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Preface

Horticultural crops are important sources of proteins, minerals, carbohydrates,
organic acids, and vitamins for human nutrition. They are some of the most impor-
tant components of a healthy diet. But the successful cultivation of these crops
necessitates sufficient knowledge, skills, and technologies from seed selection and
planting to harvesting and storage. The use of quality material for planting is a
prerequisite for successful horticulture. Also, during their development phases, crop
plants are exposed to several biotic stresses (disease-causing agents and pests) and
abiotic stresses that lead to a series of physiological, morphological, biochemical, and
molecular changes, both at harvest and during storage. This causes important horti-
cultural crop yield losses. The management of those stresses is therefore important
to ensure good crop yields and in such a context is viewed as an integral part of crop
production. To collect precise information on the type of stresses that undermine

the crops during their development or in stores, comprehensive diagnostic surveys
are conducted and when causal agents are identified, their management options are
selected and applied. Several methods are used in this regard, including: genetics and
crop improvement and chemical, botanical, and biological control methods.

This book is aimed at students and researchers. It is divided into three main sections.
Section 1 presents information on the physiology of some horticultural crops such
as Malabar Bauhinia (Bauhinia malabarica Roxb) and wild multi-flower orchid
(Cymbidium faberi) (Chapters 1 and 2, respectively). Section 2 provides examples of
the use of genetics and the improvement of coffee (Chapter 3), tomato, watermelon,
papaya, and some other horticultural crops (Chapter 4) and grapes (Chapter 5)

for the management of viral, fungal, bacterial, and nematode diseases. Section 3
describes the epidemiology and management of South American leaf blight (SALB)
caused by the fungus Microcyclus ulei associated with rubber (Hevea spp.) cultivation
in Brazil, fusarium wilt caused by Fusarium oxysporum in bananas (Musa spp.), and
several infectious diseases caused by many phytopathogens in mango (Mangifera
indica L.) in Chapters 6, 7, and 8, respectively. The last two chapters of Section 3
present information on the use of parasitoids and essential oil nanoformulations for
the control of insect pests associated with horticultural crops. The editors record
their thanks to all authors of the different chapters of this book. They are especially
grateful to Ms Sandra Maljavac for their valuable contribution during the editing
processes leading to book publication.

Hugues Kossi Baimey
University of Parakou,
Benin

Noureddine Hamamouch
University Sultan Moulay Slimane,
Morocco



Yao Adjiguita Kolombia
International Institute of Tropical Agriculture,
Ibadan Station, Nigeria
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Chapter1

Seed Characteristics and
Germination Behaviour of
Bauhinia malabarica Roxb.

Pazhayaveetil Kuttanpillai Chandyasekhara Pillai,
Sanal Chalil Viswanath, Thoduvayil Karunakaran Hrideek
and Aviyan Hari Jiji

Abstract

Malabar Bauhinia (Bauhinia malabarica) is a native ornamental species belong-
ing to the family Fabaceae, distributed throughout India in semievergreen and moist
deciduous forests and in gardens. Information regarding seed characteristics and seed
handling of the species is meagre. This study describes seed characteristics, germina-
tion behaviour and pretreatment for enhancing seed germination of B. malabarica.
Treating the seeds with concentrated sulphuric acid for 30 min reduced germination
duration up to 6 days and increased germination rate up to 100% against 22 days of
germination duration and 10% germination in seeds without treatment. The results of
this study are helpful for conservation and nursery practices of B. malabarica.

Keywords: maturity index, seed germination, germination value, pretreatment,
sulphuric acid

1. Introduction

Bauhinia malabarica Roxb., commonly known as Malabar Bauhinia/mountain
ebony, is a deciduous tree belonging to the family of Fabaceae, distributed all over
the Indo-Malayan region. The species is found throughout Indian subcontinent and
popularised in different vernacular names as Arampuli (Malayalam), Malayathi
(Tamil), Basavana pada (Kannada), Amli (Hindi), etc. In native range, the species
is distributed in the semievergreen and moist deciduous forests up to 600 m. It is
used as an ornamental plant in homesteads and gardens of the native range.

Studies of the genus Bauhinia is very limited compared with other genus like
Caesalpinia, Cassia, Tamarindus, etc., under the family Fabaceae. Primary docu-
mentation of the genus Bauhinia in India was conducted during the eighteenth
century [1]. Neotypification of the species Bauhinia malabarica was recently
done by the Central National Herbarium of Botanical Survey of India [2].
Micromorphological characteristics of selected species of the genus Bauhinia were
studied earlier [3]. Variation in size and structure of selected species of Bauhinia
was examined and recorded by different scholars [4, 5]. Analysis on mineral ele-
ments and nutritional and anti-nutritional contents in the seeds of B. monandra was
conducted in an earlier study [6]. Phytochemical structure like polysaccharide and

3 IntechOpen



Horticultural Crops

proteins in seeds of Bauhinia was investigated earlier [7, 8]. Antibacterial nature of
B. acuminata was reported in a previous study [9]. It was reported that seed oil of
Bauhinia is a novel substance for the production of sophorolipids [10].

A few investigations were done on B. malabarica on foliar micromorphology, natu-
ral regeneration, chemical composition, phytochemical analysis, antimalarial activities
and anti-oxidant potential [3, 11-15]. Studies related to seed germination in the genus
Bauhinia was conducted only on selected species like B. rufescens, B. thonningii, etc.
[16-18]. However, information on seed characteristics and germination parameters of
B. malabarica is limited. The present study was done to fill the above-mentioned gaps.

2. Materials and methods

Periodical observations were carried out on mother plants of B. malabarica
to identify optimum maturity index for seed collection. Mature pods (fruits) of
B. malabarica were collected (March-April, 2016) from Peechi-Vazhani Wildlife
Sanctuary (10°31'48"N; 76°20'50"E) in Thrissur District, Kerala, India. The pods
were dried under sunlight (35-38°C) for 2 days, and seeds were extracted by splitting
the pods. Extracted seeds were dried in shade, cleaned and stored in airtight contain-
ers. Seed characteristics such as morphology, moisture content and germination were
evaluated. High constant temperature oven-dry method was used to determine seed
moisture content [19]. The seeds were dried in hot-air oven for 1 h at 130°C. Seed
moisture content (MC %) was estimated according to the formula of ISTA.

h weigh - igh d
C% - fresh weight of seed - oven dry weight of see y

M fresh weight of seed

100 1)

Seeds were subjected to different pre-sowing treatments to enhance seed germi-
nation and reduce the germination period. The following were the pretreatments
applied for the study:

T1: control (no pre-sowing treatment).

T2: soaked in water for 24 h.

T3: soaked in water for 48 h.

T4: soaked in hot water for 2 min.

T5: soaked in hot water for 5 min.

T6: soaked in hot water for 2 min + soaked in water for 24 h.

T7: soaked in hot water for 5 min + soaked in water for 24 h.

T8: soaked in GA; (500 ppm) for 2 h.

T9: soaked in GA; (1000 ppm) for 2 h.

T10: acid treatment (conc. H,SO,4) for 10 min.

T11: acid treatment (conc. H,SO,) for 20 min.

T12: acid treatment (conc. H,SO,) for 30 min.

Tap water (#35°C) was used in T2 and T3 treatments, whereas in the treatments
T4-T7, hot water (85°C) was used. Different concentrations of gibberellic acid
(GA;)/gibberellin A3 (chemical formula: C19H»,O¢) were used in T8 and T9 treat-
ments. Concentrated sulphuric acid (98%) was used in the treatments T10-T12.

Seeds (n = 100 in 4 replications) were sown in germination trays having a size
of 25 x 20 x 5 cm filled with vermiculite and kept in germination room (30 + 2°C
and 90% RH) under laboratory condition. Randomised block design was adopted
for the experiment. Data on seed germination were recorded starting from seed
germination till culmination and computed germination-related parameters.
Germination initial time (GIT), germination percentage (GP), germination dura-
tion (GD), mean germination time (MGT), mean daily germination (MDG),

1
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germination energy (GE), peak value (PV) and germination value (GV) were
calculated [20-24].
Germination-related parameters were determined as follows:
Germination initial time (GIT) = Dg-Ds 2)
where Dg = first germination day and Ds = seed sowing day.
Germination percentage (GP) = (G/T) x 100 3)
where G = no. of germinated seeds and T = no. of seeds sown.
Germination duration (GD) = Gf~Gi 4)
where Gf = final day of germination and Gi = initial day of germination.

Mean germination time (MGT) = (Gt x Dt)/G (5)

where Gt = no. of germinated seeds at day-t, Dt = no. of days at ‘t’ from the day
of sowing and G = total no. of germinated seeds.

Mean daily germination (MDG) = GP/Gd (6)

where GP = germination percentage and Gd = no. of days to complete
germination.

Germination energy (GE) = X1/Y1 + (X2 - X1)/Y2 + ....... +
(Xn - Xn - 1)/Yn 7)

where Xn = no. of germinants on the nth counting date and Yn = no. of days
from sowing to the nth count.

Peak value (PV) = Highest number of seeds germinated/
no.of days required to the peak germination (8)

Germination value (GV) = PV x MDG 9)

where PV = peak value and MDG = mean daily germination.
2.1 Statistical analysis

Each trait was analysed using mean values under the various pretreatments.
The variation on mean values between these treatments were performed through
analysis of variance (ANOVA) done by statistical software SPSS version 22.
3. Results

3.1 Seed weight and moisture content

The study recorded 7092 + 50 seeds per kilogram. Moisture content (MC %) of
fresh seeds was 5.35%.
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3.2 Maturity index

The optimum maturity indices for seed collection of B. malabarica were pre-
sented in Table 1. The maturity indices identified for determining optimum period
for seed collection were colour of pods (yellowish-green turned to blackish-green),
leaf number (minimum number of leaves), dehydration (pods become dehydrated)
and hardness (pods and seeds become hardest).

3.3 Pod/seed characteristics

Colour, shape, size, type, weight, number of seeds per pod and per kg, type of
germination, etc. are presented in Table 2.

3.4 Seed germination

Figure 1 depicts germination pattern of seeds under various pretreatments. Seed
germination among treatments was significantly different (Table 3).

Germination-related parameters under different pretreatments such as germina-
tion initial time, germination percentage, germination duration, mean germination
time, mean daily germination, germination energy, peak value and germination
value are given in Table 4.

Character Variable Nature

Fruit Colour Yellowish-green turned to blackish-green
Water content Very less
Hardness Hardened

Seed Colour Dark brown
Hardness Hardened

Leaf Number Minimum

Table 1.
Pod/seed maturity indices of B. malabarica.

Character Variable Nature

Fruit Type Pod
Colour (young) Green
Colour (mature) Blackish brown
Size (cm) 1525+ 4.75x 215+ 0.25
Wall type Dry, semihard

Seed No. of seeds/fruit 10£2
Colour Dark brown
Shape Broad elliptic/oblong
Size (mm) .02+111x6.14+0.88
Wall type Dry, hard
Weight 7092 + 50

Germination Type Epigeal

Table 2.

Seed characteristics of B. malabarica.
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Figure1.

Seed germination pattern under different treatments. Note: T4, control; T2, soaked in water for 24 h; T3, soaked

in water for 48 h; T4, soaked in hot water for 2 min; T, soaked in hot water for 5 min; T6, soaked in hot water for

2 min + soaked in water for 24 h; Ty, soaked in hot water for 5 min + soaked in water for 24 h; T8, soaked in gibberellic
acid (GA;—s500 ppm) for 2 h; T9, soaked in gibberellic acid (GA;—1000 ppm,) for 2 h; T1o, acid treatment (conc.
H,SO,) for 10 min; T11, acid treatment (conc. H,SO,) for 20 min; T12, acid treatment (conc. H,SO,) for 30 min.

Source Sum of squares Degrees of freedom (df) Mean square F-value Sig.
Between groups 4332775 1 393.889 29.804 0.005
Within groups 2669.618 202 13.216
Total 7002.393 213

Table 3.

ANOVA table—level of significance on mean values of seed germination under different pretreatments.

Germination Initial Time (GIT): Germination initial time was 2 days after
sowing in the treatments T4, T10, T11 and T12, whereas it was 5 days after sowing in
T1, T2, T5, T8 and T9 treatments.

Germination Percentage (GP): 100% germination was achieved in T12
treatment (acid scarification for 30 minutes) followed by 97% in T11 and T10
(acid scarification for 20 and 10 minutes). However, 10% was noticed in TI (no
treatment) and T3 (soaked in water for 48 h) followed by 13.3% in T2 (soaked in
water for 24 h), T8 (500 ppm GA;) and T9 (1000 ppm GA;3). Hot water treatments
followed by water soaking (T6 and T7) exhibited about 33% germination, which
was better than mere hot water treatment (T4, 20%, and T5, 27%).

Germination Duration (GD): Seed germination started 2 days after sowing and
completed in 28 days. The least GD noticed in treatment T12 (06 days) followed by
T11 (09 days) and T10 (11 days) and the highest in T2 (26 days).

Mean Germination Time (MGT'): Mean germination time was more in T12
treatment (21.67) where the treatment gave 100% germination, whereas the least
value was in seeds without any treatment (T1).

Mean Daily Germination (MDG): Mean daily germination was highest in the
treatment T12 (16.67), and the lowest value was in T3 treatment (0.43).

Germination Energy (GE): Germination energy in various pretreatments
showed that the highest GE was noticed in T12 (6.85), followed by T11 (5.81) and
T10 (4.48). The least GE is in T3 (0.29) followed by T1 (0.30).

Peak Value (PV): Peak value was highest in T12 treatment (12.50), and least
value (0.56) was noticed in treatments T1, T3, T8 and T9.

Germination Value (GV): The highest germination value was also observed in
T12 (208.36), followed by T11 (116.31) and T10 (58.63).
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Treatment GIT GP GD MGT MDG GE PV GV
T1 5 10 22 177 0.45 0.30 0.56 0.25
T2 5 13.3 26 2.23 0.51 042 111 0.57
T3 4 10 23 1.83 043 0.29 0.56 0.24
T4 2 20 25 3.28 0.80 0.59 111 0.89
T5 5 26.7 25 4.08 1.07 0.81 111 119
T6 4 333 25 6.56 133 0.78 0.67 0.89
T7 4 333 24 5.54 1.39 0.92 111 1.54
T8 5 133 21 2.57 0.63 0.37 0.56 0.35
T9 5 13.3 21 2.57 0.63 0.37 0.56 0.35
T10 2 96.7 11 18.27 8.79 448 6.67 58.63
T11 2 96.7 9 17.56 10.74 5.81 10.83 116.31
T12 2 100 6 21.67 16.67 6.85 12.50 208.36

Note: T1, control; T2, soaked in water for 24 h; T3, soaked in water for 48 h; T4 soaked in hot water for 2 min; TS
soaked in hot water for 5 min; T6, soaked in hot water for 2 min + soaked in water for 24 h; T7, soaked in hot water for
5 min + soaked in water for 24 h; T8, soaked in GAz (500 ppm) for 2 h; T9, soaked in GA3 (1000 ppm) for 2 h; T10,
acid treatment (conc. HSOy) for 10 min; T11, acid treatment (conc. H,SOy) for 20 min; T12, acid treatment (conc.
H,S0,) for 30 min; GIT, germination initial time; GP, germination percentage; GD, germination duvation; MGT, mean
germination time; MDG, mean daily germination; GE, germination energy; PV, peak value; GV, germination value.

Table 4.
Seed germination-velated parameters under different treatments.

4. Discussion

Maturity indices help to collect seeds with maximum viable seeds. The optimum
maturity indices of B. malabarica identified in the present study were the colour of
pod turned from yellowish-green to blackish-brown, minimum number of leaves,
pods become dehydrated and the pods and seeds become hardest. A previous study
reported that seed germination of Albizia lebbeck significantly influenced by date
of pod collection [25]. Seed weight of B. malabarica in the present study showed
7092 + 50 seeds per kilogram. However, in an earlier report, it is 1100-2600 seeds
per kilogram [26]. Seed size is usually related with its vigour and a measure of
potential performance; hence, seed weight is significant. Information regarding
seed weight and moisture content is helpful for nursery practices and research-ori-
ented studies and also an updating of the earlier information regarding seed weight
and moisture content and seed characteristics.

The present study indicated that the highest germination was recorded in acid
treatments (acid scarification for 30, 20 and 10 min). All other treatments exhib-
ited poor performance in germination. Germination initiation period was minimum
in the treatments T4, T10, T11 and T12, whereas maximum was in T1, T2, T5, T8
and T9 treatments. The lowest germination initial time shows speedy initiation of
germination among pretreatments.

Estimation of germination percentage is the best tool to explain seed viability of
aparticular lot. Seeds treated with concentrated sulphuric acid for 30 minutes (T12)
resulted in very high germination rate (100%) than that of other treatments. The study
also revealed that the hormonal treatment had no significant role on seed germination
of B. malabarica. A similar result was reported in an earlier study on B. rufescens after
acid treatment [17]. Better performance in acid scarification on seed germination was
reported in seeds of many species having hard seed coat [27-29]. Germination percent
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is useful for computing seed requisite for desired number of plants. Pretreatment with
high germination value indicates the germination power of seeds.

Germination duration (GD) is helpful to understand the duration required for
completing the process of germination. Germination duration in the present study
varied with treatments (06-26 days). The study showed that the seeds scarified
with concentrated sulphuric acid for 30 min helped to reduce germination period
into 6 days compared to 26 days in seeds soaked in water for 24 h. The lowest GD
shows the minimum period required to complete germination among pretreat-
ments. Mean germination time (MGT) is the indicative of emergence performance
of seed lots. Mean germination time (MGT) was highest in seeds treated with
concentrated sulphuric acid for 30 min (21.67) where the treatment gave 100%
germination, whereas the least value was in seeds without any treatment (T1).
Similarly, mean daily germination (MDG), germination energy (GE), peak value
(PV) and germination values were also highest in the treatment T12.

Mean germination time and mean daily germination are used as a gauge of the
rate and time spread of germination. High MGT and MDG values indicate high
germinability of seed lots due to pretreatments. Peak value indicates the maximum
germination rate in a particular day, and germination value is the expected seedlings
in the field or nursery. Germination energy and germination value are the easier
way to understand the rate of germination and period of germination. Highest GE
and GV show the enhanced germination and reduced duration.

The study resulted in scarification of seeds by concentrated sulphuric acid for
30 min which was the best pre-sowing treatments for enhancing seed germination
and reduce germination period in B. malabarica. Previous studies showed that acid
scarification is the best pretreatment to improve germination of seeds with hard
seed coat [27-29]. Similarly, parameters like germination percentage, germination
energy, mean germination time, mean daily germination, peak value and germina-
tion value were also highest in the acid treatment for 30 min compared to other
treatments. High values of parameters indicate the germination potential of the
seeds. Germination energy/germination value is the tool for indexing the speed and
completeness of seed germination [22]. High germination energy and germination
value show the effects of pretreatment on seed germination. Period of seed germi-
nation in B. malabarica is reported in an earlier study with 6-30 days and hot water
treatment for 1 min followed by soaking in cold water for 24 hours as the best pre-
treatment [26]. Similarly, a high rate of germination observed in seeds of Hippophae
salicifolia treated with thiourea [30]. The Forest Research Institute, India, reported
only a low rate of seed germination (14-18%) in B. malabarica [31]. However, the
present study revealed that the concentrated sulphuric acid treatment for 30 min
shall reduce germination period (6 days) and increase germination rate (100%).
An earlier study on Macaranga peltata revealed that combination of concentrated
sulphuric acid and gibberellic acid resulted in improved germination rate [32].

5. Conclusions

The study gave update to seed characteristics and germination behaviour of B.
malabarica. The investigation has documented maturity indices for determining
optimum seed collection period of the species B. malabarica, and the data is very
helpful for further seed biological studies and experiments on the species. The study
suggested optimum period for collection of seed of B. malabarica is when yellowish-
green colour of pods turned to blackish-green, dehydrated and hard. The study
recommended that concentrated sulphuric acid treatment for 30 min is the best
pretreatment for enhancing seed germination and reducing germination period.
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Chapter2

The Photosynthetic Characteristics
of Wild Cymbidium faberi in the
Qinling Mountains of Central China

Junyang Song and Ning Zhang

Abstract

The large flowers of orchids make them popular as cultivated plants. Seven species of
orchids in the genus Cymbidium (Orchidaceae) have been crossbred to create more than
220 hybrids that serve as popular cultivated ornamentals. The present study examined
the daily variation in the patterns of the net photosynthetic rate and the photosynthetic
response of wild Cymbidium faberi in the Qinling Mountains in northwestern China.
The photosynthetic characteristics of this species were studied under natural conditions
with a portable photosynthesis system. Double peaks were observed in the net photo-
synthetic rate with one around 09:00 and another around 17:00 in spring, as well as one
around 11:00 and another around 15:00 in winter. Midday depression of photosynthesis
was observed in wild C. faberi plants around 13:00 in both spring and winter. The net
photosynthetic rate was strongly positively correlated with both stomatal conductance
(R = 0.913) and the transpiration rate (R = 0.659) and weakly negatively correlated with
the intercellular carbon dioxide concentration (R = —0.094). The results show that the
light compensation point (LCP) and the light saturation point (LSP) of wild C. faberi
were 25.78 and 384 pmol m ™ s, respectively. The result provides reference for cultiva-
tion management especially in light management of Cymbidium.

Keywords: Cymbidium faberi, photosynthetic characteristics, Qinling mountains,
light compensation point, light saturation point

1. Introduction

Cymbidium faberi (Orchidaceae) is one of the several traditional and famous
orchid flowers in China. The Chinese have cultivated orchids for more than
2500 years. Most scientists currently recognize seven Cymbidium species in China:
C. sinensis (Jackson ex Andr.) Willd., C. ensifolium (L.) Sw., C. goeringii (Rchb. f.),
C. faberi Rolfe., C. kanrau Makino., C. lianpan Tang and FT. Wang ex Y.S. Wu, and
C. longibracteatum W.S. Wu & S.C. Chen [1]. To date, the British Royal Horticultural
Society has registered 227 hybrids derived from Chinese orchids. Chinese orchids
have been used as parents in the breeding of C. faberi because it is easy to grow,
exhibits various flower colors and types, and gives off a sweet fragrance.

Wild populations of C. faberi are mainly distributed in the southern mountain-
ous area of China. The Qinling Mountains support the most northern population of
wild Cymbidium species in China, where light serves as one of the most important
factors affecting its natural distribution, growth, and development. The Qinling
Mountains, located at 32°40'-34°35'N and 105°30'-110°05’E, run through the
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central region of China and lie sandwiched between the Wei and Han rivers. This
region also forms a natural and geographical boundary between northern and
southern China. The mountains of the Tibetan Plateau rise to the west, while the
Funiu and Dabie mountains lie to the east of the Qinling. The temperate climate
north of the Qinling Mountains and the subtropical climate to the south resultin a
rich variety of natural plant resources in this region.

In recent years, many researchers have been interested in the photosynthetic charac-
teristics of various plants in the Orchidaceae [2-8], whereas few studies have addressed
the growth of C. faberi [3], especially for those plants growing in natural environments.
The goal of the present study was to explore the daily photosynthetic patterns of C.

faberi plants under natural conditions in both winter and spring. Wild C. faberi plants
in the Qinling Mountains were examined to determine the net photosynthetic rate,
photosynthetic response, and other physiological parameters. These included stomatal
conductance, transpiration rate, intercellular carbon dioxide (CO,) concentration,

the light saturation point (LSP), and the light compensation point (LCP). The data
presented in this study provide a foundation for cultivation management of Cymbidium
orchid and the conservation of wild C. faberi in Qinling Mountains.

2. Materials and methods
2.1 The site of experiment

The experiment was established at Qianjiaping Village, Shangnan County,
Shaanxi Province, China, and located in the eastern part of the Qinling Mountains
at 33°20'42.7’N, and 110°41'0.14”E 816 m a. s. l. where typical populations of wild
C. faberi occur. The plants chosen in the present study grew on a 43° southwest fac-
ing slope. Quercus variabilis, the dominant tree species in this area, reaches heights
of about 25 m and has a canopy density of 0.4-0.5. Few shrubs grew under these
trees. In this region, the mean annual, maximum, and minimum temperatures were
13.9, 41.3, and —13.1°C, respectively. The average annual rainfall was 829.8 mm with
an average of 137 rainy days each year. The annual average relative humidity was
68.5% with a mean of 1973.5 hours of sunshine annually and a frostless period of
216 d; climatic data were collected between 1978 and 2008 [9].

2.2 The measurement of daily photosynthesis

The net photosynthetic rate (P,, pmol m2s7Y), effective photosynthetic radiation
(PAR, pmol Photons m~2s71), stomatal conductance (G,, mol m s %), transpiration rate
(T,, mmol m~2s7%), and intercellular CO, concentration (C;, pmol mol™) were measured
in an open-flow gas exchange system (LI-6400, Li-Cor Inc., Lincoln, NE, USA).

The daily net photosynthetic rate was measured using blooming wild C. faberi
plants in the Qinling Mountains in April 2016. The seasonal net photosynthetic
rates were measured in January 2016 (winter) and April (spring) 2016, respectively.
Sunny days were selected for all measurements that were made using one healthy
leaf from each of the five randomly selected plants at the experiment site. The mea-
suring time started at 08:00 and continued until 18:00 with hourly measurements
taken. Each measurement was repeated 10 times.

2.3 The measurement of photosynthesis response

The photosynthetic responses were measured between 09:00 and 11:00 am on
clear sunny days in April 2016 using the method of Gomes et al. [10]. The following
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criteria were employed: the CO, concentration in leaf chamber was 375 pmol/mol
with a leaf chamber temperature of 27°C and air relative humidity of 68%. First,
measurement of the light saturation was carried out for 30 min; photosynthetic active
radiation (PAR) was set up to descend at 600, 500, 400, 300, 200, 100, 80, 60, 40, 20,
10, and 0 pmol m™2 5" during the tests using a 6400-02B LED light source that was
designed to also capture data automatically. Each measurement of five samples was
replicated 10 times with means used for analysis. The net photosynthetic rate-photosyn-
thetically active radiation (P,-PAR) curve of the photosynthetic response was calculated
following Thornley’s non-rectangular hyperbola [11]. The linear regression of the net
photosynthetic rate to light intensity was calculated under 0-60 pmol m s of photo-
synthetically active radiation. The slope of the linear equation was the initial quantum
yield. The light compensation point (LCP) and light saturation point (LSP) of wild C.
faberi were calculated based on the curve of the photosynthetic response.

2.4 Data analysis

Data processing and drawing were conducted using Microsoft Excel 2003. The
linear regression and correlation analyses were carried out using SPSS17.0.

3. Results and analysis

3.1 The daily patterns of net photosynthetic rate and photosynthetically active
radiation

The net photosynthetic rate of wild C. faberi increased starting from 08:00 with
an initial peak of 1.64 pmol m™s™" at 09:00 and then decreased until 12:00 includ-
ing a dramatic decrease between 11:00 and 12:00. Immediately after noon from
12:00 to 13:00, the net photosynthetic rate gradually decreased to its lowest point
of 0.28 pmol m > s™" at 13:00, i.e., midday depression or “noon break.” After a short
period of midday depression, the net photosynthetic rate gradually increased until
peaking again at 17:00 at 0.69 pmol m s followed by a decrease to 0.30 pmol m™> s~
at 18:00 (blue curve in Figure1).

In contrast, the effective photosynthetic radiation gradually increased from
08:00 to a maximum of 600.21 pmol m™>s™" at 12:00. After 12:00, it gradually
decreased to 140.41 pmol m 2 s 1at18:00 (red curve in Figure 1). When the effec-
tive photosynthetic radiation reached peaked at noon, the net photosynthetic rate
decreased to its second lowest rate of 0.36 pmol m72s! (Figure1).
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Figure 1.

The daily patterns of net photosynthetic rate and effective photosynthetic radiation in Cymbidium faberi (the
ervor bar is standard deviation).
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3.2 The relationship between net photosynthetic rate and stomatal conductance

The daily changes of stomatal conductance of wild C. faberi followed the same
pattern as did the net photosynthetic rate (Figure 2). The first peak (maximum
0.0160 mol m~*s™") in stomatal conductance occurred at 09:00 as did the peak
in the net photosynthetic rate; however, the second peak (0.0060 mol m72sh)
occurred at 16:00, 1 hour earlier than that of the net photosynthetic rate. In addi-
tion, the lowest stomatal conductance (0.0027 mol m~ s™*) was observed at 12:00,
1 hour earlier than that of the net photosynthetic rate (Figure 2). The very stomatal
conductance and net photosynthetic rate were significantly correlated (R = 0.913 at
P <0.01).

3.3 The relationship between net photosynthetic and transpiration rates

The daily changes in the transpiration rate of C. faberi also showed a double-
peak pattern with the highest peak of 0.23 mmol m™>s™" at 9:00 and a second peak
of 0.20 mmol m~2 s ! at 16:00 (red curve in Figure 3), which followed the same
pattern as that of the stomatal conductance. A significant correlation was observed
between the net photosynthetic and transpiration rates (P = 0.05; R = 0.659). When
compared with the net photosynthetic rate, the daily changes in the transpiration

rate showed a relative flat pattern.
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Figure 2.

The relationship between net photosynthetic rate and stomatal conductance in Cymbidium faberi during a
typical day (the evvor bar is standard deviation).
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3.4 The relationship between net photosynthetic rate and intercellular CO,
concentration

The daily changes of the intercellular CO, concentration of C. faberi (red curve
in Figure 4) had a pattern different from that of the net photosynthetic rate. The
intercellular CO, concentration started at 278.2 pmol mol ™" at 08:00 and decreased
to 156.5 pmol mol ! at 11:00. Around noon, the intercellular CO, concentration
peaked at 315.1 pmol mol ™" and then fell dramatically to 171.8 pmol mol ™. After
13:00, the intercellular CO, concentration gradually decreased to the lowest value of
140.3 pmol mol ! at 17:00. From 17:00, the intercellular CO, concentration began to
increase and reached 238.2 pmol mol at 18:00.

The intercellular CO, concentration had an opposite pattern of change when
compared with that of the net photosynthetic rate although this correlation was not
significant (R = —0.094; Figure 4). The intercellular CO, concentration decreased
with an increase in the net photosynthetic rate and vice versa.

3.5 Seasonal variation of net photosynthetic rate

Figure 5 shows that the patterns of the net photosynthetic rate in both spring and win-
ter exhibited double peaks. However, the peaks of the net photosynthetic rate occurred at
different times when comparing those of winter to those of spring. For example, the

highest peaks in winter and spring, that is, peaks of 0.82 and 1.64 pmol m™>s™",
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Figure 4.

The relationship between net photosynthetic rate and intercellular carbon dioxide concentration in Cymbidium
faberi during a typical day (the error bar is standard deviation,).
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occurred at 11:00 in winter and 09:00 in spring, respectively. The second peak of the
net photosynthetic rate occurred at 15:00 and 17:00 in winter and spring, respectively.
Similarly, a midday depression of photosynthesis occurred at 13:00 in both spring
and winter (Figure 5). The average net photosynthetic rate of C. faberi in winter
(0.26 pmol m ™ s™') was smaller than that in spring (0.79 pmol m~>s™").

The effective photosynthetic radiation in winter and spring presented the same pat-
tern, with an increase from 08:00 to a peak at 11:00 in winter and 12:00 in spring, and
then it gradually decreased to the lowest value at 18:00 in both seasons (Figure 6).

3.6 Photosynthetic response curve

Figure 7 shows that the changes in the photosynthetic response P,-PAR curves
showed a parabolic shape (Figure 7). When the effective photosynthetic radiation
ranged between 0 and 60 pmol m™> s, the change of the net photosynthetic rate
presented a linear increase. However, when the effective photosynthetic radiation
was between 200 and 400 pmol m™ s, the net photosynthetic rate remained at a
relatively high level with a maximum of 2.41 pmol m™s™" at around 400 pmol m™>s™".
When the effective photosynthetic radiation was greater than 400 pmol m™> s, the
net photosynthetic rate obviously began to decrease, showing a light suppression
phenomenon.

A quadratic equation for the photosynthetic response of C. faberi was obtained:

y = —0.00002x” + 0.01537x — 0.38298 (R” = 0.991). Based on this equation, when
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Figure 6.
Seasonal variation of effective photosynthetic radiation in Cymbidium faberi during a typical winter and
spring day (the error bar is standard deviation).
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Light responsive curve in Cymbidium faberi plotting photosynthetically available radiation against the net
photosynthetic rate.
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the effective photosynthetic radiation was 25.78 pmol m > s, the net photosyn-
thetic rate was zero. Also, when the effective photosynthetic radiation was 384 pmol
m~” s, the net photosynthetic rate peaked (2.57 pmol m™?s™"). After the effective
photosynthetic radiation reached to 384 pmol-m™ s, the net photosynthetic rate
decreased, even when the effective photosynthetic radiation increased. Therefore,
the light compensation points (LCP) and the light saturation points (LSP) of wild
C. faberi in the Qinling Mountains were 25.78 and 384 pmol m*s™", respectively.

4, Discussion

Photosynthesis is one of the important factors for plant adaptation, substance accu-
mulation, and metabolism. It also serves as the critical factor influencing plant growth,
development, and productivity [12, 13]. However, photosynthesis is influenced by
both genotype and environment as well as their interaction [14]. Multiple factors in the
environment are known to interact and affect plant photosynthesis [15]. In the present
study, the daily pattern of change in the net photosynthetic rate of wild C. faberi in the
Qinling Mountains presented double peaks, as described above with a period of mid-
day depression occurring between them. This phenomenon might be closely related
to plant physiological, biochemical, and environmental factors and perhaps to other
unknown factors. The midday depression in C. faberi might be caused by the closing of
stomata in leaves at noon. In addition, the strong light intensity at noon results in the
suppression of photosynthesis creating a short period of diurnal dormancy.

The factors that influence plant growth and their interactions vary at different
stages of plant development [15]. Those environmental variables may cause changes
in the strength of plant photosynthesis allowing plants to adapt to changes in the
environment. The daily pattern and change in the net photosynthetic rate showed
this rate was lower in winter than in spring in wild C. faberi. The peak net photo-
synthetic rate in spring occurred 2 hours earlier than in winter, but the second high
peak was delayed by 2 hours in spring when compared with that in winter. These
results are similar to those in Carex leucochlora [14]. The seasonal changes in the net
photosynthetic rate in winter and spring were mainly caused by seasonal differ-
ences in temperature and light intensity, suggesting that the net photosynthetic rate
is significantly related to environmental conditions.

The analysis of the relationship between the net photosynthetic rate and other
physiological factors suggests that the net photosynthetic rate had a strong positive
correction with stomatal conductance and transpiration rate and a weak negative
correction with the concentration of intercellular CO,. Hou et al. [16] and Zhang et al.
[13] found that the net photosynthetic rate of Paris polyphylla var. yunnanensis was
positively correlated with stomatal conductance, while Li et al. [17] found that these
two were negatively correlated. Stomata provide a channel for the exchange of gasses
between the cells of plant leaves and the external environment. Stomatal conductance
can serve as an indicator of the degree of stomatal opening on the surface of plant
leaves. Stomatal conductance and the intercellular CO, concentration have significant
effects on plant photosynthesis and transpiration. Previous research studies have
indicated that stomatal and non-stomatal restrictions can lead to a decline in the pho-
tosynthetic rate; these restrictions are differentiated by the intercellular CO, concen-
tration and its pattern of change [18]. The net photosynthetic rate of the wild C. faberi
leaf decreased with a decrease in stomatal conductance, indicating that stomatal
conductance is one of the causes of this change. Stomatal conductance affects both the
intercellular CO, concentration and the transpiration rate. Effective photosynthetic
radiation and stomatal conductance, which are the main factors influencing the plant
photosynthesis, combined to determine the photosynthetic rate of wild C. faberi.
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The LCP and the LSP reflect the requirements of plants for light and light energy
use. Based on the LSP and LCP values, plants with a low LCP and high LSP are adapted
to a wide range of light strength, while plants with a relatively high LCP and low
LSP require a narrow range of light strength [19]. This study found that the LCP
and LSP of wild C. faberi in Qinling Mountains are 25.78 and 384 pmol m™>s™",
respectively, compared to the 500 and 10 pmol m > s™" in cultivated C. faberi
species [3]. The difference of the LCP and LSP is the result of long-term adapta-
tion to the environmental conditions under which the plants grew. Kim et al. [20]
researched photosynthetic change in Cymbidium orchids grown under intensities of
night interruption lighting. The results showed that photosynthetic photon flux of
120 pmol m™* s™" was effective for Cymbidium orchids.

In conclusion, wild C. faberi plants cannot tolerate either strong or weak light,
meaning it is narrowly adapted to light strength. The natural distribution of wild
C. faberi species in Qinling Mountains is in accordance with the results of this study
in that it is not found in deep shade or open sunlight. Commercial orchids were
produced in greenhouse where plant growth environment can be artificially con-
trolled. The light factor of greenhouse can be regulated and controlled by grower
easily based on the range and optimum value of light factors [21]. It is beneficial to
the production of orchids. Light is one of the important environmental factors that
affect the growth and development of orchids. The research results of this paper
show that the optimum illumination conditions for Cymbidium orchids are between
25.78 and 384 pmol m™>s™". That is to say, light intensity should not be below

25.78 pmol m > s™" and not higher than 384 pmol m™*s™".

5. Conclusions

1. The daily variation of net photosynthetic rate of wild Cymbidium faberi shows
double-peak curve both in winter and spring.

2. There was midday depression phenomenon in the diurnal variation of photo-
synthetic rate for wild Cymbidium faberi. It appears around 13:00 pm.

3.The stomatal conductance and the net photosynthetic rate of wild Cymbidium
faberi were significantly correlated(R = 0.913 at P < 0.01).

4.There was a correlation between the net photosynthetic and transpiration rates
(R=0.659atP < 0.05).

5.The intercellular CO, concentration had an opposite pattern of change when
compared with that of the net photosynthetic rate although this correlation
was not significant (R = —0.094).

6. The light compensation points (LCP) and the light saturation points (LSP) of wild

C. faberi in the Qinling Mountains were respectively 25.78 and 384 pmol m™>s ™.
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Chapter 3

Summary of a Decade of South
Ethiopian Coffee Improvement
Activities at Awada Coffee
Research Center: Fruit of the
Landrace Arabica Coffee Variety
Development Strategy

Mesfin Kebede Gessese

Abstract

Previously the coffee improvement strategy of Ethiopia was aimed to develop
widely adaptable and stable cultivars across all coffee growing regions of the coun-
try although there is a significant ecological variation that prevails between the
major coffee growing regions. Assessing the feedback from users on the perfor-
mance of released coffee cultivars, the national coffee research program realized the
need to initiate coffee improvement programs for each coffee growing region that
possessed specific coffee quality and fetch premium price in the world market. In
effect, coffee improvement program was initiated for Awada Agricultural Research
Center mandated to improve south Ethiopian coffee with the financial aid of the
Government of Switzerland. To date about 580 arabica coffee accessions have been
collected and maintained in the center in separate sets of collection, and are under
evaluation. Forty two (set I) and 16 (set II) selections are under variety trials, 12
selections are in variety verification trial, five hybrids are under variety verification
trial and four high yielding cultivars that possessed the typical quality of Yirgachefe
or Sidama coffee types were released to coffee growers in the region. In this paper,
coffee improvement activities, such as collection and evaluation of germplasm,
variety development activities and genetic studies are reviewed.

Keywords: hybrid coffee cultivars, coffee germplasm accessions, genetic diversity
analysis, coffee cultivars, Hararghe coffee

1. Introduction

For more than 2 decades, Ethiopian coffee breeding program was aimed to
search for improved coffee cultivars with wider adaptation to biotic and abiotic
stresses and maintain stable yield across all coffee growing regions by concentrating
the breeding program and source of germplasm only in the southwestern part of the
country. However, this research direction has failed especially in providing cultivars
that are suitable for the coffee growing areas of the Southern and eastern part of
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Ethiopia due to problem of adaptation of the released coffee berry disease (CBD)
resistant cultivars in these areas. In addition, these areas possess unique quality
coffee types that are inherent only in the local varieties and land races of the
respective locations. Hence, the national coffee research program initiated the
Landrace Arabica Coffee Variety Development Strategy to establish coffee
improvement programs for each coffee growing region that possesses specific cof-
fee quality and fetch premium price in the world market [1]. To improve the yield
as well as quality of south Ethiopian coffee, collection of germplasm accessions from
the representative areas was undertaken. Consequently, screening of the germplasm
accessions for economically important characters commenced and some promising
cultivars were identified.

Coffee is the most important export crop of the south Ethiopian region with
more than 46% share of the national market. It covers more than 185,000 ha of land
in 50 Woredas (districts) among which 11 are high, 7 medium and 32 are low coffee
producers. Garden coffee comprises 130,000 ha, semi forest 45,000 ha and forest
coffee 10,000 ha. The semi forest and forest coffee production systems are perti-
nent to the western part of the region. In 2005 cropping season, the annual coffee
production of the region was 131,000 tons out of which 100,302 tons were exported
as 60% washed and 40% dry processed (SNNPR BOA and NRD, 2008;
unpublished). The average yield of coffee in the region is 500 kg/ha (for local or
landrace cultivars) while that of the released coffee berry disease resistant cultivars
is 800 kg/ha. Though the region is highly endowed with suitable environments, the
productivity of coffee per unit area remains very low as compared to the world
average. In Southeast Ethiopia (East and West Hararghe zones) coffee was observed
to grow as early as 850 AD. In this area coffee is grown in homesteads under
intensive management systems with an estimated average holding of less than
0.2 ha of land per family. Planting spaces are very wide and the inter-row spaces are
used for intercropping of various types of crops. The major coffee growing districts
of Hararghe zones such as Habro, Chercher, Wobera, Garamuleta, Harar Zuria, and
Gursum are known for production of best quality coffee [2-5]. On the other hand,
yield is reported to be generally low in this region due mainly to the low intensity
and erratic rainfall distribution pattern, and also disease problems. The low average
yield of coffee in both locations was mainly attributed due to the lack of improved
cultivars, shortage of improved agronomic technologies and prevalence of diseases
mainly Coffee berry disease and coffee wilt disease. Moreover, physiological prob-
lems such as die back due to absence of shade trees coupled with minimum use or
absence of agricultural inputs in the smallholder coffee orchards.

Awada Agricultural Research Sub-center is situated in the Tepid to cool semi-arid
mid-highland agro-ecology. It is located at about 315 km south of Addis Ababa at 6°3
N of latitude and 38° E of longitude at an altitude of about 1740 m a.s.I nearby
Yirgalem town. The area has a semi-bimodal rainfall distribution characterized by
double wet and dry seasons with an average precipitation of 1342 mm per annum
(1988-1998) and recent data showed 1235 mm per annum (https://en.climate-data.
org/africa/ethiopia/southern-nations/yirgalem-21940/). The belg (fall) starts in mid-
February and extends up to mid-May (i.e., the wet season is from March to May) and
the kiremt (winter = main rainy season) extends from June to September/October
(i.e., the wet season is from September to October).

The sub-center is mandated to run research activities on Southern Ethiopia
coffee types in general and Sidama and Gedeo coffees in particular. Therefore,
major emphasis has been given to the development and release of high yielding and
disease resistant coffee cultivars that maintain the standard and/or known quality of
these coffee types. Four improved cultivars (Angefa, Koti, Fayate and Odicha) were
released to growers and 12 promising selections are in verification trial. To date
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more than 580 coffee accessions have been collected and conserved at the center
and most have been characterized using the IPGRI [6] coffee descriptor.

