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Preface

The science of plant diseases (plant pathology or phytopathology) has become
like a child of needfulness. Plant diseases have caused concern throughout history
since the first crop plants were domesticated during the transition to agriculture
between 2,000 to 12,000 years B.C. The first record of plant disease symptoms was
found in Vedas (Rugveda, Athavaeda) as early as 1,200 B.C. Control of a disease
was mentioned in “VRIKSHAYURVED” by Surapal in ancient India. Mention
of plant disease has been made in Buddhist literature in 500 B.C. The Greek
philosopher Aristotle wrote about plant diseases in 350 B.C. Theophrastus also
wrote about cereal disease and even suggested some remedies to control them (in
300 B.C). In the Medieval Ages, the writings of the Arabian Ibn-al-Awam (10th
Century, Seville, Spain) described symptoms and control measures for some plant
diseases. There are references in the Old Testament of the Bible to blights, blasts,
and mildews (6th century B.C.). Following the above-mentioned references, we
can begin to understand that with domestication of crop species, their pathogens
have also developed.

Since ancient times, plant pathogens, as the causal agents of plant diseases, have
challenged farmers because agriculture was crucial in supporting growing human
populations. The need for the study of plant pathogens gave rise to the develop-
ment of new sciences, new technologies for plant breeding, and the agrochemical 
industry for pesticide development. Yet, all our actions and efforts to suppress or
eradicate these diseases has constantly pressured these various organisms to evolve
and adapt for survival. This ability is a natural phenomenon or evolution. For the
pathogens in modern agro-ecosystems, the selection pressures are provided by
human. Pathogens constantly find new ways to adapt to conditions that humans
create and keep existing. Is it possible that with the cultivation of plants, we have
also cultivated pathogens?

Plant diseases today are diseases of high standards because all agricultural tech-
niques and pest management methods implemented in modern agricultural 
crop production to cherish the crop simultaneously provide ideal homogenous
environments for their pathogens. In particular, large areas under monoculture
production of genetically uniform plant population, fertilization, and irrigation
creates an environment with fewer factors that could reduce populations or even
extermination of pathogens. Moreover, the co-evolution of pathogens and their
plant host may occur even faster in agricultural ecosystems (agro-ecosystems) 
than in natural ecosystems. Because of the implementation of agricultural tech-
niques and pest management, the agricultural field is less prone to environmental 
fluctuations. Therefore, it is important to understand the evolutionary processes
especially because speciation may occur more rapidly for plant pathogens than
for other organisms. In the 21st century, the principles of evolutionary biology are
implemented in phytopathology because of the understanding of the evolutionary
processes that leading to the emergence of new pathogens. Understanding that the
nature of the agro-ecosystems has played and continues to play a critical role in
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the emergence and spread of pathogens is essential to assessing the risks posed by 
potential future pathogens. When it is possible to predict the occurrence and spread 
of the pathogen, the control strategies can be developed.

New discoveries and insights into the plant-pathogen interaction and their coevolu-
tion are requiring revisions to existing knowledge about familiar plant pathogens. 
For instance, Common Barberry (Berberis vulgaris) is a major alternative host for 
the stem rust pathogen (Puccinia graminis f. sp. tritici) and was recently found in 
China to be an alternative host for the stripe rust pathogen (P. striiformis f. sp. tritici) 
although their associations have not been found in US Pacific Northwest. The new 
liberibacter species Candidatus Liberibacter solanacearum was first identified in 
2008, simultaneously in the United States and New Zealand in tomato and pep-
per and then in potato, as well as several other solanaceous species. Recently, this 
species of liberibacter has also been documented in Northern Europe on carrot 
(Daucus carota L.) and the Mediterranean Region on celery (Apium graveolens). In 
August 2012, it was identified in France in two commercial carrot fields infested 
with its insect vector, the psyllid Trioza apicalis. Their introduction in the region is 
not clear and they are currently under eradication. Recently, downy mildew of Basil 
(Ocimum basilicum) has become one of the most destructive diseases of Sweet Basil, 
which is grown as a specialty crop in greenhouses. The problem is especially pro-
nounced in eco-grown plants because of the limited fungicide use. Once infected, 
Basil plants are no longer marketable. Another, new downy mildew disease, caused 
by Peronospora aquilegia, has recently devastated and rapidly spread throughout 
numerous gardens and nurseries of the ornamental Aquilegia in the UK, but so far 
does not seem to have reached continental Europe.

This book is a response to the increasing interest in some plant pathogens that 
arise as new threats to modern plant production worldwide. The table of contents 
provides a descriptive feel about the topics which seize the attention and concern 
of phytopathologists today. The book is composed of three sections. The number of 
literature citations was not restricted and this constitutes a strength of the book.

Section I - Host-pathogen coevolution delivers an overview of new insights on exist-
ing pathogens that have begun to show a new face as a result of adapting to their 
host’s existing production conditions. Here the readers can read about: i) the threat 
of rapid global spread of devastating downy mildew on Basil; ii) the difficulties of 
monitoring asymptomatic infections using PCR based methods especially of moni-
toring asymptomatic infections caused by the pathogen of Witches Broom disease 
of lime, and iii) leaf scald of sugarcane recently found in China and now becoming 
a serious threats to sugar industries.

Section II - Novel approaches to plant disease has the most chapters as much of the 
progress in plant pathology has been in the areas of how plants defend themselves 
against pathogens, how pathogens can be suppressed by other beneficial organisms, 
and the near future applicable methods exploiting discoveries in molecular genetics. 
Here the reader will read about: i) expanding prospects of nanotechnology in plant 
pathology;  ii) the safe and effective alternative to control various phytopathogens 
by phytochemicals derived from secondary metabolism of medicinal plants,  
iii) two different approaches for biological control of Xanthomonas citri subsp.
citri the possible bio-agent of Pseudomonas bacteria and inhibitors of quorum
quenching; and iv) near-future management strategies in the production of major
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cultivated vegetable crops from Solanaceae and Cucurbitaceae family such as genome
editing, engineering rootstocks for tobamovirus resistance, and implementation of
cross- protection approach.

Section III - Management of plant diseases also gives insight into novelties in the area
of fungicide-resistance and new application techniques. Here the reader will read 
about: i) new threats of resistance to stroubilurines of strobilurin-quinone resistant
strains of Colletotrichum gloeosporioides, the causal agent of Japanese pear anthrac-
nose; ii) current research efforts and strategies aimed at minimizing of cacao swol-
len shoot virus (CSSV) disease continuous spread and devastation on Ghana’s cocoa
production, new techniques for delivering the chemicals; and iii) possibilities to
control Venturia inaequalis and Erwinia amylovora by trunk injection of fungicides
used for Diplodia corticola.

This book is not only an interesting mix of all the topics discussed above but a
compilation of the recent methods and knowledge about plant pathogens that are
at the present time found to be of most concern. There is no doubt that the future
will introduce some new plant pathogens and new concerns and problems will
arise with them. Due to the simultaneous co-evolution of plants and their patho-
gens, all of our present-day knowledge will change in the future. In recent times,
several plant pathogenic fungi have been reported as pathogenic to humans
posing serious health challenges in both relatively healthy individuals as well as
in those with serious underlying medical conditions. Since the 1980s at least 100
fungi not previously connected with disease in humans, have been identified as
pathogenic. Some plant pathogenic fungi implicated in human diseases are Mucor 
mucedo, Penicillium chrysogenum, Alternaria tenuis, Aspergillus flavus, Curvularia
lunata, Fusarium culmorum, Botryodiplodia theobromae, Trichoderma hazianum
and Bipolaris sp. These fungi are melanized and melanin is considered as one
of their major virulence factors. Plant-attacking mycoflora capable of causing
human mycoses has stirred up public health concerns. This has imposed new
challenges to scientists, among them phytopathologists, and they need to join
forces to combat and find novel user-friendly antifungal compounds to maintain
human health.

Phytopathology has experienced a major increase in attention and in an atmosphere
of constant evolutionary change, we must ask: Quo vadis Phytopathology? If we
draw a parallel with historical development, we can predict that phytopathology
will retain the image of necessity and will extend into new science fields. Like Alice
in Wonderland said, “If we wish to go anywhere we must run twice as fast as that” so
we need to constantly broaden our knowledge.

I would like to express my appreciation to all the authors and co-authors that col-
laborated on this book. They are all recognized authorities in their field of expertise
and this book is based on their research.

I am especially grateful to Mrs. Lucija Tomičić Dromgool, Commissioning Editor
of IntechOpen who contacted me and encouraged me to become the editor of this
book and for the kind empathy in my loss.

I would also like to thank Mr. Gordan Tot, Author Service Manager of IntechOpen
for his assistance and kind understanding during the publication process.
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Chapter 1

Downy Mildew of Basil: A New 
Destructive Disease Worldwide
Snježana Topolovec-Pintarić and Katarina Martinko

Abstract

Oomycete pseudofungus (Peronospora belbahrii) is a causal of devastating basil 
downy mildew disease because once infected basil plants are no longer marketable. 
The host range is limited to basil and hyssop. Coleus was previously considered 
as host as well, but pathogen causing downy mildew on coleus has been shown 
genetically different and specified as P. belbahrii sensu lato. Therefore, P. belbahrii 
is described as a complex species, likely defined by plant host. The P. belbahrii is 
air-borne and seed-borne pathogen and it does not need a vector for dispersal. The 
disease was firstly reported from Africa where it is assumed to have originated on 
sweet basil and 70 years later it was reported from Europe. Currently, basil downy 
mildew is of pandemic occurrence and the pathogen is present in almost all areas 
around the world where basil is cultivated. Since the pathogen is transmitted by the 
seed, there is a high risk of the pathogen spread by the seed trade.

Keywords: Agastache, downy mildew, Lamiaceae, Ocimum, Peronospora

1. Introduction

Downy mildew caused by Peronospora belbahrii Thines is one of the most 
destructive diseases of sweet basil (Ocimum basilicum) of the family Lamiaceae 
Lindl. (alternatively Labiaceae Dulac) which except field farming is also grown as 
a specialty crop in greenhouses. Downy mildew of basil was first reported in 1932 
from Uganda, Africa as Peronospora spp. and again in 1937 as P. lamii from where it 
is assumed to have originated on sweet basil [1, 2].

First report from Europe was in 2001 from Switzerland where it was observed in 
greenhouses [3]. After that, the disease was detected in Italy in 2003 on sweet basil 
in several greenhouses located in Liguria region (Northern Italy). In 2004, it was 
found in France on some basil crops near Saint Tropez (Southern France) [4]. In the 
same year, it was found in Belgium, but there are no data about the first detection.

After those first European reports, the pathogen was rapidly spread through 
Europe. In summer 2009, it was detected in United Kingdom in Agastache (hyssop) 
plants (Agastache mexicana and Agastache sp.) at Wisley gardens (Surrey) and on 
the summer of 2010 in protected basil plants in south-east England [5, 6]. In 2010, a 
significant incidence of downy mildew was reported in Hungary at two plant stands 
at Budapest-Soroksár and Tordasal though a similar disease had been observed in 
2003 in a greenhouse at Albertirsa [7]. It was reported from Czech Republic in 2012 
as well as from Cyprus [8]. In 2014, it was found again in United Kingdom but in 
several plants of coleus (Solenostemon scutellarioides cv. ‘Chocolate Mint’) but in 
2016 has been shown that the pathogen causing coleus downy mildew is P. belbahrii 
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sensu lato [9]. In 2016, it has been reported from Spain on basil collected from the 
island of Tenerife (Islas Canarias) and afterwards was also noted that has been 
causing severe symptoms and economic losses in Almería, Andalucía [10].

In the United States, downy mildew of basil is considered as relatively new 
disease but the pathogen has been detected in October 2007 in South Florida [11]. 
Since its first detection in the United States, it has been observed on basil in at least 
42 states [11, 12]. Interesting is founding in 2008 on basil plants produced in various 
nurseries in Sebastopol, Sonoma County because trace-back investigation revealed 
that the seeds had originated from Italy. This disease was also reported in Argentina 
in February 2008 [13] and Canada in 2011 [14]. In 2011, it was reported in Hawaii 
for the first time and in Mexico in 2015 [15].

First report in Asia was in Iran, where a severe outbreak of downy mildew was 
observed in sweet basil fields in 2006 [16]. A year later, in April 2007, it has been 
found in Japan on coleus plants cultivated in a greenhouse in Chiba Prefecture 
(Honshu) [17]. In the spring of 2009, it has been found in Taiwan in the field of 
Nantu and Yunlin [18]. In Israel, it was firstly found in December 2011 near Bet 
She’an, and in 2012 the disease has been spread throughout the country to all 
basil-growing areas [19]. Recently, it has been found in China in July 2014 on basil 
on the island of Hainan in Sanya City and in 2016 in the Shunyi and Daxing districts 
of Beijing which is concerned as first report in mainland China [20, 21]. Last Asian 
report is from Korea, where it has been first observed in November 2015 on sweet 
basil plants growing in plastic greenhouses in Gwangmyeong [22].

Until 2017, the disease was considered exotic to Australia, when it has been 
reported from South-east Queensland. Within 6 months, the disease was present 
along the eastern seaboard from north Queensland to Victoria, South Australia and 
the Northern Territory. In the scientific literature, Australia has been listed as a host 
country as early as 2015; however, no records of detections could be traced [23].

Finally, the first report of P. belbahrii sensu lato detection on coleus (Plectranthus 
spp.) in Brazil was reported in 2019 [24].

The first official report for Croatia was done in 2015 by Croatian Agency for 
Agriculture and Food based on symptoms and morphological characteristic not 
confirmed by molecular diagnostic [25]. In October 2015, as part of regular report-
ing reviews conducted by the Advisory Service, infected plants were found in 
greenhouses in the Varaždin County. The disease was spread soon after that found-
ing on areas of four more counties (Krapina-Zagorje, Međimurje, Split-Dalmatian 
and Zagreb). Interestingly, in Dubrovnik-Neretva County, the disease was found 
on pot-plants imported from Italy. Up to date in Croatia, downy mildew is recorded 
only in production of basil in greenhouses. This chapter authors are currently inves-
tigating the occurrence on basil in the greenhouse ‘Green friends’ of eco-grower of 
culinary herbs and spices, situated in Rakovica in the Zagreb County. We confirmed 
determination of the P. belbahrii by molecular diagnostic (PCR sequence compari-
son of the ITS rDNA sequences and Cox2 region) (unpublished).

2. Disease symptoms

The first symptoms can be spotted on lower leaves, where infection starts and 
progresses upwards. The most noticeable symptom is yellowing (slightly chlorotic) 
of the leaves with the veins remaining green. The initial yellowing can be misinter-
preted as a nutritional deficiency and so disease can go unrecognised. With time 
on upper surface of leaves, large chlorotic lesions with soft margins are developing. 
Chlorosis often involved the entire leaf surface. Since the pathogen is a biotroph, it 
causes dying of cells from which it absorbed nutrients and therefore necrotisation 
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occur after chlorosis and the central portion of a chlorotic lesion become necrotic. 
This can lead to slight curvature of leaves. Necrotic spots are variable in size and of 
irregular shape as they are limited by the main veins. In some cases, entire area of 
the leaf surface is affected. In humid conditions, necrotic regions can become dark 
brown to black in colour. On abaxial leaf surfaces, both in chlorotic and necrotic 
regions, a typical greyish to brown, furry or downy moulds could be observed 
giving the leaves a dirty appearance (Figure 1). Parasitisation results in shrinkage of 
leaf and premature leaf fall.

Disease can go asymptomatic under cool and dry conditions [26] and sometimes 
plants not showing symptoms at harvest can develop symptoms during transport 
[27]. In report from Taiwan, it was noted that the pathogen caused chlorosis and 
leaf shrinkage on basil in the field, but did not cause any symptom on coleus, 
Pai-tsai Chinese cabbage (Brassica rapa), leaf lettuce (Lactuca sativa) and melon 
(Cucumis melo) [18].

3. Hosts range

Sweet basil is the natural host of P. belbahrii and the majority of P. belbahrii 
findings have been on sweet basil. In 2009, Thines et al. concluded that coleus is 
also the natural host of this pathogen [28]. They also investigated the downy mil-
dew of sage, but were unable to confirm that it is caused by P. belbahrii so did not 
considered sage as natural host. Coleus has been confirmed as host of P. belbahrii 
in Japan, United States, United Kingdom and Germany [29]. Species concept has 
been refined recently and pathogen causal of coleus downy mildew was specified 
as P. belbahrii sensu lato [9]. Moreover, an unidentified species of Peronospora sp. 
infects coleus in Israel [30]. Interestingly, Israeli isolates of P. belbahrii from sweet 
basil do not infect coleus although infects other Lamiaceae species: rosemary 
(Rosmarinus officinalis) Nepeta (Nepeta curviflora), Clinopodium (Micromeria fru-
ticosa) and two species of sage (Salvia pinnata and S. fruticosa) [30]. Further, the 
conidia from mentioned species failed to infect sweet basil and therefore the role 
of these species in the epidemiology of basil downy mildew in Israel is unknown 
[30]. The Peronospora sp. on coleus was reported in 2005 Louisiana, New York 

Figure 1. 
Brown growth of Peronospora belbahrii on abaxial side of basil leaf.
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and Florida in U.S. [31, 32]. In 2015, Peronospora sp. on coleus was reported in 
Tennessee, and the morphological and molecular characteristics were consistent 
with Thines description of P. belbahrii sensu lato [9, 28]. So, Rivera et al. concluded 
that P. belbahrii can be described as complex of species likely defined by plant host 
[9]. Recently, coleus downy mildew causal pathogen is confirmed as P. belbahrii 
sensu lato host based on pathogenicity test in Brazil, and this is the first such report 
for the South America [24].

In 2009, the Agastache species (Lamiaceae) was also named as the new P. belbahrii 
host by Henricot et al. [6]. The host range is today broadened and as alternative hosts 
are considered culinary and ornamental varieties related to basil and coleus from 
Lamiaceae family and here are mint (Mentha spp.) and sage (Salvia spp.). All culti-
vars of sweet basil are hosts and as highly susceptible ones are cv. Genovese Nufar, 
Italian Large Leaf, Queenette, Superbo, Poppy Joe’s and Milita [27]. Some of the 
exotic, spice and ornamental basils cultivars such as red types (O. basilicum purpure-
scens cv. Red Rubin, Red leaf), lemon basil (O. citridiorum cv. Lemon std., Mrs. Burn’s 
Lemon, Lemona & Lime) and lime basil (O. americanum cv. Blue Spice, Spice & Blue 
Spice F1) have been found less susceptible or even resistant to downy mildew [9, 28, 
33]. This chapter’s authors detected downy mildew on spice cultivars of basil, and 
P. belbahrii was confirmed as causal pathogen by molecular analysis (unpublished).

4. Description of pathogen

The causal pathogen of basil’s downy mildew is pseudofungus Peronospora belbah-
rii Thines and has been formally introduced under name P. belbahrii by Thines et al. 
in 2009 as dedication to Lassaard Belbahrii who first suggested that the pathogen on 
basil might be a distinct undescribed species and distinguished it from a different 
closely related species that parasitizes sage (Salvia officinalis) [28]. It is assumed 
that P. belbahrii is of African origin, as its host basil is native to this continent [28]. 
As oomycete it is classified in Chromysta, Oomycota, Oomycetes, Peronosporales and 
Peronosporaceae. The pathogen was molecularly determined in 2005 by Belbahri et al. 
[3] and showed through ITS sequencing that it is a newly occurring species on basil 
that differs from P. lamii, the only previously reported downy mildew on sweet basil 
and also differs from Peronospora species that is affecting lamiaceous hosts world-
wide [1, 2]. Perhaps, previous findings of Peronospora sp. on sweet basil and coleus 
may be P. belbahrii but have been misidentified as P. lamii before sequence identifica-
tion was carried out and before it was first described as a new species P. belbahrii. 
Confusion between species is likely to occur without sequence data; therefore, sam-
ples must be submitted to a competent testing laboratory for identification. Using 
morphological comparison and molecular phylogenetic reconstructions, Thines et al. 
also confirmed that P. belbahrii is not identical to P. swingleii on Salvia reflexa [28]. 
P. belbahrii on basil and coleus seems to be closely related yet; it has been shown that 
they are morphologically and genetically different [28]. Limited potential to infect 
basil has been reported for the isolates from coleus, as it was described earlier [30]. 
The significance of differences between causal pathogen of downy mildew on basil 
and coleus needs to be investigated further; but for now, the pathogen on coleus is 
determined as P. belbahrii sensu lato.

The growths on the underside of the symptomatic leaves in a form of a brown 
downy mould are asexual organs, sporangia bearing sporangiophores which emerge 
from leaf stomata. Microscopic observations will show that they are consistent with 
the characteristics of a genus Peronospora. The first descriptions of sporangia and 
sporangiophores on basil and coleus that were confirmed by molecular determina-
tion were provided by Thines et al. in 2009 [28]. The sporangia of genus Peronospora 
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are spore-like structures and they act as conidia and germinate into a germ-tube 
when they are near a leaf stoma. Therefore, the use of synonym conidia, or simply 
spore, has become commonplace for sporangia.

Conidia are dark brown to olive in colour and pedicel is absent. They are 
rounded and egg-shaped with a length 24–29–30.8–33–36 μm on basil and 
26–29–31.3–33–37 μm on coleus. They width are 20–23–24–26–29 μm on basil and 
20–23–24.5–26–29 μm on coleus. Ratio of length and width is 1.1–1.2–1.29–1.4–1.5 
on basil and 1.1–1.2–1.28–1.4–1.5 on coleus [28].

Sporangiophores are colourless (hyaline) with a long, straight trunk and mono-
podially with a length 270–300–400–520–680 μm on basil and 330–380–466–570–
650 μm on coleus [28]. Numbers of ramifications were 3–4–4.9–5–7 per sporophore 
on basil and 4–5–5.2–6–7 μm on coleus. Ultimate branchlets were in pairs, curved, 
longer one in length 13–18–20.6–26–31 μm on basil and 12–13–18–22–31 μm on 
coleus while the shorter one in length 3.8–7.7–9.80–10–15 μm on basil and 5.1–7.7–
10.7–13–17 μm on coleus. Ratio of longer to shorter branches is 1.3–1.8–2.25–2.7–4 
on basil and 1.1–1.6–1.71–1.9–2.5 on coleus. Ultimate branches end dichotomically 
and tips (sterigmata) are acute to subacute on both, basil and coleus. Tips are bear-
ing single sporangia.

The shortest sporangiophores were reported in Iran and were 130–290 μm (avg. 
194 μm) long and branched two to five times [16]. The longest sporangiophores 
were recorded in Hungary, and they were in length of 416–784 μm (avg. 572 μm) 
and monopodially branched five to seven times [7].

There are two oospore detections published up to date, both from Israel, found 
in leaves of susceptible sweet basil cultivar ‘Peri’. In 2013, Cohen et al. identified and 
described oospores as thick-walled, brown in colour, measuring of 46.2 ± 2.8 μm in 
diameter [34]. Oospores never occurred on the infected leaf surface, but inside the 
mesophyll [30]. In 2016, in walk-in tunnel experiments that simulated commercial 
production conditions, oospores were observed attached to the leaf surface, to older 
parts of the infection area, and also found to water washes of the leaf surface by 
Elad et al. [35]. Discovery of oospores suggests the potential for sexual reproduc-
tion, but little is known on P. belbahrii oospore formation or is it homothallic or 
heterothallic. Currently, only one mating type has been found [22], although it is 
already presumed that it is heterothallic [26, 36, 37]. The pathogenicity of oospores 
is investigated, but without positive infections [30, 38], and their role in the basil 
downy mildew epidemiology is not known.

5. Disease cycle and dispersal

The P. belbahrii thrives in warm, humid conditions and produce conidia that 
can infect in temperatures as low as 15°C (59°F) [26]. For example, downy mildew 
is present in Israeli basil-cropping regions where in the cooler season temperatures 
may reach minimum of 5–10°C at night and a maximum of 10–25°C during the day 
[35]. This corroborates with our observations. Pathogen can tolerate cold weather 
(10–15°C) but, like its host basil, cannot survive freezing winter temperatures 
at continental climate. Conidia cannot survive harsh winters and as pathogen is 
biotroph it needs living host. Therefore, in climates with harsh winters and with just 
one mating type of the P. belbahrii it can survive only on living plants in greenhouse 
production operations that produce basil year round. In mild winters and in warm, 
temperate regions where the host, basil will not freeze, the second overwintering 
inoculum are mycelium and conidia in infected plant buds, plant stems, leaf tissue 
and shoots. Congruently, the most devastating damage is often seen in warm and 
humid conditions, late summer and in greenhouses.
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Peronosporaceae. The pathogen was molecularly determined in 2005 by Belbahri et al. 
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tion was carried out and before it was first described as a new species P. belbahrii. 
Confusion between species is likely to occur without sequence data; therefore, sam-
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also confirmed that P. belbahrii is not identical to P. swingleii on Salvia reflexa [28]. 
P. belbahrii on basil and coleus seems to be closely related yet; it has been shown that 
they are morphologically and genetically different [28]. Limited potential to infect 
basil has been reported for the isolates from coleus, as it was described earlier [30]. 
The significance of differences between causal pathogen of downy mildew on basil 
and coleus needs to be investigated further; but for now, the pathogen on coleus is 
determined as P. belbahrii sensu lato.

The growths on the underside of the symptomatic leaves in a form of a brown 
downy mould are asexual organs, sporangia bearing sporangiophores which emerge 
from leaf stomata. Microscopic observations will show that they are consistent with 
the characteristics of a genus Peronospora. The first descriptions of sporangia and 
sporangiophores on basil and coleus that were confirmed by molecular determina-
tion were provided by Thines et al. in 2009 [28]. The sporangia of genus Peronospora 
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are spore-like structures and they act as conidia and germinate into a germ-tube 
when they are near a leaf stoma. Therefore, the use of synonym conidia, or simply 
spore, has become commonplace for sporangia.

Conidia are dark brown to olive in colour and pedicel is absent. They are 
rounded and egg-shaped with a length 24–29–30.8–33–36 μm on basil and 
26–29–31.3–33–37 μm on coleus. They width are 20–23–24–26–29 μm on basil and 
20–23–24.5–26–29 μm on coleus. Ratio of length and width is 1.1–1.2–1.29–1.4–1.5 
on basil and 1.1–1.2–1.28–1.4–1.5 on coleus [28].

Sporangiophores are colourless (hyaline) with a long, straight trunk and mono-
podially with a length 270–300–400–520–680 μm on basil and 330–380–466–570–
650 μm on coleus [28]. Numbers of ramifications were 3–4–4.9–5–7 per sporophore 
on basil and 4–5–5.2–6–7 μm on coleus. Ultimate branchlets were in pairs, curved, 
longer one in length 13–18–20.6–26–31 μm on basil and 12–13–18–22–31 μm on 
coleus while the shorter one in length 3.8–7.7–9.80–10–15 μm on basil and 5.1–7.7–
10.7–13–17 μm on coleus. Ratio of longer to shorter branches is 1.3–1.8–2.25–2.7–4 
on basil and 1.1–1.6–1.71–1.9–2.5 on coleus. Ultimate branches end dichotomically 
and tips (sterigmata) are acute to subacute on both, basil and coleus. Tips are bear-
ing single sporangia.

The shortest sporangiophores were reported in Iran and were 130–290 μm (avg. 
194 μm) long and branched two to five times [16]. The longest sporangiophores 
were recorded in Hungary, and they were in length of 416–784 μm (avg. 572 μm) 
and monopodially branched five to seven times [7].

There are two oospore detections published up to date, both from Israel, found 
in leaves of susceptible sweet basil cultivar ‘Peri’. In 2013, Cohen et al. identified and 
described oospores as thick-walled, brown in colour, measuring of 46.2 ± 2.8 μm in 
diameter [34]. Oospores never occurred on the infected leaf surface, but inside the 
mesophyll [30]. In 2016, in walk-in tunnel experiments that simulated commercial 
production conditions, oospores were observed attached to the leaf surface, to older 
parts of the infection area, and also found to water washes of the leaf surface by 
Elad et al. [35]. Discovery of oospores suggests the potential for sexual reproduc-
tion, but little is known on P. belbahrii oospore formation or is it homothallic or 
heterothallic. Currently, only one mating type has been found [22], although it is 
already presumed that it is heterothallic [26, 36, 37]. The pathogenicity of oospores 
is investigated, but without positive infections [30, 38], and their role in the basil 
downy mildew epidemiology is not known.

5. Disease cycle and dispersal

The P. belbahrii thrives in warm, humid conditions and produce conidia that 
can infect in temperatures as low as 15°C (59°F) [26]. For example, downy mildew 
is present in Israeli basil-cropping regions where in the cooler season temperatures 
may reach minimum of 5–10°C at night and a maximum of 10–25°C during the day 
[35]. This corroborates with our observations. Pathogen can tolerate cold weather 
(10–15°C) but, like its host basil, cannot survive freezing winter temperatures 
at continental climate. Conidia cannot survive harsh winters and as pathogen is 
biotroph it needs living host. Therefore, in climates with harsh winters and with just 
one mating type of the P. belbahrii it can survive only on living plants in greenhouse 
production operations that produce basil year round. In mild winters and in warm, 
temperate regions where the host, basil will not freeze, the second overwintering 
inoculum are mycelium and conidia in infected plant buds, plant stems, leaf tissue 
and shoots. Congruently, the most devastating damage is often seen in warm and 
humid conditions, late summer and in greenhouses.
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Most of Peronospora species can reside in soil as soil-borne oospores that are 
formed in leaf tissue and may overwinter in leaf litter or may be released into the 
soil as leaves decay and considered as soil-borne inoculum. Any movement of soil 
particles with soil-borne oospores inoculum can spread it from infected plants to 
non-infected ones. Although Peronospora species are biotrophs, they can survive 
without host as oil-borne oospores because they are in dormancy and can be viable 
for few years depending on species. Until now, there are no reports about  
P. belbahrii soil-borne oospores even in cases when oospores were detected inside 
the mesophyll of the leaves [30, 35]. Large-scale experiments were conducted 
to elucidate the pathogenicity of oospores to basil plants. Soil was infested with 
oospores (10 oospores/5 g of soil/well) and three to four basil seeds were planted in 
each well. Plants were grown until the four-leaf stage, but none of the 2000 plants 
that developed showed symptoms of downy mildew or sporulation of P. belbahrii 
[30]. Also, the experiments conducted in the Israeli walk-in tunnels lead to a 
conclusion that oospores are minimally affected by high temperature, and therefore 
the high temperature presumably did not affect pathogen survival [35].

The life cycle of P. belbahrii is initiated as abundantly produced air-borne 
conidia which can readily be spread by moist wind [37]. The conidia can be carried 
by rain drops, by wind, and can be splashed by rain to wet leaves near the ground. It 
does not need a vector for dispersal. Survivability of conidia, contrary to oospores, 
are strongly affected by temperature and duration of exposure so, a longer exposure 
period and higher temperature weakened the infection capacity of the conidia. 
Wetted-dried conidia lost their activity after 55 h at 25°C, 20 h at 30°C and 9 h at 
40°C [30]. Therefore, conidia are short lived and viable just for few days so, they 
will endanger only susceptible host within the conidia dispersal area. McGrath 
conducted an experiment with field-grown basil at the Long Island Horticultural 
Research and Extension Center (LIHREC) in Riverhead, NY and considered the 
primary source of initial inoculum in this area to be long-distance wind dispersed 
conidia from affected plants [39] although the distance is not specified. The pos-
sibility to use frozen conidia as inoculum was also tested and those collected from 
infected leaves frozen for 3 months at −20°C or 2 years at −80°C retain high germi-
nation capability [30]. In other trial, frozen conidia germinated at 25% in contrast 
to nearly 90% germination rate of freshly harvested conidia [40]. Their germina-
tion was favoured between 5 and 15°C on water agar in vitro. Inoculation of basil 
plants with frozen or fresh conidia (3 × 104 mL−1) resulted in high disease severity 
14 days post inoculation [40].

Sporulation occurs in moisture saturated atmosphere at an appropriate tem-
perature and often during the night, in the dark and in chlorotic lesions 5–15 days 
old [41]. In controlled greenhouse experiments, sporulation occurs 6–7 days 
post inoculations [37]. The sporulation starts when pathogen biomass in the leaf 
mesophyll reached a certain threshold and complete within 8–12 h from onset of 
darkness in optimal conditions (saturated atmosphere at 18°C). During the first 
6 h, hyaline sporophores are formed and as they emerge from stomata gradually 
become dichotomously. In the subsequent 5 h, dark spores are produced on the tips 
of the sporophore branchlets (sterigmata) [41]. The light strongly inhibits spore 
formation, but not sporophore development and emergence through leaf stomata. 
Yet, sporophores formed under the light are abnormal and unable to form spores. 
Cohen et al. in 2013 discovered that lightning during the second half of the night 
inhibits spore formation, and narrow band led illumination showed that red light 
(λmax 625 nm) was most inhibitory to spore formation comparing to blue light 
(λmax 440 nm) while in other oomycetes is quite the opposite [41]. They speculate 
that probably P. belbahrii has a different photoreceptor sensitive to red light. The 
sporulation is greater when the portion of carbohydrates in the leaf is higher [41]. 
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The carbohydrates accumulating during the day are hydrolysed to hexoses during 
the first half of the night which pathogen uses for formation of conidia during the 
rest of the night [41]. Therefore, the greater the accumulation of carbohydrates in 
infected leaves during the daytime contributes to the greater sporulation in the fol-
lowing dark, wet period of the night. This all suggests that the sporulation termi-
nates with necrosis of leaf which obstructs assimilation as plant cells die because of 
pathogen absorbed all nutrients from it.

Conidia germinate in 3–5 days into one or two germ tubes and infect plant tissues 
via a germ-tube which penetrates through leaf stomata [28, 36] and it takes 3 h [35]. 
Germ tubes rarely form an appressoria-like structures prior infection. Developing 
hypha grows into intercellular spaces within the leaf mesophyll, proliferate and 
eventually invaginate the host cell plant cells through special globuse structures 
called haustoria (a hallmark oomycete structure) for nutrient acquisition [37]. 
Further branching and spreading of this initial hypha lead to forming of a cushion 
of intercellular mycelia just below the stomata. From this cushion, sporangiophores 
arise and emerge through stomata on sterigmata bearing sporangia. Conidia are 
produced simultaneously and are carried by wind and rain to new infection sites 
of the same or different plant. Leaf wetness of at least 6 h is required for conidial 
infection [42, 43]. Under favourable conditions, sporulation progresses in the 
polycyclic disease cycle leading to an epidemic of downy mildew disease.

P. belbahrii is also a seed-borne pathogen. Detection of P. belbahrii in several 
commercially produced basil seed batches confirmed that the pathogen is seed-
borne [3, 28, 44]. It is considered that infected seed act as primary inoculum source 
in basil production, and is so far considered to be the most important way of this 
pathogen spreading as it can explain the rapid global spread of P. belbahrii. Great 
example for the spreading of P. belbahrii with seed transport and seed-marketing to 
long distances is that the biotype that was detected for the first time in US in 2007 
was genetically identical to the one reported in Switzerland in 2001 [27]. Also, the 
disease occurrence in US Sonoma County in 2008 was connected with the origin of 
the used seed that was introduced from Italy. Investigation conducted by Farahani-
Kofoet and Römer detected P. belbahrii on 80–90% of randomly selected commer-
cial seed stocks [45] and assumed that P. belbahrii can be spread by transport and 
marketing of seed stocks.

On contaminated seeds, P. belbahrii has been found in form of conidia and 
oospore [38, 45]. Until now, P. belbahrii was not reported inside the basil seed or 
embryo. Based on their observations, Farahani-Kofoet and Römer concluded that 
P. belbahrii is able to survive for several years on seeds [45]. Generally, oospores of 
Peronospora species can also be formed on seeds and infect the emerging seedling. 
Their oospores germinate in a way similar to that described for conidia and the 
infection process is similar. Investigation of P. belbahrii oospore infection of basil 
seeds was conducted, but plants developed from seeds planted in soil infested with 
oospores were symptomless and sporulation characteristic for P. belbahrii did not 
occur [30].

It has not yet been clarified whether the pathogen infects the seed deeply and 
systematically or is just a contaminant. In some European investigations, systemic 
infections in seeds and in different plant parts (leaves, stems) even in a symptom-
less plant have been detected [44, 45]. Novel investigation of seed transmission 
conducted in Israel showed that P. belbahrii is seed-borne but not seed-transmitted, 
as seeds produced by infected plants in the field can be externally contaminated 
with conidia that were embedded in the surface, but not entirely [46]. Further, 
plants grown in growth chambers until 5–6 leaf stage from contaminated seeds did 
not show any symptom of downy mildew and did not carry latent infection. Also, 
systemic infections were rarely seen in the field. They confirmed systemic spread 
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formation, but not sporophore development and emergence through leaf stomata. 
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The carbohydrates accumulating during the day are hydrolysed to hexoses during 
the first half of the night which pathogen uses for formation of conidia during the 
rest of the night [41]. Therefore, the greater the accumulation of carbohydrates in 
infected leaves during the daytime contributes to the greater sporulation in the fol-
lowing dark, wet period of the night. This all suggests that the sporulation termi-
nates with necrosis of leaf which obstructs assimilation as plant cells die because of 
pathogen absorbed all nutrients from it.

Conidia germinate in 3–5 days into one or two germ tubes and infect plant tissues 
via a germ-tube which penetrates through leaf stomata [28, 36] and it takes 3 h [35]. 
Germ tubes rarely form an appressoria-like structures prior infection. Developing 
hypha grows into intercellular spaces within the leaf mesophyll, proliferate and 
eventually invaginate the host cell plant cells through special globuse structures 
called haustoria (a hallmark oomycete structure) for nutrient acquisition [37]. 
Further branching and spreading of this initial hypha lead to forming of a cushion 
of intercellular mycelia just below the stomata. From this cushion, sporangiophores 
arise and emerge through stomata on sterigmata bearing sporangia. Conidia are 
produced simultaneously and are carried by wind and rain to new infection sites 
of the same or different plant. Leaf wetness of at least 6 h is required for conidial 
infection [42, 43]. Under favourable conditions, sporulation progresses in the 
polycyclic disease cycle leading to an epidemic of downy mildew disease.

P. belbahrii is also a seed-borne pathogen. Detection of P. belbahrii in several 
commercially produced basil seed batches confirmed that the pathogen is seed-
borne [3, 28, 44]. It is considered that infected seed act as primary inoculum source 
in basil production, and is so far considered to be the most important way of this 
pathogen spreading as it can explain the rapid global spread of P. belbahrii. Great 
example for the spreading of P. belbahrii with seed transport and seed-marketing to 
long distances is that the biotype that was detected for the first time in US in 2007 
was genetically identical to the one reported in Switzerland in 2001 [27]. Also, the 
disease occurrence in US Sonoma County in 2008 was connected with the origin of 
the used seed that was introduced from Italy. Investigation conducted by Farahani-
Kofoet and Römer detected P. belbahrii on 80–90% of randomly selected commer-
cial seed stocks [45] and assumed that P. belbahrii can be spread by transport and 
marketing of seed stocks.

On contaminated seeds, P. belbahrii has been found in form of conidia and 
oospore [38, 45]. Until now, P. belbahrii was not reported inside the basil seed or 
embryo. Based on their observations, Farahani-Kofoet and Römer concluded that 
P. belbahrii is able to survive for several years on seeds [45]. Generally, oospores of 
Peronospora species can also be formed on seeds and infect the emerging seedling. 
Their oospores germinate in a way similar to that described for conidia and the 
infection process is similar. Investigation of P. belbahrii oospore infection of basil 
seeds was conducted, but plants developed from seeds planted in soil infested with 
oospores were symptomless and sporulation characteristic for P. belbahrii did not 
occur [30].

It has not yet been clarified whether the pathogen infects the seed deeply and 
systematically or is just a contaminant. In some European investigations, systemic 
infections in seeds and in different plant parts (leaves, stems) even in a symptom-
less plant have been detected [44, 45]. Novel investigation of seed transmission 
conducted in Israel showed that P. belbahrii is seed-borne but not seed-transmitted, 
as seeds produced by infected plants in the field can be externally contaminated 
with conidia that were embedded in the surface, but not entirely [46]. Further, 
plants grown in growth chambers until 5–6 leaf stage from contaminated seeds did 
not show any symptom of downy mildew and did not carry latent infection. Also, 
systemic infections were rarely seen in the field. They confirmed systemic spread 
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of mycelium in the basil plants which corroborated with previous finding [45]. 
Systemically infected plants remained stunt and produced no seeds. Therefore, 
the Israeli investigators postulated that seed infections and seed transmission 
may occur in Europe, as it was reported [44, 45], and other locations with wetter 
summers, especially under prolonged wetness periods at the flowering and seed 
production.

Both investigations, European and Israeli, confirmed that contaminated seeds 
can be harvested from symptomless, latently infected plants and also, that contami-
nated seeds can give symptomless, latently infected plants [44–46].

Peronospora belbahrii can also be spread through vegetative materials like con-
taminated plant cuttings, transplants and fresh leaves. Novel Israeli investigation 
showed that P. belbahrii is spread systematically in basil plants [46]. Mycelium has 
been found to grow acropetally to the stem apex and basipetally to the cotyledons 
and hypocotyl and laterally to the axillar buds but, mycelium has never reached 
the roots. Especially in young basil plants, this pathogen systemically runs through 
tissue and causes plant stunt and fail to produce seeds.

6. Management of basil downy mildew

The control methods of the downy mildew pathogen today involve fungicides, 
seed treatment and breeding for resistance. In the greenhouses, they can be aug-
mented with physical measures: nocturnal illumination, ventilation and daytime 
solar heating. The last one is also suitable for net-houses [47].

Current control measures rely mainly on fungicide application. In convention-
ally produced basil, it can be controlled in a preventive program with conventional 
foliar fungicides. The efficient once are based on mefenoxam, azoxystrobin, cyazo-
famid, mandipropamid, fluopicolide and fenamidone [11, 12, 26, 34, 38]. There 
are also phosphorous acid fungicides which are in most cases labelled and allowed 
in greenhouses. The best control of 98% was achieved with preventive fungicide 
application, before symptoms occurred, on a weekly schedule [38].

The P. belbahrii developed mefenoxam-resistance within 1 year of use in Israel 
and was reported in 2013 [34]. It was also detected in Italy were mefenoxam (meta-
laxyl-M) plus copper has been the most widely used and effective product against 
P. belbahrii, since its registration on basil in Italy in 2004 [48]. As the systemic 
fungicides are prone to the resistance development, ingredients with different 
modes of action are needed [32]. The novel fungicides with extremely high efficacy 
against oomycete including P. belbahrii are oxathiapiprolin [30] and valifenalate 
[49]. Oxathiapiprolin acts at multiple stages of the pathogen’s asexual life cycle at 
extremely low concentrations and due to translaminar and acropetally systemic 
movement, it protects treated leaves and new leaves as they emerge and grow. In  
P. belbahrii, it inhibits sporangia germination and curatively, it stops mycelial 
growth within the host plant before visible lesions occur and inhibits further lesion 
expansion, offering protection at 1 and 2 days post-infection [50]. It was found to be 
effective against mefenoxam-resistant biotypes as well [30]. But, as it is a single-site 
inhibitor and its target is the oxysterol binding protein, the resistance to oxathiapip-
rolin assume to be medium to high and resistance management is required [51]. The 
soil application of mixture of oxathiapiprolin and benthiavalicarb or their single 
application against P. belbahrii was tested. Application to the root of 1 mg active 
ingredient per plant in the field experiment provided durable protection of up to 
4 weeks against P. belbahrii [52]. The mixture performed better than single applica-
tions of those two compounds suggesting a synergistic interaction between them. 
The valifenalate is also a single-site inhibitor and acts as the inhibitor of cellulose 
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synthesis in the Oomycete plant pathogens [49]. The resistance to valifenalate is 
assumed to be low to medium risk [51].

In organic farming, conventional fungicides are not allowed, so neem oil, 
potassium bicarbonate and hydrogen dioxide can be used for protection only, but 
they do not give satisfied protection [38]. Organic fungicides are contacts and do 
not go into plant tissue where is the pathogen and they are not able to translocate to 
abaxial side of leaves where sporulation occur. Therefore, their performance is not 
commercially acceptable and as they provide limited to no control, including when 
applied twice weekly on a preventive schedule to a moderately resistant variety 
[12, 38, 39]. As alternative, there are some bio-products based on Bacillus amylo-
liquefaciens, Streptomyces lydicus and the extract of Reynoutria sachalinensis [38]. 
Organic production should be in protected conditions and better transplanting 
then seeding as pathogen-free seed is not available. In greenhouse, it is important 
to prevent favourable conditions for disease development.

Certain cultural practices which create less optimal conditions for the pathogen 
can be helpful in reducing the amount of infection. Such practices include provid-
ing good soil drainage and good air circulation among plants. Increasing plant 
spacing in the field or greenhouse prevents the creation of high-humidity condi-
tions on plant surfaces and can inhibit infection as P. belbahrii requires humidity 
for sporulation as well as free leaf moisture for infection. The humidity should be 
keeping below 85% and this is crucial. In the greenhouse, the use of plastic mulch 
and drip irrigation is recommended instead of bare ground and overhead irrigation. 
Effective measure for reducing ambient relative humidity and avoids vapour depo-
sition of leaves surface is ventilation [47]. In some experiments, combining daytime 
solar heating with nocturnal illumination without fungicide applications showed to 
be an effective control in organic farming [30, 47]. High temperature is detrimental 
to the P. belbahrii and exposure of infected plant of 35–45°C for 6–9 h suppressed 
survival of conidia and mycelia [47]. Subsequently, solar heating has been used to 
cure plants. In Israel, solar energy was captured by closing greenhouse windows or 
covering the house with a transparent IR polyethylene sheet during sunny hours of 
the days: best is to use three consecutive daily exposures of 3–4 h starting at 8 am 
[47]. Solar heating should be conducted cautiously to avoid plant heat damage [47]. 
Ensuring light during the night, especially red light should prevent sporulation. 
The protective effect of nocturnal illumination was determined in laboratory and 
greenhouse trials; but in Israel, field trials (net-houses) also demonstrated that 
light can be successfully used to supress downy mildew in field-grown basil [41]. 
The inhibitory effect of incandescent or CW fluorescent light of 3.5 or 6 μmoles.m2.
s−1 on sporulation was 100% on lower leaf surface even when only the upper leaf 
surface was exposed to light [41].

The rapid global spread of the downy mildew may be related to transmission 
of P. belbahrii by infected seeds and/or trade of basil cuttings and plants with 
latent infection [3, 38, 45, 46]. Infested seeds are a great risk for spreading the 
pathogen by transport and seed-marketing to long distances. Implementation of 
 seed-certification schemes to exclude seed batches infested with P. belbahrii from 
marketing would be of great value for both seed-producing companies and growers 
[45]. Therefore, improving seed production; developing and implementing seed 
testing, certification protocols, and standards for the basil seed industry and strict 
following of import restriction may have halted P. belbahrii [38, 45]. To limit the 
spread of the pathogen by seed shipments, it is crucial for breeders and growers to 
draw on an early, fast and specific detecting test [45].

Seed should be tested on the presence of P. belbahrii and for that purpose real-
time PCR have been designed [3]. Belbahri et al. have designed a specific primer 
pair (Bas-F/Bas-R) based on sequences within the unique genomic ribosomal DNA 
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of mycelium in the basil plants which corroborated with previous finding [45]. 
Systemically infected plants remained stunt and produced no seeds. Therefore, 
the Israeli investigators postulated that seed infections and seed transmission 
may occur in Europe, as it was reported [44, 45], and other locations with wetter 
summers, especially under prolonged wetness periods at the flowering and seed 
production.

Both investigations, European and Israeli, confirmed that contaminated seeds 
can be harvested from symptomless, latently infected plants and also, that contami-
nated seeds can give symptomless, latently infected plants [44–46].

Peronospora belbahrii can also be spread through vegetative materials like con-
taminated plant cuttings, transplants and fresh leaves. Novel Israeli investigation 
showed that P. belbahrii is spread systematically in basil plants [46]. Mycelium has 
been found to grow acropetally to the stem apex and basipetally to the cotyledons 
and hypocotyl and laterally to the axillar buds but, mycelium has never reached 
the roots. Especially in young basil plants, this pathogen systemically runs through 
tissue and causes plant stunt and fail to produce seeds.

6. Management of basil downy mildew

The control methods of the downy mildew pathogen today involve fungicides, 
seed treatment and breeding for resistance. In the greenhouses, they can be aug-
mented with physical measures: nocturnal illumination, ventilation and daytime 
solar heating. The last one is also suitable for net-houses [47].

Current control measures rely mainly on fungicide application. In convention-
ally produced basil, it can be controlled in a preventive program with conventional 
foliar fungicides. The efficient once are based on mefenoxam, azoxystrobin, cyazo-
famid, mandipropamid, fluopicolide and fenamidone [11, 12, 26, 34, 38]. There 
are also phosphorous acid fungicides which are in most cases labelled and allowed 
in greenhouses. The best control of 98% was achieved with preventive fungicide 
application, before symptoms occurred, on a weekly schedule [38].

The P. belbahrii developed mefenoxam-resistance within 1 year of use in Israel 
and was reported in 2013 [34]. It was also detected in Italy were mefenoxam (meta-
laxyl-M) plus copper has been the most widely used and effective product against 
P. belbahrii, since its registration on basil in Italy in 2004 [48]. As the systemic 
fungicides are prone to the resistance development, ingredients with different 
modes of action are needed [32]. The novel fungicides with extremely high efficacy 
against oomycete including P. belbahrii are oxathiapiprolin [30] and valifenalate 
[49]. Oxathiapiprolin acts at multiple stages of the pathogen’s asexual life cycle at 
extremely low concentrations and due to translaminar and acropetally systemic 
movement, it protects treated leaves and new leaves as they emerge and grow. In  
P. belbahrii, it inhibits sporangia germination and curatively, it stops mycelial 
growth within the host plant before visible lesions occur and inhibits further lesion 
expansion, offering protection at 1 and 2 days post-infection [50]. It was found to be 
effective against mefenoxam-resistant biotypes as well [30]. But, as it is a single-site 
inhibitor and its target is the oxysterol binding protein, the resistance to oxathiapip-
rolin assume to be medium to high and resistance management is required [51]. The 
soil application of mixture of oxathiapiprolin and benthiavalicarb or their single 
application against P. belbahrii was tested. Application to the root of 1 mg active 
ingredient per plant in the field experiment provided durable protection of up to 
4 weeks against P. belbahrii [52]. The mixture performed better than single applica-
tions of those two compounds suggesting a synergistic interaction between them. 
The valifenalate is also a single-site inhibitor and acts as the inhibitor of cellulose 
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synthesis in the Oomycete plant pathogens [49]. The resistance to valifenalate is 
assumed to be low to medium risk [51].
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survival of conidia and mycelia [47]. Subsequently, solar heating has been used to 
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greenhouse trials; but in Israel, field trials (net-houses) also demonstrated that 
light can be successfully used to supress downy mildew in field-grown basil [41]. 
The inhibitory effect of incandescent or CW fluorescent light of 3.5 or 6 μmoles.m2.
s−1 on sporulation was 100% on lower leaf surface even when only the upper leaf 
surface was exposed to light [41].

The rapid global spread of the downy mildew may be related to transmission 
of P. belbahrii by infected seeds and/or trade of basil cuttings and plants with 
latent infection [3, 38, 45, 46]. Infested seeds are a great risk for spreading the 
pathogen by transport and seed-marketing to long distances. Implementation of 
 seed-certification schemes to exclude seed batches infested with P. belbahrii from 
marketing would be of great value for both seed-producing companies and growers 
[45]. Therefore, improving seed production; developing and implementing seed 
testing, certification protocols, and standards for the basil seed industry and strict 
following of import restriction may have halted P. belbahrii [38, 45]. To limit the 
spread of the pathogen by seed shipments, it is crucial for breeders and growers to 
draw on an early, fast and specific detecting test [45].

Seed should be tested on the presence of P. belbahrii and for that purpose real-
time PCR have been designed [3]. Belbahri et al. have designed a specific primer 
pair (Bas-F/Bas-R) based on sequences within the unique genomic ribosomal DNA 
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(ITS1) and the primer pair generates a single fragment of approximately 134 base 
pairs [3]. The PCR method proved to be very sensitive for direct detection of P. 
belbahrii on seeds and plant samples [45]. The PCR detection limit of P. belbahrii 
in artificially infested seeds corresponded to the DNA amount of a single spore per 
seed (3.4 pg of P. belbahrii genomic DNA extracted from a pure spore suspension 
at a density of 103 spores ml−1 using 1 μl as a template) [45]. Further, with this PCR 
protocol, P. belbahrii can be detected with high sensitivity in leaves and stems as 
well and not only at seeds, even if symptoms are not evident. Finding that latent 
systemic infection can result in the contamination of basil seed and vice versa 
supported the necessity to implement PCR-based detection in a seed-certification 
scheme [45]. Pathogen-free seed is most important for greenhouse crops plantings 
not expected to be exposed to wind dispersed spores [53]. It should be emphasised 
that the presence of pathogen DNA in seeds does not implicate spontaneous disease 
outbreaks because the PCR test cannot assess the viability of spores as specific 
fragments can also be generated from DNA material of dead spores. Moreover, 
the disease inception and development depends on host-pathogen interaction and 
existing environmental conditions. Yet, PCR test allows the testing of high numbers 
of samples within a short time and rapidly gives accurate information on P. belbahrii 
presence. Considering all, it is recommendable to be admitted in seed-certification 
schemes for routine testing of seed materials in order to inhibit marketing of 
infested seeds. As the PCR test can be used for detection in different plant parts, 
it can also be used for evaluation of procedures to control the downy mildew 
pathogen.

Seed treatments and at-seedling fungicides may have the potential for the good 
start of basil production [38]. There are no fungicides labelled for use on seed, but 
the at-seedling fungicides are available although not labelled for use on basil seed. 
Mefenoxam can be applied at seedling into the soil in field growing basil [38]. In 
novel trails, the root treatment of mixture of oxathiapiprolin and benthiavalicarb 
given to the young seedlings, growing in the multi-cell trays in the nursery, may be 
effective basil downy mildew measure [52]. The only organic fungicide labelled for 
ground application is based on the extract of Reynoutria sachalinensis [38].

Novel, non-chemical basil seed treatment is steam-air treatment and USA seed 
companies start to implement it [53]. Steam-air treatment of basil seeds against 
seed-borne fungi was tested in 1997 in Australia [54]. Steam-air treatment at 
54–58°C for 30 min was successful in two-cylinder configuration in the steam-air 
machine. They noticed that this configuration against sixth-cylinders configuration 
provides extra steam velocity that prevents basil seed clumping which happened 
because when wet basil seed easily stick together as they have very thick gelatinous 
coat. Therefore, basil seeds are not amenable to hot-water treatment as the seed 
clumping makes the seed challenging to handle [53, 54].

The cultivation of resistant sweet basil cultivars also can be efficient control 
strategy. Highly resistant cultivars will be especially welcome in organic farming. 
Earlier, some cultivars of red types, lemon and lime basil have been found less 
susceptible [9, 30, 31, 33, 39]. New resistant basil varieties started to be marketed in 
USA in 2018 [53]. The first commercially available resistant variety is Eleonora. The 
Rutgers University basil breeding program released Devotion, Obsession, Passion, 
and Thunderstruck. They are marketed by VDF Specialty Seeds. Organically 
produced seed is available and marketed like Prosperais (Johnny’s Selected Seeds), 
Emma and Everleaf (aka Basil Pesto Party and M4828Z) [53].

That accurate monitoring can be of great importance in field growing as well 
as in protected conditions as instrumentation for optimization of plant protec-
tion measures was shown by USA monitoring programme. It started in 2009 by 
McGrath and augmented knowledge of basil downy mildew [38]. It is an online 
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spreadsheet program set-up in Google Docs accessible by anyone. Until 2019, each 
year a spreadsheet page was set up for anyone to log and view occurrence reports 
[53]. In 2019, a new website was launched with a mapping program that mapped 
reports by county plus information about basil downy mildew. The growers need to 
be educated to accurately based on first symptoms recognise the diseases on time. 
In greenhouses, monitoring should be on daily basis as downy mildew can develop 
very quickly [38, 41].

7. Conclusion

‘One touch of nature makes the whole world kin’ Shakespeare wrote and this is so 
valid for the pandemic downy mildew agent like P. belbahrii from sweet basil. The 
only way to deal with this pathogen is knowledge. To fill the existing knowledge 
gaps research into various aspects of the pathogen will be needed. The dual iden-
tification according to the morphology and ITS sequence analysis is recognised 
and implemented. It would be of the most value to investigate P. belbahrii sexual 
reproduction and to identify mating types and mechanisms of their compatibility 
if it is heterothallic. Further, valuable will be to obtain knowledge of the P. belbahrii 
natural distribution range because its present distribution is due to human activity 
and trades. More research into aspects of P. belbahrii physiology, asymptomatic 
infections and oospore role in epidemiology. The seed transmission still needs to 
be elucidated and the question of whether the pathogen penetrates into the seed 
should be answered. Because it has been already spread worldwide, the P. belbahrii 
is not on the quarantine lists; although, it will be beneficial to follow the quarantine 
guideline, in the context of global trade with seeds.

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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in artificially infested seeds corresponded to the DNA amount of a single spore per 
seed (3.4 pg of P. belbahrii genomic DNA extracted from a pure spore suspension 
at a density of 103 spores ml−1 using 1 μl as a template) [45]. Further, with this PCR 
protocol, P. belbahrii can be detected with high sensitivity in leaves and stems as 
well and not only at seeds, even if symptoms are not evident. Finding that latent 
systemic infection can result in the contamination of basil seed and vice versa 
supported the necessity to implement PCR-based detection in a seed-certification 
scheme [45]. Pathogen-free seed is most important for greenhouse crops plantings 
not expected to be exposed to wind dispersed spores [53]. It should be emphasised 
that the presence of pathogen DNA in seeds does not implicate spontaneous disease 
outbreaks because the PCR test cannot assess the viability of spores as specific 
fragments can also be generated from DNA material of dead spores. Moreover, 
the disease inception and development depends on host-pathogen interaction and 
existing environmental conditions. Yet, PCR test allows the testing of high numbers 
of samples within a short time and rapidly gives accurate information on P. belbahrii 
presence. Considering all, it is recommendable to be admitted in seed-certification 
schemes for routine testing of seed materials in order to inhibit marketing of 
infested seeds. As the PCR test can be used for detection in different plant parts, 
it can also be used for evaluation of procedures to control the downy mildew 
pathogen.

Seed treatments and at-seedling fungicides may have the potential for the good 
start of basil production [38]. There are no fungicides labelled for use on seed, but 
the at-seedling fungicides are available although not labelled for use on basil seed. 
Mefenoxam can be applied at seedling into the soil in field growing basil [38]. In 
novel trails, the root treatment of mixture of oxathiapiprolin and benthiavalicarb 
given to the young seedlings, growing in the multi-cell trays in the nursery, may be 
effective basil downy mildew measure [52]. The only organic fungicide labelled for 
ground application is based on the extract of Reynoutria sachalinensis [38].

Novel, non-chemical basil seed treatment is steam-air treatment and USA seed 
companies start to implement it [53]. Steam-air treatment of basil seeds against 
seed-borne fungi was tested in 1997 in Australia [54]. Steam-air treatment at 
54–58°C for 30 min was successful in two-cylinder configuration in the steam-air 
machine. They noticed that this configuration against sixth-cylinders configuration 
provides extra steam velocity that prevents basil seed clumping which happened 
because when wet basil seed easily stick together as they have very thick gelatinous 
coat. Therefore, basil seeds are not amenable to hot-water treatment as the seed 
clumping makes the seed challenging to handle [53, 54].

The cultivation of resistant sweet basil cultivars also can be efficient control 
strategy. Highly resistant cultivars will be especially welcome in organic farming. 
Earlier, some cultivars of red types, lemon and lime basil have been found less 
susceptible [9, 30, 31, 33, 39]. New resistant basil varieties started to be marketed in 
USA in 2018 [53]. The first commercially available resistant variety is Eleonora. The 
Rutgers University basil breeding program released Devotion, Obsession, Passion, 
and Thunderstruck. They are marketed by VDF Specialty Seeds. Organically 
produced seed is available and marketed like Prosperais (Johnny’s Selected Seeds), 
Emma and Everleaf (aka Basil Pesto Party and M4828Z) [53].

That accurate monitoring can be of great importance in field growing as well 
as in protected conditions as instrumentation for optimization of plant protec-
tion measures was shown by USA monitoring programme. It started in 2009 by 
McGrath and augmented knowledge of basil downy mildew [38]. It is an online 
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spreadsheet program set-up in Google Docs accessible by anyone. Until 2019, each 
year a spreadsheet page was set up for anyone to log and view occurrence reports 
[53]. In 2019, a new website was launched with a mapping program that mapped 
reports by county plus information about basil downy mildew. The growers need to 
be educated to accurately based on first symptoms recognise the diseases on time. 
In greenhouses, monitoring should be on daily basis as downy mildew can develop 
very quickly [38, 41].

7. Conclusion

‘One touch of nature makes the whole world kin’ Shakespeare wrote and this is so 
valid for the pandemic downy mildew agent like P. belbahrii from sweet basil. The 
only way to deal with this pathogen is knowledge. To fill the existing knowledge 
gaps research into various aspects of the pathogen will be needed. The dual iden-
tification according to the morphology and ITS sequence analysis is recognised 
and implemented. It would be of the most value to investigate P. belbahrii sexual 
reproduction and to identify mating types and mechanisms of their compatibility 
if it is heterothallic. Further, valuable will be to obtain knowledge of the P. belbahrii 
natural distribution range because its present distribution is due to human activity 
and trades. More research into aspects of P. belbahrii physiology, asymptomatic 
infections and oospore role in epidemiology. The seed transmission still needs to 
be elucidated and the question of whether the pathogen penetrates into the seed 
should be answered. Because it has been already spread worldwide, the P. belbahrii 
is not on the quarantine lists; although, it will be beneficial to follow the quarantine 
guideline, in the context of global trade with seeds.
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Chapter 2

Nanophytovirology: An Emerging 
Field for Disease Management
Avinash Marwal and R.K. Gaur

Abstract

Nanotechnology positions as a new armament in our collection against the 
increasing challenges in disease management and plant/human health. The 
application of nanotechnology in plant/human disease administration, diagnosis, 
and genetic transformations is still in its early stages. Apart from the scope of this 
chapter, there is also a mounting collection of new tools and techniques where 
nanoparticles are employed as delivery vehicles for genetic material in plants. Due 
to their nanoscale dimensions, nanoparticles may knockout virus particles and thus 
may open a novel arena of virus control in plants/humans. Our aim is to enlighten 
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1. Introduction

Food security has always been the principal apprehension for mankind [1]. Food 
losses because of crop infections by pathogens like bacteria, fungus and viruses are 
known as obstinate issues in agriculture since centuries around the globe [2]. Even 
countries, societies and their administrations have been facing this problem a long 
time. Quarantine strategies employed for crops and ornamental plants a requite 
effective in preventing harmful diseases and arthropod pest epidemics from being 
imported and getting spread in the purchasing country [3]. Plants are infected 
by a number bacterial, fungal and virus species [4–8]. Viruses are considered as 
the minutest known microbes to the mankind and yet they reason for the most 
significant losses in agriculture sector [9], thus putting the plants under stress [10]. 
Same holds true for humans as well. Many a time, the finest recognized treatment 
for viruses is the innate immunological resistance system of host; else, the initial 
prevention of viral infection is the only substitute [11]. Consequently, diagnosing 
host for viruses at earliest is the prime approach toward controlling and eliminat-
ing harmful virus [12, 13]. The starter of a novel class of nanoscale particles with 
numerous exceptional properties and functions has flashed a series of innovative 
applications [14]. Engineered nano-materials (nanoparticles) range from 1 to 
100 nm in size [15]. Engineered nanoparticles can be synthesized to precise dimen-
sions and intended in numerous composite arrays, making their function and 
efficacy applicable in many fields. Suitable sensors and good delivery systems might 
help infighting viruses and other crop pathogens.
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Nanoparticles might employ an important integrity in future plant and human 
disease management that might range from disease diagnosis to disease treatment 
[16]. In recent past several nanoparticles has been synthesized across the globe 
by eminent scientists in various forms [17, 18]. Like quantum dots, metalloids, 
metallic oxides, nonmetals, carbon nanomaterials [19], dendrimers, liposomes 
[20], Virus-based nanoparticles (VNPs) are few examples of this category [21, 
22]. Nanoparticles greatest advantage lies in their small size, greater surface area 
and strong reactivity: such efficient activity favors for vast application in plant 
and human pathology [23]. Nanoparticles can be synthesized either by chemical 
route or by green synthesis method taking in account the top down or bottom up 
approach, whichever better feasible. This can be further categorized into chemical, 
reduction, microemulsion, colloidal, sonochemical, electrochemical, microwave, 
solvothermal and microbial synthesis of nanoparticles [24]. The present study 
focuses and centric towards the above said aspects of nanoparticles vs. plant virol-
ogy (“nanophytovirology”), thus summarizing the available scattered literature at 
one place for the common audience.

