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Preface
 

Plant Pathogens: Detection and Management for Sustainable Agricul
ture addresses one of the most critical issues for the management of 
emerging diseases throughout the world. Plant diseases caused by fungi, 
bacteria, viruses, etc., collectively represent a significant burden to crop 
production and a threat to global food security and agriculture sustain-
ability. The agricultural productivity must increase with the global 
population increase and the climate change scenario. The diagnosis of 
plant diseases can be difficult at the early stages of disease on individual 
crops as well as at the early stages of an epidemic. However, for many 
diseases, symptoms do appear during early stages, and thus based on 
diagnosis, the applicable management approaches, including cultural, 
chemical, biological, have been considered worldwide for sustainable 
productivity. Accurate estimates of disease incidence, disease severity, 
and the negative effects of diseases on the quality and quantity of 
agricultural produce are important for field crops, horticulture, plant 
breeding, and for improving the fungicide efficacy as well as for the 
basic and applied research. Therefore, it is significant to have expert 
disease diagnosis and integrated management practices advanced with 
molecular diagnostic techniques to obtain disease-free plants from a 
wide array of pathogens. 

This book volume consists of 14 chapters and basically provides expert 
knowledge on new approaches, updated techniques, and useful informa
tion on crop diseases caused by various pathogenic agents and also on 
their management. This book is divided into four parts: Part I includes 
viral and fungal disease management and contains seven chapters; Part II 
consists of nematode diseases and management and contains two chap
ters; Part III consists of biocontrol and contains two chapters; and Part IV 
consists of biotechnological approaches and the impact of climate change 
and contains three chapters. 

In this book, expert researchers share their research knowledge and 
key literature on vital issues covering the pathogen disease diagnosis and 
management addressing with traditional pathology as well as biotechno
logical approaches with advanced molecular diagnosis approaches. We 



 xviii Preface 

are extremely delighted and grateful to all the authors for their expert 
contributions in the form of chapters, making this volume edition possible. 
We are extremely grateful to the staff of Apple Academic Press and  

others concerned with CRC Press and Taylor & Francis Group for their  
untiring effort and immense support throughout. This book presents  
intense information on crop disease diagnosis and management for  
sustainable agriculture and would be extremely helpful for wide array  
of researchers, scientists, and academicians. We also hope that it will be  
useful to all concerned. 

—Pradeep Kumar 
Ajay K. Tiwari 
Madhu Kamle 

Zafar Abbas 
Priyanka Singh 
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CHAPTER 1
 

Viral Diseases of Okra in Ghana and 
Their Management 

ELVIS ASARE-BEDIAKO* 

Department of Crop Science, University of Cape Coast,  
Cape Coast, Ghana 
*Corresponding author. E-mail: easare-bediako@ucc.edu.gh 

ABSTRACT 

Viral diseases are major biotic factors that affect productivity of okra (Abel
moschus esculentus  L. Moench) worldwide. Okra mosaic disease (OMD)  
caused by Okra mosaic virus  (OkMV; genus Tymovirus; family Tymoviridae)  
and Okra leaf curl disease (OLCD) caused by a complex of begomoviruses:  
Cotton leaf curl Gezira virus (CLCuGV]), Okra yellow crinkle virus  
(OYCrV), Hollyhock leaf crumple virus (HoLCrV), and Okra leaf curl virus  
(OLCV) are the major viral diseases of okra in West Africa including Ghana.  
OLCD and OMD are commonly observed among okra crops in Ghana, with  
disease incidence of up to 100% depending on the okra cultivar and stage of  
growth. Management of OLCD and OMD involves the use of both synthetic  
and phytopesticides against the Bemisia tabaci and Podagrica spp. vectors,  
respectively, as well as the use of compost and fertilizers to ensure healthy  
growth of plant and to improve the tolerance of plants against viral infection.  
Resistance and tolerant okra genotypes have so been identified and their  
integration with phytopesticides and judicious use of chemical pesticides is  
recommended for effective management of these viral diseases. 



1.1 BACKGROUND 

Okra (Abelmoschus esculentus L. Moench) is a member of the family 
Malvaceae and a native to West and Central Africa but is now widely 

mailto:easare-bediako@ucc.edu.gh
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grown throughout the tropics (Kochhar, 1986; Schippers, 2000). The 
world production of common okra as fresh vegetable is estimated at 1.7 
million tons year−1 (Schippers, 2000; Asare-Bediako et al., 2014). Ghana 
is the eighth largest producer of okra in the world (FAOSTAT, 2014). 

Okra crop is the third most important vegetable in Ghana after pepper 
and tomato, with production of 80,000 tons estimated at $51, 189,000 
USD (FAOSTAT, 2011; 2013). 

It can be grown anywhere in Ghana but the major producing centers 
are Brong Ahafo, Ashanti, Northern, Volta, Greater Accra, and Central 
regions (NARP, 1993). Okra production provides livelihood, employment, 
and income to rural smallholder farmers and retailers in urban centers. 
Okra is an important fruit vegetable crop in Ghana, and a source of energy 
for human consumption (Babatunde, 2007). The crop is a rich source of 
protein, fat, carbohydrate, fiber, thiamine, riboflavin, nicotinamide, and 
ascorbic acid (Hamon, 1988; Schippers, 2000; Babatunde, 2007). It also 
contains significant amount of potassium, magnesium, calcium, and iron 
(Hamon and Charrier, 1997). Okra is a multipurpose fruit vegetable due 
to its diverse uses of the fruits (pods), fresh leaves, buds, flowers, stems, 
and seeds (Mihretu et al., 2014). Immature okra fruits and fresh leaves 
are usually consumed as vegetables while the dried fruits are ground into 
powder and used in stews and soups (Siemonsma, 1982a). Okra seeds can 
be used as substitutes or additives in feed preparation (Purseglove, 1974), 
in the preparation of okra seed meal (Martin and Roberts, 1990), in the 
confectionery industry (Adetuyi et al., 2011), and in blood plasma replace
ment or blood volume expander. 
In spite of the significant contribution (75%) of the West and Central  

African region including Ghana to okra production in Africa, average  
productivity in the region (2.5 t ha−1) is far below that of East (6.2 t ha−1) 
and North Africa (8.2 t ha−1) (FAOSTAT, 2008). In Ghana, yield potential  
of up to 3.0 t ha−1  has been reported for Okra (MoFA, 2007), depending  
on the cultivar, harvesting frequency, and period for harvesting (Cudjoe  
et al., 2005) but current average yield is 2.1 t ha−1 (FAOSTAT, 2014). The  
wide yield gap of okra in Ghana could be attributed to several production  
constraints including biotic and abiotic factors. Insect pests and plant viruses  
are important biotic factors causing severe constraints on the productivity  
of okra in Ghana (Obeng-Ofori and Sackey, 2003; Asare-Bediako et al.,  
2014a). Viral diseases are major constraints to okra production world
wide (Ndunguru and Rajabu, 2004; Asare-Bediako et al., 2014a, b). The  
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productivity of okra is affected by at least 19 plant viruses. Of these, Okra  
mosaic virus  (OkMV; genus Tymovirus; family Tymoviridae), Bhendi yellow  
vein mosaic virus  (BYVMV, genus Begomovirus), Cotton leaf curl Gezira  
virus (CLCuGV, genus Begomovirus), and Okra leaf curl virus (OLCuV;  
genus Begomovirus) are the most common and well-studied (Brunt et al.,  
1990; Swanson and Harrison, 1993; Tiendrebego et al., 2010; Sayed et al.,  
2014). Okra mosaic disease (OMD) and okra leaf curl disease (OLCD) are  
the common viral diseases affecting okra production in Ghana (Siemonsma,  
1991; Norman, 1992; Asare-Bediako et al., 2014a). Okra yellow vein  
mosaic virus  (OYVMV) is a major limiting factor to okra production in  
India (Sayed et al., 2014). 

1.2 OKRA MOSAIC DISEASE 

OMD caused by OkMV  is the most common viral disease of okra in West 
Africa including Ghana. The virus contains a single-stranded positive-
sense RNA  (approximately 6.2 kb) with isometric particles of 28 nm in 
diameter with icosahedral symmetry and 32 morphological units (Koenig 
and Givord, 1974; Givord and Hirth, 1973). OkMV  is transmitted in a 
nonpersistent manner by flea beetles (Podagrica species) (Brunt et al., 
1990, 1996). The virus can also be mechanically transmitted (Koenig and 
Givord, 1974). It has a wide host range, and infects 105 plant species and 
varieties in 23 dicotyledonous families (Givord and Hirth, 1973) including 
both crop and weed species. 
Symptoms of OkMV  infection are prevalent in okra fields in Ghana. 

Field surveys conducted by Asare-Bediako et al. (2014c) at the Komenda– 
Edina–Eguafo–Abirem (KEEA) municipality of the Central region 
showed mean disease incidences ranging from 78% to 83%. A  recent field 
survey carried  out by Agyarko (2016) revealed mean OMD incidences 
of 67.6%, 76.2%, and 75% at the coastal savannah, forest, and transition 
agroecological zones, respectively, of the Central region of Ghana. The 
corresponding mean symptom severity scores at these three zones were 
1.60, 2.04, and 1.9, respectively, indicating mild infection (Agyarko, 
2016). Field trial involving 20 okra genotypes showed disease incidence 
of up to 100% depending on the cultivars and the growth stage (Asare-
Bediako et al., 2017). Double antibody sandwich ELISA  (DAS-ELISA) 
detected OkMV  in all the 20 okra genotypes. Prevalence of OMD in okra 
fields has also been reported in Ivory Coast (Givord et al., 1972; Fauquet 
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and Thouvenel, 1987) and Nigeria (Koenig and Givord, 1974; Alegbejo, 
2001; Fajinmi and Fajinmi, 2010). Common symptoms associated with 
OkMV  infection of okra include mosaic, vein chlorosis, and vein-banding 
and stunted growth (Koenig and Givord, 1974; Brunt et al., 1990; Swanson 
and Harrison, 1993). OMD has been reported to cause yield  losses of up to 
100% in okra crops (Atiri, 1984; Alegbejo, 2001). 

1.3 OKRA LEAF CURL DISEASE 

Okra leaf curl disease (OLCD) is a major constraint on okra production 
in West Africa. In Africa, the disease is associated with a number of bego
moviruses of the family Geminiviridae, which are transmitted by Bemisia 
tabaci Genn. (Brown and Bird, 1992; Brown and Czosnek, 2002; Brown, 
2007, 2010). These begomoviruses include: Cotton leaf curl Gezira virus 
(CLCuGV; [Tiendrebego et al., 2010]), Okra yellow crinkle virus (OYCrV; 
[Shih et al., 2007]), and Hollyhock leaf crumple virus (HoLCrV; [Bigarré 
et al., 2001; Idris et al., 2002]), and Okra leaf curl virus (OLCuV; [Brunt et 
al., 1990; Swanson and Harrison, 1993]). The disease causes leaf wrinkle, 
curl, vein distortion, leaf yellowing, stunted growth, and reduced yields 
(Askira, 2012). OLCD has been reported to cause yield losses of up to 
100% depending on the date of planting, cultivar, and locality (Fauquet 
and Thouvenel, 1987; Brown and Bird, 1992; Basu, 1995). The average 
economic losses due to OLCD have been estimated between 11,100 USD 
and 1950 USD for 1 ha of crop, depending on the okra variety (Tiendre
bego et al., 2010a). Report by Asare-Bediako et al. (2014a) revealed high 
incidences and severities of both OLCD in all the communities surveyed 
in the KEEA municipality of the Central region of Ghana. Furthermore, 
survey conducted by Agyarko (2016) revealed the highest mean incidence 
and symptom severity of OLCD at the coastal savannah zone, followed 
by the forest zone and then the transition zone of the Central region. Field 
experiment involving 20 okra accessions conducted by Agyarko (2016) at 
the coastal savannah zone of the Central region showed disease incidence 
of up to 100% depending on the cultivar. Field trial conducted by Oppong-
Sekyere in the forest zone of the Ashanti region of Ghana involving 25 
okra accessions showed high incidence of OLCD. OLCD has also been 
reported in other African countries including Burkina Faso (Tiendrebego et 
al., 2010), Cameroon (Leke, 2010), Ivory Coast (N’Guessan et al., 1992), 
Mali (Konet al., 2009), Nigeria (Atiri and Ibidapo, 1989; Alegbejo, 1997; 



 

 

7 Viral Diseases of Okra in Ghana and Their Management 

Askira, 2012), Niger (Shih et al., 2009), Nigeria (Askira, 2012), and Sudan 
(Idris and Brown. 2002). 

1.4 MANAGEMENT OF VIRAL DISEASES 

Effective management of viral diseases is quite pertinent in order to 
improve yields of okra. Various strategies are employed in the manage
ment of plant virus diseases and these are mainly directed at preventing 
virus infection by eradicating the source of infection to prevent the virus 
from reaching the crop, reducing the spread of the disease by managing 
its vector, using virus-free planting material, and planting resistant vari
eties (Naiduand Hughes, 2003). Karim (2016) stated that although most 
farmers practice strict monitoring or calendar spraying with chemical 
insecticides to control insects that vector these viruses, they still observe 
severe yellowing on plants and probably because viruses responsible for 
the yellowing are not mainly insect-transmitted. 

1.4.1 THE USE OF RESISTANT VARIETIES 

Study conducted by Asare-Bediako et al. (2014c) revealed that the majority  
of farmers acquire their planting materials (okra seeds) from their own farm  
(uncertified source) and this practice contributes to the spread of diseases.  
The planting of resistant cultivars has therefore been universally considered  
the most effective method to control diseases caused by viruses in okra. In  
screening 21 okra genotypes against OkMV  infection, Asare-Bediako et al.  
(2017) showed that nine genotypes GH2052, GH2063, GH2026, GH3760,  
GH5302, GH5332, GH5793, GH6105, and UCCC6 exhibited mild symp
toms of OMD, and were less susceptible to flea beetle infestation and  
associated leaf damage during both major and minor cropping seasons in  
Ghana. Asare-Bediako et al. (2016) also identified okra genotypes GH3760,  
GH2052, GH5332, UCC6, GH5302, GH5793, and GH2063 showed mild  
symptoms of OLCD, when they screened 21 okra genotypes against OLCV  
infection under natural conditions. 



In assessing the performance of 25 okra accessions against viral  
infection, Oppong-Sekyere (2011) identified accessions Atuogya-tenten,  
GH3736 Fetri, Atuogya-tiatia, Atuogya-Asante, and GH4376 Atuogya  
to show high tolerance to OLCD/OMD and pests. He also reported that  
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accessions KNUST/SL1/07Nkrumahene, DA/08/02Dikaba, DA/08/03Sheo  
mana, DA/08/004Agbodro, DA/08/02Asontem, DA/08/02Sheo mana,  
DA/08/001Wun mana, and GH 5787Asontem did not show any signs of  
viral infestation, and hence can be said to exhibit field resistance against viral  
infection. In screening A. esculentus  and A. callei cultivars against OLCD  
and OMD, under field conditions in Nigeria, Udengwu, and Dibua (2014)  
identified A. callei  cultivars EbiOgwu, Ojoogwu, Tongolo, VLO, Oruufie,  
and Ogolo to be resistant to these two viral diseases. They discussed the  
potential of incorporating these resistant genes from A. callei cultivars into  
the susceptible A. esculentus cultivars. 

1.5 MANAGEMENT OF THE VECTOR WITH INSECTICIDES AND 
PHYTOPESTICIDES 

According to Naidu and Hughes (2003) and Bhagati and Goswami (1992),  
management of viral disease can be directed at controlling the vector  
that transmits the virus. Positive correlations between incidences of viral  
diseases and the vectors that transmit them have been reported in several  
host plant–vector–viruspathosystems (Bhagati and Goswami, 1992). In  
Ghana, positive association between the populations of B. tabaci and the  
severity of OLCD has been reported by Asare-Bediako et al. (2014b). They  
demonstrated that phytopesticides can significantly reduce the B. tabaci  
vector population and reduce incidence and severity of OLCD, leading to  
improved fruit yield. Aqueous neem leaf and garlic extracts were found  
to be more effective than that of mahogany, bougainvillea, chili pepper,  
and pawpaw leaves in reducing the populations of whitefly and decreasing  
incidence and severity of OLCD (Asare-Bediako et al., 2014b). These  
botanicals have been shown to possess virus inhibition, and insectrepellent/ 
anti-feedant properties (Schmutterer, 1990; Revkin, 2000; Nevala, 2000;  
Asare-Bediako et al., 2014b). In assessing the effectiveness of different  
plant extracts against Podagrica spp. infestation and OMD, Asare-Bediako  
et al. (2014a) indicated that the phytopesticides exhibited moderate to high  
level of efficacy in decreasing the insect populations and the incidence  
and severity of OMD. Botanicals or plant leaf extracts have been used in  
the control of OMV  in which karamja extract treated plants had minimal  
virus incidence, maximum plant height, flower production, fruit forma
tion, and highest yield as reported by Bhyan et al. (2007). Obeng-Ofori   
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and Sackey (2003) also reported Actellic (synthetic pesticides), neem seed 
extract (botanical), and Bacillus thurigiensis (Bt bacteria) are very effective 
in reducing the population and damage caused by the major insect pests 
of okra including flea beetles and whiteflies, thereby improving yield and 
quality of okra fruits. 

1.5.1 ALTERING THE PLANTING DATE 

It has been reported that the ecology of the flea beetle and whitefly vectors 
should be ascertained so as to alter the planting date of okra such that the 
period of vector abundance coincides with the growth stage when plants 
are old enough to tolerate effects of viral infection on the field (Fajinmi 
and Fajinmi, 2010a). Agyarko (2016) observed significantly higher infes
tations of whitefly and higher final severity of OLCD in the dry season 
than in the wet season. This suggests that dry season plantings of okra can 
result in higher vector (whitefly) infestations and severe viral infections 
than wet season plantings. Similarly, Asare-Bediako et al. (2017) observed 
that the overall  mean severity  of OMD recorded at 10 weeks after planting 
in the minor cropping season was significantly higher than that of the 
major cropping season. 



1.5.2 THE USE OF PHYSICAL BARRIER TO CONTROL THE FLEA 
BEETLE VECTORS 

Fajinmi and Fajinmi (2010b) reported that when a netting barrier is erected 
around okra plants till 21 days after emergence, it excludes the plants from 
infestations by flea beetles which vector OkMV  and hence decreases 
incidence of OMD. 

1.5.3 THE USE OF SOIL AMENDMENT 

Application of compost also reduced incidence and severity of OMD,  
and improved the yield and quality of okra fruits though it did not  
significantly influence the population of flea beetles that infested the  
okra plants (Agyei et al., 2017). According to Badejo and Togun (1998),  
compost application ensures release of nutrients in balanced proportions  
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that prevent excessive gaseous and leaching losses to ensure synchrony 
between nutrient supply and crop uptake. This in turn ensures healthy 
growth of okra plants which improves the resistance and/or tolerance 
of the plants to viruses and pests attacks, thereby improving yield and 
quality of produce (Agyei et al., 2017). 

1.5.4 INTEGRATED PEST AND DISEASE MANAGEMENT APPROACH 

Classical integrated pest management (IPM) employs a systematic combi
nation of practices (hygienic, cultural, agronomic), the use of natural control 
mechanisms employing natural enemies and plant extract, in addition to 
the judicious use of chemical pesticides to achieve economic management 
of pest levels above an economic threshold. This has been adopted as the 
national crop protection policy for Ghana (Kyofa-Boamah et al., 2005). 
IPM against viral diseases and pests of okra involves planting of resistant 
varieties, rogueing out of diseased plants, rotation with non-hosts crops, 
avoiding smoking when handling or working in okra fields, controlling 
insect vectors with recommended insecticides and/or use of insecticidal 
soaps before disease spread (MoFA, 2013). In Ghana, crude neem seed 
extracts and Bacillus thurigiensis (Bt) can be used effectively by farmers 
as a component of IPM in okra (Obeng-Ofori and Sackey, 2003). 



1.6 CONCLUSIONS 

OMD and OLCD have been demonstrated as the major  viral diseases 
affecting okra production in Ghana. These diseases are prevalent in Ghana 
with disease incidences of up to 100% reported depending on the cultivar. 
Incidence and severity of OLCD are highest at the coastal savannah 
zone, followed by forest while the transition agroecological zone had the 
lowest. Field screening of okra genotypes against viral infection showed 
genotypes with tolerance and resistance to both OMD and OLCD. Other 
management strategies adopted so far include the use of physical barrier 
(wire netting), both synthetic pesticides and phytopesticides against insect 
vectors and the use of soil amendment (compost/fertilizers). Integration 
of various methods to ensure effective management of these diseases is 
therefore recommended. 
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ABSTRACT 

Due to the globalization of trade through the Free Trade Agreement and 
rapid climate change patterns, promotes the transfer of virus from one 
country to another and its hosts and vectors, therefore, the diagnosis of 
viral diseases is getting more important now a days. The lack of general 
reliability of the methods of visual identification and the variability in the 
characteristic expression within the host plant, it is very difficult to detect 
virus infections in the plants. For effective management practices, it is 
necessary to reduce the spread of diseases, to monitor the health of the 
plants and detect pathogens in the initial stage. Because the symptoms 
of viral diseases are not different with great diversity and are confused 
with abiotic stresses, symptomatic diagnosis may not be appropriate. 
DNA-based (PCR, RCA) and serological methods (ELISA) now provide 
essential tools for accurate plant disease diagnosis, in addition to the tradi
tional visual scouting for symptoms. From the last three decades, different 
forms of (ELISAs), has been developed based on serological principle, 
that have been widely used. Although serological and PCR-based methods 
are the most available and effective to confirm the diagnosis of the disease, 
volatile, provide immediate results and can be used to detect infections in 

mailto:hussaintouseef@yahoo.co.in
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asymptomatic stages. We explain how these tools will help plant disease 
management and complement serological and DNA-based methods. 

2.1 INTRODUCTION 

Plant viruses diseases are one of the major threats all around the world, 
which cause loss of billion dollars per year by destroying various economi
cally important crops.43 Plant virus symptoms occur on stems, leaves, 
flowers, or fruits and vary from mild to severe damage, slow growth, and 
rarely death of the plant.1 

Important aspects like agronomic, economic, and social impact are 
frequently influenced by a wide range of viruses infecting plants. Early 
stage detection of viruses which causes infection is crucial to reduce 
economic losses. For diagnostic purpose, biological indexing and sero
logical enzyme-linked immunosorbent assay (ELISA) are most exten
sively and most widely used methods. Furthermore, modern molecular 
techniques have revolutionized plant virus detection and identification. 




During early research, detection and identification of plant on symp
tomatology of infected plants was not reliable because the symptoms 
differed depending on the cultivar, growth stage, and virus strain, etc. 
Biological assays are still most commonly and frequently used diagnostic 
methods for many plant viruses until now because the methods are simple 
and easy.21,39 Previously, virus diagnosis was mainly done by virology 
specialist having many years of experience. 
Rolling circle amplification (RCA) is reliable, convenient, and cheaper 

than polymerase chain reaction (PCR) for the diagnosis of plant viruses 
with small single-stranded circular DNA including geminiviruses. In 
future, this shortcut will extensively speed up the genomics of gemini, 
circo, and nanoviruses.58 

2.2 HISTORY 

Globally, horticultural and agricultural crops are infected by plant viruses 
and are a major threat to them. Methods for detection and identifica
tion of viruses play a crucial role in virus disease control. Diagnostic 
techniques for plant viruses are mainly divided in two major categories: 
biological properties and intrinsic properties of the virus itself. Detection 
methods depend on ELISA, immunoblotting, and coat protein includes 
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agglutination tests. Viral nucleic acid-based techniques like prospective, 
dot-blot hybridization are more accurate than other diagnostic methods. 
This diagnostic method for plant viruses provides increased sensitivity, 
more flexibility, and specificity for quick diagnosis of plant virus diseases. 

Early molecular hybridization technologies were rapidly supplanted by 
more powerful nucleic acids amplification methods based on the PCR. 
Although molecular methods are highly discriminatory, allowing strain 
typing, routine testing has been hampered by problems in reproducibility. 
Continuous efforts have been made to overcome these barriers. Improved 
systems to prepare plant or insect samples have been developed. Efforts 
have also been directed at increasing the sensitivity and specificity of 
detection, which can be limited by the high content of enzyme inhibitors 
in plant materials. Nested and multiplex PCR offer high sensitivity and 
the possibility to detect several targets in one assay, respectively. There 
are many other technologies, which allow the amplification of nucleic 
acids in an isothermal reaction (nucleic acid sequence-based amplification 
[NASBA] or reverse transcription loop-mediated isothermal amplification 
[RT-LAMP] procedures). High-throughput testing has been achieved by 
real-time polymerase chain reaction (RT-PCR), in which the automation of 
PCR combined with fluorimetry. RT-PCR simultaneously permits detec 
tion and quantification of targets gene. In the near future, nucleic acid 
arrays and biosensors assisted by nanotechnology could revolutionize the 
methodology for diagnosis of plant viruses. 

New technologies are slow, which requires more knowledge of what 
makes a better routine diagnostic methods to begin, which also requires 
rate of uptake of understanding. This can be achieved by keeping in mind 
the two most successfully used plant geminivirus detection methods: 
RT-PCR and ELISA. The publication based on ELISA method for the 
diagnosis of plum pox virus (PPV; genus Potyvirus, family Potyviridae) 
and Arabis mosaic virus (ArMV; genus Nepovirus, family Secoviridae) by 
Clark and Adams55 was a major hike in virus diagnostics. 

2.3 PRINCIPLES OF SEROLOGY 

Serological tests are important for the final confirmation of an unknown 
plant virus and also to study the virus species and strains relationship. 
The most important advantage of this serology method is based on the 
specificity between viral antigen (Ag) and antibody (Ab). 



 

  
 

 

 

18 Plant Pathogens: Detection and Management for Sustainable Agriculture 

Study of serums, especially their reactions and properties, is called 
serology. Detection of plant viruses with direct immunoblotting is done 
in this technique. The antiserum is used to detect plant viruses. Antise
rums are produced by injecting an Ag into rabbit or goat. Any protein 
or substance that the animal’s immune system recognizes as foreign is 
known as antigen. The polyclonal Ab’s are also used which is produced 
by purifying a particular Ag and injecting the purified virus (the Ag, the 
virus particle) into rabbit. All the plant virus detection techniques that use 
antisera are known as serological techniques. 

Virus particles and associated proteins have many epitopes with 
different amino acid sequences and have the ability of inducing the specific 
Ab’s production (Fig. 2.1). The virus particles, their protein capsid, and 
the different types of virus induced proteins can function as Ag’s.39,56,57,59,60 

FIGURE 2.1 Diagrammatic representation of (A) structure of an immunoglobulin G 
(IgG) molecule. Fab, F(ab)2, and Fc represent fragments obtained by enzyme cleavage of 
IgG, (B) antigen binding site. 
Source: biologydiscussion.com 

The significance of the serological methods for the study of plant 
viruses and plant viral diseases was demonstrated for the first time by the 
pioneer work of Purdy-Beale.42 

http://biologydiscussion.com
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2.4 DIAGNOSIS 

Viruses cannot be isolated and grown on cell-free media as fungi or bacteria, 
as they are obligate parasites, but they have to be maintained on susceptible 
host plants by artificial inoculation at regular intervals, under controlled 
conditions.40 Many different types of viruses may exhibit same symptoms 
and the disease phenotype can give only less information for disease 
diagnosis purpose. Many specific and reliable techniques used for virus  
identification mainly depend on the different aspects of the viruses such as  
pathogenicity, transmissibility, architecture of virus particles, presence of  
virus-specific skeleton in infected cells, properties of the protein coat. 
Most extensively, Ab-based technique used for diagnostic of viruses is 

known as ELISA. In this method, the plant tissue extract being tested for 
virus detection incubated in the well of ELISA plate. Then, Ab is added 
which binds to the specific Ag (the virus particle). Secondary Ab linked to 
an enzyme is supplemented which gets attached to the previous Ab already 
existed in the well. After washing, a colorless substrate is supplemented 
which produces colored product (yellow) after reaction that indicates the 
existence of virus and the intensity of the color is used to calculate the 
virus concentration. 

After the development of ELISA, new methods have been focused. 
Nucleic acid spot hybridizations (NASH) have been generally used for 
some plant viruses and viroids. PCR technique published in the early 
1990s is most extensively used method for plant virus diagnostics.61 

2.5 CLASSIFICATION OF VIRUSES 

According to Baltimore Classification System, based on the way in which 
a virus produces messenger RNA (mRNA) during infection, the viruses 
have been classified into seven major groups: 

i) Group I: double-stranded DNA viruses 
ii) Group II: single-stranded DNA viruses 
iii) Group III: double-stranded RNA viruses 
iv) Group IV: positive-sense single-stranded RNA viruses 
v) Group V: negative-sense single-stranded RNA viruses 
vi) Group VI: reverse transcribing Diploid single-stranded RNA viruses 
vii) Group VII: reverse transcribing circular double-stranded DNA 

viruses 
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Within each of these groups, many different characteristics are used to 
classify the viruses into families, genera, and species. Typically, combina
tions of characters are used and some of the most important are: particle 
morphology, genome properties, biological properties, and serological 
properties. 

2.5.1 PARTICLE MORPHOLOGY 

Amongst plant viruses, the most frequently encountered shapes are: 

2.5.1.1 ISOMETRIC 

Apparently spherical and (depending on the species) from about 18nm in 
diameter upwards. The example here shows Tobacco necrosis virus, genus 
Necrovirus with particles 26 nm in diameter. 

2.5.1.2 ROD-SHAPED 

About 20–25 nm in diameter and from about 100 to 300 nm long. These 
appear rigid and often have a clear central canal (depending on the staining 
method used). Some viruses have two or more different lengths of particle 
and these contain different genome components. The example here shows 
Tobacco mosaic virus, genus Tobamovirus with particles 300 nm long. 
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2.5.1.3 FILAMENTOUS 

Usually about 12 nm in diameter and more flexuous than the rod-shaped 
particles. They can be up to 1000 nm long, or even longer in some instances. 
Some viruses have two or more different lengths of particle and these 
contain different genome components. The example here shows Potato 
virus Y, genus Potyvirus with particles 740 nm long. 
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2.5.1.4 GEMINATE 

Twinned isometric particles about 30 × 18 nm. These particles are diag
nostic for viruses in the family Geminiviridae which are widespread in 
many crops especially in tropical regions. The example here shows Maize 
streak virus, genus Mastrevirus. 

2.5.1.5 BACILLIFORM 

Short round-ended rods. These come in various forms up to about 30 nm 
wide and 300 nm long. The example here shows Cocoa swollen shoot 
virus, genus Badnavirus with particles 28 × 130 nm. 
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2.6 DETECTION OF PLANT VIRUSES BASED ON BIOLOGICAL 
PROPERTIES 

2.6.1 SYMPTOMATOLOGY 

The plant virus symptoms are mainly used to describe a disease and also for 
the removal of infected plants from the field to control the diseases. Visual 
observation of the symptoms is comparatively simple, whereas several factors 
such as time of infection, host plant variety, virus strain, and environment can 
affect the symptoms.31 However, some viruses cause asymptomatic infection. 
It is mandatory that visual observation for symptoms is done in addition with 
other confirmatory tests to make sure of the meticulous diagnosis.3 

2.7 PLANT VIRUS TRANSMISSION TESTS 

This test is very important for virus investigation, identity, vector 
transmission, and mechanical transmission to susceptible host plants.21 

Mechanical transmission is possible with minimum facilities and the 
symptoms produced allow both the detection and identification of large 
number of plant viruses.18 For other plant, mechanically transmissions are 
not possible as well as the viruses of small fruit can be identified through 
graft/vector transmission.16,37,38 

2.8 PHYSICAL PROPERTIES OF PLANT VIRUSES 

Physical properties of the plant viruses (such as dilution end point, 
longevity in vitro, and thermal inactivation point) used to measure infec
tivity of the virus, even though these physical properties are not consistent 
and not recommended for plant virus diagnostic purpose.15 

2.9 BIOCHEMICAL TECHNIQUES 

Virus infection causes many changes in biochemical and physiological 
activity of the host plants. Infection caused by the viruses could be detected 
by variability pattern in isozyme of infected and healthy leaves, determined 
by sodium dodecyl sulfate polyacrylamide gel electrophoresis technique. 
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2.10 DETECTION PLATFORMS 

Few methods for virus detection are extensively used to find out the prod
ucts of various amplicons. 

Common gel electrophoresis techniques are widely applicable method 
to check the application; however, this is time consuming. 

2.11 ISOTHERMAL METHODS 

A simple method to get isothermal DNA amplification is to separate the 
double-stranded DNA strands of the template in a non-thermal way, such 
as, PCR, helicase-dependent amplification (HDA),63 and recombinase poly
merase amplification (RPA)62 are two examples of this approach. At a single 
temperature, the HDA can be performed, but a brief incubation at 95–96°C 
before adding HDA enzymes increasing the sensitivity has been shown. The 
main benefit of RPA is short time for reaction to take place usually <30 min. 

Based on transcription, this NASBA method is used for isothermal 
amplification of RNA. This technique has been employed for the finding 
out of various plant pathogens.66 

2.12 MICROSCOPIC ANALYSIS 

Electron microscopy is very useful to know the virus particles particle 
morphology for virus detection.2,33 Rod-shaped and filamentous potex
viruses and tobamoviruses can be differentiated than other viruses. Less 
concentration of viruses in plant sap extract are difficult to see unless its 
concentrated prior observation. Many plant viruses induce distinctive 
intracellular inclusions and their detection by EM can give a rapid, easy, 
and cheap method in terms of money to confirm viral infections.12 

2.13 DETECTION AND IDENTIFICATION METHODS USING 
VIRAL COAT PROTEIN AGGLUTINATION TESTS 

Precipitin tests based on the visible precipitate formation, when appro
priate quantity of virus particles and specific antibodies, are in touch with 
each other.47 Precipitin/microprecipition tests are routinely done by some 
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researchers, whereas double diffusion and agglutination tests are more 
commonly used. The Ouchterlony double diffusion method is mainly used 
to differentiate alleged, but separate virus strains. In this test, on an inert 
carrier particle, Ab is coated and the reaction between positive Ag–Ab 
results in aggregation which can be seen on both surface by naked eyes or 
under microscope. Compared with other precipitin tests, it is more sensi
tive and can be performed with low concentration of reactants.20,48 

These detection tests can be performed with less facility and, therefore, 
are routinely used in many research institutions with limited facilities and 
have an availability of antiserum.39 

2.14 IMMUNOELECTRON MICROSCOPY 

The important advantage of immunoelectron microscopy is being able 
to be applied to tissue homogenates and of requiring very low quantities 
of virus and antiserum. Relationships can be studied in different ways: 
(1) by the differential trapping of virus particles on electron microscope 
grids coated with antisera to different viruses; (2) by endpoint dilution of 
an antiserum which effectively coats (decorates) the virus particles; (3) 
by the observation of a clumping reaction at different serum concentra
tions. Pretreatment of grids with protein A of Staphylococcus aureus 
may enhance virus adsorption44 but meaningful results occur only under 
certain conditions. It may be useful to follow trapping of virus particles 
on serum-coated grids with decoration,32 particularly as trapping may be 
susceptible to bias due to nonspecific adsorption of virus particles to the 
grids.29 To distinguish from nonspecific decoration, decoration of particles 
by antisera to distantly related viruses may be difficult however, especially 
in crude sap. 

2.15 ELISA 

After the development of ELISA technique, serological application was 
totally revolutionized and subsequent modification led to the double-
antibody sandwich technique which allowed the use of small amounts 
of reagents and test tissue, and was easily applicable to processing large 
numbers of samples. This technique uses to diagnose proteins. Antibodies 
are coated to the wells within ELISA plate and the plant sap extract is 
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compiled to the well. It will bind to the antibodies if there is a virus coated/ 
present on the surface. A secondary antibody is added. This secondary Ab 
permits for indirect detection of the virus particles as it is attached with 
enzyme, due to its sensitivity and adaptability. It is used in many situa
tions, mainly for testing various samples in a very short time. 
Different types of ELISA have been developed47 which belong to 

two main categories: direct and indirect ELISA method. In direct ELISA 
method, the Ab’s are coated to the well of microtiter plate, which captures 
the virus present in the sample. This captured virus is then detected by 
adding with an Ab–enzyme conjugate followed by addition reagents for 
color development. The detecting and capturing Ab’s detecting antibodies 
can be from the same or from other sources, as the virus is sandwiched 
between two Ab’s; therefore, it is also known as double-antibody sand
wich (DAS) ELISA. 

An alternative to the DAS method is indirect ELISA. In the second 
step, virus antibody (primary antibody) is added. Then the primary Ab 
is detected with antispecific antibodies conjugated with an enzyme and 
finally reagents are added for the color development. The secondary anti
body binds directly to the primary antibody. It has some disadvantages 
such as virus particles for sites on the plate, competition between plant 
sap, and high background reactions.39 

Another broadly used ELISA is triple-antibody sandwich-ELISA (TAS
ELISA). This is very similar to DAS-ELISA, except that one more extra 
step is done prior to addition of secondary antibody enzyme conjugate. The 
third type called protein A-sandwich (PAS) ELISA, in this type of ELISA, 
prior to the addition of primer Ab, the microtiter wells are coated with 
protein A. Indirect ELISA is more suitable and economical for virus detec
tion in many situations including disease surveys and quarantine programs. 

Serological methods are grouped into solid and liquid phase tests. The 
latex agglutination reaction (LAR) and passive hemagglutination (PHA) 
tests are the examples of liquid-phase tests or the precipitin test and 
ELISA. Gel-based assay (double immune-diffusion gel assay, DIGA) has 
been also developed. 

Other important considerations for serological detection and diagnosis 
are the type of epitopes recognized and the quality of antisera. 

Various techniques are developed for the diagnosis of plant viruses, 
each with its own advantages and disadvantages. Some of them are given 
below with their brief introduction and a pertinent example. 
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2.15.1 TISSUE BLOT IMMUNOASSAY
	

Tissue blot immunoassay, like ELISA, uses antibodies prepared against 
plant viruses. The plant tissue extract is blotted on the nitrocellulose 
membrane and the virus if finally detected by using labelled probes. This 
method is simple, rapid, sensitive, and inexpensive. Various virus diag
nostic kits are also available. 

2.15.2 QUARTZ CRYSTAL MICROBALANCE IMMUNOSENSORS 

This is a unique technique for detection of plant viruses using virus-specific 
antibodies. Voltage is applied across the disk, making the disk warp slightly 
via a piezoelectric effect. Adsorption of virus particles to the crystal surface 
changes its resonance oscillation frequency in a concentration-dependent 
manner. It is therefore qualitative and quantitative. The designers of the 
technique claim that it is as sensitive but more rapid than ELISA, and 
economical. As little as 1 ng of particles of cymbidium mosaic virus and 
odontoglossum ring spot virus were detected in crude sap, extracts depicted 
first use of quartz crystal microbalance for plant viruses.14 

2.15.3 FLUORESCENCE RT–PCR USING TAQMAN TECHNOLOGY 

In this technique, two specific primers and a third primer labelled with 
fluorescence anneals between them. Once the labeled flanking primers 
extend, the specify primer results in the released of and fluorescence 
takes place. In this method, to detect the reaction products, post-reaction 
processing is not required. For the detection of Potato spindle tuber viroid, 
a Taqman assay was 1000 times more sensitive than a chemiluminescent 
assay.7 By this method, the thrips vector of Tomato spotted wilt virus was 
perfectly screened for the presence of virus. To detect two orchid viruses, 
multiplex fluorescence PCR was used simultaneously.8 

2.15.4 COMPETITIVE FLUORESCENCE PCR (CF–PCR) 

This is a modified version of the above method used to segregate between 
multiple virus infections and virus strains, simultaneously. In this method, 
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several sets of primers attached with many types of fluorescent marker are 
added. Potatoes infected with mixed Potato virus Y strains were detected 
and identified using this technique.49 

2.15.5 BIOELECTRIC RECOGNITION ASSAY (BERA) 

Some important roles such as biosecurity, food safety, environmental 
monitoring, homeland security, and medical diagnostics are played by this. 

The BERA is a method which detects the electric response of culture 
cells and possesses its physiology. In previous studies23,24,25,26 the possible 
appliance of the technique for ultra-rapid and ultra-cheap tests for the 
diagnosis of human and plant viruses were developed. 

A further manipulation of the technique, called the “6th sensor genera
tion” uses 5th generation sensors which have engineered cells expressing 
target antibodies on their nitrocellulose membrane (NCM).27,28,34,35 The 
combination of sensitivity, simplicity, and reliability makes BERA suit
able for large screening and monitoring of environment. It is used for plant 
viruses, such as the Cucumber Green Mottle Mosaic Virus (CGMMV) and 
the Tobacco Rattle Virus (TRV), using suitable plant cells as the sensing 
elements, in order to establish an efficient system for the plant virus 
detection. Artificial neural networks (ANN) were applied with various 
architecture. Next, ANN was described and more specifically multilayer 
perceptions which are one of the widely used and most popular feed 
forward classification models. 

2.16 CONCLUSION 

Various plant virus detection techniques as mentioned above is now 
available. The use of various plant detection methods results in increased 
sensitivity, specificity, and explores a large number application of the diag
nostics to eradicate the effects of many of the threatening virus diseases.70 

The positive result in both nucleic acid-based and serological-based 
plant virus detection techniques does not imply the existence of plant 
viruses.67,68,69 Solving this problem requires rendering diagnostic kits from 
a same source to scientists around the word, so that differences found with 
specificity and quality of different reagents in assay kits are reduced. It is 
also necessary to aggregate, accredit, and expand durable diagnostic. 
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Plant viruses are becoming more prevalent and threats of novel viral 
epidemics, as seen in the last 10 years. Therefore, it is mandatory that the 
viruses’ movements all over the world must be checked and quarantined 
in required places where necessary. However, presently, it is costly, having 
technical difficulties of constructing, crafting, and utilizing microarrays. 
As chips become easily available and as scale economies are realized, 
hopefully, costs will reduce. 

Depending on the target virus sequence information, from early 2000s, 
several methods such as reverse transcription-loop-mediated isothermal 
amplification and RT-PCR have been established that are able to differ
entiate closely related viruses, rapid, and sensitive. Recent techniques 
such as RT-PCR can be used to measure the pathogen and to find out 
virus population dynamics and metagenomic analyses by next-generation 
sequencing. Conventional diagnostic techniques have only given informa
tion which depends on target pathogens. A number of other options for the 
researchers to detect and investigate the plant pathogens have culminated 
with the advancement in the technologies. 

Recent technologies, for example, next-generation sequencing and 
microarrays also hold valuable for use in diagnosing disease in rice. In 
spite of continuous research and development of new methods, only few 
technologies get adopted for continuous use in research laboratories. In 
plant virus diagnostics (e.g., Geminivirus), current developments can be 
divided into three main categories: (1) multiplex methods (e.g., LBA), 
(2) methods favorable to the discovery of viruses (e.g., NGS), and (3) 
methods that can be featured in the field (e.g., LAMP). It was unthinkable 
10 years ago that real-time PCR would become first choice, in comparison 
to ELISA. 

The evolution of plant viruses through genetic pressure and drift to 
infect particular crops has enabled them to overcome host–plant defences 
(reviewed by Garcia-Arenal and Fraile, 2008). Viral diagnostics is one of 
the most valuable tools for plant disease management. Virologists have 
to move ahead more from traditional use of biological indicator hosts to 
molecular diagnostics and sequence data to establish relationships, groups, 
genera, including families among the ever growing list of new viruses53 or 
viruses on new hosts in new locations.51,52 

Unlike other plant pathogens, plant viruses are mainly liable to falla
cious diagnosis if done wholly on symptoms.2 Nucleic acid-based tests 
provide a great opportunity for specific, sensitive, and quick diagnostic 
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of plant viruses. However, in the cases where both nucleic acid-based 
methods and serology give indistinguishable information through speci-
ficity and detection sensitivity, in that case, serology is the favored method 
of diagnostic purpose.
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ABSTRACT 

Catharanthus roseus (L.) G. Don Madagascar periwinkle is one of the 
most extensively investigated medicinal plants. Pharmacological studies 
revealed that C. roseus contains more than 70 different types of alkaloids 
(indole alklaloids) and chemotherapeutic agents. Its high commercial 
value is due to the presence of anticancerous compound vincristine and 
vinblastine. Due to the presence of these compounds, viral infections in 
this plant are comparatively less. However, when it occurs, it affects the 
plant morphologically, physiologically, nutritionally, at a cellular level, 
as well as the quality and quantity of pharmaceutical interest compound 
found in plants in its healthy stage. The question arises that if C. roseus  
has an antiviral agent in it, then why some viruses are able to invade it. 
Why it is unable to defend itself when it is infected? What is the difference 
between the viruses that afflict C. roseus and the viruses against which 
C. roseus can work? Are there some common factors in those viruses that 
infect C. roseus? It is a potential antiviral agent, then why so many viruses 
are reported in it? The answer to these questions may give a new dimen
sion to fight against viral infections in plants as well as in animals. The 
aim of this chapter is to summarize the progress made in the detection of 
viruses in C. roseus so that comparative analysis of viruses that invade and 
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infect C. roseus can be made for future studies. We here report 54 viruses 
distributed worldwide in C. roseus, their name, natural host, symptoms, 
and their mode of transmission in alphabetical order. The particle size, 
shape, and other information about the viruses are reported in tabular form. 
These information may be useful for further studies. Although C. roseus is 
most extensively worked medicinal plants but most of the work has been 
done on its phytochemical properties. This study may induce some interest 
toward its virological study as its viral infection has its own significance. 

3.1 INTRODUCTION 

Catharanthus roseus (L.) G. Don, Madagascar periwinkle is one of the 
most extensively investigated medicinal plants that belongs to family 
Apocynaceae, which produces a class of secondary metabolites termed 
terpenoid indole alkaloids.1 Pharmacological studies have revealed that C. 
roseus contains more than 70 different types of alkaloids (indole alklaloids) 
and chemotherapeutic agents.2,3  These are treated for anticancer,4–6 anti-
diabetic, and antihypertensive remedies.7–10  Two important Catharanthus 
alkaloids, namely vinblastine and vincristine, have been developed 
into cancer chemotherapy agents since the 1960s and also marketed as 
vinblastine sulfate (Velbe®) and vincristine sulfate (Oncovin®).11 In-vitro 
studies have shown that this plant produces a large number of alkaloids 
upon elicitation.12 The enormity of work conducted on this medicinal 
plant is so large that since the 1950s more than 2500 publications have 
come in, ironically, only handful of data are available with regard to its 
viral infections. Due to very little emphasis on the diseases of the plant, 
very limited records of virus infections are available. This study compiles 
the available records on virus diseases on this plant. Espinha and Gaspar 
reported cucumber mosaic virus (CMV) infection in C. roseus, showing 
mild mosaic, chlorosis, and plant distortion.13 Tomato spotted wilt virus 
(TSWV) has also been reported in C. roseus with black spots, systemic 
mosaic, leaf deformation, and browning of larger leaves at the bottom part 
of the plant.14 Samad et al. reported the natural infection of C. roseus with 
an isolate of CMV in India.15 Complete DNA sequences of two begomo
viruses infecting this plant from Pakistan were determined. The sequence 
of one begomovirus (clone KN4) shows the highest level of nucleotide 
sequence identity (86.5%) to chili leaf curl India virus, and then (84.4% 
identity) to papaya leaf curl virus, and thus represents a new species, 
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for which the name “Catharanthus yellow mosaic virus” (CYMV) was 
proposed.16 Seabra et al. described the occurrence of an uncharacterized 
potyvirus causing mosaic and leaf malformation in this species.17 In Sao 
Paulo State, Brazil, Maciel et al. reported a new potyvirus in this plant, 
exhibiting mosaic symptoms followed by leaf malformation and flower 
variegation named Catharanthus mosaic virus on the basis of biological, 
immunological, and molecular data.18 There are many such available 
information. As a medicinal plant, tremendous research efforts have been 
given to study the bioactive compounds of C. roseus compared to its 
phytopathological aspect. However, this chapter will focus on viral infec
tions reported in C. roseus. 

3.2 REVIEW OF LITERATURE ON VIRUSES DESCRIBED ON 
CATHARANTHUS ROSEUS 

Worldwide Distribution of Catharanthus viruses has been given in 
Table 3.1. A survey of the available literature reveals that identification 
and classification of viruses are mainly based on symptomatology, host 
range, transmission, biological properties, physical properties, particle 
morphology, and serological relationships. C. roseus has been reported as 
a susceptible host of many distinct viruses such as pepper ringspot virus, 
Narcissus mosaic virus, poplar mosaic virus, CYMV, tobacco streak virus, 
alfalfa mosaic virus, tobacco ringspot virus, Zantedeschia mild mosaic 
virus,19 Carnation mottle virus,9 potato yellow vein virus (PYVV),20 

and TSWV.21 Natural occurrence of CMV on C. roseus has also been 
recorded.15 Table 3.2 includes the particle size and shape of the viruses 
occurring on C. roseus. 

3.3 DESCRIPTION OF VIRUSES REPORTED ON CATHARANTHUS 
ROSEUS 

3.3.1 ABELIA LATENT TYMOVIRUS 

First reported in Abelia grandiflora; from Maryland, USA.22 

Symptoms: C. roseus is not a natural host of this virus but when 
experimentally infected mostly show necrotic local lesions, mottles.23–25 
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Transmission: Transmitted by a vector; an insect; Myzus persicae 
and at least 13 other species; Aphididae. Transmitted in a nonpersistent 
manner; virus transmitted by mechanical inoculation; transmitted by 
grafting; not transmitted by contact between plants; transmitted by seed. 

3.3.2 ALFALFA MOSAIC ALFAMOVIRUS 

First reported in Medicago sativa; from the USA.26 

Symptoms: Experimentally infected plants mostly show necrotic local 
lesions, mottles, or ringspots.24,27 

Transmission: Transmitted by a vector; an insect; M. persicae and at 
least 13 other species; Aphididae. Transmitted in a nonpersistent manner; 
virus transmitted by mechanical inoculation; transmitted by grafting; not 
transmitted by contact between plants; transmitted by seed (50% in alfalfa 
seeds from individual infected plants and up to 10% in commercial seed); 
transmitted by pollen to the seed.28 

3.3.3 APPLE MOSAIC ILARVIRUS 

First reported in Rosa spp. and Malus domestica; from the USA.29,30 

Symptoms:  C. roseus is a diagnostically susceptible host of this virus 
and shows systemic chlorotic lines and rings.31,32 

Transmission: Virus transmitted by mechanical inoculation; trans
mitted by grafting (of roots); possibly not transmitted by seed, but prob
ably transmitted by pollen to the pollinated plant.33 

3.3.4 BEAN POAD MOTTLE COMOVIRUS 

First reported in Phaseolus vulgaris cv. Tendergreen; from Charleston, USA.34 

Symptoms:  C. roseus is a susceptible host of this virus. It shows severe 
mottling, malformed leaves, and pods.23,35,36 

Transmission: Transmitted by a vector; an insect; Ceratoma trifurcata, 
Diabrotica balteata, Diabrotica undecimpunctata howardii, Colaspis 
flavida, Colaspis lata, Epicauta vittata, Epilachna varivestis; Coleoptera; 
virus transmitted by mechanical inoculation; transmitted by grafting; not 
transmitted by seed; not transmitted by pollen. 
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3.3.5 BEAT CURLY TOP HYBRIGEMINI VIRUS 

First reported in Beta vulgaris; from Western USA.37 

Symptoms: C. roseus is a susceptible host of this virus. The symptoms 
persist leaf rolling, vein clearing; leaves become dark and dull green in color.38 

Transmission: Transmitted by a vector; an insect; Circulifer tenellus in 
North America, C. tenellus, Circulifer opacipennis in Mediterranean Basin; 
Cicadellidae. Transmitted in a persistent manner; virus retained when the 
vector molts; does not multiply in the vector; not transmitted congenitally 
to the progeny of the vector; not transmitted by mechanical inoculation 
(unless special procedures used); transmitted by grafting (by dodder from 
plants that are not hosts of the vector); not transmitted by seed.39 

3.3.6 BELLADONA MOTTLE TYMOVIRUS 

First reported in Atropa belladonna; from Germany.40 

Symptoms:  C. roseus is a susceptible host of this virus. Symptoms are 
mottling and distortion.41,42 

Transmission: Transmitted by a vector; an insect; Epithrix atropae; 
Coleoptera; not transmitted by aphids; virus transmitted by mechanical 
inoculation; not transmitted by contact between plants; not transmitted 
by seed.41 

3.3.7 CACAO YELLOW MOSAIC VIRUS 

First reported in Theobroma cacao; from Giehuna, Sierra Leone.43 

Symptoms: Diagnostically susceptible host species C. roseus show 
systemic chlorosis.44 

Transmission: Transmitted by a vector; virus transmitted by mechan
ical inoculation; transmitted by grafting; not transmitted by seed.45 

3.3.8 CARNATION MOTTLE CARMOVIRUS 

First reported in Dianthus spp.; from the United Kingdom; by Kassanis.46 

Symptoms: C. roseus is susceptible to this virus. It shows chlorotic 
and necrotic local lesions. 