2. Arabica coffee improvement activities at Awada Research Center

2.1 Collection, characterization, and evaluation of south Ethiopian coffee
germplasm accessions

This trial was laid down on-station at Awada comprising a total number of 538
accessions. The 1994, 1995 and previous Sidama coffee collections (batch I, 206
accessions and 5 checks), that are currently being evaluated for various desirable
traits (cherry yield, resistance to CBD, CWD and CLR, and quality parameters)
were planted in an augmented design of four blocks and 10 trees per plot (2 m
x 2 m spacing between plants, hence each plot had 36 m?) in 1997. The 1996
collections (batch II, 56 accessions and five checks) field established in 1998 was
laid down in the same pattern as indicated above. The 1997 collections (batch III),
which comprise 55 accessions and three checks, were planted in 1998 in RCB design
of three replications and six trees per plot.

Recently new collections were added from four districts of Sidama Administrative
Zone. Hundred and twenty coffee accessions collected from Dale and Aleta Wondo
districts in 2005 were transplanted in the field at Awada in July 2006 in augmented
design. Similarly, 100 coffee accessions collected from Bensa and Dara districts in
2006 were transplanted in the field at Awada in July 2007. Currently the seedlings are
at their required stage of growth. Batch I and II were managed in multiple stems as
they were stumped due to the severe drought that occurred in 2000. Hence, yield
data for 2000, 2001 and 2002 could not be obtained for these two batches.

The first batch composed of 1994, 1995 and previous collection had 4 years yield
data (yield data for 2000, 2001 and 2002 not available because the trees were
rejuvenated to recover the damage caused by the drought occurred in 2000 main
season), the 1996 collection had 5 years yield data and the 1997 collection had 7
years yield data. In the first batch of collections, average of 4 years yield data
showed the top six high yielders were well above the best standard check (744)
whereas, the top 10 accessions performed better than the other four checks ranging
from 17.29 to 26.30 g/ha of clean coffee (Table 1). Similarly in the 2nd batch of
collections, the top three high yielders were well above the best standard check
(744) whereas, the top 10 accessions performed better than the other four checks
(Table 2). The combined yield data showed that all the top 10 high yielders
performed better than the standard checks in the 3rd batch of collections (Table 3).
Most were free from coffee berry disease and coffee leaf rust under visual assess-
ment score (scored from O to 100%; where zero is very resistant and 100% is
completely susceptible); however, few accessions scored 3 to 8% infection level
under field condition. The top six accessions from batch III were under variety
verification trial and another 16 (those ranked from 7 to 22 based on mean yield
data) were under variety trial to be evaluated in contrasting environments.
Additional 15-20 promising accessions selected from the 1st and 2nd batches of
collections were promoted to variety trial in 2009.

2.2 Variety and verification trials of south Ethiopian coffee selections
Three independent experiments were undergoing under this title. The first

variety trial was established in two locations; Awada (mid altitude = 1745 m) and
Wonago (high altitude =1850 m), respectively, in 1997 and 1999. This trial consists
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Sr. Coll. Clean coffee yield in Qh ™ % CBD (visual)

No.
1999 2003 2004 2005 Mean 2003 2004 Mean

1 85172 31.14 26.91 22.16 23.87 26.02 0.00 9.31 4.66
(28.28) (31.07) (15.69) (25.50) (25.14)

2 3883 2221 12.92 39.55 9.71 21.10 0.01 6.44 323
(22.13) (8.04) (41.49) (—1.84) (17.45)

3 4083 19.79 19.91 24.91 16.35 20.24 0.00 0.03 0.02
(16.93) (24.07) (18.43) (17.98) (19.35)

4 39772 9.65 (9.57) 22.89 21.40 24.32 19.57 0.01 0.01 0.01

(18.01) (23.34) (12.77) (15.92)

5 695 17.43 22.69 21.06 15.33 19.13 0.00 0.00 0.00
(19.11) (24.25) (20.90) (19.67) (20.98)

6 85171 20.89 19.23 25.97 6.07 (7.70) 18.04 214 10.72 6.43
(18.03) (23.39) (19.49) (17.16)

7 85,170 23.84 12.27 23.78 11.58 17.87 0.00 0.06 0.03
(20.98) (16.43) (17.30) (13.21) (16.98)

8 2783 13.97 13.88 38.42 3.89 17.54 071 215 1.43
(13.89) (9.00) (40.36) (—7.66) (13.90)

9 85298 13.22 10.00 40.91 5.37 (7.00) 17.38 0.00 0.02 0.01
(10.36) (14.16) (34.43) (16.49)

10 2170 14.01 15.49 29.34 10.60 17.36 0.01 031 0.16
(13.93) (10.61) (31.28) (—0.95) (13.72)

LSD at

0.05 12.66 13.70 17.78 20.50

0.01 17.75 19.21 24.93 28.75

Standard checks

1 74140 10.94 21.60 12.26 7.28 13.02 0.01 0.003 0.0065
2 7487 11.01 16.61 19.71 1.47 12.20 0.07 0.018 0.044
3 7440 13.09 18.96 13.61 3.94 12.40 0.03 0.007 0.0185
4 75227 9.82 21.56 20.31 7.76 14.86 0.02 0.005 0.0125
5 744 16.92 26.84 9.56 18.62 17.99 0.04 0.011 0.0255
F test NS NS NS NS

Cv (%) 39.74 25.18 45.73 101.8

“Figures in parenthesis are adjusted values.

LSD values are used for comparison between un-replicated treatments and replicated treatments. Yield data for years
2000, 2001 and 2002 not available because the coffee trees were severely attacked by drought and thrips as a vesult
they were deformed. Rejuvenation (stumping) was performed in year 2000 that caused 3 years delay in cherry yield.

Table 1.
Mean yield and reaction to disease of the top 10 high yielding accessions for batch 1.

of 42 Arabica coffee selections collected from South Ethiopia in 1970, 1977, 1981 and
1985 and two standard cultivars used as checks. Among the 42 accessions evaluated
in the study, mean yield of the top 10 accessions and the standard checks over 4
years are summarized in Tables 4 and 5.

At Awada, combined analysis over 4 years showed that none of the top 10
accessions did better than the best check (75227) included in the study though
mean yield of the top two selections 1377 and 2081 were not significantly different
(P < 0.05) from 75227. However, the top nine accessions performed better than the
other check (744). Similarly, at Wonago, combined analysis over 5 years indicated
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Sr.No. Coll. No. Clean coffee yield in Qh ™ % CBD (visual)
2003 2004 2005 Mean 2004

1 96/34 23.81(23.92) 22.03(23.95) 28.90 (24.31) 18.68 (18.04) 0.01
2 96/33 20.64 (22.26) 38.20 (36.16)  12.94 (16.25) 17.94 (18.67) 0.01
3 96/1 32.51(32.62) 17.62(19.54)  19.15(14.56) 17.32 (16.68) 3.77
4 96/23 30.11 (31.73)  13.31 (11.27)  23.62(26.93) 16.76 (17.48) 2.03
5 96/58 32.38 (29.83) 8.97 (10.74) 21.24 (21.13)  15.65 (15.43) 0.00
6 96/11 19.51 (19.62)  22.72 (24.64)  19.78 (15.19)  15.50 (14.86) 0.00
7 96/22 22.48 (24.10)  21.29 (19.26)  16.81(20.12)  15.15 (15.87) 0.00
8 96/21 16.35 (17.97)  32.64 (30.60)  11.53 (14.84)  15.13 (15.85) 0.00
9 96/50 10.84 (12.46) 30.04 (28.01) 19.34 (22.65)  15.06 (15.78) 0.00
10 96/41 18.20 (19.02) 27.34 (25.68) 13.01 (14.40) 14.64 (14.77) 0.02
LSD at

0.05 6.84 14.14 10.52

0.01 9.59 19.83 14.76

Standard checks

1 74140 13.37 10.22 18.62 14.07 0.006
2 7487 15.29 16.59 12.77 14.88 0.003
3 7440 14.85 12.64 12.14 1321 0.003
4 75227 9.88 6.35 6.11 7.48 0.000
5 744 19.58 17.72 13.85 17.05 0.000
F test HS NS HS

LSD at

0.05 6.85 6.29

0.01 8.97 8.81

Cv (%) 18.2 4314 3213

“Figures in parenthesis are adjusted values.

NS and HS are nonsignificant and highly significant vespectively at P = 0.05 and 0.01. LSD values are used for
comparison between un-replicated treatments and replicated treatments. %CBD = percent coffee berry disease infection
level.

Table 2.
Mean yield and reaction to disease of the top 10 high yielding accessions for batch IL.

that none of the accessions out yielded the best check (744) though mean yield of
the top two selections 1377 and 2081 were not significantly different (P < 0.05)
from it. Nonetheless, all the top 10 accessions did better than the other standard
check (75227) though only the four of the top 10 selections significantly better than
75227. Except for two selections that showed wide adaptability both in terms of
yield and resistance to CBD, the rest of the accessions performed differently
confirming the fact that Ethiopian coffee landraces generally show specific location
adaptation [7].

The second trial, i.e., verification of Sidama coffee selections comprising 14
accessions including two standard cultivars, was established only at two locations in
a RCB design of three replications, spacing of 1.5 m x 2 m and plot size of 75 and 66
trees at Konga and Korkie demonstration sites, respectively in 2004. The first
cherry yield was harvested in 2007 (Table 6). Out of the 12 Sidama coffee selec-
tions evaluated in both locations, all the selections except one excelled the two
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Sr. Accessions Clean coffee in Qh ! CBD visual (%) CLR
No. visual®

1999 2003 2004 2005 Combined mean 2000 2004 Mean 2003

(03-05)
1 1377 19.34 21.45 2259 23.19 22.41 1.49 0.003 0.747 9.2
2 2081 21.35 16.06 38.39 12.18 2221 4.87 0.638 2754 4.75
3 85188 19.29 2436 27.24 13.26 21.62 893 0.381 4.653 19.85
4 3677 1591 26.68 19.24 18.39 21.43 8.04 0.628 4.332 26.85
5 2970 12.19 2353 25.42 14.98 21.31 10.16 0.003 5.081 13.4
6 85245 10.48 22.76 20.65 19.81 21.07 7.03 0.005 3.518 3.61
7 85180 1790 23.43 18.15 20.31 20.63 0.48 0.000 0.238 10.3
8 2181 17.48 21.44 23.01 16.84 20.43 13.85 0.388 7.120 17.65
9 3070 12.62 2859 21.33 10.19 20.03 3326 2625 1794 1435
10 85257 16.39 2235 15.01 20.34 19.23 0.38 0.006 0.191 22.35
Standard checks
1 75227 6.73 2428 26.75 26.00 25.68 0.18 0.009 0.09 0.39
(3.49)
2 744 12.67 19.18 10.25 31.61 20.35 0.24 0.003 0.12 5.11
(12.22)

F test HS HS HS HS HS
LSD at

0.05 464 461 770 6.12 3.59

0.01 6.13 6.09 10.16 8.08 4.73
Cv (%) 2422 1928 3171 34.33 28.49

“Figures in parenthesis are transformed value.
HS, highly significant at P = 0.01; CBD, coffee berry disease; CLR, coffee leaf rust.

Table 4.
Mean yield and reaction to diseases of the top 10 high yielding accessions at Awada.

standard checks in 2007 cropping season. However, relatively higher yield was
recorded for all the selections in Konga as compared to Korkie; and coffee berry
disease infestation was relatively higher for Konga than Korkie.

The third trial was proposed to be undertaken in two sets; consequently, seed-
lings of 16 selections and two standard checks were transplanted at three sites
(Awada, Wonago and Kumato) in August 2006. Set II was established in 2009. The
seedlings were well established in the fields of the three locations.

2.3 Coffee hybrid variety development activity

Several reports have described heterosis in Coffea arabica with average up to
30% hybrid F; cultivars [8-12]. In an effort to develop high yielding, CBD resistant
coffee hybrids that possess the standard quality of Sidama and Gedeo coffee in the
mid and high altitudes of the south, a hybridization experiment was initiated in
1996. Through series of observations made since 1998 for yield, CBD resistance and
quality of the crosses, it was possible to identify more than eight hybrids superior
over the standard checks for the traits considered. Moreover, a maximum over
parent heterosis of 44.6% for yield was obtained (4 years average data) for the 15
hybrids studied (Tables 7 and 8). Of these 15 hybrids, 8 of them exhibited average
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Sr.  Collection Clean coffee yield in Qh? CBD (%) CLR
No. No. . visual
ABT Visual (%)?
2001 2002 2003 2004 2005 Combined 2004 2003 2004 2003
mean
1 85259 536 9.98 2829 11.11 20.98 15.14 14.07 5.07 3.56 1.39
2 85238 855 9.53 2340 10.20 15.39 13.41 57.83 0.073 0.64 3.26
3 3670 6.80 10.54 24.94 1227 11.69 13.25 40.34 3.87 3.89 4.00
4 85294 6.53 9.69 25.87 11.98 10.98 13.01 68.19 145 1.09 9.66
5 85232 6.50 5.05 20.42 12.69 14.38 11.81 3773 920 8.89 1.86
6 1870 498 454 2322 10.63 15.33 11.74 49.94 238 163 14.55
7 1377 6.21 721 18.84 12.62 12.46 11.47 31.03 011 239 227
8 85257 6.11 6.07 2547 793 10.24 11.16 9.50 0.47 0.26 4.20
9 2077 717 596 2127 1195 9.30 11.13 41.02 991 1276 8.15
10 85296 715 7.84 2186 7.85 10.64 11.07 48.08 28.18 7.17 9.08
Standard checks
1 744 6.24 11.09 28.82 10.34 20.64 15.43 1230 012 0.01 0.81
2 75227 470 778 1690 10.13 14.95 10.89 354 0.01 0.30 0.48
F test HS HS HS HS HS HS
LSD at
0.05 336 320 622 4.68 554 2.10
0.01 445 399 822 618 732 2.76
Cv (%) 4539 4155 27.67 3891 40.19 37.53

“Figures in parenthesis are transformed values.
HS, highly significant at P = 0.01; CBD, coffee berry disease; CLR, coffee leaf vust; ABT, attached berry test.

Table 5.
Mean yield and reaction to diseases of the top 10 high yielding accessions at Wonago.

yield of above 15 qts/ha of clean coffee, which is well above the performance of the
standard checks included in the experiment [13]. Among these eight hybrids, five
(744 x 1377, 7440 x 2077; 75227 x 1377; 75227 x 2077; 75227 x 1681) were proposed
to be promoted to verification trial to confirm the repeatability of their performance
across locations and years since consistency of repeatability of technology perfor-
mance between research stations and farmers’ fields may not hold universally the
same, as there is high variability among farm conditions and response to improved
crop management is less favorable in farmers’ fields due to many conditions [14].
Variety verification experiments are designed to compare the superiority of new
cultivars identified as promising by variety trials over that of the farmers’ existing
practices. Ethiopian indigenous arabica coffee cultivars are location specific in
terms of good performance [15]. In the case of Southeastern Ethiopia coffee
improvement program, hybrids are currently being evaluated for yield, resistance
to major coffee diseases and quality parameters. Based on the 4 years data both high
yielders and disease resistant hybrids were identified [16]. Evidence showed that
there is a wide variation in environmental conditions within the southern coffee
growing areas (Sidama and Gedeo Zones) that important G x E interaction might
occur [16]. Therefore, the adaptability of these hybrids should be tested across
locations with larger plots to verify their response to yield, major coffee diseases
and other important characters.
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Sr. No. Selections Clean coffee yield in q/ha
Korkie Konga

1 85238 229 4.85
2 9718 4.45 4.93
3 85237 3.45 4.63
4 974 3.63 5.68
5 1377 522 5.75
6 9744 4.17 5.56
7 744 1.28 4.33
8 979 3.18 8.35
9 9722 2.07 6.97
10 85294 5.61 5.04
11 85259 121 2.15
12 85257 2.28 4.99
13 971 3.41 8.43
14 75227 1.30 2.58

“Selections 744 and 75227 were standavd checks (veleased CBD resistant cultivars).

Table 6.

Mean yield and reaction to diseases of the two selections and two standard checks.

3. The released south Ethiopian coffee cultivars
3.1 Angefa (breeder’s reference: selection 1377)

Awada Agricultural Research Center (AARC) has released an improved cultivar
named “Angefa” in 2006; which was high yielder and well adapted to Sidama and
Gedeo coffee growing areas. This cultivar was originated from this region and
represents the local coffee types plus positive advantages, i.e., resistant to coffee
berry disease, high coffee bean yield (24 qt/ha on research station of Awada) and
also superior qualities [17].

In relation to the previously released coffee berry disease resistant cultivars
originated southwest of Ethiopia, Angefa is highly preferred by coffee farmers of
Sidama and Gedeo Zones for its high vigor, yield advantage and quality characters
and it fits in well with the government’s strategy of strengthening the development
of local landrace coffee varieties. Currently Awada Agricultural Research Center is
the only source of seed for this cultivar and the demand for this cultivar in the
country is very high. Angefa was initially collected from Quoti Kebele of Wonago
district in Gedeo Zone of south Ethiopian region. It can be described as follows; it
has an open type of growth habit, bronze leaf tip color, can grow at an altitude
range of 1700-2000 m. The rainfall requirement of this cultivar is well above
1200 mm per annum. It grows best in Nitosol type of soil with the application of
125 kg DAP and 81 kg of Urea fertilizers per hectare. It can give 11 to 17 quintals of
clean coffee per hectare on farmers’ field. It requires 50% shade using common
shade trees like Milletia, Cordia, Albizia, Sesbania and Acasia species. A spacing of
2m x 2 m is the best recommended practice as the cultivar has open type of growth
habit. In reaction to major coffee diseases, it is resistant to CBD and moderately
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Sr. No. Hybrids Clean coffee yield in Qh 2
2003 2004 2005 Combined mean % Heterosis
OMP OBP

1 744 x 1681 34.78 39.44 31.04 35.08 59.85 50.17
2 1377 x 1681 29.41 45.15 20.41 31.66 36.17 35.53
3 75227 x 1681 24.77 48.08 18.19 30.34 62.12 29.88
4 744 x 2077 29.74 18.58 40.55 29.63 52.54 44.32
5 7440 x 75227 35.85 11.12 40.89 29.29 89.09 81.73
6 7440 x 1681 27.82 32.84 25.07 28.57 41.89 223
7 7440 x 1377 30.01 17.34 37.71 28.35 41.57 22.35
8 75227 x 1377 27.61 24.04 32.94 28.20 51.57 21.87
9 7440 x 2077 26.18 25.98 32.15 28.11 59.58 53.44
10 744 x 1377 29.75 16.81 35.58 27.38 25.40 18.32
11 75227 % 2077 22.61 34.05 23.78 26.82 65.61 46.4
12 2077 x 1681 20.66 40.85 14.69 25.40 21.88 8.73
13. 1377 x 2077 23.41 21.31 28.93 24.55 18.43 6.09
14. 744 x 7440 26.70 9.12 36.73 24.18 29.17 17.78
15 744 x 75227 25.00 14.65 26.02 21.89 26.53 6.62
Parents
16 744 18.71 12.68 30.21 20.53
17 7440 19.19 9.03 22.51 16.91
18 75227 10.45 18.50 13.26 14.07
19 1377 22.89 18.71 27.81 23.14
20 2077 13.36 23.07 18.54 18.32
21 1681 20.19 36.03 13.86 23.36
F test HS HS HS HS
LSD at

0.05 7.77 10.19 12.47 5.85

0.01 10.33 13.55 16.60 7.72
CV (%) 22.2 29.25 32.01 28.45

HS, highly significant at P = 0.01; OMP, heterosis over mid-parent; OBP, heterosis over better parent.

Table 7.
Mean yield of hybrids between south Ethiopian and southwest Ethiopian coffee genotypes at Awada.

resistant to CLR under field conditions both at Yirgalem and Wonago areas. It is also
characterized by Yirga Chefe type of cup test with best raw and roast quality.

3.2 Odicha (breeder’s reference: selection 974)

Odicha was released in 2010 by AARC for mid altitude (1740-1850 m) coffee
growing areas of Sidama and Gedeo zones of Southern Nations and Nationalities
and Peoples Region (SNNPR). It is characterized by high cherry yield potential
(above the checks) and moderately resistant to coffee berry disease and highly
resistant to coffee leaf rust under field conditions. It is also moderately and highly
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resistant to CBD and coffee wilt disease (CWD) in seedling inoculation test under
controlled evaluation facility, respectively. Odicha is well adapted to the region
even in marginal areas like Korke and has vigorous growth (with strong and tough
stem and branches) and highly acceptable cup quality. It is medium open in growth
habit which has very attractive appearance with manageable height and canopy
diameter. This cultivar has an open type of growth habit with strong and stiff stem.
The branches are very dense and uniformly distributed on the tree and are hori-
zontally spreading. The leaves are long and medium wide. Both matured and young
(leaf tips) leaves are green in color. Matured and ripe cherries are medium round
sized and red in color.

Odicha represents both the typical quality profiles of Sidama and Yirgachefe
coffee types which are spicy at Awada and floral at Konga. Besides its representa-
tion of quality profile of the locality, the cultivar has good and acceptable raw and
cup quality profile under appropriate and recommended processing method. Gen-
erally, it has comparable overall quality standard with the checks and typical flavor
profile representation than the standard checks.

Biennial bearing habit is the inherent characteristics of arabica coffee, which
predominantly contributes to irregularity of bearing from year to year. Cultivar
Odicha has revealed regular bearing habit within the acceptable range.

3.3 Fayate (breeder’s reference: selection 971)

Fayate was also released in 2010 by AARC for mid altitude (1740-1850 m)
coffee growing areas of Sidama and Gedeo zones of SNNPR. Fayate is highly
resistant to CBD and better performed in highland areas like Wonago and Konga
(Yirgachefe). In addition, selection 971 is resistant to CWD under greenhouse
conditions; hence this selection can be preferably promoted to areas where CWD
infestation is severe.

Fayate is characterized by high potential for cherry yield (above the checks)
with highly consistent bearing habit that is unlike to most cultivars of arabica
coffee. It is resistant to coffee berry disease both at visual and attached berry test
evaluations. It is well adapted to the region and with highly vigorous plant that
possesses strong stem, wider canopy, and strong and very long branches. It is
characterized by open type of growth habit with strong and stiff stem. The branches
are open and uniform across the tree. The type of branching habit is horizontal and
spreading. Matured leaves are narrow, short in size and green in color. The leaf tips
(shoot tips) are also green colored. It has round and medium sized cherries that
become red when ripe.

Fayate represents the typical quality profile of Sidama coffee types which is
characteristically known as spicy. It has good and acceptable raw and cup quality
profile under appropriate and recommended processing method. The cultivar pro-
duces very acceptable export standard bean size grading. Generally, Fayate has
comparable overall quality standard with the checks and typical flavor profile
representation than the standard checks (744 and 75227). Fayate expressed a fairly
regular bearing habit as evidenced by value of 36 over 7 years yield data at AARC,
while the standard checks 75227 and 744 showed 72.17 and 63.70 at this location,
respectively.

3.4 Koti (breeder’s reference: selection 85257)
Cultivar Koti was also released in 2010 by AARC for mid altitude (1740-1850 m)

coffee growing areas of Sidama and Gedeo zones of SNNPR. Like Fayate, Koti is also
highly resistant to CBD and better performed in highland areas like Wonago and
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Konga (Yirgachefe). Koti is characterized by an average potential for yield with fairly
consistent bearing habit. It is highly resistant to coffee berry disease and well adapted
to highland areas where coffee berry disease pressure is high. Its medium vigor
(manageable height and medium canopy) can be an advantage for close spaced
planting which is preferred by smallholder farmers. It also meets the standard quality
(Yirgachefe and/or Sidama type) of cup test which is not achieved by the southwest
released CBD resistant cultivars. It is characterized by intermediate growth habit and
light bronze leaf tip color. This candidate also showed stability in yield (in contrast to
specific adaptation behavior of arabica coffee varieties) as evidenced in the variety
trial conducted at Awada (mid altitude) and Wonago (high altitude).

This cultivar can be expressed by thin and flexible stem along with open type of
growth habit. Branches are shallowly (openly) distributed uniformly from bottom
to top. The orientation of branches is horizontal and spreading. Leaf tips are bronze
while matured leaves are dark green in color and broad and long in size. The
matured and ripe cherries are red colored, small sized and round shaped. In addition
the cherries possess persistent calyx that is a morphological marker for resistance to
coffee berry disease.

4. Genetic studies
4.1 Summary of genetic studies

Since Ethiopia is the primary center of origin and genetic diversity for C. arabica,
there is high genetic variability for yield and yield components, disease and pest
resistance, and other traits. Systematic studies conducted on genetic diversity ana-
lyses of Ethiopian coffee germplasm using morphological characters confirmed the
prevalence of enormous variation for economically important traits. Cluster and
principal component analyses conducted on 100 Hararghe coffee germplasm acces-
sions collected from 16 districts of East and West Hararghe Administrative Zones
with four standard checks using 14 quantitative characters produced six clusters. The
number of accessions per cluster ranged from five in cluster VI to 44 in cluster IIL
Moreover, the first four principal components explained 78.5% of the total variation
prevalent within the germplasm accessions out of which 38.5% was explained by the
first principal component. Similarly, a field experiment conducted on evaluation of
41 south Ethiopian coffee accessions with two standard checks of the southwest
Ethiopian origin using seven morphological agronomic characters, average of 3 years
data on severity of CBD and CLR infestations and clean coffee produced nine clusters.
The number of accessions per cluster ranged from one in cluster IX to 13 in cluster II.
Further, the first four principal components explained 82.63% of the total variation
prevalent within the germplasm accessions out of which 32.52% was explained by the
first principal component. The clustering pattern of the accessions revealed the prev-
alence of genetic diversity in the south and Southeast Ethiopian coffees for the
characters considered. The study highlighted the possibility of using accessions of the
distant clusters as potential candidates for the genetic improvement of both coffee
types through crossing and selection. However, these reports shall be further con-
firmed through molecular techniques of genetic diversity analysis using the same
material or germplasm.

4.2 Introduction to genetic studies

For any crop improvement program, a breeder depends on the variability pre-
sent in the germplasm collections in order to advance in production, bring about
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stability to different biotic and abiotic stresses or effect changes in crop character-
istics, and meet breeding interest [18]. In cognizant of this fact and in order to
alleviate the stated production problems, a concerted efforts of coffee germplasm
collection were undertaken for 3 years (1995-1997) from different coffee growing
areas of Central and Southeastern part of the south Ethiopian region which resulted
in the maintenance and evaluation of more than 350 coffee germplasm accessions at
Awada research sub-center. Moreover, in 1998 coffee germplasm collections were
conducted from different coffee growing areas of Hararghe by JARC and as a result
more than 900 accessions were collected and maintained at the center.

Several workers have estimated the extent of genetic diversity present from the
different sources of arabica coffee germplasm collections. For instance, a study by
[19] on second progeny arabica coffee collections of Ethiopian origin indicated the
prevalence of high level of variability in morphological, agronomic and biochemical
characteristics. The genetic diversity analysis conducted by [20] by employing
RAPD markers on cultivated and sub-spontaneous accessions of arabica coffee
confirmed the narrow genetic base of commercial cultivars (3 typica and 3 bourbon
types). On the other hand, they reported the existence of large genetic diversity
within the sub-spontaneous material, which consisted of 11 samples representing
the different coffee growing areas in Ethiopia. Further, they have suggested the
prevalence of an east-west differentiation in the Ethiopian coffee germplasm. Sim-
ilarly, Montagnon and Bouharmont [21] characterized 148 arabica coffee accessions
for phenotype diversity under field condition. They have evaluated the accessions
using 18 different morphological and agronomic traits by employing multivariate
analysis and identified two main groups in the coffee accessions. According to
them, accessions of group I have a more erect branching habit, narrower leaves, and
were more resistant to coffee leaf rust and coffee berry disease than accessions of
group II. They further opined that group I mostly contained Ethiopian arabica
coffee accessions collected from west of Great Rift Valley, whereas group II
contained commonly cultivated varieties throughout the world and Ethiopian
accessions collected from east of Great Rift Valley in Ethiopia (south and southeast
Ethiopia).

Though the reports of the above workers indicated the prevalence of lower
genetic variations in the south and southeast Ethiopian coffee types, there was no
systematic study conducted to quantify and verify the level of genetic diversity in
both locations using large number of samples. Rather the conclusions were drawn
from evaluation of few commercial cultivars originated from southeast Ethiopian
coffee growing region alone. Therefore, the objective of this review paper is to
report the major findings obtained from the systematic studies conducted on coffee
germplasms of both South and Southeast Ethiopian coffee growing regions so that
one may readily use it in the ongoing breeding program.

4.3 Research findings

Genetic diversity analysis was conducted at Wonago Agricultural Research Sub-
Station on 41 south Ethiopian coffee selections collected from six Woredas of
Gedeo, Sidama, and Wolayta zones along with two released coffee berry disease
(CBD) resistant cultivars originated from Southwest Ethiopia [22]. Data on seven
morphological agronomic characters vis-a-vis stem girth, plant height, number of
primary branches, number of stem nodes, length of longest primary branches,
canopy diameter and internode length of the main stem; percent disease infestation
levels on CBD and coffee leaf rust (CLF) and average of 3 years clean coffee yield
was obtained on the 43 genotypes. The ANOVA showed a highly significant differ-
ence among the genotypes for the seven morphological agronomic characters and
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yield. Southeast Ethiopian coffee population was stated to be of narrow genetic base
[20, 23], however, the findings of this study indicates the presence of wide varia-
tions among Southeast Ethiopian (Sidama, Gedeo and Wolayta) landrace coffee
populations located east of the Great Rift Valley. This might be attributed to the
differences in the type of collections used, i.e., forest coffee versus landraces.

The cluster analysis grouped the 41 south Ethiopian coffee selections and the
two southwest Ethiopian origin CBD resistant cultivars in to nine clusters
suggesting the prevalence of wide phenotypic variations in the coffee populations
(Table 9). The number of genotypes per cluster varied from one in cluster IX to 13
in cluster II. Cluster III contained selections only from Gedeo Zone (Yirgachefe &
Wonago districts). On the same manner, cluster V except one selection from
Wonago, was composed of selections obtained from Sidama Zone (Dale and Aleta
Wondo districts). The two CBD resistant cultivars (75227 and 744) used as checks
were grouped in clusters VI and VII where each cluster had three selections. The
selections from Wonago district distributed in to six clusters where seven out of 16
were grouped in cluster II. Similarly the selections from Yirgachefe district distrib-
uted in to five clusters where four out of 11 were grouped in cluster III. Relatively
low mean yield and higher scores of both CBD and CLR infestations characterized
cluster IX that contains only one selection from Yirgachefe district (Table 9).

The intra and inter-cluster distance (D?) analysis showed a highly significant
(P < 0.01) difference among clusters. The smallest inter-cluster distance (18.6) was
observed between clusters VI and VII while the highest (134.7) was between clusters
V and VIIL In most of the cases, the genotypes among the clusters were significantly
(P < 0.001) divergent from each other. Considering the intra-cluster (within cluster)
distance, no significant genetic dissimilarity was detected (data not shown).

The first four principal components with eigenvalues greater than unity
explained 82.63% of the total variation among the 43 genotypes for the 10 quanti-
tative characters measured. Principal component one accounted nearly one third
(32.52%) of the total variation. In light of the results obtained from the PCA, it may
be possible to deduce that more than half (53%) of the variation obtained was
primarily due to number of nodes, primary branches, and plant height.

Similarly, genetic diversity analysis was conducted at Awada Agricultural
Research Sub-Center on 100 coffee accessions collected from 16 districts of East and
West Hararghe Administrative Zones along with four released coffee berry disease

Woreda Clusters Total selections per Woreda

I Inm m I1v Vv VI VI VI IX

Yirgachefe — 4 4 1 — 1 — — 1 11
Wonago 3 7 2 1 1 1 1 — — 16
Dale - = = 2 — _ _ _ 2
Aleta Wondo 1 R — 1 1 — 7
Sodozuria B — — 1
Bolososore —_ = = = = = 1 1 — 2
Southwest _ - - - — 1 — 1 — 2
Unknown 1 - 1 - - - — — — 2
Total 5 13 7 3 5 3 3 3 1 43

Source: Mesfin et al. [22].

Table 9.
Distribution of the 43 genotypes over nine clusters based on the 10 characters considered in the study.
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(CBD) resistant cultivars originated from Southwest Ethiopia [24]. Data on 14
morphological agronomic characters vis-a-vis plant height, internode length of the
stem, internode length of branch, number of internodes of the stem, number of
internodes on the longest primary branch, total number of internodes per plant,
canopy diameter, stem diameter, leaf area, number of primary branches, angle of
primary branches from the main stem, number of secondary branches, length of the
longest primary branch and average length of primary branches was obtained on
the 104 genotypes. The ANOVA showed a highly significant difference among the
genotypes for all the 14 characters considered in the study suggesting the presence
of high variability among the accessions. In view of this, it may be reasonable to
state that there is a good chance to improve Hararghe coffee accessions through
selection and breeding.

The cluster analysis grouped the 104 coffee germplasm accessions into six clus-
ters (Table 10). The size of cluster varies from five accessions in cluster V to 44
accessions in cluster III. Clusters I, II, and IV contained accessions mainly from the
Western Hararghe districts whereas clusters III and V had almost equal number of
accessions from both east as well as West Hararghe districts. The five accessions in
cluster VI were from the two districts of West Hararghe out of which four origi-
nated from Kuni and only one from Chiro District. Three of the CBD resistant
cultivars (75227, 74165 and 74140) used as checks were grouped in cluster I, where
middle to high altitude accessions from Western Hararghe districts was most fre-
quent. The fourth check, F-59 was grouped in cluster II, confirming the fact that
this cultivar was distinctly different from the rest standard checks in morphology
and geographical origin. It was evident that the accessions from Eastern Hararghe
districts’showed close similarity (Table 10) with regard to their clustering patterns.
For instance, the germplasm accessions from Gursum, Bedeno and Dedder Districts
were found to be distributed in clusters II and III. On the other hand, accessions
from Kombolcha, Girawa and Meta were scattered in clusters I, II and III where
majority of their accessions were grouped in cluster III. In general, cluster III
represented 58.5% of the germplasm accessions from Eastern Hararghe districts.
Similarly, more than 65% of the germplasm accessions from Darolabu, Mesela and
Tulo Districts of Western Hararghe were concentrated in cluster III. Accessions
from Habro and Boke Districts appeared in the same clusters, i.e., clusters I, II, and
I1I, even though, majority of their accessions appeared in the first two clusters. The
germplasm accessions of Girawa, Bedeno, Kuni, Chiro, Mesela and Habro Districts
were found distributed their accessions in four different clusters, which suggested
that the germplasm accessions from these districts were relatively more variable. In
respect to the remaining districts, the accessions were found distributed in two or
three clusters, probably reflecting less variation among germplasm accessions
within a particular district.

Zone Cluster Total accessions
I II III v v VI

East Hararge 6 6 24 2 3 — 41

West Hararge 1 13 20 7 3 5 59

South west Ethiopia* 3 1 4

Total 20 20 44 9 6 5 104

*Represented standard checks.
Note: This table was extracted from the dendrogram. Source: Mesfin and Bayetta [24].

Table 10.
Distribution of the 104 coffee genotypes over six clusters based on quantitative traits.
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Based on Mahalanobis’s D? statistics, highly significant inter-cluster distances
were obtained. Cluster II showed the maximum and significant genetic distance
(102.12) from cluster VI. Further, the inter-cluster distances between clusters I and
V,Tand VI, IIand IV, Il and V, IT and VI, Il and VI, IV and V, and V and VI in that
order were found to be highly significant. The first four principal components
explained 78.5% of the total variation. Principal component one accounted more
than one third (38.5%) of the variation. In light of the results obtained from princi-
pal component analysis, it may be possible to deduce that maximum variation
(38.5%) accounted by principal component one was represented by such quantita-
tive characters as length of the longest primary branch, stem diameter, total num-
ber of internodes per plant and total number of primary branches per plant.

The cluster analyses conducted for both locations, i.e., South and Southeast
Ethiopia failed to clearly show relatedness of the selections due to geographical
origin. Rather it is evident that there is overlapping of clustering patterns in respect
of all Woredas, which could be explained as lack of differentiation among Woredas
arising partly due to gene flow [25]. In light of the results obtained from the
principal component analyses, it may be possible to deduce that more than half
(53%) of the variation obtained in the south Ethiopian coffee was primarily due to
number of stem nodes, primary branches, and plant height. Similarly, length of the
longest primary branch, stem diameter, average length of primary branches, total
number of internodes per plant and total number of primary branches per plant
were the five important characters that contributed most to the total variation in the
first principal component. This perhaps emphasized the significance of these char-
acters to the appraisal of genetic diversity in the south and southeast Ethiopian
landrace coffee populations in that order.

4.4 Conclusions and recommendations

Overlapping of the clustering patterns of the accessions from different districts
of both locations indicated lack of differentiation among districts to a certain extent.
Moreover, germplasm accessions from western Hararghe districts were relatively
more variable in their clustering patterns as compared to eastern Hararghe districts.
Based on this, it can be inferred that western Hararghe could serve as a potential
source of variability for Hararghe coffee. Similarly, selections from Gedeo Zone
were more divergent than selections of Sidama Zone though relatively greater
number of selections was considered from Gedeo Zone. Further, it is also possible to
state that quantitative characters studied significantly contributed to the elucidation
of genetic diversity prevalent in the region.

The significant inter-cluster distances between clusters indicated that there is a
high opportunity for obtaining transgressive segregates and maximize heterosis by
crossing germplasm accessions belonging to these clusters. Therefore, the grouping
of accessions by multivariate methods could be of considerable practical value to the
coffee breeders so that representative accessions could be chosen from such clusters
for hybridization programs. Moreover, the quantitative characters vis-a-vis number
of stem nodes, primary branches, plant height, length of the longest primary branch
and stem diameter could be used as a selection criterion for improving the produc-
tivity of the crop since they represent the lion’s share in the variability of the coffee
population in the specified area.

4.5 Gaps and challenges

The number of germplasm accessions, the locations (number of districts) and
the number of characters considered for the south Ethiopian coffee were small,
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moreover, the germplasm collections from the Southeast Ethiopia (Hararghe zones)
were appraised at pre-bearing stage only. It is however, necessary that the expres-
sion of different characters need to be studied with additional accessions over
several bearing years. Furthermore, additional traits of interest and molecular tech-
niques may be very useful in order to further confirm the present encouraging
result that indicated the presence of considerable variations within South Ethiopia
and Hararghe coffee populations that provides immense potential for the develop-
ment of improved varieties from the local landraces for the area.

4.6 Future directions

The studies brought out that Gedeo Zone and Western Hararghe appeared to be
the target areas for future intensive germplasm exploration endeavors of both
locations. In the meantime, evaluation of the maintained germplasm collections for
yield, quality and disease resistance must continue to provide improved cultivars
for coffee growers of both regions in the shortest time possible to minimize the risk
of losing smallholder coffee orchards challenged by the severe competition with
chat (Catha edulis) especially in the Hararghe coffee growing districts.

Genetic diversity analysis using molecular techniques should be conducted on
those germplasm accessions so as to confirm the results obtained and avoid
duplications of accessions or genotypes. Moreover molecular markers shorten the
lengthy conventional breeding scheme through the use of marker-assisted
selections.
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Chapter 4

Grafting in Horticultural Crop
Species: Effective Pest and Disease
Management Technique with
Potential in Michoacan, Mexico

Juan Carlos Alvarez-Herndndez

Abstract

The grafting technique is an effective alternative in crop management, specifi-
cally for the management of pests and soil pathogens; therefore, it has been recog-
nized in all agricultural areas, which makes the a horticultural production technique
more respectful with the environment. In general, this technique has been widely
used in fruit growing; however, it has also been of great importance in the produc-
tion of vegetables worldwide. In vegetables, the same principles applied to the graft-
ing of fruit trees are followed, as well as specific requirements, such as controlled
climatic conditions and greater care. In Michoacan, Mexico, by the phytosanitary
condition in cucurbits, Solanaceae, and Caricaceae, the use of rootstocks with
specific resistance characteristics offers an option for the recovery of soils, without
repercussion in the environment. Although in Mexico this technique has been little
exploited, in Michoacan, it is innovative in crops of Solanaceae, Cucurbitaceae, and
Caricaceae. The use of grafted plants helps to improve the conditions of the crop,
but also, if this technique is included in a program of integrated management of
pests and diseases, it ensures the success of the production.

Keywords: approach grafting, cleft grafting, grafting, papaya, rootstock, tomato,
watermelon

1. Introduction

In theory, the graft is the union of two or more pieces of living tissue, which
once joined together develops as a single plant [1]. This combination of desirable
characteristics consists of the removal of buds of a plant that is called graft and the
root that is provided by a plant that is called rootstock [2]. The production of plant
grafts has been widely expanded for fruit tree and vegetable crops, and different
studies have shown that the success of the crop depends on the rootstock selected
when compared with non-grafted plants [3].

In some countries, the grafting technique has been integrated into the scheme
of agricultural work as an effective alternative in the management of the crops.
Therefore, it has been recognized in all agricultural areas, which makes it a tech-
nique of horticultural production more respectful with the environment [4]. With
this technique, the tolerance of the root system of the rootstock and the favorable
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productive characters of a susceptible variety are used. In vegetables the same
principles applied to the grafting of fruit trees are followed, in addition to con-
trolled environment requirements and greater post-graft care. So, the use of similar
rootstocks strengthens and gives vigor to plants, therefore keeping nematodes and
diseases controlled for longer than a plant that has not been grafted [5, 6].

Although there is evidence that the art of grafting was known to the Chinese
from 1000 years ago before Christ [1], the grafting technique has its beginnings
in the 1920s in watermelon grafted on pumpkin (Cucurbita moschata Duch) as
rootstock, to confer resistance to wilt caused by Fusarium. Currently this tech-
nology is practiced successfully in Cucurbitaceae and Solanaceae in Asia and in
Mediterranean countries [7]. The use of the grafting technique has been aimed
at improving crops such as fruit trees and vegetables, to get their development
under varied agronomic conditions [8]. It improves the resistance of crops to
biotic and abiotic stresses such as salinity [9], drought tolerance [10], and nutri-
ent deficiency [11], and this technique can be an important tool to improve fruit
quality.

In Mexico, this technique is recent; however, the advantages of using itasa
substitute for fumigants can counteract the main phytosanitary problems that
limit the production of crops. Otherwise, in the State of Michoacan, like other
states of the Mexico, the various contrasts give rise to different production systems,
which favor the establishment of different crops. Despite being a predominantly
agricultural territory, it has been severely affected by the production system of the
monoculture type and the indiscriminate use of agrochemicals, which has caused
resistance of pests and pathogens difficult to control by conventional systems.
Therefore, among the management alternatives, we can see the use of the graft.
Given the phytosanitary situation presented by Cucurbitaceae and Solanaceae in
the State of Michoacan, the use of rootstocks with specific resistance characteristics
offers an option for the recovery of soils, without repercussion in the environment.
As mentioned, in our country this technique has not been fully exploited, in the
State of Michoacan, it is new and innovative in the cultivations of Solanaceae,
Cucurbitaceae, and Caricaceae.

2. Productive importance of tomato, watermelon, and papaya with graft
potential

Mexico is located in a privileged geographic position, which favors the environ-
mental conditions for the development of different crops in open field, and where
the conditions are restrictive, crops are grown in greenhouses. Among the crops of
economic importance and with potential of graft are tomato (Solanum lycopersicum
L.), which is the second most important horticultural crop after potato; watermelon
[Citrullus lanatus (Thunb.) Matsum. & Nakai], being an herbaceous creeping
plant with 6 m in length in its branches and a highly valued product for its quality
of freshness, mainly in hot seasons, and palatability in any season of the year; and
papaya (Carica papaya L.), of the fast growing fruit species that is widespread in
tropical and subtropical regions. The annual consumption per capita in these spe-
cies is tomato, 14.3 kg; watermelon, 3.7 kg; and papaya, 6.4 kg [12].