2. Pre-era of “nanophytovirology”

Earlier several methods have been given by pioneers for virus detection in the 
host plant (crops, ornamental plants, weeds) [25]. Therefore, techniques for rec-
ognition and detection of viruses, equally in crops and carrier vectors, participate 
for a decisive role in virus disease management. All of them are listed as: electron 
microscopy [26], symptoms determination [27, 28], biotest [29, 30], mechanical 
transmission [31], seed transmission [32], serological techniques [enzyme-linked 
immunosorbent assay, phage display, tissue blot immunoassay (TIBA), lateral 
flow devices, immunocapture transmission electron microscopy (ICTEM)] 
[33, 34], restriction fragment length polymorphism (RFLP) [35], thermostable 
amplification based methods [PCR and reverse transcription-polymerase chain 
reaction (RT-PCR), multiplex PCR/RT-PCR, immunocapture PCR (IC-PCR), 
immuno-precipitation PCR (IP-PCR), nested PCR, multiplex nested PCR, real time 
PCR (qPCR), multiplex real time PCR, Co-operational PCR (Co-PCR)] [36–39], 
isothermal amplification based methods [helicase dependent amplification (HDA), 
recombinase polymerase amplification (RPA), nucleic acid sequence base amplifi-
cation (NASBA), loop-mediated isothermal amplification (LAMP), rolling circle 
amplification (RCA)] [40, 41], nucleic acid sequence hybridization techniques [in 
situ hybridization, microarray, lateral flow microarrays] [42, 43], next generation 
sequencing (NGS), recombinant DNA approach [44]. Accessibility of the few 
above-mentioned diagnostic methods endow with a superior elasticity, increased 
sensitivity, and specificity for quick judgment of virus diseases. The accurate and 
reliable detection of the associated virus pathogens therefore forms the first line of 
defense in management of these diseases.

Likewise, number of methods has been devised in viral disease management 
[45–48]. It is conceivable that destruction/killing arthropod vectors, either via 
biological control or with traditional methods, helpful in reducing the viral popula-
tions. Scymnus offmanni, Coccinella septempunctata, Propylaea japonica, Euseius 
cutalis, etc. are some natural predators of whiteflies. Chemiecological technique 
employs honeydews excreta of whitefly, which work as a kairomone to attract 
natural prey, i.e., Encarsia formosa. Such approach has been successfully used in the 
Mediterranean regions against whiteflies vector. Even plant age is also crucial in 
vector population controlling. Field trial has been successful where young plants 
were covered with plastic bag (yellow polyethylene film) or grown under green 
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house until maturing phase, limits the contact with arthropods vectors. Similarly 
masking the crop with living ground covers of perennial peanuts, cinquillo and 
coriander plants condensed the impact of incoming whitefly adults. An old age 
practice helps in diminishing the virus populations by destroying the weeds grow-
ing in the near vicinity of the crop fields, or even sowing the seeds a little later when 
the vector populations flourishes. Both help in viral disease management [49].

Further the use of insecticides against various arthropod vectors is also helpful 
to a certain extent. Few of them are Neonicotinoids, Buprofezin, Thiamethoxam 
70 WS, Imidacloprid 600 FS, Imidacloprid 70WS and Carbosulfan 25 DS, 
Triazophos, Ethion, Imidacloprid, Acephate 95 SG, Spirotetramat, Diafenthiuron, 
Nitroguanidines, Thiamethoxam, Ryanodine and Pymetrozine, quite lethal against 
whiteflies [50]. Two remarkable technology has come up as one the best solution 
against plant viruses, i.e., interference RNA (RNAi) and clustered regularly inter-
spaced short palindromic repeats (CRISPR). RNAi-mediated virus resistance was 
reported against potato virus Y (PVY) in transgenic tobacco plants, against African 
cassava mosaic virus (ACMV), croton yellow vein mosaic virus (CYVMV) and 
many more [51–53]. RNAi is usually associated with methylation of nuclear DNA 
corresponding to the transcribed region of the target RNA despite transcription 
levels of the transgene remains unaffected [54]. CRISPR-Cas (CRISPR Associated 
Systems) is an adaptive immune system in many archaea and bacteria that cleaves 
foreign DNA based on sequence complementarity. Virus based guide RNA (gRNA) 
delivery system for CRISPR/Cas9 mediated plant genome editing cause mutations 
in target genome locations and resulted in transgenic plants showing resistance 
against viruses [55].

3. Epoch of “nanophytovirology”

“Nanophytovirology” is a front-line science which customs nanotechnology in 
diagnosis, detection and management of plant viral diseases and their pathogens 
especially arthropods at an initial phase, helping in plant protection from the 
epidemic diseases [56]. Among the various plant diseases, the diseases caused by 
viruses are the most difficult to manage [57], as one must stop the spread of the 
disease by the vectors. Nanotechnological-based disease diagnosis and management 
for virus infecting crop plants is attaining magnitude with the increased spread 
of viruses and threats of their epidemics [58]. Therefore, there is a demand for an 
improved management of viruses employed by a series of strategies [59, 60]; in-fact 
such practices relied on the ecology of the virus. Many approaches have been used 
to decrease crop losses due to viruses, only a few are effective in their management. 
Even understanding the plant mediated interactions between viruses and their 
carrier vector is quite important to tackle epidemiology of viral diseases [59, 60]. 
Developments in nanofabrication and nanotechnology endow a crucial part in plant 
viral disease detection, simplicity in handling and are cost-effective as compared to 
other plant viral diagnostic methods.

Earlier fluorescent dyes were used straight away for staining the viruses, now 
nanoparticles and quantum dots (QDs) have been developed which helps in car-
rying the detection tags (dyes or anti-viral antibodies) and are quite efficient in 
identifying the viruses, which are also helpful as labeling and imaging agents. 
Such fluorescent tags are easily detected in flow cytometry enabled devices. In yet 
another instance nano-biosensor was developed against plasmodiophoromycete 
Polymyxa betae which is responsible for the carrier of beet necrotic yellow vein 
virus (BNYVV) and caused the deadly disease rhizomania in sugarcane plants. 
The authors used specific antibodies against conjugated with Cadmium-Telluride 
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QDs against the glutathione-S-transferase protein’s (GST). The developed nano-
biosensor showed enough fluorescence resonance energy transfer (FRET) to detect 
the plasmodiophoromycete Polymyxa betae. Cadmium-Telluride QDs conjugated to 
antibodies were also developed against citrus tristeza virus (CTV) using the similar 
approach [61].

Surface plasmon resonance (SPR) is also an optical based technique which 
employs diagnosis of viruses by change in refractive index on a metal surface. In 
this gold nanoparticles are conjugated with anti-viral antibodies adsorbed on a 
glass substrate and are sensed by SPR. Quartz-crystal microbalance (QCM) is a 
well-known, commercially accessible mass sensor technique generally employed in 
quantitative measurement of the thickness of thin films. The principal is that the 
exterior part of the quartz-crystal device (microchip: dimensions in nanometer) is 
typically coated with anti-viral antibodies against the targeted plant viruses. Now 
when a virus is encountered on the quartz-crystal surface there results an increase 
in the mass, thereby resonant frequency decreases, the change in the frequency 
before and after of the chip is measured subsequently. SPR and QCM based nano-
biosensor has been manufactured successfully for the detection of orchid viruses, 
tobacco mosaic virus (TMV), cymbidium mosaic virus (CymMV), odontoglossum 
ringspot virus (ORSV), etc. [62].

Microcantilevers are in the micrometer range, but their tip end is in the nano-
meter scale and is widely used for various biosensing applications. Microcantilevers 
works in two different modes, i.e., straining and resonating mode, both are help-
ful in identifying viruses. Resonating mode is like QCM, whereas straining mode 
relies on the changes in electrical resistance whenever a virus particle bound to 
the surface. The major limitation is the low performance of device in the liquid 
medium, hence the sample need drying before application. For virus particle 
detection nanowire employed transistors have been devised. An immuno-biosensor 
was developed for the detection of Plum pox virus in plum (Prunus domestica) and 
tobacco (Nicotiana benthamiana) leaves sap, where gold electrodes were modified 
with 1,6-hexanedithiol, gold nanoparticles, anti-PPV IgG polyclonal antibody and 
BSA. Nanowires can be engaged against the target virus, and when encountering a 
charged virus capsid, a depletion or gain of charge in the nanowires is thus recorded 
as a simple conductance change. In a similar instance a lithographically patterned 
nanowire electrodeposition (LPNE) technique was used to develop a label-free 
chemiresistive sensors based on a polypyrrole (PPy) nanoribbon conjugated with 
anti-viral antibodies against cucumber mosaic virus (CMV) [63].

Nanotechnology benefits agriculture sectors and diminish environmental pol-
lution. This is carried out by manufacturing of pesticides and chemical fertilizers 
using nanoparticles and nano-capsules and has the capability to control or delayed 
the delivery and absorption of pesticides and chemical fertilizers with lower dose. 
“Nano-5” is a marketed product pesticide to control several plant viruses. It was 
found effective at dilution of 1:500 against Mosaic, ringspot, transitory yellowing, 
tristeza virus, exocortis viroid by spraying “Nano-5” onto the surface of leaves and 
apply to the roots once every 3 days. It was reported that chitosan nanoparticles 
have the ability to induce resistance in host crops against few viruses, for example 
mosaic virus of alfalfa, snuff, peanut, potato, and cucumber were targeted. 
Similarly, gold nanoparticles showed antiviral effects against Bean mild mosaic 
virus in beans, barley yellow mosaic virus in barley and tobacco necrosis virus in 
tobacco plants. Peoples also claimed silver nanoparticles application made the host 
plant resistance against sun-hemp rosette virus (infecting bean plants) and bean 
yellow mosaic virus (causing disease in faba bean crops) [64].

RNAi technique were also employed in coupling with nanotechnology, a remark-
able study was carried out to show resistance against cucumber mosaic virus (CMV) 
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and pepper mild mottle virus (PMMoV). In this wonderful approach dsRNA was 
loaded onto LDH (Layered double hydroxides) nanoparticles, called BioClay and 
were sprayed on the challenged plants. Plants showed resistance against the above-
mentioned viruses for 20 days as compared to controlled ones [65]. It is clear from 
the above discussion that “nanophytovirology” represent an attractive advance-
ment, owing to their potential advantages for the plant disease management against 
deadly crop viruses.

4. Challenges adjoining “nanophytovirology”

The application of nanoparticles, particularly in plant disease management, 
need specific structural and physicochemical features, and any slight variations 
to their planned properties can hinder the function and performance of designed 
nanoparticle conjugate [66]. Hence, numerous factors related to nanoparticle 
synthesis are quite important for the development of an effective virus detection 
assay. Further, the methods employed in making/synthesizing nanoparticles seem 
easy and quick for large scale production but getting the final product in uniformity 
(shape and size) remains challenging. Nanoparticles itself cannot detect the viruses 
solely and thus need additional biomolecule specific in sensing the pathogen. In 
comparison to nanoparticles, biomolecules are quite delicate to severe chemical and 
physical alterations (high temperature, high salt concentrations, reducing agents) 
which might can harmfully affect their reactivity and specificity [67]. Therefore, 
such procedures demand for proper optimization steps aimed at in detecting 
viruses.

But when employing/using nanoparticles and its conjugates for the application in 
virus disease management, their biosafety and toxicity on human health and envi-
ronment is yet another a major challenge. For example, nano-pesticides might get 
inhaled by the workers during treatment process. Similarly, other nano-composites  
might get deposit on the leaves or flowers, can affect animals, birds, honey bees, 
etc. They may clog the stomatal pores and might hinder the penetration of pollen 
grains on stigma. If get inside the plant system, nanoparticle might affect plant 
metabolism and can cause similar effect on humans as well. Cellular toxicity can 
be induced by nanoparticles (NPs) that lead to toxic side effects such as enhanced 
ROS generation, disruption of redox homeostasis, lipid peroxidation, impaired 
mitochondrial function, and membrane damage. Due to their long persistence and 
greater reactivity nano-pesticides may contaminate water and soil system [68]. 
Regardless of these developments in nanotechnology, there are some unsolved 
problems concerning the detection of many plant viruses due to their low titer in 
the plants, their uneven distribution, the existence of latent infection and lack of 
validated sampling protocols.

5. Conclusion

Virologists need complete knowledge about viral infection and of effects on host 
plants so that correct control procedures can be implemented [69]. Specificity of 
viruses varies greatly [70]. Some of them can colonize different species and some 
are specific or interact to specific cell machinery. There is more focus on reduction 
of crop loss by controlling pathogen movement from infected plants to healthy 
plants rather than treating the infected plants [71]. The work on the development 
of nanoparticles done by the pioneers in the field is particularly significant and 
beneficial for the humans and to the agriculture sector which supports the lives 
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solely and thus need additional biomolecule specific in sensing the pathogen. In 
comparison to nanoparticles, biomolecules are quite delicate to severe chemical and 
physical alterations (high temperature, high salt concentrations, reducing agents) 
which might can harmfully affect their reactivity and specificity [67]. Therefore, 
such procedures demand for proper optimization steps aimed at in detecting 
viruses.

But when employing/using nanoparticles and its conjugates for the application in 
virus disease management, their biosafety and toxicity on human health and envi-
ronment is yet another a major challenge. For example, nano-pesticides might get 
inhaled by the workers during treatment process. Similarly, other nano-composites  
might get deposit on the leaves or flowers, can affect animals, birds, honey bees, 
etc. They may clog the stomatal pores and might hinder the penetration of pollen 
grains on stigma. If get inside the plant system, nanoparticle might affect plant 
metabolism and can cause similar effect on humans as well. Cellular toxicity can 
be induced by nanoparticles (NPs) that lead to toxic side effects such as enhanced 
ROS generation, disruption of redox homeostasis, lipid peroxidation, impaired 
mitochondrial function, and membrane damage. Due to their long persistence and 
greater reactivity nano-pesticides may contaminate water and soil system [68]. 
Regardless of these developments in nanotechnology, there are some unsolved 
problems concerning the detection of many plant viruses due to their low titer in 
the plants, their uneven distribution, the existence of latent infection and lack of 
validated sampling protocols.

5. Conclusion

Virologists need complete knowledge about viral infection and of effects on host 
plants so that correct control procedures can be implemented [69]. Specificity of 
viruses varies greatly [70]. Some of them can colonize different species and some 
are specific or interact to specific cell machinery. There is more focus on reduction 
of crop loss by controlling pathogen movement from infected plants to healthy 
plants rather than treating the infected plants [71]. The work on the development 
of nanoparticles done by the pioneers in the field is particularly significant and 
beneficial for the humans and to the agriculture sector which supports the lives 
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of growing population [72, 73]. Nanoparticles affect the pathogens in a similar 
way as the chemical pesticides do at a very low concentration [74]. Nanomaterials 
have been used as carrier of active ingredients of pesticides, host defense inducing 
chemicals, etc. [75, 76], to target the viral pathogens. These nano-based diagnostic 
kits not only increase the speed of detection but also increase the power of the 
detection. Thus, finding nanotechnology-based solutions, will enable researchers to 
explore better management practices against viruses in a better way for the plants 
which are constantly challenged in the natural conditions.
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have been used as carrier of active ingredients of pesticides, host defense inducing 
chemicals, etc. [75, 76], to target the viral pathogens. These nano-based diagnostic 
kits not only increase the speed of detection but also increase the power of the 
detection. Thus, finding nanotechnology-based solutions, will enable researchers to 
explore better management practices against viruses in a better way for the plants 
which are constantly challenged in the natural conditions.
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Chapter 3

Aspects in Tobamovirus 
Management in Intensive 
Agriculture
Elisheva Smith and Aviv Dombrovsky

Abstract

In the recent years, disease spread of old and newly evolved tobamoviruses has 
occurred worldwide, affecting production of various vegetable and ornamental 
crops. The tobamoviruses are highly stable plant viruses that could cause severe 
disease symptoms. The well-known tobamovirus Cucumber green mottle mosaic 
virus (CGMMV) has recently caused severe damages in the cucumber, melon, and 
watermelon cucurbitaceous crops, worldwide. Similarly, a recent widespread of the 
newly identified tobamoviruses, Tomato mottle mosaic virus (ToMMV) and Tomato 
brown rugose fruit virus (ToBRFV), has reduced the solanaceous crop production. 
The primary route of tobamoviral infection is through mechanical means. These 
viruses adhere to agricultural facilities, contaminate the soil, infect seeds, and 
spread via beneficial pollinators and irrigation water. Mechanical plant injury suf-
fices to initiate viral infection. Practicing hygiene by plant growers and in nurseries 
is currently the main strategy for mitigation of tobamoviral infection. Promoting 
the production of solanaceous vegetable crops genetically resistant to ToMMV and 
ToBRFV infection is a promising approach. However, CGMMV-resistant sources of 
cucurbitaceous vegetable crops are scarce. Conferring resistance to rootstocks and 
cross-protection strategies are newly implemented approaches that could alleviate 
tobamovirus disease spread in both solanaceous and cucurbitaceous crops.

Keywords: Solanaceae, Cucurbitaceae, primary infection, secondary spread, 
strobilurins, resistant rootstocks, cross-protection

1. Introduction

In the recent years, there has been a growing concern regarding disease damages 
and losses occurring in vegetable crop production. Plant viruses constitute the major 
causal factor for the diseases. Tomato plants, belonging to the Solanaceae family, and 
cucumber, melon, and watermelon plants, belonging to the Cucurbitaceae family, 
have shown the most severe disease symptoms. These symptoms are primarily attrib-
uted to infections by viruses belonging to the Tobamovirus genus, in the Virgaviridae 
family. The prevalent route of tobamovirus infection is via mechanical plant manipu-
lations [1]. The tobamoviruses are highly stable and kept infectious in soil containing 
buried virus-contaminated plants [2], on various agricultural facility tool surfaces, in 
seeds [3], and upon adhering to beneficial pollinator body parts [4, 5]. Two tobamo-
virus species that had a conspicuous effect on vegetable crop production in various 
countries and caused severe disease symptoms in host plants are the Tomato brown 
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Abstract

In the recent years, disease spread of old and newly evolved tobamoviruses has 
occurred worldwide, affecting production of various vegetable and ornamental 
crops. The tobamoviruses are highly stable plant viruses that could cause severe 
disease symptoms. The well-known tobamovirus Cucumber green mottle mosaic 
virus (CGMMV) has recently caused severe damages in the cucumber, melon, and 
watermelon cucurbitaceous crops, worldwide. Similarly, a recent widespread of the 
newly identified tobamoviruses, Tomato mottle mosaic virus (ToMMV) and Tomato 
brown rugose fruit virus (ToBRFV), has reduced the solanaceous crop production. 
The primary route of tobamoviral infection is through mechanical means. These 
viruses adhere to agricultural facilities, contaminate the soil, infect seeds, and 
spread via beneficial pollinators and irrigation water. Mechanical plant injury suf-
fices to initiate viral infection. Practicing hygiene by plant growers and in nurseries 
is currently the main strategy for mitigation of tobamoviral infection. Promoting 
the production of solanaceous vegetable crops genetically resistant to ToMMV and 
ToBRFV infection is a promising approach. However, CGMMV-resistant sources of 
cucurbitaceous vegetable crops are scarce. Conferring resistance to rootstocks and 
cross-protection strategies are newly implemented approaches that could alleviate 
tobamovirus disease spread in both solanaceous and cucurbitaceous crops.

Keywords: Solanaceae, Cucurbitaceae, primary infection, secondary spread, 
strobilurins, resistant rootstocks, cross-protection

1. Introduction

In the recent years, there has been a growing concern regarding disease damages 
and losses occurring in vegetable crop production. Plant viruses constitute the major 
causal factor for the diseases. Tomato plants, belonging to the Solanaceae family, and 
cucumber, melon, and watermelon plants, belonging to the Cucurbitaceae family, 
have shown the most severe disease symptoms. These symptoms are primarily attrib-
uted to infections by viruses belonging to the Tobamovirus genus, in the Virgaviridae 
family. The prevalent route of tobamovirus infection is via mechanical plant manipu-
lations [1]. The tobamoviruses are highly stable and kept infectious in soil containing 
buried virus-contaminated plants [2], on various agricultural facility tool surfaces, in 
seeds [3], and upon adhering to beneficial pollinator body parts [4, 5]. Two tobamo-
virus species that had a conspicuous effect on vegetable crop production in various 
countries and caused severe disease symptoms in host plants are the Tomato brown 
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rugose fruit virus (ToBRFV) that infected solanaceous plants [6, 7] and Cucumber 
green mottle mosaic virus (CGMMV) that infected cucurbitaceous plants [8]. An 
important strategy to reduce viral infection of cultivated crops is to practice hygiene 
during planting and to divide the planting procedures between workers. The use of 
appropriate chemicals for disinfection of trellising ropes, planting trays in nurser-
ies, and the various agricultural tools, before planting, is highly recommended [9]. 
Importantly, the applications of highly sensitive methods to disclose virus-infected 
seeds [6, 10] increase the probability to sow virus-free seeds. The various maneuvers 
currently available for tobamoviral disease management and future strategies to 
alleviate tobamoviral infections are discussed below.

2. Tobamovirus worldwide spread

Viruses belonging to the Tobamovirus genus are positive-sense single-stranded 
RNA viruses that infect a wide range of plant species. Tobacco mosaic virus (TMV), 
first described by Mayer in 1886 [11], is the prototype of this genus, in the Virgaviridae 
family. Tobamoviruses infect vegetable crops mostly solanaceous and cucurbitaceous 
plants, ornamental plants, weeds, and medicinal plants. In the recent years, the spread 
of tobamoviruses that infect two major cultivated vegetable crops, the solanaceous and 
cucurbitaceous plants, has increased. The Tomato mottle mosaic virus (ToMMV) that 
infected tomato plants (Solanum lycopersicum) had spread in America and Spain [12, 13]. 
In the Middle East, ToBRFV had broken the highly durable resistance-conferring allele 
Tm-22 [6] that was introgressed into Lycopersicon esculentum from L. peruvianum [14]. 
Phylogenetic tree analysis showed that ToBRFV and ToMMV were clustered in separate 
clades [6]. ToBRFV infection of tomato plants has recently occurred in Mexico [15], 
Germany [16], and the USA [17]. A worldwide infection of the cucurbitaceous plants 
has occurred due to the spread of the tobamovirus CGMMV, first reported by Ainsworth 
in 1935 [8, 18]. Excluding few reports on CGMMV-resistant plants, commercial cultivars 
resistant to CGMMV are scarce [19, 20].

3. Genome organization

The genome organization of the tobamoviruses ToBRFV and CGMMV 
resembles in general that of TMV [21, 22]. The virus single-stranded RNA genome 
encodes four known proteins: short (126 or 129 kDa) and long (183 or 186 kDa) 
replicase-associated proteins. The long component is the outcome of a translational 
read-through of a termination codon of the short component. In addition, a move-
ment protein (MP) of ~30 kDa and a coat protein (CP) of ~17 kDa are translated 
from sub-genomic RNA. A putative fifth 54 kDa protein resides between the two 
replicase-associated proteins [23]. Recently, in Solanaceae-infecting tobamoviruses, 
a sixth protein of 4–5 kDa has been identified, which is encoded by a region in the 
genome overlapping the open reading frames (ORFs) of the MP and the CP [24–26].

4. Particle pathogenicity and systemic disease spread

ToBRFV infection of solanaceous plants induced pathogenic systemic symptoms 
of narrowing leaves and yellow and brown spotted fruits. CGMMV infection of 
cucurbitaceous plants resulted in systemic mottle mosaic leaves and fruits as well as 
yellowing fruit flesh combined with necrotic peduncles (Figure 1). Increased sever-
ity of the symptoms could occur due to a variety of mixed infections. For example, 
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the solanaceous tomato plants infected by both ToBRFV and the abundant tospo-
virus Tomato spotted wilt virus (TSWV) showed severe fruit necrosis (Figure 1d), 
and the cucurbitaceous cucumber plants infected by both CGMMV and the Pythium 
species P. spinosum showed plant wilting and collapse [27] (Figure 1j).

The virulence factors that caused the severe symptoms occurring upon tobamo-
virus infection have not been established yet excluding the virulence factor of TMV 
upon infection of Nicotiana benthamiana that was identified as the orf6-expressed 
protein, which occurs in Solanaceae-infecting tobamoviruses [24]. Similarly, the 
mechanism of Tm-22 resistance breaking by ToBRFV has not been discovered yet. 
The viral MP is the avirulence factor recognized by the plant resistance-conferring 
protein Tm-22 [28]. Mutational analysis of the MP revealed that a change of two 
amino acids could overcome the resistance conferred by the Tm-22 allele [29]. 
However, the MP modifications that have occurred during the evolvement of 
ToBRFV are still unknown, although in bioinformatics approach several potential 
mutations were identified in the MP of ToBRFV. In the Cucurbitaceae-infecting 
CGMMV, a single amino acid substitution at the replicase site resulted in symptom 
attenuation [30], conferring a role for the replicase in viral virulence mechanism.

Figure 1. 
Tomato brown rugose fruit virus (ToBRFV) and Cucumber green mottle mosaic virus (CGMMV) infected 
vegetables. (a–d) ToBRFV-infected plants; (e–j) CGMMV-infected plants. (a) Narrowing tomato leaves with 
mosaic pattern. (b, c) Yellow and brown spotted tomato fruits. (d) Brown spotted and necrotic tomato fruits 
infected by both ToBRFV and Tomato spotted wilt virus. (e) Mottle mosaic pattern on watermelon leaves. (f) 
Yellowing and necrotic watermelons. (g) Necrotic peduncle. (h) Mosaic pattern on melon leaves. (i) Various 
manifestations of mottle mosaic melons. (j) Collapse of cucumber plants infected by both CGMMV and 
Pythium spinosum.
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rugose fruit virus (ToBRFV) that infected solanaceous plants [6, 7] and Cucumber 
green mottle mosaic virus (CGMMV) that infected cucurbitaceous plants [8]. An 
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during planting and to divide the planting procedures between workers. The use of 
appropriate chemicals for disinfection of trellising ropes, planting trays in nurser-
ies, and the various agricultural tools, before planting, is highly recommended [9]. 
Importantly, the applications of highly sensitive methods to disclose virus-infected 
seeds [6, 10] increase the probability to sow virus-free seeds. The various maneuvers 
currently available for tobamoviral disease management and future strategies to 
alleviate tobamoviral infections are discussed below.

2. Tobamovirus worldwide spread

Viruses belonging to the Tobamovirus genus are positive-sense single-stranded 
RNA viruses that infect a wide range of plant species. Tobacco mosaic virus (TMV), 
first described by Mayer in 1886 [11], is the prototype of this genus, in the Virgaviridae 
family. Tobamoviruses infect vegetable crops mostly solanaceous and cucurbitaceous 
plants, ornamental plants, weeds, and medicinal plants. In the recent years, the spread 
of tobamoviruses that infect two major cultivated vegetable crops, the solanaceous and 
cucurbitaceous plants, has increased. The Tomato mottle mosaic virus (ToMMV) that 
infected tomato plants (Solanum lycopersicum) had spread in America and Spain [12, 13]. 
In the Middle East, ToBRFV had broken the highly durable resistance-conferring allele 
Tm-22 [6] that was introgressed into Lycopersicon esculentum from L. peruvianum [14]. 
Phylogenetic tree analysis showed that ToBRFV and ToMMV were clustered in separate 
clades [6]. ToBRFV infection of tomato plants has recently occurred in Mexico [15], 
Germany [16], and the USA [17]. A worldwide infection of the cucurbitaceous plants 
has occurred due to the spread of the tobamovirus CGMMV, first reported by Ainsworth 
in 1935 [8, 18]. Excluding few reports on CGMMV-resistant plants, commercial cultivars 
resistant to CGMMV are scarce [19, 20].

3. Genome organization

The genome organization of the tobamoviruses ToBRFV and CGMMV 
resembles in general that of TMV [21, 22]. The virus single-stranded RNA genome 
encodes four known proteins: short (126 or 129 kDa) and long (183 or 186 kDa) 
replicase-associated proteins. The long component is the outcome of a translational 
read-through of a termination codon of the short component. In addition, a move-
ment protein (MP) of ~30 kDa and a coat protein (CP) of ~17 kDa are translated 
from sub-genomic RNA. A putative fifth 54 kDa protein resides between the two 
replicase-associated proteins [23]. Recently, in Solanaceae-infecting tobamoviruses, 
a sixth protein of 4–5 kDa has been identified, which is encoded by a region in the 
genome overlapping the open reading frames (ORFs) of the MP and the CP [24–26].

4. Particle pathogenicity and systemic disease spread

ToBRFV infection of solanaceous plants induced pathogenic systemic symptoms 
of narrowing leaves and yellow and brown spotted fruits. CGMMV infection of 
cucurbitaceous plants resulted in systemic mottle mosaic leaves and fruits as well as 
yellowing fruit flesh combined with necrotic peduncles (Figure 1). Increased sever-
ity of the symptoms could occur due to a variety of mixed infections. For example, 
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the solanaceous tomato plants infected by both ToBRFV and the abundant tospo-
virus Tomato spotted wilt virus (TSWV) showed severe fruit necrosis (Figure 1d), 
and the cucurbitaceous cucumber plants infected by both CGMMV and the Pythium 
species P. spinosum showed plant wilting and collapse [27] (Figure 1j).

The virulence factors that caused the severe symptoms occurring upon tobamo-
virus infection have not been established yet excluding the virulence factor of TMV 
upon infection of Nicotiana benthamiana that was identified as the orf6-expressed 
protein, which occurs in Solanaceae-infecting tobamoviruses [24]. Similarly, the 
mechanism of Tm-22 resistance breaking by ToBRFV has not been discovered yet. 
The viral MP is the avirulence factor recognized by the plant resistance-conferring 
protein Tm-22 [28]. Mutational analysis of the MP revealed that a change of two 
amino acids could overcome the resistance conferred by the Tm-22 allele [29]. 
However, the MP modifications that have occurred during the evolvement of 
ToBRFV are still unknown, although in bioinformatics approach several potential 
mutations were identified in the MP of ToBRFV. In the Cucurbitaceae-infecting 
CGMMV, a single amino acid substitution at the replicase site resulted in symptom 
attenuation [30], conferring a role for the replicase in viral virulence mechanism.

Figure 1. 
Tomato brown rugose fruit virus (ToBRFV) and Cucumber green mottle mosaic virus (CGMMV) infected 
vegetables. (a–d) ToBRFV-infected plants; (e–j) CGMMV-infected plants. (a) Narrowing tomato leaves with 
mosaic pattern. (b, c) Yellow and brown spotted tomato fruits. (d) Brown spotted and necrotic tomato fruits 
infected by both ToBRFV and Tomato spotted wilt virus. (e) Mottle mosaic pattern on watermelon leaves. (f) 
Yellowing and necrotic watermelons. (g) Necrotic peduncle. (h) Mosaic pattern on melon leaves. (i) Various 
manifestations of mottle mosaic melons. (j) Collapse of cucumber plants infected by both CGMMV and 
Pythium spinosum.
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The tobamovirus CP molecules constitute the capsid of the virion, which is 
~300 nm long and 18 nm wide. For viral RNA encapsidation, ca. 2000 CP subunits 
form a right-handed helix in which each subunit binds three nucleotides. There are 
electrostatic interactions between charged amino acid residues that contribute to CP 
subunit interactions and particle stability, which is strengthened by hydrophobic 
contacts in the capsid [31] and carboxylate interactions between subunits [32]. 
Tobamovirus particles can survive 90°C heating and years of storage [31, 33].

Tobamovirus encapsidation is necessary for long-distance movement of the virus 
in the plant but is dispensable for cell-to-cell movement [34, 35]. Since viruses are 
localized in the symplast, it is necessary to maneuver cell-to-cell movement. Viral 
MP binds RNA and increases the plasmodesmata size exclusion limit [36]. The virus 
could then be transmitted via the widened cytoplasmic continuity that was formed 
between cells [37]. In addition to the MP effect on viral cell-to-cell movement, a role 
for the short replicase-associated protein in cell-to-cell viral movement was also 
observed, although the mechanism of the replicase effect is still unclear [38].

Tobamovirus CP is required for long-distance viral dissemination [34, 39]. It is 
required for viral movement across the boundary between vascular parenchyma 
and companion cells [40]. It is not quite clear, however, whether the CP is necessary 
for interactions with host factors [39]. In the phloem, virus particles follow photo-
assimilate transportation [41]. However, mechanisms of entry and egress from the 
phloem differ [42, 43]. For example, egress from the phloem involves the activity of 
the host plant pectin methylesterase [44].

Viral genome replication that occurs in the epidermis and mesophyll cells induces 
plant resistance programs such as the RNA silencing process [45, 46]. Plant RNA 
silencing is triggered by viral double-stranded RNA precursors, which are processed 
by RNase III Dicer-like protein to small interfering RNA duplexes (siRNA), 21–24 
nucleotide long [47, 48]. The siRNAs are stabilized by HUA ENHANCER1 (HEN1), 
which catalyzes methylation at the 3′ end, generating 2′-O-methylated siRNAs [49]. 
The methylation prevents uridylation and degradation of the siRNA duplexes  
[49, 50]. Single-stranded siRNAs direct ARGONAUTE (AGO) protein residing in 
RNA-induced silencing complex (RISC) to silence posttranscriptionally complemen-
tary RNA by endonucleolytic activity [51]. Importantly, small RNA duplexes that 
are formed by the plant silencing mechanism function also as silencing signals that 
spread via the plasmodesmata between cells and systemically through the phloem 
[52, 53]. Establishing silencing process systemically can lead to degradation of newly 
infecting viruses prior to viral replication [54]. Viruses counteract the plant silencing 
process by the expression of silencing suppressors [55, 56]. The tobamovirus short 
protein associated with the replicase, such as the 126 kDa protein of TMV [57] or 
ToMV [58] interferes with the methylation of the siRNA duplexes catalyzed by HEN1 
and thereby induces degradation of the siRNAs [54]. Viral RNA silencing suppres-
sors are therefore positive factors in viral long-distance movement [39]. However, 
the contribution of the replicase-associated protein to viral entry into the phloem is 
not clear yet but could not be attributed to suppression of RNA silencing [33].

5. Modes of infection

5.1 Primary infections

5.1.1 Seeds

Tobamoviruses are seed-borne viruses, although the average of reported seed 
to seedling transmission ratios was only 4.1% [3]. Low viral transmission ratios in 
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grow-out experiments are commonly indicative of uninfected embryos. Seed coat 
contamination could occur due to physical attachment between the seeds and the 
fruit flesh. However, there were also reports on ToMV infecting the endosperm of 
tomato plant seeds [1]. The tobamovirus passage through the maternal seed coat 
to the endosperm, which originates from both maternal and paternal sources, is 
enigmatic in the face of the uninfected embryos [3]. The consequence of endosperm 
infection is problematic, in particular, for considerations of the appropriate seed dis-
infection procedures. CGMMV-infected cucurbitaceous seeds are the most challeng-
ing for disinfection practices. Seeds from symptomatic CGMMV-infected cucurbit 
plants showed tobamoviral infection of both the seed coat and the perisperm-
endosperm (PE) envelope underlying the seed coat [59, 60], which is characteristic 
to cucurbits [61, 62]. Importantly, the PE envelope is comprised of endospermic cells 
on top of which noncellular lipid and callose layers were formed [61, 62]. A similar 
question is raised therefore regarding CGMMV occurrence in the PE envelope in 
the face of the uninfected embryos [59, 60]. Tobamoviral dispersal emerging from 
infected seeds could occur via physical manipulations of the seeds upon sowing, seed 
to seedling transmission, and seed coat contamination of the soil.

5.1.2 Soil

Tobamovirus soil contamination primarily occurs due to buried plant debris 
originated from tobamovirus-infected crops [63]. Using a serological method for 
ToMV detection, a high primary infection ratio, of up to 80%, apparently occurred 
in the tomato plants grown in the contaminated soil [63]. Under field conditions as 
well, ToMV was detected in soil containing tomato debris of crops originated from 
a previous year planting [2]. ToMV was also recovered from forest soil in which 
the mineral fraction had more virus than the organic fraction [64]. Clay in the soil 
adsorbs a high fraction of tobamovirus particles [65], which could be visualized by 
scanning electron microscopy. Similarly, CGMMV inoculum buried in the ground 
for overwintering contaminated the soil [66]. Soil contamination was apparent by 
CGMMV detection in the soil supernatant, by inoculating uninfected cucurbit plants 
with the soil supernatant and by planting uninfected cucurbit plants in the contami-
nated soil [66]. Various soil types mediate CGMMV dispersal in various efficiencies, 
which could be attributed to root damage in the case of rock containing soil.

5.1.3 Beneficial pollinators

Bumblebees (Bombus terrestris) are essential beneficial pollinators of tomato crop 
cultivation. Bumblebee hives that were placed in ToBRFV-infected tomato-growing 
areas were ToBRFV contaminated [5]. The virus was detected in the hive components: 
the comb, the enveloping cotton, and the nectar. ToBRFV in the hives was infectious as 
studied by inoculating the laboratory test plant Nicotiana tabacum cv. Samsun with virus 
purified from the hive comb. ToBRFV adhered to the bumblebee body parts, primar-
ily the abdomen, suggesting that ToBRFV could be transmitted by buzz pollination. 
Importantly, bumblebee hives from ToBRFV-infected tomato greenhouses placed in a 
new greenhouse of uninfected tomato plants constituted carriers of a primary infectious 
inoculum. ToBRFV infection ratios of the newly infected tomato plants were 12–60%. 
The ToBRFV infection ratios were positively correlated with bumblebee activity [5].

5.2 Secondary disease spread

Tobamovirus disease spread is abiotic. Mechanical manipulations during crop 
cultivation and the commonly associated plant injury constitute a major route for 
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by RNase III Dicer-like protein to small interfering RNA duplexes (siRNA), 21–24 
nucleotide long [47, 48]. The siRNAs are stabilized by HUA ENHANCER1 (HEN1), 
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grow-out experiments are commonly indicative of uninfected embryos. Seed coat 
contamination could occur due to physical attachment between the seeds and the 
fruit flesh. However, there were also reports on ToMV infecting the endosperm of 
tomato plant seeds [1]. The tobamovirus passage through the maternal seed coat 
to the endosperm, which originates from both maternal and paternal sources, is 
enigmatic in the face of the uninfected embryos [3]. The consequence of endosperm 
infection is problematic, in particular, for considerations of the appropriate seed dis-
infection procedures. CGMMV-infected cucurbitaceous seeds are the most challeng-
ing for disinfection practices. Seeds from symptomatic CGMMV-infected cucurbit 
plants showed tobamoviral infection of both the seed coat and the perisperm-
endosperm (PE) envelope underlying the seed coat [59, 60], which is characteristic 
to cucurbits [61, 62]. Importantly, the PE envelope is comprised of endospermic cells 
on top of which noncellular lipid and callose layers were formed [61, 62]. A similar 
question is raised therefore regarding CGMMV occurrence in the PE envelope in 
the face of the uninfected embryos [59, 60]. Tobamoviral dispersal emerging from 
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to seedling transmission, and seed coat contamination of the soil.

5.1.2 Soil

Tobamovirus soil contamination primarily occurs due to buried plant debris 
originated from tobamovirus-infected crops [63]. Using a serological method for 
ToMV detection, a high primary infection ratio, of up to 80%, apparently occurred 
in the tomato plants grown in the contaminated soil [63]. Under field conditions as 
well, ToMV was detected in soil containing tomato debris of crops originated from 
a previous year planting [2]. ToMV was also recovered from forest soil in which 
the mineral fraction had more virus than the organic fraction [64]. Clay in the soil 
adsorbs a high fraction of tobamovirus particles [65], which could be visualized by 
scanning electron microscopy. Similarly, CGMMV inoculum buried in the ground 
for overwintering contaminated the soil [66]. Soil contamination was apparent by 
CGMMV detection in the soil supernatant, by inoculating uninfected cucurbit plants 
with the soil supernatant and by planting uninfected cucurbit plants in the contami-
nated soil [66]. Various soil types mediate CGMMV dispersal in various efficiencies, 
which could be attributed to root damage in the case of rock containing soil.

5.1.3 Beneficial pollinators

Bumblebees (Bombus terrestris) are essential beneficial pollinators of tomato crop 
cultivation. Bumblebee hives that were placed in ToBRFV-infected tomato-growing 
areas were ToBRFV contaminated [5]. The virus was detected in the hive components: 
the comb, the enveloping cotton, and the nectar. ToBRFV in the hives was infectious as 
studied by inoculating the laboratory test plant Nicotiana tabacum cv. Samsun with virus 
purified from the hive comb. ToBRFV adhered to the bumblebee body parts, primar-
ily the abdomen, suggesting that ToBRFV could be transmitted by buzz pollination. 
Importantly, bumblebee hives from ToBRFV-infected tomato greenhouses placed in a 
new greenhouse of uninfected tomato plants constituted carriers of a primary infectious 
inoculum. ToBRFV infection ratios of the newly infected tomato plants were 12–60%. 
The ToBRFV infection ratios were positively correlated with bumblebee activity [5].
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cultivation and the commonly associated plant injury constitute a major route for 
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tobamovirus disease spread. Low concentrations of tobamovirus contamination 
could establish the disease spread in a growing area due to mechanical manipula-
tions [1]. For effective tobamovirus disease transmission, leaf or root injury seems 
imperative. Although the most common way of tobamovirus disease spread is 
via physical attachment, root-to-root viral transmission ratios in tobamovirus-
contaminated soil are low [67]. Similarly, seeds sown in tobamovirus-contaminated 
soil showed low infection ratios when compared to seedling planting, which could 
involve plant injury [68]. However, high concentrations of the contaminating 
tobamoviruses and repeated exposure to the infectious source reduce the impact of 
injury as a necessary determinant in tobamovirus disease spread [63, 65].

5.2.1 Irrigation water

Humidity preserves tobamovirus particle viability in soil. Infectious tobamo-
virus particles of TMV and ToMV were found in environmental waters such as 
ponds and streams. The occurrence of the tobamoviruses was visualized by elec-
tron microscopy, and the infectivity of the tobamovirus particles was examined 
in a biological assay on laboratory test plants [69]. A quantitative and sensitive 
approach to detect the tobamoviruses in environmental waters was also applied 
using sensitive reverse-transcription real-time PCR analysis [70]. Apparently, there 
were environmental water samples that tested positive for ToMV without the usual 
sample concentration step. Dispersal of the Cucurbitaceae-infecting tobamovirus 
CGMMV via irrigation water was tested, for example, in laboratory facilities in 
the Volcani Center, Israel. In the middle of a planting tray of cucumber (Cucumis 
sativus) plants, one plant was sap-inoculated with the virus and was then separated 
from adjacent plants by an open plastic vessel to prevent any mechanical transmis-
sion of the virus via any other way than that of the irrigation dripping system that 
was applied. The results inspected a month later showed that CGMMV infection 
ratios ranged between 36 and 91%, while the control plants were CGMMV free 
(Dombrovsky and Darzi, unpublished data). CGMMV transmission efficiency via 
dripping and flooding irrigation systems was examined in a glasshouse experiment. 
The distances of CGMMV infection of watermelon (Citrullus lanatus Thunb.) 
plants by dripping and flooding irrigation systems were 1.9 and 2.3 m, respectively 
[71]. CGMMV was also detected in a river close to a farm of CGMMV-infected 
muskmelon (Cucumis melo) and watermelon plants [72].

5.2.2 Plant manipulations

Contaminated hands, pruning shears, knives, trellising ropes, and grafting 
procedures are the most common means for effective tobamovirus transmission. 
Attempts to quantitate the contribution of mechanical contact to tobamovirus 
disease spread revealed that a high number of repeated contacts between TMV-
infected tobacco leaves and uninfected plants were positively correlated with 
increased tobamovirus transmission efficiency [63]. Interestingly, there was no 
correlation between the TMV quantity in the source leaves and the efficiency of 
viral transmission. Several characteristics of the source of infection could also 
affect transmission efficiency, such as leaf age and the viral source, whether it was 
the outcome of systemic spread or it was the primary inoculated material. However, 
the effects of these parameters on TMV disease spread were not conclusive [73]. 
Quantitating the disease transmission ratios of the Cucurbitaceae-infecting 
CGMMV in cucumber plants was conducted, for example, by touching the plants 
with CGMMV-contaminated hands. CGMMV contamination analyzed serologi-
cally 3 weeks post the infection procedure spread down the row, sequentially, 
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and the infection ratio was 86% [68]. The contribution of agro-technical work of 
pruning and trellising to CGMMV disease spread was monitored in an experiment 
conducted in commercial cucumber greenhouses [68]. In the greenhouses, 5–11 
scattered CGMMV-infected plants, which constituted 0.4–0.5% of the plants, were 
identified, and a survey was conducted on the effects of the intensive agro-technical 
activities on CGMMV disease spread. The percent increase in infected plants due to 
agro-technical practice for 40 days, in the various greenhouses, was in the range of 
11–32% [68].

5.2.3 Beneficial pollinators

Beneficial pollinators do not only constitute a primary source of tobamovirus 
disease spread, as was observed in ToBRFV spread analysis [5], but could also 
promote secondary viral spread between tobamovirus-infected and uninfected 
plants. Hives containing bumblebees (Bombus terrestris L.) placed in a greenhouse 
of TMV-infected tomato plants (Lycopersicon esculentum L. cv. Momotaro) spread 
the TMV infection to adjacent uninfected tomato plants planted in the green-
house. TMV viral particles attached to the bumblebee body parts were visualized 
by electron microscopy and tested positive for TMV in a serological assay. TMV 
viral particles isolated from the hive components were infectious, as analyzed in a 
biological assay using Nicotiana glutinosa seedlings for inoculation [74]. Regarding 
the Cucurbitaceae-infecting tobamovirus CGMMV, the honeybee Apis mellifera 
promoted disease spread between infected melon seedlings, which constituted a 
primary viral source, and adjacent uninfected plants [4]. Efficient secondary viral 
transmission between the plants occurred when the uninfected plants were placed 
on the path of the honeybee foraging track, between the beehive and the CGMMV-
infected plants.

5.2.4 Weeds

Volunteer plants such as weeds could have an important role as tobamovirus 
reservoirs that may constitute a source of infection. Apparently, weed species could 
constitute asymptomatic reservoirs of the Cucurbitaceae-infecting tobamovirus 
CGMMV [75, 76]. Among the weed species susceptible to CGMMV infection that 
did not show any conspicuous symptom development and their susceptibility to 
CGMMV infection which was confirmed by laboratory mechanical inoculations 
were Molucella laevis, Amaranthus graecizans, and the medicinal plant Withania 
somnifera [76]. Overwintering of tobamoviruses in the weed hosts could promote 
the tobamovirus spread between cultivated crops of consecutive growing seasons.

6. Management strategies

6.1 Sensitive tobamovirus detection methods

In order to prevent the occurrence and establishment of tobamovirus primary 
infectious source introduced by virus-infected seeds, the appropriate detection 
methods should be applied. Viral RNA extraction (using Viral RNA Extraction 
Kit; Bioneer) from ToBRFV-infected tomato (S. lycopersicum) seeds (Luria and 
Dombrovsky, unpublished data) and CGMMV-infected cucumber (C. sativus 
Derben) and melon (C. melo Raanan) seeds were successfully executed [60]. Next-
generation sequencing (NGS) platform has been successfully applied for detection 
of the tobamoviruses ToBRFV [6] and CGMMV [77]. The NGS detection method 
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Plant Diseases-Current Threats and Management Trends

38

is highly sensitive when compared to the most commonly used serological assays 
(enzyme-linked immunosorbent assay, Western blot) and the genome sequence 
analysis performed after PCR amplification. ToBRFV-infected tomato seeds mixed 
with uninfected seeds in a ratio of 1:600 were successfully detected by the NGS 
method (Luria and Dombrovsky, unpublished data). Viral RNA extractions, which 
are easy to perform and need a small amount of starting material, were success-
fully applied in the NGS analysis [78]. The use of the new technology based on a 
single-molecule sequencing such as the Oxford Nanopore sequencing platform was 
successfully applied for detection of plant viruses and bacteria and the detection of 
the tobamovirus ToBRFV in infected tomato seeds. The sensitivity ratio for detec-
tion of ToBRFV-infected tomato seeds by applying the Oxford Nanopore sequenc-
ing platform was 1:200 virus-infected seeds mixed with uninfected seeds [10]. 
Application of sensitive methods for tobamovirus detection in seeds is most critical 
and needs to be developed for CGMMV-infected cucurbitaceous seeds, in which the 
viral particles accumulate in the PE envelope underlying the seed coat [59, 60].

6.2 Alleviating soil-associated tobamovirus infectivity

Soil fumigation with pesticides such as methyl bromide, which had an effect 
on a wide range of plant pathogens, was successfully used in various crop produc-
tion facilities. However, since the elimination of its use due to its high toxicity and 
the detrimental effect on the ozone, several other chemicals such as chloropicrin 
(trichloronitromethane) had been used [79]. Unlike methyl bromide, many newly 
used chemicals had no effect on weeds or plant debris, and their efficiency in 
inactivation of tobamoviruses was questioned. A good alternative to those chemi-
cals are products based on strobilurin fungicide, which originally occurred in the 
mushroom Strobilurus tenacellus [80]. Synthetic compounds such as pyraclostrobin 
(F 500) that protected the tobacco plant N. tabacum (cv. Xanthi nc) against TMV 
infection could be used in soil preplant treatment. Other chemicals that are based 
on natural products are alkaloids such as phenanthroquinolizidine that can be 
extracted from several plant families such as the Vitaceae family [81]. Several 
formulas of the alkaloid exhibited anti-TMV activity [81]. Similarly, quassinoids 
isolated from Brucea javanica showed anti-TMV activity [82]. Recently, the strong 
antiviral effect of synthesized bioactive tricyclic spirolactones, which are based on 
natural polycyclic compounds, has been demonstrated on TMV infection of tobacco 
plants [83]. Interestingly, the antibiotic Ningnanmycin showed anti-TMV activity 
both by induction of plant resistance against virus and by inhibition of the virus 
virulence [84].

Soil steaming treatment using low temperatures (50–60°C) for short time 
periods (several minutes) had been useful for inactivation of most plant pathogens 
while preserving soil microflora and minerals [85]. However, these steaming condi-
tions could not be applied for disinfection of tobamovirus-contaminated soil [60]. 
Interestingly, a combination of mild steaming conditions with chemicals such as 
potassium hydroxide that are exothermal when reacted with water was effectively 
applied to disinfection of TMV-infected soil. TMV infectivity ratios were reduced to 
3.0%. The increase in the persisted heat in the soil and the higher soil pH could have 
affected TMV stability [86]. Importantly, regarding CGMMV-contaminated soil, 
application of intermediate medium composed of CGMMV-free compost, which was 
prepared from cattle feces, into planting pits prior to planting melon (C. melo) seed-
lings, significantly reduced the initiation of primary infectious foci in the growing 
area. When combining removal of newly identified infected plants at early growth 
stage, before trellising, with the implementation of intermediate medium, CGMMV 
infection ratio at 60 days post planting was 0.3% [60]. Recently, growers have 
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implemented growth bags that separate between plants, to grow various vegetable 
crops in order to reduce tobamovirus disease spread via soil (Figure 2).

Grafting vegetable crops on Tobamovirus-resistant rootstocks could also separate 
the cultivated crops from the contaminated soil. In particular, Solanum gilo acces-
sions were found resistant to the tobamoviruses TMV, ToMV, and the Pepper mild 
mottle virus (PMMoV). Unfortunately, CGMMV-resistant rootstocks scarcely occur 
and are difficult to find. Using CGMMV-tolerant rootstocks for grafting cucumber 
plants in field experiment in Northern Israel resulted in viral infectivity ratios 
of 0.4–0.8% (2 rows, 250 plants in each row). Concomitant growth of ungrafted 
cucumber plants had CGMMV infectivity ratios in the range of 16–44% (5 rows, 
320 plants in each row) (Dombrovsky and Koren, unpublished data). Importantly, 
it is preferable to use rootstocks that do not cause any reduction in crop yield. 
Rotations in crop cultivation could reduce buildup of primary infectious tobamo-
virus inoculum from contaminated soil [87]. For example, it is possible to plant 
tomato plants after pepper plant plantings since PMMoV does not infect tomatoes. 
However, because ToMV infects pepper plants, planting tomato crops should not be 
followed by pepper plant plantings [87]. Importantly, alternating rice and water-
melon cultivation reduced CGMMV infection ratios of the watermelons by tenfold 
(amounting to 7.3%) when compared to consecutive watermelon cultivation [88].

6.3 Hygienic and careful planting procedures

The use of sodium hypochlorite solution on planting facilities and even on seeds 
was recommended for disinfection of tobamoviruses. However, seeds treated with 
the hypochlorite solution could show low germination ratios. Trisodium phosphate 
treatment (TSP) of tobamovirus-infected seeds was also implemented. Importantly, 
these commonly used disinfection procedures could not be applied for disinfection 
of tobamovirus-infected cucurbitaceous seeds in which the virus penetrated the 
seed coat and accumulated in the PE envelope underlying the seed coat [59, 60]. 
TSP (10%) treatment, combined with heating to 72°C for 72 hours, did not disinfect 
CGMMV-infected melon (C. melo cv. Raanan) seeds. The CGMMV detected in the 
treated seeds using serological assays and PCR analysis was infectious in a biologi-
cal assay [60]. However, sodium hypochlorite solution and the new stabilized 
chlorine product, which has the active ingredient C3Cl3N3NaO3, could be useful for 
general tobamovirus disinfection of planting facilities [8] such as shears, knives, 
trellising ropes, planting trays, and irrigation pipes. Careful planting procedures 
should be implemented, avoiding the infliction of any injury to the plants. Dividing 
tasks between workers during planting could also reduce secondary tobamovirus 

Figure 2. 
Limited Cucumber green mottle mosaic virus (CGMMV) infection spread in melon plants grown in growth 
bags. (a) Melon plants grown in growth bags. (b) CGMMV spread through soil and irrigation water in regular 
planting of cucumber plants. Arrows mark CGMMV-infected plants.
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infection spread. Weeding the weeds that might be reservoirs of tobamoviruses [76] 
and supplementing new bumblebee hives for tomato plant cultivation [5] could be 
important in preventing primary inoculum of tobamovirus infection. Identification 
and removal of tobamovirus-infected plants in crop cultivation facilities at early 
stages, before trellising, could reduce secondary tobamovirus disease spread.

6.4 Near-future management strategies

In the face of the genetic tobamovirus resistance occurring in tomato plants for 
many years, such as that of the durable Tm-22 resistance allele [14], a search for 
ToBRFV-resistant tomato plants could be successful. However, CGMMV-resistant 
genetic sources for introgression into commercial cucurbitaceous vegetable crop 
cultivation are scarce [19, 20]. Similarly, sources for CGMMV-resistant rootstocks 
are limited. Engineering transgenic watermelon rootstocks by transformation 
of the rootstock Citrullus lanatus (Twinser) cv. Gongdae with CGMMV CP gene 
conferred viral resistance to the plants [89], similar to the phenomenon observed 
in TMV CP-mediated resistance against TMV [90]. Another approach that could 
confer viral resistance to susceptible host plants while avoiding the production of 
transgenic crops is the use of clustered regularly interspaced short palindromic 
repeats (CRISPR)/Cas9 genome editing technology [91]. This mutagenesis system 
is targeted by guide RNAs to a desired site in the plant cell genome, where Cas9 
endonuclease causes double-stranded DNA breaks. The system exploits host 
cellular repair mechanisms to confer heritable high fidelity change in the genome. 
Host endogenous genes, such as the Arabidopsis thaliana TOM1 and TOM3 genes, 
and their homologues in tomato and melon plants, are necessary for tobamovirus 
replication [92, 93]. The host proteins translated from these genes comprise a 
complex with the tobamovirus replication protein [94]. These host proteins could 
be targeted by the CRISPR/Cas9 system. Importantly, RNA silencing of these host 
genes conferred tobamovirus resistance in Nicotiana tabacum [95] and in tomatoes 
[96]. Interestingly, RNA silencing, which is systemic [52, 53, 97], could be transmit-
ted from rootstocks to scions. Hence, engineering rootstocks alone for tobamovirus 
resistance by RNA silencing of these host genes could confer resistance to the non-
transgenic grafted tomato or melon plants. When using the biocontrol approach, 
plant defense mechanisms that specifically target the infecting tobamovirus, such 
as the RNA silencing, could be initiated by infecting the susceptible plants with a 
stable attenuated virus clone or a mutagenized variant of the virus. For example, 
several attenuated strains were successfully applied to protect tomato plants against 
ToMV infection, pepper plants against PMMoV infection [98], and muskmelon and 
cucumber [99] plants against CGMMV infection. However, mutagenized clones 
might not always be stable, and symptoms might develop in the susceptible plants. 
Therefore, in order to implement the cross-protection approach, for example, 
against ToBRFV that infects tomato plants harboring the Tm-22 resistance allele, it 
might be beneficial to infect the tomato plants with the stable ToMV that does not 
show symptoms in the resistant tomato plants. For that purpose, ToMV needs to 
infect systemically the Tm-22 resistant tomato plants.

7. Conclusions

In the recent years, tobamovirus disease spread has been one of the core causes 
for severe damages observed in various vegetable and ornamental crop productions. 
Concomitantly, there has been an increase in suggested strategies for tobamovirus 
disease management. The basic approach of implementing hygienic behavior 
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while planting has been improved by dividing the planting procedures between 
workers combined with soil disinfection or the use of intermediate tobamovirus-
free medium. This new approach reduced tobamovirus infection substantially. 
Concurrently, new improved soil disinfectants based on naturally occurring 
products such as the strobilurin fungicide or plant alkaloids have been produced, 
eliminating possible harmful side effects of the disinfectants on animals and the 
environment. Improved methods for detection of tobamovirus-infected seeds 
have been developed as well. In addition, applicable in the near future are methods 
exploiting new molecular biology techniques, such as genome editing, to develop 
tobamovirus-resistant plants. Similarly, methods that engage the plant defense 
system to invoke resistance to tobamoviruses have been developed, such as the use 
of attenuated viral strains for plant infection or the use of engineered resistant 
plants as rootstocks.
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stages, before trellising, could reduce secondary tobamovirus disease spread.
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might be beneficial to infect the tomato plants with the stable ToMV that does not 
show symptoms in the resistant tomato plants. For that purpose, ToMV needs to 
infect systemically the Tm-22 resistant tomato plants.
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have been developed as well. In addition, applicable in the near future are methods 
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Chapter 4

Plant Metabolites in Plant Defense
Against Pathogens
Xóchitl S. Ramírez-Gómez, Sandra N. Jiménez-García,
Vicente Beltrán Campos and Ma. Lourdes García Campos

Abstract

Medicinal plants are widely used worldwide to treat various diseases. Its wide-
spread use is due in part to the cultural acceptance of traditional medicine in
different regions of the world, as well as its effectiveness in treating various dis-
eases. Many of its active substances or secondary metabolites are formed to a
response of various situations that generate stress in their habitat, such as sudden
changes in environmental temperature, humidity, rain, drought, and infections by
phytopathogens (fungi, bacteria, viruses, nematodes, protozoa). The production of
these secondary metabolites is a mechanism of defense of plants. In this context, the
objective of this chapter is to study the secondary metabolites of medicinal plants
that could have a promising application in the control of different phytopathogens
in crops of agricultural and economic interest.
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The crops of cereals, vegetables, and fruits are affected by these organisms during
harvest and postharvest [2]. However, one of the main control measures to eradi-
cate phytopathogens is the use of pesticides. Although they are effective, easy to
access, and easy to use, they have several disadvantages, generate resistance, and
are considered toxic substances, not only for bacteria, fungi, viruses, protozoa, and
nematodes but also for the humans, animals, and the environment [3, 4]. In this
context, the pesticides can induce acute and chronic toxicity, to persist in the
environment and pollute soil and water. So, they are easily incorporated into the
food chain, bioaccumulation, and biomagnification [5]. Regarding their toxicity
mechanisms, it has been described that they can act as endocrine disruptors and as
reactive species that generate oxidative stress in the cell [6–9].

On the other hand, the study of medicinal plants as possible natural sources of
obtaining active compound (secondary metabolites) against phytopathogens has
gained increasing interest in recent years, due to several aspects, mainly that they
are obtained from a natural source through the production or synthesis of secondary
metabolites considered as nontoxic such as phenols, flavonoids, terpenes, alkaloids,
etc. [10–13]. Another advantage is that phytopathogens still do not develop resis-
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compounds produced by some medicinal plants. When carrying out an exhaustive
search in the literature, it was found that the potential use of the secondary metab-
olites obtained from medicinal plant extracts is fungicide [14–16]. Most of the
research in this area focuses on evaluating the effects of these active compounds on
fungi such as Fusarium, maybe because it is one of the main phytopathogens that
cause economic losses mainly in cereal crops and health problems by their aflatoxins
[17, 18]. This chapter shows an overview of the recent research on this topic,
emphasizing the effect of biotic and abiotic elicitors on the secondary metabolite
production, as well as a brief description of the scientific name of the plant, metab-
olites with antifungal and antibacterial effect, and their limitations and perspectives
of its use in the biological control of phytopathogens.

2. Pesticides in the control of phytopathogens

In the market, there are a variety of pesticides that are used alone or in combina-
tion to eradicate, control, or prevent pests [4]. Pesticides can be classified according
to the chemical group to which they belong, to their selectivity toward a certain
phytopathogen, its mechanism of action, and its use or application. However, the
most widely used for their effectiveness and a broad spectrum of activity against
various pests and diseases in plants are insecticides, herbicides, and fungicides [4, 19].

Pesticides used in agriculture mainly contaminate the soil by direct application
and water by leaching, and it is very easy for them to be present either in trace
quantities or high in food and to enter the food chain, which facilitates its accumu-
lation and biomagnification [5, 20]. In general pesticides are considered dangerous
substances for living beings since they can produce acute or chronic toxicity; how-
ever the magnitude of the poisoning depends on several aspects to be considered
such as the physicochemical characteristics of the pesticide, the concentration, the
exposure time, the route of entry to organisms, their toxicodynamics and
toxicokinetics (absorption, distribution, half-life, metabolism, and elimination), as
well as the use of mixtures of different pesticides, the components of their formu-
lation, and the general state of health of the individual [21, 22]. All these aspects
influence that pesticides represent a risk or danger for those who use them in the
fields of cultivation, as well as for those who consume foods that contain substances
in trace quantities in prolonged consumption.

Regarding its toxicity, it has been described that pesticides act as endocrine
disruptors and generators of free radicals and enzymatic inhibitors [8, 9]. Unfortu-
nately, the cellular targets to which most of these pesticides are directed coincide
with cellular targets that are also present in man, such as the case of the mechanisms
of action of organophosphorus insecticides, which inhibit the activity of acetylcho-
linesterase enzyme present in different insects; unfortunately man and other mam-
mals also have acetylcholinesterase, so their toxicity is not selective toward the pests
that they wish to control, but they also affect man, and depending on the magnitude
of the poisoning, they can cause death [19–22]. However, until today an ideal
pesticide does not exist, and the correct use of herbicides, fungicides, insecticides,
etc. has many benefits to control plagues and increase the yield of the crops [19].

3. Secondary metabolites of medicinal plants as biological control of
phytopathogens

There are several methods of biological control against phytopathogens. The use
of extracts of medicinal plants to eradicate diseases in crops caused mainly by
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viruses, bacteria, and fungi is one of them [23]. The above makes sense if we
analyze the fact that plants have mechanisms to protect themselves from both biotic
and abiotic stress agents. That is, if the phytopathogens (biotic agents) are attacking
the plants, why not think what the plant does to defend itself?

In this context, it is interesting to analyze the secondary metabolism of plants
know which phytochemical substances are produced and what biological activity
they present.

3.1 The bioactive potential of secondary metabolites derived from the
medicinal plant

Plants are formed by a primary metabolism that is responsible for the physio-
logical processes and development of the plant, such as lipids, carbohydrates, and
proteins [23]. The secondary metabolism is not essential in the basic processes of
plants. However, these bioactive compounds play an important role in the defense
of plants, and these secondary metabolites can be classified as phenolic compounds,
carotenoids, terpenes, alkaloids, and sulfur compounds, among others, as shown in
Table 1 [24].

Phenolic compounds are aromatic substances formed during the passage of the
shikimic acid pathway or mainly the mevalonic pathway. These can be divided into
insoluble compounds such as condensed tannins, lignins, and hydroxamic acids
bound to the cell walls, and soluble compounds are phenolic acids, flavonoids, and
kinases [25]. Carotenoids are lipophilic molecules and are found in plants giving
orange tones. The importance of these compounds is the intervention they have in
photosynthesis, and they also protect the photosynthetic apparatus from excess

Table 1.
Types of plant secondary metabolites.
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energy [25]. The carotenoid contents in plants are affected by various factors, such
as plant development, stress conditions, postharvest conditions, or cooking treat-
ments, but the interest of these compounds has been increasing due to their poten-
tial antioxidant activity [26]. Terpenes are lipid-soluble compounds that include
one- or more five-carbon isoprene units, which are synthesized by all organisms
through two pathways, mevalonate and deoxy-D-xylulose [27]. Terpenoids are
classified according to the number of isoprene units they contain; terpenes and
terpenoids are basic constituents of many types of plant essential oils [28]. Alkaloids
are bioactive compounds that generally contain nitrogen derived from an amino
acid of great importance because it has physiological and medicinal properties, for
example, caffeine, nicotine, morphine, atropine, and quinine [29].

Now well, all these compounds mentioned above help the plants to develop
complex defense systems against different types of stress for the survival or the
systematic forces in their metabolism for resistance against pests and diseases.
Stress provoked in the plant involves several signaling response pathways for path-
ogens and insects, and some of these response pathways are induced by the micro-
organisms themselves. Also, the plants have specific recognition and signaling
systems allowing them to detect the pathogens and initiate an effective defense
response [30, 31]. The defence system broadest have the plants against pathogens
are the phenolic compounds (phenylpropanoids and flavonoids). These substances
have different mechanisms of action they can dissociate the ions of the phenolic
hydroxyl and forming phenolates, ionic and hydrogen bonds with peptides and
proteins causing a high astringency and protein denaturation. In the other hand,
they interfere with the pathogen's cell signalling compounds and affect their phys-
iological activities through enzymatic inhibition, DNA alkylation and altering their
reproductive system [31]. The compounds with allelopathic effects affect positively
or negatively on the ecosystem’s structure to remove or eliminate microorganisms
from the plants. Some phenolic compounds are allelochemicals that have been
shown to have an activity as antibiotics, antifungals, and antipredator [31]. Phenolic
acids, such as benzoic, hydroxybenzoic, vanillic, and caffeic, have antimicrobial and
antifungal properties produced by the inhibition of enzymes. Caffeic, chlorogenic,
sinapic, ferulic, and p-coumaric acids have antioxidant activity by the inhibition of
oxidation of lipids and the elimination of reactive oxygen species. These effects are
important to the plant defense [32].

