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Preface

This book gathers the state of the art of several aspects of citrus research. It consists
of eleven chapters grouped into three sections: “Citrus Physiology and Production
Technology”, “Citrus Pests and Disease”, and “Citrus in Human Health”.

The first section discusses aspects of physiology and management of citrus production.
Chapter 1 provides a review of world citrus production over the last five years. Chapter 2
examines different abiotic stresses in citrus crops and strategies for mitigating them in
citrus production. Chapter 3 discusses citrus polyembryony, a relevant theme regarding
citrus rootstocks. Chapter 4 discusses the degreening of citrus fruits and its effect on
postharvest quality. Chapter 5 reviews citrus mineral nutrition and its consequences for
both production and human health.

The second section addresses citrus pests and disease aspects. Chapter 6 reviews the main
citrus diseases caused by viruses and viroids. Chapter 7 examines the quorum quenching
mechanism to control citrus bacterial diseases. Chapter 8 discusses citrus-sucking and
chewing insect pests.

The last section discusses the use of citrus in human health. Chapter 9 highlights the
benefits of citrus consumption on human health. Chapter 10 discusses citrus polyphenols
as strategies to overcome multidrug resistance. Finally, Chapter 11 addresses the use of
citrus essential oils and citrus terpenes loaded in nanocarriers for treating skin diseases
and for transdermal drug release.

Mateus Pereira Gonzatto
Department of Agronomy,
Federal University of Vicosa,
Vigosa, Brazil

Jalia Scherer Santos

Faculty of Pharmacy,

Department of Pharmaceutical Sciences,
Federal University of Juiz de Fora,

Juiz de Fora, Brazil
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Chapter1

Introductory Chapter: World Citrus
Production and Research

Mateus Pereira Gonzatto and Julia Scherer Santos

1. Introduction

The set of plants producing citrus fruits is composed of a large number of species
from the Citrus, Fortunella, and Poncirus genera. Among the main species are sweet
oranges (Citrus sinensis) and bitter oranges (Citrus aurantium), mandarins (e.g. Citrus
reticulata, Citrus delicia, Citrus clementina, Citrus unshiu, and Citrus nobilis), lemons
(Citrus limon), limes (e.g. Citrus latifolia, Citrus aurantifolia and Citrus limettioides),
grapefruits (Citrus paradisi), pummelos (Citrus maxima), kumquats (Fortunella
spp.), and trifoliate orange (Poncirus trifoliata). Fruits of commercial importance for
human consumption are mainly from Citrus species. In a small proportion, Fortunella
species (fruits known as kumquats) are also worthed. Moreover, several hybrids such
as tangors (mandarin x sweet orange) and tangelos (mandarin x grapefruit) are also
important commercially. On the other hand, P. trifoliata and its hybrids Citrus spp. are
used only as rootstocks, not being edible [1].

2. World production

Among the main fruits produced in the world, citrus are highlighted. The citrus
fruits were the second most produced fruit worldwide in 2021, accounting for 161.8
million tons produced in more than 10.2 million hectares. Only bananas and plantains
combined exceeded this amount, reaching more than 170.3 million tons [2].

Oranges world production is the most significant within citrus, reaching 75.57
million tons (46.7% of citrus fruit production) in a harvested area of 9.93 million
hectares. The second most important fruits are tangerines, with a production of 41.95
million tons (25.9% of citrus fruit production) in a harvested area of 3.11 million
hectares. Otherwise, limes and lemons reached 20.83 million tones (12.87% of citrus
fruit production) in a harvested area of 1.34 million hectares. Besides, pomelos
and grapefruits (C. paradisi and C. mdxima) and other fruits (Citrus medica, Citrus
bergamia, Citrus myrtifolia and Fortunella spp.) are also notorious. Pomelos and
grapefruits have a production of 9.56 million tons while other citrus fruits have a
production of 13.90 million tons (Figure 1) [2].

Among the largest producing countries, China, Brazil, and India can be high-
lighted. The great productivity of Chine is mainly due to the larger production of
tangerines and other citrus fruits. As for Brazil, it is the largest producer of oranges
and the largest exporter of orange juice. In turn, India is the world’s largest pro-
ducer of lemons and limes. Additionally, Mexico, Spain, United States of America,
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World production of different citrus fruits between 1961 and 2021 [2].

Tiirkiye, Egypt, Nigeria, and Iran must also be noted as the top 10 producers of
citrus fruits in 2021 [2].

Also, world production of citrus has increased almost 5.5 times in the last 60 years.
Notably, in the last 10 years (between 2021 and 2011), there was the highest increase
to tangerines production, with more than 1.44 million tons produced per year. In
turn, oranges production increased by 312 thousand tones per year while the lemons
and limes one increased by 578 thousand tons per year (Figure 1) [2].

3. Research on citrus

Scientific production about citrus is equally important in different areas of
human knowledge. From the search for the term “citrus” in the “all fields” option in
the Scopus and Web of Science databases in the last 5 years (2018-2022), there was
an increasing number of publications in both databases [3, 4]. Although the search
with the term “all fields” retrieves in very broad number of publications, the Scopus
database included a much larger number of publications. In year of 2022, from Scopus
database were retrieved 31,103 documents while for Web of Science database a lower
number was recovered (2,839 publications) (Figure2A).

Then, a new, more restrictive search was performed in Scopus database, from
2018 to 2022 searching the term “citrus” in the “article title, abstract, and keywords”
option. A total of 21,954 results were retrieved, where 66% of these publications are
from the last three years (from 2020 to 2022). Therefore, citrus research is a topic of
current relevance (Figure 2A).

Regarding to the countries that most contributed to publications about citrus in
the last 5 years, there are China, United States, India, Brazil, Spain, Italy, Iran, South
Korea, Japan, and Pakistan. Of these, six were also the top 10 citrus fruit producers in
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(A) Number of publications retrieved from Scopus and Web of Science databases searching for the term “citrus”
in all fields (ALL (citrus); (B) Most relevant countries when searching for term ‘citrus” in “article title, abstract
and keywords” (TITLE-ABS-KEY (citrus)) in Scopus database; (C) Main knowledge subject areas when

term “citrus” was search in article title, abstract and keywords (TITLE-ABS-KEY (citrus) ). The searches were
performed in the last 5 years (2018 to 2022).

2021, namely: China, Brazil, India, Spain, United States, and Iran [1]. China is the big-
gest contributor, with 28.66% of the total published. Researchers from USA and India
have published more than 2,000 articles, standing for 11.82% and 10.12% of the total
articles produced in the period, respectively. Further, with more than 1,000 publica-
tions are Brazil, Spain, and Italy. Besides, Iran, South Korea, Japan, and Pakistan

had around 600-1,000 publications. Additionally, the great importance of Asian
countries to knowledge production related to “citrus” can be noted as they account for
more than 50% of total publications (Figure 2B) [3].

As to the subject areas by Scopus database classification, 43.4% of the publications
were from Agricultural and Biological Sciences. The second most important area
was Chemistry (19.6%), followed by Biochemistry, Genetics and Molecular Sciences
(179%). Also, there was a significant number of publications addressing citrus in
other areas of knowledge: Environmental Science, Material Science, Engineering,
Chemical Engineering. Yet, some part of publications was applied to the medical and
pharmacological area (Figure 2C).

Furthermore, many patents are report on citrus. In a search in the Derwent
Innovations patent database over the last 5 years (2018-2022) [5], using the term
“citrus” as a topic resulted in 6977 patents. The majority of these publications cover
the following areas: chemistry, agriculture, biotechnology, instruments, food science,
pharmacology. Hence, research on citrus is directed to several areas of knowledge,
which shows its importance and the need of continuous increase in its knowledge.
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Chapter?2

Abiotic Stresses Management
in Citrus

Zeinab Rafie-Rad, Majid Moradkhani, Ahmad Golchin,
Taqi Raza and Neal S. Eash

Abstract

Citrus production is affected globally by several environmental stresses. Some
citrus-producing regions suffer from severe ecological abiotic stresses, including cold,
soil salinity and sodicity, extreme temperature, and drought. These abiotic stresses
can alleviate the growth, fruit yield, and quality of citrus. Strategies that attempt to
sustain and increase tolerance of citrus against the negative effect of abiotic stresses
are the use of antiperspirant compounds, phytohormones, synthetic and natural
growth regulators, soil and plant moisture retaining tools and structures, nutrition
management, application of organic fertilizers, rootstocks breeding in citriculture,
and others. These strategies increase the yield and growth of the plant along with
the relative improvement of the fruit quality during the growth and fruiting period,
increasing the absorption of water and nutrients, the extensive accumulation of
osmolytes and the increase of antioxidant enzymes, changes in the amount of signal-
ing substances, and the expression of genes under stress, increase tolerance to abiotic
stresses in citrus fruits. In this review, we tried to provide a summary of the abiotic
stress management in citrus by literature.

Keywords: citrus, climate change, soil salinity and sodicity, drought, extreme
temperature, cold

1. Introduction

Citrus species are momentous commercial fruit crops globally and are grown in
more than 140 countries around the world. Citrus consists of more than 162 species
belonging to the order Geraniales, family Rutaceae, and subfamily Aurantoideae.
Oranges (Citrus sinensis (L.) Osb.), grapefruits (Citrus paradisi Mact.), lemons (Citrus
limon Burm. F.), limes (Citrus latifolia Tan. and Citrus aurantifolia Swingle), manda-
rins (Citrus reticulata Blanco), and pummelos (Citrus maxima (Burm.) Merr.), are
the most common types of citrus fruits that are used as fresh fruit, fruit juice, and
concentrate [1, 2]. Citrus is one of the fruit culture parts with the highest produc-
tion on a global scale (Figure 1), and China is the world’s largest citrus producer
with 44,063,061 tons of production per year. Brazil comes second with 19,652,788
tons of yearly production. With 14,013,000 tons of production per year, India is the

9 IntechOpen
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Global fruit production in 2020, by selected variety (In million metric tons) [1].
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Figure 2.
Global citrus production and export quantity in 2021 [3].

third-largest producer of total citrus. Mexico with 8,756,488 tons, and the United
States of America, with 7,230,854 tons of production per year are ranked 4 and 5,
respectively [1].

Oranges account for half of the production and represent over 40% of world citrus
exports, followed by tangerines/mandarins, lemons/limes, and grapefruit. Global
exports are estimated at 11 million tons with oranges representing over 40% and
tangerines/mandarins nearly 30%. Exports are propelled by tangerines/mandarins
from China, South Africa, and Turkey, and to a lesser extent, higher lemon exports
from Mexico, South Africa, and Turkey. South Africa is the largest exporter followed
by Turkey and Egypt. U.S. citrus exports are dropping primarily due to lower orange
exports. They have not been able to participate in the rising global tangerine or lemon
trade due to reduced exportable supplies (Figure 2) [3].

Traditional citrus production methods have been successfully used over the years,
and global citrus production and export have grown continuously over the past three
decades. However, these methods are limited by environmental stresses, and citrus

10



Abiotic Stresses Management in Citrus
DOI: http://dx.doi.org/10.5772/intechopen.108337

species struggle with many abiotic stresses, including cold, soil salinity and sodicity,
extreme temperature, drought, and others [4].

One of the factors that cause extreme temperature, droughts, and cold, caused by
severe rains and others, is climate change [5]. Global warming and climate change
event have exacerbated the destructive effects of drought stress with various impacts
on temperature and rainfall patterns in different areas of the world [6]. In such cir-
cumstances, water scarcity and precipitation are considered limiting factors for agri-
culture and crop productivity in some countries. The minus effects of abiotic stresses
generally reduce tree growth, fruit yield, quality, and limit crop productivity. Under
normal conditions, citrus trees mostly confront numerous stresses simultaneously,
so there is a direct and indirect interplay between approximately all physical abiotic
stresses. The morphological, physiological, and biochemical responses of citrus trees
exposed to two or more abiotic stress factors can change, depending on stress duration
or intensity. Intricate genetic responses to abiotic stresses are polygenic, making them
more challenging to detect, control, and manipulate [7].

Soil salinity and drought stress are one of the main factors of yield losses in the
world that can reduce the relative water content and leaf water potential. It also
prevents cell enlargement more than cell proliferation. As a result, drought and salt
stresses reduce plant growth and leaf area, ultimately affecting plants’ photosynthesis,
respiration, secondary metabolites, and carbohydrate production [4, 8]. As mentioned,
climate change causes extreme temperature fluctuations, namely increase or decrease
in temperature, and can cause adverse effects on plants in terms of physiology, bio-
chemistry, and gene regulation pathways. Increased temperature causes heat stress
in plants, depending on the light intensity, duration, and quality. Also, decreased
temperature results in the loss of membrane integrity, leaf damage, electrolyte leakage,
impaired photosynthesis, chlorophyll pigments, and protein assembly [9].