According to STAP-SAGARPA [13], in the last years at national level, the culti-
vated area has presented variable trends in tomato and watermelon, with greater
amount of hectares cultivated in the year 2010, and as the years pass until the year
2017, they were reduced in 11% and 14%, respectively. However, this trend differs
in the total production and the yield per hectare, since percentage of the year 2010
to the year 2017 for the tomato increased 33% and 22%, respectively, and for the
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vvsituation for papaya, the cultivated area, the total production, and the yield per
hectare, the trend always has been increasing from 2010 to 2017 (Table 1).

The record of the last years in the State of Michoacan has been unstable in the
harvested area, total production, and yield in the three crops. However, from 2010
to 2017, the trend has been mostly upward (Table 2).

For its part, the various activities related to the production of tomato, watermelon,
and papaya in the State of Michoacan are of great importance because they generate
direct and indirect jobs, as well as being the sustenance of many families. Given the
economic and social importance of these crops, their production is necessary under
efficient and sustainable systems. The choice of genotypes, plantation density, phyto-
sanitary management, and the incorporation of the grafting technique are fundamen-
tal practices to achieve higher yields and improve the quality of fruits. Nevertheless,
ignorance of the correct application negatively impacts the production.

3. Current situation of potentially graft species

Tomato is one of the crops with the greatest phytosanitary problems [14], which
have represented a serious problem due to the use of insecticides. This causes the
death or many natural parasites of insect pests and creates genetic resistance to
insecticides [15, 16]. Diseases are another limiting factor in the production of
tomato [17]. Viral pathogens are disseminated by insect vectors, fungal and bacte-
rial. Also, pathogens disseminated by seed, irrigation water and wind mean a
potential danger in extensive areas of monoculture.

To achieve health in crops, measures of exclusion, eradication, and protection
are used, in the context of an integrated control and use of resistant cultivars. In
tomato, the theory on plant resistance has served as the basis for the development
of varieties resistant to pathogens and insects, whose main source of resistance is
found in wild plants [18-20]. Among the strategies to induce resistance, the con-
ventional improvement by hybridization [21] and, another perhaps less used, the
grafting technique can be distinguished [22].

Watermelon is cultivated during two cycles per year (autumn-winter and
spring-summer), in irrigation and temporary. Wilt caused by Fusarium is consid-
ered a disease that gradually deteriorates the vigor of watermelon [23]. Also, root-
knot nematodes are associated with watermelon [24]. Moreover, due to influence
of agroclimatic factors and crop management, the production systems are varied
[25], so the use of arbuscular mycorrhizae [26] and use of adapted genetic material,
diploid or triploid hybrids [27], all contribute to obtain better yields.

Therefore, it is feasible that watermelon with management practices such as
mulching, technified irrigation, and sowing methods different from the conventional
one would considerably improve the productive system and competitiveness [28].
By its nature, watermelon genotypes have a high productive potential, which leads to
determine their agronomic behavior to the environmental conditions of each region.
Grafting technique is recognized in the agricultural ambit, and effective without
negative impact on the environment, this condition is revalued with the imminent
prohibition of the use of methyl bromide and its nonpolluting effect [4].

Papaya, in some stages within the production process, presents various kinds
of problems. There is evidence that over time when the monocultures are continu-
ously established, they bring with them the proliferation and resistance of pests and
diseases, in which its management is difficult and has influences in the yield; also
this crop requires answers oriented to the high productivity, where the densities and
the nutrition play an important role. The alternatives to address the phytosanitary
and physiological problems revolve around the improvement of the crop, and this
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can occur through the hybridization and crossings of materials, also selection of
seeds, genetic engineering by including resistance genes, and in vitro propagation,
all of them with the complexity of the processes and the response times. Particularly,
tissue culture techniques such as micropropagation [29] both for organogenesis [30]
and somatic embryogenesis have been considered for the in vitro propagation of this
species; however, as biotechnological methods are until the present more expensive in
relation to the use of seed, it is limited, only to hybrid genotypes that it justifies [31].
In papaya by its polygamous character, with three basic types of flowers, stami-
nated, pistillate, and hermaphroditic, the typical propagation by seed is hindered
by variability in the expression of the sexual characters and subsequent shape of
the fruits. Therefore, the asexual propagation through the grafting technique would
improve the papaya industry [32], since through the graft it is possible to maintain
the original characteristics of the mother plants, in addition, to increase the yield,
reduce height, and improve fruiting; some studies support it [33-35].

4. Grafting use in horticultural crops

In herbaceous plants, the union between the rootstock and graft is carried out by
the formation of a callus of parenchymatous tissue, a structure that is differentiated
to cambium tissue, which will give rise to the xylem and phloem, with which the
union between vascular bundles of both individuals is restored.

It is worth mentioning that the fumigation of the soil with methyl bromide to
control some soil pathogens was until recently considered one of the main factors
for the success of the production of Cucurbitaceae and Solanaceae. However, the
banning of methyl bromide and the lack of tolerant or resistant cultivars to biotic
stress have increased the interest by the use of the grafting of vegetables [4, 36].

Some cases are mentioned on the use of grafts in the induction of resistance to
pests and diseases. From the beginning, the grafting technique was used for the
management of soil pathogens; currently it includes Cucurbitaceae and Solanaceae,
in species of Citrullus lanatus, Cucumis melo, Cucumis sativus, Solanum lycopersicum,
Capsicum annum, and Solanum melongena [37].

Cucurbitaceae are grafted on pumpkin rootstocks (Cucurbita moschata Duchesne
and Cucurbita maxima Schrad) to confer resistance against soil pathogens [38];
Phytophthova capsici is one of the main pathogens of global importance in C. ann-
uums; likewise, its management has been achieved by grafting [39], in S. melongena
to control of E. oxysporum f. sp. melongenae [40].

On the other hand, environmental stress represents the condition with the
greatest limitation for horticultural productivity and use of plants. The temperature
causes economic losses of yield, also the reduction in the growth and development
of the plant, caused by wilting and necrosis, affecting delay of floral induction and
formation and fruit maturity [41]. According to the species of Cucurbitaceae, the
threshold temperature for growth of sensitive cultures is between 8 and 12°C [42].
In the range of 25-30°C, the metabolic rates increase exponentially. Under these
thresholds, many horticultural crops suffer physiological disorders which, accord-
ing to intensity and length of exposure, subsequently lead to irreversible damage
and death of the plant [43]. As an efficient alternative to control the temperature,
the use of rootstocks is presented; since there are commercial cultivars tolerant to
low temperatures, these rootstocks are recognized as a promising tool [44].

The success of the grafting depends on several factors, including union and
compatibility of the graft, quality and age of seedlings, quality of the union, and
post-grafting management [45]. In herbaceous species several grafting techniques
have been used, and most of them coincide in some general criteria, such as
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performing it in the first stages of development of the plants (presence of cotyle-
donous leaves or first true leaves), plants under controlled conditions of tempera-
ture and environmental humidity during the period of formation of the union
callus, and the subsequent acclimatization to environmental conditions.

4.1 Herbaceous grafts

The most common graft is the approach. The two individuals are sown at the
same time, and when they reach 12-15 cm in height (four or five leaves), a cut is
made inclined downward with a knife. This cut is made in the space of the stem
between the cotyledonal leaves and the first leaves of the rootstock. The cut should
be minimal and only reach half of the herbaceous stem. In the same way and in
the same position, the stem of the graft is cut; instead, it will be directed upward
so that the two small lips can fit as closely as possible. Finally, the grafting point is
closed with small pincers or a little aluminum foil like band or some fixation device.
To simplify the handling and reduce the time invested in the graft, the plants are
removed from their pots before the operation and just after the graft are put back in
the same pots to which soil is added, as if it were a transplant. In conditions of tem-
perature of about 20-25°C and with a high humidity (covered with plastic bags),
from 8 to 10 days, the graft will have joined, and it can proceed to cut the aerial part
of the rootstock and the basal area of the graft [46].

Simple splice graft. A diagonal cut is made through the rootstock seedling just
above the cotyledons. On the cut end of the pattern, a piece of thin-walled polyeth-
ylene pipe, of the appropriate diameter, is slid to give a good fit. The basal end of
the scion receives a diagonal cut similar in length and inclination to that made in the
pattern. The prong is slid into the plastic tube until the two cut surfaces are in close
contact. The tube is held in place until healing occurs, about 12 days after grafting.
If there are no leaves and the buds have not grown, the tube can be removed by
sliding it over the scion; otherwise it can be cut with a razor blade [1].

In another procedure used to graft on herbaceous rootstocks, the cleft graft
is used (but with a single scion), which consists of making a cut in the stem of
the variety 1.5 cm below the cotyledons and making a bevel of 0.6-1.0 cm at its
extreme; in the rootstock the apical bud is removed, and a slit is made between the
cotyledons, to the center of the stem and down to 1-1.5 cm in length; then the graft
union is inserted and tied with rubber bands or latex adhesive tape. To prevent the
grafted plant from drying out, it is covered with a polyethylene bag, placed in the
shade until the graft has healed, and then the plastic cover is removed [1].

Lateral slit graft. This method is practiced by making a cut in the rootstock above
the first leaves and practicing a slight lateral incision directed downward (almost to
the middle of the stem) along the space between the leaf that has not been cut and the
two cotyledonal leaves (between 1 and 2 cm below the cutoff point). Then, the aerial
part of the graft is separated, wedge-shaped and inserted into the lateral crack of
the rootstock, and tied. The leaves of the rootstock are left to allow continuity of the
absorption activity of the rootstock plant and to favor the union of the scion. Once the
graft has been welded, it must be removed with the part of the stem that was left, as it
could develop the axillary bud of the leaf and cause the graft to fail [46].

5. Grafting experiments in horticultural crops in Michoacan, Mexico
Given the phytosanitary situation presented by the horticultural species in

the State of Michoacan, the use of rootstocks with specific characteristics offer an
option for the recovery of soils, without repercussion in the environment.
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So in integrated management, one of the strategies is plant resistance, where the
technique of grafting plays fundamental importance; in Mexico, there are few
documented works on grafts in vegetables and their resistance to pests and diseases
[47, 48]; however, graft tests have been performed on tomato, watermelon, and
papaya with spontaneous and cultivated plants and with positive results. Although
it is true, in Michoacan, Mexico, this technique has not been fully exploited. In

the State of Michoacan, it is new and innovative in the cultivations of Solanaceae,
Cucurbitaceae, and Caricaceae.

5.1 Grafting in tomato

In Solanaceae, particularly the tomato as a species very susceptible to the attack
of phytophagous insects and soil pathogens, apparently Solanum lycopersicum var.
cerasiforme as a tomato rootstock shows resistance to the fungus Alternaria solani
[49] and tolerance to psyllid Bactericera cockerelli [50] and to the aphid complex
[51]. Likewise, although this rootstock comes from different geographical points, it
does not demerit the phenological and fruit characteristics of the tomato placed as a
graft; it also favors fruit yield [52]. These qualities served as the basis for developing
the broader study [53].

Based on the above, with the objective of evaluating the incidence of the main
diseases in tomato grafts on the rootstock S. lycopersicum var. cerasiforme collected
in three regions of Michoacan and a collection from the State of Tabasco, Mexico,
the cv. Toro® tomato commercial was used as a graft. The experiment was carried
out in the Apatzingan Valley, Municipality of Paracuaro, Michoacan, Mexico. In
the management of the plantation, the use of pesticides was avoided. The evalu-
ation integrated six tomato grafts: Grafted Small Apatzingan (G-SAp), Grafted
Big Apatzingan (G-BAp), Grafted Acahuato (G-Ac), Grafted Los Reyes (G-LR),
Grafted Jiquilpan (G-Jiq), Grafted Tabasco (G-Tab), and Tomato (Tom)-like
control. The treatments were established in field, under a completely randomized
experimental block design. Weekly samplings were carried out to determine the
incidence and distribution of diseases during the cycle. Sick tissue was collected to
determine the causative agent. The analysis of plants with virus symptoms threw
positive results, where the Geminiviridae group was identified. For viral diseases,
incidence and severity were considered. The diseases registered were “damping off”
caused by A. solani-Fusarium sp. complex and virus. According to the general analy-
sis of the response of the grafts to the incidence of the present diseases, the treat-
ment G-LR showed total resistance to “damping-off,” but not to A. solani-Fusarium
sp. complex, since to this disease, only the treatments G-SAp and G-BAp presented
resistance. Regarding viral disease, all treatments were susceptible (Table 3). When
the incidence of Geminiviridae was evaluated based on severity, the results were
different. For example, treatments with degree of severity 3 (medium damage)
were the G-BAp, G-SAp, G-Tab, and Tom, with percentages of infected plants from
5.26 t0 27.27%. Level 4 (total damage) was not present (Figure1).

The use of S. lycopersicum var. cerasiforme as rootstock does not influence the
physical-chemical characteristics (pH, soluble solids, moisture content) of fruits
in grafts compared with tomato. However, these characteristics in ecotypes of S.
lycopersicum var. cerasiforme are inferior compared with the grafts and the tomato,
that is, the grafted plants and the tomato have pH between 4.45 and 4.52. So, it
is suggested that the pH is less acidic than that of the fruits of S. lycopersicum var.
cerasiforme, which is between 4.77 and 5.37 [54]. At respect, it has been observed
that in grafted tomato plants, the pH was less acidic (4.04-4.30) than in the plants
without grafting (4.35-4.47) [55]; however, this variation was minimal because in
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Treatment Disease
Damping-off A. solani-Fusarium sp. complex Virosis

G-BAp 46.00  6.92ab 0.00 £ 0.00a 5267+21.124
Tom 25.00 +10.00bc 16.66 + 10.40a 17.03 + 13.96a
G-SAp 16.66 + 11.54bc 0.00 £ 0.00a 30.33 +15.17a
G-Ac 10.23 + 11.70cd 512+ 443a 12.93 + 788a
G-Jiq 8.33 +10.40cd 1.66 +2.88a 19.33 £ 7.37a
G-Tab 6.56 + 6.50cd 6.66 + 6.66a 21.00 + 8.71a
G-LR 0.00 + 0.00d 444 +3.84a 15.07 + 13.79a

‘Means + standard deviation, data subjected to arcsine transformation of the square root of the ratio.
Different letters in the same column indicate significant differences between means (Tukey, 0.05).

Table 3.
Incidence of “damping-off,” A. solani-Fusarium sp. complex and virosis in tomato grafts under field conditions.
Paracuaro, Michoacan [53].
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Figure 1.
Distribution of severity levels of Geminiviridae in different epidemics of tomato grafting under field conditions
in Paracuaro, Michoacan: 1 = no damage, 2 = start of damage, 3 = medium damage, 4 = total damage [53].

commercial varieties, the pH is between 4.2 and 4.4 [14]; other authors [56] did not
find significant statistical differences between grafts (4.33-4.41) and control 4.34.
Regarding soluble solids, the concentration in fruits was higher in S. lycopersicum
var. cerasiforme with 7.5-7.75°Brix, unlike the grafts and the tomato with values
6.25-7.0°Brix, respectively [54]. The range of the cultivated varieties is between 4.5
and 5.5°Brix; although more than the varietal character, the agroecological factors
influence the content of soluble solids because they can vary the °Brix for fruits of
the same variety between 4 and 7 [14]. Other studies have not found differences
in the °Brix of grafted and ungrafted plants [52], with values of 3.95-4.7°Brix for
grafted plants and 3.95-4.95° Brix for non-grafted plants. Similarly, others report
values of 3.1-4.0°Brix in grafts and 3.68°Brix in control [56]. The humidity percent-
age had a similar behavior only that S. lycopersicum var. cerasiforme presented lower
humidity (88.39-91.33%) in comparison to the grafts and the tomato that had val-
ues of 93.99-97.44% humidity [54], differences that may be due to the wild origin of
S. lycopersicum var. cevasiforme. The humidity values reported for the tomato are 94
and 95% [14, 57], which are similar to those found in our grafts.
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5.2 Grafting on watermelon

The species of Cucurbitaceae that are commonly grafted are watermelon, canta-
loupe, and cucumber. There are some rootstocks compatible with the three species
[37]. Regarding diseases in cucurbitaceae, of the most important and that has been
achieved better by grafting are those caused by pathogenic fungi, the wilt caused by
FE. oxysporum f. sp. niveum, being the most important. Pathogenic viruses transmit-
ted from the soil and root-knot nematodes [58] are also important. Currently, in
several countries hybrid rootstocks of wild origin or cultivated species are resistant
to Meloidogyne spp. [4].

During the 1980s, the region of Apatzingan Valley, Michoacan, was positioned
among the seven main states producing watermelon, with the advantage of present-
ing the ideal environment for cultivation during the autumn-winter cycle; however,
their participation gradually decreased by more than 50% of the area originally
intended for cultivation [59]. This reduction in agricultural land is attributed to
several factors, such as the lack of more information about the evaluation and
application of technical components for crop management and sustainable control
of pests and diseases. Particularly, the wilt caused by Fusarium is considered a
disease that gradually deteriorates the vigor of watermelon and cantaloupe [23]. In
the Apatzingan Valley, its control came to represent 60% of the cost of cultivation,
the effect of which had an impact on the quality and quantity of the crop, the reason
that explains the reduction of the area dedicated to its cultivation. With respect
to the root-knot nematode, it has been associated with different crops in the same
region; in fact in a reported study [24], Meloidogyne spp. was identified in water-
melon and cantaloupe and was considered a potential danger for Cucurbitaceae,
since its presence causes galls in roots and decreases production. Therefore, with the
objective of evaluating two rootstocks for watermelon, in two plantation distances
(densities), tests were developed in a property located in the Apatzingan Valley,
Michoacan, with a history of phytosanitary problems. To confirm the above in the
selection of the study site in different plots, microbiological soil and root analyses
were carried out to determine the existence of nematodes, bacteria, and fungi,
particularly Fusarium (Table 4).

The experimental design proposed was randomized complete blocks. Six treat-
ments were evaluated, triploid watermelon grafts on two rootstocks and triploid
watermelon without grafting, all at two planting densities (4166 and 2083 plants/
ha), conforming the following treatments: triploid watermelon graft on “Super
Shintosa” rootstock at a density of 4167 plants per hectare (G-RSS 100), triploid

Sampled Nematodes Bacteria Presence of
land Presence Cucurbitaceae Fusarium
Tolerance Economic
limit (No.) threshold (No.)
Crucitas + 2-49 >50 294 x10° +
Y Griega + 2.53x 10 +
Pozos
Y Griega + 1.39 x 10° +
Cd. Morelos + 3.01x 10° +

'CFU/g d.s. = colony-forming units per gram of dry soil.

Table 4.
Results of the microbiological analysis of infested soils of agricultural lands of the Apatzingan Valley,
Michoacan [60].
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Treatments Triploid crunchy red
Soluble solids Pulp hardness pH Barkwidth  Pulp width Moisture
(°Brix) (kg/cmz) (cm) (cm) content (%)

G-RSS 100 11.72 1.94 be 5.20 143 ¢ 15.59 b 91.13
G-RSS 50 11.78 2.02ab 5.30 1.45bc 1763 a 9116
G-RR 100 11.74 212a 5.27 1.50 ab 1729 a 90.97
G-RR 50 11.53 211a 5.27 1.45bc 1727 a 90.94
C-100 11.46 1.86¢ 5.29 1.53a 10.67d 91.83
C-50 11.46 170d 5.27 153a 13.55¢ 91.27
p 0.17 0.00 0.87 0.00 0.00 0.28
CV. 1.59 2.79 191 142 393 0.51

Table 5.
Qualitative aspects of watermelon fruits grafted in two population densities [60].

watermelon graft on “Super Shintosa” rootstock at a density of 2083 plants per hect-
are (G-RSS 50), triploid watermelon graft on “Robusta” rootstock at a density of
4167 plants per hectare (G-RR 100), triploid watermelon graft on “Robusta” root-
stock at a density of 2083 plants per hectare (G-RR 50), and triploid watermelon at
a density of 4167 plants per hectare (C-100) and triploid watermelon at a density of
2083 plants per hectare (C-50) as controls. Regarding the qualitative characteristics
of the fruits, the statistical analysis showed significant differences in the variables
hardness of pulp, width of bark, and width of pulp, where, with the exception of
the width of bark, the control treatments were exceeded in both densities. Although
statistically there were differences between rootstocks (G-RSS and G-RR), with the
values so close, it is presumed that the use of the graft does not alter the quality of
the fruit (Table 5).

Regarding the phytosanitary condition, the rootstocks showed tolerance in the
presence of Fusarium and nematodes, since in most of the variables the control
was exceeded [60]. So, it is important to mention that in watermelon two main
phytosanitary problems handled by the grafts are Fusarium wilt and nematode
damage. The first case is a disease that gradually deteriorates the vigor of the
plant until it is eliminated [61]. The Robusta rootstock followed by the Super
Shintosa rootstock in high density favor greater efficiency related to productiv-
ity, but between the two rootstocks, Super Shintosa is sensitive to the presence
of nematode [62]. It should be mentioned that watermelon is pursued to achieve
the management of diseases at ground level. To avoid the use of methyl bromide,
the rootstock Cucurbita maxima x Cucurbita moschata has been successfully used.
Nevertheless, in the presence of nematodes, this rootstock is usually susceptible
[63]. The biotic and abiotic stress of plant species derives from the soils condition
and represents the greatest limitation for horticultural productivity, but when
risks are minimized, it can be viable. It is important to highlight that the use of
specific rootstocks to provide tolerance and/or resistance to limiting factors for
the normal development of the plant is largely due to the fact that they provide a
more developed and vigorous root system compared to non-grafted plants [64].
As is known, one of the main problems facing the production of watermelon in
the world is the damage caused by Fusarium. The disinfection with methyl bro-
mide at first gave good results, but with the time the disease generated resistance,
and the use of this product has been banned; currently, the use of the graft as an
alternative has reduced the problem.
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5.3 Grafting in papaya

In Michoacan, ecotypes of papaya have been developed [65]. Being a predomi-
nantly agricultural territory, the region has been severely affected by the system of
monoculture type and the indiscriminate use of agrochemicals, which has caused
resistance of pests and diseases difficult to control through conventional systems
[66]. For this reason, the Caricaceae family, particularly papaya, has the potential
to be grafted to explore, in addition to the productive and phytosanitary aspect, the
appearance of the sexing of plants, knowing that the preferred plants are those that
emit the elongata hermaphrodite flower type and that it gives rise to elongated or
marketable fruit, which is possible through grafting [67].

Therefore, in the Apatzingan Valley, experimental works of grafting in papaya
were developed. The region has a semidry warm climate condition (the wettest of the
semidry warm ones) with summer rains and a dominant volcanic (clayed) soil type.
In order to generate and adapt a grafting method for papaya, experimental trials were
carried out. Two grafting methods were tested, along with the strategies employed in
vegetables, which were used for the formation of grafted papaya plants. During the
development of the trials, modifications were made. In the first evaluation, two graft-
ing methods, approach graft G.A. and cleft graft G.C. [5], and two clamping devices,
lead band (G.A.B. and G.C.B.) and plastic clip (G.A.P. and G.C.P.), were compared.
The response in the percentage of survival of the methods of approach and cleft grafts
and fastening with lead band and clip was variable (Figure 2).

In the second evaluation, there were two modifications to the first graft method,
called modified approach graft (G.A.M.) with two types of cuts (G.A.M.C1 and
G.A.M.C2). With respect to the cleft graft, a modification was also proposed
(G.C.M.) (Figure 3). As noted, in the second evaluation, two modifications to
the evaluated methods arose, and a method called modified cleft graft (G.C.M.)
was also incorporated. In Figure 3, the percentage values on the grafting of the
graft approach methods are presented (G.A.M.C1 and G.A.M.C2). Due to its high
percentage of survival (almost 90%), the treatment G.A.M.C2 is acceptable and
exceeds the expectations for its use in papaya, under the conditions evaluated.

In a third evaluation, the modified approach graft method (G.A.M.C1) was tested
in three containers. With respect to the election of containers, it includes the trays of
128 and 200 cavities (G.A.M.128 and G.A.M.200) and the plastic bag (G.A.M.B.).
The results showed that the G.A.M.B. achieved 89% of survival (Figure 4).
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Figure 2.
Methods of approach and cleft graft and two fixation devices [68].
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Figure 3.
Modified approach and cleft graft methods and two fixation devices [68].
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Figure 4.
Modified graft method in different containers [68].

Recapitulating, of the three evaluations, the approach graft method subjected by
lead band (G.A.B.) and the modified method (G.A.M.C2.) were the most effective
with 79 and 87% of survival, respectively. As for the containers used, the grafted
plant with the highest yield corresponded to the use of a bag (G.A.M.B), surpassing
the tray containers [68].

In another experiment, with the objective of evaluating the behavior of grafted
plants and the quality of the plants, an experiment was established with five treat-
ments formed by different combinations of rootstock and graft, in commercial
genotypes. Two phases were evaluated, before and after the transplant. In the nurs-
ery, a papaya seedling was produced in a plastic bag container. The genotypes used
were the varieties “Gibara” (G), “BS” (BS), “BS2” (BS2) and “Maradol” (M), and
later they would serve as rootstocks (R) and grafts (G). The grafting method used
was the modified approach. Five treatments were used: R. G x G. BS, R. BS x G. G,
R. BS2 x G. BS, R. BS x G. BS2, and R. BS2 x G. M. The variables evaluated were the
percentage of post-graft survival (prior to transplant) and percentage of post-graft
survival in the field (after transplant). In the field, to determine the quality of the
grafted plant in its post-graft stage, a grading scale designed under three key levels
was used: N1 = vigorous, robust plant, upright leaves, normal terminal bud, does
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Figure 6.
Quality level of grafted papaya plant [69].

not present physical alterations in the union of the graft; N2 = vigorous plant, some
leaves upright, slightly physical alterations are perceived in the union of the graft;
and N3 = stressed plant appearance, weak terminal bud, contrast in stem coloration
near the graft. The results obtained from the survival of the grafted papaya plant
before and after the transplant are presented in Figure 5. The modified approach
graft method responded positively in both situations, since most of the treatments
exceeded well above 80% of survival, which is acceptable for the papaya species,
due to its recent exploration on the subject. When making the comparison of
survival between the pre- and posttransplant conditions, the values were generally
lower when the pretransplant condition was registered.

In relation to plant quality, based on the three-level assessment scale, the results
are presented in Figure 6. In general, the five grafting treatments presented level 1
(N1 = vigorous, robust plant, upright leaves, bud normal terminal, does not present
physical alterations in the union of the graft) in greater percentage than levels 2 and 3;
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and between treatments, R. G x G. BS, R. BS x G. G., and R. BS2 x G. M were superior
with more than 90% in the first level. In level 2 (N2 = vigorous plant, some upright
leaves, slightly physical alterations are perceived in the union of the graft), which

was desirable to occur in a smaller proportion, only the treatments R. BS x G. G. and
R.BS2 x G. BS. presented between 10 and 14%, respectively; in the rest of treatments,
it was presented between 4 and 7%. This circumstance can be attributed to the fact
that the plants registered under this characterization are possibly still in the postgraft
recovery stage, which is caused by defect in the operation of the graft; however the
situation can be reversed. Finally, level 3 (N3 = appearance of stressed plant, weak
terminal bud, contrast in the coloration of the stem close to the graft), except for the
treatments R. BS x G. G., and R. BS2 x G. M., did not have this condition. The other
treatments presented between 2 and 5%. Although they are grafted plants that will be
discarded, the percentage can be considered tolerant (Figure 6).

Both the modified approach graft technique and the combination of grafted geno-
types in the post-graft stage before and after the transplant expressed the percentage
survival condition acceptable. With the technique surpassed of the papaya graft, the
bases are established to explore other aspects oriented to the management of the crop.

6. Conclusion

The species with potential for the use of graft in the Apatzingan Valley
Michoacan, Mexico, are from the Solanaceae family, the tomato, the tomato from
shell (Physalis ixocarpa), chili pepper, and the eggplant; from the Cucurbitaceae
family, watermelon, cantaloupe, and cucumber; and from the Caricaceae family,
the papaya, the latter in the first order to attend first to the aspect of sexing plants,
where plants of the elongata hermaphrodite flower type should be selected, and in a
second order to the incidence of viral diseases.

Therefore, the graft in the State of Michoacan is an alternative viable solution
for the management of the mentioned crops, since it offers promising results, so its
adoption can be a reality. It is also worth mentioning that the advantages of using
grafted plants are much, since doing a count, is a non-polluting technique, it gives
vigor to the plants, and is possible to lengthen the productive cycle. In general, the
root system of the rootstocks is denser and wider; therefore, the plant has greater
exploration capacity in the soil and in turn greater absorption of water and nutri-
ents. Also, the fact of tolerating the presence of soil pests such as nematodes and
harmful pathogens, plants can produce fruits and in most cases increase yields. By
itself, the use of grafted plants helps to improve the conditions of the crop, but also,
if this technique is included in a program of integrated management of pests and
diseases, it can ensure the success of the production of different crops.
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Abstract

The modern level of knowledge development in the field of fundamental
sciences makes it possible to reliably investigate the processes of evolution.
The purpose of our research was to determine the need to establish the existing
evolutionary transformations in resistance to abiotic and biotic stress factors of the
biosphere in a grape plant, which may be natural for all horticulture crops, and on
the other hand, based on the postulate of natural and experimental evolution, to
prove the processes of natural evolution as a result of experimental breeding. The
results obtained in the study of particular issues of genetics of grapes, based on the
existence of general biological regularities, can be prolonged for interpretation, with
reference to other horticulture crops. We studied the genetics of grapes, in particu-
lar crossability, the inheritance of signs and characteristics, the establishment of
regularities in the display of selection value, and heterosis, allowing us to formulate
the principles of modeling a new variety. Investigating the process of creating grape
varieties that are resistant to biotic factor, it was suggested to consider it from the
point of view of the coevolution of the plant and pathogen.

Keywords: grapes, evolution, general and particular genetics, resistance to abiotic
and biotic stress factors, crossability, new variety modeling

1. Introduction

Genetic resources of Vitaceae grape family from the various centers of origin
and vine-growing regions in the world were taken from one of the oldest Eurasian
collections of grapes at the All-Russian National Research Institute of Viticulture
and Winemaking (ARNRIVW) “Magarach.” They have been studied on display of
genetically determined sign of frost and mildew resistance. It is established that the
grape frost and mildew resistance sign in genome was formed and fixed by evolu-
tion at separate forms in the various centers of origin. Suggested sources of high
frost and mildew resistance of various botanical taxa from the various centers of
origin for selection of frost- and mildew-resistant grape varieties are selected also.

Regularities governing the expression of resistance to Plasmopara viticola (Berk. and
M.A. Curtis) Berl. and De Toni, Uncinula necator (Schwein) Burrill, and Botrytis cinerea
Pers., the causing agents of mildew, oidium, and gray rot, respectively, and the
inheritance of this characteristic in the F; progeny were established in grapevine.
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The nature of the inheritance of resistance to these pathogens in grapevine seems to be
identical despite the fact that they differ in the ecogeographical origin, biological
characteristics, and the form of host-pathogen relations (obligate/facultative, patho-
genic/saprophyte types). The inheritance of resistance obeys the principle of
hypothetic heterosis, which means that the progeny does not contain forms with
resistance superior to that of the more resistant parent but does contain forms with
resistance surpassing the average level of resistance of the two initial forms. Evidence
was also gained in support of the theory suggesting that forms of grapevine with
resistance to pathogens emerge only in the course of long-term coevolution of the
biological objects. Basic principles of grape breeding were established and confirmed
by the findings arising from the search of initial forms of grapevine and by the
highlighted regularities governing the inheritance of resistance to pathogens in the
crop. Breeding for resistance to pathogens was viewed as a specific target without
respect to other desired characteristics since this issue was tackled with an aim to
determine breeding and genetic regularities of the process and, for the first time, in
terms of the interaction of two biological objects, the host plant and the pathogen, each
with its own variation and evolutionary patterns.

The existence of different centers of origin of cultivated plants and grapevine in
particular suggests formation of specific biological features in the autochthonous
varieties in those centers in the process of evolution. The biological specificity of the
autochthonous grapevine varieties was to gain a foothold at the genetic level. At the
same time, expression of these traits in the progeny should also be specific. The
conducted research has shown that crossing capacity of the Crimean autochthonous
grapevine varieties with the varieties and forms of different species and
ecogeographical origin has a specific characteristic and proves that crossing capacity
can be perceived as an independent genetically determined biological feature.

Global and local climate changes demanded creation of new cultivars, in partic-
ular in viticulture. Thus, the problem of breeding new grapevine cultivars that
would correspond to the present-day biosphere conditions emerged. As an answer
to this, an immunobreeding program “Analogue” was developed at the “Magarach”
Institute. The program aims at improving the efficiency of grape breeding and
achieving cultivars that would comprise resistance to a variety of pests, diseases,
and unfavorable environmental factors and would, at the same time, produce fruit
of the quality that would be comparable to the best samples of their international
analogues.

The suggested concept of the models is based on 16 most desired selection traits
that had been chosen from the existing selection pool, identification of the original
forms for crossbreeding, and multivariate analysis. To facilitate cooperation with
other research centers, the information obtained was encoded according to the Inter-
national Organisation of Vine and Wine (OIV)-Bioversity International descriptor.

Using the developed models for the creation of new cultivars will, on the one
hand, help solve ecological problems in the vineyards and, on the other, ensure high
economic effectiveness of viticulture and winemaking and, at the same time, obtain
grape cultivars for different purposes.

2. Materials and methods of investigation
2.1 Materials and methods for gene pool diversity investigation

On the ampelographic collection of the “Magarach” Institute in the field
during the years with critical sub-zero temperatures that damage the grape plant,

16 species of the Vitaceae family, 32 varieties of complex interspecific origin,
15 hybrid varieties of V. vinifera L. x V. amurensis Rupr., 6 varieties of hybrids
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V. labrusca L., and 64 samples of the cultivated vine V. vinifera sativa D.C., includ-
ing varieties V. vinifera occidentalis Negr., V. vinifera pontica Negr., and V. vinifera
orientalis Negr. and 30 hybrids of V. vinifera L. were studied. The study of resis-
tance to frost and agrobiology study of samples were carried out by the method of
ampelographic description and agrobiology evaluation of grapes [1]. The degree of
damage to annual shoots was assessed on a scale from 0 to 5 on the degree of
damage to the phloem, and the analysis of the restoration capacity of the bush on
the fruit links and perennial wood was carried out according to the percentage of
blossoming shoots on a scale from 0 to 9 points. Estimation of resistance to mildew
from 1 to 9 points was carried out according, as well as to frost, to OIV descriptor
[2] on the basis of long-term observations (2000-2017) in the years of mildew
epiphytotic. A higher score characterized less damage or better restoration ability of
the plant, which reflects its higher resistance to stress factors or abiotic (frost) or
biotic (mildew) nature.

To study the resistance to mildew, samples of various genetic origins were also
selected on the ampelographic collection “Magarach™

* 27 species of the Vitaceae Lindley family, of which 3 are species of the genus
Ampelopsis Michaux, 2 species of the genus Parthenocissus Planch., and 22
species of the genus Vitis.

* 198 varieties of complex interspecies origin, which are hybrids of 3 or more
species of grapes.

* 18 hybrids of V. vinifera L. x V. amurensis Rupr.
* 27 hybrids V. labrusca L.
* 5 hybrids of V. riparia Michx.

* 150 samples of cultivated vine V. vinifera sativa D.C. and the European-Asian
species (V. vinifera L.), which are represented by the varieties of 3
ecogeographical groups: V. vinifera sativa convar. Pontica Negr., V. vinifera
sativa convar. Occidentalis Negr., and V. vinifera sativa convar. Orientalis
Negr. [3].

2.2 Materials and methods for investigation of host-pathogen relationship

The research was done using a total of 28 hybrid populations of grapevine
obtained via hybridization of 31 initial forms, of which 23 and 14 forms entered as
the female and the male parents, respectively, and 6 forms were used in both
qualities. The genetic resources employed consisted of 1378 hybrid forms belonging
to hybrid populations, each containing at least 25 forms [4]. This enabled good
reliability of results indicating the inheritance of the characteristic in the progeny
[5]. The reliability of the results was confirmed statistically [6]. Initial forms differ-
ing in resistance to the causing agents of mildew, oidium, and gray rot (Plasmopara
viticola Berl. et de Toni, Uncinula necator Burr., Botrytis cinerea Pers.) were chosen
with a view to establish regularities governing the expression of the characteristic
in the F; progeny. The resistance was assessed by means of a five-point numerical
scale, “1” and “5” being the highest and the lowest levels, respectively [7].

The inheritance of resistance in the progeny was analyzed using conventional
methodologies [8].
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2.3 Materials and methods for crossability investigation

The research was conducted by the Department of Breeding, Genetics and
Ampelography of the All-Russian National Research Institute of Viticulture and
Winemaking “Magarach” on the field of plant breeding plots located on the south-
ern coast of the Crimea and on the hydroponic culture of the vegetation plot in the
period of 2008-2015. The seedlings were grown on gravel in hydroponic channels.
For the cultivation of grape seedlings, we used chemically inert fraction of diorite
aggregate sized 3-5 mm, which is a good conductor of the nutrient solution to the
plant roots that keeps water on its surface well, serves as a support for the roots, and
provides good aeration of the root system. For the growth of grape seedlings, we
used hydroponic solution of variable composition [9, 10].

During the investigation period, 43 combinations of cyclic crosses were
performed. As female initial forms, we used varieties and hybrids with female
flower type: 4 Crimean autochthonous grape varieties (‘Kefessia’, ‘Krona’, ‘Sary
Pandas’, ‘Kok Pandas’) and 2 interspecific hybrids (‘Muscat Jim’ and Magarach Ne
31-77-10). As male initial forms, we used 3 Crimean autochthonous grape varieties
(‘Shabash’, ‘Kokur Belyi’, ‘Gevat Kara’); 3 autochthonous varieties from other cen-
ters of origin of grapes (‘Rkatsiteli’, ‘Chardonnay’, ‘Sauvignon vert’); 2 varieties of
the Institute of “Magarach” selection (‘Bastardo Magaraci’ and ‘Rubinovyi
Magaracha’), derived by crossing within the species of Vitis vinifera; and 11 inter-
specific varieties (‘Podarok Magaracha’, ‘Citronnyi Magaracha’, ‘Aurora
Magaracha’, ‘Pervenets Magaracha’, ‘Riesling Magaracha’, ‘Spartanets Magaracha’,
‘Krasen’, ‘Antey Magarachsky’, ‘Alminskyi’, ‘Granatovyi Magaracha’, and ‘Pamyati
Golodrigi’).

We studied hybrid seed formation, fully formed seed (seeds with a viable germ
and well-developed endosperm) formation, seed germination, and development of
seedlings, including vigorous ones as they are most viable and potentially more
productive. The reliability of the results was confirmed by experimental data
processing using mathematical and statistical processing methods [4, 5, 6, 8].

2.4 Materials and methods for plant breeding modeling investigation

Based on the formulated research objectives, the expressiveness of traits in the
researched grapevine gene pool was studied with the purpose of their subsequent
use as gene resource pool and in hybrid progeny. Acquisitions were described
according to the OIV Official List [1].

Fourteen grapevine cultivars as initial forms along with 3704 hybrid seedlings
obtained from 40 combinations of cyclic crossings were studied. The study and
selection of seedlings were conducted based on the methodology developed by the
Department of Breeding, Genetics and Ampelography of the “Magarach” Institute
[11]. The degree of the manifestation of traits was coded [12]. The obtained primary
data on the degree of manifestation of traits in original forms and hybrid seedlings
was processed by methods of mathematical statistics [6]. Combinational ability,
breeding value, and hypothetic heterosis [4, 8, 13] were estimated.

3. Genetic diversity in grape family Vitaceae
Genetic resources of cultivated plants with valuable biological characteristics,
used for food production, ensure stable development and functioning of ecologi-

cally safe agricultural sector in conditions of constant changes in natural and cli-
matic factors and social circumstances. Population growth and economic
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development of countries make significant changes in the living conditions of all
organisms and ecological systems of the planet [14].

Mobilization of genetic resources of grapes in ampelographic collections, as
shown by scientists of many countries [15-17], plays an important role in the
conservation and use of the gene pool of grapes. One of the important tasks of
collecting and preserving the gene pool of the genus Vitis in many countries of the
world is the preservation of local varieties of grapes that are exclusively part of the
natural heritage and do not grow in other vine-growing regions [18, 19]. Most of the
local and uncommon varieties of grapes are now preserved only through collections
[20]. It is known that the local assortment of grapes has been formed for a long time
under certain conditions of a specific region and has a number of valuable features
[21]. The study of the genetic resources of grapes collected on ampelographic
collections from different centers of origin of grapes will allow us to identify new
sources for breeding, to form an idea of the evolution of the grape culture.

Genetic resources of the grape of the “Magarach” Institute are collected in an
ampelographic collection, one of the largest and oldest collections of grapes in the
world, which was noted at international scientific forums and Internet sites [22].
The beginning of the formation of the collection dates back to 1814 and the exis-
tence of the “Magarach” Institute (1928) and coincides with the period of the
beginning of collecting varieties of vine in Europe. The uniqueness of the collection
of the Magarach Institute is that over two centuries it was replenished with samples
from various vine-growing regions of the world, Europe, Asia, Africa, and North
America, and most of them have survived to this day.

Proceeding from the tasks of general and private ampelography as a branch of
botany, the extensive gene pool of grapes in the collection of the “Magarach”
Institute has been studied and studied for the purpose of classifying samples, based
on their origin in different centers and their evolutionary variability. Continuous
work in this direction made it possible, in particular, to clarify the classification of
the Eurasian species of grapes Vitis vinifera L., isolating subspecies, varieties within
the subspecies of wild forest grapes, ecogeographical groups, and groups and types
of cultivars.

Samples of the ampelographic collection were studied not only as separate
botanical species, differing in morphological and morphometric characteristics, for
the purpose of forming botanical taxons but also as genetically formed and fixed in
the genotype biological specificity, in particular resistance to stress factors of the
biosphere.

The analysis of the safety indices of the main and replacement buds, the degree
of frost damage of the annual vine, as well as the restoration ability of the specimens
of the samples of the collection showed that in the species of the genus
Parthenocissus Planch., 100% safety of the main and replacement buds was
recorded. Also high frost resistance was noted in species of the genus Vitis such as
Vitis Linn., Vitis amurensis Rupr., North American species Vitis cinerea Arnoldi, Vitis
longii Br., Vitis viparia Michx., and Vitis solonis Planch. Preservation of the main
buds in these species was 95-98%, replacing 98-100%.

Analysis of varieties of grapes of interspecies origin showed that in hybrid
varieties Vitis vinifera L. x Vitis amurensis Rupr., safety of the main buds was 1-25%,
replacing 30-65%. The lesions of the annual vine were not detected. Varieties
showed a good restorative capacity (Figure 1): on the fruit links, the percentage of
developed shoots was 25-75% and on the bush stem from 50 to 100%. However,
half a century of experience with the hybrids Vitis vinifera L. x Vitis amurensis Rupr.
did not reveal genotypes combining a high level of frost resistance (—40°C) with
signs of the quality of berries of cultured grapes. Created genotypes exhibit an
average level of frost resistance in comparison with parental species (—25-26°C
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Figure 1.
Frost resistance of the grape samples of the ampelographic collection “Magarach” various origins.

table varieties and 27-28°C technical varieties). Similar results are given by crosses
with frost-resistant American species.

