Both protectant and penetrant fungicides
have broad-spectrum and systemic action, so they are powerful chemical control
agents [26].

5. P. nicotianae
5.1 Description

The main pathogen of citrus plants in Egypt is P. nicotianae or also called P. para-
sitica. This phytopathogenic oomycete was firstly isolated from tobacco in Indonesia
in 1896s. The oospores are produced from both antheridia and septate oogonia. The
spherical, ovoidal, or ellipsoidal sporangia are present with one to three sharp papil-
lae. The intercalary or terminal spherical chlamydospores and arachnoid mycelia are
also present. Although P, nicotianae can infect around 90 different plant families,
the citrus plants are still the main target of it. So, this pathogen causes a high loss
of citrus plants to reach to 15% in Egypt and subsequently negatively affects the
Egyptian exports from citrus plants and in turn leads to significant economic loss.
The isolation of P. nicotianae from the soil can be carried out by different methods,
but the baiting method is the most common and effective one. P, nicotianae can be
identified either by classical methods depending on morphology determination or
by genetical methods depending on SSCP fingerprinting and ITS sequencing. The
eradication of P. nicotianae depends on the same methods mentioned above espe-
cially using effective fungicides such as Metalaxyl-M and phosphonate.

5.2 Pathogenicity spectrum

The genus Phytophthora has a wide array of species that reaches 120 due to
the improvement of identification tools and methods, a wide survey of natural
habitats, and reports of new diseases [27, 28]. This blossoming may increase in the
next years where it has been reached 600 species [29]. Therefore, the host plants of
Phytophthora genus are also extending to be about 4400 hosts [30]. The pathogenic-
ity spectrum is differed from one species to another and subsequently influence
on agronomic productivity. P, nicotianae is characterized by its wide pathogenicity
spectrum against 90 families of plants particularly citrus ones and causes a high loss
of productivity. P. nicotianae is widely distributed worldwide especially in temper-
ate countries like Egypt and infects a considerable number of plants causing huge
economic loss [31, 32]. This pathogen causes many plant diseases including brown
rot, foot rot, root rot, gummosis, and black shank of tobacco [33].
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5.3 Pathogenicity behavior

The phytopathogenic P. nicotianae usually infects the roots of different plants
and other parts such as leaves, stems, and fruits and causes crown rot disease. The
pathogenicity behavior of P. nicotianae is hemibiotrophic; i.e., the pathogenicity is
accomplished through two steps; the first one is called biotrophy that implies the
pathogen intimately contacts with the healthy tissues at the early stages of infec-
tion, and the second step is called necrotrophy in which the pathogen penetrates
the tissues and profusely grows and causing tissue wilting and death. P, nicotianae
has sporangiophores that bear multinucleate sporangia, which directly germinate
in the proper weather and produce wall-less zoospores which are uninucleate and
possess two flagella to can migrate until contact with the host tissues. Once contact
is done, zoospores form a cell wall and cysts, which in turn germinate to form germ
tubes by which they can penetrate the plant tissues [34, 35]. Moreover, P. nicotianae
can reproduce sexually by formation thick-walled oospores as a net result of male
and female gametangia fusion. Sexual reproduction leads to high genetic variation
which in turn leads to releasing of novel pathogenicity and virulence factors. The
main habitat of oospores is the soil where they can persist for several years until
germination and formation of germ tube that penetrates the host tissues and causes
the diseases.

Under hard extreme environmental conditions, P. nicotianae produces thick-
walled asexual structures called chlamydospores, which persist in the soil very long
time reach to several years. Chlamydospores can actively germinate at moderate
and high temperatures, while they are dormant in low temperatures as the same
with oospores. Therefore, P. nicotianae can tolerate the hard weather of the winter
by both oospores and chlamydospores which be dormant in rhizospheres of host
plants. Some animals like termites and snails are good vectors for both oospores
and chlamydospores, which survive in their gastrointestinal tracts and feces [36].
Itis argued that, P, nicotianae can reproduce sexually and asexually according to
weather conditions; i.e., under proper conditions, they usually reproduce by sexual
propagules, but under unfavorable conditions, they tend to asexual reproduction to
tolerate the hard conditions. So, the life cycle of P. nicotianae includes both sexual
and asexual propagules [37].

5.4 Coinfection

The coinfection implies the association of P, nicotianae as a soil-borne pathogen
with other pathogens which together infect the host-plant tissues and cause unprec-
edented diseases such as the new citrus diseases, which are somewhat incurable
diseases.

5.4.1 Phytophthora gummosis

Citrus plants represent a high economic value in Egypt, so they must be pro-
tected from all destructive pathogens especially P. nicotianae. Citrus plants may
usually be infected by 10 species of Phytophthora, the severe diseases are inci-
dent by only three species namely P, nicotianae, P. citrophthora and Promecotheca
palmivora, but P. nicotianae is the most destructive one not only in Egypt but
all over the world where it causes root rot, foot rot, and gummosis [38]. The
coinfection is usually accompanied by the life cycle of P. nicotianae, where it is
associated with P. palmivora in warm countries like Florida or Southern Asia, and
it is associated with P. citrophthora in the Mediterranean countries and causing
branched cankers [39, 40]. P, citrophthora is active in spring, while P, nicotianae is
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active in the summer and early autumn causing root infection. Therefore,

P, nicotianae requires a high temperature more than P. citrophthora for growth
and activity. P. nicotianae is a dominant phytopathogenic fungus in Brazil, Egypt,
South Africa, and Tunisia. Fungicides, resistant plants, and sanitary practices are
good measures for the control of P, nicotianae [41].

5.4.2 Phytophthora: Diaprepes complex (PDC)

Diaprepes is the polyphagous root weevil found in citrus areas due to the distri-
bution of infected nursery stock. The roots of citrus plants are being infected by
the larvae of the weevil which are feeding on root tissues until be dilapidated and
then be died. On the other hand, the infection with Diaprepes is followed by the
infection with P. nicotianae through the injured roots predisposed to Phytophthora
infections, and PDC is formed, which is an incurable disease that is very difficult to
control [42].

5.4.3 Huanglongbing syndrome (HLBS)

There is another coinfection include P. nicotianae called HLBS that is more
incurable than PDC. The name of this disease returns to the citrus greening or
yellow dragon disease which is the oldest citrus disease worldwide. Although, this
disease is widely distributed in most citrus areas over the world, the Mediterranean
Basin region, Australia and Japan are less affected [43]. HLBS is usually transmitted
by both psyllid vectors and grafting. Three varieties are belonging to unculturable
Gram-negative bacterium; Candidatus liberibacter. The first variety was isolated
from Africa; C. liberibacter africanus and designated as (CaLaf), the second variety
was isolated from Asia; C. liberibacter asiaticus and designated as (CaLas), and the
third and last variety was isolated from America; C. liberibacter americanus and
designated as (CaLam) [44]. The effect of this disease is very severe because it
causes vascular decline, reduces both fruit size and quality, and completely kills the
trees [45]. The seriousness of this disease returns to no resistant plants are found
and also no efficient management program is currently available, so the plant losses
may reach 100% locally [46]. Moreover, the pathogenic bacteria attack all parts of
the host plant and cause complete damage particularly if the coinfection included
P, nicotianae is incident. Accordingly, the control of this disease mainly depends
on the eradication of psyllid vectors and following the sanitary practices including
removal of infected trees, which may be avoided by following a good nutrition
program. Furthermore, effective mefenoxam-based fungicides can be used as help-
ful agents to get a ride of this dreaded plant disease. This control strategy has two
disadvantages: high cost and inefficiency with mild or long persistence [3, 47].

6. Methodology
6.1Isolation of pure cultures of Phytophthora spp.

Isolation of Phytophthora spp. is usually carried out by using Rye B Agar medium
[48] (60 g rye grain, 20 g glucose/sucrose, 15 g agar, and 1.0 L distilled water,
pH 6.8 £ 0.2). The rye grains were soaked in distilled water and left at room tempera-
ture for 36 hours. The supernatant was poured off and kept in a separate vessel, while
the distilled water was added to the settled grains and heated in a water bath at 50°C
for 3.0 hours. The mixture was filtered through a sieve and the grains were discarded.
The filtrate was mixed with the kept supernatant, glucose/sucrose, and agar, and the
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distilled water was added until the volume reached 1.0 L, and then agitated thor-
oughly. The mixture was autoclaved at 121°C for 20 minutes. The autoclaved medium
was left to be cooled at 45°C, and 3 ml of a stock rifamycin (30 pg/ml) and 1 ml of
stock piramycin (10 ug/ml) were added and mixed thoroughly.

The infected part of plant with Phytophthora spp. was cut into small frag-
ments, which were placed into the healthy part susceptible to infection. The two
parts were fastened back together with a rubber band and incubated at 16°C for
4-9 days. The infected part was cut into small fragments by a sterile scalpel. These
fragments were disinfected in 70% ethanol for 15-20 seconds and then de-aerate
in 0.1% sublimate of HgCl, for 30-45 seconds, or in 1% sodium hypochlorite
for 180 seconds. The disinfected fragments were rinsed three times with sterile
distilled water, and placed onto the agar surface of Rye B medium containing
antibiotics and maintained in dark at 16°C for 10 days. The colonies of Phytophthora
were examined microscopically by a lens (400x). The sporangia of Phytophthora
appeared in different shapes according to the species [49].

6.2 Storage of Phytophthora spp.
6.2.1 Using agar slopes under pavaffin oil or water

The pure culture of Phytophthora spp. was grown on Rye B Agar medium for
2 weeks. The agar surface loaded by the growth of Phytophthora spp. was flooded
with sterile paraffin oil or water and stored at 4-7°C. The sub-culture must carry
out at least once every 3 years.

6.2.2 Using liquid nitrogen

The pure culture of Phytophthora spp. was grown on Rye B Agar medium for
10-14 days at 16°C. The growth was cut into discs by a sterile cork-borer, and
placed in 1.5 ml cryovials containing a sterile 15% dimethyl sulfoxide solution
(DMSO), and mixed thoroughly until be immersed. The temperature of cryovials
containing Phytophthora discs was decreased gradually (—1°C/min) for at least
4 hours at —70°C using a specified device for this purpose. The frozen growth
was transferred into liquid nitrogen (-196°C). Due to the toxic effect of DMSO
on the growth of Phytophthora spp., the growth discs must be quickly thawed and
rinsed carefully and thoroughly with sterile distilled water when out of the liquid
nitrogen.

6.3 Preparation of Phytophthora inoculum

The mycelial growth of Phytophthora spp. was placed on the agar surface
of Rye B Agar medium between two slices (1 cm) of susceptible host plant for
infection. The two slices never completely cut off from each other to be closely
attached with the moist medium to enhance the pathogen proliferation. The agar
plates were incubated at 16°C for a week at high relative air humidity (80-100%)
until thick mycelia appeared on the upper surface of the top slice. The sporangia
of Phytophthora were collected from the mycelia by a brush and washed with
deionized water. The hemocytometer was used to prepare the required inoculum
concentration (50 sporangia pl ™). The inoculum was left at 7°C for 2 hours, and
at room temperature for half an hour to increase the liberation of zoospores from
sporangia. During the test, the inoculum should be constantly and gently agitated
to prevent sporangia sedimentation and therefore zoospores accumulation that
provides an adverse event on the solution surface [50].

10



Phytophthora spp.: Economic Plant Threats in Egypt
DOI: http://dx.doi.org/10.5772/intechopen.101115

7. Conclusions

The potato is one of the economic crops in Egypt that participates in the provid-
ing of local food security and valuable national income through the exportation of
agronomic crops. The production of potatoes should be provided with complete
care that includes the use of modern safe methods that prevent or treat diseases that
affect it, including late blight. Using of effective fungicides is one of these methods
which protect from and eradicate the infection of P, infestans. The integrated disease
management strategy is the best method to control the prevalence of late blight due
to the development of new fungicides-resistant strains. The citrus plants are also
economic crops in Egypt and require complete care to prevent the growth of the
main destructive pathogen called P. nicotianae that cause different diseases espe-
cially through its association with other pathogens (coinfection).
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Abstract

Ghana’s agricultural economy is largely dominated by the crop subsector with
much focus on the production of tree, arable and vegetable crops. Nevertheless,
Phytophthora spp. are major threat to the production of these crops contributing sig-
nificantly to yield reduction. In this review, the main focus will be to look at the threats
the pathogen poses to production, economic importance of Phytophthora diseases,
highlights some Phytophthora diseases with limited research in the country but have
the potential of affecting crop production, management options and the prospect of
developing and deploying biological control strategies considered environmentally
friendlier and devoid of human health risks to reduce the effect of this pathogen on
crop production as well as reducing the dependency on chemical control option.

Keywords: Biocontrol, Chemical control, Epidemiology, Phytophthora, Symptoms

1. Introduction

Plant diseases are of significant importance in plant production globally. From
the resource poor small-scale farmer to the most sophisticated commercial grower,
plant diseases remain a major source of concern affecting all levels of the farm-
ing enterprise contributing significantly towards achieving a reliable world’s food
systems. It influences decision making process of not only producers but traders,
processors and even consumers contributing immensely towards the various
components of food systems. Directly, diseases impact negatively on yield and it
is estimated that about 16% of global arable food is lost to diseases [1, 2]. Several
pathogens cause plant diseases, however, since the infamous Irish potato famine
in 1840, the pathogen, Phytophthora sp., has been considered the most destructive
plant pathogen [3] with more than 80 species in the genus with multiple or diverse
host ranges [4, 5]. Several documents have reported on the negative impact of
Phytophthora diseases on global economy in relation to human suffering, hunger,
disease and subsequent death [6, 7]. Yield losses associated with the pathogen is
estimated in billions of dollars annually [8, 9].
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For years, Phytophthora diseases have impacted tremendously on Ghana’s
agriculture threatening the economic livelihood of farmers most especially those
in cocoa production sector. Phytophthora pod rot disease commonly known as the
Black pod disease (Figure 1) caused by Phytophthora palmivora and P. megakarya is
the most destructive cocoa disease worldwide accounting for over 30% pod yield
loss through pod rot and 10% tree death [11]. Since the incidence of Phytophthora
diseases of cocoa were reported in Ghana [12], high yield loss ranging between 60
and 100% has been recorded [12] with the country losing more than a quarter of
its 2012 annual output of 850,000MT to Phytophthora spp. disease [13]. Continuous
destruction of cocoa by Phytophthora has compelled most farmers to abandon cocoa
production for other crops [14, 15].

Although Phytophthora diseases on cocoa have received a lot of attention and
well documented in Ghana, reports on their impact on other crops are scanty and
highly unavailable except for taro [Colocasiae esculenta] which recently has been
documented. Since the initial report of taro leaf blight [16] in the Eastern region of
Ghana, several researchers [17, 18] have reported the prevalence of Phytophthora leaf
blight of taro (Figure 2) and morphological and genetic variations in isolates of the
pathogen from different parts of the country [19]. Apart from reduction in yield, the
pathogen is reported to have caused most farmers to shift from taro production to
other crops such as sugar cane and rice [17]. Akrofi et al. [20] reported that plants such
as Xanthosoma saggitifolium, Musa paradisiaca, Carica papaya, Ananas comosus, Elaeis
guinnensis, Persia americana and Mangifera indica commonly used as shade plants
in cocoa production, served as alternative hosts to Phytophthora. This is worrying as
little research has so far been geared towards studying the impact of Phytophthora
on several crops in Ghana. This clearly poses a threat to crop production especially
as several reports reveal susceptibility of most of the country’s food and cash crops
to different Phytophthora species leading to massive decline in their production. For
example, diseases such as the tomato late blight, pineapple heart rot, and root rot of
papaya which are caused by Phytophthora species can greatly cause fruit and vegetable
insecurity in the event of future outbreak when knowledge on them is low. These chal-
lenges and gaps present opportunities for research into Phytophthora diseases in the
country such as assessing population structure and determining the epidemiology of
Phytophthora diseases, identifying host ranges and designing management strategies to
minimize its impact. Impact studies of the pathogen can also be carried out to quantify
their effect on crop production. The aim of this review is not to exhaust all aspects on
Phytophthora diseases in Ghana but bring to light current and potential threats on some
important crops, control options being used by farmers and the need to research and
promote the use of biocontrol agents in Ghana. It is believed this review will inspire
Plant Pathologists to delve deep into Phytophthora research in Ghana.

Figure 1.
Pods showing symptoms of black pod diseases [10].
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Figure 2.
Symptoms of taro leaf blight [17].

2. Phytophthora diseases of economic importance

Characteristics of all host plant impairments, Phytophthora diseases generally
interrupt with the normal physiological functions of their host thereby reducing
productivity and consequently lead to food and economic insecurity among popu-
lations which depend on it. Globally, impact of the late blight disease of potato,
caused by the P. infestans [Mont.] de Bary showed clearly the significance of plant
diseases and more especially those caused by Phytophthora species. This epidemic
led to mass starvation, death and migration of people from Ireland to the United
States [21]. In Ghana, the impact of Phytophthora diseases is highly prominent
and its impact heavily felt in cocoa production. The crop is a major earner for
the country accounting for about 67% of household income for about 25-30%
of Ghanaians living across the cocoa growing regions [22]. As important as the
economic value of cocoa to the country, Phytophthora palmivora and P. megakarya
infections has been reported to cause a stagnating effect on its production. The
disease which was first reported in Ghana in 1985 [12], covering an estimated area
of about 16, 000 hectares of cocoa farm land is now prevalent across all cocoa
growing areas in the country [10]. The black pod disease, caused by Phytophthora
sp. has been described as the single most destructive limitation to the economic
production of cocoa. Apart from the heavy pod loss, Phytophthora spp. causes
stem canker in cocoa leading to the death of plant [23]. This clearly shows a reduc-
tion in plant population and consequently yield of the farm. Omane et al. [16]
identified Phytopthora colocasiae as causing taro leaf blight disease in the country
apart from Phytophthora palmivora and P. megakarya on cocoa. The disease has
been associated with about 90 and 50% leaf and corm yield losses respectively.
High incidence and severity of the disease was reported in eleven districts of the
semi-deciduous agro ecologies of Ghana [17]. It causes corm rot and invasion of
the rot by other pathogens such as Lasiodiplodia theobromae causing the corms to
blacken in storage [24]. The major characteristic feature of all countries where the
disease had been reported is the forced abandonment of taro production by farm-
ers or replanting of fields with crops like sugar cane and rice [17]. This increases
food insecurity in taro growing communities as the crop is used as a substitute to
major food crops during lean seasons. A survey by [25] revealed high incidence
of citrus trunk rot in plantations in Ghana. Reports later showed Phytophthora
citrophthora as major cause of the disease as it causes citrus gummosis, [26]
affecting major Citrus species such as sweet orange [C. sinensis], lemon [C. limon],
mandarin [C. reticulata], grapefruit [C. paradisi], and lime [C. aurantifolia] [27].
The pathogen is reported to cause tree cankers leading to death and decline of the
tree crop in the field. Despite several interventions by farmers and various stake-
holders to possibly eliminate the menace of this disease, it had not been successful
which buttressed its economic importance in citrus production [28].
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3. Neglected Phytophthora diseases on crops of economic importance

Majority of research reports on Phytophthora diseases, in Ghana have focused
on cocoa, with limited number on taro and citrus and virtually none existing for
other crops. The pathogen, however, has been reported to be a great limitation to
the production of many crops produced globally. Various species of Phytophthora
cause varying degrees of damage to fruits, legumes, orchards and vegetable crops.
The pathogen is responsible for several plant diseases such as late blight, root, stem
and fruit rots in several crop species from different families such as Bromeliaceae
[Ananas comosus, Pineapple], Caricaceae [Carica papaya- Pawpaw], Sterculiaceae
[Cola nitida-bitter cola and Sterculia tragacantha], Agavaceae [Dracaena manni],
Arecaceae [Elaeis guinneensis-African oil palm], Apocynaceae [Funtumia elastic
-West African Rubber tree], Anacardiceae [Magnifera indica-Mango], Musaceae
[Musa x paradisiaca), Lauraceae [Persia americana-Avocado], Euphobiaceae
[Ricinodendron heudelotii-njanysa] and Inviigia sp. [20], although reports on disease
assessment, prevalence and economic importance have not been established in
Ghana. In several countries where Phytophthora diseases have been assessed and
reported in any crop species, pre and post-harvest losses due to even latent infec-
tions during transportation and storage has been huge. Akrofi et al. [20] reported
the role of some economic crops on cocoa farms in black pod disease epidemiology.
Since these economic plants serves as alternative host to Phytopthora species on
cocoa farms, then the potential of a possible disease outbreak due to Phytophthora
cannot be ignored. Fresh fruits and vegetable crops produced in Ghana are exported
to several countries for foreign exchange. Phytophthora infections can therefore lead
to the rejection of these produce at various quarantine checks at points of entry.
Furthermore, any delay in the transport of infected fruits or other produce to their
destination of use will lead to huge loss as disease development is very fast when
conditions are favorable.

It is worth noting that Phytophthora disease does not only have impact on the
produce but also on the general cost of production. With the objective to manage
the severity of the infestation of the pathogens, most farmers employ several meth-
ods among which chemical method of control is most preferred due to the quick
result it provides. The cost of acquiring these chemicals in the long run increases the
production cost of the farmer. Chemicals used in controlling most of these diseases
in most cases turn to react with the environment. This leads to the contamination
of water bodies and destruction of other useful microorganisms in the ecosystem.
Phytophthora diseases have the potential of threatening the agricultural economy of
the country with the potential to cause food insecurity. Therefore, serious attention
needs to be paid to the disease to limit the menace of its impact on the agriculture
enterprise.