As high-temperature stress causes soil dryness and drought stress, soil waterlog-
ging will also be stressful for the plant. Plants grow well by absorbing water through
the roots and transpiration through the leaves. If the soil becomes saturated or
supersaturated, waterlogging stress occurs. In this case, the leaf pores are closed,
chlorophyll is lost, chlorosis is created in the leaves, and as a result, photosynthesis is
reduced [10]. Stresses, such as nutrient deficiency and excessiveness, metal toxicity,
and ultraviolet irradiance may occur less often, but these stresses decrease the quality
and quantity of the products. Reducing the application of organic fertilizers and the
imbalanced use of chemical fertilizers are the leading causes of nutritional deficien-
cies in plants, and we do not explain these stresses here [11]. Therefore, new produc-
tion programs are essential to obtain crops more tolerant to abiotic stresses. Plant
breeding programs, phytohormones, metabolic inhibitors, anti-transpiration and
anti-evaporations, and plant nutrition management are critical against abiotic stress.
Consequently, in this updated review, we will introduce types of abiotic stresses in
citrus fruits and manage the stress tolerance of citrus by providing solutions to deal
with these stresses. Hoping to provide readers with good ideas on increasing citrus
fruit tolerance under abiotic stress conditions.

2. Introduction of abiotic stresses types in citrus

Citrus species, the most consumed fruit products in the world, are mainly pro-
duced in coastal areas in several countries and Mediterranean areas. Production in
these areas is affected by abiotic stresses, such as drought, extreme temperature,
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salinity and sodicity, and others [12]. These stresses cause many reactions in the plant,
including the destruction of the photosynthesis system and changes in gene expres-
sion and metabolic processes, such as increasing the synthesis of secondary metabo-
lites and production and accumulation of reactive oxygen species (ROS) [13, 14]. It is
necessary to entirely understand the reaction of citrus to abiotic stresses at different
levels to apply strategies to increase stress tolerance. Plant metabolism is affected

by environmental stresses, and studying at such a level is necessary for using stress-
reducing compounds. Figure 3 summarizes the adverse effects of abiotic stresses and
some physiological and biochemical responses of plants to these stresses, which we
will describe below.

2.1 Drought stress and its management and mitigation strategies

Citrus growth and production are affected by various environmental agents, one
of which is drought. Drought, or, in other words, limited access to water is considered
one of the most limiting citrus growth and production factors with adverse effects.
This stress negatively affects citrus production and will be progressively more intense
in some areas due to global climate changes [15, 16]. Climate change event and, conse-
quently, global warming has exacerbated the destructive effects of drought stress with
various impacts on temperature and rainfall patterns in different areas [10]. In such
circumstances, water scarcity and precipitation consider limiting factors for citrus
productivity in some countries, especially in Mediterranean regions.

Drought causes physiological and biochemical changes in the citrus, associated
with decreased osmotic potential on the cell surface [17, 18]. Citrus growth and

[Salinity and sodicity ] [ Extreme temperature ]

Drought Abiotic stress

Stomatal closure and
inactivation of photosynthesis

Inhibited photosynthesis

Disturbed osmetic and ion
homeostasis

Secondary metabolites
synthesis

Antioxidant enzymes
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stress-responsive

[ )
[ )
[ )
[ ]
[ ]

Increased reactive oxygen
species production (ROS)

Higher transpiration Induction of acclimation

Protein damage Oxidation of protein

[ J
[ )
[ )
[ )
[ ]

Figure 3.

It summarizges the adverse effects of abiotic stresses and some physiological and biochemical responses of plants to
these stresses. Though the consequences of various abiotic stresses are different, the physiological and biochemical
responses seem approximately similar. It is noteworthy that the adaptive strategies of plants against abiotic stresses
are analogous (the above-summarized information is extracted from the work of [14]).
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performance are decreased under drought-stress conditions by changing photosyn-
thesis rates. Also, with the increase in the duration of drought stress, the amount

of secondary metabolites changes. In this situation, osmotic pressure-regulating
substances, such as proline (Pro), accumulate in the plant by spending much energy
and reducing the osmotic potential. Research on lemon [19] and “Nagami” kumquat
[20] leaves show a decrease in leaf water potential under drought stress conditions.
Another physiological effect of drought stress in citrus is the reduction of leaf chloro-
phyll. In such conditions, various types of reactive oxygen species (ROS) are produced
in photosystem II of photosynthesis. ROS produce compounds, such as malondial-
dehyde, which cause cell damage. With the accumulation of malondialdehyde, the
permeability of the plasma membrane and, thus, ion leakage increases [10, 15]. The
more significant influence of fruits, compared to other vegetative organs, in response
to drought stress is an exciting object. Drought stress affects the quantity and qual-
ity of citrus fruit and causes a decrease in yield because available water is one of the
crucial factors for increasing yield [21]. Also, in drought stress conditions, maintain-
ing cell integration through osmotic regulation and then the accumulation of soluble
solids in the fruit during the growth period increases the quality properties, such as
soluble solids (SS) and titratable acidity (TA). The increase of these quality indicators
in drought stress conditions has been reported in Salustiana orange fruit [22].

One of the adverse effects of drought stress in citrus is the fruit-cracking after
drought stress, which is evident in citrus cultivars with navels, such as “Navel” and
“Valencia” orange (Citrus sinensis (L.) Osbeck) and mandarin hybrids (Citrus reticulata
Blanco). Cracked fruits are prone to decay and lose their ability to be stored. As a result,
their economic value decreases. In order to reduce the bursting and the economic loss
caused by it, the water required by the plant should be provided in different stages
of growth [23]. Executing suitable agricultural practices is generally considered
obligatory for overcoming the adverse effects of drought stress [24]. Today, advanced
techniques are used in citrus production to increase the soil’s water-holding capacity
and improve the application of limited water resources. One of the new methods is
using superabsorbent polymers (SAP) or hydrophilic polymer gels. These polymers
can quickly absorb large amounts of water and gradually provide the water stored in
their structure to the plant while drying the environment. In this way, the soil remains
wet for a long time without rewatering [25, 26]. Modifying the citrus root system
surrounded by these polymers will increase water retention and minerals in the plant
growth environment, improve soil texture, increase water penetration and germina-
tion, and faster plant growth. Research conducted on Carrizo citrange and Cleopatra
mandarin seedlings showed that the application of superabsorbent polymer increased
water absorption and leaf chlorophyll content [25]. Superabsorbent polymers provide
moisture to the soil and plants and reduce quality indicators of the fruit, such as soluble
solids and titratable acidity. The results of research on sweet orange confirm these find-
ings [27]. Another strategy proposed in recent years to deal with the harmful effects of
drought stress and the high summer temperature is using antiperspirant and sunlight-
reflective compounds, such as kaolin. Kaolin is a natural clay with an aluminum phyl-
losilicate (ALSi,Os (OH),4) structure, which is chemically neutral in a wide range of pH
changes and does not harm living organisms [28, 29].

High temperature causes drought stress in plants. So, net shading is another
technique to improve tree water status and water use efficiency in water deficiency
conditions [30, 31]. The most common shade used for this purpose is made of alu-
minum, polypropylene, polyethylene, and polyester, as well as thin or linen sacks
woven together in the form of webs [32, 33]. These nets do not change the natural
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composition of light; only the light spectrum passing through the net is changed.
The benefits of using net shading on plants in drought stress conditions are improv-
ing plant water status and yield, delaying fruit maturation to ripen more fruit, and
reducing photo-inhibition. In severe water stress conditions, net shade is effective in
the long term [34, 35]. Net shading may also harm fruit growth capacity because it
reduces the amount of light received by the plant.

Nevertheless, single or multi-layer shades with different light transmission per-
centages is used [31]. An example of polyethylene shade with layers and different light
transmission percentages is presented in Figure 4. As mentioned in Figure 4, shad-
ing was carried out with commercial green and reticular polyethylene shade, which
transmits about 70, 50, and 0% of incident light from left to right, respectively.

Other drought stress management methods include exogenous application of
plant growth regulators (PGRs), such as abscisic acid (ABA), auxin, gibberellic acid,
brassinolide, jasmonates, benzyl-adenine, salicylic acid (SA), and biostimulants.
PGRs are nonnutritive organic compounds that control different phases of plant
growth and development as secondary stress messengers and play an essential role
in reducing these abiotic stress conditions. For example, a study on citrus has shown
that jasmonic acid (JA) signaling pathways are effective in water stress. In citrumelo
CPB 4475 (Citrus pavadisi x Poncirus trifoliate), a hybrid citrus genotype used as a
rootstock, it was found that the exogenous JA application can also effectively diminish
the damage caused by drought to plants [37]. Also, rootstock breeding and biotechno-
logical approaches can mitigate climate change effects and increase drought tolerance
in citrus [33, 38].

2.2 Extreme temperature stress and its management and mitigation strategies
Climate change has caused severe problems, especially global warming, which

has increased the earth’s average temperature by four degrees fahrenheit compared
to the ice age. Figure 5 shows the increase in the earth’s temperature from 1884 to

i o

Figure 4.
Green and reticular polyethylene shades with one (A), two (B), and four (C) layers on page mandarin seedlings,
from left to right, respectively [36].
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2021. Climate change and agriculture are interrelated activities and affect citrus

as one of the largest fruit crops in the world. The growth and yield of citrus begin
to change when the environmental temperature increases; the water required by
the plant decreases [39]. Extreme temperature causes biochemical, morphological,
physiological, and genetic changes in citrus. High temperatures in citrus grow-

ing regions can lead to significant leaf-to-air vapor pressure difference (D) and
excessive leaf temperature in sun-exposed leaves. This high-temperature stress can
diminish net CO, assimilation, growth, fruit yield, and citrus quality. The critical
stages of citrus phenology increase the abscission of reproductive structures and
the dropping of young fruit [40]. In citrus, high temperatures cause the generation
of reactive oxygen species (ROS), the decline in chlorophyll content, an accumula-
tion of carotenoids, and delayed coloration [41]. Research conducted on Carrizo
citrange and Cleopatra mandarin showed that heat increases the phenolic com-
pounds, the composition of secondary metabolites, and the antioxidant capacity of
the leaves [42].

The plant’s nutritional requirements are higher during the flowering and fruit-
ing of citrus, and trees produce and accumulate the most carbohydrates during the
growth stage. Citrus trees have a lot of nutritional requirements during the flowering
and fruiting period; therefore, in the growth stage, trees produce and accumulate
carbohydrates more than other materials. If nutrient accumulation is insufficient,
high temperature may lead to increased respiration and diminishing photosynthesis,
which causes nutritional imbalance and thus exacerbates flower and fruit drops [43].
The high temperature increased the fruit drops of Nagami Kumgquat [43] and Tosa
Buntan pummelo (Citrus grandis (L.) Osbeck) trees [44].

Global warming, and, as a result, extreme temperature stress is a dangerous
challenge for agricultural products, including citrus fruits, and requires efficient
strategies to ensure the production of quality products. One of the effective strate-
gies is kaolin particle film application (Figure 6). The kaolin application is a suitable
strategy to deal with the increasing temperature of the environment caused by global
warming. It can also significantly help to expand the growth of citrus fruits in areas

Figures.
Global temperature changes from 1884 to 2021 (adapted from NASA/GISS).
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Figure 6.
Kaolin clay particles application on page mandavrin (Citrus veticulata) trees. The page mandarin trees were
treated with 7% (A) and 5% (B) kaolin clay [36].

that suffer from summer heat stress. The main effect of kaolin is to increase solar
radiation reflection and reduce, consequently, the temperature of the leaves exposed
to light in the hottest hours [29, 34]. By reflecting a part of the light irradiated to the
plant, kaolin significantly reduces the temperature of the leaves. It also prevents the
accumulation of Pro by increasing the potential and maintaining the relative water
content of the leaves in the summer. As a result, it reduces the adverse effects of
drought stress. The effects of lowering temperature are reducing water consumption,
increasing chlorophyll content, maintaining the quantitative and qualitative charac-
teristics of the product, and preventing bursting and sunburn of citrus fruit, which
was found in research conducted on Balady mandarin (Citrus reticulata Blanco) [29]
and grapefruit [28] have been evident. Figure 6 shows page mandarin (C. reticulata)
trees sprayed with kaolin.