Increased frost resistance is also possessed by some cultural representatives of
the species Vitis vinifera L. due to the high ecological plasticity of the species. Under
the influence of natural and artificial selection in various regions of formation, some
varieties of cultured grapes have acquired adaptive properties with respect to low
negative winter temperatures. Such varieties are of particular value for breeding,
because unlike wild representatives of the genus Vitis, they do not carry the hered-
ity of wild genotype, which reduces the quality of grapes and wine in hybrid forms
in the heredity. In general, analyzing the safety indices of the main and replacement
buds, the degree of frost damage of the annual vine, as well as the restoration ability
of Vitis vinifera L. varieties, according to the degree of frost resistance, they can be
divided into three groups:

* Varieties with increased resistance to frost. These are the cultivars V. vinifera
occidentalis Negr. (‘Aligoté’, ‘Cabernet-Sauvignon’, ‘Merlot’, ‘Riesling’, ‘Italia’,
‘Riesling Rhine’, ‘Sauvignon Green’), cultivars Vitis vinifera pontica Negr.
(‘Rkatsiteli’, ‘Saperavi’), and cultivars-hybrids Vitis vinifera L., parental forms
of which have increased resistance to frost: ‘Odesskii chernyi’ (‘Alicante
Bouschet’ x ‘Cabernet-Sauvignon’) and ‘Sukholimanskii belyi’

(‘Chardonnay’ x ‘Plavay’).
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* Varieties with poor frost resistance. These are the varieties Vitis vinifera pontica
Negr. (‘Fetyaska’, ‘Furmint’, ‘Chausch white’) and cultivars-hybrids Vitis
vinifera L. (‘Odesskii souvenir’, ‘Sverkhrannii bessemyannyi’, and
‘Suruchenskii belyi’).

* Not frost-resistant varieties. These are cultivars of the ecogeographical group
Vitis vinifera orientalis Negr. (‘Asma’, ‘Karaburnu’, ‘Muscat Alexandria’,
‘Muscat white’) and cultivars-hybrids Vitis vinifera L., created on the basis of
cultivars of the eastern ecogeographical group: ‘Irsai Oliver’ (‘Pozhoni
white’ x ‘Pearl Saba’), ‘Beauty Tsegleda’ (‘Chasla white crispy’ x ‘Chasla pink
royal’), ‘Muscat Hamburg’ (‘Muscat Alexandrian’ x ‘Frankenthal’), and
others.

A comparative analysis of the regenerative capacity of bushes after the defeat of
extreme winter frosts by groups of different origin showed (Figure 1) that the
wildest species of the Vitaceae L. family are the highest adaptive capacity, the less
the hybrids Vitis vinifera L. x Vitis amurensis Rupr. 53.8% of bloomed shoots on fruit
segments and 68.8% of blossom shoots on perennial wood. Below these, the Vitis
labrusca L hybrids: 35.0 and 66.2%, respectively. Varieties of complex interspecific
origin have an average of 12.5 and 16.0% of blossoming shoots on fruit segments,
but in terms of the number of restored shoots, they exceed the local varieties Vitis
vinifera occidentalis Negr. and Vitis vinifera pontica Negr.

Mildew resistance studies have shown that 27 species of the Vitaceae Lindley
grape family possess the highest possible. The assessment of the degree of resistance
was 9 points (Figure 2). Also the hybrids of Vitis riparia Michx. possess the maxi-
mum resistance to mildew among which are ‘North White’, ‘Taiga Emerald’, and
others with an average resistance score of 9.

In cultivars-hybrids Vitis vinifera L. x Vitis amurensis Rupr., average resistance is
8.6 points. The degree of resistance is 9 points for ‘Aksay’, ‘Golubok’, ‘Far Eastern
Tikhonov’, ‘Dyushes’, and ‘“Zarya Severa’; the degree of resistance is 7 points for cv.
‘Anushayut’, ‘Bruskam’, ‘Karin’, ‘Kunlean’, and ‘Russian early’; and the degree of
resistance is 5 points for cv. ‘Cherry Early’, ‘Dniester Pink’, and ‘Negru de Yaloven’.
In the cultivars-hybrids of Vitis labrusca L., the average score of resistance is 8.6,
among them are resistant cultivars (9 points): ‘Alpha’, ‘Lyathes’, ‘Romulus’,
‘Lusay’l’, and ‘Isabella’. The cultivars ‘Madella’, ‘Menu’, and ‘Lydia’ had 7 points.

Less resistant varieties of complex interspecific origin have an average resistance
score of 8.06. Varieties with maximum resistance of 9 points include ‘Antey
Magarachsky’, ‘Bianka’, ‘Aurora’, ‘Golubok’, ‘Golden Muscat’, ‘Podarok
Magaracha’, and “Tair’. Relatively resistant varieties with a degree of resistance of 7

cultivars of V. vinifera species

hybrids of V. vinifera xV. labrusca

hybrids ofV. vinifera xV. riparia

hybrids of V. vinifera x V. amurensis

hybrids of several spedes ofthe subgenus Euvitis

species ofthe Vitaceae family

‘ mthe average resistance number according to the OV 2009 scale

Figure 2.
Mildew resistance of the grape samples of the ampelographic collection “Magarach” various origins.
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points include ‘Agavam’, ‘Armalaga’, ‘Artages’, ‘Biruinz’, ‘Villar Blanc 12-375°),
‘Vostorg’, and ‘Citronny Magaracha’. For the varieties ‘AsmaMagaracha’, ‘Victoria’,
‘Druzhba’, and ‘Skorenskiy red’, the degree of resistance was 5 points.

The average resistance score for cultivars of V. vinifera sativa D.C. is 1.2. Most
cultivars of V. vinifera sativa D.C. are not resistant to mildew as the evolutionary
pathogen and variety samples of this species were developed in different centers of
origin of the grapes and were geographically isolated. These are such varieties as
‘Cardinal’, ‘Kishmish black’, ‘Goruli mtsvane’, ‘Kok habah’, ‘Murza raisin’, and
‘Artin zerva’.

Relative resistance to the pathogen is noted in some local varieties like ‘Chausch
black’, ‘Chilar’, ‘Chinuri’, ‘Chol Ber’, ‘Shaani white’, ‘Shaani black’, ‘Aygesard’,
‘Bayan shirei’, “Varyushkin’, ‘Tresso black’, ‘Vereya’, ‘Chersonesus’, ‘Hindogny’,
and ‘Tsolikouri’, whose resistance levels were 7 points, and varieties ‘Chausch
white’, ‘Albilo Crimean’, ‘Mattrassa’, ‘Misket Cherven’, ‘Sabash’, whose resistance
level to mildew was 5 points.

Botanical diversity of grapes culture, reflected in the classification and taxon-
omy of varieties and forms of the grape Vitaceae family, reflects the process of
natural evolution and natural and artificial selection. Scientists in various countries
in the eighteenth to twentieth centuries carried out a grandiose work that made it
possible to differentiate representatives of the Vitaceae family in botanical taxons.
The conducted researches established that all this botanical variety of the Vitaceae
family was formed in different centers of origin of the grape culture on the planet.
Depending on the abiotic conditions in the centers of origin of culture, a genome
was formed in the form of individual botanical taxa in particular within genera and
species differentiated in resistance to abiotic stress factors. Biotic conditions in these
same centers of origin formed the genome in the form of the same individual
botanical taxa, within the genera and types of grapes as a host plant, differentiated
by resistance to biotic stress factors and the pathogen gene in the process of conju-
gate evolution. In the end result, samples of grapes were formed in each separate
center of origin of the culture, differentiated not only according to botanical char-
acteristics but also on a set of biological characteristics, in particular, resistance to
biotic and abiotic stress factors of the biosphere, as frost and mildew resistance.

Speciation, specifically the formation of the species Vitis vinifera L., is directly
related to the existence of wild forest grapes, belonging to the relics of Eurasia. The
studies established a significant difference, including morphological and morpho-
metric features and molecular genetic markers, between forms of wild forest grapes
from various regions of Eurasia. Consequently, it may be considered necessary to
continue these studies in order to isolate in the centers of origin of the culture of the
grapes individual foci or subcenters of origin.

4. Plants as host and pathogen coevolution

Grapevine, like any plant species defined botanically as an independent hierar-
chical unit, has its own habitat [23], which, in turn, embraces individual foci of
origin [24].

For each agricultural crop, including grapevine, both habitats of varieties in
commercial cultivation and foci of origin of different botanical forms are deter-
mined [3]. Such varieties make up the commercial assortment of a crop, and
botanical forms constitute the family of Vitaceae [25, 26]. The objective of this
research was to establish genetically determined regularities governing resistance to
pathogens in grapevine based on accessions from different foci of origin and newly
bred forms obtained via sexual hybridization [27].
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A considerable amount of research into the capacity of hybridization in grape-
vine and the inheritance of characteristics, including resistance to mildew, oidium,
and gray rot in the F; progeny, has been done in the “Magarach” Institute. Regular-
ities governing the expression of the biological specificity of the capacity of hybrid-
ization or the inheritance may be either general or particular; one can speak about
either general biological regularity, the nature of the combining ability of two
definite forms of grapevine, or the possibility to observe a certain degree of the
expression of the characteristic in the F; progeny.

Ecogeographical foci of origin of initial forms, the interrelationships of these foci
with the origin of individual groups of forms which may be grouped into botanical
taxa, the degree of genetic relatedness of forms obtained via inbred and distant
hybridization, the resistance of initial forms to a given pathogen, the presence of
forms with different levels of resistance (assessed by use of a numerical scale) in the
progeny, and the average resistance scores across the population may serve as the
key elements in considering different approaches in attempting to examine the
outcome of breeding varieties and forms of any crop, including grapevine, for
resistance to pathogens. All this helps investigate the genetics of the inheritance of
resistance. The results obtained may be interpreted from a standpoint of the
abovementioned approaches, e.g., a genetic formula of initial forms may be
described, these initial forms may be assessed as sources and/or donors of the
characteristic in question, and the effectiveness of the transmission of the charac-
teristic during hybridization with definite individual forms may be determined. The
influence of abiotic factors on the effectiveness of the capacity of hybridization in
grapevine and the effectiveness of the transmission of characteristics to the progeny
has not been studied so far.

In order to develop breeding programs, including those aimed to achieve grape
varieties resistant to pathogens, we need to know the biological peculiarities of the
plant and the specificity of desired characteristics. Breeding grape varieties for
resistance to biotic factors may require consideration of the biology and
ecogeographical origin of the pathogens in question.

Though the causing agents of mildew, oidium, and gray rot are all fungi, they do
differ biologically. Plasmopara viticola and Uncinula necator, the causing agents of
mildew and oidium, respectively, are capable to grow only on grapevine as the
obligate pathogens, while Botrytis cinerea, the causing agent of gray rot, is a cos-
mopolite, polyphage, and saprophyte. Biological differences of the pathogens sug-
gest that the inheritance of resistance to them as a genetically determined
characteristic is governed in grapevine by specific regularities.

Nevertheless, the results obtained indicate that the nature of the inheritance of
resistance to these pathogens in grapevine seems to be identical despite the fact that
they differ in biological characteristics and the form of host-pathogen relations
(obligate/facultative, pathogenic/saprophyte types). Neither was the inheritance of
resistance affected by the feeding patterns of the pathogens. Therefore, in develop-
ing programs of breeding grape varieties with resistance to the pathogens, their
biological peculiarities need not be taken into account, and also attempts may be
made to combine resistance to all three diseases in one genotype. Results highlight-
ing these conclusions are shown in Tables 1 and 2.

The data in Table 1 indicates that resistance of initial forms and their combining
ability are the principal factors underlying resistance of the progeny. Another find-
ing is that the outcome is not affected by using initial forms with better resistance as
the male or the female parent.

The possibility to achieve resistance to a set of pathogens has been viewed
differently in the beginning of grape breeding activities. Some researchers favored
the possibility of breeding simultaneously for a set of desired characteristics, while
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Resistance scores of

Initial forms F,
Female parent Male parent Mildew Oidium Gray rot
5 3 4.0 4.0 3.9
-7- 2 3.4 37 2.8
-7 1 2.6 2.7 2.8
4 4 3.7 4.0 3.8
- 3 35 37 3.5
e 2 3.4 3.4 31
-2 1 3.0 31 23
3 5 43 3.9 41
-7- 4 3.8 3.6 3.7
- 3 3.4 31 3.0
- 2 33 2.9 2.7
-7 1 25 22 23
2 5 4.4 33 3.6
. 4 3.6 3.4 31
-7 3 3.4 29 3.0
e 2 21 2.3 23
-7- 1 2.0 19 1.8
1 4 3.6 3.4 33
- 3 29 3.0 23
Table 1.

Effect of vesistance of initial forms of grapevine to pathogens on the inheritance of the characteristic in the F,
progeny.

others suggested breeding for resistance to a certain pathogen followed by
subjecting the intermediate cross to saturation hybridization, which added resis-
tance to the second element of the set, etc., in a stepwise fashion. The advent of
complex infection backgrounds has enabled the breeder to assess the newly bred
genetic resources for resistance to a set of pathogens and to confirm that hybrids
with resistance to the set of the pathogens in question have been achieved provided
the appropriate choice of initial forms. Data in Table 2 shows regularities governing
the inheritance of resistance to the set of the pathogens in question in grapevine.

Table 2 highlights the inheritance of resistance to three pathogens in grapevine,
in which pathogens differ in their biological characteristics and host-pathogen rela-
tions and are capable, during the vegetation period, to compete at the infection
stage. Nevertheless, the fact that a number of populations exist, such as
‘Nimrang’ x ‘Magarach 124-66-26’, ‘Plechistik’ x ‘Magarach 124-66-26’, and
‘Plechistik’ x ‘Antaeus magarachskii’, with “3” as the average score of resistance to
the three pathogens across the population supports the suggestion that simulta-
neous breeding for resistance to a set of pathogens is possible.

In a study of regularities governing the inheritance of resistance to various
pathogens in grapevine, both theoretical peculiarities and practical aspects of their
use need to be taken into account. It appears that they should be viewed in terms of
the possibility to achieve definite forms of grapevine with resistance to a set of
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Cross-combination Resistance scores of F;

Mildew  Oidium  Gray rot

‘Nimrang’ x ‘Magarach 124-66-26 3.1 2.2 3.1
‘Madeleine angévine’ x ‘Magarach 124-66-26 4.8 3.0 3.1
‘Queen of vineyards’ x ‘Magarach 124-66-26’ 2.8 2.9 35
‘Plechistik’ x ‘Magarach 124-66-26 2.9 3.2 2.6
‘Tachly’ x ‘Seyve Villard 20366’ 33 3.0 22
‘Seyve Villard 20365 x ‘Italia’ 49 33 37
‘Magarach 4-68-25" x ‘Krymskaya Zhemchuzhina’ 4.0 2.8 4.0
‘Seyve Villard 12283’ x ‘Sverkhrannii bessemyannyi Magaracha’ 4.3 3.9 3.0
‘Kefessia’ x ‘Antaeus magarachskii’ 25 33 21
‘Plechistik’ x ‘Antaeus magarachskii’ 2.6 3.4 2.8
Table 2.

Comparative inheritance of resistance to different pathogens of grapes.

pathogens and to reproduce the results achieved in repeated crossings provided the
use of the same initial forms. The understanding of such regularities remains
incomplete since grapevine is a complex heterozygous organism. However, for a
number of individual characteristics, including resistance to definite pathogens,
certain results have been obtained and expressed as the scores of a universal
numerical scale.

Natural selection reigns in the plant kingdom, and new forms of a given crop
may emerge and become established in plant communities. It is highly probable that
mutations or events of natural hybridization give rise to such forms. New forms of
both types arise due to a change in forms of a crop within one botanical species, in
which the forms, as a rule, grow geographically isolated from other species of a
given crop. That is why the richest diversity of grapevine known prior to the 1860s
when the first purposeful crossing of two forms of the crop took place should be
viewed as the outcome of formication within individual species which, in turn,
come from the European-Asian, North American, South American, or East Asian
foci of origin of grapevine.

Over centuries of coevolution, grapevine, phylloxera, and the causing agents of
mildew, oidium, and gray rot have been subject to slow permanent changes, leading
to an increased virulence of the pest and the pathogens and to the development of
defense reactions by the crop. This long-term process has brought about the emer-
gence of stable forms of grapevine. Scientists stated that resistant forms emerge as a
result of coevolution of the host plant and the pathogen, and that is why they should
be searched for in the birthplace of the latter [28-30].

The successful implementation of breeding programs aimed to achieve varieties of
the future envisages, as an indispensable prerequisite, the involvement of the global
genetic resources of an agricultural crop into the breeding process. The diversity of
the global genetic resources suggests the possibility in combining properties inherent
in species formed at different ecogeographical conditions in one genotype.

The use of a species for breeding purposes means that the entire diversity of a
species in a habitat needs to be collected and studied. Forms should be collected in
sufficiently large quantities to enable studies of the variation of the species for
characteristics in question and the ability of forms to transmit them to the progeny.

Breeding new generations of grape varieties distinguished for excellent quality
of the fruit and good yielding capacity and also resistant to major diseases and pests
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of the crop is an important task throughout the viticulture world. In the absence of
artificial infection backgrounds which help the breeder test resistance of the grape
genetic resources to definite pathogens, resistant varieties and forms can be
revealed against natural epiphytotics.

The grape plant, as a biological object, exists and develops in the biosphere,
being in permanent contact with and affected by biotic and abiotic factors. Careful
consideration is given to the effects of biotic factors on development of a plant
organism, including grapevine, due to the specific nature of the phenomenon, the
essence of which lies in the fact that two biological objects, the host plant and the
pathogen, change as affected by each other and abiotic factors.

The fact that variation of biological objects is governed by the abovementioned
regularities enables evolutionary models to be built. Besides, and this is of no less
importance, this knowledge can be applied in purposeful creation of forms of a crop
which possess a desired set of useful characteristics, including resistance to patho-
gens. The expression of such characteristics must be high enough to allow cultiva-
tion of these forms in the field without appropriate protection measures.

Grapevine may be attacked by pests and diseases whose causing agents are of
different natures: viruses, bacteria, and fungi. The biology and the life cycle of the
tungi Plasmopara viticola, Uncinula necator, and Botrytis cinerea, the causing agents
of mildew, oidium, and gray rot, respectively, have most exhaustively been studied.
The development of grapevine as affected by the former, the reaction of the grape
plant to damage, and the degrees of resistance of forms, varieties, and different
species of the crop to these pathogens have also been studied in detail.

Different degrees of resistance to the causing agents of the abovementioned
diseases in individual grape varieties suggest that purposeful breeding of varieties is
possible which combines resistance to the set of the pathogens in question and other
desired economical characteristics in their genotypes. To this end, we need to know
regularities governing the capacity for hybridization of various initial forms and the
inheritance of characteristics, including resistance to pathogens, in the F; progeny.
Since grapevine is a vegetative propagated crop, we may limit our studies of the
inheritance of characteristics to the F; progeny, and the transmission of character-
istics to the progeny is governed both by the capacity for hybridization of initial
forms and their combining ability, which determine the transmission of a charac-
teristic to the progeny and the degree of its expression in the F; hybrids.

A number of regularities governing the expression of resistance to Plasmopara
viticola, Uncinula necator, and Botrytis cinerea, the causing agents of mildew, oidium,
and gray rot, respectively, and the inheritance of this characteristic in the F; prog-
eny were established in grapevine as a result of our long-term research aimed to
breed for resistance of the crop to these fungal pathogens. The nature of the
inheritance of resistance to these pathogens in grapevine seems to be identical
despite the fact that they differ in biological characteristics and the form of host-
pathogen relations. The inheritance of resistance obeys the principle of hypothetic
heterosis, which means that the progeny does not contain forms with resistance
superior to that of the more resistant parent but does contain forms with resistance
surpassing the average level of resistance of the two initial forms.

Evidence was also gained in support of the theory suggesting that forms of
grapevine with resistance to pathogens emerge only in the course of long-term
coevolution of the biological objects. That is why the search for forms of grapevine
with resistance to the given pathogens, which remains important today, should be
based on that principle.

In conclusion, it should be mentioned that basic principles of grape breeding
were established and confirmed by the findings arising from the search of initial
forms of grapevine and by the highlighted regularities governing the inheritance of
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resistance to pathogens in grapevine. Breeding for resistance to pathogens was
viewed as a specific target without respect to other desired characteristics since this
issue was tackled with an aim to determine breeding and genetic regularities of the
process and, for the first time, in terms of the interaction of two biological objects,
the host plant and the pathogen, each with its own variation and evolutionary
patterns.

5. Crossability of plants as a genetic determined sign

In this stage of scientific knowledge and expertise, the concept of evolutionary
development of the flora on Earth is based on the existence of certain centers of
origin of cultivated plant species, including grapes [24]. A fundamental contribu-
tion to the development of the theory of centers of origin was made by Vavilov [31].
Negrul has further developed this theory [32], highlighting the ecological and geo-
graphical areas forming the autochthonous grape varieties. These varieties form
separate ecogeographical groups of autochthonous grape varieties. The “Black Sea”
area is one of such ecogeographical zones, where autochthonous grape varieties are
formed [33]. Within the bounds of this zone, modern scientists have identified
specific subcenters of origin of the grapes, one of them being Crimea [21, 34],
where relict endemic wild forest vines exist to date. This resulted in the formation
of a specific set of autochthonous grape varieties with characteristic biological
features in the Crimea, due to which they are used in the breeding programs
developed by the “Magarach” Institute [3].

It should be noted that the process of breeding new varieties, as a rule, involves
analysis of the combining ability of the initial forms with regard to the inheritance
of the degree of trait expression in the progeny. At the same time, it has to be kept
in mind that in the course of generative hybridization, the formation of a germ and
seeds, along with hybridization efficiency, differs between various initial forms,
and we can assume that this is a genetically predetermined feature. Therefore, the
autochthonous grape varieties of the Crimea are characterized by specific crossabil-
ity that has become part of their DNA in the process of natural evolution. The
present work focuses on the analysis of this phenomenon.

It is known that the majority of the Crimean local grape varieties has a func-
tionally female flower type and is, therefore, not resistant to the biotic and abiotic
environmental factors. This affects the stability of fertilization and vine yielding
capacity. It is possible to increase the adaptive capacity of the Crimean local grape
varieties not only by the selection method but by the hybridization method as well.
It is worthwhile to evaluate the hybridization efficiency of the Crimean autochtho-
nous grape varieties, which, first and foremost, require determining the parame-
ters, based on which such studies may be performed. The formation of a new
genotype of a plant consists of two principal stages: (1) hybridization, to include
formation of berries and seeds, and (2) the development of seedlings and of their
vegetative propagation later on.

According to the earlier data, the berry formation in different breeding combi-
nations is characterized by biological traits of the initial female plant, while it is not
dependent on the male form, which has been supported by the number of berries
per bunch of a cross-combination. Therefore, there is no need to consider the
number of bunches and berries per bunch in the further study of grape crossing
capacity. When assessing crossing capacity, it is more important to pay attention to
the number of the formed seeds, including the fully formed ones, as compared to
the number of berries with formed seeds, and to the number of seedlings obtained
in the end of the process, including the vigorous ones.
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8096 hybrid seeds were obtained as a result of the crosses. As can be seen from
the data presented in Table 3, which characterize the extreme contrasts among the
obtained results, the greatest number of seeds was formed in combinations with
‘Muscat Jim’ as female form, from 853 to 546 seeds, and the minimum number was
formed in the combination of ‘Krona’ x ‘Krasen’ (3 seeds).

On average, fully formed seeds accounted for 85%, while the number of fully
formed seeds in ‘Krona’ variety in three cross-combinations reached up to 100%.
Less than mean value, from 80 to 46% of fully formed seeds were formed in almost
all backcrosses involving ‘Kok Pandas’ as the female form. Above-average percent-
age of fully formed seeds was observed in populations of ‘Kefessia’ x ‘Rubinovyi
Magaracha’ and ‘Kefessia’ x ‘Bastardo Magaraci’, 97% and 98%, respectively. Seed
germination analyses revealed the lowest percentage in cross-combinations of ‘Kok
Pandas’ with ‘Sauvignon vert’ (32%), ‘Chardonnay’ (41%), and ‘Rkatsiteli’ (46%).
Seed germination in combinations of ‘Kok Pandas’ with interspecific varieties of
‘Aurora Magaracha’ and ‘Riesling Magaracha’ made 60%. The maximum viability
was observed in the seeds of ‘Sary Pandas’ variety in combinations with interspe-
cific male forms of ‘Citronnyi Magaracha’ (82%) and ‘Riesling Magaracha’ (78%). A
lower percentage of germination was observed in cross-combinations of ‘Sary
Pandas’ x ‘Sauvignon vert’ (76%) and ‘Sary Pandas’ x ‘Chardonnay’ (73%). The
average seed germination value for all the populations was rather high and reached
up to 51.2%.

As a result, we were able to grow 4143 seedlings, out of which only 258 were
vigorous (16.7%). Of particular interest in terms of this indicator was the combina-
tion of ‘Krona’ x ‘Alminskyi’ (17%) and ‘Krona’ x ‘Rubinovyi Magaracha’ (15%).
Of similar powerful growth force were seedlings in the populations of Magarach Ne
31-77-10 x ‘Gevat Kara’ (14%) and Magarach Ne 31-77-10 x ‘Kokur White’ (13%).
We were not able to single out any vigorous seedlings in combinations of ‘Sary
Pandas’ x ‘Chardonnay’, ‘Sary Pandas’ x ‘Pervenets Magaracha’, ‘Kok
Pandas’ x ‘Aurora Magaracha’, ‘Kok Pandas’ x ‘Spartanets Magaracha’, ‘Kok
Pandas’ x ‘Citronnyi Magaracha’, and ‘Kok Pandas’ x ‘Rkatsiteli’. The average
number of vigorous seedlings in all populations was 6.2%.

The crossability efficiency of the grapes as to the formation of fully formed seeds
and their germination capacity with the resulting vigorous seedlings is determined
primarily by the use of a particular female form in a cross and its ripening period. In
the present study all the female forms had an average ripening period, which
provided a sufficiently high percentage of germination. To analyze the effect on the
viability of the offspring, we took six initial female forms, which were cyclic crossed
with male forms, and grouped them into unified complexes (Table 4). The number
of seeds produced in these crosses fluctuated significantly from 484 seeds for
‘Krona’ to 2668 seeds for ‘Kok Pandas’. The average sample value was 188.3 of
hybrid seeds, while the coefficient of variation for the populations made 38 of seeds.
At the same time, the percentage of fully formed seeds out of their total number in
cross complexes fluctuated insignificantly, from 87.3% (for ‘Sary Pandas’) to 95.2%
(for ‘Kefessia’), with the exception of ‘Kok Pandas’, which showed 67.9%, as
evidenced by the excess of the variation coefficient. The mean value for seed
germination capacity in all the complexes made 58.9%. The greatest number of
vigorous seedlings was observed in female forms of Magarach Ne 31-77-10 (13.5%),
‘Krona’ (10.2%), and ‘Muscat Jim’ (10%). ‘Kok Pandas’ produced the lowest per-
centage of vigorous seedlings that amounted to 1.1%. In all the populations, the
vigor of seedling growth varied considerably, with its rate reaching up to 78.7%.

From the analysis of the obtained data, we may conclude that ‘Krona’ produced
the least number of hybrid seeds that came up to 484, 10% of them produced
vigorous seedlings, while ‘Kok Pandas’, although having formed the highest number
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Female form, ¢ Hybrid seeds, Fully formed Germinating capacity of Vigorous
pieces seeds, % hybrid seeds, % seedlings, %

‘Magarach Ne 768 90.0 50.0 135

31-77-10°

‘Krona’ 464 93.9 61.5 10.2

‘Muscat Jim’ 2207 94.7 46.0 10.0

‘Kefessia’ 1208 95.2 60.1 5.2

‘Sary Pandas’ 781 87.3 68.9 4.8

‘Kok Pandas’ 2668 67.9 50.0 11

X 188.3 87.1 58.9 6.1

c 214.6 14.9 10.2 4.8

\Y% 38.0 171 17.3 78.7
Table 4.

The effect of maternal forms on crossability.

of fully formed seeds amounting to 2668, showed the smallest percentage of vigor-
ous seedlings (1.1).

In combination of crosses of V. vinifera with complex interspecific varieties
chosen for the analysis, when different female varieties were used in hybridization
with either the same male variety or with different ones, we were able to obtain a
sufficiently high number of seeds. For the crossability of the male form analysis, the
initial varieties were grouped into complexes, taking into account all the indicators
resulting from the hybridization of one male form with all the female forms.

As can be seen from the data, the mean value for the obtained hybrid seeds made
116 (Table 5). The lowest number of seeds was obtained in cross-combinations,
where ‘Podarok Magaracha’ was the male form (18 seeds). The greatest number of

Male form, & Hybrid Fully formed Germinating capacity of  Vigorous
seeds, pieces seeds, % hybrid seeds, % seedlings, %
‘Alminskyi’ 72 94.0 64.0 11.0
‘Podarok Magaracha’ 18 72.0 56.0 10.0
‘Pamyati Golodrigi’ 52 93.0 61.4 9.5
‘Granatovyi Magaracha’ 62 89.5 59.5 6.0
‘Antey Magarachsky’ 155 90.5 58.0 5.0
‘Aurora Magaracha’ 422 93.0 62.5 5.0
‘Krasen’ 168 90.3 62.3 4.0
‘Riesling Magaracha’ 754 95.3 617 37
‘Citronnyi Magaracha’ 456 773 63.3 3.5
‘Spartanets Magaracha’ 534 82.0 58.5 3.5
‘Pervenets Magaracha’ 209 69.5 60.5 1.0
x 116 86.4 61.2 5.5
c 136 13.2 8.0 4.6
\4 117 15.3 13.1 83.6
Table 5.

The effect of paternal forms of interspecific origin on the crossing capacity.
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seeds was observed in crosses with ‘Riesling Magaracha’ (754 seeds). The number of
fully formed seeds out of their total amount was high enough and ranged from
69.5% for ‘Pervenets Magaracha’ to 95.3% for ‘Riesling Magaracha’. The analyzed
crosses were also characterized by a sufficiently high percentage of seedlings from
fully formed seeds, which varied in the range from 56.0 to 63.3%, while all the
indicators of seed germination were within the variation coefficient (13.1). The
number of the obtained vigorous seedlings varied significantly (up to 83.6%).

The greatest number of vigorous seedlings was produced from combinations
with the following varieties—‘Alminskyi’ (11.0%), ‘Podarok Magaracha’ (10.0%),
and ‘Pamyati Golodrigi’ (9.0%). The values of the rated indicator for ‘Granatovyi
Magaracha’, ‘Antey Magarachsky’, and ‘Aurora Magaracha’ varieties did not differ
substantially from the mean in the sampling (5.5%). The smallest number of vigor-
ous seedlings was observed in combinations with ‘Pervenets Magaracha’ (1.0%).

From the analysis of the obtained data, we can conclude that ‘Podarok
Magaracha’, ‘Alminskyi’, and ‘Pamyati Golodrigi’ form a small number of seeds but
can be reasonably used in crosses with the Crimean autochthonous grape varieties
to produce vigorous seedlings. ‘Pervenets Magaracha’, on the contrary, does not
transfer the powerful growth force to its progeny in these combinations.

To analyze the crossing capacity of the Crimean indigenous grape varieties, we
carried out interspecific hybridization within V. vinifera species (Table 6).

As a result, the largest number of seeds was obtained from crossings with ‘Kokur
White’ (1069 seeds), while the lowest number was obtained from crosses with
‘Bastardo Magaraci’ (112 seeds). The mean value of the resulting seeds made 649,
with a slight variation coefficient in all the populations, which made 63. The stan-
dard deviation of the obtained hybrid seeds showed quite a considerable variation
of 409. The percentage of fully formed seeds (seeds with a viable germ and well-
developed endosperm) in variations made an average of 88.3%. ‘Bastardo Magaraci’
(99%) and ‘Rkatsiteli’ (77%) showed extreme values, which exceeded the variation
coefficient as compared to the average value. As to the seed germination capacity,
the hybrid varieties can be divided into two groups by reference to the mean value.
The germination capacity of hybrid seeds obtained from crosses with ‘Shabash’,
‘Kokur belyi’, and ‘Gevat Kara’ was less than the average in variations of 54.9%; for

Male form, & Hybrid Fully formed Germinating capacity of Vigorous
seeds, pcs. seeds, % hybrid seeds, % seedlings, %

‘Kokur Belyi’ 1069 88.0 475 12.5

‘Gevat Kara’ 1357 96.5 485 12.5

‘Rubinovyi 232 95.5 59.5 10.0

Magaracha’

‘Bastardo Magaraci’ 112 99.0 66.0 8.5

‘Shabash’ 549 95.0 46.0 7.0

‘Rkatsiteli’ 511 77.0 59.7 4.3

‘Sauvignon vert’ 681 80.3 56.0 37

‘Chardonnay’ 683 86.0 55.7 3.0

x 649 88.3 54.9 7.7

G 409 7.8 7.0 3.8

\4 63 9.0 12.8 49.7
Table 6.

The effect of V. vinifera male forms on crossability.
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the remaining species of V. vinifera, this indicator exceeded the mean value. The
highest seed germination capacity was observed for ‘Bastardo Magaraci’ (66.0%).

Assessing male forms as to the transfer of the powerful growth force feature to
the offspring, it may be noted that the largest number of vigorous seedlings was
obtained in combinations with ‘Kokur Belyi’ and ‘Gevat Kara’ (12.5%). The mean
values, 7.7% for variations, were exceeded by ‘Rubinovyi Magaracha’ (10.0%) and
‘Bastardo Magaraci’ (8.5%). The smallest percentage of the vigorous seedlings was
observed for ‘Chardonnay’ (3.0%).

By comparing the impact on crossability of the Crimean autochthonous grape
varieties of different male forms represented by varieties of V. vinifera species and
those of interspecific origin, it is possible to ascertain some consistent patterns.

The observed variation coefficients of crossability indicators as to the formation
of hybrid seeds obtained from intraspecific crosses within the species of Vitis vinif-
era are almost twice lower than in interspecific crosses. The established mean value
for cross-combinations of the fully formed seeds differs insignificantly among
intraspecific (within the species of Vitis vinifera) and interspecific crosses, with
difference between them of only 1.9%. The established average percentage of seed
germination capacity has determined a higher viability of hybrid seeds obtained as a
result of cross-species hybridization.

The analysis of the studied cross-combinations allowed concluding that as a
result of crossings within the species of Vitis vinifera the mean value of the obtained
vigorous seedlings was almost 1.5 times lower than in interspecific crosses.

Thus, we were able to establish the genetically determined specificity of the
crossability of the Crimean autochthonous grape varieties. By all crossability
indicators of the Crimean autochthonous grape varieties, the variability was lower
within the species of Vitis vinifera than in the interspecific hybridization. Using
autochthonous variety ‘Krona’, as a female form, and interspecific variety
‘Alminskyi’, as male form, proved most efficient for obtaining vigorous progeny.

6. Modeling at plant breeding

In the middle of the twentieth century, there existed the so-called model of ideal
variety of a grapevine—a concept that comprised the ultimate complex of the
desired basic phenological and agrobiological characteristics in varieties that were to
be cultivated on a vineyard [35]. But global and local climatic changes along with
the change in biosphere conditions demanded creation of new cultivars, in particu-
lar in viticulture [36]. The global problem was not only to preserve the grapevine
gene pool diversity but also to breed new grapevine cultivars that would correspond
to modern conditions of biosphere [37].

Scientists in different countries discuss the problem and methods of creating a
new genotype with given parameters [27], including the one on the basis of
modeling [38]. A program for immunobreeding “Analogue” that is based on models
of new grapevine cultivars was developed [39] and is being implemented at the
“Magarach” Institute. The program aims to improve the efficiency of grape
breeding and to achieve varieties, whose characteristics would be distinguished for
genuine novelty. The breeding objective of the program is the development of new
grape cultivars that would combine resistance to a variety of pests, diseases, and
unfavorable environmental factors and would, at the same time, produce fruit of
the quality comparable to the best samples of the existing international analogues.
To achieve this, new baseline material is searched for, accumulated in collections,
studied, and involved in generative hybridization.
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Thanks to the existence of individual species of grapevine with peculiar traits of
interest, and in pursuit of the increased heterogeneity of grapes under commercial
cultivation, the grape breeding program “Analogue” aims at developing a new
generation of grape cultivars based on the initial forms obtained from different
centers: the European center (Vitis vinifera L.), the East Asian center (Vitis
amurensis Rupr.), and the North American center (Vitis viparia Michx., Vitis cinerea
Engelm., etc.).

The suggested concept of the models is based on 16 most desired selection traits
that are used for the replenishment of the selection database, selection of the
original forms for crossbreeding, evaluation of the selected hybrid forms, and
multivariate analysis. Presently, the models of table grapevine cultivars are
implemented in new varieties [3]. Using the developed models for the creation of
new cultivars will help solve ecological problems in the vineyards, ensure high
economic effectiveness of winegrowing, and receive grape cultivars for different
purposes.

The basic signs defining phenotype and breeding value of genotypes (Table 7)
are included in a model of a table grapevine variety. Varieties are distributed based
on ripening time: super early (less than 105 days); very early (105-115 days); early
(115-130 days); middle (130-140 days); and late (more than 140 days).

Since botanical, phenological, morphological, agrobiological, economic, physio-
logical, and other signs are measured in different units and scales, it is necessary to
formulate appraisal of trait manifestation in points. In other words, it is necessary to
translate the quantitative and qualitative data into a uniform system. For this
purpose the scope of a sign variation in the investigated set of cultivars was subdi-
vide into 5 gradations with an interval of 2 (1, 3, 5, 7, and 9). The minimum value of
the attribute is code 1, while the maximum is code 9. The presented model mapped
genetic regularities of the maximum score in transgress hybrids. Formation of the
maximum score is carried out based on quantitative (weight of a berry and that of a
bunch) and qualitative (shape and color of a berry) attributes that are associated
with the ripening times.

The conducted hybridological analysis and mathematical and statistical
processing of the experimental data highlighted the most valuable combinations of
crosses on complex inheritance of phenotypic traits of elegance with a bias toward
early ripening (Table 8).

Combinations of ‘Flora’ x ‘Rishel’e’ (43.9%), ‘Present to
Zaporozhye’ x ‘Rishel’e’ (63.9%), and ‘Flora’ x ‘Find of Mariupol’ (100%) have the
highest breeding value in terms of the ripening period. The degree of the

Ripening time Super early Very early Early Middle Late
9 7 5 3 1
Berry weight 5 7 9 7 5
Bunch weight 5 7 9 7 5
Berry shape 3 5 7 9 3
Berry coloration 9 7 5 3 1

Legend. Sign expression in points: Berry weight: 5 points, 6 g; 7 points, 8 g; 9 points, move than 10 g; Bunch weight: 5
points, 500 g; 7 points, 800 g; 8 points, 1000 g; 9 points, more than 1200 g; Berry shape: 3 points, rounded; 5 points,
egg-shaped; 7 points, cylindrical; 9 points, elongated-elliptic; Berry coloration: 1 point, blue-black; 3 points, violet; 5
points, ved; 7 points, pink; 9 points, yellow-green.

Table 7.
Model of a table grapevine cultivar according to the expression of phenotype traits.
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Crossing combination Ripening Berry Bunch Berry Berry
time weight weight shape coloration
‘Flora’ x ‘Rishel’e’ 439 33.7 10.3 439 39.8
‘Flora’ x ‘Cardinal’ 12.4 0.0 10.3 0.0 45.4
‘Flora’ x ‘Find of Mariupol’ 100 20.0 20.0 40.0 100.0
‘Talisman’ x ‘Cardinal’ 9.1 100.0 50.0 0.0 40.9
‘Talisman’ x ‘Kodryanka’ 11.3 100.0 51.0 0.0 30.2
‘Present to Zaporozhye’ x ‘Rishel’e’ 63.9 84.8 20.0 9.8 25.6
‘Present to Zaporozhye’ x ‘Cardinal’ 10.9 84.6 20.0 0.0 32.0
‘Flamingo’ x ‘Rishel’e’ 11.5 8.0 8.0 0.0 23.0
‘Flamingo’ x ‘Arcadia’ 9.8 75.0 25.0 0.0 38.2
Table 8.

Breeding value of grapevine populations (%).

hypothetical heterosis of the hybrid offspring as to this trait ranged from 0.6 to
66.7% (Table 9).

Populations that include ‘Talisman’ variety show the highest breeding value of
the inheritance of a big berry, reaching up to 100%. The high breeding value is due
to the biological capacity of the ‘Talisman’ variety to generate a very big berry, the
weight of which reaches up to 24 g, and a high degree of transmission of this trait to
its progeny in populations.

Hereby, the overall combining ability of the ‘Talisman’ variety influence on the
increase of the berry weight in progeny as compared to the average indices of the
original forms happens with a fairly low severity of 1.25%. Reverse causality
between heterosis and breeding value is observed in combination of ‘Flora’ x ‘Car-
dinal’. In this case there is a zero degree of inheritance of giant berries; however,
there is a significant (63%) superiority of the hybrid progeny over the average
index of a berry weight, characteristic of both parents.

The breeding value of the inheritance of a bunch weight in represented
populations ranged from 8 to 51%. It should be noted that the highest conjugate of

Crossing combination Ripening Berry Bunch Berry Berry
time weight weight shape coloration

‘Flora’ x ‘Rishel’e’ 5.7 8.3 19 -19 -2.3
‘Flora’ x ‘Cardinal’ 1.4 63.0 6.7 35.0 0.2
‘Flora’ x ‘Find of Mariupol’ 66.7 9.3 5.7 -3.8 0.0
‘Talisman’ x ‘Cardinal’ 0.6 13 8.8 —4.5 13
‘Talisman’ x ‘Kodryanka’ 8.9 12 12.1 4.2 -12.8
‘Present to 34.7 3.0 -5.7 -17.9 -235
Zaporozhye’ x ‘Rishel’e’

‘Present to 5.1 5.5 0.7 -7.3 —18.7
Zaporozhye’ x ‘Cardinal’

‘Flamingo’ x ‘Rishel’e’ 9.8 73 —14.4 -31 -75
‘Flamingo’ x ‘Arcadia’ 14.5 -3.3 —4.3 2.7 0.8

Table 9.

Hypothetical heterosis in grapevine populations (%).
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the studied traits is observed between the weight of a berry and the weight of a
bunch and a distinctive relationship is observed in crosses with ‘Talisman’ variety.
Populations, in which this variety participates, produce about 50% progeny forms
with a very big bunch.

In this study preference was given to the elongated oval-shaped berries. How-
ever, very early-ripening cultivars mainly produce a rounded berry. Apparently,
this feature is associated with the biological specificity of the berry formation and
the origin of table grapes Vitis vinifera orientalis Negr. that is related to soil and
climatic conditions of their origin. Many varieties of eastern ecogeographical group,
‘Husaine Kelim Barmak’, ‘Shami Abiad’, ‘Fakhri’, and others, have an elongated
oval or cylindrical berry shape and are characterized by the average ripening time.

The main objective of a plant is to generate progeny and in the case of grapes to
produce seeds. It is known that very early-ripening cultivars have zero seed germi-
nation due to the insufficient formation of a normally developed embryo and
endosperm, while the seeds of the average ripening period cultivars have the
highest viability. It is possible that the genetic correlation between the shape and
weight of berries and the ripening period is due to the biological dependence of the
length of the vegetation period and formation of a sufficient amount of biochemical
compounds. However, the studied hybrid progeny has a high degree of heterozy-
gosity. Initial forms of interspecific origin represent at least 5 generations and have
more than 50 ancestors. The oval shape of a berry is intermediate between the
round and cylindrical forms. Therefore, in the process of breeding early-ripening
cultivars with oval berry shape, there is a sufficiently high degree of probability to
obtain hybrids with this berry shape. The most valuable populations in this case
were obtained by crossing with ‘Flora’ cultivar, specifically 40-43.9%, in the geno-
type of which ‘Khusaine Belyi’ genes are present.

Berry color is a sign closely related to the preservation of grapes. The higher the
percentage of anthocyans (phenolic compounds) in the skin of the berries, the
longer is the period during which they can be preserved. The economic value of this
feature increases with the elongation of the vegetation period. Very early-ripening
varieties do not require long-term storage, as fresh grapes are sold without storage
and are in high demand. With the increase in the vegetation period, however, the
potential yield of varieties increases, along with their competitiveness. Thus, it
develops the need for a short-term storage of early varieties, smoothly developing
into the long-term storage of late varieties. Therefore, the model of a table variety
displays the optimal berry coloration resulting from the content of anthocyans
(phenol compounds) and aroma compounds [30], associated with the ripening
period and storage duration.