4. Epidemiology and symptoms of Phytophthora diseases

Impact of climate conditions on the incidence and severity of the Phytophthora
spp. have been reported [29]. Ndoumbe‘-Nkeng [30] postulated that high levels
rainfall, higher relative humidity, and lower atmospheric temperatures are known
to be the main conditions favorable for the development of Phytophhtora diseases.
In agreement to this, Deberdt et al. [29] also observed a significant positive cor-
relation between rainfall and incidence of the P. megakarya pod rot. It has been
observed in Ghana that the occurrence of the disease is between July and October
across the cocoa growing areas [15, 31]. According to [32], Phythophtora disease
cycle is denoted by a parasitic phase which occurs during wet and dry seasons.
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Phytophthora spp. over-seasons on pod husks, in the soil, leaf debris and or roots or
shade plants [33]. When conditions are favorable [mostly during the rainy season],
there is a germination of the fungi sporangia, followed by the releasing of motile
zoospores of the Phythophtora mostly in free water and quickly spread to cause
destruction of host plant. Phytophthora megakarya and P. palmivora for example
undergoes series of developmental phases to form the disease cycle (Figure 3).
Symptoms of Phytophthora infections can be observed on every part of an infected
plant mostly under wet or humid conditions. In almost all foliar diseases resulting
from Phytophthora infection, the appearance of small translucent spot are the initial
symptoms which later appears as brown to darkened spots of lesions on the affected
parts [11]. These spots coalesce as environmental conditions favors it. In cocoa for
example, infected pods result in browning, blackening, shriveling up, or total rotting
of the pod [20]. Infected roots cause plants to pull up easily from the soil due to root
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Figure 3.
Disease cycle of P. megakarya on cocoa [20].

Figure 4.
Stem canker of cocoa [www.pestnet.org].
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Figures.
Symptoms of Phytophthora infection causing pineapple heart rot (A), Avocado fruit vot (B) and Papaya fruit
rot (C). [34, 35] (https://www2.ipm.ucanr.edu/agriculture/avocado/Phytophthora-fruit-rot/).

rot and loss. In most instances, mycelial growth covers infected plant parts areas
under moist conditions. Phytophthora diseases can also cause cankers (Figure 4),
fruit rots (Figure 5) and leaf blight (Figure 2).

5. Management of Phytophthora diseases

Crop disease management is one of the heaviest cost burdens in the crop pro-
duction enterprise. The neglect of diseased farms without control or management
interventions can cause a serious loss to the farmer. Management of plant diseases
aims at either attacking the pathogen directly or creating a condition that will be
unfavorable for its establishment and development. Achieving this calls for the
employment of several possible control methods and strategies.

For years, various fungicides have been employed in the control of Phytophthora
diseases most especially black pod disease in cocoa [36-39] and recently
Phytophthora leaf blight of taro in the country [40, 41]. The chemical control relies
mainly on copper-based fungicides and systemic fungicides such as metalaxyl and
phosphonates. Among them are Kocides 101 [77% cupric hydroxides], Cocoabre
Sandox [56% cuprious oxides], Copper Nordox 50 [50% cuprous oxide], Copper
Nordox 75 [Copper oxide] Champion [77% cupric hydroxide], Ridomil 72 plus [12%
metalaxyl and 60% cuprous oxide] among others for the control of P. palmivora and
P. megakarya, the two main causal agents of Phytophthora pod rot of cocoa [42]. The
effectiveness of fungicide for the control of Phytophthora disease, however, depends
on factors such as the climatic conditions at the time and location of application, the
crop variety, and pathogen species among others like social and economic consid-
erations [38]. To be able to achieve an effective chemical control of P. megakarya,
fungicides have to be sprayed at shorter intervals. In agreement with this, [15]
reported that whiles a by-weekly application was recommended in Cameroon due to
high and frequent rainfall, an average of 4-weeks intervals in Ghana was effective.
This deference could be attributed to the differences in the frequency and amount of
rainfall in Cameroon and Ghana. Chemical control in most cases have been reported
to be costly. This makes chemical control unattractive to many peasant farmers.
However, this approach could be cost effective when crop price is comparatively high
and the crop is also under a low disease pressure [14].

Cultural control strategies according to [43], is one of the ancient strategies in the
management of plant diseases. It is the strategic use of the day-to-day farm practices
to either inhibit, obstruct the establishment, growth and development of the patho-
gen. Cultural control system has proved not only to increase yield but also created the
conducive environment for efficient performance of applied fungicides [44]. To the
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low-income farmers, cultural control is the most cost-effective disease management
approach. This is because it does not require any extra cost apart from that which has
already been the situation. For instance, early harvesting, removal of infected pods
and pruning of infected branches reduces the inoculum load present by the primary
or secondary infection. As postulated by [32], the appropriate tree spacing improves
aeration, reduces huge canopy humidity and also keeps leaf mulch or litter in check.
However, Luterbacher [45] in contrast of this report also reported that leaf litter has
no major impact in reducing cocoa pod infection from soil inoculum. Despite the
promising impact of this method, it was also observed that the sole implementation
of this approach could be labour intensive and thus needed to be complemented with
other control methods [30, 31, 46].

With frequent travel and trade within Ghanaian cities and regions, the fast
spread of Phytophthora megakarya has been linked to the movement of plant
materials from one district to another [15, 23]. This poses a high risk as several
plant diseases are moved from infected regions to an uninfected region. Quarantine
method could be adopted to overcome this menace. The quarantine system of plant
disease control ensures that agriculture and natural resources in a localized area or
district or region are safeguarded against the entry of disease pathogens. This will
help to ensure an abundant, high-quality, and varied food supply within the terri-
tory and beyond.

6. Novel approaches to control Phytophthora diseases in Ghana:
success, challenges and prospects

In the management of Phytophthora diseases in Ghana, especially cocoa diseases,
much emphasis has been laid on chemical and cultural control as against other
control options such as biological control. In the chemical control of Phytophthora
disease, there has not been only an over reliance but an abuse of synthetic fungi-
cides which have both health and environmental effects although the strategy is
quicker, reliable and effective [47]. Utilization of control option such as biological
control is not only imperative but possible, since there are numerous reported cases
of biological control attempts [48-51]. Biological control strategy if harnessed
will not only become a complementary but also an alternative for the control of
Phytophthora disease as it is considered as an environmentally friendly form of
disease control [52]. Biological control is the judicious use of an antagonist, its parts
or product (antibiotic/secondary metabolite) to inhibit, prevent or control plant
diseases. Directly, it protects their host using mechanisms such as competition
for nutrients, root colonization and competition for infection sites, secretion of
extracellular lytic enzymes and hyperparasitism, and induction of plant resistance.
Indirectly, it promotes plant growth thereby protecting the plant from pathogen’s
attack [53, 54]. Not much reported success stories on the use of biocontrol agents
against Phytophthora diseases in Ghana, but several attempts such as identifying
microbial antagonists, botanicals, and resistant varieties have been initiated which
needs to be appreciated.

There have been reports on the use of natural agents against P. palmivora and
P, megakarya in Ghana especially i vitro. Not much work have been done in the field.
The first of such reports was by Attafuah [55] who demonstrated that there was an
inhibition of P. palmivora by an isolate of Pseudomonas aeruginosa [Schréter] Migula
on cocoa husk in vitro. It was reported that the antagonist was isolated from cocoa
mealybug, Planococcoides njalensis Laing and tested against P. palmivora. It was through
the effort and the works of Attafuah that formed the basis for Odamtten and Clerk
[56] to work with Aspergillus niger and Trichoderma viride. Their results showed that
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metabolites of A. niger and T viride inhibited zoospore motility, direct germination
and indirect germination of sporangia, mycelial growth, sporulation and sporangial
size of P. palmivora in vitro. Akrasi [57] isolated and identified eight Bacillus species
strains from yam rhizosphere which were antagonistic to P, palmivora, the causal agent
of cocoa pod rot disease (Black pod disease as being referred to in Ghana). Akrasi [57]
elucidated that the filtrates of the rhizobacteria were fungitoxic and thermostable
when exposed to temperature of about 121°C during autoclaving. He also reported
that the filtrates of the bacteria were comparable in their effect to two fungicides,
Thiophanate Methyl [Topsin M 70 WP] and Ridomil 72 plus [72% WP].

Based on the findings of Akrasi [57], [58] applied the promising rhizobacteria
as protectant on cocoa pods and reported that that both broth culture and culture
filtrate of the rhizobacterium isolates applied, completely inhibited P. palmivora
infection and lesion development on detached cocoa pods. In recent studies, the
rhizobacterium was identified as Bacillus amyloliquefaciens and field studies con-
ducted alongside with two other antagonist viz. Aspergillus and Penicillium spp.
showed these three antagonists as having potential to be developed as biocontrol
agents against the black pod disease of cocoa [59].

Apart from the numerous inorganic pesticides, reports on the use of plant-based
fungicides against Phytophthora in Ghana is limited. However, Awuah [60] postu-
lated that natural substances from plants possess antimicrobial effects that could be
potentially used in the control of Phytophthora diseases. This was based on the fact
that, crude steam distillate of Ocimum gratissimum completely inhibited the growth
of the pathogen and prevented black pod development on detached cocoa pods.
The author further reported that the use of Cymbopogon citratus and O. gratissimum
against the black pod pathogen in the field were effective against the black pod
pathogen comparable to Kocide 101 [60].

For years several attempts have been made in the identification, breeding and
selection of germplasm especially in cocoa for resistance to P. palmivora and P
megakarya. The use of such traditional breeding techniques for the breeding of cocoa
resistance to P palmivora and P. megakarya has been of little success. There is a well-
documented reports on screening of cocoa accessions for resistance to P. palmivora
[61]. There was also a programme to assess the existing cocoa germplasm in Ghana for
resistance or tolerance to P. megakarya [62]. However, [63] reported that there were no
cocoa genotypes with immunity to the black pod disease pathogens in Ghana. Modern
breeding approaches are currently employed to determinine the mode of inheritance,
combining ability and heritability of resistance to P. palmivora and P. megakarya in
cocoa germplasm [64]. Cocoa hybrids such as Alpha B36xPa7/808, Pa7/808 pound
7 and Alpha B36 xT65/326 were identified to possess different levels of resistance
against major cocoa diseases [65]. With respect to taro, some germplasm have shown
high level of tolerance to P, colocasie [19, 66].

The main challenges confronting the development and use of biological control
as complementary/alternative to chemical control options in Ghana are the lack
of Government initiative to promote biological control as against the importation
and use of synthetic fungicides that have health and environmental effect. In some
countries, there are policies to promote the use of biological control agents for the
control of plant diseases. Through the National Research Initiative and other USDA
programmes, research funds are made available for funding biological control
activities. Among such funds are the Section 406 programme, IR-4, Regional
IPM grants, and Integrated Organic Programme. Funds are also made available to
stimulate the development of commercial ventures for the small business innovative
research [SBIR] programmes [67]. The Government of Ghana therefore has to make
it as a policy to promote research and encourage the usage of novel control options
to complement the use of chemicals in an integrated manner. Scientific research in
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Ghana on biological control needs to be coordinated leading to the establishment
of Biological Control Community of Practice to encourage effective research and
promotion of biocontrol agents. Farmers and other stakeholders need continuous
education to raise their awareness on the dangers of abusing synthetic pesticides
and its effect on health and the environment.

Notwithstanding the challenges, the future looks bright for the development of
biological control and other control strategies in the country to mitigate the effects
of Phytophthora due to the fact that awareness on the impact of the pathogen on
crop production is gaining attention and research to characterized the structures
and functions of biological control agents, pathogens, and host plants at molecular,
cellular, organismal, and ecological levels are gradually receiving attention of plant
pathologists and breeders in the country. To ensure that world food becomes safer
in the next decade, then there should be increase in demand for safer pesticide in
Agriculture and the solution should therefore be a biological control in an inte-
grated management [IM] systems.

7. Conclusion

Phytophthora disease and its impact as a potential cause of food insecurity is
something that every economy has to seriously take into consideration. It affects
awide range of crops; fruits, vegetables, legumes, root and tubers. It causes total
yield loss, both in the field, transport or even in storage due to latent infection.
Despite the threat posed by this pathogen, limited studies have been carried out on
most crops in Ghana. In this chapter, we able to elucidate the various crops that are
affected by the pathogen, the effort being made to manage it, the prospect of using
biocontrol agents against the use of chemical fungicides due to their effect on the
environment and humans. The review has also thrown more light on how concen-
tration has been on Phytophthora pod rot disease of cocoa at the neglect of other
equally important diseases caused by the pathogen. Highlighting the challenges
confronting the use biocontrol as an option, the main issue addressed was lack of
governmental policy to promote this practice and insufficient funding to promote
research on Phytophthora. More attention is therefore needed with the aim of limit-
ing its impact on food and tree crops production in Ghana.
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Abstract

Potato (Solanum tuberosum) as a food source and culinary ingredient varies is the
fourth most produced noncereal crop in the world. Among multiple biotic stresses,
late blight caused by Phytophthora infestans is the most destructive disease. Control
of this pathogen is usually by the synthetic fungicides which have been fueled by
the public concern about toxicity and environmental impact and development
of pathogens resistance. Biological control agents (BCAs) seems the potentially
alternative to these pesticides, biological disease control is now recognized and
constitute an important tool in integrated pest management. BCAs strains should be
able to protect the host plant from pathogens and fulfill the requirement for strong
colonization. Bacteria such as Bacillus, Pseudomonas and Streptomyces and fungi
such as Trichoderma and Penicillium were the most reported as a BCA against
P, infestans using different direct antagonistic mode on the pathogen (via e.g. para-
sitism, antibiosis, or competition) or via exerting their biocontrol activity indirectly
by induction in the plant of an induced systemic resistance to the pathogen. In this
study, we present an overview and discussion of the use of beneficial microbes
(bacteria and fungi) as novel BCAs for biocontrol of P, infestans.

Keywords: Solanum tuberosum, Phytophthora infestans, biological control agents,
beneficial microbes

1. Introduction

Plant diseases need a good control strategies in order to maintain the quality and
abundance of food around the world. Especially, human population growth has
been the source of two major concerns: providing sufficient food for humanity and
minimizing worldwide environmental pollution. Several approaches may be used to
protect or control plant diseases. Beyond good cultural practices, harvest and post-
harvest approaches in reduction of pathogen growth, growers often rely heavily on
chemical fertilizers and pesticides. However, many countries have reported alarm-
ing residues of agricultural chemicals in soil, water, air, agricultural products, and
even in human blood and adipose tissue [1, 2]. Additionally, research suggests that
the massive use of inorganic fertilizers world-wide is associated with the accumula-
tion of in agricultural soils [3]. Researchers and Policy makers recognize that the
excessive and unsystematic application of agrichemical inputs poses a threat to the
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environment and humans alike. Consequently, several biologist have focused their
efforts on developing alternative inputs to synthetic chemicals for controlling pests
and diseases [4]. Among these alternatives those referred to as biological control
by using one or more beneficial microbes to suppress the damaging activities of
soil-borne pathogens.

Plant growth-promoting microbes (PGPM) are free-living microorganisms of
beneficial agricultural importance. The PGPM present important beneficial effects
on plant health and growth, suppress disease-causing microbes and improve nutrient.
PGPM exist in the rhizosphere and this is defined as the region around the root.
PGPM compensate for the reduction in plant growth caused by weed infestation
[5], drought stress [6], heavy metals [7], salt stress [8, 9] and some other unfavor-
able environmental conditions. Beneficial microbes are also the microorganisms
that produce hormones, vitamins and growth factors that improve plant growth and
increase crop production. Many research reported the ability of this microorgan-
isms to produce indole acetic acid (IAA), gibberellic acid, and cytokinins [10] and
production of important metabolites such as siderophores, HCN, and antibiotics
that have immense potentiality in enhancing the root surface area, altering root
architecture and promoting plant growth. Among the numerous plant growth-
promoting microbes (PGPM) are the most commonly applied in the biological
control strategies. PGPM may affect plant performance through multiple defense
mechanisms against several pathogens, operating directly by the production of
specific substances that are able to promote plant growth, increase the availability
and uptake of plant nutrients under biotic stress and induce the defense response of
plants attacked or indirectly through the suppression of plant pathogen [11, 12].

For the biological control of late blight which is Late blight disease, caused by
Phytophthora infestans (Mont.) de Bary, is one of the most serious threats to potato
production worldwide [13], Applications of different beneficial microbes as a
biocontrol bacteria, fungi, algae or their metabolites, have been tested their ability
to inhibit potato late blight, and when used as part of an integrated pest manage-
ment system, they have had varying degrees of success [14-16]. Bacteria with
antagonistic activity toward P, infestans are found mainly in the genera Pseudomonas
and Bacillus. Although some fungal antagonists such as Trichoderma atroviride and
Muscodor albus showed effective inhibition [17-20]. The objective of this chapter
is to review the ability of beneficial microbes used to control late blight of potato
caused by P, infestans, building on recent detailed reviews and research articles
on microorganisms antagonistic to late blight of potato and their management
approaches.

2. The methods of isolation of P. infestans

P, infestans causes potato and tomato late blight, economically the most important
disease of these plant species. The oomycete pathogen is frequently sampled, isolated
to pure cultures and stored. Efforts were made to develop isolation and culturing
techniques based on tomato and potato. There are two major steps of isolating
P, infestans, Field collection and isolation of P, infestans from infected tissue [21]. Petri
dish method makes easier the collection of largest number of diseased samples in the
field because is based on selective medium. Leaves, stems, petioles and even slices of
diseased tubers can be collected. It allows the transfer of samples from the field to the
laboratory in good condition and in turn stimulating sporulation of the lesions for
easy isolation. The petri dishes were prepared with 1.5-% water agar, the sample with
only one lesion were chosen and placed on the plate lid with the abaxial side up, in
such a way so that the agar is on the sample but never in contact. The plates must be
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sealed with Parafilm paper and placed in a cooler. In the laboratory, samples should be
incubated at 15-18° C for 3-7 days with light and dark periods of 12 hours and grown
hyphal tip of P infestans transferred on a selective medium. Previous reports men-
tioned the use of some effectiveness selective medium for the isolation of P, infestans.
The application of fungicides against P infestans can affect the establishement of the
oomycetes and their isolation. It is recommended to use tubers from fields where
systemic fungicides against P. infestans have not been applied. Gamboa et al. [22]
reported a method named sandwich method, tuber aseptically were cut in half and
quickly place an infected leaflet between both halves. The both halves were attached
with adhesive tape and wrap the tuber with paper towels, then place it in a paper or
plastic bag for transfer to the laboratory. In the laboratory, the tuber were cuted in
slices from the place of contact between the infected leaf and the tuber then put them
in a wet chamber and incubate for 7 days to induce pathogen development. Incubation
temperature should be 15-18° C with light and dark periods of 12 hours [22]. In the
laboratory the isolation P, infestans from infected plant tissue can be using different
infected tissues from potato or tomato plants. Sporulating lesion on potato/tomato
leaves taken from field are washed in fresh water and placed in a humid chamber
(inverted petri dish with water agar) with the leaf’s abaxial side up and incubated at
15-18°C for 1 day or until fresh sporulation appears. Small pieces of infected tissue
from the sporulating border of the lesion are cut and placed under potato/tomato
slices in an empty petri dish. Dishes are incubated at 15-18°C for 1 week, until there
is abundant sporulation on the upper side of the slice. To re-inoculate leaves, pick
sporangia from the top of the tuber and place them in a drop of water on a potato leaf
or another tuber slice. If isolating from infected tubers, slice the tuber where infec-
tion has occurred and place in a moist chamber until sporulation occurs. When clean
inoculum appears on the upper side of an infected tuber slice or leaf, the sporangia
are harvested in a flow chamber, by picking them up with an inoculating needle and
placing the sporangia on selective medium [23, 24]. Tumwine et al. [25] reported that
P infestans grew successfully and well on Rye A agar without the need of antibiotics

is one of the recommended medium for the isolation of P, infestans. The Rye A agar
was described for the first time in 1968 by Caten when Rye B agar were used for the
sporulation. However, V8 juice agar (V8A) which is blend of 8 vegetable juices, which
supplies the trace ingredients to stimulate the growth of fungi. The acidic pH of the
medium favors fungal growth and suppresses bacterial growth. V8A has been one

of the most popular and commonly used medium for growth and reproduction of
Phytophthora species [26]. In 2020, [23] were studied five different media in order to
select the optimal culture conditions of P infestans. Modifiations were made to use
ingredients available in local markets on the following media: lime bean agar (LBA),
Tree tomato or tree tomato agar (TA), carrot agar (AZ), Rye A modifid agar and 32%
non-clarifid V8 agar. The findings results showed that as was described before media
such as Rye A favored the ability of P, infestans to grow effiently.

3. Bacteria

The use of biological agents to control or suppress Phytophthora infestans provides
an economic and environmentally friendly approach. As a biopesticides bacteria are
the most common and cheaper form of microbial pesticides. The potential of a range
of bacterial strains as biocontrol agents of plant pathogens has been reviewed by many
scientific reports [27-29]. Streptomyces, Pseudomonas and Bacillus were the most tree
bacteria reviewed to control P, infestans [30, 31]. Actinomycetes were isolated from in
general from soil. Samples were diluted to go on serial dilution and plate on humic acid
vitamin agar as described by [32] supplemented with an antifungal and antibacterial
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Gram- such as nalidixic acid. The isolation plates were incubated at 35 + 2°C for 7 days.
The colonies had been transferred to International Streptomyces Project (ISP) medium
No. 2 agar [33, 34] plates for purity check. This isolation method can be improved
using same modifications. In the other hand, The isolation methods used to collect
bacillus and Pseudomonas from soil as an endophytic or epiphytic strains were routinely
grown on Luria-Bertani (LB) medium and incubated in the dark at 30°C [31, 35].