3.2 Improving production of plant secondary metabolites through biotic and
abiotic stresses

Classification of secondary metabolites related to the defense of plants is com-
monly used in the form of synthesis and accumulation of phytochemicals with
interaction effect of the pathogenic plant against plant insect, virus, fungi, and
antibacterial compounds. For example, phytoalexins are produced very quickly
after infection of a pathogen producing toxicity to an ambiguous environment of
fungi or bacteria [33, 34].

Phenylpropanoids and flavonoids have hydroxyl groups that contain phenolic
compounds, which dissociate into phenolate ions, and the phenolic hydroxyl groups
form ionic bonds and hydrogen bonds with peptides and protons, producing a high
astringency and denaturation that thus show an antifungal effect acting together
with cellular signaling compounds and physiological activities or acting on the parts
of the pathogen, reproductive system, enzymatic inhibition, etc. [35]. The proper-
ties of the proteins change with any change in protein conformation, for example,
by changing the three-dimensional structure forming covalent bonds with SH, OH
or free amino groups there is inactivation or protein function loss. When polyphe-
nols of the plants bind to some proteins of phytopathogens are less toxic for them
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but can protect the plant of abiotic elicitors [36]. On the other hand, phytoalexins
are induced against the attack of microbes and insects activated by β-glucosidase by
the release of biocidal aglycones [37]. In the same way act the benzoxazinoids (BX),
these phytochemical compounds are produced and released by tissue damage and
hydrolysis by β-glucosidase and act as insect repellents too [38].

At present, several biotechnological strategies have been used to increase the
productivity of secondary metabolites, using different inducers of secondary
metabolites such as at the cellular, organic, and plant levels, as well as the most
effective methods to improve the synthesis of these secondary metabolites in
endemic and medicinal plants [39]. These secondary metabolites accumulate in
plants when they are prone to various stress types, inducers, or signal molecules.
Thus, there are different modulating factors of secondary metabolites, as well as
microbial, physical, or chemical effects such as abiotic or biotic elicitors, inducing
the biosynthesis of specific compound that plays an important role in the adapta-
tions of plants to stress conditions, and these phenomena cause a greater synthesis
and accumulation of secondary metabolites [40]. In Table 2 the authors focus on
the abiotic elicitors that are substances of biological origin such as proteins and
carbohydrates that are initiator compounds or coupling responses at the cellular
level activating several enzymes or signaling canals. There are also microorganisms
and chemical compounds with elicitor effect that stress the plant and produce the
expression of a greater amount of metabolites or new metabolites which cause
physiological changes in the plant against pathogens. As shown in Table 2,
glycoprotein-type proteins produce phytoalexins that have been used to identify ion
channels in cell membranes and thus transfer signals by external stimuli, as dem-
onstrated by Alami [41] where the Plantanus x acerifolia cultures were applied to an
inducer of Ceratocystis fimbriata f. sp. These, in turn, induced the synthesis of
phytoalexins (hydroxycoumarin, scopoletin, and umbelliferone), and upon isolat-
ing the glycoprotein produced the synthesis of coumarin by 80%. On the other
hand, oligogalacturonic acids are found in the cell wall of the plant inducing the
biosynthesis of phytoalexins, whereas chitin is found in the cell wall of fungi,
generating signaling factors in plants such as Hypericum perforatum production
stress in the plant and increasing the production of phenolic compounds for their
defense against pathogens [39, 42]. Rhizobacteria function as modelers of second-
ary metabolites with pharmacological activity. Rhizobacteria colonize the rhizo-
spheres of the plants and improve the growth of the plant, being localized in the
bark or root nodules acting as inducers of the enzymes that participate in the
metabolic pathways of bioactive compounds and jasmonic acid biosynthesis; these
act as signal transducers [43, 44]. Other signal inducers are the mycorrhizal fungi
that help the plant to absorb more water and show defense against other pathogens
such as fungi, bacteria, or parasites that affect the roots of the plant. These mycor-
rhizal fungi produce secondary metabolites such as phenolic compounds and alka-
loids, among others [45–48]. Elicitors such as salicylic acid, jasmonic acid, hydrogen
peroxide, chitosan, etc. act as plant hormones in the expression of genes interacting
as target signaling causing a physiological response in the plant which increases the
production of phenolic compounds, vitamin C, carotenoids, or defense stimuli
against pathogens; there are also synergistic effects between salicylic acid and
jasmonic acid providing resistance against pathogens by the induction of the
octadecanoic acid pathway [49–52, 53].

On the other hand, Table 3 shows some research that has the influence of
different abiotic elicitors that are considered substance and that are not of biological
origin such as salt, drought, light or heavy metals, and temperature, among others.
Table 3 shows different perspectives of research on medicinal or aromatic plants in
hydroponic crops, outdoors, and the application of elicitors in different stages of
growth or postharvest. For example, heavy metals such as Al3+, Cr3+, Co2+, Ni2+,
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Table 2.
Effect of biotic elicitor on the production of various secondary metabolites in plants [54–64].
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Cu2+, Zn2+, and Cd2+, among others, are considered high toxicity compounds
depending on the concentrations applied in the sprinkler system or because they are
used as biocontrol since they alter the production of metabolites in plants. Similarly,
Zobayed [65] demonstrated that the temperature in high concentrations in Panax
quinqufolius improves the senescence of the leaves and produces a greater quantity
of bioactive compounds in the root of the plant. So the investigations using high or
low temperatures demonstrate the production of secondary metabolites, but the
temperatures that have been investigated the most are the low producing physio-
logical changes in the plant, increasing the lignification by the production of suberin
in the cell wall and the metabolites such as sorbitol, raffinose, proline, melatonin,
anthocyanins, etc. However, light by means of ultraviolet radiations generates the
production of essential oils and phenolic compounds and decreases the production
of toxic compounds in some plants [66]. On the other hand, salinity and drought
produce death leading to cellular dehydration or osmotic stress and in certain
concentrations can reduce the growth or development of plants but alter many
physiological and metabolic processes that stimulate the production of polyphenolic
compounds, anthocyanins, terpenes, and alkaloids, among others. Salinity can be
produced in plants by ionic or osmotic means and drought by environmental or
intentional changes due to water deficit which are always accompanied by temper-
ature or solar radiation [67–69]. Then we can say that the biotic and abiotic factors
are modular secondary metabolites influencing the metabolic level and the

Table 3.
Effect of abiotic elicitor on the production of various secondary metabolites in plants [70–81].
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of bioactive compounds in the root of the plant. So the investigations using high or
low temperatures demonstrate the production of secondary metabolites, but the
temperatures that have been investigated the most are the low producing physio-
logical changes in the plant, increasing the lignification by the production of suberin
in the cell wall and the metabolites such as sorbitol, raffinose, proline, melatonin,
anthocyanins, etc. However, light by means of ultraviolet radiations generates the
production of essential oils and phenolic compounds and decreases the production
of toxic compounds in some plants [66]. On the other hand, salinity and drought
produce death leading to cellular dehydration or osmotic stress and in certain
concentrations can reduce the growth or development of plants but alter many
physiological and metabolic processes that stimulate the production of polyphenolic
compounds, anthocyanins, terpenes, and alkaloids, among others. Salinity can be
produced in plants by ionic or osmotic means and drought by environmental or
intentional changes due to water deficit which are always accompanied by temper-
ature or solar radiation [67–69]. Then we can say that the biotic and abiotic factors
are modular secondary metabolites influencing the metabolic level and the

Table 3.
Effect of abiotic elicitor on the production of various secondary metabolites in plants [70–81].
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production of secondary metabolites. Therefore, the current research focuses on the
use of elicitors, for the regulation of metabolic pathways, and target signaling in
genes that influence the overproduction of secondary metabolites using various
applications but taking care of the production performance of fruits, vegetables, or
different plants.

Recent studies focused on evaluating the secondary metabolites of medicinal
plants that are active against phytopathogens show that the potential use that these
compounds can have in the future is for the control of phytopathogenic fungi, mainly
against different species of Fusarium [14–16]. In this regard, the most active com-
pounds have been found mainly in the essential oil obtained from the aerial parts of
various medicinal plants, which suggests that the bioactive compounds are
liposoluble; this may explain why they are active mainly against fungi, because the
cell wall of these specimens are composed mainly of ergosterol, the active liposoluble
compounds present in the essential oil to easily cross the cell wall of the fungus and in
the interior act on their cell target, or they can alter the permeability of the wall of the
fungus [82]. It can cause rupture and lysis of the fungal cell; however, it is necessary
to study the toxicodynamics of these substances in order for them to know how to act
in the fungi cell. On the other hand, the antifungal activity has been evaluated in
vitro, by the agar diffusion and microdilution method; in general terms the range of
the evaluated IC50 varies in a range that goes from 0.0035 to 8 mg/ml of the extract.
It is important to mention that one of the main limitations of these studies is that this
activity has only been evaluated at the laboratory level [83–85]. Table 4 shows
different types of extracts made with medicinal plants, and their biological activity
reported in vitro tests at the laboratory level.

Finally, in the realization of a retrospective of the secondary metabolite
modulating factors in our workgroup, Garcia-Mier [95] demonstrated that the use of
mixtures of elicitors such as jasmonic acid, hydrogen peroxide, and chitosan in
different concentrations applied in various stages of plant development of the sweet
bell red pepper and in different stages of ripening of the fruit has a positive effect on
the increase of polyphenolic and carotenoid compounds, where the results showed
that the maturation stage of 95% produces a greater quantity of bioactive com-
pounds. On the other hand, Vargas-Hernández [96] demonstrated that the foliar
application of hydrogen peroxide in Capsicum chinense Jacq. has an effect on the
antimicrobial activity, where the different concentrations of hydrogen peroxide
potentiated the production of secondary metabolites such as flavonoids, capsaicin,
and dihydrocapsaicin, where these metabolites had an effect on microorganisms
such as Staphylococcus aureus, Escherichia coli, Streptococcus mutant, Salmonella
thompson, Listeria monocytogenes, Streptococcus faecalis, and Candida albicans, and the
results showed that the application of hydrogen peroxide increases the inhibitory
effect against pathogenic microorganisms, showing greater activity against S. aureus,
S. Thompson, and C. albicans in the jaguar variety, while the variety Chichen-Itza was
more potent against E. faecalis and E. coli. Also, Zunun-Pérez [97] evaluated the
effect of modulating factors of secondary metabolites by spray application that is
performed in Capsicum annuum L. in weekly applications and 1 day before collection
with elicitors such as hydrogen peroxide, salicylic acid, and oligosaccharide of
xyloglucan on capsiate concentration and the expression of genes such as phenylala-
nine ammonia-lyase, aminotransferase, capsaicin synthase, and β-keto acyl synthase
where the results showed that hydrogen peroxide in weekly applications signifi-
cantly increases capsiate concentrations and gene expression and the yields of the
production of the plant are not affected by the application of these elicitors.
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4. Conclusions

The phytochemicals that produce medicinal plants derived from their secondary
metabolism represent a safe and effective alternative to control various phytopath-
ogens that affect various crops of agricultural products of economic and nutritional

Table 4.
Secondary metabolites of medicinal plants with biological activity against phytopathogens [86–94].
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interest. There are different challenges in the use of biopesticides obtained from
medicinal plants, such as evaluating the costs of obtaining these compounds on a
large scale or exploring the possibility of them being obtained through chemical
synthesis to increase yield and reduce costs. On the other hand, the various studies
that exist on the effectiveness of these compounds are only at the laboratory level,
which is why it is still necessary to explore and evaluate their effectiveness at the
greenhouse and field levels.
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Abstract

Sisal (Agave sisalana) is one of the main sources of hard natural fibre and raw 
materials for the industry, medicine and handicrafts. Sisal yields a coarse and 
strong fibre that is increasingly being used in composite materials for automobiles, 
furniture, construction and plastic and paper products. Extracts of sisal contain 
substances with anti-inflammatory, antimicrobial and anthelmintic activities. Sisal 
is adapted to warm environments with low rainfall and is an excellent option for 
cultivation in semiarid conditions, where other crops cannot be grown. The world’s 
largest sisal producers are Brazil, Tanzania, China, Kenya and Madagascar. Sisal is 
a labour-intensive crop with great socio-economical importance as it is cultivated 
in poor areas employing familiar labour. Sisal bole rot is the main disease of sisal, 
responsible for substantial losses in producing countries. The disease is caused by 
certain species of the genus Aspergillus, especially the ones belonging in the section 
Nigri. The main symptoms are yellowing of the aerial parts and the red-coloured 
rot of the bole, which causes the plant to die. In this review we are going to address 
the taxonomy of the causal agents, disease diagnosis and epidemiology and disease 
management, with emphasis on biological control.

Keywords: Aspergillus welwitschiae, Agave sisalana, biological control, disease 
management, semiarid regions

1. Introduction

Agave sisalana Perr. ex. Engelm is a monocotyledonous, xerophytic, succulent 
plant that belongs in the Asparagaceae family. The genus Agave has more than 200 
species, and Mexico is their centre of origin and dispersion, where they have high 
economic importance and several industrial applications [1, 2]. This genus is able 
to grow in different conditions, as well as to show excellent adaptation to environ-
ments with warm climate, high luminosity and prolonged droughts [3, 4]. Tolerance 
to abiotic stresses is a striking feature of A. sisalana, which confers good perfor-
mances to this species under conditions that limit the development of most plants 
[4]. This tolerance is related to morphological and physiological characteristics, 
such as the CAM metabolism (crassulacean acid). This type of metabolism allows 
for greater efficiency in water use, higher carbon uptake during the night and low 
nutritional demand when compared to C3 and C4 plants [1, 5–7].



69

Chapter 5

Sisal Bole Rot: An Important but 
Neglected Disease
Valter Cruz-Magalhães, Jackeline Pereira Andrade, 
Yasmim Freitas Figueiredo, Phellippe Arthur Santos Marbach 
and Jorge Teodoro de Souza

Abstract

Sisal (Agave sisalana) is one of the main sources of hard natural fibre and raw 
materials for the industry, medicine and handicrafts. Sisal yields a coarse and 
strong fibre that is increasingly being used in composite materials for automobiles, 
furniture, construction and plastic and paper products. Extracts of sisal contain 
substances with anti-inflammatory, antimicrobial and anthelmintic activities. Sisal 
is adapted to warm environments with low rainfall and is an excellent option for 
cultivation in semiarid conditions, where other crops cannot be grown. The world’s 
largest sisal producers are Brazil, Tanzania, China, Kenya and Madagascar. Sisal is 
a labour-intensive crop with great socio-economical importance as it is cultivated 
in poor areas employing familiar labour. Sisal bole rot is the main disease of sisal, 
responsible for substantial losses in producing countries. The disease is caused by 
certain species of the genus Aspergillus, especially the ones belonging in the section 
Nigri. The main symptoms are yellowing of the aerial parts and the red-coloured 
rot of the bole, which causes the plant to die. In this review we are going to address 
the taxonomy of the causal agents, disease diagnosis and epidemiology and disease 
management, with emphasis on biological control.

Keywords: Aspergillus welwitschiae, Agave sisalana, biological control, disease 
management, semiarid regions

1. Introduction

Agave sisalana Perr. ex. Engelm is a monocotyledonous, xerophytic, succulent 
plant that belongs in the Asparagaceae family. The genus Agave has more than 200 
species, and Mexico is their centre of origin and dispersion, where they have high 
economic importance and several industrial applications [1, 2]. This genus is able 
to grow in different conditions, as well as to show excellent adaptation to environ-
ments with warm climate, high luminosity and prolonged droughts [3, 4]. Tolerance 
to abiotic stresses is a striking feature of A. sisalana, which confers good perfor-
mances to this species under conditions that limit the development of most plants 
[4]. This tolerance is related to morphological and physiological characteristics, 
such as the CAM metabolism (crassulacean acid). This type of metabolism allows 
for greater efficiency in water use, higher carbon uptake during the night and low 
nutritional demand when compared to C3 and C4 plants [1, 5–7].



Plant Diseases-Current Threats and Management Trends

70

Sisal is a monocarpic plant, and the emission of an inflorescence characterises 
the end of its vegetative cycle, which can occur between 8 and 30 years. The plant 
multiplies vegetatively through bulbils produced on the inflorescence pole or by 
stolons that emerge from the rhizome (subterraneous stem) of adult plants. The use 
of bulbils is the most common form of propagation, but stolons can also be used. 
The production of seeds is rare, and induction techniques are necessary when this is 
the objective [8–10]. Most species of Agave are highly endemic and have high levels 
of genetic variation within populations and low differentiation between popula-
tions [11]. This limited diversity hinders the establishment of germplasm banks and 
the search for genes that confer desirable characteristics to these plants.

Agave sisalana is a good producer of hard natural fibres [1]. The fibre extracted 
from this plant occupies the sixth position of importance and represents 2% of the 
world production of plant fibres [12]. This product is extracted from the leaves of the 
plant and is traditionally used in the manufacture of cords and ropes [9]. In addition, 
it is widely used in various industrial sectors. Amongst several applications, sisal fibre 
has been increasingly used in the reinforcement of building materials, furniture, panels 
and automobile upholstery [1, 12, 13]. In addition to the various applications and 
industrial uses, sisal fibre has advantages over synthetic fibres for having lower density 
(lighter) and lower production cost and is biodegradable and recyclable. Therefore, the 
use of sisal fibre fits in the growing world tendency that favours the use of sustainable 
natural resources with less environmental impact [14, 15].

There has been a growing interest in the use of waste or by-products from Agave 
species in biotechnological processes [16, 17]. After fibre extraction the residue is 
usually discarded [18]. This residue accounts for 98% of the total biomass of the 
plant and has potential to be used as raw material for biofuels, especially because it 
is not directly used as food [6, 12, 19]. In order to exploit the economic value of this 
material, a joint initiative between the Common Fund for Commodities, the United 
Nations Industrial Development Organization (UNIDO) and the Tanzanian sisal 
industry financed the first commercial plant for the production of biogas [12]. In 
addition to some medicinal properties reported [20, 21], A. sisalana also produces 
compounds that have different biological properties [18] of great interest in the 
pharmaceutical industry such as hecogenin [12, 21–23]. All of the above features 
place sisal as a strategic species to be exploited in tropical semiarid regions and in 
temperate latitudes with drought resulting from global climate change [16, 19, 24].

The main world producers of sisal fibre are Brazil, Tanzania, China, Kenya and 
Madagascar [25]. Other countries, such as Mexico, South Africa, Mozambique, 
Angola, Indonesia, Thailand, Haiti and Cuba, also produce but in smaller quanti-
ties. According to FAO reports, in 2011 Brazil alone produced more than 111 
thousand tons of sisal fibre [12].

In Brazil, the semiarid region of Bahia province (northeastern Brazil) is respon-
sible for more than 95% of the country’s sisal production [26]. Other provinces that 
produce smaller amounts of sisal in Brazil are Paraiba, Rio Grande do Norte and 
Ceará [27]. It is estimated that more than 150,000 families are directly linked to the 
producing chain of this crop, totalling more than 700,000 small farmers, and more 
than half a million direct and indirect jobs are involved in activities related to the 
maintenance, harvesting, extraction and processing of fibre [28–30]. In this sense, 
sisal has an important economic and social role of the semiarid region of Brazil.

Sisal management is simple because this plant exhibits tolerance to various 
abiotic stresses. Even under minimal management conditions, the plant presents 
good development and consequently good fibre production, with low nutritional 
requirements [12]. However, although it presents all these adaptive advantages to 
stress conditions, the main problem is of phytosanitary origin. Sisal bole rot, the 
main disease of sisal, has caused considerable damage to the crop [31]. This disease 
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causes the death of infected plants, and despite the economic and social importance 
of sisal, there are few government efforts to control the disease.

In this chapter we introduce the sisal bole rot disease, a neglected disease that 
represents the main challenge for sisal production in Brazil and other countries of 
the world. In addition, we discuss some aspects involved in its symptomatology, 
aetiology, epidemiology and management. The majority of the results that will be 
shown were obtained in Brazil, where most of the research on sisal bole rot was done.

2. Bole rot disease: symptoms and epidemiology

The disease was first reported in production areas of Tanzania and Brazil 
[31, 32]. In Brazil, since the 1990s, the commercial production of sisal has been 

Figure 1. 
Adult sisal plants under field conditions. (A) Healthy adult plant (white arrow) after leaf harvest for fibre 
extraction next to an adult plant showing the external symptoms of sisal bole rot (red arrow). The diseased 
plant has wilted and yellowish leaves that cannot be used for fibre extraction and therefore was not harvested. 
(B) and (C) Plants killed by the pathogen.
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causes the death of infected plants, and despite the economic and social importance 
of sisal, there are few government efforts to control the disease.

In this chapter we introduce the sisal bole rot disease, a neglected disease that 
represents the main challenge for sisal production in Brazil and other countries of 
the world. In addition, we discuss some aspects involved in its symptomatology, 
aetiology, epidemiology and management. The majority of the results that will be 
shown were obtained in Brazil, where most of the research on sisal bole rot was done.

2. Bole rot disease: symptoms and epidemiology

The disease was first reported in production areas of Tanzania and Brazil 
[31, 32]. In Brazil, since the 1990s, the commercial production of sisal has been 

Figure 1. 
Adult sisal plants under field conditions. (A) Healthy adult plant (white arrow) after leaf harvest for fibre 
extraction next to an adult plant showing the external symptoms of sisal bole rot (red arrow). The diseased 
plant has wilted and yellowish leaves that cannot be used for fibre extraction and therefore was not harvested. 
(B) and (C) Plants killed by the pathogen.
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Figure 2. 
Sisal plantlets with symptoms of sisal bole rot under greenhouse conditions. (A) Healthy sisal plantlets and 
(B) diseased plantlet with symptoms of sisal bole rot. (C) Stem of healthy plant. (D, F and G) Intermediate 
symptoms of sisal bole rot, characterised by rotting of the stem. (E and H) Dead plants. The white arrow 
indicates the production of conidia after colonisation of plant tissues.

declining due to economical crises and the occurrence of this disease [33]. Diseased 
plants produce leaves that are not suitable for fibre extraction as they lose their tur-
gescence, and although these diseased plants survive for some time, they die with 
the progress of the disease (Figure 1) [35]. Plants at advanced stages of the disease 
are easily identified by the symptoms, which include wilting and yellowing of the 
aerial part (Figure 1A). The main internal symptom of the disease is rotting of the 
stem with reddening of the tissues, a response of the plant to fungal colonisation. It 
is thought that there is no relationship between the phenological stage of the plant 
and the establishment of the disease, since the fungus is capable of infecting both 
plantlets (Figure 2E) and adult plants (Figures 1 and 2).

It was reported that the pathogen depends on mechanical injuries and natural 
openings, mainly on physiologically stressed plants, to start the infection process 
[32]. In this sense, it is possible that wounds made by insects or by tools used in 
crop management, such as harvest of the leaves and cultural practices, are ways of 
pathogen penetration [32, 35, 36]. The histopathology of diseased plants showed 
that the pathogen penetrates the tissues of the host from the outside, that is, from 
the epidermis to the parenchyma and later to the central cylinder of the plant [37].

Abreu [36] studied the spatiotemporal distribution of sisal bole rot in produc-
ing areas of Bahia Province, Brazil, and found that the disease was present in all 
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the studied farms (prevalence of 100%) and, on average, 35% of the plants were 
infected by the pathogen. This study also showed that the distribution of the disease 
occurs randomly in the cultivated areas [36]. In the case of sisal bole rot, incidence 
evaluations are more important than severity, as there are no measures that slow 
down the progress of the disease.

The lack of more studies on epidemiological aspects of sisal bole rot in different 
areas where the disease occurs directly impacts the establishment of phytosanitary 
management practices. More information on these aspects could contribute to the 
development of strategies to reduce the incidence of the disease. For the moment, 
what is known is that preventive measures should be employed to avoid the estab-
lishment of the pathogen in the area.

3. Causal agents

The disease was first observed in areas of sisal production in Tanzania in the 
1930s but was only reported in the 1950s [32]. The causal agent was isolated from 
diseased plant parts and identified as Aspergillus niger. In this study, the authors 
reported fruiting bodies of A. niger in exposed plant tissues and also pointed out 
that the occurrence of the disease was linked to environmental conditions and 
the nutritional status of the plant [32]. The first report of this disease in Brazil 
also occurred in the 1950s, when Machado [38] described a rot of the base of sisal 

Figure 3. 
Phylogenetic tree of the 27 valid species belonging in the Nigri section of Aspergillus. The red circles indicate 
species shown to cause sisal bole rot in the A. niger complex. The tree was constructed with sequences of the 
calmodulin gene, with 456 nucleotides aligned using the maximum likelihood (ML) method and the K2 + G + I 
substitution model. The bootstrap analysis was performed with 1000 resamplings. The scale represents the 
number of substitutions per site.
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stem in the province of Paraíba, Brazil [39]. In Bahia, the largest sisal-producing 
province in Brazil, the disease was first noticed in a commercial plantation by 
researchers from the Agency for Agricultural Development of Bahia (EBDA) and 
Embrapa Semiárido (Brazilian Agricultural Research Institute) in the municipality 
of Santaluz [33].

In Tanzania and in Brazil, the disease was initially associated with the species 
A. niger. The aetiology of the disease was determined by Koch’s postulates from 
tissue fragments of diseased sisal plants [40]. Species of the genus Aspergillus are 
filamentous fungi belonging in the phylum Ascomycota [41]. Aspergillus niger and 
other closely related species form a cluster of morphologically similar species, 
collectively known as the section Nigri (Figure 3). The Nigri section is comprised 
of 27 valid species that contain the A. niger complex (Figure 3). All these species 
have as main characteristic the formation of black-coloured conidia, uniseriate or 
biseriate conidiophores and dark colonies (Figure 4) [42]. The taxonomy of the 
section Nigri is very complex because many species of this group are difficult to 
distinguish morphologically [41]. The morphological criteria were the only ones 
used to identify these species for a long time, and for this reason, many species were 
misidentified [43, 44].

Figure 4. 
Macro- and micromorphology of Aspergillus welwitschiae isolated from diseased sisal plants. (A) Obverse and 
reverse of a plate containing mycelial growth of colony on Blakeslee’s malt extract (MEAbl), growing at 25oC 
for 7 days. (B) Conidiophores of A. welwitschiae and (C) conidia. Scale bars =10 μm.
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The polyphasic taxonomy integrates molecular, physiological, metabolite 
production and morphological data for the identification and description of 
new species of the section Nigri [45–48]. The regions recommended for the 
identification and description of species in the genus Aspergillus are fragments 
of the ITS region of the ribosomal DNA, calmodulin (caM), beta-tubulin 
(benA) and the beta subunit of the RNA polymerase (rpb2). However, caM 
sequences were proposed as the most informative markers for the section Nigri 
[49]. The gene benA is very informative for the uniseriate/aculeatus clade; 
however, care must be taken not to use the wrong set of primers (Bt2a/Bt2b) 
that can also amplify tubC, a paralog of benA, resulting in misidentification. 
The alternative primer pair ben2f/Bt2b should be used instead [50]. The other 
methods used in the polyphasic approach include growth on different media 
and temperatures, production of secondary metabolites and measurement of all 
fungal structures [44, 45].

The initial studies implicated only A. niger as the cause of bole rot disease 
because the authors only took the morphological features of the pathogen into 
account [32, 40]. Further studies including sequences of the ITS region of the 
ribosomal DNA and a fragment of the transcription and elongation factor of the 
RNA polymerase (tef1-alpha) also identified A. brasiliensis and A. tubingensis in 
addition to A. niger as agents of the disease [31]. Recently, Duarte et al. [37] identi-
fied molecular phylogeny strains of Aspergillus sp. of the section Nigri obtained 
from diseased plants using a fragment of the calmodulin gene and proposed that A. 
welwitschiae and not A. niger is the causal agent of sisal bole rot disease. However, 
these authors did not include A. niger in their study, and therefore, further investi-
gations are still needed to evaluate the ability of other species in the section Nigri to 
cause the disease, including A. niger.

4. Disease management

There are no effective control methods available for bole rot disease [51]. 
Mechanical lesions are used by the pathogen as penetration sites, and this has direct 
implications for crop management since leaf harvest causes wounds in the plant [32, 
36]. Additionally, the pathogen may be spread through the use of tools contami-
nated in diseased plants.

Most farmers use plantlets from stolons to establish new plantations, and 
infected plant material contributes to the spread of the disease to new areas. 
Therefore, the establishment of new areas using healthy plant material is thought 
to be one of the most effective ways to prevent the introduction of the pathogen. 
Removal and destruction of diseased plants from the plantations, balanced fertilisa-
tion to prevent stresses and disinfestation of the tools used in diseased plants are 
other measures recommended to decrease the incidence and avoid the spread of the 
disease to new areas [52].

Another method investigated to manage the disease is the use of antagonistic 
microorganisms [53, 34]. Chemical control was never investigated probably because 
the causal agents are soilborne fungi and farmers have little financial resources. 
Biological control is an environmentally friendly and viable method to control 
plant pathogens [54, 45]. Antagonistic bacteria were shown to have potential to 
control the bole rot disease [53, 34]. Several strains of an undescribed species of 
Burkholderia and strains of Bacillus decreased the incidence and severity of the 
disease under field conditions (Figures 5 and 6) [53, 34]. Therefore, it is possible to 
establish programmes aimed at the development of biological products to manage 
the disease in the field.
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5. Outlook

Little is known about the mechanisms used by the pathogen to infect the plant, 
although Aspergillus shows a typical necrotrophic behaviour [37]. More information 
on the pathogenicity mechanisms could be obtained by the use of omics tools, such 
as RNAseq, to identify genes expressed by the pathogen during infection. Other 
microorganisms can influence the establishment and progress of the disease, and 
in this sense it will be interesting to study the comparative microbiome of diseased 

Figure 6. 
Incidence of sisal bole rot disease by the application of Burkholderia and Bacillus strains under field conditions. 
The means represent 25 replicates per treatment. The negative control was treated with water only (CT-) and 
positive control with A. welwitschiae (CT+). Error bars represent the standard error of the means.

Figure 5. 
Management of sisal bole rot disease with antagonistic bacteria. (A) and (B) Plantlets treated with 
Burkholderia sp. and inoculated with the pathogen A. welwitschiae in the field. (C) and (D) Sisal plants 
inoculated with A. welwitschiae only under field conditions (positive control).
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and healthy plants. This information may be used to engineer the microbiome to 
keep the plants healthy, as it has been attempted for other agricultural crops [55].

Sisal bole rot cannot be controlled by any single method, and therefore, the 
integration of control measures must be adopted. Resistant cultivars are not avail-
able for this crop, and unfortunately there are no breeding programmes focusing on 
sisal bole rot [9]. Breeding programmes are limited by the low genetic diversity of 
natural populations out of Mexico.

Preventive measures are thought to be the most effective ways to control bole 
rot, and these include (i) the use of healthy planting material, (ii) balanced fertilisa-
tion to avoid nutritional stresses and (iii) maintaining adequate soil humidity levels 
to avoid physiological imbalances [52]. When these measures are not able to contain 
the pathogen, removal of diseased plants is recommended to decrease the source 
of inoculum of the pathogen [52]. One challenge in this regard is the development 
strategies to identify diseased plants before the dispersal of pathogen propagules.

Sisal residues are commonly used to fertilise plants in the field [52], but only the 
fermented residue is suitable for this purpose as fresh residues stimulate the spread 
of the pathogen [56]. Information such as these could be disseminated to farmers 
to contribute to the management of the disease. Sisal farmers in many parts of the 
world do not have access to information on the technical aspects of sisal, depend on 
familiar labour and have little financial resources to invest in the crop. The informa-
tion generated so far on the management of the disease through the use of antagonis-
tic bacteria are promising, but it is still necessary to develop it into products that can 
be used by the farmers. New studies aiming at formulating and distributing biologi-
cal products should be encouraged to contribute to the sustainability of this crop 
in the long run. The general lack of research on bole rot classifies it as a neglected 
disease that deserves more attention from research institutes and the government.
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Chapter 6

Impact of Climate Change on Plant 
Diseases and IPM Strategies
Sahar Abdou Zayan

Abstract

There has been a remarkable scientific output on the topic of how climate change 
is likely to affect plant diseases. Climate change influences the occurrence, preva-
lence, and severity of plant diseases. Projected atmospheric and climate change will 
thus affect the interaction between crops and pathogens in multiple ways. This will 
also affect disease management with regard to timing, preference, and efficacy of 
chemical, physical, and biological measures of control and their utilization within 
integrated pest management (IPM) strategies. Prediction of future requirements 
in disease management is of great interest for agro-industries, extension services, 
and practical farmers. A comprehensive analysis of potential climate change effects 
on disease control is difficult because current knowledge is limited and fragmented 
and due to the complexity of future risks for plant disease management, particu-
larly if new crops are introduced in an area. Uncertainty in models of plant disease 
development under climate change calls for a diversity of management strategies, 
from more participatory approaches to interdisciplinary science. Involvement of 
stakeholders and scientists from outside plant pathology shows the importance of 
trade-offs. All these efforts and integrations will produce effective crop protection 
strategies using novel technologies as appropriate tools to adapt to altered climatic 
conditions.

Keywords: climate, change, plant, pathology, agriculture

1. Introduction

Climate change is a major concern for agricultural communities worldwide 
[1, 2]. The agricultural process consists of three main parts, pathogen, host, and 
environmental conditions, where the relation between them is the main key for the 
occurrence of infection from its absence (Figure 1), where climate change has great 
effect on all these factors. Changes in climatic parameters greatly affect crop pro-
duction and susceptibility to pests as well as insect pest longevity. Climate change 
affects crop pests and disease susceptibility which in turn affects crop health, and 
these changes cause deviations in farming practices as to cope with the effects of 
these changes and to prevent a decline in productivity.

Agriculture is an economic activity which is highly reliant on climate and weather 
in order to produce the food and fiber necessary to sustain human life. Agriculture is, 
however, an activity which is extremely vulnerable to climate change.

The effects of climate change on agriculture are characterized by various forms 
of uncertainty. Firstly, there are uncertainties concerning the rate and magnitude 
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of climate change itself. Secondly, there are uncertainties around the response of 
agriculture-based outputs, for example, with CO2 fertilization. Thirdly, there are 
uncertainties as to how society responds or even the aptitude to respond to these 
expected impacts. Some aspects of climate change research are limited by these 
uncertainties. Most of these uncertainties cannot be quantified, causing a certain 
level of ignorance in our understandings of future climate change [3].

It is highly possible that climate change will affect food security at the global, 
regional, and local levels. Climate change can disturb and reduce food availability as 
well as lower food quality. For example, increases in temperatures, changes in extreme 
weather events, changes in precipitation patterns, and reductions in water availability 
could all result in reduced agricultural productivity. Prevalence of extreme weather 
conditions can also interrupt food delivery and result in increases in food prices due to 
low supply after extreme events, which are expected to be more frequent in the future. 
Moreover, increasing temperatures can contribute to spoilage and contamination.

There are four different future scenarios regarding climate change including 
A1, A2, B1, and B2. The A1 scenario focuses on rapid increases in global economic 
development, A2 focuses on rapid regional economic development instead of the 
global one in A1 scenario, B1 focuses on rapid global environmental development 
regarding agriculture, and B2 focuses on rapid environmental sustainability on 
regional and local levels.

2. Effect of climate change on plants and plant diseases

A major example for the devastating effects of climate change is floods caused 
by rising of sea level that can cause the disappearance of low-level lands and major 
crop losses. Another example is drought, where insufficiencies in water levels in the 
soil cause plants to lose their biological functions and even become more susceptible 
to diseases and pests. Climatic conditions contribute to the disease triangle, which 
involves the presence of a susceptible host, a pathogen, and suitable environmen-
tal conditions for infection to occur, and climate change affects environmental 

Figure 1. 
The relation between the pathogen, host, and environmental conditions which are the main factors required for 
infections to occur.
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conditions whether it be in favor of the host or the pathogen. Examples of these 
conditions include dew, rain, relative humidity, temperature, aeration (wind), soil 
moisture, and sunlight intensity.

For any type of crop, the effect exerted by high temperature is highly dependent 
on the optimal growth and reproduction temperature of the crop. In certain regions, 
increased temperature may prove beneficial to the types of crops that usually grow 
there or permit farmers to switch to planting crops that grow in warmer areas. 
However, that is not always the case; if the higher temperature exceeds a crop’s opti-
mum temperature yields will decline, or worse, appearance and infestation of patho-
gens might occur. Crop yield can be affected by high levels of CO2. A few laboratory 
experiments showed that high levels of CO2 could positively affect growth. However, 
certain variables such as varying temperatures, water, ozone, and low nutrient levels 
may oppose these possible increases in yield. For instance, if the temperature is 
higher than a crop’s optimal temperature requirement, if there are insufficiencies in 
water and nutrients, increase in yield may be low. Increased levels of CO2 are linked 
to lower nitrogen and protein content in soybean and alfalfa plants, which results in 
a great quality reduction. Reduced forage and grain quality can reduce the ability of 
rangeland and pasture to support livestock which rely on grazing. Although rising 
CO2 can stimulate plant growth, it also lowers the nutritional value of the majority of 
food crops. Rising levels of atmospheric carbon dioxide directly affect the concentra-
tions of protein and essential minerals by reducing their content in a variety of plant 
species, which include rice, soybeans, and wheat. Therefore, the effect of rising CO2 
on the crops’ nutritional value is considered a possible and indirect threat to human 
health as well. Moreover, due to the increased use and lowered efficiency of pesticides 
due to development of pest resistance, human health is additionally threatened by 
pesticide use as well as their residual toxicity in humans. More extreme temperatures 
and precipitation might decrease growth in certain crops. As previously mentioned, 
extreme events such as droughts and floods can decrease yield and damage crops. 
For instance, increased evening temperatures affected corn yield throughout the US 
Corn Belt. Additionally, premature budding due to a warmer winter instigated losses 
equivalent to $220 million of cherries in Michigan in 2010 and 2012.

Moreover, drought has developed into a major problem in regions with 
increased summer temperatures as this causes dryness in soils. Even though higher 
irrigation may be possible in certain regions, water supplies may be also lowered 
in other locations, causing a lower availability of water for irrigation when more is 
needed. Many weeds, pests, and fungi thrive under warmer temperatures, wet-
ter climates, and increased CO2 levels. Currently, US farmers spend more than 
$11 billion every year to control weeds, which compete with crops for nutritional 
resources. The ranges and distribution of weeds and pests are likely to increase 
with climate change. This could cause new problems for farmers’ crops previously 
unexposed to these species.

Climate change parameters can have effects on both the host and the pathogen, 
for example, certain degrees of temperature promote pathogen growth, and certain 
temperatures can cause the host to have higher resistance to pathogenic infections. 
An example highlighting these events involves wheat and oats, which become more 
susceptible to rust diseases with increased temperature, while some forage species 
become more resistant [2]. Moreover, changes in temperature as limited as CO2 
changes could cause certain pests to undergo from 1 to 5 additional lifecycles per 
season, which increases the ability of the pests to overcome plant resistance.

Certain mycotoxins such as fusarium mycotoxins (produced by Fusarium spp.) 
have increased concentrations at harvest due to high humidity and temperature. 
Humid conditions also increase proliferation of weeds, and weed biomass increases 
with increasing temperatures.
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Certain parameters can have different effects depending on plant physiology, 
for example, increased CO2 levels can cause a decrease in plant decomposition 
rates, which results in higher fungal inoculum levels, and these concentrations may 
induce the production of more fungal spores. On the other hand, high CO2 concen-
trations may cause physiological changes to plants, causing them to acquire higher 
resistance to certain pathogens.

Other extreme conditions may include low water levels and soil erosion which 
causes a decline in soil fertility and hence plant health.

Fungicide activity is also a major determinant factor; climate change may highly 
affect fungicide efficiency. Highly frequent rainfalls greatly impact the efficiency of 
contact fungicides, as rain has the ability to sweep and eliminate contact fungicides 
from the hosts’ surface, rendering them ineffective. However, plants with high 
metabolic rates have increased intake of fungicides and aren’t highly affected by this 
parameter.

In 2008, the International Food Policy Research Institute estimated that due 
to climate changes, by 2050, 25 million additional children will have malnutrition 
due to increased consumption of food products with little efforts done to adapt to 
and deal with these changes. In addition, the yearly costs to deal with the issue by 
reducing its impacts by 2050 will be $7 billion. It will generally be difficult to deal 
with international trade of crops due to appearance of unexpected pathogens more 
frequently (Food and Agriculture Organization of the United Nations, 2008).

3. Integrated pest management and mitigating pest management

IPM stands for integrated pest management, according to the Food and 
Agricultural Organizations (FAO) in the United States, IPM is an ecosystem 
approach involving crop protection which combines different strategies and prac-
tices toward growing healthier crops and minimizing the use of pesticides to protect 
the environment. It is an analytical method used to analyze the agroecosystem and 
its different elements in order to optimally manage these elements to control and 
minimize pests while protecting the environment and the economic health.

That is, the available methods of control (biological, cultural, chemical, and 
physical) should be considered and rationally applied by the farmers. However, 
IPM is more than just a tool and collection of control choices. It also comprises 
precaution techniques (which mainly include monitoring, prevention, early diag-
nosis, and forecasting) which assist in the control of pest populations as where 
data is collected, and preventive actions is recommended as explained in Figure 2. 
A significant part in IPM techniques is proper decision-making for any interfer-
ences. Every decision made must be justifiable both ecologically and economically. 
Consequently, control programs which involve systematic application of chemicals 
which may harm the environment are unacceptable in IPM processes. As an alter-
native, precedence is given to alternative control techniques as well as preventive 
methods. IPM has been applied in various countries and areas that differ in their 
natural, social, and economic circumstances in addition to their levels of agricul-
tural expansion. However, advancement in crop yield and safety may be realized in 
any existing conditions through the implementation of IPM. The practice of IPM 
is not a strict and simple form of submission to regulations and rules, but it rather 
involves taking actions with environmentally friendly approaches through prin-
ciples and approaches that contribute to the reduction of the use of chemicals and 
increasing food security to achieve agricultural sustainability. In order to make IPM 
as effective as possible, it should be modified to local conditions.
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The process does not involve a single pest management step, but a collection of 
pest management steps where decisions, evaluations, and control steps have to be 
made in order to successfully apply the chosen strategy. In IPM practice, farmers 
who understand the potential of pests when it comes to crop infestation follow a 
four-step approach. These steps include:

3.1 Setting action thresholds

Prior to taking any control decision or action, IPM first sets a threshold, which 
is a point at which the set of involved variable levels specifies that proper control 
actions must be made in order to control pest populations. Detection of a pest does 
not mean a certain control action is required. However, the detection of pests or 
variables at certain thresholds/levels is the determining factor. Therefore, the level 
at which pests could develop into threats is extremely important while taking pest 
management decisions.

3.2 Monitoring and identification of pests

A lot of insects, weeds, and other living organisms are not considered pests 
which require control. Most organisms are not harmful; on the contrary, some of 
them are useful. IPM programs are to accurately detect and screen for pests, so 
that proper management decisions can be made in combination with the action 
deciding thresholds. This process removes the probability that pesticides will be 
applied when there is no need for their use or that the incorrect type of pesticide 
will be applied.

Figure 2. 
The correlation between forecasting data input, pathogen studies, and environmental conditions as input and 
disease modeling to develop preventive measures.
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that proper management decisions can be made in combination with the action 
deciding thresholds. This process removes the probability that pesticides will be 
applied when there is no need for their use or that the incorrect type of pesticide 
will be applied.

Figure 2. 
The correlation between forecasting data input, pathogen studies, and environmental conditions as input and 
disease modeling to develop preventive measures.
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3.3 Prevention

In order to achieve proper pest control, IPM programs are designed to manage 
the crop, lawn, or indoor space to prevent the appearance and development of 
pests. In the case of agricultural crops, this could mean using proper planting meth-
ods, for example, rotating between crops, planting resistant plant varieties, and the 
use of pest-free rootstock. These control techniques can be very useful and efficient 
in terms of cost and present lower risk to human health and the environment.

3.4 Control

Once the previously mentioned variables specify that control actions are needed 
and that protective approaches are ineffective, IPM programs then assess the appro-
priate control actions in terms of efficiency and risk. Efficient and low-risk control 
methods are considered first, including targeted and ecofriendly chemicals, such 
as pheromones which disrupt pest reproduction, or mechanical control, including 
trapping and weeding. If data generated by the previously mentioned steps specify 
that less risky management methods are ineffective, then further pest control 
attempts should be considered, for example, directed use of pesticides. The use of 
nontargeted pesticides is a less recommended alternative.

A lot of agricultural growers identify their pests prior to pesticide application. 
Less risky pesticides such as pheromones are employed by a lower subset of grow-
ers. In the end, a lot of these farmers are using IPM techniques. The objective is to 
make more growers use the proper IPM practices. Mostly, crops produced using 
IPM techniques are not recognized in the marketplace as organic crops. Growers 
who use IPM practices have no national certifications in certain countries. Due to 
the complexity of the IPM pest management techniques, it is not possible to use a 
single IPM description for all crops and all regions of a country. Many growers of 
certain crops including strawberries and potatoes are attempting to define what 
IPM means in their crops case as well as the region of growth. Moreover, certified 
IPM crops are unavailable in a lot of regions. With definitions, farmers can start 
to market their crops as IPM-grown, which would give consumers alternative and 
better options while purchasing their food.

The previously mentioned processes of IPM have been redefined and modified 
over time, and the IPM pyramid was created to provide an easier understanding of the 
approach. The IPM pyramid consists of three main processes which include preventive 
or indirect crop protection, risk assessment or monitoring, and responsive or direct 
crop protection. The three processes aim to increase the efficiency of each step involv-
ing crop breading and maintenance. Preventive crop protection involves the use of 
certified seeds, cultivars which have high tolerance to pathogens, and enhancement of 
natural enemies of plant pathogens such as microbiological competitors. Risk assess-
ment and monitoring is the most crucial process in IPM; it involves the use of an early 
warning forecast system which provides information related to current climate and 
how it could affect plant health and by using such information and understanding 
plant physiology and susceptibility to pathogens; one can determine timeframes where 
plants are most susceptible to pathogens and take countermeasures to prevent or 
minimize pathogen severity (e.g., through the use of fungicides). Direct crop protec-
tion basically involves the countermeasures taken to deal with unfavorable conditions, 
which include the use of antagonistic microorganisms or application of fungicides.

A simple example for how an integrated system for pest management can be cre-
ated as illustrated in Figure 3; generally in order to create such a system, the main 
information needed include weather data, crop, and disease information. Through 
knowing the weather data, which is most commonly obtained from meteorological 
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stations to obtain micro environment weather data and not that of the macro 
environment, macro environment data can still be used using certain equations to 
relate to the micro environment. This would allow the prediction and knowledge 
of current and upcoming weather conditions, in hand with obtaining information 
about the crop as in which pests affect the grown crops, optimal growth conditions, 
and lifetime as well as obtaining specific disease information for diseases which 
have the capability of affecting said crops. One can create a forecasting tool which 
helps prevent the spread of certain diseases.

After obtaining information about the disease, in order to create a disease 
model, its efficiency is determined through several tests. The general scopes of 
these tests would be the difference between disease spread and crop loss before and 
after the implementation of the model. Did delaying the use of pesticides until the 
threshold point for disease spread determined by the model actually cause a positive 
difference or was the threshold inaccurate? Was there a noticeable increase in crop 
yield after implementation? Was there any human error in pesticide management 
and spraying timelines? Several questions can be answered, and through these 
answers, the efficiency of the model can be determined.

There are several advantages for the use of IPM in mitigating agricultural 
problems which include:

Slower development of resistance to pesticides: Pesticide resistance can be 
incurred by the repeated use of pesticides; this would occur if a farmer is using 
traditional farming methods as pests would develop resistance to the pesticide due 
to repeated exposure to the pesticides through development of resistance by natural 
selection; then the resistant genes would be transferred to the offsprings, incur-
ring permanent resistance to a given pesticide. However, this would not occur with 
reduced and efficient application of pesticides which is a main strategy adopted by 
IPM systems.

Figure 3. 
Example of pathogen epidemiology system in potato late blight and its integrated components.



Plant Diseases-Current Threats and Management Trends

88

3.3 Prevention

In order to achieve proper pest control, IPM programs are designed to manage 
the crop, lawn, or indoor space to prevent the appearance and development of 
pests. In the case of agricultural crops, this could mean using proper planting meth-
ods, for example, rotating between crops, planting resistant plant varieties, and the 
use of pest-free rootstock. These control techniques can be very useful and efficient 
in terms of cost and present lower risk to human health and the environment.

3.4 Control

Once the previously mentioned variables specify that control actions are needed 
and that protective approaches are ineffective, IPM programs then assess the appro-
priate control actions in terms of efficiency and risk. Efficient and low-risk control 
methods are considered first, including targeted and ecofriendly chemicals, such 
as pheromones which disrupt pest reproduction, or mechanical control, including 
trapping and weeding. If data generated by the previously mentioned steps specify 
that less risky management methods are ineffective, then further pest control 
attempts should be considered, for example, directed use of pesticides. The use of 
nontargeted pesticides is a less recommended alternative.

A lot of agricultural growers identify their pests prior to pesticide application. 
Less risky pesticides such as pheromones are employed by a lower subset of grow-
ers. In the end, a lot of these farmers are using IPM techniques. The objective is to 
make more growers use the proper IPM practices. Mostly, crops produced using 
IPM techniques are not recognized in the marketplace as organic crops. Growers 
who use IPM practices have no national certifications in certain countries. Due to 
the complexity of the IPM pest management techniques, it is not possible to use a 
single IPM description for all crops and all regions of a country. Many growers of 
certain crops including strawberries and potatoes are attempting to define what 
IPM means in their crops case as well as the region of growth. Moreover, certified 
IPM crops are unavailable in a lot of regions. With definitions, farmers can start 
to market their crops as IPM-grown, which would give consumers alternative and 
better options while purchasing their food.

The previously mentioned processes of IPM have been redefined and modified 
over time, and the IPM pyramid was created to provide an easier understanding of the 
approach. The IPM pyramid consists of three main processes which include preventive 
or indirect crop protection, risk assessment or monitoring, and responsive or direct 
crop protection. The three processes aim to increase the efficiency of each step involv-
ing crop breading and maintenance. Preventive crop protection involves the use of 
certified seeds, cultivars which have high tolerance to pathogens, and enhancement of 
natural enemies of plant pathogens such as microbiological competitors. Risk assess-
ment and monitoring is the most crucial process in IPM; it involves the use of an early 
warning forecast system which provides information related to current climate and 
how it could affect plant health and by using such information and understanding 
plant physiology and susceptibility to pathogens; one can determine timeframes where 
plants are most susceptible to pathogens and take countermeasures to prevent or 
minimize pathogen severity (e.g., through the use of fungicides). Direct crop protec-
tion basically involves the countermeasures taken to deal with unfavorable conditions, 
which include the use of antagonistic microorganisms or application of fungicides.

A simple example for how an integrated system for pest management can be cre-
ated as illustrated in Figure 3; generally in order to create such a system, the main 
information needed include weather data, crop, and disease information. Through 
knowing the weather data, which is most commonly obtained from meteorological 

89

Impact of Climate Change on Plant Diseases and IPM Strategies
DOI: http://dx.doi.org/10.5772/intechopen.87055

stations to obtain micro environment weather data and not that of the macro 
environment, macro environment data can still be used using certain equations to 
relate to the micro environment. This would allow the prediction and knowledge 
of current and upcoming weather conditions, in hand with obtaining information 
about the crop as in which pests affect the grown crops, optimal growth conditions, 
and lifetime as well as obtaining specific disease information for diseases which 
have the capability of affecting said crops. One can create a forecasting tool which 
helps prevent the spread of certain diseases.

After obtaining information about the disease, in order to create a disease 
model, its efficiency is determined through several tests. The general scopes of 
these tests would be the difference between disease spread and crop loss before and 
after the implementation of the model. Did delaying the use of pesticides until the 
threshold point for disease spread determined by the model actually cause a positive 
difference or was the threshold inaccurate? Was there a noticeable increase in crop 
yield after implementation? Was there any human error in pesticide management 
and spraying timelines? Several questions can be answered, and through these 
answers, the efficiency of the model can be determined.

There are several advantages for the use of IPM in mitigating agricultural 
problems which include:

Slower development of resistance to pesticides: Pesticide resistance can be 
incurred by the repeated use of pesticides; this would occur if a farmer is using 
traditional farming methods as pests would develop resistance to the pesticide due 
to repeated exposure to the pesticides through development of resistance by natural 
selection; then the resistant genes would be transferred to the offsprings, incur-
ring permanent resistance to a given pesticide. However, this would not occur with 
reduced and efficient application of pesticides which is a main strategy adopted by 
IPM systems.

Figure 3. 
Example of pathogen epidemiology system in potato late blight and its integrated components.



Plant Diseases-Current Threats and Management Trends

90

Maintaining a balanced ecosystem: Increased use of pesticides might affect non-
target and beneficial organisms; if these organisms are wiped out, the ecosystem 
will suffer and in turn results in species loss. IPM eradicates pests while minimizing 
the damage dealt to nontarget species.

Better cost vs. value: Since pesticides incur the highest cost for a farmer during 
a growing season. Reducing the use of pesticides proves more cost-efficient on the 
long run than the price for equipment used to determine thresholds, weather condi-
tions, and application of IPM strategies. This is due to limited and efficient pesticide 
application.

The disadvantages of using IPM strategies include:
More involvement in the technicalities of the method
All individuals involved have to be educated about the available methods and 

importance of IPM.
Time and energy consuming
IPM strategies are critical strategies; failure to proceed with certain decisions 

during the IPM process can prove fatal to the entire process due to the need of dif-
ferent control methods for different pests and the need to monitor the application 
process.

4. Decision support system (DSS)

In order to produce an efficient model, understanding the decision support 
system is essential. The decision support system is an informatics tool which uses 
mathematical models such as equations and statistics to help the decision-maker 
take action. The three main phases of a decision-making system include intel-
ligence, design, and choice; two other subsequent phases include implementation 
of the decision and monitoring of its effect and outcomes. The decision-making 
process in IPM is highly complex and dynamic; it requires a high level of orga-
nization and constant update of operators; it requires the presence of databases 
and means to collect data and information as well as tools to handle data. The 
decision-making process generally provides the capability to identify when 
difficulties may occur and how to deal with these difficulties depending on data 
provided.

The main properties of a successful DSS include ease of use, presentation for-
mat, system restrictiveness, decisional guidance, feedback, and interaction support:

4.1 Ease of use

A DSS system is only beneficial if users perceive a DSS to be easy to use and 
that using it enhances their performance and productivity. The system should be 
easy to operate and interact with and requires minimal cognitive efforts; to sum 
up it should reduce mental effort and time consumed to analyze data and increase 
comfort of the user.

4.2 Presentation format

The way information is presented through the program/system may influence the 
user’s judgment/decision; therefore, the way information is presented through the 
decision support system should be focused on showing key data in an accurate and 
favorable format.
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4.3 System restrictiveness and decisional guidance

These refer to how much a DSS limits the options of the user and to which extent 
it guides the user toward a certain decision. A good DSS provides a reasonable 
amount of options within the scope of the topic/field at hand, as well as ample 
guidance to perform the optimal decision and achieve the most beneficial outcome.

4.4 Feedback

The way the system provides messages and the wording of certain commands is 
important because they promote positive user experience and enhance the decision-
making process.

4.5 Interaction support

Interaction support means that users are permitted a particular level of interac-
tion with a DSS. The DSS design is the determining factor on the presence as well as 
the level of interactivity between the user and the system. Users may have control 
over the system when a certain level of interaction support is present. The received 
control over the use of a system may have a motivational effect on its use.

The system involves an integration of certain components and interacting 
factors with a common objective. In the case of pathogen monitoring, a pathogen 
monitoring system would basically receive input based on environmental factors 
and properties, and the output is expressed in the form of maps, information, and 
graphs. The system would then, based on information provided by threshold charts 
for pathogen favorable growth conditions, give out options that would determine the 
best possible course of actions in order to prevent disease outbreaks and crop loss.

With this, an integrated model is illustrated. Although the systems are accurate, 
the main drawbacks include maintenance needs of meteorological stations, the 
requirement of different systems with different parameters depending on the type 
of plant, and disease as well as their growth conditions and application of these 
processes in farms which could be a difficult task due to old farming traditions.

4.6 Forecasting and early warning system

Forecasting of pests and diseases appearance in plants is an additional applica-
tion that demands a consistent and dependable stock of weather data. There are 
huge losses in yields due to pests and diseases prevalence which could have been 
controlled in several situations if the appropriate forecasting techniques were 
available. Consequently, the forecasting and early warning system, within the Plant 
Pathology Research Institute of the Agricultural Research Center, was established in 
the same timeframe of system and climate change applications in agriculture.

Prediction of pest, disease prevalence, and progression based on weather data is 
extremely crucial when planning and implementing control measures.

The idea of forecasting and early warning system has been introduced in 
1926; with the appearance of computers and information technology, softwares 
were developed in order to produce convenient warning systems. Currently, early 
warning systems are being used to deal with pathogens of certain crops such as faba 
beans. The main concept involves the use of a mobile telemetry automated weather 
station system to monitor environmental conditions and softwares to interpret the 
input; based on the information provided, a decision can be made regarding the 
protection and maintenance of plant health.
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An early warning system is shown in Figure 4 which is used to predict and 
prevent the development of chocolate spot in faba beans that has been developed 
by Dr. Sahar Zayan, Head of the Early Warning Unit, Plant Pathology Research 
Institute [4].

A set of computer programs have been successfully produced by the unit’s work 
team, and some of them were applied on crop databases in different governor-
ates. These programs have proven to be successful early warning systems, as they 
predicted the appearance of diseases before infection and before they reached the 
epidemic level as well as the reduction of the amount of fungicides used for disease 
resistance.

The first computer simulation model for prediction of late blight in potato was 
being produced in Egypt by Prof. Dr. Mohsen Abd El Razek Afifi and Dr. Sahar 
Zayan in the forecasting and early warning unit in the plant pathology research 
institute, Agricultural Research Center. The model was applied in the fields, and it 
produced results which assisted in the protection of the potato crops from infection 
and the reduction of pesticide application periods which was equivalent to 75% in 
certain regions.

After the construction of the first Egyptian computer model, the creator named 
it EGY-BLIGHTCAST, and its efficiency was verified in all the computer laborato-
ries (Workstations) as well as the field conditions by the potato producing private 
sector companies [5]; the model was applied in 1998 and 1999, and it preserved the 
crop from the risks of epidemic infection; pesticide savings reached 50% in a season 
and 75% in another, and the productivity increased by a ton and 300 kilograms per 
acre which was denoted in official reports by the applying company. Afterward the 
model was developed in 2002 and 2003; it was used in different regions (hotspots of 
late blight on potato crops) in the main governorates for potato production in Egypt 
throughout 2004–2008; the methodologies for prediction of late blight were linked 
and modified based on short-term observation.

Throughout several growing seasons of potato and the analysis of the rela-
tion between 24-hour meteorological data which were collected in real-time from 
the forecasting station (AdconTelemetry A733) and its effect on the possibility 
of daily infection by diseases triggered by late blight, it is possible for the EGY-
BLIGHTCAST (DDIP) model to accurately predict the outbreak of the late blight 
disease and to drastically reduce the cost of necessary fungicide to control the 
outbreak when compared to routine spraying programs (schedule based programs) 

Figure 4. 
A certified early warning system for faba bean chocolate spot [4].
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in light of the field conditions. The main roles for the analysis of the model valida-
tion system were discussed through a study which was published in the year 2009. 
Moreover, several computer simulation models were produced on the same basis for 
a number of important diseases on strategic crops in Egypt, including downy and 
powdery mildew in grapes—downy mildew in onions and early blight in tomatoes. 
All of these forecasting models were applied in test fields, and their efficiency in 
disease prediction was proven as well as the actual savings in application of pesti-
cides used in disease control.

In the year 2015, the system and model production techniques were developed 
by Dr. Sahar Zayan, and a study was published for a computer model for brown spot 
on beans which received an Intellectual Property Rights (IPR) license from official 
authorities in Egypt [6].

With the appearance of climate change phenomena, farmers and decision-
makers will need more decision support systems especially plant disease forecasting 
systems.

Thanks

I would like to thank my team who helped me in developing this work.

Author details

Sahar Abdou Zayan
Unit of Forecasting and Early Warning, Plant Pathology Research Institute (ARC), 
Giza, Egypt

*Address all correspondence to: drsahar.abdo@gmail.com

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 



Plant Diseases-Current Threats and Management Trends

92

An early warning system is shown in Figure 4 which is used to predict and 
prevent the development of chocolate spot in faba beans that has been developed 
by Dr. Sahar Zayan, Head of the Early Warning Unit, Plant Pathology Research 
Institute [4].

A set of computer programs have been successfully produced by the unit’s work 
team, and some of them were applied on crop databases in different governor-
ates. These programs have proven to be successful early warning systems, as they 
predicted the appearance of diseases before infection and before they reached the 
epidemic level as well as the reduction of the amount of fungicides used for disease 
resistance.

The first computer simulation model for prediction of late blight in potato was 
being produced in Egypt by Prof. Dr. Mohsen Abd El Razek Afifi and Dr. Sahar 
Zayan in the forecasting and early warning unit in the plant pathology research 
institute, Agricultural Research Center. The model was applied in the fields, and it 
produced results which assisted in the protection of the potato crops from infection 
and the reduction of pesticide application periods which was equivalent to 75% in 
certain regions.

After the construction of the first Egyptian computer model, the creator named 
it EGY-BLIGHTCAST, and its efficiency was verified in all the computer laborato-
ries (Workstations) as well as the field conditions by the potato producing private 
sector companies [5]; the model was applied in 1998 and 1999, and it preserved the 
crop from the risks of epidemic infection; pesticide savings reached 50% in a season 
and 75% in another, and the productivity increased by a ton and 300 kilograms per 
acre which was denoted in official reports by the applying company. Afterward the 
model was developed in 2002 and 2003; it was used in different regions (hotspots of 
late blight on potato crops) in the main governorates for potato production in Egypt 
throughout 2004–2008; the methodologies for prediction of late blight were linked 
and modified based on short-term observation.

Throughout several growing seasons of potato and the analysis of the rela-
tion between 24-hour meteorological data which were collected in real-time from 
the forecasting station (AdconTelemetry A733) and its effect on the possibility 
of daily infection by diseases triggered by late blight, it is possible for the EGY-
BLIGHTCAST (DDIP) model to accurately predict the outbreak of the late blight 
disease and to drastically reduce the cost of necessary fungicide to control the 
outbreak when compared to routine spraying programs (schedule based programs) 

Figure 4. 
A certified early warning system for faba bean chocolate spot [4].

93

Impact of Climate Change on Plant Diseases and IPM Strategies
DOI: http://dx.doi.org/10.5772/intechopen.87055

in light of the field conditions. The main roles for the analysis of the model valida-
tion system were discussed through a study which was published in the year 2009. 
Moreover, several computer simulation models were produced on the same basis for 
a number of important diseases on strategic crops in Egypt, including downy and 
powdery mildew in grapes—downy mildew in onions and early blight in tomatoes. 
All of these forecasting models were applied in test fields, and their efficiency in 
disease prediction was proven as well as the actual savings in application of pesti-
cides used in disease control.

In the year 2015, the system and model production techniques were developed 
by Dr. Sahar Zayan, and a study was published for a computer model for brown spot 
on beans which received an Intellectual Property Rights (IPR) license from official 
authorities in Egypt [6].

With the appearance of climate change phenomena, farmers and decision-
makers will need more decision support systems especially plant disease forecasting 
systems.

Thanks

I would like to thank my team who helped me in developing this work.