In citrus-producing regions, net shading could ameliorate leaf water use effi-
ciency, photosynthesis, and fruit quality, especially in citrus seedlings, where most
leaves are exposed to sunlight. The advantages of using these shades include reduc-
ing sunlight radiation intensity, especially in hot seasons, soil water maintenance,
reducing wind speed, reducing leaf temperature, and photo-inhibition [32, 45].
Growth improvement, increasing fruit yield and quality and net gas exchange,
mitigating fruit dropping, and other advantages, such as protecting the plant against
bird attacks, insects, rain, and high daily, and night temperatures [46]. Compost
application can also reduce soil temperature, allowing better root growth and
ultimately decomposition and adding significant organic matter to the soil [30, 47].
Some research were carried out on the effect of methyl jasmonate (MeJA) on citrus
under high-temperature stress. Findings found that the JA, and JA-isoleucine accu-
mulation, were induced in heat stress conditions, which can further counteract the
harmful effects of extreme temperature stress by closing the stomata and reducing
transpiration [21, 48, 49]. In addition, in citrus-growing regions, high temperatures
will increase irrigation requirements. Therefore, the pressure on the underground
aquifers increases the soil salinity. All these stress factors have undesirable results in
citrus cultivation.
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2.3 Soil salinity and sodicity stress and its management and mitigation strategies

Soil salinity and sodicity are abiotic stresses that prevent the growth of trees,
especially citrus, by limiting water and mineral uptake. Citrus is one of the salt-
sensitive and salt-intolerant crops, and their response to soil salinity and sodicity
depends on rootstock, scion, soil type, irrigation system, and climate. Changing
these factors, under the same irrigation conditions, could generate entirely different
results. Salinity reduces growth in citrus trees and causes physiological disorders [50].
Salinity damage happens when the dissolved salt in water is high enough to dimin-
ish crop growth. Indirect movement of water in the leaf tissues of citrus can cause
accumulation of CI” ions affecting transpiration and photosynthesis, and increasing
Cl — ions concentrations, accelerates defoliation by enhancing leaf abscission and
ethylene production [51]. The most common causes of soil salinity and sodicity are
hydrological, geological, and soil processes. Other reasons are incompetent irrigation
methods, improper drainage systems, dry weather or insufficient annual rainfall, and
remaining salts accumulated in plant root areas [52].

The effect of soil salinity on the citrus growth parameters may be seen as
decreased plant height, leaf area, stem diameter, fresh and dry weight, and increased
tree senescence [50]. The decrease in growth indices may also be due to the salt
osmotic effect on the roots and the toxic ions accumulated in plant organs. The addi-
tion of sodium chloride (NaCl) in growth media increments phosphorus, nitrogen,
and potassium and alleviates calcium and magnesium in most citrus rootstocks [53].
Citrus physiological responses to salt stress might be attributed to changes in water
relations. Citrus species, such as halophyte plants, cannot absorb salts from the soil
solution and accumulate them in their tissues to regulate osmotic pressure. Instead,
they accumulate secondary metabolites, such as pro and nontoxic inorganic ions,
in their cells to overcome salinity stress. Salt accumulation in chloroplasts reduces
chlorophyll content and directly affects and reduces photosynthetic activities and
yield [50, 54].

Phytophthora root rot in citrus fruit is usually intensified under salinity stress con-
ditions. Also, a reduction in number, weight, and fruit yield is observed in citrus fruit
under salt stress. Salinity decreases plant growth and yield and reduces shoot and root
biomass [55]. The plant pigment contents decrease in response to salt stress due to
CL accumulation, destruction of chlorophyll biosynthesis, and the reduction in iron,
magnesium, and manganese in several citrus rootstocks [56]. Reduced chlorophyll
content in citrus rootstocks due to NaCl application was also reported [57, 58]. The
figure below shows the adverse effects of salinity stress on the nutritional, physiologi-
cal, and biochemical characteristics of four citrus species (Figure 7).

Since citrus fruits are one of the most sensitive plants, salinity stress reduces fruit
yield and quality. So, improvement programs should be considered for better produc-
tivity of citrus fruits in soils affected by salt. One of the methods of managing salinity
stress in citrus fruits is irrigation programming. Irrigation is an essential factor in
managing salinity in areas with salinity stress. Increasing irrigation periodicity is
recommended to leach the salts and minimize the salt concentration in the root zone
[57]. Leaf and trunk damage related to the absorption of salt can be reduced by using
micro-irrigation systems. Another strategy to diminish salinity stress is recommended
repetitious fertilization or spreading dry fertilizers through fertigation. It is neces-
sary to mention that nutrient fertilizers should not contain chloride (CL) or sodium
(Na). In areas where the soil is sodium, calcium source application (gypsum; CaSO,)
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Figure7.
Effect of soil salinity on nutritional, physiological, and biochemical parameters in four citrus species [59—61].

reduces the adverse effect of sodium on shoot growth and improves plant growth in
these conditions [50, 62].

Plant breeding and genetic manipulations are other ways of managing salinity
and sodicity stress conditions, which increase the plant’s adaptation to saline environ-
ments and salt tolerance. Currently, inorganic and organic conditioners like organic
residues, phosphor-gypsum, and H,SO,, calcium application, drainage management,
the genetic use of halophytic traits, arbuscular mycorrhizal, and avoiding cultivation
of lands with high groundwater are being used to progress citrus productivities in
salt-affected soils [62-65]. Quantitative trait locus (QTL) mapping is one way to iden-
tify salinity tolerance genes. This way has focused on characterizing genes encoding
proteins involved in decreasing the amount of Na* from the root to the shoot [66].

Since drought stress is the beginning of creating salinity stress in the soils of
dry and salty areas, therefore, methods, such as the use of superabsorbent, netting
shades, the application of phytohormones, such as abscisic acid (ABA), polyamines,
and chemical priming, will improve the performance of citrus fruits under salinity
stress condition [34]. The application of nitrate and other compounds derived from
nitrogen (urea or ammonium) has positively affected citrus morpho-physiological
and biochemical responses under salt stress conditions [67]. Nitrate appears to
stimulate photosynthesis and growth parameters as well as reduce leaf drop. Also, the
increased nitrogen in leaf biomass leads to chloride dilution [68]. The beneficial effect
of Paclobutrazol (PBZ) under salinity on the accumulation of photosynthetic pig-
ments, phytohormones, and root morphology, such as size, number of lateral roots,
and dry weight of roots, has also been documented [69].

2.4 Cold stress and its management and mitigation strategies

Low temperature is the main restrictive factor for citrus growth and productivity
worldwide. Citrus is grown at temperatures between 12.8 and 38°C; low temperatures
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below 13°C limit vegetative growth and fruit growth and delay maturity. The thresh-
old temperature that destroys shoots is —12°C, but some citrus fruit can tolerate a
temperature of —10°C [70]. Poncirus trifoliata (L.) Raf. is the most tolerant citrus
rootstock to low temperatures [71]. The low ambient temperature that causes cold
stress is a principal environmental abiotic stress. In these conditions, the production
of reactive oxygen species (ROS), such as superoxide radicals, hydrogen peroxide,
hydroxyl, and singlet oxygen is increased, which leads to ion leakage and water
soaking Figure 8, and finally, leaves are destroyed. ROS produced in the chloroplast
can destroy cellular components, such as proteins, pigments, membranes, lipids, and
nucleic acids [39, 73].

Additionally, mechanical methods can decrease these damages to increase plant
resistance against cold and frost damage. One of the strategies is the osmotic balance
reaction to maintain plant water content. These activities are affected by osmotic
pressure regulatory concentration compounds, such as secondary metabolites,
including proline, and some inorganic ions, such as potassium. Potassium increases
cells’ tolerance against cold stress because it affects the freezing point of the liquid
inside the vacuoles [74]. High potassium levels protected cells against freezing by
lowering the freezing point of the cell solution [75]. Potassium can affect plant
survival under different environmental stresses by creating osmotic balance and
protection against oxidative damage. Potassium causes leakage and maintenance of
water in plant tissues with increasing osmotic pressure and cell membrane fluid-
ity; thus, it prevents cell membrane rupture and plant tissue damage and increases
electrolyte leakage [76].

Potassium substantially affects stomata movement and water relation (turgor
regulation and osmotic adjustment) in plants under cold conditions. The present
results agree with those reported on Sour orange (C. aurantium L.) seedlings [77].
Numerous studies indicated that applying abscisic acid (ABA) may increase leaf
water content under low-temperature stress [78]. The grafting technique and the use
of tolerant rootstocks to cold stresses allow farmers to protect crops against various
abiotic stresses, especially cold stress. A study in common clementine with a tetraploid
Carrizo Citrange rootstock showed enhanced natural chilling stress tolerance [79].

Figure 8.
Damaged leaves of sour orange (Citrus aurantium L.) seedlings were exposed to o, -3, and — 6°C for
24 hours [72].
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3. Conclusions

Citrus species is the world’s most productive and widely consumed horticultural
crops. The factors limiting citrus growth in tropical and subtropical climates are
significantly different. Due to abiotic stresses, such as drought, salinity, and high and
low temperature, citrus production confronts risks. For this reason, it is crucial using
strategies to manage these stresses. Drought and extreme temperatures caused heavy
fruit drops and a decline in yield, and it also increases the cracking and folding of
fruit and reduces the product yield. Therefore, measures to prevent these problems
should be taken in case of severe drought and high temperatures. To manage drought
stress and high temperature, using superabsorbents, kaolin, and pure shade is less
expensive than producing the product. Also, drought stress management and high-
temperature in hot and dry areas reduce the possibility of salinity stress.

Kaolin particle film and shading net reduce water loss through the increasing
reflectance of ultraviolet and infrared radiations, thereby reducing leaves and fruit
tissue temperature. Kaolin application could be considered an implement to be used
in tropical regions to improve plant acclimation to extreme temperatures and high
radiation levels in citrus. Maintaining soil moisture, reducing water consumption,
and taking advantage of suitable yield along with relative improvement of fruit qual-
ity of growth and fruiting period of citrus is essential. For this purpose, soil amend-
ment with superabsorbent polymers to provide moisture in the root area and increase
available water in water shortage conditions improve some physiological, biochemi-
cal, and phytochemical properties of citrus. Also, the uniformity of humidity during
the plant growth period with the use of superabsorbent plays a role of importance in
reducing other indicators, such as fruit bursting. Therefore, it is recommended to use
this superabsorbent polymer in areas that face water shortages and improper dis-
tribution of precipitation. Exogenous application of phytohormones and hormones
and even suitable nutrition of citrus fruits can also increase plant tolerance against
abiotic stresses. Among the methods that can protect the plant from low-temperature
stress are grafting techniques, plant breeding programs, osmotic balance reactions to
maintain plant water content secondary metabolites, proline, and inorganic ions, such
as potassium.

Citrus is salt-sensitive, and soil salinity reduces citrus growth and causes physi-
ological disorders. Salt stress lowers stomatal conductance, net CO, assimilation, and
water potential of citrus leaves. Additionally, it causes an excessive concentration
of sodium or chloride in citrus leaves. Increasing irrigation periodicity, fertilization
and fertigation, Plant breeding, and genetic manipulations are among the methods
of managing salinity stress in citrus fruits. In the presence of an adequate concentra-
tion of calcium in saline irrigation water, calcium improved the effects of saline on
the plant’s growth. Therefore, the plants could tolerate the effects of high salinity
concentration. The authors’ practical experience has shown that abiotic stresses occur
worldwide in almost all citrus-growing areas. This research has attempted to explain
citrus fruit management and improvement strategies to withstand abiotic stresses in
citrus fruit production.
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Citrus Polyembryony
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Abstract

Polyembryony is a type of sporophytic apomixis common in citrus species.
Previous studies discovered that embryo traits relate to their sexual or asexual origin.
Smaller embryos at the micropyle end are considered zygotic embryos, whereas
larger embryos are nucellar. Early embryogenesis in the ovule of apomictic citrus
promotes the development of nucellar embryos. The chalaza region inhibits the early
development of the zygotic and nucellar embryos; thus, both embryos must grow at
the micropyle end. Numerous researchers agree that highly polyembryonic cultivars
produce nucellar seedlings more often as the zygotic embryos cannot survive field
conditions. Thus, the selection of polyembryonic genotypes facilitates clonal propa-
gation. This chapter analyzes the factors that affect polyembryony in citrus.