 

 

 

 

 

 

46 Plant Pathogens: Detection and Management for Sustainable Agriculture 

Transmission: Transmitted by means not involving a vector; virus 
transmitted by mechanical inoculation; transmitted by grafting; trans
mitted by contact between plants; not transmitted by seed.47 

3.3.9 CASSAVA GREEN MOTTLE NEPOVIRUS 

First reported in Manihot esculenta; in a sample from the Solomon Islands 
examined in Scotland.48 

Symptoms: C. roseus is experimentally infected plants mostly show 
mottles, both in inoculated and other leaves, mosaic. 

Transmission: Transmitted by means not involving a vector; virus 
transmitted by mechanical inoculation.48 

3.3.10 CHERRY LEAF ROLL NEPOVIRUS 

First reported in Ulmus americana  (American elm), Prunus avium  (cherry), 
and Juglans regia (walnut).49–51 

Symptoms:  C. roseus is experimentally infected plants mostly show 
chlorotic or necrotic local lesions, systemic necrosis or mosaic.52,53 

Transmission: Transmitted by a vector; Xiphinema coxi, Xiphinema 
diversicaudatum, and Xiphinema vuittenezi.54 Not transmitted by Xiphi
nema americanum, Xiphinema bakeri, Longidorus elongatus, Longidorus 
leptocephalus, Longidorus macrosoma, or Paralongidorus maximus55,56; 
virus transmitted by mechanical inoculation; transmitted by grafting; not 
transmitted by contact between plants. 

3.3.11 CITRUS LEAF RUGOSE ILARVIRUS 

First reported in Citrus limon; from the USA.57 

Symptoms: C. roseus is natural host of citrus leaf rugose ilar virus. 
Symptoms persist in different plants; however, no symptoms have been 
described in this plant.58 

Transmission: Transmitted by a vector; an insect; Agalliopsis novella, 
Agallia constricta, Agallia quadripunctata; Cicadellidae. Not transmitted 
by Aceratagallia sanguinolenta. Transmitted in a persistent manner; 
virus retained when the vector molts; multiplies in the vector; transmitted 
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congenitally to the progeny of the vector (2% of vector eggs); not trans
mitted by mechanical inoculation; not transmitted by seed. 

3.3.12 CITRUS RINGSPOT VIRUS 

First reported in Citrus sp.; from Florida and California, USA.59 

Symptoms: C. roseus is susceptible to this virus. Experimentally infected 
plants mostly show systemic mosaics, mottles, ringspots, or necrosis.60 

Transmission: Possibly transmitted by a vector, by mechanical inocu
lation; transmitted by grafting.61 

3.3.13 CLOVER WOUND TUMOR PHYTOREOVIRUS 

First reported in Melilotus officinalis clone C10 and the vector A.constricta; 
from the USA.62 

Symptoms: C. roseus is susceptible to this virus. In C. roseus, no symp
toms have been described.63 

Transmission: Transmitted by a vector; an insect; A. novella, A. 
constricta, A. quadripunctata; Cicadellidae. It is transmitted in a persistent 
manner. Virus retained when the vector molts; multiplies in the vector; 
transmitted congenitally to the progeny of the vector (2% of vector eggs); 
not transmitted by mechanical inoculation; not transmitted by seeds. 

3.3.14 CLOVER YELLOW MOSAIC POTEXVIRUS 

First reported in Trifolium repens; from the USA.64,65 

Symptoms: C. roseus is susceptible to this virus. Experimentally infected 
plants mostly show chlorotic or necrotic local lesions, systemic mosaic.36,66 

Transmission: Not transmitted by Acyrthosiphon pisum, Anuraphis 
bakeri.67 Virus transmitted by mechanical inoculation.68 

3.3.15 COWPEA SEVERE MOSAIC COMOVIRUS 

First reported in Vigna unguiculata; from Louisiana, Arkansas, and Indiana, 
USA.69 
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Symptoms: C. roseus is a susceptible host of this virus; symptoms 
persist.69,70 

Transmission: Transmitted by a vector; an insect; Ceratoma arcuata, 
Ceratoma ruficornis, C. trifurcata, Ceratoma variegata, Chalcodermus 
bimaculatus, D. balteata, Diabrotica speciosa, Diabrotica virgifera, D. 
undecimpunctata, Diphaulaca sp., E. varivestis, Acalymma vittatum; 
Coleoptera; virus transmitted by mechanical inoculation; transmitted by 
seed (10% in V. unguiculata ssp. sesquipedalis, 8% in V. unguiculata, 
varies with strain and cultivar); transmitted by pollen to the seed. 

3.3.16 CUCUMBER MOSAIC CUCUMOVIRUS 

First reported in Cucumis sativus; from the USA.71 

Symptoms: C. roseus is susceptible to this virus. Experimentally 
infected plants mostly show mosaics and stunting, reduced fruit yield.72,73 

Transmission: Transmitted by a vector; an insect; more than 60 
spp. including A. pisum, Aphis craccivora, and M. persicae; Aphididae; 
transmitted in a nonpersistent manner; virus transmitted by mechanical 
inoculation; transmitted by seed.74 

3.3.17 CUCUMBER MOSAIC VIRUS SUBGROUP IB 

Symptoms: C. roseus is a natural host of this virus. It shows local and/ 
or systemic symptoms.15 

Transmission: It is transmitted mechanically as well as by vectors. 
The virus isolate was efficiently sap transmitted from naturally infected 
periwinkle to healthy periwinkle. M. persicae transmitted the virus in a 
nonpersistent manner to healthy periwinkle. Seedlings treated with buffer 
only served as negative controls for inoculation.75 

3.3.18 DOGWOOD MOSAIC NEPOVIRUS 

First reported in Cornus florida; from Clemson, South Carolina, USA.76 

Symptoms: Symptoms vary seasonally; symptoms mosaic. 
Transmission: Not transmitted by X. diversicaudatum; virus trans

mitted by mechanical inoculation; transmitted by grafting.77 
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3.3.19 DULCAMARA MOTTLE TYMOVIRUS 

First reported in Solanum dulcamara; from the United Kingdom in 
Hertfordshire.42 

Symptoms: Symptoms persist; experimentally infected plants mostly 
show local lesions, mosaics, mottles, and distortion.78 

Transmission: Transmitted by a vector; an insect; Psylloides affinis; 
Coleoptera. Transmitted in a semipersistent manner; virus transmitted by 
mechanical inoculation; not transmitted by contact between plants; trans
mitted by seed. 

3.3.20 ELM MOTTLE ILARVIRUS 

First reported in Ulmus minor, from Germany.79 

Symptoms: C. roseus is susceptible to this virus. Symptoms persist 
(but restricted to a few branches. It shows chlorotic mosaic symptom.80 

Transmission: Virus transmitted by mechanical inoculation; trans
mitted by grafting; transmitted by seed.81 

3.3.21 ERYSIMUM LATENT TYMOVIRUS 

First reported in Erysimum helveticum, Erysimum perovskianum, Erys
imum pulchellum, Erysimum sylvestre, Erysimum crepidifolium, Fibigia 
clypata, Arabis ludoviciana, and Barbarea vulgaris; from Germany.82 

Symptoms: C. roseus is susceptible to this virus experimentally 
infected plants mostly show local lesions, vein clearing, and mosaics.82 

Transmission: Transmitted by a vector; an insect; Phyllotreta spp.; 
Coleoptera. Transmitted in a semipersistent manner; virus transmitted by 
mechanical inoculation; not transmitted by contact between plants; not 
transmitted by seed; not transmitted by pollen.82 

3.3.22 FOXTAIL MOSAIC POTEXVIRUS 

First reported in Setaria italica and Setaria viridis; from the USA.83 

Symptoms: C. roseus is susceptible to this virus experimentally infected 
plants mostly show leaf mosaic.84 
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Transmission: Virus not transmitted by mechanical inoculation; trans
mitted by seed.84 

3.3.23 HUMULUS JAPONICAS ILARVIRUS 

First reported in Humulus japonicus; from the United Kingdom in seed
lings grown from seed imported from the People’s Republic of China.85 

Symptoms: Experimentally infected plants mostly show necrotic local 
lesions, chlorotic mottle, or mosaic in systemic leaves.85 

Transmission: Virus transmitted by mechanical inoculation; trans
mitted by seed. 

3.3.24 LILAC RING MOTTLE ILARVIRUS 

First reported in Syringa vulgaris; from the Netherlands.86 

Symptoms: necrotic local lesions and systemic mottling.86 

Transmission: Virus transmitted by mechanical inoculation; by 
grafting; by contact between plants and by seed.86 

3.3.25 NANDINA MOSAIC POTEXVIRUS 

First reported in Nandina domestica; from California, USA.87 

Symptoms: systemic mottling and malformation.88 

Transmission: Not transmitted by M. persicae; virus transmitted by 
mechanical inoculation. 

3.3.26 NARCISSUS MOSAIC POTEXVIRUS 

First reported in Narcissus pseudonarcissus; from the Netherlands and the 
United Kingdom.44 

Symptoms: C. roseus is susceptible to this virus; it shows symptom
less systemic infection.44 

Transmission: Virus transmitted by mechanical inoculation; not trans
mitted by contact between plants and not transmitted by seed. 
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3.3.27 OKHRA MOSAIC TYMOVIRUS 

First reported in Abelmoschus esculentus; from Cte d’Ivoire.89 

Symptoms: C. roseus is susceptible to this virus experimentally 
infected plants mostly show regular vein chlorosis, spotting or dotting, 
chlorotic mosaic, chlorotic local lesions, and stunting.90–92 

Transmission: Transmitted by a vector; an insect; Podagrica decolorata.93 

Podagrica uniforma, P. sjostedti in Nigeria.94,95 Possibly Bemisia tabaci is a  
vector in Nigeria94 but needs confirmation. Not transmitted by Aphis gossypii, 
Chrysolagria cuprina, Lagria villosa, Medythia quaterna, Ootheca mutabilis, 
and Nisotra dilecta; transmitted in a nonpersistent manner; virus transmitted 
by mechanical inoculation; transmitted by grafting; not transmitted by seed. 

3.3.28 PEA SEED-BORNE MOSAIC POTYVIRUS 

First reported in Pisum sativum by Musil.96 

Symptoms: C. roseus is susceptible to this virus. Experimentally 
infected plants mostly show transitory vein clearing, resetting of stem 
and branches, leaves dark green and leaflets folded adaxially, flowers 
malformed and often sterile, pods small, few misshapen seeds.97 

Transmission: Transmitted by a vector; an insect; A. pisum, A. crac
civora, Aphis fabae, Dactynotus escalanti, Macrosiphum crataegarius, 
Rhopalosiphum padi; Aphididae; transmitted in a nonpersistent manner; 
virus transmitted by mechanical inoculation; transmitted by seed. 

3.3.29 PEACH ENATION NEPOVIRUS 

First reported in Prunus persica, from Japan.97 

Symptoms: C. roseus is susceptible to this virus experimentally 
infected plants show local lesions; systemic leaf mottling.98 

Transmission: Virus transmitted by mechanical inoculation; trans
mitted by grafting. 

3.3.30 PEANUT STUNT CUCUMOVIRUS 

First reported in Arachis hypogaea; from Virginia, USA.99 
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Symptoms: C. roseus is susceptible to this virus, experimentally 
infected plants show chlorotic local lesions; systemic spotting.22,100 

Transmission: Transmitted by a vector; an insect; A. craccivora, Aphis 
spiraecola, and M. persicae but not A. gossypii; Aphididae. Transmitted 
in a nonpersistent manner; virus transmitted by mechanical inoculation; 
transmitted by seed.101 

3.3.31 PEPPER RINGSPOT TOBRAVIRUS 

First reported in Lycopersicon esculentum; from Brazil.102 

Symptoms: C. roseus is susceptible to this virus, experimentally 
infected plants shown ringspots and yellow banding. 

Transmission: Virus transmitted by mechanical inoculation; trans
mitted by grafting; not transmitted by contact between plants. 

3.3.32 PEPPER VENIAL MOTTLE POTYVIRUS 

First reported in Capsicum annuum, Capsicum frutescens, Petunia × 
hybrida; from Tafo, Ghana.103 

Symptoms: C. roseus is susceptible to this virus experimentally infected 
plants show systemic mosaic, mottle, and leaf-shape malformation.103,104 

Transmission: Transmitted by a vector; an insect; A. gossypii, A. 
spiraecola, M. persicae, Toxoptera citricidus; Aphididae; transmitted in a 
nonpersistent manner; virus transmitted by mechanical inoculation; trans
mitted by grafting; not transmitted by contact between plants. 

3.3.33 PLUM AMERICAN LINE PATTERN ILARVIRUS 

First reported in Prunus americana × Prunus salicina (Shiro plum); from 
Wenatchee, Washington, USA.105 

Symptoms: C. roseus is susceptible to this virus experimentally 
infected plants mostly show chlorotic or necrotic local lesions; systemic 
vein banding, mottles, ringspots.105,106 

Transmission: The means of natural spread is not exactly known, but 
if this is limited to transmission by infected pollen grains. The virus is 
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not seed-borne. The international spread is most probably by means of 
infected planting material. 

3.3.34 POPLAR MOSAIC CALARAVIRUS 

Symptoms: C. roseus is susceptible to this virus experimentally infected 
plant show chlorotic or necrotic local lesions and systemic mosaic.107,108 

Transmission:  Virus transmitted by mechanical inoculations, by 
grafting, not transmitted by seed, transmitted by pollen to the pollinated 
plant.109–111 

3.3.35 POTATO BLACK RINGSPOT NEPOVIRUS 

First reported in Solanum tuberosum (potato) from Peru.112 

Symptoms:  C. roseus is diagnostically susceptible host species and 
shows chlorotic spots; systemic necrosis.112 

Transmission: Virus transmitted by mechanical inoculation; trans
mitted by grafting; not transmitted by contact between plants; not trans
mitted by seed. 

3.3.36 POTATO T TRICHOVIRUS 

First reported in Solanum tuberosum; from Peru.113 

Symptoms:  C. roseus  is susceptible to this virus experimentally infected  
plant is usually symptomless but occasionally induces mild leaf mottling.113 

Transmission: Virus transmitted by mechanical inoculations, trans
mitted by grafting, not transmitted by contact between plants; transmitted 
by seeds. 

3.3.37 POTATO YELLOW VEIN VIRUS 

Potato yellow vein disease was first observed in Antioqua. 
Symptoms: C. roseus is potential viral reservoirs.20 

Transmission: Long known to be transmitted by the greenhouse 
whitefly (Trialeurodes vaporariorium), the precise identity of its causal 
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agent has remained obscure. Here, we present evidence that a closterovirus 
with a bipartite genome PYVV is associated with PYVD.20 

3.3.38 PRUNE DWARF ILAR VIRUS 

First reported in Prunus domestica; from the USA.114 

Symptoms:  C. roseus is a susceptible host of this virus. It shows leaf 
yellowing and abscission.115 

Transmission:  Transmitted by means not involving a vector; virus 
transmitted by mechanical inoculation; transmitted by grafting; not trans
mitted by contact between plants; transmitted by seeds, transmitted by 
pollen to the seed, and transmitted by pollen to the pollinated plant.116 



3.3.39 PRUNUS NECROTIC RINGSPOT ILARVIRUS 

First reported in Prunus persica; from the USA.117 

Symptoms:  C. roseus is a susceptible host of this virus it shows chlorotic  
lines and rings.115 

Transmission: Transmitted by means not involving a vector; virus 
transmitted by mechanical inoculation; transmitted by grafting; not trans
mitted by contact between plants; transmitted by seeds, transmitted by 
pollen to the seed, and transmitted by pollen to the pollinated plant. 

3.3.40 SPRING BEAUTY LATENT BROMOVIRUS 

First reported in Claytonia virginica; from Arkansas, USA.115 

Symptoms: C. roseus is diagnostically susceptible host species it 
shows systemic necrosis and mottle.118 

Transmission: Possibly on lawn mowers and tractors in lawns and public 
areas. Virus transmitted by mechanical inoculation; transmitted by grafting; 
possibly transmitted by contact between plants; not transmitted by seed. 

3.3.41 SCROPHULARIA MOTTLE TYMOVIRUS 

First reported in Scrophularia nodosa; from Germany.119 
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Symptoms: Experimentally infected C. roseus shows local lesions, 
systemic mottle, or mosaic.42,120 

Transmission: Transmitted by a vector; an insect; Cionus tuberculosis, 
Cionus scrophularia, Cionus hortulanus, Cionus alauda; Coleoptera; 
virus transmitted by mechanical inoculation. 

3.3.42 TOBACCO RATTLE TOBRAVIRUS 

First reported in Nicotiana tabacum; from Germany.121 

Symptoms: C. roseus is a susceptible host of this virus. It shows chlo
rotic or necrotic local lesions; systemic mottle.122 

Transmission: Transmitted by a vector; a nematode; Paratrichodorus 
allius, Paratrichodorus anemones, Paratrichodorus christiei, Parat
richodorus nanus, Paratrichodorus pachydermus, Paratrichodorus teres, 
Trichodorus minor, Trichodorus primitivus, Trichodorus viruliferus; 
Trichodoridae; virus transmitted by mechanical inoculation; transmitted by 
grafting; not transmitted by contact between plants; transmitted by seeds. 

3.3.43 TOBACCO MOSAIC SATELLITE VIRUS 

First reported in Nicotiana glauca; from southern California, USA.123 

Symptoms:  C. roseus is a susceptible host of this virus. It is symp
tomless; symptoms may be caused by mixed infection with CMV  or 
potyviruses.123 



Transmission: Virus transmitted by mechanical inoculation; not trans
mitted by seed.124 

3.3.44 TOBACCO NECROSIC NECROVIRUS 

First reported in N. tabacum; from Cambridge, the United Kingdom.125 

Symptoms: C. roseus is a susceptible host of this virus. It shows 
necrotic local lesions.23,125 

Transmission: Transmitted by a vector, a fungus; Olpidium brassicae; 
Chytridiales; virus transmitted by mechanical inoculation; not transmitted 
by seed; not transmitted by pollen. 
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3.3.45 TOBACCO RINGSPOT NEPOVIRUS 

First reported in N. tabacum.126 

Symptoms: C. roseus is a susceptible host of this virus. It shows chlo
rotic local lesions and leaves malformation.127 

Transmission: Transmitted by a vector; a nematode (and also nonspe
cifically by insects and mites—A. gossypii, M. persicae, Melanopus sp. 
Epitrix hirtipennis, Thrips tabaci, X. americanum, Dorylamidae; virus lost 
by the vector when it molts does not multiply in the vector; not transmitted 
congenitally to the progeny of the vector; does not require a helper virus 
for vector transmission; transmitted by mechanical inoculation; not trans
mitted by contact between plants; transmitted by seed. 

3.3.46 TOBACCO STREAK ILAR VIRUS 

First reported in N. tabacum; from Wisconsin, USA.128 

Symptoms: C. roseus is maintenance and propagation hosts of this 
virus. It shows necrotic local lesions.129–131 

Transmission: Transmitted by a vector; an insect; Frankliniella occi
dentalis and T. tabaci; Thysanoptera132; virus transmitted by mechanical 
inoculation, by grafting, not transmitted by contact between plants, trans
mitted by seeds, transmitted by pollen to the pollinated plant.133 

3.3.47 TOBACCO STUNT VARICOSAVIRUS 

First reported in N. tabacum; from Hiroshima Prefecture, Japan.134 

Symptoms: C. roseus is a susceptible host of this virus. It shows 
necrotic local yellow leaf spotting, not systemic.135 

Transmission: Transmitted by a vector; a fungus; O. brassicae; 
Chytridiales; virus does not require a helper virus for vector transmission; 
transmitted by mechanical inoculation; transmitted by grafting; not trans
mitted by contact between plants; not transmitted by seed. 

3.3.48 TOMATO-SPOTTED WILT TOSPOVIRUS 

First reported in L. esculentum.136,137
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Symptoms: C. roseus is diagnostically susceptible host species. 
It shows local black spots and leaves sometimes becoming yellow and 
abscessing; systemic mosaic and leaf deformation.138–140 

Transmission: Transmitted by a vector; an insect; T. tabaci, Thrips 
setosus, Thrips parmi, Frankliniella schultzei, F. occidentalis, Frankli
niella fusca, and Scirtothrips dorsalis; Thysanoptera; transmitted in a 
persistent manner; virus retained when the vector moults; multiplies in 
the vector, transmitted by mechanical inoculation, transmitted by grafting, 
not transmitted by contact between plants, not transmitted by seed, not 
transmitted by pollen.141 

3.3.49 TOMATO-SPOTTED WILT ILARVIRUS 

First reported in L. esculentum.142 

Symptoms: C. roseus is diagnostically susceptible host species. 
It shows local black spots, leaves sometimes becoming yellow and 
abscessing; systemic mosaic and leaf deformation.14 

Transmission: Transmitted by an insect vector; transmitted in a persis
tent manner; transmitted by grafting; not transmitted by contact between 
plants; not transmitted by seed; not transmitted by pollen.143 

3.3.50 TURNIP CRINKLE CARMOVIRUS 

First reported in Brassica campestris ssp. rapa; from Scotland.144 

Symptoms: C. roseus is a susceptible host of this virus. It shows local 
chlorotic lesions; no systemic infection.145 

Transmission: Transmitted by a vector; an insect; Phyllotreta (nine 
species) and Psylloides (two species). Transmitted in a nonpersistent 
manner; virus transmitted by mechanical inoculation; transmitted by 
contact between plants; not transmitted by seed. 

3.3.51 TURTLE APPLE MOSAIC ILAR VIRUS 

First reported in Malus sylvestris; from the USA.146 

Symptoms:  C. roseus is maintenance and propagation hosts; it shows 
brown local lesions; no systemic infection.147 
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Transmission: Virus transmitted by mechanical inoculation; not trans
mitted by seed. 

3.3.52 WATERMELON MOSAIC-2 POTYVIRUS 

First reported in Citrullus lanatus.148 

Symptoms: C. roseus is a susceptible host of this virus. It shows 
systemic mosaic and occasional leaf malformation.36 

Transmission:  Transmitted by a vector; an insect; M. persicae, A. 
craccivora; at least 29 species of aphids transmit watermelon mosaic-2 
potyvirus,149  Aphididae. Virus transmitted by mechanical inoculation; not 
transmitted by seed.150 

3.3.53 WILD CUCUMBER MOSAIC TYMOVIRUS 

First reported in Marah macrocarpus; from California, USA. 
Symptoms: C. roseus is diagnostically susceptible host species. It 

shows symptomless systemic infection.151,152 

Transmission: Transmitted by a vector; an insect; Acalymma trivit
tata; Coleoptera; virus transmitted by mechanical inoculation; transmitted 
by grafting; not transmitted by contact between plants. 

3.3.54 ZANTEDESCHIA MILD MOSAIC VIRUS 

Symptoms: C. roseus is a susceptible host of this virus. It shows mild 
mosaic system. 

Transmission:  Virus transmitted by mechanical inoculation, trans
mitted by grafting, not transmitted by contact between plants.153 



3.4 RESULTS AND DISCUSSION 

C. roseus is a high-utility plant, apart from its natural supply of antican
cerous compounds; it is a popular ornamental plant. It is also a model  
plant for studies in plant pathology and in biotechnology.154 The present  
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chapter has compiled the existing information on virus afflictions of C. 
roseus including their names, author name, distribution, transmission,  
physical properties, and particle size (Tables 3.1 and 3.2). There are 54  
viruses reported in this study that infects C. roseus naturally or artifi
cially. These information are based on symptoms reported, host-range  
study, and mode of transmission. The study shows that the number and  
distribution of the virus are also increasing. The virus first reported  
in one country has been transmitted in another country, for example,  
groundnut bud necrosis virus has been recently reported in India.155  
The transmission and distribution of virus should be controlled so that  
the infection of new viruses in a particular country can be restricted.   
The quality and quantity of raw material is the basic necessity for  
efficient drugs; knowledge of virus afflictions will provide the right  
direction in the conservation and protection of this marvelous plant  
from various viruses. 



3.5 CONCLUSION 

The demand for natural products and plant-based medicines is 
increasing very fast due to advantages of natural product over synthetic 
drugs. C. roseus is an amazing herb due to its wide applications. It 
is necessary to know about the type of virus infections, which occur 
in C. roseus so that useful precautions must be taken before the use 
of particular plant for drug purpose. The present study has provided 
record of 54 reported virus in this anticancerous plant. The collectors 
should consider these virus afflictions so that the quality and quantity 
of raw drugs should not be affected. This study may be useful for the 
future aspirants to further work on different prospect on viral diseases 
on C. roseus. 
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ABSTRACT 

With high nutritive quality, papaya is globally an important tropical fruit 
that originated  from Mexico and South America and later on cultivated 
gradually in all parts of the world. This plant holds a significant part in 
agricultural export. However, this plant is prone to biosecurity threat due 
to exposure with plenty of diseases leading to reduction in yield as well 
as marketable quality. This chapter covers some of the very important 
diseases which include fungal, bacterial, viral, and phytoplasma. This 
chapter elaborately discusses about some economically important disease 
with proper etiology, epidemiology, and symptoms which would help to 
identify the diseases with much ease. The fungal diseases included in this 
chapter are, namely, black spot, anthracnose, damping-off of seedlings, 
phytopthora blight, and powdery mildew. Bacterial diseases include bacte
rial leaf spot, internal yellowing, and purple stain rot. Viral diseases include 
papaya ring spot virus, papaya lethal yellowing virus, Meleira disease, and 
phytoplasma diseases include dieback and bunchy top. However, the most 
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vital part of this chapter is the management practices that maintain the 
production and productivity of papaya. In order to get effective control 
along with the maintenance of sustainability and ecological balance of 
environment, integrated diseases management is the most effective 
management principle. Integrated diseases management process includes 
physical, cultural, biological, and finally chemical methods. 

4.1 INTRODUCTION 

Papaya, scientifically Carica papaya, is one of the important tropical 
fruit having lots of nutritional values covering a significant place in 
agricultural export in many of the countries which are in developing 
position as it provides livelihoods to thousands of people. With the 
pace of time, the tropical fruits demand in market has been mounting 
gradually over the past 20 years. Being deliciously tasty, it has been a 
rich source of antioxidants, nutrients like vitamin B, vitamin C, falate, 
carotenes, flavonoids, minerals, and fiber (Rivera et al., 2010). Asia 
was leading in papaya production during 2008–2010 producing about 
52.55% of papaya crop globally. Then it was led by South America in 
2nd position and Africa holding 3rd position, as shown in Figure 4.1 
(FAOSTAT, 2012). But in the year 2014–15, India became the leading 
producer of papaya, Brazil being 2nd and Indonesia being 3rd (source: 
www.statistics.com/world-papaya-production). This plant is attacked by 
several fungal, bacterial, and viral diseases and the frequency of attack 
varies depending on the geographical region and its varied climatic 
conditions. In postharvest process also like transport, packaging, etc. 
This plant is attacked by several diseases for which the market quality is 
diminished to many fold. 

4.2 FUNGAL DISEASES 

4.2.1 BLACK SPOT 

One of the most widespread papaya disease is the black spot disease. 
When it infects, it causes great damage to the whole plant in the orchards. 
It reduces the market quality to a great extent. 

http://www.statistics.com
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FIGURE 4.1 Production of papaya in global area during the year 2008–2010. 
Source: FAOSTAT (2012). 

4.2.1.1 ETIOLOGY 

The causal organism of black spot is Asperisporium caricae (Speg.)  
Maubl., which is characterized by conidiophores of short length which  
are clumped together covering the stomata surface. Conidiophores are not  
branched and are hyaline to olive brown in color. The conidium is bicel
lular smooth but dry with ellipsoidal, pyriform, or clavate in shape with  
hyaline to pale brown color measuring 14–26 mm × 7–10 mm (Ventura  
et al., 2004). 



4.2.1.2 SYMPTOMS 

It is characterized by formation of round, light-brown necrotic, circular 
to irregular spots almost 1/4th in surrounded by yellow halo on the upper 
surface of the leaves (Hine et al., 1965). Gray to black colored powdery 
growth develops in the regions adjacent to the spots on the lower surface 
of the leaves. When the lesions coalesce, leaf senescence and defoliation 
takes place. Circular watery portions were observed on the fruits which 
later on become brown in color which almost attains 5 mm of diameter. 
The lesions remain confined in the epidermal layers and with length of 
time the skin in that affected area become corky. 
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4.2.1.3 EPIDEMIOLOGY 

The disease intensity of black spot is more in temperature within 23–27°C,  
with winds and heavy rainfall or overhead irrigation and powerful winds.  
Most of the infection occurs during winter and spring being seasonal that  
develops the diseases lesions and spreading of fungal spores from the  
elder leaves to the healthy leaves. The fungi penetrate through stomata.  
The symptoms are noticeable after 8–10 days of inoculation (Holliday,  
1980). The fruits are infected during immature stage. The disease lesion  
liberates new spores when the fruits are fully matured. 

4.2.1.4 CONTROL MEASURES 

4.2.1.4.1 Cultural Practices 

The infected diseased leaves and older leaves with high severity of the 
disease should be detached. 

4.2.1.4.2 Chemical Control 

Fungicides must be applied at the initial growth stage as soon as the first 
symptoms appear on the plants. Lesions first appear on the older leaves 
at initial stage. The most critical period for control of the disease are the 
first 5 months after planting and this is the time where climate is the most 
favorable parameter for disease development. Although the fungicides 
effectively control black spot, but it has been noticed that during the period 
of prolong rain, these fungicides are not all fruitful to control the disease. 
The experimental evaluations have recommended that the two groups of 
fungicides, that is, triazole and strobilurin must be used based on their 
better efficacy in the experiment. 

4.2.2 ANTHRACNOSE 

Anthracnose is one the most prevalent diseases affecting the papaya plant 
and is considered as principle postharvest disease occurring in almost all 
parts of the world (Venturia et al., 2004). This fungus damages all parts of 
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the plant, thus reducing the market value. The absence of control measures 
can cause yield loss of up to 100% in a number of orchards. 

4.2.2.1 ETIOLOGY 

This disease is caused by Colletotrichum gloeosporiodes (Penz.) Penz. 
Sacc. (its teleomerphic phase is Glomerella cingulata (Ston.) Spauld. 
and Schrenk as suggested by Costa et al., 2001; and Holiday, 1980. This 
fungi produces acervuli in subcuticular and subepidermal area of leaves 
producing conidial masses covering the lesion in the centers with pinkish 
to orange color. Having septate conidiophores, the fungi produce pale 
brown to hyaline conidia. The prefect stage, that is, Glomerella cingulata 
develops perithecia on various parts of the host which might be solitary or 
aggregated, globose to obpyriform in shape, dark brown to black colored. 
The asci produce eight spores and clavate to cylindrical in shape. The asci 
produce oval-, cylindrical-, or fusiform-shaped ascospores. 

4.2.2.2 SYMPTOMS 

The symptoms first appear on the ripen fruits as minute round dark 
portions. With time, these minute dark spots expands, forming round 
with slightly depressed lesions. The lesions expand with the maturity of 
the fruits reaching up to 2 in. size in diameter. The margin of the lesions 
appears dark in color and the central portion turns brown. The fungus 
develops large mass of spores in the central portion, turning the color to 
become orange or pink. Sometimes, concentric rings are formed around 
the spores for which the lesions appear bull’s eye (Hine et al., 1963). 

4.2.2.3 EPIDEMIOLOGY 

The infection starts at the initial stages of the fruits but the symptoms 
become visible only at the maturity level. The main source of innoculum 
is the ascospores produced upon the infected fruits and the fallen dried 
leaves. The water droplets (either rain or irrigation) are the sources of 
innoculum. Temperature ranges from 20°C to 30°C and relative humidity 
of 95% is conducive for the pathogen (Quimio, 1973). 
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4.2.2.4 CONTROL MEASURES 

4.2.2.4.1 Physical Treatment 

Dipping the affected fruits for 20 min at 120°F in hot water, suggested by 
Akamine and Arisumi (1953) and Hine et al, (1965), gives good result. 

4.2.2.4.2 Cultural Treatment 

Removal of infected mature fruits and fallen leaves from the ground 
contributes the removal of innoculum. Harvesting should be done when 
the skin color changes from dark green to light green and yellow streak 
starts appearing from the base upwards of the fruits. Avoid injury during 
harvest, transport, and storage (Venturia et al., 2004). 

4.2.2.4.3 Chemical Treatment 

Spraying of protective fungicides like chlorothanolil and mancozeb 
on the entire fruit as well as flowers in every 7–14 days during rainy 
seasons and every 14–28 days during dry conditions (Tatagiba et al., 
1999) proved to be fruitful in achieving control. Other fungicides like 
benomyl have been proved to be effective against this fungus (Ventura 
and Balbino, 1995). 

4.2.3 DAMPING–OFF OF SEEDLINGS 

This is a complex disease involving four fungi, namely, Pythium aphanider
matum, P. ultimum, Phytopthora parasitica, and Rhizoctonia sp., affecting 
damping-off on papaya seedlings. 

4.2.3.1 EPIDEMIOLOGY 

If the temperature reaches upto 85°F or higher, infection of Pythium 
aphanidermatum reaches up to the highest population and creates a serious 
problem, whereas other fungus causes problem at soil temperature lower 
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than 85°F (Hine, 1965). The damping-off is favored by clayey, poorly 
drained, and inadequate aeration. The use of mulch increases the incidence 
of the disease (Ram et al., 1983). 

4.2.3.2 SYMPTOMS 

Damping-off consists of water soaking and then collapse of the stem into 
the surface of soil. The underdevelopment and yellowing of the leaves 
observed on the plants (Hine, 1965; Ram et al., 1983). 

4.2.3.3 CONTROL MEASURES 

4.2.3.3.1 Physical Treatment 

Pretreatment of the soil prior to planting is the efficient method to reduce 
the fungi present in the soil. 

4.2.3.3.2 Chemical Treatment 

Soil treatment with certain chemicals like chloropicrin, formaldehyde, 
vapam, and mylone may be effective to some extend (Hine, 1965). 

4.2.4 PHYTOPTHORA BLIGHT 

Genus Phytopthora is one of the most virulent pathogen causing disease 
in plant. 

4.2.4.1 ETIOLOGY 

It is caused by Phytopthora palmivora (Butler) parasiting the above ground 
portion of papaya. This pathogen produces abundant sporangia which are 
papillate. The sporangia produces biflagellate zoospores (10–40) when 
matured (Ko, 1998). 
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4.2.4.2 SYMPTOMS 

Phytopthora blight symptoms generally appear on the stems and fruits. It 
is characterized by formation of minute discolored spots on the fruits, leaf, 
or on the stems (Hine, 1965). These minute spots widen and may often 
girdle the young stem which develops wilting at the top of the plants and 
ultimately dies. The fruit gets infected on the tree itself causing shriveling, 
turning dark brown, and collapses to the ground. These types of food can 
be called mummified fruits which turn brownish black in color, weighing 
light, and have stone-like consistency. 

4.2.4.3 EPIDEMIOLOGY 

Young plant is more prone to this disease. Wet and cool environment with 
elevated moisture in soil prop up disease severity. High temperature between 
28°C and 32°C, high humidity, and poorly drained soils favors this disease. 
Rain drops and wind help in dissemination of the disease (Ramirez et al., 1998). 

4.2.4.4 CONTROL MEASURES 

4.2.4.4.1 Cultural Control 

Avoid clayey with poorly drained soils, plant on mounted soils the seedlings, 
and sterilize the soils before planting. Use organic material which enriches 
the soil which helps in prevention of this disease (Ventura et al., 2004). 

4.2.4.4.2 Biocontrol 

Application of Trichoderma viride (15 g/mL) along with decomposed 
FYM at the time of planting surrounding the root zone of the plants proved 
to be very effective (Nelson, 2008). 

4.2.4.4.3 Chemical Control 

From the date of planting of the seedlings, soil must be treated with copper 
oxychloride for amounting 3 g/L and this treatment must be carried out at 
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every 15 days interval and continue after the formation of fruits. Systemic 
metalaxyl fungicides like Ridomil Gold Copper as curative agent can be 
used (Nelson, 2008). 

4.2.5 POWDERY MILDEW 

This disease is the causal organism for dozens of fruits specially occurring 
in orchard nurseries more prone in shades and in cool weather (Tsay et 
al., 2011). With its high severity, the disease affects the leaf area creating 
obstacle in proper functioning of the photosynthesis which reduces the 
fruits yields to many folds. 

4.2.5.1 ETIOLOGY 

Three species Oicium caricae (conidia of elliptical shape measuring 
about 24–30 µm × 17–19 µm), O. indicum (conidia of barrel shape 
measuring 31–47 µm × 12–33 µm), and O. caricae-papayae (36–44.4 
µm × 15.6–21.6 µm) has been reported to cause powdery mildew of 
papaya. Conidia are hyaline, granular, and having 3–5 spores (Liberato 
et al., 1996). 

4.2.5.2 EPIDEMIOLOGY 

This disease is favored by 80–85% humidity with 24–26°C range of 
temperature (Annonymous, 2002). Brief period of relative humidity is 
required for germinations of spores. The spores present on the leaves are 
disseminated by winds (Ventura et al., 2004). 

4.2.5.3 CONTROL MEASURES 

4.2.5.3.1 Chemical Measures 

Powdery mildew can be effectively controlled by fungicides like Triflu
mizole belonging to an imidazole at the rate: 15 g/100 L. Sulfur can be 
used in field conditions (Tatagiba et al., 1998). 
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4.3 BACTERIAL DISEASE 

4.3.1 BACTERIAL LEAF SPOT 

This disease has been reported from all over the world (Cook, 1975; 
Funanda et al., 1998). 

4.3.1.1 ETIOLOGY 

The causal pathogen is a Gram-negative, rod-shaped bacterium called 
Pseudomonas carica-papayae having three to six polar flagella. When 
grown in nutrient agar medium, the bacterium shows fluorescent but 
circular, flat, and grayish white colonies (Robbs, 1956). 

4.3.1.2 SYMPTOMS 

Pathogen produces minute spots on the lower surface of the leaves. 
These spots are circular to angular with dark greenish in color but always 
soaked in water. Later on with advance of time, the spots expand turning 
into light brown in color. On the affected leaves, the spots coalace turning 
into necrotic irregular-shaped areas progressively (Robbs, 1956; Funanda 
et al., 1998). 

4.3.1.3 EPIDEMIOLOGY 

This disease is favored by high humidity (Robbs, 1956; Funanda et al., 
1998). 

4.3.1.4 CONTROL MEASURES 

4.3.1.4.1 Cultural Measures 

Removal of effected parts is recommended (Robbs, 1956; Funanda et al., 
1998). 
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4.3.2 INTERNAL YELLOWING AND PURPLE STAIN ROT
	

Erwinia cloacae cause internal yellowing. Purple stain rot is a sporadic 
disease caused by a bacteria Erwinia herbicola turning pulp rot of fruits 
in ripening stage. 

4.3.2.1 ETIOLOGY 

Both Erwinia sp. is a facultative anerobic, definitely Gram-negative and 
rod-shaped bacteria having peritrichous-type flagella distribution. 

4.3.2.2 SYMPTOMS 

In case of internal yellowing, pulp surrounding the seed cavity turns 
soft and then slowly rots releasing bad odor. The color of the pulp turns 
dazzling yellow to lemon green color (Nishijima et al., 1987). In case of 
purple stain rot, the pulp of the fruit surrounding the seed cavity turns soft 
and its color turns into deep red (Nishijima et al., 1987). 

4.3.2.3 CONTROL MEASURES 

4.3.2.3.1 Physical Treatment 

Thermal treatment is effective in treating these both diseases. Sanitation 
has proved to eliminate the disease to some extent (Nishijima et al., 
1998). 

4.4 VIRAL DISEASES 

4.4.1 PAPAYA RINGSPOT VIRUS 

It is one of the most destructive diseases which are causing havoc in the 
whole world (Silva et al., 2000). 
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4.4.1.1 ETIOLOGY 

PRSV is a viral disease belonging to the family Potyviridae and Poty
virus being genus. It is a flexous rod of 760–800 nm long and 12 nm 
in diameter. PRSV is having two distinctive biotypes, namely, Papaya 
ringspot virus-PRSV-p affecting papaya and Papaya ringspot virus-
PRSV-w affecting cucurbits or watermelon which is very difficult to 
differentiate on the basis of coat protein sequence as informed by Souza 
Jr and Gonsalves (1999). Around 54–60°C is the thermal inactivation 
point of both the virus. 

4.4.1.2 SYMPTOMS 

The younger leaves are the sites where the first symptoms appear which 
exhibits a yellowing along with mosaic areas appearing on the leaves 
that decrease vigor and fruit production. Blister appears on the greenish 
area of the spots escaping the yellowish parts. Vein clearing, motling, 
puckering, and deformation of the leaves take place. In extreme infec
tion, shoe string-like leaf distortion of the leaves appears on the plants, 
round concentric rings also appears on the fruits surface and the whole 
plant remain stunted in growth as described by Gonsalves et al., (2007) 
and Ventura et al. (2004). 

4.4.1.3 EPIDEMIOLOGY 

This disease can be disseminated mechanically or by grafting, although 
aphid acts as the main vector source for disease transmission. In Brazil, 
six aphids have been reported to transfer the disease and they are Myzus 
persicae, Toxoptera citricidus, Aphis gossypii, A. fabae, A. coreopsidis, 
and Aphis sp. In the whole worldwide, 20 species of aphids have been 
tested to be vector of it. These aphids very quickly spread the disease 
from infected plant to the healthy plant, and this way the disease is 
spread rapidly in the papaya orchards (Nishijima et al., 1989). The 
alternate host surrounding the papaya plants has been the store house 
for the aphids. 
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4.4.1.4 CONTROL MEASURES

Once the virus is established in the papaya orchard, it is very difficult to 
control them; hence, many cultural practices are followed to reduce the 
population of the viruses (Costa et al., 2000). The cultural practices carried 
out are as follows:

1. Care should be taken that disease-free seedlings of papaya must be 
planted and that to under insect-free environment. Affected plant 
must be immediately rough out. As a barrier, sorghum and maize 
must be raised around the seedlings and always avoid planting 
cucurbits around papaya (Wijeendra et al., 1995).

2. Establish mosaic-prone nurseries and orchards at far distance from 
papaya orchards (Costa et al., 2000).

3. Cleanliness environment as well as provision of properly balanced 
fertilizer avoids the formation of aphid colonies in the weeds 
(Costa et al., 2000).

4. Care should be taken to avoid planting of papaya seedlings in rows 
in similar direction to that of winds which may errand distribution 
of aphid infestation (Costa et al., 2000).

5. Cross-protection has been employed in many countries (Lima et 
al., 2001).

6. Transgenic plant with cp proteins has been developed in Cornell 
University and 55-1 line has been developed that protect against 
this virus (Fitch et al., 1992).

4.4.2 PAPAYA LETHAL YELLOWING VIRUS

This particular viral disease was first time reported in the year 1983 in 
Brazil from a place called Pernambuco. Afterwards this disease was found 
from other parts in the world too (Lima et al., 2001). It has been believed 
that this virus causes great damage in commercial level production.

4.4.2.1 ETIOLOGY

This is single-stranded RNA of ca. 1.6 × 106 Da, with a single protein 
capsid of 36 kDa (Amaral et al., 2006). They belong to family Sobemo-
virus (Silva et al., 2000).
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4.4.2.2 SYMPTOMS

Yellowing of the leaves on the top third of the stem takes which later fall 
off. Necrotic lesions on the leaf petioles as well as on the bottom side 
in the leaf veins takes place. With the progress of the disease, the stem 
becomes twisted and the leaves become chlorotic and ultimately the whole 
plant become wilts and dies. In fruits, circular spots appear, and pulp on 
maturation becomes stony (Ventura et al., 2004).

4.4.2.3 EPIDEMIOLOGY

Mechanical transmission takes place for this virus from one plant toward 
another plant. ELISA test confirms the prevailing of the virus particles on 
the seeds surface area as reported by Camarach et al. (1997). The virus 
can exist and survives in the infected rhizospheric soils, thus infecting 
the new disease-free seedlings at the time of planting. Virus may also be 
disseminated by irrigation water.

4.4.2.4 CONTROL MEASURES

Mostly cultural practices are recommended to control this disease (Ventura 
et al., 2004).

4.4.2.4.1 Cultural Control

1. Periodic infections and eradicate the affected plants.
2. Care must be taken to mount the nurseries and orchards at a 

distance from other orchards.
3. Eradicate old papaya plants that serve as inoculums for the virus.
4. Disinfect the tools used to clean the plants with chlorine bleach 

solution 10%.

4.4.3 MELEIRA DISEASE

Another name of this disease is sticky disease creating major problem in 
cultivated areas. First report of the occurrence of this disease was reported 
in Brazil (Rodrigues et al., 1989; Abreu et al., 2015).
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4.4.3.1 ETIOLOGY

PMeV is an isometric doublestranded RNA (ds RNA) with genomic size 
of 12 kb (Abreu et al., 2015).

4.4.3.2 SYMPTOMS

This disease is characterized by the formation of oxidized latex on the fruit 
surface as well as on leaves. The latex on the diseased fruits are translucent 
and watery type unlike viscous in healthy fruits. The latex in contact with 
the oxygen present in the atmosphere reacts and forms sticky portion on 
then fruits surface (Abreu et al., 2015).

4.4.3.3 EPIDEMIOLOGY

The virus is transmitted by injection of the latex of the diseased plants into 
the stem of the healthy papaya that obtains disease symptoms approximately 
45 days after inoculation. The silver whitefly (Bemesia argentifolii Bell. & 
Perring) is associated with the transmissiom of the virus (Vidal et al., 2000).

4.4.3.4 CONTROL MEASURES

4.4.3.4.1 Cultural Control

1. Carrying out weekly observations and rouging of infected plants.
2. Never collect seeds from infected plants and orchards with high 

disease incidence.
3. Disinfect all materials used in the process of thinning and harvesting 

of fruits.
4. nstall the nurseries far from other orchards.

4.5 PHYTOPLASMA DISEASE

4.5.1 DIEBACK

Dieback is one of the most serious phytoplasma diseases since 1922 and 
caused loss upto 100% in the plantations in Australia, thus disturbing the 
whole papaya industry in market (Glennie et al., 1976).
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4.5.1.1 ETIOLOGY 

Siddique et al. (1998) performed polymerase chain reaction with specific 
primers and reported that this disease is caused by DNA phytoplasma. 

4.5.1.2 SYMPTOMS 

The characteristic symptoms of dieback are an appearance of the inner crown 
leaves with leaves shriveled and dying. The larger crown leaves rapidly, 
develops chlorosis, and then necrosis. The entire crown dies within 1–4 weeks 
and then stems dies back from the top. Simmonds (1965) reported that necrotic 
areas develop on the phloem and there is reduction of latex flow in the affected 
plants. The floral parts turn green and phyllody-like structure appears, thus 
reducing the fruit production to a great extent (Ventura et al., 2004). 

4.5.1.3 EPIDEMIOLOGY 

Phloem feeding leaf hoppers and plant hoppers are responsible for spread 
of the disease from disease plant to healthy plant. Orosius argentatus 
Evans, a leaf hopper transmits this disease. This pathogen is also reported 
to be transmitted by dodder (Cuscuta sp.) (Cook, 1975). Compared with 
older plants, young plants are more vulnerable to this disease and extensive 
losses have been reported in first 12 months of the plantation. 

4.5.1.4 CONTROL MEASURES 

4.5.1.4.1 Cultural Control 

Ratooning and rouging reduces the phytoplasma dissemination. Ratooning 
of the dieback affected plants helps in management of the disease to some 
extent (Guthrie et al., 1998). 

4.5.2 BUNCHY TOP 

Bunchy top disease of papaya is a devastating disease and it is prevalent in 
northern parts of South America (Nishijima et al., 1998). 
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4.5.2.1 ETIOLOGY

It is controversial matter of deciding the pathogen involved in the disease. 
According to Nishijima et al., 1998; Cook, 1975, and Ventura et al., 2004, 
phytoplasma cause the disease. While in accordance with the few other 
researchers, rickettsia-like organism is the causal organism of this disease 
(Davis et al., 1998).

4.5.2.2 SYMPTOMS

The affected plants are stunted in growth. Initial symptom is characterized by 
slender mottling of the upper leaves. With the length of time, chlorotic appear-
ance in the interveinal areas on the infected leaves with marginal necrosis can 
be seen. Length on the intermodal areas is shorter. Appearance of spots with 
oil particles are found on the stems and petioles in their upper parts. In infected 
plants if the fruits set, they taste a bit bitter (Cook, 1975; Nishijima, 1998).

4.5.2.3 EPIDEMIOLOGY

Bunchy top of papaya is transmitted by Empoasca papaya and Empoasca 
stevensi, the two leaf hoppers (Davis et al., 1998; Webb and Davis, 1987). Ventura 
et al. (2004) reported that grafting is also a method that can transmit the disease.

4.5.2.4 CONTROL MEASURES

4.5.2.4.1 Physical Method

1. Therapeutic measure like application of antibiotic can effectively 
control the pathogen.

2. Drenching the soil with tetracycline hydrochloride combined with 
root dip treatments has been successful to control the disease.

4.5.2.4.2 Chemical Method

Application of insectides to kill insect vectors proved to be efficient 
according to Nishijima et al., 1998.
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4.6 CONCLUSION 

The considerable warning factor for the decreasing papaya production is 
the various diseases attacking the plants. Therefore, in order to achieve 
the flourishing papaya production and its industrial and marketable utility, 
proper understanding of the causal agents and its epidemiology (interac
tion of the host plant, pathogen, and environmental factors) are of para
mount value. The proper knowledge and emphasis of these biotic agents, 
diagnostic symptoms, and the epidemiological factors would definitely 
help in deciding the effective management procedures. The control of the 
diseases can be achieved by the use of varied synthetic chemical. However, 
legally, in present situations globally, in order to protect the environment 
as well as the integrity of human beings good heath, solo use of synthetic 
chemicals is almost banned. In this pretext, integrated diseases manage
ment procedures where amalgamation of physical, cultural, biological, 
and chemical methods is used according to the nature of pathogen causing 
diseases. This chapter fulfils the entire above-mentioned context that may 
be supportive for future prospective in knowledge of the diseases along 
with proper management measures. 
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ABSTRACT 

Rhizosphere fungi are an important group of microbes that affects 
plant, animal, and human life directly or indirectly. To understand 
their heterogeneous behavior in shaping the terrestrial ecosystem, it is 
mandatory to understand their distribution and probable interaction with 
soil and plant systems. Fungi inhabiting soil were assessed and found 
that the Dueteromycetous fungi dominated the total fungal population 
in comparison to oomycetous, zygomycetous, and ascomycetous fungi. 
Climatic conditions and substrate availability affected the succession of 
fungi in different months. There was no specific order of succession; the 
distribution of fungi depends on their enzymatic ability to degrade the 
substrate during the course of decomposition period. Out of six decomposing 
fungi isolated from decomposition substrate, Trichoderma harzianum 
yielded the highest percentage of crude protein (27.99%) with biomass 
of 375 mg, whereas the lowest protein value (17.91%) was recorded in 
case of A. niger with biomass of 422 mg. Among phosphorus solublizing 
fungi (PSF) isolated from calcium rich soil, maximum P-solublization was 
recorded from Penicilliun citrinum isolate (PC2) followed by Aspergillus 
niger isolates in liquid Pikovskaya's. The decomposing fungi were also 
used for reducing the pre-composting period of vermicompost besides 
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making it suppressive toward soilborne pathogens of tomato. The weed 
plants were also decomposed by beneficial fungi and were used to reduce 
the tomato wilt incidence caused by Fusarium oxysporum f. sp. lycopersici 
(FOL). The culture filtrate of the most commonly occurring fungal species 
of Aspergillus was combined with Trichoderma virens to make it more 
effective against Rhizoctonia solani. Significant inhibition of mycelia 
growth of R. solani was recorded with culture filtrate mixture of A. niger 
+ T. virens, and A. ochraceous + T. virens. 