Author details

Sahar Abdou Zayan
Unit of Forecasting and Early Warning, Plant Pathology Research Institute (ARC), 
Giza, Egypt

*Address all correspondence to: drsahar.abdo@gmail.com

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 



94

Plant Diseases-Current Threats and Management Trends

[1] FAO. Climate Change, Agriculture 
and Food Security [Internet]. 
Agriculture Organization. 2008. 
Available from: http://www.fao.org/
faostat/en/#data/RF

[2] Coakley S, Scherm H, Chakraborty 
S. Climate change and plant disease 
management. Annual Review of 
Phytopathology. 1999;37(1):399-426

[3] Anita W, Dominic M, Neil A. Climate 
Change and Agriculture Impacts, 
Adaptation and Mitigation: Impacts, 
Adaptation and Mitigation. OECD 
Publishing; 2010

[4] Zayan S, Morsy M. BCS-CAST: An 
early warning computerized model 
for Faba bean chocolate spot in Egypt. 
In: Proceedings of 5th International 
Conference on Alternative Methods 
of Crop Protection; 11-13 March 2015; 
Lille, France. Lille, France: Association 
Françoise of Plant Protection (AFPP); 
2015

[5] Afifi M, Zayan S. Implementation 
of Egy-Blight Cast the first computer 
simulation model for potato late blight 
in Egypt. In: Proceedings of Agriculture: 
Africa’s “Engine for Growth”-Plant 
Science & Biotechnology Hold the Key 
at Roth Amsted Research; Harpenden, 
UK: Association of Applied Biologists; 
October 2009. 12-14

[6] Medany M, Zayan S, Fiani D. New 
communication methodologies in an 
innovative digital extension system in 
Egypt. In: The Ciheam Watch Letter 
no 38 in February 2017 on “Rural 
Innovation and Digital Revolution in 
Agriculture”. 2017

References

95

Section 2

Host-Pathogen 
Coevolution



94

Plant Diseases-Current Threats and Management Trends

[1] FAO. Climate Change, Agriculture 
and Food Security [Internet]. 
Agriculture Organization. 2008. 
Available from: http://www.fao.org/
faostat/en/#data/RF

[2] Coakley S, Scherm H, Chakraborty 
S. Climate change and plant disease 
management. Annual Review of 
Phytopathology. 1999;37(1):399-426

[3] Anita W, Dominic M, Neil A. Climate 
Change and Agriculture Impacts, 
Adaptation and Mitigation: Impacts, 
Adaptation and Mitigation. OECD 
Publishing; 2010

[4] Zayan S, Morsy M. BCS-CAST: An 
early warning computerized model 
for Faba bean chocolate spot in Egypt. 
In: Proceedings of 5th International 
Conference on Alternative Methods 
of Crop Protection; 11-13 March 2015; 
Lille, France. Lille, France: Association 
Françoise of Plant Protection (AFPP); 
2015

[5] Afifi M, Zayan S. Implementation 
of Egy-Blight Cast the first computer 
simulation model for potato late blight 
in Egypt. In: Proceedings of Agriculture: 
Africa’s “Engine for Growth”-Plant 
Science & Biotechnology Hold the Key 
at Roth Amsted Research; Harpenden, 
UK: Association of Applied Biologists; 
October 2009. 12-14

[6] Medany M, Zayan S, Fiani D. New 
communication methodologies in an 
innovative digital extension system in 
Egypt. In: The Ciheam Watch Letter 
no 38 in February 2017 on “Rural 
Innovation and Digital Revolution in 
Agriculture”. 2017

References

95

Section 2

Host-Pathogen 
Coevolution



97

Chapter 7

Asymptomatic Phytoplasma 
Reveal a Novel and Troublesome 
Infection
Philip Donkersley, Farley W.S. Silva, Murilo S. Alves, 
Claudine M. Carvalho, Abdullah M. Al-Sadi  
and Simon L. Elliot

Abstract

Asymptomatic infections are by their nature challenging to study and even more 
difficult to monitor across broad geographical ranges, particularly as methods are 
reliant on expensive molecular techniques. The plant pathogen that causes Witches’ 
Broom disease of lime (Candidatus Phytoplasma aurantifolia) is a major limiting fac-
tor in lime production across the Middle East and was recently detected in Brazil, but 
without the typical symptoms from the Middle East. Here, we discuss the difficulty 
of monitoring asymptomatic infections and highlight the threat posed by highlight 
future outbreaks. Asymptomatic infections have important implications for under-
standing the evolution of pathogens within perennial hosts. We use three model 
systems of asymptomatic infections: (i) a Phytoplasma and (ii) a bacterial infec-
tion of lime (Citrus aurantifolia) and (iii) an “out-group” Phytoplasma of Cassava 
(Manihot esculenta) to demonstrate consistency across divergent hosts. We found 
that although all plants in the study were intentionally infected, assays typically did 
not confirm this diagnosis. Emergent technologies monitoring gene expression could 
be used to both study novel biology associated with asymptomatic infections and 
develop monitoring technologies. We highlight the difficulty of monitoring asymp-
tomatic infections in possible future outbreaks and have important implications for 
understanding the evolution of pathogens within perennial hosts.

Keywords: Citrus aurantifolia, acid lime, silent infection, phytoplasma, differentially 
expressed genes

1. Introduction

Vector-borne plant pathogens of perennial crop species provide an opportunity 
to study the impacts of long-term infections, in terms of epidemiology and vec-
tor ecology. Crop diseases directly threaten global food security; an estimated 
16% of food production globally is lost despite our efforts to control crop diseases 
[1]. Perennial crops generally have advantages over annuals in terms of energetic 
efficiency; for example, constant canopy development increases photosynthesis 
efficiency [2], which results in 30% increases in carbon turnover than those 
maintained by annual crops [2]. Pathogens must evolve to infect and reproduce 
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within a single year in annual cropping systems, and thus typically demonstrate 
more aggressive pathologies [3], which often require multiple hosts, such as potato 
blight (Phytophthora infestans) and wheat rust (Puccinia graminis). As the host plant 
remains in situ after harvest, perennial cropping systems therefore theoretically 
allow for evolution of slower pathologies, which may be cryptic in nature.

Globally, plant pathogens are spreading faster than ever, due to climate change, 
increased crop and germplasm trading, failure of border biocontrol and associated 
spread of vector species. Here, we shall introduce and discuss a complex vector-
borne plant pathogens of a perennial tropical cash-crop plant: Citrus. Citrus is the 
world’s principal fruit crop, with about 60 million megatons grown annually [4]. 
Limes account for ~5% of global Citrus production [4]. Lime is cultivated in tropi-
cal, subtropical and temperate regions from 40°N to 40°S [5, 6]. Countries in the 
Middle East, as well as India, Pakistan, Brazil, Argentina and Mexico grow lime as a 
key part of their agricultural economies [7, 8].

The production of lime in the Middle East has been markedly impacted by 
Witches’ Broom Disease of Lime (WBDL) [7]. Symptoms of witches’ broom disease 
of lime (WBDL) were first observed in Oman in the 1970s [9]. Infected trees pres-
ent with “witches’ brooms”: shoot structures characterized compactness and small, 
pale green leaves. In the advanced stages of the disease, leaves become dry, brooms 
become increasingly more prevalent, and fruits become significantly smaller and 
less marketable. Finally, the tree collapses within 4 or 5 years after infection [10].

Asymptomatic (“silent”) infections have recently been detected in lime trees in 
Brazil [11] and Oman [12]. This silent infection was observed through molecular 
testing of plant material, yet the host plants themselves show no obvious visible 
symptoms. These infected trees do however, also collapse within the 5 year post 
infection period [13], making this asymptomatic variant potentially even more of a 
threat to global lime production.

Detailed research into this system has been limited, some suggest that the 
silent infection may be due to ultra-low pathogen titre levels within the host plant 
[12, 14] or due to different interactions with plant defences [15] or insect vectors 
[16, 17]. Silent infections are difficult to monitor and pose a significant risk to 
global food security, given that the limited knowledge we have suggests they may 
be as destructive as symptomatic [18], but we do not yet know the full extent of 
their range.

The Phytoplasma “Candidatus Phytoplasma aurantifolia” has been identified as 
the causative agent of WBDL [19]. Phytoplasma are wall-less gram-positive bacteria 
belonging to the class Mollicutes [20]. They are found in the phloem sieve tubes of 
plants and in the gut, salivary glands and other organs of Hemipteran insect vectors 
[21]. Phytoplasma are obligate biotrophic organisms, which lack many essential 
genes that encode for components of metabolic pathways; and they likely import 
metabolites such as nucleotides, amino acids, and fatty acids from the host plant 
[22]. Phytoplasma are the only known organisms that lack ATP-synthase subunits, 
which are thought to be essential for life [22]. Owing to the inability to culture them 
in vitro and their inaccessibility in host plants [19, 22], the molecular mechanisms 
that underlie Phytoplasma infections within host plants remain largely unknown 
[10]. Phytoplasma may be able to overcome plant defences by producing specific 
proteins: effectors [15]. The effectors (e.g., SAP11 and SAP54) may modulate host 
plant growth and interactions with the insect vectors [16, 23].

Although studies using proteomics [10, 24] and cDNA-amplified fragment 
length polymorphism (cDNA-AFLP) [25] have investigated differentially expressed 
genes (DEGs) in plants infected by “Ca. P. aurantifolia,” these studies provide 
only a brief snapshot of gene expression and regulation during infection. Recent 
developments in high throughput “omics” based approaches now allow a detailed 
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examination of plant pathogen interactions, and these have been applied to symp-
tomatic infections of “Ca. P. aurantifolia” in the Middle East [18, 26]. Our study 
examined DEGs in symptomatic and asymptomatic infections of the Phytoplasma 
in acid lime trees. Although asymptomatic infections have been linked to fitness 
benefits in the vectors of this pathogen [17], our knowledge of understanding of 
gene expression differences in an asymptomatic infection are extremely limited. 
One way to understand the effects and biology of asymptomatic infections is by 
developing our knowledge of these differentially expressed genes.

Within this chapter, we shall discuss two studies on asymptomatic infections 
of crop plants [1]. Reliable detection of asymptomatic plant pathogens is the 
greatest limitation on controlling and limiting their global spread. We first dis-
cuss and test the potential for currently employed molecular tools to misidentify 
“healthy” plants. We study three asymptomatic infections (a Phytoplasma of lime, 
a Phytoplasma of cassava and Citrus Huanglongbing) and compare the rate of false-
negatives detecting the disease [2]. Asymptomatic infections in Brazil represent a 
novel biology by the Phytoplasma infecting lime trees. This novel pathology needs 
to be explored to better understand the infection process, and also presents us with 
an opportunity to design superior detection tools. We compare the gene expression 
of infected symptomatic and asymptomatic plants using qPCR. These findings pro-
vide an important and novel examination of the nature of asymptomatic infections, 
a poorly understood, emerging area of plant pathology.

2. Pathogen detection in the absence of visible symptoms: study system

In order to comprehensively study the most ubiquitous methods used glob-
ally for asymptomatic infections of crop plants, we used three model systems: the 
aforementioned Phytoplasma causing Witches’ Broom Disease of Lime (WBDL), 
a closely related Phytoplasma causing Cassava (Manihot esculenta L.) Witches’ 
Broom, and an out group pathogen of lime—“Candidatus Liberibacter asiaticus,” 
causative organism of Huanglongbing disease of lime. Data for the first two patho-
systems was collected for the present study, whereas data from Huanglongbing 
came from a previously published study by Citrus [27].

2.1 Sample locations

Acid lime (C. aurantifolia L.) trees were grown on a Citrus orchard maintained 
at Universidade Federal de Viçosa (UFV), Brazil (S20°45′585″; W042°50′908″). The 
site was chosen as plant material there had previously been found to be infected 
with “Ca. P. aurantifolia,” but showing no visible symptoms [17].

Leaf samples of cassava (M. esculenta) grown in a glasshouse at UFV and delib-
erately infected with a cassava witches’ broom (Phytoplasma 16SrIII-A) were also 
taken. For details regarding this pathogen, please see [18]. Although this disease can 
display typical symptoms of witches’ broom (e.g., stunting, leaf chlorosis, defor-
mation, and reduced size), the infections in Brazil do not display symptoms until 
harvest, when it can cause 100% crop losses [18].

2.2 Plant material

Citrus leaf samples from Brazil were taken from four 15-year adult trees and  
10 1-year saplings; for each adult tree 30 leaves were collected and for saplings  
10 samples were collected in a semi-random fashion. Cassava leaf samples were col-
lected from eight 1-year adult plants, 10 leaves were sampled from each cassava plant.
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The sampling strategy for both lime Phytoplasma and cassava Phytoplasma 
aimed to collect a spatially diverse group of samples (orientated on x, y and z axes 
relative to the trunk), with the position of each leaf sampled noted with respect 
to its branches from the main trunk. For all sample types locations, leaf midrib 
samples (the larger vein along the midline of a leaf) were taken. The midribs were 
immediately frozen in liquid nitrogen after harvesting and then transported to the 
laboratory, where they were stored at −80°C until total DNA and RNA isolation.

2.3 Molecular detection of Phytoplasma

The presence/absence of the Phytoplasma in the leaf samples of both acid lime and 
cassava was analysed using PCR for Phytoplasma detection. To this end, total DNA was 
extracted from acid lime leaf samples using the DNeasy Qiagen Plant Mini Prep kit fol-
lowing manufacturer’s instructions. Then, total DNA was extracted from the cassava 
leaf samples following the protocol of [28], with modifications that are detailed in [18].

We then used a nested PCR using universal primers for Phytoplasma detection. 
Extracted DNA of both Citrus and cassava Phytoplasma were amplified using 16S 
rRNA PCR primers P4 (5′-CAT CAT TTA GTT GGG CAC TT-3′) and 23rev (5′-CGT 
CCT TCA TCG GCT CTT-3′) in the initial reaction, and the resulting amplicon was 
diluted (1:10) and used as template DNA for nested PCR amplification using the P3 
(5′-GGA TGG ATC ACC TCC TT-3′) and 23rev primers [18, 29, 30].

PCR amplification was carried out using a Loccus Biotechnologia TC9639 
Thermal Cycler (LB, São Paulo, Brazil) in 20 μl volumes, such that each reaction 
contained the following: 2.0 μl (20 pmol) of each primer, 8.0 μl water (DNA-free 
water; Qiagen, SP, Brazil), 4.0 μl sample extracted DNA and 0.1 μl Invitrogen Taq 
DNA Polymerase (5 U/μl) (ThermoFisher Scientific, Brazil), 1.3 μl MgCl (50 mm) 
2.6 μl dNTPs (10 mm), 2.0 μl PCR buffer (200 mm Tris-HCl pH 8.4, 500 mm 
KCl). For the first round PCR, initial denaturation at 95°C for 3 min, followed by 
30 cycles of 95°C for 45 s, 55°C for 45 s and 72°C for 3 min, with a final elongation 
step at 72°C for 7 min. For the nested reactions, the conditions were 95°C for 3 min, 
followed by 32 cycles of 95°C for 45 s, 54°C for 45 s and 72°C for 3 min, with a final 
elongation step at 72°C for 7 min. The resulting amplicon was then visualised on 
agarose gel electrophoresis using SybrSafe DNA stain to confirm the presence/
absence of both Phytoplasma from each leaf sample of each plant host.

Data on the successful amplification of “Candidatus C. liberibacter” were obtained 
from the Coy et al. [27] study. Briefly, this study compares the efficacy of the current 
method of detection for C. liberibacter asiaticus within plant and insect samples is by a 
presence/absence PCR assay using a 16S rDNA gene target. Specifically they exam-
ined these methods for sensitivity to low bacterial titers or suboptimal PCR condi-
tions that can result in false-negatives. This study concluded that the high incidence 
of false negatives using this system could contributes to the under-reporting of plant 
pathogen infections. Hence, the data paralleled our present study, and were used for 
direct comparison of this pathosystem with our own presented here.

3.  Pathogen detection in the absence of visible symptoms: results and 
discussion

Detection of “Ca. Phytoplasma aurantifolia” by 23S-PCR on asymptomatic 
acid lime (C. aurantifolia) plants showed that all plants sampled in this study were 
technically infected (Table 1), meaning that each plant had at least one sample that 
positively detected the Phytoplasma. The proportion of samples that failed to detect 
the pathogen was, on average, in adult trees 38.5% ± 6.62 (n = 3), and in saplings 
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46.25% ± 22.6 (n = 10). Within cassava (Manihot esculenta), false-negative rate 
was 48.75% ± 17.3 (n = 8). False-negative molecular tests have also been found in 
molecular techniques for detecting Huanglongbing infections in Citrus plants. Thus 
particular study found a false-negative rate of 54.9%, using a nested PCR assay [27], 
and identified that more sensitive molecular tests involving qPCR addressed this 
issue, albeit not in a manner applicable to growers and germplasm suppliers expect-
ing to provide disease-free planting material [31].

The evidence for false-negative across multiple plant pathosystems has notable 
implications across the field. One of the base assumptions of plant pathology is the 
suitability of a biological sample to represent the entire host plant. These false-
negatives mean that multiple biological samples per plant may be required to cor-
rectly identify the presence of a pathogen. A hypothetical plant with α leaves and a 
false-negative rate of  β  ± SD, to guarantee a correct identification (under P = 1.00) 
the minimum sample number (n) must be:

  n =  (α × β)  + 1  (1)

    ∑ 
k=x

  
α
    (  α __ k  )   β   k    (1 − β)    n−k   (2)

Due to the nature of additive probabilities (Eq. (2)), the probability of, for 
example, 38 continuous false-negatives on a tree of 100 leaves would be P = 4.83−22. 
Consequently, a decision support system based on the likelihood of having an 
infected tree can be developed in order to determine the appropriate number of 
samples required to avoid a false-negative. For example, for P = 0.05, minimum 
sample number would be n = 4.19; for P = 0.005, n = 8.94; for P = 0.001, n = 12.25 
(Figure 1a). For cassava similarly the minimum sample number for the same prob-
abilities would be (in order): n = 3.55, n = 7.20 and n = 9.76 (Figure 1b).

Asymptomatic plant pathogens are particularly troublesome within perennial 
crops as they are not removed at the end of the growing season and act as reservoirs 
of infectious materials to be dispersed to new hosts by insects (and other vehicles). 
Persistence of asymptomatic infections in hosts may also cause problems through 
subtle direct damage or sublethal infections leading to plant-by-plant transmission 

Tree Infected Detection likelihood (%)

A 21/31 67.74

B 24/44 54.55

C 28/45 62.22

SA 5/10 50.00

SB 6/10 60.00

SC 6/10 60.00

SD 6/10 60.00

SE 4/10 40.00

SF 3/10 30.00

SG 3/10 30.00

SH 10/10 100.00

Table 1. 
Results of asymptomatic infections of “Ca. Phytoplasma aurantifolia” detection using 23S-PCR from adult 
(A–C) and sapling (SA-SH) Citrus acid lime plants.
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KCl). For the first round PCR, initial denaturation at 95°C for 3 min, followed by 
30 cycles of 95°C for 45 s, 55°C for 45 s and 72°C for 3 min, with a final elongation 
step at 72°C for 7 min. For the nested reactions, the conditions were 95°C for 3 min, 
followed by 32 cycles of 95°C for 45 s, 54°C for 45 s and 72°C for 3 min, with a final 
elongation step at 72°C for 7 min. The resulting amplicon was then visualised on 
agarose gel electrophoresis using SybrSafe DNA stain to confirm the presence/
absence of both Phytoplasma from each leaf sample of each plant host.

Data on the successful amplification of “Candidatus C. liberibacter” were obtained 
from the Coy et al. [27] study. Briefly, this study compares the efficacy of the current 
method of detection for C. liberibacter asiaticus within plant and insect samples is by a 
presence/absence PCR assay using a 16S rDNA gene target. Specifically they exam-
ined these methods for sensitivity to low bacterial titers or suboptimal PCR condi-
tions that can result in false-negatives. This study concluded that the high incidence 
of false negatives using this system could contributes to the under-reporting of plant 
pathogen infections. Hence, the data paralleled our present study, and were used for 
direct comparison of this pathosystem with our own presented here.

3.  Pathogen detection in the absence of visible symptoms: results and 
discussion

Detection of “Ca. Phytoplasma aurantifolia” by 23S-PCR on asymptomatic 
acid lime (C. aurantifolia) plants showed that all plants sampled in this study were 
technically infected (Table 1), meaning that each plant had at least one sample that 
positively detected the Phytoplasma. The proportion of samples that failed to detect 
the pathogen was, on average, in adult trees 38.5% ± 6.62 (n = 3), and in saplings 
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46.25% ± 22.6 (n = 10). Within cassava (Manihot esculenta), false-negative rate 
was 48.75% ± 17.3 (n = 8). False-negative molecular tests have also been found in 
molecular techniques for detecting Huanglongbing infections in Citrus plants. Thus 
particular study found a false-negative rate of 54.9%, using a nested PCR assay [27], 
and identified that more sensitive molecular tests involving qPCR addressed this 
issue, albeit not in a manner applicable to growers and germplasm suppliers expect-
ing to provide disease-free planting material [31].

The evidence for false-negative across multiple plant pathosystems has notable 
implications across the field. One of the base assumptions of plant pathology is the 
suitability of a biological sample to represent the entire host plant. These false-
negatives mean that multiple biological samples per plant may be required to cor-
rectly identify the presence of a pathogen. A hypothetical plant with α leaves and a 
false-negative rate of  β  ± SD, to guarantee a correct identification (under P = 1.00) 
the minimum sample number (n) must be:

  n =  (α × β)  + 1  (1)

    ∑ 
k=x

  
α
    (  α __ k  )   β   k    (1 − β)    n−k   (2)

Due to the nature of additive probabilities (Eq. (2)), the probability of, for 
example, 38 continuous false-negatives on a tree of 100 leaves would be P = 4.83−22. 
Consequently, a decision support system based on the likelihood of having an 
infected tree can be developed in order to determine the appropriate number of 
samples required to avoid a false-negative. For example, for P = 0.05, minimum 
sample number would be n = 4.19; for P = 0.005, n = 8.94; for P = 0.001, n = 12.25 
(Figure 1a). For cassava similarly the minimum sample number for the same prob-
abilities would be (in order): n = 3.55, n = 7.20 and n = 9.76 (Figure 1b).

Asymptomatic plant pathogens are particularly troublesome within perennial 
crops as they are not removed at the end of the growing season and act as reservoirs 
of infectious materials to be dispersed to new hosts by insects (and other vehicles). 
Persistence of asymptomatic infections in hosts may also cause problems through 
subtle direct damage or sublethal infections leading to plant-by-plant transmission 

Tree Infected Detection likelihood (%)

A 21/31 67.74

B 24/44 54.55

C 28/45 62.22

SA 5/10 50.00

SB 6/10 60.00

SC 6/10 60.00

SD 6/10 60.00

SE 4/10 40.00

SF 3/10 30.00

SG 3/10 30.00

SH 10/10 100.00

Table 1. 
Results of asymptomatic infections of “Ca. Phytoplasma aurantifolia” detection using 23S-PCR from adult 
(A–C) and sapling (SA-SH) Citrus acid lime plants.
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[32]. The use of accurate and timely diagnostic methods is undoubtedly one of the best 
ways to monitor pathogen ranges in asymptomatic infected plants, and thus avoid dis-
semination to new hosts and ranges. Generally, traditional methods of identification 
based on visual symptoms and culturing in laboratories are time-consuming, labour-
intensive, costly and have “very low sensitivity and specificity” [33, 34].

Molecular methods are the mainstream alternative to symptomology and 
laboratory culture. The results of this present (and a previous) study [27] have 
demonstrated a potential flaw in molecular methods: the frequency of false-
negatives. Whereas classical plant pathology can rely on a non-destructive inspec-
tion of the entire host plant, culture and molecular methods must only use a small 
“representative” destructive subsample of the plant. The major limitation to this is 
the quality of the representation of the host plant within this subsample. We have 
demonstrated here that a single biological sample from an infected plant may not be 
representative of the whole plant and therefore multiple samples from within the 
same host plant can result in different results from molecular testing for pathogens. 
We found false-negative rates between 38 and 49%, meaning that approximately 
a minimum of one in three samples would fail to detect a pathogen if taken alone. 
Although this calls into question the use of single biological samples for identifying 
pathogens by molecular methods, these methods have to strike a balance between 
precision and cost [35]. We calculate, based on these false-negative rates, minimum 
sample numbers (per plant) between 3 and 5 samples, which may make these 
methods prohibitively expensive for widespread use within agriculture.

By comparison, real-time PCR used to detect and quantify pathogens in symp-
tomless plant tissues is a promising tool to improve our understanding of “silent” 
infections [36]. Different methods of DNA amplification that rely on conventional 
and quantitative PCRs have also been developed to detect and identify “Ca. 
Liberibacter” species associated with Huanglongbing (HLB) in Citrus [27, 37]. But 
other simpler methods, such as direct tissue blot immunoassay, have been used to 
facilitate detection of pathogens in asymptomatic plants of Citrus [38]. Molecular 
tools have been developed for identification of WBDL from field samples [7, 39], but 
remain prohibitively expensive for widespread implementation by growers. Much 
research effort and resources have been devoted to development of on-the-spot 
diagnostics in plant pathology, and have shown success in control and monitoring the 
spread of some plant diseases (e.g., Potato Virus Y), but do not exist for Phytoplasma 

Figure 1. 
Probability function for false negatives using PCR-based detection for asymptomatic Phytoplasma infections. 
The additive probability of sequential false negatives as the sample size increases in (a) Citrus Phytoplasma in 
adult Citrus trees (false negative rate = 38.5%); (b) cassava Phytoplasma (false negative rate = 48.75%).
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yet [40]. In-situ kits for testing Phytoplasma using immunofluorescence have been 
developed; but have not been adopted for widespread use yet [34, 41].

4. Novel asymptomatic infection biology: study system

Successful identification of asymptomatic infections by the Phytoplasma 
causing Witches’ Broom Disease of Lime (WBDL) provide a unique opportunity to 
compare the pathology with its’ symptomatic counterpart. A recent study by Mardi 
et al. [26] using a high-throughput genomics approach identified 2805 differentially 
expressed genes in symptomatically infected Citrus plants. This study revealed the 
key potential molecular pathways through which the Phytoplasma infects and para-
sitizes its host. Correspondingly, here we studied 25 of these that were differentially 
expressed by more than 128-fold and 4 further genes identified as significantly 
differentially expressed in recent infections found in Brazil (Alves et al. unpub-
lished data). These genes allowed us to design a targeted study to understand how 
the symptomatic and asymptomatic infections differ, and potentially identify some 
of the “silent” symptoms in this newly emerged pathosystem.

4.1 Sample locations

Acid lime (C. aurantifolia) trees were grown at the same Citrus orchard at UFV 
mentioned previously. Lime leaves were also collected from cultivated areas in 
Muscat, Oman (N23°58′591″, E58°40′590″). Omani samples were collected from a 
farm with symptomatic infected trees (drastic reduction in growth, generalized leaf 
yellowing and necrosis) and uninfected (healthy tissue).

4.2 Plant material

Six Citrus plants were sampled each in Brazil and Oman (three symptomatic and 
three healthy plants), for three biological replicates. Samples from Brazil were con-
firmed for Phytoplasma by PCR (see Section 2), samples from Oman were confirmed 
by symptoms (drastic reduction in growth, generalized leaf yellowing and necrosis).

4.3 RNA extraction

Total RNA was extracted from the three biological replicates of limes infected 
with “Ca. P aurantifolia” and three healthy acid lime leaves (from both Brazil and 
Oman) using the RNeasy Plant Mini Kit (Qiagen, SP, Brazil). RNA quantity and 
quality were determined using a Nano-Drop ND 1000 spectrophotometer (Thermo 
Scientific, MA, USA). five hundred nanogram of total RNA from each replicate 
was reverse-transcribed in a 20 μl reaction using 1 μl of Invitrogen SuperScript® 
III Reverse Transcriptase (Thermo Scientific), 1 μl oligo(dT)18 (100 nm), 1 μl 
dTT (100 mm), 2 μl dNTP (10 mm), 4 μl 5× first-strand buffer (250 mm Tris-HCl 
(pH 8.3), 375 mm KCl, 15 mm MgCl2) and RNAse free water (Qiagen).

4.4 Gene expression

Gene specific primers were designed for 15 genes belonging to key pathways 
with possible implication in disease progression and resistance identified by 
Mardi et al. [26] and four by Alves et al. (unpublished). The sequence of primers, 
amplicon length, optimal primer and enzymatic efficiency for each primer pair 
is presented in Table 2. Mardi genes were amplified only for Brazilian samples, 
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[32]. The use of accurate and timely diagnostic methods is undoubtedly one of the best 
ways to monitor pathogen ranges in asymptomatic infected plants, and thus avoid dis-
semination to new hosts and ranges. Generally, traditional methods of identification 
based on visual symptoms and culturing in laboratories are time-consuming, labour-
intensive, costly and have “very low sensitivity and specificity” [33, 34].

Molecular methods are the mainstream alternative to symptomology and 
laboratory culture. The results of this present (and a previous) study [27] have 
demonstrated a potential flaw in molecular methods: the frequency of false-
negatives. Whereas classical plant pathology can rely on a non-destructive inspec-
tion of the entire host plant, culture and molecular methods must only use a small 
“representative” destructive subsample of the plant. The major limitation to this is 
the quality of the representation of the host plant within this subsample. We have 
demonstrated here that a single biological sample from an infected plant may not be 
representative of the whole plant and therefore multiple samples from within the 
same host plant can result in different results from molecular testing for pathogens. 
We found false-negative rates between 38 and 49%, meaning that approximately 
a minimum of one in three samples would fail to detect a pathogen if taken alone. 
Although this calls into question the use of single biological samples for identifying 
pathogens by molecular methods, these methods have to strike a balance between 
precision and cost [35]. We calculate, based on these false-negative rates, minimum 
sample numbers (per plant) between 3 and 5 samples, which may make these 
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By comparison, real-time PCR used to detect and quantify pathogens in symp-
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infections [36]. Different methods of DNA amplification that rely on conventional 
and quantitative PCRs have also been developed to detect and identify “Ca. 
Liberibacter” species associated with Huanglongbing (HLB) in Citrus [27, 37]. But 
other simpler methods, such as direct tissue blot immunoassay, have been used to 
facilitate detection of pathogens in asymptomatic plants of Citrus [38]. Molecular 
tools have been developed for identification of WBDL from field samples [7, 39], but 
remain prohibitively expensive for widespread implementation by growers. Much 
research effort and resources have been devoted to development of on-the-spot 
diagnostics in plant pathology, and have shown success in control and monitoring the 
spread of some plant diseases (e.g., Potato Virus Y), but do not exist for Phytoplasma 
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yet [40]. In-situ kits for testing Phytoplasma using immunofluorescence have been 
developed; but have not been adopted for widespread use yet [34, 41].

4. Novel asymptomatic infection biology: study system

Successful identification of asymptomatic infections by the Phytoplasma 
causing Witches’ Broom Disease of Lime (WBDL) provide a unique opportunity to 
compare the pathology with its’ symptomatic counterpart. A recent study by Mardi 
et al. [26] using a high-throughput genomics approach identified 2805 differentially 
expressed genes in symptomatically infected Citrus plants. This study revealed the 
key potential molecular pathways through which the Phytoplasma infects and para-
sitizes its host. Correspondingly, here we studied 25 of these that were differentially 
expressed by more than 128-fold and 4 further genes identified as significantly 
differentially expressed in recent infections found in Brazil (Alves et al. unpub-
lished data). These genes allowed us to design a targeted study to understand how 
the symptomatic and asymptomatic infections differ, and potentially identify some 
of the “silent” symptoms in this newly emerged pathosystem.

4.1 Sample locations

Acid lime (C. aurantifolia) trees were grown at the same Citrus orchard at UFV 
mentioned previously. Lime leaves were also collected from cultivated areas in 
Muscat, Oman (N23°58′591″, E58°40′590″). Omani samples were collected from a 
farm with symptomatic infected trees (drastic reduction in growth, generalized leaf 
yellowing and necrosis) and uninfected (healthy tissue).

4.2 Plant material

Six Citrus plants were sampled each in Brazil and Oman (three symptomatic and 
three healthy plants), for three biological replicates. Samples from Brazil were con-
firmed for Phytoplasma by PCR (see Section 2), samples from Oman were confirmed 
by symptoms (drastic reduction in growth, generalized leaf yellowing and necrosis).

4.3 RNA extraction

Total RNA was extracted from the three biological replicates of limes infected 
with “Ca. P aurantifolia” and three healthy acid lime leaves (from both Brazil and 
Oman) using the RNeasy Plant Mini Kit (Qiagen, SP, Brazil). RNA quantity and 
quality were determined using a Nano-Drop ND 1000 spectrophotometer (Thermo 
Scientific, MA, USA). five hundred nanogram of total RNA from each replicate 
was reverse-transcribed in a 20 μl reaction using 1 μl of Invitrogen SuperScript® 
III Reverse Transcriptase (Thermo Scientific), 1 μl oligo(dT)18 (100 nm), 1 μl 
dTT (100 mm), 2 μl dNTP (10 mm), 4 μl 5× first-strand buffer (250 mm Tris-HCl 
(pH 8.3), 375 mm KCl, 15 mm MgCl2) and RNAse free water (Qiagen).

4.4 Gene expression

Gene specific primers were designed for 15 genes belonging to key pathways 
with possible implication in disease progression and resistance identified by 
Mardi et al. [26] and four by Alves et al. (unpublished). The sequence of primers, 
amplicon length, optimal primer and enzymatic efficiency for each primer pair 
is presented in Table 2. Mardi genes were amplified only for Brazilian samples, 
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whereas we were able to study the smaller number Alves genes were amplified for 
both Brazilian and Oman samples.

The selected genes were quantified using the Applied Biosystems StepOne™ 
Real Time PCR system (Thermo Scientific). qRT-PCR was performed in a 10-μl 
reaction containing 5 μl of SYBR Green PCR Master Mix, 4 μl of each primer mix 
(Table 1), 50 ng of template cDNA. The thermal cycling conditions consisted of 
an initial denaturation at 95°C for 5 min, followed by 40 cycles of denaturation at 
95°C for 30 s, annealing at 60°C for 30 s, and extension at 72°C for 45 s, and a final 
extension step at 72°C for 5 min.

The detected expression of selected transcripts was measured using the absolute 
quantification method. We prepared standard curves for each target gene (0.01–
10 ng μl−1) in order to quantify each genes expression relative to a standard internal 
control gene. Cycle threshold (CT) value of each gene relative to the internal control 
gene was used to estimate gene expression in RNA concentration values of ng μl−1 
[42]. Triplicate reactions were used for each sample.

Ubiquitin 1 and Tubulin alpha were used as internal reference genes, with primer 
sets UBi-IF (5′-TTT CTT CCT CAA CTT CAC TTG TAT CC-3′), UBi-IR (5′-TGG 
TCA TAG GCT GTT CGA TCA C-3′), α-tub-F (5′-CTG CAA GGG TTC TTG GTG 
TTC-3′) and α-tub-R (5′-GAT AGG CGT TCC AGT AAC AAC GA-3′), respectively. 
Standard curves for each gene were examined in the amplification plot and the 
standard curve plot was prepared in ABI 7500 software v.2.0.6. Reaction efficiency, 
R square and slope values were calculated by the ABI 7500 software v.2.0.6 program 
(Table 3) and were used to determine the copy number of infection-related RNA in 
each sample.

Unigene Slope −1/slope E E (%)

U352 −4.69701 0.212901 1.159017 115.9

U2265 −4.99484 0.200206 1.148863 114.9

U27316 −4.17641 0.23944 1.180534 118.1

U75775 −1.01071 0.989403 1.985363 198.5

U26576 −1.69178 0.591093 1.506388 150.6

U72184 −4.35679 0.229527 1.17245 117.2

U59125 −4.19476 0.238393 1.179678 117.9

U68165 −4.67463 0.213921 1.159836 115.9

U68593 −1.68595 0.593137 1.508523 150.8

U77887 −1.32334 0.755662 1.688406 168.8

U3869 −4.3699 0.228838 1.171891 117.2

U17275 −2.41499 0.41408 1.332449 133.2

U41653 −4.77939 0.209232 1.156072 115.6

U17606 −3.94001 0.253806 1.192349 119.2

U24969 −5.796 0.172533 1.127035 112.7

WRKY33 — — — 112.8

WRKY70 — — — 132.5

MYBR1 — — — 119.1

JAZ6 — — — 102.7

Table 3. 
qPCR efficiency values for Phytoplasma related genes in C. aurantifolia.
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whereas we were able to study the smaller number Alves genes were amplified for 
both Brazilian and Oman samples.

The selected genes were quantified using the Applied Biosystems StepOne™ 
Real Time PCR system (Thermo Scientific). qRT-PCR was performed in a 10-μl 
reaction containing 5 μl of SYBR Green PCR Master Mix, 4 μl of each primer mix 
(Table 1), 50 ng of template cDNA. The thermal cycling conditions consisted of 
an initial denaturation at 95°C for 5 min, followed by 40 cycles of denaturation at 
95°C for 30 s, annealing at 60°C for 30 s, and extension at 72°C for 45 s, and a final 
extension step at 72°C for 5 min.

The detected expression of selected transcripts was measured using the absolute 
quantification method. We prepared standard curves for each target gene (0.01–
10 ng μl−1) in order to quantify each genes expression relative to a standard internal 
control gene. Cycle threshold (CT) value of each gene relative to the internal control 
gene was used to estimate gene expression in RNA concentration values of ng μl−1 
[42]. Triplicate reactions were used for each sample.

Ubiquitin 1 and Tubulin alpha were used as internal reference genes, with primer 
sets UBi-IF (5′-TTT CTT CCT CAA CTT CAC TTG TAT CC-3′), UBi-IR (5′-TGG 
TCA TAG GCT GTT CGA TCA C-3′), α-tub-F (5′-CTG CAA GGG TTC TTG GTG 
TTC-3′) and α-tub-R (5′-GAT AGG CGT TCC AGT AAC AAC GA-3′), respectively. 
Standard curves for each gene were examined in the amplification plot and the 
standard curve plot was prepared in ABI 7500 software v.2.0.6. Reaction efficiency, 
R square and slope values were calculated by the ABI 7500 software v.2.0.6 program 
(Table 3) and were used to determine the copy number of infection-related RNA in 
each sample.

Unigene Slope −1/slope E E (%)

U352 −4.69701 0.212901 1.159017 115.9

U2265 −4.99484 0.200206 1.148863 114.9

U27316 −4.17641 0.23944 1.180534 118.1

U75775 −1.01071 0.989403 1.985363 198.5

U26576 −1.69178 0.591093 1.506388 150.6

U72184 −4.35679 0.229527 1.17245 117.2

U59125 −4.19476 0.238393 1.179678 117.9

U68165 −4.67463 0.213921 1.159836 115.9

U68593 −1.68595 0.593137 1.508523 150.8

U77887 −1.32334 0.755662 1.688406 168.8

U3869 −4.3699 0.228838 1.171891 117.2

U17275 −2.41499 0.41408 1.332449 133.2

U41653 −4.77939 0.209232 1.156072 115.6

U17606 −3.94001 0.253806 1.192349 119.2

U24969 −5.796 0.172533 1.127035 112.7

WRKY33 — — — 112.8

WRKY70 — — — 132.5

MYBR1 — — — 119.1

JAZ6 — — — 102.7

Table 3. 
qPCR efficiency values for Phytoplasma related genes in C. aurantifolia.
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Figure 2. 
Surface NMDS ordinations of differential gene expression from samples of “Ca. Phytoplasma aurantifolia” 
asymptomatic infected and uninfected (healthy) acid lime trees from Brazil denoted by open circles; their 
position is determined by where they fall on ordinal axes 1 and 2. Red names are species centroids for each 
Unigene. Polygons indicate clustering of each infection type, which are interpreted as how each gene (and the 
overall gene expression composition) correlates with the infection properties.

4.5 Statistical analysis

Analyses of differential gene expression in asymptomatic Phytoplasma infections 
of acid lime were performed using the R statistical software v3.3.2 [43]. Non-metric 
multidimensional scaling (NMDS) was used to analyse differential gene expression 
and partition variation between symptomatic/asymptomatic and infected/uninfected 
groups across all genes [44]. Here, we analysed normalised gene copy number by 
NMDS using the “metaMDS” function [45]. NMDS was performed using the Bray-
Curtis dissimilarity index on two ordinal scales for optimal NMDS stress values. 
Interactions between these and infection type were tested and assigned significance 
using the “envfit” function. Significant differences in DEGs between asymptomatic 
infected and healthy Citrus plants were tested using Student’s t-tests. Matched gene 
expression data between Brazil and Oman were further analysed using post-hoc Tukey 
HSD tests to test differential expression based on sample location and symptom type.

5. Novel asymptomatic infection biology: results and discussion

Gene expression profiles were determined by qPCR for 15-disease related genes 
identified previously for infections of “Ca. Phytoplasma aurantifolia” in Citrus 
aurantifolia adult trees by Mardi et al. [26]. NMDS showed that a two-dimensional 
solution was sufficient to achieve low stress values to enable us to interpret 
disease-related gene expression (stress = 0.049). Infection status (asymptomatic/
uninfected) of leaf samples was significantly correlated with the NMDS analysis of 
gene expression (Figure 2, R2 = 0.533, P < 0.001), demonstrating clear differences in 
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host plant gene expression in response to infection by this asymptomatic infection. 
When examining the direction and significance of differential expression of each of 
these 15-disease related genes, several significant decreases were found (Table 4). 
Expression of four genes related to stress tolerance, cell replication, energy produc-
tion and protein production (CRT/DRE binding factor; NAC domain-containing 
protein 71; beta-galactosidase 3; nitrite reductase) were significantly decreased in 
asymptomatic infected plants. Genes related to immune response (mitogen-activated 
protein kinase 1; cyclic nucleotide-gated ion channel 1; brassinosteroid insensitive-
1-associated receptor kinase) were not significantly differentially expressed however.

Unigene 
ID

Transcript Uninfected 
expression 
(ng μl−1)

Asymptomatic 
expression 
(ng μl−1)

Differential 
expression

Functional 
characterisation

U24969 Probable LRR 
receptor-like serine/

threonine-protein 
kinase

11.22 13.67 NS (p = 0.321) ABA-signalling

U72184 Zinc finger A20 
and AN1 domain-
containing stress-

associated protein 3

8.15 7.82 NS (p = 0.537) Abiotic stress 
tolerance

U59125 CRT/DRE binding 
factor

12.32 7.76 ↓ (p = 0.050) Abiotic stress 
tolerance

U27316 NAC domain-
containing protein 71

32.74 15.30 ↓ (p = 0.011) Cell Replication

U352 Beta-galactosidase 3 9.74 8.47 ↓ (p < 0.001) Energy 
production

U68165 Ent-copalyl 
diphosphate synthase

7.54 7.38 NS (p = 0.664) Growth 
regulation

U77887 Gibberellin 2-oxidase 10.24 8.20 NS (p = 0.195) Growth 
regulation

U41653 LRR receptor-like 
serine/threonine-

protein kinase GSO1

21.27 18.40 NS (p = 0.140) Growth 
regulation

U26576 Mitogen-activated 
protein kinase 1

27.04 22.42 NS (p = 0.118) Immune response

U68593 Cyclic nucleotide-
gated ion channel 1

17.12 16.97 NS (p = 0.918) Immune response

U17606 Brassinosteroid 
insensitive-1-

associated receptor 
kinase

20.04 21.12 NS (p = 0.453) Immune response

U3869 Jasmonate ZIM 
domain-containing 

protein 6

15.42 15.73 NS (p = 0.659) JA-signalling

U17275 Phytochrome-
interacting factor 3

6.42 6.52 NS (p = 0.623) Light response

U2265 Amino acid 
transporter

7.85 8.38 NS (p = 0.051) Protein 
production

U75775 Nitrite reductase 17.27 12.58 ↓ (p = 0.001) Protein 
production

Significant differences were tested by students T test.

Table 4. 
Functional characterisation of DEGs expressed in response to infection by “Ca. P. aurantifolia” and mean 
differential expression between asymptomatic infected and healthy C. aurantifolia plants.
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Table 4. 
Functional characterisation of DEGs expressed in response to infection by “Ca. P. aurantifolia” and mean 
differential expression between asymptomatic infected and healthy C. aurantifolia plants.
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Figure 3. 
Differential gene expression of disease-related genes amplified in Brazilian (asymptomatic) and Omani 
(symptomatic) acid lime trees infected with the Phytoplasma “Ca. Phytoplasma aurantifolia.”

The genes MYBR, JAZ6, WRKY37 and WRKY70 were targeted for amplification 
from samples from both Oman and Brazil (Alves et al. unpublished). MYBR gene 
expression was not significantly different between Brazil and Oman (F = 3.725, 
P = 0.067 Figure 3a); posthoc tests showed no significant difference between 
infected/uninfected in Oman (P = 0.998) or Brazil (P = 0.354). JAZ6 expression was 
significantly different between Brazil and Oman (F = 24.016, P < 0.001 Figure 3b); 
posthoc tests showed a significant difference between infected/uninfected in Oman 
(P = 0.043), but not Brazil (P = 0.588). WRKY70 expression was significantly 
different between Brazil and Oman (F = 50.002, P < 0.001 Figure 3c); posthoc 
tests showed a significant difference between infected/uninfected both in Oman 
(P < 0.001), and Brazil (P = 0.004). WRKY37 expression was significantly different 
between Brazil and Oman (F = 9.617, P = 0.004 Figure 3d); posthoc tests showed a 
significant difference between infected/uninfected both in Oman (P < 0.001), and 
Brazil (P < 0.001).

Disease symptoms are, taken at their most literal, an observable change in host 
homeostasis in response to the presence of a pathogen. The mechanism underlying 
symptoms (or lack thereof) within the host plant is broad, but mostly resides in 
genetic changes (host immune response, genomic mutations, RNA silencing) in 
either the host or pathogen. The nature of asymptomatic infections is complex and 
poorly understood. Some may express pathogenesis genes at a lower level and be 
kept in the host without causing overt symptoms [46].

109

Asymptomatic Phytoplasma Reveal a Novel and Troublesome Infection
DOI: http://dx.doi.org/10.5772/intechopen.86650

We examined a group of host plant (C. aurantifolia) infection related genes 
identified by [26] in the context of an asymptomatic infection. This previous study 
established by next generation sequencing of host plant RNA expression (RNAseq) 
that 2805 genes are differentially expressed in symptomatic infected compared 
with healthy uninfected plants. Of these, 71 genes were significantly deregulated; 
of them, 52 were upregulated and 19 down-regulated in response to Phytoplasma 
infection [26]. Here, using quantitative PCR methods, we studied a subset of these 
genes that were expressed by more than 128-fold and their differential expression 
in relation to healthy vs. asymptomatic infected lime plants in Brazil (Table 4). We 
demonstrate that the asymptomatic infection does result in detectable changes in 
host plant gene expression (Figure 2). Specifically, however, no significant change 
in expression of Citrus immune response genes was found here, which would be 
expected given the asymptomatic nature of the infections (Table 4).

Certain genes related to stress tolerance, cell replication and energy production 
had their expression significantly reduced in infected plants (Table 4). The latter may 
be the best candidate for a “symptom” of these “silent” infections: Phytoplasma are 
obligate biotrophic organisms and their parasitism may be through host ATP-synthase 
subunits [22]. When comparing these results with those of [26], the stress tolerance 
gene also shows a significant reduction in expression in symptomatic infected lime 
plants. However, cell replication and energy production genes were significantly 
deregulated in the asymptomatic infections, which was distinct to the symptomatic 
infection in [26]. This may be one of the first accounts of a significant alteration of 
gene expression by a host plant infected by an asymptomatic plant pathogen. The 
demonstrated response by the plant clearly indicates that these are not truly “silent” 
infections, and perhaps opens up new routes for detecting these pathogens.

Previous research into symptomatic infections of “Ca. P. aurantifolia” infecting 
acid lime has indicated production of several metabolites significantly altered during 
infection. In Iran, infections are associated with catechin and epicatechin production 
in leaves [47, 48]. Amino and organic acid concentrations (such as proline, arginine, 
glutamate, citrate and salicylate) are also significantly increased immediately after 
inoculation [47]. Studies have shown that “Ca. P aurantifolia” also alters the concen-
tration of limonene, ocimene and trans-caryophyllene [7]. Much like the DEGs we 
have identified in the present study, each of these chemicals could act as measurable 
indicators to diagnose the infected lime at the early stages of the WBDL progression.

A distinct host plant genomic response to infection by this asymptomatic 
infection has significant implications for the diseases’ insect vectors. Management 
strategies for insect-vectored pathogens specifically target the vector-plant interac-
tions, relying on monitoring and suppressing these vectors in order to reduce the 
frequency and severity of disease outbreaks [49]. Many vector-borne plant diseases 
alter host plant phenotypes in ways that can influence their vectors biology and 
behaviour [50–52], with significant implications for disease transmission.

Infected plants are often better for their vectors than uninfected in terms of 
vector growth rates, reproduction and longevity [17, 53]; although the opposite is 
certainly true in some pathosystems [53] and some vectors actively avoid infected 
hosts that represent inferior hosts [54]. We have previously demonstrated that an 
asymptomatic infection results in significant increases in vector life history traits 
(reproduction and growth rates) than with a symptomatic infection [17]. In future 
studies, the distinct expression profile detected within the plant host here could be 
usefully explored in relation to differential gene expression in the insect host, in 
order to fully understand this vector-host-pathogen complex [16, 23].

We also specifically consider differences between two agricultural loci—the Middle 
East and South America—by examining a gene set directly related to the plant-patho-
gen (Phytoplasma) interaction. Four genes (JAZ6, MYBR, WRKY70 and WRKY33) 
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are modulated during Phytoplasma infection in lime trees (Figure 3). Interestingly, an 
inverse expression profile for this gene set could be verified by comparing infected lime 
trees from Brazil and Oman (Figure 3). While JAZ6 and WRKY33 are up-regulated in 
infected (symptomatic) Omani samples, the same genes present lower gene expression 
in infected (asymptomatic) Brazilian samples (Figure 3). The same inverse relation 
can be verified for WRKY70, which is down-regulated in infected Omani samples, but 
presents a significantly higher expression in Brazilian samples (Figure 3). Such expres-
sion profiles of this gene set represent a signature of symptomatic and asymptomatic 
Phytoplasma infected plants, which can be used to distinguish earlier Phytoplasma 
infections. This specific expression profile can be associated to the distinct “Ca. P. 
aurantifolia”-related strains responsible for different infections (symptomatic and 
asymptomatic) in lime trees. The differential expression of plant transcriptional 
regulation-related genes reflects the possible action of strain-specific Phytoplasma 
effectors, as verified for other plant-Phytoplasma interactions [16].

Finally, we should also address the previously reported benefits of asymptomatic 
infections for their host plants. Asymptomatic infections may result in induced 
systemic resistance (ISR) [55]: pathogens acquired at low titres elicit a set of systemic 
plant defences (i.e., oxidative burst, phytoalexins and pathogenesis-related proteins) 
which prepare hosts to more successfully resist later, more severe infections [56–58]. 
The use of ISR to induce resistance in plants by application of exogenous (chemical or 
organic) inducers, has been used in integrated programs of disease management. Pre-
inoculation of sour orange (Citrus aurantium) seedlings with a hypovirulent isolate 
of Phytophthora Citrus root rot protected them from later infections [59]. Li et al. [60] 
have also demonstrated the effects chemical inducers on resistance of Citrus groves to 
HLB disease of Citrus. Over-expression of an Arabidopsis gene (a positive regulator of 
ISR) in transgenic “Duncan” grapefruit and “Hamlin” sweet orange increased their 
resistance to Citrus canker [61]. Although ISR may be a useful alternative for disease 
control, it has to be cautiously assessed. In some cases the use of ISR compounds may 
not provide the expected protection against disease: for example, spraying ISRs onto 
sweet orange plants did not reduced incidence of Citrus canker [59].

6. Conclusions

This study has addressed two key questions regarding the nature of asymptom-
atic infections: [1] that being invisible or “silent” infections (and the consequent 
reliance on molecular tools for detection) makes them inherently challenging to 
monitor; and [2] that this organism interacts with its plant host in a distinct manner 
that we have observed in the present study. The key findings are that asymptomatic 
infections from three case studies all demonstrate high rates of false-negative 
discovery; meaning that repeated testing of the same plant can give both negative 
and positive results and that a single positive result is taken as meaning the plant is 
infected. We also demonstrate that infection by the Phytoplasma “Ca. P aurantifo-
lia” is associated with significantly different genetic expression by its acid lime host, 
giving a first unique insight into the biology of a “silent” infection.

The Phytoplasma “Ca. P aurantifolia” is the aetiological agent of Witches’ Broom 
Disease of Lime (WBDL). Although in the Middle East this disease causes high 
economic impact on lime production, in Brazil emerging infections are notably symp-
tomless [17]. Asymptomatic infections are not particularly rare in plant pathology. 
Colletotrichum fungi, for example, are symbionts that interact with a range of plants 
as either symptomatic pathogens or asymptomatic endophytes [62]. Yet we do not 
understand whether the symbiont can use both strategies or if certain strains display 
the pathogenic or endophytic strategy. Asymptomatic infections also exists for plant 
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viruses: Pelargonium line pattern virus (PLPV; family Tombusviridae) can be asymp-
tomatic when infecting geranium, which may be due to plant defences such as RNA 
silencing [63]. In some cases, a resource allocation trade-off mechanism between 
replication and virulence factor production may explain the emergence of asymptom-
atic modes of a pathogen, for example, in Ralstonia solanacearum populations [64].

As “Ca. P. aurantifolia” and other asymptomatic plant pathogens like it spread to 
novel sites of infection globally [31], and as these infections become more difficult 
to detect [11], new rapid detection methods will be required in order to effectively 
detect sources of pathogen and monitor its evolution. This study has presented both 
the difficulties in monitoring “silent” infections using PCR based methods, but has 
also identified target genes that behave consistently and distinctly during infection 
by this Phytoplasma.
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Abstract

Sugarcane is the major industrial crop grown in tropical and sub-tropical regions 
in China. More than 100 sugarcane diseases are identified around the globe; half 
have been reported in China. Many varieties of sugarcane were replaced due to the 
infection of new pathogenic disease. Recently, leaf scald was found in China, which 
is one of the major sugarcane diseases also seriously affecting growth of sugarcane. 
Several isolates were recovered and identified using ELISA and PCR assays from 
the symptomatic leaf samples in Guangxi, China. The genomes of our isolates from 
X. albilineans were re-sequenced and revealed that rpf gene encoded regulation of 
pathogenicity factors mainly involved in the pathogenesis of sugarcane. The disease 
is mainly transferred through seed cane. In the past, hot water treatment was used 
to manage the disease. Healthy seed cane from resistant cultivars could effectively 
manage the leaf scald disease in sugarcane.

Keywords: sugarcane, leaf scald, X. albilineans, pathogenesis, bacterial disease, 
management

1. Introduction

Sugarcane (Saccharum spp.) is an industrially important crop of tropical and 
sub-tropical regions cultivated mainly for production of sucrose, biofuel, and ethanol 
[1]. China is one of the third largest sugarcane (Saccharum officinarum L.)-producing 
countries, followed by Brazil and India [2]. In the 1980s, Fujian and Guangdong were 
the two major sugarcane-producing provinces in China. Due to social, economic and 
environmental factors, major sugarcane-producing areas were moved to Guangxi and 
Yunnan provinces which accounts for 64 and 24% of total sugarcane-growing regions 
during 2015/2016. Since then, approximately 60% of the total cane yield is produced 
in Guangxi [2]. Sugarcane is the host of many serious plant pathogens that can mainly 
affect cane production and yield. In sugarcane, more than 100 pathogens have been 
reported to cause disease, Including fungi, bacteria, phytoplasma, and virus [3]. Several 
of these diseases are considered to be the most severe threat to sugarcane production 
in Guangxi, especially leaf scald disease. Sugarcane leaf scald was first reported in 
the 1980s in Taiwan, China [4, 5], and recently found in 2015 in Guangxi, China. The 
pathogen from the recovered isolates was identified to be Xanthomonas albilineans.
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1.1 Economic influence of leaf scald disease in sugarcane industry

Leaf scald disease (Figure 1) is also known as leaf burning disease, and it is 
caused by X. albilineans (Ashby) Dowson [3]. The major host plants mainly include 
S. officinarum, Zea mays, Panicum antidotale, Bambusa vulgaris, Pennisetum purpu-
reum, and Paspalum conjugatum. The disease is mainly distributed in Australia, the 
USA, the Philippines, Myanmar, Thailand, Java, Laos, and Vietnam [6, 7]. Now, it is 
the most important quarantine disease in Taiwan, Guangxi, Guangdong, Yunnan, 
Fujian, Jiangxi, and Hainan in China [8]. Leaf scald was the reason for major losses in 
sugarcane at the beginning of the century when noble canes, Saccharum officinarum, 
was cultivated [9]. The major impact of the disease was reduced by the cultivation 
of interspecific hybrids. The susceptible cultivars were rapidly destroyed. Sugarcane 
cultivars resistant to leaf scald disease include F156, F160, F170, F173, and NCO310 in 
Taiwan, China. Other varieties resistant to this disease include Q42, Q50, Q98, Q813, 
P0J36, POJ2725, CP807, CP29–CP116, Co290, Co301, Co331, Co421, and B34104. The 
varieties susceptible to leaf scald disease are CP29–CP291, Co281, Co419, Co7301, 
Q44, Q63, Q66, B34104, B37161, B070, GT 46, GT 06–2081, GT 08–1589, LC 03–1137, 
and ROC1 [7, 10].

1.2 Symptomology

The major characteristic symptoms of leaf scald disease are divided into three 
phases: latent, chronic, and acute phases.

1.2.1 Latent phase

During this period, infected plants do not show any symptoms that occur in toler-
ant varieties and under favorable conditions for growth of plant. Stress can activate 
the infected plant to pass from the phase of latent into chronic or acute phase.

Figure 1. 
Major sugarcane areas affected by leaf scald in China.
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1.2.2 Chronic phase

The chronic phase is characterized by “white pencil line” stripe 1–2 mm wide 
and patches of chlorotic tissue on leaves, side shooting and burning of leaf tips. 
At a later stage, the margins’ stripe may become diffuse, and a red pencil line may 
be formed in the middle of the stripe. In dry weather, the leaf stripes dry out from 
the leaf apex to the margin, and finally the entire leaf become wilt. Infected plants 
exhibit shorter internodes, and the node of the stalk produces small tillerings, and 
a leaf of the tillerings shows white streaks. The disease-infected sections of stalks 
show reddening, and discolored vessels can pass through the internodes. Necrotic 
lessons may be noticed in severely affected stalks of plants (Figure 2).

1.2.3 Acute phase

In the acute phase of the disease, plant dies without showing any major symp-
toms. The infected stalks section does not show reddening of the vessels and 
tillerings joined into main stalk (Figure 3). It occurs mainly in drought condition 
of sugarcane growing period. In physiological water shortage condition, the leaves 
show the chronic streaks on re-tillering of diseased stalks [9].

1.3 Field assessment

LSD symptoms were recorded every month in the field. Disease severity was rated 
according to the procedure described [11]. However, all inoculated sugarcane stalks 
were rated individually, symptom severity ranging from 0 to 5. The ratings were used 
to calculate mean disease severity (DS): DS = [(1 × FL + 2 × ML + 3 × CB + 4 × N + 
5 × D)/5 × T] 100. However, FL = number of stalks with one or two pencil-line streaks 
(rating 1), ML = number of stalks with more than two pencil-line streaks (rating 2), 

Figure 2. 
Chronic phase of infection with pencil line stripe.
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1.2.2 Chronic phase
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At a later stage, the margins’ stripe may become diffuse, and a red pencil line may 
be formed in the middle of the stripe. In dry weather, the leaf stripes dry out from 
the leaf apex to the margin, and finally the entire leaf become wilt. Infected plants 
exhibit shorter internodes, and the node of the stalk produces small tillerings, and 
a leaf of the tillerings shows white streaks. The disease-infected sections of stalks 
show reddening, and discolored vessels can pass through the internodes. Necrotic 
lessons may be noticed in severely affected stalks of plants (Figure 2).

1.2.3 Acute phase

In the acute phase of the disease, plant dies without showing any major symp-
toms. The infected stalks section does not show reddening of the vessels and 
tillerings joined into main stalk (Figure 3). It occurs mainly in drought condition 
of sugarcane growing period. In physiological water shortage condition, the leaves 
show the chronic streaks on re-tillering of diseased stalks [9].

1.3 Field assessment

LSD symptoms were recorded every month in the field. Disease severity was rated 
according to the procedure described [11]. However, all inoculated sugarcane stalks 
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to calculate mean disease severity (DS): DS = [(1 × FL + 2 × ML + 3 × CB + 4 × N + 
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Figure 2. 
Chronic phase of infection with pencil line stripe.
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CB = number of stalks with leaf chlorosis or bleaching (rating 3), N = number of stalks 
with leaf necrosis (rating 4), D = number of dead stalks or stalks with side shooting 
(rating 5), and T = total number of stalks. The rating of 5 was attributed to stalks with 
dead inoculated leaves 1 month after inoculation [11].

1.4 Phylogenetic

The multilocus sequence analysis (MLSA) of 119 strains of Xanthomonas genus 
is distributed into two uneven groups, with group 2 containing all but five species, 
namely, X. albilineans, X. theicola, X. sacchari, X. translucens, and X. hyacinthi, which 
were clustered into group 1 [12].

Three serovars associated with antigenic variations within X. albilineans were 
detected using three antisera (polyclonal antibodies) method against strains from 
three different geographical locations [13]. Serovars of 215 strains from 28 locations 
worldwide are affected by sugarcane leaf scald disease, and the distributed strains 
are divided into three groups according to serotype: (i) serotype 1 is the largest 
group, with strains from various geographic locations; (ii) serotype 2 consists of 
strains from tropical African countries; and (iii) serotype 3 contains strains from 
Caribbean islands (Fiji and Sri Lanka). This serological characterization of  
X. albilineans strains has been confirmed with monoclonal antibodies of 38 strains 
from different worldwide locations [14].

2. Pathogenesis

The pathogen is limited mainly to the leaf and stalk vascular bundles that are 
often partly or completely blocked with a gum-like substance. The organism may 
invade the parenchyma cells between the vascular bundles and cause reddened 
pockets of gum. No symptom of sugarcane plants can therefore constitute inoculum 

Figure 3. 
Acute phase of infected plants leads to death.
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sources for crop contamination. In addition, various epidemiological factors play a 
major role in field contamination. Leaf scald is spread by harvesters, hand knives, 
and infected setts by planting [9]. The pathogen found in the rhizosphere of infected 
roots has more possible transmission by root contact [15]. Leaf scald disease can also 
affect many other grasses which are alternate hosts for the disease. High moisture 
and temperature are the most favorable condition for the disease transmission.

2.1 Genes and diseases

The genome sequence of X. albilineans shows that the genes are effectively involved 
in pathogenesis. These genes include a cluster of genes called regulation of pathogenic-
ity factors (rpf) responsible for the biosynthesis of a small diffusible signaling molecule. 
Diffusible signaling factor (DSF) encoded by RpfF has more similarities to long-chain 
fatty acyl CoA ligases [16, 17]. DSF quorum sensing and disruption of gene rpfF 
resulted in reduced virulence in different xanthomonads (Xanthomonas spp.), such as X. 
axonopodis pv. citri, X. campestris pv. campestris, and X. oryzae pv. oryzae [17, 18]. The 
rpf genes only control production of biofilm and other mechanisms involved in surface 
attachment of X. albilineans. A core group of genes, including rpfF, rpfC and rpf G, has 
played broader roles in gene regulation other than the transduction of DSF signals in 
X. axonopodis spp. [19]. The pathogen of leaf scald disease, X. albilineans, lacks type III 
secretion system (T3SS), which is found in most of pathogenic xanthomonads and acts 
as pathogenicity effectors in plant cells. X. albilineans also lacks all genes involved in the 
formation of biofilm, an important factor in virulence of plant pathogenic bacteria.

TonB-dependent transporters (TBDTs) are the important transporters involved 
in nutrient uptake [20] and also involved in iron or vitamin B12 uptake. These 
transporters are to facilitate the uptake of carbohydrates present in low amounts on 
the leaf surfaces [21, 22]. Genomes of several species of Xanthomonas are known 
to have high representation of TBDT genes, and it is functionally associated with 
pathogenicity of the bacterium [23].

During phyllosphere colonization, Xanthomonas encounters nutrient-limited 
environment on the leaf surfaces. Due to these conditions, TBDT has transported 
sucrose available in the phyllosphere [24]. Similarly, the genome of X. albilineans 
has 35 putative TBDT genes, and it is involved in the transport of plant cell wall 
derived nutrients like maltose, xylan, pectin, etc. [24–26].

2.2 Albicidin production and pathogenicity

Albicidin is a major phytotoxic compound specifically synthesized by the Gram-
negative bacteria X. albilineans and plays an important role in pathogenicity [27]. It 
causes leaf scald in sugarcane [28]. The molecular target of albicidin is DNA gyrase 
(topoisomerase II) which is essential for DNA replication in bacteria. In planta, albi-
cidin acts as a potent DNA gyrase inhibitor, thus blocking plastid development [29]. 
Albicidin (Figure 4) also has potent antibacterial activity which inhibits the growth of 
several positive and negative bacteria at nanomolar range with low minimal inhibitory 
concentration (MIC), e.g., Escherichia coli (0.063 μg mL−1) [30], Salmonella enteritidis 
(0.5 μg mL−1), and Staphylococcus aureus (4.0 μg mL−1) [31]. Albicidin gives greater 
advantage to X. albilineans against other bacteria within the xylem vessels of sugarcane.

However, the entire 49-kb albicidin biosynthesis gene cluster was cloned and 
sequenced from X. albilineans (Xa23R1) [28]. This cluster is included in a genomic 
region of XALB1, and it contains three polyketide synthase (PKS) and non-
ribosomal peptide synthase (NRPS) genes, as well as several putative modifying 
resistance and regulatory genes. Two additional 3-kb genomic regions of  
X. albilineans strain Xa23R1, namely, XALB2 and XALB3, were found to be involved 
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in albicidin production. XALB2 has a single gene coding for a phosphopantetheinyl 
transferase required for posttranslational activation of PKS or NRPS enzymes [32]. 
XALB3 has a single gene coding for protein (HtpG) in albicidin production, which 
has not been elucidated [33].

2.3 Disease cycle

Xanthomonas albilineans can spread from inoculum sources to contaminated 
field of sugarcane and affect healthy sugarcane under the impact of various climatic 
conditions (Figure 5) [34]. The pathogen then colonizes the surface of the leaf, 
enters through the stomata, and progresses within the xylem, and symptoms may 
appear in infected plants. Pathogen can move into the stalk and then infect the stool 
showing scalding from the leaves [35]. The pathogen can be transmitted mechani-
cally by harvesting equipment (harvesters) and the infected cane setts.

3. Diagnosis

3.1 Immunoassay

Various diagnostic methods are employed for detection of X. albilineans, 
including isolation on selective media and biochemical, immunological, and 

Figure 4. 
Structure of albicidin.

Figure 5. 
Infection cycle of leaf scald pathogen.
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molecular assays. ELISA was the most sensitive method and resulted in the detec-
tion of bacteria at the low titer [36]. Although isolation of X. albilineans with 
selective media is more time-consuming than other methods, it has proven to be 
very efficient in detecting the pathogen in symptomless and diseased plants [37]. 
DAC-ELISA and dot blot techniques were standardized to detect the bacterium in 
infected canes [38].

3.2 Molecular method

Polymerase chain reaction (PCR) protocols have been developed to detect  
X. albilineans in diseased stalks. The primer sets Ala4/L1 [39] and PGBL1/PGBL2 
[40] were designed based on ITS region between the 16S and 23S rRNA genes of  
X. albilineans. PCR-based detection was further improved by X. albilineans specific 
amplification of the region between the 16S rRNA-tRNAaIa -tRNAiIe - 23S rRNA 
gene by a nested PCR reaction [41]. Loop-mediated isothermal amplification 
(LAMP) was also employed for the detection of X. albilineans [42, 43]. It is an 
auto-cycling strand displacement DNA synthesis technique that involves the use of 
large fragment of DNA polymerase and a set of six primers [44], and it enables the 
synthesis of larger amounts of both DNA and by-products, e.g., hydroxy naphthol 
blue (HNB) [45, 46]. Quantitative PCR (qPCR) is a highly effective and accurate 
method for the detection of leaf scald disease [47].