Keywords: apomixis, rootstocks and cultivars, nucellar plants

1. Introduction

Angiosperms have two reproduction routes: gametophytic (sexual) and apomictic
(asexual). The first form of reproduction leads to seeds with an embryo from the
union of the egg cell nucleus with one of the generative nuclei from the male gamete
producing a plant with genetic characteristics different from the female parent. This
process promotes genetic diversity through hybridization and the adaptation of plants
that allows the conservation of species [1]. We will start this chapter by describing the
apomictic process and the evolutionary mechanism of alternate pathways that have
allowed cloning plants using seeds [2], including most citrus species.

Various mechanisms intervene to generate asexual embryos, eluding the funda-
mental aspects of sexual reproduction: meiosis and fertilization [3]. According to the
mechanism of embryogenesis, apomixis comprises gametophytic apomixis (apospory
and diplospory) and adventitious embryony. In these, apomictic embryos have
maternal inheritance, but each mechanism is associated with a different probability of
producing sexual offspring, varied selection pressure to maintain male fertility, and
expected levels of genetic diversity within populations [4]. In apospory, the initial
cells form unreduced embryo sacs from direct mitosis and can coincide with sexual
embryogenesis: if endosperm forms, the process is pseudogamic, or autonomous if it
does not [5]. This second route, which occurs in less than 1% of angiosperms, com-
prises the development of embryos from somatic cells.

29 IntechOpen



Citrus Research - Horticultural and Human Health Aspects

Similarly, in diplospory, the megaspore does not undergo meiosis and through
mitosis forms an unreduced embryo sac with cells arranged as in the Polygonum type
(sexual reproduction); but the sexual process is wholly compromised [5]. Whereas in
adventitial apomixis, the development of the sexual embryo sac seems to develop nor-
mally, and after fertilization and development of the sexual embryo, somatic embryos
develop from nucellar or integumental cells [6, 7]. In citrus, adventitious embryonic
development does not occur without zygote formation (apomixis is facultative),
depends on endosperm formation, and is simultaneous with the development of
sexual embryos [6, 8, 9]. Therefore, when the embryo sac expands, the embryogenic

Citrus genotypes Polyembryony (%) Range of embryos/seed Author
Amblicarpa mandarin 821 2-15 [11]
Amblicarpa mandarin 91.5 49 [12]
C-35 citrange 86.5 3.95 [12]
Cip6 sweet orange 98 28.8 [13]
Cleopatra mandarin 84.7 1-26 [11]
Cleopatra mandarin 971 8.01 [14]
Cravo Santa Cruz Rangpur lime 58.5 1.97 +1.08 [15]
Flying dragon trifoliate orange 40 170 +1.11 [15]
Indio citradarin 100 13.52 + 440 [15]
Minneola tangelo 775 345 [12]
Morton citrange 86.8 5.87 [14]
Rangpur lime 433 1.87 [14]
Riverside citradarin 100 12.97 + 3.86 [15]
Rough lemon 96.2 4.89 [14]
Rusk citrange 92.3 5.05 [14]
San Diego citradarin 975 6.29 + 319 [15]
Smooth Flat Seville sour orange 29 22.7 [13]
Sunki mandarin 66.2 1.8 [14]
Sunki Tropical mandarin 100 8.97+2.76 [15]
Swingle citrumelo 64 248 +147 [15]
Swingle citrumelo 65 2.96 [14]
Troyer citrange 951 6.95 [14]
Valencia orange 95.5 4.5 [12]
Volkamerian lemon 37.8 2.50 [11]
Volkamerian lemon 85.5 315 [12]
Volkamerian lemon 52.2 2.57 [14]
Yuma citrange 21 1.36 [14]
Yuma citrange 31 4 [13]
Table 1.

Percentage of polyembryony and embryos per seed in apomictic genotypes of citrus.
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cells of the nucellus enter the endosperm, competing for space and nutrients with the
zygotic embryos that may or may not complete their development [10].

Adventitial embryony or sporophytic apomixis frequently occurs in Rutaceae,
Celastraceae, and Orchidaceae; furthermore, it is common in tropical and subtropical
trees and shrubs [4]. Polyembryony in citrus is a type of sporophytic apomixis that
occurs in most of its species and hybrids (Table 1). For example, in 12 genotypes
(Sikkim, Thorny, Kinnow and Cleopatra mandarin, Calamondin, NovaxOrlando
hybrid, Minneola tangelo, Thornton, Parramatta, Parson Brown, Smooth Flat Seville,
and rough lemon rootstock) rates of polyembryonic seeds ranged from 69.8% to
91.4%, with up to 14 embryos per seed [8]. The following genotypes do not show
polyembryony, thus classified as non-apomictic: Citrus hongheensis, C. macropera,

C. medica, C. maxima, C. clementina, Chirita mangshanensis, and some mandarin
hybrids [16, 17]. Although polyembryony is not a common biological phenomenon
among angiosperms, it is a form of reproduction that has been studied for 14 decades.
According to Cook [18], the oldest record of polyembryony in orange seeds (Citrus
sinensis L. Osbeck) occurred in 1719 by Leeuwenhoek. Later, Strasburger [19] worked
with different species and established that in sour orange (Citrus aurantium), all the
embryos not derived by the cross originated from nucellar cells, and he called them
“adventitious embryos.” Since then, polyembryony in citrus has become a form of
vegetative propagation, with the problem that for genetic improvement, seedlings
from hybrid embryos cannot be differentiated from seedlings from adventitious
embryos. Then, hybrid embryos can be differentiated by molecular methods or by
crossing unifoliate materials with trifoliate orange (Poncirus trifoliata) pollen.

2. Morphology of seeds, embryos, and polyembryony

The study of polyembryony is receiving increased attention from both industrial
and scientific sectors as it provides a form of cloning through seed that avoids the
typical complications of sexual reproduction (for example, incompatibility barriers)
and vegetative propagation (replication of viruses and other diseases) [20]. Another
possible benefit of asexual reproduction by seed implies fixing the hybrid vigor
and allowing the propagation of hybrids through many generations of seeds [21].
However, even in 2021, in [22] indicated that fixed hybrid vigor has not been possible
because hybrid seeds cannot produce offspring with the same qualities.

Over the years, attempts to link the morphological characteristics of fruits, seeds,
and embryos with polyembryony or with the characteristics of nucellar or zygotic
embryos to predict the sexual or asexual origin of seedlings have taken place. Some
researchers have studied the relationship between fruit weight and polyembryony in
Swingle citrumelo, Volkamerian lemon, Cleopatra mandarin, and Amblicarpa [11,
23]. Other studies have tried to select characteristics of polyembryonic seeds as a pos-
sible method to anticipate the origin, zygotic or nucellar, of seedlings. For example,
the size and shape classification of seeds has been associated with the production of
zygotic seedlings on rootstocks [24, 25]. Also, logistic regression models that predict
sexual seedlings have been developed [13].

Another variable that has been considered in the possible prediction of predomi-
nant sexual or asexual reproduction is the relationship between the percentage of
polyembryony in citrus genotypes and the production of nucellar seedlings. Different
studies have shown that species with a higher percentage of polyembryony are less
likely to develop zygotic seedlings [21, 26, 27] because only one zygotic embryo
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possesses competitive disadvantage against all nucellar embryos: zygotic embryos
tend to be small and do not survive in field conditions. In contrast, more numerous
apomictic embryos tend to be large and produce more vigorous seedlings. One case
is Citrus reshni: apomictic reproduction occurs based on the degree of polyembryony
of the seeds (70-90%) and the small size (<3 mm) of the sexual embryos [28].
However, this characteristic varies between genotypes; for example, in [12] reported
six genotypes with a high percentage of polyembryonic seeds (65-98%), where only
Valencia orange and Amblicarpa mandarin have the possibility of apomictic repro-
duction. Therefore, the presence and degree of polyembryony in the seed is a genetic
characteristic dependent on the interaction with the environment, particularly with
the weather, the stage of development of the plant and its organs, or the physiological
conditions [29, 30]. Therefore, using the phenotypic characteristics of seeds, embryos,
and polyembryony to identify the seedlings’ sexual or clonal origin often leads to
the omission of zygotic seedlings in segregating populations, which is unfavorable in
breeding programs. This trait will be discussed later in the topic of molecular markers.
Other features of the embryos, such as size and location, have been studied to
define the position and origin of nucellar and zygotic embryos. Zygotes often appear
as more diminutive in seed size, with slower growth than adventitious embryos and
growth prevailing at the micropylar end [31, 32]. However, during nucellar embryo-
genesis associated with the fertilized embryo sacs, there seems to be an inhibitory
effect in the chalaza region [10, 33]. Consequently, both embryos preferentially grow
towards the micropyle. These arguments are helpful to generate reproduction models
in polyembryonic citrus; however, it should be noted that these studies focused on
the initial stages of embryo and seed formation. Therefore, it is essential to develop
innovative methods of identifying nucellar and zygotic embryos in mature seeds
and differentiating the seedlings that originate in the early stages of development.
We will cite the work of Andrade-Rodriguez et al. [28], who, using RAPD (Random

Figure 1.

Embryos classified by size in a seed of Amblicarpa mandarin (Citrus amblycarpa (Hassk) Ochse). E1 corresponds
to the largest embryo in length and weight. E7 corresponds to the smallest. For each embryo, its location towards
the micropyle or the chalaza and radicle orientation were recorded.
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Amplification of Polymorphic DNA) markers, in vitro culture, and embryo morphol-
ogy, concluded that not all small embryos located in the micropyle produce zygotic
seedlings in Volkamerian lemon seeds. This contribution generated various questions
about the reproduction models proposed for citrus and motivated us to pursue our
current research focus.

Our laboratory has studied polyembryony in citrus from 2000 to date (as well as in
other fruit trees not mentioned in this chapter). We have used molecular markers, in
vitro culture of embryos separated by size, and grafting of the plants obtained in the
greenhouse. These techniques have produced plants from embryos one, two, three,
four, five, six, and seven (Example: E1, E2, E3, E4, E5, E6 and E7 in Figure 1) and
propose new approaches to study the relationship between size and sexual, asexual,
or different origin of the plants obtained from each of the embryos. Among the works
published in citrus are references [7, 11, 12, 28, 34].

3. Identification of nucellar embryos and possible zygotes

Successfully harnessing apomixis for citrus propagation requires understanding
its facultative nature; the formation of nucellar and zygotic embryos varies among
environments and times of the year. Additionally, each species genetic makeup acts as
an activation “switch” that relies on environmental changes. All these variables lead to
variations in the degree of polyembryony, number of embryos per seed, and even the
type of reproduction that will prevail, asexual or sexual [3, 30, 35]. Understanding
the apomictic phenomenon in citrus is central to various studies to benefit from its
dual characteristics: clonal propagation from seed and hybrids production. We seek
to generate models that relate the characteristics of polyembryony, size, and location
of the embryos in the seed, with their sexual or asexual origin. However, the selec-
tion of the hybrids that result from the cross with polyembryonic parents is complex
if they do not express a reproducible dominant trait under several environmental
conditions. In addition, the percentage of zygotic progenies in various citrus hybrids
has been found to vary based on the seed parent used [36], the pollen origin [37], and
environmental factors [38]. For this reason, researchers used various morphologi-
cal, biochemical, and molecular markers to identify seedlings in the early stages of
development.

Plant morphology is the first visible marker for hybrid selection in plant breed-
ing. The first morphological trait used to differentiate nucellar plants from zygotic
ones relied on linking vigor with asexual origin. For example, in 1949 in Ref. [39]
published that nucellar plants are those that develop juvenile characteristics, such as
vigorous growth, presence of thorns, or slow fruiting. Another morphological marker,
which is also a dominant phenotypic trait, is leaf morphology [26]. In Figure 2,
Amblicarpa nucellar plant (Figure 2a) and the hybrid that exhibits more than one
leaflet (Figure 2b) are compared; both plants have thorns, which according to
Cameron and Johnston [39] are juvenile characteristics. It has been used in nurseries
since the first decades of the 20th century to identify hybrids by crossing trifoliate
genotypes. The method is still valid and is used to obtain trifoliate rootstocks such as
citrandarins (Cleopatra mandarinx P. trifoliata). However, both the presence of juve-
nile traits and multifoliate leaves are markers that vary depending on environmental
conditions and plant development, so they are unreliable [40].