3.1 Bacillus

Bacillus and its products have been known for application as biological control
agent against a range of plant pathogen. The success of Bacillus species as biocontrol
agent could be ascribed to a wide array of peptide antibiotics produced such as
iturin A, mycobacillin, subtilin and bacilysin as well as 25 different basic chemical
structures with proven antifungal secondary metabolites [36, 37]. Lamsal et al. [38]
found after a dual culture inhibition assay was conducted on V8-PDA in plastic petri
plates (8.5 cm diameter) that seven bacterial isolates (AB0S5, AB11-AB15 and AB17)
qualified previously as beneficial microbes of tomato plants, inhibit efficiently P
infestans affecting tomatoes in Korea by more than 60% in vitro. However, AB15 was
the most effective, inhibiting mycelial growth of the pathogen by more than 80%
in vitro. For greenhouse evaluation, targeted plants were left to dry for 2 days, and
then 100 ml of bacterial spore solution (10’ spores/ml) was added to each pot 7 days
before infection so that only soil, but no above-ground parts, received any bacterial
spores. The results showed that AB15 was the most effective suppressing disease by
74% compared with control plants under greenhouse conditions. According to 16S
rDNA sequencing, a majority of the isolates are members of Bacillus, and a single
isolate belongs to Paenibacillus. In India, for Bacillus subtilis strains were tested for
their biocontrol activity against P, infestans in presence of the fungicide (Mancozeb)
M45 (CURZATE®) as positive control. Before the sowing of potato seeds in blocks,
all blocks were drenched with different bacterial cultures at the concentration 2x10°
CFU/ml, with the exception of chemical fungicide and control blocks. The potato
seed tubers were treated with 0.2-0.3% of M 45 (Mancozeb) fungicide before ten
days of planting. Results revealed that, bacterial treatments signifiantly reduced
disease incidence of late blight compared with the control. Bacterial treatments
increased the plant vegetative parameters like plant height, sprouting, number of
leaves, fresh weight and dry weight of plants. In addition, treatments also showed the
clear difference between commercial and non-commercial tuber yield/hectare. Ina
view of this results they suggest that the mode of the action were the ability of bacil-
lus subtilis strains to produce mycotoxins which can inhibit P, infestans growth and
the capacity of bacillus to induce the peroxidase activity [39]. Elliott et al. [40] have
been reported that Companion® and Serenade® are two Bacillus subtilis commercial
biocontrol products which reported to suppress P, infestans. However, resistance to
this bioproducts develops and some isolates of P. ramorum from North American and
European population have been shown to be resistant [41]. Bacillus strains could
control P, infestans directly by inhibiting the mycelial growth, germination of
the cysts or the swimming of the motile zoospore by producing many antifungal
compounds which suppress the pathogen or indirectly mechanisms by inducing
the inhabitation of the activity of ribosome or stimulate active oxygen burst, NO
production, callose deposition, and lignification [42-44].

3.2 Pseudomonas

Among biocontrol agents of interest, Pseudomonas spp., are known
for their production of antibiotics involved in biocontrol, such as
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2,4-diacetylphluoroglucinol and phenazines [45-47], which have been widely
studied in various plant-pathogen systems. Phenazine-1-carboxylic acid (PCA)-
producing Pseudomonas spp., have been found effective against numerous phy-
topathogens, including bacteria, fungi, and oomycetes, such as the causal agent

of bacterial blight of rice, Xanthomonas oryzae pv. oryzae [48], Gaeumannomyces
graminis var. tritici [49] and the oomycetes Phytophthora spp., and Pythium

spp.» [50, 51]. PCA has been linked to biofilm formation, favoring attachment of
PCA-producing Pseudomonas spp., to plant roots which facilitate the role of this
beneficial microbes as biocontrol agents [52]. The mechanisms involved to control
P, infestans by Pseudomonas were recently investigated, a previous study by [53]
reported that the biocontrol of the pathogen could be by inhibiting sporangia and
zoospore germination which suggesting the presence of many yet unknown anti-
oomycete determinants. However, [54] suggests that Phenazine-1-carboxylic PCA
produced by Pseudomonas spp., is involved in P, infestans growth repression and led
to important transcriptomic changes by both up and down regulating gene expres-
sion in P, infestans over time. Different metabolic functions were altered and many
effectors were found to be upregulated after the application of PCA, suggesting
their implication in biocontrol. The cyclic lipopeptide surfactant massetolide A is a
metabolite with versatile functions in the ecology of Pseudomonas fluorescens SS101
[55]. To study the effects of P, fluorescens SS101 and massetolide A on late blight of
tomato, two leaves located on the second branch from the stem base of 5-week-old
tomato plants were immersed in bacterial suspension (10° CFU ml™") for 1 min or in
a solution of massetolide A in sterile demineralized water (pH 8). Leaves immersed
in sterile demineralized water (pH 8) for 1 min served as a control. Treated tomato
plants were transferred to trays covered with transparent lids. After incubation

for 1d in a growth chamber at 15°C, the lower side of each treated tomato leaf was
inoculated with 3 pl droplets of a P, infestans zoospore suspension (3—4 x 10° swim-
ming zoospores ml™") or 3 ul droplets of sterile demineralized water (pathogen-
free control). P. fluorescens SS101 was effective in preventing infection of tomato
(Lycopersicon esculentum) leaves by P. infestans and significantly reduced the expan-
sion of existing late blight lesions. Massetolide A was an important component of
the activity of P, fluorescens SS101, since the massA-mutant was significantly less
effective in biocontrol, and purified massetolide A provided significant control of
P, infestans, both locally and systemically via induced resistance [56]. Additionally,
Biosurfactants (Rhamnolipids) produced by fluorescent Pseudomonas have zoo-
spore lysis activity and biosurfactant-producing strain Pseudomonas koreensis 2.74
has potential to induce resistance in potato plant against late blight disease. High
sensitivity of P. infestans zoospores to biosurfactants suggest that they can be used
to dampen the spread of potato late blight once infection has been detected in the
field [57, 58].

3.3 Actinomycetes

Actinomycetes are Gram+ bacteria that represent a high proportion of the soil
microbial biomass and have the ability to produce a wide variety of antibiotics
and of extracellular enzymes. Several strains of actinomycetes have been found
to control plant diseases [59-61]. Recently, [62] were identifed B-rubromycin as
a P, infestans cyst germination inhibitor by screening compounds produced by
Streptomyces isolated from soil. For that, an acetone extract was prepared from
Streptomyces cultures grown for 5 days in liquid medium A at 30°C by adding an
equal volume of acetone followed by mixing. 20-pL aliquots were mixed with
1 x 10? P infestans sporangia in total 70 pL (14.2% acetone solution), incubated
at 10°C for 18 h, and examined using an inverted microscope. As a control, it is
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confirmed that 15% acetone had no effect on morphological change in P. infestans.
The isolation of the cyst germination inhibitor enabled to identify p-Rubromycin
which can inhibit P, infestans cyst germination and hyphal elongation from sporan-
gia, while not affecting zoospore release, cyst formation, or appressorium forma-
tion. Chemical genetic analyses using f-rubromycin identifed a RIO kinase-like
gene, PITG-04584, as a critical contributor to zoosporogenesis, cyst germination,
and the formation of appressoria in P, infestans. The Lubimin is a vetispirane
sesquiterpenoid that consists of (2R,5S,6S,8S,10R)-8-hydroxy-10-methyl-2-(prop-
1-en-2-yl)spiro[4.5]decane bearing a formyl substituent at position 6. It has a role
as an antifungal agent and a phytoalexin. The synthesis of this biocompounds in
noninoculated potato tuber slices have been elicited after using culture filtrates

of Streptomyces isolates which induce the resistance of potato plants against late
blight caused by P, infestans [63]. In this sense, the reliance on actinomycetes as
promising biocontrol strategies are very useful in controlling P. infestans. Several
actnimoycetes most of which were Streptomyces strains have been demonstrated to
be effective [64-67].

From the gastrointestinal tract of a fish dredged near the South Orkney Islands
in Antarctica, [68] isolated the psychrotolerant bacterial Vibrio splendidus T262.
Investigation of this strain led to the isolation of a rare series of 15 bis- and trisin-
dole derivatives. Among them, six new indole alkaloids. Using the agar diffusion
method, at 10 pg/paper disk, some of the isolated compounds showed activity
against both gram-positive and gram-negative bacteria when trisindolal was active
against the P, infestans and a number of other plant-pathogenic fungi.

Independently of the mode of action of biological control agents, the success-
ful application of rhizobacteria to suppress late blight was confirmed by several
research using a range of bacteria such as Micrococcus luteus, Paenibacillus spp.,
Flexibacteraceae bacterium, and Enterobacter cloacae [35, 40, 69, 70]. However, there
is alack of research that highlight the effectiveness of the combination assays of one
or more bacteria to control P. infestans. Whereas, the combinations have potential
for extensive colonization of the rhizosphere, more consistent expression of benefi-
cial traits under a broad range of soil conditions, and antagonism to a larger number
of pathogens than strains applied individually.

4. Fungi

The beneficial fungi have gained immense attention as biofertilizers due to
their role in maintaining plant quality and quantity and their environment-
friendly relationship. Nowadays, use of this microorganisms as biocontrol agent
(BCA) is considered to be a rapidly developing natural phenomenon in research
area. Fungal biocontrol agents (BCAs) do not cause any harm to the environ-
ment, and they generally do not develop resistance in various types of pathogens
due to their complex mode of action. They have been proved to be an alternative
against the undesirable use of chemical products [71-73]. Previous reports have
detailed the importance of various fungi species as effectiveness biocontrol
agents against P, infestans [74-76]. For beneficial fungi isolation, the same method
was adopted for years ago based on PDA medium and it can have same small
modifications. PDA with chloramphenicol 0,016% (PDAc) and Rose Bengal Agar
(RBA) (dextrose 10 g.1", meat peptone 10 g.I"!, K2HPO4 1 g.I"!, MgS04.7H20
0.5 g.I"!, Rose Bengal 30 mg/l, Agar 20 g/1) media were used. Petri dishes were
incubated for 4 days for bacterial isolation and 7 days for fungal isolation at 25°C
in the dark [59, 77].
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4.1 Trichoderma

In the thick of various beneficial microbes have been investigated by several
scientists, Trichoderma genera is a well-known biocontrol fungi that has been used
since the 1930s to help plants acquire nutrients and control the plant pathogens
[78]. Several Trichoderma species have been developed commercially as biofungi-
cides and biofertilizers.

Fungi in the genus Trichoderma and bacteria such as Bacillus amyloliquefaciens
have shown in vitro potentiality to reduce the mycelial growth of Phytophthora
infetsans, P. quercina, P, capsici, P. cactorum and P. plurivora attacking Quercus
robur, Fagus sylvatica and Capsicum annuum [35, 79, 80]. The biocontrol roles of
Trichoderma against P, infestans could be attributed to the Trichoderma’s rhizosphere
competence and competitive ability [81], via the use of many mycoparasitic strate-
gies which are a direct mechanism for biological control that works by parasitizing,
detecting, growing, and colonizing pathogen involving the detection of pathogens
through chemotropism; lysis of the pathogen’s cell wall, pathogen’s hyphal pen-
etration by appresorial formation; production of cell wall-degrading enzymes
(CWDEs) and peptaibols and parasitizing pathogen’ cell wall contents [82], antibi-
osis or by activating a defense response as well as increased plant growth [83]. Many
studies have shown the biocontrol activity of Trichoderma against P, infestans. Khan
etal. [84] reported for the first time the elucidation and production of viridiofun-
gin A (VFA) from T. hargianum isolate T23 cultures and the antifungal potential
of VFA against P. infestans by suppressing zoosporangia germination and exhibit-
ing a high activity on germ-tube growth. In the assay, 0.3 ml PDB/V8 medium in
0.6 ml Eppendorf tubes containing VFA concentrations from 50 to 200 pug ml™ and
sporangial suspensions of the pathogen were prepared. Control medium contained
2% acetone. Cultures were incubated on a shaker at 100 rpm at 25°C in the dark
for 24 h. Subsequently, aliquots were taken from the cultures. Germination rates of
sporangia and germ tube elongations were determined. Moreover, [85] highlighted
the ability of 14 strains of Trichoderma to emit volatile compounds that decreased
or stopped the growth of P, infestans. The experiments were performed in Petri
plates divided into two compartments. The first compartment, containing V8 agar,
was inoculated in the center with a 5 mm diameter mycelial disk of P. infestans. The
second compartment, containing PDA, was inoculated with 5 mm mycelial disk of
actively growing mycelia from one of the 14 Trichoderma. The plate-dividing wall
prevented any physical contact between the Trichoderma strains and P, infestans
but allowed the free exchange of VOCs. After inoculation, the plates were sealed
with two layers of Parafilm and incubated at 21°C for 6 d, at which point the growth
diameters were recorded. Volatile organic compounds (VOCs) emitted from
Trichoderma strains inhibited the mycelial growth of P. infestans grown on a labora-
tory medium by 80% and on potato tubers by 93.1%. Using GC-MS analysis showed
that the most abundant compounds were 3-methyl-1-butanol, 6-pentyl-2-pyrone,
2-methyl-1-propanol, and acetoin. Electron microscopy of the hyphae treated with
T. atroviride VOCs revealed serious morphological and ultrastructural damages,
including cell deformation, collapse, and degradation of cytoplasmic organelles.

4.2 Penicillium
Large number of reports mentioned that Penicillium spp., interact positively
with plants roots. Some Penicillium species have shown an antagonistic activity

against plant pathogens by producing antibiotics which is a primary mechanism
of disease suppression by Penicillium also induce resistance in plants by activating
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defense signals [86, 87]. The adaptability to different environments and tolerance to
various abiotic stresses gives theses fungi species an advanced ranking to suppress
many plant pathogens [87]. Previous reports have demonstrated that Penicillium
species show efficacy as biocontrol agent against P, infestans. Based on the study
conducted by [77] reported that Penicillium chrysogenum induce resistance against

P, infestans in tomato plants. Dry Peni. chrysogenum mycelium extract was prepared
using a detailed protocol described by [77] the extract was diluted with distilled
water to a total carbohydrate content of 1.5 g 1"". The tomato plants were treated two
times with about 25 mL extract per plant as foliar spray. Leaf discs (diam. 18 mm)
of plants treated were laid onto moist filter paper. Leaf discs were inoculated with
10 L droplets of zoospore suspension. The inoculated leaf material was kept at 23°C
in the dark with a relative humidity at 100%. Three days later biochemical assays for
the peroxidase activity and isoenzyme analysis were conducted. The application of
the water extract of killed Peni. chrysogenum has shown no direct antifungal activity
against the pathogen, however the protective effect of the extract was shown under
controlled conditions after application on the whole plants and on leaf disk. The
findings suggest that control resulted from the induction of defense mechanisms in
the tomato plants. According to this many reports have been shown that the abil-
ity of Penicillium species to induce systemic expressions of defense-related genes
[peroxidases (POX) and phenylalanine ammonia lyase (PAL) and PR-1 genes] is the
key used by Penicillium to induce plant defense systems as well protects plants from
pathogens [85, 86]. Otherwise, antagonistic activity of endophytic fungi associated
with Artemisia nilagirica was studied against the pathogen P, infestans by the pres-
ence or absence of inhibition zone observed in dual cultures by using dual culture
methods. The study has shown that among the endophytic fungal tested Penicillium
atrovenetum and Trichoderma viride showed direct inhibition activity of pathogen
mycelia growth [87]. Additionally, [88] reported that P. striatisporum Pst10 isolated
from the rhizosphere of chili peppers showed very high antagonistic effects on
mycelium growth and sporangia/spore formation or germination of Phytophthora
spp., The analysis of the Pst10 organic solvent extract by thin-layer chromatography
(TLC) and the antagonistic activity tests highlight the existence of three differ-

ent antifungal compounds produced by P. striatisporum Pst10. To study the Pst10
antifungal spectrum of Pst10 the dual culture assays were used. In the other hand,
To determine the effect of Pst10 sterilized liquid culture filtrates (SLCF) on sporan-
gium and spore germination, 100 pl of sporangium or spore suspensions of P. capsici
were spread on 20 ml PDA agar containing 1 ml Pst10 SLCF. PDA plates were incu-
bated at 28 C for 24, 72, and 120 h. After each incubation time, 100 sporangia or
spores were counted and germination rate was calculated under a light microscope.

Using fungi as biological agents to control or suppress the growth of P, infes-

tans is not just limited to Trichoderma and Penicillium even they were the most
fungi reported. In 2020 [75] Isolated Aspergillus flavipes from agricultural soils as

a strong inhibitor for growth of various species of Phytophthora. As well as, the
crude extracellular extract of broth cultures of A. flavipes displayed a significant
growth inhibition of various Phytophthora spp., The putative compounds from A.
flavipes were chemically verified as 3-hydroxy-2',4,4’,6’-tetramethoxychalocone,
7,3,4,5 -tetramethoxyflavanone, isovitexin and amodiaquine. The non-activity

of this compounds on several pathogens while their noticeable drastic effect on
Phytophtora zoospores germination, mycelial anastomosis, sporangial formation
and causing enlarged hyphal tips, dwarfness to the hyphal length. This results
suggest that A. flavipes compounds are considered potentially as antiphytophthoral.
Moreover, [89] described an antifungal metabolite, oosporein, which was isolated
from the liquid culture of Verticillium psalliotae that produced the antagonistic
effects on P, infestans. Oosporein exhibited a significant growth-inhibitory effect
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on P, infestans in comparison with other phytopathogenic fungi. De Vries et al. [90]
found that Out of an analysis of 12 fungal endophytes, Phoma eupatorii isolate 8082
and Monosporascus spp., inhibited the growth of P, infestans in co-culture using

the agar diffusion assays, co-inoculation in planta and anthocyanin, presumably
through the secretion of secondary metabolites, particularly since their culture
extracts were also active. Furthermore, the study reported that the two of the
endophytes exhibited global inhibition of nine European P. infestans isolates. These
examples indicate that many fungi species as a beneficial microbes are also char-
acterized with high potential to control P. infestans directly by antagonistic activity
which inhibit the mycelia growth and the zoospore/zoosporangia germination via
the production of a range of biocompounds and by the induction of defense mecha-
nisms. Nonetheless, the use of beneficial fungi as a potential candidate to be more
studied and tested as a novel biocontrol agent in the field providing an alternative to
resistance gene breeding and application of agrochemicals.

5. Mode of action

As mentioned early, previous investigations highlight the importance of fungi
and bacteria as biological control against P. infestans. Thus, gaining insight into
mechanisms is of high importance for disease control. It is reported that microor-
ganisms engage several antagonistic mechanisms against plant pathogens, including
antibiosis, mycoparasitism, competition for nutrients and space, promotion of
plant growth, induced plant defense mechanisms, and modification of environ-
mental conditions. Among those mechanisms, the antibiosis refers to interaction
lethal between microorganisms through secondary metabolites, which is of high
importance to identify target cell, protein or enzyme, in concrete, implicated in
the mechanism. Moreover, identification of chemical substance responsible on
inhibiting of plant pathogens is a task challenge, due to volatility of compounds
and their synergetic effects. Until now, fewer compounds from microorganisms
were shown to effectively affect P, infetans. These include Phenazine-carboxylic
acid [91], Oosporein [92], B-Rubromycin [93], Iturin A [94], Fenngycin A’ [95, 96],
Thiobutacin [97], Bikaverin [98], Fusaric acid [98], 2,5-diketopiperazine [99] and
Xenocumacine 1 [100], listed in Figures 1 and 2. Moreover, detailed mechanism of
interaction against P. infestans was developed only with f-Rubromycin, Iturin A and
phenazine-1-carboxylic acid. p-Rubromycin belongs to the quinone antibiotics that
have the ability to inhibit retroviral reverse transcriptase but also act as inhibitors of
DNA polymerases [101]. [94] evaluated the activity of f-Rubromycin produced by
Streptomyces isolated from soil against P. infestans, showing that this compound was
capable of inhibiting the infection caused by sporangia and zoospores in tomato
plants. The mechanism of action seems to be related to the up regulation of the RIO
kinase-like gene that are involved in morphological development, altering processes
as important in P, infestans as cyst germination and hyphal elongation. [95] evalu-
ated the biocontrol capacity of Bacillus subtilis WL-2 against P, infestans, establish-
ing that Iturin A was the metabolite involved in the inhibition capacity against this
phytopathogen, causing cell membrane disruption and an irregular internal cell
structure. Iturin A is a lipopeptide that exerts its antimicrobial action through the
alteration of the cell membrane via the production of pores that generate osmotic
perturbation [102]. In addition to its activity in the membrane it was observed that
iturin A was capable of generating mitochondrial damage in P, infestans, causing
oxidative stress and alterations in the respiratory chain which alter ATP synthesis.
[54] reported the effect of phenazine-1-carboxylic acid (PCA) produced by a strain
of Pseudomonas fluorescens on the transcriptome of P, infestans, establishing that this
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Figure 2.
Anti-Phytophthora infestans compounds produced by bacteria microorganisms.

compound alters the expression of genes involved in functions like phosphorylation
mechanisms, transmembrane transport and oxydo-reduction activities.

Another method of disease control, so-called Mycroparasitism, is able to antago-
nize plant pathogens and promote plant growth by treatment with other microorgan-
isms. Mycoparasitism is a direct mechanism in which microogranism colonizes the
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pathogen through detection, parasitization and growth actions [103, 104]. This pro-
tection strategy has been recognized as an important mechanism of biological control.
Mycoparasitics such as the oomycete Pythium oligandrum [105], Pythium periplocum
[106] and different species from Trichoderma including T. asperellum, T atroviride,

T virens, and T. hargianum are successfully used against P. infetans. These mycopara-
sitic grow faster than their pathogenic plant counterparts, which means that they can
occupy rhizosphere space and nutrition, thus promoting both plant growth [107]
resistance in host plants [108, 109]. The mechanism of Trichoderma spp., for example,
appear to be very complex involving the detection of plant pathogen through chemot-
ropism; lysis of the pathogen’s cell wall (the key to mycoparasitism) [110]; pathogen’s
hyphal penetration by appresorial formation; production of cell wall-degrading
enzymes (CWDEs) and peptaibols, mediated by heterotrimeric G-proteins and
mitogen-activated protein (MAP) kinases [111]; and parasitizing pathogen’s cell wall
contents [112]. Degradation of pathogen’ cell wall during mycoparasitism is mediated
by a set of hydrolytic enzymes including f-(1,6)-glucanases, chitinases, and proteases.
Several members from each of these classes have been shown to be involved in myco-
parasitism and/or to be induced under mycoparasitism-related growth conditions
[113]. Although these microorganisms demonstrate their potential as mycoparasitic
biological control agents, fewer mechanistic studies have been investigate the molecu-
lar or genetic determinants of their mycoparasite lifestyle.