4. Management strategy

4.1 Hot water treatment

Most of sugarcane diseases can be controlled through the use of disease-free 
seed cane. Hot-water treatments are used to disinfect planting material (seed cane). 
Before planting, soaking in ambient-temperature running water for 40 h followed 
by 3–4 h at 50°C is used to manage leaf scald bacteria, and it can provide 95% 
control efficacy [10].

4.2 Molecular approach

This approach is mainly developed to target factors that are responsible for 
pathogenicity other than toxins. The molecular modification in the host provides 
them resistance to pathogenicity factors and the factor inactivates by binding of 
hormones and enzymes. However, foreign genes’ inactivation was carried out by 
gene silencing, nucleases, and coating proteins [48, 49]. The production of host cell 
surface components interferes with identification of the host and attachment to 
host cells by the pathogen.

CRISPR-Cas systems are involved in phage and plasmid defense, thus limiting 
HGT. The genome sequence of X. albilineans strain (GPE PC73) unveils the pres-
ence of two different systems named CRISPR-1 and CRISPR-2 [50]. The CRISPR-2 
is associated with six cas genes (cas1, cas3, csy1, csy2, csy3, and csy4) and contains 
28-bp repeats. CRISPR-2 is shared by the four strains (GPEPC73 and Xa23R1 from 
X. albilineans, GPE 39 and MUS 060 from X. pseudalbilineans) [50, 51]. Although, 
CRISPR-2 nucleic acid sequences of the repeats are 100% identical among the four 
strains, thus confirming the common origin of this locus [52].

Different resistant mechanisms on albicidin have been reported, including the 
nucleoside transporter Tsx, for which mutations have been described to import albici-
din, or the endopeptidase AlbD from Pantoea dispersa [53–55], which cleaves albicidin 
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into two inactive fragments [56]. Another strategy is drug binding that counteracts 
the antibacterial effect of albicidin tetracycline-binding protein (TetR family) [57] 
or thiostrepton-binding protein (MerR family) [58]. The albicidin-binding protein 
AlbA from Klebsiella oxytoca [59] and AlbB from Alcaligenes denitrificans [60] provide 
protective effects for survival of the host strains. However, far-ultraviolet (UV) 
spectroscopy has indicated a mostly α-helical structure for AlbA [61], and amino acid 
residue His125 has played a vital role in albicidin binding [61, 62].

4.3 Genetic approach

The most potent method to prevent or manage leaf scald disease is the develop-
ment and planting of resistant cultivars [3]. However, accurate determination of the 
resistant level of genotype against X. albilineans is most important in the cultivar 
selection program for leaf scald by artificial inoculation tests. The erratic symptom 
expression failed to accurately detect susceptibility, and thus multiple field trials 
utilizing inoculation are needed. Under this scenario, the marker-assisted selection 
(MAS) breeding technique, which uses DNA marker(s) linked to useful trait(s), has 
greater advantage in selecting clones resistant to leaf scald disease [63]. The trans-
genic sugarcane plants against Xanthomonas albilineans were produced by mediating 
albicidin detoxification (albD) gene through microprojectile bombardment [64].

4.4 Alternative control

4.4.1 Chemotherapy method

Spray of antibiotics such as streptomycin + tetracycline (60 g/ha/500 l water) 
at 2-week intervals was found to efficiently manage the pathogen in the field at 
2 months after planting [65]. In preliminary stage, spraying of these antibiotics 
reduces the severity of leaf scald.

4.4.2 Biocontrol method

G. diazotrophicus may play a major role in defense against pathogens of sugar-
cane. It inhibited in vitro growth of leaf scald pathogen Xanthomonas albilineans 
[66, 67]. In addition, G. diazotrophicus-inoculated sugarcane stems were resistant 
to infection by X. albilineans [68]. Lactic acid bacteria (LAB) may be a biological 
alternative approach for leaf scald disease in sugarcane, and it produces antimicro-
bial peptides called bacteriocins and other substances, such as hydrogen peroxide, 
lactic acid, and reuterin, which are effective against several Gram-positive and 
Gram-negative bacteria. Antimicrobial peptides are alternatives for conventional 
pesticides and antibiotics, which are also used to treat against X. albilineans [69].

4.5 Farmer service program

Since 2000, healthy seed cane program has been developed by a government 
agency to protect the sugarcane diseases in China, further following recommenda-
tion to control or manage leaf scald disease.

1. The Pest and Disease Department plays a vital role by ensuring to provide 
disease-free parent seed material.

2. The government agency should arrange training program for farmers and take 
care of harvesting, transportation, and processing.

125

Emerging Bacterial Disease (Leaf Scald) of Sugarcane in China: Pathogenesis, Diagnosis…
DOI: http://dx.doi.org/10.5772/intechopen.88333

3. The crop agronomist should employ to cover aspects of growing the crop, such 
as soils, fertilizer, and herbicides and also to monitor the performance of new 
varieties.

4. The Inspection Department for all growers’ fields should ensure that disease 
levels are acceptable and that remedial action is implemented where required. 
The monitoring of fields for pest damage is also important.

5. The efforts should be made to enhance awareness among the sugarcane farm-
ers and strict vigilance by the quality control and regulatory authorities.

5. Conclusion

The leaf scald disease is becoming one of the serious threats to sugar industries 
in China. The infected plants should be removed completely to eliminate the seed 
cane carrying this disease in the field. Healthy seed cane was used from pathogen-
free tissue culture plantlets (PTC). Better fertilization and irrigation practices may 
reduce the occurrence of this disease. A strict phytosanitary measure is needed to 
manage exchange of materials of sugarcane (seed cane) and propagation of disease.
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Chapter 9

Choosing an Adequate Pesticide
Delivery System for Managing
Pathogens with Difficult Biologies:
Case Studies on Diplodia corticola,
Venturia inaequalis and Erwinia
amylovora
Srđan G. Aćimović, Danielle K.H. Martin,
Richard M. Turcotte, Christopher L. Meredith
and Isabel A. Munck

Abstract

With the challenges that negatively impact tree-based agriculture, landscapes
and forests, such as climate change, plant pathogen and insect range expansion,
invasive species and limited new pesticides, it is important to introduce new and
effective tree protection options. In the last 20 years, pathogens that invade wood
i.e. vascular tissues of trees causing wilt, yellowing, premature defoliation, cankers
and tree death, have been on the rise. Diplodia corticola causes Bot canker of oak
species which can kill trees diminishing the valuable ecological services they pro-
vide and reducing profits from wood and cork production. Since this and similar
pathogens have difficult biologies because they reside in wood and cause severe
internal damage and tree death, their management is difficult or inefficient with
classical pesticide application methods that cannot reach and distribute the active
ingredient in vascular wood tissues. As practical management options for this and
other vascular tissue pathogens of trees are limited, we evaluated efficacy of several
trunk injected fungicides in control of D. corticola and compared it with the efficacy
of trunk injection of similar compounds for control of Venturia inaequalis and
Erwinia amylovora, as two well-studied apple tree pathogens with different or
partially similar lifestyles to D. corticola, respectively.

Keywords: trunk injection of pesticides, tree disease management,
Diplodia corticola, Venturia inaequalis, Erwinia amylovora

1. Introduction

Agricultural, urban, and natural tree stands have been the focus of extensive plant
pathogen diagnostic and disease management research in recent decades [1–16]
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which recorded an increase in the number of new fungal and bacterial pathogens and
their detrimental impact on agroecosystems, ecosystems, and the human society. The
economic effects of these pathogens are reflected in lost fresh fruit produce [17–19],
reduced yields and quality of fruit or wood and cork products [20, 21], diminished
ecological tree services, and death of whole trees, stands, and forest regions or
decimation of fruit industries [19, 22].

If left unmanaged, apple scab fungus Venturia inaequalis, a subcuticular leaf and
fruit pathogen can cause 70–100% reduction in marketable fruit yield in each year
[23, 24]. A pathogenic fungus Diplodia corticola, the causal agent of Bot canker of
oak which invades tree xylem is the most widely distributed and virulent fungal
pathogen causing canker and decline of cork oak (Quercus suber) forests in Europe
[25, 26] and of southern live oak (Q. virginiana), coast live oak (Q. agrifolia), and
canyon live oak (Q. chrysolepis) in the United States [3, 27]. Recently, there has been
a rising incidence of this pathogen in the Unites States on northern red oak, Q. rubra
[5, 8], black oak, Q. velutina [7], white oak, Q. alba [28], and bur oak
(Q. macrocarpa) [29]. Other Botryosphaeriaceae, like Neofusicoccum australe,
N. luteum, N. parvum and N. mediterraneum infect woody and green plant tissues
and are destructive canker pathogens of avocado [1], grapevine, olive, pistachio and
ash [30–33] and are recently reported as very virulent pathogens of coast redwood
leading to severe decline in urban stands of California [9]. The Blue stain fungi
Grosmannia clavigera and Leptographium longiclavatum are the plant pathogenic
insect symbionts vectored by the mountain pine beetle Dendroctonus ponderosae
[13]. They infect xylem and have led to death of millions of pine trees from 1990 to
2013 and decimation of pine forests in western North America [22, 34, 35]. Under
favorable weather conditions during apple bloom and shoot growth, a destructive
fire blight bacterium Erwinia amylovora inhabits and infects apple flowers and
shoots and after spreading through xylem and causing cankers on wood it can kill
whole trees. The resulting losses can range from $3.8 to 100 million due to removal
of as much as 450,000 apple trees in only one or two years [17, 18, 36, 37]. Fire
blight severely reduced both pear and quince production primarily in continental
climate regions of the world. Asiatic citrus canker caused by Xanthomonas
axonopodis pv. citri invades leaf mesophyll tissue and is estimated to cause yield
losses and cost of disease management of $342 million per year [38]. The citrus
greening or Huanglongbing disease is caused by a bacterium Candidatus Liberibacter
asiaticus which proliferates and is limited to phloem vascular tissue of citrus trees.
This pathogen led to $4.5 billion negative economic impact in just 5 years after
introduction in the United States [19]. These devastating internal tree pathogens
further create a barrier in international trade of fresh fruit and wood products in an
attempt to prevent their introduction to new regions [39, 40].

The biology of majority of these microorganisms, excluding V. inaequalis and X.
axonopodis pv. citri, has three key shared traits: (1) they invade, reside, and spread in
xylem or phloem of woody host tissues, where a significant part of pathogenesis and
internal host damage is taking place, and (2) due to specific lifestyle depicted in
impacting the internal wood tissues, these pathogens successfully evade exposure to
the contact, local-systemic, and green-tissue systemic pesticides applied to plant sur-
faces, and (3) their management is extremely difficult or inefficient with the classical
pesticide delivery methods. Therefore, any pesticide active ingredient in a formulated
form needs to distribute in these vascular tissues to reach pathogen propagules at an
effective concentration and move systemically to all the uninfected or infected tissue
parts to achieve an efficient preventive or curative control, respectively.

Tree injection, often referred to as trunk or stem injection, is a method of target
precise delivery or application of pesticides, plant resistance activators and fertilizers
into the xylem vascular tissue of a tree with the aim to protect trees from insect pests
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and pathogens or to provide tree nutrition and/or correction of micronutrient defi-
ciencies. It primarily harnesses the transport capacity of the tree’s vascular system
driven by transpiration stream of water in these tissues to translocate and distribute
the active compounds into the trunk, branches, canopy and roots where protection or
nutrition is needed. Tree injection as a plant protection method is viewed as environ-
mentally safer alternative for pesticide application because it secures significant
reduction of non-target exposure of water, soil, air and wildlife to pesticides and
fertilizers in landscapes and urban greening areas. The active ingredients are deliv-
ered within the tree, thus providing selective exposure to plant pests, with limited
negative effect of weather conditions like rain or sun radiation on the injected com-
pound and with creating no immediate pesticide residue losses outside the tree.

Trunk injection relies significantly on tree physiology processes related to water
transport, xylem and phloem tissue functions, and the weather conditions that
influence these specific plant processes. To achieve delivery of an effective pesticide
dose, its distribution and expected management of plant detrimental organism or
nutrient deficiency, there are several key factors which should be monitored by an
applicator as they influence success of trunk injection for these purposes. Besides
the plant pathogen biology, ecology, and epidemiology, several factors play a key
role in success of trunk injection efficacy: the time of application in relation to
detrimental organism establishment and symptom occurrence [11], the season and
time of the day of application [41], the chemical properties of pesticide active
ingredient and its formulation [42], the injected volume or dose of a pesticide, and
the type of tree injection device or technology. For example, a more effective
management of plant disease or insect infestation can be achieved by the preventive
injections of pesticides in comparison to the therapeutic pesticide applications after
the disease or infestation has already occurred. Tree injection of active compounds
is much faster and easier during spring and early summer months in comparison to
the late or mid-summer, late fall and winter, because water in the soil is abundant
and the green leaf canopy is facilitating intensive transpiration pull and flow of
water through the xylem tissue in hardwood trees, starting from the roots and
branches to the leaves [41]. The three key properties of injected active ingredient
that determine its mobility or binding in xylem of the tree are organic carbon-water
partitioning coefficient (ml/g or μg/g) or carbon adsorption coefficient (Ko/c),
water solubility, and formulation type. Ko/c expresses the level of adhesion or
adsorption of pesticide active ingredient to the carbon rich compounds in certain
environments such as soil or xylem and is defined as a ratio of mass of a chemical
that is adsorbed in a certain environment per unit mass of organic carbon in that
environment per the equilibrium chemical concentration in a solution. Active
ingredients that have high Ko/c values will strongly bind to the organic compounds
present in soil, sap or xylem and reduce their systemic movement i.e. translocation,
accumulation and distribution in the canopy, thus reducing the efficacy in pathogen
or pest control. In contrast, the ingredients with low or moderate Ko/c values move
and distribute fast after tree injection and distribute well in the canopy, securing
good pest or pathogen control. Pesticide formulation is a form of a pesticide active
ingredient ready for use or which quite often requires dilution in water prior to
application. Formulation is made by adding different inactive ingredients with the
aim to improve the properties of an active ingredient such as solubility, surface
adhesion, distribution, effectiveness, shelf life, stability, handling or application
(e.g. solvents, emulsifiers, surfactants and other adjuvants). Formulation of a
pesticide or a fertilizer determines the properties and residue stability of an active
ingredient and can modulate its mobility in xylem of phloem after tree injection for
pest or plant management [12, 42]. Finally, trunk injection devices can loosely be
divided into the ones using drill- or needle-based technology [43]. In case of the
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and are destructive canker pathogens of avocado [1], grapevine, olive, pistachio and
ash [30–33] and are recently reported as very virulent pathogens of coast redwood
leading to severe decline in urban stands of California [9]. The Blue stain fungi
Grosmannia clavigera and Leptographium longiclavatum are the plant pathogenic
insect symbionts vectored by the mountain pine beetle Dendroctonus ponderosae
[13]. They infect xylem and have led to death of millions of pine trees from 1990 to
2013 and decimation of pine forests in western North America [22, 34, 35]. Under
favorable weather conditions during apple bloom and shoot growth, a destructive
fire blight bacterium Erwinia amylovora inhabits and infects apple flowers and
shoots and after spreading through xylem and causing cankers on wood it can kill
whole trees. The resulting losses can range from $3.8 to 100 million due to removal
of as much as 450,000 apple trees in only one or two years [17, 18, 36, 37]. Fire
blight severely reduced both pear and quince production primarily in continental
climate regions of the world. Asiatic citrus canker caused by Xanthomonas
axonopodis pv. citri invades leaf mesophyll tissue and is estimated to cause yield
losses and cost of disease management of $342 million per year [38]. The citrus
greening or Huanglongbing disease is caused by a bacterium Candidatus Liberibacter
asiaticus which proliferates and is limited to phloem vascular tissue of citrus trees.
This pathogen led to $4.5 billion negative economic impact in just 5 years after
introduction in the United States [19]. These devastating internal tree pathogens
further create a barrier in international trade of fresh fruit and wood products in an
attempt to prevent their introduction to new regions [39, 40].

The biology of majority of these microorganisms, excluding V. inaequalis and X.
axonopodis pv. citri, has three key shared traits: (1) they invade, reside, and spread in
xylem or phloem of woody host tissues, where a significant part of pathogenesis and
internal host damage is taking place, and (2) due to specific lifestyle depicted in
impacting the internal wood tissues, these pathogens successfully evade exposure to
the contact, local-systemic, and green-tissue systemic pesticides applied to plant sur-
faces, and (3) their management is extremely difficult or inefficient with the classical
pesticide delivery methods. Therefore, any pesticide active ingredient in a formulated
form needs to distribute in these vascular tissues to reach pathogen propagules at an
effective concentration and move systemically to all the uninfected or infected tissue
parts to achieve an efficient preventive or curative control, respectively.

Tree injection, often referred to as trunk or stem injection, is a method of target
precise delivery or application of pesticides, plant resistance activators and fertilizers
into the xylem vascular tissue of a tree with the aim to protect trees from insect pests
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and pathogens or to provide tree nutrition and/or correction of micronutrient defi-
ciencies. It primarily harnesses the transport capacity of the tree’s vascular system
driven by transpiration stream of water in these tissues to translocate and distribute
the active compounds into the trunk, branches, canopy and roots where protection or
nutrition is needed. Tree injection as a plant protection method is viewed as environ-
mentally safer alternative for pesticide application because it secures significant
reduction of non-target exposure of water, soil, air and wildlife to pesticides and
fertilizers in landscapes and urban greening areas. The active ingredients are deliv-
ered within the tree, thus providing selective exposure to plant pests, with limited
negative effect of weather conditions like rain or sun radiation on the injected com-
pound and with creating no immediate pesticide residue losses outside the tree.

Trunk injection relies significantly on tree physiology processes related to water
transport, xylem and phloem tissue functions, and the weather conditions that
influence these specific plant processes. To achieve delivery of an effective pesticide
dose, its distribution and expected management of plant detrimental organism or
nutrient deficiency, there are several key factors which should be monitored by an
applicator as they influence success of trunk injection for these purposes. Besides
the plant pathogen biology, ecology, and epidemiology, several factors play a key
role in success of trunk injection efficacy: the time of application in relation to
detrimental organism establishment and symptom occurrence [11], the season and
time of the day of application [41], the chemical properties of pesticide active
ingredient and its formulation [42], the injected volume or dose of a pesticide, and
the type of tree injection device or technology. For example, a more effective
management of plant disease or insect infestation can be achieved by the preventive
injections of pesticides in comparison to the therapeutic pesticide applications after
the disease or infestation has already occurred. Tree injection of active compounds
is much faster and easier during spring and early summer months in comparison to
the late or mid-summer, late fall and winter, because water in the soil is abundant
and the green leaf canopy is facilitating intensive transpiration pull and flow of
water through the xylem tissue in hardwood trees, starting from the roots and
branches to the leaves [41]. The three key properties of injected active ingredient
that determine its mobility or binding in xylem of the tree are organic carbon-water
partitioning coefficient (ml/g or μg/g) or carbon adsorption coefficient (Ko/c),
water solubility, and formulation type. Ko/c expresses the level of adhesion or
adsorption of pesticide active ingredient to the carbon rich compounds in certain
environments such as soil or xylem and is defined as a ratio of mass of a chemical
that is adsorbed in a certain environment per unit mass of organic carbon in that
environment per the equilibrium chemical concentration in a solution. Active
ingredients that have high Ko/c values will strongly bind to the organic compounds
present in soil, sap or xylem and reduce their systemic movement i.e. translocation,
accumulation and distribution in the canopy, thus reducing the efficacy in pathogen
or pest control. In contrast, the ingredients with low or moderate Ko/c values move
and distribute fast after tree injection and distribute well in the canopy, securing
good pest or pathogen control. Pesticide formulation is a form of a pesticide active
ingredient ready for use or which quite often requires dilution in water prior to
application. Formulation is made by adding different inactive ingredients with the
aim to improve the properties of an active ingredient such as solubility, surface
adhesion, distribution, effectiveness, shelf life, stability, handling or application
(e.g. solvents, emulsifiers, surfactants and other adjuvants). Formulation of a
pesticide or a fertilizer determines the properties and residue stability of an active
ingredient and can modulate its mobility in xylem of phloem after tree injection for
pest or plant management [12, 42]. Finally, trunk injection devices can loosely be
divided into the ones using drill- or needle-based technology [43]. In case of the
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first one, access to xylem for pesticide delivery device is enabled by drilling into the
trunk or root flare wood, removing a small part of the wood, and sealing of the
opened injection port with an inserted plastic plug or not (plug contains an injection
valve with a one-way silicone septum) [44]. For the injection application to be
faster and hence economical in urban tree care, this system uses compressed air or
hydraulic pressure to force-inject the pesticide solution into the wood. The second
technology uses a knife-like or a flat, screwdriver-like needle with a lenticular
profile, which is inserted into the wood by a hammer thus separating the wood
fibers and creating a crevice while the delivery of a pesticide solution is conducted
through the needle and infused into the wood [45]. This system can use force of
hydraulic or compressed air pressure to deliver the pesticide solution into the xylem
or is solely relying on the Venturi effect (vacuum) created by a transpiration stream
in xylem to infuse the pesticide solution into the wood [45–47]. This injection
technology requires longer time for injection solution delivery, especially when
transpiration is limited, and thus is often less economical in urban tree care.

Tree injection was initially developed for pesticide and fertilizer application on
large size trees in proximity of urban areas where ground- and air-spray applica-
tions are impractical due to substantial pesticide losses through drift, lack of proper
canopy coverage, or are prohibited due to possible human and domestic animal
exposure. The second driver for development of tree injection and its more frequent
use in recent decades has been the destructive nature and an increasing need for
effective management options for invasive tree pathogens like Ophiostoma fungi
that cause Dutch elm disease, Bretziella fagacearum fungus that causes oak wilt, and
insects pests like Emerald ash borer, Agrilus planipennis and Hemlock Wooly
Adelgid, Adelges tsugae. Because of the unique biology of these organisms which
leads to severe internal damage of wood and ultimately causes tree death, their
management is extremely difficult or inefficient with classical pesticide application
methods like topical spraying. Therefore, the goal of trunk injection to deliver the
plant protective materials into the xylem or phloem vascular tissues of trees
matches the specific pathogen or pest biologies and pesticide exposure require-
ments for the most effective management of these detrimental organisms.

Due to a demonstrated ability of single trunk injection to increase the efficacy of
injected pesticides over multiple years, a possibility to reduce the of number of
topical spray applications [10, 12, 48] and a rising incidence of woody plant patho-
gens and insect pests in the environment [31, 33, 49–51], this approach has recently
been investigated in agriculture where topical pesticide applications for plant food
production is intensive. The most investigated tree fruit crops and their pathogens
and insect pests are citrus (e.g. Candidatus Liberibacter asiaticus) [14, 15], avocado
(e.g. avocado thrips, Scirtothrips perseae; Phytophthora root rot, Phytophthora
cinnamomi) [49, 50], apple (e.g. fire blight, Erwinia amylovora; apple scab, V.
inaequalis [11, 12]; oblique banded leaf roller, Choristoneura rosaceana [10, 52]), and
grapevine (e.g. grapevine downy mildew, Plasmopara viticola [53]; powdery mil-
dew, Uncinula necator [54]). Domesticated apple, Malus pumila is an important
research model in continental climate because management of V. inaequalis in
humid regions requires intensive spray programs with as many as 15–22 spray
applications of fungicides in one growing season [55]. Since this research is novel
for tree disease management in contemporary agriculture, the proof of concept
experiments on cultivated trees are conducted by using the trunk injection devices
primarily designed for delivering pesticides and fertilizers for tree protection pur-
poses in landscapes and urban forestry [10, 44, 52, 56]. Besides the smaller tree sizes
in orchards in comparison to the urban landscapes as an obvious advantage driving
the investigation of efficacy of pesticides delivered with this method [52, 57, 58],
some of the key researched topics are efficacy and its lasting [10, 11], application
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timing optimization for season- and two-seasons-long control [12, 50, 59], trunk
wounding by injection ports i.e. points [43], pesticide residue accumulation in fruit,
nectar, and leaves [12, 59, 60] and their spatial and temporal distribution in the tree
[61]. Even though tree injection originated from widely present needs for pest and
disease control and plant nutrition in urban forestry, it holds an important potential
for use in tree fruit agriculture where in the last 30 or so years there has been an
increase of public pressure on apple producers to reduce pesticide use, while
maintaining a high level of fruit quality [62]. Since the tree injection of pesticides
and nutrients as a delivery approach is currently gaining more popularity in urban
greening, landscapes and forestry management [13, 48, 63–65], we predict intensi-
fication of research for insect pest and pathogen control in tree-based agriculture
and silviculture in the near future.

While trunk injection for pesticide delivery is a relatively new technology
investigated in tree-based agriculture for managing diseases like citrus greening
[14–16, 66–68] or fire blight [11, 44], research in agricultural engineering will first
need to design or invent an application system/s that allow scalability, i.e. achieving
simultaneous trunk injection of large number of trees in a short period of time.
Besides this end goal many other key questions arising from research outlined above
will need to be addressed through experimental work before tree injection is used in
agriculture, even in limited fashion. The first steps are providing enough evidence
i.e. providing proof of concept that injected pesticides are effective in tree pathogen
and insect management and that injected materials have minimal negative effect on
fresh fruit consumer and beneficial orchard fauna. Because effective management
options for Bot canker and decline of different Quercus species caused byD. corticola
and other aforementioned plant pathogens of vascular tissues are limited or lacking,
we evaluated the efficacy of trunk injected fungicides for D. corticola control and
compared it to the efficacy of similar active ingredients for management of V.
inaequalis and E. amylovora which are more intensively studied models in conti-
nental climate. Our goal was to present new disease management data that argues in
favor of a hypothesis that for plant pathogens with difficult biologies, i.e. for those
that impact internal wood tissues, it is necessary to select appropriate pesticide
delivery system/s such as trunk injection to achieve the maximum disease control
through increasing pathogen exposure and thus efficiency of applied pesticides. We
present efficacy data of trunk-injected pesticides in management of these three
woody plant pathogens with different or partially similar lifestyles to elucidate and
promote the translation of tree injection as a target precise delivery system for plant
protection in agriculture and silviculture of the future.

2. Trunk injection delivery of pesticides for management of three
important plant pathogens in continental climate

2.1 Biology of Diplodia corticola, Venturia inaequalis and Erwinia amylovora

2.1.1 Diplodia corticola

In the binomial nomenclature of fungi, Bot canker pathogen D. corticola is a
commonly found asexual stage of an ascomycete Botryosphaeria corticola, a sexual
stage of this fungus [69]. Asexual stage forms white to dark olive-green aerial
mycelium with a dark green to black underside [5]. During 24 weeks after the host
plant infection, the fungus forms dark brown to black, circular or flask-shaped
fruiting bodies called pycnidia, that are up to 1 mm in diameter and emerge through
the dead bark of oak. Pycnidia can form on all above ground tree parts and are
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first one, access to xylem for pesticide delivery device is enabled by drilling into the
trunk or root flare wood, removing a small part of the wood, and sealing of the
opened injection port with an inserted plastic plug or not (plug contains an injection
valve with a one-way silicone septum) [44]. For the injection application to be
faster and hence economical in urban tree care, this system uses compressed air or
hydraulic pressure to force-inject the pesticide solution into the wood. The second
technology uses a knife-like or a flat, screwdriver-like needle with a lenticular
profile, which is inserted into the wood by a hammer thus separating the wood
fibers and creating a crevice while the delivery of a pesticide solution is conducted
through the needle and infused into the wood [45]. This system can use force of
hydraulic or compressed air pressure to deliver the pesticide solution into the xylem
or is solely relying on the Venturi effect (vacuum) created by a transpiration stream
in xylem to infuse the pesticide solution into the wood [45–47]. This injection
technology requires longer time for injection solution delivery, especially when
transpiration is limited, and thus is often less economical in urban tree care.

Tree injection was initially developed for pesticide and fertilizer application on
large size trees in proximity of urban areas where ground- and air-spray applica-
tions are impractical due to substantial pesticide losses through drift, lack of proper
canopy coverage, or are prohibited due to possible human and domestic animal
exposure. The second driver for development of tree injection and its more frequent
use in recent decades has been the destructive nature and an increasing need for
effective management options for invasive tree pathogens like Ophiostoma fungi
that cause Dutch elm disease, Bretziella fagacearum fungus that causes oak wilt, and
insects pests like Emerald ash borer, Agrilus planipennis and Hemlock Wooly
Adelgid, Adelges tsugae. Because of the unique biology of these organisms which
leads to severe internal damage of wood and ultimately causes tree death, their
management is extremely difficult or inefficient with classical pesticide application
methods like topical spraying. Therefore, the goal of trunk injection to deliver the
plant protective materials into the xylem or phloem vascular tissues of trees
matches the specific pathogen or pest biologies and pesticide exposure require-
ments for the most effective management of these detrimental organisms.

Due to a demonstrated ability of single trunk injection to increase the efficacy of
injected pesticides over multiple years, a possibility to reduce the of number of
topical spray applications [10, 12, 48] and a rising incidence of woody plant patho-
gens and insect pests in the environment [31, 33, 49–51], this approach has recently
been investigated in agriculture where topical pesticide applications for plant food
production is intensive. The most investigated tree fruit crops and their pathogens
and insect pests are citrus (e.g. Candidatus Liberibacter asiaticus) [14, 15], avocado
(e.g. avocado thrips, Scirtothrips perseae; Phytophthora root rot, Phytophthora
cinnamomi) [49, 50], apple (e.g. fire blight, Erwinia amylovora; apple scab, V.
inaequalis [11, 12]; oblique banded leaf roller, Choristoneura rosaceana [10, 52]), and
grapevine (e.g. grapevine downy mildew, Plasmopara viticola [53]; powdery mil-
dew, Uncinula necator [54]). Domesticated apple, Malus pumila is an important
research model in continental climate because management of V. inaequalis in
humid regions requires intensive spray programs with as many as 15–22 spray
applications of fungicides in one growing season [55]. Since this research is novel
for tree disease management in contemporary agriculture, the proof of concept
experiments on cultivated trees are conducted by using the trunk injection devices
primarily designed for delivering pesticides and fertilizers for tree protection pur-
poses in landscapes and urban forestry [10, 44, 52, 56]. Besides the smaller tree sizes
in orchards in comparison to the urban landscapes as an obvious advantage driving
the investigation of efficacy of pesticides delivered with this method [52, 57, 58],
some of the key researched topics are efficacy and its lasting [10, 11], application
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timing optimization for season- and two-seasons-long control [12, 50, 59], trunk
wounding by injection ports i.e. points [43], pesticide residue accumulation in fruit,
nectar, and leaves [12, 59, 60] and their spatial and temporal distribution in the tree
[61]. Even though tree injection originated from widely present needs for pest and
disease control and plant nutrition in urban forestry, it holds an important potential
for use in tree fruit agriculture where in the last 30 or so years there has been an
increase of public pressure on apple producers to reduce pesticide use, while
maintaining a high level of fruit quality [62]. Since the tree injection of pesticides
and nutrients as a delivery approach is currently gaining more popularity in urban
greening, landscapes and forestry management [13, 48, 63–65], we predict intensi-
fication of research for insect pest and pathogen control in tree-based agriculture
and silviculture in the near future.

While trunk injection for pesticide delivery is a relatively new technology
investigated in tree-based agriculture for managing diseases like citrus greening
[14–16, 66–68] or fire blight [11, 44], research in agricultural engineering will first
need to design or invent an application system/s that allow scalability, i.e. achieving
simultaneous trunk injection of large number of trees in a short period of time.
Besides this end goal many other key questions arising from research outlined above
will need to be addressed through experimental work before tree injection is used in
agriculture, even in limited fashion. The first steps are providing enough evidence
i.e. providing proof of concept that injected pesticides are effective in tree pathogen
and insect management and that injected materials have minimal negative effect on
fresh fruit consumer and beneficial orchard fauna. Because effective management
options for Bot canker and decline of different Quercus species caused byD. corticola
and other aforementioned plant pathogens of vascular tissues are limited or lacking,
we evaluated the efficacy of trunk injected fungicides for D. corticola control and
compared it to the efficacy of similar active ingredients for management of V.
inaequalis and E. amylovora which are more intensively studied models in conti-
nental climate. Our goal was to present new disease management data that argues in
favor of a hypothesis that for plant pathogens with difficult biologies, i.e. for those
that impact internal wood tissues, it is necessary to select appropriate pesticide
delivery system/s such as trunk injection to achieve the maximum disease control
through increasing pathogen exposure and thus efficiency of applied pesticides. We
present efficacy data of trunk-injected pesticides in management of these three
woody plant pathogens with different or partially similar lifestyles to elucidate and
promote the translation of tree injection as a target precise delivery system for plant
protection in agriculture and silviculture of the future.

2. Trunk injection delivery of pesticides for management of three
important plant pathogens in continental climate

2.1 Biology of Diplodia corticola, Venturia inaequalis and Erwinia amylovora

2.1.1 Diplodia corticola

In the binomial nomenclature of fungi, Bot canker pathogen D. corticola is a
commonly found asexual stage of an ascomycete Botryosphaeria corticola, a sexual
stage of this fungus [69]. Asexual stage forms white to dark olive-green aerial
mycelium with a dark green to black underside [5]. During 24 weeks after the host
plant infection, the fungus forms dark brown to black, circular or flask-shaped
fruiting bodies called pycnidia, that are up to 1 mm in diameter and emerge through
the dead bark of oak. Pycnidia can form on all above ground tree parts and are
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visible on bark as black masses of fungal tissue called stromata. Pycnidia have
multiple chambers or locules in them, each 200–300 μm in diameter, in which
spores called conidia are produced for around 2 years and serve as source of inocu-
lum for new infections [69]. When pycnidia are mature they are partially erumpent
through the host bark and form a circular opening on the top called ostiole serving
for conidia release. Conidia are oval-shaped to cylindrical, straight, with both ends
rounded, usually translucent and single-celled, but with aging rarely become brown
and with multiple cells [69]. Inside, conidia are usually without an oil vesicle called
guttule but can form one in the center. The sexual stage B. corticola forms spores
called ascospores. Eight ascospores arranged in two rows form in one sac called
ascus and multiple asci are formed in the dark brown to black fruiting bodies called
pseudothecia [69]. Pseudothecia are up to 1 mm in diameter, circular and partially
erumpent on the host bark when mature. Each pseudothecium has multiple cham-
bers or locules 200–300 μm in diameter [69]. For release of ascospores,
pseudothecia form a circular opening on the top called ostiole. Ascospores are
spindle-shaped to rhomboid and translucent, one-celled, or rarely becoming light
brown and with age two- or three-celled [69].

Because D. corticola has been described only recently [69], its life cycle describ-
ing how this pathogen reaches and colonizes oak species as a primary host is not
fully known. Based on the other pathogenic and opportunistic pathogen members
of the family Botryosphaeriaceae, D. corticola can probably infect through wounds
and maybe plant natural openings. Once infection is established it spreads within
the host via xylem to large distances with xylem sections exhibiting black streaking
and cankers can form intermittently on the bark of trunk or branches [5, 8, 28, 29].
Some trees with xylem necrosis do not always exhibit visible external cankers [7].
With time, crown sections of infected trees show wilting and eventually host can
die [5, 8]. It is assumed that conidia and ascospore production on cankers and
germination are favored by moisture and high relative air humidity. Recently, in a
study analyzing aerial fungal spore samples collected by the air spore traps and
passive rain collectors, D. corticola was detected in 16 of the 32 sampled locations in
Canada by a highly specific molecular detection method which targets a pathogen-
specific DNA region [70]. This data indicates that D. corticola has aerial dissemi-
nated spores. It is reported that conidia of D. corticola are dispersed by wind [71],
water and/or insect vectors [26]. A pest of oak wood, oak pinhole borer (Platypus
cylindrus), acts as a vector of D. corticola spores as this fungus was detected in the
insects gut and mycangia (structures in the insect body adapted for transport of
spores of insect-symbiotic fungi) [72]. The invasive insects Xyleborus affinis and
Xylosandrus crassiusculus in Florida have also been found to vector D. corticola as this
fungus was frequently isolated from their mycangia [73]. Even though the knowl-
edge on timing of seasonal spore release and relative inoculum abundance is limited
[71], under natural infection pressure originating from a declining cork oak forest,
D. corticola was found to infect cork oak seedlings at two infections peaks, in May
and in September [71]. The role of B. corticola ascospores and their importance in
pathogen dissemination have not been discussed in literature so far and much about
epidemiology of this pathogen is unknown.

Majority of evidence indicates that D. corticola is a true pathogen of Quercus
species [5, 8, 28, 29]. D. corticola was isolated from northern red oak trees in an
urban stand where no obvious signs of environmental or other biotic stresses were
visible, aside of the Bot canker occurrence [5]. It is not clear how environmental and
biotic factors that can stress oak trees favor D. corticola infections and their severity,
but it is possible they could worsen the disease. In the northeastern USA, this fungus
has been isolated from infected black oak trees (Quercus velutina) which were at the
same time infested with a damaging gall wasp, Zapatella davisae [7]. However, in
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support of the true pathogen lifestyle, the inoculation tests with isolated D. corticola
strains conducted on young, healthy, naturally established trees of black oak clearly
demonstrated the pathogenicity of D. corticola. In a similar case in California,
closely related Botryosphaeriaceae fungi Neofusicoccum australe, N. luteum,
N. parvum, N. mediterraneum and Botryosphaeria dothidea have been isolated from
declining coast redwood trees (Sequoia sempervirens) in the urban stands, which
were severely drought stressed [9]. However, the inoculation tests with the isolates
of these fungal species on potted healthy young trees of coast redwood clearly
showed that Neofusicoccum species were true and very virulent pathogens, while
B. dothidea was an opportunistic pathogen that did not cause severe infection on
healthy trees [9]. The other members of Botryosphaeriaceae family, such as
B. dothidea [23, 74, 75] or Diplodia sapinea [76], are well-known opportunistic
pathogens that dwell on the tree asymptomatically for months or even years, until
the plant becomes weakened through any number of abiotic or biotic stresses (e.g.
drought or insect infestation), and then infect it [9, 77–81]. The stressed plant host
is the key conducive condition for these pathogens to establish infection and express
the disease symptoms. Future experiments, similar to the drought contribution
studies done for B. dothidea infection [9, 74, 77–79], should demonstrate which role
the different plant stresses play in predisposing the oak species to D. corticola
infection in continental and other climate types of the world where this pathogen is
also widely present.

2.1.2 Venturia inaequalis

The sexual stage of an ascomycete fungus V. inaequalis (Cooke) Winter, 1875, a
cause of apple scab disease, starts by sexual reproduction in fall which results in
formation of round initials of fungal fruiting bodies called pseudothecia. These
bodies are embedded in a stroma or dense mat of fungal mycelia inside the meso-
phyll tissue of dead apple leaves. Late in winter and the beginning of spring,
pseudothecia mature, gain pear-like shape and form sexual spores called ascospores.
There are eight ascospores arranged linearly in each of the 50–100 elongated cylin-
drical sacs called asci that form in each pseudothecium. Ascospores are translucent
to brown, two-celled, with one cell always larger than the other giving them a
typical shape of a shoe “footprint”. Mature pseudothecia form a circular opening or
ostiole at the top of the pseudothecium, which protrudes through the surface of the
dead apple leaves and allows ascospore release. There is only one cycle of ascospore
production in spring of each year and they cause primary scab infections. The
asexual stage Spilocaea pomi (Fr.) (syn. Fusicladium dendriticum) forms a translu-
cent mycelium below the cuticle of the infected green apple tissues. With time,
mycelia become dark gray to black, forming a dense mycelial mat that gives rise to
asexual spores called conidia. Conidia are dark green, teardrop-shaped, i.e. pointed
at one end and rounded on the other, single-celled or rarely two-celled. Conidia
cause secondary infections during the apple growing season. There can be many
cycles of conidia production and thus secondary infections, sometimes even more
than 20 [82].

Depending on the substrate it colonizes over the year, the life cycle of apple scab
fungus has the saprophytic and the parasitic phase in its development. The sapro-
phytic phase starts with apple leaf drop in autumn. V. inaequalis, the sexual stage of
apple scab fungus, overwinters in the dead fallen leaves and fruit debris of apple on
the orchard floor as initials of fruiting bodies called pseudothecia. Fungus rarely
overwinters as S. pomi in the form of mycelium on twig lesions or in the inner bud
tissues [23, 83, 84]. After winter rest, pseudothecia mature in early spring and
release ascospores that enable first or the primary infections on newly developing
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visible on bark as black masses of fungal tissue called stromata. Pycnidia have
multiple chambers or locules in them, each 200–300 μm in diameter, in which
spores called conidia are produced for around 2 years and serve as source of inocu-
lum for new infections [69]. When pycnidia are mature they are partially erumpent
through the host bark and form a circular opening on the top called ostiole serving
for conidia release. Conidia are oval-shaped to cylindrical, straight, with both ends
rounded, usually translucent and single-celled, but with aging rarely become brown
and with multiple cells [69]. Inside, conidia are usually without an oil vesicle called
guttule but can form one in the center. The sexual stage B. corticola forms spores
called ascospores. Eight ascospores arranged in two rows form in one sac called
ascus and multiple asci are formed in the dark brown to black fruiting bodies called
pseudothecia [69]. Pseudothecia are up to 1 mm in diameter, circular and partially
erumpent on the host bark when mature. Each pseudothecium has multiple cham-
bers or locules 200–300 μm in diameter [69]. For release of ascospores,
pseudothecia form a circular opening on the top called ostiole. Ascospores are
spindle-shaped to rhomboid and translucent, one-celled, or rarely becoming light
brown and with age two- or three-celled [69].

Because D. corticola has been described only recently [69], its life cycle describ-
ing how this pathogen reaches and colonizes oak species as a primary host is not
fully known. Based on the other pathogenic and opportunistic pathogen members
of the family Botryosphaeriaceae, D. corticola can probably infect through wounds
and maybe plant natural openings. Once infection is established it spreads within
the host via xylem to large distances with xylem sections exhibiting black streaking
and cankers can form intermittently on the bark of trunk or branches [5, 8, 28, 29].
Some trees with xylem necrosis do not always exhibit visible external cankers [7].
With time, crown sections of infected trees show wilting and eventually host can
die [5, 8]. It is assumed that conidia and ascospore production on cankers and
germination are favored by moisture and high relative air humidity. Recently, in a
study analyzing aerial fungal spore samples collected by the air spore traps and
passive rain collectors, D. corticola was detected in 16 of the 32 sampled locations in
Canada by a highly specific molecular detection method which targets a pathogen-
specific DNA region [70]. This data indicates that D. corticola has aerial dissemi-
nated spores. It is reported that conidia of D. corticola are dispersed by wind [71],
water and/or insect vectors [26]. A pest of oak wood, oak pinhole borer (Platypus
cylindrus), acts as a vector of D. corticola spores as this fungus was detected in the
insects gut and mycangia (structures in the insect body adapted for transport of
spores of insect-symbiotic fungi) [72]. The invasive insects Xyleborus affinis and
Xylosandrus crassiusculus in Florida have also been found to vector D. corticola as this
fungus was frequently isolated from their mycangia [73]. Even though the knowl-
edge on timing of seasonal spore release and relative inoculum abundance is limited
[71], under natural infection pressure originating from a declining cork oak forest,
D. corticola was found to infect cork oak seedlings at two infections peaks, in May
and in September [71]. The role of B. corticola ascospores and their importance in
pathogen dissemination have not been discussed in literature so far and much about
epidemiology of this pathogen is unknown.

Majority of evidence indicates that D. corticola is a true pathogen of Quercus
species [5, 8, 28, 29]. D. corticola was isolated from northern red oak trees in an
urban stand where no obvious signs of environmental or other biotic stresses were
visible, aside of the Bot canker occurrence [5]. It is not clear how environmental and
biotic factors that can stress oak trees favor D. corticola infections and their severity,
but it is possible they could worsen the disease. In the northeastern USA, this fungus
has been isolated from infected black oak trees (Quercus velutina) which were at the
same time infested with a damaging gall wasp, Zapatella davisae [7]. However, in
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support of the true pathogen lifestyle, the inoculation tests with isolated D. corticola
strains conducted on young, healthy, naturally established trees of black oak clearly
demonstrated the pathogenicity of D. corticola. In a similar case in California,
closely related Botryosphaeriaceae fungi Neofusicoccum australe, N. luteum,
N. parvum, N. mediterraneum and Botryosphaeria dothidea have been isolated from
declining coast redwood trees (Sequoia sempervirens) in the urban stands, which
were severely drought stressed [9]. However, the inoculation tests with the isolates
of these fungal species on potted healthy young trees of coast redwood clearly
showed that Neofusicoccum species were true and very virulent pathogens, while
B. dothidea was an opportunistic pathogen that did not cause severe infection on
healthy trees [9]. The other members of Botryosphaeriaceae family, such as
B. dothidea [23, 74, 75] or Diplodia sapinea [76], are well-known opportunistic
pathogens that dwell on the tree asymptomatically for months or even years, until
the plant becomes weakened through any number of abiotic or biotic stresses (e.g.
drought or insect infestation), and then infect it [9, 77–81]. The stressed plant host
is the key conducive condition for these pathogens to establish infection and express
the disease symptoms. Future experiments, similar to the drought contribution
studies done for B. dothidea infection [9, 74, 77–79], should demonstrate which role
the different plant stresses play in predisposing the oak species to D. corticola
infection in continental and other climate types of the world where this pathogen is
also widely present.

2.1.2 Venturia inaequalis

The sexual stage of an ascomycete fungus V. inaequalis (Cooke) Winter, 1875, a
cause of apple scab disease, starts by sexual reproduction in fall which results in
formation of round initials of fungal fruiting bodies called pseudothecia. These
bodies are embedded in a stroma or dense mat of fungal mycelia inside the meso-
phyll tissue of dead apple leaves. Late in winter and the beginning of spring,
pseudothecia mature, gain pear-like shape and form sexual spores called ascospores.
There are eight ascospores arranged linearly in each of the 50–100 elongated cylin-
drical sacs called asci that form in each pseudothecium. Ascospores are translucent
to brown, two-celled, with one cell always larger than the other giving them a
typical shape of a shoe “footprint”. Mature pseudothecia form a circular opening or
ostiole at the top of the pseudothecium, which protrudes through the surface of the
dead apple leaves and allows ascospore release. There is only one cycle of ascospore
production in spring of each year and they cause primary scab infections. The
asexual stage Spilocaea pomi (Fr.) (syn. Fusicladium dendriticum) forms a translu-
cent mycelium below the cuticle of the infected green apple tissues. With time,
mycelia become dark gray to black, forming a dense mycelial mat that gives rise to
asexual spores called conidia. Conidia are dark green, teardrop-shaped, i.e. pointed
at one end and rounded on the other, single-celled or rarely two-celled. Conidia
cause secondary infections during the apple growing season. There can be many
cycles of conidia production and thus secondary infections, sometimes even more
than 20 [82].

Depending on the substrate it colonizes over the year, the life cycle of apple scab
fungus has the saprophytic and the parasitic phase in its development. The sapro-
phytic phase starts with apple leaf drop in autumn. V. inaequalis, the sexual stage of
apple scab fungus, overwinters in the dead fallen leaves and fruit debris of apple on
the orchard floor as initials of fruiting bodies called pseudothecia. Fungus rarely
overwinters as S. pomi in the form of mycelium on twig lesions or in the inner bud
tissues [23, 83, 84]. After winter rest, pseudothecia mature in early spring and
release ascospores that enable first or the primary infections on newly developing
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green apple tissues. Hence, ascospores in the leaf litter and debris are prime inocu-
lum sources in spring. With each wetting from rain of heavy dew [85], pseudothecia
absorb water, swell and asci expand through the ostiole, allowing forcible ascospore
discharge. Ejected ascospores can reach a height of about 5–30 mm above the ostiole
and are further disseminated by air currents, wind and rain aerosol [86]. They
germinate only in water droplets or film coating the plant surfaces and their germi-
nation ends the saprophytic phase of pathogen’s life cycle. Depending on region, the
period of ascospore discharge triggered by wetting events can last from 3 to 9 weeks
during late March and over April, May and mid-June. Ascospores are airborne and
can reach at least 45 m away from the inoculum source [87]. Spilocaea pomi as the
asexual stage of this fungus begins with ascospore germination and infection of the
newly developing green tissues of apple leaves, flowers and fruit. The infection of
current season’s apple growth starts the parasitic phase of the pathogen’s life cycle.
Fungal mycelium penetrates below the waxy cuticle and grows between the outer
cell wall of host’s epidermal cells and the cuticle covering them. If the primary
infections with ascospores are successful, after incubation period the plant cuticle of
infected organ ruptures due to pressure created by thickening mycelium and masses
of asexual spores of S. pomi called conidia. The infections are first visible as light
chlorotic spots on leaves against the light, then gradually turn into pale olive to dark
gray and ultimately black, velvety apple scab lesions. Infections on flower pedicel
lead to flower drop. Infected leaves senesce and drop, while young fruit become
deformed and fall off. Conidia cause new or often known secondary infections
during the season and are dislodged and dispersed primarily with the help of rain
water and dew. Their dispersal allowing more new infections is occurring primarily
within the tree because very few conidia can reach 10 m or more from the inoculum
source [88].

During the time after spores of apple scab fungus land on the susceptible plant
surface, while they germinate, and up to 72 h after they penetrate below the cuticle
on green tissue, they are vulnerable to spray-applied contact and systemic fungi-
cides, respectively. However, once the infection is established by formation of
mycelium under the cuticle, almost all fungicides applied to green plant surfaces
have no efficacy in eradicating these infections and eventually lesions with conidia,
or their effect is minimal. Furthermore, continued post-infection scab management
with spray applications of fungicides that aim to prevent new infections on green
tissues is complicated by large populations of conidia, which if exposed to fungi-
cides with specific modes of action might increases the potential for fungicide
resistance selection in this devastating pathogen. Because of the specific lifestyle of
S. pomi to reside in subcuticular spaces of green tissues during the parasitic phase of
the life cycle, successful management of the apple scab is crucially dependent on
preventive fungicide applications that are delivered to leaves and fruit before the
major infection periods occur. To time fungicide spray applications, several epide-
miological models based on pathogen ecology and biology have been developed and
can predict discharge of V. inaequalis ascospores and the infection occurrence by
using the weather forecast for up to 10 days (NEWA, RIMpro) [89–92]. They are
used in all the major apple growing regions.

2.1.3 Erwinia amylovora

Fire blight is caused by a Gram-negative bacterium Erwinia amylovora (Burrill
1882) Winslow et al. [93] in the family Enterobacteriaceae. The bacterial cells are
rod-shaped, 0.3 � 1–3 μm in size and occur as single cells or pairs and sometimes
short chains. They are motile by 2–7 peritrichous flagella per cell [94]. The pathogen
cells are not visible to the naked eye. On infected hosts, pathogen is visible in the
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form of droplets or smears of bacterial ooze which are opaque white, amber or
orange. Ooze is a sticky mixture of bacterial cells and exopolysaccharides which
plays a major role in pathogen dissemination within and between the apple trees
and orchards [95, 96]. In humid conditions, ooze exudes from the cracks on
infected wood tissues with fire blight cankers and through stomata and lenticels on
green, succulent parts of infected flowers, immature fruit, and shoots. In low
humidity conditions, fire blight bacteria can survive in dry ooze for more than a
year [97]. In the laboratory, E. amylovora forms domed, circular, mucoid colonies
on microbiological media that contain sucrose nutrient agar [98, 99] which differ in
color depending on specific contents of agar medium, ranging from red to orange,
yellow white, and light blue opalescent [100]. This pathogen has a wide range of
cultivated, landscape or forest plant hosts from Rosaceae family: apple, crabapple
(Malus), pear, Asian pear, Callery pear (Pyrus), quince (Cydonia), raspberry
(Rubus), as well as hawthorn (Crataegus), firethorn (Pyracantha), mountain ash
(Sorbus), serviceberry (Amelanchier), Cotoneaster, loquat (Eriobotrya), flowering
quince (Chaenomeles), etc.

E. amylovora survives through the winter in the bark around the canker edge and
below the fire blight cankers initiated after pathogen progression from flower and
shoot infections established in the previous years. Bacterial cells can also overwinter
in asymptomatic host buds or as latent infections in asymptomatic wood [101]. It is
possible that cells of this pathogen are in a viable but non-culturable physiological
state in asymptomatic tissues [102, 103]. With warm spring weather, pathogen cells
multiply and emerge in bacterial ooze exuding on the edges of overwintered can-
kers. On apple, this process usually occurs during late bloom and petal fall growth
stages. Every single droplet of ooze may contain up to 1 billion cells of E. amylovora
[95]. The ooze protects bacteria from unfavorable weather conditions and bacteria
are disseminated from ooze to flowers, shoots and injured tissues by rain, wind,
birds and presumably insects that touch or feed on ooze [95, 96, 104, 105]. For
example, in experimental conditions, E. amylovora was found to survive and can be
transmitted for up to 8 days in the digestive tract of Mediterranean fruit fly Ceratitis
capitata and up to 28 days on its surface [106]. Insects that might vector
E. amylovora are still investigated, but it is probable that the insect vectors will vary
depending on the region of the world. Recent investigation shows that flies are
attracted to feed on ooze and can acquire from 100 to 100,000 viable E. amylovora
cells per fly individual [96]. It appears that honeybees do not visit ooze droplets on
cankers in spring and might not spread the bacteria from cankers to flowers. It is
assumed that in low humidity conditions, dry ooze strings or particles exuded
through lenticels or stomata on the bark can break off and reach or settle on nearby
susceptible flowers or shoots after carried by wind or insects. The closer the fire blight
cankers are to any open flowers or shoots, the higher is the chance for E. amylovora
cells to reach the flower surfaces by previously mentioned pathways. The period of
apple susceptibility to E. amylovora infection lasts from the day when the first flowers
open in the orchard and ends when the last terminal buds set on shoots. However,
risk for severe infections becomes lower after flowering ends because the number of
flowers as entry points for the pathogen significantly declines. Shoots initiate growth
just before flowering ends and are susceptible until their growth stops. Terminal bud
set is an apple growth stage when the current year vegetative growth stops, and a bud
is formed at the top of the shoot. In continental climate, this usually occurs during
July, varying somewhat among different apple cultivars. After this stage, risk from
fire blight infections is negligent due to age-related resistance, unless a hail injury
occurs on trees providing new entry points for fire blight infections (trauma blight).

Once E. amylovora bacteria reach the apple flower surfaces, they multiply rap-
idly on the surfaces of nutrient-rich flower stigmas if temperatures are favorably
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green apple tissues. Hence, ascospores in the leaf litter and debris are prime inocu-
lum sources in spring. With each wetting from rain of heavy dew [85], pseudothecia
absorb water, swell and asci expand through the ostiole, allowing forcible ascospore
discharge. Ejected ascospores can reach a height of about 5–30 mm above the ostiole
and are further disseminated by air currents, wind and rain aerosol [86]. They
germinate only in water droplets or film coating the plant surfaces and their germi-
nation ends the saprophytic phase of pathogen’s life cycle. Depending on region, the
period of ascospore discharge triggered by wetting events can last from 3 to 9 weeks
during late March and over April, May and mid-June. Ascospores are airborne and
can reach at least 45 m away from the inoculum source [87]. Spilocaea pomi as the
asexual stage of this fungus begins with ascospore germination and infection of the
newly developing green tissues of apple leaves, flowers and fruit. The infection of
current season’s apple growth starts the parasitic phase of the pathogen’s life cycle.
Fungal mycelium penetrates below the waxy cuticle and grows between the outer
cell wall of host’s epidermal cells and the cuticle covering them. If the primary
infections with ascospores are successful, after incubation period the plant cuticle of
infected organ ruptures due to pressure created by thickening mycelium and masses
of asexual spores of S. pomi called conidia. The infections are first visible as light
chlorotic spots on leaves against the light, then gradually turn into pale olive to dark
gray and ultimately black, velvety apple scab lesions. Infections on flower pedicel
lead to flower drop. Infected leaves senesce and drop, while young fruit become
deformed and fall off. Conidia cause new or often known secondary infections
during the season and are dislodged and dispersed primarily with the help of rain
water and dew. Their dispersal allowing more new infections is occurring primarily
within the tree because very few conidia can reach 10 m or more from the inoculum
source [88].

During the time after spores of apple scab fungus land on the susceptible plant
surface, while they germinate, and up to 72 h after they penetrate below the cuticle
on green tissue, they are vulnerable to spray-applied contact and systemic fungi-
cides, respectively. However, once the infection is established by formation of
mycelium under the cuticle, almost all fungicides applied to green plant surfaces
have no efficacy in eradicating these infections and eventually lesions with conidia,
or their effect is minimal. Furthermore, continued post-infection scab management
with spray applications of fungicides that aim to prevent new infections on green
tissues is complicated by large populations of conidia, which if exposed to fungi-
cides with specific modes of action might increases the potential for fungicide
resistance selection in this devastating pathogen. Because of the specific lifestyle of
S. pomi to reside in subcuticular spaces of green tissues during the parasitic phase of
the life cycle, successful management of the apple scab is crucially dependent on
preventive fungicide applications that are delivered to leaves and fruit before the
major infection periods occur. To time fungicide spray applications, several epide-
miological models based on pathogen ecology and biology have been developed and
can predict discharge of V. inaequalis ascospores and the infection occurrence by
using the weather forecast for up to 10 days (NEWA, RIMpro) [89–92]. They are
used in all the major apple growing regions.

2.1.3 Erwinia amylovora

Fire blight is caused by a Gram-negative bacterium Erwinia amylovora (Burrill
1882) Winslow et al. [93] in the family Enterobacteriaceae. The bacterial cells are
rod-shaped, 0.3 � 1–3 μm in size and occur as single cells or pairs and sometimes
short chains. They are motile by 2–7 peritrichous flagella per cell [94]. The pathogen
cells are not visible to the naked eye. On infected hosts, pathogen is visible in the
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form of droplets or smears of bacterial ooze which are opaque white, amber or
orange. Ooze is a sticky mixture of bacterial cells and exopolysaccharides which
plays a major role in pathogen dissemination within and between the apple trees
and orchards [95, 96]. In humid conditions, ooze exudes from the cracks on
infected wood tissues with fire blight cankers and through stomata and lenticels on
green, succulent parts of infected flowers, immature fruit, and shoots. In low
humidity conditions, fire blight bacteria can survive in dry ooze for more than a
year [97]. In the laboratory, E. amylovora forms domed, circular, mucoid colonies
on microbiological media that contain sucrose nutrient agar [98, 99] which differ in
color depending on specific contents of agar medium, ranging from red to orange,
yellow white, and light blue opalescent [100]. This pathogen has a wide range of
cultivated, landscape or forest plant hosts from Rosaceae family: apple, crabapple
(Malus), pear, Asian pear, Callery pear (Pyrus), quince (Cydonia), raspberry
(Rubus), as well as hawthorn (Crataegus), firethorn (Pyracantha), mountain ash
(Sorbus), serviceberry (Amelanchier), Cotoneaster, loquat (Eriobotrya), flowering
quince (Chaenomeles), etc.

E. amylovora survives through the winter in the bark around the canker edge and
below the fire blight cankers initiated after pathogen progression from flower and
shoot infections established in the previous years. Bacterial cells can also overwinter
in asymptomatic host buds or as latent infections in asymptomatic wood [101]. It is
possible that cells of this pathogen are in a viable but non-culturable physiological
state in asymptomatic tissues [102, 103]. With warm spring weather, pathogen cells
multiply and emerge in bacterial ooze exuding on the edges of overwintered can-
kers. On apple, this process usually occurs during late bloom and petal fall growth
stages. Every single droplet of ooze may contain up to 1 billion cells of E. amylovora
[95]. The ooze protects bacteria from unfavorable weather conditions and bacteria
are disseminated from ooze to flowers, shoots and injured tissues by rain, wind,
birds and presumably insects that touch or feed on ooze [95, 96, 104, 105]. For
example, in experimental conditions, E. amylovora was found to survive and can be
transmitted for up to 8 days in the digestive tract of Mediterranean fruit fly Ceratitis
capitata and up to 28 days on its surface [106]. Insects that might vector
E. amylovora are still investigated, but it is probable that the insect vectors will vary
depending on the region of the world. Recent investigation shows that flies are
attracted to feed on ooze and can acquire from 100 to 100,000 viable E. amylovora
cells per fly individual [96]. It appears that honeybees do not visit ooze droplets on
cankers in spring and might not spread the bacteria from cankers to flowers. It is
assumed that in low humidity conditions, dry ooze strings or particles exuded
through lenticels or stomata on the bark can break off and reach or settle on nearby
susceptible flowers or shoots after carried by wind or insects. The closer the fire blight
cankers are to any open flowers or shoots, the higher is the chance for E. amylovora
cells to reach the flower surfaces by previously mentioned pathways. The period of
apple susceptibility to E. amylovora infection lasts from the day when the first flowers
open in the orchard and ends when the last terminal buds set on shoots. However,
risk for severe infections becomes lower after flowering ends because the number of
flowers as entry points for the pathogen significantly declines. Shoots initiate growth
just before flowering ends and are susceptible until their growth stops. Terminal bud
set is an apple growth stage when the current year vegetative growth stops, and a bud
is formed at the top of the shoot. In continental climate, this usually occurs during
July, varying somewhat among different apple cultivars. After this stage, risk from
fire blight infections is negligent due to age-related resistance, unless a hail injury
occurs on trees providing new entry points for fire blight infections (trauma blight).

Once E. amylovora bacteria reach the apple flower surfaces, they multiply rap-
idly on the surfaces of nutrient-rich flower stigmas if temperatures are favorably

141

Choosing an Adequate Pesticide Delivery System for Managing Pathogens with Difficult Biologies…
DOI: http://dx.doi.org/10.5772/intechopen.87956



warm [107]. After colonizing young, just opened flowers [108], bacteria require
achieving necessary population size and presence of moisture for infection establish-
ment. The bacteria only have few days to grow their numbers on young flowers to
reach at least 100,000 and up to 1 million live cells before a possible infection event
can be triggered by rain, dew, or hail. During this time and before the moisture
becomes available to allow infection, honeybees could spread the bacteria from con-
taminated flowers to newly opened flowers [109, 101]. This pollinator-facilitated
spreading continues the necessary pathogen population increase. Flower surfaces of
many other species of Rosacease family, except European plum Prunus domestica,
which are not susceptible to fire blight were found to be potential sites for population
increase of E. amylovora during their periods of bloom [110]. With a wetting event in
the form of rain, dew or hail, the pathogen is washed down from stigmas to the nectar
glands located in the floral cup where pathogen enters the host and causes the
infection. Infection of succulent green shoots occurs either via (1) internal pathogen
spread through green tissues from the infected flowers to the base of the nearby
shoots, (2) direct transfer of the pathogen from cankers or contaminated plant or tool
surfaces to the shoots, or (3) by pathogen dispersal from contaminated or infected
flowers to the shoot tips and leaves. Insects might play a vector role in these three
pathways. For limited amount of time, E. amylovora cells can survive on other healthy
surfaces of leaves and branches. However, population growth on these surfaces does
not occur. Pathogen enters and colonizes the cortical parenchyma through stomata on
the leaves or green stem, or through the microinjuries i.e. punctures and tears caused
by wind, wind-carried soil particles, hail, friction of plant parts, or sucking or
chewing insects [111]. During the time before infections take place, the lifestyle of
E. amylovora involves inhabiting and growing on the plant surfaces and is influenced
by the temperature and moisture from the environment and by nutrients on the plant
host. This is known as epiphytic phase of E. amylovora biology during which success-
ful management of fire blight is achieved by preventive spray applications of antibi-
otics that are delivered to flowers, before or up to 24 h after the predicted rain event/s
that would trigger the infection/s. Several fire blight epidemiological models have
been designed based on environmental and biological requirements of E. amylovora
and can predict infection events by using the weather forecast for up to 10 days in
advance to calculate the near-future infection risks (NEWA’s EIP, Maryblyt, RIMpro,
Cougarblight).

During the incubation, i.e. usually sometime around 10 – 14 days before the first
conspicuous blossom or shoot blight symptoms are visible, small white, amber or
orange droplets of bacterial ooze can emerge and drip from the infected green
tissues (flower pedicels, floral cup, sepals, immature fruit and shoots). With more
wetting events and insect activity, ooze can spread to new flowers and actively
growing shoots across the whole orchard. Since blossom and shoot blight symptoms
are not yet visible, this dissemination of ooze allows secondary infections and can
propel a fire blight outbreak into an epidemic, especially if the antibiotic spray
application/s were not conducted during bloom. Once incubation is over, blossom
blight is visible as dead, black or brown flower clusters with more droplets of
bacterial ooze developing if weather conditions are humid. Shoot blight and imma-
ture fruit infections are visible as black or brown “flags” or “strikes” and brown to
black shriveled fruitlets, respectively. Blighted shoot tips often bend in the typical
shape of Shepherd’s crook. Fire blight cankers on branches, trunk and rootstock are
formed by pathogen’s progress via xylem or the cortical parenchyma from the
established infections on flowers, shoots and suckers, into the wood bark tissues.