Not all morphological markers can reliably distinguish between zygotic and
nucellar seedlings [40]. The expression of “trifoliate leaf” is a dominant trait over
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Figure 2.

Mandarin Amblicarpa seedling (Citrus amblycarpa (Hassk) Ochse), obtained from embryos in vitro cultured,
grafted on Volkamerian lemon (50 days after grafting). 2a nucellar plant and 2b sexual plant, both plants show
“vigor” in height, leaf development, and thorn size; howevey, the sexual plant develops leaflets.

the recessive unifoliate leaf trait makes it easy to identify the first-generation hybrid
seedlings in crosses between unifoliate citrus and trifoliate orange male parents [41].
Thus, hybrid seedlings with multifoliate leaves would be expected to appear when
crosses of trifoliate male parents (P, trifoliata) are made. However, when Poncirus
hybrids (such as citranges or citrumelos) are backcrossed to Citrus, seedlings with bi-
or trifoliate leaves may vary considerably [37]. Furthermore, it is particularly difficult
to remove off-type seedlings based on seedling morphology when pummelo has been
used as a seed parent because the morphological characteristics associated with pum-
melo dominate the seedling phenotype [29]. An alternative to morphological markers
is molecular markers, which can unequivocally discriminate the zygotic seedlings
[28-30, 42, 43].

Biochemical tests have also been used as genetic markers in discriminating zygotic
seedlings. Such is the case of colorimetry [44], chromatography [45], polyphenol
darkening [46], spectroscopy [47], and isozyme analysis techniques [48]; however,
these techniques fail to identify all clones and ignore some hybrids. For example,
although they are codominant markers with simple methods, isoenzymes express few
polymorphic loci to differentiate F1 seedlings from the female parent. Additionally,
their expression level is qualitatively and quantitatively affected by environmental
factors, plant development stage, or physiological conditions [29, 30].

Molecular biology expanded the tools available for identifying seedling sexual
or asexual origin through molecular markers based on PCR (polymerase chain
reaction). Among the most used markers are RAPD (Random Amplification of
Polymorphic DNA), ISSR (Inter Simple Sequence Repeat), SSR (Simple Sequence
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Repeat), and SNP (single-nucleotide polymorphism) [30, 34, 42, 43]. Various studies
compare the efficiency of genetic markers in selecting hybrids, in Ref. [29] evaluated
RAPD and EST-SSR (Expressed Sequence Tag-SSR), in [43] worked with morpho-
logical markers and SSR, and in [45] compared morphological markers and SNPs.
RAPDs (dominant marker) and EST-SSRs (codominant marker) efficiently and
accurately identified nucellar plants of mandarin (C. reticulata Blanco) and pumelo
(C. maxima Meer.); both markers were highly related (p = 0.001) [29]. The expres-
sion of trifoliate leaves with molecular markers was complemented in Ref.s [43, 49];
their research showed the viability of early selection of hybrid seedlings based on

the morphological marker and subsequent analysis with molecular markers in the
seedlings that did not express multifoliate leaves. This procedure reduces the cost and
time of the analysis.

Not only can genetic markers complement each other, but in vitro germination can
also be used in embryo identification to increase the development of small embryos
(which do not germinate under in vivo conditions). Similarly, faster acclimatization
and growth of plants resulting from these embryos result from grafting on a root-
stock. Three studies show the advantages of combining in vitro culture and identify-
ing hybrids with SSR markers. It is worth mentioning that SSRs have been widely used
to discriminate embryos according to their origin because they favor the selection
of plants obtained by self-pollination and cross-pollination. Embryos from F1 seeds
from a cross between ‘Shiranuhi’ mandarin and ‘Shiranuhi’ orange were cultivated in
vitro to determine the percentage of zygotic embryos detected with SSRs depending
on the days after pollination (90, 105, 125, 145 and 180 days, DAP) [50]. Growth in an
artificial medium allowed them to maintain constant humidity and nutrient supple-
mentation and achieved 36-75% germination depending on DAP, allowing identi-
fication of zygote embryos: 12% at 90 days, 8% at 105 days, 7% at 125 days, 1% at
145 days and 4% at 180 days after pollination. On the other hand, in vitro culture, SSR
markers, and morphological markers have been used [49]; they first selected using
a trifoliate leaf morphological marker and then, with SSRs, selected 41% of hybrid
seedlings of rough lemon and citrandarin X-639c, and 46% of rough lemon and
Swingle citrumelo hybrids. Likewise, these authors state that not all zygotic embryos
survived until fruit maturation as the ratio of hybrid seedlings decreases with advanc-
ing stages of embryonic development after 95 days after pollination. Finally, in vitro
culture, seedling grafting, and SSR markers have been used to identify nucellar
embryos in citrange C-35, Amblicarpa mandarin, and Volkamerian lemon rootstocks,
and Valencia orange and Minneola tangelo cultivars [12]. Also, this chapter includes
the identification of nucellar embryos in Parson Brown orange, not published in the
2021 paper. This study differs in its approach as the authors only studied the largest
embryo per seed, finding that the weight of the seed correlates with the weight of
the largest embryo (0.76-0.96, p > 0.05). They used in vitro germination until they
achieved 3-4 mm long seedlings and grafted them on Volkamerian lemon to promote
their growth for 5 months until foliar collection. This procedure allowed for enough
leaf material for DNA extraction (1.8-2.0 at 260/280 nm absorbance) without dam-
age to the grafted plant, which developed under simulated nursery management.

The SSR markers identified 70% nucellar seedlings in C-35, 65% in Volkamerian and
Minneola, 85% in Amblicarpa and Valencia, and 100% in Parson Brown (Figure 3).
Focus on the embryos with the most significant capacity to germinate in each seed
allowed linking size (8-10 mm in length, 6-19 mg in weight) and the probability of
generating nucellar plants; only Amblicarpa, Valencia, and Parson Brown showed a
tendency to clonal propagation.
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Figure 3.

Dendrograms showing the Genetic Similarity Indices (GSI) between nucellar seedlings and the female parent,
obtained from the largest embryo per seed in six polyembryonic citrus cultivars (A, Citrange C-35; B, Amblicarpa
Mandarin; C, Volkamerian lemon; D, Parson Brown orange; E, Tangelo Minneola; F, Valencia orange). The GSI
was calculated with 30 SSR markers.

Various works that use molecular markers to classify seedlings according to their
sexual or asexual origin state that those with total similarity to the female parent
are nucellar. In [29] consider seedlings of Swingle citrumelo (Citrus paradisi Macf.

x Poncirus trifoliata (L.) Raf.) and sour orange (C. aurantium L.) as “true nucellar
seedlings” when they were identical to the female parent at all loci (100%), using
EST-SSR and Euclidean distance with UPGMA cluster analysis. However, in [12]
seedlings of six citrus genotypes with a Genetic Similarity Index [51] of 0.95 (95%)
were considered “nucellar” compared to the female parent (Figure 3). Both studies
show the discrepancy between the genetic similarity values needed for a plant to be
considered “true nucellar” or “possible zygotic” to the female parent. As any marker
has the disadvantage of characterizing only a tiny part of the genome, a discussion on
the number of molecular markers needed for these studies is required. As an example,
in [29] evaluated 12 EST-SSR markers, of which eight primer pairs revealed poly-
morphism, whereas in [12] examined 30 SSR markers, but only 17 were polymorphic
enough to differentiate hybrids (TAA 41 and F4 being the most informative).

One of the objectives of breeding programs is to select plants based on agronomic
and economic traits, such as the expression of polyembryony. However, it is relevant
to consider the advantage of using molecular markers. These have the possibility
of generating QTL (Quantitative Trait Loci) by associating the polymorphism to a
phenotypic trait. The QTL Apol, Apo2, Apo3, Apo4, and Apo6 associated molecu-
lar markers (RAPD, SSR, and CAP -Cleaved Amplified Polymorphic Sequence)
with apomixis in the progeny of C. volkamerianax P. trifoliata cv ‘Rubidoux’ Apo2
is also associated with the activation of the type of embryo (mono-embryonic or
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poly-embryonic) in apomictic genotypes [52]. Further information has been obtained
from AFLPs (Amplified Fragment Length Polymorphism) as marker loci have
identified a genomic region associated with the percentage of polyembryonic seeds

in Citrusx Poncirus hybrids [53]. The genetic control of adventitious embryology was
also documented in C. reticulata [2, 22]; it has been proposed that the CiRKD1 gene
regulates the somatic embryogenesis that occurs with two alleles that originate poly-
embryony and embryogenesis [54, 55]. So, the genetic control of apomictic reproduc-
tion and polyembryony is “more than a single switch” to activate it; it involves various
genome regions in citrus.

Despite the effectiveness of molecular markers to discriminate between hybrids
and nucellar plants, ongoing efforts try to relate the expression of morphological
features of the embryo and its location in the seed with sexual origin. The purpose
is to separate hybrid plants from clonal plants from seed or in the early stages of
development without a laboratory. Various studies have related polyembryonic traits
and origin; however, we will only analyze the Citrus volkameriana Pasq rootstock.
The sexual origin was related to the embryo’s size employing the trifoliate leaf marker
expressed by the cross between the Volkamerian lemon and P. trifoliata [26]. They
report large embryos (>5 mm) generate up to 82.7% of hybrid plants, while small
embryos (1-2.9 mm) produce only 5.8%. Meanwhile, 25.9% of zygotic plants were
identified with RAPDs in mature polyembryonic seeds, of which small embryos
produced less than 43% (2-3 mm) and near the micropyle [28]. On the other hand,
in Volkameriano seeds, when the largest embryo was separated from each polyem-
bryonic seed and studied its location; all older embryos are in the chalaza and 45%
of it produced non-clonal plants [12]. It is relevant to mention that the relationships
between embryo morphology and sexual origin vary among genotypes [12, 26],
strengthening the idea that embryos with a greater capacity to germinate in vivo in
a polyembryonic genotype do not imply clonal reproduction. Thus, the competition
caused by the asynchronous development between embryos during seed formation [7,
56] does not always favor the growth of nucellar embryos.

Therefore, molecular markers and complementary techniques (in vitro culture
and grafting) are adequate to identify sexual and asexual seedlings with greater
certainty than the exclusive use of morphological markers. Nevertheless, the charac-
teristics of these techniques need to be assessed based on the objective and possibili-
ties of the investigation. For example, although RAPDs and ESS-SSRs show a similar
capacity to differentiate zygotic and nucellar seedlings [29], RAPDs are simpler and
cheaper than EST-SSRs. However, the latter shows greater reproducibility among
laboratories and detects all alleles of a locus (codominance). In the case of SNPs, their
limitation is the cost and availability of the necessary equipment in the laboratory.
Instead, in vitro culture is an excellent technique to be applied in research where
germination of embryos is required for subsequent identification, but it is expensive
in commerecial citrus propagation schemes.

4, Conclusions

Polyembryony in citrus is complex and affected by genetic, physiological, and
environmental factors. Therefore, a better understanding of the development of
the embryos in the seed requires further studies. We propose combining comple-
mentary techniques to molecular markers to identify the sexual or asexual origin,
the individual follow-up of each embryo in the seed, and the subsequent evaluation
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of morphological and production characteristics of the plant. This process in citrus
requires approximately 3 and 4 years to start fruiting. However, it is necessary to
answer a few questions: If a seedling identified with molecular markers as “different
or possibly zygotic” (with similarity indices less than 0.95) expresses these polymor-
phisms phenotypically? Do the embryos, based on their size and position in mature
seeds, tend to be nucellar or possibly zygotic? Is it convenient to continue considering
the percentage of polyembryony in citrus as a form of clonal propagation in nurseries?
Are the plants obtained from the larger embryo asexual? These and so many more
questions need further research.
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Chapter 4

Quality of Postharvest Degreened
Citrus Fruit
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Abstract

External color is a key factor that defines external citrus fruit quality. Degreening
with exogenous ethylene exposure is a widely used postharvest treatment applied
to promote external citrus fruit color development, mainly with those cultivars that
reach internal maturity while their external peel color is still green. Ethylene plays a
crucial role in the color change of citrus fruit because it induces two simultaneous,
but independent, processes—chlorophyll degradation and carotenoid synthesis.
However, it is important to know, in addition to the effect on skin color development,
whether this treatment can negatively affect other fruit quality parameters. This
chapter addresses the influence of postharvest degreening treatment on the physico-
chemical, nutritional, and sensory quality of citrus fruit.