However, rather than directly expanding into infected plant, microorgan-
ism might compete with the pathogen producing secondary metabolites able to
partially or totally inhibit the pathogenic fungi. This classical mechanism occurs
when special and nutritious resources are limited. Consequently, the antagonistic
microorganisms feed on the available resources for growth, causing therefore a
reduction in the growth of the pathogens. A published example of metabolite-
pathogen protection is that produced by Phoma eupatorii 8082. This endophyte has
a remarkable potential to produce the anthocyanin product [114]. The latter could
be produced as a result of a stress response positively regulated by jasmonic acid
[115-118]. Hence, it is possible that tissue colonization with Pho. Eupatorii induce
jasmonic acid dependent defense responses, which may play a role in the inhibi-
tion of the P, infestans infection. Indeed, [119] reported that jasmonic acid induced
reduction of infection in the leaves of tomato and potato plants and [120] testified
the mandatory existence of jasmonic acid to activate the defensive responses elicited
by a peptide secreted by . infestans. Some microorganisms including Trichoderma
spp., produce inorganic compounds able to alter soil pH and therefore able to
modify micronutrients (phosphate, iron and Manganese) [121]. In these extreme
conditions Trichoderma spp., were able to produce various kinds of Siderophore
products [122], including: caprogens, ferrichromes and fusarinines [123], thanks
to the change in non-ribosomal peptide synthetase products and diverse non-
ribosomal peptide synthetase-encoding genes [124]. Siderophores play a dual role,
an antagonistic agent by inhibiting or even suppressing the growth of pathogens by
divesting source of iron, as well as an agonist agent that helps to solubilize iron that
was not available to the plant. These abilities explain the competition mechanism on
the nutrient resources.

Alternative mechanism of disease control against attack of pathogens is based on
the induction of systemic and local resistances [125]. Such resistances result from
complex interactions between plants and antagonist elicitors, provoking physiologi-
cal and biochemical alteration of cells. Indeed, two major kinds of systemic resis-
tances have been studied; systemic acquired resistance (SAR) [126] and induced
systemic resistance (ISR) [127]. Both systemic resistances are based on distinct phy-
tohormonal signals. Various compounds have been proposed as potential signals for
systemic resistances activation. The non-protein amino acid, f-Aminobutyric acid
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(BABA), is known to induce resistance against various pathogens on a wide range

of plants. Indeed, DL- p-Aminobutyric acid-induced resistance of potato against
late blight pathogen P, infestans trough the signaling compound salicylic acid [128].
BABA also provided significant control against P. infestans on tomato [129]. The sys-
temic defense is induced in a salicylic acid dependent manner; furthermore various
inorganic chemicals including indole acetic acid, di-potassium hydrogen ortho-
phosphate, hydrogen peroxide, calcium chloride, ferric chloride and metalaxyl were
able to induce resistance against the disease caused by P, infestans. Treatment with
those agents promotes the synthesis of defense enzymes like peroxidase, polyphenol
oxidase (POX) and phenylalanine ammonia lyase (PAL) [130]. In addition, Curdlan
b-1,3-Glucooligosaccharides has shown to enhance plant resistance against the
pathogen P, infestans in foliar tissues of potato (Solanum tuberosum L. cv. McCain
G1) by accumulation of H202 and salicylic acid and the activities of phenylalanine
amino-lyase, b-1,3-glucanase and chitinase [131].

6. Conclusion

The application of beneficial bacteria and fungi as biocontrol agents is an
interesting building block of sustainable and environmentally sound management
strategies of Phytophtora infestans. A holistic approach should be considered to
reach satisfactory levels of P. infestans control by a beneficial microbes. Based on
the number of currently known isolates with biocontrol activity against P. infestans,
the predominant genera are Pseudomonas, Bacillus, Streptomyces, Trichoderma and
Penicillium. The ability to affect survival structures, sharing the same ecological
niche as Phytophtora, inducing resistance responses in the plant and promoting
plant growth are desirable characteristics of a competent BCA against P, infestans.
However, among several criteria the potential bottlenecks such as large-scale
production, formulation, preservation conditions, shelf life, application methods,
and combination potentiality of one or more microbes should be tackled early in the
selection process.
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Appendices and nomenclature

BABA Acide béta-aminobutyrique.
BCA Biological control agent.
CWDE Cell wall degrading enzymes.
HCN Hydrogen cyanide.

ISR Induced systemic resistance.
IAA Indole acetic acid.

MAP Mitogen-activated protein.
PAL Phenylalanine ammonia lyase.
PCA Phenazine-1-carboxylic acid.
PGPM Plant growth promoting microbes.
POX Peroxidase.

PR-protein Pathogenesis related protein.
SAR Systemic acquired resistance.
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TLC Thin layer chromatography.
VFA Virdiofungin A.

VOC Volatile organic compounds.
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Abstract

The genus Phytophthora with more than 100 described species and 58 officially
recognized, phylogenetically distributed in ten clades, are important pathogenic
oomycete chromists that cause important diseases in agricultural crops, trees and
forests worldwide. This genus is known as "The Plant Destroyer” which causes great
economic losses with costs between 2 and 7 billion dollars per year in agricultural
systems and unquantifiable losses in natural ecosystems. The host plants of the genus
Phytophthova can vary from a wide range in some species to only one host, however,
the host plants of the new species are still being determined and therefore the range
continues to expand, that makes control exceedingly difficult. Plant damage can range
from alterations in roots, fruits, trunks, stems, foliage and crown to invasive processes
in highly susceptible species. Considering the wide range of hosts and organs that can
be affected by Phytophthora, the use of endophytic microorganisms for the biocontrol
of this phytopathogen can be an alternative to avoid losses of both crops and forests
worldwide. Endophytes are microorganisms that live inside plant tissues without caus-
ing disease under any circumstances. The fact that endophytic microorganisms are able
to colonize an ecological niche similar to that of some plant pathogens qualifies them as
potential biocontrol agents. This chapter describes the endophytic bacteria and fungi
isolated from different plant species that have shown antagonistic activity against
different species of Phytophthora, as well as the metabolites isolated from these micro-
organisms that have shown fungicide activity and other biocontrol strategies (enzyme
production, siderophores, substrate competition, among others) against Phytophthora.

Keywords: biological control agents, biocontrol, inhibitory mechanims,
endophytic fungus, bacteria

1. Introduction

Phytopathogenic microorganisms are one of the main factors to causes losses in
yield and quality of the crop along the world (worldwide). The economic losses due to
diseases caused by microorganisms during pre- and post-harvest has been estimated
to be between 30-40%, reaching almost 40 billion dollars worldwide annually [1, 2].
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There is a great biodiversity of microorganisms that can cause diseases in plants. The
group formed by phytopathogenic oomycetes (fungal-like organisms), is one of the
most important and oldest. They have affected humankind since the beginning of
agriculture in early civilisations [3]. During the last few centuries, these pathogens
were responsible for the Potato Famine in Ireland, also known as the Great Famine,
which caused almost a million deaths and triggered a mass migration in 1840 in that
country [4, 5]. Even today, Phytophthora infestans is the causal agent of this disease
in potatoes, it being the most important biotic limitation for the production of this
tuber worldwide [4]. Other species of oomycetes, such as Phytophthora ramorum, do
not only affect agriculture but also the environment, as they cause several diseases
in many species of trees. As a consequence of the loss of forest mass due to infections
and dead plants, it has been estimated an indirect impact on the environment that
could reach a cumulative loss of 230-580 megatons of dissolved CO, during the last
century [3]. Currently, these phytopathogens continue to represent a significant dan-
ger in agricultural and forestry systems because they have accelerated their evolution.
This is caused by the continued use of fungicides, together with dispersal dependent
on anthropogenic activities and climate (i.e. natural aerial dispersal and climate
change). The use of monocultures as well as the greater use of perennial crops also
increase the sexual recombination events of the populations of these oomycetes [4, 6].
This could cause an adaptation and improvement of these pathogens that would allow
them to expand the range of hosts [4].

Among the phytopathogenic oomycetes, those of the genus Phytophthora
are the best studied [1]. The genus Phytophthora is presently placed in the king-
dom Straminipila, phylum Heterokonta, sub-phylum Pernosporomycotina, class
Pernosporomycetes (Oomycetes), subclass Pernosporomycetidae, order Pythiales and
family Pythiaceae [7]. Phytophthora has more than 100 described species and 58 offi-
cially recognized, phylogenetically distributed in ten clades, are usually soil-borne
plant pathogens that cause important diseases in agricultural crops, trees and forests
worldwide [8, 9]. This pathogen can present biotrophic, necrotrophic, or hemibio-
trophic lifestyles [1, 3]. They reproduce asexually giving rise to sporangia, which
divide into zoospores. When conditions are favourable, zoospores germinate to form
mycelia or a specialized infection structure called appressorium. Sporangia can also
germinate directly to produce mycelia or form an appressorium. Both sporangia and
zoospores are important cells in the dissemination and infection processes [1].

Among the crops that can be infected by the genus Phytophthora are potato,
tobacco, soybean, avocado, macadamia, cocoa, rice, tomato, pistachio, red pepper,
strawberry, raspberry, among others [9-12]. Natural vegetation and ornamentals can
also be infected by Phytophthora species, i.e. oaks, alder, holm, chestnut, cork oak,
beech, rhododendron, viburnum, magnolia, pieris, among others [11-14]. Some spe-
cies are highly specific to the host (i.e. P sojae) or with a wide range of possible hosts
(i.e. P cinnamomi). However, the host plants of the new species are still being deter-
mined and, therefore, the range continues to expand, making control exceedingly
difficult [7 11]. Plant damage can range from alterations in roots, fruits, trunks,
stems, foliage and crown to invasive processes in highly susceptible species [8, 9].

The control of infections caused by Phytophthora, in agriculture, forestry and
natural systems is very limited. The fungicides available are usually not efficient
against oomycetes since they are not true fungi [11]. Furthermore, the use of chemi-
cal fungicides is being increasingly restricted due to the adverse effects they produce
on human, animal and environmental health [15]. As an alternative to the use of
chemical products, the idea of using antagonistic microorganisms or the
metabolites that they produce is proposed for the biocontrol of these oomycetes.
The microorganisms used for biocontrol do not have negative effects on human or
animal health and are considered friendly with the environment. Biocontrol carried
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out by microorganisms offers multiple modes of action, both direct, indirect or
mixed, in addition, it prevents the appearance of resistance, which makes them an
attractive alternative or complement for the control of phytopathogens [16]. The
ability to biocontrol diseases through the use of microorganisms highlights the
importance of interactions between the plant, the pathogen, the antagonist,

the microbial community associated with the plant and environmental conditions
[17, 18]. In this sense, most of the microorganisms used in biological control have
been isolated from areas related to plants such as the rhizosphere, endosphere,
phyllosphere, spermosphere, among others [19]. Although rhizosphere microorgan-
isms are the most used in biocontrol, in recent decades a considerable number of
endophytic microorganisms have been studied for their ability to biocontrol and for
being a new source of natural products for use in agriculture [18, 20-22]. Therefore,
this chapter describes the endophytic bacteria and fungi isolated from different
plant species that have shown antagonistic activity against different species of
Phytophthora, as well as the metabolites isolated from these microorganisms that
have shown fungicide activity and other biocontrol strategies (enzyme production,
siderophores, substrate competition, among others) against Phytophthora.

2. Endophytic microorganisms as a biocontrol strategy

Endophytes are microorganisms that are found inside plant tissues during at least
part of their life cycle. They do not cause disease under any circumstances, and many

Antibiosis

Cell wall
degrading
enzymes

Triggering the
plant immune
defense

Inhibitory mechanisms
endophytic
microorganisms against
Phytophthora spp.

Siderophores Mycoparasitism

Substrate

competition

Figure 1.
Mechanisms of biocontrol showed by endophytic microorganisms.
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show properties that promote plant growth [23, 24]. Approximately 300,000 species
of plants have been described, and it is believed that each may possess different
genera and species of endophytic microorganisms. However, it has only been studied
the endophytic microbiome of 1-2% of plants. There are many unexplored fields of
research on endophytes and their potential as biocontrol agents [25-28]. Although
most endophytes are considered commensals, a large number of them establish
mutualistic relationships with their host plant, playing a fundamental role in the
adaptation of plants to biotic and abiotic factors [29-32]. Their use as biocontrol
agents is considered one of the main characteristics to be used in the control of
phytopathogens in agriculture. In this way we could reduce or avoid the use of anti-
microbial compounds of chemical origin [18]. Endophytes can exert their biocontrol
activity through various mechanisms including competition for a niche or substrate,
hyperparasitism, predation, allelochemical production (antibiotics, lytic enzymes,
siderophores) and by inducing systemic resistance in plants (Figure 1) [26, 33].
Now, the efficiency of endophytes as biological control agents depends on factors
such as the specificity of the host, the physical structure of the soil, environmental
conditions, the growth phase and the physiological state of the plant, among others
[18, 34]. The development of a disease in a plant by any phytopathogenic microor-
ganism will depend on three factors: the plant-the microbiota-the pathogen, whose
interaction will be influenced by environmental factors. The loss of balance in any
of these three factors would therefore lead to the development of an infectious
process or not. On the other hand, most endophytic microorganisms originate in the
soil (rhizosphere), therefore their recruitment (by the plant) will depend on their
existence in soil, which is because they are not always present [35].

3. Biocontrol of Phytophthora spp. by endophytic bacteria

The promotion of plant growth by endophytic bacteria can be carried out
through direct or indirect mechanisms [26, 36]. Among the indirect mechanisms,
there is the biological control of phytopathogens, which is carried out through vari-
ous strategies such as competition for nutrients and space, antibiosis, production of
lytic enzymes, inhibition of toxins and induction of defense mechanisms in plants.
All these strategies can be compatible with each other and may co-act simultane-
ously or synergistically [16, 18, 26, 37]. In this regard, there have been various
studies that have evaluated the potential of endophytic bacteria for the biocontrol
of different species of Phytophthora. These bacteria have been isolated from dif-
ferent plant species, which has led to the identification of microorganisms and the
mechanisms used by them to inhibit the growth of this oomycete. Table 1 shows
some endophytic bacteria isolated from different plant species and the possible
mechanisms they use for the biocontrol of Phytophthora spp.

El-Sayed et al., (2018) [38] isolated forty morphologically distinct bacterial
from roots, stems and leaves of Smilax bona-nox L. and they belonged to the genera
Burkholderia, Pseudomonas, Xenophilus, Stenotrophomonas, Pantoea, Enterobactriaceae,
Kosakonia, Microbacterium, Curtobacterium, Caulobacter, Lysinibacillus and Bacillus.
Out of these isolates, the ones that showed the highest in vitro growth inhibition
capacity of 5 species of Phytophthora (P. parasitica, P. cinnamomi, P. palmivora, P
tropicalis and P, capsici) were two strains of Pseudomonas fluovescences (EA6 and
EA14). The percentage of inhibition of mycelial growth against different strains
of P. parasitica was between 47% and 80%. On the other hand, the crude proteins
(extracellular hydrolytic enzymes) obtained from P, fluorescence EA6 were able to
inhibit the mycelial growth of P, pavasitica. The analysis of these proteins revealed
that they were glucanolytic enzymes ($-1,3 and p-1,4 glucanases) which act by
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Microorganisms Plant species Inhibitory Ref.
mechanisms
Pseudomonas fluorescences Smilax bona-nox L Glucanolytic enzymes [38]
Burkholderia spp. Huperzia serrata Siderophores [39]
Acinetobacter calcoaceticus Glycine max L. Siderophores [40]
Bacillus cereus Lycopersicon esculentum Triggering the plant [41]
immune defense
Bacillus Seeds Cucurbits Antibiosis [42]
Paenibacillus VOCs
Lactococcus RNase activity
Pediococcus
Enterobacteriaceae
Cronobacter
Pantoea
Streptomyces Microbispora Lens esculentus Antibiosis [43]
Cicer arietinum L. Siderophores
Pisum sativum
Vicia faba
Triticum vulgare
Bacillus thuringiensis Cornus florida Antibiosis [44]
B. vallismortis Carica papaya Triggering the plant
B. amyloliquefaciens immune defense
Pseudomonas putida Piper nigrum VOCs [45]
Streptomyces deccanensis Piper colubrinum Competition [46]
Bacillus spp. Antibiosis
Rhizobium radiobacter Triggering the plant
Pantoea dispersa immune defense
Bacillus velezensis
Acinetobacter spp.
Streptomyces alboniger Pseudomonas Dodonaea viscosa Antibiosis [47]
taiwanensis Fagonia indica VOCs
P, geniculata Caralluma tuberculata Cell wall degrading
Enterobacter hormaechei Calendula arvensis enzymes
Bacillus tequilensis Siderophores
B. flexus
Avrthrobacter phenanthrenivorans
Delftia lacustris
Bacillus megaterium Piper nigrum VOCs [48]
HCN
Hydrolytic activity
Siderophore
Pseudomonas aeruginosa Theobroma cacao VOCs [49]
Chryseobacterium proteolyticum Hydrolytic activity
Siderophore
HCN
Bacillus velezensis Olea europaea Antibiosis [50]
VOCs
Cell wall degrading
enzymes
Siderophores
Alcaligenes spp. Hevea brasiliensis PCA [51]
Bacillus siamensis Piper nigrum Cell wall degrading [52]
B. amyloliquefaciens enzymes
B. velezenis Antibiosis

B. methylotrophiycus

Table 1.

Endophytic bacteria able to biologically control Phytophthora spp.

63



Agro-Economic Risks of Phytophthora and an Effective Biocontrol Approach

hydrolyzing the cell wall of Phytophthora. In addition, the crude glucanolytic extract
was shown to have higher activity than the purified p-1,3-glucanase enzyme, which
means that these enzymes act synergistically on the cell wall of Phytophthora. Want
et al., (2010) [39] from Huperzia serrata, isolated the endophytic bacteria identified
as Burkholderia spp. H-6, which was able to inhibit the iz vitro mycelial growth of
Phytophthora capsici with a diameter of inhibition zones of 23 mm. Furthermore, in
greenhouse pot experiments, the soils treated with Burkholderia spp. densities of 10°,
10% and 10" CFU ml ™" reduced P, capsici infection in pepper seedlings by 51.7, 58.7
and 60.2%, respectively. This strain presented the ability to synthesize siderophores,
which could be related to its biocontrol capacity. Zhao et al., (2018) [40] isolated

a total of 276 endophytic bacteria from Glycine max L. nodules, of which 6 had an
inhibition capacity greater than 63% against Phytophthora sojae and were identified
as Bacillus cereus, Acinetobacter calcoaceticus, Enterobacter cloacae, Bacillus amylolique-
faciens, Pseudomonas putida and Ochrobactrum haematophilum. The strain identified
as Acinetobacter calcoaceticus DD16 was the one that presented the highest inhibition
of mycelial growth of P. sojae with 71.14%. A. calcoaceticus DD16 caused morpho-
logical abnormal changes of fungal mycelia (e.g. lysis, formation of a protoplast

ball at the end of hyphae, and split ends) that could be related to the production of
anti-fungal substances and fungal cell-lysing enzymes. In addition, A. calcoaceticus
DD16 was the strain that presented the highest capacity to produce siderophores
(54.33 + 0.093 pg mL™") and was capable of fixing nitrogen and producing indole
acetic acid, activities related to the promotion of plant growth. The regression analy-
sis showed a significant positive correlation between siderophore production and
inhibition ratio against P. sojae. Melnick et al., (2008) [41] isolated from Lycopersicon
esculentum a strain of endophytic bacteria identified as Bacillus cereus BT8, which in
vitro test did not show the ability to inhibit the mycelial growth of Phytophthora cap-
sici. However, this strain exhibited the ability to colonize Theobroma cacao seedlings
and reduce the severity of Phytophthora capsici infection. The suppression of P. capsici
was only observed in leaves which were not inoculated with the endophytic bacteria
after colonization of the plant in other leaves, which suggests that the mechanism

of suppression of the disease is through the induction of defense mechanisms in

the plants (Induced Systemic Resistance) rather than antagonistic mechanisms.
Khalaf ez al., (2018) [42] isolated a total of 169 bacterial endophytes from seeds of
diverse cultivated cucurbits (Luffa acutangula, Curcubita moschata, Curcubita pepo,
Lagenaria sicevaria, Citrullus lanatus, Cucumis melo and Cucumis sativos), of which
26% (44/169) of isolates showed anti-pathogenic traits in vitro against Phytophthora
capsici, of these 44 isolates, 16 were obtained from Cucumis melo seeds. These
bacteria with activity against P. capsici belonged to the genera Bacillus, Paenibacillus,
Lactococcus, Pediococcus, Entevobacteriaceae, Cronobacter and Pantoea. Of these micro-
organisms, those of the genus Bacillus, Paenibacillus, Enterobacteriaceae and Pantoea
showed acetoin/diacetyl production (volatile organic compounds VOCs) and RNase
activity in vitro, known to be implicated in triggering the plant immune defense.
Therefore, these bacteria may control the phytopathogen directly (antibiosis) and/or
indirectly (induction of host defense).