When E. amylovora enters the succulent tissues of flowers or shoots, it begins the
pathogenic phase of its lifestyle when it causes the disease and acquires moisture
and nutrients from the host and can migrate to other close or far host tissues and
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organs. During this phase, pathogen colonizes the cortical parenchyma tissue and
xylem vessels and can continue with systemic migration and distribution in the
plant [112–114]. Fire blight bacteria migrate internally via xylem of symptomless
branch and trunk tissues and ahead of the visible blight or canker symptoms, thus
reaching uninfected plant parts and apple rootstocks and causing infection far from
the visible infections in the canopy [115]. On susceptible rootstocks, the resulting
infections can express as cankers, often causing tree death due to trunk or rootstock
girdling, or can remain latent i.e. as a symptomless infections of trunk or rootstock.
Rootstock or trunk infections can also be initiated by E. amylovora migration from
the externally infected rootstock suckers (shoot growth from the root system or
rootstock stem) or water sprouts (shoot growth from the trunk or thick branches).
When E. amylovora resides as an endophyte in an apparently healthy plant tissues of
branches, rootstock or budwood, this lifestyle is referred to as an endophytic phase
of its biology. Finally, in nurseries, E. amylovora cells which survive on bark sur-
faces can infect rootstock or scion when either are bruised or injured during the
processes of vegetative material harvest, transport, or grafting.

2.2 Materials and methods

2.2.1 Trunk injection of pesticides for Diplodia corticola management

To test the effect of injected fungicides and activators of plant systemic acquired
resistance (SAR) [11] for reduction of Bot canker caused by D. corticola we
conducted experiments on potted northern red oak trees (Q. rubra) with fully
developed canopy. We evaluated trunk-injected fungicides and application rates
listed in Table 1, which were selected based on the EPA labels of pesticides for
landscape use (Table 1) and the preliminary fungicide screenings in vitro for sup-
pression of D. corticola colonies on fungicide-amended Petri of plates with potato
dextrose agar medium (Aćimović et al. unpublished data). Since in year one of the
experiment Phosphojet at 1.5 ml dose caused phytotoxicity on tree trunks, we
reduced the dose to 0.75 ml in year two repetition of the experiment (Table 1).

Table 1.
Trunk injected fungicide treatments evaluated for management of Bot canker fungus Diplodia corticola on
northern red oak trees, Quercus rubra.
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warm [107]. After colonizing young, just opened flowers [108], bacteria require
achieving necessary population size and presence of moisture for infection establish-
ment. The bacteria only have few days to grow their numbers on young flowers to
reach at least 100,000 and up to 1 million live cells before a possible infection event
can be triggered by rain, dew, or hail. During this time and before the moisture
becomes available to allow infection, honeybees could spread the bacteria from con-
taminated flowers to newly opened flowers [109, 101]. This pollinator-facilitated
spreading continues the necessary pathogen population increase. Flower surfaces of
many other species of Rosacease family, except European plum Prunus domestica,
which are not susceptible to fire blight were found to be potential sites for population
increase of E. amylovora during their periods of bloom [110]. With a wetting event in
the form of rain, dew or hail, the pathogen is washed down from stigmas to the nectar
glands located in the floral cup where pathogen enters the host and causes the
infection. Infection of succulent green shoots occurs either via (1) internal pathogen
spread through green tissues from the infected flowers to the base of the nearby
shoots, (2) direct transfer of the pathogen from cankers or contaminated plant or tool
surfaces to the shoots, or (3) by pathogen dispersal from contaminated or infected
flowers to the shoot tips and leaves. Insects might play a vector role in these three
pathways. For limited amount of time, E. amylovora cells can survive on other healthy
surfaces of leaves and branches. However, population growth on these surfaces does
not occur. Pathogen enters and colonizes the cortical parenchyma through stomata on
the leaves or green stem, or through the microinjuries i.e. punctures and tears caused
by wind, wind-carried soil particles, hail, friction of plant parts, or sucking or
chewing insects [111]. During the time before infections take place, the lifestyle of
E. amylovora involves inhabiting and growing on the plant surfaces and is influenced
by the temperature and moisture from the environment and by nutrients on the plant
host. This is known as epiphytic phase of E. amylovora biology during which success-
ful management of fire blight is achieved by preventive spray applications of antibi-
otics that are delivered to flowers, before or up to 24 h after the predicted rain event/s
that would trigger the infection/s. Several fire blight epidemiological models have
been designed based on environmental and biological requirements of E. amylovora
and can predict infection events by using the weather forecast for up to 10 days in
advance to calculate the near-future infection risks (NEWA’s EIP, Maryblyt, RIMpro,
Cougarblight).

During the incubation, i.e. usually sometime around 10 – 14 days before the first
conspicuous blossom or shoot blight symptoms are visible, small white, amber or
orange droplets of bacterial ooze can emerge and drip from the infected green
tissues (flower pedicels, floral cup, sepals, immature fruit and shoots). With more
wetting events and insect activity, ooze can spread to new flowers and actively
growing shoots across the whole orchard. Since blossom and shoot blight symptoms
are not yet visible, this dissemination of ooze allows secondary infections and can
propel a fire blight outbreak into an epidemic, especially if the antibiotic spray
application/s were not conducted during bloom. Once incubation is over, blossom
blight is visible as dead, black or brown flower clusters with more droplets of
bacterial ooze developing if weather conditions are humid. Shoot blight and imma-
ture fruit infections are visible as black or brown “flags” or “strikes” and brown to
black shriveled fruitlets, respectively. Blighted shoot tips often bend in the typical
shape of Shepherd’s crook. Fire blight cankers on branches, trunk and rootstock are
formed by pathogen’s progress via xylem or the cortical parenchyma from the
established infections on flowers, shoots and suckers, into the wood bark tissues.

When E. amylovora enters the succulent tissues of flowers or shoots, it begins the
pathogenic phase of its lifestyle when it causes the disease and acquires moisture
and nutrients from the host and can migrate to other close or far host tissues and
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organs. During this phase, pathogen colonizes the cortical parenchyma tissue and
xylem vessels and can continue with systemic migration and distribution in the
plant [112–114]. Fire blight bacteria migrate internally via xylem of symptomless
branch and trunk tissues and ahead of the visible blight or canker symptoms, thus
reaching uninfected plant parts and apple rootstocks and causing infection far from
the visible infections in the canopy [115]. On susceptible rootstocks, the resulting
infections can express as cankers, often causing tree death due to trunk or rootstock
girdling, or can remain latent i.e. as a symptomless infections of trunk or rootstock.
Rootstock or trunk infections can also be initiated by E. amylovora migration from
the externally infected rootstock suckers (shoot growth from the root system or
rootstock stem) or water sprouts (shoot growth from the trunk or thick branches).
When E. amylovora resides as an endophyte in an apparently healthy plant tissues of
branches, rootstock or budwood, this lifestyle is referred to as an endophytic phase
of its biology. Finally, in nurseries, E. amylovora cells which survive on bark sur-
faces can infect rootstock or scion when either are bruised or injured during the
processes of vegetative material harvest, transport, or grafting.

2.2 Materials and methods

2.2.1 Trunk injection of pesticides for Diplodia corticola management

To test the effect of injected fungicides and activators of plant systemic acquired
resistance (SAR) [11] for reduction of Bot canker caused by D. corticola we
conducted experiments on potted northern red oak trees (Q. rubra) with fully
developed canopy. We evaluated trunk-injected fungicides and application rates
listed in Table 1, which were selected based on the EPA labels of pesticides for
landscape use (Table 1) and the preliminary fungicide screenings in vitro for sup-
pression of D. corticola colonies on fungicide-amended Petri of plates with potato
dextrose agar medium (Aćimović et al. unpublished data). Since in year one of the
experiment Phosphojet at 1.5 ml dose caused phytotoxicity on tree trunks, we
reduced the dose to 0.75 ml in year two repetition of the experiment (Table 1).

Table 1.
Trunk injected fungicide treatments evaluated for management of Bot canker fungus Diplodia corticola on
northern red oak trees, Quercus rubra.
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One injection point i.e. port per trunk of each potted tree, positioned ca. 5–7 cm
above the ground level, was created by drilling 7–10 mm into the xylem tissue with
a 4.3 mm diameter drill attached to a cordless drill. To inject the protective liquid
solutions listed in Table 1, we used a Stinger needle for plugless trunk injection
assembled on an individual feed line attached to the Tree IV air/hydraulic microin-
jection system, which operated at 60 psi air pressure (Arborjet Inc., Woburn, MA).
The Stinger needles are used for injection of trees when trunk injection ports of
large diameter (9.5 mm) are of concern or should be avoided and for injection of
trunks with small diameters. The diameter of injection port for inserting a Stinger
needle is smaller and does not require sealing with an Arborplug. In year one, the
injected potted oak trees had trunk diameter at 5 cm height averaging 1.3 cm and
ranging from 1 to 2.1 cm. In year two, a new set of injected trees had the diameter at
5 cm height averaging 1.5 cm and ranging from 1.1 to 2.2 cm. Trunk injection were
conducted on 12 June in year one and on 16 August in year two.

Trees were inoculated with D. corticola on 21 June and on 25 August, i.e. 9 days
after injection of fungicides. Trunk bark on the opposite side from the injection port
and 10 cm above the port was cut at three sides of rectangle to create a sleeve which
was peeled longitudinally. A PDA plug 5 mm in diameter from 10-day-old colony of
D. corticola isolate from our previous work [8] was placed in the sleeve on each
injected tree and wrapped with parafilm (Table 1). Once the first symptoms of
canopy wilt were observed, trees were destructively examined by stripping the bark
off above and below the inoculation point. The necrosis length (cm) and width
(cm) of Bot canker in xylem of the oak trunks were measured on 10 July in year one
and on 27 September in year two. Xylem necrosis area (cm2) was calculated by
multiplying the length and width for each individual tree and treatment mean was
calculated from six replicate trees.

Statistical analysis was done with MIXED procedure in SAS Studio software
(SAS Institute Inc. 2017, Cary, NC) using the xylem necrosis areas (cm2). If the
fungicide effect was found to be statistically significant (p < 0.1 in year one; p
< 0.05 in year two), treatment comparisons were done with LSD test. We presented
the fungicide management results as percent reduction of Bot canker necrosis area,
also known as percent disease control, calculated as: percent reduction of necrosis
area = [percent necrosis area in water control – percent necrosis area in specific
treatment] � 100/percent necrosis area in water control.

2.2.2 Trunk injection of pesticides for Venturia inaequalis management

With the goal to optimize timing and number of fungicide injections for man-
agement of apple scab fungus V. inaequalis, we conducted two experiments. In the
experiment 1, we trunk-injected fungicides listed in Table 2 on 29-year-old ‘Mac
Spur’ apple trees four times, with the first injection applied in the fall of year one
and the next three injections conducted in the spring of next, year two. In the
experiment 1, the injection on 11 April was conducted at 50% apple bloom
(Table 2). In the experiment 2, we injected 29-year-old ‘Mac Spur’ apple trees with
fungicides only one to two times in total, but by delivering them at different seasons
i.e. in fall or spring, as per schedule listed in Table 2. In the experiment 2, the
injection on 21 April was conducted at the silver tip growth stage of apple (Table 2).

On each trunk injection date with fungicides listed inTable 2, a separate set of four
cardinally-oriented trunk injection ports per each tree of ‘Mac Spur’was created by
drilling 25 mm into the xylem with a 9.5 mm diameter drill bit attached to a cordless
drill. The first set of four injection ports was positioned ca. 25 cm above the ground
level. The subsequent sets of four injection port were positioned ca. 5 cm above and
between the lower four-port sets. Every port was sealedwithArborplug no. 4 (Arborjet
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Inc., Woburn, MA) positioned just below the bark level to allow port closure with
cambium callus [44]. To inject the fungicides, we used the Quik-jet microinjection
system (Arborjet Inc.) operating at hand-generated hydraulic pressure to deliver low
volumes of liquid for injection, thus allowing faster application times, and the Tree IV
air/hydraulic microinjection system (Arborjet Inc.) operating at up to 60 psi of air
pressure to deliver large solution volumes of liquid for injection (≥600ml). In the
experiment 1 (Table 2), we injected all the treatments listed for 15 October in year one
with Quik-jet (Table 2). On 11 April in year two, we injected propiconazole using the
Viper air/hydraulic microinjection system set at 90 psi air pressure (Arborjet Inc.). At
the later dates, we injected Alamo using the Tree IV and Phosphojet using the Quik-jet.
In the experiment 2, we injected Phosphojet with Quik-jet and cyprodinil +
difenoconazole with Tree IV. The needle/s of each of the used injection devices was
inserted through the Arborplugs allowing the total liquid volume per tree, at one
injection time, to be divided and delivered equally among the four ports.

All the experiments were conducted under naturally high infection pressure
during the primary season of V. inaequalis ascospore release in spring. In the
experiment 1, we rated percent incidence of apple scab only on leaves, since fruits
were lost due to spring frosts. In the experiment 2, we rated percent incidence of
scab on leaves and fruit. A total of chose 20 spurs and 20 terminal shoots per tree
were selected, with about five from each crown quadrant, and rated for leaf scab
incidence. The fruit scab incidence was rated by selecting and rating 100 fruits per
tree, with about 25 per crown quadrant, and if less was found we rated all the
fruits per tree. The data were analyzed using MIXED procedure in SAS 9.3 (SAS
Institute, Cary, NC). The tree was the subject of repeated measures. If the main
effects or their interactions were found to be statistically significant (p < 0.05),

Table 2.
Fungicide treatments trunk-injected across two seasons and sprayed for management of apple scab fungus
Venturia inaequalis on ‘Mac Spur’ apple trees.

145

Choosing an Adequate Pesticide Delivery System for Managing Pathogens with Difficult Biologies…
DOI: http://dx.doi.org/10.5772/intechopen.87956



One injection point i.e. port per trunk of each potted tree, positioned ca. 5–7 cm
above the ground level, was created by drilling 7–10 mm into the xylem tissue with
a 4.3 mm diameter drill attached to a cordless drill. To inject the protective liquid
solutions listed in Table 1, we used a Stinger needle for plugless trunk injection
assembled on an individual feed line attached to the Tree IV air/hydraulic microin-
jection system, which operated at 60 psi air pressure (Arborjet Inc., Woburn, MA).
The Stinger needles are used for injection of trees when trunk injection ports of
large diameter (9.5 mm) are of concern or should be avoided and for injection of
trunks with small diameters. The diameter of injection port for inserting a Stinger
needle is smaller and does not require sealing with an Arborplug. In year one, the
injected potted oak trees had trunk diameter at 5 cm height averaging 1.3 cm and
ranging from 1 to 2.1 cm. In year two, a new set of injected trees had the diameter at
5 cm height averaging 1.5 cm and ranging from 1.1 to 2.2 cm. Trunk injection were
conducted on 12 June in year one and on 16 August in year two.

Trees were inoculated with D. corticola on 21 June and on 25 August, i.e. 9 days
after injection of fungicides. Trunk bark on the opposite side from the injection port
and 10 cm above the port was cut at three sides of rectangle to create a sleeve which
was peeled longitudinally. A PDA plug 5 mm in diameter from 10-day-old colony of
D. corticola isolate from our previous work [8] was placed in the sleeve on each
injected tree and wrapped with parafilm (Table 1). Once the first symptoms of
canopy wilt were observed, trees were destructively examined by stripping the bark
off above and below the inoculation point. The necrosis length (cm) and width
(cm) of Bot canker in xylem of the oak trunks were measured on 10 July in year one
and on 27 September in year two. Xylem necrosis area (cm2) was calculated by
multiplying the length and width for each individual tree and treatment mean was
calculated from six replicate trees.

Statistical analysis was done with MIXED procedure in SAS Studio software
(SAS Institute Inc. 2017, Cary, NC) using the xylem necrosis areas (cm2). If the
fungicide effect was found to be statistically significant (p < 0.1 in year one; p
< 0.05 in year two), treatment comparisons were done with LSD test. We presented
the fungicide management results as percent reduction of Bot canker necrosis area,
also known as percent disease control, calculated as: percent reduction of necrosis
area = [percent necrosis area in water control – percent necrosis area in specific
treatment] � 100/percent necrosis area in water control.

2.2.2 Trunk injection of pesticides for Venturia inaequalis management

With the goal to optimize timing and number of fungicide injections for man-
agement of apple scab fungus V. inaequalis, we conducted two experiments. In the
experiment 1, we trunk-injected fungicides listed in Table 2 on 29-year-old ‘Mac
Spur’ apple trees four times, with the first injection applied in the fall of year one
and the next three injections conducted in the spring of next, year two. In the
experiment 1, the injection on 11 April was conducted at 50% apple bloom
(Table 2). In the experiment 2, we injected 29-year-old ‘Mac Spur’ apple trees with
fungicides only one to two times in total, but by delivering them at different seasons
i.e. in fall or spring, as per schedule listed in Table 2. In the experiment 2, the
injection on 21 April was conducted at the silver tip growth stage of apple (Table 2).

On each trunk injection date with fungicides listed inTable 2, a separate set of four
cardinally-oriented trunk injection ports per each tree of ‘Mac Spur’was created by
drilling 25 mm into the xylem with a 9.5 mm diameter drill bit attached to a cordless
drill. The first set of four injection ports was positioned ca. 25 cm above the ground
level. The subsequent sets of four injection port were positioned ca. 5 cm above and
between the lower four-port sets. Every port was sealedwithArborplug no. 4 (Arborjet
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Inc., Woburn, MA) positioned just below the bark level to allow port closure with
cambium callus [44]. To inject the fungicides, we used the Quik-jet microinjection
system (Arborjet Inc.) operating at hand-generated hydraulic pressure to deliver low
volumes of liquid for injection, thus allowing faster application times, and the Tree IV
air/hydraulic microinjection system (Arborjet Inc.) operating at up to 60 psi of air
pressure to deliver large solution volumes of liquid for injection (≥600ml). In the
experiment 1 (Table 2), we injected all the treatments listed for 15 October in year one
with Quik-jet (Table 2). On 11 April in year two, we injected propiconazole using the
Viper air/hydraulic microinjection system set at 90 psi air pressure (Arborjet Inc.). At
the later dates, we injected Alamo using the Tree IV and Phosphojet using the Quik-jet.
In the experiment 2, we injected Phosphojet with Quik-jet and cyprodinil +
difenoconazole with Tree IV. The needle/s of each of the used injection devices was
inserted through the Arborplugs allowing the total liquid volume per tree, at one
injection time, to be divided and delivered equally among the four ports.

All the experiments were conducted under naturally high infection pressure
during the primary season of V. inaequalis ascospore release in spring. In the
experiment 1, we rated percent incidence of apple scab only on leaves, since fruits
were lost due to spring frosts. In the experiment 2, we rated percent incidence of
scab on leaves and fruit. A total of chose 20 spurs and 20 terminal shoots per tree
were selected, with about five from each crown quadrant, and rated for leaf scab
incidence. The fruit scab incidence was rated by selecting and rating 100 fruits per
tree, with about 25 per crown quadrant, and if less was found we rated all the
fruits per tree. The data were analyzed using MIXED procedure in SAS 9.3 (SAS
Institute, Cary, NC). The tree was the subject of repeated measures. If the main
effects or their interactions were found to be statistically significant (p < 0.05),

Table 2.
Fungicide treatments trunk-injected across two seasons and sprayed for management of apple scab fungus
Venturia inaequalis on ‘Mac Spur’ apple trees.
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examination, i.e. slicing of interactions within main effects was performed, F-tests
conducted and pairwise or specific time or treatment comparisons were done with
t-tests (α = 0.05). We presented the fungicide management results as percent of
disease reduction, also known as percent disease control, calculated as: percent
reduction of disease incidence = [percent disease incidence in water control –
percent disease incidence in specific treatment] � 100/percent disease incidence
in water control.

2.2.3 Trunk injection of pesticides for Erwinia amylovora management

2.2.3.1 Treatments for reducing blossom and shoot blight incidence

To test the effect of injected bactericides and activators of plant systemic
acquired resistance (SAR) for blossom and shoot blight incidence reduction, the
orchard experiments were conducted over 2 years (Table 3). The early spring
injections in year one (26 March) were conducted with Viper air/hydraulic micro-
injection system® at under 110 psi of air pressure and late spring injections (23
April) were done with Tree IV® air/hydraulic micro-injection system, at 60 psi air
pressure (Arborjet Inc., Woburn, MA). In the year two, trunk injections on 1 and 22
May were applied using Tree IV® air/hydraulic micro-injection system at 60 psi of
air pressure. The injection needles of these devices were inserted through the one-
way valve silicone septum in the Arborplugs® which allowed delivery of protective
solutions into he drilled injection ports. In each injection, the total injected volume
per tree was divided equally among the four ports (Table 3). Four injection ports
per each apple per tree, positioned ca. 10–15 cm above the ground level, were
cardinally oriented and created by drilling 25 mm into the xylem tissue using a
9.5 mm diameter drill bit attached to a cordless drill. Each port was sealed with
Arborplug® no. 4, by pushing the plug with a specialized screwdriver-like tapper hit
with a hammer (Arborjet Inc., Woburn, MA, USA). The plug was positioned just
below the bark level to allow port closure with cambium callus.

In the year one, we used 14-year-old ‘Gala’ apple trees which were trunk-
injected using the compounds and dosages listed in Table 3. Injections were
performed at the tight cluster growth stage in apples (26 March), or 21 days before
80% bloom, and at petal fall growth stage (23 April). In the year two, experiments
were conducted on a new set of 21-year-old ‘Gala’ apple trees, injected with the
same doses in Table 3. Injections were applied at early tight cluster growth stage
(1 May) or 13 days before 80% bloom and at petal fall (22 May). The treatment

Table 3.
Trunk-injected treatments of bactericides and SAR-activators for management of fire blight bacterium Erwinia
amylovora on flowers and shoots of ‘Gala’ and ‘Jonathan’ apple trees.
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Actigard 1 was injected only on the first date in both years (Table 3). Each dose in
every treatment, except the Phosphojet, was diluted and injected with 520 ml of
water per tree. The doses per tree were chosen according to the four rules: (1) the
dose was equivalent to the US EPA pesticide label rate for a maximum amount per
0.405 ha with 250 planted apple trees; (2) the dose was one half of the maximum
US EPA label rate allowed per one season; (3) the dose was equal to a rate delivered
in one spray application treatment per 0.405 ha with 250 apple trees; or (4) the
dose was selected based on previous research with trunk injection of similar pesti-
cides [116]. Trees injected with water and the non-injected non-inoculated trees
served as negative controls for efficacy comparisons. In year one, each treatment
was replicated on four trees arranged in a randomized complete block design, where
blocking controlled the variable crown tree sizes (large, medium, medium-small,
and small) [117]. In the year two, we used the same number of replicate trees per
treatment but arranged in a completely randomized design (CRD).

In year one, on 16 April at 80% bloom, apple flowers of all experimental trees
were inoculated with a suspension of E. amylovora strain in distilled water using a
hand-sprayer (5.4 � 106 CFU/ml; CFU—colony forming units). In year two, on 14
May at 80% bloom, flowers were inoculated with E. amylovora (0.7 � 106 CFU/ml).
In year one, we evaluated blossom blight incidence 22, 29 May and 5 June, and in
year two on 11, 18, and 25 June. Rating of blossom blight incidence consisted of
random selection of flower clusters to form a 100-cluster sample per tree and
calculating the percent of diseased and healthy blossom clusters in that sample.
Shoot blight incidence was evaluated on 29 May and 5 June in year one and in year
two on 11, 18, and 25 June. After randomly selecting enough shoots to form a sample
of 100-shoots per tree, shoot blight incidence percent was calculated for each tree
from the number of blighted and healthy shoots. Mean percent of blossom and
shoot blight incidences for each treatment were calculated from the disease inci-
dences on four replicate trees. For clarity, presented means consist of four replicate
trees averaged across two or three time points i.e. dates listed above when fire blight
incidences on flowers or shoots were rated.

We analyzed the data with MIXED procedure in SAS 9.3 (SAS Institute, 2012).
The main effect of treatments on blossom and shoot blight incidence were analyzed
using F test (α = 0.05) and if found significant, pairwise treatment comparisons were
done using t-tests (α = 0.05). We presented the fire blight management results as
percent of disease reduction, also known as percent disease control, calculated as:
percent reduction of blossom or shoot blight incidence = [percent blossom or shoot
blight incidence in water control – percent blossom or shoot blight incidence in
specific treatment]� 100/percent blossom or shoot blight incidence in water control.

2.2.3.2 Treatments for reducing shoot blight severity

To test the reduction of shoot blight severity with bactericide oxytetracycline
hydrochloride (Arborbiotic, MFG Scientific Inc., EPA Reg. No 88482-1; Arbor-
OTC® Injectable Tree Antibiotic, Arborjet Inc., Reg No. 74578-7), apple trunk
injections were performed in a similar fashion described above, but by using a
Quik-jet® micro-injection system instead (Arborjet Inc., Woburn, MA, USA). This
device relies solely on hand-generated hydraulic pressure to inject the necessary
pesticide solution volume in each port. The injection ports were created and sealed
with Arborplugs (Arborjet Inc.) in the same way as described above and injected
volume per tree was divided equally among the four ports. The experiments were
conducted in 2 years. In year one, at petal fall growth stage (23 April) mature
12-year-old apple trees of cv. ‘Jonathan’ were trunk-injected with Arborbiotic using
dose in Table 3 diluted at 10% in water. The total dose per tree was calculated based
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examination, i.e. slicing of interactions within main effects was performed, F-tests
conducted and pairwise or specific time or treatment comparisons were done with
t-tests (α = 0.05). We presented the fungicide management results as percent of
disease reduction, also known as percent disease control, calculated as: percent
reduction of disease incidence = [percent disease incidence in water control –
percent disease incidence in specific treatment] � 100/percent disease incidence
in water control.

2.2.3 Trunk injection of pesticides for Erwinia amylovora management

2.2.3.1 Treatments for reducing blossom and shoot blight incidence

To test the effect of injected bactericides and activators of plant systemic
acquired resistance (SAR) for blossom and shoot blight incidence reduction, the
orchard experiments were conducted over 2 years (Table 3). The early spring
injections in year one (26 March) were conducted with Viper air/hydraulic micro-
injection system® at under 110 psi of air pressure and late spring injections (23
April) were done with Tree IV® air/hydraulic micro-injection system, at 60 psi air
pressure (Arborjet Inc., Woburn, MA). In the year two, trunk injections on 1 and 22
May were applied using Tree IV® air/hydraulic micro-injection system at 60 psi of
air pressure. The injection needles of these devices were inserted through the one-
way valve silicone septum in the Arborplugs® which allowed delivery of protective
solutions into he drilled injection ports. In each injection, the total injected volume
per tree was divided equally among the four ports (Table 3). Four injection ports
per each apple per tree, positioned ca. 10–15 cm above the ground level, were
cardinally oriented and created by drilling 25 mm into the xylem tissue using a
9.5 mm diameter drill bit attached to a cordless drill. Each port was sealed with
Arborplug® no. 4, by pushing the plug with a specialized screwdriver-like tapper hit
with a hammer (Arborjet Inc., Woburn, MA, USA). The plug was positioned just
below the bark level to allow port closure with cambium callus.

In the year one, we used 14-year-old ‘Gala’ apple trees which were trunk-
injected using the compounds and dosages listed in Table 3. Injections were
performed at the tight cluster growth stage in apples (26 March), or 21 days before
80% bloom, and at petal fall growth stage (23 April). In the year two, experiments
were conducted on a new set of 21-year-old ‘Gala’ apple trees, injected with the
same doses in Table 3. Injections were applied at early tight cluster growth stage
(1 May) or 13 days before 80% bloom and at petal fall (22 May). The treatment

Table 3.
Trunk-injected treatments of bactericides and SAR-activators for management of fire blight bacterium Erwinia
amylovora on flowers and shoots of ‘Gala’ and ‘Jonathan’ apple trees.
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Actigard 1 was injected only on the first date in both years (Table 3). Each dose in
every treatment, except the Phosphojet, was diluted and injected with 520 ml of
water per tree. The doses per tree were chosen according to the four rules: (1) the
dose was equivalent to the US EPA pesticide label rate for a maximum amount per
0.405 ha with 250 planted apple trees; (2) the dose was one half of the maximum
US EPA label rate allowed per one season; (3) the dose was equal to a rate delivered
in one spray application treatment per 0.405 ha with 250 apple trees; or (4) the
dose was selected based on previous research with trunk injection of similar pesti-
cides [116]. Trees injected with water and the non-injected non-inoculated trees
served as negative controls for efficacy comparisons. In year one, each treatment
was replicated on four trees arranged in a randomized complete block design, where
blocking controlled the variable crown tree sizes (large, medium, medium-small,
and small) [117]. In the year two, we used the same number of replicate trees per
treatment but arranged in a completely randomized design (CRD).

In year one, on 16 April at 80% bloom, apple flowers of all experimental trees
were inoculated with a suspension of E. amylovora strain in distilled water using a
hand-sprayer (5.4 � 106 CFU/ml; CFU—colony forming units). In year two, on 14
May at 80% bloom, flowers were inoculated with E. amylovora (0.7 � 106 CFU/ml).
In year one, we evaluated blossom blight incidence 22, 29 May and 5 June, and in
year two on 11, 18, and 25 June. Rating of blossom blight incidence consisted of
random selection of flower clusters to form a 100-cluster sample per tree and
calculating the percent of diseased and healthy blossom clusters in that sample.
Shoot blight incidence was evaluated on 29 May and 5 June in year one and in year
two on 11, 18, and 25 June. After randomly selecting enough shoots to form a sample
of 100-shoots per tree, shoot blight incidence percent was calculated for each tree
from the number of blighted and healthy shoots. Mean percent of blossom and
shoot blight incidences for each treatment were calculated from the disease inci-
dences on four replicate trees. For clarity, presented means consist of four replicate
trees averaged across two or three time points i.e. dates listed above when fire blight
incidences on flowers or shoots were rated.

We analyzed the data with MIXED procedure in SAS 9.3 (SAS Institute, 2012).
The main effect of treatments on blossom and shoot blight incidence were analyzed
using F test (α = 0.05) and if found significant, pairwise treatment comparisons were
done using t-tests (α = 0.05). We presented the fire blight management results as
percent of disease reduction, also known as percent disease control, calculated as:
percent reduction of blossom or shoot blight incidence = [percent blossom or shoot
blight incidence in water control – percent blossom or shoot blight incidence in
specific treatment]� 100/percent blossom or shoot blight incidence in water control.

2.2.3.2 Treatments for reducing shoot blight severity

To test the reduction of shoot blight severity with bactericide oxytetracycline
hydrochloride (Arborbiotic, MFG Scientific Inc., EPA Reg. No 88482-1; Arbor-
OTC® Injectable Tree Antibiotic, Arborjet Inc., Reg No. 74578-7), apple trunk
injections were performed in a similar fashion described above, but by using a
Quik-jet® micro-injection system instead (Arborjet Inc., Woburn, MA, USA). This
device relies solely on hand-generated hydraulic pressure to inject the necessary
pesticide solution volume in each port. The injection ports were created and sealed
with Arborplugs (Arborjet Inc.) in the same way as described above and injected
volume per tree was divided equally among the four ports. The experiments were
conducted in 2 years. In year one, at petal fall growth stage (23 April) mature
12-year-old apple trees of cv. ‘Jonathan’ were trunk-injected with Arborbiotic using
dose in Table 3 diluted at 10% in water. The total dose per tree was calculated based
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on the unique trunk diameters at 30 cm height using the EPA label instructions. In
year two, the same apple trees injected in year one were re-injected at petal fall
(22 May) using the same dose in Table 3 delivered via a fresh set of drilled injection
ports above the previous year’s set of injection ports. In both years, Arborbiotic
treatment as well as water control were replicated on four trees arranged in a CRD.

A total of 10 terminal shoots per each tree were inoculated on 7 May in year one
and on 30 May in year two. We used a previously reported inoculation method
[114]. In brief, the upper third of leaf blade of the second or the third youngest leaf
on each shoot tip was cut perpendicular to the leaf midvein with scissors dipped in
E. amylovora suspension (year one: 4.7 � 107 CFU/ml; year two: 5 � 108 CFU/ml).
An additional 10 shoots per each tree were wounded with scissors dipped in distilled
water and used as an in-per-tree negative control. When the disease started devel-
oping on inoculated shoots, the length of shoot blight lesion (necrosis) and the total
shoot length was measured for each inoculated shoot and the shoot blight severity
percent was calculated by comparing the ratio of necrotic lesion length and the total
shoot length (cm). Only the total shoot length was measured for negative control
shoots. The shoot necrosis lesions and total shoot lengths were measured at 7-day
intervals after inoculation and were ceased when terminal bud set on shoots
occurred (year one: 14, 21, and 28 May and 4, 11, and 18 June; year two: 10, 17, and

Figure 1.
Percent reduction i.e. control of Bot canker necrosis area in trunk xylem in relation to water control on Quercus
rubra trees in year one (A) and year two (B) achieved with trunk injections of fungicides Propizol
(propiconazole), Arbotect (thiabendazole) and Phosphojet (potassium phosphites). Means followed by
different letters are significantly different (A: p < 0.1, LSD test; B: p < 0.05, LSD test). In year one (A), the
area of Bot canker necrosis in trunk xylem in water control was 5.15 cm2 and in year two (B) 5.8 cm2. Each
mean consists of six replicate trees.
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24 June and 1, 8, and 15, 2013 July). The mean of shoot blight severity percent in per
tree basis was calculated from the 10 shoot replicates. For each time point when the
disease was rated, the average shoot blight severity was calculated from the four
tree replicate means. For clarity, presented means consist of four replicate trees
averaged across five or six time points i.e. dates listed above when fire blight
severity on shoots was rated.

We analyzed the data using MIXED procedure in SAS 9.3 (SAS Institute, 2012). If
the main effect of treatment on shoot blight severity was found significant (F test,
α = 0.05), comparison to water control was conducted using re t-tests (α = 0.05). We
presented the fire blight management results as percent of disease reduction, also
known as percent disease control, calculated as: percent reduction of shoot blight
severity = [percent shoot blight severity in water control – percent shoot blight
severity in specific treatment] � 100/percent shoot blight severity in water control.

3. Results

3.1 Trunk injection of pesticides for Diplodia corticola management

All the three fungicides trunk-injected preventively provided significant reduc-
tion of Bot canker caused by D. corticola for 37.2–71.1% (Figure 1). Phosphojet at
1.5 ml per tree gave the best disease control when averaged across both years
(58.5%) but caused phytotoxicity on four out of six tree replicates in year one and
these trees died before the disease was rated. In year two, Phosphojet rate was
reduced to 0.75 ml and this negative effect was not detected again. Averaged across
both years, Arbotect provided the second-best control of 57.5%, followed by
Propizol with 53.3% (Figure 1).

3.2 Trunk injection of pesticides for Venturia inaequalis management

In the experiment 1, fungicides injected four times in total, once in fall and then
three additional times in spring, during the primary scab infection period, provided
significant reduction of apple scab incidence on spur and shoot leaves (Figure 2A).
On spur leaves, the best scab reduction of 45.5% was achieved with injected
Phosphojet high, but this control was not better in comparison to 78.6% in spray
standard applied in spring during the primary scab season (Figure 2A). In contrast,
control with injected Phosphojet high on shoots outperformed the spray standard
with 73.6 vs. 62.9% in scab reduction (Figure 2A). Similarly, Alamo performed
better on shoot leaved than on spur leaves (Figure 2A).

In the experiment 2, fungicides injected 1–2 times in total, across or within two
seasons of fall and spring, revealed that the injected Inspire Super treatments largely
did not significantly reduce disease incidence on spur and shoot leaves when com-
pared to the water control. In contrast, all the injected Phosphojet treatments and
Agrifos sprays did. Comparisons among these treatments clearly demonstrated that
on all the three rated apple organs (Figure 2B), Phosphojet trunk injections pro-
vided statistically better apple scab reduction i.e. control in comparison to all the
Inspire Super trunk injections. On spur leaves, two Phosphojet trunk injections, fall
plus spring, was the best treatment among injections by providing 46.3% control
which was similar to the Inspire Super sprays (Figure 2B). On shoot leaves, two
Phosphojet trunk injections both done in spring, provided the best scab control of
66.5% similar to nine sprays of Agrifos (Figure 2B). On fruit, scab control was the
best in Phosphojet trunk injection done once or twice in spring, and in fall plus
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[114]. In brief, the upper third of leaf blade of the second or the third youngest leaf
on each shoot tip was cut perpendicular to the leaf midvein with scissors dipped in
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tree basis was calculated from the 10 shoot replicates. For each time point when the
disease was rated, the average shoot blight severity was calculated from the four
tree replicate means. For clarity, presented means consist of four replicate trees
averaged across five or six time points i.e. dates listed above when fire blight
severity on shoots was rated.

We analyzed the data using MIXED procedure in SAS 9.3 (SAS Institute, 2012). If
the main effect of treatment on shoot blight severity was found significant (F test,
α = 0.05), comparison to water control was conducted using re t-tests (α = 0.05). We
presented the fire blight management results as percent of disease reduction, also
known as percent disease control, calculated as: percent reduction of shoot blight
severity = [percent shoot blight severity in water control – percent shoot blight
severity in specific treatment] � 100/percent shoot blight severity in water control.
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All the three fungicides trunk-injected preventively provided significant reduc-
tion of Bot canker caused by D. corticola for 37.2–71.1% (Figure 1). Phosphojet at
1.5 ml per tree gave the best disease control when averaged across both years
(58.5%) but caused phytotoxicity on four out of six tree replicates in year one and
these trees died before the disease was rated. In year two, Phosphojet rate was
reduced to 0.75 ml and this negative effect was not detected again. Averaged across
both years, Arbotect provided the second-best control of 57.5%, followed by
Propizol with 53.3% (Figure 1).

3.2 Trunk injection of pesticides for Venturia inaequalis management

In the experiment 1, fungicides injected four times in total, once in fall and then
three additional times in spring, during the primary scab infection period, provided
significant reduction of apple scab incidence on spur and shoot leaves (Figure 2A).
On spur leaves, the best scab reduction of 45.5% was achieved with injected
Phosphojet high, but this control was not better in comparison to 78.6% in spray
standard applied in spring during the primary scab season (Figure 2A). In contrast,
control with injected Phosphojet high on shoots outperformed the spray standard
with 73.6 vs. 62.9% in scab reduction (Figure 2A). Similarly, Alamo performed
better on shoot leaved than on spur leaves (Figure 2A).

In the experiment 2, fungicides injected 1–2 times in total, across or within two
seasons of fall and spring, revealed that the injected Inspire Super treatments largely
did not significantly reduce disease incidence on spur and shoot leaves when com-
pared to the water control. In contrast, all the injected Phosphojet treatments and
Agrifos sprays did. Comparisons among these treatments clearly demonstrated that
on all the three rated apple organs (Figure 2B), Phosphojet trunk injections pro-
vided statistically better apple scab reduction i.e. control in comparison to all the
Inspire Super trunk injections. On spur leaves, two Phosphojet trunk injections, fall
plus spring, was the best treatment among injections by providing 46.3% control
which was similar to the Inspire Super sprays (Figure 2B). On shoot leaves, two
Phosphojet trunk injections both done in spring, provided the best scab control of
66.5% similar to nine sprays of Agrifos (Figure 2B). On fruit, scab control was the
best in Phosphojet trunk injection done once or twice in spring, and in fall plus
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spring: 62.8, 69.7 and 64.6%, significantly outperforming both the Agrifos and the
Inspire Super sprays (Figure 2B).

3.3 Trunk injection of pesticides for Erwinia amylovora management

3.3.1 Treatments for reducing blossom and shoot blight incidence

In both year one and year two, all the trunk-injected bactericides (Agrimycin)
and SAR-activators (Actigard, Phosphojet) provided significant reduction of

Figure 2.
Percent reduction i.e. control of apple scab in relation to water control on ‘Mac Spur’ trees after in experiment 1
(A) and experiment 2 (B) achieved with trunk injections and sprays of potassium phosphites (Phosphojet,
Arborfos) and of difenoconazole + cyprodinil (Inspire Super). Means within each graph section i.e. apple organ
followed by different letters are significantly different (t-test, p < 0.05). F - one fall injection; 3S - three spring
injections; S - one spring injection. In experiment 1 (A), scab incidences in water control on spur and shoot
leaves were 72.2 and 54%. In experiment 2 (B) scab incidences in water control on spur leaves, shoot leaves and
fruit were 88.3, 94.4 and 95.5%, respectively. Each mean consists of six replicate trees.
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blossom blight incidence in comparison to the water control (Figure 3). In year one,
which had low disease pressure (Figure 3A), there was no significant difference
among all the treatments in disease reduction i.e. control (37.9–61.1%). In year two,
with high infection pressure, Agrimycin was the best providing 28.9% blossom
blight control (Figure 3B). Averaged across both years, Agrimycin and then
Phosphojet were the best treatments with 45 and 40.5% achieved control, respec-
tively (Figure 3).

In year one, none of the trunk-injected products provided significant reduction of
shoot blight incidence in comparison to the water control, hence did not differ among
each other (Figure 4A). In year two, under high disease pressure, all the injected
products significantly reduced shoot blight incidence for 23.4–36.5% in comparison to
the water control, but when compared they did not significantly differ between each
other (Figure 4B). If averaged across both years, Agrimycin and then Phosphojet
achieved the best control of 53.5 and 42.8%, respectively (Figure 4).

Figure 3.
Percent reduction i.e. control of blossom blight incidence in relation to water control on ‘Gala’ apple trees in year
one (A) and year two (B) achieved with one to two trunk injections of ‘Gala’ apple trees with Agrimycin
(streptomycin), Phosphojet (potassium phosphites) and Actigard (acibenzolar-S-methyl). Means within each
graph followed by different letters are significantly different (t-test, p < 0.05). Blossom blight incidence in
water control in year one was 47.2% (A) and in year two 72.9% (B). Each mean consists of four replicate trees
averaged across three time points when disease was rated.
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blossom blight incidence in comparison to the water control (Figure 3). In year one,
which had low disease pressure (Figure 3A), there was no significant difference
among all the treatments in disease reduction i.e. control (37.9–61.1%). In year two,
with high infection pressure, Agrimycin was the best providing 28.9% blossom
blight control (Figure 3B). Averaged across both years, Agrimycin and then
Phosphojet were the best treatments with 45 and 40.5% achieved control, respec-
tively (Figure 3).

In year one, none of the trunk-injected products provided significant reduction of
shoot blight incidence in comparison to the water control, hence did not differ among
each other (Figure 4A). In year two, under high disease pressure, all the injected
products significantly reduced shoot blight incidence for 23.4–36.5% in comparison to
the water control, but when compared they did not significantly differ between each
other (Figure 4B). If averaged across both years, Agrimycin and then Phosphojet
achieved the best control of 53.5 and 42.8%, respectively (Figure 4).
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Percent reduction i.e. control of blossom blight incidence in relation to water control on ‘Gala’ apple trees in year
one (A) and year two (B) achieved with one to two trunk injections of ‘Gala’ apple trees with Agrimycin
(streptomycin), Phosphojet (potassium phosphites) and Actigard (acibenzolar-S-methyl). Means within each
graph followed by different letters are significantly different (t-test, p < 0.05). Blossom blight incidence in
water control in year one was 47.2% (A) and in year two 72.9% (B). Each mean consists of four replicate trees
averaged across three time points when disease was rated.
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Figure 4.
Percent reduction i.e. control of shoot blight incidence in relation to water control on ‘Gala’ apple trees in year
one (A) and year two (B) achieved with one to two trunk injections of Agrimycin (streptomycin), Phosphojet
(potassium phosphites) and Actigard (acibenzolar-S-methyl). (A) In year one, the injected treatments did not
significantly reduce shoot blight incidence relative to water control. (B) Means followed by different letters are
significantly different (t-test, p < 0.05). Soot blight incidence in water control in year one was 22.4% (A) and
in year two 68.5% (B). Each mean consists of 4 replicate trees averaged across two time points in (A) and three
time points in (B) when disease was rated.

Figure 5.
Percent reduction i.e. control of shoot blight severity relative to water control achieved from a single trunk
injection of ‘Jonathan’ apple trees with Arborbiotic (oxytetracycline hydrochloride) in each year. Means with an
asterisk indicate significant reduction of shoot blight severity (year one: Tukey’s HSD test; year two: t-test,
p < 0.05). Each mean consists of four replicate trees averaged across five time points in year 1 and six time
points in year 2 when disease was rated.
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3.3.2 Treatments for reducing shoot blight severity

In both years Arborbiotic provided significant reduction i.e. control of
shoot blight severity in comparison to the water control (Figure 5). When
averaged across both years, the control of shoot blight severity reached 72.4%
(Figure 5).

4. Discussion

4.1 Diplodia corticola

We present the first data on management of D. corticola on northern red oak
using fungicides thiabendazole, propiconazole and potassium phosphites delivered
by trunk injection as an alternative pesticide application method which offers
selective exposure of this and other wood pathogens to the injected compounds.
Since this fungus invades and spreads via tree xylem on different oak species as
hardwood trees and causes necrosis and vascular occlusion [7, 8], ultimately killing
the tree, trunk injection of fungicides seems as the most suitable fungicide delivery
method for this pathogen’s biology and likely more effective for managing the
resulting Bot canker disease. The achieved levels in control of Bot canker in xylem
ranged from 37.2 to 71.1% with an overall average of 56.4% across all the fungi-
cides we trunk injected. Phosphojet provided control of 58.5%, but the most reli-
able fungicides and across-years consistent were Arbotect (thiabendazole) and
Propizol (propiconazole) which achieved control of 57.5 and 53.3%. A higher
efficacy was not achieved probably because of the short time between fungicide
injection and inoculation with D. corticola which could have reduced the unifor-
mity in distribution of these fungicides in xylem, thus hampering the efficacy.
On the debarked cork oak trees and under moist conditions, the canker length
caused by D. corticola is reduced for 25.8–98.5% by preventive spray applications
of thiophanate-methyl and/or copper-calcium sulphate, delivered immediately
after the cork peeling [20]. On average, across different test locations, Bot canker
control in this study was 64.7% with thiophanate-methyl and/or copper-calcium
sulphate [20].

The organic carbon-water partitioning coefficient (Ko/c) for thiabendazole is
moderate to high and ranges from 1104 to 4680 ml/g, while water solubility is
50 mg/L at pH 7 and 38 mg/ml at pH 2 [118]. These parameters indicate on low to no
mobility of thianbendazole in xylem as a carbon rich environment. The Ko/c of
propiconazole is 1086–1817 ml/g which is moderate to high [119, 120] and water
solubility is low, 100–150 mg/L [121]. This could have contributed to slow and
reduced uniformity in distribution of injected fungicides in xylem. However, both
Arbotect and Propizol are fungicides formulated for trunk injection on hardwood
trees and if properly diluted and delivered preventively they can accumulate suffi-
ciently to secure the internal control of specific plant diseases (e.g. Dutch elm
disease caused by O. ulmi and O. novo-ulmi; sycamore/London plane anthracnose
caused by Apiognomonia veneta).

In the future studies, we predict that the efficacy of preventive fungicide appli-
cations against D. corticola via trunk injection delivery can be increased: (1) with
more time allowed between injection and infection with D. corticola, (2) with more
injections per season, and (3) a larger dose per tree. These factors should allow
continued and better distribution of these fungicides in the wood xylem and canopy
and probably secure the higher fungicide efficacy in Bot canker control, especially
on larger trees.
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Figure 4.
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152

Plant Diseases-Current Threats and Management Trends

3.3.2 Treatments for reducing shoot blight severity

In both years Arborbiotic provided significant reduction i.e. control of
shoot blight severity in comparison to the water control (Figure 5). When
averaged across both years, the control of shoot blight severity reached 72.4%
(Figure 5).
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by trunk injection as an alternative pesticide application method which offers
selective exposure of this and other wood pathogens to the injected compounds.
Since this fungus invades and spreads via tree xylem on different oak species as
hardwood trees and causes necrosis and vascular occlusion [7, 8], ultimately killing
the tree, trunk injection of fungicides seems as the most suitable fungicide delivery
method for this pathogen’s biology and likely more effective for managing the
resulting Bot canker disease. The achieved levels in control of Bot canker in xylem
ranged from 37.2 to 71.1% with an overall average of 56.4% across all the fungi-
cides we trunk injected. Phosphojet provided control of 58.5%, but the most reli-
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efficacy was not achieved probably because of the short time between fungicide
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On the debarked cork oak trees and under moist conditions, the canker length
caused by D. corticola is reduced for 25.8–98.5% by preventive spray applications
of thiophanate-methyl and/or copper-calcium sulphate, delivered immediately
after the cork peeling [20]. On average, across different test locations, Bot canker
control in this study was 64.7% with thiophanate-methyl and/or copper-calcium
sulphate [20].

The organic carbon-water partitioning coefficient (Ko/c) for thiabendazole is
moderate to high and ranges from 1104 to 4680 ml/g, while water solubility is
50 mg/L at pH 7 and 38 mg/ml at pH 2 [118]. These parameters indicate on low to no
mobility of thianbendazole in xylem as a carbon rich environment. The Ko/c of
propiconazole is 1086–1817 ml/g which is moderate to high [119, 120] and water
solubility is low, 100–150 mg/L [121]. This could have contributed to slow and
reduced uniformity in distribution of injected fungicides in xylem. However, both
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trees and if properly diluted and delivered preventively they can accumulate suffi-
ciently to secure the internal control of specific plant diseases (e.g. Dutch elm
disease caused by O. ulmi and O. novo-ulmi; sycamore/London plane anthracnose
caused by Apiognomonia veneta).

In the future studies, we predict that the efficacy of preventive fungicide appli-
cations against D. corticola via trunk injection delivery can be increased: (1) with
more time allowed between injection and infection with D. corticola, (2) with more
injections per season, and (3) a larger dose per tree. These factors should allow
continued and better distribution of these fungicides in the wood xylem and canopy
and probably secure the higher fungicide efficacy in Bot canker control, especially
on larger trees.
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4.2 Venturia inaequalis

We evaluated the similar fungicides on apple,M. pumila, another hardwood tree
species. When Phosphojet and Inspire Super, where the latter one contains a DMI
(demethylation inhibitor) fungicide difenoconazole from the same class as Alamo
or Propizol (propiconazole), were trunk-injected for management of apple scab
fungus V. inaequalis, the best control was achieved with Phosphojet and then by
Alamo.

The efficacy against this subcuticular pathogen that infects just below the waxy
layer on leaves and fruit, clearly depended on the apple canopy organ and the time/s
of fungicide injection/s. Namely, on spurs which hold much fewer leaves in total in
comparison to the shoots, the best leaf scab incidence reduction was 45.5 and 46.3%.
In contrast, scab reduction on shoot leaves with Phosphojet reached 66.5 and 73.6%.
On apple fruit, scab reduction reached up to 62.8, 64.6 and 69.7%. These efficacy
patterns clearly demonstrate the differential influences of the tree’s yearly and
organ-specific physiology, the properties of injected compound, and the injection
timing on the accumulation of fungicides in the canopy. Since the major water
transport in xylem, occurs in spring, at least one to two injections of phosphites in
early spring gave a good disease control, depending on the canopy organ. The best
scab control with injected phosphites was achieved on the shoot leaves, followed by
apple fruit, and then on the spur leaves. The injected phosphites probably accumu-
lated more in the shoot leaves than in the spur leaves and they accumulate more in
fruit than in spur leaves. This can be explained by the variable rates of transpiration
from these organs, which influences the speed and abundance of fungicide accu-
mulation after trunk injection. The total leaf area on shoots is larger in comparison
to spurs. The fewer leaves on spurs, which are first to develop in spring and early
reach their full size, have fewer total number of stomata on them in comparison to
more numerous shoot leaves. Additionally, from petal fall up until terminal bud set,
shoots keep growing and developing more leaves on the tips. Hence, apple shoots
hold the higher number of stomata in total, thus allowing much higher transpiration
intensity, abundant accumulation of injected fungicides and thus scab control.
Similarly, apple scab control was lower on fruit than on shoots which could be
explained by the fact that apple fruit hold 10- to 100-fold lower frequency of
stomata on their epidermis in comparison to the apple leaves [122].

The chemical properties of different active ingredients impact their distribution
and accumulation in the canopy. For example, potassium phosphites have higher
water solubility of 500 g/L in comparison to propiconazole and difenoconazole which
have low to very low water solubilities of 100–150 mg/L and 13 mg/L, respectively
[121, 123]. Potassium phosphites have low organic carbon-water partitioning coeffi-
cient (Ko/c) from 228 to 587 ml/g in comparison to moderate to high of propiconazole,
1086–1817 ml/g, and of difenoconazole, 3870–11,202 ml/g, respectively [119, 120].
This difference likely allowed phosphites to move faster in xylem [124] and accumu-
late more in leaves and fruit than the other injected fungicides. At the same time,
propiconazole and difenoconazole were probably bound to the organic phase of
xylem symplast and apoplast, thus lowering their accumulation in leaves and fruit
and reducing their effect on scab incidence [65]. This is often referred to as a
reservoir effect and Ko/c as is an important property of a pesticide that can explains its
limited or abundant accumulation in the canopy [65, 125]. Besides the Ko/c and water
solubility, the inactive components of the Inspire Super pesticide formulation we
injected (stickers, emulsifiers, surfactants, etc.) could reduce the abundant accumu-
lation of difenoconazole and a better scab control. Fungicides have to be formulated
for injection to secure their upward translocation in xylem and often diluted prior to
trunk injection to reduce the impact of Ko/c effect. Once the high solubility, low Ko/c
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and injectable formulation are possible for one active ingredient, a rapid and desired
control effect on plant pathogen or insect pest can be expected [42, 45, 126].

The reduction of apple scab and our prior work on analyzing the residues of
injected pesticides on apple leaves and fruit [12, 61] indicates that accumulation of
trunk-injected fungicides in the wood and canopy is a time-demanding process
chiefly shaped by the tree physiology and tissue resistance points [127, 128]. Trunk
injection is an opposite process to the immediate deposition of fungicide solution on
the tree canopy by foliar spray applications. However, even though the injected
dose per tree of phosphites in Phosphojet was 1.6–2 times higher than in the Agrifos
sprays, the fact that just two injections secured better control of scab on fruit and
spur leaves in comparison to nine Agrifos sprays demonstrated better persistence of
injected Phosphojet. This shows that trunk injection is a superior delivery method
for phosphites as it enhances their activity for 1–2 growing seasons [12].

4.3 Erwinia amylovora

The fire blight bacterium E. amylovora is a pathogen of apple trees with a unique
and complicated biology involving several lifestyles: (1) in planta overwintering in
fire blight cankers on bark or asymptomatically in host buds or as latent infections
in asymptomatic wood [101], (2) residing on different plant surfaces and colonizing
flower surfaces before their infection, and (3) migration after infection to other
close or far host tissues and organs through colonizing the cortical parenchyma and
xylem vessels. Therefore, it seems that for the stages of pathogen overwintering in
wood or bark and especially for migration via xylem, the use of trunk injection
delivery of compounds active against E. amylovora might be the most suitable way
to control this pathogen. Overall, our trunk injection experiments with antibiotic
bactericides, Phospojet and Actigard, both known SAR-activators [11], demon-
strated good to poor fire blight incidence reduction in years with low and high
infection pressures, respectively.

The best control i.e. reduction of blossom blight incidence across both trial years
was achieved with two trunk injections of Agrimycin (45%) and of Phosphojet
(40.5%). However, under high and low infection pressures in the two trial years,
the levels of control with these materials (28.9, 61.1%, 25.1, 55.9) were far from
comparable to 92–99% control often achieved and expected with preventive flower
spray application of Agrimycin and Kasugamycin in commercial apple orchards
[129, 130]. In the case of injected Phosphojet and Actigard, the achieved blossom
blight reduction probably originated from an SAR effect triggered in the nearby
spur leaves by these compounds, as the SAR effect in flowers was inconsistent [11].
SAR is a defense plant response which is activated after localized plant exposure to a
pathogen or after a spray applications of a synthetic or natural compound, known as
an SAR-inducer or activator [131]. Our 1–2 trunk injections of Actigard reduced
blossom blight incidence for only 19–42%, indicating that this delivery method
cannot not improve the SAR-effect of Actigard on flowers to combat blossom blight
successfully. Namely, different sources report from 3 to 91% of blossom blight
control with foliar sprays of Actigard on other apple cultivars [132–134].

Vegetative flowers parts in Malus species and later fruit have 10- to 100-fold
lower frequency of stomata on epidermis when compared to the epidermis of leaves
[122]. Flowers also have a considerably smaller green tissue volume. This leads to a
conclusion that due to a very low transpiration footprint of green flower parts with
lower number of stomata in comparison to the leaves and fruit, accumulation of
injected compounds in these parts was weaker and slow thus reducing their effi-
cacy. Second, it is possible that the injected antibiotics could not reach the surface of
stigmas where E. amylovora multiplies to reduce its populations as successfully as
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limited or abundant accumulation in the canopy [65, 125]. Besides the Ko/c and water
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xylem vessels. Therefore, it seems that for the stages of pathogen overwintering in
wood or bark and especially for migration via xylem, the use of trunk injection
delivery of compounds active against E. amylovora might be the most suitable way
to control this pathogen. Overall, our trunk injection experiments with antibiotic
bactericides, Phospojet and Actigard, both known SAR-activators [11], demon-
strated good to poor fire blight incidence reduction in years with low and high
infection pressures, respectively.

The best control i.e. reduction of blossom blight incidence across both trial years
was achieved with two trunk injections of Agrimycin (45%) and of Phosphojet
(40.5%). However, under high and low infection pressures in the two trial years,
the levels of control with these materials (28.9, 61.1%, 25.1, 55.9) were far from
comparable to 92–99% control often achieved and expected with preventive flower
spray application of Agrimycin and Kasugamycin in commercial apple orchards
[129, 130]. In the case of injected Phosphojet and Actigard, the achieved blossom
blight reduction probably originated from an SAR effect triggered in the nearby
spur leaves by these compounds, as the SAR effect in flowers was inconsistent [11].
SAR is a defense plant response which is activated after localized plant exposure to a
pathogen or after a spray applications of a synthetic or natural compound, known as
an SAR-inducer or activator [131]. Our 1–2 trunk injections of Actigard reduced
blossom blight incidence for only 19–42%, indicating that this delivery method
cannot not improve the SAR-effect of Actigard on flowers to combat blossom blight
successfully. Namely, different sources report from 3 to 91% of blossom blight
control with foliar sprays of Actigard on other apple cultivars [132–134].

Vegetative flowers parts in Malus species and later fruit have 10- to 100-fold
lower frequency of stomata on epidermis when compared to the epidermis of leaves
[122]. Flowers also have a considerably smaller green tissue volume. This leads to a
conclusion that due to a very low transpiration footprint of green flower parts with
lower number of stomata in comparison to the leaves and fruit, accumulation of
injected compounds in these parts was weaker and slow thus reducing their effi-
cacy. Second, it is possible that the injected antibiotics could not reach the surface of
stigmas where E. amylovora multiplies to reduce its populations as successfully as
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after the topical spray application, or that they do reach stigma surfaces but at a too
low of a dose or too late for a better reduction. The reached levels of control with
the injected Agrimycin probably originated from the limited accumulation i.e.
presence of a suboptimal dose of this antibiotic in the green flower tissues. This only
partially stopped the progress of the infection once E. amylovora entered the flower
tissues. Therefore, the injected compounds aiming to reduce blossom blight should
be formulated to translocate and accumulate faster in flower green tissues to reach a
potentially higher efficacy. Otherwise, these should be injected much earlier in
comparison to our injection dates, probably in fall of the previous year, to increase
the time for compound accumulation and ultimately improve the disease reduction.
A process of optimizing the trunk injection timing/s is a common topic research on
agricultural tree crops to maximize the effect in pathogen or pest control [10, 12,
50, 56]. It appears that higher dose of injected compounds might be necessary for
longer-lasting control of fire blight on both flowers and shoots.

Even though reduction of shoot blight incidence was not statistically significant in
year one, which was characterized with low infection pressure, it indicated that trunk-
injected Agrimycin and Phosphojet might have potential to perform better than
Actigard treatments. However, in year two, under the heavy infection pressure, this
was not the case as all the injected treatments were similar. Overall, it seems that the
reduction of shoot blight incidence with injected Agrimycin and Phosphojet across
both years of 53.5 and 42.8%, was slightly better than the reduction of blossom blight
incidencewith the samematerials of 45 and 40.5%, respectively. Shoots obviously have
much higher green tissue area and transpiration rate in comparison to the flowers.
Shoots likely accumulate higher amounts of trunk injected compounds in comparison
to the green flower parts, which allowed slightly better disease reduction early after
injection. Still, the shoot blight incidence reduction was far from the expected control
with spray applied antibiotics in commercial apple orchards. In a trial with trunk
injection of Arborfos (45.8%mono- and di-potassium salts of phosphorous acid,
Mauget Inc., Arcadia, CA, USA), shoot blight was reduced for 67% on inoculated
‘Paulared’ apple trees [116]. The same dose per tree which we delivered in two injec-
tions of Phosphojet, achieved shoot blight incidence reduction of 23.4–62.1%. Since we
have split the dose delivery temporally, this weakened shoot blight incidence reduction
by Phosphojet and probably by Actigard too. In shoot inoculated trials multiple
Actigard sprays achieved shoot blight reduction between 2.8 and 50.7% [135, 136]
while by trunk injection we achieved only 1.7–30.9% of shoot blight reduction. Hence,
the two-time trunk injection does not improve shoot blight reduction by Actigard.

The reduction of shoot blight severity with Arborbiotic (MFG Scientific Inc.,
USA) was excellent and reached up to 82%. Such an effect with oxytetracycline
hydrochloride demonstrates that this active ingredient is readily soluble in water
and that the formulation we used is designed for trunk injection. Our results indi-
cated that the trunk injected Arborbiotic limits i.e. stops systemic spread of
E. amylovora in xylem of apple shoots [11]. Even though oxytetracycline hydro-
chloride is a bacteriostatic, when we delivered it via trunk injection in apple trees
only one time per year, it demonstrated prolonged effectiveness that was higher in
comparison to spray applications [44, 137, 138]. Trunk injection delivery enhanced
the efficacy of oxytetracycline hydrochloride in control of shoot blight severity.
Finally, in our prior work we also showed that the injected Arborbiotic at a dose of
0.31 g + 2.52 ml water per each 2.5 cm of trunk diameter at 30.5 cm height, can
achieve a formidable reduction of blossom and shoot blight incidence for 60.6 and
60.7%, respectively [44]. This indicates that this bactericide in this formulation and
probably at a slightly higher dose is the best candidate to achieve satisfactory
accumulation inside and deposition on the susceptible apple plant tissues and
surfaces to secure the higher efficacy.
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5. Conclusion

Our results on management of three different pathogens with partially similar or
different biologies, whereD. corticola and E. amylovora invade and spread in xylem
while V. inaequalis does not and infects subcuticularly, indicate that trunk injection of
pesticides that are formulated for xylem translocation can be more-less similar in
control of these three pathogens.However, the interaction of chemical properties of the
active ingredient, the injected dose per tree, as well as the transpiration footprint of
plant organs, played the key roles that determined the achieved levels of efficacy.

In the biology i.e. life cycle ofD. corticola, it seems that the dominant phase is the
invasion and necrosis of xylem, leading to vascular occlusion, canopy wilting and
canker development on wood before it kills oak trees. Hence the logical approach to
prevent this disease is trunk injection delivery of fungicides. In our two-year
experiments on potted trees, the injected potassium phosphites (Phosphojet)
achieved levels of Bot canker control in xylem of up to 71.1%. Averaged across both
years, potassium phosphites achieved disease reduction of 58.5%, but the more
consistent results were achieved with fungicides thiabendazole (Arbotect) and
propiconazole (Propizol) which reduced xylem necrosis for 57.5 and 53.3% on
average. The maximums in reduction in individual years for these two fungicides
were of 60.5 and 69.3%, respectively. We predict that higher efficacy with these
fungicides can be achieved with optimization of preventive fungicide injection
which would increase the uniformity of distribution of these fungicides in xylem,
thus increasing their efficacy.

In the case of V. inaequalis, for which the injected fungicides would need to trans-
locate the farthest via xylem to reach and accumulate in and on the epidermal cells of
green plant surfaces in tree canopy, the most efficient apple scab reduction of 45.5–
73.6% was achieved with potassium phosphites (Phosphojet). Unlike this readily
mobile compound, scab control with propiconazole that is much less xylemmobile
ranged from 17.1 to 51.5%, while the least xylemmobile difenoconazole
underperformed with only up to 10.8% apple scab control. It is assumed that the
injected potassiumphosphites secured its efficacy againstV. inaequalis through a strong
plant defense response in the tissues called SAR [11, 139], as apparently it is not directly
toxic to this pathogen [140]. We speculate that better efficacy with other systemic
fungicides active against apple scab might be achieved if their formulations were re-
designed for trunk injection i.e. to facilitate easier and faster translocation in xylem,
thus securing higher accumulation in tissues exposed to infection.

Finally, there is the case of a complex biology of E. amylovora which combines
life stages of inhabiting and multiplying on plant surfaces, migrating through inter-
nal host tissues after infecting, dwelling and overwintering asymptomatically in
host buds or wood, and overwintering in fire blight cankers on bark. The injected
compounds active against this pathogen would need to translocate and distribute in
in xylem and phloem, reach in and onto the stigma surfaces of flowers and accu-
mulate at effective doses in these and green tissues of the apple tree canopy. Based
on presented research, it seems that these multiple difficult tasks in this and our
previous study [44] were best achieved with oxytetracycline hydrochloride—both
on the apple flowers [44] and on shoots [11]. Overall the injected antibiotic strep-
tomycin (Agrimycin) formulated for foliar application gave the best reduction of
blossom blight ranging from 28.9 to 61.1% and of shoot blight from 36.5 to 70.4%.
The shoot blight severity reduction with Arboriotic, the injectable formulation of
oxytetracycline hydrochloride, reached an excellent 82%. Hence, the effect
depended on the plant organ, bactericide active ingredient, injected dose and for-
mulation. The SAR-activating potassium phosphites (Phosphojet) were the second
best to antibiotics with 25.1 and 55.9% of blossom blight reduction and 23.4 and
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year one, which was characterized with low infection pressure, it indicated that trunk-
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reduction of shoot blight incidence with injected Agrimycin and Phosphojet across
both years of 53.5 and 42.8%, was slightly better than the reduction of blossom blight
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much higher green tissue area and transpiration rate in comparison to the flowers.
Shoots likely accumulate higher amounts of trunk injected compounds in comparison
to the green flower parts, which allowed slightly better disease reduction early after
injection. Still, the shoot blight incidence reduction was far from the expected control
with spray applied antibiotics in commercial apple orchards. In a trial with trunk
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Actigard sprays achieved shoot blight reduction between 2.8 and 50.7% [135, 136]
while by trunk injection we achieved only 1.7–30.9% of shoot blight reduction. Hence,
the two-time trunk injection does not improve shoot blight reduction by Actigard.