Keywords: ethylene, color, biocomponents, antioxidant, disorders, flavor

1. Introduction

External citrus fruit color is an important quality attribute to be considered for the
fresh market. Consumers associate high-quality fruit with the typical bright orange
skin color, while they associate greenish skins with unripe fruit [1].

In citrus fruit, color change requires not only night temperatures close to 12°C but
also marked differences between day and night temperatures. At 12°C, the expression
of the key genes of the carotenoid biosynthesis pathway is stimulated, which increases
concentrations of carotenoids and xanthophylls [2]. However, in tropical countries
without cold night temperatures, citrus fruit reaches acceptable internal quality
without displaying the characteristic orange color, and fruit is consumed when the
skin is yellowish-green.

In Mediterranean citrus production areas, early citrus varieties, especially man-
darins and oranges, reach internal maturity before full external coloration. In these
cases, a degreening treatment, with the application of exogenous ethylene, is a com-
mon postharvest practice followed to improve external fruit color, which contributes
to their market acceptance and extends their marketing season. Moreover, in mature
citrus fruit harvested after the color break, it has been reported that exogenous ethyl-
ene can reduce the incidence of important postharvest physiological disorders, such
as non-chilling peel pitting or chilling injury [3, 4]. These disorders are manifested
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as peel damage, as well as the incidence of the disease caused by Penicillium digitatum
without negatively affecting fruit organoleptic properties [3, 5].

The degreening treatment applied to enhance external citrus fruit color involves
exposing the fruit to low ethylene concentrations [6]. However, in addition to ethyl-
ene concentration, other important factors, such as temperature, humidity or carbon
dioxide (CO,), and oxygen in the atmosphere, are implied during color change. The
exhaustive control of all these factors, as well as the process duration, are require-
ments to achieve the desired external color without promoting undesirable reactions
related to physiological disorders or sensory changes, which harm fruit quality during
their posterior shelf-life.

This chapter describes the parameters involved in the degreening process, and its
impact on external or internal fruit quality.

2. Factors involved in the postharvest degreening process

In climacteric fruit, ethylene plays a key role in governing physiological and bio-
chemical changes that occur during ripening, including the color break, softening, and
accumulation of sugars, acids, aroma volatiles, and vitamins [7]. In contrast, citrus
fruit is non-climacteric, and their natural ripening is not accompanied by rises in respi-
ration and ethylene production rates [8]. However, exposure to exogenous ethylene has
been shown to stimulate various ripening-related processes, such as destruction of the
green chlorophyll pigments and accumulation of orange/yellow carotenoids, in citrus
peel tissue. Exogenous ethylene increases chlorophyllase activity and gene expression
as well as other genes involved in chlorophyll breakdown [9, 10]. Ethylene also down-
regulates chlorophyll biosynthesis, by repressing the gene expression of Mg-chelatase
and most genes involved in photosynthesis and chloroplast biogenesis [11]. Ethylene
also stimulates the transcription of carotenoid biosynthetic genes in citrus fruit peel,
which is concomitant to both the transformation from chloroplast into chromoplast
and the accumulation of xanthophylls and carotenoids [11, 12]. Therefore, degreening
treatment with exogenous ethylene exposure is a widely used postharvest treatment to
promote external color development in citrus, especially in those cultivars that reach
internal maturity while external peel color is still green [12, 13].

Commercial postharvest degreening is usually carried out in packinghouses,
specifically in temperature-controlled chambers equipped with automatic injectors to
provide the appropriate ethylene concentration. The applied ethylene concentration is
low, close to 1-5 ppm [14, 15]. This concentration suffices to cause a color change, and
it has been reported that increasing ethylene concentration has no significant effect
on improving peel color or reducing degreening times [16]. Exposing citrus fruit to
higher ethylene concentrations can cause undesirable effects related to accelerated
fruit senescence. It is, therefore, necessary to monitor ethylene levels constantly
throughout the process to ensure that its concentration is sufficient for proper
degreening without detriment to quality.

Temperature is a determinant of color evolution during the ethylene degreening
process. Temperature strongly influences chlorophyll degradation and carotenoid
synthesis. High temperatures close to 30°C lead to rapid chlorophyll loss but delay
carotenoid accumulation. However, the temperature within the 18-20°C range allows
greater carotenoid accumulation, although chlorophyll degradation is slower. Very
low temperatures (close to 5°C) during the process can repress carotenoid accumu-
lation and affect carotenoid composition in flavedo [17]. In Spain, mandarins are
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subjected to degreening treatment at 18-21°C, while oranges are exposed to a slightly
higher temperature of 20-22°C [18]. However, the degreening of lemons is carried out
at 25-30°C [19]. Similarly in Israel and California, mandarins and oranges are exposed
to 20-25°C [20-22]. In Florida, most citrus fruits are commercially degreened at a
relatively high temperature of 28-29°C [23].

Another important factor to consider in the degreening treatment is the time
required to reach the desired fruit color, which very much depends on both the
cultivar and the initial fruit color which, in turn, are controlled by fruit maturity and
orchard conditions [18]. Citrus peel color increases with the ethylene exposure time
during the degreening process. However, the negative effects induced by ethylene are
also stronger the longer the exposure time is. Therefore, the time during which fruit is
exposed to ethylene should be as short as possible, and optimal temperature, ethylene
concentration, humidity, and aeration condition should apply. Not exceeding 72-96 h
of treatment is advisable to avoid peel disorders during posterior commercialization
[24]. Current color sorters, which work with photoelectric cells on handling lines,
allow the fruit to be selected according to their initial color and to adjust degreening
treatment duration to avoid overexposing fruit to ethylene. It should be noted that
fruit color evolution continues once the fruit is transferred from ethylene chambers to
marketable conditions [6]. However, the temperature to which fruit is subjected after
the degreening treatment is key for posterior color evolution. Color development can
be limited if temperatures are low while shipping citrus fruit [25]. The combination
of periods with and without ethylene exposure has successfully achieved the desired
change in mandarins and oranges, and optimal ethylene exposure duration has been
estimated by considering color at harvest and subsequent marketing conditions [6].
In addition, the color change that fruit undergoes during degreening treatment very
much depends on the variety [6, 24, 26].

Exposing fruit to ethylene increases the fruit respiration rate inside degreening
chambers [27]. CO, is known as an ethylene antagonist which, at high concentrations,
inhibits the action of ethylene and delays the color change process. Therefore, the
chambers in which degreening is carried out must be equipped with specific CO, sen-
sors to continuously monitor its concentration. CO, must be kept below 0.15-0.2% to
allow proper degreening. High CO, levels in the atmosphere may induce acetaldehyde
and ethanol production with the consequent risk of off-flavors in fruit [20]. The oxy-
gen concentration has to remain above 20% because, apart from its role in respiration
activity, oxygen is necessary for chlorophyll degradation and carotenoid biosynthesis.
Therefore, adequate ventilation is essential to supply oxygen and remove CO, accu-
mulation in degreening chambers. Moreover, during degreening treatments, keeping
relative humidity at around 95% is desirable to obtain satisfactory peel color change
results and to avoid fruit dehydration and skin alterations [28].

3. Physiological disorders

Apart from the benefits that exogenous ethylene application during degreening
treatment can provide to improve fruit coloration, it can lead to physiological altera-
tions in fruit if the process is not properly carried out.

The negative effects associated with exposing the fruit to exogeneous ethylene
are related to an accelerated senescence process, which can lead to major quality
loss and a shorter shelf-life [26, 29]. These undesirable effects depend mainly on the
concentration and duration of fruit exposure to ethylene, but also affect atmospheric
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conditions, such as low humidity, excessive temperature, and high CO, concentra-
tions. The incidence of these alterations also depends on the cultivar, preharvest con-
ditions, and the treatment of the postharvest condition. In most cases, these disorders
do not appear immediately after the degreening process but are manifested later
during storage until marketing [16]. Special care must be taken when fruits are to be
shipped at low temperatures, which occurs with exports to countries with quarantine
requirements because low temperatures after degreening can accelerate the manifes-
tation of these alterations. Therefore, to avoid possible fruit disorders, treatment must
be carried out under careful conditions by considering all the factors involved in the
process, as well as the conditions to which fruit are subjected after degreening.

The most frequent physiological disorders associated with incorrect degreening
treatment are described below.

3.1 Calyx senescence

Calyx drop and browning are the main physiological disorders associated with
incorrect degreening (Figure 1). Keeping the calyx fresh during the postharvest life
of citrus fruit is a quality requirement because fruits are commercially more attrac-
tive, and it also protects the fruit from fungal infection upon abscission [30].

Ethylene is a vegetal hormone that promotes tissue abscission and senescence in fruit
[31]. Low atmospheric ethylene levels (<0.01 pL/L) reduce this disorder during long-term
storage, and its accumulation during cold storage has been related to calyx senescence [32].

During degreening treatment, ethylene application has been reported to increase
the activity of both polygalacturonic acid enzyme (PG) and cellulase (Cx), which
promote browning and calyx abscission [33]. The incidence of calyx senescence
triggered by degreening depends mainly on the ethylene concentration and process
duration [26, 30, 34], and it is also very cultivar dependent. Clementine mandarins
‘Marisol’ and ‘Oronules’ have been shown to be more sensitive to calyx senescence
than ‘Clemenpons’ and ‘Clemenules’ [35]. Other citrus cultivars, such as ‘Satsuma’
mandarin and ‘Navelina’ orange, are extremely sensitive to calyx senescence [6, 26].
Despite these calyx disorders appearing sometime after degreening, their incidence is
accentuated with post-treatment storage time.

Figure 1.
Calyx senescence. Browning and drop of the calyx.
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Many studies have focused on finding solutions to prevent calyx senescence
during degreening. Using auxins has been one of the effective treatments in control-
ling this alteration. Synthetic auxin 2,4-dichlorophenoxyacetic acid (2,4-D) has been
extensively reported as a treatment to retard calyx abscission, drying, and browning.
It occurs as a consequence of exposing the fruit to ethylene during degreening treat-
ment [30, 34, 36]. This auxin’s mechanism of action is to reduce PG and Cx activities
and to increase the lignin and water contents of fruit peel [37]. Despite this auxin
having been widely employed and proving useful, it has been restricted by current
European Union legislation, hence the need to find other synthetic auxins to avoid
physiological changes in the calyx [33, 35].

Carvalho etal. [35] tested four synthetic auxins (2,4-dichlorophenoxy propionic
acid (2,4-DP); 3,5,6-trichloro-2-pyridyloxyacetic acid (3,5,6-TPA); 2,4-D isopropyl
ester; 2,4-D-amine) for retarding the calyx disorders caused by degreening in dif-
ferent clementine cultivars. All the evaluated auxins reduced calyx senescence. In
all the cultivars, the best results were obtained by applying 3,5,6-TPA, followed by
2,4-D isopropyl ester. In contrast, the treatment with 2,4-DP had a positive effect on
avoiding calyx disorders, but only in ‘Clemenpons’ mandarins, and this effect was
not observed in the other studied cultivars. Although auxin treatments can delay
color evolution, they had no negative effect from a commercial point of view in all
the studied cultivars because, after degreening, all the treatments had a commercially
acceptable color index. Moreover, no auxin treatment affected the sensory quality of
degreened fruit.

The application of 3,5,6-TPA at different concentrations (10, 20, and 40 ppm)
under commercial degreening conditions has been well-studied with many varieties.
The higher the 3,5,6-TPA dose, the lower the percentage of affected fruit with calyx
alteration symptoms [38, 39]. In fact, 3,5,6-TPA is currently used in the postharvest
industry at a dose of 40 ppm and is applied with drenchers [39].

Other plant growth regulators, such as HF-Calibra® (SIPCAM INAGRA, Spain)
with active ingredient MCPA-thioethyl (S-Ethyl-4-chloro-o-tolyloxythioacetate),
have been tested in the most important Spanish early-season citrus varieties subjected
to degreening treatment at different concentrations (10, 20, 40, and 60 ml/L) [26].
That study revealed that this auxin contributes to decreasing calyx senescence trig-
gered by exogenous ethylene. The higher the applied dose, the stronger the effect on
preventing calyx abscission.

Another technique to avoid the negative effect of ethylene on calyx senescence is
degreening treatments which combine different exposure periods with and without
ethylene. This has been evaluated with mandarins and oranges to be exported to the
USA from Spain [6, 24]. Optimal degreening process conditions have been established
according to both the initial external color and variety [40]. These recommendations
are provided in Table 1.