5.1 INTRODUCTION 

Global fungal diversity ranges has exceeded above 1.5 million species26 as 
fungi are ubiquitous and diverse. The consequences of fungal diversity are 
greatly marked on plant communities and ecosystems77 through several 
ways especially at local scale  because they participate in decomposition 
of crop residue, enhance soil mineral availability, disease suppression, etc. 
Crop debris play an important role in maintaining soil fertility and other 
physical properties of soil as they are principal amendment applied to the soil 
system. These days, agri-waste management has become an alarming issue 
owing to mechanization of harvesting through harvester. The management 
of this waste through burning has created environmental problem by way 
of air pollution that in turn has disturbed the rich soil biodiversity through 
heating. Maintenance of soil health through improving soil–water–air 
continuum apart from increasing water holding capacity is feasible only 
by crop residue decomposition. Fungi come under the important group 
of microbes involved in decomposition as they are more enzymatically 
active. They have the ability to ramify solid substrate, grow well under 
semi-solid fermentation condition, and colonize it quickly.30  The factors 
like crop residue, fungal succession at different stage of decomposition, 
nutrient level of soil, and prevailing environmental conditions govern the 
process of decomposition.46,60,65,69 Rice stubble takes longer time to decom
pose as they contain higher amount of cellulose and lignin. Chaetomium 
globosum produce the highest soluble crude protein (SCP) among eight 
cellulolytic fungi used for production of SCP from delignified rice straw.16 



An efficient species Chaetomium that is C. thermophile, solublize crude 
protein from delignified wheat straw.67 It has been observed that the ratio 
of mannose, galactose, fructose, rhamnose, and ribose increase consis
tently with time while proportion of cellulosic glucose decrease during the 
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process of decomposition.49 The population of bacteria and fungi increases 
as the amount of applied root residue increases in soil.64 The colonization 
pattern of primary fungal colonizers and successive invaders depends on 
the interacting factors, namely, crop residues, organic nutrients of soil, pH, 
aeration, depth, and climatic factors.51,60 

Rhizosphere harbors several  beneficial microbes that are receiving 
greater attention as they sulublize the inorganic phosphate into soluble 
form through the production of organic acids that simplifies the process 
of ion exchange reactions through acidification and chelation.24 In addi
tion, production of phyto-hormones such as IAA47 by these phosphate 
solubilizing microorganisms (PSMs) can also increase the plants growth 
because auxins are important hormone for cell division. Phosphorus (P) 
is the second largest agricultural chemical needed by plant for its growth 
and development apart from being one of the most essential elements 
for living organisms. Moreover, there is rapid fixation of phosphorus in 
insoluble forms within the soil and plant utilizes only 0.1% of phosphorus 
present in soil. The calciorthent soil is characterized by the higher pH (of 
soil above 8.0) that have buffering capacity2 to mobilize the most of the 
mineral P in the form of poorly soluble mineral phosphate (CaP). Fungi are 
more efficient than bacteria in solublizing insoluble phosphate into soluble 
form as has been reported by Venkateswarlu and coworkers.78 Phosphorus 
solublization ability of strains of Aspergillus and Penicillium spp. are well 
established and are also the most commonly occurring fungi but their 
external incorporation in the soil is necessary for maintaining their higher 
number to compete with the established microbes of rhizosphere. 

The plant heath and soil health problems are aggravating each day 
owing to excess use of chemical in agriculture sector. Hence, to manage 
the chemical hazard, eco-friendly approaches have become inevitable for 
sustainable crop production. Therefore, intense use of biological agents 
was proposed by the scientific community through their research as use of 
bioagent under sustainable agricultural could result in promising means of 
management of several issues of agriculture related to chemical hazards. 
Fungal species (like Aspergillus spp., Trichoderma spp., and nonpatho
genic Fusarium spp.) having disease suppressing ability are predominantly 
found in soil. Several workers19,20 have reported that the dominance and 
predominance of such fungi are responsible for making the soil suppres
sive toward pathogenic fungi as an inherent property.70,76 Disease suppres
sion achieved through mechanism of competition, antibiosis, parasitism/ 
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predation, and induced resistance exerted by biological controlling agents 
contribute in the management of various diseases.28 Biological agents, 
namely, Aspergillus niger, T. harzianum, and Trichoderma virens are 
widely used against soil-borne pathogens.57,75  Paecilomyces lilicans widely 
recommended against root knot and cyst nematodes (as it parasitize the egg 
of nematodes) also inhibit the growth of Fusarium oxysporum,44 whereas, 
Cladosporium cladosporioides secretes acid phosphatase and other 
phytohormones19 facilitate the multiplication of rhizospheric microbes. 
Trichoderma, Gliocladium, Aspergillus, etc. are extensively explored 
for control of soil-borne plant pathogens36  and are also found effective 
in controlling sheath blight disease. Moreover, use of biological control 
agents well ahead of planting along with organic amendments as food base 
for them  can be very effective in controlling many soil-borne pathogens 
including R. solani, that has already  been recognized.28 Trichoderma spp 
predominantly colonized compost prepared from lignolytic substances40  
while low cellulosic substance and high sugar containing waste are being 
preferred by the isolates of Aspergillus and Penicillium.22 Rizactonia 
solani has  much narrower spectrum of biocontrol and this mycoflora 
does not consistently colonize composts.23 Therefore, parasitism through 
suppressive compost amended substrate is critical for biological control of 
R. solani in.22,50 

Biocidal activity botanicals against several insect pests and patho
gens27 are the characteristic properties associated with botanicals apart 
from having biodegradability, low mammalian toxicity, target specificity, 
and ability to serve as safe fungicide against many pathogenic fungi. 
Futhermore, triterpenoid saponin secreted by Launaea pinnatifida fairly 
showed antifungal activity against Fusarium oxysporum.84 Presence of 
cannabidol (CBD) in different species of Cannabis decides the antimicro
bial activity,41  Nicotiana plumbaginifolia produces NpPDR1 (ATP binding 
cassette) that triggers the initiation of both constitutive and jasmonic acid-
dependent induced defense73 in plants against plant pathogens. Prasad and 
co-workers58 documented that chloroform extracts of Physalis minima 
exhibited antifungal and antibacterial properties. Therefore, use of indi
vidual method of non-chemical control should be recommended over the 
combinations of more than one method to achieve effective control.18 



Development of value-added organic amendments suppressive to soil-
borne pathogens through the use of agri-friendly microbial combinations 
is becoming a rising need in agriculture. Combined actions of several 
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microorganisms that reside in the gut of earthworms or on composting 
substrate86 participate in formation of decomposed organic materials (i.e., 
vermicompost). However, microbes are found naturally in decomposing 
waste but their decomposing activity are comparatively slower so inocu
lation of such waste with fast decomposers can accelerate the process.72 



Combinations of these fungi not only reduce the predecomposition period 
but are also known to produce various antifungal compounds1,53,61  that 
make the vermicompost suppressive toward several soilborne diseases. 
Trichoderma, Penicillium, Curvularia, nonpathogenic Fusarium solani, 
Aspergillus niger, and Paecilomyces lilicans produce enzymes, namely, 
chitinase, cellulase, hemicellulase, and xylanase,31,37,54 which act on 
chitin, cellulose, and hemicellulose to break them into simpler forms. 
Similarly, Cladosporium cladospoirioides also produces the enzymes that 
can degrade lignin, carboxy-methyl cellulose, and xylan.29 Metabolite 
produced by antagonists or by increase in populations of a specific species 
or selected groups of organisms that can suppress the population of harmful 
pathogens is known to correspond with specific suppression, imposed by 
beneficial pathogens against soilborne deleterious pathogens.42,43 

5.2 EXPERIMENTAL DETAILS 

The fungi were isolated from rhizospere of different crop and different 
soil through dilution plate technique on Rose Bengal Agar medium. Simi
larly, the studies of decomposing fungi were made through nylon net bag 
technique. The quantification of isolated fungi was made on the basis of 
following standard formulae: 

Species Richness (S): The total number of species in the community. 
Simpson’s dominance index (D): 
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where the proportion of species (i) is relative to the total number of species 
(Pi), which is calculated and squared. The squared proportions for all the 
species are summed and the reciprocal is taken. 

Shannon’s diversity index (H): 

where Pi is the proportion of ith Genera that contribute to total diversity. 
Pre-treated air-dried rice stubble with 1.8 L of 1% NaOH was auto

claved and loaded with isolated decomposing fungi to qualify the amount 
of SCP production. The phosphorus solublizing fungi (PSF) were isolated 
from the rhizosphere of the agricultural/horticultural crops through stan
dard method and used in fertile calciorthent soil @ 5 × 106 cfu/mL in 
different combinations. The vermicompost extract, fungus loaded weed 
compost extract, and culture filtrate of different fungi were tested in vitro 
through poison food technique against major soil-borne pathogens. The 
fungus loaded vermicompost and weed compost were used @ 5 g/5 kg of 
soil to suppress the damping off and wilt incidence of tomato. 





5.3 RESULTS AND DISCUSSION 

5.3.1 FUNGAL DIVERSITY UNDER DIFFERENT CROPPING SYSTEM 

5.3.1.1 DIVERSITY OF SOIL MYCOFLORA UNDER RICE-WHEAT 
CROPPING SYSTEM 

The assessment of the extent of decay and colonization pattern of soil 
inhabiting mycoflora of paddy stubble was done by using nylon net bag 
technique. The highest number of fungi was recorded in dilution plate 
technique followed by damp chamber and under direct observation out 
of the three methods used for isolation of fungi. Influence of temperature, 
humidity, rainfall, and nutrient availability was distinct on the occurrence 
and colonization pattern of fungi. In the month of October, maximum 
(48.99 × 104/g dry litter) fungal population was recorded, while least 
(11.41 × 104/g dry litter) was in May. The dominance of Mucor racemosus, 
Rhizopus nigricans, Chaetomium globosum, and Gliocladium  species were 
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higher at the initial stage of decomposition of rice stubble that was later 
succeeded by the preponderance of Aspergillus candidus, Torula graminis, 
Cladosporiun cladosporioides, and Aspergillus luchuensis in rice wheat 
cropping system.80 Higher number of fungi belonging to Deuteromycetes 
was isolated in comparison to ascomycetes, zygomycetes, and oomycetes 
from the studied (i.e., rice–wheat) cropping system. 

Rainfall toward end of January supported increased microbial activity 
due to favorable atmospheric temperature, optimum soil moisture condi
tion, and increase in soil pH that resulted in maximum weight loss of 
stubble in the month of February. The prevailing favorable atmospheric 
condition, especially temperature, during February has significantly 
contributed in weight loss of stubble owing to increased microbial activi
ties. The close and remarkable correlation between weight loss and rate of 
decomposition owing to environmental factors has also been reported by 
earlier researchers.7,13 Cumulative action of microbes and soil fauna along 
with leaching effect of rainfall were major factors for higher weight loss of 
decomposing substrate, which was also observed. 





Distribution and colonization on substrate by soil fauna increase 
markedly by optimum soil moisture content has been reported by several 
researchers.7,81 Zimmermann and Frey87 reported that the increase in soil 
pH by the incorporation of higher biomass into the soil results in weight 
loss due to enhanced bioactivity microbes. The maximum fungal popula
tion was recorded in narrow ratio C:N and fresh decaying tissues do not 
provide enough substrate for multiplication of saprobes while senescent 
stubble provide enough dead tissues and the surface area for the activi
ties of initial colonizer that further allows the succession of mycoflora, 
which are unable to appear initially. Hence, maximum population of fungi 
was recorded in October when substrate was available in simpler form. 
After incorporation of root residues in the soil, the bacterial and fungal 
population decides the rate of decomposition that remained higher in the 
first and second week, which gradually slowed down and finally become 
steady during the course of study. Decomposition of added organic starts 
just after its incorporation, as has been observed by the Berkenkamp and 
coworkers.9 In their opinion, dead tissues of senescent stubble provide 
enough surface area for the activity of mycoflora. Decomposition of 
organic amendment are initially rapid that later become static.66 Higher 
amount of root residue applied in soil increases the microbial population 
under favorable atmospheric condition due to availability of sufficient 
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substrate for their multiplication.64 Decline in fungal population during 
summer months was observed by several workers15,38 due to increase in 
temperature and decrease in relative humidity of air. However, more recal
citrant effect of wet and warm climatic conditions on litter decomposition 
was recorded by Tiernan et al.46 Nutritional levels of substrate at the last 
stage of its decomposition are the driving factor for fungal colonization 
rather than environmental conditions.4,13 



5.3.1.2 VARIATION IN SOIL MYCOFLORA OF PIGEONPEA CROPPING 
SYSTEM 

Mycofloral diversity in soil plays critical role in crop production through 
the process of rhizosphere biological engineering and is an indispens
able part of any ecosystem. Pigeonpea cropping system is benefitted by 
its root resident soil microbes that participate in nitrogen fixation and 
phosphorus solubilizing due to favorable environment around its root 
system for multiplication of microbes. To undertaken the distribution of 
fungal diversity in calcium-rich soil that does not support the growth of 
several fungi as minerals gets readily fix into un-available form in such 
soil. Pigeonpea cropping system, under the treatment of phosphorus solu
bilizing bacteria (PSB), and plant growth promoting rhizobacteria (PGPR) 
along with Rhizobium were used for the studying the fungi. Thirty-seven 
species belonging to seven genera and a group of unidentified species 
were isolated. Dominance of Aspergillus and Penicillium genera (Fig. 5.1) 
were recorded from all the treatments while Absidia and Cunnighmella  
were recorded as the rare genera due to their lower occurrence. Although 
the occurrence of single species of Periconia, Geotrichum,  Pythium, 
Rhizopus,  and Gliocladium  genera were recorded, their distribution was 
even in all the treatments. The diversity and equitability index were varied 
from 2.93 to 5.84 among different treatments but was almost identical in 
Rhizobium + PSB + PGPR (N) and Rhizobium + PGPR treatments (Fig. 
5.1). The preponderance of deuteromycetes fungi was higher than masti
gomycetous, zygomycetous, and mycelia sterilia  fungi were reported by 
the author56 in other cropping systems too. Several researchers suggested 
that the fungi belonging to class Duteromycetes are strong colonizer of 
the decaying substrate owing to their ability to compete better than other 
group of fungi besides better adaptability to diverse climatic, whereas, 
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those of Ascomycetes and Phycomycetes were not found as strong as 
former group.60,65  An order of succession of a natural substrate by fungus 
depends on array of different organic and inorganic nutrients released as 
a result of interaction between each individual and substratum vis-à-vis 
competition between invading fungi.32 

T1, Rhizobium + PSB (Local); T2, Rhizobium + PGPR (L) + PSB (L); T3, Rhizobium + 
PSB + PGPR (N); T4, Rhizobium + PGPR; and T5, Control; DI, diversity index, ED, equi
tablility; and RI, richness index. 



FIGURE 5.1 (See color insert.) Diversity and evenness of fungi under different 
treatments. 

5.3.2 DECOMPOSITION MYCOFLORA 

5.3.2.1 MYCOFLORA ASSOCIATED WITH DECOMPOSITION OF RICE 
STUBBLE 

During the period of decomposition, total of 29 fungal species were 
recorded from rice stubble mixed with soil isolated by dilution plate 
technique. Substrate availability and climatic factors played greater role 
in monthly variation in fungal population and was found closely related 
to each other. Although the highest (47.68 × 104) fungal population of 
rice stubble mixed with soil was recorded in the month of October, the 
maximum (25.32%) moisture content of decomposed rice stubble mixed 
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with soil was in the month of August. In addition, the lowest (16.88 × 104) 
population was recorded in the month of May while minimum (5.35%) 
moisture content of decomposed substrate was recorded in the month of 
April. During the studied period of decomposition, there was variation in 
pH from 6.8 to 7.2. Abiotic variables and nature of substrate are generally 
the factors that decide dynamics of fungal community.74 Rainy and winter 
seasons are found most suitable for fungal growth and activity owing to 
favorable temperature and relative humidity. Hence, higher fungal count 
was recorded at the initiation of winter, which was succeeded by the higher 
moisture content of stubble mixed in soil at the end of rainy season. The 
decline in the number of fungi may be due to several factors such as low 
moisture content of soil, extremely low or high relative air humidity, and 
wide fluctuation in air temperature during these months. Several workers 
reported that these factors do not favor the sporulation on the substrate.15,46  
The type of plant materials and initial pH of the substrate added as organic 
matter to soil led to change in soil pH.83 

Dominance of Dueteromycetous fungi constituting 75.86% of total 
fungal population followed by zygomycetous, oomycetous,s and asco
mycetous was recorded during the course of study. The dominating fungi 
were Rhizopus stolonifer, Aspergillus flavus, and Trichoderma harzianum, 
while Pestalotia mangiferae, Torula graminis, and Alternaria solani were 
obtained as rare fungal species. 

The members of lower group of fungi and ascomyceteous fungi 
were noted as weak colonizers, whereas fungi imperfecti were strong 
colonizers. The initial colonizers like Alternaria alternata, Cladospo
rium cladosporioides,  and  Curvularia lunata were weak colonizers, 
while species of Mucor, Rhizopus, and various species of Aspergillus  
and Penicillium were frequently isolated saprophytic fungi. Shaukat and 
coworkers67 isolated the species of Alternaria, Aspergillus, Fusarium, 
Penicillum, Trichoderma, Mucor,  Myrothecium, and Rhizoctonia more 
frequent fungi from Avicennia marina amended than unamended soil. The 
deuteromycetous fungi exhibited their ability to utilize complex nutrients 
from litter as initial colonization than phycomycetous species. The late 
appearance of phycomycetous fungi during the fungal succession shows 
their ability to utilize simple compounds either as fungal products or as 
soluble forms. The sequential release of different organic  and inorganic 
nutrients, interaction between individual fungi and substratum besides the 
competition between them, reflects the order of fungal succession upon 
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a natural substrate.32,70 The dominance of deuteromycetous fungi in the 
beginning of decomposition process was correlated with their cellulose 
utilizing capacity.5 Similarly, other scientists have reported that Moniliales 
exhibit the higher enzymatic degradation potential.76 

5.3.2.2 PRODUCTION OF SOLUBLE CRUDE PROTEIN USING 
CELLULOLYTIC FUNGI 

SCP production ability of the six cellulolytic fungi tested on delignified 
cellulose as a carbon source varied widely. Though the utilization of cellu
lose has been observed by all of them and was considerable in the presence 
of T. harzianum that yielded highest percentage of crude protein (27.99%) 
with biomass of 375 mg, the lowest protein value (17.91%) was recorded 
in case of A. niger with biomass of 422 mg. The SCP production efficiency 
of cellulolytic fungi was in order of T. harzianum > P. citrinum > C. lunata 
> A. flavus > A. alternata > A. niger. The T. harzianum was the most potent 
among the tested fungi. Hamlyn25 reported that the A. niger, A. flavus, and 
Penicillium spp. are the main sources of cellulase, amylase, hemicellulase, 
catalase, pectinase, and xylanase because of their ability to produce these 
enzymes. Increased availability of amorphous form of cellulose owing to 
delignification with sodium hydroxide may be ascribed to rapid and higher 
production of SCP by fungi from delignified cellulose apart from fungal 
ability to produce a variety of enzymes. Detailed studies by Punj and his 
associates59 show that decomposition of delignified cellulose by sodium 
hydroxide resulted in increased production of cellulose to amorphous 
form, which was readily attacked by fungi. Similar reason for increase 
in SCP  from delignified cellulose with sodium hydroxide was proved by 
other workers too.16 The study of effects of incubation period and nitrogen 
sources on SCP production showed that the fifth day of incubation period 
and potassium nitrate as nitrogen source, among other nitrogen sources, 
was found most appropriate for SCP production by the T. harzianum. The 
maximum biomass production was achieved by A. niger and minimum by 
T. harzianum while reverse was recorded in case of weight loss of biomass. 
Such findings were supported by the work of earlier workers12,32. When 
wheat offal inoculated with the A. niger, there was the highest increase in 
protein percentage.33 
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5.3.2.3 POTENTIAL OF T. HARZIANUM IN DECOMPOSITION OF 
CELLULOSE 

The T. harzianum was selected for the study of decomposition of cellulose 
on the basis of SCP production. The maximum SCP (28%) was produced 
on 5 days after incubation. However the further increase in incubation 
period did not enhance SCP production, rather a slight decrease in SCP 
production was observed. Fungal enzyme-controlled degradation responds 
to incubation time, pH, and temperature of the medium were responsible 
for such result, as has been proposed by Ofuya and Nwanjiuba.52 Earlier 
workers also reported that decrease in SCP production could be due to 
autolysis of the fungal mycelium.16,67 

5.3.3 MINERAL AVAILABILITY 

Documentation of stimulatory effect of use of phosphorus solublizing 
bacteria on mungbean crop has been made by few workers, but with 
fungi, literature per se is scanty. Six phosphorus solublizing fungal (PSF) 
isolates belonging to Penicillium citrinum, Penicillium digitatum, and 
Aspergillus niger were isolated from different plant rhizosphere and their 
P-solublizing capacity established under in vitro conditions. The P-solub
lization on seventh day incubation was higher on solid medium compared  
to fifth day of incubation (Fig. 5.3) irrespective of amount of P released  
by different fungal strain.90  Similarly, maximum P-solublization was 
recorded in case of Penicilliun citrinum isolate (PC2) followed by Asper
gillus niger isolates (AN1, AN2, and AN3) in liquid medium. Increase 
in P-solublization with different incubation period was also reported 
by Mittal and co-workers.48 Assimilation of NH4+ ions, production of  
organic acids, and phosphatase enzyme could be the factors involved  
in phosphorus dissolution. The release of protons during respiration or  
NH4+ assimilation is the most probable mechanism in the P-solublization,  
as was suggested by Illmer and Schinner,34 whereas the role of neutral  
phosphatases enzyme in P-solublization was suggested by others. Singh  
and Reddy71 proposed that the soluble P was removed from the culture  
at early period as rapidly as it was solublized and, at later stages, more  
P was released to fulfill the increased demand of nutrient by the fungi.  
Hence, six PSFs belonging to Penicillium and Aspergillus genera were  
tested for their phosphorus solublizing potential under in vivo conditions.  
The Penicillium citrinum isolate 6 exhibited the maximum and constant  
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P-solublization potential in the presence of tri-calcium phosphate (TCP)  
on Pikovskaya’s medium throughout the incubation period (Fig. 5.2).   
Three fungi, namely, A. niger isolate 2, A. niger isolate 3, and Penicilliun  
citrinum isolate 6 were selected for pot experiments according to their  
performance in laboratory experiment. They enhanced the nutrient avail
ability as well as promoted the growth of mungbean crop (Table  5.1).  
Beneficial effect of species belonging to genera Penicillium and Asper
gillus has already been documented by several workers on various crops  
as they posses’ ability to bring insoluble soil phosphate into soluble  
form.62,88 Higher availability of N, P, and K in soil after the incorporation  
of Aspergillus  niger isolate 3, Aspergillus niger isolate 2 + Aspergillus  
niger isolate 3, and A. niger isolate 2 + P. citrinum isolate 6, respectively  
(Table 5.2), was recorded in mungbean crop. Similarly, the Mn avail
ability was significantly enhanced by applying the combination of A. 
niger isolates with PSB. However, Zn and Cu availability was markedly  
enhanced by the use of A. niger isolate 2 inoculation (Table 5.3). Inocula
tion of fungal combination of effective strains of Aspergillus and Penicil
lium enhanced the growth and yield parameters (Table 5.4) of mongbean  
crop in calcium-rich soil. The Penicilliun citrinum isolate 2 (PC2) was the  
best P-solublizer in both solid and liquid medium in the presence of TCP  
and also yielded the maximum dry mycelia mat compared to Aspergillus  
niger isolates. The Penicillium is one of the major genera of fungi that  
produce phosphatases and phytase.6








  The higher P-solublization potential 
of Penicillium sp. compared to Aspergillus sp was recorded by Salih and 
coworkers.63 However, the higher P-solublization potential of Aspergillus 
species compared to Penicillium was documented by Yadav and his asso
ciates.85 Release of N from the decaying mycelia mat, organic acids, and 
production of other phytohormones as result of host-pathogen reaction 
could be the reason for increase in N content in soil after the harvest of 
the crop in A. niger isolate 3 and phosphorus solublizing bacteria-treated 
plot. Kucey and co-workers39 reported that phosphorus-solublizing  
microbes produces considerable amount of N and plant growth promoting  
substances in the rhizosphere apart from providing P. Significant enhance
ment of the soil P availability after the harvest of the crop by inoculation  
of combination of A niger stain 1 and A niger stain 2 suggests that the  
production of organic acids and enzymes by the Aspergillus strains might  
have promoted the P  availability in soil. Phytases produced by soil micro
organism




6 and release of organic acids like citric acid, oxalic acid, malic 
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acid, and gluconic acid with ion chelation20 property play an important 
role in solublizing of inorganic P. The A. niger isolate 2 enhanced the 
zinc and copper solublization while manganese and iron solublization has 
enhanced after the incorporation of A. niger 2 + PSB and P. citrinum 6 + 
A.  niger 3, respectively. The release of organic acid could not be the only  
mechanism of micronutrient solublization, it could be due to secretion of  
other matter apart from organic acid. Moreover, several fungi produce  
the coprogens and dimerum acids that are potent chelators of iron.17,45  
The solublization of Zn is regulated by oxidative dissolution, while Mn  
and Cu is regulated by reducing mechanism.3 The stimulatory effect on 
shoot length and root length was recorded in combined use of Aspergillus 
and Penicillium species, whereas the dry seed weight was significantly 
enhanced by the application of PSB alone or in combination with A. niger 
isolates. The availability of P due to secretion of several organic acids and 
enzymes (phytase, acid phosphatase, etc.) by fungi that release phosphate 
from soil P that could be attributed to increase in short and root length as  
phosphorus is needed for cell division and cell enlargement by the plants.  
Mittal et al.48 also obtained the similar result in case of chickpea. Higher  
dry weight of seed compared to others was recorded in PSB alone or in  
combination with fungal strain. Bacteria multiply more rapidly than fungi  
and their number enable them to solubilize more P, which could be the  
reason for the result obtained. 

FIGURE 5.2 (See color insert.) Dominant fungal genera under different biological 
treatments. 
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FIGURE 5.3 (See color insert.) Mycelial growth of Aspergillus and Penicillium spp. 
on PKV medium on fifth and seventh day of incubation. 

TABLE 5.1 Effect of P-solublizing Fungi on Major Nutrients Availability Under Moong 
Crop. 

Treatment N P K 
AN2 174.9ef 24.96h 126.6ab 

PC6 162.3g 34.86ef 119.5bc 

AN3 258.5a 37.56d 126.5ab 

PSB 226.5b 44.90b 126.5c 

AN2+ PC6 197.5c 42.03c 129.8a 

AN2+ AN3 203.8c 47.66a 107.3d 

AN2+PSB 181.2e 43.70b 128.8a 

PC6+ AN3 174.7ef 34.26f 119.6bc 

AN3+ PSB 194.1cd 27.86g 120.2bc 

PC6+ AN3+PSB 165.5fg 63.13e 120.7bc 

Control (uninoculated) 184.5de 21.53i 117.2c 

CD at 5% 11.27 1.40 8.08 
CV 3.44 2.34 3.94 
AN, Aspergillus niger; PC, Penicillium citrinum; PSB, phosphorus solubilizing bacteria. 
Values marked with common letter were not statistically different (p < 0.05) in DMRT. 

5.3.4 DISEASE MANAGEMENT 

5.3.4.1 MANAGEMENT OF FUSARIUM WILT OF TOMATO BY WEEDS 
AND MYCOFLORA PROCESSED WEED COMPOST 

To suppress the Fusarium wilt of tomato caused by Fusarium oxysporum  
f. sp. lycopersici (FOL), seven weeds extracts and weed composts extract  
predecomposed by beneficial agents was evaluated. Mycelia growth  
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inhibition of beneficial agents has been recorded with the weed extracts.  
The maximum range (5.3–34.3 mm) of inhibition by weed extract was on  
Trichoderma virens, but to a lower extent (of 16.0–46.7 mm) on Trichoderma  
harzianum (Table 5.5). However, narrow range of inhibition was recorded in  
case of Aspergillus niger (21–41 mm) and Cladosporium cladosporioides  
(22.7–32.0 mm). Significant inhibitory effect of all the weed extracts and  
compost extract of Cannabis sativa loaded individually with T. virens, T.  
harzianum, A. niger, and C. cladosporioides was found against mycelia  
growth of the test pathogen (FOL; Fig. 5.4). The wilt incidence was markedly  
reduced to 20.02% and 18.34% by the use of predecomposed Parthenium  
hysterophorus compost prepared from individual loading of T. harzianum  
and A. niger, respectively (Table 5.6). Similarly, suppression of tomato wilt  
incidence caused by Fusarium oxysporum f. sp. lycopersici to 23.34% by  
Physalis minima compost prepared from inoculation of P.  lilacinus was also  
recorded.89 It has been reported that phenolic compounds in P. hysterophorus9  
and alkaloids in P. minima58 have antifungal activity. Production of secondary  
toxic metabolite/induction of SAR in host plant by synergistic interaction  
of antifungal compounds in weed composts and soil microbial community  
structure might be the reason for such result. Elicitors like β-1, 3 glucanase,  
protease, polygalacturonidase, and a-amylase produced by Trichoderma  
spp. and A. niger10 not only enhance decomposition but also acts as inducer 
for SAR in host plant. The high nutrient of weed composts prepared from 
decomposition promoting beneficial fungi were found suppressive toward 
Fusarium wilt of tomato as these composts support bioagent’s activity and 
their anti-microbial compound suppress the pathogenic fungi. 

TABLE 5.2 Effect of Incubation Period on Solublization of TCP by Fungi. 

Treatments Soluble phosphorus(µg mL-1) Dry mycelia 
2nd 4th 6th 9th weight (mg mL-1) 

AN 1 45.0b 44.67f 365.0c 478b 2.9f 

AN 2 40.3d 85.0c 365.0c 478b 5.07d 

AN 3 38.0e 560.0a 489.0a 457c 6.82b 

PC2 33.0f 63.0e 398.0b 335d 5.77c 

PC6 43.0c 136.0b 296.33d 521a 7.1a 

PD2 47.0a 65.33d 245.0e 121.6e 3.75e 

CD at 5% 1.67 1.87 0.66 1.67 1.67 0.14
 
CV 2.29 0.26 0.23 1.86
 
AN, Aspergillus niger; PC, Penicillium citrinum; PD, Penicillium digitatum (n = 4); TCP, 
tri-calcium phosphate. Value marked with common letters was not statistically different (p 
< 0.05) in Duncan’s multiple range test. 
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TABLE 5.3 Effect of P-solublizing Fungi on Minor Nutrients Under Moong Crop. 

Treatment 
AN2 

Mn (ppm) 
4.5c 

Zn (ppm) 
0.52a 

Cu (ppm) 
0.69a 

Fe (ppm) 
5.35bc 

PC6 4.52c 0.27fg 0.52ef 5.01ef 

AN3 4.95b 0.34c 0.54e 5.4bc 

PSB 4.28d 0.19h 0.44g 4.91f 

AN2+ PC6 4.69c 0.35c 0.65ab 5.45b 

AN2+ AN3 4.77c 0.32cde 0.48fg 5.00ef 

AN2 + PSB 5.59a 0.33cd 0.52ef 5.15de 

PC6 + AN3 5.2b 0.42b 0.58cd 5.89a 

AN3 + PSB 5.81a 0.3def 0.56de 5.00ef 

PC6 + AN3 + PSB 4.89c 0.26g 0.48fg 4.32g 

Control (uninoculated) 
CD at 5% 0.35 0.05 0.04 0.16 

5.14b 0.29efg 0.61bc 5.35bc 

CV 4.08 5.9 4.54 1.93 

AN, Aspergillus niger; PC, Penicillium citrinum; PSB, Phosphorus solublizing bacteria. 
Values marked with common letter was not statistically different (p < 0.05) in DMRT
	

TABLE 5.4 Effect of P-solublizing Fungi on Biometric Parameters of Moong Crop.
	

Treatment Shoot length Root length Dry weight/ 
plant (gm) 

Dry seed weight/ 
(cm) (cm) pod (gm) 

AN2 24.6 8.0 2.6 0.85 
PC6 25.0 8.0 2.0 0.42 
AN3 17.0 7.9 1.7 0.66 
PSB 24.8 8.9 3.0 0.75 
AN2 + PC6 20.0 16.3 3.0 0.53 
AN2 + AN3 24.5 16.3 3.2 0.22 
AN2 + PSB 21.0 7.1 1.1 0.76 
PC6 + AN3 27.0 13.3 1.6 0.48 
AN3 + PSB 16.8 6.1 1.2 0.74 
PC6 + AN3 + PSB 21.6 5.3 1.6 0.24 
Control (uninoculated) 24.6 8.0 2.6 0.55 
CD at 5% 1.66 0.53 0.02 0.02
 

CV 4.52 3.32 0.66 2.35
 

 

AN, Aspergillus niger; PC, Penicillium citrinum; PSB, phosphorus solublizing bacteria. 
Values marked with common letter was not statistically different in (p < 0.05)  DMRT 
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FIGURE 5.4 (See color insert.) Effect of extracts of weeds loaded with beneficial fungi 
on mycelial growth of Fusarium oxysporum f. sp. lycopersicae (FOL). Values marked with 
common letter was not statistically different (p < 0.05) in DMRT 

5.3.4.2 EFFECT OF SELECTIVE MYCOFLORA AMENDED 
VERMICOMPOST ON SUPPRESSION OF ROOT ROT PATHOGENS OF 
TOMATO 

Fungus-amended vermicompost supported higher earthworm population,  
their weight and size, and vermicast recovery in comparison to unamended  
control (Table 5.7). Pythium aphanidermatum causing damping-off disease  
of tomato was suppressed by aqueous extracts of various combinations of  
fungus-amended vermicompost with few exceptions where mycelia growth  
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promotion was recorded, whereas inhibitory effect on mycelial growth  
of Fusarium oxysporum f. sp. lycopersicae by same combinations was  
found. Fungus-amended vermicompost inhibited the mycelial growth of  
Trichoderma virens. In case of Paecilomyces lilacinus, these vermicompost  
inhibited as well as promoted the mycelial growth  of the fungus (Table 5.8).  
Fungal combinations of Aspergillus niger + Trichoderma virens Paecilo
myces lilacinus + Humicola grisea used for vermicompost preparation had  
promoted all the biological parameters of the plant besides being found to  
be highly suppressive toward pre-emergence disease incidence (Table 5.9  
and Fig. 5.5). Similarly, vermicompost prepared from fungal combinations  
of A. niger + T. virens + P. lilacinus + H. grisea + C. cladosporioides  
+ P. purpurogenum had significantly reduced the post-emergence disease  
incidence.79 



Microbes present in compost and their synergistic interac
tion with artificially inoculated fungi led not only to enhanced nutrient 
removal efficiency of microbes but also the production of secondary toxic 
metabolites that may result in disease suppression. Antagonism of soil-
borne pathogens by representative genera of Trichoderma, Gliocladium, 
Penicillium, non-pathogenic Fusarium spp., and Sporidesmium have been  
identified by several workers.14,21  The propagules of Pythium  have small  
amounts of reserved nutrients and depend on exogenous carbon sources  
for germination to infect host plant, and are described as highly sensitive to  
microbial nutrient competition and antibiosis.28 However, cellulolytic and 
oligotrophic fungi, bacteria, and actinomycetes were involved in composts 
that suppress Fusarium wilt in tomato, as suggested in study by Borrero 
et al. in 2004. Pythium propagules need an exogenous carbon source for 
germination as it has small amounts of reserved nutrients, and cannot 
sustain microbial nutrient competition and antibiosis. 

5.3.4.3 EFFECT OF FUNGAL METABOLITES AND AMENDMENTS ON 
MYCELIAL GROWTH OF RHIZOCTONIA SOLANI 

Combining organic resources against soil-borne plant pathogens for 
getting the green food is an urgent need of hour. The cultural filtrates 
of Aspergillus species and Trichoderma virens, and organic amendment 
extracts were tested for their efficacy against Rhizoctonia solani through 
plate inhibition technique. Under co-culture of A. niger with R. solani, the 
minimum growth was attained by test fungi. However, the culture filtrate 
of A. ochraceous significantly reduced the maximum mycelial growth of 
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the R. solani followed by A. niger, A. fumigatus, A. flavus,  and A. terreus 
(Table 5.10). Castor cake extract promoted the mycelia growth of T. virens  
among tested organic amendment, however, vermicompost extract was 
found highly suppressive toward R. solani. The effect of time on efficacy 
of organic amendment extracts increased markedly. Significantly higher 
inhibition potential of culture filtrate mixture of A. niger + T. virens and A. 
ochraceous + T. virens was recorded against R. solani in comparison to the 
other combinations by author.91 

T1, no fungal inoculation, T2, AN+ TV+ PL; T3, AN+TV+PL+CC; T4, AN+TV+PL+ HG; T5, 
AN+TV+PL+ HG+CL; T6, AN+TV+PL+ CC+PP+FS; T7, all fungal inoculants except CC. 

FIGURE 5.5 (See color insert.) Treatments effect on disease indices of plant pathogenic 
fungal consortium on tomato seedlings. 
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TABLE 5.10 Antagonistic Effect of Aspergillus spp on R. Solani Through Dual Culture 
and Poison Food Method. 

Aspergillus spp. Time (h)a Growth of R. solani (mm)b Mean 
48 96 Dual Metabolite 

A. niger + T. virens 41.1 38.5 36.1 43.5 39.8 
A. terreus + T. virens 40.1 62.8 49.5 53.5 51.5 
A. ochraceous + T. virens 34.6 50.5 42.8 42.3 42.5 
A. fumigatus + T. virens 41.1 48.7 39.5 50.4 44.9 
A. flavus + T. virens 39.0 51.5 38.0 52.5 45.2 
Control 49.1 58.5 53.8 53.8 53.8 
Mean 40.9 51.7 43.3 49.3 
CD (P = 0.05) 0.62 0.62 0.44 

aInteraction effect of Aspergillus spp. × time. 
bInteraction effect of Aspergillus spp. × methods. 

Hyphal interaction between  the pathogenic fungi and beneficial 
organism is the first step for successful parasitism in biological control of 
pathogen. The highest growth suppression due to myco-parasitism by A. 
niger against R. solani was proved under dual culture. Lysis of the host 
cell due to secretion of metabolites by fast growing and sporulating fungi 
could be the reason for such inhibition. An effective biological control 
of R. solani by way of antibiosis, overgrowth, and hyperparasitism by A. 
niger was also reported. Aspergillus species are well known for secreting 
toxigenic compound around its surrounding. A. ochraceous secretes  ochra
toxin, the presence of ochratoxin in the culture filtrate might be attributed 
to the highest growth inhibition of R. solani. Ochratoxin B derivative 
is non-toxigenic against human being, although, there is evidence that 
suggests that the ochratoxin being injurious to human health. Literature 
per se is scanty to support the findings, but interaction between enzymes 
of actively growing bioagent with enzymatically active R. solani might 
got triggered that resulted in mycelia growth suppression of test pathogen. 
The castor and karanj cakes were the best supporting organic amendment 
extract for the growth of T. virens even at different time intervals. Pres
ence of organic nitrogen, carbon in available form (e.g., humic acid), and 
absence of toxic compounds in organic substrate could be the probable 
reason behind this finding. Trichoderma spp. predominantly colonizes the 
substrate prepared from lignocellulosic material like tree bark.40 Higher 
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suppression of mycelial growth of both fungi in mixed cake extracts might 
be due to higher accumulation of nitrogen in amide and amino acid form. 
Organic amendments of high nitrogen content became toxic because of 
release of ammonia and nitrous acid that have a potential to suppress 
both the soil-borne pathogen (and beneficial organisms) through the toxic 
effect. Vermicompost has also inhibited the mycelia growth of R. solani  
and was next best alternate to mixed cake extracts. Low cellulose content, 
low nitrogen content, and presence of heavy metal ions in vermicompost 
may be ascribed for poor growth of R. solani. The R. solani is highly 
competitive saprophytic pathogenic fungi. It multiplies on fresh organic 
material with higher cellulose content, but does not colonize on mature 
compost with low cellulose content.28 Growth supportive effect of mixture 
of metabolites of A. niger + T. virens and castor and karanj cakes extract 
was observed on T. virens while the same combination had opposite effect 
on R. solani. The suppressive effect of mixed metabolites of A. niger + 
T. virens and A. ochraceous + T. virens was recorded against R. solani. 
The inhibition of test pathogen might be due to the production of anti
biotics, humic acid like substances, maturity index of the amendment, 
and the hyphal interaction between T. virens and R. solani in dual culture. 
A. niger not only produces the aflatoxin but also the humic acid that are 
highly stable organic matter and does not break down further. Hence, test 
pathogen could not grow properly as the nutrients become a limiting factor 
for its growth. Rhizoctonia species can be suppressed by competition as 
well as parasitism in growing media.28



 Production of lytic enzyme by T. 
virens led to the mycelium disintegration of R. solani, which was running 
toward the bioagent. The T. virens fungi produces a peptide metabolite 
like gliotoxin that may contribute to antagonistic interaction with disease 
pathogen, as was reported by Wilhite et al.82 

5.4 CONCLUSION 

Agricultural soil contains abundant of soil microbes that account for about 
5% of the biomass of total soil microbes. Rhizosphere, the most active 
region of the soil owing to cross talk between plant root system and its 
resident fungal communities through several chemical compounds or 
signals that are still not properly understood are the most valuable treasury 
for changing agriculture system. Over the past few decades, these rhizo
sphere communities are getting more attention due to their dynamic role 
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in soil amelioration, decomposition, nutrient solublization, plant heath 
management, etc. The co-evolution of plant and soil fungi is a reason for 
their dynamic interactions in any ecosystem. Thus, the fungal commu-
nity structure varies between different plant species and also between 
different agricultural treatments given for enhancing crop production. 
Hence, use of these fungal inoculants for residue management, micronu-
trient solublization, and plant health management is an energy-efficient, 
environment-friendly, and economically viable approach for sustainable 
crop production.
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ABSTRACT 

India is an agricultural based country in which rice is the most important 
cereal crop. Most of the people are depend upon it, so to increase its 
production it is necessary to control the diseases related to its seed and 
other part of the plant. Most of the seed-born diseases are caused by fungi. 
This chapter included three variety of paddy (dhanpant, NDR, kranti) 
and their percent seed germination, isolation and frequency of fungi from 
unsterilized and surface sterilized seeds via blotter technique was done. 
Effect of fungicides (Bavistin  and Thiram) on percent seed germination is 
also studied. 

6.1 INTRODUCTION 

Food is the most important need of human life, which is derived from 
various plant parts, such as roots, stems, leaves, fruits, and seeds. Cereals 
are the most important seeds utilized by men. Paddy (Oryza sativa) is one 
of the most important cereal crops cultivated in all warm continents (Asia, 
Africa, America, Australia, and India) for the grains, which constitute the 
staple food of millions. The origin of cultivated rice is not known. India, 
particularly South India, could be its original home. It is an annual grass, 
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also known by various names such as dhan, chawal, chal, tandul, bhat, etc. 
Its cultivation is mainly concentrated in Asian countries which include 
about 90% of the world’s cultivation. In India, its cultivated area is 43 
million ha and its total production is 80 million tons. Its contribution is 
about 42% of the total food grains producing in the country (Chandra, 
1996; Hegde, 2000). The average temperature during the rice season 
ranges between 21°C and 35°C which should be high at planting and 
falling gradually at the time of harvesting. The chief soil types on which 
rice is grown in India are alluvial soils, laterite soils, alkaline soils, and 
black soils. The pH of rice soils is on the acid side. There are three distinct 
seasons when rice is harvested, aus or autumn rice; aman or winter rice; 
and boro, spring or summer rice. The most important crop for the whole 
of India is the aman which coincides with southwest monsoon and may be 
planted in June–July and harvested in September–October. The matura
tion period ranges between 150 and 180 days. The aus crop is planted in 
May–June and harvested in October. The maturation period varies from 90 
to 120 days. This crop is grown under upland condition. The upland rice 
accounts 17% (7.1 million/ha) of our total rice area and contributes 10% 
in total production. More than 85% of the upland rice area is concentrated 
in Assam, Bihar, Madhya Pradesh, Orissa, West Bengal, and Uttar Pradesh 
(Mishra, 1999; Gourangkar, 2002, Alam et al. 2014). The boro is planted 
in December–January and harvested in March–April. 



It is estimated that once the population in India crosses 1.38 billion 
in 2025 AD, the country will have to import about 60 million tons of 
food grain annually. During this stage, the annual demand for food will 
be increased by 325 million tons per year. This causes ecocrisis (Hegde, 
2000). So there is a great need to increase the crop production but there are 
many factors responsible for the decreased production of paddy and maize 
during the growth of crop. 

Cereals are attacked by various types of pathogens such as fungi, 
bacteria, viruses, and nematodes, etc. Out of several causes, fungi play 
the most significant role in determining the yield and quality of grains 
of paddy and maize (Christensen and Mirocha, 1976; Malavolta et 
al., 1979; Lambat et al., 1985; Jayaweera et al., 1988; Waghary et al., 
1988; Brekalo et al., 1992; Kalyansundaram, 1998; Harnandez et al., 
1999; Franco et al., 2001; Nagugi et al., 2002; Maksimov et al., 2002; 
Teplyakov and Teplyakova, 2003; Surekha et al., 2011). The losses due 
to fungi are marked by reduction in yields. Such diseases cause reduction 
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in germination and result in poor stand of crop. The seedlings emerging  
from diseased seeds lack vigour and are easily attacked by pre and  
postemergence damping-off of pathogens (Dharamvir, 1974; Haque et  
al., 2007). Such losses are marked by the reduction in quality of produce.  
Discoloration results in poor quality of grain or seed and is an impor
tant degrading factor. In seeds for sowing, such disorders may indicate  
presence of seed-borne infection. In grains for human consumption or  
for industrial purposes, discoloration means poor quality and adversely  
affects its market value. Many-seed borne fungi infect seed coat causing  
conspicuous necrotic grey to black discoloration rendering the grain poor  
in appearance and low in milling quality. In paddy, seed-borne fungi are  
able to penetrate the tissue rendering it weak and prone to breaking during  
polishing (Kim, 1992; Castano et al., 1992; Pandey et. al., 2000: Prakash  
and Rao, 2002; Mohamood et al., 2012). Grain discoloration in cereals is  
caused by various fungal species of Drechslera, Curvularia, Fusarium,  
Pyricularia, Cladosporium, and Trichoconiella. 



Fungi present on seeds or grains bring about physical and biochemical 
changes during storage. Discoloration of paddy grains cause reduction in 
starch content from 2.26% to 20.37% in different categories of discol
oration. Besides this, the amount of glycerol, carbohydrates, fatty acids, 
and amino acids also changes which results in unpleasant odor, change 
in color, and other biochemical changes in diseased seeds (Misra, 1987; 
Utobo et al., 2011). 
Mycotoxins are a group of highly toxic metabolites produced by some 

fungi on stored agricultural commodities including food grains. Various 
diseases are caused by mycotoxins, viz., alimentary toxic aleukia and 
yellow rice toxin. Some mycotoxins have carcinogenic properties. Myco
toxins have been reported from cereals and a number of fungi present on 
seeds and grains such as species of Aspergillus, Penicillium, Alternaria, 
Fusarium, Curvularia, Trichoderma, Rhizopus, and Mucor are capable of 
producing mycotoxins, sometimes their accumulation during storage may 
reach concentration above the level of mammalian tolerance (Anonymous, 
1979; Mall et al., 1988; Sinha and Sinha, 1988; Waghray et al., 1988; 
Bilgrami and Chaudhary, 1992; Yoshizawa, 1992; Tanaka et al., 2007). 

The spoilage of grains by fungi is almost exclusively the result of 
complex chemical processes. Therefore, control of grain spoilage can 
be ensured by proper storage which is aimed at preventing or retarding 
the invasion of such fungi or creating unfavorable conditions for their 
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multiplication. Storage fungi find it difficult to grow and multiply if grains 
are stored at a moisture content of 12% or less. The optimum moisture 
content for storage of many types of seeds is 6–8%. But Indian climatic 
conditions, harvesting practices, high temperature and high moisture 
levels during the monsoon season, unseasonal rains, and sudden floods 
favor the fungal infection. In India, about 70% of the total production is 
still retained by the farmers in a traditional underground, aboveground, 
and roof storage structures wherein stored grains are not firmly protected 
against exposure to moisture and temperature (Prasad and Pathak, 1987; 
Lacicowa and Pieta, 1998; Wicklow et al., 1998; Bock et al., 1999; 
Sheroze et al., 2003; Abedin et al., 2012). Neergaard (1977) has classified 
the fungi of food grains as “field fungi” and “stored fungi” and shown 
that their presence on seed may cause reduction in the field of food grains 
discoloration, chemical and physical changes, loss of germination, nutri
tive value, and sometimes, poisoning of food grains. Harvesting threshing, 
processing include cleaning and transportation causes mechanical damage 
or cracks in the seed coats and seeds which make them susceptible to the 
attack by stored fungi (Singh and Tyagi, 1984; Prasad and Pathak, 1987; 
Singh et al., 1988; Nandi et al., 1989; Misra and Misra, 1991, Aly, 1992; 
Krishna Rao, 1992; Mishra et al., 1995; Puroshotham et al., 1996; Bhat
tacharya and Rhah, 2002; Gracia et al., 2002; Singh et al., 2002; Marineck 
et al., 2003; Jayas and White, 2003; Butt et al., 2011). As pathogen, they 
cause number of destructive diseases. 





In rice, fungi are known to cause 55 diseases, 43 of which are seed born 
or seed transmittable (Neergaard, 1979; Richardson, 1979, 1981; Malvolta et 
al., 1979; Ou, 1985; Jayaweera et al., 1988; Waghary et al., 1988; Pramanic 
and Chakrabarti, 1992; Sundar and Satayavir, 1997; Shahjahan et al., 1998; 
Khan et al., 1999; Sharma and Saxena, 2000; Franco et al.; 2001; Khalid et 
al., 2001; Anwar et al., 2002; Biswas, 2002; Prakash and Rao, 2002; Biswas, 
2003; Chahal et al., 2003; Sundar et al., 2003; Alam et al., 2014). 

Blast is the most serious disease in rice. The pathogen of blast disease is 
Pyricularia oryzae, which causes severe panicle infection and reduction in 
yield to the half. In India, 75% loss of grains has been reported in susceptible 
cultivars (Padmanabhan, 1965; Arase et al., 1999). The rate of transmission 
of P. oryzae from seeds to seedlings is much greater in situations where 
seed is not covered by soil of 7–18% (Aulakh et al., 1974b; Okhovat et al., 
1992; Upadhyay et al., 1996; Manandhar et al., 1998; Sawada and Itoh, 
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1999; TeBeest and Guerber, 1999; Fukaya et al., 2001; Anwar et al., 2002; 
Vijaya, 2002). 

Brown spot disease of rice caused by Bipolaris oryzae (syn. Drechslera 
oryzae) has been reported in all the rice growing countries. Brown spot 
was one of the principal causes of Bengal famine of 1942 in India. Loss in 
grain weight ranged from 12% to 30% as well as loss in filed grain from 
18% to 22%, depending upon the degree of cultivars. Susceptibility was 
recorded by Padmanabhan, 1965; Prabhu, and Vieira, 1989; Upadhyay et 
al., 1996; Rathaiah, 1997; Mia and Safeeulla, 1998). Heavy losses gener
ally occurred in highly susceptible cultivars of rice infected with narrow 
brown leaf spot caused by Cercospora oryzae (Das and Sahu, 1998; 
Nguefack et al., 2007). 

Stack-burn disease of rice caused by Alternaria padwickii does not 
cause much damage in India. Symptoms of stack-burn disease appear on 
seedlings, leaves, and the grains. However, 40–60% damage has been 
recorded by Sharma and Siddiqqi (1978) and Reddy and Khare (1978) 
and up to 80% damage by Cheran and Raj (1966). Singh and Maheshwari 
(2001), Nguefack et al. (2007) also reported the influence of stack-burn 
disease of paddy on seed health status. 

Leaf scald caused by Microdochium oryzae (syn. Geralachia oryzae) 
has been reported from Africa, Asia, Australia, Oceania, Eruope, Central 
America, and West Indies (Mia et al., 1986; Manandher, 1998). Leaf scald 
is usually seen on mature leaves of older plants. These are large areas 
encircled by dark brown bands with light brown holes. Yu and Mathur 
(unpublished as quoted by Agarwal et al., 1989) found up to 31–41% 
infected seedlings. 

Bakanae disease is caused by Fusarium moniliforme Tele (Gibberella 
fujikuroi). This fungus has been harbored mainly in the embryo but also 
in the empty glumes, pedicel, palea, and lemma. (Hino and Faruta, 1968; 
Vidhyasekaran et al., 1970; Hajra et al., 1994; Sunder and Satyavir, 1997; 
Bohra et al., 2001). In general, this disease renders severe damage in 
specific localities or seasons and 15% yield losses by this disease have 
been reported in India (Ou, 1995). 

Sheath blight disease is mainly caused by Rhizoctonia solani and is 
considered to be of major economic importance only second to blast in 
Japan, China, Taiwan, Srilanka, and the United States (Gangopadhyay 
and Chakraborty, 1982; Lee and Rush, 1983; Krishna Roy, 1992; Cedeno 
et al., 1999; Chahal et al., 2003; Sundar et al., 2003). Kozaka (1970) 
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reported losses up to 30–40% in case of severe infection of the sheath and 
leaf blades. 

Sheath-rot disease is caused by Sarocladium oryzae (Syn. Acrocylin
drium oryzae). This disease is present in Taiwan, Japan, very common 
in Southeast Asia and the Indian subcontinent, and the United States 
(Mohan and Subramanian, 1981; Ou, 1985; Laxshman, 1991; Hajarika 
and Phookan, 1999; Reddy et al., 2000). In India, Chakrabarty and Biswas 
(1978) recorded 9.6–2.6% yield reduction among the seven cultivars 
they examined, with an average of 14.5%. Severe infection was observed 
on semi-dwarf varieties by Raina and Singh (1980). Murlidharan and 
Venkata (1980) observed sheath rot at panicle initiation stage, panicle 
either remained within the leaf sheath or emerged only partially causing 
85% loss in yield. This disease is associated with reduced spikelets per 
panicle as well as grain weight. Extensive rotting of sheaths enclosing 
the panicles caused significant losses and glume discoloration in India. 
Due to this disease, percentage of germination was reduced from 94% to 
58% (Upadhayay and Diwakar, 1984; Vidhyasekaran et al, 1984; Reddy 
et al., 2000). 