The reduction of shoot blight severity with Arborbiotic (MFG Scientific Inc.,
USA) was excellent and reached up to 82%. Such an effect with oxytetracycline
hydrochloride demonstrates that this active ingredient is readily soluble in water
and that the formulation we used is designed for trunk injection. Our results indi-
cated that the trunk injected Arborbiotic limits i.e. stops systemic spread of
E. amylovora in xylem of apple shoots [11]. Even though oxytetracycline hydro-
chloride is a bacteriostatic, when we delivered it via trunk injection in apple trees
only one time per year, it demonstrated prolonged effectiveness that was higher in
comparison to spray applications [44, 137, 138]. Trunk injection delivery enhanced
the efficacy of oxytetracycline hydrochloride in control of shoot blight severity.
Finally, in our prior work we also showed that the injected Arborbiotic at a dose of
0.31 g + 2.52 ml water per each 2.5 cm of trunk diameter at 30.5 cm height, can
achieve a formidable reduction of blossom and shoot blight incidence for 60.6 and
60.7%, respectively [44]. This indicates that this bactericide in this formulation and
probably at a slightly higher dose is the best candidate to achieve satisfactory
accumulation inside and deposition on the susceptible apple plant tissues and
surfaces to secure the higher efficacy.
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control of these three pathogens.However, the interaction of chemical properties of the
active ingredient, the injected dose per tree, as well as the transpiration footprint of
plant organs, played the key roles that determined the achieved levels of efficacy.

In the biology i.e. life cycle ofD. corticola, it seems that the dominant phase is the
invasion and necrosis of xylem, leading to vascular occlusion, canopy wilting and
canker development on wood before it kills oak trees. Hence the logical approach to
prevent this disease is trunk injection delivery of fungicides. In our two-year
experiments on potted trees, the injected potassium phosphites (Phosphojet)
achieved levels of Bot canker control in xylem of up to 71.1%. Averaged across both
years, potassium phosphites achieved disease reduction of 58.5%, but the more
consistent results were achieved with fungicides thiabendazole (Arbotect) and
propiconazole (Propizol) which reduced xylem necrosis for 57.5 and 53.3% on
average. The maximums in reduction in individual years for these two fungicides
were of 60.5 and 69.3%, respectively. We predict that higher efficacy with these
fungicides can be achieved with optimization of preventive fungicide injection
which would increase the uniformity of distribution of these fungicides in xylem,
thus increasing their efficacy.

In the case of V. inaequalis, for which the injected fungicides would need to trans-
locate the farthest via xylem to reach and accumulate in and on the epidermal cells of
green plant surfaces in tree canopy, the most efficient apple scab reduction of 45.5–
73.6% was achieved with potassium phosphites (Phosphojet). Unlike this readily
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ranged from 17.1 to 51.5%, while the least xylemmobile difenoconazole
underperformed with only up to 10.8% apple scab control. It is assumed that the
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plant defense response in the tissues called SAR [11, 139], as apparently it is not directly
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fungicides active against apple scab might be achieved if their formulations were re-
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nal host tissues after infecting, dwelling and overwintering asymptomatically in
host buds or wood, and overwintering in fire blight cankers on bark. The injected
compounds active against this pathogen would need to translocate and distribute in
in xylem and phloem, reach in and onto the stigma surfaces of flowers and accu-
mulate at effective doses in these and green tissues of the apple tree canopy. Based
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on the apple flowers [44] and on shoots [11]. Overall the injected antibiotic strep-
tomycin (Agrimycin) formulated for foliar application gave the best reduction of
blossom blight ranging from 28.9 to 61.1% and of shoot blight from 36.5 to 70.4%.
The shoot blight severity reduction with Arboriotic, the injectable formulation of
oxytetracycline hydrochloride, reached an excellent 82%. Hence, the effect
depended on the plant organ, bactericide active ingredient, injected dose and for-
mulation. The SAR-activating potassium phosphites (Phosphojet) were the second
best to antibiotics with 25.1 and 55.9% of blossom blight reduction and 23.4 and
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62.1% of shoot blight reduction. Actigard underperformed with blossom blight
reduction of 19 and 42% and shoot blight reduction of only 1.7 and 30.9%.
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Chapter 10

Management of the Cacao Swollen 
Shoot Virus (CSSV) Menace in 
Ghana: The Past, Present and the 
Future
George A. Ameyaw

Abstract

This chapter outlines and discusses some of the challenges associated with 
management of the cacao swollen shoot virus (CSSV) disease in Ghana and its 
impact on cocoa production. The discussion will bring to the fore some of the fac-
tors that has militated against implementation of the recommended management 
strategies in the past and its consequential effect on the present widespread of the 
disease across the various cocoa regions in West Africa. The wide variability in the 
different strains of the virus as manifested in recent molecular studies is highlighted 
as a possible contributor and explanation for the prevalence and varying virulence 
of the disease in new infections, especially, in the Western region of Ghana. Current 
research efforts and strategies aimed at minimizing of CSSV continuous spread and 
devastation on Ghana’s cocoa production is discussed.

Keywords: cocoa, swollen shoot virus disease, mealybug vector, CSSVD

1. Introduction

The cocoa industry plays critical role in the socioeconomic development of 
Ghana by providing employment and source of livelihood to many farm families 
and other stakeholders in the cocoa value chain. Export of cocoa beans and other 
cocoa products is a major avenue for the generation of the much needed foreign 
exchange for the economies of Ghana and Cote d’Ivoire. Sustainability of the cocoa 
industry is therefore critical for the governments and people of these West African 
nations and other stakeholders in the cocoa business. Cocoa cultivation is however 
bedeviled with several production problems as the cocoa plant is affected by numer-
ous diseases and pests which accounts for significant yield losses in the various cocoa 
producing nations across the world (Tables 1 and 2). Five major diseases of the 
cocoa plant (Theobroma cacao L.) namely; Phytophthora pod rot (black pod), witches 
broom, cacao swollen shoot virus, vascular streak dieback, and monilia pod rot 
account for over 40% annual yield loss across the different production regions [1].

The cacao swollen shoot virus disease (CSSVD) which is considered the most 
economically important cocoa virus disease could account for 15–50% yield loss if 
the severe strains are involved in infections [2, 3]. Since the discovery of this impor-
tant disease in Ghana, it has been managed through the “cutting out and replanting 
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system” with the aim of removing sources of inoculum from affected cocoa planta-
tions and replanting with tolerant cocoa hybrids [3–5]. Nonetheless, reports from 
many reassessments and disease surveys indicate that the prevalence of the disease 
is still high with varying virulence across the cocoa regions. This has partly been 
attributed to the poor implementation of the cutting out program to manage the 
disease. This chapter highlights some of the past challenges that have bedeviled 
the “cutting out system” and discusses some of the current strategies being imple-
mented by the various stakeholders and researchers to minimize the continuous 
spread and impact of the disease on cocoa production in Ghana and Cote d’Ivoire.

Table 1. 
Causal pathogens of common cocoa diseases in the world. Source: [48].
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2. The cacao swollen shoot virus disease (CSSVD)

The Cacao swollen shoot virus disease (CSSVD) was first noted in the Eastern 
Region of Ghana in 1936 by a farmer in a form of cocoa stem swollen conditions [6] 
but its virus nature was confirmed in 1939 [7]. The disease is considered the most 
important cocoa viruses in West Africa due to its devastating effect on yield and pos-
sibility of causing death of cocoa plants especially when the severe strains are involved 
in infections [8, 9]. The virus affects all parts of the cocoa plant and the severe strains 
induce varying leaf symptoms and swellings of the stems and roots. Some of the leaf 
symptoms include; red vein banding of the immature “flush” leaves [10] (Figure 1); 
chlorotic vein flecking or banding which may occur in angular flecks (Figure 2). Stem 
swellings occur at the nodes, internodes or tips of the stem [2, 10], (Figures 3 and 4). 

Table 2. 
Economic losses from some important cocoa diseases across the world. Source: [48].

Figure 1. 
Red vein banding.
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Figure 3. 
Tip swelling.

Some strains also cause infected pods to change shape and become rounder, smaller 
and with smoother surfaces [11].CSSV is classified as a member of the plant-infecting 
pararetroviruses in the genus badnaviridae which are with non-enveloped bacilliform 
particles that encapsulate a circular double stranded DNA-genome [12–15]. The viral 
particle of CSSV is identified with length measurements in the range of 121–130 and 
a width of 28 nm [12]. The genome size ranges from 7.4 to 8.0 kilobase pair depend-
ing on strain [16, 17]. The CSSV genome is organized into five putative open reading 
frames (ORFs 1, 2, 3 X and Y) located on the plus strand of the 7.16 kbp [15].

2.1 CSSVD isolates and strains

Generally, isolates of the virus have been designated by naming them accord-
ing to the nearest town or village where they are first collected and are generally 

Figure 2. 
Chlorotic vein banding.
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grouped according to severity of symptom expression and geographical origin 
[12–15]. Ghanaian CSSVD isolates are distinguished five groups of through enzyme 
linked immunosorbent assay (ELISA) and immunosorbent electron microscopy 
(ISEM) techniques and by using leaf symptoms [18]. Recent molecular studies with 
the use of advance sequencing methods such Next generation tools have provided 
the opportunity to further classify CSSV isolates across the West African sub-region 
into new groups based on their molecular information at the DNA level. Some of 
these studies have identified wide variability in the strains of the virus and viru-
lence of the disease in new infections especially in the Western region of Ghana [3, 
19, 20]. The strains of the virus have now been reclassified based on their molecular 
diversity into groups A, B, C, D, E, F, G, H, G, J, K. L, M, and N [Figure 5].

Figure 4. 
Shoot swelling.

Figure 5. 
Molecular diversity of CSSV in West Africa [47].
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2.2 CSSVD transmission

CSSV is semi-persistently transmitted by several species of mealybugs 
(Pseudococcidae, Homoptera) on cocoa [21, 22]. The vectors feed on all parts of the 
cocoa tree including flowers, cherelles, pods and leaves. The mealybug species differ 
in their ability to transmit different strains of the virus. The most efficient mealybug 
transmitters of the virus include the Planococcoides njalensis (Laing), Planococcus citri 
(Rossi) and Ferrisia virgata (Okll) specie which are also dominant on cocoa fields in 
Ghana and Cote d’Ivoire (Figure 6). The ages of the mealybugs are also important in 
the spread of the virus in that only the young adults (nymphs) are very mobile and 
so are more efficient transmitters than the adults which are most often sedentary 
[23]. The use of mechanical inoculation procedures to transmit CSSV was made 
possible in 1960 [24]. Considering the continual spread of the virus to new cocoa 
plantings, research is still focusing on other insect pests in the cocoa environment to 
ascertain their vector status regarding CSSV transmission in the field.

2.3 CSSVD alternative hosts

The virus is considered to have originated from wild indigenous forest trees 
within the cocoa environment [25–28]. This suggestion was based on studies in 
the Western Region of Ghana which showed that some of the CSSV isolates could 
be found in some forest trees such as Cola chlamydantha (K. Schum), trees and 
the prevalence of the disease was also high in areas where these trees were found. 
Other tree species that have subsequently been identified as wild alternative hosts 
of CSSV include Erythropsis barteri (Mast), Sterculia tragacantha (Lindle), Sterculia 
rhinopetala (K. Schum), Cola gigantean var. glabrescens (BronnanetKeay), Adansonia 
digitata (L.), Bombax buonopozense, and Ceiba pentandra (L.), [25]. It is, however, 
noteworthy to indicate that not all the wild hosts are good sources of the virus and 
also its availability declines to a low level in the bigger and old trees which some-
times makes the virus not readily available to the mealybug vectors. Mechanically 
transmission CSSV from some of the wild hosts to cocoa and vice versa was 
achieved in 1962 [24]. It was therefore recommended that the abovementioned 
forest trees known to be alternative host plants for the virus be removed as much as 
possible from cocoa plantations before replanting with new cocoa to prevent early 

Figure 6. 
Mealybug infested cocoa pods.
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reinfection [29]. Currently, research is focusing on other possible alternative host 
plants of CSSV in the forms of weeds and food crops within the cocoa ecosystem.

2.4 CSSVD spread in the field

Generally, the spread of the virus in the field is triggered by several factors such 
as the size of the initial source of infection, and the age and type of the mealybug 
population present [8, 9, 29]. Apparently, natural spread of the virus is slow under 
low inoculum pressure (i.e., presence of few inoculums sources) because it is 
dependent on the movement of the mealybug vectors infected with the virus. It is 
also slow within young plantings until the trees become well established and form 
a continuous canopy of interlocking branches [29]. Nevertheless, virus infected 
mealybugs are occasionally blown by wind to uninfected trees some distance from 
the original site of infection resulting in jump spread of the virus to uninfected 
areas to initiate new outbreaks [30, 31]. New outbreaks of CSSV tended to be 
concentrated around the periphery of existing outbreaks (infections) or abandoned 
forests with alternative hosts which then spread slowly to give clearly defined 
expanding foci [29]. The pattern of spread within outbreaks was noted to be of a 
circumscribed nature and tended to be high close to source of infection. Existing 
outbreaks then initiates new “satellite” outbreaks through “jump” spread over 
wider distance by windblown mealybugs. These new “satellite” outbreaks enlarge 
and eventually coalesce to form large areas of mass infection. Spread of the disease 
within outbreaks was however noted to result from movement of mealybugs car-
rying the virus from infected to healthy trees. It was noted that new outbreaks get 
bigger close to large sources of infection and diminish further away from them [32].

3. CSSVD control strategies

Management of CSSVD in Ghana has over the years been carried out in an inte-
grated manner involving the use of different strategies such; as the cutting out method, 
mealybug control, removal of alternative hosts, and the use of tolerant planting 
materials. These control strategies and some of their challenges are discussed below.

3.1 The cutting out method

Cutting-out of CSSVD infected cocoa trees together with a ring of nearby appar-
ently healthy cocoa trees have been the main method adopted to control the spread 
of the virus in Ghana since 1946. The aim of this strategy is to eliminate or reduce 
the sources of infection (inoculums) within new cocoa plantings. Once the infected 
cocoa trees are removed, the field is expected to be replanted with CSSVD toler-
ant cocoa varieties from the seed gardens. This method has gone through several 
challenges in its implementation thereby resulting in the continuous spread of the 
virus to new areas [5, 9]. Although most of these challenges are intertwined, notable 
among them include; late discovery of infections, lack of continuity of the program, 
non-co-operation of farmers due to issues of compensation payments, land tenure 
issues, and non-adherence to replanting recommendations after the removal of 
sources of infection [5, 8, 29].

3.1.1 Late discovery of infections

The effectiveness of the cutting out procedure depends largely on the efficiency 
of early detection of infections [9]. The disease identification system whereby 
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2.2 CSSVD transmission

CSSV is semi-persistently transmitted by several species of mealybugs 
(Pseudococcidae, Homoptera) on cocoa [21, 22]. The vectors feed on all parts of the 
cocoa tree including flowers, cherelles, pods and leaves. The mealybug species differ 
in their ability to transmit different strains of the virus. The most efficient mealybug 
transmitters of the virus include the Planococcoides njalensis (Laing), Planococcus citri 
(Rossi) and Ferrisia virgata (Okll) specie which are also dominant on cocoa fields in 
Ghana and Cote d’Ivoire (Figure 6). The ages of the mealybugs are also important in 
the spread of the virus in that only the young adults (nymphs) are very mobile and 
so are more efficient transmitters than the adults which are most often sedentary 
[23]. The use of mechanical inoculation procedures to transmit CSSV was made 
possible in 1960 [24]. Considering the continual spread of the virus to new cocoa 
plantings, research is still focusing on other insect pests in the cocoa environment to 
ascertain their vector status regarding CSSV transmission in the field.

2.3 CSSVD alternative hosts

The virus is considered to have originated from wild indigenous forest trees 
within the cocoa environment [25–28]. This suggestion was based on studies in 
the Western Region of Ghana which showed that some of the CSSV isolates could 
be found in some forest trees such as Cola chlamydantha (K. Schum), trees and 
the prevalence of the disease was also high in areas where these trees were found. 
Other tree species that have subsequently been identified as wild alternative hosts 
of CSSV include Erythropsis barteri (Mast), Sterculia tragacantha (Lindle), Sterculia 
rhinopetala (K. Schum), Cola gigantean var. glabrescens (BronnanetKeay), Adansonia 
digitata (L.), Bombax buonopozense, and Ceiba pentandra (L.), [25]. It is, however, 
noteworthy to indicate that not all the wild hosts are good sources of the virus and 
also its availability declines to a low level in the bigger and old trees which some-
times makes the virus not readily available to the mealybug vectors. Mechanically 
transmission CSSV from some of the wild hosts to cocoa and vice versa was 
achieved in 1962 [24]. It was therefore recommended that the abovementioned 
forest trees known to be alternative host plants for the virus be removed as much as 
possible from cocoa plantations before replanting with new cocoa to prevent early 

Figure 6. 
Mealybug infested cocoa pods.
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reinfection [29]. Currently, research is focusing on other possible alternative host 
plants of CSSV in the forms of weeds and food crops within the cocoa ecosystem.

2.4 CSSVD spread in the field

Generally, the spread of the virus in the field is triggered by several factors such 
as the size of the initial source of infection, and the age and type of the mealybug 
population present [8, 9, 29]. Apparently, natural spread of the virus is slow under 
low inoculum pressure (i.e., presence of few inoculums sources) because it is 
dependent on the movement of the mealybug vectors infected with the virus. It is 
also slow within young plantings until the trees become well established and form 
a continuous canopy of interlocking branches [29]. Nevertheless, virus infected 
mealybugs are occasionally blown by wind to uninfected trees some distance from 
the original site of infection resulting in jump spread of the virus to uninfected 
areas to initiate new outbreaks [30, 31]. New outbreaks of CSSV tended to be 
concentrated around the periphery of existing outbreaks (infections) or abandoned 
forests with alternative hosts which then spread slowly to give clearly defined 
expanding foci [29]. The pattern of spread within outbreaks was noted to be of a 
circumscribed nature and tended to be high close to source of infection. Existing 
outbreaks then initiates new “satellite” outbreaks through “jump” spread over 
wider distance by windblown mealybugs. These new “satellite” outbreaks enlarge 
and eventually coalesce to form large areas of mass infection. Spread of the disease 
within outbreaks was however noted to result from movement of mealybugs car-
rying the virus from infected to healthy trees. It was noted that new outbreaks get 
bigger close to large sources of infection and diminish further away from them [32].

3. CSSVD control strategies

Management of CSSVD in Ghana has over the years been carried out in an inte-
grated manner involving the use of different strategies such; as the cutting out method, 
mealybug control, removal of alternative hosts, and the use of tolerant planting 
materials. These control strategies and some of their challenges are discussed below.

3.1 The cutting out method

Cutting-out of CSSVD infected cocoa trees together with a ring of nearby appar-
ently healthy cocoa trees have been the main method adopted to control the spread 
of the virus in Ghana since 1946. The aim of this strategy is to eliminate or reduce 
the sources of infection (inoculums) within new cocoa plantings. Once the infected 
cocoa trees are removed, the field is expected to be replanted with CSSVD toler-
ant cocoa varieties from the seed gardens. This method has gone through several 
challenges in its implementation thereby resulting in the continuous spread of the 
virus to new areas [5, 9]. Although most of these challenges are intertwined, notable 
among them include; late discovery of infections, lack of continuity of the program, 
non-co-operation of farmers due to issues of compensation payments, land tenure 
issues, and non-adherence to replanting recommendations after the removal of 
sources of infection [5, 8, 29].

3.1.1 Late discovery of infections

The effectiveness of the cutting out procedure depends largely on the efficiency 
of early detection of infections [9]. The disease identification system whereby 
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trained diseased spotters carry out tree-by-tree inspection for visual symptoms 
of the virus inevitably means that latently infected trees which have not produced 
symptoms at the time of inspection are missed. Considering the pattern of CSSVD 
spread [29] which is mainly limited to adjacent trees around the periphery of 
existing outbreaks, it can be argued that, the disease spotters follow the virus and 
are always “one step behind”. It is also generally known that CSSVD symptoms 
tend to be least conspicuous during the dry season when the trees deteriorate and 
leaves and shoots are shed or damaged by capsids [9]. Considering the common 
phenomenon of dehydration and less active growth of infected trees during the 
dry season, it is very likely that disease spotters would miss some infected trees 
in the field during these periods. There is thus a high possibility that these missed 
infections could be supporting mealybug population and also transmit the disease 
even though they may not show conspicuous symptoms [8, 9, 23]. The challenge 
of lack of efficient detection protocol for the virus at the early stages has therefore 
generally been considered among the reasons why the disease continues to spread 
at an increasing rate in Ghana. The need for efficient early detection tools has 
always been advocated to be one of the means to help in the effective management 
of the virus.

3.1.2 Lack of continuity of the cutting out program

National implementation of the cutting out program has been delayed or halted 
on many occasions for numerous reasons such as; farmer opposition, logistical 
constraints, lack of funding, and at times political interference [5]. Although, it is 
known that continuity in the cutting out operation would have been very essential 
for the control of other viral diseases in other areas it has never been achieved most 
especially in Ghana. There is always time lag between symptom identification in 
outbreaks and time to treatment and replanting.

3.1.3 Non-adherence to replanting recommendations

Replanting of treated cocoa farms according to laid down recommendations 
could have been successful in rehabilitating devastated cocoa areas. However, it 
was noted that newly planted farms in most of the cocoa areas, especially, in the 
Western Region, showed symptoms of re-infection with the virus [4]. This is 
because farms are replanted very close to the boundary of abandoned cocoa farms 
containing visible infections, without much attempt to remove the infected trees in 
the old plantations. The recommendation that replanting should only occur after 
the complete removal of sources of infected cocoa trees or alternative host plants, 
have not been applied adequately in the eradication and replanting exercise hence 
contributing to the prevalence of the disease across cocoa farms.

3.1.4 Presence of alternative hosts in newly replanted farms

The occurrence of wild alternative host plants of the virus in and around cocoa 
farms is a contributory factor to spread and early re-infection of new cocoa plant-
ings in Ghana [25]. Even though, removal of wild alternative host trees has been 
recommended, it is seldom applied. The advice to farmers to leave at least a 15 m 
barrier with some economic crops such as citrus and oil palm around new cocoa 
plantings to delay reinfection from old plantations and forest trees have also not 
been implemented fully. Farmers always want to fully utilize all available space of 
land for cocoa planting and also use the alternative host trees as a source of natural 
shade for their cocoa during the early growth period.
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3.1.5 Lack of effective control methods for mealybugs

The use of synthetic chemicals for the control of the mealybug vectors has not 
been effective over the years. This is attributed to the morphology of the mealybugs 
having a protective wax covering and also the building of mud tents over them by 
black ants [33–36]. Attempts by scientists with the use of biological means have also 
not been successful [37].

3.1.6 Use of resistant cocoa varieties

Even though it has long be envisaged that planting of cocoa varieties tolerant to 
CSSVD would be the most effective means to manage the disease [38], most of the 
available cocoa planting materials has however shown low levels of resistance under 
field conditions. It is notable that many of the inter-Amazon hybrids developed 
and recommended by the British Research Team and currently available to farmers 
[38] have only partial resistance to CSSVD [38–40]. Although partial resistance is 
beneficial for being able to tolerate the virus to give appreciable yield in the short 
to medium term, the need for varieties that could offer greater resistance cannot 
be overemphasized. The continuous search for varieties that could offer long-term 
resistance that has been going on over the years using modern breeding approaches 
such as mutation and tissue culture techniques in Ghana and elsewhere is therefore 
very appropriate [41].

3.1.7 Mild strains cross protection

Long term field assessment of the mild strain cross protection experiments 
carried out at the Cocoa Research Institute of Ghana (CRIG) has shown that, the 
immunity conferred on the healthy cocoa plants from the available mild strains N1 
and SS365B eventually breaks down after 20 years [42, 43]. These reports support 
past works and suggestions that further investigations on the effectiveness of the 
mild strain phenomenon need to be carried out before its adoption as a manage-
ment strategy for the virus [44–46].

4. Current strategies on CSSVD management

The cutting out and rehabilitation program was re-launched in June 2018 to 
concurrently cut out CSSVD infected cocoa trees along the borders of Ghana and 
Cote d’Ivoire. The expectation is to progressively remove about 100,000 ha of 
infected CSSVD outbreaks across the cocoa regions in Ghana by 2023. The current 
cutting out activities involves the total removal of CSSVD infected cocoa trees in 
blocks of outbreaks and replanting with tolerant cocoa varieties. Payment of com-
pensation to farmers and land owners has been incorporated into the program to 
sustain farmers’ livelihood during the periods of cocoa tree removal and replanting. 
Additionally, farmers would be supported in their cocoa farm establishment and 
maintenance activities such as provision of temporary and permanent shade plants, 
farm weeding and fertilizer application. Cutting out activities are to be intensified 
in high prevalent areas such as the Western and Eastern regions of Ghana.

Scientific research activities to support the program have been strengthened to 
include development of early detection tools, mealybug vectors control, identifica-
tion of other alternative hosts and vectors as well as development of resistant cocoa 
varieties. Characterization of the diversity and virulence of the disease across the 
West African Sub-region is also to progress to understand the nature of the virus 
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trained diseased spotters carry out tree-by-tree inspection for visual symptoms 
of the virus inevitably means that latently infected trees which have not produced 
symptoms at the time of inspection are missed. Considering the pattern of CSSVD 
spread [29] which is mainly limited to adjacent trees around the periphery of 
existing outbreaks, it can be argued that, the disease spotters follow the virus and 
are always “one step behind”. It is also generally known that CSSVD symptoms 
tend to be least conspicuous during the dry season when the trees deteriorate and 
leaves and shoots are shed or damaged by capsids [9]. Considering the common 
phenomenon of dehydration and less active growth of infected trees during the 
dry season, it is very likely that disease spotters would miss some infected trees 
in the field during these periods. There is thus a high possibility that these missed 
infections could be supporting mealybug population and also transmit the disease 
even though they may not show conspicuous symptoms [8, 9, 23]. The challenge 
of lack of efficient detection protocol for the virus at the early stages has therefore 
generally been considered among the reasons why the disease continues to spread 
at an increasing rate in Ghana. The need for efficient early detection tools has 
always been advocated to be one of the means to help in the effective management 
of the virus.

3.1.2 Lack of continuity of the cutting out program

National implementation of the cutting out program has been delayed or halted 
on many occasions for numerous reasons such as; farmer opposition, logistical 
constraints, lack of funding, and at times political interference [5]. Although, it is 
known that continuity in the cutting out operation would have been very essential 
for the control of other viral diseases in other areas it has never been achieved most 
especially in Ghana. There is always time lag between symptom identification in 
outbreaks and time to treatment and replanting.

3.1.3 Non-adherence to replanting recommendations

Replanting of treated cocoa farms according to laid down recommendations 
could have been successful in rehabilitating devastated cocoa areas. However, it 
was noted that newly planted farms in most of the cocoa areas, especially, in the 
Western Region, showed symptoms of re-infection with the virus [4]. This is 
because farms are replanted very close to the boundary of abandoned cocoa farms 
containing visible infections, without much attempt to remove the infected trees in 
the old plantations. The recommendation that replanting should only occur after 
the complete removal of sources of infected cocoa trees or alternative host plants, 
have not been applied adequately in the eradication and replanting exercise hence 
contributing to the prevalence of the disease across cocoa farms.

3.1.4 Presence of alternative hosts in newly replanted farms

The occurrence of wild alternative host plants of the virus in and around cocoa 
farms is a contributory factor to spread and early re-infection of new cocoa plant-
ings in Ghana [25]. Even though, removal of wild alternative host trees has been 
recommended, it is seldom applied. The advice to farmers to leave at least a 15 m 
barrier with some economic crops such as citrus and oil palm around new cocoa 
plantings to delay reinfection from old plantations and forest trees have also not 
been implemented fully. Farmers always want to fully utilize all available space of 
land for cocoa planting and also use the alternative host trees as a source of natural 
shade for their cocoa during the early growth period.
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3.1.5 Lack of effective control methods for mealybugs

The use of synthetic chemicals for the control of the mealybug vectors has not 
been effective over the years. This is attributed to the morphology of the mealybugs 
having a protective wax covering and also the building of mud tents over them by 
black ants [33–36]. Attempts by scientists with the use of biological means have also 
not been successful [37].

3.1.6 Use of resistant cocoa varieties

Even though it has long be envisaged that planting of cocoa varieties tolerant to 
CSSVD would be the most effective means to manage the disease [38], most of the 
available cocoa planting materials has however shown low levels of resistance under 
field conditions. It is notable that many of the inter-Amazon hybrids developed 
and recommended by the British Research Team and currently available to farmers 
[38] have only partial resistance to CSSVD [38–40]. Although partial resistance is 
beneficial for being able to tolerate the virus to give appreciable yield in the short 
to medium term, the need for varieties that could offer greater resistance cannot 
be overemphasized. The continuous search for varieties that could offer long-term 
resistance that has been going on over the years using modern breeding approaches 
such as mutation and tissue culture techniques in Ghana and elsewhere is therefore 
very appropriate [41].

3.1.7 Mild strains cross protection

Long term field assessment of the mild strain cross protection experiments 
carried out at the Cocoa Research Institute of Ghana (CRIG) has shown that, the 
immunity conferred on the healthy cocoa plants from the available mild strains N1 
and SS365B eventually breaks down after 20 years [42, 43]. These reports support 
past works and suggestions that further investigations on the effectiveness of the 
mild strain phenomenon need to be carried out before its adoption as a manage-
ment strategy for the virus [44–46].

4. Current strategies on CSSVD management

The cutting out and rehabilitation program was re-launched in June 2018 to 
concurrently cut out CSSVD infected cocoa trees along the borders of Ghana and 
Cote d’Ivoire. The expectation is to progressively remove about 100,000 ha of 
infected CSSVD outbreaks across the cocoa regions in Ghana by 2023. The current 
cutting out activities involves the total removal of CSSVD infected cocoa trees in 
blocks of outbreaks and replanting with tolerant cocoa varieties. Payment of com-
pensation to farmers and land owners has been incorporated into the program to 
sustain farmers’ livelihood during the periods of cocoa tree removal and replanting. 
Additionally, farmers would be supported in their cocoa farm establishment and 
maintenance activities such as provision of temporary and permanent shade plants, 
farm weeding and fertilizer application. Cutting out activities are to be intensified 
in high prevalent areas such as the Western and Eastern regions of Ghana.

Scientific research activities to support the program have been strengthened to 
include development of early detection tools, mealybug vectors control, identifica-
tion of other alternative hosts and vectors as well as development of resistant cocoa 
varieties. Characterization of the diversity and virulence of the disease across the 
West African Sub-region is also to progress to understand the nature of the virus 
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at the molecular level. Diversity studies to classify the virus into distinct groups of 
strains and isolates as identified in the Western region and adjoining areas of the 
Brong Ahafo Region is also being aggressively pursued to explain the difference in 
virulence and symptoms of the disease in different outbreaks.

5. Conclusion

The cutting out approach to remove sources of infection from farms still remains 
the most feasible method to manage the spread of CSSVD in an integrated system 
with other agronomic practices. Emphasis should therefore be placed on finding 
the most logical and efficient means of carrying out the program with the support 
of farmers and other relevant stakeholders. Accordingly, extensive farmer educa-
tion on the effects of the disease and the rationale behind removal of sources of 
infection from outbreak areas is very imperative. Additionally, policies and rate 
of treatment and replanting needs careful coordination both at the District and 
Regional levels and this should take into consideration the severity of the disease 
and the availability of adequate manpower and resources to implement the program 
according to laid down recommendations.

The ineffectiveness of the cutting out strategy as noted in the past should be 
placed in the appropriate context of the many problems or challenges in its imple-
mentation together with the logistical and manpower constraints that have character-
ized the cutting out scheme from the outset. This chapter highlighted some of the 
challenges of the cutting out system and still recommends its application in an inte-
grated approach involving the use of different measures in a coordinated manner. The 
focus for current and future scientific research and topics for consideration include; 
the use of modern breeding techniques to develop resistant cocoa varieties for CSSV, 
studies on chemical and biological control of the mealybug vectors, development of 
early detection tools, and identification of other vectors and hosts of the virus.
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Brong Ahafo Region is also being aggressively pursued to explain the difference in 
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the most feasible method to manage the spread of CSSVD in an integrated system 
with other agronomic practices. Emphasis should therefore be placed on finding 
the most logical and efficient means of carrying out the program with the support 
of farmers and other relevant stakeholders. Accordingly, extensive farmer educa-
tion on the effects of the disease and the rationale behind removal of sources of 
infection from outbreak areas is very imperative. Additionally, policies and rate 
of treatment and replanting needs careful coordination both at the District and 
Regional levels and this should take into consideration the severity of the disease 
and the availability of adequate manpower and resources to implement the program 
according to laid down recommendations.

The ineffectiveness of the cutting out strategy as noted in the past should be 
placed in the appropriate context of the many problems or challenges in its imple-
mentation together with the logistical and manpower constraints that have character-
ized the cutting out scheme from the outset. This chapter highlighted some of the 
challenges of the cutting out system and still recommends its application in an inte-
grated approach involving the use of different measures in a coordinated manner. The 
focus for current and future scientific research and topics for consideration include; 
the use of modern breeding techniques to develop resistant cocoa varieties for CSSV, 
studies on chemical and biological control of the mealybug vectors, development of 
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Chapter 11

Emergence of Benzimidazole- and
Strobilurin-Quinone Outside
Inhibitor-Resistant Strains of
Colletotrichum gloeosporioides
sensu lato, the Causal Fungus
of Japanese Pear Anthracnose,
and Alternative Fungicides
to Resistant Strains
Nobuya Tashiro, Youichi Ide, Mayumi Noguchi,
Hisayoshi Watanabe and Mizuho Nita

Abstract

Japanese pear anthracnose (JPA) can cause severe tree defoliation during the
growing season. Infected trees become weak and produce fewer flower buds the
following spring. This economically serious fungal plant disease has affected culti-
vated pears in Japan since 1910. Initially, JPA was controlled by benzimidazole
fungicides. However, benzimidazole-resistant pathogen strains emerged in the late
1990s, and the range of JPA has expanded in Japan. Since then strobilurin-quinone
outside inhibitors (ST-QoIs) such as azoxystrobin and kresoxim-methyl became
popular, but ST-QoI-resistant pathogen strains appeared. By 2005, JPA control
became difficult once again. In this chapter, we outline the history of JPA fungicide
resistance problems, assess advantages and disadvantages of available fungicide
options, and develop JPA management strategies based on evidences we obtained
from a series of field and lab studies.

Keywords: anthracnose, benzimidazole, deciduous disease, Japanese pear,
Pyrus pyrifolia, ST-QoI

1. Introduction

A sudden and severe outbreak of Japanese pear anthracnose (JPA) occurred in
July 1999 on the Japanese pear cultivars “Housui” and “Niitaka” (Pyrus pyrifolia
Nakai var. culta Nakai) in Saga prefecture on Kyushu Island, which is one of the
major Japanese pear-producing regions located in southwestern Japan [1, 2].
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At first, phytotoxicity was suspected owing to extensive and rapid symptom devel-
opment throughout the orchard. Subsequent investigation revealed that it was JPA
caused by Colletotrichum gloeosporioides sensu lato (Cgsl) [1, 2].

JPA was first reported in Japan by Kurosawa in 1910 [3]. He observed JPA in
Fukuoka prefecture which is adjacent to Saga prefecture in June 1910. The infection
caused black spots on the leaves and severe defoliation. Disease incidence and
severity differed among varieties. It was severe on “Doitsu,” moderate on
“Nijusseiki,” and mild on “Chojuro.” Morphological analyses indicated that the
causal organism was C. gloeosporioides. Kurosawa stated that Bordeaux mixture
could be an effective treatment and damaged leaves should be incinerated to pre-
vent the spread of the disease. Based on Kurosawa’s research, Hara introduced JPA
in his textbook entitled Fruit Tree Disease Theory [4]. Ikata reported that JPA was
uncommon and caused no severe damage except for an outbreak in Fukuoka pre-
fecture in 1910 [5]. There were no further reports on JPA until 1974.

In 1974, severe JPA infestations on the “Yakumo” cultivar were reported in
Fukushima prefecture of the Tohoku region, which is located in northeastern Japan.
The outbreak caused severe defoliation. Ochiai et al. monitored the progress of the
outbreak and isolated the causal organism [6]. Ochiai and Hayashi discussed the
pathogenicity of isolated Colletotrichum sp. and indicated that disease severity
differed among host cultivars [7]. They also mentioned the effect of the infection
timing (the number of days elapsed after leaf expansion) [8], temperature and
leaf wetness on infection and disease incidence [9], and growth medium and
temperature on pathogen growth [10]. However, there were no published reports
on pathogen control methods.

In 1987 and 1998, severe incidences of JPA were reported in Kochi prefecture in
Shikoku Island, located in southwestern Japan. Morita et al. reported the symptoms
and transition of the outbreak. They documented the efficacy of thiophanate-
methyl/maneb wettable powder (WP), maneb WP, and benomyl WP at controlling
this disease [11]. There was also a report of an outbreak of moderately
benzimidazole-resistant strains in 1998 [12].

Probably because JPA happened sporadically over a long time period and in
small and isolated geographical areas, there was a very limited effort to identify
fungicides that are effective against JPA. Therefore, no registered fungicides were
available for JPA when the major JPA outbreak occurred in Saga prefecture in 1999.

2. JPA symptoms and causal organism

2.1 Symptoms

In JPA-affected orchards in Saga prefecture, Japanese pear cultivars “Housui”
and “Niitaka” developed minute black spots formed on the leaf laminae and petioles
starting in mid-June. The leaves appear as though they have been stabbed with a
fine needle. The perforations are visible when the leaves are held up to the sunlight.
Since the lesions are very small, it is difficult for the grower to notice the initial
disease symptoms unless the leaves are inspected very closely. The initially tiny
black dots then expand into small curved black spots 0.5–1 mm in diameter. Certain
lesions may develop into large blackish-brown spots �2 cm in diameter. By that
time, the leaves rapidly turn yellow and abscise (Figure 1).

When the JPA outbreaks were observed in 1999, JPA caused a severe defoliation
by mid-July and markedly reduced tree vigor. The intense defoliation caused new
leaves to emerge soon after the event; however, these new leaves were quickly and
fatally infested with JPA. In addition, defoliation triggered flowering in autumn
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which leads to a fewer number of flowers in the next spring, which caused serious
yield loss in the following year (Figure 2).

2.2 Causal organism

Fungal cultures were isolated from the large dark brown lesions on leaves and
smaller lesions on petioles of the ‘Housui’ and “Niitaka” Japanese pear cultivars.
Morphologically, these isolates were identical. The isolates formed light salmon
flesh-colored conidial masses on spore-inducing media (K2HPO4 1 g, MgSO4 0.5 g,
peptone 5 g, lactose 10 g, agar 30 g, and distilled water 1000 mL) (Figure 3). Foliar
spray inoculation of a conidial suspension (105 mL�1) on ‘Housui’ reproduced
disease symptoms similar to those observed in the orchards (Figure 3). The inocu-
lated fungi were re-isolated to confirm Koch’s postulates [1, 2].

The conidia are cylindrical with an average size of 15.8 μm � 5.0 μm (Figure 3).
The mycelia from these isolates grow at 10–35°C with an optimum at 28°C. PCR
using primer CgInt [13] to detect Cgsl disclosed a band at �450 bp similar to that
obtained by using Cgsl as a control.

Based on its morphological characteristics, a similar foliar disease observed on
“Kousui” in Akita prefecture in the Tohoku region of Japan was thought to be
anthracnose caused by Colletotrichum acutatum sensu lato [14]. However, DNA-
based identification failed to establish C. acutatum sensu lato as the cause of JPA in
the pear orchards of other regions of Japan [12, 15]. Therefore, most of the JPA
pathogens in Japan are probably caused by Cgsl.

In China, C. fructicola was reported as an anthracnose pathogen causing leaf
black spot in sandy pear (Pyrus pyrifolia Nakai) in 2015 [16]. In 2019, 12 species of
Colletotrichum spp. including C. fructicola and C. gloeosporioides were reported as

Figure 1.
Black spots on anthracnose-infected petioles and leaves caused by Colletotrichum gloeosporioides sensu lato
observed in Japanese pear cv. Housui (Pyrus pyrifolia Nakai var. culta Nakai) in the field. (A) Very minute
black spots symptoms on the petioles, (B) leaf symptoms showing numerous black spots of various sizes, (C)
large blackish brown spots with a diameter of about 1–2 cm, (D) yellowing leaves with large blackish brown
spots.
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time, the leaves rapidly turn yellow and abscise (Figure 1).

When the JPA outbreaks were observed in 1999, JPA caused a severe defoliation
by mid-July and markedly reduced tree vigor. The intense defoliation caused new
leaves to emerge soon after the event; however, these new leaves were quickly and
fatally infested with JPA. In addition, defoliation triggered flowering in autumn
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which leads to a fewer number of flowers in the next spring, which caused serious
yield loss in the following year (Figure 2).

2.2 Causal organism

Fungal cultures were isolated from the large dark brown lesions on leaves and
smaller lesions on petioles of the ‘Housui’ and “Niitaka” Japanese pear cultivars.
Morphologically, these isolates were identical. The isolates formed light salmon
flesh-colored conidial masses on spore-inducing media (K2HPO4 1 g, MgSO4 0.5 g,
peptone 5 g, lactose 10 g, agar 30 g, and distilled water 1000 mL) (Figure 3). Foliar
spray inoculation of a conidial suspension (105 mL�1) on ‘Housui’ reproduced
disease symptoms similar to those observed in the orchards (Figure 3). The inocu-
lated fungi were re-isolated to confirm Koch’s postulates [1, 2].

The conidia are cylindrical with an average size of 15.8 μm � 5.0 μm (Figure 3).
The mycelia from these isolates grow at 10–35°C with an optimum at 28°C. PCR
using primer CgInt [13] to detect Cgsl disclosed a band at �450 bp similar to that
obtained by using Cgsl as a control.

Based on its morphological characteristics, a similar foliar disease observed on
“Kousui” in Akita prefecture in the Tohoku region of Japan was thought to be
anthracnose caused by Colletotrichum acutatum sensu lato [14]. However, DNA-
based identification failed to establish C. acutatum sensu lato as the cause of JPA in
the pear orchards of other regions of Japan [12, 15]. Therefore, most of the JPA
pathogens in Japan are probably caused by Cgsl.

In China, C. fructicola was reported as an anthracnose pathogen causing leaf
black spot in sandy pear (Pyrus pyrifolia Nakai) in 2015 [16]. In 2019, 12 species of
Colletotrichum spp. including C. fructicola and C. gloeosporioides were reported as

Figure 1.
Black spots on anthracnose-infected petioles and leaves caused by Colletotrichum gloeosporioides sensu lato
observed in Japanese pear cv. Housui (Pyrus pyrifolia Nakai var. culta Nakai) in the field. (A) Very minute
black spots symptoms on the petioles, (B) leaf symptoms showing numerous black spots of various sizes, (C)
large blackish brown spots with a diameter of about 1–2 cm, (D) yellowing leaves with large blackish brown
spots.
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pathogens causing anthracnose on pear leaves and fruit [17]. In Japan, we did not
confirm anthracnose symptoms on Japanese pear fruit caused by Cgsl. A report of
JPA outbreak from Akita prefecture, where they suspected C. acutatum sensu lato to
be the causal agent, did not include anthracnose on fruits. However, C. fioriniae
destroyed “Niitaka” fruit in Oita prefecture in 2013 [18]. In Korea, two species of
C. gloeosporioides sensu lato [19] and C. acutatum sensu lato [20] were reported as
the causal organisms of Asian pear fruit rot.

The Compendium of Apple and Pear Diseases and Pests describes apple and pear
bitter rot as a common disease and mentions that apple anthracnose causes speckle
spots followed by defoliation [21]. In 1988, Leite et al. [22] described a new apple
leaf spot disease on the Gala and Golden Delicious cultivars in Brazil and demon-
strated that it was caused by G. cingulata which is the sexual stage of C.
gloeosporioides. This disease was named Glomerella leaf spot (GLS). This report was
the first to cite any Colletotrichum sp. as the causative agent of leaf spot in the apple
orchard. Under favorable conditions, a GLS infestation may result in 75% defolia-
tion by harvest time. It can weaken trees and reducing yield [23, 24]. GLS was first
reported in the United States in 1998 as a severe leaf spot on Gala apples [25].

Figure 2.
Defoliation in summer and flowering in autumn caused by Colletotrichum gloeosporioides sensu lato
observed in Japanese pear cv. Housui (Pyrus pyrifolia Nakai var. culta Nakai) in the fields. (A) Severe
defoliation in the field of Japanese pear cv. Housui (Pyrus pyrifolia Nakai var. culta Nakai) (courtesy M.
Suzuki); (B) yellowish discolored fallen leaves with a lot of black spots; (C) twigs with no leaves in summer;
(D) emerging of new leaves and flowers soon after intense defoliation, the number of flowers in the next spring
was dramatically decreased to cause great yield loss in the following year (courtesy M. Suzuki); (E) black spots
symptoms on newly emerged leaves after defoliation, these new leaves quickly withered; (F) defoliation of almost
all of the leaves in the summer, leading to the reduced vigor of the trees.
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Colletotrichum karstii has been reported as a new GLS pathogen [26]. Apple GLS
caused by Glomerella cingulata was reported in China in 2012 [27].

On the other hand, the compendium makes no reference to foliar anthracnose in
pear or Asian pear [21], which occurs on leaves and causes severe defoliation. Since
this disease may be unique to Asian and Japanese pear, further investigations of its
causal pathogens using molecular diagnostic tools are required.

3. Development of fungicide control technology for JPA (until 2004)

Our aim was to select efficacious fungicides at the Fruit Tree Experiment Station
in Saga prefecture [1, 28]. The JPA fungicide spray timing was the same as that for
Japanese pear ring rot caused by Botryosphaeria berengeriana De Notaris f. sp.
piricola (Nose) in Koganezawa and Sakuma. Thus, these diseases had to be
addressed simultaneously, and fungicide efficacy on ring rot was also evaluated [2].

Figure 3.
Causal pathogen of Japanese pear (Pyrus pyrifolia Nakai var. culta Nakai) anthracnose and representative
symptoms induced by inoculation of conidial suspension under unwounded condition. (A) A 7-day-old colony
of strain C-17 grown on potato dextrose agar medium at 25°C, (B) salmon pink spore mass produced on spore-
inducing medium (K2HPO4 1 g, MgSO4 0.5 g, peptone 5 g, lactose 10 g, agar 30 g, distilled water 1000 mL),
(C) conidia of strain C-17 produced on spore-inducing medium (scale bar = 20 μm), (D) shoots of Japanese
pear cv. Housui that showed severe symptoms by inoculation of conidial suspensions of strain C-15 under
unwounded condition, (E) black spot lesions of different sizes reproduced by unwounded inoculation of spore
suspension.
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pathogens causing anthracnose on pear leaves and fruit [17]. In Japan, we did not
confirm anthracnose symptoms on Japanese pear fruit caused by Cgsl. A report of
JPA outbreak from Akita prefecture, where they suspected C. acutatum sensu lato to
be the causal agent, did not include anthracnose on fruits. However, C. fioriniae
destroyed “Niitaka” fruit in Oita prefecture in 2013 [18]. In Korea, two species of
C. gloeosporioides sensu lato [19] and C. acutatum sensu lato [20] were reported as
the causal organisms of Asian pear fruit rot.

The Compendium of Apple and Pear Diseases and Pests describes apple and pear
bitter rot as a common disease and mentions that apple anthracnose causes speckle
spots followed by defoliation [21]. In 1988, Leite et al. [22] described a new apple
leaf spot disease on the Gala and Golden Delicious cultivars in Brazil and demon-
strated that it was caused by G. cingulata which is the sexual stage of C.
gloeosporioides. This disease was named Glomerella leaf spot (GLS). This report was
the first to cite any Colletotrichum sp. as the causative agent of leaf spot in the apple
orchard. Under favorable conditions, a GLS infestation may result in 75% defolia-
tion by harvest time. It can weaken trees and reducing yield [23, 24]. GLS was first
reported in the United States in 1998 as a severe leaf spot on Gala apples [25].

Figure 2.
Defoliation in summer and flowering in autumn caused by Colletotrichum gloeosporioides sensu lato
observed in Japanese pear cv. Housui (Pyrus pyrifolia Nakai var. culta Nakai) in the fields. (A) Severe
defoliation in the field of Japanese pear cv. Housui (Pyrus pyrifolia Nakai var. culta Nakai) (courtesy M.
Suzuki); (B) yellowish discolored fallen leaves with a lot of black spots; (C) twigs with no leaves in summer;
(D) emerging of new leaves and flowers soon after intense defoliation, the number of flowers in the next spring
was dramatically decreased to cause great yield loss in the following year (courtesy M. Suzuki); (E) black spots
symptoms on newly emerged leaves after defoliation, these new leaves quickly withered; (F) defoliation of almost
all of the leaves in the summer, leading to the reduced vigor of the trees.
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Colletotrichum karstii has been reported as a new GLS pathogen [26]. Apple GLS
caused by Glomerella cingulata was reported in China in 2012 [27].

On the other hand, the compendium makes no reference to foliar anthracnose in
pear or Asian pear [21], which occurs on leaves and causes severe defoliation. Since
this disease may be unique to Asian and Japanese pear, further investigations of its
causal pathogens using molecular diagnostic tools are required.

3. Development of fungicide control technology for JPA (until 2004)

Our aim was to select efficacious fungicides at the Fruit Tree Experiment Station
in Saga prefecture [1, 28]. The JPA fungicide spray timing was the same as that for
Japanese pear ring rot caused by Botryosphaeria berengeriana De Notaris f. sp.
piricola (Nose) in Koganezawa and Sakuma. Thus, these diseases had to be
addressed simultaneously, and fungicide efficacy on ring rot was also evaluated [2].

Figure 3.
Causal pathogen of Japanese pear (Pyrus pyrifolia Nakai var. culta Nakai) anthracnose and representative
symptoms induced by inoculation of conidial suspension under unwounded condition. (A) A 7-day-old colony
of strain C-17 grown on potato dextrose agar medium at 25°C, (B) salmon pink spore mass produced on spore-
inducing medium (K2HPO4 1 g, MgSO4 0.5 g, peptone 5 g, lactose 10 g, agar 30 g, distilled water 1000 mL),
(C) conidia of strain C-17 produced on spore-inducing medium (scale bar = 20 μm), (D) shoots of Japanese
pear cv. Housui that showed severe symptoms by inoculation of conidial suspensions of strain C-15 under
unwounded condition, (E) black spot lesions of different sizes reproduced by unwounded inoculation of spore
suspension.
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3.1 Selection of effective fungicides

3.1.1 Benzimidazoles, benomyl, and thiophanate-methyl

Benzimidazole fungicides, which inhibit β-tubulin assembly during mitosis,
were introduced ca. 1970. This group includes thiophanate-methyl, carbendazim,
and benomyl. Benomyl (methyl [1-(butylcarbamoyl)benzimidazole-2-yl]carba-
mate) was registered under the brand name Benlate (50% wettable powder) by
DuPont in Japan in 1971. Sumitomo Chemical Co., Ltd. (Tokyo, Japan) acquired the
business in 2002. Thiophanate-methyl, dimethyl 4,40-(o-phenylene) bis(3-
thioallophanate), was registered in Japan in 1971 under the brand name Topsin-M
(70% wettable powder; Nippon Soda Co., Ltd., Tokyo, Japan).

Initially, benomyl and thiophanate-methyl were considered as broad-
spectrum fungicides with low phytotoxicity, and these materials controlled
the diseases caused by Ascomycetes, Deuteromycetes, and Basidiomycetes. Thus,
benzimidazoles were frequently used on a wide range of crop groups. However,
the pathogens rapidly developed field resistance; then, the usage of these
fungicides decreased over time. They are still widely used on certain crops as
they are broad-spectrum antifungal agents. In Japan, they are often applied to
fruit trees.

Benomyl WP and thiophanate-methyl WP have been used since 1975 to
prevent Asian pear scab (APS) caused by Venturia nashicola. These
benzimidazoles were initially highly efficacious [29]. Therefore, their usage
increased in frequency. APS fungus resistant to benzimidazoles were first detected
in 1980 [30–33]; then the efficacy of benzimidazoles at suppressing APS dimin-
ished. In 1985, a demethylation inhibitor (DMI) with significant efficacy against the
APS pathogen was introduced [34–37]; then, the use of benzimidazoles against APS
was discontinued.

Benzimidazoles are very effective at suppressing ring rot [38] and powdery
mildew [39] caused by Phyllactinia mali (Duby) U. Braun. Instead of targeting scab
disease from April to June, growers applied benzimidazoles three to four times from
mid-June until harvest to prevent ring rot and powdery mildew. This time window
is also the main JPA infection period. Since benzimidazoles were effective against
anthracnose caused by C. gloeosporioides sensu lato [11, 40–43], these materials were
used often to prevent JPA.

3.1.2 Fungicide screening against the JPA pathogen

We conducted preventive application screening using “Housui” leaves and using
fungicides registered for Japanese pears in Japan. Fungicide suspensions were
diluted to predetermine concentrations and sprayed onto the leaves on branches
excised from the “Housui” tree. The leaves were air-dried and sprayed with a Cgsl
spore suspension (�105 mL�1). The inoculated leaves were maintained in humid
conditions at 25°C for 2 days. The lesions on the leaves were counted 7 days after
inoculation.

Propyneb WP, dithianon FL, fluazinam FL, organic copper FL, azoxystrobin
FL, kresoxim-methyl DF, captan WP, and mancozeb WP had excellent
preventive efficacies (Table 1). In contrast, the benzimidazoles, benomyl, and
thiophanate-methyl which were previously considered effective against anthrac-
nose caused by Cgsl [11] were significantly less efficacious against both strains
than the best treatment (Table 1), indicating the presence of benzimidazole-
resistant strains.
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3.1 Selection of effective fungicides

3.1.1 Benzimidazoles, benomyl, and thiophanate-methyl

Benzimidazole fungicides, which inhibit β-tubulin assembly during mitosis,
were introduced ca. 1970. This group includes thiophanate-methyl, carbendazim,
and benomyl. Benomyl (methyl [1-(butylcarbamoyl)benzimidazole-2-yl]carba-
mate) was registered under the brand name Benlate (50% wettable powder) by
DuPont in Japan in 1971. Sumitomo Chemical Co., Ltd. (Tokyo, Japan) acquired the
business in 2002. Thiophanate-methyl, dimethyl 4,40-(o-phenylene) bis(3-
thioallophanate), was registered in Japan in 1971 under the brand name Topsin-M
(70% wettable powder; Nippon Soda Co., Ltd., Tokyo, Japan).

Initially, benomyl and thiophanate-methyl were considered as broad-
spectrum fungicides with low phytotoxicity, and these materials controlled
the diseases caused by Ascomycetes, Deuteromycetes, and Basidiomycetes. Thus,
benzimidazoles were frequently used on a wide range of crop groups. However,
the pathogens rapidly developed field resistance; then, the usage of these
fungicides decreased over time. They are still widely used on certain crops as
they are broad-spectrum antifungal agents. In Japan, they are often applied to
fruit trees.

Benomyl WP and thiophanate-methyl WP have been used since 1975 to
prevent Asian pear scab (APS) caused by Venturia nashicola. These
benzimidazoles were initially highly efficacious [29]. Therefore, their usage
increased in frequency. APS fungus resistant to benzimidazoles were first detected
in 1980 [30–33]; then the efficacy of benzimidazoles at suppressing APS dimin-
ished. In 1985, a demethylation inhibitor (DMI) with significant efficacy against the
APS pathogen was introduced [34–37]; then, the use of benzimidazoles against APS
was discontinued.

Benzimidazoles are very effective at suppressing ring rot [38] and powdery
mildew [39] caused by Phyllactinia mali (Duby) U. Braun. Instead of targeting scab
disease from April to June, growers applied benzimidazoles three to four times from
mid-June until harvest to prevent ring rot and powdery mildew. This time window
is also the main JPA infection period. Since benzimidazoles were effective against
anthracnose caused by C. gloeosporioides sensu lato [11, 40–43], these materials were
used often to prevent JPA.

3.1.2 Fungicide screening against the JPA pathogen

We conducted preventive application screening using “Housui” leaves and using
fungicides registered for Japanese pears in Japan. Fungicide suspensions were
diluted to predetermine concentrations and sprayed onto the leaves on branches
excised from the “Housui” tree. The leaves were air-dried and sprayed with a Cgsl
spore suspension (�105 mL�1). The inoculated leaves were maintained in humid
conditions at 25°C for 2 days. The lesions on the leaves were counted 7 days after
inoculation.

Propyneb WP, dithianon FL, fluazinam FL, organic copper FL, azoxystrobin
FL, kresoxim-methyl DF, captan WP, and mancozeb WP had excellent
preventive efficacies (Table 1). In contrast, the benzimidazoles, benomyl, and
thiophanate-methyl which were previously considered effective against anthrac-
nose caused by Cgsl [11] were significantly less efficacious against both strains
than the best treatment (Table 1), indicating the presence of benzimidazole-
resistant strains.
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3.1.3 Confirming the lack of susceptibility to benzimidazoles among the JPA pathogen
strains

Based on the results of the previous study (Table 1), we investigated the sus-
ceptibility of 122 Cgsl strains to benomyl. The strains were isolated from infected
leaves collected in 1999 from nine orchards known to have frequent outbreaks of
this disease. Before the experiment, the pathogenicity of these strains was con-
firmed by inoculation tests. The strains were divided into those with minimum
inhibitory concentration (MIC) ≤ 0.39 mg L�1 and those with MIC ≥ 1600 mg L�1

(Table 2). The former were deemed susceptible. The latter were considered highly
resistant and were prevalent at all nine orchards investigated (Table 2). These
highly resistant strains were also highly resistant to thiophanate-methyl, which are
very similar to benomyl in the mode of action (Table 3). When “Housui” leaves
were sprayed with benomyl (250 mg L�1) and then inoculated with the highly

Source orchard Variety Number of strains Number of strains for each MIC (mg L�1) range

0.78 25–100 >1600

Minamihata-1 Housui 13 0 0 13

Minamihata-2 Housui 15 4 0 11

Minamihata-3 Housui 14 0 0 14

Minamihata-4 Niitaka 13 0 0 13

Okawa-1 Housui 10 0 0 10

Okawa-2 Housui 10 1 0 9

Okawa-3 Housui 12 0 0 12

Okawa-4 Housui 22 4 0 18

Okawa-5 Niitaka 13 3 0 10

Total 122 12 (9.8)1 0 (0.0) 110 (90.2)
1Values in parentheses are the percentage of the total for each category.

Table 2.
Benomyl sensitivity of C. gloeosporioides sensu lato, the causal organism of anthracnose in Japanese pear
varieties “Housui” and “Niitaka” at Imari district in Saga Prefecture in 1999.

Strain Location of isolation1 Year of isolation EC50 (mg L�1) values of

Benomyl Thiophanate-methyl

SCG-25 Minamihata town 1999 0.151 0.151

SCG-30 Ohkawa town 1999 0.166 0.206

SCG-64 Ohkawa town 1999 0.155 0.186

SCG-08 Minamihata town 1999 485 2856

SCG-17 Minamihata town 1999 481 2386

SCG-72 Ohkawa town 1999 491 3211
1Minamihata town and Ohkawa town are both in the Imari area of Saga prefecture.

Table 3.
Effect of benomyl and thiophanate-methyl on the mycelial growth of benzimidazole-sensitive (SCG-25,
SCG-30, and SCG-64) strains and highly benzimidazole-resistant (SCG-08, SCG-17, and SCG-72) strains
of C. gloeosporioides obtained from lesions of Japanese pear anthracnose.
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resistant Cgsl strains, the treated leaves became severely diseased, i.e., benomyl did
not suppress JPA (Table 4).

Benzimidazole-resistant Cgsl that occurred at a high frequency over a wide
range in the Japanese pear-growing areas of Saga prefecture caused benzimidazoles
to be no longer effective against JPA. In addition, benzimidazole-resistant Cgsl was
also confirmed in Chiba, Oita, and Kochi prefectures. Only highly resistant strains
were observed in Chiba prefecture [44], a mixture of highly and moderately resis-
tant strains was detected in Oita prefecture [45], and only moderately resistant
strains were confirmed for Kochi prefecture [12].

3.2 Change in detection frequency of highly benzimidazole-resistant strains
after discontinuing benzimidazoles

To determine the changes in detection frequency of benzimidazole-resistant
strains, Cgsl strains from orchards where benzimidazoles were discontinued were
challenged with benomyl in 1999, 2000, 2001, and 2004. The discontinuation of
benzimidazole fungicides in each orchard was confirmed from fungicide spray
records. The frequency of benzimidazole-resistant strain ranged from 81 to 88%
during the study, and there was no indication of a reduction over time (Figure 4).
Therefore, reintroduction of benzimidazoles to the pear-producing areas of this
region was not recommended.

The proportion of benzimidazole-resistant Cgsl strains causing JPA did not
decrease even 4 years after discontinuation. Pathogen populations in abscised leaves
may be carried over to the following year, and pathogen latently infected with twigs
may remain viable for several years [46]. Also, both the resistant and sensitive
strains may have similar levels of competitiveness or fitness.

Impacts on the detection frequency of benzimidazole-resistant isolates after the
discontinuation were highly variable for other crops and pathogens. The discontin-
uation of benzimidazole immediately reduced the ratios of highly resistant Botrytis
cinerea strains causing grape gray mold [47] and Gloeosporium theae-sinensis causing
tea anthracnose [48]. The ratio of highly resistant Venturia nashicola strains causing
Japanese pear scab was immediately reduced upon benzimidazole discontinuation;
however, the overall ratio of resistant strains did not decline as moderately and
weakly resistant strains emerged [49]. As with JPA, the frequency of highly

Strain Benomyl (250 mg L�1) sprayed trees Control trees Control (%)2

Tested leaves Lesions/leaf Tested leaves Lesions/leaf

SCG-25 27 14.6a 26 126.8a 88.5a

SCG-30 28 6.3a 24 98.6a 93.6a

SCG-17 26 152.5b 21 142.3a 0b

SCG-72 22 96.5b 24 106.8a 9.6b

1The Japanese pear variety “Housui” (2-year-old trees) was sprayed with wettable powder of benomyl and thoroughly
dried. Conidial suspensions (approx. 105 mL�1) of each strain (benzimidazole-sensitive strains, SCG-25 and SCG-
30; highly benzimidazole-resistant strains, SCG-17, SCG-72) were then inoculated. Seven days after inoculation, the
development of symptoms was assessed. Values followed by different letter differ significantly in a multiple comparison
based on the Tukey–Kramer HSD test (P < 0.05).
2Control (%) = (1 – average lesion number per leaf on the trees with benomyl application/average lesion number per
leaf on the control trees) � 100.

Table 4.
Control efficacy of benomyl against benzimidazole-sensitive (SCG-25 and SCG-30) strains and highly
benzimidazole-resistant (SCG-17 and SCG-72) strains of C. gloeosporioides sensu lato on the leaves of the
Japanese pear variety “Housui”.1
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resistant Cgsl strains, the treated leaves became severely diseased, i.e., benomyl did
not suppress JPA (Table 4).

Benzimidazole-resistant Cgsl that occurred at a high frequency over a wide
range in the Japanese pear-growing areas of Saga prefecture caused benzimidazoles
to be no longer effective against JPA. In addition, benzimidazole-resistant Cgsl was
also confirmed in Chiba, Oita, and Kochi prefectures. Only highly resistant strains
were observed in Chiba prefecture [44], a mixture of highly and moderately resis-
tant strains was detected in Oita prefecture [45], and only moderately resistant
strains were confirmed for Kochi prefecture [12].

3.2 Change in detection frequency of highly benzimidazole-resistant strains
after discontinuing benzimidazoles

To determine the changes in detection frequency of benzimidazole-resistant
strains, Cgsl strains from orchards where benzimidazoles were discontinued were
challenged with benomyl in 1999, 2000, 2001, and 2004. The discontinuation of
benzimidazole fungicides in each orchard was confirmed from fungicide spray
records. The frequency of benzimidazole-resistant strain ranged from 81 to 88%
during the study, and there was no indication of a reduction over time (Figure 4).
Therefore, reintroduction of benzimidazoles to the pear-producing areas of this
region was not recommended.

The proportion of benzimidazole-resistant Cgsl strains causing JPA did not
decrease even 4 years after discontinuation. Pathogen populations in abscised leaves
may be carried over to the following year, and pathogen latently infected with twigs
may remain viable for several years [46]. Also, both the resistant and sensitive
strains may have similar levels of competitiveness or fitness.

Impacts on the detection frequency of benzimidazole-resistant isolates after the
discontinuation were highly variable for other crops and pathogens. The discontin-
uation of benzimidazole immediately reduced the ratios of highly resistant Botrytis
cinerea strains causing grape gray mold [47] and Gloeosporium theae-sinensis causing
tea anthracnose [48]. The ratio of highly resistant Venturia nashicola strains causing
Japanese pear scab was immediately reduced upon benzimidazole discontinuation;
however, the overall ratio of resistant strains did not decline as moderately and
weakly resistant strains emerged [49]. As with JPA, the frequency of highly

Strain Benomyl (250 mg L�1) sprayed trees Control trees Control (%)2

Tested leaves Lesions/leaf Tested leaves Lesions/leaf

SCG-25 27 14.6a 26 126.8a 88.5a

SCG-30 28 6.3a 24 98.6a 93.6a

SCG-17 26 152.5b 21 142.3a 0b

SCG-72 22 96.5b 24 106.8a 9.6b

1The Japanese pear variety “Housui” (2-year-old trees) was sprayed with wettable powder of benomyl and thoroughly
dried. Conidial suspensions (approx. 105 mL�1) of each strain (benzimidazole-sensitive strains, SCG-25 and SCG-
30; highly benzimidazole-resistant strains, SCG-17, SCG-72) were then inoculated. Seven days after inoculation, the
development of symptoms was assessed. Values followed by different letter differ significantly in a multiple comparison
based on the Tukey–Kramer HSD test (P < 0.05).
2Control (%) = (1 – average lesion number per leaf on the trees with benomyl application/average lesion number per
leaf on the control trees) � 100.