Misk and Franco (2011) [43] isolated thirty-six actinobacterial strains from
different plants (root, stem and leaf), lentil (Lens esculentus), chickpea (Cicer
arietinum L.), pea (Pisum sativum), faba bean (Vicia faba) and wheat (Triticum
vulgare). Eleven of the isolates had antimicrobial activity against Phytophthora
medicaginis, where ten of those isolates belonged to Streptomyces and one to
Microbispora. The strains identified as Streptomyces spp. WRA1 and BSA25 were the
most efficient as they significantly inhibited 100% and 85% in vitro of P. medicagi-
nis, respectively, which showed a good capacity to produce siderophores.
Furthermore, i vivo tests both strains (WRA1 and BSA25) significantly inhibited
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P. medicaginis root rot compared to infected control. This inhibition capacity against
P. medicaginis could be related to their antibiotic and siderophores production.
Bhusal and Mmbaga (2020) [44] evaluated the biocontrol capacity of three endo-
phytic bacterias Bacillus thuringiensis isolated from flowering dogwood stem; B.
vallismortis; and B. amyloliquefaciens isolated from papaya stem against Phytophthora
capsici. B. amyloliquefaciens was the most effective in suppressing P. capsici mycelial
growth in vitro up to 46.62%, followed by B. vallismortis 45.95% and B. thuringiensis
27.59%. Under the greenhouse environment, B. amyloliquefaciens and B. vallismortis
were most effective in suppressing P. capsici symptoms. Agishaet al., (2019) [45]
evaluated the antimicrobial capacity on phytopathogens of VOCs produced by the
black pepper endophytic bacterium, Pseudomonas putida. Of the VOCs produced by
P putida, those identified as 2,5-dimethyl pyrazine; 2-methyl pyrazine; dimethyl
trisulphide; 2-ethyl 5-methyl pyrazine; and 2-ethyl 3, 6-dimethyl pyrazine showed
inhibitory activity (sealed plate method) against Phytophthora capsici. Among these
VOCs, 2-ethyl-3, 6-dimethyl pyrazine was the most effective with an EC50, EC90
and EC95 of 66.1 pg cm™, 244.8 ug cm™ and 382.1 pg cm >, respectively. In trials to
evaluate the effect of VOCs against Phytophthora rot on black pepper shoot cuttings,
2, 5 dimethyl pyrazine, 2-ethyl 5-methyl pyrazine and 2-ethyl 3, 6-dimethyl pyr-
azine displayed reduction of lesion at 21 pg cm™ and, 2-methyl pyrazine at

42 pg cm™ with no signs of toxicity. While in the tests for fumigant activity of
volatiles, dimethyl trisulphide demonstrated complete inhibition against P. capsici at
a concentration of 6.25 ug cm™>, which demonstrated that these VOCs can be an
alternative for the control of P, capsici infections. Kollakkodan ez al., (2020) [46]
isolated endophytic bacteria from the roots, stem and leaves of Piper colubrinum.
Seven of these isolates showed iz vitro inhibition capacity against Phytophthora
capsici with zones of inhibition between 2.4 and 5.8 mm, which were identified as
Streptomyces deccanensis, Bacillus spp., Rhizobium vadiobacter, Pantoea dispersa,
Bacillus velezensis (PCSE8), Bacillus velezensis (PCSE10) and Acinetobacter spp. The
maximum inhibition zone was produced by the two strains of B. velezensis. In leaf
assay (leaves of black pepper), the highest suppression of the disease was presented
by the strains identified as Pantoea dispersa and Bacillus velezensis (PCSE10), with
percentages of 74% and 79%, respectively. The mechanisms of these endophytic
bacteria which are responsible for the inhibition of P. capsica seem to be mainly
related to competition, antibiosis and triggering of the plant’s immune defence.
Iqrar et al., (2021) [47] isolated endophytic bacteria from medicinal plants,
Dodonaea viscosa, Fagonia indica, Caralluma tuberculata and Calendula arvensis.
Bacteria that exhibited biocontrol activity on screening assays (production of cell
wall degrading enzymes and siderophores) were identified as Streptomyces alboni-
ger, Pseudomonas taiwanensis, Pseudomonas geniculata, Enterobacter hormaechei,
Bacillus pheustrivo, Bacillus flexus and Delftiartiabacteris. In the in vitro growth
inhibition test against Phytophthora parasitica, the highest inhibition was presented
by the bacterium identified as P. taiwanensis with 55%, as well as in the bipartite
split-plate growth inhibition assays (VOCs) with an inhibition of 80%. In addition,
the crude extracts from the culture of this bacterium presented an inhibition of
92% at a concentration of 400 pg mL™" and the ethyl acetate extract presented an
inhibition of 60%. The hyphae of P. parasitica subjected to these extracts showed
alterations in their structure (convoluted, swollen nodes and abnormal growth of
hyphae). The inhibition capacity of these endophytic bacteria on P. parasitica seems
to be related to multiple mechanisms of action such as antibiosis, VOCs, cell wall
degrading enzymes and siderophores. Munjal et al., (2016) [48] isolated an endo-
phytic bacterium identified as Bacillus megaterium from the black pepper root that
was capable of inhibiting different phytopathogens iz vitro, including Phytophthora
capsici. This bacterium exhibited the ability to produce hydrogen cyanide (HCN),
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protease, cellulase and siderophore. In VOCs’ activity tests, it was observed a
growth inhibition of P. capsica of 28%. These VOCs were mainly composed of
2,5-dimethyl pyrazine, 2-ethyl-3-methyl pyrazine, 2-ethyl pyrazine and 2-methyl
pyrazine and they were able to inhibit individual mycelial growth by more than
60% at a concentration of 336 pg mL™". Among these VOCs, the most effective was
2-ethyl-3-methyl pyrazine, which 100% inhibited the mycelial growth of P. capsici
at a concentration of 168 pg mL™". Therefore, the antagonistic activity of this
bacterium is related to the ability to produce VOCs, HCN, protease, cellulase and
siderophore. Alsultan et al., (2019) [49] isolated 103 endophytic bacteria from cacao
plants (leaves, branches and fruits) of which two that showed an 80% in vitro
inhibition of P. palmivora and were identified as Pseudomonas aeruginosa and
Chryseobacterium proteolyticum. While in the culture filtrate test, the inhibition
percentages were 100% and 62% to P. aeruginosa and Ch. proteolyticum, respectively.
In the volatile metabolites test, P. aeruginosa and C. proteolyticum strains showed an
inhibition of pathogen growth of 61.88% and 60.94%, respectively. The VOCs
produced by P. aeruginosa were identified as eicosane, hexatriacontane, tetratetra-
contane, trans-2-decenoic acid and 1-phenanthrenecarboxylic acid,
1,2,3,4,40,9,10,10a-octahydro-1,4a-dimethyl-7-(1-methylethyl), while those
produced by C. zproteolyticum were identified as eicosane, tetratetracontane,
heneicosane, hexatriacontane and phenol 2,4-bis(1,1-dimethylethyl). Regarding the
hydrolytic activity, these two strains were capable of producing cellulase, protease,
pectinase and lipase. Only P, aeruginosa was able to produce siderophores and HCN.
The inhibition capacity of both strains is related to the capacity to produce hydro-
lytic enzymes, VOCs, HCN and siderophores that can act individually or synergisti-
cally. Cheffiet al., (2019) [50] isolated the endophytic bacterium identified as
Bacillus velezensis from olive trees, which exhibited an inhibition ranged from 40 to
75% with oomycetes, including Phytophthora ramorum, P. cactorum, P. cryptogea, P.
plurivora and P, rosacearum. Regarding its biocontrol capacity, B. velezensis pre-
sented the capacity to produce VOCs, among which ethylbenzene, phenylethyl
alcohol, E-caryophyllene and cyclo (Leu-Pro) were detected. Through genome
analysis, diverse secondary metabolite clusters were uncovered such as bacillomy-
cin, amylocyclin, mersacidin, bacilysin, macrolactin, bacillibactin, bacillaene,
surfactin, fengycin, dicidin, subtilin and locillomycin. The analysis of the culture
extracts by means of LC-MS, detected the production of surfactin B, surfactin C15,
plipastatin B1, Fengycin B, IX and XII. Furthermore, this strain was able to produce
cell wall degrading enzymes (protease, chitinase and glucanase) and siderophores.
All these metabolites could be responsible for the inhibition capacity of B. velezensis
on these oomycetes. Abraham et al., (2015) [51] isolated the endophytic bacterium
identified as Alcaligenes spp. from Hevea brasiliensis, that presents antagonistic
activity against Phytophthora meadii. By means of the spectrometric study of the
culture supernatant of Alcaligenes spp., it was established that the compound
identified as phenazine-1-carboxylic acid showed inhibition of P. meadii growth.
The minimum inhibitory concentration of this compound against P. meadii was
optimized at 5 pg mL™". In addition, this compound presented zoospore-lytic
activity, the structure of which was completely altered and lysis of the same
occurred. The zoospores were not able to germinate when they were cultured in the
presence of this compound. Ngo et al., (2020) [52] isolated endophytic black pepper
bacteria, of which six showed the ability to inhibit the growth of Phytophthora spp.
by more than 60%. These bacteria were identified as Bacillus siamensis, B. amyloli-
quefaciens, B. velezenis and B. methylotrophiycus. These strains presented high
chiti-nase and protease activities. In the in vivo test, the strains identified as B.
siamensis, B. velezensis and B. methylotrophycus (EB.KN13) had the lowest rate of root
disease (8.45-11.21%) and lower fatal rate (11.11-15.55%).
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4. Biocontrol of Phytophthora spp. by endophytic fungi

Like bacteria, endophytic fungi can protect their host plant against both biotic
and abiotic stressors; which are considered a rich source of bioactive metabolites
[32, 53, 54]. Among the main mechanisms by which endophytic fungi prevent
infections by phytopathogens are induced resistance, antibiosis, mycoparasitism,
competition and extracellular enzymes [31, 32, 54]. Table 2 summarizes the species
of endophytic fungi with biocontrol capacity against Phytophthora spp. and the
plant species from which they were isolated, revealing the wide diversity of endo-
phytic fungi that can be used for the biocontrol of this phytopathogen. Hanada
et al., (2010) [55] evaluated the antagonistic capacity of endophytic fungi isolated
from Theobroma cacao and Theobroma grandiflorum against Phytophthora palmivora.

Microorganisms Plant species Inhibitory Ref.
mechanisms

Trichoderma Theobroma cacao Antibiosis [55]

Pestalotiopsis T. grandiflorum

Curvularia

Tolypocladium

Fusarium

Muscodor crispans Ananas ananassoides VOCs [56]

Trichoderma vivide Piper nigrum Antibiosis [57]

T. pseudokoningii

Trichoderma ovalisporum Banisteriopsis caapi Mycoparasitism [58]

T. theobromicola Theobroma cacao Theobroma Antibiosis

T hamatum gileri Theobroma cacao Systemic induced

T. stilbohypoxyli Theobroma gileri resistance

T. caribbaeum vay. aequatoriale Cola praecuta

T. theobromicola

Aureobasidium pullulans Espeletia spp. Antibiosis [59]

Nigrospora oryzae Competition for

Chaetomium globosum Trichoderma substrate

asperellum Penicillium commune

Phialocephala europaea Picea abies Antibiosis [60]

Phoma tervestris Panax quinquefolius Antibiosis [61]

Fusarium oxysporum Cell wall degrading

Ascomycete spp. enzymes

Cryptosporiopsis spp. Phialocephala Picea abies Antibiosis [62]

sphareoides

Ceriporia lacerate Piper nigrum Competition [63]

Phomopsis spp. Antibiosis

Diaporthe spp. Mycoparasitism

Daldinia eschscholtzii VOCs

Annulohypoxylon nitens

Fusarium spp.

Purpureocillium lilacinum Solanum lycopersicum Antibiosis [64]
Cell wall degrading
enzymes

Xylaria spp. Haematoxylon brasiletto Antibiosis [65]

Karst VOCs
Hypoxylon anthochroum Gliricidia sepium Antibiosis [66]
Table 2.

Endophytic fungi with biocontrol capacity against Phytophthora spp.
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A total of 103 endophytic fungi were isolated of which ~70% showed some degree
of reduction in the disease severity in three cacao pods. Eight isolates from genera
Trichoderma, Pestalotiopsis, Curvularia, Tolypocladium and Fusarium showed the
highest level of activity against the pathogen. The possible responsible mechanisms
for the ability to inhibit P. palmivora were related to the production of bioactive
compounds. Mitchell ez al., (2010) [56] evaluated the ability of the VOCs of the
endophytic fungus Muscodor crispans isolated from Ananas ananassoides to inhibit
the growth of phytopathogens, among which there were Phytophthora cinnamomi
and P. palmivora. The VOCs produced by M. crispans that were composed mainly of
propanoic acid, 2-methyl; propanoic acid, 2-methyl-; 1-butanol, 3-methyl-; 1-buta-
nol, 3-methyl-, acetate; propanoic acid, 2-methyl-, 2-methylbutyl ester; and ethanol
and were able to inhibit the growth of Phytophthora cinnamomi and P. palmivora by
100% with an ICsq (pL mL™) of 0.056 and < 0.02, respectively. Mathew et al.,
(2011) [57] isolated two endophytic fungi identified as Trichoderma viride and T.
pseudokoningii from black pepper plants which showed iz vitro inhibition capacity
against Phytophthora capsici with an inhibition percentage of 64.4% and 65.6%,
respectively. In the in vivo study, the lowest percentage in the incidence and severity
of the disease caused by P, capsici was presented by the strain identified as T. viride.
Baeet al., (2011) [58] evaluated the antagonism capacity against Phytophthora
capsici of six species of Trichoderma (T ovalisporum, T. theobromicola, T. hamatum,
T stilbohypoxyli, T. caribbaeum var. aequatoriale and T. theobromicola) isolated from
Banisteriopsis caapi, Theobroma cacao, Theobroma gileri, and Cola praecuta. All
strains except for T. caribbaeum var. aequatoriale showed the ability to parasitize the
mycelium of P. capsici. However, the culture filters of T caribbaeum var. aequatoriale
completely prevented growth of P. capsici, while T. stilbohypoxyli and T. ovalisporum
presented inhibition percentages of 56.5% and 30.7, respectively. In addition, it was
shown that the inoculation of Trichoderma strains in pepper seedlings activated
genes associated with responsive to stress. In vivo tests, the strain identified as

T. theobromicola delayed the onset of disease symptoms for more than 3 days and
between 26 and 60% of the pepper seedlings remained asymptomatic. Miles et al.,
(2012) [59] studied the biocontrol potential of 100 fungal endophytes isolated from
Espeletia spp. Among the phytopathogens used to measure this potential was
Phytophthora infestans. The growth of P. infestans in vitro was completely inhibited by
eight endophytes which were identified as Aureobasidium pullulans, Nigrospora
oryzae, Chaetomium globosum, Trichoderma asperellum and Penicillium commune.
The crude extract of the culture of A. pullulans and P. commune also showed the
ability to inhibit 100% the growth of P, infestans. Tellenbach et al., (2013) [60]
evaluated the ability of Phialocephala europaea isolated from Picea abies to inhibit
the growth of Phytophthora citricola s.1. The strain of P europaea was able to reduce
the growth of P, citricola in vitro. The four compounds isolated from this microor-
ganism were identified as sclerin, sclerolide, sclerotinin A and sclerotinin B. Sclerin
and sclerotinin A were the main compounds produced, which i vitro significantly
reduced the growth of P, citricola at a concentration of 30 mg mL™". Park et al.,
(2015) [61] isolated the endophytic fungi identified as Phoma terrestris, Fusarium
oxysporum and Ascomycete spp. from Panax quinquefolius, which inhibited the
growth of Phytophthora cactorum with percentages between 64% to 82% and from
71% to 80% in the disk diffusion tests and fermentation broth tests, respectively.
The main metabolites produced by P, tervestris, F. oxysporum and Ascomycete spp.,
were identified as N-amino-3-hydroxy-6-methoxyphthalimide, 3-methylthiobenzo-
thiophene, phthalic acid, erucylamide and 2H-1-benzopyran-2-1, 3,4,5,6,7,8-hexa-
hydro-4,7-dimethyl-. In the enzyme assays, the endophytic fungus identified as

P, terrestris showed activity for the cellulase, xylanase, p-glucanase, pectinase and
chitinase enzymes that could play a role in the inhibition of phytopathogens.
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Terhonen et al., (2016) [62] isolated the endophytic fungi identified as
Cryptosporiopsis spp. and Phialocephala sphareoides from Picea abies which were able
to inhibit the growth of Phytophthora pini in vitro. In addition, a decrease in the
growth of P, pini was observed when the crude extract of the culture medium of
Cryptosporiopsis spp. were tested. Subsequently, the analysis of the crude extract by
UPLC-QTOF/MS was able to establish that the main metabolites produced by
Cryptosporiopsis spp. had the following chemical formula C19H300¢, C20H,50s,
Ca0H3007 and CygH50¢. Sreeja et al., (2016) [63] isolated 125 endophytic fungi from
Piper nigrum which were evaluated to measure the ability to inhibit Phytophthora
capsici in vitro. Of the 125 isolated fungi, 23 presented this capacity in more than
50%. The fungi with the highest inhibition capacity (78%) were identified as
Ceriporia lacerate, Phomopsis spp. and Diaporthe spp. Other strains identified as
Daldinia eschscholtzii, Annulohypoxylon nitens and Fusarium spp. presented inhibi-
tion capacity between 74% to 75%. Competition, VOCs antibiosis and mycoparasit-
ism were reported to be among the biocontrol strategies for these fungi against P
capsica. Wang et al., (2016) established by genome mining the biocontrol capacity
of two strains of Purpureocillium lilacinum (PLBJ-1 and PLFJ-1) isolated from
Solanum lycopersicum. Among the genes detected that may be useful in biocontrol
were those that code for CAZymes, protease, glycoside hydrolases, and carbohy-
drate esterase. Regarding the production of secondary metabolites, genes coding for
polyketide synthase, non-ribosomal peptide synthetase, terpene synthase and
dimethylallyl tryptophan synthase were detected. Among these genes, those
responsible for the synthesis of leucinostatin A and B were detected, which was
confirmed by the production of mutants incapable of producing this compound. In
vitro tests with the wild type and the mutant strain showed that the synthesis of
leucinostatin A and B is closely related to the ability of these strains to inhibit the
growth of Phytophthora infestans and P. capsici. Sanchez-Ortiz et al., (2016) [65]
evaluated the biocontrol capacity and VOCs of the endophytic fungus of
Haematoxylon brasiletto Karst identified as Xylaria spp. PB3f3. The endophytic
fungus was able to inhibit Phytophthora capsici by 48.3% in vitro and it was able to
produce forty VOCs composed mainly of 3-methyl-1-butanol and thujopsene.
Sanchez-Fernandez et al. (2020) [66] studied antifungal and antioomycete activi-
ties of the compounds synthesized by the endophytic fungus Hypoxylon antho-
chroum isolated from Gliricidia sepium. The chemical study of the culture medium
and the organic extracts of mycelium of the endophytic fungus led to the isolation
of three isobenzofuranones: 7-hydroxy-4,6-dimethyl-3H-isobenzofuran-1-one (1),
7-methoxy-4, 6-dimethyl-3H-isobenzofuran-1-one (2), 6-formyl-4-methyl-7-me-
thoxy-3H-isobenzofuran-1-one (3) and one compound was isolated for the first
time as a natural product, 7- methoxy-4-methyl-3H-isobenzofuran-1-one (4) and
another obtained by chemical synthesis 7-methoxy-6-methyl-3H-isobenzofuran-
1-one (5), which showed the ability to inhibit the radial growth of Phytophthora
capsici with an ICso mM of 0.76, 0.62,> 0.97,> 1.12 and 2.12 respectively. Regarding
the ability to alter the permeability of the P. capsici membrane, compounds 1, 2 and
5 presented an ICso mM of <1.40, 0.55 and 2.03, respectively. In addition, these
compounds were able to inhibit the respiration of P. capsici, being 2 the most
efficient with an ICsy mM of 0.34.

5. Conclusions
Currently, the control of infections caused by Phytophthora spp. is very compli-

cated, mainly due to the fact that many of the fungicides available on the market
are not effective against this oomycete and also many of them are associated with
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environmental and health damage. Therefore, the use of biocontrol agents as an
alternative opens the possibility of using endophytic microorganisms, associated
with the plant environment, which show great potential against this oomycete.
Endophytic microorganisms isolated from different plant species have shown the
ability to inhibit the growth of different Phytophthora species through various
mechanisms such as antibiosis, VOCs, enzyme production, competition, among
others. Therefore, the isolation of endophytic microorganisms and the study of
their antagonistic capacity allows us to find new biocontrol agents, or their bioac-
tive molecules, that allow controlling the enormous economic losses caused by
Phytophthora spp.
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Abstract

The success of the UN Sustainable Development Goals in reducing hunger and
poverty is limited by crop losses. Globally, plant pests and diseases account for 40%
yield losses which threatens food and nutrition security, livelihoods of citizenry
and erode the resources of local and national economies. Phytophthora diseases are
among the most important diseases in sub-Saharan Africa which result in severe
socio-economic consequences. Roots and tubers and cash commodity crops are
important staples and foreign exchange earner crops in Ghana which are signifi-
cantly challenged by the incidence and severity of Phytophthora diseases. To ensure
food availability, safeguard the local financial ecosystem and protect the environ-
ment, innovative and sound management practices are needed and this chapter
reviews the different Phytophthora diseases on crops; more specifically with (cocoa
and taro as case studies), the consequences and available management options that
can be applied to manage the disease situation in Ghana.

Keywords: economic loss, incidence, severity, Cocoa, Taro, sustainable development,
Ghana

1. Introduction
1.1 Origin of Phytophthora diseases

Phytophthora is a genus of filamentous Oomycetes, within the Kingdom
Chromista which is also referred to as Kingdom Stramenopila [1-3]. There are
several species within the class Oomycetes of which over 120 species are known [4]
and could either be soil or water borne. Morphologically, they bear the resemblance
of fungi with both sexual and asexual spores. Most are pathogens causing disease
in a large range of plant hosts. The pathogens not only cause economic damage to
crops but to the natural ecosystem as well. They affect both traditional and non-
traditional agricultural crops, floricultural plants such as ornamentals and forest
plants and they are pervasive in soil and water globally [3]. Due to their economic
and environmental impact, there is expanding interest in Phytophthora genetics and
genomics, resulting in the recent releases of genome sequences of P. ramorum,

P, sojae, D infestans, P. capsici and P, litchi [5-8].

The identification of gene families encoding classes of toxins, elicitors, and
effectors shared among the Phytophthora species is critical to understanding the
disease process. The most devastating specie worldwide is the P, infestans which in
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history caused huge damage to Irish Potatoes in 1845 as a result of Potato Late Blight
outbreak thus, causing great famine in the Irish land with about 25% of its popula-
tion starving and evacuating [3]. P, infestans are noted to affect the Solanaceous
plants while the rest may either be host specific or attack varied host plants. Below
are some selected species for the temperate and tropical regions of the globe; their
target host plants and signs and symptoms (Table1).

1.2 Phytophthora diseases prevalence: Evidence from Ghana
1.2.1 Phytophthora disease in cocoa production

In Ghana, the earliest form of Phytophthora disease was caused by the pathogen
P. megakarya. P. megakarya is native and pervasive in the Western and Central
parts of Africa. Known to have spread from the West form Cameroon to Ghana and
Cote D’Ivoire through Nigeria and Togo and Southwards to Gabon and Equatorial
Guinea [13]. Phytophthora megakarya is the most destructive fungal pathogen on
cocoa production in Ghana [13]. The disease has been in Ghana for many years but
on other alternative hosts [16]. It was originally identified in Nigeria in 1979 [17],
reported in Togo in 1982 [18], and was subsequently reported in Ghana in 1985 [16].
Though the incidence of Phytophthora disease was originally reported in Ghana by
1985, Darkwa (1981) concluded that P.megakarya probably occurred before 1980
until it was officially reported in 1985 at Akomadan-Ashanti Region.