False smut disease is caused by Ustilaginoidea virens (syn. Ustilago 
virens Cooke; Tilletia oryzae Palouillard). Heavy losses have been recorded 
from many countries, upto 44% in India (Singh and Dube 1978; Singh et al., 
1992; Wang et al., 1998; Hegde and Anahosur, 2000; Ahonsi and Adeoti, 
2002). Spores of the fungus were found on the surface of paddy seeds. 

Karnal smut, also known as bunt, is known to occur in Africa, Burma,  
China, India, Indonesia, Japan, Korea, Malaysia, and Pakistan, etc. The  
disease is caused by Tilletia barclayana  (syn. Neovossia barclayana  Bret;  
Neovossia horrida (Tak.) Padw.) and can be seen at crop maturity (Cart
wright et al., 1997; Bialooki and Piotrowska, 1999). Usually only few grains  
in a year are attacked. Spores shed from the grains settle on the other grains  
or leaves and form a black covering. The surface born inoculum may be as  
high as 40.55 spores/g × 105 spores/g of seeds (Shetty and Shetty; 1986). 



Udbatta disease is caused by Ephelis oryzae. This disease is seen only 
at the time of panicle emergence. Mycelium of Ephelis oryzae is present in 
the embryo, as well as conidia on the seed surface. This disease has been 
reported from India, China, Hongkong, New Caledonia, and West Africa. 
In India, it occurs particularly in the hilly regions of Orissa state. Usually, 
2.3% of ear head infection is observed, but in years of severe incidence, 
losses up to 10–11% are common in susceptible cultivars (Mohanty, 
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1978; Ranganthaiah and Safeeulla, 1994, 2000). In Karnatka state, Yu 
and Mathur (1989) reported losses up to 30% in rice cultivars (as quoted 
by Agarwal, 1989). Govindu (1969) considered Udbatta as an important 
disease in some areas of Bangalore, causing direct and indirect losses up 
to 1.75–3.69% in different rice cultivars. 

Scab is caused by Fusarium graminearum (Tele. Gibberella zeae 
Schw). This is widely distributed disease of rice in tropics. This disease 
normally does not cause heavy damage but it may be severe under envi
ronmental conditions such as high humidity (Ou, 1985). Infected grains 
are lighter in weight, shrunken and brittle, and often do not germinate. If 
germination occurs, disease seedlings are produced. The fungus may also 
attack on nodes so the infected stem wilts and break. Chung et al. (1964) 
found that an isolate from wheat and infected rice caused postemergence 
blight. Dark blue perithecia of G. zeae can be observed on the seeds. 

According to Zeigler et al. (1987), seed discoloration is another great 
problem of rice grains caused by certain fungi on the glumes or kernels 
(as quoted by Agarwal et al., 1989; Mahmood et al., 2012). High moisture 
content in grains (more than 15%) and high relative humidity (>65%) also 
favors discoloration. Fungi that are associated with discolored grains can 
be divided into two major groups: 

Field fungi: (Bipolaris oryzae, Alternaria padwickii, Pyricularia oryzae, 
Fusarium moniliforme, F. graminearum, Nigrospora oryzae, Epicoccum 
nigrum, Curvularia sp, Phoma sp, Sarocladium oryzae, etc.) 

Storage fungi: (Aspergillus, Penicillium sp, Absidia sp, Mucor sp, 
Rhizopus sp, Chaetomium sp, Monilia sp, and Streptomyces sp, etc.) 

Discoloration of grains cause deterioration in grain quality, reduction 
in seed viability, and such grains on planting usually exhibit preemergence 
and postemergence death of seedlings. Toxin production by storage molds 
associated with discolored grains has also been exhibited by Christensen 
(1957), Vidhyasekaran and Govind Swami (1968), Duraiswamy and 
Mariappan (1983), Vidhyasekaran et al. (1984), Waghray et al. (1988), 
Jayaraman and Kalyansundaram (1989), Castano et al. (1992), Kim, 
(1992), Williams, (1992), Sachan and Agarwal (1993), Sachan and Agarwal 
(1994), Divakar and Prasad (1997), Kalyansundaram (1998), Pandey et 
al. (2000), Prakash and Rao, (2002). During the last few years, the agri
cultural strategy has acquired new dimensions. The use of high yielding 
varieties and hybrid has become a significant aspect of new technology 
which is being accompanied by a series of related changes in agricultural 
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practices, such as massive application of fertilizer and plentiful irrigation. 
This has given rise to a drastic change in complexion of plant diseases. 
Major diseases have developed from minor ones which were previously 
of little or no importance. A number of seed-borne diseases have cropped 
up as a result of intensive agricultural programs and monoculture of crop 
cultivars. In our country, pre and postharvest spoilage of grain is a major 
problem. It is therefore essential to intensify researches on study of seed 
mycoflora present on fresh and stored seeds and to study effect of seed 
fungicides in controlling the postharvest seed mycoflora with special 
reference to protection of agriculture produce against fungal deterioration. 
As the total cultivated area of India is limited and there are no prospects of 
its increase, it is necessary to enhance yields of crops by reducing losses 
due to seed-borne diseases and postharvest spoilage of produce in storage. 

6.2 MATERIALS AND METHODS 

Fungi form the largest group among such microorganisms cause seed 
damage, seed rot, seedling rot, diseases at later stages of crop growth till 
maturity. Different types of fungi are associated with seeds as intraem
bryal, extraembryal, contaminant, or with inert matter mixed with the seed 
sample. Several methods have been evolved for testing seeds for associated 
microorganisms which have been reviewed from time to time (de Tempe, 
1961, 1963, 1964; Limonard, T.,1966, 1968; Neergaard, 1977; Agarwal, 
V. K., 1976; Agarwal and Shrivastava, 1981, 1985; Agarwal and Sinclair, 
1987; Fedavora, R. N., 1987; Gaur and Dev, 1996) Various methods are 
used according to ISTA rules (ISTA, 1993) for the detection of fungi based 
on their location in or on the seeds. 



6.2.1 COLLECTION OF SEED SAMPLES 

Three varieties of each maize and paddy were collected from Chandra 
Shekhar Azad University of Agriculture and Technology, Kanpur, in order 
to study the germination and fungi found associated with these varieties 
and their control. 

Paddy: Kranti, Narendra (NDR), Dhan Pant 
One variety of maize (R-9902) and one variety of paddy (NDR) were 

selected randomly and stored at room temperature in the laboratory for 
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further studies. Remaining varieties of maize and paddy were studied 
immediately while they were fresh. 

6.2.2 CHECKING OF MECHANICAL INJURIES 

For checking the extent of damage in the maize seeds, they were spread 
on the glass plate supported on a stand in a dark room. The cracks were 
observed by converging light on glass plate through a microscopic 
lamp. By this way, cracked and intact seeds were separated from each 
variety of maize and percentage frequency of cracked and intact seeds 
was calculated. 

6.2.3 PERCENT SEED GERMINATION 

For checking the percent seed germination, 400 seeds of each variety 
of maize and paddy were taken. In maize, first intact and cracked seeds 
were isolated. All the petridishes lined with three layered moistened 
blotting papers were sterilized in autoclave at 15 lbs pressure for 10–15 
min. After sterilization, these petridishes were transferred into inocula
tion chamber. 

6.2.3.1 PERCENT SEED GERMINATION OF UNTREATED SEEDS 

After transfer of petridishes in the inoculation chamber, untreated seeds  
were placed into petridishes (25 seeds/petridish in case of paddy, 10  
seeds/petridish in case of maize) and their germination was observed  
at room temperature till 7 days under sterilized conditions. Their cole
optile and shoot length were noted everyday. Mean value of coleoptile  
length and shoot length was calculated along with percentage seed  
germination. 



6.2.4 ISOLATION OF FUNGI 

Several workers such as Christensen (1957), Neergaard and Saad (1962), 
and Christensen and Lopez (1962) have clearly pointed out that no single 
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method by itself was adequate enough for the isolation of all the myco
flora that might be present in or on the seeds. In the present investigation, 
various techniques were employed for the isolation of the mycoflora of 
maize and paddy seeds. 

6.2.4.1 STANDARD BLOTTER METHOD 

The technique described by Neergaard and Saad (1962) is the standard 
blotter technique. In the present investigation, modified blotter method 
(Limonard, 1966) was employed. Under this technique, 400 seeds of each 
variety were tested in replicates of 25 seeds/petridish (paddy), 10 seeds/ 
petridish (maize) of 9 cm diameter. Before transplanting the seeds in the 
petridishes, petridishes lined with three layers of blotting paper and well 
soaked in distilled water were sterilized in autoclave at 15 lbs pressure for 
10–15 min. 

6.2.4.2 ISOLATION OF MYCOFLORA PRESENT ON THE SEED 
SURFACE 

Sterilized petridishes were then transferred into inoculation chamber 
for plating 10 seeds in each petridish. By this way, 40 petridishes were 
prepared for the study of the fungal flora present on the seed surface. All 
such petridishes were incubated at 22–25°C temperature for 7 days in 
alternating cycle of 12 h of darkness and 12 h of light (white fluorescent 
tube). Light was supplied by two tubes hanging horizontally, 20 cm apart 
from each other and 40 cm apart from the petridishes. 

6.2.4.3 ISOLATION OF INTERNAL SEED MYCOFLORA 

In another set of experiment, all the seeds were surface sterilized by 0.1% 
aqueous solution of mercuric chloride for 1 min. Then the seeds were 
thoroughly washed with sterilized distilled water and finally plated in the 
petridishes. All the procedures and conditions were kept same for both sets 
of experiments. After incubation of 7 days, colonies of fungi were counted 
and identified. 
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6.2.5 PERCENT FREQUENCY OF FUNGI

For determining the frequency of each fungus, colonies of fungi devel-
oped on the seeds were counted and the percentage of each fungus was 
calculated according to following formula:
No. of colonies of a fungus in a petridish

 
No. of colonies of a fungus in a petridishFungal frequency = 100

Total no. of colonies in a petridish
×

The mean value of percent frequency will be calculated and presented in 
the tables.

6.2.6 MAINTENANCE OF PURE CULTURE

In cases where colony failed to sporulate, it was carefully transferred to 
P.D.A. slants under aseptic conditions and incubated at different tempera-
tures in continuous light, continuous darkness or alternate darkness or 
light. Many fungi when subjected to this treatment did sporulate.

6.2.7 EFFECT OF FUNGICIDES ON SEED GERMINATION AND SEED 
MYCOFLORA

In this study, fungicides belonging to different groups were used, which 
are as follows:

1. Organic sulphur compound Thiram (tetramethyl thiuram 
disulphide)

2. Systemic fungicide-Bavistin [2 (Methoxy-carbamoyl)-benzimida- 
zole]

Seeds of maize (intact and cracked) and paddy were treated with Thiram 
(3 g/kg) and Bavistin (2 g/kg) for checking their effect on the percent seed 
germination. Seeds to be treated with fungicides were transferred into 150 
mL flasks containing Thiram and Bavistin powder with abovementioned 
rates. The flasks were shaken for 20 min on the mechanical shaker. The 
seeds after fungicidal treatment were removed from the flasks and 10 seeds 
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were plated in each sterilized petridish fitted with three layered moistened 
blotting paper. The germination of these seeds was observed till 7 days 
at room temperature and coleoptile and shoot length were noted, seed 
mycoflora also checked on P. D. A. 

6.3 EXPERIMENTAL RESULTS 

6.3.2 PERCENT SEED GERMINATION IN DIFFERENT VARIETIES OF 
PADDY 

It is clear from Table 6.1 that no germination occurred in the seeds of maize 
varieties, Dhan Pant, NDR, and Kranti up to 48 h. The germination started 
after 72 h. It was 46.60%, 76.60%, and 66.60% in Dhan Pant, NDR, and 
Kranti, respectively, that increased with time. It was 50.00% in Dhan Pant 
after 96 h which remains constant till 168 h. In NDR and Kranti, it was 
80.00% and 90.00% after 96 h that remains constant in NDR till 168 h, but 
increased in Kranti and reached upto 93.30%. 

TABLE 6.1 Showing Percent Seed Germination in Paddy Variety Dhan Pant, NDR, and 
Kranti. 

Duration 
in hours 

% Seed germination % % 
Dhan Pant NDR Kranti 

24 – – – 
48 – – – 
72 46.60 76.60 66.60 
96 50.00 80.00 90.00 
120 50.00 80.00 93.00 
144 50.00 80.00 93.30 
168 50.00 80.00 93.30 

6.3.2.1 FUNGI ISOLATED FROM UNSTERILIZED AND SURFACE 
STERILIZED SEEDS OF DIFFERENT VARIETIES OF PADDY BY BLOTTER 
METHOD 

It is clear from Table 6.2 that large number of fungi were isolated from 
different varieties of paddy (Dhan Pant, NDR, and Kranti) by using blotter 
method (Table 6.4). Total 26 genera were isolated from paddy seeds. These 
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26 genera were Absidia sp., Acremonium sp., Alternaria sp., Aspergillus 
sp., Bipolaris sp., Cercospora sp., Chaetomium sp. Cladosporium sp., 
Curvularia sp., Diplodia sp., Drechslera sp., Epicoccum sp., Fusarium 
sp., Geotrichum sp., Microdochium sp., Mycogone sp., Nigrospora sp., 
Penicillium sp., Phoma sp. Pyrenochaeta sp., Pyricularia sp., Rhizoctonia 
sp., Rhizopus sp., Trichothecium sp., Trichoderma sp., and Verticillium sp. 

TABLE 6.2 Fungi Isloated from Unsterilized and Surface Sterilized Seeds of Different 
Varieties of Paddy by Using Blotter Technique. 

S. 
no. Fungi isolated 

Dhan Pant Narendra Kranti Dhan Pant Narendra Kranti 
1 Absidia corymbifera + - + + - + 
2 Acremonium sp. - - + - - + 
3 Alternaria alternata + + + + + + 
4 A. longipes + - + - -
5 A. padwickii + + + + + + 
6 A. tenuis + + + + + -
7 Aspergillus candidus + + - + - -
8 A. flavus + + - + - -
9 A. fumigatus + - - - - -
10 A. glaucus + + - + - -
11 A. humicola + - - - - -
12 A. luchuensis - + - - + -
13 A. minutes + + - + + -
14 A. nidulans + + - + + -
15 A. niger + + + + + + 
16 A. parasiticus + - - + - -
17 A. sydowi + - - + - -
18 A. tamarii + + - + + -
19 A. versicolor + + + + + + 
20 A. wentii + - - + - -
21 Bipolaris halodes - + - - + -
22 B. oryzae + + + + + + 
23 Cercospora oryzae - + + - + + 
24 Chaetomium sp. + + + + + + 
25 Cladosporium sp. - - + - - -
26 Curvularia affinis + + - + + -
27 C. lunata + + + + + + 
28 C. pallescence + + - + + -
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TABLE 6.2 (Continued) 

S. 
no. Fungi isolated 

Dhan Pant 
Unsterilized 
Narendra Kranti 

Surface Sterilized 
Dhan Pant Narendra Kranti 

29 C. verruculosa - + - - + -
30 Diplodia sp. - - + - - + 
31 Drechslera oryzae - + + - + + 
32 Epicoccum + + + + + + 

purpurescence 
33 Fusarium equisetii + + - + + -
34 F. graminearum + + + + + + 
35 F. longipes + + - + - -
36 F. moniliforme + + + + + + 
37 F. scirpi + - - - - -
38 F.semitectum + - - + - -
39 Geotrichum candidum - - + - - -
40 Microdochium oryzae + + + - + + 
41 Mycogone nigra - - + - - + 
42 Nigrospora oryzae - - + - - + 
43 N. sphaerica - - + - - + 
44 N. padwickii + - + + - + 
45 Penicillium citrioviride + + - + + -
46 P. crysogenum + - - - - -
47 P.nigricans + - + - - + 
48 Phoma sp. - + + - + + 
49 Pyrenochaeta oryzae - - + - - + 
50 P. terrestris + - + + - -
51 Pyricularia oryzae + + + + + + 
52 Rhizoctonia bataticola + - - + - -
53 R. oryzae + + - + - -
54 R. solani + + + + + -
55 Rhizopus arrhizus + - - + - -
56 R. oryzae + - - + - -
57 R. stolonifer + - - + - -
58 Trichothecium sp. - + + - + + 
59 Trichoderma viride - + + - + + 
60 Verticillium - + + - - + 

cinnabarium 
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Out of 26 genera following 60 species of fungi were isolated in which 
Absidia corymbifera, Acremonium sp., Alternaria alternata, A. longipes, 
A. padwickii, A. tenuis, Aspergillus candidus. A. flavus, A. glaucus. A. 
luchuensis, A. minutus, A. nidulans, A. niger, A. parasiticus, A. sydowi, 
A. tamarii, A. versicolor, A. wentii, Bipolaris halodes, B. oryzae, Cerco
spora oryzae, Chaetomium sp., Cladosporium sp., Curvularia affinis, C. 
lunata, C. pallescence, C. verruculosa, Diplodia sp., Drechslera oryzae, 
Epicoccum prupurescence, Fusarium equiseti, F. graminearum, F. 
longipes, F. moniliforme, F. semitectum, Geotrichum candidum, Micro
dochium oryzae, Mycogone nigra, Nigrospora oryzae, N. sphaerica, N. 
padwickii, Penicillium citrioviride, P. nigricans, Phoma sp. Pyrenochaeta 
oryzae, P. terrestris, Pyricularia oryzae, Rhizoctonia bataticola, R. oryzae, 
R. solani, Rhizopus arrhizus, R. oryzae, R. stolnifer, Trichothecium sp., 
Trichoderma viride and Verticillium cinnabarium were isolated from both 
unsterilized and surface sterilized seeds while Aspergillus fumigatus. A. 
humicola, Fusarium scirpi, Penicillium chrysogenum were isolated only 
from unsterilized paddy seeds. 





Out of 60 species, total 43 species were obtained from usnterilized seeds  
of veriety Dhan Pant (DP) in which Absidia corymbifera, Alternaria alter
nata, A. longipes, A. padwickii, A. tenuis, Aspergillus candidus, A. flavus,  
A. glaucus A. minutus, A. nidulans A. niger A. parasiticus, A. sydowi, A.  
tamarii, A. versicolor. A. wentii, Bipolaris oryzae, Chaetomium sp., Curvu
laria affinis, C. lunata, C. pallescence, Epicoccum purpurescence, Fusarium  
equiseti, F. graminearum, F. longipes,.F. moniliforme, F. semitectum,  
Microdochium oryzae, Nigrospora padwickii, Pencillium citrioviride, Pyre
nochaeta terrestris, Pyricularia oryzae, Rhizoctonia bataticola, R. oryzae,  
R. solani, Rhizopus arrhizus, R. oryzae, R. stolonifer were isolated from  
both unsterilized and surface sterilized seeds while Aspergillus fumigatus,  
A. humicola, Fusarium scirpi, Microdochium oryzae, Penicillium chrys
ogenum, P. nigricans were obtained from unsterilized condition only. 









In paddy variety, NDR out of 60 species, 35 species of fungi were obtained  
in which Alternaria alternata, A. padwickii, A. tenuis, A. luchuensis, A.  
minutus, A. nidulans, A. niger, A. tamarii, A. versicolor, Bipolaris halodes, B.  
oryzae, Cercospora oryzae, Chaetomium sp., Curvularia affinis, C. lunata,  
C. pallescence, C. verruculosa, Drechslera oryzae, Epicoccum purpures
cence, Fusarium equiseti, F. graminearum, F. longipes, F. moniliforme,  
Microdochium oryzae, Penicillium citrioviride, Phoma sp., Pyricularia  
oryzae, Rhizoctonia solani, Trichothecium sp., Trichoderma viride were  
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obtained from unsterilized and surface sterilized seed while Aspergilllus 
condidus, A. flavus, A. glaucus, Fusarium longipes, Rhizoctonia oryzae and 
Verticillum cinnabarium were obtained from only unsterilized seeds. 

In paddy variety, Kranti out of 60 species, 32 species of fungi were 
isolated from unsterlized and surface sterilized seeds. These were Absidia 
corymbifera, Acremonium sp., Alternaria alternata, A. padwickii, Asper
gillus niger, A. versicolor, Bipolaris oryzae, Cercospora oryzae, Chaeto
mium sp., Curvularia lunata, Diplodia sp., Drechslera oryzae, Epicoccum 
purpurescence, Fusarium graminearum, F. moniliforme, Microdochium 
oryzae, Mycogone nigra, Nigrospora oryzae, N. sphaerica, N. padwickii, 
Phoma sp., Penicillium nigricans, P yrenochaeta oryzae, Pyricularia 
oryzae, Trichothecium sp., Trichoderma viride, Verticillium cinnabarrium 
while Alternaria tenuis, Cladosporium sp., Geotrichum candidum, Pyreno
chaeta terrestris, Rhizoctonia solani were isolated from unsterilized seeds. 

Alternaria alternata, A. padwickii, Aspergillus niger, A. versicolor, 
Bipolaris oryzae, Chaetomium sp., Curvularia lunata, Epicoccum prupures
cence, Fusarium graminearum, F. moniliforme, and Pyricularia oryzae 
were obtained from all the three varieties of paddy. 

6.3.2.2 FREQUENCY OF FUNGI ISOLATED FROM UNSTERLIZED AND 
SURFACE STERILIZED SEEDS OF DIFFERENT VARIETIES OF PADDY BY 
USING BLOTTER METHOD 

Table 6.3 shows the percent frequency of different fungus species isolated  
from unsterilized and surface sterilized seeds of paddy varieties on blotter.  
The frequency of Absidia corymbifera in unsterilized seeds of varieties  
DP and Kranti was 20.80% and 10.00%, respectively; Acremonium sp., in  
Kranti was 13.30; Alternaria alternata in DP, NDR, and Kranti was 10.00%,  
15.00%, 9.60%, repectively; Alternaria longipes in DP was 12.00%;  
Alternaria padwickii in DP, NDR, and Kranti was 17.50%, 11.65%, and  
10.90%, respectively; Alternaria tenuis in DP, NDR, Kranti was 15.00%,  
14.44%, and 6.80%, respectively; Aspergillus candidus in DP and NDR  
was 9.305 and 8.50%, respectively; Aspergillus flavus in DP and NDR  
was 20.00% and 12.50%, respectively; A. fumigatus in DP was 6.60%; A.  
glaucus  in DP and NDR was 8.00% and 4.12%, respectively; A. humicola  
in DP was 6.75%; A. luchuensis in NDR was 10.00%; A. minutus in DP and  
NDR was 14.00% and 8.95%, respectively; A. nidulans in DP and NDR  
was 8.00% and 8.00%, respectively; A. niger in DP, NDR, and Kranti was  
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15.00%, 6.10%, and 6.00%, respectively; A. parasiticus and A. sydowi in  
DP was 15.00% and 10.00%, respectively; A. tamarii in DP and NDR was  
12.00% and 10.00%, respectively; A. versicolor  in DP, NDR, and Kranti  
was 11.30%, 8.15%, and 6.22%, respectively; A. wentii in DP was 12.00%;  
Bipolaris halodes  in NDR was 10.00%, B. oryzae  in DP, NDR, and Kranti  
was 12.00%, 7.30%, and 7.10%, respectively; Cercospora oryzae in NDR  
and Kranti was 6.60% and 5.00, respectively; Chaetomium sp. in DP, NDR,  
and Kranti was 15.00%, 10.00%, and 9.00%, respectively; Cladosporium  
sp. in Kranti was 9.00%; Curvularia affinis in DP and NDR was 20.10%  
and 18.72%, respectively; C. lunata  in DP, NDR, and Kranti was 16.00%,  
12.35%, and 9.00%, respectively; Curvularia pallescence  in DP  and  
NDR was 15.00% and 13.30%, respectively; C. verruculosa in NDR was  
13.30%; Diplodia sp in Kranti was 6.00%; Drechslera oryzae in NDR and  
Kranti was 10.00% and 8.00%, respectively; Epicoccum purpurescence  
in DP, NDR, and Krani was 21.00%, 15.00%, and 10.00%, respectively;  
Fusarium equiseti in DP and NDR was 11.05% and 10.00%, respectively;  
F. graminearum in DP, NDR, and Kranti was 20.00%, 11.40%, and 20.00%,  
respectively; F. longipes in DP and Kranti was 18.70% and 6.15%, respec
tively; F. moniliforme in DP, NDR, and Kranti was 15.98%, 15.00%, and  
14.20%, respectively; F. scirpi in DP was 4.00%; Fusarium semitectum in  
DP was 10.00%; Geotrichum candidum in Kranti was 5.00%; Microdo
chium oryzae in DP, NDR, and Kranti was 8.00%, 15.00%, and 16.00%,  
respectively; Mycogone nigra, Nigrospora oryzae,  N. sphaerica in Kranti  
was 8.00, 6.60, and 8.10%, respectively; Nigrospora padwickii in DP and  
Kranti was 10.00 and 10.00%, respectively; Penicillium Citrioviride in DP  
and NDR was 24.00 and 18.66%, respectively; P. chrysogenum in DP was  
6.00%; P. nigricans in DP and Kranti was 8.55 and 8.00%, respectively;  
Phoma sp. in NDR and Kranti was 12.50% and 6.60%, respctively; Pyre
nochaeta oryzae in Kranti was 10.00%; P. terrestris  in DP and Kranti was  
7.80% and 5.00%, respectively; Pyricularia oryzae in DP,NDR, and Kranti  
was 13.50%, 21.65%, and 18.00%, respectively; Rhizoctonia bataticola  
in DP was 20.00%; R. oryzae in DP and NDR was 15.55% and 15.00%,  
respectively; R. solani in DP, NDR, and Kranti was 20.00%, 20.00%, and  
4.80%, respectively; Rhizopus arrhizus, R. oryzae, R. stolonifer in DP was  
25.00%, 7.68%, and 22.50%, respectively; Trichotehcium sp., in NDR and  
Kranti was 5.00% and 5.15%, respectively; Trichoderma viride in NDR  
and Kranti was 6.60% and 8.00%, respectively; Verticillum cinnabarium in  
NDR and Kranti was 10.00% and 10.00%, respectively. 
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TABLE 6.3 Frequency of Fungi Isolated from Unsterilized and Surface Sterilized Seeds 
of Deferent Varieties of Paddy by Using Blotter Technique 

S. 
no. Fungi isolated 

Dhan Pant 
Unsterilized	 

Narendra Kranti Dhan Pant Narendra Kranti 
1 Absidia corymbifera 20.80 - 10.00 18.10 - 6.70 
2 Acremonium sp. - - 13.30 - - 8.50 
3 Alternaria alternata 10.00 15.00 9.60 7.50 9.00 9.50 
4 A. longipes 12.00 - - 4.78 - -
5 A. padwickii 17.50 11.65 10.90 13.60 8.70 5.00 
6 A. tenuis 15.00 14.44 6.80 10.00 8.00 -
7 Aspergillus candidus 9.30 8.50 - 5.03 - -
8 A. flavus 20.00 12.50 - 10.00 - -
9 A. fumigatus 6.60 - - - - -
10 A. glaucus 8.00 4.12 - 4.00 - -
11 A. humicola 6.75 - - - - -
12 A. luchuensis - 10.00 - - 6.85 -
13 A. minutes 14.00 8.95 - 7.10 5.00 -
14 A. nidulans 8.00 8.00 - 4.60 6.60 -
15 A. niger 15.00 6.10 6.00 10.00 4.00 4.00 
16 A. parasiticus 15.00 - - 12.00 - -
17 A. sydowii 10.00 - - 8.00 - -
18 A. tamarii 12.00 10.00 - 7.18 7.00 -
19 A. versicolor 11.30 8.15 6.22 10.00 7.00 4.00 
20 A. wentii 12.00 - - 10.00 - -
21 Bipolaris halodes - 10.00 - - 6.60 -
22 B. oryzae 12.00 7.30 7.10 10.00 5.15 5.00 
23 Cercospora oryzae - 6.60 5.00 - 5.00 3.30 
24 Chaetomium sp. 15.00 10.00 9.00 11.45 7.15 6.18 
25 Cladosporium sp. - - 9.00 - - -
26 Curvularia affinis 20.10 18.72 - 14.16 10.76 -
27 C. lunata 16.00 12.35 9.00 15.00 10.00 7.18 
28 C. pallescence 15.00 13.30 - 11.10 8.15 -
29 C. verruculosa - 13.30 - - 12.30 -
30 Diplodia sp. - - 6.00 - - 3.50 
31 Drechslera oryzae - 10.00 8.00 - 5.18 4.00 
32 Epicoccum 

purpurescence 21.00 15.00 10.00 16.50 8.00 6.60 
33 Fusarium equisetii 11.05 10.00 - 7.68 7.16 -
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TABLE 6.3 (Continued) 

S. 
no. Fungi isolated 

Dhan Pant 
Unsterilized 

Narendra Kranti 
Surface sterilized 

Dhan Pant Narendra Kranti 
34 F. graminearum 20.00 11.40 20.00 8.00 5.00 7.85 
35 F. longipes 18.70 6.15 - 12.50 - -
36 F. moniliforme 15.98 15.00 14.20 10.00 11.14 10.00 
37 F. scirpi 4.00 - - - - -
38 F. semitectum 10.00 - - 7.80 - -
39 Geotrichum candidum - - 5.00 - - -
40 Microdochium oryzae 8.00 15.00 16.00 - 10.00 8.05 
41 Mycogone nigra - - 8.00 - - 4.11 
42 Nigrospora oryzae - - 6.60 - - 7.50 
43 N. sphaerica - - 8.10 - - 7.00 
44 N. padwickii 10.00 - 10.00 7.80 - 6.60 
45 Penicillium citrioviride 24.00 18.66 - 15.00 11.00 -
46 P. crysogenum 6.00 - - - - -
47 P. nigricans 8.55 - 8.00 - - 5.40 
48 Phoma sp. - 12.50 6.60 - 8.00 5.00 
49 Prenochaeta oryzae - - 10.00 - - 4.10 
50 P. terrestris 7.80 - 5.00 5.00 - -
51 Pyricularia oryzae 13.50 21.65 18.00 10.00 12.35 11.00 
52 Rhizoctonia bataticola 20.00 - - 15.00 - -
53 R. oryzae 15.55 15.00 - 7.00 - -
54 R. solani 20.00 20.00 4.80 15.10 10.00 -
55 Rhizopus arrhizus 25.00 - - 5.00 - -
56 R. oryzae 7.68 - - 4.80 - -
57 R. stolonifer 22.50 - - 13.00 - -
58 Trichothecium sp. - 5.00 5.15 - 3.00 4.00 
59 Trichoderma viride - 6.60 8.00 - 5.70 6.00 
60 Verticillium 

cinnabarium - 10.00 10.10 - - 6.60 

The frequency of Absidia corymbifera  in surface sterilized seeds of 
varieties DP and Kranti was 18.10% and 6.70%, respectively; Acremonium 
sp  in Kranti was 8.50%; Alternaria alternata  in DP, NDR, and Kranti was 
7.50%, 9.00%, and 9.50%, respectively; A. longipes in DP was 4.78%; 
A. padwickii  in DP, NDR, and Kranti was 13.60%, 8.70%, and 5.00%, 
respectively; A. tenuis in DP and NDR was 10.00 and 8.00%, respectively; 
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Aspergillus candidus,  A. flavus, A. glaucus in DP was 5.03%, 10.00%, 
and 4.00%, respectively; Aspergillus luchuensis in NDR was 6.85%; A. 
minutus in DP and NDR was 7.10% and 5.00%, respectively; A. nidulans  
in DP and NDR was 4.60% and 6.60%, respectively; A. niger in DP, NDR 
and Kranti was 10.00%, 4.00%, and 4.00%, respectively; A. parasiticus  
and A. sydowi in DP was 12.00% and 8.00%, respectively; A. tamarii in 
DP and NDR was 7.18% and 7.00%, respectively; A. versicolor in DP, 
NDR and Kranti was 10.00%, 7.00%, and 4.00%, respectively; A. wentii 
in DP was 10.00%: Bipolaris haldoes in NDR was 6.60%; B. oryzae in 
DP, NDR and Kranti was 10.00%, 5.15%, and 5.00%, respectively; Cerco
spora oryzae in NDR and Kranti was 5.00% and 3.30%, respectively; 
Chaetomium sp., in DP, NDR and Kranti was 11.45%, 7.15%, and 6.18%, 
respectively; Curvularia affinis in DP  and NDR was 14.16% and 10.76%, 
respectively; C. lunata in DP, NDR and Kranti was 15.00%, 10.00%, and 
7.18%, respectively; C. verruculosa in NDR was 12.30%; Diplodia sp in 
Kranti was 3.50% Drechslera oryzae in NDR and Kranti was 5.18% and 
4.00%, respectively; Epicoccum purpurescens  in DP, NDR and Kranti was 
16.50%, 8.00%, and 6.60%, respectively; Fusarium equiseti in DP and 
NDR was 7.68% and 7.16%, respectively; F. graminearum in DP, NDR 
and Kranti was 8.00%, 5.00%, and 7.85%, respectively; F. longipes in DP  
was 12.50%; F. moniliforme in DP, NDR and Kranti was 10.00%, 11.14%, 
and 10.00%, respectively; F. semitectum in DP was 7.80%, Microdochium 
oryzae in NDR and Kranti was 10.00% and 8.05%, respectively; Myco
gone nigra, Nigrospora oryzae, N. sphacrica  in Kranti was 4.11%, 7.50%, 
and 7.00%, respectively; N. padwickii in DP and Kranti was 7.80% and 
6.60%, respectively; Penicillium citrioviride in DP and N.DR was 15.00% 
and 11.00%, respectively; P. nigricans  in Kranti was 5.40%; Phoma sp  
in NDR and Kranti was 8.00% and 5.00%, respectively; Pyrenochaeta 
oryzae in Kranti was 4.10%; P. terrestris in DP was 5.00%; Pyricularia 
oryzae in DP, NDR and Kranti was 10.00%, 12.35%, and 11.00%, 
respectively; Rhizoctonia bataticola and R. oryzae in DP was 15.00% and 
7.00%, respectively; R. solani  in DP  and NDR was 15.10% and 10.00%, 
respectively; Rhizopus arrhizus, R. oryzae and R. stolonifer in DP was 
5.00%, 4.80%, and 13.00%, respectively; Trichothecium sp in NDR and 
Kranti was 3.00% and 4.00%, respectively; Trichoderma viride in NDR 
and Kranti was 5.70% and 6.00%, respectively; Trichothecium sp. In NDR 
and Kranti was 3.00% and 4.00%, respectively; Verticillium cinnabarium 
in Kranti was 6.60%. 
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6.4 EFFECT OF BAVISTIN ON PERCENT SEED GERMINATION OF 
DIFFERENT VARIETIES OF PADDY 

It is clear from Table 6.4 that when the seeds were treated with Bevistin, 
there was no germination occuring till 48 h in all the three varieties. It 
started after 72 h, it was 60.00%, 79.00%, and 70.80% in DP, NDR, and 
Kranti, respectively, which gradually increased with the time. In DP, it was 
80.60% at 120 h and 90.30% after 144 h and after that became constant. 
Same way in NDR, it was 80.00% after 96 h and 94.00% after 120 h and 
98.00% after 144 h after that it remains constant while in kranti it was 
70.00% after 72 h that gradually increased with the time it was 83.00%, 
90.00%, 93.30%, and 95.00% after 96, 120, 144, and168 h, respectively. 

TABLE 6.4 Effect of Bavistin on Percent Seed Germination of Different Varieties of 
Paddy. 

Duration 
in hours 

% Seed germination 
Dhan Pant NDR Kranti 

24 – – – 
48 – – – 
72 60.00 79.00 70.80 
96 80.60 80.00 83.00 
120 90.30 94.00 90.00 
144 90.30 98.00 93.30 
168 90.30 98.00 95.00 

6.5 EFFECT OF THIRAM ON PERCENT SEED GERMINATION OF 
DIFFERENT VARIETIES OF PADDY 

It is clear from Table 6.5 that when the seeds were treated with thiram, 
there occurred no germination till 48 h after that it increased gradually in 
DP. It was 72.00%, 83.00%, 90.50%, and 94.00% after 72, 96, 120, and 
144 h, respectively, that remains same after 168 h. While in NDR it was 
88.80% after 72 h and 93.00% after 96 hours after that it became constant 
(100.00%). Same way in Kranti, germination started after 72.00% h and it 
was 90.00%. After that it became constant (100.00%). 
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TABLE 6.5 Effect of Thiram on Percent Seed Germination of Different Varieties of 
Paddy. 

Duration % Seed germination 
in hours Dhan Pant NDR Kranti 

24 – – – 
48 – – – 
72 72.00 88.80 90.00 
96 83.00 93.00 100.00 

120 90.50 100.00 100.00 
144 94.00 100.00 100.00 
168 94.00 100.00 100.00 

6.6 DISCUSSION 

India is a vast country with agriculture-based economy, where the impor
tance of seed pathology to agriculture has been realized but still not fully 
integrated with the country’s efforts of the production and supply of high 
quality seeds. The seed mycoflora affects adversely germination and the 
health of the emerging seedlings. Seeds have also been recognized as an 
efficient vehicle for transport of the pathogens from one area to the other. 
Therefore, the importance of healthy seeds or seeds free from serious 
pathogens could not be overemphasized. Besides this, release of high 
yielding varieties in recent years has greatly altered the disease situation in 
these crops. Little is known about the seed pathology of newly developed 
varieties, it was, therefore, considered necessary to study certain aspects 
of seed mycoflora. 

It is evident from Table 6.1 that stored paddy variety DP showed poor  
germination in comparison to remaining two fresh varieties because during  
storage large number of storage fungi viz.  Alternaria,  Aspergillus, Curvu
laria, Fusarium, Mucor, Penicillium, Rhizopus, and Trichoderma, etc.  
attack them. These fungi are capable in producing mycotoxins which affect  
the metabolites of grains, so gradual loss in viability of seeds occur during  
storage (Singh and Tyagi, 1984; Misra and Misra, 1991; Kim and Lee,  
1992; Krishan Rao, 1992; Moreno et al., 2000; Orsi et al., 2000; Garcia et  
al., 2002; Rath and Padhi, 2004; Prasad, 2004, Surekha et. al., 2011). 



It is evident from Tables 6.2 and 6.3 that when the mycoflora of three 
varieties of paddy was tested by blotter method, it showed variation quan
titavely and qualitatively. Alternaria alternata, A. padwickii, A. tenuis, 
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Aspergillus niger, A. versicolor, Bipolaris oryzae, Chaetomium sp, Curvu
laria lunata, Epicoccum purpurescens, Fusarium graminearum, F. monili
forme, Microdochium oryzae, Rhizoctonia solani and Pyricularia oryzae  
were isolated from all the three varieties of paddy, that is, DP, Narendra 
(NDR), and Kranti in both unsterilized conditions. Alternaria longipes, 
Aspergillus fumigatus, A. humicola, A. parasiticus, A. sydowi, A. wentii, 
Fusarium scirpi, F. semitectum, Penicillium chrysogenum, Rhizoctonia 
bataticola, Rhizopus arrhizus, R. oryzae, and Rhizopus stolonifer  were 
isolated from both unsterilized and surface sterilized seeds of paddy variety 
DP; Aspergillus candidus, A. flavus, A. glaucus, A. minutus, A. nidulans, A. 
tamarii, Curvularia affinis,  C.  pallescens, Fusarium equiseti, F. longipes, 
and Penicillium citrioviride were isolated from both unsterilized and 
surface sterilized seeds of paddy varieties DP and NDR. Acremonium sp, 
Cladosporium sp., Diplodia sp, Geotrichum candidum, Mycogone nigra, 
Nigrospora oryzae, N. spaerica, and Pyrenochaeta oryzae were isolated 
from both unsterilized and surface sterilized seeds of paddy varieties 
Kranti; Cercospora oryzae Dr echslera oryzae, Phoma sp, Trichoderma 
viride,  Trichothecium roseum and Verticillium cinnabarium were isolated 
from both unsterilzed and surface sterilized seeds of paddy varieties NDR 
and Kranti; (Aspergillus candidus A. flavus,  A. glaucus, Fusarium longipes   
and Rhizoctonia oryzae were isolated from usnterilized seeds of paddy 
varieties DP and NDR and surface sterilized seeds of variety DP;) Absidia 
corymbifera, Nigrospora padwickii, Penicillium nigricans and P. terrestris  
were isolated from unsterlized seeds of paddy variety DP and Kranti and 
A. luchuensis, Bipolaris halodes and Curvularia verculosa were isolated 
from unsterilized seeds of paddy varieties NDR. 




From Tables 6.4 and 6.5, it is clear that when the seeds were surface  
sterilized with 0.1% mercuric chloride, it reduced the number and frequency  
of fungi. By blotter method, 60 fungi belonging to 26 genera were isolated  
in unsterilized condition in which Aspergillus fumigatus, A. humicola,  
Cladosporium sp, Fusarium scirpi, Geotrichum candidum and Pencillium  
chrysogenum were not isolated from surface sterilized seeds of paddy. 
Alternaria alternata, A. padwickii, Aspergillus candidus, A. flavus, A. 

fumigatus, A. niger, A. versicolor, Bipolaris oryzae, Cercospora oryzae, 
Chaetomium globosum, Cladosporium cladospoiriodes, Curvularia 
sp, C. affinis, C. lunata, Drechslera oryzae, Epicoccum  sp, Fusarium 
moniliforme, (G. fujikuroi), F. semitectum, Mucor sp., Nigrospora oryzae, 
Phoma sp., Pyricularia oryzae, Rhizoctonia oryzae, R. solani Rhizopus 
stolonifer  were isolated in this study have been reported by Supriaman and 



 

 

146 Plant Pathogens: Detection and Management for Sustainable Agriculture 

Palmer (1979); Saponaro et al. (1986), Parate and Lanjewar (1987); Zakeri 
and Zad (1987); Grewal and Kang (1988); Vallejos and Mattos (1990); 
Jayanandarjah and Seneviratne (1991); Bokhary (1991); Ahmad and Raza 
(1992); Castano et al. (1992); Kim (1992); Kim and Lee (1992); Kim and 
Yu (1992); Wu et al. (1992); Ilyas and Javaid (1995); Khan et al. (1999); 
Zad and Khosravi (2000); Franco et al. (2001); Khalid et al. (2001) on 
paddy seeds from all over the world. 

Absida corymbifera, Alternaria sp., A. alternata, A. padwickii, Asper
gillus sp, A. candidus, A. glaucus, A. flavus Bipolaris oryzae, Chetomium  
sp, Chaetomium globosum, Cladosporium sp, Curvularia affinis, C.  
lunata, C. pallesecence, C. verruculosa, Drechslera oryzae, Epicoccum  
sp, E. purpurescence, Fusarium equseti, Fusarium moniliforme, F.  
oxysporum, F. semitectum, Mycogone nigra, Nigrospora oryzae, Peni
cillum sp, P. citrioviride, P. purpurescence, Phoma sp, Pyrenochaeta sp,  
Pyricularia oryzae, Rhizoctonia solani, Rhizopus sp, and Sarocladium  
oryzae were isolated in this study have been reported by Mittal and  
Sharma (1978); Singh and Shukla (1980); Mohan and Subramanian  
(1981); Singh and Raju (1981); Verma and Aulakh (1983); Jha and Prasad  
(1984); Jayaweera et al. (1988); Sundar and Satyavir (1988); Waghray  
et al. (1988); Jayaraman and Kalyansundaram (1989); Chakrabarti and  
Rao (1990); Maiti et al. (1991); Mia and Safeculla (1992)0; Roy (1992);  
Rangnathaiah and Safeeulla (1994); Vyas (1994); Tiwari (1995); Babu  
and Lokesh (1996); Rathaiah (1997); Kalyansundaram (1998); Sunder  
and Satyavir (1998); Pandey et al. (2000); Lalitha and Raveesha (2003)  
on paddy seeds from India. 





It is clear from the results that fresh varieties showed higher germination 
and less fungal frequency while stored varieties showed low germination 
and high fungal frequency because during storage stored fungi attacked on 
the seeds and replace the field fungi. These stored fungi are mycotoxin in 
nature which affects the metabolic activities, discoloration of grains, loss 
in grain weight. 

It is also evident that when the seeds of all the three varieties of paddy 
and maize were treated with Bavistin and Thiram, there was an enhance
ment in percent germination of seeds of all the varieties. Thiram proved to 
be more effective than Bavistin, Variation in the growth of the seedlings 
raised from untreated and treated seeds with Bavistin and Thiram is evident 
from Tables 6.4 and 6.5. 
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In paddy, same results were obtained, untreated seeds showed poor 
germination in comparision to treated seeds. Among the three varieties 
of paddy, variety DP (stored) showed poorest germination and variety 
Kranti showed best germination in both conditions (untreated and treated 
with fungicides). These results are in accordance with the finding of Wal 
and Vander, 1978; Prakash and Kauraw, 1983; Pathak, 1989; Kapkoti 
and Pandey, 1990; Vishwanathan and Narayananswamy, 1993; Milivo 
jevic et al., 1996; Sharma and Chahal, 1996; Puzari et al., 1998; Sundar 
and Satyavir, 1998; Scholz et al., 1999; Akter et al., 2001; Carmona et 
al., 2001; Goulart and Fialho, 2001; Lu et al., 2001; Parisi et al., 2001; 
Bohra et al., 2001; Anwar et al., 2002; Singh et al., 2002; Thapak and 
Thrimurty, 2002. 
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ABSTRACT 

Plant diseases cause substantial losses in the quality and yield of plant 
produced worldwide. These losses cause by various factor in which biotic 
and abiotic stress are the one of the major reason. Many insects, such as 
caterpillars and beetles, are fairly large and easy to spot, as is the damage 
they cause. Some plants are more likely to suffer from abiotic disorders 
rather than plant diseases. There are thousands of genera and species of 
pathogenic microorganism which are associated, in one way or another, 
with plant and its produce. The pathogens that are principally involved in 
plant disease are fungi, bacteria nematodes, and virus. Correct identifica
tion of both the host plant and the causal agent of a disease or pest damage 
will enable a plant grower to choose the most effective management 
practices that will prevent further damage to crop plants without affecting 
harmless or beneficial organisms. Chapter 7, summarizes the losses caused 
due to abiotic and biotic stress, their detection, and management. 



7.1 INTRODUCTION 

Losses in quality and yield commonly occur every year due to the activities 
of plant diseases; yet accurate record of such losses and the diseases are not 
documented especially in developing countries due to poor management 
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of agricultural produce (Alao, 2000; Opadokun, 2006). In developed 
countries such as the United States of America, despite all the measures 
and strategies of control being implemented, the losses of agricultural 
produce to plant diseases were estimated from 8% to 23%, by insects 4% 
to 21%, and by weeds 8% to 13%. While losses due to plant diseases in 
Canada, another developed country, range between 15.5%, 12.5%, and 
10.5%, respectively. In the year 1990, it was estimated that these losses, 
if not checked, would reduce returns to the vegetable industry by $172.7, 
$138.2, and $115.2 million, respectively. 

Losses of agricultural produce due to plant diseases occur due to one or 
more factors which could be either: (1) losses of plant and its produce due 
to attack by pathogens, (2) losses of plant and its produce due to attack by 
insects and causing damaging to the plant, and (3) losses of plant and its 
produce due to unfavorable environmental conditions, which are referred 
to as abiotic disorders. Although these plant diseases are caused by 
different factors, the symptoms for the diseases are somehow very similar. 
Therefore, the best way of identification a specific factor causing the plant 
diseases is by eliminating chances of other factors one by one; so first 
if eliminating chances for insect damage, then abiotic factors, and then 
pathogens (Yahaya and Alao, 2008; FAO, 2009; Monica et al., 2017a). 

7.1.1 DISORDER BY INSECT PEST 

The simplicity of finding insect damage very easily is the main reason why  
insect damage is considered first before other factors in plant disease iden
tification. Some insects which are fairly large like caterpillars and beetles  
are easy to spot and also the damage caused by them. Likewise arthropods,  
mites, and other smaller insects can be easily spotted with a hand lens. The  
damage by insect is so conspicuous —creating holes in areas such as leaves  
or fruit, leaves with a ragged appearance due to insects chewing along leaf  
margins, or deformed leaves (Kim et al., 1975; Monica et al., 2017). 



The presence of sooty mold, which is associated with sucking insects, 
and frass, the dark colored droppings is a sign that insects such as aphids 
and mealy bugs are in the plant. Therefore, the presence of sooty mold 
is identified in a plant such plant should be carefully inspected for the 
presence of insects especially aphids which are disease vectors (Kim et al., 
1975; Monica et al., 2017). 
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Therefore, care should be taken to make good observations to confirm 
the evidence of involvement of insect in the plant disease. However, were 
all the necessary investigation end in a negative result then the next factor 
that should be considered for elimination is the “abiotic” as causative 
agent for the plant disease (Kim et al., 1975; Monica et al., 2017). 

7.1.2 DISORDER BY ABIOTIC FACTORS 

Eliminating chances of environmental factors is usually carried out before 
searching for plant pathogens. This is important because the successful 
development and spread of the pathogens certain environmental conditions 
are required. Therefore, the ability to determine an abiotic disorder will 
play a key role in disease diagnosis. Some plants suffer from abiotic disor
ders more than the plant diseases; therefore, investigation on the abiotic 
factors first may make the process of identification disease easy and less 
time-consuming (Opadokun, 1996; Alao, 2000; Yahaya and Alao, 2008). 

The word “abiotic” stands for without life; it is referred to as the 
non-biological factor usually related with the environmental conditions, 
which has an impact on the survival of plant. The environmental factors 
which affect survival and development of plants consists of moisture, 
temperature, regime of light, soil pH, air quality, and nutrition. However, 
when one or more of these factors become adversely affected either at a 
higher or lower level than the normal required amount for a particular 
plant species, growth of the plant might be adversely affected and may 
result in development of disease. In addition the abiotic disorders could be 
a result of human activities such as application of fertilizer and pesticide 
(Opadokun, 1996; Alao, 2000; Yahaya and Alao, 2008). 

The sign of damage within the environmental unit is one of the most 
typical features indicating the abiotic disorder. Plant diseases caused by 
environmental disorders are most likely affect plants in the environmental 
unit uniformly as compared with the diseases caused by attack of insect 
which usually occur in clumps or hot spots within the unit (Opadokun, 
1996; Alao, 2000; Yahaya and Alao, 2008). 
However, it is important to define two popular terms in abiotic disor

ders: the situation where the plant tissue lost the green pigment chlorophyll 
which results the plant tissue turning into various shades or yellow, the 
term is referred to as chlorosis. While dead tissue is called necrotic tissue, 
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necrotic leaf tissue usually turns into brown or gray color (Alao, 2000; 
Opadokun, 2006; Yahaya and Alao, 2008). 

7.1.3 DISORDER DUE TO TEMPERATURE CHANGES 

Many plants are quite sensitive to temperature, especially the cold weather, 
particularly plants native to tropical parts of the world. For the cold sensitive 
plants, the damage may occur above 32°F (0°C). Formation of ice-crystals 
in between cells, due to freezing temperature, causes damage to the plants 
including rupture of cell membranes when contact occurs with the sharp 
edges of these crystals. With the continuous death to the number of adjacent 
cells (necrosis), the damage becomes noticeable to the naked eye. Therefore, 
the first and early symptoms of freeze injury are the areas of necrotic tissue, 
which are mainly at the margins and tips of leaves. Denaturation and coagu
lation occur when the temperature becomes excessively high, with conse
quences of drying out and death of the tissues. Usually, the symptoms of heat 
damage appear on the leaves as whitish and papery (Opadokun, 2006). 

7.1.4 DISORDER DUE TO MOISTURE CHANGES 

Well-being of the plant is adversely affected by lack of moisture, resulting 
in wilting. As lack of moisture increases signs of wilting become visible 
on the plant stem that will show more or less healthy looking vascular 
tissue in light colors, off-white in herbaceous plants and light brown 
in woody plants. Usually, while the stem tissue of plant wilted due to 
disease becomes dark colored. However, the symptoms for drought differ 
depending on the plant species, although the most common symptoms are 
similar in many plant species which include dehydration that is indicated 
by change of color or necrosis of margin and leaf tip (FAO, 2009; Monica 
et al., 2017). Furthermore, excessive availability of water to the plants 
may also be a problem to the normal plant development. For example, a 
disorder caused by too much supply of water to the plant which is called 
edema occurs on ornamental foliage plants with thick leaves. However, 
reduced rate of evaporation from plant containers and transpiration from 
the leaves surfaces may occur during period of prolonged rainy weather. 
Under this condition the plant leaves may likely engorge resulting in cell 
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rupture with brownish lesions similar to that of leaf spots caused by living 
pathogens (Monica et al., 2017). 

Lack of vigor and light green or pale yellow green patches may 
develop in leaves of plant that remain in water log soil for a longer period 
due to root oxygen deficiency (Monica et al., 2017). Likewise, a plant 
root starved with oxygen fails to function properly and finds it difficult to 
remove water and nutrients from the soil which may increase chances of 
diseases of root fungi (Monica et al., 2017). 

7.1.5 DISORDER DUE TO CHANGES IN LIGHT 

Different species of plants have different requirements for light. While 
certain plants require shade, others require a good amount of sunlight 
for their development. Less chlorophyll and leggy or spindly appear
ance is usually seen in sunlight-dependent plants when grown under a 
low-light regime. This happens when the length of the stem between 
internodes becomes longer than normal. Usually, this is the main chal
lenge faced by plants that receive low light intensity. For example, 
potted plants of tomato, if grown during winter months, in containers, 
receive direct sunlight for a limited period and may likely show these 
symptoms. These plants will not only look thinner and taller than 
normal, also they will considerably droop under the weight of a normal 
fruit load (Agrios, 2005). 