Table 4.
Control efficacy of benomyl against benzimidazole-sensitive (SCG-25 and SCG-30) strains and highly
benzimidazole-resistant (SCG-17 and SCG-72) strains of C. gloeosporioides sensu lato on the leaves of the
Japanese pear variety “Housui”.1
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resistant strains did not change for V. nashicola [50–52] and V. inaequalis which
cause pear and apple scab, respectively [53].

3.3 Residual efficacy and rainfastness of fungicides effective against
benzimidazole-resistant strains of Colletotrichum gloeosporioides sensu lato

3.3.1 Residual efficacy of the sprayed fungicides

To ensure effective pathogen control, it is important to know the length of time
fungicidal efficacy persists after product application. Experiments were conducted
to determine the period of residual fungicidal activity against JPA. Each fungicide
was sprayed onto “Housui” trees in Japanese pear orchards where JPA had never
been previously detected. Branches with their leaves intact were excised and
brought to the laboratory. A conidial suspension (�105 mL�1) was sprayed onto the
leaves. Relative product efficacy was scored based on the number of foliar lesions.
Duration of efficacy after product application was also evaluated. Two experiments,
where each had different sets of treatments, were conducted in late July and mid-
September 2002. In each treatment, 100 leaves from new branches were examined.

For the late July experiment, a mean % disease control (=% suppression of the
mean disease incidence relative to the mean disease incidence of the positive con-
trol) of >70% was taken as the threshold of satisfactory disease control. The disease
control sustainability was measured as days post-application. Dithianon FL and
azoxystrobin FL continued to suppress disease onset for 14 days after application
(Table 5). Satisfactory disease control was observed for fluazinam FL, kresoxim-
methyl DF, and captan/benomyl WP until 7 days after application. However, at
14 days after the application, the disease control effect (%) dropped to 69 and 68%
for fluazinam FL and captan/benomyl WP, respectively, and 15% for kresoxim-
methyl DF. Thus, these fungicides, especially kresoxim-methyl DF, had compara-
tively shorter disease control durations.

In the mid-September experiment, dithianon FL presented with satisfactory
disease control efficacy until 14 days after application as in the previous experiment
(Table 6). The efficacies of the other fungicides were inferior to that of dithianon
FL, and none of the treatment achieved the mean % disease control of >70%.
Propineb WG showed no disease control efficacy whatsoever.

Figure 4.
Change in detection frequency of highly benzimidazole-resistant strains after discontinuing benzimidazoles.
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3.3.2 Rainfastness of the sprayed fungicides

The JPA pathogen propagates and infects during rainfall. The amount of rain
determines the degree of attenuation of the fungicide spray on the pear leaves.
Thus, the establishment of the rainfastness of various fungicides helps develop an
efficient and successful disease control program.

Several fungicide treatments were tested on pot-grown “Housui” trees in 2002.
One day after fungicide application, a rainfall treatment of 17 mm h�1 and
50 mm d�1 was conducted using an artificial rainfall machine (DIK-6000; Daiki
Rika Kogyo Co., Ltd., Tokyo, Japan). The leaves were excised from each tree and
inoculated with a pathogen conidial suspension (2 � 105 conidia mL�1 and
4.0 mL leaf�1) before treatment application, at 100, 200, 300, and 400 mm cumu-
lative rain. The efficacy of the fungicide was visually assessed to estimate % disease
control.

The level of JPA suppression was high when the leaves received no rainfall,
resulting in 100% disease control (=no disease development). As expected, disease
control efficacy decreased with increasing cumulative rainfall. For azoxystrobin FL
and dithianon FL, the disease control was ≥70% at 200 mm cumulative rainfall after
fungicide application (Figure 5). Fluazinam FL and kresoxim-methyl DF achieved
≥70% disease control at 100 mm cumulative rainfall, but the disease control

Generic
name

Trade name in
Japan

FRAC
code

Active
ingredient (%)

Rate applied
(mg L�1)

Changes of control (%)1

7 days
after

14 days
after

21 days
after

Azoxystrobin Amistar 10 FL 11 10.0 100 84 78 45

Kresoxim-
methyl

Storobi DF 11 50.0 250 75 15 20

Dithianon Delan FL M9 42.0 420 83 90 50

Fluazinam Frowncide SC 29 39.5 198 77 69 39

Captan/
benomyl

Caplate WP M4/1 60.0/10.0 1000/167 98 68 46

1Control (%) = (1 – mean ratio of diseased leaves of trees with fungicide application/mean ratio of diseased leaves of trees without
fungicide application) � 100.

Table 5.
Residence period of sprayed fungicides against anthracnose on the Japanese pear “Housui” (1).

Generic name Trade name in
Japan

FRAC
code

Active
ingredient (%)

Rate applied
(mg L�1)

Changes of control (%)1

7 days
after

14 days
after

21 days
after

Dithianon Delan FL M9 42.0 420 92 83 41

Fluazinam Frowncide SC 29 39.5 198 59 0 0

Captan/
oxyquinoline
copper

Oxyrane WP M4/� 20.0/30.0 400/600 67 57 0

Copper (II) sulfate IC Bordeaux
48Q

M1 31.2 10,400 69 70 0

Propineb Antracol WG M3 70.0 1400 0 0 —

1See Table 5.

Table 6.
Residence period of sprayed fungicides against anthracnose on the Japanese pear “Housui” (2).
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resistant strains did not change for V. nashicola [50–52] and V. inaequalis which
cause pear and apple scab, respectively [53].
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methyl DF. Thus, these fungicides, especially kresoxim-methyl DF, had compara-
tively shorter disease control durations.
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disease control efficacy until 14 days after application as in the previous experiment
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3.3.2 Rainfastness of the sprayed fungicides

The JPA pathogen propagates and infects during rainfall. The amount of rain
determines the degree of attenuation of the fungicide spray on the pear leaves.
Thus, the establishment of the rainfastness of various fungicides helps develop an
efficient and successful disease control program.

Several fungicide treatments were tested on pot-grown “Housui” trees in 2002.
One day after fungicide application, a rainfall treatment of 17 mm h�1 and
50 mm d�1 was conducted using an artificial rainfall machine (DIK-6000; Daiki
Rika Kogyo Co., Ltd., Tokyo, Japan). The leaves were excised from each tree and
inoculated with a pathogen conidial suspension (2 � 105 conidia mL�1 and
4.0 mL leaf�1) before treatment application, at 100, 200, 300, and 400 mm cumu-
lative rain. The efficacy of the fungicide was visually assessed to estimate % disease
control.

The level of JPA suppression was high when the leaves received no rainfall,
resulting in 100% disease control (=no disease development). As expected, disease
control efficacy decreased with increasing cumulative rainfall. For azoxystrobin FL
and dithianon FL, the disease control was ≥70% at 200 mm cumulative rainfall after
fungicide application (Figure 5). Fluazinam FL and kresoxim-methyl DF achieved
≥70% disease control at 100 mm cumulative rainfall, but the disease control
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Residence period of sprayed fungicides against anthracnose on the Japanese pear “Housui” (2).
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efficacy fell to <70% at 200 mm cumulative rainfall. For captan/oxyquinoline-
copper WP and captan/benomyl WP, the mean disease control efficacy was 90%
and >60% at 100 mm cumulative rainfall but sharply declined to 0 and 23%,
respectively, at 200 mm cumulative rainfall (Figure 5).

3.3.3 Preventive efficacy of fungicide treatments against JPA in Japanese pear orchards

In the “Housui” orchard, an experiment was conducted over three seasons to
determine the efficacy of preventive fungicide application against JPA. Two exper-
iments were conducted in late June 2000. Trees were sprayed at 10- to 14-day
intervals. When the cumulative rainfall after the previous application was

Figure 5.
Reduction of the control effect of various fungicides on Japanese pear anthracnose associated with artificial
rainfall after spraying; error bar, 95% confidence interval.
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>200 mm, the trees were immediately resprayed to compensate for the product
washed off by the rain. Experiments were conducted in mid-June 2001 and mid-
May 2002 using a slightly modified spray guideline. The treatments were applied
either 20 days after the previous treatment or when the post-application cumulative
rainfall was 200 mm. Several heavy rain events increased the cumulative rainfall to
>200 mm, but all fungicide treatments were applied before the cumulative rainfall
reached 300 mm.

As with the previous experiments, 70% control was set as the efficacy threshold.
For all 3 years, preventive azoxystrobin FL and dithianon FL application provided
>70% disease control (Table 7). Both treatments resulted in consistently high
disease control efficacy as they did in the residual efficacy and rainfastness tests
(Tables 5 and 6).

Kresoxim-methyl DF demonstrated >80% disease control efficacy in one of the
residual activity experimental runs in 2000 and 2002, but the results were not
consistent among three trials (Table 7). In the other trials, the mean % disease
control of kresoxim-methyl DF varied from 15 to 75% in the residual efficacy test
(Table 5), and the mean % disease control efficacy dropped very sharply to below
70% in the rainfastness test at 200 mm cumulative rain fall (Figure 5). Thus, the
environmental conditions, especially the amount of precipitations, may negatively
impact kresoxim-methyl DF to be effective.

Fluazinam showed good levels of disease control (75%) in this experiment
(Table 7), but it did not perform well with the residual tests (Tables 5 and 6),
and the mean % disease control dropped at 200 mm cumulative rainfall (Figure 5).
A trend with propineb was similar where 80%mean disease control was observed in
this experiment, but it did not provide any level of control in the residual efficacy
test (Table 6). We need to investigate more to determine what created these
differences.

The lack of disease prevention efficacy for benomyl WP was expected as
benzimidazole-resistant strains were detected in this orchard (Table 7). The
disease prevention efficacy of captan/benomyl WP was �70% in all 3 years,
possibly because of benzimidazole-resistant strains and low rainfastness of
captan, which is also shown in the rainfastness test (Figure 5). Thus, captan
probably needs to be applied with a non-benzimidazole material, and if sprayed
with captan alone, it should be applied using a 100 mm cumulative rainfall
threshold.

Fungicide application on a 10- to 14-day schedule from the first cover until
harvest is the main disease control method that growers use. JPA is very difficult
to control after the leaves have been infected with it. Dithianon, fluazinam,
strobilurin-quinone outside inhibitor (ST-QoI) fungicides, and captan/benomyl
WP provide good disease control when they are applied preventively.

3.3.4 Use of fungicides effective to JPA against ring rot of Japanese pear

We evaluated fungicide efficacy against Japanese pear ring rot because
spray application timing was the same as that for JPA [2]. The ST-QoIs
azoxystrobin and kresoxim-methyl were highly efficacious against ring rot
(Table 8). Captan/benomyl also showed high efficacy. In contrast, the efficacy of
dithianon against ring rot was highly variable (from 100 to 0% control) during the
years it was tested. Fluazinam provided unsatisfactory disease control efficacy
against ring rot.
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>200 mm, the trees were immediately resprayed to compensate for the product
washed off by the rain. Experiments were conducted in mid-June 2001 and mid-
May 2002 using a slightly modified spray guideline. The treatments were applied
either 20 days after the previous treatment or when the post-application cumulative
rainfall was 200 mm. Several heavy rain events increased the cumulative rainfall to
>200 mm, but all fungicide treatments were applied before the cumulative rainfall
reached 300 mm.

As with the previous experiments, 70% control was set as the efficacy threshold.
For all 3 years, preventive azoxystrobin FL and dithianon FL application provided
>70% disease control (Table 7). Both treatments resulted in consistently high
disease control efficacy as they did in the residual efficacy and rainfastness tests
(Tables 5 and 6).

Kresoxim-methyl DF demonstrated >80% disease control efficacy in one of the
residual activity experimental runs in 2000 and 2002, but the results were not
consistent among three trials (Table 7). In the other trials, the mean % disease
control of kresoxim-methyl DF varied from 15 to 75% in the residual efficacy test
(Table 5), and the mean % disease control efficacy dropped very sharply to below
70% in the rainfastness test at 200 mm cumulative rain fall (Figure 5). Thus, the
environmental conditions, especially the amount of precipitations, may negatively
impact kresoxim-methyl DF to be effective.

Fluazinam showed good levels of disease control (75%) in this experiment
(Table 7), but it did not perform well with the residual tests (Tables 5 and 6),
and the mean % disease control dropped at 200 mm cumulative rainfall (Figure 5).
A trend with propineb was similar where 80%mean disease control was observed in
this experiment, but it did not provide any level of control in the residual efficacy
test (Table 6). We need to investigate more to determine what created these
differences.

The lack of disease prevention efficacy for benomyl WP was expected as
benzimidazole-resistant strains were detected in this orchard (Table 7). The
disease prevention efficacy of captan/benomyl WP was �70% in all 3 years,
possibly because of benzimidazole-resistant strains and low rainfastness of
captan, which is also shown in the rainfastness test (Figure 5). Thus, captan
probably needs to be applied with a non-benzimidazole material, and if sprayed
with captan alone, it should be applied using a 100 mm cumulative rainfall
threshold.

Fungicide application on a 10- to 14-day schedule from the first cover until
harvest is the main disease control method that growers use. JPA is very difficult
to control after the leaves have been infected with it. Dithianon, fluazinam,
strobilurin-quinone outside inhibitor (ST-QoI) fungicides, and captan/benomyl
WP provide good disease control when they are applied preventively.

3.3.4 Use of fungicides effective to JPA against ring rot of Japanese pear

We evaluated fungicide efficacy against Japanese pear ring rot because
spray application timing was the same as that for JPA [2]. The ST-QoIs
azoxystrobin and kresoxim-methyl were highly efficacious against ring rot
(Table 8). Captan/benomyl also showed high efficacy. In contrast, the efficacy of
dithianon against ring rot was highly variable (from 100 to 0% control) during the
years it was tested. Fluazinam provided unsatisfactory disease control efficacy
against ring rot.
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3.4 Temporary suspension of the 1999 JPA outbreak

Before the 1999 JPA outbreak, the main disease to control in Japanese pear
cultivation was Asian pear scab (APS). Sterol demethylation inhibitor (DMI),
belonging to sterol biosynthesis inhibitors (SBIs), was the product most frequently
used to control this disease. Iminoctadine tris(albesilate), captan/oxyquinoline cop-
per, and captan were applied for APS a few times. Benzimidazoles were applied
three to four times to control ring rot and powdery mildew. However, by 2000,
benzimidazoles were no longer recommended in Japanese pear production due to its
resistance issue. In their place, local systemic fungicides such as strobilurins
(azoxystrobin and kresoxim-methyl) and protective fungicides such as dithianon
and fluazinam were applied.

Dithianon FL, fluazinam FL, ST-QoI fungicides (azoxystrobin FL, kresoxim-
methyl DF), captan/oxyquinoline copper WP, and captan/benomyl WP were
effective against JPA, APS, and ring spot, and all except dithianon were efficacious
against powdery mildew. Therefore, these materials were incorporated into the
spray calendar with heavy reliance on DMIs, which were popular at that time. As a
result, JPA incidence was drastically reduced.

Although Dithianon FL has high JPA control efficacy, it has a 60-day pre-harvest
interval (PHI) in Japan. Thus, it cannot be used after mid-June which is a critical
JPA control period. The PHI of fluazinam SC was 30 days, so it could be applied
until mid-July. Captan/oxyquinoline copper WP has a very short PHI of only 3 days.
On the other hand, it leaves visible residues on the fruit and may not be sprayed too
soon before harvest.

In contrast, the ST-QoIs (azoxystrobin FL, kresoxim-methyl DF, and
pyraclostrobin with boscalid WP in a pre-mix) showed excellent anti-JPA efficacy
[28, 44, 54]. These fungicides have a 1-day PHI and can, therefore, be applied up
until the day before harvest. Moreover, they leave no visible residues on the fruit.
Consequently, the application frequency of ST-QoIs against JPA increased.

4. Emergence of strobilurin (ST)-QoI fungicide-resistant strains and
new treatment recommendations after 2011

4.1 ST-QoIs

ST-QoIs or strobilurins were first used in the 1990s and became one of the most
important fungicides of the past 25 years. They inhibit ubiquinol oxidation at the
quinone outside (Qo) binding site on the cytochrome bc1 complex in the inner
mitochondrial membranes of fungi [55]. At the time of introduction, ST-QoIs
showed very high efficacy against many different pathogen-crop combinations;
however, ST-QoI fungicides are highly prone to inducing resistance in target path-
ogens that can lead to reduced field efficacy. The ST-QoI resistance risk has been
rated high by the Fungicide Resistance Action Committee (FRAC) [56]. ST-QoI-
resistant strains have been detected in �60 fungal and oomycete pathogen species
worldwide including powdery and downy mildews, gray mold, Alternaria disease,
scab, and anthracnose [57]. Currently, disease control strategies that are overly
reliant on ST-QoIs are considered undesirable [57]. A major source of ST-QoI
resistance is a point mutation in the cytochrome b gene that substitutes alanine for
glycine at amino acid position 143. This site may be associated with the pathogen
binding affinity of the fungicide [58].

In Japan, ST-QoI resistance has emerged in cucumber powdery mildew
(Podosphaera xanthii), downy mildew (Pseudoperonospora cubensis) [59, 60],
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eggplant leaf mold (Mycovellosiella nattrassii) [61], Corynespora cucumber leaf spot
(Corynespora cassicola) [62], citrus gray mold (Botrytis cinerea) [63], European pear
black spot (Alternaria alternata) [64], Alternaria apple blotch (Alternaria alternata
apple pathotype) [65], grapevine leaf blight (Pseudocercospora vitis) [66], straw-
berry anthracnose (Colletotrichum gloeosporioides) [67, 68], tea gray blight
(Pestalotiopsis longiseta) [69], apple bitter rot (Colletotrichum gloeosporioides) [70],
rice blast (Magnaporthe oryzae) [71], mango anthracnose (Colletotrichum
gloeosporioides) [72], apple scab (Venturia inaequalis) [73], grapevine downy mildew
(Plasmopara viticola) [74], cucurbits gummy stem blight (Didymella bryoniae) [75],
chrysanthemum white rust (Puccinia horiana) [76], wheat powdery mildew
(Erysiphe (Blumeria) graminis f.sp. tritici), and strawberry powdery mildew
(Sphaerotheca aphanis var. aphanis) [77].

4.2 Emergence of strains of Colletotrichum gloeosporioides sensu lato resistant to
ST-QoIs

Over nearly a decade in the Saga and Oita prefectures, ST-QoIs were sprayed
three to four times annually between June and early August as countermeasures
against JPA and APS. That is, many growers heavily depended on ST-QoIs, espe-
cially late in the season because ST-QoIs are phytotoxic to Japanese pear leaves at
their early growth stage. In addition, ST-QoIs were also highly efficacious against
APS [78, 79].

The alternative material, thiuram FL, has a 30-day PHI; therefore, it cannot be
used after mid-July. The other options, such as iminoctadine tris(albesilate)/captan
WP, have a relatively shorter PHI (14 days), and captan WP has a 3-day PHI.
Captan/oxyquinoline copper WP (3-day PHI), captan WP (3-day PHI), and
iminoctadine tris(albesilate)/captan WP (14-day PHI) showed adequate efficacy
against JPA [28, 44, 54, 80]. However, the ST-QoIs were preferred over these
choices by growers as they were more effective than these; in addition, the common
component of these materials, captan, tends to cause stains on the fruit.

As JPA became very prevalent in 2010–2011 in the Oita and Saga prefectures
where above-mentioned spraying system. We assessed ST-QoI sensitivity in Cgsl
isolates by placing mycelial discs on potato dextrose agar (PDA) containing
100 μg mL�1 azoxystrobin and 1000 μg mL�1 salicylhydroxamic acid (SHAM).
Mycelial elongation was measured 4 days post-inoculation [81]. Isolates from Saga
[80] and Oita [45] prefecture grew on the PDA containing azoxystrobin (Table 9,
Figure 6).

To determine the effect of ST-QoI pretreatment on JPA development, conidial
suspensions were sprayed on “Housui” leaves previously exposed to azoxystrobin
FL. The appearance of JPA lesions caused by the sensitive strain was nearly zero

Source orchard Number of tested strains Number of resistant strains1

Imari district in Saga prefecture 61 20 (32.8%)2

Hita district in Oita prefecture 254 49 (16.2%)
1Number of strains that grew on PDA with 1000 μg mL�1 SHAM and 100 μg mL�1 azoxystrobin cultured 4 days
at 25°C.
2Values in parentheses are the percentage of the resistant strains.

Table 9.
Azoxystrobin sensitivity of C. gloeosporioides sensu lato, the causal organism of anthracnose in Japanese pear
varieties “Housui” and “Niitaka” at Imari district in Saga prefecture and Hita district in Oita prefecture both
Kyushyu island in 2011.
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however, ST-QoI fungicides are highly prone to inducing resistance in target path-
ogens that can lead to reduced field efficacy. The ST-QoI resistance risk has been
rated high by the Fungicide Resistance Action Committee (FRAC) [56]. ST-QoI-
resistant strains have been detected in �60 fungal and oomycete pathogen species
worldwide including powdery and downy mildews, gray mold, Alternaria disease,
scab, and anthracnose [57]. Currently, disease control strategies that are overly
reliant on ST-QoIs are considered undesirable [57]. A major source of ST-QoI
resistance is a point mutation in the cytochrome b gene that substitutes alanine for
glycine at amino acid position 143. This site may be associated with the pathogen
binding affinity of the fungicide [58].

In Japan, ST-QoI resistance has emerged in cucumber powdery mildew
(Podosphaera xanthii), downy mildew (Pseudoperonospora cubensis) [59, 60],
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eggplant leaf mold (Mycovellosiella nattrassii) [61], Corynespora cucumber leaf spot
(Corynespora cassicola) [62], citrus gray mold (Botrytis cinerea) [63], European pear
black spot (Alternaria alternata) [64], Alternaria apple blotch (Alternaria alternata
apple pathotype) [65], grapevine leaf blight (Pseudocercospora vitis) [66], straw-
berry anthracnose (Colletotrichum gloeosporioides) [67, 68], tea gray blight
(Pestalotiopsis longiseta) [69], apple bitter rot (Colletotrichum gloeosporioides) [70],
rice blast (Magnaporthe oryzae) [71], mango anthracnose (Colletotrichum
gloeosporioides) [72], apple scab (Venturia inaequalis) [73], grapevine downy mildew
(Plasmopara viticola) [74], cucurbits gummy stem blight (Didymella bryoniae) [75],
chrysanthemum white rust (Puccinia horiana) [76], wheat powdery mildew
(Erysiphe (Blumeria) graminis f.sp. tritici), and strawberry powdery mildew
(Sphaerotheca aphanis var. aphanis) [77].

4.2 Emergence of strains of Colletotrichum gloeosporioides sensu lato resistant to
ST-QoIs

Over nearly a decade in the Saga and Oita prefectures, ST-QoIs were sprayed
three to four times annually between June and early August as countermeasures
against JPA and APS. That is, many growers heavily depended on ST-QoIs, espe-
cially late in the season because ST-QoIs are phytotoxic to Japanese pear leaves at
their early growth stage. In addition, ST-QoIs were also highly efficacious against
APS [78, 79].

The alternative material, thiuram FL, has a 30-day PHI; therefore, it cannot be
used after mid-July. The other options, such as iminoctadine tris(albesilate)/captan
WP, have a relatively shorter PHI (14 days), and captan WP has a 3-day PHI.
Captan/oxyquinoline copper WP (3-day PHI), captan WP (3-day PHI), and
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against JPA [28, 44, 54, 80]. However, the ST-QoIs were preferred over these
choices by growers as they were more effective than these; in addition, the common
component of these materials, captan, tends to cause stains on the fruit.
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Source orchard Number of tested strains Number of resistant strains1

Imari district in Saga prefecture 61 20 (32.8%)2

Hita district in Oita prefecture 254 49 (16.2%)
1Number of strains that grew on PDA with 1000 μg mL�1 SHAM and 100 μg mL�1 azoxystrobin cultured 4 days
at 25°C.
2Values in parentheses are the percentage of the resistant strains.

Table 9.
Azoxystrobin sensitivity of C. gloeosporioides sensu lato, the causal organism of anthracnose in Japanese pear
varieties “Housui” and “Niitaka” at Imari district in Saga prefecture and Hita district in Oita prefecture both
Kyushyu island in 2011.
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(99.6% control). In contrast, the two resistant strains induced many lesions, and
there was a very low rate of disease control (Table 10).

4.3 Effective spraying program in the presence of benzimidazole- and
ST-QoI-resistant strains

4.3.1 Use of the adjuvant to reduce the risk of phytotoxicity caused by captan

Products containing captan provide a sufficient level of disease control, but they
blemish the fruit to reduce its quality. We investigated the application of spreaders
such as Makupika (polyoxyethylene methylpolysiloxane 93.0%; Ishihara Bio-
Science Co., Ltd., Tokyo, Japan) and Santokuten 80 (polyoxyethylene dodecyl ether
80.0%; Sumitomo Chemical Co., Ltd., Tokyo, Japan). We also tested the adjuvant

Figure 6.
Effect of azoxystrobin on the mycelial growth of azoxystrobin-resistant and azoxystrobin-sensitive strains of
Colletotrichum gloeosporioides sensu lato, the causal fungus of Japanese pear anthracnose, 4 days after
inoculation of mycelial disks (4 mm) at 25°C; medium, potato dextrose agar medium with 25 μg mL�1

azoxystrobin and 1000 μg mL�1 SHAM; strains above the line, azoxystrobin-resistant strains; strains under
the line, azoxystrobin-sensitive strains.

Strain2 Azoxystrobin (100 mg L�1) sprayed trees Control trees Control (%)3

Tested leaves Lesions/leaf Tested leaves Lesions/leaf

1–7 5 0.2 5 56.8 99.6

3–1 5 24.8 5 26.8 7.6

3–2 4 5.6 4 16.3 65.5
1The Japanese pear variety “Housui” (2-year-old trees) were sprayed with wettable powder of azoxystrobin and
thoroughly dried. Conidial suspensions (approx. 105 mL�1) of each strain (azoxystrobin-sensitive strains, 1–7;
azoxystrobin-resistant strains, 3–1, 3–2) were then inoculated. Seven days after inoculation, the development of
symptoms was assessed.
2All strains was isolataed at Hita city of Oita prefecture in 2011.
3Control (%) = (1 – average lesion number per leaf on the trees with azoxystrobin application/average lesion number
per leaf on the control trees) � 100.

Table 10.
Control efficacy of azoxystorobin against azoxystrobin-sensitive (1–7) strains and azoxystrobin-resistant (3–1
and 3–2) strains of C. gloeosporioides sensu lato on the leaves of the Japanese pear variety “Housui”.1
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squash (sorbitan fatty acid ester 70.0% and polyoxyethylene resin acid ester 5.5%;
Maruwa Biochemical Co., Ltd., Tokyo, Japan). These agents render the spray spots
inconspicuous by lowering droplet surface tension. All the three agents reduced the
visibility of the captan residues on the plant surfaces. There is a concern that the
addition of the spreader can decrease the amount of fungicide that attached to the
host plant [82, 83]. However, the mixture had nearly the same efficacy levels as
captan alone in the field trial [80].

4.3.2 Current recommendation against JPA

By 2014, pear producers had fully recognized the presence of benzimidazole-
and ST-QoI-resistant pathogen strains and stopped relying on ST-QoI to manage
JPA. The current recommended JPA management protocol for Japanese pear is
dithianon FL in early June; thiuram FL, captan/oxyquinoline copper, and
iminoctadine tris(albesilate)/captan WP from mid-June to early July; and captan
WP with a spreader several times after mid-July. The occurrence of JPA has abated
as growers are now comparatively less dependent on ST-QoI fungicides [80].

We also advocate proper spray coverage. For example, we recommend every-
row spray over alternate-row spray with an air-blast sprayer (Figure 7), because of
better fungicide coverage achieved by the former. It has been shown in one of our
studies that JPA is more effectively controlled when fungicides are sprayed onto all
rows [84]. Moreover, infected and abscised leaves should be promptly removed
from orchards to reduce the inoculum pool [85].

5. Potential options for JPA management in the future

Our test results of 1999 and the data obtained at the experiment stations in other
prefectures promoted the registration of additional fungicides to control this dis-
ease. In 2019, 11 products were registered for use against JPA in Japan (Table 11).
This step provides a wider selection of fungicides to control or manage this disease.

5.1 Benzylcarbamate (BC)-QoI and pyribencarb

Pyribencarb (methyl{2-chloro-5-[(1E)-1-(6-methyl-2-pyridylmethoxyimino)
ethyl]benzyl} carbamate) was formulated by Kumiai Chemical Industry Co., Ltd.
and Ihara Chemical Industry Co., Ltd. in Japan. It is a novel benzylcarbamate-type
QoI fungicide (BC-QoI) and is active against a wide range of fungal plant pathogens
[86]. Pyribencarb is both preventive and curative [87], and its chemical structure

Figure 7.
Fungicide application by air-blast sprayer in the Japanese pear orchard.
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(99.6% control). In contrast, the two resistant strains induced many lesions, and
there was a very low rate of disease control (Table 10).

4.3 Effective spraying program in the presence of benzimidazole- and
ST-QoI-resistant strains

4.3.1 Use of the adjuvant to reduce the risk of phytotoxicity caused by captan

Products containing captan provide a sufficient level of disease control, but they
blemish the fruit to reduce its quality. We investigated the application of spreaders
such as Makupika (polyoxyethylene methylpolysiloxane 93.0%; Ishihara Bio-
Science Co., Ltd., Tokyo, Japan) and Santokuten 80 (polyoxyethylene dodecyl ether
80.0%; Sumitomo Chemical Co., Ltd., Tokyo, Japan). We also tested the adjuvant

Figure 6.
Effect of azoxystrobin on the mycelial growth of azoxystrobin-resistant and azoxystrobin-sensitive strains of
Colletotrichum gloeosporioides sensu lato, the causal fungus of Japanese pear anthracnose, 4 days after
inoculation of mycelial disks (4 mm) at 25°C; medium, potato dextrose agar medium with 25 μg mL�1

azoxystrobin and 1000 μg mL�1 SHAM; strains above the line, azoxystrobin-resistant strains; strains under
the line, azoxystrobin-sensitive strains.

Strain2 Azoxystrobin (100 mg L�1) sprayed trees Control trees Control (%)3

Tested leaves Lesions/leaf Tested leaves Lesions/leaf

1–7 5 0.2 5 56.8 99.6

3–1 5 24.8 5 26.8 7.6

3–2 4 5.6 4 16.3 65.5
1The Japanese pear variety “Housui” (2-year-old trees) were sprayed with wettable powder of azoxystrobin and
thoroughly dried. Conidial suspensions (approx. 105 mL�1) of each strain (azoxystrobin-sensitive strains, 1–7;
azoxystrobin-resistant strains, 3–1, 3–2) were then inoculated. Seven days after inoculation, the development of
symptoms was assessed.
2All strains was isolataed at Hita city of Oita prefecture in 2011.
3Control (%) = (1 – average lesion number per leaf on the trees with azoxystrobin application/average lesion number
per leaf on the control trees) � 100.

Table 10.
Control efficacy of azoxystorobin against azoxystrobin-sensitive (1–7) strains and azoxystrobin-resistant (3–1
and 3–2) strains of C. gloeosporioides sensu lato on the leaves of the Japanese pear variety “Housui”.1
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squash (sorbitan fatty acid ester 70.0% and polyoxyethylene resin acid ester 5.5%;
Maruwa Biochemical Co., Ltd., Tokyo, Japan). These agents render the spray spots
inconspicuous by lowering droplet surface tension. All the three agents reduced the
visibility of the captan residues on the plant surfaces. There is a concern that the
addition of the spreader can decrease the amount of fungicide that attached to the
host plant [82, 83]. However, the mixture had nearly the same efficacy levels as
captan alone in the field trial [80].

4.3.2 Current recommendation against JPA

By 2014, pear producers had fully recognized the presence of benzimidazole-
and ST-QoI-resistant pathogen strains and stopped relying on ST-QoI to manage
JPA. The current recommended JPA management protocol for Japanese pear is
dithianon FL in early June; thiuram FL, captan/oxyquinoline copper, and
iminoctadine tris(albesilate)/captan WP from mid-June to early July; and captan
WP with a spreader several times after mid-July. The occurrence of JPA has abated
as growers are now comparatively less dependent on ST-QoI fungicides [80].

We also advocate proper spray coverage. For example, we recommend every-
row spray over alternate-row spray with an air-blast sprayer (Figure 7), because of
better fungicide coverage achieved by the former. It has been shown in one of our
studies that JPA is more effectively controlled when fungicides are sprayed onto all
rows [84]. Moreover, infected and abscised leaves should be promptly removed
from orchards to reduce the inoculum pool [85].

5. Potential options for JPA management in the future

Our test results of 1999 and the data obtained at the experiment stations in other
prefectures promoted the registration of additional fungicides to control this dis-
ease. In 2019, 11 products were registered for use against JPA in Japan (Table 11).
This step provides a wider selection of fungicides to control or manage this disease.

5.1 Benzylcarbamate (BC)-QoI and pyribencarb

Pyribencarb (methyl{2-chloro-5-[(1E)-1-(6-methyl-2-pyridylmethoxyimino)
ethyl]benzyl} carbamate) was formulated by Kumiai Chemical Industry Co., Ltd.
and Ihara Chemical Industry Co., Ltd. in Japan. It is a novel benzylcarbamate-type
QoI fungicide (BC-QoI) and is active against a wide range of fungal plant pathogens
[86]. Pyribencarb is both preventive and curative [87], and its chemical structure

Figure 7.
Fungicide application by air-blast sprayer in the Japanese pear orchard.
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resembles that of ST-QoIs such as kresoxim-methyl and azoxystrobin. However, it
has a substitution of the carbonyl moiety on the benzene ring [88]. The binding
site of pyribencarb on cytochrome b may be slightly different from that of the
ST-QoIs [89].

Pyribencarb more effectively controlled ST-QoI-resistant gray mold isolates
than other ST-QoI fungicides [90]. It also had relatively higher efficacy against ST-
QoI-resistant Pestalotiopsis longiseta which causes tea gray blight [69]. Pyribencarb
shows differential cross-resistance patterns to ST-QoI [89].

Since pyribencarb has an excellent effect on JPA [44], it has been recommended
to use it in orchards where ST-QoI-resistant strains are present or ST-QoI effects are
reduced. However, there have been no reports of the effects of pyribencarb in an
orchard where ST-QoI-resistant strains exist. Moreover, the risk of fungal pathogen
resistance development of pyribencarb is high [91]. Therefore, it is necessary to
take careful approaches to prevent the similar mistake we made with ST-QoIs. The
number of pyribencarb application must be limited, and the application should be
mixed with another broad-spectrum protective fungicide with a different mode of
action.

Pyribencarb may be used less than three times per season on Japanese pear
(Table 11). The Japan Fungicide Resistance Action Committee (Japan FRAC)
guidelines recommend that QoIs be used up to twice annually on Japanese pear [92].
But we believe that it should be used only once between mid-June and early July
which is the most critical disease control period of JPA and JPS for proper fungicide
resistance management. In addition, pyribencarb must always be co-applied with
the protective (multisite) fungicide such as captan, thiuram, iminoctadine tris
(albesilate), and iminoctadine tris(albesilate)/captan to reduce the resistant risk.
This treatment protocol may enhance disease control efficacy, lower pathogen
density, and delay resistant strain development. In the future, comparative field
trials would help validate the efficacy of the current treatment recommendations.

5.2 Benzodioxoles and fludioxonil

Fludioxonil is a benzodioxole that affects the signal transduction in the target
fungal pathogen. These agents are also known as phenylpyrroles or PP-fungicides.
According to the FRAC, the risk of pathogen resistance to this chemical class is low
to medium [91]. Fludioxonil had extremely strong efficacy against JPA [93]. As of
2019, however, it has not yet been registered for use on Japanese pear in Japan. Data
from field trials are being compiled for fludioxonil registration, and it is hoped that
products containing fludioxonil will soon be available so that they may be inte-
grated into our JPA management strategies.

6. Conclusions

Highly efficacious fungicides tend to be used the most. At the same time, the
risks of fungicide-resistant fungal pathogen strains against the heavily used fungi-
cide increase with the usage in the field. Fungicides that are prone to inducing
pathogen resistance must be used properly by targeting the correct pathogens,
applying the agents only at the appropriate times during the season, reducing
application frequency, and mixing with other fungicides that are at low risk of
inducing pathogen resistance. A mathematical model-based study suggested that
the efficacy of high-risk fungicides may be substantially extended if they are mixed
with low-risk fungicides [94]. This hypothesis should be validated by field trials,
which are costly, time-consuming, and labor-intensive. On the other hand, these
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resembles that of ST-QoIs such as kresoxim-methyl and azoxystrobin. However, it
has a substitution of the carbonyl moiety on the benzene ring [88]. The binding
site of pyribencarb on cytochrome b may be slightly different from that of the
ST-QoIs [89].

Pyribencarb more effectively controlled ST-QoI-resistant gray mold isolates
than other ST-QoI fungicides [90]. It also had relatively higher efficacy against ST-
QoI-resistant Pestalotiopsis longiseta which causes tea gray blight [69]. Pyribencarb
shows differential cross-resistance patterns to ST-QoI [89].

Since pyribencarb has an excellent effect on JPA [44], it has been recommended
to use it in orchards where ST-QoI-resistant strains are present or ST-QoI effects are
reduced. However, there have been no reports of the effects of pyribencarb in an
orchard where ST-QoI-resistant strains exist. Moreover, the risk of fungal pathogen
resistance development of pyribencarb is high [91]. Therefore, it is necessary to
take careful approaches to prevent the similar mistake we made with ST-QoIs. The
number of pyribencarb application must be limited, and the application should be
mixed with another broad-spectrum protective fungicide with a different mode of
action.

Pyribencarb may be used less than three times per season on Japanese pear
(Table 11). The Japan Fungicide Resistance Action Committee (Japan FRAC)
guidelines recommend that QoIs be used up to twice annually on Japanese pear [92].
But we believe that it should be used only once between mid-June and early July
which is the most critical disease control period of JPA and JPS for proper fungicide
resistance management. In addition, pyribencarb must always be co-applied with
the protective (multisite) fungicide such as captan, thiuram, iminoctadine tris
(albesilate), and iminoctadine tris(albesilate)/captan to reduce the resistant risk.
This treatment protocol may enhance disease control efficacy, lower pathogen
density, and delay resistant strain development. In the future, comparative field
trials would help validate the efficacy of the current treatment recommendations.

5.2 Benzodioxoles and fludioxonil

Fludioxonil is a benzodioxole that affects the signal transduction in the target
fungal pathogen. These agents are also known as phenylpyrroles or PP-fungicides.
According to the FRAC, the risk of pathogen resistance to this chemical class is low
to medium [91]. Fludioxonil had extremely strong efficacy against JPA [93]. As of
2019, however, it has not yet been registered for use on Japanese pear in Japan. Data
from field trials are being compiled for fludioxonil registration, and it is hoped that
products containing fludioxonil will soon be available so that they may be inte-
grated into our JPA management strategies.

6. Conclusions

Highly efficacious fungicides tend to be used the most. At the same time, the
risks of fungicide-resistant fungal pathogen strains against the heavily used fungi-
cide increase with the usage in the field. Fungicides that are prone to inducing
pathogen resistance must be used properly by targeting the correct pathogens,
applying the agents only at the appropriate times during the season, reducing
application frequency, and mixing with other fungicides that are at low risk of
inducing pathogen resistance. A mathematical model-based study suggested that
the efficacy of high-risk fungicides may be substantially extended if they are mixed
with low-risk fungicides [94]. This hypothesis should be validated by field trials,
which are costly, time-consuming, and labor-intensive. On the other hand, these

203

Emergence of Benzimidazole- and Strobilurin-Quinone Outside Inhibitor-Resistant Strains…
DOI: http://dx.doi.org/10.5772/intechopen.90018



field-based data are invaluable in the development of effective measures against
fungicide-resistant plant pathogens.

We conceptualized a series of efforts to develop the best plant disease control
practice at agricultural sites as an evidence-based control (EBC) [95–103]. The
management of plant diseases needs to be developed based on the accumulated
evidences, but not anecdotal observations. To gather useful evidence, the data need
to be collected from the combination of field, controlled environment, and lab
experiments, and then these data must be statistically validated to come up with
repeatable and reliable information.

In this chapter, we demonstrated the use of EBC using the development of JPA
management strategies against recent outbreaks as an example. JPA outbreak in
1999 and a detection of benzimidazole-resistant Cgsl strains [1, 28] triggered us to
investigate alternatives such as fungicides ST-QoI, dithianon, and fluazinam, which
were registered for use on Japanese pear [1, 2, 28, 54]. We also established the
residual efficacy and rainfastness of these alternative fungicides [54]. We also
obtained the evidence of long-term retention of benzimidazole-resistant strains in
the field. Based on these results, an effective fungicide spray program without the
use of benzimidazoles was established, and JPA was effectively controlled 2 years
after the outbreak [1, 28].

However, JPA became conspicuous in 2006 and 2007 in two geographically
distant regions, Kyushu (southeast) and Kanto (central). Outbreaks were reported
in Oita prefecture in the Kyushu region in 2006 [45] and in Chiba and Kanagawa
prefectures in the Kanto region in 2007 [44, 104]. Also a resurgence of JPA was
reported around 2011 in Saga prefecture where the 1999 outbreak occurred [80].
Excessive dependence on ST-QoI fungicides induced ST-QoI-resistant Cgsl strains
in Oita and Saga prefecture, which contributed to these new outbreaks [45, 80]. In
Chiba and Kanagawa prefecture, the occurrence of QoI-resistant strains has not
been investigated, but we suspect that the situation is very similar to Oita and Saga
prefectures.

In order to increase the number of options to be used in late-season JPA man-
agement, we tested the efficacy of adjuvants to reducing visible chemical residues
on fruits. Information from these experiments enabled us to determine appropriate
and effective combinations of fungicides against JPA without relying on either the
benzimidazole or ST-QoI. We intend to keep conducting similar holistic evidence-
based approaches to develop effective management strategies for other
pathosystems.
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Chapter 12

Biological Control of Citrus 
Canker: New Approach for Disease 
Control
Sonia Villamizar and Juan Carlos Caicedo

Abstract

Citrus canker is a disease that affects the major types of commercial citrus crops. 
Xanthomonas citri subsp. citri, the etiological agent, reaches to mesophyll tissue 
through the stomata and afterward induces cell hyperplasia. Disease management 
has been based on both tree eradication and copper spray treatment. Overuse 
of copper for control of bacterial citrus canker has led to the development and 
prevalence of copper-resistant strains of Xcc. Several genera of both soil- and 
 plant-associated bacteria became powerful tools in sustainable agriculture for 
control of Xcc and reduction of citrus canker disease severity. In this chapter we 
present bacteria able to interfere with quorum sensing as well to display antibacte-
rial activity against Xcc by production of secondary metabolite. These bacteria 
may represent a highly valuable tool in the process of biological control and offer 
an alternative to the traditional copper treatment currently used for the treatment 
of citrus canker disease, with significant environmental, economic, and health 
implications worldwide.

Keywords: quorum quenching, Pseudomonas, biofilm, secondary metabolites, 
Bacillus

1. Introduction

The steady increase in global overpopulation has forced the agricultural pro-
ducer to introduce environmentally aggressive practices (e.g., undiscriminating use 
of pesticides and chemical fertilizers), in order to respond to the rising request of 
cultivated crops for food. The growing breach between supply and request and the 
negative impact on the environment have stimulated researchers to develop alterna-
tive strategies, pursuing to promote a sustainable agriculture.

The interactions between plants and their associated microorganisms have 
generated a huge interest. A deep understanding of these processes allows the 
 implementation of innovative agricultural applications. Plants produce an extensive 
collection of organic compounds comprising sugars, organic acids, and vitamins, 
which can be served as nutrients or signals for microbial communities. On the 
other hand, microorganisms release phytohormones, small molecules, or volatile 
compounds, which may act directly or indirectly reducing disease severity caused by 
phytopathogenic agents. Some of these actions are nutrient competition, antibiotic 
activity, plant immunity activation or plant growth, and morphogenesis activation [1].
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Prokaryotes and mainly the bacterial domain are the numerically dominant 
component of most microbial communities in plants. Numerous genera of both 
soil- and plant-associated bacteria turn out to be powerful tools in sustainable agri-
culture, because these bacteria display extremely versatile secondary metabolisms 
with valuable biological activities, including quorum quenching and antibiotic 
activity. The aim of this chapter is to present two different approaches for biological 
control of bacterial citrus canker. This antagonism specifically focus in a quorum 
quenching of DSF pathway and antibacterial activity by Pseudomonas bacteria 
against Xanthomonas citri subsp. citri ethological agent of citrus canker disease.

2. Citrus canker disease

One of the most important diseases of citrus is citrus canker, affecting almost all 
commercial varieties. Bacterium Xanthomonas citri subsp. citri (Xcc) is the etiologi-
cal agent of citrus canker. In the last decade, citrus canker disease rise as one of the 
main threats to citrus industry, because of the rise of copper-resistant Xcc strains. 
Factors such as bacterial species and weather conditions determine the disease 
severity. The geographical origin of the disease is not clear; some researchers report 
that the first disease cases appeared at Southern China [2]. However, according to 
Fawcett and Jenkins in 1933, the disease originated in regions of India and Java [3]. 
These reports suggest, therefore, that the origin of the disease occurred in tropi-
cal areas of Asia, where it is assumed that citrus species originated and has been 
distributed to other areas through grafting [4]. In America, the first report of the 
disease occurred in the United States in 1915 [5]. Currently, citrus canker is pres-
ent in more than 30 countries in Asia, the Indian Ocean and Pacific Islands, South 
America, and the Southeastern United States [4].

Traditional control of citrus canker disease centered on the application of 
copper-based products seeks the reduction of bacterial population in leaf surfaces. 
However, multiple applications are needed in order to obtain a significant reduc-
tion in bacterial burden on phyllosphere. Weather conditions, i.e., wind and rain, 
decrease drastically the effectiveness of copper applications. The drawbacks of the 
long-term use of copper compounds to control plant pathogens in the field include 
selection of copper resistance and horizontal transfer in bacterial populations [6].

2.1 Disease cycle and transmission mechanisms

Invasion and colonization of the citrus host by Xcc occur by stomata and wounds 
in plant tissues, infecting leaves, fruits, and stems. The bacterium Xcc multiplies 
within the intercellular spaces in the mesophilic tissue, inducing cellular hyper-
plasia, leading to rupture of the leaf epidermis and resulting in high and spongy 
lesions surrounded by a margin soaked in water. Upon leaf epidermis eruption, a 
great number of bacteria are released to the environment to reach other leaves and 
plants. Rain, wind, and agriculture tools are the main agents of natural dispersion 
of disease; the insect larvae of the citrus tree cause extensive wounds in the foliar 
tissues and greatly increase the spread of the disease. Rainwater collected from 
foliage with lesions contains between 105 and 108 cfu/ml [4].

2.2 Types of disease

There are three different types of citrus canker caused by two species of 
Xanthomonas, citrus canker type: A, B, and C. The differentiation of these types is 
mainly based on the geographical distribution and pathogen host range [7].  
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The Asian type of canker (canker A) is caused by Xanthomonas citri subsp. citri. 
Canker A is the most common and widespread disease, and its geographical distri-
bution continues increasing. The disease is endemic in more than 30 countries: Asia, 
in the Pacific of India, Pakistan, the Indian Ocean islands, Southeast Asia, South 
America, Southeast China, and Japan. The bacterium Xcc has a wide range of host 
and produces the disease in the great majority of the citrus species as C. paradisi,  
C. aurantifoli, C. sinensis, and C. reticulata [8]. Type B canker is caused by the bacte-
rium Xanthomonas fuscans subsp. aurantifolii type B (XauB) [9]. Type B canker has 
similar symptoms to type A canker; however, the symptoms take longer to appear as 
a consequence of the slower growth rate of XauB, and the host range is restricted to 
C. limon but has also been sporadically isolated from C. sinensis and C. paradisi [10]. 
C-type canker has only been identified in the state of São Paulo, Brazil [11], and has 
the same symptoms as type A citrus canker, caused by Xanthomonas fuscans subsp. 
aurantifolii type C (XauC) and only infects C. aurantifolii [9].

2.3 Symptomatology

The diseased plants are characterized by the occurrence of conspicuous raised 
necrotic lesions that develop on leaves, branches, and fruits. In the leaves, the first 
appearance is circular patches of 2–10 mm in diameter; their appearance is oily and 
usually appears on the abaxial surface reflecting stomatal entrance. The lesions are 
often similar in shape and size. Subsequently, both epidermal surfaces may become 
ruptured by pathogen-induced tissue hyperplasia. In the leaves, stems, thorns, and 
fruits, circular lesions became like a raised boil, growing in spongy white or yellow 
pustules. These pustules then darken and thicken brown cork type, which is rough 
to the touch. Often, a watery swell develops around the necrotic tissue and is easily 
visualized with transmitted light (Figure 1).

2.4 Management and treatment

Bacterial citrus canker management involves different approaches ranging from 
strict quarantine measures to chemical control. Quarantining is a practical usually 
used in Brazil and United States of America. Extinction of infected and adjacent 

Figure 1. 
Symptoms of citrus canker. Left, early stage of the disease. Right, hyperplasia and rupture of the foliar tissue.
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trees is one of the major prophylactic measures against citrus canker in commercial 
citrus crops. Once a symptomatic tree is identified, it is uprooted, stacked, and 
burned, as prophylactic measure surrounding trees is destroyed as mentioned 
before [12].

Prevention of primary infection in the new sprouts perhaps is the major effec-
tive approach to reduce citrus canker spread. The eradication methodology com-
prises conducting periodic surveys of the orchard, identifying and eliminating the 
outbreaks of the disease before its proliferation. Brazilian regulation stipulates that 
any field that has a number of diseased trees greater than 0.5% of the total orchard 
must be eliminated. After eradication, the contaminated field should be sprayed 
with copper fungicide based on 1.5 kg of metallic copper per 1 mL of water (0.15% 
of metallic copper). The contaminated plantations are prohibited and are forbidden 
from marketing the production until eradication works are completed.

The use of bactericidal products based on copper by spray application is a 
practice widely used for more than two decades for the bacterial citrus canker 
control. The prolonged exposure of bacterial strains to copper has led to the rise of 
resistant strains in endemic areas. Behlau et al. reported that the genes copAB and 
cohAB may encode copper-binding proteins responsible for the copper resistance in 
Xanthomonas citri subsp. citri [13].

3. Xanthomonas citri subsp. citri

The genus Xanthomonas includes a vast group of phytopathogenic bacteria 
belonging to the group of γ proteobacteria. Xanthomonas infects 124 species of 
monocotyledonous and 268 dicotyledonous plants [14]. Xanthomonas are Gram-
negative bacillus endowed with a sole polar flagellum. After 24-hour incubation at 
29°C, yellow and shiny colonies appear in a culture media. Xanthomonadin is an 
unique pigment, and it is responsible for the yellow color of bacterial colonies; the 
biological role is explained in detail below. The exopolysaccharide known as xan-
than gum gives the shiny appearance to colonies [15]. Although the genus itself has 
a very broad host range, individual members are often specialized to cause disease 
in a limited number of taxonomically related hosts as mentioned above.

3.1 Isolation and identification

The bacterium Xcc can be isolated from symptomatic plants and its diverse 
infected tissues. Xcc grows easily in regular microbiological culture media. In order 
to isolate Xcc, infected tissues must be excised and washed, and subsequently the 
surface must be sterilized for 3 minutes in a 10% NaClO solution. The water-soaked 
tissue at the lesion margin is streaked across agar medium containing 50 ppm 
kasugamycin. X. citri strains grow easily on regular nutrient agar media containing 
0.5% tryptone, 0.3% yeast extract, 0.09% CaCl2, 0.05% K2HPO4, and 1.5% agar in 
tap water, pH 7.2 [16]. After 48 hours of incubation at 29°C, mucoid yellow colonies 
begin to appear in microbiological medium.

3.2 Determinants of virulence in Xanthomonas citri subsp. citri

3.2.1 Adhesins

An essential stage in bacterial host colonization is its attachment ability. Adhesins 
are bacterial surface structures that facilitate the attachment to host tissues. The 
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nature of these structures is mainly polysaccharidic, e.g., lipopolysaccharides and 
exopolysaccharides. However, some of these structures share a proteinaceous nature 
(type IV pili, chaperone/usher pili, two-partner secretion) [17].

3.2.2 Protein secretion systems and their effectors

Bacteria inside in Xanthomonas genus exhibit at least six different types of 
protein secretion system (i.e., T1SS to T6SS), which vary in their arrangement, 
function, and in a recognition of secretion substrates [18]. Like many other Gram-
negative phytopathogenic bacteria, Xcc employs mainly secretion systems T3SS, 
T4SS, and T5SS and their effectors as effective tools in an attempt to invade and to 
multiply in a susceptible host.

Protein transport from bacterial periplasm to the extracellular environment 
occurs mainly by T2SS secretion system. Extracellular enzymes as lipases, prote-
ases, and cell wall-degrading enzymes are translocated using this secretion sys-
tem. Possibly the major enzymes responsible for the degradation of the plant cell 
wall are secreted by T2SS. T2SS translocator apparatus is composed of up to 12–15 
constituents, most of which are linked to the bacterial inner membrane [19].

The T3SS secretion system also known as “needle” delivers effectors directly 
into host cells. These act as virulence factors influencing cell host activities [20]. 
In the Xcc genome, 24 effectors have been identified [21]. One of the main effec-
tors delivered by the T3SS in Xcc belongs to the AvrBs3/PthA family. Xcc contains 
four PthA genes that encode transcription activator-like effector (TALE); of these 
four genes, pthA4 is responsible for the formation of citrus canker lesions. In 
citrus host the gene known as CsLOB is targeted by the TALE encoded by the Xcc 
gene pthA4; this gene was assessed in two susceptible host to Xcc infection, i.e., 
grape fruit and sweet orange [22]. CsLOB1-specific function still remains unclear; 
some previous studies suggest that CsLOB1 is involved in the regulation of 
development of lateral organ and metabolism of nitrogen and anthocyanin. Some 
plant hormones such as auxin, gibberellin, and cytokines also have proven to exert 
an effect on CsLOB1 gene [23].

T4SS secretion system is an important virulence factor in a wide range of bacte-
rial pathogens. This secretion system involves the secretion of protein or DNA into 
the host cells [24]. Xcc harbors two gene arrays encoding for T4SS components [25]; 
one of them has chromosomal location, and the other one is located at the plasmid 
pXAC64. Proteins VirB1–VirB11 and VirD4 make up the T4SS translocator appara-
tus. Nowadays, the structural disposition is well established:

(i). Three ATPases (VirB4, VirB11, and VirD4) located at the cytoplasm. These 
enzymes have been involved in the process of providing the necessary energy 
for the secretion process.

(ii). Fourteen repetitions of VirB7-VirB9-virB10 trimer. These repetitions form 
the periplasmic core. It is noteworthy that VirB10 is anchored on both inner 
and outer membranes; on the other hand, VirB7 is a lipoprotein located at 
the outer membrane. 

(iii). An inner membrane complex formed by VirB3, VirB6, and VirB8. 

(iv). An extracellular pili formed by VirB2 and VirB5. 

(v). VirB1 which is a periplasmic transglycosylase [26].
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(type IV pili, chaperone/usher pili, two-partner secretion) [17].

3.2.2 Protein secretion systems and their effectors

Bacteria inside in Xanthomonas genus exhibit at least six different types of 
protein secretion system (i.e., T1SS to T6SS), which vary in their arrangement, 
function, and in a recognition of secretion substrates [18]. Like many other Gram-
negative phytopathogenic bacteria, Xcc employs mainly secretion systems T3SS, 
T4SS, and T5SS and their effectors as effective tools in an attempt to invade and to 
multiply in a susceptible host.

Protein transport from bacterial periplasm to the extracellular environment 
occurs mainly by T2SS secretion system. Extracellular enzymes as lipases, prote-
ases, and cell wall-degrading enzymes are translocated using this secretion sys-
tem. Possibly the major enzymes responsible for the degradation of the plant cell 
wall are secreted by T2SS. T2SS translocator apparatus is composed of up to 12–15 
constituents, most of which are linked to the bacterial inner membrane [19].

The T3SS secretion system also known as “needle” delivers effectors directly 
into host cells. These act as virulence factors influencing cell host activities [20]. 
In the Xcc genome, 24 effectors have been identified [21]. One of the main effec-
tors delivered by the T3SS in Xcc belongs to the AvrBs3/PthA family. Xcc contains 
four PthA genes that encode transcription activator-like effector (TALE); of these 
four genes, pthA4 is responsible for the formation of citrus canker lesions. In 
citrus host the gene known as CsLOB is targeted by the TALE encoded by the Xcc 
gene pthA4; this gene was assessed in two susceptible host to Xcc infection, i.e., 
grape fruit and sweet orange [22]. CsLOB1-specific function still remains unclear; 
some previous studies suggest that CsLOB1 is involved in the regulation of 
development of lateral organ and metabolism of nitrogen and anthocyanin. Some 
plant hormones such as auxin, gibberellin, and cytokines also have proven to exert 
an effect on CsLOB1 gene [23].

T4SS secretion system is an important virulence factor in a wide range of bacte-
rial pathogens. This secretion system involves the secretion of protein or DNA into 
the host cells [24]. Xcc harbors two gene arrays encoding for T4SS components [25]; 
one of them has chromosomal location, and the other one is located at the plasmid 
pXAC64. Proteins VirB1–VirB11 and VirD4 make up the T4SS translocator appara-
tus. Nowadays, the structural disposition is well established:

(i). Three ATPases (VirB4, VirB11, and VirD4) located at the cytoplasm. These 
enzymes have been involved in the process of providing the necessary energy 
for the secretion process.

(ii). Fourteen repetitions of VirB7-VirB9-virB10 trimer. These repetitions form 
the periplasmic core. It is noteworthy that VirB10 is anchored on both inner 
and outer membranes; on the other hand, VirB7 is a lipoprotein located at 
the outer membrane. 

(iii). An inner membrane complex formed by VirB3, VirB6, and VirB8. 

(iv). An extracellular pili formed by VirB2 and VirB5. 

(v). VirB1 which is a periplasmic transglycosylase [26].
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A recent study has shown that T4SS in Xcc displays the ability to secrete tox-
ins; these toxins are known as VirD4-interacting proteins (XVIPs), and they are 
recruited by VirD4. The biological role of XVIPs is targeting and destabilizing the 
peptidoglycan layer in the cell wall of bacterial contenders in the ecological niche. 
This feature is distinctive in Xcc, and the protein VirD4XAC2623 endows the bacte-
rium with an extra ability to compete in the phyllosphere [27].

4. Biological control of Xcc approaches

4.1 Biological control based on DSF quorum quencher pathway

A wide majority of bacterial genera have developed a cell-to-cell communication 
system known as quorum sensing (QS). This communication system is based on 
a signal translation mechanism whose objective is to coordinate the expression of 
genes at the population level in order to respond and fit to environmental changes. 
The cell-to-cell communication system is based on the production, secretion, and 
perception of small molecules known as autoinducers. A basal quantity of autoin-
ducers are produced by every single cell, subsequently, which is secreted to extracel-
lular milieu reflecting the bacterial population density. At high population density, 
the autoinducers reach a critical concentration and enable to cognate receptor to 
sense them. Consequently, this biological event results in triggering a cascade of 
diverse cell functions [28]. In the Xanthomonas genus, the bacteria display a quorum 
sensing system in which the autoinducer molecule is a short acid fat called diffusible 
signal factor (DSF). The DSF autoinducer family is cis-2-unsaturated fatty acids. 
In Xcc this DSF was characterized as cis-11-methyl-2-dodecenoic acid. The gene 
cluster that encodes element of quorum sensing system in Xanthomonas genus is the 
rpf cluster [29].

Since quorum sensing helps to coordinate community-based bacterial behav-
ior, it is not essential for bacterial survival; therefore, the inhibition of QS inter-
rupts only the desired phenotype, i.e., virulence, biofilm formation, and bacterial 
resistance to different antibiotics. Interference with QS can provide a route 
for disease control. This interference may involve signal degradation (quorum 
quenching) or excess signal production (pathogen confusion) [30]. Quorum 
quenching is a mechanism adopted by a number of bacteria to break the QS 
signaling of competitors, giving these organisms an advantage within a particular 
habitat [31]. It is rational that microorganisms can develop mechanisms to disarm 
the QS systems of competing organisms in order to increase their competitive 
strength in an ecosystem [32].

We have conducted a recent study that allows the isolation and identifica-
tion of bacteria isolated from citrus leaves belonging to plant of field crops with 
and without citrus canker symptoms. From a total of 114 isolates recovered, 7 
bacteria able to disrupt DSF quorum sensing pathway in Xac (quorum quencher 
bacteria) were identified. These bacteria were identified by API kits (bioMéri-
eux’s API®) and sequencing of PCR-mediated amplification products of the 
16S rRNA genes as Bacillus amyloliquefaciens, Bacillus vallismortis, Pseudomonas 
oryzihabitans, Pseudomonas aeruginosa, Raoultella planticola, Kosakonia cowanii, 
and Citrobacter freundii [33].

Virulence assays were conducted under controlled growth conditions, and 
canker lesions were quantified at 21 days post inoculation. These assays demon-
strated that, when citrus leaves were inoculated with mixtures of Xcc and quorum 
quencher bacteria, the number of cancer lesions decreased significantly reducing 
the severity disease (Figure 2).
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Quorum quencher bacteria impaired the attachment and biofilm formation of 
Xcc to leave the surface. These are essential steps in the maintenance, survival, and 
initial establishment of tissue pathogenicity in citrus canker. In fact, it is completely 
accepted that QS plays an important, if not an essential, role in the formation of 
bacterial biofilm [34]. Studies of scanning electron microscopy SEM confirmed the 
substantial reduction in the adherence ability of Xcc after 10 hours when it was co-
infected with quorum quencher bacteria relative to the control used, i.e., the leaves 
infected with Xcc alone. After 7 days post-infection with Xcc and the inhibitory 
bacteria of DSF, SEM has shown the absence of biofilm formation on the surface of 
leaves co-inoculated with P. oryzihabitans and B. amyloliquefaciens, relative to the 
control used, i.e., the infected leaves just with Xcc.

A possible mechanism for explaining the modification or degradation of DSF 
molecule produced by Xcc could be the quorum quencher bacteria using the DSF 
molecule as a possible substrate for the UDP-sugar transferase enzyme. The addi-
tion of one unit of sugar (from UDP-sugars, i.e., UDP-glucose or UDP-galactose to 
the short chain of fatty acid impossible the recognition of this version of modified 
DSF molecule by sensor RpfC. These UDP-sugar pools are produced by the activity 
of carbamoyl phosphate synthetase enzyme, which is encoded by carA and carB 
genes. The nucleotide sequence of the carAB locus in the DSF inhibitory bacteria 
Pseudomonas oryzihabitans and Bacillus amyloliquefaciens has a strong similarity 
to the sequences of carAB genes present in the Pseudomonas G strain isolated and 
identified as efficient quorum quencher bacteria in Xanthomonas campestris [35].

4.2 Biological control based on antibacterial activity of Pseudomonas strains

Pseudomonas species show traits that allow them to act as effective biological 
control agents (BCAs) against several phytopathogens. Among these traits the 
most common shared by a broad range of Pseudomonas strains are (a) pronounced 
colonizing ability of plant surfaces, internal plant tissues, and phytopathogen 
structures [36]; (b) the ability for production of numerous kinds of antibiotic 
providing additional advantage in antagonism with local microbiota and phyto-
pathogens [37]; and (c) the ability to trigger resistance responses in host plants [38].  
Thus, mechanisms of direct antagonism as antibiosis or indirect mechanisms such 

Figure 2. 
Virulence assay. Leaves infected by spray method at the same concentration 1 × 106 UFC/mL. Left, Xcc wild 
type. Right, Xcc plus Pseudomonas oryzihabitans. Picture was taken after 21 days of infection.
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as competition for nutrients (e.g., siderophore production), besides induction 
of systemic resistance responses, actively participate in phytopathogenic disease 
suppression by the pseudomonads [39]. The Pseudomonas strains most usually 
recognized for their biocontrol activity against both eukaryotic and prokaryotic 
phytopathogenic microorganisms are P. fluorescens, P. protegens, P. chlororaphis, 
and P. putida [40].

In recent study (in press), we have isolated and identified from soil samples 
added with a compost five Pseudomonas strains which displayed a strong activity 
against Xcc. Virulence assays in very susceptible citrus host using these strains 
result in a deep decrease of canker lesions, which suggest a great reduction in citrus 
canker severity. This effect could be attributed to the great production of secondary 
metabolites by the Pseudomonas strains isolated.

5. Conclusions

Quorum sensing is an important target for prophylactic and therapeutic inter-
ventions. Identification of new bacteria species as ABC could be a new alternative 
for the treatment of copper traditionally used for the treatment of citrus canker 
disease, thus reducing selection pressure for copper resistance. We believe that the 
search for microorganisms that act as inhibitors of quorum sensing in phytopatho-
genic bacteria also as antagonist agent could be an effective strategy in a broader 
context. Since the organisms characterized here were originally isolated from the 
citrus phylloplane, the present study also contributes to an understanding of the 
potential interactions of bacteria on leaf surfaces.
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