According to Tsopmbeng et al. [8] an isolate of Phytophthora from Mimusops
elengi at Aburi in Ghana was distinctly different from what was hitherto referred
to as cocoa or G-isolate. Turner et al. [8] further reported that the Mimusops
isolate produced oospores in mixed culture with the cocoa isolate. Presently, the
G-isolate has now been identified as P. palmivora and the N-isolate as P. mega-
karya [16, 19]. Until 1985, Phytophthora palmivora was the only known causal
agent for Phytophthora pod rot (black pod) disease in Ghana. The appearance of
Phytophthora megakarya in 1985 in Ghana added a new dimension to the disease
complex of cocoa in the country. Similarly, studies on black pod diseases by [20]
confirmed that some parts of Volta Region of Ghana consistently had the predomi-
nant type caused by P. megakarya. This is plausible due to the fact that the region
shares boundary with Togo, a country predominantly affected by P. megakarya
species [16].

1.2.2 Phytophthora disease in Taro production

It is also important to highlight that not only has the prevalence of Phytophthora
affected cocoa production after its earliest occurrence but also the production of
Taro. The production of taro in Ghana, in recent times, has been affected by the
taro leaf blight caused by Phytophthora colocasiae which has also been reported to
have threatened the sustainability of taro production globally [21, 22]. In Ghana,
[23] reported the presence of the disease after similar reports in Nigeria and
Cameroon. The disease affects all parts of the crop including the leaves, corms,
petioles and cormels, resulting in extensive damage of the foliage and reduced
yield [24]. It has therefore become a limiting factor to taro production in all taro
growing countries.

Taro (Colocasia esculenta var., antiquorum) is one of the most important food
crops in Ghana [25]. It is a hunger crop and cultivated in almost all the ten regions of
the country [26]. The corm is used for flour for bakery and in the preparation of local
dishes. The corm is also high in carbohydrates [27]. The leaves can be eaten as vegetable
in the country, and it is an excellent source of vitamins. A lot of village folks depend on

80



Phytophthora Diseases Prevalence, Its Effects and Controls in Ghana
DOI: http://dx.doi.org/10.5772/intechopen.99130

No. Phytophthora Target host plant Signs and symptoms Relevant
species literature
1. P alni Alder Rot of the root and collar [3]
2. P, cactorum Rhododendrons, Azaleas, Causes root rot in [3]
hardwood, apple, pear, rhododendrons, azaleas and
strawberry. other related species. It affects
woody trees causing cancer
and other economic important
fruits.
3. P, cinnamomi Woody ornamental: Root rot and seedling mortality [3]
arborvitae, azalea,
Chamaecyparis; dogwood
Taxus, white pine,
American chestnut and
Eucalyptus (jarrah).
4, . cambivora Chestnut, apple, pear, Root rot to forest trees, crown [3,9]
peach, almond dieback, flame blot at the
collar region, discoloration and
lesions at the growing point
and wilting.
5. P, citrophthora citrus, pistachio, peach Root rot, its a soil-borne [3,9,10]
and ornamental species disease of citrus causing
gummosis and brown rot with
pungent smell.
6. P, cryptogea Ornamental species Causes collar rot with [3,11]
reduction in foliage. First
reported to cause gummosis in
citrus in Tunisia.
7 P, kernoviae Beech, rhododendron, Restricted to the UK and [3,12]
trees and shrub species Ireland environment. Causes
abnormal leaf fall, necrosis
and whole plant dieback.
8. P. megakarya Cocoa Virulent specie which causes [3,13,14]
pod rot resulting in black pod
diseases. It reduces yield and
accounts for greater losses
of cocoa especially in West
and Central Africa. About
60-100% losses incurred if not
managed.
9. P, nicotianae Tobacco, onions, cotton, Cause diseases [3]
ornamental species,
coconut and pineapple
10. P, palmivora in coconuts and betel Fruit rot, stem and root rots [3, 14]
nuts, palm species, in other tropical fruits. Causes
papaya, cocoa pod rot in cocoa in most
growing countries. It causes
about 20-30% yield losses
11. P, infestans Potato, tomato Infects the above ground part [15]
of the plant and occurs at any
stage of the plant development.
Elongated, dark lesions on
tomato branches.
12. P citricola Avocado, conifers Causes crown and canker rots [3]

Table 1.

Some selected species and the affected host plants.
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this crop for their livelihood. Farmers obtain regular income from the production as
well as food for the family [26]. Despite, the importance of taro as an important food
security crop in Ghana; its production is hampered by a leaf blight disease caused by
Phytophthora colocasiae. Marian Raciborski first described Phytophthora colocasiae in
1900 from Java. It was first reported in Ghana in 2012 [28]. It is the most destructive
fungal disease responsible for heavy yield losses (25 to 50%) of taro [27]. In addition,
this pathogen causes a serious postharvest decay of taro corms.

1.2.3 Method of isolating and identification of Phytophthora spp

Proper plant diseases identification is critical and it forms the basis for popula-
tion genetics, epidemiological studies and development of effective control mecha-
nisms. This review reports on how authors have isolated phytophthora spp in cocoa
and taro respectively.

1.2.3.1 P. Megakarya isolation

Detailed account on experiment conducted by [29] investigating shade trees as
alternative host of P. megakarya is given as follows. The team conducted an experi-
ment on a 5-hectare cocoa field at erstwhile Brong Ahafo region, precisely Bechem
which was planted in 1984 with two hybrids; T79/501 x Amel, and T60 x Na45
respectively. Cocoa plants in the test field were largely infected with P. megakarya.
Forty-eight out of the fifty isolates recovered from the cocoa pods representing
ninety-six percent were found to be P. megakarya with only two identified as P
palmivora.

The team identified 34 shade trees at the test site so roots with no visible lesions
of approximately 1-2 cm thick were collected from a depth ranging from 20 to
50 cm. separate samples were placed in black polythene bags and refrigerated at
40C for up to 2 weeks before isolations were done. Samples were taken in two month
intervals in the 1996/97, 1997/98 and 1998/99 cropping calendar (June, August,
October, December, February and April). During the isolation process, the bulk
soil and pieces of other root parts were thoroughly washed with running water. A
razor blade was used to cut about 1-2 were of the roots and washed in three separate
sterile distilled water. The surface sterilized immersing for 5 min in a 10% sodium
hypochlorite solution and wiped dry on a paper towel. The roots were again washed
for an hour in sterile distilled water on a flask shaker. In all 100 root pieces were cut
from each test tree and sub divided into two groups. The isolation methods involved
two techniques of “baiting with cocoa pod husks and direct plating on P. megakarya
and P. palmivora agar (PPMA)” [30]. Isolates were identified on the basis of three
parameters; growth rates, colony morphology and sporangium features. Out of
34 shade trees tested, P. megakarya was recovered from four of the roots from the
shade trees after three consecutive years. P. megakarya was isolated most frequently
in the wet season than the dry.

1.2.3.2 P. colocasiae isolation

A survey was conducted by [31] during the 2019 rainy (July to November, 2019)
and dry seasons (November, 2019 to February, 2020) in Sunyani and Dorma-
Central Municipalities to assess the incidence and severity of taro blight disease in
these zones. The team collected randomly sampled from infected leaves and petioles
showing sign like “the development, exudation and oozing of amber, reddish-
brown or bright-orange droplets from both sides of the leaf margins, water-soaked
necrotic areas, which have combined into large lesions with white powdery
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appearance and blighted leaf blade. The sample was take to the University of Energy
and Natural Resources Lab in Ghana for isolation and purification of the pathogen.
The isolation was carried out under a Laminar flow hood. The diseased part of the
taro leaves and petiole was cut. The pieces were surface sterilized in 70% ethanol
for a minute and carefully washed in three exchanges of distilled water. The pieces
were blotted dry on Whatman paper for 2 minutes and plated on potato dextrose
agar (PDA, Oxoid, England) at the 28°C for seven days. They were examined daily
for the development of mycelial growth. The isolation process was reproduced three
times. The mixed population cultures were sub- cultured by transferring hyphal tip
from the mycelium edge onto a new prepared PDA medium using flamed inocula-
tion needle to purify it.

Wet mount from the pure cultures was prepared to identify the pathogen
morphologically. By using bi-nuclear microscope, the characters of the putative
pathogen such as hyphae type, shape of sporangia, micro and macro conidia were
also examined morphologically and the characteristics compared to a standard
established identification protocols by [32, 33].

1.3 Symptoms and distribution of virulent phytophthora diseases in Ghana

1.3.1 Phytophthora disease cycle and environmental pavameters for disease
incidence

Direct correlation has been established between black pod disease incidence
and weather condition. Thus black pod disease has been seen to be highly influ-
enced by environmental factors and several studies [13, 34] have confirmed the
role played by climate variability in the prevalence of black pod disease caused
by phytophthora species. Akrofi et al. [35] reported that the disease develops well
under frequent precipitation, high relative humidity and low temperature. Under
high and regular precipitation regimes, P. megakarya is reported to result in a total
yield loss in Cameroon where no action was taken [13, 35]. Under similar condi-
tions; Asare-Nyako and Dakwa [34] reported losses in the range of 60 to 100% in
Ghana. Asare-Nyako and Dakwa [34] emphasized that, the black pod disease in
Ghana developed quickly during the day when the relative humidity stayed above
80% under shady cocoa and the frequency and amount of rainfall influenced the
intensity of the disease development. Asare-Nyako and Dakwa [34] reiterated that
the peak level of infection varied yearly between location and with the rainfall
pattern.

In Ghana, black pod disease caused by P. megakarya is usually severe between
August and October [16, 36]. The topmost phases of disease occurrence provide rich
information in predicting disease development trends and serve as an important
disease management tool. The developmental stages during phytophthora disease
cycle in cocoa is presented in Figure 1.

P. colocasiae survives under high temperatures and humidity, in wet areas and
plots that are densely planted [12]. Study by [25] in Aowin Suaman district in the
Western Region of Ghana; a tropical rainforest with monthly temperature of 27°C
and annual rainfall between 1500 and 1800 millimeters, recorded high incidence
of Taro leaf blight; 99% as the described condition favored the spread of the
disease.

1.3.2 Symptoms and distribution of P. megakarya

Phytophthora disease incidence and crop losses vary from one locality and
farm to another [35] and fluctuate across seasons [20]. P. megakarya infects every
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Figure 1.
Phytophthora disease cycle in cocoa. Photo credit: Akrofi et al. [13].

developmental stage and every part of the cacao plant under wet and humid
conditions. Infection of seedlings leads to leaf blight and root rot in nurseries,
while infections of the stem, chupons and branches lead to cankers. While every
stage of pod development is susceptible to infection, immature pods are the most
susceptible. Pod infection also leads to pod rot [13]. In Ghana, P. megakarya form
stem cankers very rapidly. Unlike P. palmivora cankers which are usually distributed
normally on the tree trunk, P. megakarya cankers tend to be concentrated on the
lower parts of the stem close to the ground though it affects all parts of the tree [36].
Due to this, treating with chemicals become difficult and unproductive.

In Ghana, [13] found that P. megakarya has spread from Akomadan and
Bechem where it was first reported in 1985 into 50 more administrative districts
in the six cocoa growing regions of Ghana covering an approximate area of
75,298 km2. They further noted that the current distribution in the country is
as follows: Ashanti, 13 districts (17,676 km2); Brong Ahafo Region, 10 districts
(10,422 km?2); Central Region, 4 districts (5900 km2); Eastern, 7 districts
(7760 km?2); Western, 12 districts (25,698 km2) and Volta, 6 districts 7843 km?2.
The corresponding percentage areas infested in the regions are 23.5%, 13.8%, 7.8%,
10.3%, 34.1% and 10.4% respectively [13]. Pictures of infected cocoa pod showing
symptoms is presented in Figure 2.

1.3.3 Symptoms and spread of Phytophthora colocasiae
Taro (Colocasia esculenta (L.) Schott) suffers attacks from several pathogens,

among which Phytophthora colocasiae, Racib, associated with the Taro leaf blight
being the most destructive. The disease is associated with 90% and 50% loss in leaf
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Figure 2.

Syfnptoms of P. megakarya in cocoa in Ghana. Photo credit: Akrofi et al. [13]. (a) multiple lesions on cocoa
pod; (b) coalescing lesions; (c) abundant sporangia indicated by the arrow; (d) diverse infection phases on the
cocoa; (e) distal infection; (f) proximal infection; (g) lateral infection; (h) canker lesions prior to scraping
and (i) canker lesions once scraped displaying scarlet colouration.

and corm yield of taro, respectively [22]. Phytophthora colocasiae is disseminated by
infected vegetative plant parts and possibly contaminated soil [21]. Conventionally,
variations in Phytophthora species have been detected on host differential, bio-
chemical test, morphological and molecular level characterizations [37]. According
to studies, the foliar pathogen has spread across Africa, East Asia, the Americas, the
Caribbean, and the Pacific, as well as all other taro-growing regions of the world,
with varying degrees of severity [28, 38].
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Figure 3.
A. Asymptomatic leaf; B. Symptomatic leaf. Photo credit: Abdulai et al. [31].

Figure 4.
A. Water-soaked appearance on plant; B. Light exudate from both sides of the water-soaked leaf margins.
Photo credit: Abdulai et al. [31].

In terms of its dissemination, [31] indicated that windy rains and splashing
water from irrigation or running water are two ways that the sporangia on the
infected plant surface are quickly disseminated. The pathogen can grow in the
soil as an encysted zoospore with thick cover layers or as chlamydospores in
the absence of the host for several months as a survival mechanism under dry
stress conditions [28, 39]. Blight of the leaf blade is the most visible symptom of
the disease; other symptoms include postharvest rot of the corm and rotting of the
petiole in susceptible varieties [40]. Early plant leaf infection is most common in
areas where there is sufficient accumulation of guttation droplets, dew, or rainfall.
The pathogen sporangia usually appear on infected leaves as small, brown, water-
soaked necrotic areas that quickly coalesce into large lesions from which yellow
exudates emerge, followed by defoliation and plant death within a few weeks after
infection [25, 28].

The fluctuating day/night cycle influences the development of specific symp-
toms. Cool night temperatures encourage lesion expansion with 3-5 mm wide
water-soaked margins that dry out during the day and return to water-soaked status
at night, resulting in zonation around the necrotic lesion that is easily visible when
viewed from the bottom of the infected leaf [41]. Some symptomatic and asymp-
tomatic plant parts are shown in Figures 3-5.
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Figures.
A-D. Fresh and dried Amber, bright-Orange or veddish-Brown exudate on Tavo leaves. Photo cvedit: Abdulai
etal. [31].

2. Social and economic impact of infectious Phytophthora diseases in
Ghana

2.1Impact of Phytophthora megakarya

Though cocoa is native of South America, the bulk of the beans production
comes from Africa with Ghana being the second largest world’s producer after
Cote D’Ivoire [42, 43] With Ghana’s position in the International cocoa produc-
tion and export markets [42], cocoa contribution to the nation’s economic growth
is limited by high yield losses resulting from Phytophthora disease infections [13].
Phytophthora palmivora which accounted for pod losses of less than 30% was the
only known causal agent of black pod disease of cocoa in Ghana prior to 1985 A. P.
megakarya causes yield losses as high as 60-100% in Ghana according to a report
by [44]. P. megakarya has become the main yield-limiting factor for cocoa produc-
tion in affected areas [36], rapidly surpassing the importance of P. palmivora. The
emergence of P. megakarya has had dramatic social and economic consequences
in cocoa producing countries in West and Central Africa including Ghana, clearly
demonstrating the scale of damage that it may cause in case it spreads into other
cocoa producing territories.

Particularly in Ghana, it was reported that some cocoa farms were neglected
or abandoned and, some cocoa farmers switched over to cultivate vegetables and
other crops because of P. megakarya infections on their cocoa farms [35, 36].
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A report by COCOBOD in 2014 is also indicative that Ghana lost over 25% (212,500
MT) of its annual output of 850,000 MT of cocoa beans to black pod disease, rep-
resenting a revenue loss of about GH¢7.5 million in 2012. P. megakarya still remains
an invasive species in Ghana and was reported to be spreading in the Ghanaian
cocoa belt towards the border with Cote d’Ivoire [29]. A study by [16] noted that
several national programmes, including the National Cocoa Pests and Diseases
Control Programme (CODAPEC), were instituted by the Ghanaian government

in which P. megakarya infected farms were sprayed with fungicides at the expense
of the government. The money spent on these programs could have been better
spent on improving the lives of farmers. In addition, [36] noted that in view of the
severity of P. megakarya mediated black pod during the disease-conducive period
(July—October), some famers in Ghana attached some belief to its incidence due to
the devastating nature; thinking that it was a strange disease caused by evil forces
or the effects of the Volta Lake [35] which has influenced farmers to adopt wrong
attitudes towards its control.

2.2 Impact of Phytophthora colocasiae

Globally, it is generally believed that diseases decrease agricultural productiv-
ity by more than 10%, which is comparable to half a billion tonnes of total food
produced each year [40]. The impact of fungal diseases on crop production has
been well explained by [31] who reported that, when fungal diseases are properly
controlled on five (5) major crops alone, more than 600 million people could be fed
each year in the world. Taro plant is not an exception, as it is known to be infected
by more than ten serious pests and diseases caused by a number of insect pests and
pathogens across the globe [45]. Among all the disease-causing agents in taro plants,
P. colocasiae, which causes leaf blight of taro is known to be the most important.
This pathogen has been reported widely for causing leaf yield loss of 95% and 50%
in postharvest rot of corm yield and quality [39, 46].

It is believed that P. colocasiae is disseminated by means of vegetative propa-
gation materials [28] and the case may not be different in Ghana. There are no
accredited supply centers for planting materials in the country, and farmers rely
on families, neighbors and open market for their supplies of planting materials,
which may be coming from already infested fields. The constraints of taro blight
disease to productivity of taro have been acknowledged in the West-African Sub
Region [28, 38, 47]. The disease poses serious threats to global food security as well
as economic hardship to the people in these taro producing regions of the world.

In Ghana, apart from the three northern regions, taro production is mainly carried
out in the southern part of the country. A few research works have been reported so
far on Taro [47-50]. Even then, the focus had been on the profitability of the taro
enterprise. More studies such as ours reporting on the incidence and severity of P.
colocasiae are needed to provide valuable data to inform interventions towards the
management of taro blight in the country.

3. Management of phytophthora diseases in Ghana
3.1 Management of Phytophthora megakarya

Huge losses resulting from P. megakarya and associated management cost pose
serious threats on the socio-economic development of cocoa growing countries in

terms of their financial resources such as Ghana. Timely, more integrated and sus-
tainable practices which involve the use of resistant varieties, chemical application,
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quarantining germplasm received outside the country, cultural and biological con-
trol are imperative [13, 35]. To effectively prevent disease caused by P. megakarya,
these integrated control strategies must be employed on time. Planting material
movement from one location to another within Ghana account for the quick spread
of the pod rot pathogens. The amalgamation of cultural and chemical methods in
Ghana has proven to be effective against P. megakarya. Cultural practices present a
cost effective way of managing plant diseases as it provides the right ecosystem for
effective performance of fungicides. Cultural practices alone, including judicious
shade management, pruning, removal of basal chupons, mistletoes and frequent
harvesting, can be sufficient to control P. palmivora [34, 36]. Cultural practices are
not only essential for increasing yield, but also provide the right environment for
the efficient performance of recommended fungicides [36]. Frequent harvesting,
for instance, saves partly infected mature pods and reduces sources of sporangial
inoculum while shade management; opening up the canopy and reducing basal
chupons, enhances air circulation in the cocoa farm, thereby reducing disease
incidence [51]. Iwaro et al. [51] noted that at least six applications are required in
one black pod sea.

The recommendation of 3-weekly fungicide spraying in Ghana (son (May-
October). This rather high frequency of spraying, coupled with the ever-increasing
cost of inputs (labour and fungicides) and the lack of knowledge in techniques for
effective spraying, make the adoption of chemical control very low. Four-weekly
spraying of either metalaxyl and copper-1-oxide (Ridomil 72 plus) or cuprous oxide
(Nordox 75) combined with cultural practices had been found effective against
Phytophthora megakarya in researcher-managed trials [52]. This spraying regime
reduces the number of sprays per season to five.

3.2 Management of Phytophthora colocasiae

To be able to control or manage taro blight disease, which usually limits the pro-
ductivity of this crop, it is important that the pathogen is isolated from the diseased
tissues and characterized. On that basis, the pathogen was successfully isolated and
identified morphologically as P. colocasiae based on the important characters of the
pathogen using standard Mycological identification keys according to [32, 33]. The
sporangia are ovoid to ellipsoid with a well-defined narrow semi-papillate structure
and are usually formed at the end of unbranched or casually branched sporangio-
phores at the edge of necrotic lesions. The sporangium is normally segregated from
sporangiophores by the rain, leaving a small pedicel that is attached to their base
[53], signifying the important role rain plays in the pathogen dispersal.

The incidence and severity of the disease are closely linked to the ability of the
pathogen to be dispersed from one place to the other and hence the reason for the
varied incidence and severity of the disease across the various fields in the com-
munities’/farmers’ fields. Management practices of taro leaf blight include hygienic
practices, use of disease-free planting materials, wide spacing between plants when
planting, clearing, removal and burning of infected debris (leaves) during the
initial stage of disease development, separating the diseased plant from the healthy
ones, planting near forest plantations which can serve as a barrier to disease trans-
mission to the taro plants [54, 55].

Singh et al. [40] in his study was able to avoid serious taro blight disease in
his field by planting during the dry season. Appropriate timing of planting is
therefore recommended. Biological control methods such as the use of microor-
ganisms, eg. Pseudomonas fluorescens, Trichoderma viride have also been applied
[56]. Chemical control involving the use of systemic and protectant fungicides
such as phosphorus acid (Foschek); copper (e.g. copper oxychloride); Mancozeb
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(e.g. Dithane M45) and metalaxyl (e.g. Ridomil Gold MZ) has successfully been
used to control taro blight disease [46, 55]. Lastly, the use of the most effective
and promising management strategy is the utilization of resistant taro cultivars
[40] some of which were recently released by Scientists at CSIR-Crops Research
Institute, Kumasi, Ghana.