According to the existing genetically determined pattern, the dark color of a
berry dominates over a lighter color. Using this pattern has created a population
with sufficiently high breeding value of 23-100% for the given trait. However, the
hypothetical heterosis in populations with colored varieties—‘Rishel’e’,
‘Kodryanka’, and ‘Cardinal’—has a negative value, underscoring the validity of
color patterns of domination.

In the assessment, populations were grouped into separate complexes by the
aggregate of model characteristics. Experimental data on the breeding value and
heterosis were obtained (Figure 3). Using this approach in the analysis, it is possible
to consider the overall breeding value of each population and reveal the general and
specific combining ability of the initial forms. As a result, the most effective cross-
breeding combinations were identified with the purpose of obtaining model for
early-ripening table cultivars. The following combinations have the biggest breed-
ing value: ‘Present to Zaporozhye’ x ‘Rishel’e’, “Talisman’ x ‘Cardinal’, and
‘Flora’ x ‘Find of Mariupol’. The overall positive combining ability is characteristic
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Florax Rishel'e
300
250

Flamingox Arcadiva Flornx Cardunal

Flanungox Rishel'e Florax Fid of Maupol
Present to 2 % Cardinal Talismian x Cardinal
Present to 2. % Rishel'e Falismean x Boodiyanka
== FBreeding value == Hypothetical heterozis

Figure 3.
Degree of expressiveness of model signs in grapevine populations.

of the original forms of ‘Flora’ and ‘Talisman’, negative —‘Present to Zaporozhye’.
The positive specific combining ability was observed in ‘Flamingo’ variety in
crosses with ‘Arcadia’ variety. By the total common indicators, of special interest is
the combination of ‘Flora’ x ‘Find of Mariupol’.

The analysis of the inheritance of the aggregate model features allowed creation
of new table cultivars of very early-ripening period with big berries and bunches:
‘Solnechnaya grozd’ (‘Flora’ x ‘Find of Mariupol’), ‘Liviya’ (‘Flamingo’ x ‘Arca-
dia’), and ‘Academician Avidzba’ (‘Present to Zaporozhye’ x ‘Rishel’e’).

The conducted research established global and local climate change and the
associated change in the biotic stress factors of the biosphere. This problem results
in a need to cultivate new grape cultivars that are environmentally plastic and
resistant to the biotic and abiotic factors of the biosphere. The targeted creation of
new grape cultivars based on formulation of models and their subsequent imple-
mentation is perceived as the most successful approach.

The hybridological analysis of the newly created grape hybrid gene pool revealed
the most effective combinations of crosses for early-ripening cultivars with a big
berry. Also, the general and specific combining ability for certain initial forms that
appear in the progeny was identified. Overall, the model practice allowed obtaining
new early-ripening grape cultivars with big berries that are being successfully
cultivated in the vineyards under different environmental conditions.

7. Aspects of the general and particular in the formation of programs of
fundamental scientific research in horticulture

The modern conditions of the biosphere and the cultivation of agricultural crops,
which include horticulture and grapes in particular, determine the need for the
formation of scientific research programs, the implementation of which would
improve the efficiency of agricultural production, in particular of these crops. The
analysis of the complex of scientific researches makes it possible to note that genetic
selection and physiological-biotechnological priorities can be considered as priority
directions and effective implementation of specific scientific developments is pos-
sible only after taking into account the existing environmental factors of biotic and
abiotic nature.
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It is really possible to make an intellectual breakthrough in solving the problems
of improving the methodology and scientific foundations of breeding genetic
research, as well as increasing the efficiency of agricultural production only on the
basis of the development and implementation of national programs. The leading
role in the development of these programs should be carried out by the national
scientific institutions of the country, to which the All-Russian National Research
Institute of Viticulture and Winemaking “Magarach” belongs in Russia. At the
present time, in the “Magarach” Institute has developed and is implementing a
genetic selection program for the breeding of new grape varieties “Analogue.” This
program provides for the modeling of new grape genotypes based on the developed
models. In turn, the formation of models of new varieties of grapes is based on
established patterns of manifestation and inheritance of selectable features selected
for each model according to breeding value, crossability, hypothetical heterosis, and
other genetic selection patterns.

Participation of scientists of the Magarach Institute in international European
scientific projects, including EU projects, gives grounds to say that the research in
the institute corresponds to the modern world level of development of both funda-
mental biological and agronomic sciences.

Among a number of prerequisites necessary for the stable and efficient func-
tioning of any crop production, a special place belongs to the sustainability of its
development. This concept includes a whole range of organizational, economic,
social, and environmental assessments. The most important of them for agricultural
production is the requirement to adequately meet the needs of living people, with-
out depriving this opportunity for future generations, the need to harmonize the
way of life with the ecological capabilities of the region, and the introduction of
certain restrictions on the exploitation of natural resources due to the ability of the
biosphere to cope with the consequences of human activities. This is consistent with
the international convention on the ecological status of the biosphere on the planet.

Sustainable development is the main condition for the effective functioning of
agricultural production. At the heart of sustainable development of agricultural
production are several main factors. One of them is environmental conditions, the
requirements for which are presented by living organisms—soil, plants, animals,
birds, and insects—which are diverse due to the biological characteristics and
diversity of living organisms themselves. The yield of crops and, as a consequence,
the economic efficiency of production are determined by the extent to which the
living conditions correspond to the requirements of the biology of living organisms.
No other circumstances, the provision of machinery, pesticides, and fertilizers,
although important, cannot replace this requirement. From this basic condition
follows the main task for agriculture, which consists in creating in each soil climatic
zone such biocenoses, whose biological requirements would be most adequate to the
conditions of their functioning. Only in this case, it is possible to count on their
optimum productivity. The main functional unit of the agricultural biocenosis is a
variety. Naturally, in these conditions, it is necessary to pay priority attention to the
use of biological reserves of the plants themselves of agricultural crops. In other
words, it is necessary to go as far as possible toward the creation and use of new
selection varieties of grapes that meet modern requirements of agricultural
technology and the conditions of the biosphere to the maximum.

This is also confirmed by the fact that in the complex of biological sciences that
solve the tasks of increasing the productivity of agricultural production, the most
solid positions belong to genetics. At the same time against the background of
changing climatic conditions and an increase in the epiphytotic load of phytopath-
ogens in agrocenoses, it becomes most expedient to use varieties of a new breeding
generation and clones of traditional varieties resistant to biotic and abiotic factors.
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This direction of selection is characteristic for scientific research in Russia and in all
developed countries of Europe and the world.

Increasing the efficiency of agricultural production, including horticulture crops
and grapes, is really possible only on the basis of the large-scale use of modern
scientific and technical developments. The increase in the level of scientific and
technological achievements and their use will enable the most fully to realize the
high biological potential of the plant and thereby increase the supply of food to the
population. At the same time, the priority areas of research are the creation of a new
generation of winter-hardy, immune, and productive varieties providing high-
quality agricultural products, which are the basis of adaptive horticulture growing.

The criteria for breeding new generations of varieties of horticulture crops can
be based on the same principles used in breeding programs adopted for individual
crops, particularly for grapes. Based on knowledge of the existence of separate
centers of origin of cultures, the evolutionary variability of plants, and the coevo-
lution of plants and pathogens, it is possible to select the necessary initial forms for
generative hybridization, which currently remains the main method in breeding. It
is also possible to use the laws of genetically determined patterns of crossing and
inheritance of signs and characteristics in individual crops when selecting other
horticulture crops. Improvement of the methodology of breeding for the purpose of
breeding a variety with the necessary parameters is possible, in particular, based on
the development and implementation of models of new varieties, which take into
account the knowledge of general and private genetics.
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of South American Leaf Blight on
Rubber in Brazil
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Abstract

The rubber tree (Hevea spp.) is one of the main forest crops in tropical regions due
commercialization of natural rubber. Brazil currently imports most rubber that is con-
sumed. According to the International Rubber Study Group, for an annual consump-
tion of 350,000 tons in Brazil, 135,000 tons were produced, whereas 215,000 tons
were imported. This failure of rubber cultivation in Brazil is primarily due to South
American leaf blight (SALB), a disease caused by the fungus Microcyclus ulei (P. Henn.
v. Arx.). The fungus is present in all Brazilian rubber-producing regions and attacks
young leaflets, causing abscission and, ultimately, death of the tree. This disease occurs
in almost all areas of rubber tree plantations in Central and South America. Strategies
used to manage SALB are based on the use of fungicides in nurseries and young planta-
tions and the use of resistant clones; on phenological aspects, taking into account the
leaf shedding patterns of adult rubber trees, which in certain environments provide
defense in addition to resistance; and on climatic factors that are favorable or unfavor-
able to epidemic development. The aim of this chapter was to describe all aspects
related to the epidemiology and management of leaf blight in Brazil.

Keywords: Microcyclus ulei, Hevea brasiliensis, control, evasion, damage and losses

1. Introduction

From 1914 to the 1970s, South American leaf blight (SALB) was considered one
of the major causes of failure of commercial rubber cultivation in South America
[1]. Today, management measures are available to ensure a minimum risk of
epidemics to rubber tree crops in several regions of Brazil.

Among such measures is planting of resistant plant materials associated with
evasion (choice for areas favorable to rubber cultivation and unfavorable to the
pathogen). These actions have reduced injuries and losses caused by this disease
and, consequently, favored large-scale production in Brazil and in other countries
that aim at self-sufficient production of rubber, a strategic raw material.

This disease was described at the early twentieth century in leaves collected from
native rubber trees in the surroundings of Belém, Para State (PA); symptoms were
few, not causing defoliation or other injuries to the plants since susceptible rubber
trees grow naturally at a low density in forests, 3-4 trees per ha.
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However, the devastating potential of this disease was detected in the first
attempts to domesticate this species and establish commercial plantations in the
Guianas and Brazil (Ford Crops) at the beginning of the century. Such failures
are documented in the literature but were not taken into account by the Brazilian
authorities responsible for the sector’s policy and fiscal incentives, as well as by
the former support agencies, which made some historical mistakes. One of these
mistakes was the financial support by the Brazilian government to rubber cultiva-
tion at the humid Amazon region, with goals of planting rubber trees in 250,000 ha
from 1970 to 1985 (PROBOR I, II, and III). Of these, only 120,000 ha were planted,
of which 38,000 ha were decimated by the disease and the remaining had very low
yield, discouraging new cultivation and investments in the sector [2]. Another
mistake was the choice for hybrid clones of Hevea benthamiana and H. brasiliensis,
which present low yield, do not have uniform leaf shedding, and do not allow
breaking the pathogen’s cycle.

At the end of this period, when the financial aid to the sector had finished, pres-
sure by other Brazilian states allowed cultivation in other areas of the country, such
as the central region, part of the central-west region and the southeast region, where
rubber trees were grown exuberant and productive, free of leaf blight epidemics.
Nowadays, these are considered areas of high productivity due to disease evasion
(erroneously cited in the literature as “scape areas”), showing the way to high
productivity and national self-sufficiency of such strategic raw material. Details
will be addressed in this chapter.

2. Etiology of the disease

South American leaf blight, or leaf blight, is caused by the fungus Ascomycota
Microcyclus ulei (P. Henn) v. Arx, which is found throughout cultivation areas in the
American continent and is particular to the genus Hevea; it was already detected in
six rubber tree species [3].

This fungus has two types of infective spores in its life cycle, according to the
type of reproduction: conidiospores (asexual reproduction or anamorphic phase),
the anamorphic reclassification of which was recently described in the literature,
e.g., Pseudocercospora ulei [4], with cycle varying between 6 and 10 days, depending
on the clone, and ascospores (sexual reproduction or teleomorphic phase), with
cycle varying from 100 to 150 days (Figure 1).

Conidia are responsible for spreading the pathogen and causing epidemics due to
their large number and rapid cycle. Ascospores take longer time and are responsible
for the primary inoculum, minimally contributing to the epidemics; they can affect
young plants and clonal gardens or species and hybrids that do not regularly change
leaves (H. benthamiana). These sexual spores are produced in a small quantity and
remain protected inside special structures on the leaves (pseudothecia) for several
months, even in fallen leaflets, being progressively released to the air.

In nurseries at Paraiba Valley and South Bahia, weather conditions favorable to
epidemics included relative humidity superior to 95% during 10 consecutive hours
for 12 days a month. The disease affects specially leaflets but can also reach petioles,
new branches, and even fruits [6].

Once spores come in contact with leaflets in the susceptible stage, initial symp-
toms appear on the inner face of the leaf as small rounded necrotic spots, under
which dark green conidial sporulation of velvety aspect emerge in most clones.
Under high humidity conditions, lesions grow occupying great part of the leaf limb
and causing defoliation.
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Figure 1.

Ph%lses of Microcyclus ulei cycle, modified from [5]. (1) Wet period. Infoliation; (2) Anamorphic phase.
Conidial sporulation. Leaflet shedding; (3) Teleomorphic phase. Stromata formation; (4) Mature stromata;
(5) Dry period. All plants changing the leaves; ascospores veleased; and (6) Ascospores veleased by leaflets
dropped. New infections occurred and beginning a new cycle.

In the remaining infected leaflets, the sexual phase develops (spermatogonia,
asci, and Ascospores); ascospores consist in formations showing diameter of several
millimeters that become massive and rough to the touch, like sandpaper (stroma).
Such symptoms prevail in mature leaflets until their natural fall.

3. South American leaf blight in native rubber trees

Native rubber trees are intertwined with the Amazon forest, where they are
inserted, occupying several Brazilian states and Amazon countries of South
America, in which the 11 known species of Hevea cohabit, showing varied size
(shrub to tree), variable phenology (see text below), and variable resistance to the
causal agent of leaf blight. Among an enormous diversity of plant species, rubber
trees are rare, i.e., they have extremely low density (2-3 plants per hectare). Such
rarity and diversity protect them from herbivory and from the attack by pest insects
and diseases, such as leaf blight. Based on studies conducted with native rubber
trees in Acre State, Furtado [7] verified the percentage of diseased fallen leaflets per
plant (incidence). In addition, diseased leaflets were evaluated for the percentage of
injured leaf area (severity), according to the diagrammatic scale developed by Chee
[8] and modified by Gasparotto [1]. Data were collected from native rubber trees
or settings (areas of ~400 ha) containing three lots of 150 rubber trees, which were
productive and aged more than 100 years (“rubber tree roads”), located at Chico
Mendes Extractive Reserve, in the rubber tree plantations: Sdo Pedro, Dois Irmios,
Nazaré, and Floresta, and at Caquetd Extractive Settlement, totaling 11 native rub-
ber tree roads. Sampling included one out of every two individuals. Fifty trees per
“road” of native and planted rubber trees were covered (Table1).

There were no epidemic levels in any of the rubber tree plantations; only a
greater leaf blight incidence was noticed for rubber tree plantations in Nazaré and
Sdo Pedro, evidencing a balanced situation between the native rubber trees and the
fungus.
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Rubber plantation  Rubber tapper's name Microcyclus

Incidence
Sdo Pedro
Bom levar Il Raimundo Carlos 12
Vai quem Quer Dalvo F. da Silva 12
Morada Nova Antonio M. E. de Oliveira )
Floresta
Bela vista | Domingos F. da Conceicio 0
, Francisco das C. F.
Maloquinha Marcalino 0
Bom Principio Raimundo N. P. da Silva 8
Taripu (Enrascada) Manoel da 5. Qliveira 0
Nazaré
Rio Branco Il Guilerme Q. de Oliveira 12
Caqueta
Limoeiro Ladislau do Mascimento 0
Sdo Pedro Acalino do Nascimento 0
Feijdo Duro Osma A, da Silva 0
Table1.

Intensity of leaf blight symptoms obtained for native rubber trees at different settings/plantations. Acre Valley [7].

4. Epidemiology of South American leaf blight

Learning the structure and the behavior of leaf blight is essential for the ratio-
nal management of this disease. Thus, the dynamics of the pathogen’s ascospores
and conidia must be quantified, as well as the phenology of the rubber tree, the
intensity, and progress of the disease, and the effects of altitude and leaf density on
the production and growth of the rubber tree and leaf wetness period significantly
influence the Hevea sp. X M. ulei pathosystem.

Infection by Microcyclus ulei occurs in young leaves of rubber trees at the opti-
mum temperature for the disease, around 24°C. However, temperatures between 20
and 28°C are favorable to the disease, evidencing high number of foliar lesions [1].

The pathogen M. ulei can infect rubber trees at 16°C and the disease can evolve
normally at 24°C, showing that the temperature of 16°C does not prevent the
pathogen from penetrating the leaves of rubber trees but makes colonization slow
or paralyzed [9].

SALB can occur in rubber trees after 6 hours of leaf wetness at 24°C since it
highly depends on the aggressiveness of isolates and on whether the clone is suscep-
tible or resistant. Localities subject to dew, fog, or light rain for prolonged periods
present conditions extremely favorable to the development of leaf blight [1]. The
longer the low temperature period, the minor the disease severity.

The deciduous habit of the rubber tree is considered important since it reduces
the initial inoculum, located in older leaves, and standardizes the buddings, which
are very important in scape areas, where refoliation coincides with the shortest leaf
wetness period, unfavorable to the development of the pathogen [10].

Honorato [11] quantified the following variables: dynamics of the pathogen’s
ascospores and conidia; phenology of rubber trees; disease progress; and effects of
altitude, disease severity, and leaf density on the production and growth of rubber
trees. Experiments were conducted in rubber tree plantations at Igrapitina, Bahia,
considering three topographic conditions (top, slope, and lowland). The author
detected ascospores and conidia of the fungus over the whole experimental period,
but ascospore concentration was higher in the nocturnal period, while that of
conidia was greater in the diurnal period. The effect of climate variables on conidial
release was greater at lowland. At the top, leaf density of the rubber tree was higher
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and the disease severity was lower. Climate variables had a greater effect on disease
severity at lowland, where the number of hours with leaf wetness was higher and
relative humidity was minimal. A mean reduction of 47.7% in rubber production
was detected at lowland, as well as mean severity of 15.0% and mean reduction in
leaf density of 50.1%. There is evidence to propose changes in the pathogen’ life
cycle since ascospore and conidial production occurs all over the year in the field,
under favorable environmental conditions. According to the obtained results, the
author concluded that the effects of environmental variables on the disease are
more evident under lowland conditions, where leaf blight, in particular, reduces the
rubber production and the rubber tree growth. Under such conditions, the disease
management measures should be intensified, including the planting of clones with
high horizontal resistance.

An interesting phenomenon that has become frequent in the last years is
the so-called South Atlantic Convergence Zone (SACZ), defined as a region of
extensive cloud bands from the Amazon, Central-West, and Southeast region
[12]. This climatological characteristic is associated with rainfalls that sometimes
are strong, sometimes are moderate, and sometimes are intermittent, persisting
for a minimum of 4 days, which can cause great disorders like floods, landslides,
and overflows.

Climatologically, SACZ system is responsible for the considerable amount
of summer rainfall among the Central-West, Southeast, and part of North and
Northeast regions, causing humidity accumulation during the summer, which must
have favored such leaf blight epidemics at the beginning of the year in Sdo Paulo,
Mato Grosso do Sul, Mato Grosso, and Goids States. On the other hand, the absence
of this system causes drastic reduction in rainfall in these regions, consequently lead-
ing to losses in agricultural production and risk of water and energy rationing [13].

As SACZ phenomenon is common in Brazil, new leaf blight epidemics are
expected when a highly humid period coincides with the presence of new leaves
in the rubber tree, since the pathogen is common, at low intensity, even in “scape”
zones. The use of productive clones resistant to leaf blight is welcome, even for
“scape” zones [13].

5. Strategies for the management of South American leaf blight in rubber
tree plantations

The strategies used in the management of this disease in Brazil follow the propos-
als published [2, 3], based on the rubber tree-climate-M. ulei interaction, i.e., the phe-
nological features of the used clones (which must have a uniform deciduous habit),
on the resistance to leaf blight, and on the climate characteristics favorable or not to
epidemics, in each Brazilian region, modified from Ortolani [14], shown in Table 2.

5.1 Phenological behavior of the rubber tree

The deciduous habit of the rubber tree is one of its most important phenological
features for allowing yearly leaf renovation. Considering this character, the major
species of rubber tree and their hybrids planted in Brazil present a highly important
variation:

a.Hevea brasiliensis has the largest number of hybrids with uniform and regular
deciduous habit, and their leaf shedding occurs from August to September,
which corresponds to the dry period. Thus, diseased leaflets are naturally
threshed and healthy growth occurs after hibernation and new budding.
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| = Amazon Reqion:

ANMT — Marginal area, of constant super humidity and ocuthreaks of the disease. Annual
water deficit (Da) = 0 mm; mean relative humidity of the driest month {RHs) = 55%
and real evapotranspiration {RE) = 200 mm. Western Amazonas.

AMZ - Marginal area, high humidity and outbreaks. Da 0-100 mm, RHs 75-85% and RE
= 800 mm. Central Amazonas.

AM3 - Marginal and preferential area with restrictions. Moderate to high disease
incidence. Obligate phytosanitary contral although there is a variable dry seasan.
Da 100-200 mm, RHs 65-80% and RE > 900 mm. Eastern Amazonas.

Al - Preferential area with restrictionzs. Low incidence of M. wei. Caution is required
for the establishment of rubber tree plantation due to high seasonal water deficit.
Da 200-300 mm, RHs 65-80%. It covers the area of transition betwesen Central
Erazil and dense Forest.

Il = Non-Amazon Reqions:

A - Preferential area with satisfactory thermal and water conditions and minimal risk of
disease incidence. Da 0-200 mm; RHs 55-70% and RE = 900 mim.

A1 - Preferential area with restrictions. Low disease incidence. Caution is reqguired for
the establishment of rubber tree plantation due to seasonal water deficit (Da 200-
300 mm).

B - Marginal area with super humid conditions. Moderate to high disease incidence.
Obligate phytosanitary contral. 0a=0 mm, RHs = 80%, mean temperature of the
caldest manth (Tf) = 20°C (e.g., Sauth Coast of Bahia).

B1 - Marginal area with super humid conditions. Moderate to high disease incidence in
clonal gardens, nurseries and new plantations, or adult plantations with cultivars
that do not adequately shed their leaves (hybrids of H. benthamiana). It differs
from the previous region for presenting Tf = 20°C or longer dry period in leaf
shedding {e.g., Ribeira Valley Region).

C, D and E — Marginal to inapt areas due to thermal or water limitations.

Table 2.
Brazilian climate zoning for the rubber tree, aimed at contvolling South American leaf blight, modified from [14].

b.Hevea benthamiana and its natural hybrids, or with H. brasiliensis, present
irregular leaf shedding, partially changing their crown every year in the dry
period. Part of the diseased leaves remain in the crown and will serve as initial
inoculum for new leaflets during budding.

c. Hevea pauciflora and its hybrids do not have a defined period for leaf shedding,
being intertwined with perennial species. However, they have high resistance
to leaf blight.

5.2 Resistance of rubber trees to South American leaf blight

In Brazil, breeding with rubber trees started in 1937 after outbreaks caused by the
fungus M. ulei in crops established by Ford Company in the fields of Fordlindia in
1928 and in Belterra in 1932, both at low Amazonas, Para State. Currently, the species
of greatest interest for breeding are: (1) H. brasiliensis—higher productive capacity
and genetic variability for resistance to M. ulei; (2) H. benthamiana—resistance to
M. ulei and genetic variability for rubber production; (3) H. pauciflora—certain
immunity to M. ulei; and (4) H. camargoana and H. camporum—small size.

Initial selections for resistance to SALB in Brazil were done by Ford Company.
During 1942-1945, the program was expanded and conducted in cooperation
among Ford Company itself, Agronomic Institute of the North (IAN)—newly
established at that time', and the Department of Agriculture of the United States [15].

! Currently CPATU—Center for Agricultural Research in the Humid Tropics.
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The first step was to select matrices that had demonstrated resistance to the disease
in Fordlandia. The selected resistant clones were known as Ford clones, designated
by letter F (Ford selection), such as clone FA 1639, a clone of H. brasiliensis origi-
nated of ungrafted plants from seeds from Acre State, and clone F 4542, originated
of seeds of H. benthamiana at upper Rio Negro [16].

During the administration of Ford Motor Company, breedings between Ford
clones resistant to M. ulei and productive clones from the East received the acronym
FX, e.g., FX 4037, originated from the selection of a seedling resultant of the breeding
between F 4542 and PB 86. Breedings conducted in 1945 and subsequent years, under
the auspices of the Agronomic Institute of the North, received the acronym IAN. The
materials available for the breeding program consisted of oriental clones susceptible
to M. ulei, such as PB 86, PB 186, Tjir 1, Tjir 16, AVROS 183, and AVROS 363, consid-
ered the best producer clones of the period, as well as primary clones of H. brasiliensis,
selected from Fordlindia and Belterra, and clones of other species of rubber trees
collected all over the Amazon Basin. Having resistant and productive material, an
intraspecific breeding program was developed with the aim of associating, in one
same plant, the characters desirable for dry rubber production and resistance to leaf
blight. However, the lack of genetic diversity between parentals led to no manifesta-
tion of the hybrid vigor for the character of resistance to the pathogen [17].

In view of the great susceptibility of genotypes obtained by intraspecific breedings,
other sources of resistant germplasm had to be searched in other species of the genus
Hevea, aiming at interspecific breeding involving productive plants of H. brasiliensis
and other plants resistant to the pathogen. Thus, plants representing the following
species were collected and taken to Belterra: H. spruceana, H. microphylla, H. guia-
nensis, and H. pauciflora. Hybrids from the breedings H. brasiliensis x H. guianensis,

H. brasiliensis x H. microphylla, and H. brasiliensis x H. spruceana were discarded for
not meeting the goals of latex production and resistance. Hybrids of H. benthamiana
(especially clones F 4542) with H. brasiliensis, selected in Fordlandia, started to consti-
tute basic material of resistance in successful genetic breeding programs [18].

Since then, thousands of plants were selected as resistant, of which only a small
number had a good phenotypic value (what the plant exteriorizes) for the character
dry rubber production. According to [19], hybrids of H. pauciflora x H. brasiliensis
presented high resistance to the fungus M. ulei but low production of dry rubber—
material recommended, in recent years, for the genetic-horticultural control of leaf
blight by means of crown grafting [20]. While Brazilian researchers searched for
resistant and productive materials, the Malaysian program by the Rubber Research
Institute Malaysia (RRIM) focused only on obtaining H. brasiliensis clones of high
productivity since the disease was not a concern because the pathogen was absent.
They obtained a good performance with series 500, which was subsequently sup-
planted with clones of series 600. The latter is known worldwide, and RRIM 600
has become one of the most cultivated clones for its high productivity and plasticity.
Currently, RRIM is in series 900. Brazil has received these clones as a payment for
the genetic material supplied during the last years.

Assessing the behavior of rubber tree clones to leaf blight is extremely important
for the establishment and success of rubber tree plantations. Silva [21] evaluated the
behavior of 18 rubber tree clones against SALB. The evaluations were performed at
15-day intervals by removing 30 leaflets per tree. The disease was quantified based
on the number of leaflets that were collected and classified according to the stages
of the development of the disease and the type of injury. SALB occurred during
the entire experimental period; however, the intensity of the disease varied in
accordance with the resistance level of the clones and the time of year. The rubber
clones FX 3864, RRIM 725, RRIM 711, IAC 300, and IAN 873 exhibited the highest
resistance to leaf blight (Figure 2).
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Figure 2.
Clustering of the studied rubber clones in relation to SALB (M. ulei) based on Mahalanobis distances [21].

5.3 Climate zoning

The Climatology Sector of Campinas Agronomic Institute developed a proposal of
climate zoning for rubber by adopting the water balance method, that is, an account-
ing study involving the potential monthly values of rainfall and evapotranspiration
of each region and their correlation with the intensity of leaf blight symptoms. The
zoning divided the Amazon region into four distinct ecological zones, while the
remaining Brazilian regions were distributed into other seven zones (Table 2).

5.4 Management of SALB per Brazilian climate region
5.4.1 Dry regions and spatial evasion

One of the major measures related to the management of leaf blight in Brazil
includes cultivation at sites unfavorable to the development of the pathogen, using
the general principle of evasion control (geographic evasion or evasion in space),
popularly known as “scape areas.”

According to the climate zoning (Table 2), a vast area in Brazil is considered
preferential, with potential for rubber cultivation (region A, A1, and AM4) and
well-defined dry season coinciding with the leaf shedding period of plants (clones of
uniform “deciduous” habit, from H. brasiliensis), without risks of epidemics. This area
corresponds to 2/3 Sdo Paulo State, ¥4 Mato Grosso State, ¥4 Mato Grosso do Sul State,
Goias State and Minas Gerais State, besides the South of Pard, and part of Tocantins
and Maranhdo States. Thus, new borders were opened for rubber cultivation in the
country, showing the way to self-sufficient natural rubber production. An example
is the state of Sdo Paulo, which presently counts on ~50,000 ha mostly covered with
eastern clones of high productivity (e.g., RRIM 600, PB 235, and PR 255), without
any concern about leaf blight, and is responsible for more than 50% of rubber pro-
duced in the country. Other examples are the south of Mato Grosso (A1), which has
the largest continuous rubber tree plantation in the country, 8500 ha, and the south of
Maranhdo (AM4), where plantations developed very well, without leaf blight.
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5.4.2 Humid regions and temporal evasion (avoidance)

In regions B and B1, with phytosanitary restrictions for cultivation, preference
should be given to national clones of H. brasiliensis with resistance and uniform
leaf shedding, which usually occurs during the period with scarce rainfall and
temperature below optimal for infection by M. ulei. For these regions, there is
great performance of clones with early leaf shedding, resulting in long hibernation
periods, e.g., IAN 873, FX 4098, FX 2261, FX 985, and FX 3864. Clone MDF 180
has marked phenol production by infected leaflets. This inhibits the sexual phase of
M. ulei, naturally breaking the pathogen’s cycle, which, associated with the clone’s
deciduous habit, significantly reduces epidemics [22]. Using such materials favors
once again the application of the evasion principle, in this case, evasion in time or
avoidance, a term first proposed by [23], since local conditions favor the disease and
clones should be selected for their phenological qualities [24], besides productivity.

Hybrid clones, from the breeding of H. brasiliensis with H. benthamiana, errone-
ously recommended in the 1970s in supporting programs (PROBOR I, II, and III),
should be avoided due to their irregular habit of leaf shedding, a negative aspect
for disease control, since it does not allow a break in the pathogen life cycle and
does not reconstitute vertical resistance to materials. Eastern cultivars, in general
originated from H. brasiliensis, were selected for latex production; therefore, they
are highly susceptible and consequently not recommended for these regions.

5.4.3 Super humid vegions and crown grafting

In the super humid and humid Amazon region (AM1, AM2, and part of AM3),
the use of resistant cultivars showing uniform leaf shedding is not sufficient to
control the disease, since both leaf wetness period and temperature are high all over
the year, favoring infection. Thus, plantations in continuous areas should involve
crown grafting with hybrid cultivars of H. pauciflora, a species that has remained
highly resistant to leaf blight during all these years. In this case, the adopted seed-
lings should be of the tricompound type or with double graft; they should also be
constituted of vigorous and rustic rootstock, a first graft with productive clone,
which will result in the future panel, and a third crown graft with these resistant
hybrids at a height of 2.5 m, which will constitute the future crown of the tree [25].

5.4.4 Super humid regions and neoextractivism

In view of the low inoculum pressure existing in native rubber trees in the forest
(see text above), besides crown grafting, the philosophy of neoextractivism can be
adopted to establish plantations in these regions, i.e., extractivism with sustainability
and technology, a management proposal tested in Acre State at Chico Mendes Extractive
Reserve (RESEX) and Caquetd Extractive Settlement with plantations in small areas,
where subsistence farming is practiced (from 1 to 1.5 ha), i.e., forest enrichment with
greater density of productive rubber trees in small plantations from seeds (ungrafted)
or polyclonals, associated with other species of interest such as “agai,” cocoa, “cupuagu,”
banana, coffee, etc., or even leaving the plants in the regenerating forest.

To constitute polyclonals, several clones of H. brasiliensis can be used; they
should present uniform leaf shedding in the adult phase and be previously selected
for resistance to different M. ulei races, in a larger spacing, to make up from 250 to
300 plants per hectare, surrounded by forest, which are named “highly productivity
islands” (HPLs) due to the high latex production of these clones and the possibility
of association with other species that allow economic use, improving the income
and the rubber tappers’ life condition, without leaving their activity [26]. To keep
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Etiological Product Commercial Active Ingredient
agent Disease ] Product {Chemical Group)
Bravonil 750
WP Chicrathalenil lzoahthalonitrile)
Cergobin 700 Thiophanata-methyl
R {Banzimidazale)
Cobre Atar BR. - Cupreus Cxide (Inorganic)
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Table 3.

Readshiald 750

Cuprous Oxide (Inorganic)
Thicphanate-meath

Topsin 501 SC.  (Benzimidazole)
Thigphanata-mettyl
Topsin 700 (Benzimidazole)

Fungicides vegistered for the control of South American leaf blight in Brazil [29].

such “islands” protected from SALB epidemics, their number should not be >8, at
every 400 ha, which compose a setting of native rubber trees, for RESEX, or up to
two islands for every 100 ha, corresponding to one lot of the Extractive Settlement,
always keeping the native forest intact in the surroundings since the native forest, in
this case, acts as a natural barrier against fungal dispersion.

5.5 Additional practice to the management of South American leaf blight

5.5.1 Chemical control

As to chemical control in Brazil, there are efficient fungicides to reduce the
disease intensity. Examples are the active principles thiophanate-methyl and triad-
imefon, which act on fungal stromata, making them sterile [27], as well as chloro-
thalonil, which has high residual potential while triadimefon has a healing effect.
Furtado [28] found that weekly application of mancozeb and biweekly application
of fenbuconazole and myclobutanil were efficient in controlling the disease. The
fungicides registered for the disease control are listed below (Table 3).

5.5.2 Biological control

Biological control of the pathogen by the hyperparasite fungus Dicyma pulvinata
represents a potential control measure. Studies conducted in greenhouse, nursery,

clonal garden, and still young definitive plantation (4-5 years old) have shown effi-
cient pathogen control under Amazon conditions. This hyperparasite reduces the
primary inoculum since it prevents the stromatic phase of M. ulei, making unviable
the production and the dissemination of ascospores [25]. This fungus was found
parasitizing lesions in a clonal garden at the north coast of Sdo Paulo State.

6. Potential impact of global climate changes on the spatial distribution
of South American leaf blight in Brazil
The climate changes of the last decades have attracted the attention of the differ-

ent segments of society, especially concerning their causes and consequences [30].
Of all economic sectors, agriculture has the greatest dependency on environmental
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conditions, especially climate. The impacts on plant diseases are differently
expressed, and emphasis should be given to the effects of damages caused by the
diseases on geographic distribution, efficiency of control methods, and remaining
organisms that interact with the plant [31-36].

Among the phytosanitary problems of the country, leaf blight, caused by M. ulei,
constitutes the major factor of productivity loss for rubber tree plantations in Brazil.
Temperature and relative humidity have great influence on the rubber culture and its
productivity, as well as on the geographic and temporal distribution of diseases [30].
Global climate changes constitute a serious threat to the Brazilian phytosanitary
scenario since they can promote significant changes in the occurrence and severity
of diseases affecting agricultural and forest plants. Based on the importance of this
disease for the economic scenario of the country, the present study aimed to evaluate
possible impacts of global climate changes on the spatial distribution of leaf blight in
Brazil.

To elaborate spatial distribution maps of the disease, [37] regarded the monthly
data for the period 1961-1990 as the current data of mean temperature and rela-
tive humidity, as indicated by the Intergovernmental Panel on Climate Changes
(IPCC) and by the World Meteorological Organization, to characterize the future
climate for every month, forecasts obtained from IPCC were used with the model
developed by Hadley Center for Climate Prediction and Research (HadCm3). The
scenarios used to obtain future projections were A2 and B2, centered in the decades
of 2020 (period between 2010 and 2039), 2050 (period between 2040 and 2069),
and 2080 (period between 2070 and 2099) [38]. Scenario A2 has high rates of
greenhouse gas emission, i.e., it assumes the maintenance of the current emission
patterns. Scenario B2 has less emission and shows more optimistic characteristics
relative to scenario A2 [39].

Adopting the model HadCM3, data were interpolated by the method of inverse
square of distance. Then, a mask delimitating the continents was applied on the
maps and subsequently the area corresponding to Brazil was cut from the georef-
erenced data. For each month, maps containing data of temperature and relative
humidity were generated considering the current climate situation and forecasts for
the decades of 2020, 2050, and 2080, for scenarios A2 and B2.

Using the overlay techniques, maps containing the spatial distribution of areas
where each climate element favors the development of the pathogen were elabo-
rated. From the maps of mean temperature and monthly relative humidity for
scenarios A2 and B2, in the current and future period, monthly distribution maps
of areas favorable or not to the disease were elaborated, using classes defined based
on the available epidemiological data about the effects of temperature and relative
humidity on the development of the disease (Table 4) [8, 40-43].

The maps of risk areas for leaf blight elaborated for the future scenarios indicate
that, in general, there will be a reduction in the area highly favorable and favor-
able to the disease in the country, relative to the current climate, for both scenario
A2 and scenario B2 in Figure 3. Such a reduction is projected for either the period
of greatest favorability to the disease (January, February, and March) or the least
favorable period (July to October).

The major change in climate that is responsible for this result is probably the
reduction in the mean relative humidity to levels unfavorable to the disease, i.e.,
values below 65%. In general, the reductions in the disease incidence were more
pronounced for scenario A2 than for scenario B2. Scenario A2 predicts greater reduc-
tions in humidity than scenario B2, resulting in conditions less favorable to SALB.

Considering the current and the future scenarios, a reduction in the percentage
of highly favorable and favorable areas is expected, as well as an increase in the
areas relatively favorable and unfavorable to occurrence of SALB. Some regions of
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F“g;:’s‘":;:w Temperature {°C) | Relative Humidity (%) Description
1 24 tn 28 =50 Highly Favorable
2 20to 24 =80 Favorable
2 24t0 28 80 to 90 Favorable
3 16 to 20 =80 Relatively Favorable
3 16 to 28 A5 to 80 Relatively Favorable
4 =16 and =23 =85 Unfavorable

Table 4.

Classes of favorability to the development of SALB according to temperature and relative humidity intervals.
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Figure 3.
Maps of climate favorability to South American leaf blight for January, February, and March in the current
(1961-1990) and future scenario (years 2020, 2050, and 2080), considering scenarios A2 and B2 [36].

the country will become more apt to cultivation than others, which may trigger the
emergence and/or better development of some new plantation regions. The months
with higher temperatures will be more favorable to SALB; on the other hand, colder
months are considered unfavorable to the development of this disease under the
current climate conditions, remaining constant for future projections. The obtained
knowledge associated with the development of disease prediction models can
constitute important tools in the integrated management of SALB.
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Abstract

Fusarium wilt, caused by Fusarium oxysporum f. sp. cubense (Foc), is one of the
most threatening fungal diseases affecting banana plantations across the globe. It
was first discovered in Australia in 1874 and has now spread to numerous different
regions in the world hinting at the persistency of the pathogen. Various management
strategies have been devised aiming mainly on improving the plant’s tolerance or
suppressing the infection. Fungicide is commonly used to control the disease spread,
but it does not provide total protection to the plants besides displaying selective
effectiveness on certain Foc strains. Alternatively, farmers apply crop rotation, rice
hull burning, biological soil disinfestation, and compound-supplemented soil in
their banana plantations. Studies have also shown that certain biocontrol agents
manage to curb the disease threat. Selection of somaclonal variants and genetic
manipulation via induced mutagenesis and transformation are also among the alter-
natives that have been implemented in producing Fusarium-tolerant and Fusarium-
resistant banana plants. This chapter will describe Fusarium epidemics in banana,
the effectiveness and challenges of different management approaches, as well as the
future alternatives that can be adopted by taking advantages of the latest advances in
omics technologies.

Keywords: disease control, epidemiology, Fusarium oxysporum f. sp. cubense, Foc,
fungal disease, soilborne

1. Introduction

Fusarium wilt is the most destructive fungal disease affecting banana plantation
across the globe [1-4]. It is caused by a type of soilborne fungal called Fusarium
oxysporum f. sp. cubense (Foc). The pathogen penetrates through banana roots and
dominates the vascular tissues, which disrupts the dissemination of necessary
nutrients from roots to the upper parts of the plants [5-8]. It was first discovered in
Australia [9] and was later followed by reports from Tropical America (Costa Rica
and Panama) in 1890 [10]. Despite the first occurrence in Australia, the disease
was believed to have originated in Southeast Asia [10-13]. Drastic increase in the
number of new disease records occurred in the early 1900s causing over USD 2.3
billion loss in the last century [14], most of which described the damages in the
export plantations of “Gros Michel” variety affected by race 1 of Foc [1, 10, 15].
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In the recent years, Foc Tropical race 4 (FocTR4) emerges as the most virulent
strain causing epidemics in Taiwan, Peninsular Malaysia, Indonesia, the Philippines
[16], China, Jordan, Mozambique, Lebanon, Pakistan [6, 17-20], Australia [21,
22], Vietnam [23], Laos [24], Myanmar [8], and Israel [25]. The latest outbreak

of FocTR4 has been confirmed in the Americas affecting the most popular com-
mercial variety which could have jeopardized banana production for decades [26].
According to several unofficial reports, about 15,500 hectare (ha) of plantation
areas in the Philippines, 40,000 ha in China, and 80% of production area in the
Jordan Valley had been jeopardized by FocTR4 [14]. Several management strategies
have been executed in controlling the spread of Fusarium wilt. However, they did
not manage to provide long-term solutions to the problem. Current cutting-edge
technologies particularly through omics studies may provide better alternatives to
solve this long-running issue. Here, we discuss the current knowledge on Fusarium
wilt with special emphasis on current disease management approaches and rising
new omics technologies that can be adopted.

2. Symptoms of Fusarium wilt

Fusarium oxysporum £. sp. cubense (Foc) causes a typical wilt syndrome on the
infected banana plants accompanied by the necrosis and rotting of roots, rhizome,
and pseudostem vessels. The most typical symptoms become visible in susceptible
banana plants after the appearance of initial external symptoms such as pale green
streaks on the base of the petiole and the brown-reddish discoloration of the vessels
under the epidermis of the petiole (Figure 1). These symptoms occur between 2 and

Figure 1.

External symptoms of Fusarium wilt in cv. “Berangan” banana cultivated in a plantation located in Selangor
state, Malaysia (3°48'10.1"N 100°50'42.5"E). (a) Split pseudostem. (b) Skirting of wilted leaves. (c) Leaves
with yellow and brown streak. Red arrows indicate external symptoms observed.
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5 months after infection of roots [10]. Foc and other members of Fusarium oxyspo-
rum (Fo) species complex produce a type of phytotoxin called fusaric acid (FA),
which has been suggested as the cause of leaf chlorosis symptom [27].

Discoloration observed in the cross and longitudinal section of the rhizome,
pseudostem, as well as petiole is among the internal symptoms of Fusarium wilt.
Golden discoloration may also be observed in infected rhizome. In more severe
infection, the rhizome displays total discoloration accompanied by sticky texture
and rotten smell (Figure 2). Meanwhile, healthy banana plants produce fresh green
leaves, clear cross section of petiole with no brown ring as well as white and healthy
rhizome (Figure 3).