However, sunburn usually occurs in plants transplanted from a shady 
to a sunny location. The new leaves that develop after transplanting will 
be better adapted to the sun and will replace older leaves which develop 
necrosis in the center of the leaf (Opadokun 2016). Also, loss of shade 
coverage after wind storm may result in sunburn damage; however, certain 
plants will never look normal under the sun because they are not well-
adapted to the sunny environment (Opadokun, 2006). 

7.1.6 DISORDER DUE TO EXCESSIVE OR DEFICIENCY IN NUTRITION 

Correct nutrition is a major component for normal plant growth, and the 
macronutrients include nitrogen (N), phosphorus (P), potassium (K), and 
magnesium (Mg); in addition to a lot of micronutrients, like iron (Fe), 
manganese (Mn), zinc (Zn), and boron (B), which must be supplied within 
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a specific dosage in order to avoid either deficiency or excess of any 
nutrient (Agrios, 2005).

Although different plant species have different nutrient requirements, 
following is a list of the most common nutrient deficiencies, in order of 
relative importance, observed in Florida on general groups of plants grown 
in the landscape or gardens (Agrios, 2005).

• Turf: nitrogen and iron.
• Palms: boron, manganese, magnesium potassium, iron, and nitrogen.
• Broadleaf plants (vegetables and ornamentals; herbaceous and 

woody): magnesium, nitrogen, iron, boron, manganese, potassium, 
and zinc.

The plants with broadleaf suffering from low potassium levels usually 
show interveinal yellowing or necrosis of the oldest leaves. The low level 
of nitrogen is usually associated with plants that are uniformly lighter 
green than normal, especially on older leaves. Palms are especially 
susceptible to potassium deficiency, but the symptoms are different. 
A translucent orange, yellow, or necrotic spot is usually shown by the 
oldest leaves. Interveinal or marginal yellowing of the oldest leaves 
is normally associated with deficiency of magnesium and is normally 
found in the remaining part of green leaves (Agrios, 2005; Opadokun, 
2006). Manganese, iron, copper, and zinc usually form insoluble salt 
in the soil. However, these minerals are not absorbed by roots were the 
condition is neutral or alkaline (pH 7.0 or high), resulting in develop-
ment of deficiency symptoms which is shown by the yellowing of the 
newly developed leaves (Agrios, 2005). Also, deficiency of manganese 
is shown by the spotting of necrotic lesion, blotches, or streaking. The 
deficiency of iron, on the other hand, may be spotted as yellowing of the 
plant, which will be more severe on the newly developed leaves. While 
boron (B) deficiency appears as young leaves upward cupping of leaves, 
growing in a distorted condition.

However, excess supply of nutrients can be injurious to the plant. 
Toxicity from excess copper and boron are particularly noteworthy. For 
example, excess spray of boron and copper fertilizer has the capacity 
of causing necrotic leaf spots on leaves and may easily be identified or 
confused with fungal leaf spots or contact pesticide damage. In these types 
of situations, damage is more severe when the fertilizer accumulates into 
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droplets in areas like tip of leaves. Generally, necrosis at the tip and margin 
of the oldest leaves result over application of boron fertilizer to the soil 
supporting growth of crop plants (Agrios, 2005). 
However, plants may also suffer when the water-soluble fertilizer 

becomes too high and may results in burning of the root and wilting of 
young plants, which may look similar to damping-off caused by fungal 
pathogen. While the older plants may show necrosis at the margin and the 
leaf tip (Agrios, 2005). 

7.1.7 DISORDER DUE TO PESTICIDE PHYTOTOXICITY 

Phytotoxicity is the main problem in plants associated with application 
of pesticides. The methods of pesticide application on the plants vary and 
pesticides may be either directly sprayed on the plants, drop as granules 
at the lawn or base of the plant, or just drift from the application in the 
nearby plantations. 

Leaf distortion, shoestring appearance, and growth-regulator-type injury 
on leaves can occur on the surfaces of leaves following absorption of some 
growth regulators, for example herbicides such as 2,4-D and dicamba. 
Many other disease symptoms are associated with injury from other 

pesticides. These are: marginal yellowing and browning (necrosis) of 
leaves bleached (white) spots, stunted growth, interveinal or veinal 
yellowing, and stem and branch dieback. However, the interaction between 
hosts and pesticides is unique. But generally, systemic pesticides applied 
as foliar spray and contact normally which result in localized necrotic spot 
anywhere the spray landed on the surface of the plant, but damage is more 
severe when the pesticides accumulate in areas such as tip of leaf. 

7.1.8 PLANT DISEASE CAUSED BY PATHOGENS 

Thousands of genera and species of pathogenic microorganism are known, 
which are associated with plant diseases (Waller, 2002; Agrios, 2005). 
There are four pathogens that are principally associated with plants: fungi, 
bacteria, nematodes, and virus. 

However, it should be noted that before a pathogen can infect a plant, 
the pathogen must enter the plant, obtain nutrients from it, and also 
neutralize its defensive mechanisms by secreting chemical substances 
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that affect certain metabolic reactions of the host plant. However, this 
penetration and inversion is aided by, or in some cases, entirely occurs 
by the mechanical forces exerted by certain pathogens on plant cell walls 
(Agrios, 2005). 

7.1.9 FUNGI 

Pathogenic fungi constitute about 85% of plant diseases (Kuku et al., 2001; 
Agrios, 2005). Fungi are achlorophylous and their cell walls are composed 
of chitin and other polysaccharides instead of cellulose. Species of fungi 
are identified by the use of microscopic spores which they produce (Table 
7.1). Spores, which are the asexual reproductive structures in fungi that 
can be carried for hundred miles by wind and splashing water current, 
insect or by human activity (Agrios, 2005). However, the soil fungi can 
move from one plant to another plant through growing from infested plant 
debris in the soil or by growing in intermingled roots. While some fungi— 
Rhizoctonia can survive for a long period in the soil even in the absence 
of host. Although fungi are known to enter into the plant through natural 
openings such as stomata or wounds, fungi may also enter through the 
plant cuticle (Waller, 2002; Agrios, 2005; Monica et al., 2017). 

7.1.10 BACTERIA 

Bacteria are very small one-celled microorganisms that can only be seen 
with aid of a powerful microscope (Agrios, 2005). Many plant pathogenic 
bacteria do not produce spores; however, bacteria can survive in the soil 
along with decaying plant materials for a considerable long period of time 
(Alao, 2000). 

Bacteria are mainly dependent on the outside agents and disperse from 
one plant to another plant. The main way of dispersal is the splashing water 
(irrigation, wind-driven water) that is followed by dispersal by human 
contact. However, the simple way of spreading bacteria is by touching 
infected plant with the hand or equipment then touching a healthy plant 
(Agrios, 2005). However, bacteria are not known to penetrate plant cuticle 
but can enter through the plant wound or natural opening to trigger disease. 
There are particular sub-groups of bacteria which need an insect host for 
dispersal and entry into the plant host (Table 7.1). 
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7.1.11 NEMATODES
	

The eelworms or the plant-parasitic nematodes are small worms usually 
less than 1 mm long, which thrive in the soil. Nematodes are broadly 
divided into two groups: ectoparasitic nematodes that attack the plant 
externally, and endoparasitic nematodes that live, at least for part of their 
life cycle, inside the host tissues. Parasitic nematodes have mouth part 
through which saliva is injected into the tissues of the host plant, result 
in the induction of greater damage most especially either tissue necrosis 
or the proliferation of the giant cells leading to galls. Nematodes such 
as Xiphonema, Longidorus, and Trchodorus while causing little direct 
damage, at the same time they may result in transmission of viral diseases 
to the host plant. 

Thousands of nematodes species are free-living in the soil, feeding on 
fungi, bacteria, and other microbes. Many plant-parasitic nematodes feed 
on a very narrow spectrum of hosts, and very few species are regarded 
as agricultural pests. However, for example, Canada has relatively few 
nematodes in both—field and greenhouse vegetable crops which are of 
major economic importance (Webster, 1972). 

Endoparasitic nematodes—These nematodes that live inside the host 
body. For example, Northern root-knot Meloidogyne hapla  Chitwood 
penetrate feed and multiply within root tissues; some even penetrate the 
leaves, stems, and bulbs of almost all types of plants in both field and 
greenhouse. While other species of nematodes such as Southern root 
nematodes Meloidogyne inconnita (Kofoid and White) do not occur in 
the field but can survive once introduce into the greenhouse. While the 
root-lesion nematodes such as Pratylenchus penetrans (Cobb) Filip. and 
Stek. usually infect many of the major vegetable crops grown in the both 
field and greenhouse (Alao, 2000). 

Ectoparasitic nematodes—These nematodes that live and feed outside 
the host body especially root tissues like cortex and epidermis, but these 
are the only possible were the nematodes have long stylet. While other 
species of ectoparasitic nematodes such as dagger nematodes Xiphinema 
spp. are more prevalent in vegetable growing fields and greenhouses but 
are usually identified from soil samples, however, they rarely cause any 
serious disease to the host plant. The dagger and needle nematodes usually 
prefer hosts with woody roots and are mainly associated with crop plants 



 

 

168 Plant Pathogens: Detection and Management for Sustainable Agriculture 

such as raspberry, grapes, roses, and strawberry than with vegetable crops, 
which are generally more soft-rooted (Nickle, 1984). 

The damage caused by the plant-parasitic nematodes is somehow not 
easy to differentiate from those diseases caused by abiotic factors or other 
pathogens. The presence of unfavorable soil conditions such as insufficient 
decomposition of organic plant residues, poor fertility, frost heaving, and 
extreme moisture may lead to branching the tips of some young roots of 
plants, likewise a proliferation of secondary roots may indicate sign of 
attack by the soil nematodes. 

Nematode diseases are normally assessed by visual examination of 
the infected plant tissue. However, most nematode diseases can only be 
identified after soil sampling and extraction; but both procedures may be 
expensive and time-consuming. 

The plant-parasitic nematodes do not normally spread very rapidly; 
therefore, a minor infestation may not lead to evident symptoms or reduced 
productivity (Table 7.2). 

TABLE 7.2 Host Ranges of Economically Important Nematode Pests on Crop Plants. 

Plants RKN RLN PCN SBN SRN SCN 

Bean - - -

Beet, chard, and spinach - - -

Carrot - -

Celery and celeriac - -

Crucifers - - - -

Cucubits - -

Ginseng - -t 

Greenhouse cucumber - -

Greenhouse lettuce - -

Greenhouse pepper - -

Greenhouse tomato - -

Lettuce, chicory, and endive - -

Maize (sweet corn) - - - -

Onion and other allium crops - - -

Parsnip -

Pea - - -
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TABLE 7.2 (Continued) 

Plants RKN RLN PCN SBN SRN SCN 

Potato - - - -

Rhubarb - - -

Tomato, eggplant, and pepper - - - -

PCN, potato cyst nematodes (Globodera spp.); RKN, root-knot nematode (Meloidogyne 
hapla Chitwood); RLN, root lesion nematode (Pratylenchus penetrans (Cobb) Filip. & 
Stek.); SBN, stem and bulb nematode (Ditylenchus dipsasci (Kuhn) Filip.); SCN, sugar-
beet cyst nematode (Heterodera schachi Schmidt); SRN, stubby-root nematodes (Parat
richodorus and Trichodorus spp.). 
Source: Adapted from Narayanasamy (2002). 

7.1.12 VIRUS 

The viruses are regarded as pathogen with features of both living and non
living. They are the smallest pathogens ever known to man and therefore, 
virus can only be seen with the aid of an electron microscope. The virus is 
generally made up of genetic material (RNA or DNA), which are usually 
wrapped in a coat of protein. They require a living host in order to survive 
and reproduce. Viruses are usually spread from diseased to healthy plants 
by insects, but can also be spread nematodes, fungi, and even humans 
(Agrios, 2005). 

7.1.13 MANAGEMENT OF PLANT DISEASE 

7.1.13.1 DISEASE IDENTIFICATION 

Accurate identification of the disease causing, an agent play a vital role 
in the design of disease management practices that will prevent further 
damage to crop plants without affecting harmless or beneficial organ
isms (Agrios, 2006; Narayanasamy, 2006; Riley, 2012). Therefore, due 
to improper identification of diseases all control measures could be a 
waste of time and money and may lead to further plant losses (Pimentel 
et al., 1991; Narayanasamy, 2006). Usually, similar symptoms can be 
produced as a response to disease caused by different causal agents. 
However, the use of symptoms only in disease identification is 



 

 
 

170 Plant Pathogens: Detection and Management for Sustainable Agriculture 

inadequate; therefore, other methods have to be incorporated for an 
accurate and successful identification of the causal agents (Riley, 2002; 
Narayanasamy, 2006). 
The most important tool for an accurate and successful identification 

of plant disease causal agent is the power of observation; in addition to 
asking so many questions to eliminate or identify the possible cause(s) of 
the problem and the need to take into consideration various environmental 
and cultural factors. The observation and question raised could lead (1) to 
identify the disease type and causative agent; (2) to narrow the problem 
down to specific possibilities which may involve further study before 
arriving at a final diagnosis; and (3) to baffle the problem completely 
(Agrios, 2005). 

7.1.13.2 CORRECT PLANT IDENTIFICATION 

For proper and successful identification of the plant affected, the first step  
is to note—both the scientific and common names of the plant. However, it  
should be noted that common names should not be relied upon because some  
distinctly different plant species may have similar common name; in addition  
common names used in one area may differ in another area or may be used  
for a completely different plant species (Alao, 2000; Narayanasamy, 2006).  
For example, the common name “vinca” has been used to describe two crop  
plants belonging to two different genera—Vinca, which is a perennial plant  
and Catharanthus, which is an annual plant. Also “monkey grass” is used  
to describe Liriope and Ophiopogon (mondo grass). Another example in  
forestry is the use of common name that can course confusion is “cedar”, it  
is used to denote crop plants such as eastern red cedar (Juniperus), Western  
red cedar (Thuja), Port Orford cedar (Chamaecyparis), incense cedar (Libo
cedrus), and Atlas cedar (Cedrus). Therefore, the use of common names for  
identification of disease-causing agent is inadequate (Pimentel et al., 1991). 



Apart from knowing the common and scientific names of infected 
plant, it is also necessary to know the specific variety or cultivar infected 
by the disease-causing agent. Usually, a great variation in susceptibility to 
a specific disease occurs within different cultivars of a plant species. For 
example, it should be taken into consideration the susceptibility of wheat 
to wheat stem rust caused by infection of P. graminis f. sp. tritici, it is 
clear that not all wheat cultivars are susceptible to all races of P. graminis. 
So, the major control measures for this disease development is based on 
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planting cultivars of wheat each year that are resistant to the pathogen 
races and are predicted to be present during the growing season. 

Ability to know the cultivar and its susceptibility to various diseases 
may assist to narrow down the possible disease-causing agents under 
consideration (Alao, 2000; Agrios, 2005). For example, tomato cultivars 
having “Better Boy” the genetic background is generally resistant to root-
knot nematodes, however, those with the genetic background of the variety 
“Rutgers” are more susceptible; therefore, understanding the genetic 
background of a cultivar can be very helpful in identification of disease 
causal agents. Following the confirmation of the identity of plant species 
affected by the disease, the plant pathologist may be able to consult a list 
of plant diseases that infect the plant species which may lead in knowing 
the pathogenic agent and rule out other possibilities (Pimentel et al., 1991). 

7.1.13.3 RECOGNIZE HEALTHY PLANT APPEARANCE 

Knowledge of the normal appearance of healthy plant and its special growth 
habits, colors, and growth rates are important for a successful management 
of plant disease, otherwise it will be difficult to understand when something 
is wrong (Alao, 2000; Agrios, 2005). In many instances, ornamental shrubs 
are developed and marketed for the ornamental value of such bright-colored 
new growth. Therefore, were an individual did not understand the coloration 
is the normal appearance of the plant, he might otherwise think that the plant 
is diseased (Agrios, 2005; Opadokun, 2006; Yahaya and Alao, 2008). It is 
also important to understand that appearance can change as cultivar change. 
Naturally, some plant cultivars usually have yellow to pale green leaves 
(e.g., coleus varieties, new host cultivars, and herbs like golden oregano) 
which are at first glance may appear to have symptoms of root stress, soil pH 
disorder, or problem of under-fertilization (Wallace, 2002). 
As soon as the normal appearance of the specific plant is known then 

comparisons can be made between the healthy and problem-facing plants 
(Agrios, 2005). Some of the characters that should be used for comparison 
include shape, coloration, overall plant size, leaf shape, bark, stem or 
trunk, texture and coloration, root distribution, and coloration. In addition, 
it is also very important to take note of all the normal events of the plant; 
typical example is the leaf drop, which may occur in a healthy plant. For 
example, some holly species usually drop leaves in the spring (Yahaya and 
Alao, 2008; Agrios, 2005). 
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While noting the condition of healthy plant, it is equally important to 
take note on the changes occurred in the part of the affected plant for any 
sign, for example are there sign of symptoms on the flowers, or fruit, leaves, 
stem or roots? Is the entire plant involved or only some part? Finding 
correct answers to the above questions may assist in correct identification 
of the plant disease. 

7.1.14 IDENTIFICATION OF SIGN OF SYMPTOMS 

7.1.14.1 IDENTIFY CHARACTERISTIC SYMPTOMS 

Diseases spread involved progression of symptoms which may vary 
significantly from species to species. Therefore, describing characteristics 
of symptoms shown by the host plant may not necessarily be easy (Agrios, 
2005). However, progression of symptoms is one of the most important 
characteristics associated with disorders caused by biotic agents. Primary 
and secondary symptoms may result from diseases, for example, toppling 
over of the tree or wind throw is a secondary symptom; however, decayed 
roots on a tree are a primary symptom. During the later stages of a disease 
development, secondary invaders may likely obscure the original disease 
symptoms so that symptoms observed at the later stages of the disease 
development may not be similar to the symptoms which developed in 
response to the infection by the original pathogen (Pimentel et al. 1991). 

Therefore, it is very important to look for a progression of disease symp
toms in plants. For example, symptoms observed due to improper herbicide 
usage may resemble spots which might be present due to infectious agent. 
Therefore, the changes observed may be with the herbicide injury, the 
symptoms may suddenly appear without any noticeable symptoms progres
sion. Under such conditions, the spots may join the spray patterns of the 
herbicide. Some herbicides like 2,4-D, may result in distortion of the leaf 
and may be confused with other disease such as viral disease, but when new 
leaves are formed they automatically be symptoms free, showing complete 
absence of progression of symptoms (Opadokun, 2006). 

7.1.14.2 IDENTIFYING SYMPTOM VARIABILITY 

Variability of the expressed symptoms by the diseased plants may 
generally result to an improper diagnosis; such variations may occur 
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from a couple of factors. Sometimes more than one disease and 
pathogen may be present infected plants (Agrios, 2005). The symptoms 
that are associated with these infected plants may significantly differ 
from the symptoms that may be expressed in response to infection by 
different pathogens when each separately acting. Therefore, the disease 
symptoms that may be exhibited by multiple pathogens infecting a plant 
could be either more or less severe than if the plant was infected with 
just one of the pathogens (Pimentel et al., 1991; Alao, 2000; Agrios, 
2005). 

7.1.14.3 IDENTIFY SIGNS OF BIOTIC CAUSAL AGENTS 

The total observable evidence indicating that the presence of disease is 
the sign of plant disease-causing agent in a particular plant. This sign 
may consist of either the mycelia of a fungal agent, fungal spores, or 
spore-producing bodies (Agrios, 2005; FAO, 2009). While sign for 
insects as disease-causing agent may include the actual insect, insect 
egg, mite webbing, and insect frass. These signs are more specific to 
the disease-causing agents than the symptoms, and play important role 
in the identification of disease-causing agent and subsequent diagnosis 
of the disease. They use simple farm tools such as knife and a hand 
lens are highly recommended or may be very valuable in the field for 
the diagnostician. For example, for observation of mycelia mats of root 
rot fungi like Armillaria spp. this requires cutting into the bark of orna
mental plants and trees at the soil surface. While bacterial ooze may be 
seen by cutting into stems before placing them in clean water. For the 
other pathogens such as powdery mildews, the disease they course is 
usually identified and diagnosed by the observation of the gray to white 
mycelia and also by observation of conidia on the surface of leaves and 
flowers (Agrios, 2005). 

Disease signs on plants can sometimes be overlooked were careful 
observations have not been conducted, this is because disease signs are not 
readily visible especially when taking a quick ride of the disease plant by 
only taking observation through the windshield of a moving truck; under 
such situations, the disease may not necessarily be visible to the naked eye 
(Agrios, 2005; Narayanasamy, 2006). Therefore, the use of dissecting or 
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compound microscopes are recommended for the observation of specific 
spores and spore structures, which may results in further identification of 
possible disease-causing agents. 

7.1.14.4 IDENTIFY PLANT PART AFFECTED: ARE SYMPTOMS 
ASSOCIATED WITH SPECIFIC PLANT PARTS? 

During plant disease diagnosis, it is necessary to establish whether the 
symptoms observed are related to the specific plant parts. For example, 
disruption of the vascular system which may be indicated by browning of 
the vascular system is observed in a wilted plant, are necrotic lesions seen 
only on younger leaves or are the roots of the plants abnormal including 
rots, decreased feeder roots, etc.? Some diseases symptoms are mainly 
seen on some specific part of the plant and this observation is very valu
able in diagnosis of plant disease (Agrios, 2005). 

7.1.15 OBSERVATION OF DISEASE PATTERNS AND DISTRIBUTION 
OF SYMPTOMS 

The first thing, a plant disease diagnostician should take into consideration 
is how the diseased plants are spread over the affected field area. He should 
find out whether the diseases are uniformly distributed across an area 
or are they localized? Also, it is important to determine the distribution 
pattern, for example, the diagnostician should find out whether the disease 
occurs only on the roadways or driveways or in low spots of a field, along 
the edges of the greenhouse near open windows or along a planted row, 
or is it occurring in the field and infecting plants at random? This pattern 
of distribution is important especially in determining at the possibility 
of non-infectious problems, like the improper use of herbicide or use of 
other various soil factors. Usually, diseases which are infectious gener
ally occur over time with series of progression of symptoms. However, 
uniform pattern of distribution of an individual plant and uniform damage 
patterns over a large area only associated with abiotic agents not biotic 
agents (Agrios, 2005; Opadokun, 2006). Diseases caused by biotic agents 
generally observed when they are causing problems on a low percentage of 
plants at least at the beginning of the disease, unless there are extenuating 
situations, like the use of infected seeds. Even under that condition, hardly 
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100% infection will be seen. However, were disease occurs in 100% of the 
plants in an area, it is more likely the infection might have results from 
factors like deficiencies or toxicities of the soil, toxic chemicals such as 
improper use of pesticides, growth regulators, or air pollutants, like ozone 
or due to unfavorable climatic conditions; cold, temperatures, and drought. 

Therefore, establish how the progression of symptoms on plants in 
the affected area is, were the all the symptoms appeared at the same time 
without any further development is an indication of episodic event like 
temperature changes or probably improper use of chemical. However, 
were the symptoms start in an area then spread to other areas with changes 
in the disease severity over time will indicate the presence of biotic agent 
(Narayanasamy, 2002; Agrios, 2005; FAO, 2009). 

7.1.15.1 IDENTIFICATION OF HOST SPECIFICITY 

Knowing whether the disease is occurring on only one plant species or 
on a different plant species, is important in plant disease management. 
If different plant species are affected, this will suggest the possibility of 
a non-infectious disease-causing agent, which may be associated to the 
cultural or environmental problems. For example, root rot of Phytoph
thora and Pythium can cause problems on many different plant species; 
however, because more than one plant species is infected does not remove 
the possibilities of infectious disease agents. In a situation where more 
than one plant species are involved, it is important to find out whether the 
plants related closely and the possibilities of both plants been infected by 
similar pathogen (Waller, 2002; Agrios, 2005). 

7.1.16 GROWING ENVIRONMENT AND CULTURAL PRACTICE 

Taking into consideration the cultural activities of an area around the 
infected plants are important for design of plant disease management strat
egies. Sometimes, diseases may occur in crop plants not due to anything 
wrong by the grower but could be due to what his/her neighbor has done 
in his/her area. Therefore, information pertaining to the growing environ
ment by which the affected plant has been exposed is very vital in plant 
disease management (Narayanasamy, 2006). It is also equally important 
to keep proper records of changes in the environmental conditions. The 
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environmental factors that should be considered and recorded properly 
are: rainfall, hail, lightning, prolonged drought, extreme temperatures 
(freezing and heat), temperature inversions (possible air pollutant and 
pesticide drift damage), and prevailing winds. All these abiotic factors 
may be important to the disease, site factors like soil pH, soil type, 
possible drainage problems should be checked and evaluated (Waller, 
2002; Agrios, 2005). 

For a successful management of plant disease maintenance and cultural 
activities are very essential. It is therefore important to keep a record for 
consultation about information on the pesticides or other chemicals that 
have been applied in an area, time of application, and the dosage applied. 
It is also essential to keep record of all the equipments used during appli
cation of pesticides or chemicals in the area of infected plants and all the 
possible observations that were made before and after the application 
(Narayanasamy, 2002; Opadokun, 2006). 
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T1, Rhizobium + PSB (Local); T2, Rhizobium + PGPR (L) + PSB (L); T3, Rhizobium + 
PSB + PGPR (N); T4, Rhizobium + PGPR; and T5, Control; DI, diversity index, ED, equi
tablility; and RI, richness index. 



FIGURE 5.1 Diversity and evenness of fungi under different treatments. 

FIGURE 5.2 Dominant fungal genera under different biological treatments. 
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FIGURE 5.3 Mycelial growth of Aspergillus and Penicillium spp. on PKV medium on 
fifth and seventh day of incubation. 

FIGURE 5.4 Effect of extracts of weeds loaded with beneficial fungi on mycelial growth 
of Fusarium oxysporum f. sp. lycopersicae (FOL). 
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T1, no fungal inoculation, T2, AN+ TV+ PL; T3, AN+TV+PL+CC; T4, AN+TV+PL+ HG; T5,  
AN+TV+PL+ HG+CL; T6, AN+TV+PL+ CC+PP+FS; T7, all fungal inoculants except CC. 

FIGURE 5.5  Treatments effect on disease indices  of plant pathogenic  fungal consortium 
on tomato seedlings. 
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MAP 9.1 
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FIGURE 9.1 Guava orchard showing infestation of Meloidogyne entrolobii. 

FIGURE 9.2 Guava seedlings and roots showing galls and drying symptoms. 

FIGURE 11.1  Antimicrobial peptides of ribosomal origin are synthesized using 
canonical pathway, whereas nonribosomal origin in general includes peptaibols which are 
synthesized through modular pathway. Still irrespective of their origin, both AMPs either 
target cell membrane or intracellular pathways. 
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FIGURE 11.2a Ribosomal-derived antimicrobial peptides from bacterial source. 

FIGURE 11.2b Peptaibol of Trichoderma representing nonribosomal-derived antimicro
bial peptides from Trichoderma reesei Aib as light blue and other sky blue. 
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FIGURE 11.3 Multiple alignment of nonribosomal-derived antimicrobial peptides 
(AMPs) such as peptaibols of Trichoderma origin. 

FIGURE 11.4 Organization of ribosomal-derived antimicrobial peptides (AMPs) in the 
genome of Bacillus species mostly used as biocontrol agents; green color indicates AOI 
type of antimicrobial peptides. 
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FIGURE 11.5  Schematic representation of mode of action of antimicrobial peptides 
A-Torroidal, B-Carpet-like model high concentrations of peptide molecules disrupt the 
membrane in a detergent-like manner breaking the lipid bilayer into set of separate micelles. 
C- Barrel stave in which hydrophobic regions of AMPs align with the tails of the lipids and 
the hydrophilic residues form the inner surface of the forming pore and D- Toroidal pore 
model in which peptides aggregates and hydrophilic heads of the lipids are electrostatically 
dragged by charged residues of AMPs. 

FIGURE 13.2 Foreign gene integration in chloroplast genome through homologous 
recombination. 
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ABSTRACT 

The crop loss incurred by the infestation of a wide range of nematodes 
is valued in billions of dollars and has posed a serious threat to global 
food security. The nematode affects economically important crops all over 
the world and incurs a significant decline in the crop yield. Management 
of nematodes is given consideration and different methods have been 
developed. Intriguing evidence suggests that the biological method to 
control nematode infestation is the best and viable approach. Control of 
nematodes by the use of biocontrol agents offers a promising substitute 
to the use of chemical agents and chemical-associated harmful effects. 
The microbes such as fungi and bacteria have the ability to reduce the 
nematode population and have played a vital role in decreasing the 
crop yield loss caused by nematodes. The development and subsequent 
implementation of biocontrol agents are very unpredictable and quite 
hectic on a large scale. The implementation of an ideal biocontrol agent 
requires an elaborated understanding of the mechanisms of infectivity of 
the antagonist against nematode populations, and meticulous exploration 
of the interactions among biocontrol isolates, nematode, soil microbiota, 
plant microenvironment, and ecological implication must be developed. 
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8.1 INTRODUCTION

Plant parasitic nematodes devastate the crops across the globe and pose a 
serious threat to the overall crop production. In addition to the significant 
reduction in yield, they also impair the quality of crops. Keeping this in 
view the management of these small creatures holds great importance. 
Biocontrol is a novel, eco-friendly approach relying on soil microorgan-
isms and, therefore, provide a feasible and sustainable perspective in many 
agrosystems for management of soil pests such as root-knot nematodes 
(RKNs, Meloidogyne spp.). The use of microbes as biological nematicide 
has previously been used for decades. The fact that microorganisms 
including bacteria, fungi, mites, and predatory nematodes are the best-
known biocontrol agents of parasitic nematodes is well established. 
However, there is a need for proper formulation of some important strains 
of bacteria and fungi and their commercialization.

8.1.1 PLANT PARASITIC NEMATODES

The majority of plant-parasitic nematodes (PPNs) are either ecto- or 
endoparasites feeding on or inside the plant roots while a small propor-
tion of nematodes are ariel feeders. They play a key role in damaging the 
economically important crops and have the capability to serve as vectors 
of viruses and cause a wide spectrum of diseases in association with other 
pathogens. Nematodes also facilitate emanate infestation by secondary 
pathogens namely, bacteria and fungi.1 Ngangbam and Devi2 advocate 
that nematodes cause devastation in almost all the crops across the globe. 
They live in and around rhizosphere and have the ability to live even in the 
absence of hosts. The figures for yield loss caused due to PPN in several 
important crops are presented in Table 8.1.

Classically, nematode management has relied on synthetic chemical 
nematicides; however, these nematicides have proven unreliable for small-
holder systems as they are very costly and unavailable to farmers.3,4 In addi-
tion to this, chemical nematicides have posed a threat to the environment, 
hence have been withdrawn from markets or their use severely restricted.4 
Other management techniques, such as soil solarization and fumigation 
with soil disinfectants namely, dazomet, metham sodium, and formalde-
hyde at recommended doses, flooding, use of resistant cultivars and use 
of cover crops have been practiced but have their individual limitations. 
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For example, solarization is expensive, can be technically challenging for 
farmers, and negatively impacts on the beneficial soil microorganisms.5,6 
Flooding is not suitable for all locations and is dependent on the type of 
crop and nematode species7; resistant cultivars are often highly specific to 
nematode species and are not readily available to farmers in developing 
countries7–9 and cover crops that are considered most effective such as 
rattlebox (Crotalaria spectabilis) and castor (Ricinus communis) may be 
toxic to livestock and are mostly species specific.10

8.1.2 IMPACT OF PARASITIC NEMATODES ON AGRICULTURE 
ECONOMY

Agriculture intensification, poor agronomic practices such as the implemen-
tation of monoculture, use of chemical fertilizer, and inconsistent irrigation 
are the main factors that led to increase in parasitic nematodes and decrease 
in global crop productivity with a resultant global cost of >$120 billion 
p.a.11,12 As per the reports of the Karssen and Moens,13 Moens et al.,14 more 
than 100 RKN species are infecting thousands of plant species and remains 
a serious threat to the sustainable food production across the globe. Up to 
now, there are about 3400 species of nematodes that are plant parasitic. The 
recent reports advocate 250 species from 43 genera reflect phytosanitary 
risk yet there are may be many species of phytosanitary importance.15 The 
most important genera in terms of juvenile diffusion include Globodera, 
Heterodera, and Meloidogyne of the family Heteroderidae.

8.1.3 CYST CEREAL NEMATODES

The wheat and barley production has incurred huge losses due to cyst 
cereal nematodes such as Heterodera avenae and is posing a major threat 
to these crops in many regions of the world. It has been observed that 
cereal cyst nematode cause significant yield losses especially under 
rainfed conditions and less irrigated regions of Australia, China, Pakistan, 
and the United States. Yield loss due to cereal cyst nematode (CCN) are 
15%–20% on wheat in Pakistan,16 17%–77% on barley and 40%–92% 
on wheat in Saudi Arabia,17 20% on barley and 23%–50% on wheat in 
Australia,18 42% on rainfed wheat in Turkey.19 There has been a reduction 
of about 50% on barley yield due to H. latipons in Cyprus20 in China about 
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33% yield loss in cucumber have been reported by.21 The nematodes have 
also caused a huge reduction in yield of about 87%.22 There are several 
obstacles in estimating the perfect crop loss caused due to nematodes. The 
current statistics reflect massive economic loss on the yield of about US 
$9 million in India, £3 million in Europe, and about AUS $72 million in 
Australia has incurred due to the CCN infestation.19

8.2 MANAGEMENT OF NEMATODES

With regard to population explosion and food security, management of 
parasitic nematode should be given utmost importance with novel strate-
gies. Because it is too difficult to eliminate the nematodes from the soil, 
the overall goal of proper management is to reduce the nematode popu-
lace to least possible level. As per the reports of Food and Agriculture 
Organization,23 it has estimated that more than 800 million people face 
starvation. Plant diseases play a critical role in decreasing the agricultural 
productivity and is considered as the biggest threat to sustainable food 
production across the globe.24 As per the reports of Nicol et al.,19 about 
12% of world total food production is lost due to PPN. This is a huge 
quantity to be ignored and hence the need of the hour is to keep it as low 
as possible. The best viable approach to attain the objective is through the 
management of nematodes. In past management of nematodes have been 
principally carried out through the use of chemicals; however, this method 
is having a wide spectrum of limitation and, therefore, it is mandatory 
to substitute this with some suitable approach. Chemical nematicides are 
costly, unavailable, and pose a harmful effect on the environment.25

8.2.1 BIOLOGICAL CONTROL OF NEMATODES

The apprehension over the deleterious effects of chemical nematicides on 
the environment and human health has facilitated the need for safer, eco-
friendly control measures. The biological control of nematode growth and 
populace offers a promising substitute for the vigorous use of chemical 
nematicides. Biological control relying on soil microorganisms may offer 
feasible and sustainable perspectives in many agrosystems for manage-
ment of nematodes. This is considered as an appropriate to chemical 
nematicides as it is cheap, readily available, and eco-friendly; in addition 
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to this, it plays a crucial role in facilitating the sustainability in agricultural 
production.26 The reduction in root galling expressed in terms of Root-
Knot Index form the basis for the assessment of efficiency of biocontrol 
agents in the management of PPN.27 Biocontrol agents also have the ability 
to improve the plant health and the hence overall productivity. Several 
organisms have been shown possess antagonistic activity against PPN28,29 
among these fungi have proved to best in terms of efficiency and efficacy.

8.2.2 NEMATOPHAGOUS FUNGI

Nematophagous fungi are a class of microfungi that have the ability to 
capture, kill, and digest nematodes. Numerous fungal strains have been 
assessed for their antagonistic action against nematodes and it has been 
proven that fungi possess some striking features to act as best biocontrol 
agent of nematodes, for example, enzymes like collagenase, chitinases, and 
serine protease have the ability to rupture the cuticle of adult nematode or 
eggshells, thereby causing significant mortality at very early stage.30 The 
cuticle of adult nematode is mainly composed of proteins, keratin, collagen, 
and fibers while as the chitin forms the major portion of nematode egg. 
Therefore, the degradation of collagen through the fungal collagenase is 
believed to be essential for the control of nematode population.30 The fungi 
employ the association of mechanical activity along with the hydrolytic 
enzymes to penetrate the nematode cuticle. The enzymes degrade the main 
constituent (protein and chitin) of nematode cuticle and egg shells.

8.2.3 MECHANISM OF INFECTION

The nematophagous fungi involve a wide array of hydrolytic enzymes in 
infecting the nematodes and nematode eggs, these are discussed in next 
section.

8.2.3.1 SUBTILASES

Spatafora et al.31 have reported that Pezizomycotina contains the filamen-
tous, sporocarp-producing nematophagous fungi is the largest subphylum 
of Ascomycota. As per the reports of Yang et al,32 fungal extracellular 
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enzymes have been recognized as a strong tool to penetrate and infect 
the nematodes. Li et al,33 are of the opinion that subtilisin-like serine 
proteases, amongst the extracellular enzymes, have been exalted as the 
essential enzyme with central roles in penetrating and colonizing their 
nematode host. In 1990, the first serine protease from V. suchlasporium 
was isolated, purified, characterized, and tested positive for the activity 
of degrading certain cyst nematode proteins.30 Importantly, intriguing 
evidence emerged suggesting that subtilisin-like serine proteases isolated 
from nematode-trapping fungi regulate important processes of penetra-
tion, degradation, and digestion of nematode cuticles.34-39 Several kinds of 
serine protease including PII and Aoz1 from Arthrobotrys oligospora,40 
pSP-3 from Paecilomyces lilacinus41 and VCP1 from Paecilomyces 
chlamydosporia42 have been isolated, purified and cloned. These enzymes 
disrupt the interrupt the physiological integrity of the nematode cuticle 
that facilitates penetration and colonization.

8.2.3.2 CHITINASES

The potential of fungi as biocontrol agent has proved a great promise 
to sustain the agriculture and reduce the crop loss incurred by the wide 
spectrum of nematodes. The degradation of chitin of nematode egg shell 
through the action of fungal extracellular enzymes has been supported by 
several workers.43 Chitinases, a prerequisite for hyphal growth participate 
in infection of mycoparasites and nematopathogenic fungi are a class of 
inducible enzyme that catalyzes chitin, the main constituent of nematode 
cuticles.44 Tikhonov et al.45 identified and purified CHI43, the first chitinase 
with nematicidal activity.

As per the reports of Huang et al.,30 the activity of chitinase CHI43 
obtained from nematophagous fungi of V. chlamydosporium and V. suchla-
sporium increased with time when cultured in medium with containing 
colloidal chitin as the main source of C and N. Chitinase of CHI43 or/
and serine protease of P32 treated eggs of G. pallida revealed the promi-
nent effect of CHI43 on degradation of nematode eggshell.30 Scars and 
slight peelings were recorded on the egg surfaces when CHI43 or P32 
were applied individually, however, a combination of CHI43 and P32 
caused more serious damage. Thus, overall experimentation concluded 
the involvement of chitinase in the disruption of the cuticle of nema-
tode eggshells. Furthermore, it was also revealed that a combination of 
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different hydrolytic enzymes, including chitinase and serine protease, 
proved to be more efficient in keeping the nematode population density 
low. Recently, RKN (Meloidogyne javanica) was kept under control by 
the exogenous application of Trichoderma harzianum BI46 and concluded 
that different concentrations (102–108 spores/mL) of T. harzianum BI 
reduced nematode infection proportionally with the increase in chitinase 
activity in comparison to control. Trichoderma spp. has been studied by 
different workers as a biological control agent against nematode diseases 
of crops.47,48 Several scientists are of the opinion that T. harzianum have 
the potential to act as an effective bioagent for the management of the 
citrus nematode.49,50 Windham et al.51 treated the soil with T. harzianum 
and T. koningii preparation and reported a huge reduction in egg produc-
tion in the RKN Meloidogyne arenaria. Seifullah and Thomas52 studied 
and confirmed by the low-temperature scanning electron microscopy, the 
parasitism of Globodera rostochiensis by the exogenous application of T. 
harzianum. Rao et al.,49 and Sharon et al.,50, advocated that T. harzianum 
isolates can decrease the M. javanica infection to a greater extent. They 
further studied the antagonistic effect in detail and have proposed the 
mechanism of action in the following two ways:

1. Boost in the activity and/ or pool of chitinase and protease enzymes 
result in direct parasitism of nematode eggs and larva through the 
breakdown of chitin and proteins.50,53

2. Indirect parasitism involves the development of systemic resis-
tance. Chitinase and protease which reflect antifungal activities 
appear to participate in the Meloidogyne javanica Trichoderma 
spp. interaction.50

Sahebani and Hadavi46 have shown that T. harzianum BI can be used as 
an efficient biocontrol agent against M. javanica. In addition to this, their 
experimentation also demonstrated that inoculation of tomato seedlings 
with T. harzianum can notably mitigate the population of this nematode 
and hence disease severity.

8.2.3.3 COLLAGENASE

Collagenases are the group of calcium and zinc-dependent enzymes 
that have the ability to hydrolyze collagen in their native triple helix 
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and denatured form. Collagenases are becoming increasingly important 
commercially. Collagenases have the ability to damage the nematode 
cuticle as the collagen forms the main constituent of nematode cuticle. 
Bedoya et al.54 observed the collagenolytic activity of proteolytic 
enzymes in 10 different isolates of Paracoccidioides brasiliensis. 
Their results indicated that about 70% and 80% of the isolates secrete 
collagenolytic enzymes. These results further support the view that P. 
brasiliensis has the capability to secrete collagenolytic enzymes and can 
be used in the control wide of nematode attack. Tosi et al.55 have demon-
strated the antagonistic activity of collagenolytic enzymes secreted by a 
nematophagous Antarctic fungus Arthrobotrys tortor and a wide range of 
species of the genus Arthrobotrys against Caenorhabditis elegans. The 
results showed a threefold increase in the collagenase secreted by the A. 
tortor in comparison to other species and hence it was concluded that 
this fungus offers a promising strategy for the nematode management. 
Several workers have advocated that the production of collagenolytic 
proteases from nematode-trapping fungi can be exploited for commercial 
purposes.40 Nematode-trapping fungi, potent biological control agents are 
unique in capturing the plant parasitic nematodes by employing several 
trapping devices. These fungi harbor a wide array of trapping devices 
including adhesive networks, adhesive columns, constricting rings, 
adhesive knobs, and nonconstricting rings to capture, kill, and digest 
nematodes. A striking example nematode-trapping fungi is A. oligospora, 
which employs special hype of 3D networks along with the secretion of 
extracellular enzymes to capture, penetrate, and immobilize nematodes.30 
Schenck et al.56 have demonstrated the production of collagenase produc-
tion in Nematode-trapping fungi such as Arthrobotrys amerospora.

8.2.4 VOLATILE ORGANIC COMPOUNDS WITH NEMATICIDAL 
ACTIVITIES FROM FUNGAL ISOLATES

Some of workers have also demonstrated that the volatile organic 
compounds (VOCs) produced by fungi such as Aspergillus candidus, 
Penicillium brevicompactum, Penicillium clavigerum, Penicillium cyclo-
pium, Emericella nidulans, Penicillium crustosum, Penicillium expansum, 
Tritirachium oryzae, and Penicillium glabrum have been shown to 
harbor great antagonistic activity against plant pathogens in general and 
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nematodes in particular.57,58 Freire et al.,59 while working with Fusarium 
oxysporum, identified VOCs substances with very strong immobility and 
mortality to M. incognita and reduced infectivity. They further showed that 
Fusarium oxysporum and F. solani isolates also led to 88%–96% mortality 
to Meloidogyne incognita second-stage juveniles. Riga et al.60 evaluated the 
VOCs produced by the fungus Muscodor albus and recorded that in vitro 
second stage juveniles (J2) ranging from 82% to 95% in Paratrichodorus 
allius, Pratylenchus penetrans, and Meloidogyne chitwoodi.

8.2.5 NEMATOPHAGOUS BACTERIA

Numerous bacterial isolates and most prominent among them are Pseudo-
monas spp. and Pasteuria spp.as they possess strong nematicidal activities 
against RKN.61-63 A very high number of Bacillus isolates have also been 
identified and found to have nematicidal properties against M. javanica in 
vitro64 and in vivo65-67. Very little is known about the mechanism involved, 
however, as per the reports of Adam et al.,68 Bacillus subtilis isolates play 
a crucial role in alleviating gall formation and also induced systemic resis-
tance in tomato plants, thereby reducing nematode infectivity. Padgham 
and Sikora,69 also report similar results and advocate that an isolate of 
Bacillus megaterium to inhibit or reduce root penetration and migration of 
M. graminicola to the root zone of rice plants.

In the last few decades, there has been a mounting interest in the explo-
ration of bacterial antagonists of nematodes.70 Oosterdorp and Sikora,71 
have demonstrated that nematode invasion of roots can be reduced by 
Rhizobacteria treatment to seeds before sowing. During the putrefaction 
of organic matter in the soil, several bacteria release metabolic byproducts, 
enzymes, and toxins which may make these organisms as essential natural 
antagonists of nematodes.

8.3 PASTEURIA PENETRANS

Hewlett et al.72 have recently, reported another group of nematode antago-
nists, Pasteuria penetrans, cosmopolitan in distribution in agricultural 
soils feed as obligate parasites of nematodes.73 Several workers70,74,75 
have advocated that Pasteuria species, potential economical and eco-
friendly biological control agents can considerably control plant-parasitic 
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nematodes affecting wide range of plants such as egg-plant, wheat, 
tobacco, tomato, soybean, bean, pepper, peanut, rye, cucumber, chickpea, 
grape, mung, and okra.

8.3.1 MECHANISM OF INFECTION

Pasteuria penetrans is a potent biocontrol agent for the RKN Meloidogyne 
spp. A four-step proposed mechanism is as follows:

1. Attachment of Pasteuria spores to the nematode cuticles.
2. Spore germination inside the roots.
3. Formation and proliferation of microcolonies inside the female 

nematode
4. Finally, the release of endospores after the disruption of the genital 

system of the female nematode.76,77

8.3.2 RHIZOBACTERIA

Some free-living soil bacteria produce a good amount of nematicidal 
compounds and can be commercialized. Several researchers have at 
randomly screened rhizosphere bacteria for nematicidal property about 
8% were shown to possess activity. Isolates of Agrobacterium spp, 
Bacillus spp, and Pseudomonas spp, are known for their antagonistic 
activity against soil-borne bacterial and fungal pathogens also have the 
potential to eradicate a wide range of nematodes. Li et al.78 studied Rhizo-
bacteria for inhibition of the RKN and soil-borne fungal pathogens, 
they further report that isolates such as Brevibacillus brevis or Bacillus 
subtilis have proven to have strong nematicidal activity by causing 
the severe mortality of J2 larvae of Meloidogyne spp. to a greater 
extent. Similarly, Insunza et al.79 have shown that 16 bacteria isolates 
out of 44 reduced 50%–100% nematode population densities such as 
Paratrichodorus pachydermous and Trichodorus primitives. Ali et al.80 
have reported that soil drenching with B. subtilis and P. aeruginosa 
significantly declined the root-rot, root-knot infection, and nematode 
population in Vigna mungo.
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8.4 PREDACIOUS NEMATODES

Cobb81 was the first who gave the idea of using predatory nematode for 
management of plant-parasitic nematode. Later, Steiner and Heinly82 
reported the use of Clarkus papillatus for controlling Meloidogyne spp. 
and other plant-parasitic nematodes in sugar beet fields. Over the past few 
years, interest in using potent predators such as mononchids, dorylaimids, 
aphelenchids, and diplogasterids for nematode control has risen. Among 
them dorylaimida predators have greater efficiency and are highly effective 
bioagents because of their short life cycles, chemotaxis sense and resistance 
to adverse conditions.83 The most beneficial and promising aspect of the 
dorylaimid, nygolaimid, and diplogasterid predators is that maintenance of 
their populations is very easy and their resistance to unfavorable environ-
mental conditions as they will remain sufficient in soil even in the absence 
of prey nematodes.84 They have the ability to reduce population density of 
plant parasitic nematodes in virtually all soils and also produce nutrients 
in the available form to plant, which improves plant health to withstand 
nematode infectivity. Lal et al.85 found that an increase in the population of 
predatory nematode incidentally reduces the population of RKN. Signifi-
cant decrease in the population densities of M. incognita and potato cyst 
nematode Globodera rostochiensis was due to the presence of a predatory 
nematode, P. punctatus.86 The opinion of Khan and kim83 stated that dory-
laimids are highly effective biocontrol predators because their population 
densities can be easily enhanced by the addition of organic nutrient.

8.5 SUMMARY

Over the past two decades, a vast study has been undertaken to identify, 
screen, and evaluate the biocontrol potential of a variety of microorganisms 
for the management of nematode. But only a few commercial biocontrol 
products from the beneficial microorganism, such as bacteria, fungi, and 
other organisms with nematicidal activity, have been commercialised in 
the agriculture sector. The development and subsequent implementation 
of bioagents are quite hectic on a large scale.87 The most important about 
the development of a commercial biocontrol agent is that it must be 
capable of targeting host in a laboratory test. In order to develop effective 
biocontrol strategies, a comprehensive understanding of the mechanisms 
and vast exploration of the interactions among nematodes, such as soil 
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microbiota, plant microenvironment, and ecological implication must be 
understood. In the past few years, it has been very well emphasized and 
reviewed on the interactions between the microorganism and nematode; 
plant and environment88–91, including integrated pest management (IPM), 
are very effective and eco-friendly methods to decline the pest infec-
tivity. The IPM aims at the synergistic impact of biocontrol and other 
methods, such as biofertilizers, soil nutrient amendments, cultivation of 
resistant plant varieties, and crop rotation at appropriate times, so that 
they improve plant health and by increasing rhizospheric colonization 
and enhance antagonistic activity against nematode.89,92,93 To achieve 
the overall motive, we need to have accurate knowledge about biology, 
ecology, and mechanisms of infection of antagonistic organisms. Detailed 
insight about the underlying mechanism understanding on the molecular 
level of the various biocontrol agents not only will lead to a proper and 
effective nematode management decision, but also could pave a way to the 
development of novel biocontrol strategies for the management of plant-
parasitic nematodes. Advances in molecular biology have widened the 
horizon of our knowledge and now we are able to explore the underlying 
molecular mechanisms of infection and signaling pathway that enable 
the defense system. This may give knowledge about mass production of 
biocontrol agents that can be used commercially.
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CHAPTER 9

ABSTRACT

Plant parasitic nematodes are hidden enemies of crops. The symptoms of 
the damage they cause are not easily recognizable. Their microscopic size 
further reduces the chances of being recognized as the causal organisms of 
any damage. Some nematodes predispose plants to other pathogens, while 
other nematodes act as various vectors. On a worldwide basis, these worms 
are estimated to cause crop yield losses of over US$ 78 billion. These 
losses are estimated to be over 14% in the developing countries and about 
9% in the developed countries. For the management the use of disease or 
pathogen free planting materials is most recommended method of nema-
tode exclusion. However, in case where there is no availability of such 
material, treatment of infected plant material is essential before planting. In 
current chapter we are summarizing the loss caused by nematode, historical 
development of nematode study, and their management strategies.

9.1 INTRODUCTION

Erstwhile, the Andhra Pradesh state (which includes the present states 
of Andhra Pradesh and Telangana) is considered as seed hub of South 
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India with more than 400 seed companies and seedling nurseries around 
Hyderabad. The state produces major cereals, millets, pulses, vegetables, 
fruits, and commercial crops like cotton, tobacco, and sugarcane. In addi-
tion, protected cultivation in polyhouses is catching up by mostly growing 
vegetables and cut flowers. Nematodes which are often least considered 
for management have become serious threats for majority of horticultural 
and field crops both under open field and protected cultivation. Though 
efforts on identification of plant-parasitic nematodes of Andhra Pradesh 
are very less but have started more than five decades ago. Progress on 
management of nematode diseases in Andhra Pradesh is limited to a few 
crops. In 2014, the state was bifurcated into Andhra Pradesh and Telangana. 
In the erstwhile Andhra Pradesh, universities such as Osmania University, 
Hyderabad and Acharya NG Ranga Agricultural University (now PJTSAU, 
Rajendranagar, Bapatla, and Tirupathi campuses), Hyderabad, national 
institutes like Directorate of Rice Research (now IIRR), Directorate of 
Oilseeds Research (IIOR), National Institute of Plant Health Management 
(NIPHM), and National Bureau of Plant Genetic Resources, (NBPGR) 
Regional Station and international institute, International Crops Research 
Institute for Semi-Arid Tropics conducted nematological activities.