4. Conclusion and recommendation

Despite the widespread distribution of Phytophthora diseases and resulting crop
harm across the globe, there is a scarcity of knowledge about the diseases’ incidence
and intensity in Ghana. However, to efficiently establish a long-term management
program for its control for farmers in Ghana to increase productivity, there is a
need for more research to determine factors likely to limit the productivity of crops
affected by Phytophthora disease. The continuous development of improved and
high yielding varieties that are resistant or tolerant to Phythothora diseases should
be intensified for all crops.
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Chapter 6

Recognition and Early Stage
Detection of Phytophthora in a
Crop Farm Using IoT

Pooja Vajpayee and Kuldeep Kr. Yogi

Abstract

Detection of agricultural plant pests is seen as one of the farmers’ problems.
Automated Pest Detection Machine enables early detection of crop insects with
advanced computer vision and image recognition. Innovative research in the field
of agriculture has demonstrated a new direction by Internet of Things (IoT). IoT
needs to be widely experienced at the early stage, so that it is widely used in differ-
ent farming applications. It allows farmers increase their crop yield with reduced
time and greater precision. For the past decade, climate change and precipitation
have been unpredictable. Due to this, many Indian farmers are adopting smart
methods for environment known as intelligent farming. Smart farming is an auto-
mated and IOT-based information technology (Internet of Things). In all wireless
environments IOT is developing quickly and widely. The Internet of Things helps
to monitor agricultural crops and thus quickly and effectively increase farmers’
income. This paper presents a literature review on IoT devices for recognizing and
detecting insects in crop fields. Different types of framework/models are present
which are explaining the procedure of insect detection.

Keywords: Internet of things (IoT), smart agriculture, pest detection, deep learning

1. Introduction

The livelihoods of Indians are mainly from agriculture. It has been noted in the last
decade that there has not been much agricultural crop development. As crop prices
decrease, food prices are constantly increasing. Since 2010 more than 40 million
people have been driven into poverty [1]. This may be due to water wastes, low soil
fertility, abuse of fertiliser, climate change and diseases, etc. There are numerous
factors responsible Effective farm intervention is very important and IOT is the solu-
tion for integration with wireless sensor networks. It is capable of changing the way
agriculture develops and contributes greatly to making smart agriculture. Thereisa
three-tier system in the internet. It contains the layer, network layer and application
layer of perception. Sensor motes include perception layer. Devices enabled by ICT,
sensor motes are the building blocks of sensor technology. It comprises cameras, RFID
tags, sensors and network sensors for object recognition and real-time information
collection. The network layer is a universal service IOT infrastructure. The combi-
nation of the layer of perception and the application layer is directed. The layer of
application is a layer that combines the IOT with specific industry technology.
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The internet has almost been applicable in all industries, including intelligent agri-
culture, smart parking, environmental monitoring for intelligent buildings, health
transport and much more.

1.1 Internet of Things (I0T)

The Internet of Things (IOT) is the easiest and most powerful way to solving
problems. IOT is established from different assemblies, with tonners of recorders,
software, pieces of axes. It also makes details more detailed. Without human inter-
ference IOT permits the sharing of data over a network. We will mirror things natu-
rally on the internet as everyday people like a sensor, a car driver etc. An IP address
is given so that data can be transmitted across a network. In 2016, the number of
connected devices grew 30% relative to 2015 according to the report produced by
Garner. He adds that this number is set to grow by 26 billion by 2020 [2].

For the following factors, IOT technology is more efficient:

e Faster Access
* Efficient Communication

* Time Efficiency

Global Connectivity through any devices

e Minimum human efforts

2. Amodel for smart agriculture using IoT

In 2016, Patil and Kale [3] reviewed climate change and rainfall over the past
decade as annoying. As a result, many Indian farmers are implementing climate-
intelligent practices in recent times called intelligent agriculture. Smart farming is
an integrated and IOT-driven information technology (Internet of Things). In all
wireless settings IOT evolves easily and broadly. Within this article, the introduc-
tion of sensor systems and wireless communications to the implementation of IOT
technologies and the systems in current agriculture are analyzed and evaluated,
in conjunction with the current conditions of the agricultural system Remote
Management System (RMS) is proposed to incorporate an approach with internet
and cellular communications. Main aim is to capture real-time farming production
data offering easy access to farming equipment such as fast massage service warn-
ings and guidance on weather conditions, crops etc (Figure 1).

3. Design and realization of a real-time detection device for insect pests
of field crops

Mercedes, S., Bo, G. And Yuxia, H., in 2011 [4] investigated the vast species and
huge quantity of insect parasites of field crops. Hundreds of common insect pests
in farmland are caught by lamps. After the Black Light was trapped, the insect pests
were manually recognized and numbered. And the process of predicting was used
primarily for a long time in China. It was closely linked to the overall quality of the
forecast person’s impact, accuracy and efficacy, and was ultimately determined by
greater subjective factors.
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Figure 1.
SAIoT model.

Students studied the picture identification on field plants of insect pests in
detail. The static digital camera pictures were categorized of 40 species (25 families,
8 orders) of nightmarish insect pests [5]. With gray-scale images, the 30-five typical
plagues (Lepidoptera) manually put were recognized [6]. The auto trapped, killed,
and placed into laboratory for further study the eight species of insect pests in
cotton fields [7].

3.1 Hardware and software system

With the hardware and software framework the second-generation insect pest
detection device was developed. Hardware provided trapping, astonishment and
buffering, a uniform lighting, a dispersion-transporter and a vision machine. The
software framework has improved image, segmented images, chosen functionality
and known insect pests. The unit carried out the entire automation from the collec-
tion of insect pests to the identification.

3.2 Hardware design of the detection system

See Figure 2.
3.3 Software design of the detection system

Owing to the vast number of details and high efficiency in real time, the cost of
the image processing equipment has been raised. Windows 2003 used the frame-
work and the Visual C++ 6.0 language for visual development. MFC-based applica-

tion software was developed using an OK C30S acquisition graphics card with API
functions.
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Figure 2.
Hardware components for real time monitoring system for insect pests on field crops. (1) “Trapping, stunning
and buffering unit, (2) CCD (3) Illumination unit and (4) Scattering and transporting unit”.

3.4 Inference

Real-time detection device for field plagues of second generation has been
developed. It performed all automation, from the capture, dispersion, transport,
collecting of images, picture analysis to pest recognition. It reduced the duration
of detecting pests and increased the degree of automation. The right identification
ratio of nine species of pests surpassed 86%. The study further focused on enhanc-
ing pest species and improving the detection efficiency.

4. Internet of Things application to monitoring plant disease and insect
pests

Shi, Y., Z., Wang, X. Shi, Y. And Zhang, S. in 2015 [8] studied the efficient
way of enhancing agricultural low-tech culture quality by using information and
communication technology to establish a plant disease and long-term insect pest
control system as the farm expert was unable to use the farm for farm management
and insecticide disease control. The article introduces internet-based information
perception technology (IOT) as well as the role of IOT technology for agricultural
disorders and for the control of insect pests, including farming disabilities and
the insect pest control system, the collection of sensor nodes, data processing and
exploitation of insect pest information, etc. An IOT-based disease and insect pest
control system consisting of three levels and three systems were proposed. A new
way of accessing agricultural information on the farm is provided by the system.

5. Agricultural crop monitoring using IoT
“Sreekantha, D.K. and Kavya, A.M”, in 2017 [9] investigated the reorganisation

of the IOT for agriculture, helping farmers to deal with problems in the region with
a broad variety of technology including accuracy and sustainable agriculture. IOT
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technology helps to gather information on conditions such as weather, precipita-
tion, soil temperatures and fertility, field tracking online allows weed identifica-
tion, water level, pest detection and interference of livestock, crops growth and
farming. IOT moves farmers from everywhere and at any time to link to their farm.
Farms are monitored using wireless sensor networks, and microcontrollers for the
control and automation of agricultural processes. Wireless cameras have been used
to view the environments remotely in the form of pictures and images. A smart
telephone enables farmers, at every time and anywhere in the world to keep up to
date with the current conditions of their agriculture. IOT technology can cut costs
and increase conventional agriculture’s productivity.

5.1 Inference

The Internet of things helps agricultural crop tracking to increase crop pro-
duction and thus the farmers’ income quickly and effectively. A wireless sensor
network and sensors of all kinds are used for the collection of crop conditions and
environmental change and are transmitted to farmers/devices via a network to
cause corrective action. Farmers are in connection with the circumstances of the
agriculture sector around the globe at any moment and wherever. Few connectiv-
ity drawbacks have to be addressed by encouraging the technologies to conserve
resources and also by facilitating the user experience.

6. Remote insects trap monitoring system using deep learning
framework and IoT

“Ramalingam, B., Mohan, R.E., Pookkuttath, S., Gémez, B.F., Sairam Borusu,
C.S.C., Wee Teng, T. and Tamilselvam, Y.K in 2020” [10] researched that early insect
identification and control (human physical conditions as an example houses, hos-
pitals hotels, parks, camps, flooring, industries related to food etc) and agricultural
farms were important for developed environments. These pest control steps are
currently labor-dependent manual, repetitive, unpredictable and time-consuming
activities. Latest advances in Internet of Things (IOT) and Artificial Intelligence
(AI) and the can automate a range of maintenance operations, improving efficiency
and safety dramatically. This document includes the implementation of Deep
Learning (DL) and IOT monitoring system of insect traps in real-time as well as the
detection of insects. “The system architecture for remote trap monitoring is developed
with 10T and the unified target detection framework of faster RCNN (Region-based
convolution neural networks) Residual neural Networks 50 (ResNet50). The object
detection system for Faster RCNN (ResNet 50) was trained and deployed in IOT using
designed environmental insects and farm insect imagery”. The proposed device was
tested with four-layer IOT and the picture of constructed ecosystem insects caught
by sticky trap sheets in real time. In addition, insects from farms have been exam-
ined by a different database of photographs of insects (Figure 3).

6.1 Inference

In this article, the IOT and deep learning system was proposed for the remote
insect tracking and the automated process of insect detection. The Faster version
of RCNN ResNet object identification mechanism was accustomed to automately
classifies the parasite type, using the Four-Layer IOT system to built the remote
trap insect tracking mechanism. Included is an ecosystem insect data base and
farm field insect archive that has been checked for offline and on-line reliability in
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Figure 3.
System for remote trap control and insect detection based on IOT and DL.

the detection of intensely learning insects. According to other object recognition
mechanisms such as SSD and Yolo, the accepted device provided optimal insect
detection efficiency. The research has shown that 96 percent of insects identified
with built-in environmental insects were obtained by the qualified model, 94
percent were identified with farmland insects, and 0.2 s were needed on average
for processing the one image. This case study has demonstrated the automation of
remote identification through IOT and a DL-based insect monitoring system using
a qualified CNN framework and overcomes insect control systems failure.

7. Automated remote insect surveillance at a global scale and the Internet
of Things

“Potamitis, I., Eliopoulos, P. and Rigakis, I” in 2017 [11]. In many of our records,
alarge number of extreme insect plagues of agricultural and health importance
were studied in a broad spatial scale as the principle of remote insect control.

The trap is used to make the trap, the timeline, the GPS tag and where necessary,
the inbound insect species from the wing beat safe to inject. Standard low-cost

pest traps for certain insect species augment the insects. Both large crop insects

are tracked in order to decide if a treatment strategy can be undertaken before a
significant infestation takes place. Monitoring processes are based on specially
designed mosquito traps. Conventional insect monitoring is used in the spectrum of
such tracking. It takes physical labour, consumes money and also needs an expert to
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be accurate enough, often with the potential for raising human security concerns. It
is limited on its own expenses.

These drawbacks decrease the amount of manual insect surveillance and thus
its precision, which eventually contributes to considerable cultivation losses due to
pest damage. You intend to monitor the existence, the stamping period, the detec-
tion of species and the population density of target plaguicides with ‘supervision’
to unmatched data extraction levels. Insect counts are wirelessly transmitted to the
central supervisory agency, and predictive tools for the control of insect pests and
environmental factors related to population growth are visualized and streamed
through. The work illustrates how traps can be organized in networks that report
collectively on local, state, world, continental and international data using the new
Internet of Things technologies (IOT).

This research is undoubtedly cross-disciplinary, lies at the intersection of ento-
mology, optoelectronic engineering and computer and crop-science and involves the
production and introduction by many of the most important agricultural pests of
low-cost low-energy technologies to minimize the amount of quantitative and quali-
tative crop failure. They claims that clever traps interacting through IOT will have
a huge effect on the crops security decision-making process in real time and would
undermine current manual practices directly from the field to a manually managed
entity in the very near future. In this article three instances of Rhynchophorus ferru-
gineus are investigated: track the use of (a) picusan, (b) lindgren and (c) monitoring
various stored grain beetle pests using sored grain pitfall trap for Rhynchophorus
ferruginus (Olivier) (Coleoptera: curculionidae). There is a very detailed approach
to the industry that delivers accuracy per cent on automated quantity when as
opposed to the actual defined number of insects in each type of trap.

8. IoT monitoring system for early detection of agricultural pests and
diseases

“Materne, N. and Inoue, M. in 2018” [12] examined the advancement in sensor
technology has driven the technological revolution in agriculture. In these days,
however the opportunity to use digital technologies relating to the Internet of
Things (IOT) increase sharply; the growth of the roles system of farming continues
in its early stages. The current threats of less preferred climate conditions thrive on
the increased risk of cross-border plant pesticides and diseases that damage crops,
as well as on the danger to the food security and on some major losses for the farm-
ers, provided that agricultural sector is still suffering from climate changes. In this
study, they merged Wireless Sensor Network (WSN) sensor devices to establish an
agricultural field monitoring framework that simultaneously tracks eight primary
environmental parameters that are known as highly interconnectioned to booming
pests and plant diseases. The overall system configuration provided for real-time
tracking and regular collection of the huge volume of data. This is why they have
investigated the knowledge obtained using machine learning approaches using
“KNN, Random Forest, Logistic Recovery and Linear Regression algorithms”. The
purpose of this article is to perform an experiment on the advantage of using the
IOT systems in agricultural lands to gather and analyze data to determine a predic-
tion model that could be used to help forecast the outbreaks of plantation diseases.

8.1 Inference

They suggested an IOT framework with functionalities for day-to-day tracking
of farmland environmental parameters. They also developed a predictive model
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for the provision by applying machine learning algorithms to avoid the outbreaks

of pest and diseases in planting. The study merged IOT and machine learning
technologies to improve agriculture and agriculture to draw on new concepts and
developments in technology in order to sustain, increase yields and increase agricul-
tural efficiency. The work represents only eight sensed parameters; the number of
sensors, like meteorological information, may be added for potential production
purposes. In addition, it is important to enhance the work of cloud providers so
long as the behaviour and features of each type of pest and disease are taken into
account.

9. Research on insect pest image detection and recognition based on
bio-inspired methods

“Deng, L., Wang, Y., Han, Z. and Yu, R” in 2018 [13] performed a study
entitled “Research on insect pest image detection and recognition based on
bio-inspired methods”. In this study, methods inspired by human visual systems
were suggested to easily identify and identify insect pests. SUN was used for
the generation of saliency and area of interest maps and identification in pest
images using a Natural Statistics Model (NGM) to inspire human visual focus.
In order to exclude invariant characteristics, the bio- influenced Hierarchic
Model and X (HMAX) model were used to reflect a plague presence. Scale
Invariant Function Transform (SIFT) in the HMAX model was integrated to
improve rotational changes invariance. In the meanwhile, Coarse non-negative
encoding (NNSC) simulates clear cell replies. Furthermore an Invariant Texture
Properties has been removed using the Local Pattern (LCP) algorithm. Finally,
the extracted characteristics were provided for recognition by Support Vector
Machines (SVM). Experimental studies have shown a gain from the proposed
approach relative to the approaches “HMAX, Sparse Coding and Normal Input
Memory (NIMBLE), which is similar to the Deep Convolution Network”
(Figure 4).

9.1 Framework

See Figure 5.

9.2 Result

With an identification rate of 85.5%, the proposed approach obtained a success-
ful outcome and could efficiently identify insect pests in diverse ecosystems. The
suggested solution offered a new approach to the identification and recognition of
insect pests.

“P. Tirelli, N.A. Borghese” [14] found that surveillance of the population
of pesticides in the plant sector is currently a concern. At present, the device
is based on dispersed images, which can be automatically collected and trans-
mitted images of stuck areas to a remote station by means of a wireless sensor
network. The station tests the density of the production of insects at various
farm sites and alerts when the threshold of the insect is surpassed. The client
nodes are spread in the fields that serve as monitoring stations. The main node
co-ordinates the network and retrieves images from client nodes. During the
four week monitoring cycle, the network periodically operates, and the viability
is assessed, forecasts the population curve of the pest insects compared with
everyday assessment.
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Figure 4.

Sample images taken in natural conditions. (a) Locusta migratoria, (b) Parasa lepida, (c) Gypsy moth larva,
(d) Empoasca flavescens, (e) Spodoptera exigua, () Chrysochus chinensis, (g) Laspeyresia pomonella larva,
(h) Spodoptera exigua larva, (i) Atractomorpha sinensis, (j) Laspeyresia pomonella.

10. Insect pest image detection and recognition based on bio-inspired
methods

“Nanni, L., Maguolo, G. and Pancino, F” in 2020 [15] performed a study entitled
“Insect pest image detection and recognition based on bio-inspired methods”.
Identification of insect pests is important for crop safety in many areas of the world.
They introduce in this article an artificial classification based on the combination of
saliency and neural networks. SALIENCY techniques are widespread image pro-
cessing algorithms that identify the most important image pixels. In this paper you
are using three different salience approaches as preprocessing of images and make
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three distinct images for each form of saliency. For each original image they gener-
ate new photographs to train various neural convolution networks, they create 3*3 =
9 new pictures (Figure 6).

10.1 Result

They evaluate each execution of each preprocessing/network pair as well as
they examine the performance of their grouping. You assess your solution on the
major IP102 and a tiny dataset. Its best ensembles achieve the maximum degree of
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Feature extraction framework of LCP.

Figure 6.
Image samples from IP102.
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Species Number of Samples
Locusta migratoria 72
Parasa lepida 59
Gypsy moth larva 40
Empoasca flavescens 41
Spodoptera exigua 68
Chrysocus chinensis 50
Laspeyresia pomonella larva 50
Spodoptera exigua larva 56
Atractomorpha sinensis 62
Laspeyresia pomonella 65
Table 1.

Composition of dataset.

technical precision, with both the smaller (92.43%) and the IP102 (61.93%), match-
ing the efficiency of smaller human experts (Table1).

11. Automatic detection and monitoring of insect pests-A review

Cardim et al. in 2020 [16] studied that certain insect pest species can be automati-
cally identified and tracked. In order to develop integrated pesticide management
(IPM) for precision agriculture, several systems were developed. For many essential
pests, automatic detection traps were developed. This emerging methods and strategies
are very promising to identify hostile and quarantine pests early on and to monitor
them. The paper attempts to evaluate technological and scientific state-of-the-art sen-
sor technologies in order to track and automatically identify insect pests (Figure 7).

“In the article the methods are discussed for the identification, the applications are
introduced, as well as recent progress, comprising machine learning and the Internet of
Things, infrared monitors for pests, audio sensors and classification through images”.

(b)

Figure 7.
Automatic trap for moth species tracking (a) and fruit flies (b) EFOS, Trapview, Slovenia.
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12. Pest detection and extraction using image processing techniques

“Miranda, J.L., Gerardo, B.D. and Tanguilig III, B.T” in 2014 [17]
performed a study entitled “Pest Detection and Extraction Using
Image Processing Techniques”. Detecting pests in paddy fields is an
important problem in agriculture, so effective steps to tackle infes-
tation and reduce the use of pesticides should be created. Imaging
techniques are commonly used in agriculture to offer optimum
protection for crops, thereby leading to greater crop management and
production. The surveillance of pests depends on workers but electronic
control is developing to mitigate the efforts and mistakes of human beings
(Figure 8).

This study broadens the application of various imaging proce-
dures for the identification and extraction of insect pests through the
establishment of an integrated paddy field detection and extraction device
for estimating plague densities. Experimental review shows the proposed
approach to detect pests in rice fields to provide a quick, reliable and simple
solution.

13. Insect detection and classification based on an improved
convolutional neural network

“Xia, D., Chen, P., Wang, B., Zhang, J. and Xie, C” in 2018 [18], to solve the
issue of multi-classification of insects in the field, evaluated a prototype of a
neural network. The model will use the benefits of the neural network such that
multifaceted insect traits are completely extracted. In the regional proposal
process, rather than a standard, selection technique, the regional proposal
network is implemented in order to produce fewer proposal windows, which are
particularly valuable for improving the accuracy of forecasts and accelerating
calculations. Experimental studies indicate that the proposed approach is better
than the current conventional insect classification algorithms and is higher reli-
ably (Figure9).
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The proposed detection model using VGG19 having schematic structure.

14. Image processing techniques for insect shape detection in field crops

Thenmozhi, K. and Reddy, U.S., 2017 [19] performed a study entitiled “Image
Processing Techniques for Insect Shape Detection in Field Crops”. In farming,
the identification of crop pest is considered one of the farmers’ challenges. An
integrated machine vision and picture analysis device for insect detection enables
improved identification of early-stage plant insects with a lower time and greater
precision that will improve crop yield. Digital image processing methods were
used in the current work to detect the insect forms in the sugar cane crop with
photographs of crop insects for pre-processing, segmentation and extraction. Sobel
edge detecting is introduced to distal media. In the extraction of the feature nine
geometrical features can be defined in the structure of the insect. This recognition
of insect shape performs well and achieves high precision for round (circular), oval,
triangular and rectangular sugarcane field insects. The study was carried out using
the Image Processing Toolbox in MATLAB 2015b (Figure 10).