The first internal symptom of the disease occurs in the hair roots which are the
initial sites of infection. The infection later progresses to the rhizome. In a more
prominent attack, the pathogen may colonize the cortex as well as the vascular
bundle of the pseudostem. The pathogen passes through the affected vessels to the
new growing shoot [28]. Appearance of brown-reddish discoloration in the internal
vessels of the pseudostem confirms that the pathogen has already invaded the
pseudostem. The oldest leaf sheaths may also show brownish streaks [1]. In general,
no internal symptom is observed in the fruits.

Figure 2.

Intgernul symptoms of Fusarium wilt in cv. “Berangan” banana cultivated in a plantation located in Selangor
state, Malaysia (3°48'10.1"N 100°50'42.5"E). (a) Cross section of pseudostem showing minor discoloration.

(b) Pseudostem showing moderate vascular discolovation. (c) Severe internal discoloration of the infected
pseudostem. (d) Cross section of infected petiole showing minor discolovation. (e) Longitudinal section

of pseudostem showing infected vascular bundle. (f) Petiole showing severe discoloration. (g) Infected rhizome
showing minor golden discoloration. (h) Rhizome showing moderate discoloration. (i) Total discoloration in
severely infected rhizome producing sticky texture and rotten smell. Red arrows indicate discoloration sites.
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Figure 3.
Healthy banana without Fusarium wilt symptoms. (a) Fresh green leaf. (b) Clear cross section of petiole with
no brown ring. (c) White and healthy rhizome. (d) Cross section of pseudostem with no brown ring.

3. Fusarium wilt infection

Over the years, researches have been carried out to investigate the infection
process and disease cycle of Fusarium wilt. It was found that mycelia and conidia
are produced after 6-8 hours of chlamydospore germination, while new chla-
mydospores will be produced after 2-3 days [28-30]. The infection is not initiated
through the main root but instead takes place through secondary or tertiary feeder
roots [31]. According to Beckman [32, 33], the pathogen infects the roots of both
susceptible and resistant cultivars, but the infection of vascularized fragment of
the rhizome is more prominent in the susceptible genotypes. In responding to the
infection, tyloses, gums, and gel are produced in xylem lumen. Most of the infec-
tions are blocked, but some of them become systemic and pass through rhizome and
pseudostem. The pathogen may mobilize through many different vascular pathways
starting from the roots [30, 34, 35]. However, pathogen colonization in the infected
rhizome is deemed the most efficient [28]. As the disease advances, the pathogen
moves out of the vascular system to the adjacent parenchyma forming conidia and
chlamydospores which are released to the soil when the plant died. These spores
may remain dormant in the soil for years [36-38]. Ploetz [17] suggested that the
pathogen’s persistent survivability in the soil is contributed by the presence of living
banana host.

4. Classification
Foc is a genetically and pathogenically diverse fungus. Over 20 vegetative com-
patibility groups (VCGs) and diverse evolutionary lineages are recognized in the

global populations of the pathogen [1, 39-45]. Foc can also be classified according

120



Fusarium Wilt in Banana: Epidemics and Management Strategies
DOI: http://dx.doi.org/10.5772/intechopen.89469

to races depending on the group of cultivars they affected. To date, four races of Foc
have been recognized [46-48].

Race 1 of Foc which was responsible for the “Gros Michel” epidemics also attack
“Maqueno” (Maia Maoli-Popoulu subgroup, AAB), “Silk,” “Pome” AAB, and
“Pisang Awak” ABB. Race 2 of Foc is known to affect cooking bananas and plan-
tains such as “Bluggoe” (ABB). On the other hand, race 3 of Foc is described as a
pathogen of Heliconia spp., which is a tropical American banana relative [49]. It was
also found to have minor impact on “Gros Michel” and seedlings of M. balbisiana.
Race 3 Foc has not been reported since Waite’s [49] work, and no voucher specimens
of the pathogen exist. Of these, race 4 Foc is considered the most virulent group
which does not only affect economically important cultivars like “Cavendish” but
also race 1- and race 2-susceptible varieties [48, 50-52].

Race 4 Foc can be further divided into Tropical (TR4) and Subtropical (SR4)
variants [50, 53]. Foc Subtropical race 4 (FocSR4) isolates cause infection on plants
that are grown in an unconducive environment such as cool temperature, poor soil,
and under stress condition. It also has an ability to infect banana plants regardless
of the predisposing conditions [54]. Foc Tropical race 4 (FocTR4) cases have been
reported in Taiwan, Indonesia, Malaysia, China, the Philippines, and Northern
Australia [6]. The early outbreaks of FocTR4 in China and the Philippines were
not taken seriously that they slowly developed into destructive and uncontrol-
lable problems [38]. Recent outbreaks of FocTR4 in Mozambique and Jordan
were claimed as the first reported FocTR4 cases outside the common Asian and

Australian regions [6] (Table1).

5. Geographical distribution

Year Country Description

1874 Australia Dr. Joseph Bancroft was the first person to discover that Fusarium
wilt was caused by a type of fungus. This was revealed using
microscopic examination

1890 Panama and Costa Rica First report in Panama and Costa Rica

1940 N/A Snyder and Hansen suggested the pathogen be renamed as
Fusarium oxysporum f. sp. cubense

1890- Central and Southern Fusarium epidemic (race 1) annihilated more than 50,000

mid America hectares of cv. “Gros Michel” plantations. “Gros Michel” cultivar

1950s was replaced with “Cavendish” as the major cultivar for trade

1911 India Fusarium wilt was first reported in different countries

1916 Java, Indonesia

1920 Philippines

1953 Malaysia

1967 Taiwan

1990- N/A Foc Tropical race 4 (FocTR4) severely affected the banana

present productions worldwide

1994 N/A First FocTR4 case on cv. “Cavendish”

Mid- Malaysia and Indonesia Severe Fusarium epidemics in Malaysia and Indonesia

1990s

1996 Panyu, Guangdong, First report on infected Cavendish

China
1997~ Near Darwin (northern Three FocTR4 outbreaks in sites
1999 territories), Australia
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Year Country Description

2000 Southern China Epidemic severely affected cv. “Cavendish” plantations

2002 China FocTR4 annihilated about 60,000 ha of banana plantation

2013 Oman, Jordan, and FocTR4 had spread outside the common Asia regions
Mozambique

2015 Pakistan and Lebanon First report of FocTR4 causing Panama disease in Cavendish

bananas in Pakistan and Lebanon

2018 Vietnam First report of Fusarium wilt on Cavendish bananas caused by
FocTR4 (VCG 01213/16) in Vietnam

2018 Laos First report of FocTR4 (VCG 01213/16) associated with
Cavendish bananas in Laos

2018 Myanmar FocTR4 incidence was reported in Myanmar

2018 Israel First report of FocTR4 causing Fusarium wilt of Cavendish

bananas in Israel

2019 America Foc TR4 incidence was reported in the Americas

Table 1.
Significant events that took place after the discovery of Fusarium wilt [8, 10, 14, 17, 18, 23-26, 55, 56].

6. Management control

The effectiveness of Fusarium disease management strategies has been ham-
pered by several limitations including extremely poor fertility of certain economi-
cally important banana varieties (e.g., “Cavendish”). This has particularly hindered
the improvement efforts through conventional breeding [57]. Several approaches
that have been practiced to curb the infection of Fusarium wilt in banana are
biological control, chemical control, cultural control, physical control, quarantine,
exclusion and personnel awareness, breeding programs, selection of somaclonal
variants, and genetic modification via transgenic approach and mutagenesis.

6.1 Biological control

Due to the continuous spread of Fusarium wilt, biological control offers a
commendatory disease management approach [58-61]. Diverse microbes such
as Pseudomonas fluorescens, Trichoderma viride, Bacillus spp., Serratia spp.,
Pseudomonas aeruginosa, Streptomyces violaceusniger, Y-Proteobacteria, Bacillus
subtilis, Pseudomonas spp., and nonpathogenic Fusarium had been tested against
Fusarium wilt disease in which most of the published works resulted from in vitro
assays or short-term greenhouse studies [34, 59, 62-72]. Some Indian medicinal
plants such as Calotropis gigantea L., Centella asiatica L., Ocimum sanctum L., Piper
betle L., and Vitex negundo L. have also been tested in vitro as biological control
against Foc. Among those, P, betle L. extract exhibited the highest antifungal activ-
ity against the tested plant pathogen Foc, followed by V. negundo, C. gigantea, C. asi-
atica, and O. sanctum extracts [70]. These results proved that several plant extracts
exhibit antifungal activity and have potency to reduce mycelium growth under both
greenhouse and field conditions [62]. Other studies reported on an application of
biosynthesized silver nanoparticles to control pathogenic fungi [73]. It has also
been shown that a community of Gammaproteobacteria is an indicator species of
healthy banana plants on Fusarium wilt-infested and healthy fields in Nicaragua
and Costa Rica [74]. These researches provide new insights on using organisms
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as bioindicators. Nevertheless, there were very few studies done on the long-term
biocontrol efficacy of Fusarium wilt in banana [2, 75]. For example, Thangavelu and
Jayanthi [76] reported the field application of a selected nonpathogenic (np) Fo
isolate, Ro-3, which reduced the severity of the disease up to 89% after three rounds
of treatments.

On the other hand, Belgrove et al. [77] reported that neither the nonpathogenic
F. oxysporum and P, fluorescens nor combinations thereof reduced the development
of Fusarium wilt significantly.

6.2 Chemical control

Nel et al. [78] reported that prochloraz and propiconazole notably inhibited
mycelial growth. In the same study, it was found that the disease symptoms of
Fusarium wilt can be controlled up to 80.6% when benomyl and the demethylation-
inhibiting fungicide were applied via root dip treatment. Besides, certain quater-
nary ammonium compounds were also reported as potent sterilants against Foc
[78]. Similar to biological control, future field evaluations on the efficacy of the
fungicides against Fusarium wilt are deemed necessary.

Test injections of fungicides into Fusarium banana plants had also been per-
formed. In a study conducted by Lakshmanan et al. [79], rhizome of cv. “Rasthali”
was injected with 2% carbendazim (Bavistin 50 WP) using hypodermic syringe.
The upper portion of the rhizome was exposed by removing a portion of soil, and
a slope hole at angle 45° was made before it was injected with the fungicide. The
method managed to reduce the disease incidence up to 13.5% at the time of harvest.

In another study, Herbert and Marx [80] reported that the injection with car-
bendazim and several other fungicides did not manage to prevent the Fusarium wilt
infection of banana in South Africa. In Australia, pseudostems of cv. “Williams”
that were injected with 20% potassium phosphonate showed some effective-
ness against Foc. However, the results were inconsistent and uncertain (Pegg,
unpublished).

Herbert and Marx [80] also reported another treatment against Fusarium wilt
using soil fumigation treated with methyl bromide. However, the fumigated areas
were eventually reattacked by the pathogen causing the next fruit production not
possible.

Nitrogen level in the soil may also affect the severity of Fusarium infection as NO;
commonly decreases the severity of the disease. In contrast, NH, shows the opposite
effect [2]. Interestingly to date, application of N fertilization in the field and its effect
on Fusarium wilt has not been published. Nevertheless, it was reported from in vitro
and hydroponic studies that high amount of NH,; managed to block the invasion of
Foc via roots [81]. The causes of these contradicting results were not elaborated.

6.3 Cultural control

As monoculture production of susceptible cultivars is difficult in infested areas,
mixed plantings have been suggested as an alternative. Mixed plantings in small-
scale or subsistence agriculture, in which diverse banana cultivars are planted with
different crops, often develop more moderate losses than if they had been planted in
monocultures [10]. Planting of Foc-tolerant or Foc-resistant cultivars accompanied
by cultural practices help to improve the disease incidence and increase the crop
yield [82]. Mixed culture system involving legumes, cereals, and multipurpose
trees in the banana plantation can also improve the production yield of banana and
develop improved tolerance against the disease [83].
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6.4 Physical control

In Southern Mindanao, Philippines, and Indonesia, heat sterilization or solariza-
tion of the soil had been suggested [84]. Rice hulls were mounded on top of an affected
mat and burned, supposedly generating sufficient heat to kill the pathogen. Herbert
and Marx [80] stated that solarization reduced Fusarium wilt disease for one cycle only
when it was combined with methyl bromide fumigation showing that the impact of
solarization alone was not significant. In another study in Indonesia, a 6-month delay
in symptom development was reported after 10 months of solarization [85].

In 1939, Dunlap used flood fallow (a method to eradicate soilborne pathogen
by flooding the land) to rejuvenate Foc-infested soil [10]. However, flooded soil
was rapidly recolonized by the pathogen and became impractical due to high cost
needed especially in cost of labor and machinery. Thus, this method was stopped.

In contrast, this measure had been commonly used in eliminating Moko disease
pathogen, Ralstonia solanacearum, and the burrowing nematode, Radopholus similis,
from infested soil [10].

6.5 Quarantine, exclusion, and personnel awareness

Foc is a recalcitrant pathogen that will remain in the soil for years. Thus, in halt-
ing the spread of Foc to non-infected areas, systematic quarantine and exclusion
procedures are required. Stakeholders must also be educated on the infection cycle
and effects of Fusarium wilt on banana production. This can be executed through
regional awareness programs, personal communication with farmers, congresses,
and contingency trainings. For example, such programs had been discussed and
conducted in Latin America and the Caribbean by Bioversity International [86].

On personal level, each personnel working in the farm must be aware of the
measures that they have to take in preventing the spread of Fusarium wilt. Some
disinfectants have been found to be effective in sterilizing the farming tools,
equipment, and footwear such as Sporekill (poly dimethyl ammonium chloride), Jik
(sodium hypochlorite) and Prazin agri (polymeric biquanidine hydrochloride and
quaternary ammonium compound) [78].

6.6 Breeding programs

The first banana breeding program involving crossbreeding of banana plantains
for Fusarium wilt tolerance was initiated in Trinidad in 1922. The program focused
on the process of crossing, screening, testing, selecting, and identifying promising
hybrids for market release [87]. Generally, the success of banana breeding pro-
grams was hindered by a few barriers such as the diploid parents were lacking good
agronomic and high-quality fruit traits. Other than that, low fertility of cultivar,
genetic abnormalities in the parental lines, as well as the laborious duration taken
for stable integration of disease resistance trait to take place from parents into the
next generations contribute to the problems [88].

6.7 Transgenic research

Increasing number of publications on the development of transgenic bananas
for Fusarium wilt tolerance were observed in the recent years probably driven by the
release of whole genome sequencing of diploid banana DH Pahang [89] (Table 2).

Most of the published studies only reported the transgenic plants’ performance
under greenhouse condition. A field trial of transgenic “Cavendish” conducted
in a Foc-infested area in Northern Territory of Australia was among the very few
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site studies published. The 3-year trial concluded that two lines of their transgenic
“Cavendish” were able to resist Foc infection. One of the lines carried a disease
resistance gene, RGA2 which was derived from a TR4-resistant diploid banana,

while the other line overexpressed Ced9 isolated from nematode [102, 103].

Cultivar Foc Description Reference
isolate

Taijiao Race 4 * Human lysosome was used as the donor gene [90]
(AAA) * Corm slice was used as the explant. Transformation

was carried out via both particle bombardment and

Agrobacterium-mediated transformation
Rasthali N/A * Chitinase and p-1,3-glucanase were transformed into tiny [91]
(AAB) single meristem bud of Rasthali via co-bombardment
Rasthali Race 1 ¢ B-1,3-glucanase from Glycine max (soybean) was intro- [92]
(AAB) duced into Agrobacterium tumefaciens and later transformed

into single bud of Rasthali
Pei Chiao Race 4 * Multiple bud clumps (MBC) were used as explants for [93]
(AAA) Agrobacterium-mediated transformation. The genes of
and Gros interest were Arabidopsis root-type ferredoxin gene (Atfd3)
Michel isolated from Arabidopsis thaliana and ferredoxin-like
(AAA) protein (pflp)
Lady Race 1 * Bcl-xL, Ced-9, and Bcl-2 3’ UTR genes originated from [94]
Finger (VCG chicken, C. elegans, and human, respectively, were used

0124/5) as donor genes. The genes were integrated into the banana

genome via co-cultivation of Agrobacterium-embryogenic

cell suspension
Rasthali Race 1 ¢ Petunia floral defensins, PhDef1, and PhDef2 were [95]
(AAB) introduced into A. tumefaciens and later co-cultivated with

embryogenic cell suspension cultures of Rasthali
Furenzhi Race 4 * Endochitinase gene chi42 isolated from Trichoderma [96]
(AA) harzianum was integrated into banana genome via

co-cultivation of A. tumefaciens and embryogenic cell

suspension of Furenzhi banana
Rasthali Race1 * Intron hairpin RNA-mediated expression of two important [97]
(AAB) Foc genes, Fusarium transcription factor 1 (ftf1) and velvet

(vel), were constructed and expressed in banana cells via

co-cultivation of Agrobacterium-embryogenic cell suspen-

sion of Rasthali
Rasthali Racel * Three different constructs harboring endogenous cell-death [98]
(AAB) related genes (MusaDAD1, MusaBAG1, and MusaBI1)

were prepared and introduced into A. tumefaciens.

Transformation was performed via co-cultivation of A.

tumefaciens culture and embryogenic cell suspension of

Rasthali
Rasthali Race 1 ¢ Seed defensin gene (Sm-AMP-D1) isolated from Stellaria [99]
(AAB) media (common chickweed) acted as donor gene

* Gene of interest was integrated via co-cultivation of A.

tumefaciens and embryogenic cell suspension of Rasthali
Rasthali Race1 ¢ Antimicrobial peptide (Ace-AMP1) derived from onion [100]
(AAB) seeds was used as donor gene

Ace-AMP1 was cloned into pCAMBIA2301 and later
introduced into A. tumefaciens

Embryogenic cell suspension of cultivar Rasthali was
developed using male floral meristems and used as explant
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Cultivar Foc Description Reference
isolate

Nangka Race 4 ¢ Thaumatin-like protein (tlp) gene derived from Oryza [101]

(AAB) sativa (rice) was used as donor gene

* Particle bombardment was performed on cauliflower-like
bodies of cultivar Nangka

Table 2.
Transgenic research for development of Fusarium-tolerant bananas.

Performing field trials present several difficulties which might explain the
limited number of field evaluations performed on the newly developed cultivars.
Among the most apparent bottleneck is the arduous process in generating and
selecting the most promising lines which involved several stages starting from
laboratory, greenhouse evaluation, and lastly field assessment. One has to regener-
ate as many lines in the laboratory since each stage would eliminate a number of
unsuccessful lines leaving with only the most performing candidates for field study.
The researchers may also face difficulties in finding a suitable trial site, obtaining
the regulator’s approval for biosafety clearance as well as convincing the locals
on the project. Based on personal communication, some plantation owners refused
to cooperate because they assume that the research will harm their plants and
affect the gross yield. Even when the trial has commenced, researchers may still
face unexpected event that could bring the trial to a halt. For example, [102, 103]
initially planned for a 5-year trial to evaluate the performance of their transgenic
bananas against Fusarium infection. Unsuccessfully, the trial was only carried out
for 3 years due to invasion of another disease.

6.8 Somaclonal variation

Somaclonal variation is defined as genetic variability undergone by tissue-cul-
tured generated plantlets [104]. Somaclonal variation instigated by in vitro micro-
propagation is commonly known as tissue-induced variation [105], and it occurs
as aresult of strong stress experienced by the in vitro-cultured plantlets [106].
Factors that contribute to somaclonal variation had been well-reviewed over the
past few decades [104, 106]. The possible causes leading to this phenomenon were
observed in various plant species [107-109]. However, due to complex mechanism
and high degree of variation in the results, no definite conclusion was ever made
[106]. Despite all of these, Larkin and Scowcroft [106] believed that chromosomal
variation plays a bigger role in generating variants among the somaclones, rather
than a simple base mutation. For instance, change in ploidy level, or also known as
karyotypic alteration, was among the early hypothesis posed in discussing causes of
somaclonal variation at chromosomal level.

The emergence of selecting Fusarium wilt resistant banana clones via somaclonal
variation is believed to begin in Taiwan. Initiated by Taiwan Banana Research
Institute (TBRI) in 1984, the institution managed to commercialize a few resistant
cultivars selected from somaclonal variants in continuous greenhouse and field
trials. Starting with about 20,000 tissue-cultured cv. “Cavendish” plantlets planted
in Foc-infested soil, multiple screening and selection process eliminated most of
the susceptible clones displaying yellowing and wilting symptoms. Rhizomes of
surviving clones were collected, trimmed, and replanted again under disease condi-
tion before six final putative resistant candidates were short-listed. Among those,
GCTCV-215-1 showed the most potential and was further tested on Foc-infested
plantations for its disease survivability in several places in 1990. Positive results of
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the first trial incited the farmers to request the Taiwanese government to officially
allow the growing of GTCV-215-1 for commercial purpose, even though the variety
was not yet registered at that time. With only 17.2 and 5.2% disease incidence for
plantlet-originating and suckers-originating, respectively, the new variety was
probably nothing but a ray of hope to the growers who have been distressed with
heavy loss in production. Even in the second trial, the clone continued to exhibit
consistent result with only 4.8% disease incidence in comparison with 39.1% of
parental Giant Cavendish. Promising field trials armed with positive response from
both local and Japanese market led to the registration of GCTCV-215-1 as a com-
mercial variety called Tai Chiao No. 1in 1992 [110, 111].

Tai Chiao No. 1, however, was inferior to the parental Giant Cavendish in certain
areas. The variety had weaker defense against wind/typhoon due to its taller and
slender stature besides lower fruit bunch production and longer maturation period
[110, 112]. Another study concerning somaclonal variation was carried out in
Malaysia using micropropagated plantlets of “Rastali” cultivar. In the first round
of trial conducted in 1994, micropropagated cv. “Rastali” showed 51% survival rate
after being planted on Foc-infested soil for about 12 months. Nevertheless, a num-
ber of these plants developed split pseudostem, which is one of the Foc symptoms.
Plants showing vigorous growth and did not produce split pseudostem were further
selected, micropropagated, and tested again in 1996. The second trial produced
promising results proving that the selected cv. “Rastali” exhibited high tolerance
against Fusarium infection. The selected clone was later named as “Mutiara” follow-
ing two successful harvests in a Foc-infested plantation [113]. Somaclonal variation
approach was also used in screening Fusarium-resistant clones of other varieties
such as Novaria and Berangan [113].

Regardless of its simplicity and feasibility, selecting a resistant clone from soma-
clonal variants posed several disadvantages [110]. Since it is a completely random
process, a huge number of samples are required for screening. Uncontrollable
frequency of successful clone and occurrence of epigenetic and off-type variants
are also associated with somaclonal variation. It is commonly known that by gaining
a desired trait, the plant might be losing some others. This was also demonstrated
in banana [112]. Hwang and Tang [111] observed some poorer traits in resistant
somaclone that included longer maturation period, lower fruit production, as well
as reduced fruit quality.

6.9 Induced mutation

Induced mutation is another way of generating genetic variability in banana
genomes. Working in a more efficient manner than spontaneous mutation, induced
mutation happens at a higher frequency than the former [114]. Mutation breeding
will increase the chances of genetic alteration by annulling the dominant allele and
thus reviving the recessive allele [114]. Similar to somaclonal variation, induced
mutation procedures required a large number of samples which at one time was
the limiting factor to the execution of this technique [115]. To date, studies have
employed two methods of mutagenizing genes, which are chemical and physical
mutagenesis.

6.9.1 Chemical mutagenesis
In general, very few studies on the development of Foc-resistant banana through
mutagenesis had been reported. Even though ethyl methanesulfonate (EMS) is one

of the most common chemical mutagens used in studies involving plants [116-119],
Bhagwat and Duncan [120] tested other two mutagens which were sodium azide
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(NaN3) and diethyl sulfate (DES). They recommended three different dosage treat-
ments depending on the type of mutagens used. The recommended treatments for
NaNj3, DES, and EMS were 30 min/2.3 mM, 60 min/20 mM, and 30 min/200 mM,
respectively. When planted in greenhouse, 95.5% of the micropropagated clones
showed infection symptoms and were eradicated. A total of 48 plants proceeded
into field evaluation. There were 20, 9, and 19 plants coming from NaN;, DES, and
EMS treatment, respectively [120].

6.9.2 Physical mutagenesis

In vitro mutation can also be instigated by physical means such as gamma rays
[116, 121-128]. Gamma rays are preferred due to their high penetration and high
energy characteristics. Secondary radioactivity does not occur in gamma irradia-
tion, and this makes the latter as a better choice over other physical mutagens like
neutron [129]. Parameters used to measure radiation sensitivity and postirradia-
tion recovery include survival rate, propagation, shoot height, and fresh weight
which are all expressed as percentage of the control [130]. References [121, 130]
used the same source of gamma irradiation, which was 0Co, but with different
experimental methodologies. According to Roux and Wingfield [130] irradiated
seven banana clones of dissimilar ploidy level and genomic institution (Calcutta4
(AA), Kamaramasenge (AB), Tani (BB), Grande Naine (AAA), Williams (AAA),
Three Hand Planty (AAB), and Cachaco (ABB)) with 10 doses of 0Co ranging
from 10 to 100 Gy at a dose rate of 44 Gy/min. The optimal dosage for diploid
cultivars Calcutta4 (AA) and Tani (BB) was in the same range, which was 10-20 Gy
of gamma irradiation. However, there were two different optimal dosages recom-
mended for triploid clones. Triploid Cachaco (ABB) required the highest range of
optimal dosage, which was 40-50 Gy, while triploids Three Hand Planty (AAB),
Grande Naine (AAA), Williams (AAA), and Kamaramasenge (AB) were best
treated with a lower dosage treatment of 30-40 Gy. Even though Kamaramasenge is
a diploid, the cultivar has more triploid-like characteristics [130]. From the results,
it was evident that lower dosage treatment was preferred as it could minimize the
chromosome distortion and other harmful outcomes. Bhagwat and Duncan [121]
in their experiment irradiated three different explants of Highgate cultivar with
%9Co gamma rays. All three types of explants, Type I dissected apices, Type II
4-week-old cultured apices, and Type III in vitro-cultured corms, were treated with
different dose rates, which were 101.82, 177.37, and 256.8 rads/min, respectively. All
explants were inoculated twice with Fo suspension, uprooted and re-cultured. The
plants were observed for disease symptoms. Symptomless plants were chosen and
replanted. Another examination was carried out 4 weeks later, and those with no
infection symptoms were regarded as resistant to Fusarium wilt. Twenty clones were
chosen for field evaluation but no further observation was reported.

7. Future strategies and opportunities

A comprehensive understanding on the roles of molecules in a cell is essential
in driving the efforts for crop improvements. By taking advantage of systems
biology approach, omics technologies extend the knowledge on complex interac-
tions between genes, proteins, and metabolites of a particular species [131]. In
short, omics technologies provide deeper insight on the modifications happening
in an organism instigated by both internal and external factors. This may include
changes in genetics, nutritional condition, and environment of an organism [132].
In association with the study of bioinformatics, different areas that are steered by
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omics technologies include genomics, transcriptomics, proteomics, metabolomics,
and phenomics [133].

Genomics, which refer to the study and analysis on gene sequences of a spe-
cies, assist researchers in specifying their genes of interest for the development of
plants with improved agricultural traits. With the first banana genome sequence
of a double haploid M. acuminata spp. malaccensis published in 2012 [89], endog-
enous gene modification approaches including gene editing technologies started
to emerge. A review done by Dale et al. [103] had listed a few ongoing researches
on genetically modified bananas especially on “Cavendish” banana in response to
FocTR4. In addition, new technologies are being invented including RNA interfer-
ence (RNAi) and gene editing tools such as CRISPR-Cas for the production of
bananas with improved disease resistance, better fruit yields, and higher nutritional
values. However, genomics only provide general information of the genesina
particular species [131]. In contrast, transcriptomics data reveal the expression
patterns of those genes under different conditions such as biotic and abiotic stresses
[131]. Current trends on transcriptomic approaches include microarrays and the
next-generation sequencing (NGS) [133]. Another option suggested by [134] is the
RNA-Seq on transcriptome sequencing which had been adapted by [135]. Guo et al.
[135] studied about the transcriptome analysis between Focl and Foc4 at 48 hour
postinoculation on banana variety “Brazil.” It was believed that the gene contents
and transcriptional regulations between Focl and Foc4 will contribute toward
improving the banana’s resistance against Fusarium wilt in the future [135].

Another branch of omics that has been explored is the study on proteins known
as proteomics. Genomics and transcriptomics analysis generate a lot of useful
data. However, the approaches do not explicitly reflect the protein expression
patterns. This may be due to mRNA lifetime and the presence of non-translated
RNAs [133]. Translated proteins may experience posttranslational modifications
(PTMs) which are one of the limitations in genomics and transcriptomics approaches
[133]. Thus, proteomics take over the task to underpin the roles of a protein [136]
by analyzing the alterations that took place within the cells via protein pathways.
Two-dimensional electrophoresis (2-DE) and mass spectroscopy (MS) [137] are
among the approaches used widely in proteomics. Particularly for Foc, [138] per-
formed proteomic analysis by using isobaric tags for relative and absolute quantita-
tion (i-TRAQ )-based comparative proteomic approach on conidial germination of
FocTR4. Upregulated proteins identified in the ergosterol biosynthesis pathway will
be useful targets in designing an effective fungicide to tackle FocTR4 [138].

Metabolomics studies involve chemical processes that link the genotypes and
phenotypes [131]. This is because alteration in both transcriptome and proteome
will result in changes in metabolome as metabolome is the final downstream prod-
uct of gene transcription [139]. Compared to other omics, metabolomics analysis
is more complicated despite having the least domains (about 5000 metabolites) as
metabolome involves varied biological components [140]. In addition, metabolic
profiling presents an instantaneous picture on the current activities happening in
the cell which aid in greater understanding on the mode of action of pesticide [131].
Mass spectrometry (MS) and nuclear magnetic resonance (NMR) analyses used
in metabolic profiling reveal more about the metabolite regulations and changes in
response to different environmental conditions. The MS approach had been adapted
by Li et al. [141] to study the metabolic changes, transcriptional regulation, and sig-
naling compounds during early stage of FocTR4 infection. Despite its importance in
system biology, metabolomics approach is still not widely used [133].

By providing enormous genetic information to the researches, current tech-
nologies help to escalate the crop improvement studies. However, development of
new cultivars also comes with extensive phenotypic evaluations [142]. Moreover,
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association of genotype to phenotype established in model systems might be deceit-
ful [143]. In addressing this issue, plant phenomics approaches provide a noninva-
sive technology to study traits such as growth, performance, and composition of
plants [142]. Ideally, it is hoped that the link between genotype and phenotype can
eventually be described.

Unlike genotyping analysis with DNA-based molecular markers, which have
been widely applied in breeding strategies, sensor-based, automated, or semiau-
tomated phenotyping is currently underway causing delay in the plant assessment
study [143]. In the study of plant pathology, several examples of sensor-based
phenomics approaches include chlorophyll fluorescence imaging (CFI), multi- and
hyperspectral imaging, infrared thermography (IRT), and magnetic resonance
imaging (MRI) [142]. Phenomics techniques may aid in unraveling the causes of a
certain plant disease as well as allowing early detection of disease-related changes in
plants [142].

Omics strategies indeed provide us with gigantic amounts of data. However,
the data must be validated to minimize the possibility of getting false-positive
results which may affect the whole study [140]. Moving forward, it is expected
that the combination between omics technology and plant breeding will generate
a huge impact on crop improvement [144]. From the review done by Zhang et al.
[145], multi-“omics” analyses will be the next level of omics approaches as it is able
to provide more discrete and testable biological hypotheses from a large scale of
high-throughput datasets. With integrated approaches, a more complex process at
different levels can be analyzed, resulting in new insights to produce a more resis-
tant species [145].

8. Conclusions

Fighting the spread of Fusarium wilt is a race against time. Once an area is
invaded by Foc, it is almost impossible to use the area again for growing bananas.
Thus, preventing the spread of Fusarium infection is very critical in ensuring the
continuity of banana production as well as securing the nutritional supply to the
consumers. In curbing the epidemics, knowledge on the etiology of Fusarium
wilt and its infection process must be provided to the farmers and plant breeders.
In addition to the current management strategies, various recent technologies
introduced may shed some light into the production of Fusarium-resistant banana
varieties thus finally putting a stop to this longstanding threat.
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Chapter 8

Mango Diseases: Impact of
Fungicides

Muhammad Ibvahim Khaskheli

Abstract

Mango, Mangifera indica L., is known to be the king of all fruits due to its
delicious taste, marvelous fragrance, and beautiful appearance. However, several
infectious diseases caused by many phytopathogens are deteriorating mango quality
and quantity. Mango tree and fruit have been affected by about 83 diseases reported
worldwide, and in Pakistan, 27 diseases are recognized as more important. Disease
control always remains a challenge for the farmers to get optimum production
especially due to pesticide resistance. Resistance to fungicide in current days is a
major threat to plant disease management. In many cases, plant pathogen resistance
could develop naturally; thus, several newly developed chemistries of fungicides
remain at high risk. However, research toward an increase of resistance and delay
in disease development has been undertaken. Existing fungicide chemistry, some-
times, renamed with new trade name does not satisfy the farmer to apply such
fungicides for disease management. However, chemical fungicides are believed to
be a significant way to control fungal pathogens or sometimes to inhibit and prevent
the development of pathogens. However, due to pathogen resistance development,
it is hard to manage plant diseases. Therefore, the impacts of such fungicide man-
agement in some important mango diseases are discussed in this chapter.

Keywords: mango diseases, cause, management, fungicides, resistance development

1. Introduction

Mango, Mangifera indica L., the king of all fruits, belongs to the family
Anacardiaceae and order Sapindales [1]. Generally, it is grown in tropical and
subtropical regions of Southeast Asia [2]. The native home of mango is considered
as India to Burma (Myanmar) or maybe from the Malay region. Since the sixteenth
century, it traveled to other parts of the world [3]. Mango was introduced from
India to other countries of the tropical and subtropical world mainly by the Muslim
missionaries, Spanish voyagers, and Portuguese [4-6]. The great Mughal Emperors,
especially Akbar, made the preliminary contribution by establishing the Lakh
Bagh through the selection and subsequent cloning. In other reports, mango seed
traveling begin around 300 or 400 AD from Asia to the Middle East, East Africa,
and South America [7, 8]. Some mango growers believed that Malaysian region
is the original home of mango, due to a maximum number of species grown over
there, whereas the recorded numbers of grown species are about 20. However, in
Eastern India and Burma, the cultivation of mango reported in history is certainly
for more than 4000 years [9-11]. The highest number of mango species takes place
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in the Malay Peninsula, the Indonesian archipelago, Thailand, Indo-China, and

the Philippines [12, 13]. Many researchers have reported that Southeast Asia is
currently recognized as the center of origin due to the diversity of mango species.
Thus, the origin of mango has remained controversial for many years. However,

it is now grown in many tropical and subtropical regions worldwide [14, 15]. The
cultivation of mango is now being distributed in about 85 countries. The important
mango growing countries are Pakistan, India, China, the Philippines, Sri Lanka,
Bangladesh, Indonesia, Thailand, Burma, Malaysia, Israel, Egypt, South Africa,
Australia, Brazil, Cuba, and the USA [8, 16-18]. Nevertheless, the top 10 mango
growing countries of the world and production scenario of 2014 are illustrated in
Figure 1. It is shown that India is on the top followed by China, Thailand, Indonesia,
Pakistan, Mexico, Brazil, Bangladesh, Nigeria, and the Philippines [19].

The mature tree of many can survive for several hundred years and attain a
height of 40 meters or more [20]. The mango fruits from Pakistan are well reputed
due to its delicious taste, excellent flavor, and high nutritive values [21]. Mango is
providing seasonal job opportunities to most common illiterate and less literate
villagers of the countryside; thus it is considered a major foreign currency earning
fruit crops of Pakistan. The people from the countryside are mostly engaged in
various jobs such as growing and managing the orchards, picking, packing, ship-
ment, and processing of mango fruits. The unripe (green) mango fruits are also
processed as powder form or in solar-dried slices, which is used in curies as well as
in other cookies. Therefore, in the mango growing areas of Tando Qaisar, District
Hyderabad, Sindh, Pakistan, it is believed to be one of the best sources of earning
for local people [22].

Mango is a nutritionally rich fruit with a unique flavor, fragrance, and taste. It is
an excellent source of vitamin A with flavonoids like beta-carotene, alpha-carotene,
and beta-cryptoxanthin. The research reports revealed that the consumption of
natural fruits rich in carotenes is known to protect against oral cavity and lung
cancers. In addition, mango fruit is also a rich source of vitamins, minerals, fiber,
prebiotic dietary, and antioxidant compounds, thus promoting the benefits for
human health. Recent research revealed that the consumption of mango fruit
protects against colon, breast leukemia, and prostate cancer [23, 24].

It is also believed that almost every part of the mango plant is used for different
purposes. The mango is delighted and liked by everyone for its marvelous flavor
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Figure 1.
Top 10 mango growing countries of the world [accessed from source: FAOSTAT database, 2014].
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and delicious taste. Nutritionally as well as medicinally, mango is known to be a rich
fruit. It is consumed raw as well as ripe, thus interestingly no any part is wasted.
Raw fruits are sliced, dried, and floured (starch), commonly used for cooking. In
addition, unripe fruit can be made into chutneys, drinks, and pickles is considered
to be an effective antidote for mild forms of sunstroke, whereas ripe fruits besides
being consumed as a dessert are processed into jam, squash, slices, pulp, juices, asa
flavoring for baked goods, ice cream, milkshakes, jelly, marmalade, yoghurt, nectar,
and mango leather. The kernel contains 8-10% fat which is used in the soap indus-
try, while its starch can be used in the confectionary industry [6, 25].

Almost all the products and by-products made from mango are commonly used
and preferred by the people in Pakistan and India. Anacardic acid is prepared from
the peels (skin); although the wood quality of mango is poor, timber is used for
making furniture, flooring, boats, packing cases, and other applications. Tannins
mainly used for curing leather are also obtained from the bark of the tree. The twigs
as well as young vegetative leaves are used for various religious purposes and for
medicinal value [6, 8].

2. Major yield threats to mango production

Several pests, diseases, and disorders have been recorded on various mango
varieties, ultimately resulting in severe loses to all parts of the mango around the
world. Approximately 260 pest species including major and minor pests have been
recorded from seedlings to mature trees at harvest and postharvest stages [26].

2.1 Mango diseases

Mango suffers from several infectious diseases caused by many phytopathogens.
More than 83 different diseases and disorders including 52 fungal, 3 bacterial, and 3
plant-parasitic nematodes of the mango tree and fruit have been recorded worldwide
which cause losses; however, fortunately no single disease is caused by the virus till
now in mango [27, 28]. Twenty-seven diseases have been reported in mango trees of
Pakistan [28]. Among them the main diseases are anthracnose, Colletotrichum gloeo-
sporioides (Penz.) (Figure 2); powdery mildew, Oidium mangiferae (Bert.) (Figure 3);
malformation, Fusarium spp. (Figure 4); bacterial leaf spot, Erwinia mangiferae
(Doidge) (Figure 5); crown gall, Agrobacterium tumefaciens (Figure 6); sooty mold,
Capnodium mangiferae (Figure7); fruit rot, C. gloeosporioides and Aspergillus niger
(Figure 8); root rot, Rhizoctonia solani (Kuhn) and E oxysporum (Schl.) (Figure 9);

Figure 2.
Anthracnose disease (Colletotrichum gloeosporioides Penz.).
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Figure 3.
Powdery mildew disease (Oidium mangiferae Bert.).

Flora-Malformation{FM)

Figure 4.
Mango malformation disease (Fusarium spp.).

Figure 5.
Bacterial leaf spot (Erwinia mangiferae Doidge).

Figure 6.
Crown gall (Agrobacterium tumefaciens).
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Figure 7.
Sooty mold (Capnodium mangiferae).

Figure 8.
Fruit rot (C. gloeosporioides and Aspergillus niger).

Figure 9.
Root rot (Rhizoctonia solani Kuhn and F. oxysporum Schl.).

dieback, Diplodia netalensis and Lasiodiplodia theobvomae (Pat.) Griff. and Maubl.
(Syn. Botryodiplodia theobromae Pat.) (Figure 10); gummosis, L. theobromae
(Figure 11); and mango sudden decline (Figure 12), a complex disease [28-38].
Moreover, mango decline, mango sudden decline syndrome (MSDS), mango
sudden death syndrome (MSDS), and mango tree mortality (MTM) are the com-
mon terms/phrases used for mango sudden decline disease. In the last decade, MSDS
remained the most common and destructive diseases throughout Pakistan. Different
workers have isolated various fungi and another organism from an infected mango
tree. In a recent study, 21 different species of diseases from infected mango trees have
been reported. However, it is a complex problem and actually is a result of anthrac-
nose, dieback, root rot, tip dieback, gummosis, and dying of plants, observed very
commonly in the orchards of different ages in Sindh province [22].
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Figure 10.
Dieback (Lasiodiplodia theobromae Pat.)

Figure 11.
Gummosis (Lasiodiplodia theobromae).

Figure 12.
Mango sudden decline.

3. Fungicide management and resistance development

Plant disease control has always been a challenge for the growers and farmers to
get optimum production due to pesticide resistance. Resistance to fungicide in cur-
rent days is a major threat to plant disease management. In many plant pathogens,
resistance could develop naturally; thus, several newly developed chemistries of
fungicide remain at high risk. However, research toward the increase of resistance
and delay in disease development has been undertaken. The existing fungicide
chemistry, sometimes, renamed with new trade name does not satisfy the farmer
to apply such fungicides [39] for the management of diseases. It is also obvious that
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even within the same fungal group the nature of resistance can be different. Fungi
may develop alternative biochemical pathways around the ones that the fungicides
are blocking. The blocked biochemical pathway may also be overwhelmed by the
overproduction of precursors. Fungal cells may develop mechanisms to block entry
of the fungicide and/or efficiently export the chemical out of cells. The result mani-
fests itself the same way through disease control failure. An example is benzimid-
azole fungicides which when first introduced were more effective, and even at lower
rates, than anything else on the market. The new systemic nature of the compounds
and their broad spectrum of activity encouraged the wide use of these fungicides.
These fungicides could control many different fungal diseases including powdery
mildews, botrytis blights, leaf spots and blights, and root rots on a large variety of
crops. There is even nontarget activity on other organisms including earthworms.
Benzimidazole fungicides act by blocking the polymerization of tubulin prevent-
ing the nuclear division of fungal cells. The mode of action is so specific within

the fungi that simple natural mutations allowed for the development of resistant
fungi. The resistance is also very stable within the population. Widespread use of
benzimidazole fungicides caused widespread development of resistance. Another
example is dicarboximide fungicides which when first introduced were highly effec-
tive against diseases caused by Botrytis, Monilinia, Sclerotinia, and similar organ-
isms. The greatest activity of these compounds is in preventing mycelial growth,
but spore germination is also reduced. The resistant population is not as stable or
competitive as sensitive populations and declines gradually after the selection pres-
sure is removed. How long a break is necessary before the effective reintroduction
of the dicarboximide is debatable [39].

Mango diseases as discussed earlier are sometimes hard to manage due to the
pathogen cycle and perpetuation in soil and deep root. Several mango diseases are
attacking from seedling to maturity; and pre-harvest to postharvest depends on
the environmental conditions of the region. Chemical fungicides are believed to
be a significant way to control fungal pathogens [40] or sometimes to inhibit and
prevent the development and spread of pathogen [41, 42]. However, due to resistance
development in pathogen or sometimes in the environment-development of new
physiological races, it is hard to manage the plant diseases. The impacts of fungicide
management in some importance mango diseases are discussed here.