9.1.1 AGRO CLIMATIC ZONES AND MAJOR CROPS OF ANDHRA 
PRADESH

The agrarian state has a geographical area of 1,62,760 sq km spread 
over in 13 districts. The state is a part of the peninsular shield and has 
three physiographic divisions. There are five different types of soils to 
cultivate a wide range of crops. Red soils occupy about 65% of the state, 
while black soils account for about 25%. The alluvial soils of riverine 
and marine deposits occupy about 5% of the area. The others are coastal 
sands, laterite soils, and so on. Out of 162.76 lakh ha, 62.35 lakh ha (38.3 
%) area is put to net cultivation including fisheries during 2014–15. The 
state has 36.63 lakh ha forest (22.5%) and 22.59 lakh ha (13.9%) fallow 
lands. Based on the amount and distribution of rainfall, the state has been 
divided into six Agro-climatic zones (Table 9.1) The rainfall of the state 
ranges between 500 mm in the scarce zone and 1400 and above, in high 
altitude tribal areas. Among the food crop grown, rice dominates in the 
state followed by sugarcane, groundnut, cotton, and mesta. Other principal 
crops grown are soghum, bajra, maize, ragi, horse gram, black gram, green 
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gram, red gram, cowpea, sesame, sunflower, and tobacco are popular. 
Horticulture sector also contributes to the state GDP. The major fruits 
cultivated are mango, banana, acid lime, orange, amla, plantations, guava, 
papaya, sapota, pomegranate, custard apple, musk melon, watermelon, 
and cashew nut. With regard to vegetables, tomato, brinjal, chili, onion, 
tapioca, cucurbits, beans, cabbage, cauliflower, and drumstick are the 
prominent ones. Commercial crops such as sugarcane, tobacco, turmeric, 
ginger, curry leaf, coconut, betel leaf, arecanut, tamarind, and coffee are 
also under cultivation. Flowers such as jasmine, rose, crossandra, mari-
gold, and chrysanthemum provide income as well as employment.

TABLE 9.1 Agro-climatic Zones of Andhra Pradesh.

Sl. No. Agro climatic Zone Districts
1 North coastal Srikakulam, Vizayanagaram, and Visakhapatnam
2 Godavari zone East Godavari and West Godavari 
3 Krishna Krishna, Guntur, and Prakasam
4 Southern Chittoor, YSR Kadapa, and S.P.S.Nellore
5 Scarce rainfall Kurnool and Ananthapur
6 High altitude and tribal Srikakulam, Visakhapatnam and East Godavari 

Source: Department of Agriculture, Andhra Pradesh (2014–2015).

The state has a total population of 49.83 million (Census, 2011), with 
density of 308 per sq km and literacy level of 67.41%. With these poten-
tials, the state has gained first rank in terms of fish production, fish exports, 
and egg production.

9.1.2 AGRO CLIMATIC ZONES AND MAJOR CROPS OF TELANGANA

The state is bestowed with diverse tropical and sub-tropical climatic condi-
tions. The region has an area of 114.84 lakh ha and population of 352.87 
lakhs as per 2011 census. The Krishna and Godavari rivers flow through 
the state from West to East. Based on climatic parameters that is, rainfall, 
soils, and cropping pattern and so on, the state (10 districts) is divided into 
four agro-climatic zones (Table 9.2). The agricultural planning for each 
zone is supported with the research and recommendations of Regional 
Agricultural Research Stations of Professor Jaya Shankar, Telangana State 
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Agriculture University (PJTSAU) set up within each zone. More than 51% 
of the total geographical area is under cultivation and 23.89% under forest. 
Agriculture is dominated by rain-fed cultivation.

TABLE 9.2 Agro Climatic Zones of Telangana.

Sl. no. Name	of	the	zone Districts
1 Northern Telangana zone Karimnagar, Nizamabad, and Adilabad
2 Central Telangana zone Warangal, Khammam, and Medak
3 Southern Telangana zone Mahbubnagar, Nalgonda, and Rangareddy 

(+ Hyderabad)
4 High altitude and tribal areas zone High altitude and tribal areas of 

Khammam and Adilabad districts

Source: Department of Agriculture Telangana (2014–2015).

In Telangana state crops grown in both Kharif and Rabi seasons put 
together cover an area of 53.15 lakh ha. The important crops grown are 
rice 14.15 lakh ha, maize 6.91 lakh ha, pulses 3.11 lakh ha, groundnut 0.12 
lakh ha, cotton 16.93 lakh ha, chilies 0.73 lakh ha, and sugarcane 0.72 lakh 
ha. 75% of area was sown in kharif and the remaining area of 25% was 
cultivated in Rabi season during 2014–15. Horticulture sector in Telan-
gana has emerged as a potential player in the economy. Enterprising and 
progressing farming community is willing to adopt new technologies that 
is, green houses, mulching, drip automation and so on. Horticulture sector 
contributes approximately 5.16% GSDP (Rs. 18,703 crores) of the state. 
Telangana stands 1st in turmeric production. In vegetables, it stands 11th 
in area and 13th in production. In case of fruits, the state stands 3rd in area 
and 8th in production. Vegetables constitute 71% of the total horticulture 
cropped area followed by spices and flowers. Export potential is very high 
for mango, banana and vegetables, and flowers. International Airport has 
Potential to become major export hub.

9.2 HISTORICAL DEVELOPMENTS OF NEMATOLOGY IN 
ANDHRA PRADESH AND TELANGANA STATES

Research on nematodes in united Andhra Pradesh dates back to 1960s 
when V. M. Das first published his work on soil nematodes of Andhra 
Pradesh (Das, 1960). Root-knot nematode problem on tobacco led to 
creation of the post of nematologist by ICAR in Central Tobacco Research 
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Institute and early work on tobacco nematode management is classical 
from Andhra Pradesh. Several entomologists were trained in Nematology 
from the Agricultural University completing their Ph.Ds from the Divi-
sion of Nematology, Indian Agricultural Research Institute, New Delhi 
in late 60s and early 70s. However, nematology work worth mentioning 
happened after the report of Kalahasti Malady from South zone of Andhra 
Pradesh and the classical work was done including development of resis-
tant varieties of groundnut is a landmark in the history of Nematology. 
Nematology could not be established as a separate Division in the Univer-
sity of Agriculture till now. A nematologist position filled in Central Plant 
Protection and Training Institute, Hyderabad (now known as National 
Institute of Plant Health Management) started training in Nematology and 
also reported the widespread occurrence of white tip nematode on paddy 
in the region. A new regional station was started in 1985 by the National 
Bureau of Plant Genetic Resources of ICAR. Nematologist from NBPGR 
Regional Station, Hyderabad started operating for quarantine processing 
of global germplasm exchange and evaluation of germplasm for nematode 
resistance. In 1986, a nematologist post was filled in International Crops 
Research Institute for Semi-Arid Tropics and the work on survey to detect 
nematode problems, screening germplasm of groundnut, pigeon pea, 
and chickpea started systematically including the research on nematode 
management. Later, a nematologist post was filled in Directorate of Rice 
Research (now known as Indian Institute of Rice Research), Hyderabad. 
Rice nematode problems detection, germplasm screening, and their 
management received greater attention from the region. Indian Institute 
of Oilseeds Research filled its Nematologist position recently and the 
nematode problems of oilseeds started receiving attention. Some of the 
significant events in the history of nematology research in the erstwhile 
Andhra Pradesh are given below:

• 1960—First Nematology Thesis on Soil Nematodes in India from 
Erstwhile Andhra Pradesh.

• 1971—Pigeon pea cyst nematode (Heterodera cajani) reported on 
pigeon pea in Andhra Pradesh.

• 1971—Distribution of (Heterodera avenae, H. zeae, H. cajani, and 
Anguinatritici) in India. Indian J. Nematol. 1, 106–111.
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• 1975–76—Kalahasti Malady, A Serious Disease Caused by Nema-
tode, Tylenchorhynchus brevilineatus in Groundnut was Recorded 
from Nellore and Chittoor districts.

• 1984—A Nematode Disease of Peanut Caused by Tylenchorhyn-
chus brevilineatus. Plant Dis., 68 (6), pp 526–529.

• 1979—Widespread Damage to Paddy due to White-tip Nematode, 
A. besseyi in Ranga Reddy District Around Hyderabad.

• 1979—A Serious Outbreak of White Tip Nematode Disease 
Aphelenchoides besseyi in Rice Crops at Hyderabad. Indian J. 
Plant Prot. 7, 218–219.

• 1986—Meloidogyne javanica Recognised as Pest on Acid Lime/
Citrus Orchards

• 1986—Occurrence of Meloidogyne javanica on Citurs in Andhra 
Pradesh (India). Int. Nematol. Network Newsl. 3, 9–10.

• 1978—Reported Banana Burrowing Nematode (Radopholus 
similis) in Major Banana Growing Areas of Andhra Pradesh.

• 1978—Occurrence and Distribution of Radopholus similis (Cobb, 
1983) Thorne, 1949 in South India. Indian J. Nematol. 8, 49–58.

• 1991—Systematic Survey Conducted Root Knot Nematode 
(Meloidogyne incognita) Occurrence and Damage in Vegetables.

• 2008—Diversity and Community Structure of Major Plant Parasitic 
Nematodes in Selected Districts of Andhra Pradesh, India, Indian J. 
Nematol. 38, 68–74.

• 1994—Citrus Nematode Tylenchulus semipenetrans predomi-
nantly, Followed by Reniform Nematode Rotylenchulus reniformis, 
Spiral and Lesion Nematodes Recorded on Citrus.

• 1994—Occurrence and Distribution of Tylenchulus semipenetrans 
in Andhra Pradesh. Indian J. Nematol. 24, 106–111.

• 1995—First Report of Rice Root-knot Nematode, Meloidogyne  
graminicola.

• 1991—Reported Root-knot Nematode, (Meloidogyne javanica) 
Race-3 is an Important Nematode Parasite of Groundnut.

• 1991—Occurrence of Meloidogyne jauanica on Groundnut in 
Andhra Pradesh, India. Indian J. Nematol., 21, 166.

• 1995—Host Races of Meloidogyne jauanica, with Preliminary 
Evidence that the “Groundnut race” is Widely Distributed in India. 
Int. Arachis Newsl., 15: 43–44.

• 2001—Ufra Nematode Reported from Andhra
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• 2001—Ufra Nematode, (Ditylenchus angustus) is Seed Borne Crop 
Protection 21(1), 75–76.

• 2005—Record of Ufra Nematode, Ditylenchus angustus on Rice in 
Andhra Pradesh, India. Oryza 42 (3), 242–243.

• 2001—25% of Maize Growing Area Infested with Maize Cyst 
Nematode, Heterodera zeae

• 2006—Incidence of Meloidogyne incognita on Pomegranate was 
Reported from Anathapur District of Andhra Pradesh.

• 2007—A New Report of Root-knot Nematode, Meloidogyne incog-
nita on Pomegranate, (punica granatum) from Andhra Pradesh. 
Indian J. Nematol. 2007, 37 (2), 201.

• 2006—M. incognita, Pratylenchus coffeae and Radopholus similis 
on Banana from Andhra Pradesh.

• 2006—Community Structure of Plant Parasitic Nematodes in 
Banana Plantations of Andhra Pradesh, India. Indian J. Nematol. 36, 
209–212.

• 2014—Establishment of Separate Full fledge Nematology Labora-
tory at National Institute of Plant Health Management (NIPHM) 
Rajendranagar, Hyderabad.

• 2016—First Center of All India Coordinated Research Project 
on Nematodes and cropping systems, sanctioned by division of 
Nematology, ICAR – IARI, New Delhi NIPHM Hyderabad as 
voluntary Center of AICRP (Nematodes) vide F.No. CS 4-4/2014-
PP, September 7, 2016.

9.3 DIVERSITY OF PHYTO-NEMATODES IN ANDHRA PRADESH

In view of diverse ecosystems and a large number of crops cultivated, 
huge nematode diversity is reported in the erstwhile Andhra Pradesh. An 
account of diversity of plant-parasitic nematode species and known races 
is given below:

9.3.1 SEDENTARY ENDO PARASITES

Root knot nematodes, M. incognita, M. javanica, M. arenaria, and M. 
graminicola are reported. M incognita is a pest on pulses, oilseeds, 
cotton, vegetables, tuber crops, betel vine, and among the fruits, banana, 

http://F.No
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pomegranate, muskmelon, and grapes. M. incognita is reported on several 
other hosts including corkwood tree. Prevalence of M. incognita race-2 
was confirmed in tomato, chili, and brinjal ecosystems. M. javanica is 
reported to be pest on groundnut, vegetables including gherkin and 
banana. Race-3 of M. javanica on groundnut is prevalent in the south 
and scarce rainfall zones of Andhra Pradesh. M. arenaria on groundnut 
and M. graminicola mostly on upland rice are known to occur. Root-knot 
nematodes are a major problem in protected cultivation on vegetables and 
horticultural nurseries known from Telangana. Recently, M. enterolobii 
has become a menace for guava nurseries and cultivation in Telangana. 
Cyst nematodes, Heterodera cajani on pigeon pea and other pulses and H. 
zeae on maize are major pests while other cyst nematodes reported are H. 
sorghi on sorghum, H. raskii, and Bilobodera spon grasses are reported. H. 
cajani is also reported on castor from Telangana.

9.3.2 SEMI-ENDOPARASITES

Reniform nematode is pest on maize, pulses particularly pigeon pea, oilseeds 
particularly castor, sunflower and groundnut, cotton, turmeric, vegetables, 
banana, grapes, acid lime, and sweet orange. Renifrom nematode is highly 
prevalent on grapes and castor in Telangana, while it occurs in the south 
zone of Andhra Pradesh on citrus species while on cotton it occurs in both 
AP and Telangana. Tylenchulus semipenetrans on acid lime and sweet 
orange was predominant among the plant parasitic nematode community 
having the highest absolute frequency, absolute density, and prominence 
value that were recorded maximum level in clay soils followed by clay 
loam, sandy loam, and laterite soils. Ufra nematode, Ditylenchus angustus 
has been found infecting irrigated rice in Godavari delta of Andhra Pradesh.

9.3.3 MIGRATORY ENDOPARASITES

The Burrowing nematode, Radopholus similis is reported as pest on banana 
from coastal ecosystem and also known to infest several vegetables. Lesion 
nematodes reported on rice, maize, pulses, groundnut, cotton, vegetables, 
acid lime, sweet orange, and banana. Pratylenchus penetrans, P. pratensis, 
P. zeae, P. coffeae, P. thornei, and P. delattrei are predominant lesion 
nematode species. Lesion nematodes are important on rice, maize, cotton, 
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and vegetables both in Andhra Pradesh and Telangana. In Andhra Pradesh, 
lesion nematodes are pests mainly on banana, groundnut, and citrus. P. 
zeae on maize, P. coffeae on banana, and P. thornei on pulses deserve 
attention for further studies. Hirschmannella oryzae is a pest commonly 
encountered in irrigated rice ecosystems.

9.3.4 ECTOPARASITES

Stunt, spiral, lance, dagger, and stubby root nematodes and several other 
ectoparasites are reported both from Telangana and Andhra Pradesh. Most 
important disease that attracted attention is Kalahasti malady of groundnut 
attributed to Tylenchorhynchus brevilineatus from the south zone of AP. Later 
in one of the surveys in ground affected with Kalahasti malady in south zone 
of AP, M. arenaria was also detected. T. capitatus, T. digitatus, and several 
other unknown species are reported to be associated with several crops. 
Among the spiral nematodes, Helicotylenchus multicinctus is the most impor-
tant on banana, although it is reported on several other crops such as maize, 
pulses, oilseeds, and vegetables. Other species reported are H. dihystera, H. 
imperialis, H. incises, and so on. Several other ectoparasites are recorded in 
the rhizosphere of different crops that include Macroposthonia ornata, some 
species of Ditylenchus, Basirolaimus, Xiphinema, and Trichodorus.

A large number of nonplant parasites (predators, parasites, entomo-
pathogens, and other soil nematodes) are reported from Andhra Pradesh 
and Telangana which are not covered as it is beyond scope of this article.

9.4 MAJOR NEMATODE PROBLEMS OF THE STATE

9.4.1 NEMATODE DISEASE OF RICE

Rice being a staple food crop is being infected by about 300 nematode 
species belonging to 35 genera. Among them, nematode species from ten 
genera are economically important in rice production of different agro-
ecological conditions. Three are reported from Andhra Pradesh they are 
Ditylenchus angustus responsible for Ufra disease, Meloidogyne gramini-
cola responsible for root knot-disease and Pratylenchus spp. causing 
lesion disease (Prasad et al., 2012).
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9.4.1.1 CROP LOSSES

Estimation of crop losses due to these nematodes in Andhra Pradesh is not 
exactly assessed. However, 5% to 100% losses are reported from other 
epidemic states in case of Ufra disease, 16% to 32 % in root-knot disease 
and 13% to 33 % in lesion nematode incidence.

MAP 9.1 (See color insert.)
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9.4.1.2 SYMPTOMS

Infection of D. angustus causes mosaic or chlorotic discoloration in 
emerging leaves. Yellowish or pale green splash-patterns on affected leaves 
and leaf sheaths are noticed. The appearance of brown to dark brown spots 
on leaves and leaf sheaths is common. At the reproductive stage of crop, 
nematodes reach the space between the inner sides of imbricate whorl of leaf 
sheaths to feed on the ear primordia and developing ear heads. As a result, 
ear heads emerge in a twisted and crinkled manner with empty spikelet or 
do not emerge at all. The combined symptoms are called as Ufra.

TABLE 9.4 Crop Wise Distribution of Plant Parasitic Nematodes in Andhra Pradesh and 
Telangana States.

Sl. no. Crop Nematode reported
1 Maize Helicotylenchus

Pratylenchus zeae
Heterodera zeae

2 Pulses Pratylenchus coffeae
Pratylenchus
Meloidogynes spp
Rotylenchulus reniformis
Heterodera cajani
Pratylenchus thornei
Helicotylenchus spp.

3 Oilseed crops Meloidogyne spp.
Rotylenchulus reniformis
Tylenchorhynchus spp.
Helicotylenchus spp.

4 Vegetable crops Meloidogyne spp.
Rotylenchulus reniformis
Tylenchorhynchus spp
Helicotylenchus spp.

5 Fiber crops Meloidogyne incognita
Rotylenchulus reniformis
Helicotylenchus spp.
Pratylenchus spp.
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Sl. no. Crop Nematode reported

6 Banana Helicotylenchus multicinctus
Pratylenchus spp.
Meloidogyne incognita
Rotylenchulus reniformis
Radopholus similis
Pratylenchus spp.

7 Citrus Tylenchulus semipenetrans
8 Grape Meloidogyne incognita

Rotylenchulus reniformis
9 Betelvine Meloidogyne incognita
10 Tuber crops Meloidogyne incognita

Source: Economically Important Plant Parasitic Nematodes Distribution ATLAS–2010, 
ICAR, New Delhi.

Root-knot nematode affected plants show depletion in vigor, stunted 
growth, chlorotic, and curled leaves in nurseries and main field. The nema-
tode infection is characterized by the formation of small galls near the tips 
of the roots. Excessive branching of affected roots occurs.

In case of lesion nematode infestation, plant show chlorosis of leaves, 
stunted, and smothered growth in patches, swollen with water-soaked 
lesions which develop into black necrotic lesions on the root surface are 
noticed. Often infected roots decay, when such plants are pulled infected 
root portions and associated population remain in the soil.

9.4.1.3 MANAGEMENT

Ufra disease

9.4.1.3.1 Cultural Management

Burning of infested stubbles, preventing flood water from the river, 
completely drying fields when they are fallowed, plowing to destroy loci 

TABLE 9.4 (Continued)
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of infection in stubbles and rotation with non-host crops are the best prac-
tices. Growing a non-host crop under crop rotation is also recommended.

9.4.1.3.2 Host Plant Resistance

Cultivars such as IR63142-J8-B-2-1, Rayada 16-06, CN 540, NC 493, 
TCA 55, Brazil-65, Rayada 16-05, Rayada 16-06, Rayada 16-07, Rayada 
16-08, Rayada 16- 011, Rayada 16-013, Ba Tuc, AR 9, IR 13437-20-P1, 
and IR 17643-4 are found tolerant to resistant to Ufra.

9.4.1.3.3 Chemical management

It is managed by application of carbofuran @ 0.75 kg a.i. /ha at trans-
planting and 1.5 kg a.i. /ha in main field. Two foliar sprays with carbo-
sulfan 40 EC at 0.2% followed by two sprays of triazophos 40 EC at 0.2% 
is also effective.

9.4.2 ROOT-KNOT NEMATODE

9.4.2.1 CULTURAL MANAGEMENT

Soil application of FYM, Crop rotation with non-host crops which is, 
sweet potato, cowpea, sesamum, castor, sunflower, soybean, turnip, and 
cauliflower inhibit nematode development. In situ green manuring with 
marigold and burning of 15 cm deep rice hulls are also useful in reducing 
nematode population.

9.4.2.2 BIOLOGICAL MANAGEMENT

Application of Pseudomonas flourescens @ 20 g/m2 was found to be 
effective in reducing the nematode numbers. Isolates of Trichoderma are 
also the potential biological control agents of M. graminicolain rice.

9.4.2.3 CHEMICAL MANAGEMENT

Carbofuran, phorate, isazophos, cartap, carbosulfan, or quinalphos when 
given as soil application @ 1 kg a.i. /ha significantly reduce the root galling.



218 Plant Pathogens: Detection and Management for Sustainable Agriculture

9.4.3 PIGEON PEA CYST NEMATODE

Heterodera cajani was found to cause 16%–34% of yield losses and in 
maize Rotylenchulus reniformis was reported to cause 8% losses. Three 
chickpea cultivars (N 31, N 59, and ICCC 42) and a promising chickpea 
breeding line (ICCV 90043) have been identified as tolerant to the root-
knot nematode, and two promising short-duration pigeon pea breeding 
lines (ICPL 83024 and ICPL 85045) and selections from medium-duration 
lines (ICPLs 8357, 85068, 85073, 89050, 89051, and 90097) have been 
identified as tolerant to the reniform nematode (Sharma, 1997).

9.4.4 KALAHASTI MALADY OF GROUNDNUT

During 1975–76, a severe disease of peanut characterized by reduction 
in pod size and brownish discoloration of pod surface was noticed near 
Kalahasti village of Andhra Pradesh and since then it is popularly known 
as Kalahasti malady. This disease was reportedly caused by the nematode 
Tylenchorhynchus breveliniatus (Reddy et al., 1984)

9.4.4.1 CROP LOSSES

Estimation of crop losses due to Kalahasti malady was limited to visual 
estimation and was accounted to cause 40%–60% yield loss.

9.4.4.2 SYMPTOMS

Affected plants have small, brownish yellow lesions on pegs, pod stalks, 
and developing young pods. The margins of the lesions will be slightly 
elevated because of the proliferation of host cells around the lesion. Pod 
stalks were reduced in length, kernel becomes discolored. Affected plants 
will be stunted and dark green in color.

9.4.4.3 MANAGEMENT

Field application of aldicarb 10G or carbofuron 3G @ 6 kg a.i. /ha reduced 
the nematode population considerably (Reddy et al., 1984).
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9.4.5 ROOT-KNOT NEMATODE IN POMEGRANATE

Pomegranate, a commercial fruit crop of the state was found infested by 
Meloidogyne incognita in Ananthapur district during the survey conducted 
in kharif (2006).

9.4.5.1 CROP LOSSES

Infested plants were stunted resulting in economic yield losses and more 
than 5-year-old plants were worst affected with small and shriveled fruits 
unfit for marketing.

9.4.5.2 DAMAGE SYMPTOMS

Infested plants exhibited yellowing of foliage resulting in stunted plant 
growth with less number of fruits or undersize fruits or no fruits which 
might be due to the nematode-induced nutritional deficiency. In severe 
cases, galls were predominantly found on entire root system. The young 
galls were white in color turned to light brown and hardy when they 
became old. The intensity of root-knot nematode damage increased with 
increase in age of the plant. Five-year old plants were severely affected by 
root-knot nematode (Sudheer et al., 2007).

9.4.5.3 MANAGEMENT

There are technologies officially communicated or recommended for 
management of this nematode in pomegranate. However, farmers are 
tackling the problem on their own by adopting crop rotation and applica-
tion of neem cake.

9.4.6 LESION NEMATODE

9.4.6.1 CULTURAL MANAGEMENT

Crop rotation with Phaseolus radiates decreases the root-lesion nematode, 
application of neem or mahua, mustard, karanj, pongamia, groundnut, or 
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cotton cakes will reduce the nematode population. Growing greengram or 
blackgram as inter crop or in rotation with rice also helps in reducing the 
populations of lesion nematodes

9.4.6.2 CHEMICAL MANAGEMENT

Application of carbofuran or phorate @ 1 kg a.i./ha soil in the affected crops 
reduces the nematode injury and avert losses in grain yield up to 48.5%.

9.5 TECHNOLOGIES DEVELOPED

Over the past four years, National Institute of Plant Health Management 
has been advocating ad-hoc recommendations for management of root-knot 
nematode which is most commonly noticed. Use of FYM and neem cake 
fortified with Paecilomyces lilacinus, Trichoderma viride, and Pseudomonas 
fluorescens is tested, found promising and recommended for poly houses espe-
cially for hybrid vegetables where pesticide residue is a major concern. Crop 
rotation with non-hosts has also been found in field conditions for vegetables 
such as tomato, chili, and brinjal to reduce root-knot nematode population. In 
case of guava, Meloidogyne enterolobii is of immediate concern of everyone 
stakeholder. Strict quarantine measures are advised to nursery units engaged 
in importing of seedlings. Field management of this nematode by integrated 
approach using chemicals and biocontrol agents is at final stage and after 
validation, it will be transferred to other farmers during next season. Besides 
this, Indian Institute of Rice Research (IIRR) is developing technologies for 
integrated nematode management in rice and also working on identification 
of resistant cultivars in collaboration with AICRP (Nematodes). In case of 
pigeon pea and chickpea ICRISAT has developed resistant lines but very 
limited literature is available about their practical exploitation.

9.6 EMERGING NEMATODE PROBLEMS

9.6.1 GUAVA DECLINE

Guava decline, a deadly disease due to root-knot nematodes (Meloidogyne 
sp.) and Fusarium wilt disease complex is spreading at an alarming rate in 
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Andhra Pradesh and Telangana states. The disease was first time recorded 
from Rangareddy, Sangareddy, Medak, and Nalgonda districts of Telan-
gana, and East and West Godavari districts of Andhra Pradesh by National 
Institute of Plant Health Management (NIPHM) in 2015.

9.6.1.1 CROP LOSSES

In infected fields, incidence of this disease varied from 40% to 80% and 
in some nurseries, 90%–100% incidence was noticed. Nurseries growers 
had no other option but to destroy an entire lot of saplings in order to 
prevent its further spread and produce new healthy saplings. On an average 
30%–60% yield loss is caused due to this disease and in severe cases, up to 
100% loss is observed in guava orchards (Figs 9.1 and 9.2).

FIGURE 9.1 (See color insert.) Guava orchard showing infestation of Meloidogyne 
entrolobii.

FIGURE 9.2 (See color insert.) Guava seedlings and roots showing galls and drying 
symptoms.
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9.6.1.2 SYMPTOMS

It causes chlorosis, stunted growth, wilting, extensive root galling, 
partial to complete rotting of roots which ultimately cause death 
of plants both in nurseries and orchards. The symptoms start with 
yellowing of plants followed by withering, giving the tree barren 
look and roots revealing a dirty root appearance with beaded knots. 
Plants become flaccid, broken reveal a hollow twig. Wilted leaves, 
leaf dropping, drying of branches, and decline in productivity are also 
witnessed. Underground symptoms included root galls and partially 
rotted roots. Roots are completely galled of varying size with a dirty 
appearance and many of them were compound galls. In association 
with the wilt causing fungi, there is extensive rotting of roots and death 
of plants within months.

9.6.1.3 MANAGEMENT

9.6.1.3.1 Cultural Practices

• Movement of nematode infected root stocks across the states should 
be strictly restricted.

• Use of nematode-free saplings for planting.
• Removal and destruction of nematode infected saplings or trees.
• Maintaining the orchard free from weeds and alternate hosts.

9.6.1.3.2 Nematode Management in Nurseries

Treatment of soil mixture used for raising guava rootstocks:

• A ton of soil mixture has to be mixed with 50–100 kg of neem cake 
or pongamia cake enriched with the bio-pesticides such as 1 kg 
Paecilomyces lilacinus, 1 kg Pseudomonas fluorescens, and 1 kg 
Trichoderma harzianum.

• 5 kg of Carbofuran/phorate can also be added to one ton of soil 
mixture.
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9.6.1.3.3 Integrated Management Practices

• Apply 3–4 kg of bio-pesticide enriched vermicompost/farm yard 
manure (FYM)/compost per plant at an interval of 3–4 months.

• Mix 20 kg of bio-pesticide enriched neem cake/pongamia cake in 
200 L water, leave it for two days. This can be used for drenching 
@ 2–3 L/plant or filter it thoroughly and use it for sending along 
with the drip, once at an interval of 15–20 days.

• Farmers have been advised to apply carbofuron 3G @ 100 g/plant 
mixed with 1 kg sand to facilitate uniform application around the 
trunk of each plant. After 15 days, apply neem cake @ 500 g/plant 
fortified with Trichoderma viridi, Pseudomonas fluroscens, and 
Paecilomyces lilicinous bio-control agents (100:2:2:1).

• Neem cake will act as bio nematicide and bio-control agent will 
restrict the growth of the parasitic nematodes by way of parasitism, 
competition, and suppression. For edible and fleshy fruit crops 
application of neem cake fortified with bio-control agents and the 
use of neem oil for drenching are safe.

• Use FYM 15 kg/plant as source of nutrition fortified with Tricho-
derma and Pseudomonas (100:1:1) to enhance the impact of bio-
control agents and encourage early recovery.

• It is advised to apply neem cake 200 g/pit fortified with bioagents at 
the time of planting as a precautionary measure. As a precautionary 
measure, farmers should avoid infested seedlings for planting.

• For nursery operators, proper soil solarisation is recommended to 
cure their potting soil for nematodes and other microorganisms. 
The chemical soil fumigants available in the market shall be used 
under the supervision of plant protection officials.

Both in Telangana and Andhra Pradesh, new nematode problems are 
emerging every year. Due to poor knowledge of plant-parasitic nematode 
diseases and their symptoms among the growers, often nematode diseases 
go unnoticed. Adoption of modern cultivation technologies such as poly-
house cultivation, greenhouse, and shade house cultivation has attracted 
the attention toward nematode diseases. Because nematodes have become 
number one enemies of all these protected cultivation practices. In both 
the states, flower and vegetable crops under protected cultivation are 
suffering from severe nematode diseases. In open field also, vegetables 
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such as tomato, brinjal, chili, okra, capsicum, and so on are suffering from 
various kind of nematode infestations. Field crops such as pigeon pea, rice, 
and groundnut are no longer free from nematodes. The synergistic effect 
of nematode and wilt causing Fusarium spp. in pigeon pea has become a 
complex challenge for breeders and pathologists.

Horticulture is the major revenue generating sector in both the states 
and is very lucrative. Many are engaged in nursery entrepreneurship 
importing and marketing of various fruits, flowers, and hybrid seedlings. 
However, nematodes are hindering this market, especially quarantine 
nematodes. Recently NIPHM has identified Root-knot nematode Meloido-
gyne enterolobaii based on perennial pattern in guava fields causing severe 
wilt and death of affected trees. The source was traced to the guava seed-
lings imported from Taiwan and Bangladesh. This quarantine nematode 
has caused complete loss of affected guava orchards. Recently the Project 
Coordinator, All India Coordinated Research Project (AICRP), Nematodes 
and his team have visited the affected orchards and prepared an action plan 
to mitigate this problem in coordination with NIPHM.

9.7 MAJOR EXTENSION ACTIVITIES

Management of nematode disease was a major challenge among the farmers 
of both Telangana and Andhra Pradesh. In order to educate farmers and 
disseminate the technologies for effective management, various extension 
activities were implemented regularly by nematology section of NIPHM 
across both the states.

• About 12 on campus and 7 off-campus trainings were organized 
to farmers for creating awareness about nematode diseases, their 
symptoms, economic importance, and management.

• Over the past four years, more than 300 farmers’ fields were visited 
for diagnosis of nematode diseases and recommended management 
practices.

• Demonstrations were organized for nematode management in 
vegetables using organic amendments mixed with biopesticides.

• 19 exclusive training programs on nematodes were organized to the 
ICAR/SAU/KVK scientists, agriculture, horticulture, and exten-
sion officials from state Department of Agriculture on detection 
and diagnosis of nematode disease in fields and poly houses.
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• Participated in exhibitions, kisan melas, and workshops to show-
case the technologies of eco-friendly management of plant-parasitic 
nematodes.

• Information on nematodes was published in pamphlets, bulletins, 
and folders in local language and distributed among the farmers.

• A one-day workshop was organized to horticultural officers and 
nursery growers at Kadiyam, Rajmandary in Andhra Pradesh 
in collaboration with Nursery Growers Association to sensitize 
about the importance of quarantine nematodes in guava and its 
management.

• Stake holders’ meetings are also organized especially of protected 
cultivation growers and progressive horticultural farmers to get the 
feedback of technologies transferred and revalidation of adopted 
technologies.

• Analysis of soil for nematode infestation and issuing test report for 
the establishment of new polyhouses growers.

• Providing consultancy service for the farmers about nematode 
management in horticulture crops.

9.8 SUCCESS STORIES OF TECHNOLOGY ADOPTION AND 
NEMATODE MANAGEMENT

Response to technology adoption in nematode management is very good 
in case of guava cultivation. However, the result is very quick and encour-
aging in protected cultivation. Numbers of poly houses around Hyder-
abad and guava growers have been adopted nematode control measures 
suggested by NIPHM and are successfully operating.
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CHAPTER 10

ABSTRACT

Lichens are commonly used as spices and they have been used in traditional 
medicine from age-old days in various parts of India and world. The lichens 
have unique secondary metabolites when compared with higher plants and 
have found their uses in many fields such as medicine, dyes, cosmetics, 
deodorants, preservatives, and also in biopesticides. Large quantities of 
agricultural products are wasted every year due to insects, pests, and weeds. 
Various chemicals have been used to overcome this problem. The synthetic 
pesticides have an adverse effect on the health of human beings and other 
creatures and also lead to different types of environmental pollution. There are 
about 800 known metabolites from lichens such as salazinic acid, usnic acid, 
gyrophoric acid, stictic acid, and so on. Among these secondary metabolites, 
most are found to have pesticidal effect. Barbatic acid and barbatolic acids 
show antimicrobial activity. Diffractaic acid and evernic acids are known for 
their fungicidal effects. Hence, the present study aims at the biological control 
of pests and insects by utilizing the lichen substances as a potential source.

10.1 INTRODUCTION

Lichens are one of the important floral communities and they play a key 
role in ecological succession. Lichens are the simplest form of plants 
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consisting of a symbiotic phenotype of nutritionally specialized fungi 
in association with green algae or cyanobacterium. The phycobiont help 
in food synthesis through photosynthesis mechanism; mycobiont gives 
protection to the algae. Lichens were well known as the first colonizer of 
xeric succession on the earth1 and are distributed in all forms of environ-
ments from cold desert to evergreen forests of the tropical regions. There 
are a wide range of habitats throughout the world which dominate about 
8% of terrestrial ecosystem. About 20,000 lichens are reported from all 
over the world.

Higher level of defense chemicals are produced in the organisms which 
grow slowly in the low resource habitats.2 Lichens are very slow growing 
organisms; they are well known for their active metabolites, and mostly 
these compounds are synthesized by mycobiont of lichen.3 The metabolites 
produced by lichens are unique in nature. The lichen metabolites are weak 
acids as they help in the breakdown of sedimentary rocks and provide a 
loose substrate for other nonvascular and vascular plants. These secondary 
metabolites play an ecological role like antiallergens, antiherbivory in 
lichens.4 Lichen substances such as usnic acid, barbatic acid, fumaric acid, 
and protocetraric acids act as allergens and diffractic acid, barbatic acid, 
and isousnic acid affect the growth of higher plants.5,6

10.2 IMPORTANCE OF LICHENS

These lichen substances have a wide range of uses. These are used in 
human and animal food, medicines, preparation of dyes, perfume indus-
tries, and also in the pollution monitoring problems. Lichens are capable 
of curing disease like blood and heart problems, brochiolities, antiobisity, 
piles, dyspepsia, scabies, digestive problems, and so on.7,8,9

Medicinal uses of lichens have been practiced since centuries in coun-
tries like America, Europe, China, and India.10 In recent years, researchers 
have focused on the application aspects of lichens. The pesticidal effect of 
lichen makes them aone important biological insecticide.11,12

10.3 HISTORY AND DEVELOPMENT OF BIOPESTICIDES

Food is the basic necessity of all living organism including human beings. 
According to Food and Agricultural Organization (FAO), in 2001 the 
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population of the world was estimated to be 6.134 billion. The population 
of the world in 2016 was 7.4 billion and this population is found to be 
increasing year by year especially in developing countries. This increasing 
population requires additional agricultural production every year. To 
fulfill the requirement of additional agricultural products, the biodiverse 
agricultural land should not be converted into monoculture agricultural 
land. Instead, the scope toward the improvement in crop productivity 
should be encouraged. About 40–42% of the produced crops are destroyed 
by the pests, insects, diseases, and weeds.13,14 To overcome this problem 
many chemical fertilizers, pesticides, and insecticides have been used. The 
use of these synthetic pesticides and insecticides causes the environmental 
pollution such as water, air, and soil pollution; they also affect the health 
of humans and other organisms. This has made the researchers to think 
about the natural products from plants and other organisms as a potential 
source of pesticides and insecticides, which supports an eco-chemical 
method in the pest control.15 The uses of higher plants as antifungal, anti-
microbial, insecticidal, and pesticidal material have been well documented 
in different parts of the world.16,17 In traditional methods plant parts like 
leaves and roots were used for protective storage of crops.18,19 Hence these 
are best source for the development of biochemical-based pesticides. Till 
today, about 6000 species of angiosperm belonging to 235 families have 
been recorded for anti-insect property.20

10.4 POTENTIAL UTILIZATION OF LICHEN METABOLITES

The utilization of lichen as traditional medicine has been known since 
the time of very first civilization.21 Because of the presence of different 
secondary metabolites, lichens have been used for medicines, perfumes, 
cosmetics, dyes, food, and as pesticides. Many of the lichen substances 
exhibit antimicrobial, antioxidant, cytotoxic properties, and reported 
as potential source of pharmaceutically useful chemical.22 These lichen 
secondary metabolites have importance in ecological key roles for 
protecting against biotic (herbivore, competition) and abiotic (UV light) 
activities.23 The lichen having unusual chemical substances have poten-
tial bioactive sources used for development of novel biopesticides23 
(Table 10.1). More than 50–60% of lichens showed with antibacterial or 
antibacterial or antiviral properties.24 Many researchers have been carried 
out to prove the antifungal and antimicrobial activity of the lichens.
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TABLE 10.1 Activity of Lichen Metabolites.

Sl. no. Compound name Chemical class Use	or	potential	use
1. (–)-16〈-hydroxykaurane Diterpene Cytotoxic
2. (+) and (–) isousnic acid Usnic acid Antimicrobial fungicidal
3. (+) and (–) usnic acid Usnic acid Antimicrobial fungicidal 

herbicidal
4. 16-O-acetylleucotylic acid Triterpene Antimicrobial
5. 7-acetoxy-22-hydro-hopane Triterpene Antimicrobial
6. Alectosarmentin Dibenzofuran Antimicrobial
7. Atranorin para-depside Fungitoxic
8. Barbatic acid Para-depside PSII inhibitor
9. Didymic acid Dibenzofuran Antimicrobial
10. Diffractaic acid Para- depside Fungitoxic
11. Durvilldiol Triterpene Antimicrobial
12. Durvillonol Triterpene Antimicrobial
13. Entothein Dibenzopyranone Bactericidal
14. Epanorin Pulvinic acid Antifeedant 
15. Eulecanorol Triterpene Antimicrobial
16. Fallacinal Anthraquinone Antimicrobial 
17. Friedelin Triterpene Antimicrobial 
18. Gyrophoric acid Para-depside PSII inhibitor
19. Haemathamnolic acid meta- depside PSII inhibitor
20. Hiascic acid para- depside Fungitoxic 
21. Lecanoric acid para- depside Fungitoxic PSII inhibitor
22. Leprapinic acid Pulvinic acids Antibacterial
23. Leucotylic acid Triterpene Antimicrobial
24. Leucotylin Triterpene Antimicrobial
25. Phlebic acid Triterpene Antimicrobial
26. Pinastric acid Pulvinic acids Atiherbivory
27. Polyporic acid Terphenylquinone Antibacterial
28. Pulvinic dilactone Pulvinic acids Antifeedant
29. Pyxinic acid Triterpene Antimicrobial
30. Retigeranic acid Triterpene Antimicrobial
31. Retigerdiol Triterpene Antimicrobial
32. Rhizocarpic acid Pulvinic acids Antifeedant
33. Rugulosin Anthraquinone Antimicrobial
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Sl. no. Compound name Chemical class Use	or	potential	use
34. Stictaurin Pulvinic acids Antifeedant
35. Taraxene Triterpene Antimicrobial
36. Thiophanic acid Xanthones Fungicidal
37. Thiophaninic acid Xanthones Fungicidal
38. Triterpene C Triterpene Antimicrobial
39. Triterpene D Triterpene Antimicrobial
40. Ursolic acid Triterpene Cytotoxic
41. Vulpinic acid Pulvinic acids Anti-herbivory
42. Zeorin Triterpene antimycobacterial

10.4.1 ANTIFUNGAL ACTIVITY

Antifungal and antimicrobial activity of extracts from Usnea species is 
experimentally proved.25 Different concentrations of lichen extracts have 
variable degree of lichen activity.26 Everniastrum cirrhatum, Nephroma 
arcticum, Parmelia tinctorum, Ramalina farinacea, Telochistes flavicans, 
and Usnea undulata show effective antifungal activity.27,28,29

Heterodermia leuocomela, E. cirrhatum, Leptogium sp., Lobaria sp., 
Cladonia species were effective against humans, plant, and mammalian 
pathogenic fungi.30,31 Letharia vulpine and Peltigera rufescens shows 
toxicity against Sitophilus granaries.32

10.4.2 ANTIMICROBIAL ACTIVITY

Secondary metabolites like depsides and depsidones group of compounds 
such as pulvinic acid, usnic acid, aliphatic acids, and orcinol type are well 
known for their effective antimicrobial activity.33 Leishmanicidal and 
antiprotozoal activity of secondary metabolites from lichens were first 
reported by Fournet.34

Evernia prunastri, Everniastrum cirrhratum, Platismatia glauca, 
Parmelia flaventior, Parmotrema pseodotinctorum, Parmelia saxatilis, 
P. kamstachandalis, Ramalina hossei, R. pollinaria, R. polymorpha, 
Umbilicaria nylanderiana, and Usnea pictoides were well known for 
their antimicrobial activity35–42 (Table 10.1). Cladonia delicate, C. glauca, 

TABLE 10.1 (Continued)
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C. borbonica, Parmelia conspersa, P. physodes, P. rudecta, Thamnolia 
vermicularis, Umbilicaria papulosa, Xanthoria parietiana show antibac-
terial activity.43

The extracts from Rocella montagnei, Heterodermia burnetiae, R. 
hossei, and H. burnetiae are known to have an inhibitory effect against 
diseases like dental caries, burn, and urinary tract infections and other 
infections which are caused by the microorganisms such as Streptococcus 
aureus, Enterococcus faecalis, E. coli, and Klebsiella pneumonia.44 Usnic 
acid is reported for inhibitory effect against tuberculosis-causing bacteria45 
and Staphylococcus cureus.46

10.4.3 INSECTICIDAL ACTIVITY

Many lichen secondary metabolites are known for their insecticidal activity. 
Lichen substances such as usnic acid, selazinic acid, sekikaic acid, tannins, 
terpenoides, and steroids are well known for its insecticidal effect.47

The extracts of Heterodermia leucomela, P. tinctorum, P. pseudotic-
torum, Pyxine consocians, Ramalina nervulosa, R. pacifica, R. hossei, 
R. conduplicans, Rocella montagnei, Usnea galbinifera, and U. longis-
sima are well known for their insecticidal, larvicidal, and antihelminthic 
activity.40,47–51 Some special compounds like 4-O-methylcryptochloro-
phaeic acid, lichexanthone, 3,6-dimethyl-2-hydroxy-4-methoxybenzoic 
acid, and cabraleadiol monoacetate showed significant larvicidal activity.51

10.4.4 ANTIHERBIVORY

The growth of the plant is inhibited by many of the lichen substances.51–53 
These lichen substances act as antifeedants for insects and animals.54–58 
The secondary metabolites from lichens have the capacity to inhibit the 
seed germination in vascular plants and spore germination in mosses.55

10.5 CONCLUSION

The use of synthetic pesticide causes dangerous environmental pollution 
and lead to the death of nontargeted organism. Hence, the use of biopesti-
cide has been encouraged as there is no harm to the environment and also 
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to other organisms. The secondary metabolites produced by lichens were 
unique in nature and they have produced a diverse group of secondary 
metabolites like depsides, despidones, and pulvinic acid. The antimicro-
bial, antiinsecticidal, and antiherbivore properties of the lichen compounds 
have made the lichen as a potential source of biopesticide.
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CHAPTER 11

ABSTRACT

Microbes play an important role in affecting plant health. The nonpatho-
genic microbes such as Bacillus spp., Actinobacteria, Pseudomonads, 
Rhizobium and Trichoderma offer a sustainable, ecofriendly and econom-
ical solution for the management of various crop diseases compared with 
chemical-based management practices. Several mechanisms including 
production of cell wall hydrolases and bioactive secondary metabolites 
targeting the plant pathogens are considered to play important roles in 
the biocontrol activity of these microbes. In particular, the production 
of low-molecular weight peptides having ability to target the pathogen 
cell wall or membrane offer attractive choice for future plant disease 
management. These peptides are broadly categorized into ribosomal and 
nonribosomal peptides. The genomes of beneficial microbes harbor wide 
gene clusters of ribosomal-synthesized peptides in canonical fashion, 
whereas peptides of nonribosomal are modular in their organization. The 
posttranslational modified peptides of ribosomal origin include lanthipep-
tides, tail-cyclized peptides, sactipeptides, unmodified bacteriocins, and 
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other large antimicrobial proteins. On the other side, the antimicrobial 
peptides (AMPs) synthesized by nonribosomal peptide synthetase enzyme 
complexes represent a diverse class of peptaibols. This chapter highlights 
the nature, mechanism, and the potential of these AMPs from beneficial 
microbes for the biological management of plant diseases.

11.1 INTRODUCTION

The global food security is a major concern worldwide and significant 
loss in crops by pathogenic microbes such as bacteria and fungi account 
for ~10% of the total loss at global level (Strange and Scott, 2005). 
The management of plant diseases is largely based on use of synthetic 
chemicals which causes considerable side effects to ecosystem in the form 
of pollutants (Makovitzki et al., 2007). The emergence of drug-resistant 
“ESKAPE” pathogens presents a challenging task and requires alternate 
measures for combating the pathogen (Gill et al., 2015). Furthermore, the 
genetic variation and continuous coevolution of plant pathogens often 
leads to the origin of highly virulent strains of pathogens which are often 
difficult to manage. Therefore, the development of highly effective and 
ecofriendly measures is the focus of current agriculture research. The, 
noncytotoxic membrane-targeting peptides having lipopolysaccharide 
(LPS)-binding affinities have emerged as promising candidates for plant 
disease management in agricultural applications (Datta et al., 2015).

Antimicrobial peptides (AMPs) of 5–100 amino acids have a broad 
spectrum of activity against various organism (Bahar and Ren, 2013). 
These AMPs are valuable resource for students, researchers, and have 
emerged as novel antibiotics for a long time. The history of AMPs started 
in 1939, when Dubos (1939a) showed the efficacy of Bacillus extract 
which was proved to protect mice from pneumococci infection (Dubos, 
1939b). In subsequent studies, Hotchkiss and Dubos (1940) identified an 
AMP and named it as gramicidin. After that, the efforts on AMPs have 
gained extensive speed. The rapid-action and broad-spectrum antimicro-
bial activities of these low-molecular peptides have emerged as potential 
therapeutics for microbial infections caused by antibiotic-resistant strains 
of bacteria (Hancock, 1997; Brogden, 2005; Sahl, 2006; Datta et al., 
2016). Despite a higher variability in their sequence, mass, charge, and 
structure, the AMPs are generally small peptides and constitute a class 
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of molecules with wide distribution in nature. The next-generation AMPs 
have gained attention due to the antimicrobial activity against different 
microbes including bacteria, fungi, and viruses. Also, a number of organ-
isms including plants, animals, and humans are known to produce AMPs 
in response to their defense against pathogens. The effectiveness of these 
molecules against pathogens which are resistant to conventional drugs 
offers several advantages (Aoki et al., 2012).

The development of agriculturally relevant transgenic plants 
expressing AMPs can prove a sustainable approach in combating plant 
diseases and also decreases concurrent pathogens ability to develop 
resistance (Wang et al., 2011). Besides targeting the membrane, some 
of AMPs can directly interact and inhibit important pathways related 
to DNA replication and protein synthesis (Brogden, 2005) even at 
low concentration. These AMPs contain an active site for intracellular 
target (Otvos et al., 2000; Kragol et al., 2001) or inhibition of cell wall 
synthesis such as nisin (Brumfitt et al., 2001). For majority of antifungal 
AMPs, their ability to target cell does not have clear relation with their 
structures, for example, antifungal peptides with α-helical (Jiang et al., 
2008) or extended (Lee et al., 2003), and β-sheet structure (Barbault et 
al., 2003). The antifungal AMPs have been reported for causing death 
of fungi either by targeting cell wall (De Lucca et al., 1998, 1999) or by 
targeting intracellular processes (Lee et al., 1999). The ability of AMPs 
to efficiently bind fungal cells and then causing either the disruption of 
fungal membranes (Terras et al., 1992) or altering, membrane permeabi-
lization (Van der 2010), or formation of pores in the membrane directly 
(Moerman et al., 2002). The studies also revealed that AMPs-mediated 
activity is less vulnerable to develop resistance than other methods 
(Datta et al., 2015). Furthermore, the promising AMPs are capable of 
killing bacteria under in vitro conditions at very low dose in the range 
from 0.25 to 4 µgmL–1. The additional benefits of these peptides include 
their ability to destroy the target cells rapidly, broad spectrum activity, 
and effectiveness against already antibiotic-resistant pathogens.

The continuous and massive use of fungicides and pesticides in 
agriculture sectors have led to the development of resistance among 
pathogens and created several environmental and health risks. These 
peptides can be explored as an alternative to their chemical counterpart 
for the protection of plants/animals against diseases. Therefore, these 
low-molecular peptides offer exciting possibilities over conventional 
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antibiotics. A number of Bacillus species have been explored for the 
production of AMPS such as fusaricidins, iturins, fengycins, polymixins, 
and agrastatins (Stein, 2005), and reported for their synergistic antifungal 
activity against a variety of phytopathogens. Under in vitro conditions, 
a strong inhibitory effect of lipopeptide against F. oxysporum, Pythium 
ultimum, Rhizoctonia solani, Rhizopus sp., and B. cinerea has been 
described (Ongena et al., 2005; Table 11.1). Similarly, the pretreatment of 
bean seedlings with B. subtilis M4 supernatant prior resulted in a decrease 
in disease symptoms (Breen et al., 2015). The antimicrobial potential of 
these AMPs has also been described in planta. The modes-of-action of 
certain AMPs such as fengycins and peptaibols resulted not only in the 
inhibition of the plant pathogen but also led to increase disease resistance 
through systemic resistance and the production of phenolic compounds 
(Ongena et al., 2005; Montesinos, 2007).

The results of the biotechnological research as well as genetic engi-
neering related to AMPs have proven their potential over the period of 
time in reducing economic losses to various agricultural crops caused by 
pathogens. Therefore, this study provides a unifying view of both peptides 
of ribosomal and nonribosomal origin which is so far studied differently. 
In this book chapter, focus is given on understanding the functional and 
structural characteristics of both ribosomal and nonribosomal derived 
AMPs from biocontrol and plant growth-promoting bacteria (PGPB). 
A historical preview of their development, functional mechanisms, and 
recent developments in bioinformatics research in relation to AMPs are 
also discussed.

11.2 TYPES OF AMPs

The AMPs of microbial origin can be broadly classified into: (1) ribosomal 
represented by majority of bacteria and (2) nonribosomal of fungal origin 
depending upon their synthesis. Ribosomal peptides results from the 
cleavage of a precursor protein. The nonribosomal peptides synthesized 
through nonribosomal peptide synthetases (NRPS) are represented by 
modular complexes which are found in an operon in bacteria or clusters of 
gene in eukaryotes and synthesize one peptide per operon or cluster (Breen 
et al., 2015). A common general centric model of both theses peptides is 
their ability to interact with membrane.



Antimicrobial Peptides from Biocontrol Agents 245
TA

BL
E 

11
.1

 
A

nt
im

ic
ro

bi
al

 P
ep

tid
es

 U
se

d 
A

ga
in

st
 P

at
ho

ge
ns

 in
 A

gr
ic

ul
tu

ra
l C

ro
ps

.

M
ic

ro
bi

al
 o

ri
gi

n
A

M
P 

ty
pe

s
A

nt
ifu

ng
al

R
ef

er
en

ce

R
ib

os
om

al
Ba

ci
llu

s s
ub

til
is

 B
-3

 
w

as
Itu

rin
co

nt
ro

l o
f p

ea
ch

 b
ro

w
n 

ro
t c

au
se

d 
by

 
M

on
ili

ni
a 

fr
uc

tic
ol

a
G

ue
ld

ne
r e

t a
l.,

 
19

88
B.

 su
bt

ili
s s

tra
in

 M
4

Fe
ng

yc
in

 h
om

ol
og

s
F.

 o
xy

sp
or

um
, P

yt
hi

um
 u

lti
m

um
, 

Rh
iz

oc
to

ni
a 

so
la

ni
, R

hi
zo

pu
s s

p.
,  

an
d 

B.
 c

in
er

ea
.