15. I0T-based drone for improvement of crop quality in agricultural

field

“Saha, A.K,, Saha, J., Ray, R., Sircar, S., Dutta, S., Chattopadhyay, S.P. and
Saha, H.N, in 2018 [20] researched that the need for increased population and
agriculture is becoming increasingly frequent with unmanned air vehicles. Drones
with suitable cameras, sensors and modules can help to make agriculture simpler,
more effective and more accurate. The solutions proposed relating to these drones
will help to expand the potential of further improvement if combined with vari-
ous machine learning and the Internet of Things concepts. The relevant work in
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Figure 10.
Flow chart for detecting crop insects form.

this field and the solutions which could be incorporated into the drone using the
Raspberry Pi 3 B module were highlighted in this paper.

15.1 Inference

They conclude that drones or UAVs would be of tremendous help in agriculture
as they are crucial at the start of a crop cycle with an increasing population. Not
only will it minimize time, but it will also generate better cultivation based on
analyzed data. The systematic monitoring will make crop management more effec-
tive. With the next developments, with less electricity usage, the output rate will
increase rapidly. Drones are used in the planting of plant nutrients in the soil not
just in soil and field analysis but also in planting seeds. The use of drones could also
eliminate the crop monitoring obstacles that had previously been faced. Drones are
not stopped here because they are integrated into hyper-spectral, thermal, or multi-
spectral sensors and drones may detect which parts of the soil are dry. Furthermore,
drones will also be used for scanning with near-infrared and visible light in order to
determine crop health. Drones therefore act as an ideal aeroplane for the accuracy
data collection.

16. In intelligent agriculture, a vision-based flying insects counting and
recognition system

“Zhong, Y., Gao, J., Lei, Q. and Zhou, Y” in 2018 [21] studied that a Design
and implementation of flying insects counting and classification system
based on vision. The system is built as follows: firstly, in the surveillance
area a yellow sticky trap is installed to catch flying insects, and the camera
is mounted to capture images on the spot. Then the process of detection and
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Figure 11.
The components of agricultural monitoring service platform.

coarse counting on the basis of the detection and classification of objects by
You Only Look Once (YOLO), using global functionalities is designed. Six
insect species including fly, fruit fly, bee, mouth, moth, and chaff have been
chosen to evaluate the efficacy of the system. The Raspberry PI insect counting
and recognition system is implemented. The results of the tests show promis-
ing performance compared to conventional methods. On Raspberry PI the
average counting accuracy is 92.5% and average classification accuracy is 90.18
percent. The system proposed is simple to use and provides fast and reliable
identification data; it can therefore be applied for smart farming applications
(Figure 11).

17. Pest24: a large-scale very small object data set of agricultural pests
for multi-target detection

“Wang, QJ., Zhang, SY., Dong, S.F., Zhang, G.C., Yang, J., Li, R. and Wang,
H.Q., in 2020 [22] studied that Accurate agriculture poses new challenges for on-
site pest monitoring in real time based on the new Al technology generation. This
paper establishes a large-scale standardised data collection of agricultural pests,
called Pest24 to provide a large data resource for the training of profound learn-
ing models for the detection of pests. In particular, the current data set consists of
25.378 images from our automatic plague trap and imaging system annotated with
pests. 24 typical pest categories, which are mainly responsible for destroying field
crops in China every year, are involved in Pest24. They use various cutting-edge
methods of detection, such as RCNN Faster, SSD, YOLOv3 and Cascade R-CNN,
to detect pests in the data set and to generate promising findings for in real time
field pests monitoring. In the exploration of factors that impact on pest detection
accuracy, the data set are analysed into a range of aspects and the three factors that
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mainly affect the performance of the pest detection, i.e. relative scale, number of
instances and adhesion of objects. Overall, Pest24 usually features large-scale multi-
pest image data, small object sizes, high object resemblance and dense pesticide
distribution.

Numbers of images and instances of each pest category in Pest24

Index Pest name Images Instances
1 Rice planthopper 316 1511
2 Rice Leaf Roller 944 1240
3 Chilo suppressalis 454 1285
5 Armyworm 3828 8880
6 Bollworm 9049 28,014
7 Meadow borer 5526 16,516
8 Athetis lepigone 7520 30,339
10 Spodoptera litura 1588 1951
1 Spodoptera exigua 3614 7263
12 Stem borer 1357 1804
13 Little Gecko 2503 4279
14 Plutella xylostella 531 953
15 Spodoptera cabbage 1707 2302
16 Scotogramma trifolii Rottemberg 3223 4679
24 Yellow tiger 1388 1686
25 Land tiger 369 475
28 Eight-character tiger 154 168
29 Holotrichia oblita 90 108
31 Holotrichia parallela 3111 11,675
32 Anomala corpulenta 5228 53,347
34 Gryllotalpa orientalis 3629 6528
35 Nematode trench 118 167
36 Agriotes fuscicollis Miwa 1814 6484
37 Melahotus 239 768

18. Internet of things for smart agriculture: technologies, practices and
future direction

“Ray, PP” in 2017 [23] studied that innovative science in agriculture has taken a
new path with the introduction of the Internet of Things (IoT). IoT must be widely
experimented to be applied in different agricultural applications at the emerging
stage. In this paper, they review many possible IoT applications and the particular
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questions and challenges relating to improved agricultural IoT deployment. The
devices and wireless communication technologies linked to IoT are evaluated
extensively to meet the unique requirements of agricultural and agriculture applica-
tions. Research has been carried out on those IoT sensor systems which deliver intel-
ligent and intelligent services to smart farming. Various case studies are provided

to analyse the IoT-based solutions implemented according to their implementation
parameters by different organisations and individuals and categories. The related
issues in these solutions are also illustrated, while defining progress factors and
potential IoT work maps.

19. Real-time detection of apple leaf diseases using deep learning
approach based on improved convolutional neural networks

“Jiang, P., Chen, Y., Liu, B., He, D. and Liang, C”, in 2019 [24] examined that
The Alternarial leaf spot, the brown spot, the mosaic, the grey spot and Rust are
five common types of apple leaf conditions. However, the detection of apple dis-
eases in current research is not reliable and easy to ensure that the apple industry
is growing healthy. This paper provides a deeper learning approach aimed at
the detection in real time of enhanced neural networks (CNNs). This article is
the first use of the Apple Leaf Disease Data Set (ALDD) data augmentation and
annotation technology which consists of laboratory pictures and complex images
in real life. Based on this proposal a new apple leaf detection model that uses
deep-CNN is proposed by integrating the GoogLeNet Inception and Rainbow
concatenation system. Finally, five common Aple Leaf diseases using a dataset
of 26,377 image of diseased Apple leaves are trained by the proposed INAR-SSD
(SSD with Initiation and Reinbow Concatenation Module) model. The experi-
mental results show that a high rate of 23.13 FPS 78.80 per cent of mAP is used
for the INAR-SSD model in the ALDD. The results show that an early diagnosis
approach to apple leaf disease has been established by the new INAR-SSD model,
which detects these diseases in real time with greater precision and rapidity
than before.

20. A review of advanced machine learning methods for the detection of
biotic stress in precision crop protection

“Behmann, J., Mahlein, A.K., Rumpf, T., Rémer, C. and Pliimer, L.”, 2015 [25]
studied that the early and accurate biotic stress detection is needed for effective
crop protection. Important results have been obtained in recent years on the
early identification of weeds, herbal diseases and insect pesticides in crops. The
findings relate both to the development of optical sensors that are non-invasive
high resolution and methods for data processing that can manage signals from
the resolution, size and complexity of these sensors. Several machinery learning
methods, such as vector machines and neural classification (supervised learning)
networks, have been used for precision agriculture (unsupervised learning).
These methods can measure both linear and non-linear models and require few
statistics. Early detection of plant diseases by the use of supervised or unattended
learning methods, and weed detection by the use of formal descriptors, is effec-
tive applications. A brief introduction to machine learning that an analysis of its
potential to protect precision crops and an overview of instructive examples from
several areas.
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21. A novel cloud computing based smart farming system for early
detection of borer insects in tomatoes

“Rupanagudi, S.R., Ranjani, B.S., Nagaraj, P., Bhat, V.G. and Thippeswamy,
G, 2015 [26], examined that farmers suffer tremendous losses every year as a
result of plague infestations and that affects their livelihoods. In this article we
will address a new solution to this problem by continuous video processing, cloud
computing and robotics monitoring of crops. The paper describes the methods
for pesticide detection in one of the most popular tomato fruits in the world. “An
insight into how in this project even the notion of the Internet of Things can be
conceptualized”.

22. Wireless sensor network based automated irrigation and crop field
monitoring system

“Nisha, G. and Megala, ].” in 2014 [27] studied that wireless Sensor
Automatic irrigation system based on a network to maximise agricultural water
use. A network of wireless sensors and temperature sensors distributed with
solid moisture in the field is the unit. The Zigbee Protocol is used for the man-
agement of sensor information and for the control by means of an algorithm
with sensor threshold values to a microcontroller irrigation system. A solar panel
and a mobile Internet guide are used for the unit. A wireless camera in the field
with image processing techniques monitors the area of the disease. The device
is low costs and benefits power independence in water-limited geographically
isolated areas.

23. A review of recent sensing technologies to detect invertebrates on
crops

This study is performed by “Liu, H., Lee, S.H. and Chahl, J.S” in 2017 [28]. In
order to detect pesticides more effectively, researchers have developed different
technologies. The existing sensing technology, however, is still limited to effective
field applications. This review paper is designed for exploring relative technologies
and finding a method for the sensing and detection of crop invertebrates such as
butterflies, sauté, snails and slugs. Two main areas for the identification and detec-
tion of invertebrates were identified: acoustic sensing and vision system (MVS).
The acoustic sensor is suitable for detection and identification of soil pests, stored
grains and wood, whereas acoustic sensors must usually be fitted to inspection
samples causing difficulties for efficient inland applications. MVS has the potential
to detect and identify invertebrates in crops in a more efficient and flexible manner.
The invertebrate identification technologies have recently been studied in detail
with MVS, but the detection of infertile fields is relatively weak. This study summa-
rizes current research deficiencies and discusses possible research directions.

24.10T based strawberry disease prediction system for smart farming

This study performed by “Kim, S., Lee, M. and Shin, C.”, 2018 [29].
In this study cloud-based technology was built to manage information
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The Internet of Things (IoT)-Hub is used in this network model. FaaS: Farm as a Service; api: application
programming intevface; LoRa: Long Range.

gathering, analysis and prediction in a shared framework. The proposed
integrated system Farm as a Service (FaaS) assists high-level applications
support through farms activity and observing and associated equipment,
data and models management. Such a system records, connects and man-
ages IoT devices and analyses information about the environment and
growth. Furthermore, this study consisted of the IoT-Hub network model.
Effective data transmission for every IoT device and communication for
non-standard items is supported by this model and is highly reliable in
communication in most difficult circumstances. [oT-Hub thus make sure the
steadiness of agricultural environment-specific technology. Specific systems
are implemented at different levels in an integrated agricultural specialist
FaaS$ system. A strawberry infection prediction system has been designed and
analysed, and this system has been compared with other infection models
(Figure12).

25. A multispectral 3-D vision system for invertebrate detection on crops

“Liu, H., Lee, S.H. and Chahl, J.S.”, in 2017 [30] examined that the benefits
of multi-spectral and hyperspectral vision systems have been demonstrated to
detect such invertebrate pests efficiently and accurately. However, the identifi-
cation of certain camouflaged pests on host plants has been restricted by only
use of spectral details. Three-dimensional (3-D) representations are widely
studied for multifaceted object recognition and scene perception in many fields.
However, because of a lack of appropriate data collection methods and efficient
algorithms, 3-D technologies have no invertebrate detection applications. “They
created a multi-spectral vision system that enables the development of denser
plant and pest clouds with multi-spectral images of UV, blue, green, red, and
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near-infraround” An algorithm was designed to differentiate wide leafs from
relatively large pests in nuclei at the noisy stage. The vision can be used as an
automated pesticide sprayer sensor, or to support advanced pesticide monitoring
systems.

26. Design of intelligent agriculture management information system
based on IoT

Yan-e, D., in 2011 [31] studied that Agricultural IT (AIT) has been the most
productive means and instruments for improving agriculture productivity
and making maximum use of agricultural resources and has been widely used
on all aspects of agricultural. The use of information technology from agri-
cultural production as an important sub technology of AIT measures the level
of agricultural computerization and the efficacy of decision-making on farm
production. In this paper the methods for MIS intelligent agriculture design and
architecture is discussed based on the implementation of the concept of man-
agement of agricultural knowledge and analysis of agricultural data character-
istics (Figure 13).

Early detection of Phytophthora spp using I0OT and machine learning
architecture
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See Figure 14.

The above flow is a combination of IoT networks and machine learning mod-
els to predict and recommend the Phytophthora spp. from crops. Here the initial
steps to form the architecture are network deployment and configure with initial
node parameters. This phase have various sub-modules where the network nodes
placed on field, sensing areas formations etc. Once the nodes deployed in the field,
network node regularly sense data in the form of captured frames and send it to
the base station. The base station having various detection and recommendation
models to analyse the data frames.

All transmitted frames from the field to the base station formed in the actual
format and load in the ML models. ML models in the network base station are
already trained models for various crops disease properties and labels. These are
able to classify the captured properties and recommend the disease and various
possible treatments. After classification, if the model predicts infection then it
suggests the medicines and track for future updates.
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S.No Author name Paper description Publication year

1 Patil and Kale In all wireless settings IOT evolves easily and broadly. 2016

Within this article, the introduction of sensor systems
and wireless communications to the implementation
of IOT technologies and the systems in current
agriculture are analyzed and evaluated, in conjunction
with the current conditions of the agricultural system
Remote Management System (RMS) is proposed to
incorporate an approach with internet and cellular
communications.

2 Mercedes, S., Bo, Real-time detection device for field plagues of second 2011
G. And Yuxia, H generation has been developed. It performed all

automation, from the capture, dispersion, transport,
collecting of images, picture analysis to pest
recognition. It reduced the duration of detecting pests
and increased the degree of automation.

3 Shi, Y., Z., Wang, An IOT-based disease and insect pest control system 2015
X. Shi, Y. And consisting of three levels and three systems were
Zhang, S proposed. A new way of accessing agricultural

information on the farm is provided by the system.

4 Sreekantha, D.K. A smart telephone enables farmers, at every time 2017
and Kavya, A.M and anywhere in the world to keep up to date with

the current conditions of their agriculture. IOT
technology can cut costs and increase conventional
agriculture’s productivity.

5 Ramalingam, Latest advances in Internet of Things (IOT) and 2020
B., Mohan, R.E., Artificial Intelligence (AI) can automate a range of
Pookkuttath, maintenance operations, improving efficiency and
S., Gémez, B.F., safety dramatically. This document includes the
Sairam Borusu, implementation of Deep Learning (DL) and IOT
C.S.C., Wee prototype for the tracking of insect traps in real-time
Teng, T. and and the identification of insects.

Tamilselvam, Y.K
6 Potamitis, I., Conventional insect monitoring is used in the spectrum 2017

Eliopoulos, P. and
Rigakis, I

of such tracking. It takes physical labour, consumes
money and also needs an expert to be accurate enough,
often with the potential for raising human security
concerns. It is limited on its own expenses.
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S.No

Author name

Paper description

Publication year

7

Materne, N. and
Inoue, M.

10T framework with functionalities for day-to-day
tracking of farmland environmental parameters. They
also developed a predictive model for the provision

by applying machine learning algorithms to avoid the
outbreaks of pestand diseases in planting.

2018

Deng, L., Wang,
Y., Han, Z. and
Yu, R

To exclude invariant characteristics, the bio-
influenced Hierarchic Model and X (HMAX) model
were used to reflect a plague presence. Scale Invariant
Function Transform (SIFT) in the HMAX model was
integrated to improve rotational changes invariance.
In the meanwhile, Coarse non-negative encoding
(NNSC) simulates clear cell replies. Furthermore an
Invariant Texture Properties has been removed using
the Local Pattern (LCP) algorithm.

2018

P. Tirelli, N.A.
Borghese

The device is based on dispersed images, which can
be automatically collected and transmitted images of
stuck areas to a remote station by means of a wireless
sensor network. The station tests the density of the
production of insects at various farm sites and alerts
when the threshold of the insect is surpassed.

2011

10

Nanni, L.,
Maguolo, G. and
Pancino, F

SALIENCY techniques are widespread image
processing algorithms that identify the most
important image pixels. In this paper you are using
three different salience approaches as an image
preprocessing and create three different images for
each form of saliency.

2020

11

Cardim et al

For many essential pests, automatic detection

traps were developed. This emerging methods and
strategies are very promising to identify hostile and
quarantine pests early on and to monitor them.

2020

12

Miranda, J.L.,
Gerardo, B.D. and
Tanguilig III, BT

Imaging techniques are commonly used in agriculture
to offer optimum protection for crops, thereby
leading to greater crop management and production.
The surveillance of pests depends on workers but
electronic control is developing to mitigate the efforts
and mistakes of human beings.

2014

13

Xia, D., Chen, P,
Wang, B., Zhang,
J. and Xie, C

Experimental studies indicate that the proposed
approach is better than the current conventional
insect classification algorithms and is higher reliably.

2018

14

Thenmozhi, K.
and Reddy, U.S.

An integrated machine vision and picture analysis
device for insect detection enables improved
identification of early-stage plant insects with a
lower time and greater precision that will improve
crop yield. Digital image processing methods
were used in the current work to detect the insect
forms in the sugar cane crop with photographs of
crop insects for pre-processing, segmentation and
extraction.

2017

15

Saha, A.K,, Saha,
J., Ray, R., Sircar,
S., Dutta, S.,
Chattopadhyay,
S.P. and Saha,
H.N.

Drones with suitable cameras, sensors and modules
can help to make agriculture simpler, more effective
and more accurate. The solutions proposed relating
to these drones will help to expand the potential

of further improvement if combined with various
machine learning and the Internet of Things
concepts.

2018
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S.No Author name Paper description Publication year
16 Zhong, Y., Gao, The detection and coarse counting method on 2018
J., Lei, Q. and the basis of the detection and classification of
Zhou, Y objects by You Only Look Once (YOLO), using
global functionalities is designed. Six insect species
including fly, fruit fly, bee, mouth, moth, and chaff
have been chosen to evaluate the efficacy of the
system.
17 Wang, QJ., 24 typical pest categories, which are mainly 2020
Zhang, SY., responsible for destroying field crops in China every
Dong, S.E, year, are involved in Pest24. They use various cutting-
Zhang, G.C,, edge methods of detection, such as RCNN Faster, SSD,
Yang,].,Li,R.and = YOLOv3 and Cascade R-CNN, to detect pests in the
Wang, HQ data set and to generate promising findings for in real
time field pests monitoring.
18 Ray, PP The devices and wireless communication technologies 2017
linked to IoT are evaluated extensively to meet the
unique requirements of agricultural and agriculture
applications. Research has been carried out on those
IoT sensor systems which deliver intelligent and
intelligent services to smart farming. Various case
studies are provided to analyse the IoT-based solutions
implemented according to their implementation
parameters by different organisations and individuals
and categories.
19 Jiang, P, Chen, This article is the first use of the Apple Leaf Disease 2019
Y., Liu, B., He, D. Data Set (ALDD) data augmentation and annotation
and Liang, C. technology which consists of laboratory pictures and
complex images in real life. Based on this proposal a
new apple leaf detection model that uses deep-CNN is
proposed by integrating the GoogLeNet Inception and
Rainbow concatenation system.
20 Behmann, J., The findings relate both to the development of optical ~ 2015
Mabhlein, A.K., sensors that are non-invasive high resolution and
Rumpf, T., Rémer,  methods for data processing that can manage signals
C. and Pliimer, L. from the resolution, size and complexity of these
sensors. Several machinery learning methods, such as
vector machines and neural classification (supervised
learning) networks, have been used for precision
agriculture (unsupervised learning).
21 Rupanagudi, The paper describes the methods for pesticide 2015
S.R., Ranjani, detection in one of the most popular tomato fruits
B.S., Nagaraj, P, in the world. “An insight into how in this project
Bhat, V.G. and even the notion of the Internet of Things can be
Thippeswamy, G conceptualized”.
22 Nisha, G. and A network of wireless sensors and temperature 2014
Megala, J. sensors distributed with solid moisture in the field
is the unit. The Zigbee Protocol is used for the
management of sensor information and for the control
by means of an algorithm with sensor threshold values
to a microcontroller irrigation system.
23 Liu, H., Lee, S.H. This paper is designed for exploring relative 2017

and Chahl, J.S.

technologies and finding a method for the sensing
and detection of crop invertebrates such as
butterflies, sauté, snails and slugs. Two main areas
for the identification and detection of invertebrates
were identified: acoustic sensing and vision system
(MVS).
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S.No Author name Paper description Publication year
24 Kim, S., Lee, M. Cloud-based technology was built to manage 2018
and Shin, C. information gathering, analysis and predictionina

shared framework. The proposed integrated system
Farm as a Service (FaaS) assists high-level applications
assistance through farms activity and observing the
associated equipment, data and models management.

25 Liu, H., Lee, S.H. “They created a multi-spectral vision system that 2017
and Chahl, J.S. enables the development of denser plant and pest
clouds with multi-spectral images of UV, blue, green,
red, and near-infraround”. An algorithm was designed
to differentiate wide leafs from relatively large pests in
nuclei at the noisy stage.

26 Yan-e, D. In this paper the methods for MIS intelligent 2011
agriculture design and architecture is discussed based
on the implementation of the concept of management
of agricultural knowledge and analysis of agricultural
data characteristics.

27. Conclusion

A literature review on IoT devices to identify and track insects in crop fields is
discussed in this article. Each solution has been seen to have its possibilities and limita-
tions. The species of pests must be increased and the identification must be improved.
Detailed knowledge on the real-time and historical context is required to ensure
effective control and allocation of capital. The Internet of Things allowed the rapid and
efficient tracking of agricultural crops so as to increase the crop production and hence
the farmer’s revenues. In order to gather information on crop conditions and environ-
mental changes, the wireless sensors network and sensors of various kinds were used.

This information is transmitted to the equipment network which initiates
corrective action. For remote insect control and automatic insect identification,
IoT and deep learning technologies are used. The Faster RCNN ResNet IoT Target
Recognition Platform can be used to automatically identify the insect type with a
four-layer IOT for remote trap insect monitoring.
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maintain sustainable agriculture and national economy. It is a valuable scientific
resource for farmers, agriculturists, and other interested readers.
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