4. Pre-harvest diseases
4.1 Anthracnose: Colletotrichum gloeosporioides (Penz.)
4.1.1 Cause, disease cycle, and symptoms

Anthracnose, caused by a fungal pathogen Colletotrichum gloeosporioides, is a
severe outbreak which can cause huge economic losses at various growth stages of
mango production ranging from the blossom period to postharvest. It is considered
to be the most important disease of the crops in all mango producing areas world-
wide [43, 44, 52]. Anthracnose is favored by high relative humidity and abundant
rainfall that help in the development of the severe symptoms on leaves, flowers,
fruits, and branches of all ages. The disease can cause losses varying from 50 to 100%
in unmanaged orchards under a favorable environment [43, 45-46, 52]. Symptom
appeared on leaves consisted of angular dark spots, about 3-5 mm long, which can
coalesce, and the necrotic areas become more extended generally bordered by a
yellow chlorotic halo. The leaf spots appeared due to anthracnose which serves as
an important source of inoculum for the more destructive phases of infection on
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blossoms and fruits [47]. The conidia of C. gloeosporioides are disseminated by rain
and/or irrigation water. Thereafter, conidia are become attached with panicles,
leaves, and branch terminals at the infection site. Conidia germinate on immature
fruits and tender tissues and then penetrate through the cuticle and epidermis. The
fungus grows rapidly forming elongated brown necrotic lesions, which later on

get blighted and ruptured. Dark blister-like spots also appear on young twigs and
leaves. The leaves dry up slowly and ultimately fall down, leaving a black scar on the
twig [7]. In the inflorescence, it appears as tiny black spots, which cause extensive
necrosis of flowers, and small fruits fall off easily because of wind or rain leaving
only the rachis attached to the tree. Affected fruits in early development can remain
mummified in necrotic panicles or be aborted altogether. In the case of fruits nearing
maturity, the infections are quiescent and cause irregular dark spots that quickly

rot the pulp of the fruit when it reaches senescence. In the case of mature fruits,
penetration occurs through the cuticle but remain quiescent until the onset of ripen-
ing, which can cause postharvest anthracnose after harvesting. In young vegetative
stems, it causes canker lesions [48, 49]. Many cycles of the disease can occur as the
fungus continues to multiply during the favorable seasons. The pathogen survives
between seasons on infected and defoliated branch terminals and mature leaves.

4.1.2 Fungicide management

The use of fungicides for the management of anthracnose disease has been
widely done worldwide. Generally, such kinds of fungicides are used when especially
anthracnose is out of control due to wet and humid conditions in most commercial
mango production situations [50]. To produce commercial market quality fruit,
chemicals such as benomyl, copper, and mancozeb have been sprayed weekly on the
flowers and at 2- to 3-week intervals on fruit until harvest [51]. Although some mango
cultivars are moderately tolerant, none are sufficiently resistant to be produced
without fungicides in humid areas [50]. During rainy seasons numerous preventive
fungicide applications in the field are necessary to obtain acceptable fruit production
[52]. In extreme situations, where fruit develops completely under disease-favorable
conditions, up to 25 sprays of fungicides have been reported. It is also mentioned that
fungicides are highly effective for anthracnose control reducing the severity in treated
fruit by over 90% [52]. Research in India showed that fungicides reduced the severity
from 54% infected fruit to 5% [53]. Research has clearly shown that low postharvest
decay is associated with effective protection of fruit throughout the growing season
[54]. The fungicides carbendazim, prochloraz, and benomyl tested against anthrac-
nose on 40-year-old mango trees revealed that carbendazim showed minimum
disease severity when first spraying was done during the emergence of new flushes;
second and third spray applications were made at 15-day intervals. Fourth and fifth
spray applications were done before monsoon (June) and after the monsoon (first
week of October). Reduction in disease severity with the increased average number
of fruits per tree on the third year was recorded after application of fungicides [55].
In a field trial, different doses of systemic fungicide, azoxystrobin at 1, 2, and 4 ml Lt
were evaluated against anthracnose disease. All doses of azoxystrobin suppressed the
development of both panicle and leaf anthracnose with more production of fruits
than control. The results further showed that 2 ml L™ proved effective against disease
than other doses of fungicides [56]. Recently in Pakistan Nasir et al. [57] evaluated
seven different organic and one inorganic fungicides for their effectiveness against
anthracnose disease. Three bloom sprays were applied: first at 25% flowering and
two later applications at 15-day intervals. Best results were achieved with Nativo 75%
WDG (tebuconazole+ trifloxystrobin) which controlled anthracnose by 92.03% and
powdery mildew by 90.19%. It was followed by Cabriotop 60% WDG
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(metiram +pyraclostrobin) which reduced the incidence of these diseases by 89.08%
and 88.04%, respectively, whereas Topsin-M 72% WP (thiophanate-methyl), Score
25% EC (difenoconazol), and Shincar 50% SC (carbendazim) provided less than 80%
control. In general, all the fungicide treatments significantly reduced the incidence of
the diseases and produced a higher yield of quality fruits than control in both years.

Fungicidal resistance/sensitivity among the six different isolates of C. gloeo-
sporioides (Cgl to Cg7) collected from Agricultural Export Zone (AEZ) of Andhra
Pradesh and one from Tamil Nadu was studied using four systemic fungicides, viz.
carbendazim (50 ppm), thiophanate-methyl (50 ppm), propiconazole (25 ppm),
and hexaconazole (25 ppm), and two non-systemic fungicides, viz. mancozeb
(1000 ppm) and copper oxychloride (1000 ppm), in poisoned food technique. All
isolates were highly sensitive to sensitive for systemic fungicides except Cg3 which
was moderately resistant to thiophanate-methyl. Isolates Cgl, Cg3, and Cg6 were
highly sensitive, Cg5 and Cg7 were resistant, and Cg2 and Cg4 were highly resistant
to mancozeb. It was also confirmed that all isolates were resistant to copper oxy-
chloride. These results indicated the differential resistance/sensitivity to commonly
used fungicides against C. gloeosporioides and allowed to recommend a specific
fungicide on a regional basis [58].

However, in recent years growers have experienced problems controlling this
disease, and they have suggested that the fungicides used are not providing accept-
able levels of control. Products currently registered for pre-harvest use include
mancozeb, copper hydroxide, and copper sulfate products—these are routinely
used from flowering through to harvest. Prochloraz is used when weather condi-
tions favor disease development, and a strobilurin product has recently been
registered. Thus, an experiment was conducted to develop an integrated crop man-
agement (ICM) practice for controlling anthracnose (C. gloeosporioides) of mango
with emphasis on nonchemical means and achieving higher yield. Pruning + weed-
ing + spading + fertilizer + Dithane M-45 or garlic extract (three times) + irrigation
(at 14-day intervals) resulted in the highest fruit retention, healthy fruits, and
highest yield [58]. Postharvest hot-water treatments (15 minutes at 5°C (124-125°F)
have been shown to reduce anthracnose development in ripe fruits of some specific
cultivars such as “Larravi” in Puerto Rico [59] and with the cultivars “Zill,” “Haden,”
“Sensation,” “Kent,” and “Keitt” for 5 minutes at about 55°C (131°F) and 15 minutes
at 49°C (120°F) in Florida [60]. Hot water dips also reduced stem-end decay caused
by several fungi [61]. Because of varietal differences in heat tolerance, tests must
be conducted to determine the optimum time and temperature for each cultivar.
However, fruit should be ripened before refrigerating in order to avoid chilling
injury. Benomyl and thiabendazole at 500-1000 ppm heated to 52°C (126°F), in
which mango fruits were dipped for 1-3 minutes, were effective in controlling
postharvest decay on “Tommy Atkins” and “Keitt” [62-64]. However, within a short
time, the fungus developed resistance to benomyl and had cross-resistance to the
related fungicides thiabendazole and thiophanate-methyl (18). Heated iprodione
[64], unheated prochloraz [62], and unheated imazalil [60] have also shown effi-
cacy in controlling anthracnose. Anthracnose is best controlled by a combination of
preventive measures, field fungicide sprays, and postharvest treatments.

4.2 Powdery mildew: Oidium mangiferae (Bert.)
4.2.1 Cause, disease cycle, and symptoms
Mango powdery mildew disease is caused by a fungal pathogen, Oidium man-

giferae Berthet. The disease was first recorded on mango during 1914 in Brazil, and
the fungus was named by Berthet [65, 66]. The associated pathogen O. mangiferae
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belongs to the class Ascomycetes, order Erysiphales, and family Erysiphaceae

[67, 68]. This pathogen was previously considered minor; however, it became severe
and attacked nearly all varieties throughout the mango growing countries of the
world [69-74]. Powdery mildew of mango is favored by cool nights with warm
humid weather conditions that support the severe disease incidence [30-31]. The
disease has been reported in many countries of Asia, Africa, America, and Oceania
[75]. Powdery mildew appears in foliage, fluorescence, petioles, young fruits, and
tender stems as well. The fungus is ectophytic and reaches into the cell through haus-
toria by penetrating the epidermal layer. Generally, it exhibits superficial whitish
fungal growth just like talcum powder. Initially, septate mycelium is developed and
later on conidia, which fall after reaching maturity. On a whole, powdery mildew
fungus produces white dense coating over the surface of the host. The incidence
caused by this disease varied from 31.50 to 93.00% on different sensitive mango
varieties. The pathogen develops in dry and cold environments but reaches greater
severity at 90% relative humidity (RH) and 20-25°C [74-80].

4.2.2 Fungicide management

Several organic and inorganic fungicides have been evaluated for their effec-
tiveness against powdery mildew disease. The powdery mildew was controlled by
applying different fungicides such as benomyl, bitertanol, carbendazim, dinocap,
oxythioquinone, thiophanate-methyl, tridemefon, tridemorph, Vigil, wettable sulfur,
etc. [81-89]. However, some chemical fungicides such as benomyl, dinocap, and man-
cozeb were set up most operational at the time of flower cluster expansions and before
the cluster opening [90-92]. The higher efficacy of carbendazim against powdery
mildew was also proven when sprayed three times with the interval of 15 days [93].
Recently, Topas 100% EC (penconazole) and Vangard 25% EC (triadimenol) were
found effective against powdery mildew (89.96% and 91.87%, respectively) [57]. In
another experiment, three sprays of penconazole at prebloom, full bloom, and after
fruit setting against powdery mildew, O. mangiferae, were applied on Samar Bahisht
cultivar. It was found more effective than pyrazophos. Several other fungicides have
also been tested against powdery mildew in tropical and subtropical regions of the
world as protective and curative measures. In trials carried out in 1992, Topsin-M
(thiophanate-methyl) was almost as effective as penconazole [94]. Trifloxystrobin
has been mentioned as a new strobilurin fungicide, and it was highly effective in con-
trolling powdery mildews on mango [95]. Some foliar fungicides, viz. Baytan Foliar,
Calixin, Topas, and Bayleton, against mango powdery mildew (O. mangiferae Bert.)
were also evaluated in 2000. Two spray applications at 15 days intervals were done on
Sindhri, Siroli and Samar Bahisht, and Chaunsa varieties and revealed that Bayleton
was found to be the most effective for control of disease followed by Calixin, Baytan
Foliar, and Topas [79]. The study on different fungicides such as Topsin-M (thio-
phanate-methyl), Dithane M-45 (mancozeb), Antracol (propineb), Thiovit (sulfur),
Topas (penconazole), Nordox (darosal, copper hydroxide), Anvil (hexaconazole),
Aliette (fosetyl), and Rubigan (fenarimol) were tested. Maximum disease control
with thiophanate-methyl and sulfur was observed. Two applications at 20-30% and
30-40% in flowering stage were used at fortnight intervals [96]. Another trial tested
on Dusehri cultivar against the disease with Anvil (hexaconazole), Spotless (dini-
conazole), Bayleton (triadimefon), benomyl, Score (difenoconazole), and Folicur
(tebuconazole) fungicides were evaluated. Anvil, Spotless, and Bayleton gave better
results than other fungicides [97], whereas Score (difenoconazole) and Anpower
(hexaconazole) resulted to be most effective [98]. The in vitro efficacy of hexacon-
azole at 0.01% and wettable sulfur at 0.3% was highly effective in the inhibition of
conidial germination [99].

152



Mango Diseases: Impact of Fungicides
DOI: http://dx.doi.org/10.5772/intechopen.87081

Six fungicides such as carbendazim (Bavistin 50 WP) 0.05%, wettable sulfur
(Sulfex 80 WP) 0.25%, triadimefon (Bayletan 25 WP) 0.05%, thiophanate-methyl
(Roko 70 WP) 0.1%, penconazole (Topas 10% EC) 0.05%, and hexaconazole (Contaf
5EC) 0.05% went through a 3-year experimentation (2006-2008). All the fungicides
reduced the disease significantly when applied at prebloom, 10 days after first spray,
and at fruit setting stage compared to the untreated control. However, hexaconazole
gave the lowest incidence of powdery mildew (21.2%) and was significant over the
rest of treatments except triadimefon [100]. Fungicides mostly are of high efficiency
in the management of plant diseases [101]. However, the need for reducing pesticide
residues in food crops, pressures to maintain a healthy environment, and often the
unavailability of commercially acceptable resistant plants intensify the need for
alternative methods for disease control. One of the potential methods of reducing the
severity of powdery mildew in an environmentally safe manner is the use of inor-
ganic salts like foliar spray by potassium salts [102, 103] as biocompatible fungicides.
Monopotassium phosphate and potassium dihydrogen phosphate sprayed alone or in
alternation with fungicides have been successful in the control of powdery mildew
diseases in apples, grapes, peaches, nectarines, greenhouse cucumbers, roses, melons,
and mangoes [103].

It is apparent that several studies have been conducted and workers used different
fungicides successfully in order to control powdery mildew disease of mango accom-
panied by a high yield/tree [104]. However, fungicide resistant races of powdery
mildew pathogens have been reported on several crops like as cucumber, grape vines,
etc. [105-108]. The fungicide Punch was the most effective on mango and mustard
when tested to managing powdery mildew disease in India [109]. However, once
resistant strains appeared, most of them survived for several years, therefore the risk
of re-enhancing a resistant population with further applications of ineffective [110].

4.3 Malformation: Fusarium spp.
4.3.1 Cause, disease cycle, and symptoms

Mango malformation disease (MMD) is a serious threat and is significantly
increasing because of the great demand for mango in the international market and
expansion of mango production worldwide for export [111]. It occurs in almost all
mango growing countries of the world and causes severe economic losses every year
[112, 113]. Much more studies are carried out on physiological, viral, fungal, acaro-
logical, and nutritional causes [114]. Mango malformation is of two distinct types,
vegetative malformation (VM) and floral malformation (FM). The floral malforma-
tion is more prevalent in bearing mango trees, whereas vegetative malformation
mostly appears on seedlings [115]. MMD causes shortened inflorescence, sterility,
and aborted hermaphrodite flowers, and the male flowers increase in number and
size [116-119]. MMD was first reported in India in 1891 [120]. It is found else-
where in Asia (Israel, Malaysia, and Pakistan) [120], Africa (Egypt, South Africa,
Sudan, Swaziland, and Uganda) [121], and Americas [Brazil, El Salvador, Mexico,
Nicaragua, the USA, and Venezuela [122, 123]. In Pakistan, Khaskheli et al. [38]
confirmed pathogenicity of Fusarium nivale (Fr.) Ces., as the first record in Pakistan
and also the first report of its association with mango malformation disease in
Sindh, Pakistan. In another study, Igbal et al. [119] isolated four fungi, viz. E. man-
giferae, F. pallidoroseum, F. oxysporum, and Alternaria alternata, from malformed
mango parts. Akhtar et al., [117] verified the association of F. moniliforme and
G. fujikuroi with the disease. Various research lines have explained the etiology and
control measures of MMD; however, nature and management of this disease is still
a big challenge for the researcher.
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4.3.2 Fungicide management

Several attempts were made to manage the MMD; however, differences in the
reported species sometimes make it difficult to control the extent of MMD. Some
research lines indicate that broad-spectrum systemic fungicides are beneficial for
the control of the disease [124]. Kumar et al. [125] found that mangiferin metabo-
lites of mango induced changes in isolates of F. moniliforme (Gibberella fujikuroi).
In a study on management of mango malformation through physical alteration
and chemical spray, the treatment with clipping at 45 cm distance followed by a
spray of benomyl results in 70.37% decrease over previous years count [113]. The
best management of MMD was obtained through the treatment with clipping at
45 cm distance followed by a spray of benomyl 50 WP. Eight different fungicides
(Benlate, carbendazim, Score, Daconil, captan, Topsin-M, copper oxychloride,
and minimum inhibitory concentration of MICs) were applied in vitro against
F. mangiferae of MMD. As a result, Benlate and carbendazim suppressed 100%
colony growth of fungus than all other fungicides [113, 126]. In Keitt tree trunk,
fosetyl-Al was injected and found to reduce the floral malformation from 96 to
48% but no effect on fruit yield [127]. The spray of Benlate and biological antago-
nists Trichoderma hargianum and Aspergillus flavus were also applied. The results
showed that Benlate alone and in combination with antagonists gave better results
in a reduction of malformation intensity [128]. Moreover, the use of insecticides,
fungicides, and plant growth regulators in combination with pruning has been
reported an effective integrated management measure of reducing the intensity
of inoculum of MMD in the orchard [120, 128]. It is recommended that once the
disease is reported in the orchard, symptomatic parts should be removed to limit
the occurrence of disease [21, 130, 131]. This sanitation practice leads to a reduc-
tion in mango malformation by limiting the inoculums. However, it is difficult to
impose on the large trees with panicles that are difficult to access [127, 129, 132]. In
most of the mango orchards, the general practice followed to control the severity of
the disease is by removal of malformed (FM and VM) parts from trees and burn-
ing them outside the orchards. Usually, pruning involves the removal and burning
of infected parts. The disease occurrence could almost be reduced by following
this practice at least for 2-3 consecutive years. More recently, in vitro and in vivo
attempts were made with commercial fungicides to reduce the severity of Fusarium
nivale (Fr.) Ces., a predominant and virulent fungus in mango orchards of Sindh,
Pakistan, which was first isolated from mango MMD [38, 133]. Mycelial growth of
F. nivale was significantly inhibited at low doses of thiophanate-methyl and fosetyl-
Aluminum. Metalaxyl+mancozeb and mancozeb alone also reduced the growth
of fungus at their high doses, respectively, as compared to copper oxychloride.
Thiophanate-methyl and fosetyl-Aluminum significantly reduced infection in Desi
(local), Almas, and Dusheri after the first spray. The second spray of thiophanate-
methyl and fosetyl-Aluminum fungicides completely inhibited infection of F. nivale
and 100.0% reduction in vegetative malformation disease in Desi, Almas, and
Dusheri, as compared to metalaxyl+mancozeb, copper oxychloride, and in control.
The application of thiophanate-methyl and fosetyl-Aluminum would be useful in
integrated management of MMD [133].

4.4 Sooty mold: Capnodium mangiferae (Cooke and Broome)
4.4.1 Cause, disease cycle, and symptoms

The sooty mold is a fungal disease caused by Capnodium mangiferae (Cooke
& Broome) [134]. In actual, the sooty mold-causing fungi establish its growth
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on sugary secretion by insects. Thus, occurrence, incidence, and severity of this
disease depend on the infestation of insect pests. Usually, sucking insect pests
infest in the beginning of disease occurrence and excrete sweet secretion upon
which sooty mold develops. Later on, sooty mold appears as a black velvety growth
on the leaf surface. The entire leaf surface or portion of the leaf may be covered
with fungal growth, and in severe cases, the whole plants are affected. The thin
layer formed on the leaf surface can be rubbed off easily [135]. When the molds
attack blossoms during flowering time, the fruit set is affected, and in severe cases,
small fruits also fall down [114]. Under the dry conditions, this may be blown

off as small fragments by the wind. The disease-causing fungi in true sense are
nonpathogenic; however, photosynthetic activity of the plant is impaired due to
the covering of the leaves. The symptoms occurring due to this disease are quite
obvious in diseased orchards [135].

4.4.2 Fungicide management

It has already been explained that sooty develops on the exudates of sucking
insect pests such as aphids, leafthoppers, mealybugs, psyllids (including eucalyptus
lerp psyllid), soft scales, and whiteflies. Both the immature and adult stages of
these insects feed by sucking sap from plants, producing honeydew. Their common
characteristic is that they all suck sap from plants. Therefore, these pests need seri-
ous attention and should be controlled through pesticides.

It is also pertinent to mention that sooty mold-causing fungus is a weak parasite;
therefore, sometimes uses of fungicides are necessary to apply. The effectiveness
of seven organic fungicides, one synthetic fungicide, bagging of fruits, and the
untreated control were evaluated to control sooty mold on leaves and fruit of mango
“Manila,” in Veracruz, Mexico. Results showed that the bio-fungicides Bio hcaz 3.5,
Bio fyb 1.5, Fungicus ph 4 y Fungicus ph 8 provided 95% of leaves in the categories
of healthy and light (less than 5% damage). Percentage of healthy fruits was 98%
for bagging, 82% for benomyl, 80% for Sunset 3, and 78% for Sulfocop 4 and Bio
fyb 1.5. Bio fyb 1.5 showed good control of sooty mold in leaves and fruits. The
application of these organic products did not have a negative effect on the yield and
fruits quality [136].

4.5 Mango sudden decline
4.5.1 Cause, disease cycle, and symptoms

Mango decline or mango sudden decline syndrome or mango sudden death syn-
drome or mango tree mortality are some common terms/phrases used for this dis-
ease. This remained the most common and destructive disease throughout Pakistan
in the recent past years. In actual, MSDS is a complex disease of mango, and several
pathogenic fungi were isolated from this complex problem [29-38]. Different
investigators have isolated various fungi and another organism from an infected
mango tree. Ahmed et al. [137] reported that the onset of dieback become evident
by discoloration and darkening of twigs from the tip downward due to Diplodia
natalensis. Ploetz et al. [138] observed the symptoms of decline, tip dieback, and
gummosis from mango nurseries artificially inoculated with A. alternata, G.
cingulata, D. dominicana, L. theobromae, and Phomopsis sp. According to Saleem and
Akhtar [32], it is caused by root rot, anthracnose, and dieback. Jiskani [22] reported
MSDS as disease complex caused by the combined attack of several different fungi
and abiotic factors. Shahbaz et al. [139] pointed out disorders like twig blight,
gummosis, bark splitting/cracking, and wilting as a cause. Leghari [140] isolated 10
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genera with 12 species of different fungi from infected mango trees showing sudden
death syndrome symptoms; however, L. theobromae (Prv. B. theobromae) was pre-
dominant with 20-83.30% incidence and 62.50-85% severity followed by F. solani
with 56.66-73.33% incidence and 62.50-78.75% severity of mango decline. Hakro
[141] isolated nine plant-parasitic nematodes and seven fungi from roots of the
dead mango tree and studied the interaction of most predominant nematode with
fungi (Xiphinema index, F. oxysporum, and R. solani). It is reported that gum is the
most common symptom and L. theobromae was the most abundant isolated fungus,
whereas it is also reported to be caused by Ceratocystis fimbriata. Asad et al. [144]
isolated L. theobromae, C. fimbriata, and Phomopsis sp. as the most common fungi
causing MSDS. Similar associations between L. theobromae and mango decline have
been observed by quite a number of researchers [145-151]. Recently, the incidence
of MSD was found to be 20% in Punjab and more than 60% in Sindh Provinces of
Pakistan and 60 percent in Al Batinah region of Oman [152]. This phenomenon has
also been reported from some other parts of the world, i.e., Brazil and Oman

[152, 153]. In Brazil, Oman, and Pakistan, C. fimbriata, C. omanensis, and L.
theobromae were the main causal organisms of MSDS were mostly isolated from dis-
eased mango tree [152-156]. It has also been reported that fungus is mainly dissemi-
nated by the mango bark beetle, Hypocryphalus mangiferae (Stebbing), by infected
plant material and the infested soils where it is able to survive for long periods. The
best way to avoid losses due to MSD is to prevent its establishment in mango pro-
duction areas [157]. Ceratocystis manginecans is also reported as the causal agent of

a destructive mango wilt disease in Oman and Pakistan [158]. However, according
to Jiskani et al., [22] it is a complex problem and actually is a result of anthracnose,
dieback, root rot, tip dieback, gummosis, and dying of plants, observed very com-
mon in the orchards of different ages in Sindh. Moreover, studies also revealed that
some mango varieties had more prevalence of MSDS than others, and the age-wise
differences were also noticed. The findings indicate that trees of some varieties have
the ability to overcome MSDS at a specific age and the severity of MSDS may be
manageable till that. The variable incidence in different mango varieties at different
ages can also be attributed to a possible natural tolerance against MSDS [159].

4.5.2 Fungicide management

There have been several attempts to manage this severe outbreak of mango;
however, the recovery of the affected tree sometimes could not succeed due to the
development of fungi in the vascular system of tree. All reported fungi of MSD
are soilborne and cause tree decline or wilt after several years of development.
Some studies showed that Topsin-M and Daconil are the most effective fungicides,
whereas copper oxychloride intermediate and mancozeb were the least effective in
inhibiting the mycelial growth of B. theobromae under in vitro conditions [160]. In
another report, Topsin-M and Aliette when applied to infected tree trunks through
the injection method, three times at an interval of 10 days, are reported as the most
effective fungicides.

4.6 Dieback: Lasiodiplodia theobromae (Pat.)
4.6.1 Cause, disease cycle, and symptoms

Mango dieback caused by L. theobromae is considered one of the serious diseases
of mango. Previous research has already proven L. theobromae as the cause of

dieback of mango [161-162]. L. theobromae is a soilborne fungus causing both field
and postharvest diseases in about 2080 plant species [161, 163-166]. In Pakistan, it
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has been reported on more than 50 species of plants [167]. Among several diseases
responsible for low crop production in Pakistan, mango dieback is also one of them.
To further complicate the issue, resistance in L. theobromae is emerging against dif-
ferent fungicides [168]. Thus, this disease has been described as one of the serious
threats to mango growers [154]. The onset of dieback becomes clear by discolor-
ation and darkening of twigs, oozing of gum, wilting of leaves, dieback, browning
of vascular bundles, and death of the entire plant [147, 162, 169]. Symptoms can
also be observed in reproductive structures [170]. In severe situations, branches
start drying one after another in a sequence resulting in the death of the trees of the
mango plantation. Commonly, once the symptoms of decline or widespread dieback
are evident, it is difficult to stop or reverse the progress of the disease. The disease
has also been observed on different mango varieties associated with the variation

in their susceptibility toward the fungus. Reports have shown that certain varieties
are highly susceptible [171-172]. In vivo studies demonstrated that L. theobromae
becomes aggressive in colonizing host tissues when plants are under abiotic stress,
such as heat, water stress, or drought stresses [173-174]. In general, dieback is one
of the deadly diseases of mango, which causes serious damage to the tree and its
productivity [175].

4.6.2 Fungicide management

Several attempts are made to control the mango dieback throughout the mango
growing countries of the world. In Pakistan, mycelial growth of L. theobromae was
significantly inhibited by carbendazim and thiophanate-methyl when used at 1 ppm
a.i. or more. Alliete was effective at relatively high concentrations, i.e., at 1000 and
10,000 ppm a.i., whereas Copxykil, Cuprocaffaro, and Thiovit failed to inhibit the
mycelial growth of L. theobromae. In the field experiment, carbendazim was found to
be more effective than thiophanate-methyl and Alliete in reducing the fungal infec-
tion in mango plants, suppressing the gum exudation, dieback, and wilting, resulting
in a significant enhancement in vegetative growth of plants [142, 143]. The efficacy
of different fungicides, viz. copper oxychloride, diethofencarb, pyraclostrobin,
carbendazim, difenoconazole, mancozeb, and thiophanate-methyl, was evaluated
in vitro using a poison food technique. Thiophanate-methyl at all concentrations was
found to be the most effective among five systemic fungicides against L. theobromae,
followed by carbendazim, difenoconazole, and diethofencarb. The fungicides, i.e.,
thiophanate-methyl, difenoconazole, carbendazim, and diethofencarb, showed
maximum efficacy with increasing concentration. The isolates of L. theobromae
showed some resistance development against the tested fungicides when compared
with previous work. These investigations provide new information about chemi-
cal selection for the control of holistic disease in mango growing zones of Pakistan
[168]. The fungicide treatments such as cobox (copper oxychloride), precure combi
(thiophanate-methyl + diethofenocarb), and Cabrio top (pyraclostrobin + metiram)
at four concentrations 25, 50, 75, and 100 ppm were also evaluated in vitro against L.
theobromae. Cobox (copper oxychloride) and precure combi (thiophanate-methyl +
diethofenocarb) showed a significant reduction in colony diameter of L. theobromae
at all concentrations compared to non-treated/control. Cabrio top (pyraclostrobin
+ metiram) did not significantly decrease the colony diameter of L. theobromae. In
the field precure combi (thiophanate-methyl + diethofenocarb) and cobox (copper
oxychloride) were also used as foliar fungicide and in soil drenching in addition to
soil amendment with silt, NPK, and manure and pruning to manage the naturally
affected mango plants with dieback, and cobox was found best where soil amend-
ment and pruning was done with soil drenching [176]. Recently, in the UAE, some
systemic chemical fungicides, Score, Cidely Top, and Penthiopyrad, significantly
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inhibited the mycelial growth of L. theobromae both in vitro and in the greenhouse.
Cidely Top proved to be a highly effective fungicide against L. theobromae dieback
disease also under field conditions [175]. Despite efforts made to control the dieback
disease using different fungicides, disease incidence is still high in some farms in
Oman. Testing sensitivity of 28 randomly selected L. theobromae isolates to four
commonly used fungicides showed that the EC50 levels of the isolates were in the
range of 0.01-8.75 (avg. 0.54 mg L") for iprodione, 0.1-242.8 (111.6 mg L™") for
copper oxychloride, 40.3-738.1 (avg. 229.3 mg ") for copper hydroxide, and 0.1

to over 1000 (avg. > 1000 mg L") for thiophanate-methyl. The study showed the
development of resistance to some fungicides, especially with thiophanate-methyl.
The development of resistance to fungicides could be one of the main reasons behind
the reduction in the efficacy of managing dieback in the studied farms [177].
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Abstract

The agricultural production in the Neotropical region is highly affected by
the attack of pests and diseases. Due to the overuse of pesticides, sustainable
methods of control are in demand, such as biological control. Integrated Pest
Management (IPM) considered the use of Biological control as a method to sup-
press the population of pests in several field agricultural systems and in protected
crops systems. Biological control is generally appreciated today as an important
component of IPM, and the demand for it is likely to spread as the IPM programs
develop worldwide. The tropics present an important region for the application of
biological control. The Neotropical region is characterized by its rich biodiversity,
resulting in a wide range of natural enemies of pests represented by parasitoids,
predators, and pathogens. Parasitoids are the natural enemies most used around
the world for biological control. In this chapter, we present biological control
programs using parasitoids established in the Neotropical region to control key
pests of economic importance. Agricultural practices that maintain and enhance
the action of natural enemies in crops will be reviewed, as the challenges and
potential for the establishment of Biological Control programs using parasitoids in
the Neotropical region.

Keywords: integrated pest management, sustainable agriculture, biological control,
parasitoids, agricultural pests

1. Introduction

The agricultural production in the Neotropical region is highly affected by
the attack of pests and diseases. Due to the overuse of pesticides, sustainable pest
control methods are in demand, within the context of Integrated Pest Management
(IPM) [1]. Biological control is a tool used in Integrated Pest Management (IPM)
for several field agricultural systems and in protected crops systems [2]. Biological
control, the use of living organisms as pest control agents, has enjoyed varying
popularity in the past, but today is well established as an important component
of IPM. Biological control is the most environmentally safe and economically
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profitable pest management method, when considering all the different factors
together and its benefits to them.

The Neotropical region is characterized by its rich biodiversity, providing the
opportunity to use a wide range of natural enemies of pests represented by parasit-
oids, predators, and pathogens [3, 4].

Dozens of species of insect predators and parasitoids are reared worldwide, and
in some instances, these programs have been shown to be economically competi-
tive with alternative methods of control. According to [5] in 2010, no less than 230
species of invertebrate natural enemies—originating from 10 taxonomic groups—
were used in pest management worldwide. From this, within the arthropods, 52.2%
were represented by parasitoids of the Hymenoptera group. Parasitoids can be used
as biological control agents against insect pests in agro-ecosystems. Today, parasit-
oids are the most used natural enemies for classical biocontrol around the world,
and many success cases have been reported in many countries of the Neotropical
Region [2].

The term parasitoid defines the behavior of host use that exists only in insects
(Table 1). Most of the parasitoids hosts are other insects and the parasitoids could
be the same size as the host. Parasitoids can develop on or within their host, and
parasitoids larvae kill their hosts to complete their life cycle from egg to adult and
only need to feed on a single host to reach adulthood. The adult form has a free life.
For killing their hosts, the parasitoids are the most effective natural enemies for pest
biological control [2].

As an important aspect, the host imposes certain restrictions on the develop-
ment of the parasitoids. In addition to this, the physiology and behavior of the host
while it lives are in benefit of the parasitoid that develops, and when necessary, it
can control them. As a result, the parasitoid has the opportunity to regulate host
physiology [6]. Several parasitoids exhibit predatory adult behavior [7], but this
does not alter the evolutionary interrelationships between the developing parasitoid
and the host. Thus, the developmental duration of a parasitoid as carnivorous or
saprophyte is continuous in some species, while Trichogramma rapidly kills the
host and feeds on the preserved tissues [8]. Another interesting case is represented
by the endoparasitoid from the Braconidae family, Microplitis croceipes (Cresson),
which completes its development and emerges leaving the living host although
reproductively dead [9].

There are different types of parasitoids:

Primary parasitoid: Species that develops on nonparasitized hosts.

Hyperparasitoid (or secondary parasitoid): Parasitoid that develops in
another parasitoid (it is a parasitoid of a parasitoid). There may be several levels of
hyperparasitism.

Endoparasitoid: Parasitoid that develops inside the body of the host. The endo-
parasitoid can be solitary (when a single larva completes its development in a given
host) or gregarious (when several larvae develop to maturity in a single host).

Specialized in choice of host Tend to be smaller than the host
Only the female searches for the host to Parasitoids develop on only one host individual during the
lay eggs immature stages
Eggs are usually laid in, on, or near the The immature stages remain on or in the host and almost always
host kill the host
Table 1.

Characteristics of parasitoids.
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Ectoparasitoid: Species that develops outside the body of the host (they feed by
inserting the buccal parts through the integument of the host). Like the endopara-
sitoids, there are solitary and gregarious endoparasitoids.

Multiple parasitism: Situation in which more than one species of parasitoids
occur within or on a single host. In many cases, only one individual survives, others
succumb. In rare cases, as species of Trichoghramma (parasitoids of lepidoptera
eggs), more than one species can complete its development in the egg.

Superparasitim: In this case, several individuals of a species of parasitoids can
develop in a host. When superparasitism occurs with solitary endoparasites, mutual
destruction of the physiological suppression of larvae or surplus eggs may result
in survival of a dominant individual. In some cases, however, the host dies prema-
turely, before the surplus is eliminated, and all die.

Adelphoparasitism: Also called autoparasitism, case in which a parasitoid spe-
cies is a parasite of itself. For example, in Coccophagus scutellaris (Dalman), the male
is obligatory parasitoid of the female.

Kleptoparasitism: In this case, a parasitoid preferentially attacks hosts that are
already parasitized by other species. The kleptoparasitoid is not a hyperparasitoid.
A kleptoparasitoid depends on another parasitoid to increase its reproductive suc-
cess. It can act by opportunities, that is, using the oviposition holes or search trails
made by another parasitoid species to lead it to the host.

Heteromes: The male and female are parasitoids of different hosts.

Polyembryony: The adult places a single egg per host, which later divides into
many cells, each one developing independently. Several embryos are formed from a
parasitized egg. It is common in Encyrtidae and Braconidae. The parasitic nematode
Ageniaspis citricola of the citrus miner, Phyllocnistis citrella, produces 2-10 individu-
als per parasitized egg.

There are parasitoids of eggs, larvae (or nymphs), pupae, and adults.

Different types of biological control can be found: natural, conservation, inocu-
lative (=classical), and augmentative biological control.

a.Natural biological control is the reduction of pest organisms by their natural
enemies. It takes place in all of the world’s ecosystems without any human
intervention and, in economic terms, is one of the biggest contributions of
biological control to agriculture and sustainable ecosystems [10].

b.Conservation biological control consists of human actions that protect and
stimulate the performance of naturally occurring natural enemies [11].

c.Inoculative biological control, the natural enemies are collected in an area
where they are present (usually the area of origin of the pest) and then released
in new areas where the pest was accidentally introduced. The aim is that the
offspring of the released natural enemies increases the populations in signifi-
cant way in order to cause the suppression of pest populations during many
subsequent years. This type of biological control has been used most frequently
against introduced pests, which are presumed to have arrived in a new area
without their natural enemies.

d.Classical biological control, it was the first type of biological control practiced
widely [12]. This type of biological control implies the introduction of a natural
enemy, which is from an exotic origin to control a pest, which usually is exotic.
There are very successful cases as a result of the establishment of a classical
biological control Program worldwide.
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e.In augmentative biological control, natural enemies are mass reared in bio-
factories for release in large numbers in order to obtain an immediate control
of pests. In some areas of agriculture, such as fruit orchards, maize, cotton,
sugarcane, soybean, vineyards, and greenhouses, it has been considered to be
an environmentally and economically sound successful alternative to chemical
pest control [13].

In some countries, natural, conservation, and inoculative biological control
are generally implemented using public funding, whereas augmentative biological
control is often a commercial activity due to the need mass production and large
scale regular releases of natural enemies.

Inoculative biological control is predicted to be applied on 350 million hectares
worldwide [14], and over the last 120 years, 165 pest species have been brought
under long-term control [15]. According to [15], 170 species of invertebrate
natural enemies are mass produced and sold for release in augmentative bio-
logical control of approximately 100 pest species on about 0.4% of land under
cultivation.

In this chapter, we present biological control programs established in the
Neotropical region to control pests of economic importance such as Diatraea
saccharalis (Lepidoptera: Crambidae), Diaphorina citri (Hemiptera: Psyllidae),
Phyllocnistis citrella (Lepidoptera: Gracillariidae), Maconellicoccus hirvsutus
(Hemiptera: Pseudococcidae), Paracoccus marginatus (Hemiptera: Pseudococcidae),
Aleurocanthus woglumi Ashby (Homoptera: Aleyrodidae), and Aulacaspis yasumatsui
(Hemiptera: Diaspididae). Agricultural practices that maintain and enhance the
action of natural enemies in crops will be reviewed, as the challenges and poten-
tial for the establishment of Biological Control programs using parasitoids in the
Neotropical region.

2. Examples of successful biocontrol programs with parasitoids in the
Neotropical Region

2.1 Diatraea saccharalis (Lepidoptera: Crambidae)

The sugarcane borer, Diatraea saccharalis (Fabricius, 1794) (Lepidoptera:
Crambidae), is considered the most important sugarcane pest in the western hemi-
sphere [16]. It is an insect pest of great economic importance in the sugarcane crop,
due to the serious damages caused by its attack, which contributes to significant
reductions in productivity and industrial use [17].

In Brazil, a very large program has been operating for 40 years to control the
sugar cane borer with the larval parasitoid Cotesia flavipes Cameron (Hymenoptera:
Braconidae), a braconid originally from Japan [18]. This is the most efficient biolog-
ical program in Brazil, and it is among the best in the world. C. flavipes is released
using inundative application in more than 3.3 million ha each year [19] (Figure1).
Another natural enemy used for this pest is the egg parasitoid Trichogramma galloi.
In 2010, T. galloi was also used on 500,000 ha of sugarcane to control the eggs of the
sugar cane borer [20].

In Colombia, sugar cane is the second most valuable crop. More than half of the
surface area of the Cauca River Valley is planted to sugarcane, and the sugar cane
borer has long been the principal pest causing high annual losses [21].

Efforts to improve biological control of Diatraea in Colombia began in the
early 1970s with releases of Trichogramma spp. parasitoids (Hymenoptera:
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Figure 1.
Percentage of the sugarcane avea in Brazil treated with veleases of natural enemies [19].

Trichogrammatidae), followed by Cotesia flavipes that proved unsuited to condi-
tions in the Cauca River Valley [22, 23]. Despite the introduction of several different
geographic strains of Cotesia flavipes and repeated mass releases, few parasitoid
cocoons were found in surveys, and it is not considered to be permanently estab-
lished in the region [21].

Later, it was reported that only Trichogramma exiguum Pinto & Platner was
recovered from eggs of three primary Diatraea species and the augmented species,
Trichogramma pretiosum Riley, was not [23]. The development of integrated pest
management (IPM) programs that incorporated the economic impact of the pests,
their population dynamics, improved sampling procedures, and alternative meth-
ods of control such as use of the native egg parasitoids T. exiguum contributed to
improved management of stem borers and reductions in their economic impact in
Colombia [24].

2.2 Maconellicoccus hirsutus (Hemiptera: Pseudococcidae)

The hibiscus mealybug (HMB), Maconellicoccus hirsutus Green (Hemiptera:
Pseudococcidae), was first detected in the Caribbean on the island of Grenada in
1993 [25], after which it rapidly spread through countries in the Caribbean, becom-
ing one of the most important pest species [26].

Following the limited success of physical and chemical measures to control
the pest populations, regional biological control programs for M. hirsutus were
initiated in 1996. These have been joint efforts involving national programs with
assistance from regional and international organizations like FAO, CARDI, CABI
Bioscience, MCA, the USDA Animal and Plant Health Inspection Service (APHIS),
and INRA [27].

Two parasitoids have been introduced and released against HMB, and these are
Anagyrus kamali Moursi imported from China and Hawaii and Gyranusoidea indica
Shafee, Alam, and Agarwal (Hymenoptera: Encyrtidae) imported from Egypt
[28]. A third parasitoid, A. dactylopii, was also considered but was not introduced
[26]. On some Caribbean islands, inundative releases of Cryptolaemus montrouz-
ieri Mulsant were employed to provide supplemental control of heavy mealybug
populations until parasitoids could be established [28].
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The biological control program against this pest has been a tremendous success
and may open the doors for further cooperative projects in that domain, and some
of the experiences gained may be directly applied to finding solutions to problems
caused by future invasive pests.

2.3 Aleurocanthus woglumi Ashby (Homoptera: Aleyrodidae)

The citrus blackfly (CBF) Aleurocanthus woglumi Ashby (Homoptera:
Aleyrodidae) is assumed to be a native of Southern Asia [2]. The first report of A.
woglumi in the Western Hemisphere was made by Ashby in Jamaica in 1915 [29].
From here, the citrus blackfly invaded other countries and now is widely distrib-
uted in the Western Hemisphere.

Damage caused by the CBF results from feeding, particularly on new growth
of the host plants and from excretion of honeydew on which sooty-mold fungus
develops. Badly infested leaves wither and drop-off as a result of injury caused
by extraction of the cell sap. Such defoliation weakens the tree, interferes with its
normal development and fruiting, and makes it unsightly [30].

CBF has several natural enemies. According to the many authors’ reports,
the most effective agents for controlling CBF are the parasitic wasps, Encarsia
perplexa Huang & Polaszek (Hymenoptera: Aphelinidae) Polaszek (= E. opu-
lenta Silvestri, Misidentified), and Amitus hesperidum Silvestri (Hymenoptera:
Platygastridae) [31]. In Central America and Caribbean islands, the biocontrol of
CBF is an important success case. In all the infested countries, the introduction of
these biological control agents resulted in rapid and effective control of the CBF
[32, 33].

In the 1990s, there was a resurgence of CBF as a serious problem in several
countries in the Caribbean including Dominica, Guyana, French Guyana, St Kitts
and Nevis, and Trinidad and Tobago [34]. In response to the threat posed by the
pest, a classical biological control program was set up [26, 35] and the introduction
of A. hesperidum in combination with E. perplexa appeared to be the best strategy
for management of the pest [34].