Recently, treatments with Oligochitosan and Chitosan (poly-f-(1,4)-D-
glucosamine) have been demonstrated to reduce calyx browning caused by degreen-
ing treatment, which has been linked with the inhibition of protopectin, cellulose,
and lignin degradation [33].

3.2 Peel disorders

Some citrus cultivars with very thin skin, especially mandarins, can manifest
bruising symptoms when they pass along packing lines after being degreened.
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Initial Citrus EU USA-Japan

Color Index R R

(CCI=1000%a/L*b) Mandarins Oranges Mandarins Oranges

CCI<-13 Not recommended

-13>CCI<-5 72 hwith Not 48-72 hwith Not recommended
ethylene recommended ethylene

—5>CCI< +3 48 hwith 72 hwith 48-72h 48-72 h with
ethylene and ethylene without ethylene
72 h without ethylene
ethylene

CCI > +3 24 hwith 48 hwith 24 h without 24 h with ethylene
ethylene and ethyleneand 72 h ethylene and 48 h without
48 h without without ethylene ethylene
ethylene

CCI> +7 Suitable color. Degreening treatment is not necessary

Table1.

Recommendations for the degreening treatment of Spanish mandarins and ovanges to be exported to the EU, USA,
or Japan (adapted from Pdssavo et al. [40]).

This disorder is commonly called ‘zebra skin’ and is caused by mechanical abra-
sion during the brushing or rolling of fruit in an equatorial area and the cells darken
and produce necrotic streaks in the center of fruit segments (Figure 2) [41]. This
disorder can also be manifested in non-degreened fruit, but degreening treatment
enhances susceptibility to bruising. When degreening treatment is carried out at low
humidity, elevated temperature, and high CO, levels, and for long ethylene exposure
times, the susceptibility of fruit showing zebra skin symptoms after packing increases
[42]. To avoid this peel alteration, keeping fruit in an ethylene-free atmosphere for at
least 12 h after degreening and before packaging, and delaying harvest for 5-7 days
after rainy periods, are highly recommended because skin turgidity can increase this
damage [43].

Oleocellosis is one of the main postharvest skin disorders to occur in citrus. It
is usually caused by mechanical injuries to cells in rind at harvest or on packing
lines. Broken cells release the oil, which is phytotoxic to pericarp cells and causes
browned areas on affected rind areas. Early-season citrus fruit is more susceptible
to oleocellosis [44].

When fruit is subjected to degreening treatment, the mechanical damage caused
at harvest and while transporting fruit from fields to packinghouses can lead to
olleocelosis. Damaged cells, in which oil extravasation occurs, do not change color
during degreening treatment, which leaves green areas on the rind (Figure 3).
Moreover, the more turgid rind cells are, the more susceptible fruit are to mechanical
damage and they, consequently, show oleocellosis. High environmental humid-
ity, rainy days, or excess irrigation increase fruit peel turgidity, and it is advisable
to avoid harvesting after rain or picking fruit early in the morning to avoid dew.
Waiting for 24 h from harvesting before handling in containers is also recommended
[45]. In addition, cultivar can be a relevant factor since as higher is the density of oil
cavities, greater volume, and their position in the pericarp higher is the incidence of

the disorder [46].
Another physiological disorder that can be accentuated by postharvest degreening
is stem-end rind breakdown (SERB).
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Figure 2.
Zebra skin’ peel disorder caused by mechanical abrasion in packing line.

Figure 3.
Oleocellosis symptoms after degreening treatment.

SERB symptoms cause the peel tissue around the calyx to collapse, which
becomes dark and sunken (Figure 4). SERB is due to excessive water loss and usually
appears 2 and 7 storage days after packaging. The fruit that develops this disorder
tends to rot more easily. Thinner-skinned fruit grown in humid growing environ-
ments, such as Florida, tend to be more prone to SERB than thicker-skinned fruit
from arid environments [47]. Including a holding period for 12 to 24 h after degreen-
ing treatment and before packing is recommended to avoid SERB. Beneficial effects
of ethylene on fruit have been reported; for example, ethylene has been related as a
contributor to new wax formation. It also increases the total soft epicuticular wax
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Figure 4.
Stem-end rind breakdown (SERB) damage.

content in mature citrus fruit, which decreases transpiration, maintains the water
balance, and regulates the gas exchange in plants [48].

3.3 Pathological disorders

It has been reported that degreening can aggravate the incidence of some fungi.
However, the effect of treatment depends on process conditions. The effect of
degreening on Penicillium spp. development depends on the temperature at which
treatment takes place. When degreening is performed at 20-22°C (Mediterranean
Region conditions), the Penicillium incidence rises because these temperatures are
close to optimal for this fungus to develop [21]. Nevertheless, when treatment is
carried out at high temperatures (28-29°C) as in Florida, the action of this fungus
is inhibited [49]. In this case, treatment can even be seen as curing, which lowers
the Penicillium incidence. It has also been reported that Penicillium incidence in
degreened fruit is maturation-dependent, and more mature fruit generally show
greater severity [50]. After degreening, traditionally the selection of the fruit affected
by Penicillium has been manually done, but artificial vision and hyperspectral
imaging methods have been recently developed for the early detection of affected
fruit [51]. In addition to sorting and discarding affected fruit, the application of
washing, sanitation, and specific antifungal treatments before degreening is highly
recommended.

Degreening may enhance the anthracnose incidence because ethylene induces
conidia germination, appressoria formation, and Colletotrichum gloeosporioides germi-
nation due to more accessible nutrients on fruit surfaces [52]. The development of this
disease depends on ethylene concentration and treatment duration [53].

Another disease associated with degreening is stem-end rot (SER) caused by
Diplodia natalensis. SER develops from latent infections by this fungus established
in necrotic fruit button tissue. After harvest, this fungus reactivates and infects fruit
through the natural openings that form between fruit and buttons during button
separation upon abscission [54]. The SER incidence can be enhanced by degreening
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treatment when the temperature comes close to 30°C and the ethylene concentration
is high [37].

4. Effect of degreening on bioactive compounds

Nowadays, consumers demand fruit with, in addition to an attractive appearance,
high sensory and nutritional quality. Citrus fruits are known for their health-pro-
moting benefits due to their high content of bioactive compounds with antioxidant
properties. The antioxidant activity of citrus fruit is due to the water-soluble fraction,
including vitamin C and polyphenols, and also to the apolar fraction that contains
carotenoids. Despite the common dogma that ethylene has a minor effect on the inter-
nal ripening processes of citrus fruit, it has not been systematically examined [55].

About the physicochemical parameters of firmness, total soluble solids (TSS),
and acidity, there are many reports that ethylene application does not modify them in
different citrus cultivars [27, 55-57]. Nevertheless, the effect of degreening on these
attributes can differ depending on the citrus cultivar. In a study that compared three
early citrus cultivars, only the ‘Owari’ mandarin had higher softening and higher TSS
in degreened fruit (2 ppm, 2-8 days) than in non-degreened ones [58].

In citrus fruit, vitamin C is widely regarded as the most important water-soluble
antioxidant compound and an excellent reducing agent [59]. Vitamin C content
in Citrus sp. depends on both the maturity stage and other pre- and postharvest
factors. Many studies have focused on evaluating the effect of degreening treatment
on vitamin C content. Sdiri et al. [6] did not observe any significant reduction in
vitamin C in mandarins ‘Clemenules’ and ‘Clemenpons’ after exposing them to
ethylene (2 ppm) for 48 h, 72 h, or 120 h. Mayuoni et al. [55] performed a study
on different citrus cultivars and found no differences in the vitamin C content of
‘Star Ruby’ grapefruit and ‘Satsuma’ mandarins after degreening treatment last-
ing up to 72 h. Only ‘Navel’ oranges presented a slight detriment after 72 h, which
was attributed to the storage period after the degreening process as no differences
were found between degreened and non-degreened fruit. In orange ‘Navelina’ and
seven early mandarins (‘Basol) ‘Clemenrubf, ‘Clemenpons’, ‘Clemenules’, ‘Orogros,
‘Oronules’, ‘Prenules’), no differences were observed between the degreened fruit
with ethylene (2 ppm, 120 h) and the untreated fruit after cold storage to simulate
quarantine conditions (1°C, 16 days), plus a shelf-life period (20°C, 7 days) [24]. In
tangerine ‘Batu-55’, a 24-hour degreening treatment at 1, 3, or 5 ppm did not influ-
ence vitamin C content [60]. About grapefruit, no differences have been reported
in ‘Star Ruby’ between non-degreened and degreened fruit with ethylene (2 ppm,
60 h) after a 21-day storage period at 10°C (to simulate the shipment period) and
followed up to 14 days at 20°C (to simulate retail store conditions) [56]. However,
in other studies ethylene has been reported to induce an increase in vitamin C.
Chaudhary et al. [57] detected more vitamin C in degreened ‘Rio Red’ grapefruit
(3.5 ppm ethylene, 72 h) after 35 storage days at 11°C than in non-degreened
fruit. Sdiri et al. [61] also observed a slight increase in L-dehydroascorbic acid in
degreened ‘Clemenules’ and ‘Clemenpons’ mandarins after simulating a shelf-
life period (20°C, 7 days). This increased vitamin C content could be due to the
dominant expression of the gene encoding L-galactose-1-phosphatephosphatase
(GPP), an enzyme that is related to vitamin C biosynthesis, after finding rising GPP
transcript levels in ethylene-treated tomatoes [59].
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The exogenous ethylene effect can affect the enzymes involved in plant metabolic
pathways, such as phenylalanine ammonia-lyase (PAL), the first enzyme in the
phenylpropanoid pathway, or chalcone synthase (CHS) [62]. Regarding phenolic
compounds (flavanones, flavones, polymethaoxy flavones, flavanols, hydroxybenzoic
acids, and hydroxycinnamic acids), no ethylene effect has been observed in oranges
‘Navel’ and ‘Valencia Delta) ‘Batu-55’ tangerine and ‘Star Ruby’ grapefruit when sub-
mitted to degreening [55, 56, 60, 63]. Sdiri et al. [24] studied the influence of ethylene
exposure on the phenolic profile of eight early-season commercial citrus varieties
during degreening treatment (2 ppm, 120 h), plus the simulation of quarantine con-
ditions (1°C, 16 days). Only the flavanones profile was modified in the ‘Clemenrubi’
and ‘Clemenpons’ mandarins, whose fruit had been exposed to ethylene and showed
the highest total flavanones content after the shelf-life period. An increase in phenolic
compounds has also been reported in other studies. Higher total phenolic content
has been found in the juice of lemon ‘Fino’ obtained from degreened fruit compared
to non-degreened fruit [19]. In ‘Rio Red’ grapefruit, Chaudhary et al. [57] showed
that degreened fruit exhibited higher limonin and flavonoids contents and lower
furocoumarin levels (mainly 6-7-dihydroxybergamotin) than non-degreened fruit
after 7 days of cold storage at 11°C. Nevertheless, in grapefruit ‘Rio Red’, no differ-
ences were detected between degreened and non-degreened fruit at the end of the
study period (21 days at 11°C, plus 14 days at 21°C). Chaudhary et al. [16] evaluated
the effect of ethylene concentration on the flavonoid profile in the same cultivar and
found that the 10 ppm-degreened fruit had significantly higher contents for most of
the phytochemicals measured compared to the 5 ppm-treated fruit.

Although exposing citrus fruit to ethylene induces carotenoid accumulation in
peel [12], scarce information is available about the effect of degreening treatment on
the carotenoid content in juice sacs. Matsumoto et al. [17] studied the effect of fruit
exposure to different concentrations and temperatures on the carotenoid accumula-
tion in the flavedo and juice vesicles of satsuma mandarins. The results of their study
revealed that carotenoid synthesis in citrus was temperature-sensitive, and this
effect was tissue-dependent. Storage at 20°C increased carotenoid accumulation in
flavedo and maintained carotenoid content in juice sacs. However, storage at 5°C
and 30°C slightly increased carotenoid content in flavedo and decreased contents in
juice sacs. No exogenous ethylene effect on carotenoid content in the juice sacs of the
fruit stored at 20°C and 5°C was observed. Chaudhary et al. [16] also reported that
ethylene exposure did not affect the f-carotene and lycopene contents in ‘Star Ruby’
grapefruit juice during degreening treatment.