O
ng

en
a 

et
 a

l.,
 

20
05

Pa
en

ib
ac

ill
us

 B
2

Po
ly

m
ix

in
 B

A
nt

ag
on

is
tic

 to
 E

. c
ar

ot
ov

or
a 

an
d 

th
e 

ro
ot

 p
at

ho
ge

ni
c 

fu
ng

us
 F

. s
ol

an
i a

nd
 

Fu
sa

ri
um

 a
cu

m
in

at
um

Se
lim

 e
t a

l.,
 2

00
5

Ba
ci

llu
s 

am
yl

ol
iq

ue
fa

ci
en

s 
st

ra
in

 P
PC

B
00

4

Li
po

pe
pt

id
es

, f
en

gy
ci

ns
, i

tu
rin

s, 
an

d 
su

rf
ac

tin
s, 

al
on

g 
w

ith
 

ba
ci

llo
m

yc
in

Al
te

rn
ar

ia
 c

itr
i, 

Bo
tr

yo
sp

ha
er

ia
 sp

., 
C

ol
le

to
tr

ic
hu

m
 g

lo
eo

sp
or

io
id

es
, 

Fu
si

co
cc

um
 a

ro
m

at
ic

um
, L

as
io

di
pl

od
ia

 
th

eo
br

om
ae

, P
en

ic
ill

iu
m

 c
ru

st
os

um
, 

an
d 

Ph
om

op
si

s p
er

se
 

A
rr

eb
ol

a 
et

 a
l.,

 
20

10

B.
 a

m
yl

ol
iq

ue
fa

ci
en

s 
st

ra
in

 Q
-4

26
B

ac
ill

om
yc

in
 D

, f
en

gy
ci

ns
 A

, 
an

d 
B

F.
 o

xy
sp

or
um

 f.
 sp

. s
pi

na
ci

ae
Zh

ao
 e

t a
l.,

 2
01

4

B.
 a

m
yl

ol
iq

ue
fa

ci
en

s 
st

ra
in

 N
JN

-6
Ba

ci
llo

m
yc

in
 D

 a
nd

 o
f 

th
em

ac
ro

la
ct

in
 fa

m
ily

, m
ac

ro
la

ct
in

 
A

, 7
-O

-m
al

on
yl

m
ac

ro
la

ct
in

 A
, 

an
d 

7-
O

-s
uc

ci
ny

l m
ac

ro
la

ct
in

 A

Ra
ls

to
ni

a 
so

la
na

ce
ar

um
Yu

an
 e

t a
l.,

 2
01

1;
 

20
12

Ba
ci

llu
s a

tro
ph

ae
us

 
st

ra
in

 C
A

B
-1

Fe
ng

yc
in

s a
nd

 u
nk

no
w

n 
lip

op
ep

tid
es

B.
 c

in
er

ea
 a

nd
 S

ph
ae

ro
th

ec
a 

fu
lig

in
ea

Zh
an

g 
et

 a
l.,

 2
01

3

Ba
ci

llu
s s

ub
til

is
 st

ra
in

s 
S4

99
 a

nd
 M

4 
w

as
Fe

ng
yc

in
-ty

pe
 c

yc
lo

pe
pt

id
es

C
on

tro
l o

f g
re

y 
m

ou
ld

 ro
t i

n 
ap

pl
e 

fr
ui

ts
 c

au
se

d 
by

 B
ot

ry
tis

 c
in

er
ea

 
(O

ng
en

a 
et

 a
l.,

 2
00

5)

O
ng

en
a 

et
 a

l.,
 

20
05



246 Plant Pathogens: Detection and Management for Sustainable Agriculture

M
ic

ro
bi

al
 o

ri
gi

n
A

M
P 

ty
pe

s
A

nt
ifu

ng
al

R
ef

er
en

ce

N
on

rib
os

om
al

B.
 su

bt
ili

s s
tra

in
s 

B
B

G
13

1 
an

d 
B

B
G

12
5,

Br
em

ia
 la

ct
uc

ae
 

D
er

av
el

 e
t a

l.,
 

20
14

Tr
ic

ho
de

rm
a 

ps
eu

do
ko

ni
ng

ii 
st

ra
in

 
SM

F2

Tr
ic

ho
de

rm
a 

ps
eu

do
ko

ni
ng

ii 
st

ra
in

 S
M

F2
As

co
ch

yt
a 

ci
tr

ul
lin

a,
 B

. c
in

er
ea

,  
F.

 o
xy

sp
or

um
, P

hy
to

ph
th

or
a 

pa
ra

si
tic

a,
 

an
d 

V.
 d

ah
lia

 

Sh
i e

t a
l.,

 2
01

2

T.
 a

tro
vi

ri
de

A
tro

vi
rid

in
s A

–C
 N

eo
at

ro
vi

rid
in

s
G

ra
m

-p
os

iti
ve

 b
ac

te
ria

 a
nd

 
ph

yt
op

at
ho

ge
ni

c 
fu

ng
i

O
h 

et
 a

l.,
 2

00
2;

 
N

eu
ho

f e
t a

l.,
 2

00
7

T.
 h

ar
zi

an
um

Tr
ic

ho
ki

nd
in

s I
–X

 T
ric

ho
rz

in
 H

A
 

I H
ar

zi
an

in
s

–
N

eu
ho

f e
t a

l.,
 

20
07

T.
 sa

tu
rn

is
po

ru
m

Pa
ra

ce
ls

in
 E

, S
at

ur
ni

sp
or

in
s S

A
 

II
 a

nd
 IV

–
Ri

tie
ni

 e
t a

l.,
 1

99
5;

 
N

eu
ho

f e
t a

l.,
 2

00
7

T.
 v

ir
id

e
Tr

ic
ho

vi
rin

s I
I, 

Tr
ic

ho
de

ce
ni

n 
I 

Su
zu

ka
ci

lli
n 

A
 A

la
m

et
hi

ci
n 

F5
0

–
N

eu
ho

f e
t a

l.,
 

20
07

T.
 p

se
ud

ok
on

in
gi

i
Tr

ic
ho

ko
ni

n 
V

I
pr

og
ra

m
m

ed
 c

el
l d

ea
th

 in
 F

us
ar

iu
m

 
ox

ys
po

ru
m

 p
la

nt
 fu

ng
al

 p
at

ho
ge

ns
Sh

i e
t a

l.,
 2

01
2

T.
 p

se
ud

ok
on

in
gi

i
Tr

ic
ho

ko
ni

ns
In

du
ce

 re
si

st
an

ce
 a

ga
in

st
 G

ra
m

-
ne

ga
tiv

e 
Pe

ct
ob

ac
te

ri
um

 c
ar

ot
ov

or
um

 
su

bs
p.

 c
ar

ot
ov

or
um

 in
 C

hi
ne

se
 c

ab
ba

ge

Li
 e

t a
l.,

 2
01

4

TA
BL

E 
11

.1
 

(C
on

tin
ue

d)



Antimicrobial Peptides from Biocontrol Agents 247

FIGURE 11.1 (See color insert.) Antimicrobial peptides of ribosomal origin are 
synthesized using canonical pathway, whereas nonribosomal origin in general includes 
peptaibols which are synthesized through modular pathway. Still irrespective of their 
origin, both AMPs either target cell membrane or intracellular pathways.

The main structural characteristics of AMPs include their high affinity 
and selectivity for membranes (Melo et al., 2009) which is determined 
by the amino acid composition, charge, hydrophobicity, amphipathicity, 
H-bonding, and flexibility (Findlay and Zhanel, 2010). The net positive 
charge on peptide is considered essential for initial binding to the negative 
charged membrane of bacteria, and thus allows selective discrimination 
between bacterial and host cell membrane, whereas its hydrophobic nature 
helps in insertion into membrane followed by perturbation (Lohner and 
Blondelle, 2005; Henderson and Lee, 2013; Malanovic and Lohner, 2016). 
The AMPs of animal and plant origin are endogenous and are composed 
of 10–50 amino acids (Malanovic and Lohner, 2016). These are cationic in 
nature due to excess of lysine and arginine amino acids and can behave as 
constitutive or inducible after pathogen infection. The structural composi-
tion of these peptides can be α-helical or β-sheet elements which is further 
stabilized by intramolecular disulphide (Malanovic and Lohner, 2016).
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11.2.1 BIOGENESIS OF PEPTIDES

The NRPS produce a wide variety of peptides in bacteria and fungi. Although 
structurally diverse, most of these nonribosomal peptides share a common 
biosynthetic pathway, that is, presence of multienzyme thio template 
mechanism. The constituents of the peptides are connected sequentially 
by the corresponding peptide synthetase system, which is first activated 
as acyl adenylates through the utilization of ATP as energy source. The 
activation share its similarity to aminoacyl-tRNA synthetases involved in 
translation during protein synthesis. However, presence of peptide synthe-
tases instead of tRNA intermediates is involved in covalent linking of the 
activated amino acid as carboxy thioester (Pavela-Vrancic et al., 1994). 
This module of peptide synthetase works in semiautonomous fashion. The 
module activates and modifies a single residue of the final peptide. Each 
module can be partitioned into three repeating sites: adenylation, thiolation, 
and condensation (Daniel and Filho, 2007a).

11.2.2 RIBOSOMAL PEPTIDES AND THEIR STRUCTURE

The AMPs of ribosomal origin are produced both by prokaryotes and 
eukaryotes, and are important component of defense against microbes 
(Aoki et al., 2012). In general, majority of these peptides are cationic 
and usually amphiphilic in nature, therefore target the cells by altering 
cell membrane permeability. Based on the structural organization, the 
ribosomal peptides are classified into different groups either having a 
high content of one or two amino acid, usually proline. Structurally, 
these are predominantly β-sheet structure containing intramolecular 
disulfide bonds, or α-helical structure with amphiphilic regions (Sarika 
et al., 2012; Holaskova et al., 2014; Carneiro et al., 2015) or extended, 
and loop. The α-helix and β-sheet structural groups are more common 
and among them α-helical peptides are explored in majority (Powers and 
Hancock, 2003). The best known examples of such AMPs are protegrin, 
magainin, cyclic indolicin, and coiled indolicin (Huang et al., 2010). 
β-sheet peptides are composed of minimum of two β-strands and share 
disulfide bonds between them (Bulet et al., 2004). Ribosomal peptides are 
difficult to predict in silico from transcriptomic and genomic sequencing 
projects due to their small size and high diversity and lack of generic 
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cleavage sites that could indicate a potential peptide. The advancement 
in bioinformatics tools has led to in silico annotation and identification 
of microbial genome for these peptides (Aleti et al., 2015). The most 
comprehensive AMPs database to date, named ADAM, is publically 
available and currently contains 7007 unique peptide sequences and 
759 structures (http://bioinformatics.cs. ntou.edu.tw/ADAM/links.html) 
(Lee et al., 2015; Breen et al., 2015).

FIGURE 11.2a (See color insert.) Ribosomal-derived antimicrobial peptides from 
bacterial source.

Many of biocontrol agents (BCAs) including gram-negative Pseudo-
monas fluorescens and gram-positive Bacillus subtilis/amyloliquefaciens 
are known to produce AMPs like cyclodipopeptides (cLPs) which 
includes surfactins, iturins, and fengycins, or pseudopeptides (Table 11.2). 

http://bioinformatics.cs.ntou.edu.tw
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Majority of AMPs are encoded by genes, while others are products of 
secondary metabolism or synthesized by NRPS (Giessen and Marahiel, 
2012). Certain AMPs are generated after posttranslational modifications 
and have cyclic structure or contain unusual amino acids (Laverty et al., 
2011; Tables 11.2 and 11.3). Furthermore, independent of their origin, 
these AMPs can provide resistance against fungal or bacterial pathogens in 
plant species (Rahnamaeian et al., 2009). Hence, they present innovative 
approaches for plant protection in agriculture (Fig. 11.2b) (Holaskova et 
al., 2015).

11.2.3 NON-RIBOSOMAL PEPTIDES AND THEIR STRUCTURE

The nonribosomal-derived peptides are represented by peptaibols which 
are either linear or rarely cyclic in structure (Fig. 11.2b). These nonribo-
somal peptides are synthesized by modular peptide synthetases (NRPSs) 
(Fig. 11.1), and contained 5–20 amino acid residues which are often rich 
in the nonproteinogenic α-aminoisobutyric acid (Aib) (Szekeres et al., 
2005; Lee and Kim, 2015; Patel et al., 2015). Similar to ribosomal-derived 
AMPs, the peptaibols are amphipathic with hydrophilic and hydrophobic 
domains. Additionally, a high proportion of nonproteinogenic amino acids 
such as α-aminoisobutyrate (A, Aib), α,α-dialkylated amino acid residues, 
and isovaline and 2-amino-6-hydroxy-4-methyl-8- oxodecanoic acid 
is hallmark of these peptides. The C-terminal is usually amino alcohol 
phenylalaninol or leucinol or 2-(2-aminopropyl) methylaminoethanol and 
the N-acyl group is usually acetyl (Daniel and Filho, 2007b). Peptaibols 
are categorized into three groups depending upon the length of the amino 
acid sequences. The group I contains 18–20 amino acid residues long 
and group II are represented by 11–16 amino acid residues. The group 
III contains 6 or 10 residues (Daniel and Filho, 2007) out of ~1250–1300 
peptaibiotics known (Ayers et al. 2012; Carroux et al. 2013; Kimonyo and 
Brückner 2013; Röhrich et al. 2012; Röhrich et al. 2013a, b; Chen et al. 
2013; Panizel et al. 2013; Ren et al. 2013; Stoppacher et al. 2013). So far, 
over 950 nonribosomal synthesized peptides have been identified from 
Trichoderma/Hypocrea which accounts over 80% from this BCA alone 
(Brückner et al. 1991; Degenkolb and Brückner et al., 2009). The unique 
membrane-altering bioactivity due to amphipathic and helical nature is 
possibly considered to play role in assisting root colonization and defense 
(Röhrich, et al., 2015).
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TABLE 11.3 Selected Database of Antimicrobial Peptides of Bacterial and Fungal Origin.

Sr. 
No.

Database Antimicrobial peptides Reference

1. BAGEL2 Ribosomal de Jong et al., 2010
2. Peptaibol Peptaibol-Nonribsomal Whitmore and Wallace, 2004
3. APD Ribosomal and non ribosomal Wang et al., 2009;  

Wang et al., 2016
4. DAMPD Updated natural AMPs and 

contained 1232 AMPs presently
Seshadri et al., 2012

5. DBAASP Ribosomal and nonribosomal Gogoladze et al., 2014; 
Pirtskhalava et al., 2016

6. CyBase Cyclic backbone, in which  
N- and C-terminals are linked 
by a peptide bond, including 
cyclotides and bacteriocins

Wang et al., 2008

7. BACTIBASE Bacteriocins, bacterial AMPs that 
display growth-inhibition activity 
against other closely related 
bacteria

Hammami et al., 2010

FIGURE 11.2b (See color insert.) Peptaibol of Trichoderma representing nonribo-
somal-derived antimicrobial peptides from Trichoderma reesei Aib as light blue and other 
sky blue.
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The α,-dialkyl α-amino acids, or 1-aminocyclopropane-1-carboxylic acid 
(Acc) family having molecular mass between 0.5 and 2.1 kDa contained 4–21 
amino acids with unusual nonproteinogenic amino acids and/or lipoamino 
acids. The N-terminus is acylated N-terminus, and in linear peptide the 
C-terminus contains amide bond. The second subfamily of peptaibiotics 
contained β-amino alcohol and the C-terminus of these peptides contain poly-
amine, free amino acid, amide, 2,5-diketopiperazine, or a sugar alcohol (Fig. 
11.3) (Degenkolb and Brückner, 2008; Stoppacher et al., 2013). The peptides 
produced by biocontrol fungus such as Trichoderma spp. are known to 
possess broad-spectrum antimicrobial activity (Fig. 11.2b) (Song et al., 2006; 
Shi et al., 2012). In addition, the biological roles of these peptide includes the 
elicitation of systemic resistance in tobacco and Chinese cabbage (Luo et al., 
2010; Li et al., 2014) root colonization, and programmed cell death induction 
in tumor cells (Shi et al., 2010; Shi et al., 2016).

FIGURE 11.3 (See color insert.) Multiple alignment of nonribosomal-derived anti-
microbial peptides (AMPs) such as peptaibols of Trichoderma origin.

11.2.4 MODE OF ACTION

AMPs have varied structural and biological properties. In general, majority 
of these AMPs share cationic backbone and the amphipathic arrangement 
target the negatively charged bacterial membrane through electrostatic 
interaction. Further the segregation of the charged side from a hydrophobic 
one permits these molecules to enter into the hydrophobic microbial 
membrane and ultimately leading to membrane disruption and cell death 
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(Brogden, 2005; Izadpanah and Gallo, 2005). Based on the centric general 
peptide–membrane interaction, four models: barrel-stave, carpet-like, 
toroidal-pore, and disordered toroidal pore have been proposed for their 
function (Melo et al., 2009). So far, it is well accepted that the different 
physicochemical properties of the phospholipid bilayer membranes allow 
AMPs to discriminate between bacterial and host cell membranes (Lohner 
2001; Lohner and Staudegger, 2001). Cholesterol being a main biomol-
ecule of eukaryotic membrane and its absence in bacterial cell membranes 
is proposed to play an important role in imparting selectivity (Malanovic 
and Lohner, 2016). Furthermore, the neutral lipids in model membranes 
have been demonstrated to inhibit damage to lipid vesicles by different 
AMPs (Matsuzaki et al., 1995; Lee et al., 2015).

FIGURE 11.4 (See color insert.) Organization of ribosomal-derived antimicrobial 
peptides (AMPs) in the genome of Bacillus species mostly used as biocontrol agents; green 
color indicates AOI type of antimicrobial peptides.
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In the classical membrane disruption model, the APMs incorporate 
themselves across the membrane and then cause disruption of the outer 
membrane eventually leading to the death of the target cell. In barrel-stave 
model, the peptides tend to assemble and form channels in transmembrane 
in the form of a barrel where hydrophobic parts of peptide aligned with the 
lipid bilayer and the hydrophilic regions of AMPs constitute the inner part 
of the pore (Zhang, et al., 2001; Melo et al., 2009). In carpet-like model, 
AMPs act as detergent and forms micelles or cluster at the membrane 
surface and leads to cooperative permeabilization of the cytoplasmic 
membrane. Initially, the AMPs cover the lipid bilayer membrane in a 
carpet-like fashion and under appropriate conditions, the peptides align 
themself into the cell membrane due to their detergent-like properties. 
In toroidal-pore/wormhole model, the hydrophilic part of AMPs remains 
bounded throughout the polar region of the phospholipid membrane and 
develop a stable curvature or the membrane phospholipids bend backward 
upon themselves after magainin monomers which ultimately leads to 
toroidal pore formation. The disordered toroidal pore represents a modifi-
cation of toroidal pore model. Here, slightly flexible peptide conformations 
are formed and the inner side of the pore is also surrounded by hydrophilic 
region of phospholipid (Li, et al., 2012; Rocha et al., 2012; Bahar and Ren, 
2013; Carneiro et al., 2015).

The adsorption of these AMPs such as Nguyen to the membrane can be 
increased by coupling them with anions across the bilayer using oxidized 
phospholipids or other substance (Mattila et al., 2008; Nguyen et al., 2011) 
or alternatively using molecular electroporation techniques which can 
increase the membrane permeability transiently (Gifford et al., 2005). The 
specificity of AMPs for microbial cells compared with host cells results 
from the high amount of anionic lipids in the bacterial cell membrane and 
electrical-potential gradient. During interaction with bacterial membranes, 
AMPs usually undergo structural changes in the form of aggregates and 
hence responsible for antimicrobial activity (Kaiserer et al., 2003).

Amphipathicity resulting from segregation of apolar and polar resi-
dues upon secondary structure formation favors the internalization of the 
peptide and in turn membrane perturbation. In gram-positive bacteria, 
before interaction with the cytoplasmic membrane, the peptidoglycan 
layer and teichoic acids of bacteria may help in penetration, interaction 
with AMPs and acts as a ladder in targeting membrane interaction and then 
affect domain organization by lipid segregation which affects membrane 
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permeability. Unlike antibiotics which inhibits the peptidoglycan biosyn-
thesis, the AMPs directly target the cell wall precursors containing highly 
conserved lipid II which can induce membrane pore formation and hence 
its disruption (Malanovic and Lohner, 2016). In Gram-negative bacteria, 
LPS acts as a barrier for AMPs interaction by inhibiting the entry of anti-
microbial proteins and other antibiotics (Datta et al., 2015).

FIGURE 11.5 (See color insert.) Schematic representation of mode of action of 
antimicrobial peptides A-Torroidal, B-Carpet-like model high concentrations of peptide 
molecules disrupt the membrane in a detergent-like manner breaking the lipid bilayer into 
set of separate micelles. C- Barrel stave in which hydrophobic regions of AMPs align with 
the tails of the lipids and the hydrophilic residues form the inner surface of the forming 
pore and D- Toroidal pore model in which peptides aggregates and hydrophilic heads of the 
lipids are electrostatically dragged by charged residues of AMPs.

Similar to AMPs of ribosomal origin, the amphipathic nature of peptai-
bols of nonribosomal origin is the likely basis of their biological activities 
in the formation of voltage-dependent ion channels in lipid membranes 
(Béven et al., 1999; Chugh and Wallace, 2001), which is responsible for 
their antimicrobial, antitumor activity, and the ability to elicit plant defense 
(Szekeres et al., 2005). For example, alamethicin, the most extensively 
studied long- sequence peptaibol, is well known for its antimicrobial 
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activity and the ability to induce plant resistance (Leitgeb et al., 2007; 
Kredics et al., 2013).

11.2.5 INTRACELLULAR TARGETS

Membrane interactions remain important even for intracellular-targeting 
peptides because they must have means of translocation. As referred in 
Figure 11.2, AMPs can also act on multiple intracellular targets, modu-
lating gene expression or inhibiting enzymatic processes important for 
cell viability maintenance. Some AMPs have the ability to interfere with 
the metabolism of nucleic acids, as is the case Microcidin B17 targets 
the DNA gyrase-inhibiting DNA replication (Collin et al., 2013). The 
peptide MccJ25 of bacterial origin may compromise RNA polymerase 
activity by preventing the transcription process (Mathavan and Beis, 
2012). Other peptides may directly act on proteins synthesis as in the 
case of apidecins and oncocins, causing a blockage in the formation of 
new protein products through binding of ribosomal proteins (Krizsan 
et al., 2014). Changes in cell wall synthesis process can be triggered 
by peptides with antimicrobial intracellular targets. Mediated receptor 
binding was observed for Lactococcin G and Enterocin 1071 which 
binds to UPPP, an enzyme involved in cell wall synthesis. The antibi-
otic class of antimicrobial peptides produced by bacteria may serve as 
important precursors for the synthesis of peptidoglycan or by activation 
of autolysins (Oppegård et al., 2007).

11.3 MINING FOR AMPS IN GENOMIC DATA

The small ORFs hence small size, classical activity, screening, and char-
acterization are often excluded. Thus, there is need for in silico genomic 
annotations of data (Hancock and Lehrer, 1998; de Jong et al., 2010). 
Further mining microbial genomes for ribosomal and nonribosomal 
peptide is a challenging task due to the lack of substantial homology, 
sequencing, and structural information of these antimicrobial peptides. 
Still continuous research on AMPs and evolution of molecular tools 
varying from genomic to metagenomic data have led to the development 
and improvement of genome mining software for automated screening of 
AMPs gene clusters.
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BAGEL3 (http://bagel.molgenrug.nl/), a follow-up of previous BAGEL  
and BAGEL2 web-based databases, identifies putative bacteriocins on 
the basis of three subclasses: Class I contains RiPPs of less than 10 kDa, 
which is divided into more than 12 supported subclasses; class II contains 
unmodified peptides not fitting the criteria of the first database; class III 
contains antimicrobial proteins larger than 10 kDa. BAGEL3 database is 
a versatile fast tool valid for modified and nonmodified AMPs produced 
from cultural and nonculturalable bacteria (Table 11.3). BAGEL3 either 
uses DNA nucleotide sequences in FASTA format as input file or alter-
natively from drop-down menu bacteria of choice can be selected. The 
input DNA sequences are analyzed in parallel either for bacteriocin or 
RiPP or precursor-based mining directly (Zhao and Kuipers, 2016). The 
peptaibols database (http://peptaibol.cryst.bbk.ac.uk/) store all structural 
and sequence information of nonribosomal AMPs known as peptaibols, 
whereas synthetic analogues of peptaibol are excluded from this database. 
From database, the sequence section allows searches of the peptaibol name, 
group, motif, and mold, whereas structural section provided information 
of their structural features.

11.4 ANALYSIS AND PLANT ACTIVITY ASSAY OF AMPS

The AMPs due to their small size are difficult to resolve using Laemmli–
SDS-PAGE which is also known as Glycine–SDS-PAGE. Therefore, 
Tricine–SDS-PAGE is the preferred electrophoretic system for resolving 
proteins less than 30 kDa (Schägger, 2006). For antimicrobial activity, 
young plants/seedlings are preferred choice and can be inoculated using 
clip inoculation-based method. For optimum results, a log phase bacterial 
culture can be washed with distilled water and then resuspended in phos-
phate buffer 10 mM, pH 7.4 to a cell density of 108 cells/mL. For infec-
tion, either sterile scissors dipped into cell suspension or an insulin needle 
can be used by pricking the veins of the leaves and then bacterial cell 
suspension can be applied using a cotton swab. Control sets of plants were 
inoculated with phosphate buffer (pH 7.4) alone and bacterial cell suspen-
sion pre incubated for 5 h with AMPs can be used to inoculate the plants. 
The plants are then observed daily for symptoms after post-infection (dpi). 
The plants can be uprooted and compared for morphological changes for 
further analysis (Datta et al., 2015).

http://bagel.molgenrug.nl
http://peptaibol.cryst.bbk.ac.uk
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11.5 FUTURE AND CONCLUSION

The traditional methods of using hazardous chemicals for agricultural 
pathogen management has led to development of resistance among 
pathogens as well as created several environmental and health risks. These 
AMPs have gained the attention of many researchers due to their efficacy 
against a broad range of pathogens. The use of AMPs for crop protection 
can play important role in the management of plant pathogens (Datta 
et al., 2015) and currently, these AMPs have emerged as alternative for 
conventional methods of plant disease management. Despite the promise 
of AMPs against a vast range of pathogens, several successful stories on 
the use of antimicrobial peptides in food and agriculture sectors indicate the 
promising future of these peptides. In agricultural sector, AMPs with anti-
microbial potential and their advantage to induce plant immune responses 
are proving useful due to their minimal side effects to the environment.

Many of current AMPs have been used for developing transgenic plants 
with increased resistance to pathogens under laboratory conditions. The 
transgenic cotton plants expressing the tobacco peptide NaD1 which can 
target PIP2 of fungal membrane have been found to enhance the resistance 
to fungal pathogens in field conditions (Gaspar et al., 2014) and against 
several other filamentous fungi under in vitro conditions (Lay et al., 2003; 
Gaspar et al., 2014). So far, a large numbers of peptaibols amino acid 
sequences have been discovered due to the advances in spectroscopic and 
MS techniques (Breen et al., 2015). MS techniques have played vital role 
in the complete sequencing of peptaibols isolated from BCAs Trichoderma 
species. To the best of our knowledge, transgenic plants have only been 
attempted and developed with ribosomal or artificially designed AMPs. 
Developing transgenic plants using nonribosomal AMPs is a challenging 
task as they do not undergo translational synthesis. Additionally, research 
investment into the biosynthetic mechanism used by the NRPS system 
and cloning of their peptide synthetase genes and their modulation could 
be optimized for the production of these peptides for various biotechno-
logical and pharmacological applications. The successful stories on the 
use of antimicrobial peptides in agriculture and food industry indicate a 
promising future for extensive application of these peptides. Although the 
genetic manipulation with antimicrobial peptide-encoding genes has been 
done for plants and animals, still such strategies and products may still 
have a long way to go before being confirmed by regulatory bodies to 
surmount technical problems before being accepted as applicable ones.
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CHAPTER 12

ABSTRACT

World food supply is still threatened by various biotic stresses despite of  
substantial advances in plant disease management strategies. The situation 
demands judicious blending of conventional, unconventional and frontier 
technologies. Biotechnological novel techniques such as tissue culture 
and genetic engineering help us to achieve this goal by producing new 
organisms and or products that can be used in variety of ways. In this 
regard, RNA interference (RNAi) has emerged as a powerful technology 
for controlling various challenging diseases caused by viruses, fungi 
and bacteria. RNAi is a mechanism for RNA-guided regulation of gene 
expression in which double-stranded ribonucleic acid (dsRNA) inhibits 
the expression of genes with complementary nucleotide sequences. The 
application of tissue-specific or inducible gene silencing together help in 
silencing several genes simultaneously will result in protection of crops 
against destructive pathogens. RNAi application has resulted in successful 
control of many economically important diseases in plants.

12.1 INTRODUCTION

Currently, science has developed  alot  in reference to agriculture but still 
no significant tool developed to control over plant diseases caused by 
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various pathogens  such as fungi, viruses etc.  Currently,  more than 70%  
major crops yield is lost due to pathogen attack (Wani et al., 2010). With 
the advent of new technologies in plant genomics, including structural and 
functional genomics using biotechnological tools for developing improved 
crops and vegetables such as in rice (Hackauf 2009, Jeon 2008), wheat 
(Gill 2007), brassica (Wang 2008), maize (Diwedi 2008), soybean (Canon 
2008), cotton (Chaudhary 2008) and vegetable crops (Lehtonen 2008). 
Most of the crops mainly vegetables are susceptible to plethora of biotic 
stresses like viruses, bacteria, fungal pathogens, insect pests and nematode 
parasites. Among the different types of biotic stresses, fungal and viral 
pathogens causes major loss in crop yields and pose huge economic losses 
globally (Wani et al 2010). The conventional methods to combat plant 
fungal pathogens includes breeding strategy, limits by the availability of 
resistant cultivars and evolution of fungal pathogenic races which makes 
the crop plants susceptible (Gilbert et al 2006) which is major drawback of 
this method. Plant diseases are usually controlled by the use of chemicals. 
The overdose use of chemicals may effects the human health, safety and 
cause environmental risks as well (Gilbert et al., 2006). Today, pathogens 
like fungi, viruses have evolved the resistant mechanisms through genetic 
adjustment, by which pathogen becomes less sensitive towards agro-
chemicals (Yang 2012). This has fuelled a continual search for novel and 
alternate strategies for management of fungal pathogens. The silencing of 
such genes which are required for the invasion, growth of phytopathogenic 
fungi may be used as an ideal strategy for fungal disease management.

12.2 ABOUT RNAi

RNA interference (RNAi) has turned out to be an effective way to control 
infection caused by fungal pathogens, through silencing of vital genes 
associated with pathogens. In other words, crop plants expressing dsRNA 
targeting essential genes in fungal pathogens i.e., plant-mediated pathogen 
gene silencing has evolved as an emerging strategy to combat fungal 
pathogens in crop plants. In 1998, Fire and Mello discovered RNAi in 
Caenorhabditis elegans (Fire 1998). Now-a-days it is considered to be 
a powerful functional genomics tool to silence any gene of interest with 
tightly controlled sequence specificity by introducing dsRNA or small 
interfering RNA (siRNA) containing the target gene sequences into cells or 
organisms (Agarwal 2003). The loss of functions and altered phenotypes 
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represented by result analysis prove to be the most readily interpretable 
method for experimentally validating the cellular function of genes (Bhad-
auria 2009). RNAi pathway can be induced by presence of dsRNA, which 
can be formed by various ways such as RNA viruses, inverted repeats, in 
vitro transcribed dsRNA, expressed dsRNA or transgenes in genetically 
modified organisms.

12.3 WORKING OF RNAi

RNA interference refers collectively to diverse RNA based processes 
that all result in sequence-specific inhibition of gene expression at the 
transcription, mRNA stability or translational level. The unifying features 
of this phenomena are the production of small RNAs (21-26 nucleotides 
(nt) that act as specific determinants for down-regulating gene expression 
(Issac,1992) and the requirement for one or more members of Argonaute 
family of protein (Maloy, 2005). RNAi operates by triggering the action 
of dsRNA intermediates, which are processed into RNA duplexes of 21-24 
mucleotides by a ribonuclease III like enzyme called Dicer (Mehrotra and 
Aggarwal, 2003). Once produced, these small RNA molecules or short 
interfering RNAs (siRNAs) are incorporated in a multi-subunit complex 
called RNA induced silencing complex (RISC) (Mehrotra and Aggarwal, 
2013): RISC is formed by a siRNA and an endonuclease among other 
component. The siRNAs within RISC acts as a guide to target the degra-
dation of complementary messenger RNAs (mRNAs). When dsRNA 
molecules produced during viral replication trigger gene silencing, the 
process is called virus-induced gene silencing (VGS) (Maloy, 2005). One 
interesting feature of RNA silencing in plants is that once it is triggered in 
a certain cell, a mobile signal is produced and spread through the whole 
plant causing the entire plant to be silenced. This silencing process is 
also enhanced by the enzymatic activity of the RISC complex, mediating 
multiple turnover reaction (Broglie et al., 1991). Furthermore, production 
of the secondary siRNAs leads to enrichment of silencing via its spread 
from the first activated cell to neighboring cells, and systematically 
through system (Maloy, 2005). The cell to cell spread can be mediated 
as passive spread of the small RNAs via plasmodesmata, since it does 
not spread into meristematic cells. The discovery of RNA binding protein 
(PSRPI) in the phloem and its stability to build 25 ntssRNA species add 
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further to the argument that siRNAs (24- 26nt) are the key components for 
systemic silencing signal (Brain and Beathle, 2003).

The first successful demonstration of RNAi like pathway in fungi came 
in 1992 with the pioneer research of Romano and Machino (Machino 
1992).

12.4 INDUCTION METHODS OF RNAi IN PLANTS

The first biggest difficulty is the transfer of the such active molecules that 
will switch on the RNAi pathway in plants. The various methods for the 
delivery of dsRNA or siRNA into different cells and tissue which include 
not only the  transformation with dsRNA forming vectors for respective 
gene(s) by an Agrobacterium mediated transformations (Wterhouse et al., 
2001, Chuang et al., 2000) but also the delivery of (a) dsRNA of uidA 
GUS (β-glucuronidase) and TaGLP2a: GFP (green fluorescent protein) 
reporter genes into epidermal cells of maize, barley and wheat by particle 
bombardment (Schweizer et al., 2000), (b) introducing a Tobacco rattle 
virus (TRV)-based vector in tomato plants by infiltration (Liu et al., 
2002a), (c) delivery of dsRNA into tobacco suspension cells by cationic 
oligopeptide polyarginine-siRNA complex, (d) delivery of siRNA into 
cultured cells of rice, cotton and slash pine for gene silencing by nanosense 
pulsed laser-induced stress wave (LISW) (Tang et al., 2006). The most 
reliable and significant approachesd from above said to transfer dsRNA 
into plants cells are agroinfiltration, micro-bombardment and VIGS which 
are discussed below.

12.4.1 AGROINFILTRATION METHOD

The transfer of Agrobacterium carrying similar DNA constructs into the 
intracellular spaces of leaves for inducing RNA silencing is known as agro-
inoculation or agroinfiltration (Hilly J.M and  Liu Z, 2007). Agroinfiltration 
in mostly cases is used to induce systemic silencing or to know the effect 
of suppressor genes. Cytoplasmic RNAi can be induced efficiently in plant 
cells by agroinfiltration, which is similar to the expression of T-DNA vectors 
after delivery by Agrobacterium tumefaciens. The transiently expressed 
DNA encodes either an ss- or dsRNA, which is typically a hairpin (hp) 
RNA (Johansen L.K and Carrington J.C, 2001, Voinnet O, 2001).
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12.4.2 MICROBOMBARDMENT METHOD

In this method, particles coated with dsRNA, siRNA or DNA that encode 
hairpin constructs as well as sense or antisense RNA, activate the RNAi 
pathway are bombarded with cells. Synthetic siRNAs are delivered into 
plants by biolistic pressure to cause silencing of GFP expression. The 
silencing effect of RNAi is detected after a day of bombardment, and it 
continues upto 3 to 4 days of post bombardment. Silencing occurred after 
1 or 2 weeks and spread later in the vascular tissues of the non-bombarded 
leaves that were closest to the bombarded ones. Approximately after one 
month or above, the loss of GFP expression was seen cells. RNA blot 
hybridization with systemic leaves indicated delivery of  siRNAs which 
cause systemic silencing by accumulation (Klahre et al., 2002).

12.4.3 VIRUS-INDUCED GENE SILENCING (VIGS) METHOD

Viruses, such as Tobacco mosaic virus (TMV), Potato virus X (PVX) and 
TRV, can be used for both protein expression and gene silencing(Kumagai 
et al., 1995, Mallory et al., 2002). RNA virus-derived expression vectors 
may have potent anti-silencing proteins so they will not be used as silencing 
vectors always(Kumagai et al., 1995, Palmer K.E and Rybicki E.P, 2001). 
Similarly, DNA viruses also have not been used extensively as expression 
vectors due to their size constraints for movement (Kjemtrup et al., 1998). 
Firstly, Dallwitz M.J and Zurcher E.J, 1996, demonstrated RNA viruses 
by inserting sequences into TMV and then for DNA viruses by replacing 
the coat protein gene with a homologous sequence(Kjemtrup et al., 1998). 
These reports used for gene silencing phytoene desaturase (PDS) and 
chalcone synthase (CHS), which provide a measure of the tissue specificity 
of silencing. The PDS gene protects the chlorophyll from photo oxidation. 
By silencing this gene, a significant decrease in leaf carotene content that 
resulted into the appearance of photo bleaching symptom (Liu et al., 2002c, 
Turnage et al., 2002). In the same way, over expression of CHS gene causes 
an albino phenotype in place of deep orange color(Cogoni et al., 1994). As 
a result, their action as a phenotypic marker helps in easy understanding of 
the mechanism of gene silencing. Most viruses are plus-strand RNA viruses 
or satellites, whereas Tomato golden mosaic virus (TGMV) and Cabbage 
leaf curl virus (CaLCuV) are DNA viruses. Both types of viruses induces 
silencing of endogenous genes but the extent of silencing spread and the 
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severity of viral symptoms vary in different host plants(Teycheney P.Y and 
Tepfer M, 2001). The continuous development of virus-based silencing 
vectors can extend VIGS to economically important plants and protection 
from diseases.

12.5 RNAi DISEASES MANAGEMENT

Our global food supply is still threatened by various types of  pathogens 
and pests .The edvent of new researches/technologies are to develop to 
respond more efficiently and effectively to this problem. Today, RNAi 
technology has emerged as one of the most potential and promising 
strategies for building up the resistance in plants to overcome the loss 
caused by various fungal, bacteria, viral and nematode diseases (Singh, 
2005). Many of the examples listed below illustrate the possibilities for 
commercial exploitation of this inherent biological mechanism to generate 
disease resistant plants in the future by taking advantage of this approach 
e.g. including; Cladosporium fulvum (Singh, 2001) Magnaporthae oryzae, 
Venturia inaequalis and Neurospora crassa (Singh, 2005).

12.5.1 MANAGEMENT OF PLANT FUNGAL INFECTIONS USING RNAi

A potential approach of RNAi-based “host plant mediated pathogen gene 
silencing” for efficient control of fungal pathogens infecting various 
agronomical important crop plants found to be the efficient new biotech-
nological tool. Small non-coding RNAs which play a vital role in the 
process called RNA silencing. RNAi operates in both plants and animals, 
and use double stranded RNAi (dsRNA) for degradation or inhibiting 
transcription and translation in fungi, viruses, bacteria (Maloy, 2005, 
Mehrotra and Aggarwal, 2003). The concept behind this method is the 
down-regulation of vital fungal genes required for fungal invasion, normal 
growth and pathogenesis by the uptake of dsRNA/siRNAs produced by 
transgenic plants (Rajam et al 1998; Khatri 2007). RNA-mediated gene 
silencing (RNA silencing) is used as a reverse tool for gene targeting in 
fungi. The hypermorphic mechanism of RNA interference implies that 
this technique can also be applicable to all those plant pathogenic fungi, 
which are polyploid and polykaryotic in nature. Simultaneous silencing 
of several unrelated genes by introducing a single chimeric construct has 
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been demonstrated in the case of Venturia inaequalis (Fitzgerald et al., 
2004). HCf-1, a gene that codes for a hydrophobin of the tomato pathogen 
C. fulvum (Spanu, 1997), was cosuppressed by ectopic integration of 
homologous transgenes. Transformation of Cladosporium fulvum with 
DNA containing a truncated copy of the hydrophobin gene HCf-1 caused 
co-suppression of hydrophobin synthesis in 30% of the transformants. 
The co-suppressed isolates had a hydrophilic phenotype, lower levels of 
HCf-1 mRNA than wild type and contain multiple copies of the plasmid 
integrated as tandem repeats at ectopic sites in the genome (Hamada 
and Spanu, 1998). The transcription rate of HCf-1 in the co-suppressed 
isolates was higher than in the untransformed strains, suggesting that 
silencing acted at the post-transcriptional level (Hamada and Spanu, 
1998). Similarly, the silencing of cgl1 and cgl2 genes using the cgl2 
hairpin construct in Cladosporium fulvum has also been reported (Segers 
et al. 1999), which can be helpful for protecting the consumable products 
of vegetables and fruit crops from the post harvest diseases caused by 
different plant pathogens in the future. Fitzgerald et al. (2004), using the 
hairpin vector technology, have been able to trigger simultaneous high 
frequency silencing of a green fluorescent protein (GFP) transgene and an 
endogenous trihydroxynaphthalene reductase gene (THN) in V.inaequalis. 
High frequency gene silencing was achieved using hairpin constructs for 
the GFP or the THN genes transferred by Agrobacterium (71 and 61%, 
respectively). Similarly, multiple gene silencing has been achieved in 
Cryptococcus neoformans using chimeric hairpin constructs (Liu et al., 
2002) and in plants using partial sense constructs (Abbott et al., 2002). ). 
Tinoco et al. (2010),  reported that the GUS specific siRNAs expressed in 
the transgenic tobacco could lead to the GUS gene silencing in the GUS 
transformed Fusarium verticillioides’ transformants. They concluded that 
this could be a result of movement of silencing signal through the germi-
nating spores into the fungal cells. The transgenic lettuce plants expressing 
a GUS dsRNA could induce specific gene silencing in the parasitizing 
plant Triphysaria versicolor expressing GUS gene (Tomilov et al., 2008).

12.5.2 MANAGEMENT OF PLANT PATHOGENIC VIRUSES USING 
RNAi

RNAi technology may be used for viral disease control in human cell lines 
(Bitko and Barik, 2001; Novina et al., 2002; Jacque et al., 2002) and also 
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helpful in protecting viral infections in plants (Waterhouse et al., 2001; 
Ullu et al., 2002). Generating virus-resistant plants was first done in potato 
(Waterhouse et al., 1998; Chapman et al., 2004). DNA viruses like Gemini 
viruses Mungbean yellow mosaic India virus (MYMIV) was expressed as 
hairpin construct and used as biolistically to inoculate MYMIV-infected 
black gram plants which showed a complete recovery from infection, which 
lasted until senescence (Pooggin et al., 2003). RNAi-mediated silencing 
of Gemini viruses using transient protoplast assay where protoplasts were 
cotransferred with an siRNA designed to replicase (Rep)-coding sequence 
of African cassava mosaic virus (ACMV) and the genomic DNA of 
ACMV resulted in 99% reduction in Rep transcripts and 66% reduction 
in viral DNA (Vanitharani et al., 2003; Ruiz-Ferrer and Voinnet, 2007). 
Multiple suppressors have been reported in Citrus tristeza virus (Lu et 
al., 2003). A 273-bp (base pair) sequence of the Arabidopsis miR159 a 
pre-miRNA transcript expressing amiRNAs can be used against the viral 
suppressor genes to provide resistance against Turnip yellow mosaic virus 
and Turnip mosaic virus infection (Niu et al., 2006). Different amiRNA 
vector was used to target the 2 b viral suppressor of the Cucumber mosaic 
virus (CMV), which blocked the slicer activity of AGO1and confer resis-
tance to CMV infection in transgenic tobacco (Qu et al., 2007). A strong 
correlation between virus resistance and the expression level of the 2 
b-specific amiRNA was shown for individual plant lines. It is significantly 
proved from abovementioned reports that the RNA components, such as 
ssRNA, dsRNA, and/or siRNA of the silencing pathways are appropriate 
targets of most viral suppressors and help in protection of plants from viral 
infections using RNAi technology.

12.6 CONCLUSION WITH FUTURE PROSPECTS

To feed the expanding human population leads the high stress on agroeco-
systems to control plants from various biotic stresses. RNAi and miRNA 
technologies of gene silencing is gaining the novel importance not only 
in functional genomics but also having great tendency of higher silencing 
efficiency of vital gene of pathogen to control disease. The RNA silencing 
is highly sequence specific and it is technologically efficient and econom-
ical as well. Therefore, this technique has great potential in agriculture 
specifically for nutritional improvement of plants and the management 
of pathogenic plant diseases. Researches on sRNAs have provided lots 
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of studies regarding their types, functions, etc. But still the information 
is not enough. Various report of researches helped to classified sRNAs 
into mainly three categories, miRNAs, siRNAs, and piRNAs, while many 
new types of sRNAs are under exploration. In plants, both miRNAs and 
siRNAs are present. They act collectively as well as individually to help 
the plants with their maintenance, homeostasis, and survival under adverse 
conditions. Various researches marked RNAi technology as powerful tool 
to combat plant pathogens in the near future. Development of vectors that 
can suppress the RNAi pathway but overexpress transgenes in a tissue-
specific manner will revolutionize this field in future. Presently, substantial 
researches are being conducted to find the role of miRNAs and siRNAs in 
biotic stresses. Regulation by sRNAs may be used as a promising tool to 
improve yields, quality, or resistance to various pathogenic diseases and 
environmental stresses. Discovery of more sRNAs in plant system will 
help researchers to manipulate these sRNAs in favor of plant growth and 
development. Hence, it will be very appropriate to call sRNA “an efficient 
molecule of the millennium.”
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CHAPTER 13

ABSTRACT

The chloroplast, site of photosynthesis in higher plants and algae, fixes 
atmospheric CO2 to sugar and thus occupies a central position as the 
primary source of food. Every living organisms are directly or indirectly 
associated for their food requirements and thus survival to these green 
“plants.” Plastids of higher plants are semiautonomous and they represent 
cellular fraction of the cell, transmitted maternally during reproduction. 
Chloroplast genome is circular, self-replicating, multicopy number, 
highly polyploid, and has its own transcription–translation machinery. 
Chloroplast genome, plastome, represents 10–20% of total cellular 
genome despite of small size and codes for as many 130 genes. Due to 
their circular genome nature, plastome offers a homely environment to 
“incoming” transgene embedded in a circular vehicle, provides more 
chances of site-specific integration through homologous recombination. 
Transgene restraint due to lack of pollen transmission and maternal 
inheritance offers a great advantage over facile methods of plant genetic 
transformation through nuclear genome. Furthermore, high level of 
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transgene expression and lack of gene silencing are an added advantage 
of plastid transformation. The study of chloroplast genome transforma-
tion leads to understanding of biochemistry and physiology of plastid 
metabolism. This article summarizes plastome organization and regen-
eration, the transformation process, and highlights selected applications 
of transplastomic technologies in basic and applied research.

13.1 INTRODUCTION

The current global population of the world is 6.4 billion and is experi-
encing steady increase by each year and expected to reach 10 billion by 
the year 2050.1 On the other hand, the rate of agricultural yield remains 
stagnant due to either crop loss by various stresses or poor quality yield.2 
Such agricultural food product digression results in widening the existing 
gap between demand and supply and ultimately leads to malnutrition or 
starvation, mainly to underdevelop or developing country people.3 Tradi-
tional methods of crop improvement programs often includes selective 
breeding for desired traits, which is now no more applicable for increasing 
productivity or quality, where such colossal gap exists between demand 
and supply. Furthermore, urbanization and marginal or salty acreage are 
stretching the gap to an extent to be filled by such traditional options. The 
only hope to this situation seems to be “Green Revolution.” As our under-
standing about system biology and genetic traits contributing to quality and 
yield has been increased to several fold, it can be combined with traditional 
breeding programs to produce good amount of “grain” crops. The term 
Green Revolution has been used by the popular press to describe the spec-
tacular increase in cereal–grain production during the past several years.

Father of green revolution and 1970 Nobel Peace Prize winner, Norman 
Borlaug also sees hopes in biotechnology to ameliorate environmental 
concerns, while meeting the rising demand for agricultural production.4 
The main concerns lies in plant transgenic is to combat with various 
stresses that plant experience in the natural environments. The stresses 
that plant exhibit can be broadly classified into biotic (fungal, bacterial, 
viral, etc., infection) and abiotic stress (drought, salinity, etc.).  Also, 
transgenic variety for better or improved yield through the incorporation 
of novel DNA into the genome possess stress on performance of plant.5,6 
Such transgenics, although often offers better products, are severely criti-
cized and compounded by negative public sentiment through the fear of 
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transgene escape via pollen or seeds. Without the universal public accep-
tance and clearance from regulatory agencies, such recent advancements 
are of limited use, up to the bench only. The bench-proven technologies 
can only be translated to the field once it assures concomitant threat to the 
environment.

Since much threat to sow transgenic crops centered on its spread and 
disturbance of native habitat and diversity, solving this problem through 
restricted or no spreading of such crop or crop parts allows use of trans-
genic by wider range of people. Crop plants possess two genomes in 
addition to that of the nucleus, the organelle genomes of mitochondria 
and chloroplasts. These cytoplasmic organelles are transferred to progeny, 
upon division, by mother cells. Such maternal inheritance checks any 
spread of novel genes in the native environment. Chloroplasts genetic 
engineering of higher plants may offer the potential to mitigate certain 
limitations of agricultural productivity. Technological advances, most 
notably the invention of the particle accelerator7 and the ability to express 
foreign genes in plastids,8,9 have provided the opportunity to explore 
the chloroplast genome as a new platform to address current and future 
demands for improved food production. Such novel idea has already been 
explored for number of traits conferring to plants like insect resistance, 
herbicide resistance, salt tolerance, drought tolerance, phytoremediation, 
etc. Results of such experiments are very promising and will cast plastid 
transformation as most widely accepted technology in future for in planta 
transformation/s.

Green plants are autotrophic in nature and hence they directly or indi-
rectly are important for all forms of present day living organisms for their 
food requirement. The central mechanisms, exclusively found in green 
plants is photosynthesis and is maintained in chloroplasts which are present 
in all plants, with the exception of the few parasitic plants which have lost 
autotrophy. To maintain a high photosynthetic capacity, the number of 
chloroplasts per cell has tremendously increased during evolution.

Endosymbiotic theory suggests that chloroplasts have originated from 
cyanobacteria. Mereschkowsky in 1905 first suggested this hypothesis 
after an observation by Schimper in 1883.10 Such first-generation endo-
symbionts gave birth to second- and third-generation endosymbionts by 
engulfing the previous organism. Such series of endosymbionts shows 
degree of changes in structure and appearance of chloroplast. For example, 
Protists, Euglenozoa, etc. are second-generation endosymbionts containing 
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chloroplasts, forming chloroplasts with three or four membrane layers. In 
the alga Chlorella, there is only one chloroplast, which is bell shaped.

In higher plants, chloroplasts are derived from proplastids, from 
pre-existing chloroplasts or from other forms of plastids. Many a times, 
chloroplasts are referred as different names depending upon their tissue 
existence. There are several types of plastid including: (1) chlorophyll 
containing chloroplasts; (2) yellow, orange, or red carotenoid-containing 
chromoplasts; (3) starch-storing amyloplasts; (4) oil-containing elaio-
plasts; (5) proplastids (plastid precursors found in most plant cells); and 
(6) etioplasts (partially developed chloroplasts that form in dark-grown 
seedlings). The conversion of photosynthetic chloroplasts into yellow 
carotenoid-rich chromoplasts is seen in the ripening of bananas; the 
conversion of chloroplasts to lycopene-containing red chromoplasts is 
seen in the ripening of tomatoes. Each compartment of the eukaryotic cell 
is unique. A particular biochemistry can be favored in one compartment 
(e.g., chloroplasts or chromoplasts), while the environment in another 
compartment (e.g., the cytoplasm) is unfavorable.

Protoplastids are originated from meristematic cells and developed 
according to tissue type to which they are located. Seed germination in 
soil is light independent process. Etioplasts, present in cotyledon cells, 
are marked with pseudocrystalline structure, the prolamellar body, and 
many ribosomes to support active “compartmental” translation and setting 
up the photosynthetic apparatus.11 In the presence of light, thylakoids are 
formed, emerging from the crystalline body. The determination of the 
components of the chloroplast genetic system and the analysis of their 
regulation is essential in at least two ways: (1) Determining pathways for 
early chloroplast division and differentiation and (2) to understand spatial 
and temporal expression of chloroplast genome.