2.4 Diaphovina citri (Hemiptera: Lividae)

Diaphorina citri (Kuwayama) is a global pest of citrus that transmits the bacteria
Candidatus liberibacter spp. associated with the disease Huanglongbing (HLB)
or greening. HLB is widespread in almost all citrus-producing regions except the
Mediterranean [36]. Infection of groves results in complete loss of productive
capacity within 4 years, and young citrus trees never produce [37].

According to [38] cited by [36], natural enemies play an essential role in regulat-
ing the population of D. citri in the field, and the elimination of these control agents
by intensive use of insecticides can increase the spread of the disease.

Two parasitoid species associated with the citrus psyllid are Tamarixia
radiata (Hymenoptera: Eulophidae), an idiobiont ectoparasitoid, and
Diaphorencyrtus aligarhensis (Hymenoptera: Encyrtidae), an endoparasitoid
[36]. T radiata is believed to be more efficient than D. aligarhensis in controlling
D. citri [36]. The wasp has provided excellent control of the psyllid on Reunion
Island and good results on the islands of Guadeloupe and Puerto Rico [39, 40],
Mexico [41], and Brazil [42], although its performance in Florida has been
mediocre [38].

T radiata has been reported in Brazil, Puerto Rico, Venezuela, Argentina,
Colombia, Cuba, Mexico, and in the state of Texas, USA, without the need for a
previous introduction [36].
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2.5 Paracoccus marginatus (Hemiptera: Pseudococcidae)

Paracoccus marginatus Williams and Granara de Willink (Hemiptera:
Pseudococcidae), popularly known as papaya mealybug (PMB), is a small hemip-
teran found to attack several genera of host plants and causes damage to many
economically important ornamental and crop plants [43]. The PMB is native to
Mexico and/or Central and North America [44, 45] and was first described in 1992
[46]. Since its first description, PMB has spread to several Caribbean islands and
Central and South America countries [44, 45, 47].

PMB infestations are typically observed as clusters of cotton-like masses on the
above-ground portion of host plants and cause damages to various parts including
the leaves, stems, flowers, and fruits. The insect sucks the sap by inserting its stylets
into the epidermis of the leaf, fruit, and stem. While feeding, it injects a toxic sub-
stance into the leaves resulting in curling, crinkling, rosetting, twisting, and general
leaf distortion. Heavy infestations are capable of rendering fruit inedible due to the
buildup of thick white wax [48, 49].

Mealybugs are difficult to control because they live in protected areas such
as cracks, crevices and under the bark of their host plants. Besides that, most of
the stages are covered with thick waxy that difficult its control with conventional
insecticides [48, 49].

Biological control was identified as a key component in the PMB integrated
management [50]. In addition to predators, several parasitoids may attack PMB. A
total of 22 natural enemies either occurring naturally or introduced were reported
on PMB in different countries, and Acerophagus papayae Noyes and Schauff
(Encyritidea) is considered as one of the most efficient parasitoids for the suppres-
sion of PMB in its native range [51] (Figure 2).

2.6 Phyllocnistis citrella (Lepidoptera: Gracillariidae)

The citrus leafminer (CLM), Phyllocnistis citrella Stainton (Lepidoptera:
Gracillariidae), is a pest native of Eastern and Southern Asia that since 1993
invaded all citrus-growing regions in America and the Mediterranean basin. The
female moth lays its eggs on developing leaves, and the larvae form serpentine
mines on the upper and lower surfaces of the leaves, sometimes even on the fruit.
The CLM attacks and causes problems mainly in young trees, nurseries, and

Figure 2.
a) Acerophagus papayae during parasitism process and b) Acerophagus papayae with its empty mummy with
exit hole (Photos: Yelitza Colmenarez).
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overgraftings [52]. Damages caused by the CLM include loss of photosynthetic
capacity and stunting and malformation of leaves. In addition to the direct dam-
age, the larval mining may facilitate the incidence of the citrus canker disease
caused by Xanthomonas axonopodis pv. citri. Loss of access to international markets
due to phytosanitary controls is a major economic impact related to leafminer
damage [49].

The first attempt to control CLM in the tropics was using broad spectrum
insecticides, but chemical control appeared to be a costly and short-term solution
([53, 54] in [52]).

According to [52], native parasitoids, in some environments, have been able to
control CLM population, that is, Galeopsomyia fausta Lasalle, in Mexico, Central,
and South America. In USA and Brazil, for example, the effort was also made in
Classical Biological Control programs with the introduction of exotic parasitoids.
In USA, an endoparasitic wasp of Asian origin, Ageniaspis citricola Logviniskaya
(Hymenoptera: Eulophidae) was imported from Australia and released in Florida
during 1994 and 1995 [55]. The population of Ageniaspis citricola quickly estab-
lished and dispersed throughout the state, reaching parasitism levels near 100% in
some areas [56].

In Barbados, Ageniaspis citricola was introduced in 2003-2004 from Florida
and was released in the orchards around the island. Initial releases were conducted
without taking into account the need of pruning to ensure new leaves and the pres-
ence of early larval stages (Figure 3). The biological control program was successful
after the corrections of the initial problems. Currently, it is proving an excellent
control of the pest. Another local parasitoid was found and identified as Cirrospilus
sp. (Head of the Entomology Department Barbados Ministry of Agriculture Mr. Ian
Gibbs).

Many native CLM parasitoids were identified in citrus groves in Brazil [57].
However, based on the parasitism potential of Ageniaspis citricola and the suc-
cessful biological control of CLM achieved in other countries, it was decided to
introduce this parasitoid in 1998 [58] (Figure 4). Ageniaspis citricola was soon
established in several Brazilian states and it became the most common CLM
parasitoid [59, 60].

2.7 Aulacaspis yasumatsui (Hemiptera: Diaspididae)
Cycads, commonly called “sago palms”, are highly desired by landscapers

and homeowners because they are long-lived, require low maintenance, and are
resistant to most pests [61]. However, many cycad species are facing extinction

Figure 3.
a) Damage caused by the citrus leafminer. b) Early larval stage of citrus leafminer and its mine (photos: Yelitza
Colmenarez).
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Figure 4.

Effect of Ageniaspis citricola on the Phyllocnistis citrella population [60].

in the wild due to insect pests [62]. The cycad aulacaspis scale (CAS), Aulacaspis
yasumatsui Takagi (Hemiptera: Diaspididae), is one of the serious pest of cycads
[63]. CAS was first described from species collected in Thailand [64]. The first
report of CAS on cycads outside Thailand was in 1996 in Florida where it infested
ornamental plants [65]; this pest was also reported in Mexico [66], Guam [67], the
Cayman Islands, Puerto Rico, the Vieques Islands, and the Hawaiian Islands in the
Americas [64].

This pest produces dense populations on the leaves, fruits, and trunk, resulting
in premature death of leaves which can reduce plant longevity, as well as reducing
its ornamental value. Many plants throughout Florida and the Caribbean have died
as a result of this pest [61].

Chemical control can be expensive and provide inconsistent results [68].
Classical biological control of CAS began in 1998 when a parasitic wasp, Coccobius

fulvus (Compere and Annecke), and a predatory beetle, Cybocephalus nipponicus
Endrédy-Younga, were imported from Thailand and released in Florida [69]. In
Barbados, both species were responsible for the suppression of the population of the
pest in an effective way (Head of the Entomology Department Barbados Ministry
of Agriculture Mr. Ian Gibbs). In addition, 16 species of predatory lady beetles
(Coccinellidae) have been found on scale-infested plants in South Florida. However,
nearly all these predatory natural enemies appear to be ineffective at providing
satisfactory control. Therefore, research continues to examine natural enemies
that may contribute to the overall biological control of the scale [68]. Besides, an
alternative approach is to enforce strict quarantine measures in countries where
CAS has not yet been introduced by prohibiting the importation of cycad plants
from infested countries [64].

3. The increase of parasitoid action through conservative biological
control

Conservative biological control is based on the preservation and/or modifica-
tion of the environment through anthropic interventions to maintain and increase
the survival of natural enemies in agroecosystems, in addition to improving their
performance in natural pest control.

Interactions between species in an ecological system not only act on the spe-
cies populations involved but also regulate the operation of complex networks.
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These networks describe interactions between individuals or species and evaluate
emerging system properties such as stability, resilience, or efficiency of energy
transfer [70].

To reach success in conservative biological control, it is necessary to know the
structure and function of each trophic level of a network in the environment, and
so it can be managed in a way that the desirable species can be conserved in the
system [71]. A basic point in this proposal is the diversification of vegetation in the
cultivated area which favors natural enemies due to the availability and abundance
of pollen and nectar that can meet their nutritional needs [72]. Offering refuge
areas and appropriate microclimate, as well as alternative prey and host for develop-
ment, are also important [73].

Habitat enhancement for natural enemies has been researched around the world
through “habitat management” that has become a subdiscipline of pest manage-
ment in many ecological studies centers [74].

About parasitoids, specifically, the studies have focused mainly on two axes:

(1) The action of wild or native vegetation adjacent to the crop in the diversity
(richness and abundance) of parasitoids and (2) and the increase of the parasitism
with the diversification of the vegetation in polycultures or use of flower strip.

The first axis, the influence of wild vegetation on the diversity and abundance of
parasitoids in cultivated areas, was evaluated in different regions and crops.

An example is the work of [75] who identified and compared diversity of
parasitoid assemblages in an irrigated rice crop under organic management (OR)
and in a nearby protected area (Wildlife Refuge Banhado dos Pachecos—BPWR)
in the south of Brazil. Specimens were collected with Malaise and Moericke traps.
As expected, the authors found a greater parasitoid diversity at the BPWR than at
the OR. But the interesting thing is that the Platygastridae and Braconidae families,
important natural enemies of agricultural pests, were the ones that had the highest
number of morphospecies shared between the areas.

Thus, it is possible to infer that the legal reserve area of wild vegetation may be
serving as a natural repository of parasitoid hymenoptera on organic crops if the
distance between the areas is adequate.

To deepen the knowledge in this respect, another work was developed to
evaluate the contribution of the presence of fragments of natural vegetation near
rice-growing areas and the influence of different management of the crop on the
abundance and diversity of families of hymenopteran parasitoids through distance
gradients [76]. The work took place one rice crop with organic management (OM)
and another one with conventional management (CM), in RS, Brazil, during two
crop seasons. The parasitoids were collected with Malaise trap arranged at differ-
ent distances in relation to the native vegetation surrounding the rice crop in both
places. The most abundant families were Platygastridae, Mymaridae, Encyrtidae,
Eulophidae, and Trichogrammatidae. Parasitoid average abundance was signifi-
cantly higher on OM only in the second season. This may be due to the use of nonse-
lective (neurotoxic) insecticides (neonicotinoids and pyrethroids) applied to the
crop in 2014-2015 different from the first season analyzed, when growth regulators
insecticides were used (buprofezin and benzylurea; farmer personal communica-
tion Mr. Denis).

There was a negative correlation between distance from native vegetation and
parasitoid abundance in CM areas (Figure 5).

This result suggests the importance of this area in the presence of parasitoids in
the crop. The role of these forest fragments in maintaining the richness and abun-
dance of parasitoids has been described among others, by [77]. Interestingly, in the
area of organic management, the distance gradient of the refuge did not signifi-
cantly affect the abundance of parasitoids. The authors attribute this point to the
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Figure 5.
Correlation between distances (Samples spots = 0, 100 m, 200 m, 300 m, and 400 m) from native vegetation
(OM p > 0.05 and CM p < 0.05; Pearson Test) (first crop season) [76].

fact that in the OM area, there is a wild rice levee vegetation, including the presence
of flowering species that increases the richness of parasitoids. The levees are created
to produce a controlled flood environment in rice fields, and it has a variety of wild
vegetation that growing in them. Therefore, the abundance may not be so depen-
dent on the presence from preserved areas. Levees can serve as corridors extending
the distances traveled by parasitoids [74].

The role of levee vegetation in the diversity of parasitoids was also tested in rice
fields, comparing area [78]. One of them the wild vegetation from the levees was
cut (C) monthly since the beginning of the planting period until the harvest, and
in the other, the wild vegetation was not cut (NC). The average number of collected
individuals by trap and sampling occasion was significantly larger in the NC area
(42.5 £ 12.9) thanin C area (23.9 + 7.2; H = 7.0687; p < 0.05). The NC subarea has
greater species richness than subarea C. This is demonstrated by the rarefaction
curve which plotted the estimated number of morphospecies in relation to the
number of individuals sampled (Figure 6). In the graph, the cutoff point (around
1200 individuals) shows that the richness curve observed in area C was below the
95% confidence limit of the curvae in the NC subarea, which had a larger parasitoid
assemblage.

However, evaluating only egg parasitoids of plant hopper, [79] shows that these
communities in rice fields are independent of the availability of noncrop habitats,
providing additional nectar resources and retreat areas. The authors note that in
contrast to temperate host parasitoid systems, rice hopper parasitoids seem to be
very well adapted to the spatial and temporal heterogeneity because they have
evolved in a rice monoculture system that offers sufficient resources that occur on
traditional smallholder farms of Southeast Asia. Thus, other factors such as specific
environmental and climatic conditions should be considered in the evaluation and
implementation of conservative biological control.

Botanical species with high floral abundance can influence the attractiveness of
floral visitors and natural enemies, since plants that offer more resources should be
visited more frequently [80]. Therefore, the selection of plants with these charac-
teristics is a relevant point.
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Figure 6.

Comparative richness rarefaction curves of hymenopteran parasitoids morphospecies collected in irvigated
rice in organic system of production, in subareas not cut (NC) and cut (C) between October 2012 and March
2013 in Viamdo, RS [78].

Nutritional quality of plants with flowers or extrafloral nectaries in the perfor-
mance of the parasitoids has been studied in the laboratory and in the field, like the
work of [81] who showed that the fertility and longevity of Dolichogenidae tas-
manica (Cameron) (Hym., Braconidae) were increased in the treatments, in which
there were flowers of Lobularia maritima (L.). [82], which also observed that adults
of Trichogramma carverae Oatman & Pinto (Hym., Trichogrammatidae) had an
increased survival rate with consequent increase in parasitism of Epiphyas postvit-
tana (Walker) (Lep., Tortricidae) eggs, when confined with alyssum flowers.

In this way, we arrive at the second axis that focuses on the diversification of
the vegetation in polyculture and the use of flower strips through habitat manage-
ment. This kind of study can be exemplified by works such as [83], who concluded
that tomato (Solanum lycopersicum L.) cultivated in polyculture with coriander
(Coriandrum sativum L.) (Apiaceae), marigold (Tagetes minuta L.), and sorghum
(Sorghum bicolor L.) presented lower losses due to pest attack. On the other hand,
[84] stated that the wheat and pea consortium reduces the presence of pests not by
increasing the number of natural enemies but by complicating the search of host
plant for pests.

The distance between flowers is also an indirect factor that results in more
attractiveness of beneficial insects; therefore, floral visitors should be more
likely to visit flowers that are closer to each other, minimizing the energy spent in
their activities [85]. In this sense, there are suggestions of flower arrangements
between cultures such as the technical bulletin of Embrapa Agrobiologia [86]
(Figure 7).

For example, the distance of the buckwheat flower strips grown between
wheat (Triticum aestivum L. Poaceae) affected significantly the rate of the aphid
Metopolophium divhodum Walker (Hem., Aphididae) parasitism by the parasitoid
Aphidius rhopalosiphi De Stefani-Peres (Hym., Aphidiidae), with exponential
decline with increasing distance from flower strips [87].

Unfortunately, we do not have many examples of this kind of study in the
American continent, but several countries in Europe have been studying the
influence of flowers on survival, density, and pest control ability by parasitoids and
predators. We can cite the work of [88], of the National Institute of Agricultural
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Figure?7.
Distribution arrangements of attractive plants (green) for natural enemies: central island (A); several islands
(B); border (C); bands (C); mandala (D) [86].

Sciences (INCA) in Havana, Cuba who evaluated phytophagous insects and natural
enemies in tomato-maize a polyculture and concluded that tomato-corn polyculture
has a dissuasive influence on the development of pest populations in tomato crop
besides enabling colonization by pest natural enemies.

In a work carried out at the Agricultural Research Company of Minas Gerais
(EPAMIG), Brazil, the authors also evaluated the effect of the use of Tagetes erecta
L. and Calopogonium mucunoides (Benth) on the occurrence of pest and natural
enemies in crop of roses. The occurrence of Praon volucre (Hym., Braconidae) and
Pimpla croceiventris (Cresson) (Hym., Ichneumonidae) was observed. The authors
concluded that plant diversification contributed to a reduction in the occurrence of
pests in this system [89].

Several interlayer designs of alders (L. maritima) were evaluated with organic
lettuce for the control of aphids in ARS experimental fields in Salinas, California
[90]. The authors also did studies with other plants, such as yellow mustard, and
commented that these flowering plants attract syrphids and parasitoids that feed on
pollen and flower nectar.

It is expected that this kind of study will increase in the Neotropical region in the
next years with the increase in demand for alternative technologies of control and
pest management.

Thus, we can reinforce the idea that multiple crop species grown in a single
land increase biodiversity and encourage the presence of parasitoids. Plantation of
multiple crops exploits different environmental niches, enhancing the total produc-
tivity per unit of land and expanding natural biological control.

4. Major challenges for the implementation of biological control
programs in the Neotropical region

The list below highlights the major challenges that farmers, extension officers,
and researchers have found when implementing biological control programs in
Latin America and the Caribbean region:
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a.Understanding and familiarization: At the farmer’s level, it is important to
ensure an efficient technology transfer method that facilitates the understand-
ing of the technology and a high adoption at the field level. Experience working
with farmers showed that once they understand and are familiar with the
technology of application, way of action, and requirements of the bioproducts,
they tend to use it much more. As an example of a good technology transfer
methodology, the plant clinics established as part of the Plantwise program
(www.plantwise.org) in the region can be mentioned. In this way, the exten-
sion officers/researchers provide information about sustainable methods of
control, including the use of bioproducts, helping farmers to understand the
way of action, and the best way/time for their application [1].

b.Integration of pests control methods: In order to change the current agricul-
tural practices which depend heavily in the frequent application of pesticides,
it is important to develop and transfer a package of sustainable production
for the key crops. This will include the integration of methods of control,
taking into account the crop phenology, time of the year when the pest attack
most, and changes in climatic conditions per year that can favor the establish-
ment and attack of new and current pests. In order to establish an effective
Integrated Pest Management, it is important to highlight the need to study the
selectivity of agrochemicals to natural enemies; this needs to be done case by
case considering also local adaptations [1, 91].

c. Commercialization and availability of the bioproducts: Despite the high bio-
diversity the Neotropical region has and the potential for the use of Biological
Control, the commercialization is a key factor to ensure the use of biological
control agents at field level. Many potential/efficient biocontrol agents are
not being commercialized as yet, among other reasons, in one hand due to
problems when trying to mass produce them and in another hand due to their
efficacy get compromised when integrating it with other methods of control.
Therefore, more studies are needed to overcome these limitations, as well as the
approximation and close work between scientific community and the com-
panies that produce/commercialize the biocontrol products. Although some
biological control agents are commercialized in countries in the region, it is
very difficult for farmers to buy them in remote areas in some cases. Farmers in
those locations can easily buy heavy toxic chemicals but their access to bio-
products seems to be very limited. Therefore, the distribution of these products
in rural agricultural communities is also important to ensure their use [1, 91].

d.Government incentive: It is important that the government established strate-
gies and incentives to ensure farmers, and in particular, small farmers located
in very remote areas have the opportunity to get clear information about
the bioproducts that are available in their region, understanding the way of
actions, benefits, and minimal requirements to ensure their efficacy. In addi-
tion to this, clear information about the technology of application is crucial to
ensure that the bioproducts show the level of efficacy expected. This can be
achieved establishing a good and efficient national extension system [1].

5. Working group on parasitoids of the Neotropical region

In order to approximate scientists and share the information and results about
the biological control programs carried out in the region, it is important to establish
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platforms/networks. The International Organization for Biological Control of
Noxious Animals and Plants (IOBC—www.iobc-global.org) is represented in Latin
America by the Neotropical Section (NTRS). The discussions about the importance
of establishing the NTRS/IOBC started during the First Round Table for Biological
Control in Santiago, Chile, in 1984. Following the propositions from this initial
discussion, Jack Coulson (IOBC-Global President) and Jean-Paul Aeschlimann
(IOBC-Global Secretary) contacted several biological control specialists in 1988 for
the establishment of the Neotropical Regional Section (NTRS). In 1989, the NTRS
was officially established during the 2nd Round Table for Biological Control held
in Tucumdn, Argentina. As part of the efforts of bringing scientist together, the
working group on parasitoids of the Neotropical region was created in 2010. This
working group is intended to improve the knowledge about parasitoids and their
application in biological control in Latin America. The members of this work-

ing group share interests in all aspects of parasitoid lifestyle, such as taxonomy,
diversity, ecology, behavior, and the utilization in biological control programs.

This platform provides an opportunity for sharing information and joins efforts to
promote parasitoids use as part of the biological control programs implemented in
Latin America and the Caribbean [91].

6. Final considerations

The use of parasitoids in biological control programs has a big potential in the
Neotropical region, which can be confirmed by the positive results obtained in the
programs that are being implemented in the region. For example, the large areas
under sugarcane cultivation in Brazil and to another extend in Colombia, using
biological control of the sugarcane borer (Diatraea saccharalis) by the use of the
larval parasitoid Cotesia flavipes and other species of parasitoids, make farmers and
the agricultural community in general to perceive biological control as an efficient
method that can be applied in large areas, increasing their interest in its use. In
order to overcome the major challenges and constraints in parasitoids utilization
as biological control agents in the region, it is necessary to grant farmers a better
understanding of the benefits/requirements of these natural enemies. Helping
farmers to become more familiar with the use of natural enemies, allowing an effi-
cient integration of biological control with other control methods, could improve
its application. It is worth mentioning that the commercialization and availability of
the natural enemies are key factor to improve the adoption of biological control by
farmers. Further studies are needed to develop and improve the mass production of
some parasitoids species, which have been reported as efficient natural enemies of
key pests.

Likewise, it is very important that the scientific community works together with
extension officers to understand the major barriers experienced by farmers using
biological control tactics, in order to present efficient, feasible, and cost effec-
tive solutions at field level. It is also important to reinforce the current platforms/
networks where scientist, extension officers, students, industries, and practitioners
could share results, experiences, and information to promote and incentive the use
of biological control in a higher level in the region.

The implementation of biological control as part of an integrated pest manage-
ment program could increase the sustainability of the agricultural production,
reinforcing food security in the Neotropical region.
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Chapter 10

Essential Oil Nanoformulations as
a Novel Method for Insect Pest
Control in Horticulture

Samar S. Ibrahim

Abstract

Eco-friendly biopesticides based on essential oils (EOs) appear to be a comple-
mentary or alternative method to chemically synthesized insecticides in integrated
pest management programs. They have the advantage of reducing the adverse
effects of chemical insecticides on human health and environment and at the same
time increasing horticultural crop productivity and yield. Plant EOs exhibit toxic,
repellent, and antifeedant effects on different insect species. However, the main
problem in using plant EOs as biopesticides under field conditions is their chemical
instability in the presence of air, light, moisture, and high temperatures which lead
to the rapid evaporation and degradation of their active constituents. Incorporation
of EOs into controlled-release nanoformulations may contribute to solve problems
associated with their application; this kind of formulation is expected to be more
effective than the bulk (free) substance.

Keywords: plant essential oils, biopesticides, nanoformulation, insect pest control,
horticultural crops

1. Introduction

Horticultural crops are infested with numerous insect pests that cause tremen-
dous economic losses including aphids (Myzus persicae and Aphis gossypii), beet
armyworm (Spodoptera exigua), cabbage loopers (Trichoplusia ni), citrus mealybug
(Planococcus citri), onion thrips (Thrips tabaci), and greenhouse whitefly
(Trialeurodes vaporariorum) [1]. The use of synthetic chemical insecticides to con-
trol insect pests poses risks to human health and environment. For this reason, there
is an urgent need to apply a range of modern strategies as alternatives for chemical
pesticides in order to protect the environment from insecticidal pollution, decrease
the regenerating resistance, and increase horticultural crop productivity.

Plant natural substances may provide potential alternatives to currently used
insect-control agents because these materials constitute a rich source of bioactive
chemicals. Plant-active substances may not only act as toxicants to insects but also
as insect growth regulators, repellents, synergists, or phagodeterrents [2-4]. How-
ever, the major inconvenience of the use of essential oils is their chemical instability
in the presence of air, light, moisture, and high temperatures that can lead to the
rapid evaporation and degradation of some active components. Nanoformulations
of the essential oils could solve these problems by protecting active components of
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essential oils from degradation and losses by evaporation, thereby enhancing their
stability and maintaining the minimum effective dosage/application [5].

Nanoencapsulation or controlled delivery is a technique in which a membrane
encloses small particles of active ingredient with the objective of offering protection
to the core material from adverse environmental conditions, such as undesirable
effects of light, moisture, and oxygen, and also avoiding drawbacks such as odor
and volatility [6].

Nanoparticles (NPs) can be classified on the basis of the kind of material into
metallic, semiconductor, and polymeric nanoparticles; the last ones are the most
promising for essential oil nanoformulation. Furthermore, this kind of formulation
is expected to be more effective than the bulk substances [7]. Controlled delivery
technologies have emerged as an approach with promise not only to utilize
resources in the maximum efficient way but also to reduce pollution. Moreover, if
the resource is a natural or renewable polymer, then it will draw attention as a more
new, more economical, and more eco-friendly source for use of humankind and a
suitable approach for biological and integrated pest management (IPM) programs.

This chapter is describing the efficacy of essential oils as eco-friendly
biopesticides and shedding light on the nanoformulations as biopesticides and their
potential role in agriculture particularly in insect pest control. In order to reduce the
negative impacts of chemical insecticides on environment and crop plants, and to
protect crops from insect pests, nanoformulations are highly prospective to become
an essential factor in integrated pest management programs.

2. Plant essential oils as biopesticides

Plants provide potential alternatives to currently used insect-control agents
because they constitute a rich source of bioactive chemicals [8]; among these
chemicals are plant essential oils. Essential oils, also known as aromatic oils, are
volatile compounds produced naturally in plants for their own needs other than
nutrition (i.e., protection or attraction) as secondary metabolites with distinctive
odor [9, 10], most of them containing natural antioxidants and natural antimicro-
bial agents [11], and they are usually used in perfumery, in aromatherapy, in
cosmetics, in incense, in medicine, in household cleaning products, and for
flavoring food and drink [12].

Several essential oils have antiparasitic, bactericidal, fungicidal, virucidal, and
insecticidal properties [2, 9]. Essential oils extracted from plants may act as toxi-
cants, insect growth regulators [13], repellents and synergists [3, 14], and also as
phagodeterrents [15]. Biopesticides based on essential oils (EOs) appear to be a
complementary or alternative method in crop production and integrated pest
management [16].

All chemicals produced by nature can be classified into two main groups; the
first is the primary metabolites and constitutes the basic building blocks of living
organisms such as proteins, carbohydrates, nucleic acids, and lipids. The second
group is secondary metabolites that are simply classified into three main groups:
terpenes (such as plant volatiles, cardiac glycosides, carotenoids, and sterols), phe-
nolics (such as phenolic acids, coumarins, lignans, stilbenes, flavonoids, tannins,
and lignin), and nitrogen-containing compounds (such as alkaloids and
glucosinolates) [17]. Secondary metabolites play an important role in plant defense
system against microorganisms and herbivorous insects [18].

According to [19] essential oils are lipophilic and thus can enter the insect and
cause biochemical dysfunction and mortality. Several studies revealed that EOs

196



Essential Oil Nanoformulations as a Novel Method for Insect Pest Control in Horticulture
DOI: http://dx.doi.org/10.5772/intechopen.8o 747

from different plant families such as Asteraceae, Myrtaceae, Apiaceae, Lamiaceae,
and Rutaceae are effective against different insect pests [19-22] (Table 1).

It has been shown that essential oils enter the insect body either by inhalation,
ingestion, or skin absorption [23]. Essential oils may interfere with the biology,
physiology, and nervous system of the insect [24, 25]. The biological and physio-
logical effects of the botanical oils on insect pests may be attributed to their effect
on the insect neuroendocrine system and juvenile hormone leading to hormone
unbalance and insect malformation. A decrease in adult insect fecundity and egg
fertility was observed [26] and may be caused by a decrease in periods and time of
adults mating which leads to a reduction in ovulation [27]. Essential oils can also
interfere with normal respiration of insects; it has been reported that essential oils
can block the spiracles of insects leading to their suffocation [28-31].

Monoterpenes, the major components of plant essential oils, act as a
neurotoxicant and act on acetylcholinesterase enzyme AChE, a key enzyme
responsible for terminating the nerve impulse transmission through the synaptic
pathway. Essential oil components also act on the octopaminergic system of insects,

which is considered as a target for insect control. Insect paralysis and death

Plant family Plant name Insect pest References
Tropaeolaceae Tropaeolum tuberosum Premnotrypes vorax [43]
(Coleoptera: Curculionidae)
Meliaceae Melia azedarach Phthorimaea operculella [44]
Meliaceae Azadirachta indica (Lepidoptera: Gelechiidae)
Amaryllidaceae Allium sativum
Anacardiaceae Schinus molle
Lamiaceae Minthostachys mollis Tecia solanivora [45]
Rutaceae Ruta graveolens (Lepidoptera: Gelechiidae)
Tropaeolaceae Tropaeolum tuberosum
Solanaceae Capsicum frutescens
Amaryllidaceae Allium cepa
Poaceae Cymbopogon winterianus Spodoptera frugiperda [46]
(Lepidoptera: Noctuidae)
Myrtaceae Eucalyptus globulus Agrotis ipsilon [47]
Ericaceae Gaultheria procumbens (Lepidoptera: Noctuidae)
Amaryllidaceae Allium sativum Tribolium castaneum [48]
(Coleoptera: Tenebrionidae)
Sitophilus zeamais
(Coleoptera: Curculionidae)
Apiaceae Athmanta haynaldii Lymantria dispar [49]
Myristicaceae Myristica fragrans (Lepidoptera: Erebidae)
Poaceae Cymbopogon winterianus Frankliniella schultzei [50]
(Thysanoptera: Thripidae)
Myzus persicae
(Hemiptera: Aphididae)
Rutaceae Citrus sinensis Ceratitis capitata [51]
(Diptera: Tephritidae)
Myrtaceae Eucalyptus citriodora Bemisia tabaci [52]
Anacardiaceae Schinus terebinthifolius (Hemiptera: Aleyrodidae)
Trialeurodes ricini
(Hemiptera: Aleyrodidae)
Table 1.

Essential oils of some plant families with insecticidal efficacy against different insect pests.
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predominantly occurred by disruption in octopamine, which is a neurotransmitter,
neurohormone, and circulating neurohormone-neuromodulator, resulting in total
breakdown of the nervous system [32-34].

The feeding efficiency is the ability of the insect species to use the food ingested
to the best of their capabilities; antifeedant activity of the essential oils or extracts
from different plants would be related to their effect on the chemoreceptors [35].
Plants containing alkaloids, steroids, flavonoids, terpenoids, and saponins possess
high antifeedant activity against different insects; therefore these plants and differ-
ent essential oils which exhibited antifeedant constituents could be developed into
products suitable for using in integrated insect management programs [35]. The
quality and quantity of food consumed may increasingly affect the growth, devel-
opment, and reproduction of insects [36]; oil compounds can reduce ingestion or
efficiency of conversion of assimilated materials and prevented nutrients from
being available to own biomass [37, 38]. This positive effect of essential oils on
insect-feeding efficiency may be attributed to the irreversible damage of some
membranes related with the absorption in the gut; thus, large amount of energy is
exerted by larvae to detoxify the essential oils [39].

Generally essential oils and their components have been considered safer than
other plant-derived chemicals like rotenone and pyrethrum [40]. This could be
attributed to existing detoxifying metabolism pathways and bio-rational mode of
action of monoterpenoids as reported by [41]. It can be concluded that the essential
oils act at multiple levels in the insects, so the possibility of generating resistance is a
little probable [42] making them effective nontoxic agents in IPM programs.

3. Essential oil nanoformulations

Agricultural pests are usually controlled using chemical pesticides; 90% of
applied pesticides are lost to the air and severely affecting the environment and
increasing application costs to the farmer [53]. In addition, the use of pesticides
increases pest resistance and reduces soil biodiversity [4, 53]. Recently, in many
countries, integrated pest management systems which comprise both methods of
traditional crop rotation and biological pest control are becoming favorable and
preferred method to improve crop yields.

Biopesticides based on essential oils (EOs) appear to be a complementary or
alternative method in IPM [54]. Essential oils showed toxic, repellent, and
antifeedant effects on different insect species [2, 3, 55]. Despite these promising
properties, problems related with the essential oils volatility, poor water solubility,
and aptitude for oxidation have to be resolved before they can be used as an
alternative pest control system [56].

Nanoemulsions and nanoencapsulation of the essential oils may solve these
problems protecting them from degradation and losses by evaporation; this kind of
formulation is expected to be more effective than the bulk (free) substance. On the
other hand, it was found that pesticide nanoformulations showed less toxicity
toward nontarget organisms compared with commercial formulations, and there-
fore a higher specificity was observed [57]; besides, that they reduce pesticide use
and increase persistence of the active ingredient [58].

To achieve high stability and efficacy, essential oils are encapsulated in
nanoemulsions, which are used as delivery systems and considered as a promising
strategy to deliver essential oils in agriculture and particularly in insect pest man-
agement. Nanoemulsions are thermodynamically unstable systems that have small
droplets (radius < 100 nm), which make them transparent or translucent [59], and
could be used for both hydrophilic and hydrophobic pesticides; accordingly the use
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of toxic organic solvents can be eliminated. Nanoemulsion is usually produced
either by high-energy emulsification or low-energy emulsification methods. In
high-energy emulsification technique, mechanical devices such as high-pressure
homogenizers, ultrasonic homogenizers, and microfluidizers are used to reduce
droplet size by generating intense disruptive forces [60], while in low-energy
emulsification technique, the physicochemical characteristics of surfactants and co-
surfactants are involved [61]. It has been reported that using surfactant that blends
in preparing nanoemulsions is usually more efficient than individual uses for vari-
ous applications, using sufficient amounts of suitable surfactants and additionally
protective colloids believed to make nanoemulsions more resistant to crystalliza-
tion, agglomeration, and sedimentation [62].

Nanoencapsulation is a technique in which the active agent (solid, liquid, or gas)
is surrounded or encapsulated by a thin layer or a membrane to protect the core
active agent from severe and harmful environmental conditions such as light,
moisture, and high temperature effects. The envelope or carrier could be natural
polymers (polysaccharides, proteins), synthetic polymers (polyamides, melamine-
formaldehyde, etc.), lipids, phospholipids, or inorganic materials (SiO,) [63, 64].

Nanocarriers are structured in different designs with different materials; the
main organic nanocarrier systems are polymeric and lipid-based particles. Poly-
meric nanoparticles are classified as nanocapsules (consist of polymeric wall and a
core, which is commonly oily) and nanospheres (which are matrix systems)
(Figure 1); these polymeric nanoparticles can be prepared using different tech-
niques; one of them is known as nanoprecipitation or solvent displacement and
based on an antisolvent procedure [65]. The other nanocarrier system is lipid
nanoparticles which can be classified into liposomes, niosomes, solid lipid
nanoparticles (SLNs), and nanostructured lipid carriers (NLC). To prepare these
nanoparticles, several methods are used, for example, thin lipid film hydration
method [66] and ethanol injection [67] to prepare liposomes, and solvent-in-water
emulsion diffusion technique replacing liquid lipid of an o/w emulsion for a solid or
a blend of solid lipids is used for the preparation of solid lipid nanoparticles [68].

A significant characteristic for nanoencapsulated system is controlled release,
usually including an initial burst release, followed by a prolonged release [69];
obviously the main advantages of nanoencapsulation are its ability to reduce the
amount of active ingredients needed, minimize evaporation, and control the release
of active components. The use and application of nanoencapsulation in recent years

A
D

MNanoemulsion

MNanocapsule Manosphere

. Active ingredient (oil droplet)
() Wall material

Surfactant (emulsifier laver)

Figure 1.
Schematic representation of different nanoformulations.
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have been increased. Manufactured nanoparticles exhibit a broad range of applica-
tions due to their unique properties compared with their bulk counterparts [70].

In prepared nanoencapsulated oil formulations, the encapsulation efficiency (%
EE) can be expressed as a percentage of the total amount of oil found in the
formulation at the end of the preparation procedure, or it is the ratio between the
mass of entrapped essential oil and the total mass of the essential oil added, while
the loading capacity (%LC) is the ratio between the mass of entrapped essential oil
and the total mass of carrier (coating material) [71]. It was indicated by [72] that
factors determining loading capacity and encapsulation efficiency are the solubility
and miscibility of the active ingredient in the melted lipid phase, physiochemical
structure of the lipid matrix, and the polymorphic state of the lipid material. A
study by [71] mentioned that the potential of the particles depending on the nature
of the coating nanoparticles also influenced the encapsulation efficiency and
accordingly loading capacity. It has been reported that there are three variables that
affect the encapsulation efficiency: stirring rate, oil loading, and the amount of
cross-linking agent [73].

4. Essential oil nanoformulations and insect pest control

Nanoformulations exhibit unique properties compared with their bulk counter-
parts, including higher pest toxicity and less toxicity toward nontarget organisms. It
was indicated that nanopermethrin has more larvicidal effect against Culex
quinquefasciatus than the bulk form of permethrin [74]. Nanoformulation degrades
rapidly with residual levels below the regulatory criteria in foodstuffs as concluded
by [75] in their review dealing with applications of nanomaterials in agricultural
production and crop protection.

Recent studies revealed the novel general and biological properties of the known
materials, which they acquire when transformed into nanoparticles. They penetrate
into the cells of the pest specially epithelial and endothelial cells by transcytosis.
Moreover, they travel along the dendrites and axons, the blood, and lymphatic
vessels provoking oxidative stress and other consequences [76].

In a previous study, geranium oil was incorporated into solid lipid nanoparticles
using ultrasonic-solvent emulsification technique; the results indicated a production
of high-quality solid lipid nanoparticle-loading geranium oil that was used as mos-
quito repellent [77]. While in other studies, polyethylene glycol (PEG)
nanoparticles were used to incorporate garlic and geranium essential oils and were
tested against Tribolium castaneum and Rhyzopertha dominica [16, 78], both essential
oil-loaded nanoparticles produced a notable increase in the residual contact toxicity
apparently due to the slow and persistence release of the active terpenes. In addi-
tion, the nanoformulation enhanced the essential oil contact toxicity and altered the
nutritional physiology of both stored product pests. The essential oil citronella
nanoemulsion prepared by high-pressure homogenization had resulted in a higher-
release rate against mosquito [73, 79].

The variation in the amount of ingredient of curcuminoids and geranium oil
affected the loading capacity and mean particle size of nanoformulation [71, 77];
they reported that 5.0% (w/w) stearic acid was found to be an optimum concentra-
tion for the formulation of solid lipid nanoparticles (SLNs). On the other hand, [78]
showed that the oil-loading efficiency could reach 80% at the optimal ratio of garlic
essential oil to 10% of polyethylene glycol (PEG) which was used as coated
nanoparticles for the oil. The morphology and size of nanoparticles showed a round
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appearance and good dispersion, and its size was <240 nm in average diameter,
likewise [16], determined the polydispersity index (PDI, which measures the size of
distribution of nanoparticles) and loading efficiency for eight essential oil
nanoparticles, and illustrated that the 10% ratio EO-polyethylene glycol showed the
best relationship between a low polydispersion, narrow size distribution, and a high
essential oil-loading efficiency; these nanoparticles had the biggest size in average
diameter < 235 nm and a loading efficiency of >75%. In [71, 79], it is mentioned that
the potential of the particles depending on the nature of the lipid matrix produced,
which were used as coating nanoparticles, also influenced the encapsulation effi-
ciency and accordingly loading capacity. In contrast, in [80], it is indicated that
starch-coated encapsulation of neem oil nanoemulsion was found to be effective
when compared to polyethylene glycol-coated encapsulation of neem oil
nanoparticles.

The biological efficacy of geranium essential oil alone and in the form of
nanoformulation was evaluated and compared against the potato tuber moth Ph.
operculella first larval instar. This study showed that geranium oil-loaded solid lipid
nanoparticles at different concentrations under laboratory conditions significantly
affected the developmental process of immature stages and increased the percent-
age of mortality at all treatments and significantly reduced the adult’s progeny and
female fecundity and accordingly the percentage of hatchability. When this
nanoformulated oil (geranium-loaded solid lipid nanoparticles) was applied under
field conditions on potato crop, it exhibited longer residual efficacy than the free
essential oil, suggesting that it may help to reduce insecticide application to control
Ph. operculella [81].

It is known that nanoencapsulated oils have a much higher chemical activity
than the bulk material, much more mobile, enabling penetration into insect tissues
and enhancing insecticidal activity; this can be achieved by direct contact through
the insects’ cuticle or by ingestion and penetration through the digestive tract. They
penetrate the cells of the pest especially epithelial and endothelial cells by
transcytosis as confirmed by [76]. Nevertheless [79] concluded that the repellent
effect of the obtained nanoemulsions composed of citronella oil, hairy basil, and
vetiver oil could be attributed to the major difference in oil droplet size. The small
nanoscale of droplet size of nanoemulsion prepared with high-pressure homogeni-
zation would play an important role on their efficacy besides physical stability. The
prolonged mosquito protection time is probably due to the combination of these
three essential oils. The lethal and sublethal activity of citrus peel essential oil as an
emulsion and loading into polyethylene glycol nanoparticles was studied against the
invasive tomato pest Tuta absoluta [82]. Their results showed that the essential oil
nanoformulation tested had a significant insecticidal activity with higher mortality
and significantly reduced the visible toxic effects on the plants suggesting that
nanoformulated natural products could be successfully used in integrated pest man-
agement programs for T. absoluta. The insecticidal activity of Rosmarinus officinalis
essential oil was enhanced in study by [83] for effective management of the red flour
beetle, Tribolium castaneum, using nanoprecipitation method to prepare rosemary oil-
loaded nanocapsules. In a research study done by [84], the contact toxicity of Mentha
longifolia L. essential oil compared with its nanoemulsion on Ephestia kuehniella Zeller
has been investigated; their results showed that the nanoemulsion formulation
increased the effect of essential oil contact toxicity and its durability. The essential oil
nanoformulations characterized by distinctive slow release property may represent a
new category of biopesticide formulations that should be considered as a promising
agent in the integrated pest management program.
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5. Conclusion

The global population has been expanding rapidly for many years; in developing
countries, it is expected that the food demand in 2050 will increase by 50-100%
[85]; for this reason there is an urgent need to find safe alternative strategies that
may contribute to the provision of food and at the same time protect the environ-
ment and human beings. To limit crop yield losses and increase the agricultural
productivity, integrated pest management programs have implanted the application
of effective, environmentally safe biopesticides.

Plant essential oils over the years were used as biopesticides to control insects;
however, the difficulty in applying essential oils on large-scale and under severe
environmental conditions required incorporation of these plant materials into new
formulations through nanotechnology, such as nanoformulations that enhance the
efficacy, increase stability, and prevent rapid evaporation of active compounds in
plant oils. It is known that nanoencapsulated oils have a much higher chemical
activity than the bulk material, are much more mobile, and are able to penetrate
into insect tissues for efficient insecticidal activity.

The essential oil nanoformulations appear to be promising candidates to control
the major pests of plants, due to their high volatility and stability. Before
implementing the use of such oils, large-scale experiments are needed to evaluate
their mammalian toxicity and to substantiate their efficacy under different condi-
tions to validate their economic values as plant protectant; these nanoformulations
require more in-depth studies to encourage the use of these natural substances in
IPM programs and promote the development of sustainable crop-based systems that
enhance crop yields, reduce ecological damage, and improve the quality of life for
producers and consumers.
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