The chloroplast is surrounded by a double-layered composite membrane, 
which is analogous to the outer and inner membranes of the ancestral 
cyanobacteria, with an intermembrane space; further, it has reticulations, 
or many infoldings, filling the inner spaces. The chloroplast has its own 
DNA, which codes for redox proteins involved in electron transport in 
photosynthesis; this is termed as the plastome. Plastome is a kind of ances-
tral genome, mostly similar in organization and structure to prokaryotic 
genome. Presence of such exclusive genome, chloroplasts are emerging as 
new sight for novel gene transformation.
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13.2 CHLOROPLAST GENOME ORGANIZATION

The chloroplast genomes of vascular plants and most algae are quite similar. 
The structure and organization of chloroplast genomes deduce greatest 
diversity and differences with respect to nuclear genome counterparts. With 
one possible exception of Acetabularia, all known chloroplast genomes are 
circular DNA molecules. Size variation is greatest among green algae in 
which most chloroplast genomes range between about 85 and 300 kb, while 
that of angiosperm is 120–180 kb in range, with majority is 135–160 kb.

Pioneering works of Kowallik and Herrmann (1970) identified a 
series of discrete areas spread throughout the plastid, which supports the 
hypothesis of nucleoid organization of plastid genome.12 These nucleoids 
are readily observed in chloroplasts stained by DAPI (4', 6- diamidino-
2-phenylindole) using fluorescent microscopy.13 The plastid DNA, also 
named plastid chromosome or plastome, is a circular double-stranded, 
negatively supercoiled molecule with 85% single copy sequences and 
multicopy number per plastid, organized into several nucleoids. Nucleoids 
appear interconnected in young and mature chloroplasts. A small number 
of nucleoids are present in proplastids but this number is readily increased 
as plastid matures. During active plastid development and division, 
nucleoids are attached with inner membrane of plastid through protein 
named PEND (plastid envelope DNA binding) and might be involved in 
DNA replication. Such PEND association is diminished upon maturation 
and sets nucleotides free to attach with formed thylekoid membrane. The 
plastid chromosome exists as a negatively supercoiled molecule.14 The 
analysis of DNA conformation by pulse-field electrophoresis showed that 
molecules are present as monomers, dimers, trimers, and tetramers in a 
relative amount of 1, 1/3, 1/9, and 1/27, respectively.

A number of genes have been located on the circle and one of the 
important features is the presence of two copies of the ribosomal DNA 
sequences. These sequences are often but not always present on a large 
inverted repeat. Other genes mapped include those for the large subunit of 
RuBP-Case (ribulose-1, 5-bisphosphate oxygenase/carboxylase), tRNAs, 
subunits of ATP synthase, and cytochrome oxidase.15 Plastid genome 
organization and structural features are conserved during the path of 
evolution. The circular molecule can be divided into three distinct domains: 
large single copy (LSC), small single copy (SSC), and the inverted repeat 
(IR) which is present in exact duplicate separated by the two single copy 
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regions. Restriction fragment length polymorphism (RFLP) analysis 
indicates that the molecule exists in two orientations present in equimolar 
proportions within a single plant.16 The circular molecule undergoes 
interconversion to a dumbbell-shaped conformation that is believed to be 
facilitated by the presence of the IR. Concerted evolution within the IR 
suggests intramolecular recombination between the repeats is a possible 
mechanism. The plastid RecA homolog is thought to be responsible for the 
site-specific integration of foreign DNA sequences in the plastid genome 
by homologous recombination. The A (adenine)–T (thymine) content is 
not evenly distributed in the plastome. It is higher in noncoding regions 
and is lower in regions coding for tRNA and for the rRNAs. The plastome 
of higher plants contains four ribosomal RNA genes, 30 tRNA genes, 
more than 72 genes encoding polypeptides, and several conserved reading 
frames (ycf) coding for proteins of yet unknown function (Fig. 13.1).17,18 
Transcriptome of chloroplast represents total pool of RNA required for 
polypeptide synthesis required for chloroplast functioning, and no RNA 
is transported from outside chloroplast. The plastid genes coding for 
polypeptides can be classified into several categories: genes coding for 
prokaryotic RNA polymerase core enzyme; genes coding for proteins of 
the translational apparatus; for the photosynthetic apparatus and genes 
coding for subunits of the NADH-dehydrogenase (NDH).

13.3 CHLOROPLAST TRANSFORMATION

13.3.1 HISTORY AND DEVELOPMENT

In plant cell, there are three gene factories, which are working independently 
and are available for in planta transformations are nucleus, chloroplast, and 
mitochondria. For very obvious reason, expression of foreign genes by 
nuclear transformation is most adapted route since long. When concept was 
emerged, chloroplast genetic engineering is limited to transform foreign 
gene/s to propoplasts followed by in vitro propagation. Such procedure is 
very tedious and requires up to date and accurate methodology for trans-
formation and plant regeneration.9,19 Later, invention of newer advanced 
methods for transformation have eroded out such protracted procedures 
and allowed direct introduction of foreign genes into chloroplast embedded 
in plant cell. Furthermore, availability of newer marker genes for selection 
of true transformants has made plastid transformation as one of the good 
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alternative for sustainable agriculture. Boynton et al. (1988) first reported 
stable transgene integration in intact chloroplast in Chlamydomonas.7

After the first in situ chloroplast transformation in Chlamydomonas 
reinhardtii, notion had been extended to higher plant, Nicotiana tabacum.9,20 
Up to date, plastid transformation has extended to many other higher plants, 
such as Arabidopsis,21 grape,22 potato,23 lettuce,24 soybean,25 cotton,26 carrot,27 
and tomato.28 However, plastid transformation is routine only in tobacco 
and with no known reason, the efficiency of transformation is much higher 
in tobacco than any other plants.29 With technical developments of trans-
formation system, plastid gene expression and plastome gene availability, 
“transplastomic” studies is widely getting attention of plant biologists.

FIGURE 13.1 General structure of chloroplast genome. IR, inverted repeat region; LSC, 
large single copy subunit; SSC, small single copy subunit.
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13.3.2 TRANSFORMATION METHOD DEVELOPMENT

There are apparent differences between transgenomic and transplastomic 
procedures (Table 13.1). Unlike nuclear transformation, genetic transfor-
mation in plastids follows integration of transgene through homologous 
recombination. Transgene should be flanked by plastid DNA sequences for 
site-specific insertion (Fig. 13.2).30 Foreign gene transplantation to plastid, 
in general, involves four distinct steps.

1. Construction and delivery of foreign gene cassette into chloroplast.
2. Integration of foreign gene with chloroplast geneome through 

homologus recombination.
3. Selection of transformants.
4. Regeneration of true and stable transformants expressing desired 

trait/s of foreign gene/s transplanted.

TABLE 13.1 Apparent Differences of Nuclear and Chloroplast Genome of Angiosperms.

Nuclear genome Chloroplast genome
Chromosomes Present in duplicate copies, one of 

which serves as a dominant allele 
of gene while other is recessive.

Multiple copies. ~60–100 copies per 
plastid and ~50–60 plastids per cell.
Circular form

Linear form
Genetic 
organization

Genes are varied in a range of 
thousand per chromosome

~120–150 genes per plastome

Gene 
arrangements

Monocistronic. One gene is under 
the control of single promoter

Polycistronic. In an operon cluster, 
as in prokaryotic genome. Many 
genes are under the control of single 
promoter c and be transcribed together

FIGURE 13.2 (See color insert.) Foreign gene integration in chloroplast genome 
through homologous recombination.
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Biolistic or particle bombardment method is generally employed for 
chloroplast transformation, in which the plasmid containing a marker gene 
and the gene of interest were introduced into chloroplasts or plastids. The 
foreign genes were inserted into plasmid DNA by homologous recombina-
tion via the flanking sequences at the insertion site. Also, Agrobacterium31 
and polyethylene glycol (PEG)32-mediated transformation procedures were 
adopted in earlier days; they were quickly diminished due to lower transfor-
mation/regeneration capacity. The first successful chloroplast transformation 
in Chlamydomonas reinhardtii was employed by particle bombardment. 
The availability of standardized protocols for efficient transformation and 
regeneration, make biolistic is a choice of procedure (Table 13.2).

TABLE 13.2 Chloroplast Transformation Methods and Expressed Foreign Gene for 
Selected Plant Species.

Species Methods Selection of 
transformants

Expressed genes Reference

Chlamydomonas 
reinhardtii

Particle 
bombardment

Photosynthetic 
proficiency

atpB (ATP Synthase  
β Subunit)

[7]

Nicotiana 
tabaccum

PEG Spectinomycin Rrn16 (16S rRNA) [20]

Nicotiana 
tabaccum

Particle 
bombardment

Kanamycin Npt II (Neomycin 
Phosphotransferase)

[33]

Arabidopsis 
thaliana

Particle 
bombardment

Spectinomycin aadA (Aminoglycoside 
adenyl transferase)

[21]

Daucus carota 
(carrot)

Particle 
bombardment

Spectinomycin BADH (betaine 
aldehyde 
dehydrogenase)

[27]

Rice Particle 
bombardment

Spectinomycin aadA and GFP [34]

13.3.3 SELECTABLE/SCREENABLE MARKER GENE/S

Plastid DNA is present in multiple copies, hence choice of selectable 
marker genes are critically important to achieve uniform transformation 
of all genome copies during an enrichment process that involves gradual 
sorting out of nontransformed plastids on a selective medium.29 The first 
selection marker gene used in chloroplast transformation was plastid 16S 
rRNA (rrn16) gene.20 Transgenic lines were selected by spectinomycin 
resistance and the efficiency was low. The alternate is aadA gene encoding 
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aminoglycoside 3′-adenylyltransferase was used as a selection marker 
gene35,36 which increases recovery of plastid transformants. Kanamycin-
resistant gene npt II was used as a selectable marker for plastid transfor-
mation in tobacco, but the transformation efficiency was low. A dramatic 
improvement in plastid transformation efficiency was obtained by a highly 
expressed neo gene, confers resistance to kanamycin. The bacterial bar 
gene, encoding phosphinothricin acetyltransferase, has also been tested as 
a marker gene, but it was not good enough.37 Another marker gene is the 
betaine aldehyde dehydrogenase (BADH) gene which confers resistance 
to betaine aldehyde. Chloroplast transformation efficiency was 25-fold 
higher with betaine aldehyde (BA) selection than with spectinomycin in 
tobacco.19 Transgenic carrot plants expressing BADH could be grown in 
the presence of high concentrations of NaCl (up to 400 mM).27 But there is 
no additional report about the use of BA selection.

13.3.4 INSERTION SITES

As discussed earlier, plastid transformation is always accomplished by 
homologous recombination and hence insertion cassette should possess 
left and right flanking sequences each with 1–2 kb in size from the host 
plastid genome.38 The site of insertion in the plastid genome is determined 
by the choice of ptDNA (plastid DNA) segment flanking the marker gene 
and the gene of interest. Insertion of foreign DNA in intergenic regions 
of the plastid genome had been accomplished at 16 sites, of which three 
are most commonly used. Two of three insertion sites are located in IR, 
insertion in which results into rapid doubling of transgene, while the rest 
one is in the LSC region of the ptDNA, and the gene inserted should have 
only one copy per ptDNA.39

13.3.5 REGULATORY SEQUENCES

The gene expression level in plastids is predominately determined by 
promoter sequence and 5′-untranslated region (UTR) elements.40 Therefore, 
plastid expression vectors should have apposite 5′-UTRd including a ribo-
somal-binding site. The foremost aim of plastid transformation is expression 
of transgene at a higher level for protein production. Such high level protein 
production and accumulation from expression of the transgene is achieved 
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by strong promoter upstream of transgene, which supports multicopy tran-
scription of gene. Protein accumulation from the transgene depends on the 
5′-UTR inserted upstream of the open reading frame encoding the genes of 
interest. Plastid rRNA operon (rrn) promoter (Prrn) promoter provides such 
higher level of inducible gene expression and may provide amplification up 
to 10,000-fold. Stability of the transgenic mRNA is ensured by the 5′-UTR 
and 3′-UTR sequences flanking the transgenes.

13.3.6 CONTROLLED EXPRESSION OF PLASTID TRANSGENE IN 
PLANTS

Although plastid gene expression provides numbers of advantages over 
nuclear transformation, it mainly lacks tightly controllable systems for 
transgene expression and tissue-specific developmentally regulated control 
mechanisms. Deleterious phenotypic effect and significant metabolic burden 
due to higher level of transgene expression calls for tissue or organ or 
stage definite transgene expression. Deleterious effects are often results of 
constitutive transgene expression which could be accomplished by making 
transgene expression dependent on an inducer. Such inducible systems can 
be constructed by expression of marker gene under the pressure of external 
stimuli. Examples are β-glucuronidase (GUS) reporter gene under the control 
of phage T7 promoter was introduced into the plastid genome of plants. GUS 
expression was dependent on nuclear-encoded plastid targeted T7 RNA 
polymerase (T7 RNAP) activity.41 More recently, a Lac repressor-based 
IPTG-inducible expression system for plastids has been reported for external 
control of plastid gene expression which is based entirely on plastid compo-
nents and can therefore be established in a single transformation step.42

13.3.7 CHLOROPLAST TRANSFORMATION: ENVIRONMENT 
FRIENDLY AND ADVANTAGEOUS IN PLANTA TRANSFORMATION 
ALTERNATIVE

Chloroplasts are main source of photosynthesis in plants and green algae. 
They are the sites which fix atmospheric CO2 to organic carbon and thus 
harboring autotrophy to plants and are the primary source of the world’s 
food productivity and they sustain life on this planet. Apart from working 
as “food factories,” plastids are also nature’s cleaning agents which 
are actively involved in evolution of oxygen, sequestration of carbon, 
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production of starch, synthesis of amino acids, fatty acids, and pigments, 
and key aspects of sulfur and nitrogen metabolism. The main advantage 
with plastid transformation is lower environmental risks through biological 
containment.19,43 In most angiosperm plant species, plastid genes are mater-
nally inherited44,45 and therefore transgenes in these plastids are not dissemi-
nated by pollen, thus abolishing any chances of transgenes spread through 
breeding. This makes plastid transformation a valuable tool for the creation 
and cultivation of genetically modified plants without unnecessary escape 
of transgene to nearby habitats and allows coexistence of conventional and 
genetically modified crop.19,46 Cytoplasmic male sterility presents a further 
genetic engineering approach for transgene containment.47 Stable integra-
tion of transgene through site-specific homologous recombination results 
into accumulation of large amounts of foreign protein (up to 46% of total 
leaf protein) due to the polyploidy of the plastid genetic system with up to 
10,000 copies of the chloroplast genome in each plant cell. Such site-specific 
integration into the chloroplast genome by homologous recombination 
of flanking chloroplast DNA sequences present in the chloroplast vector 
eliminates the concerns of position effect which is frequently observed in 
nuclear transformations.19 Other advantages seen in chloroplast transgenic 
plants include the lack of transgene silencing and transgene stacking, that 
is, simultaneous expression of multiple transgenes, creating an opportunity 
to produce multivalent vaccines in a single transformation step. Moreover, 
foreign proteins synthesized in chloroplasts are properly folded with appro-
priate posttranscriptional modifications, including disulfide bonds48,49 and 
lipid modifications50 Furthermore, plant-derived therapeutic proteins are 
free of human pathogens and mammalian viral vectors. Therefore, plastids 
provide a viable alternative to conventional production systems such as 
microbial fermentation or mammalian cell culture. Comparison between 
transgenomic and transplastomic technologies is summarized in Table 13.3.

13.4 APPLICATIONS OF PLASTID TRANSFORMATION

13.4.1 ENGINEERING THE CHLOROPLAST GENOME FOR 
HERBICIDE RESISTANCE

A herbicide, commonly known as a weed killer, is a type of pesticide used to 
kill unwanted plants. Glyphosate is a potent, broad-spectrum herbicide that 
is highly effective against grasses and broad-leaf weeds. Glyphosate works 



Engineering Plastid Pathways 299

by competitive inhibition of an enzyme in the aromatic amino acid biosyn-
thetic pathway, 5-enol-pyruvyl shikimate-3-phosphate synthase (EPSPS).51 
Unfortunately, like most commonly used herbicides, glyphosate does not 
distinguish crops from weeds, thereby restricting its use. The apparent solu-
tion to this problem is engineering of desired crop for herbicide resistance. 
However, this approach raises the concern that if the engineered resistance 
gene escapes via pollen dispersal, it might result in resistant weeds or 
might cause genetic pollution among other crops.52 Since chloroplasts are 
maternally inherited, they offer a solution to this problem. The chloroplast 
of pollen is metabolically active but the plastid DNA is lost during pollen 
maturation and hence is not transmitted to the next generation.53,54 In addi-
tion, the target proteins for many herbicides are compartmentalized within 
the chloroplast. Petunia EPSPS nuclear gene is expressed in chloroplast 
and resultant transgenic plants are resistant to 10-fold higher levels of 
glyphosate than the lethal dosage, and the transgene is maternally inherited. 
Recently, the Agrobacterium EPSPS gene (C4) was expressed in tobacco 
plastids and resulted in 250-fold higher levels of the glyphosate-resistant 
C4 protein than were achieved via nuclear transformation. Even though C4 
expression in plastids was enhanced more than nuclear expression levels, 
field tolerance to glyphosate remained the same, showing that higher levels 
of expression do not always proportionately increase herbicide tolerance.55 
Similarly, expression of bar gene in the plastid genome provides herbicide 
resistance in an environmentally proscribed manner.37

TABLE 13.3 Comparison Between Transgenomic and Transplastomic Technologies.

Property Transgenomic technologies Transplastomic technologies
Biological 
containment

Nuclear genes are inherited equally 
from both parents. There will be high 
risk of transgene transfer into nearby 
nontransgenic plants.

Chloroplasts are maternally inherited in 
most of angiosperms. There is no risk of 
transgene transmission through pollen to 
undesired non transgenic plants.

Level of 
expression

Level of gene expression is limited as 
there is only one gene copy number 
per cell.

Level of gene expression is high as 
number of chloroplasts per cell is high. 
It has been estimated that chloroplast 
transformation will result in 40% of rise in 
transgenic protein production.

Gene silencing There will be chance of no 
expression of transgene through 
posttranscriptional gene silencing or 
through RNA interference.

The transgene expression in chloroplast 
is more stable. Transgene expression is 
independent of effect of nuclear gene 
silencing.
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Property Transgenomic technologies Transplastomic technologies
Elimination of 
toxic effects of 
transgenes

Nuclear genes are universally 
expressed in all parts of the plant.

Chloroplast gene is downregulated in 
non-green parts of the plants (viz. flowers, 
fruits etc.). The effect of transgene 
products in these parts is minimum.

Multiple gene 
transfer

Expression of polycistronic mRNA, 
under single promoter, is not 
successful in nuclear transformation.

Chloroplast can able to express 
polycistronic mRNA, under single 
promoter. Thus, a bacterial operon or 
complete biosynthetic pathway genes can 
be transformed to chloroplast genome.

Protein 
synthesis

Nuclear genes are translated through 
eukaryotic 80S ribosomes, which 
is not suitable for microbial gene 
translation.

Chloroplast possess 70S ribosome, which 
is more suitable for expression of bacterial 
genes.

Frequency Frequency of nuclear transformation 
is higher.

Frequency of chloroplast transformation 
is lower.

Section 
procedures

Mendelian inheritance of transgenes. 
Selection can be done in F1 hybrids.

Maternal inheritance of transgenes. To 
obtain pure line of hybrids, it require 2-4 
generations and selection pressure.

Method of 
transformation

Many biological (Agrobacterium 
mediated) and non-biological 
(Biolistic) methods are standardized 
and available in literature

The transgene transfer into chloroplast is 
very peculiar process and require stringent 
regeneration protocol from chloroplast.

Site of 
accumulation

Transgenomic transgenes will show 
their expression uniformly in any 
parts of the plants.

Transplastomic transgenes show product 
accumulation in green parts of the plants 
only.

13.4.2 ENGINEERING BACTERIAL OPERONS VIA CHLOROPLAST 
GENOMES IN POLYCISTRONIC MANNER

Typical eukaryotic and hence plant nuclear mRNAs are monocistronic. 
This poses a serious drawback when engineering multiple genes or 
metabolic engineering, end product of either of which is resultant of 
cascade of pathway.56,57 For such nuclear transformations, single genes 
were first introduced into individual plants, which were then back-
crossed to reconstitute the entire pathway or the complete protein.58 The 
striking example is “Golden” rice expressing a biosynthetic pathway 
for β-carotene expression.59 By contrast, most chloroplast genes are 
arranged in an operon structure under the action of single promoter and 
cotranscribed as polycistronic RNAs, which are subsequently processed 

TABLE 13.3 (Continued)
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to form translatable transcripts. Therefore, introduction of multiple 
chloroplast transgenes arranged in an operon should allow expression 
of entire pathways in a single transformation event. Recently, the Bt 
cry2Aa2 three gene operon was used as a model system to test the 
feasibility of multigene operon expression in engineered chloroplasts.60 
Operon-derived Cry2Aa2 protein accumulates in transgenic chloroplasts 
as cuboidal crystals, to a level of 45.3% of the total soluble protein (tsp) 
and remains stable even in senescing leaves (46.1%). This is the highest 
level of foreign gene expression ever reported in transgenic plants, killing 
insects that are exceedingly difficult to control.61 Importantly, pollens 
are free of such insecticidal proteins, thus eliminating potential harm to 
nontarget insects. This first demonstration of bacterial operon expres-
sion in transgenic plants opens the door to engineer novel pathways in a 
single transformation event.

13.4.3 ENGINEERING THE CHLOROPLAST GENOME FOR 
PATHOGEN RESISTANCE

Plant pathogens possess serious threat to crop yields and quality, some-
times up to 100% depending upon infection severity. Hence, continuous 
efforts are made to engineer plants that are resistant to pathogenic bacteria 
and fungi. Amphipathic peptides are possible hope for fighting a battle 
against such pathogens. Such amphipathic peptides like MSI- 99 forms 
α-helical molecule with affinity for the negatively charged phospholipids 
found in the outer membrane of bacteria and fungi. Upon contact with 
these membranes, aggregation of individual peptides forms barrel-like 
structure embedding the plasma membrane of bacteria or fungi, resulting 
in lysis. Because of the concentration-dependent action of antimicrobial 
peptides, MSI- 99 was expressed via the chloroplast genome to accomplish 
high-dose release at the point of infection. In vitro and in planta assays 
confirmed that the peptide was expressed at high levels (up to 21.5% tsp) 
and retained biological activity against Pseudomonas syringae, a major 
plant pathogen.61 Importantly, growth and development of the transgenic 
plants were unaffected by hyper expression of MSI-99 within chloroplasts. 
Because the outer membrane is an essential and highly conserved part 
of all microbial cells, microorganisms are unlikely to develop resistance 
against these peptides. Therefore, these results give a new option in the 
combat against phytopathogens.
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13.4.4 ENGINEERING THE CHLOROPLAST GENOME FOR 
DROUGHT TOLERANCE

Apart from phytopathogens, abiotic stress like water stress caused by 
drought, salinity, or freezing also possesses great risk to the plant growth 
and development.62 Trehalose is a non-reducing disaccharide of glucose 
which is synthesized by the trehalose-6-phosphate (T6P) synthase and 
trehalose-6-phosphate phosphatase complex in Saccharomyces cerevi-
siae. Trehalose protects against damage imposed by these stresses.63,64 
Therefore, engineering high levels of trehalose in plants might confer 
drought tolerance.65 Again, gene containment in transgenic plants is 
a serious concern when plants are genetically engineered for drought 
tolerance because of the possibility of creating drought-tolerant weeds 
and passing on undesired pleiotropic traits to related crops. On the other 
hand, it is always desirable to have high level of expression of transgene 
in plant. Both of these two opposite consequences can be solved via 
the chloroplast genome instead of the nuclear genome. Recently, the 
yeast trehalose phosphate synthase (TPS1) gene was introduced into the 
tobacco chloroplast and nuclear genomes to study the resultant pheno-
types and chloroplast transgenic plants showed up to 25-fold higher 
accumulation of trehalose than nuclear transgenic plants. Also, nuclear 
transgenic plants with significant amounts of trehalose accumulation 
exhibited a stunted phenotype, sterility, and other pleiotropic effects, 
whereas chloroplast transgenic plants grew normally and had no visible 
pleiotropic effects. Investigations have confirmed that trehalose func-
tions by protecting the integrity of biological membranes rather than 
regulating water potential.66 Therefore, this study shows that compart-
mentalization of trehalose within chloroplasts confers drought tolerance 
without undesirable phenotypes.

13.4.5 ENGINEERING THE CHLOROPLAST GENOME TO OBTAIN 
TRANSGENIC PLANT LACKING ANTIBIOTIC RESISTANCE GENE

Every genetic transformation procedures require stringent selection proce-
dures for true transformation. Traditional vectors include one or more anti-
biotic resistance gene/s, which confer resistance to respective antibiotics.67 
Such antibiotic resistance passes to human or other microflora by horizontal 
gene transfer, when consumed. There is concern that their overuse might lead 
to the development of resistant bacteria.68 Therefore, several studies have 
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explored strategies for engineering chloroplasts that are free of antibiotic-
resistance markers. One strategy includes use of native chloroplast marker 
system from distinct species for selection. Such strategy, in addition to gene 
containment, should ease public concerns over genetically modified crops. 
The spinach BADH gene has been developed as a plant-derived selectable 
marker to transform chloroplast genomes.69 The selection process involves 
conversion of toxic betaine aldehyde (BA) by the chloroplast-localized 
BADH enzyme to nontoxic glycine betaine, which also serves as an osmo-
protectant.70,71 Because the BADH enzyme is present only in chloroplasts of 
a few plant species adapted to dry and saline environments, it is suitable as 
a selectable marker in many crop plants. The transformation study showed 
that BA selection was 25-fold more efficient than spectinomycin, exhibiting 
rapid regeneration of transgenic shoots within 2 weeks. Another approach 
to develop marker-free transgenic plants is to eliminate the antibiotic resis-
tance gene after transformation using endogenous chloroplast recombinases 
that delete the marker genes via engineered direct repeats. Recently, another 
strategy to eliminate selectable marker genes has been developed, using the 
P1 bacteriophage CRE-lox site-specific recombination system. Altogether, 
these reports show that efficient removal of selectable marker(s) from chlo-
roplast genomes is feasible.72,73

13.4.6 RESEARCH ON RNA EDITING

Plastid transformation played an important role in understanding the RNA 
editing process by mainly three approaches, namely, minigenes, transla-
tional fusion with a reporter gene, and incorporation of an editing segment 
in the 3' UTR.74 The most complete information is available for the psbL 
editing site. psbL is a plastid photosynthetic gene, in which the translation 
initiation codon is created by conversion of an ACG codon to an AUG 
codon at the mRNA level.

13.4.7 “PHARMING” THROUGH “FARMING”: CHLOROPLAST  
AS A BIOREACTOR FOR PRODUCTION OF PHARMACEUTICAL  
PRODUCTS

Expression and production of human proteins/therapeutics in chloroplast 
has an added advantage over the usage of prokaryotic cellular machineries 
that they stably express “eukaryotic” form of protein. Protein function, 
especially of enzymes and hormones’, is largely dependent upon their 
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three-dimensional spatial structure, which are the results of cascade of 
several posttranslational mechanisms. Such mechanism is either absent 
or in trivial stage to correctly fold human originated proteins. Hence, the 
use of microbial cells as bioreactors limits at this stage. Being a part of 
eukaryotic cell, chloroplast offers such correct folding to be used directly 
as therapeutics over other added advantages.75,76 Stable expression of a 
pharmaceutical protein in chloroplasts was first reported for GVGVP, 
a protein-based polymer with medical uses such as wound coverings, 
artificial pericardia, and programmed drug delivery.77 Human ST (hST) 
is a multimeric soluble protein which was expressed inside chloroplasts 
in a soluble, biologically active and disulfide-bonded form.78 The type I 
IFNs (interferrons) are cytokines that are produced and evoke immune 
response against range of human pathogens, parasites, tumor cells, and 
allogeneic cells from graft. IFNa2b ranks third in world market use for a 
biopharmaceutical, behind only insulin and erythropoietin. IFNa2b was 
expressed in tobacco chloroplasts with levels of up to 20% of tsp or 3 
mg/g of leaf (fresh weight) and facilitated the first field production of a 
plant-derived human blood protein.79,80

13.4.8 PLASTIDS AS VACCINE BIOREACTORS

As opposed to injected subunit vaccines, oral delivery and low-cost 
purification make plastid-derived subunit production quite plausible.81 
Such plastid-derived vaccines produced very hopeful results when tested 
in animal models. They are capable of inducing correct line of immune 
defense when given orally and also withstand a pathogen challenge. 
The only drawback of plant-derived vaccines is their bioavailability and 
controlled release at the site of action. However, bioencapsulation can 
protect the vaccine in the stomach and gradually releases the antigen in the 
gut. Vaccine antigens against cholera,82 tetanus,83 anthrax,84 and plague85 
have been expressed in transgenic chloroplasts. Bioterrorism is an increased 
threat in the post 9/11 world. Anthrax is always fatal if not treated immedi-
ately. Weapon grade spores can be produced and stored for decades and can 
be spread by missiles, bombs, or even through the mail. Because of this, it 
is an ideal biological warfare agent.86 Plastid produced anthrax vaccine is 
an immediate workable option in such case. Recently, malaria vaccine has 
been produced by engineering chloroplast of Chlamydomonas.87



Engineering Plastid Pathways 305

13.4.9 PLASTIDS AS BIOMATERIAL BIOREACTORS

Besides vaccine antigens, biomaterial and amino acids have also been 
expressed in chloroplasts. Normally, p-hydroxybenzoic acid (pHBA) is 
produced in small quantities in all plants by series of 10 consecutive reac-
tions from pyruvate, while in E. coli, ubiC-encoded chorismate pyruvate 
lyase catalyzes the direct conversion of chorismate to pyruvate and pHBA. 
Stable integration of the ubiC gene into the tobacco chloroplast resulted 
in hyperexpression of the enzyme and accumulation of this polymer 
up to 25% of dry weight.88 In another study, the gene for thermostable 
xylanase was expressed in the chloroplasts of tobacco plants.89 Xylanase 
accumulated in the cells to approximately 6% of tsp. Zymography assay 
demonstrated that the estimated activity was 140,755 units per kg fresh 
leaf tissue.

The use of chloroplast for molecular pharming suggests that chloroplast 
contain mechanism for correct folding and stable accumulation of foreign 
protein. Despite of such proceedings of chloroplast molecular biology, 
expression of many important sugar conjugated proteins, glycoproteins, 
are not expressed due to the fact that N- or O-glycosylation is required for 
stability and functionality of many proteins.

13.4.10 ENGINEERING THE CHLOROPLAST GENOME OF EDIBLE 
CROP PLANTS

Apart from leaves, plastid are also present, in other forms, to other parts 
of plant, mainly in rudimentary or developing form, many of which are 
edible. Pharming in such “edible” compartment for the production of 
orally delivered pharmaceuticals is very propitious approach for delivery. 
Chromoplast in tomato and amyloplast in potato has recently been explored 
for the feasibility of an approach. Western blot analysis revealed more 
promising result in tomato that protein expression was almost doubled in 
fruits than that of the leaves while in potato, results are not very promising 
since accumulation is much lower in microtubers. This study predicts the 
feasibility of expressing high-levels of foreign proteins in the plastids of 
edible plant organs.28
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13.5 CONCLUSION

Chloroplast genetic engineering is an exciting technology that has the 
tremendous competence for gaining “Green Revolution” in a true sense. 
The plastid transformation offers gene amplification along with gene 
stacking due to their multicopy number and operon organized genome. 
Also, maternal inheritance restricts spread of transgene is an added 
advantage. Plastid genetic engineering has become a powerful tool for 
basic research in plastid biogenesis and function. Recent advances in 
plastid engineering provide an efficient platform for the production of 
therapeutic proteins, vaccines, and biomaterials using an environmentally 
friendly approach. Although concept of environmentally sustained plant 
transformation through chloroplast compartmentalization is older now, 
there are many challenges for successive use of this technique for diverse 
range of plant materials. A main lacunae lie is the unavailability of chlo-
roplast genome sequences and species specific transformation vectors, to 
which transformation efficiency depends greatly. Plastid transformation 
inexorably followed by plant regeneration in vitro. Hence, accurate in 
vitro regeneration protocol should be available in hand for successful 
regeneration of transformed plants. Overall, plastid transformation and 
related technologies are now on the horizon. In spite of being overlooked 
by the transgenomic technologies earlier days, noticeable environmental 
constrains put forward plastid transformation again in the light. Such 
initiatives, surely in future will give new way of understanding molecular 
processes and thus provide newer route of societal upliftment through 
better and healthier plants and plant products.
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CHAPTER 14

ABSTRACT

Plant disease is an output of abnormal changes in the physiological 
processes resulting from biotic and abiotic factors. The individual weather 
elements as well as their combination play an important role in the disease 
occurrence and their infestations. Therefore, agrometeorological informa-
tion becomes pivotal for prediction of disease outbreaks for effective and 
judicious use of control measures, the prediction of crop yields and of the 
market potential for the crop. The major meteorological factors respon-
sible for the plant disease outbreaks are temperature (both air and soil), 
precipitation (rainfall and dew), moisture (relative humidity, soil mois-
ture), solar radiation (intensity and cloudiness), wind, etc.  Among these 
variables, temperature and moisture are considered as the most important 
factors since all the pathogen have an optimum temperature requirement 
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range for their growth and disease development becomes accelerated in 
this range. In the similar manner, pathogen replicates with a very high 
rate under favorable moisture conditions, which enhances the severity 
of disease incidence and intensity. Apart from this, soil moisture content 
plays its dominant role on the severity of soilborne diseases, while solar 
radiation affects the epidemiology and has a profound influence on the 
developmental cycle of the parasite. Wind speed influences dispersal of 
the pathogen, disease spread, and epidemic development. Apart from all 
these meteorological variables, climate change has emerged as another 
major threat in recent times which may bring new diseases and challenges 
ahead. It is expected that climate change may affect plant–pathogen inter-
actions as well as disease epidemiology, hence an effective planning and 
management will be required to overcome this challenge to achieve the 
food security for all.

14.1 INTRODUCTION

Globally, agricultural activities are highly sensitive to weather aberrations. 
Plant diseases are one of the most significant factors that affect the global 
food production and their severity varies with crops and regions. The 
Great Bengal Famine in India during 1943 is a classic example which was 
triggered by a simple fungus and resulted in the deaths of about 3 million 
peoples. Total estimated losses for major food and cash crops in various 
regions of the world have been brilliantly described by Oerke et al. (1994) 
and it has been found that due to disease alone, there are 16% yield losses 
in eight of the most important food and cash crops including rice, wheat, 
maize, barley, cotton, coffee, etc. Hardwick (2002) has summarized that 
combined damage due to pests and diseases reduces about 30% global 
food production, whereas Strange and Scott (2005) estimated minimum 
10% food production losses only due to plant diseases. Similarly, Savary 
et al. (2012) summarized that direct yield losses between 20% and 40% 
of global agricultural productivity are caused by pathogens, animals, and 
weeds. Gautam et al. (2013) reported total loss of attainable yield of cotton 
may be as high as 82% after including losses occurred due to postharvest 
wastage and quality deterioration.

Plant disease is mainly caused due to the alteration in their physiological 
process caused by biotic or abiotic factors. Biotic factors include living 
organisms, for example, fungi, bacteria, viruses, nematodes, insects, and 
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animals while the abiotic factors include weather elements (e.g., heat, cold 
and drought, freezing and wind injury, excessive precipitation, etc.), pH, 
nutrition, chemical injury, nutrient deficiency, and inappropriate cultural 
practices. There are three crucial factors often referred as “the plant disease 
triangle” which are responsible for an infectious plant disease to occur:

1. A susceptible host plant in vulnerable state.
2. Presence of the pathogen/parasite to cause the disease.
3. Environmental conditions favorable for disease development.

14.2 EFFECT OF WEATHER ELEMENTS ON PLANT DISEASES

Significant role of weather for the commencement and development of 
plant disease has been established by several researchers (Miller, 1953; 
Colhoun, 1973; Hardwick, 2002; Te Beest, et al., 2008; Das et al., 2011). 
Pathogens have their own environmental requirements for infection; 
therefore, agrometeorological information becomes crucial for protecting 
the crop through optimal use of available resources. If plant losses through 
diseases and pests can be reduced to zero and weather information can be 
efficiently exploited along with the introduction of high yielding varieties, 
the food production may be enhanced to significant level.

Different diseases occur at different seasons based on their climatic 
requirement. For example, most of the powdery mildew diseases are 
observed in late summer. Weather affects growth and development of 
plants in several ways. Every plant disease requires specific temperature, 
humidity, wind, radiation, soil quality, and nutrition for their growth. If these 
conditions are unfavorable for them, there may be a high probability for the 
plants to be affected by diseases. The pathogens also require certain set of 
optimum conditions that must continue for a critical period for infection to 
occur. When environmental conditions (both in air and soils) are favorable, 
disease development accelerate causing rapid colonization of host tissues 
and disease spread. It has been observed that specific temperature ranges 
along with high humidity enhances the possibility for many fungal diseases 
(Hardwick, 2002). For instance, high humidity, rainfall, or dew with a 
combination of 10–15°C ambient air temperature have been found to be 
suitable for yellow rust disease of wheat in Punjab (Gill et al., 2012). The 
progress and development of powdery mildew disease in mustard was at 
peak when maximum temperature ranged between 27.2°C and 28.9°C and 
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afternoon relative humidity ranged between 27 and 42% in the Saurashtra 
region of Gujarat, India (Kanzaria et al., 2013). Kumar and Chakravarty 
(2008) developed a weather based forewarning model for predicting the 
white rust incidence for Brassica using hourly weather observations for 
temperature, relative humidity, and sunshine duration which resulted in the 
development of a thumb rule for forewarning of white rust.

The impact of individual weather events on plant epidemiology has 
been summarized below.

14.2.1 TEMPERATURE

Temperature is considered as one of the most significant weather factor 
that affect host, pathogen, and disease development together. The heat 
stress in plants reduces photosynthetic and transpiration efficiencies and 
adversely affects root development with negative impact on crop yields. 
It also influences all the three sections of disease epidemiology, namely, 
the incubation period, the generation time, and the infectious period. All 
the disease pathogen has a specific optimum temperature range for their 
growth and activities and under favorable conditions, disease develop-
ment continues till the healthy plant tissue is alive. As the air temperature 
gets closer to the optimum for the host development, the likelihood of 
getting infestation decreases and vice-versa. For example, majority of rice 
varieties are vulnerable for rice blast disease if the night temperature is 
less than 26°C. When the temperature goes beyond this limit, the symp-
toms of rice blast are rarely observed. In general, extreme temperatures 
are harmful for the pathogens but incremental temperature changes can 
lead to dissimilar effects. For a vector living in such environment where 
the mean temperature approaches to the extremes of physiological toler-
ance limit for the pathogen, a minor change in temperature may also 
have detrimental effect for the pathogen. On the other hand, a vector that 
lives in low temperature environment, a minute rise in temperature may 
enhance the development, incubation, and replication of the pathogens. 
The rate of the disease cycle has a direct relationship with temperatures; 
hence, it increases with increase in temperature often resulting in rapid 
epidemics development. In a study conducted by Jhorar et al. (1997) for 
Indian Punjab, a linear relationship between maximum temperature and 
ascochyta blight disease of chickpea was obtained. Coakley et al. (1999) 
reported that the host plants, namely, wheat and oats became extremely 
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susceptible to rust diseases with increase in temperature while some other 
forage species became resistant to fungi.

Similar to air temperature, soil temperature is another important factor 
that affects the physiology of a plant. Du and Tachibana (1994) observed 
that high root temperature may enhance root respiration in cucumber plants. 
When the roots temperature increases, its dry weight and pectin content 
along with leaf area reduces while root sugars, predominantly raffinose, 
increases to a significant instant. Leaf blight disease becomes severe in 
warm soils. However, moist soils with low temperature have been found as 
ideal for fungal root diseases. Reddick (1917) has concluded that changes 
in soil temperature have more profound effect on the host physiology as 
compared with air temperatures. Likewise, Fir et al. (1983) found soil 
temperature to be the critical limiting factor for the root rot disease which 
determines the timing and severity of this disease. Arora and Pareek (2013) 
suggested that high soil temperature coupled with low moisture content 
favors charcoal rot disease of Sorghum at Rajasthan in India. Pivonia et 
al. (2002) concluded that soil temperature has its profound effect on the 
incidence of melon collapse which was resulted due to Monosporascus 
cannonballus. High correlation between soil temperatures (above 20°C) 
and Monosporascus cannonballus in the first month after planting was 
observed. Artificial heating of plots till 35°C during the winter season 
boosted the disease effects up to 85%.

14.2.2 PRECIPITATION

There are various forms of precipitation but rain and dew are most signifi-
cant in plant disease epidemics. The intensity of rain which is a function of 
the velocity, size, and number of the water droplets are of critical impor-
tance for the determination of wetness of the plant surface and pathogen 
dispersal in plant communities. Rain removes spores and pollen from the 
surface of crop by washing them or by shaking impact. Raindrops act as a 
transport medium for spores which carry away spores with them from one 
place to another, thus helping in the spread and transfer of disease to new 
places (Van der Wal, 1978). Moreover, raindrops also help in inoculum 
dispersal into areas where the pathogen is not present through rainsplash 
(Huber et al., 1998; Geagea et al., 2000).
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Among the several attributes of rain, the time, frequency, and duration 
are crucial factors that determine the plant wetness as well as pathogen’s 
dispersal by trickling and splashing of rain water. The combined effect of 
these factors affects the plant disease epidemic outbreaks. High rainfall 
has been found to have a positive correlation with chickpea blind inci-
dence during the winter season. On the other hand, summer rains have 
been reported to have a negative stimulus on the disease. When the spring 
chickpeas in the Mediterranean region get regular rains during the harvest 
season, the impact of ascochyta blight of chickpea becomes severe in 
North-West India and Pakistan (Malhotra et al., 1996).

Schwartz et al. (2003) developed a multiple regression model to find 
the relationship of rainfall and temperature with bacterial leaf blight 
disease caused by Xanthomonas campestris and Pantoea ananatis for 
onion in Colorado, USA. They found that these parameters, that is, rainfall 
and temperature have significant influence on disease symptoms during 
late vegetative and early reproductive stages. Singh et al. (2010) reported 
that rainfall during the 3rd week of January was having favorable role in 
the formation and further multiplication of secondary spordia of karnal 
bunt disease in wheat in Karnal region of Haryana, India. A recent study 
conducted by Pal et al. (2017) reported that heavy rainfall was found to be 
conducive for initiation of the sheath blight disease of rice, while low and 
intermittent rainfall of 13–38 mm was found to have a favorable effect for 
progression of the disease.

Dew is another important form of precipitation and a vital source of 
moisture in certain arid regions. Dew is the moisture which condenses 
from the atmosphere on surfaces near the ground including plants, soils, 
leaves, etc. (Leopold, 1951). The dew is a major source of leaf wetness or 
free moisture which is a prime requirement for disease infection in several 
plants such as leaf blight on sweet corn (Levy and Pataky, 1992) or foliar 
infection of tomato (Byrne et al., 1998). The presence of dew on plant leaf 
surface significantly reduces the transpiration from the plant.

14.2.3 MOISTURE

Both air or soil moisture plays a pivotal role in the incidence of pest and 
diseases. All fungal pathogens affecting plants are strongly influenced by 
the moisture in different forms. In case, pathogen moisture requirements 



Impact of Meteorological Variables and Climate Change 319

are fulfilled under favorable conditions, it replicates with the maximum 
possible rate which enhances the severity of disease incidence and inten-
sity. Water movement in a crop canopy is generally associated with rain. 
Moisture content of air and soil at any place are highly dependent on 
precipitation. It is a well-known fact that precipitation enhances the mois-
ture content of air, namely, relative humidity of any place due to evapora-
tion. Evaporation results in the cooling and increases the absolute moisture 
content of the air at a small scale. Similarly, rainfall also increases the soil 
moisture content of a place and has a major role in soil water dynamics (Xu 
et al., 2012; Li et al., 2016). Furthermore, moisture is also known to be a 
major determining factor for growth and development of various microor-
ganisms, for example, a fungi. Soil moisture content plays its dominant role 
on the severity of soil-borne diseases. Moderate temperature and moderate 
humidity are favorable for most of the pests and diseases.

As the individual effect of soil moisture on plant disease epidemiology 
for field crops are difficult to predict, limited research findings are avail-
able for this. In general, soil moisture is known to have its impact on 
plant water potentials to which pathogens in leaves, stems, and fruits are 
subjected (Van der Wal, 1978). Soil water content influences the microbial 
activity through its influence on under surface water movement. It is the 
most critical factor for the determination of Macrophomina phaseolina 
infection to the host plant (Dhingra and Sinclair, 1975; Short et al., 1980). 
Soil moisture is also a major contributor for root rot disease in several 
important crops including chickpea (Bhatti and Kraft, 1992), wheat (Gill 
et al., 2001), and navy bean (Tu and Tan, 2003).

Atmospheric moisture also termed as humidity (or relative humidity) 
is another form of free water which is a significant factor for plant disease 
development. Sometimes, high relative humidity in the absence of free 
water could be sufficient enough for spore germination. In normal scenario, 
humidity is an efficient indicator of wetness and dryness of the plant 
surface especially for leaves (Jhorar et al., 1998; Sentelhas et al., 2008). 
High relative humidity (80–90%) near the leaf and other plant surfaces is 
sufficient enough to bring infection with spores of several fungi.

Ambient air humidity affects the host without directly influencing the 
pathogen. Humidity requirement for the germination of various fungus 
spores for a number of categories such as fungi, downy mildews, powdery 
mildews, and rusts have been summarized by Yarwood (1978). He found 
that among the various fungi, Aspergillus niger is having the lowest 
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humidity requirement of 76%; however, for occurrence of Monilinia 
fructicola and Venturia inaequalis, more than 95% humidity is favorable. 
High air moisture level favors bacterial infection, while low humidity 
prevents it. For occurrence of all three types of rust diseases for wheat in 
India, higher than 70% relative humidity is a necessity (Mavi, 1994). The 
combined effect of air temperature and relative humidity on the pathogen 
intensity for gray leaf spot on maize leaves has been found to be signifi-
cant. Similarly, the maximum rate of spore production has been reported 
in the temperature range of 25–30°C when RH was nearly 100% (Paul and 
Munkvold, 2005).

14.2.4 RADIATION

Solar radiation affects the epidemiology of pathogens in two ways, that 
is, directly as well as indirectly. Direct effect of radiation includes its 
influence on the developmental cycle of the parasite due to diurnal and 
seasonal changes in radiation. Certain disease only develop when there 
is absence of solar exposure to the plants, for example, shade has been 
found to be beneficial for the coffee rust as compared with direct sunlight 
in standard fruit load conditions (López-Bravo et al., 2012). Indirect 
effect includes effect of radiation intensity at different wavelengths on 
the parasite and host plant (Friesland and Schroedter, 1988). It has been 
reported by Kirkham et al. (1974) that erratic and short reductions in 
sunlight intensity showed a marked lack of reproducibility in scab disease 
of apple plants. Recently David et al. (2016) found that the solar radiation 
and relative humidity were most effective predictors of ascospore release 
because these are most influential meteorological factors for the release of 
ascospores of Fusarium graminearum.

14.2.5 WIND

Wind also influences the crop plants in several ways including plant 
growth, reproduction, distribution, death, as well plant evolution (Nobel, 
1981; Ennos, 1997; de Langre, 2008). However, complete understanding 
of plant response to wind is a complex phenomenon which has not been 
fully understood (Onoda and Anten, 2011). Wind effects on plants may 
be categorized as physiological or mechanical. The physiological impact 
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of wind may include effects on transpiration (Dixon and Grace, 1984), 
photosynthesis (Sinoquet et al., 2001; Smith and Ennos, 2003), and insect 
communication (Cocroft and Rodríguez, 2005; de Langre, 2008). Cold wind 
may result in chilling injury, while hot winds may result in plant sunburn. In 
a longer time series, wind influences the plant development and alters their 
morphology (Smith and Ennos, 2003). The mechanical impacts of wind 
include uprooting, lodging, flower and fruit shedding, as well as soil erosion 
(Cleugh et al., 1998; Onoda and Anten, 2011). Wind adversely affects the 
dew formation and helps raindrops and dew to dry quickly. Therefore, it 
reduces the likelihood of disease infection in this context. However, it also 
helps in dispersal of several organisms including pollen, plant propagules, 
and disease organisms at distant places. McCartney (1994) and Bock et 
al. (2011) found that wind speed and rainfall are the major contributors 
for dispersal of spores and pollen from crops. In this context Bock et al. 
(2010) observed a direct linear relationship between bacterial densities with 
wind speed. Wind speed reduction also reduces dispersal of the pathogen, 
resulting in the lesser disease spread and epidemic development. Hence, 
wind suppression techniques, for example, windbreaks help in minimizing 
the numbers of bacteria dispersed in the orchards.

14.2.6 CLIMATE CHANGE

Climate change has become a reality now and the whole world is witnessing 
it as one of the biggest threat in near future. It is expected that there will be 
increase in temperature and changes in the rainfall or precipitation patterns 
in addition to increase in the severity and frequency of hazardous extreme 
weather events. During recent decades, climate changes have resulted in 
major impacts on natural and anthropogenic systems throughout the globe 
including oceans. Emission of greenhouse gases from anthropogenic 
sources is considered as the most significant driver of climate change. 
There are very high chances that till 2100, the global mean temperature 
may rise between 1.8°C and 4.0°C. However, this heating of earth may not 
be uniform across the globe and their impact will be higher on glaciers and 
land areas as compared with ocean.

Agriculture is considered as one of the most climate vulnerable 
sector and a minor alteration in climate may affect the crop production 
to a significant level. Climate change affects all the four pillars of food 
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security, namely, food availability, access to food, utilization, and stability 
(Wheeler and von Braun, 2013). As per an estimate, average temperature 
increase of 2°C may shrink the world GDP by 1% and also reduce the 
per capita income of Africa and South Asia in the range of 4–5% (World 
Bank, 2010). An increase in the temperature in the range of 2.5–4.9°C may 
reduce the rice yields by 32–40% and wheat yields by 41–52 % which may 
reduce the Indian GDP by 1.8–3.4% (Kalisch et al., 2011).

14.3 IMPACT OF CLIMATE CHANGE ON PLANT DISEASES

It is expected that climate change will directly influence the occurrence 
of various plant diseases and their severity. Carbon dioxide (CO2) is the 
main greenhouse gas responsible for climate change. However, it has a 
beneficial impact over several plant growth and developmental processes. 
In numerous studies conducted worldwide, it has been reported that 
with the increased concentration of the CO2 in atmosphere, there will 
be significant improvement in the plant biomass and yield. Higher CO2 
concentrations enhance the plant photosynthetic activities which can favor 
the better productivity and improved water and nutrient cycles. Manning 
and Tiedemann (1995) reported that increased CO2 concentrations is 
helpful for several plant diseases, for example, leaf spots, rusts, powdery 
mildew, and blights as it increases the size and density of the plant canopy 
combined with a higher microclimate relative humidity. Another impor-
tant greenhouse gas, namely, ozone (O3) helps to enhance the senescence 
processes and necrosis and also promote attacks on plants by necrotrophic 
fungi. Furthermore, higher ozone concentrations modify the structure and 
properties of leaf surfaces in such a way that it affects the inoculation and 
infection process.

Since climate change may result in higher temperature and increased 
carbon dioxide concentrations, which may result in to the spreading of 
pathogen and vector distributions to new geographical locations. It will 
provide newer opportunities for the pathogen to hybridize and spread of 
disease epidemic. Temperature is a major limiting factor for determining 
the period for reproduction of several pathogens. Longer seasons resulted 
from increased temperatures will provide additional time for the evolu-
tion of pathogens. In addition to this, the pathogen evolution may become 
faster due to the presence of large pathogen populations (Gautam et al., 
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2013). Susceptibility of cereal crops increases due to enhancement in 
temperature. High night temperatures, especially during winter seasons 
help in the pathogens survival. It also enhances the life cycles of vectors 
and fungi with increased sporulation and aerial fungal infection (Yáñez-
López et al., 2012). Due to climate change led global warming, disease 
primarily caused by fungi are expected to experience elongated periods 
of temperatures which is considered to be optimum for pathogen growth 
and reproduction activities. However, the effects of higher temperature on 
plants will not be uniform during all the seasons. During winter season, 
warming may help to relieve the plant stress, while it may cause heat stress 
during summers (Garrett et al., 2006).

14.4 CONCLUSION

Weather and its associated variables have a predominant role in the disease 
infestations. Weather elements influence several biological aspects of the 
host plants, namely, phenology, sugar and starch contents, root and shoot 
biomass, etc. Diseases severity also depends on weather changes. There-
fore, it is advisable to understand the combination of weather elements 
that may result in to disease outbreak so that risk of plant diseases can be 
minimized or avoided. Climate change has become another major threat 
in recent times which may bring new diseases and challenges ahead. And 
proper planning and execution is a necessity to overcome with the chal-
lenges ahead.
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