Therefore, by considering these recent findings, we conclude that degreening
treatment can be used to enhance early citrus fruit peel color with minimal effects on
nutritional quality.

5. Sensorial quality of degreened citrus fruit

Some studies have pointed out that degreening can impair the taste quality of citrus
fruit [55, 64, 65]. Sometimes not using degreening has even been the objective to differen-
tiate citrus fruit by assuming a superior organoleptic quality as in Protected Geographical
Indication (PGI) ‘Clémentine de Corse’ [66]. Nevertheless, other studies report that
degreening treatments performed under standard conditions do not affect sensory citrus
fruit quality [6, 18, 67]. Alteration to the organoleptic quality of degreened fruit has been
mainly related to low temperature during their posterior storage period [68].
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There are many volatiles responsible for a flavor or aroma sensation in citrus fruit.
Moreover, combinations of volatiles yield different flavors than those expected from
individual compounds [69]. Citrus fruit presents a complex profile of volatile organic
compounds (VOCs), and it is possible to find complex combinations of a subset of
up to 300 compounds [70]. Of these, aldehydes and esters are the compounds with
the strongest impact on citrus aroma. Changes in the aroma-active compounds of
degreened citrus fruit have been reported as being extremely variety-dependent. The
changes in the volatile profile of several citrus fruit cultivars submitted to degreening
treatment, plus 16-day storage at 1°C and shelf-life, have been studied [71]. While
the aroma active compounds of ‘Clemenules’ and ‘Navelina’ are not influenced by
ethylene exposure, ‘Oronules’ and ‘Clemenrubi’ presented higher levels of some
esters, such as ethyl propionate and ethyl octanoate, in degreened fruit than in non-
degreened fruit. Other cultivars, such as ‘Basol’ and ‘Prenules’ mandarins have shown
few changes caused by ethylene. It should be noted that despite the effect of degreen-
ing on certain volatile compounds in some of these varieties, no differences in sensory
quality were observed. Mayuoni et al. [55] detected a minor effect of degreening
treatment (4 ppm, 72 h) on volatiles content and composition in the juice of ‘Navel’
oranges, ‘Star Ruby’ grapefruit, and ‘Satsuma’ mandarins. While ethylene exposure
did not affect the flavor of oranges and grapefruit, a slight detriment to sensory
acceptability was observed in mandarins.

In recent years, several studies have reported no negative degreening effects on
sensory citrus fruit properties. In ‘Owari), ‘Clemenules’ and ‘Oronules’ mandarins and
in ‘Navelina’ oranges, Morales et al. [58] have shown that exposure to ethylene (2 ppm
for 2-8 days) does not bring about any significant changes in internal sensory char-
acteristics. In fact, consumers were unable to detect the effect of ethylene degreening
on physicochemical parameters, although slight differences in soluble solids and
acidity were noted in some cultivars. The ethylene degreening treatment has been
shown to increase consumer purchase intention. In ‘Fino’ lemons, a sensory analysis
determined that degreened fruit subsequently stored for up 28 days at 10°C obtained
a similar overall liking to non-degreened fruit. In addition, degreened lemons were
perceived as having a better typical lemon aroma than non-degreened lemons [19].

6. Conclusion

We conclude that postharvest degreening treatment is a very useful tool for
achieving attractive external citrus fruit color to advance the commercial season
without affecting the internal quality, flavor, and nutritional properties of citrus
flesh. However, it is necessary to bear in mind that this treatment must be carried out
with utmost care to avoid possible physiological disorders on fruit peel. To this end, it
is necessary to establish all the process parameters by taking into account the variety
to be treated and the optimum harvesting time.
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Chapter 5

Citrus Mineral Nutrition and
Health Benefits: A Review

Abduljelili Uthman and Yahaya Garba

Abstract

Citrus fruit is one of the most important fruits all over the world. Citrus fruits are
essential sources of food and energy and play a critical role in supplementing healthy
diets. They contain vitamins A, E, and B (thiamine, riboflavin, and niacin), minerals,
and antioxidants such as flavonoids, vitamin C, phenolic compounds, and carotenoids
as nutrients present in them. Mineral nutrients are essential nutrients found in many
different types of plant and animal-based foods. Macro-minerals are required in large
amounts while trace minerals are needed in minute quantities such as iron, zinc, and
copper. Potassium is a vital nutrient in citrus fruit which regulates fruit size, fruit
appearance, fruit color, and vitamin content. Fresh size and mass, percentage of
rind and juice, soluble solids content (SS), titratable acidity (TA), SS/TA ratio, and
industrial yield, expressed in kg of sugar per 100 kg of processed fruit or SS per box
(40.8 kg) are used to evaluate fruit quality in citrus fruits. The amount of potassium
below 0.4% affects tree development; otherwise, over an extensive range of variation
does not generally affect plant growth. Potassium is one of the abundant elements in
citrus fruits that affect both yield and quality. This chapter reviews the role of mineral
nutrients in citrus production and the roles play in the human body.

Keywords: mineral nutrient, citrus fruit, Potassium, Nitrogen, macronutrients

1. Introduction

Citrus is a genus of evergreen tree or shrub that belongs to the family of Rutaceae
and a native to the subtropical and tropical region of Asia [1]. There are several
species of the genus citrus which include sweet orange (Citrus sinensis), mandarins
(C. veticulata, C. clementina, C. deliciosa, C. unshiu and others), lemon (C. limon),
limes (C. aurantifolia, C. latifolia, C. limettioides, C. limetta and others), grapefruit
(C. paradisi), sour orange (C. aurantium) and shaddocks (C. grandis) [2, 3]. Citrus
fruit is a very popular and important fruit that is cherished all over the world in the
form of fruit salad, mixed salad, fruit juice, drink, and condiment in several kinds of
preparations [4]. One-third of total citrus fruit production comes from orange juice
production and this account for 80% of citrus fruit processing. The world produc-
tion of oranges was estimated to be 76 million metric tons in 2019-2020, the largest
producers were led by Brazil, China, India, the USA, Mexico, Spain, and Egypt [5].
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Global citrus production reaches to 144 million metric tons in 2020. China ranking as
the biggest producer of citrus followed by Brazil, India, Mexico, Spain, Egypt, Iran,
and South Africa [5].

Mineral nutrients are essential for plant growth and development. They are
the major class of food components necessary for the maintenance of physiologi-
cal conditions that are essential for life [6, 7]. These essential nutrients are found
in many different types of plant and animal-based foods. Mineral nutrients are
classified into macro-minerals and trace elements. Macro-mineral is required in
greater amounts and include calcium, potassium, sodium, phosphorus, magne-
sium, chloride, and sulfur whereas trace minerals are needed in smaller amounts,
which may include iron, zinc, selenium, manganese, copper, iodine, cobalt, and
fluoride. Both types of minerals support building, and maintaining healthy bones
and teeth and also help to keep the muscles, heart, and brain working properly
[8, 9]. Plants are the major sources of mineral elements in our diets; these
substances are not synthesized in plants but are absorbed from the soil and the
atmosphere. Therefore, the amount of minerals absorbed by the plants depends
largely on the nutrient content and compositions of the soil where they were
grown among other environmental factors [7, 10]. Additionally, nutrients play a
significant role in soil fertility and make it more productive for plant growth [11].
Mineral nutrients required by citrus trees are in large quantities in order to attain
adequate growth and yield, and the requirements for some of the nutrients vary
with soil fertility and type.

Trace elements in fruit may be influenced by the amount of mineral composi-
tion of the soil, irrigation water, weather conditions, and the types and amounts
of fertilizers used. There is a significant impact of fruit variety on mineral content
[12, 13]. Trace metals in fruits are selectively accumulated and pineapple, for
example, accumulated a high level of manganese as compared to other fruits stud-
ied [14]. The citrus pulp is recognized as providing some mineral elements such
as potassium, calcium, phosphorus, or magnesium for human nutrition but there
are other parts of the fruit that also contain these elements. The peels of orange,
lime, and mandarin are not recognized in nutrition because they are non-edible
components. But these peels of the fruits (orange, lime, and mandarin) like in their
pulps are promising sources of mineral elements which can be used for their health
properties in food products [15]. These properties can also be applied to food as a
source of functional compounds [15].

2. Chemical composition of citrus fruits

Valuable natural chemicals in citrus fruits are an excellent source of different
nutrients like carbohydrates, fiber, mineral elements, and vitamins required for the
human body, including vitamins C, vitamins B, potassium, phosphorous, and other
elements (Table 1). Citrus fruits contain an impressive list of other essential nutrients
both glycaemic and non-glycaemic carbohydrates (sugar and fiber).

Vitamins A and E, B vitamins (thiamine, riboflavin, and niacin), minerals, and
antioxidants such as flavonoids, vitamin C, phenolic compounds, and carotenoids
are many nutrients present in citrus fruits. They also contain dietary fiber, which has
a positive stimulatory effect on the immune system, cardiovascular, and digestive
systems [17].
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Component C. Sinensis Citrus C.reticulate  C. aurantiifolia Citrus C. Limon
paradisi aurantium
Moisture (g) 88.4 88.5 87.8 84.6 876 85
Protein (g) 0.8 1 09 1.5 0.7 1
Fat (g) 0.3 0.1 0.3 1 0.2 09
Fiber (g) 0.5 — — 1.3 0.3 1.7
Carbohydrates 9.3 10 10.6 10.9 10.9 111
(g)
Ash (g) 0.7 04 04 0.7 0.3 0.3
Calcium (mg) 40 30 50 90 26 70
Phosphorous 30 30 20 20 20 10
Iron (mg) 0.7 0.2 01 0.3 0.3 2.3
Thiamine (mg) — 0.12 40 0.02 — 0.02 (in
juice)
Riboflavin — 0.02 — 0.03 — 0.01 (in
(mg) juice)
Niacin (mg) — 0.3 — 01 — 0.01(in
juice)
Vitamin C (mg) 50 — 68 63 30 39 (in
juice)
Carotene, pg — — 350 15 1104 —
Energy, K cal 43 45 — 59 48 57
Table 1.

Chemical composition of citrus fruits (per 100 g of edible portion) [16].

3. Potassium interaction with other nutrients

The positive effect between nutrients can be enhanced by the balanced applica-
tion of two nutrients i.e. synergistic interaction. Antagonistic effects occur where an
increase in one nutrient reduces the uptake and function of the other, thereby result-
ing in reduced crop quality. For example, the rate of Mg uptake can be depressed by
Ca and vice versa [18]. This is due to higher affinity to Ca than to Mg in root plasma
membrane binding sites [19]. The application of phosphorus is reported to reduce
plant uptake and utilization of zinc [20, 21]. More so, an increase in the use of nitro-
gen fertilizer led to increasing in the uptake and utilization of zinc in plants [21].
Nitrogen and potassium in the fruits account for most of the nutrients removed from
the soil by citrus trees each year and the interaction of K with N is considered the
most important interaction. The process of converting inorganic nitrogen to organic
nitrogen compounds is energy-consuming. Therefore, inorganic nitrogen absorbed
by plants must be converted into amino acids and protein as much inorganic nitrogen
is of no use to the plant. Good K nutrition favors the rapid turnover of inorganic
nitrogen into proteins and consequently, potassium improves the effect of nitrogen
fertilizer.

Mg uptake by the plant can be inhibited by the presence of high K concentra-
tions in the soil and this may also induce Mg deficiency in plants [22]. K may also
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be reducing Ca uptake, where the soil is low or deficient in Ca despite the strong
predominance of Ca on the exchange sites of the soils [23]. It is evident that K affects
significantly the absorption and utilization of other nutrients by plants, and the
appropriate K level differs in different crops.

Kand N metabolism relationship has been evaluated in some studies. In contrast
to the antagonistic relationship between K* and NH," nutrition, a positive correla-
tion was found to exist between the acquisition rates of K* and NO;™ [24, 25] and
the synthesis of amino acids and proteins can be enhanced by a sufficient supply of
K, which promoted N metabolism [26, 27]. Potassium (K) deficiency was found to
reduce Nitrate reductase (NR), Glutamine synthetase (GS), and Glutamate synthe-
tase (GOGAT) activities and this inhibited nitrate absorption in certain plants [28].
More so, K deficiency was reported to up-regulate the activities of GS and Glucose
dehydrogenase (GDH) in Arabidopsis [29]. The metabolism of N affected by K
appears to vary in different types of plants. Meanwhile, the K concentration has a
significant impact on C metabolism, and the metabolic process and energy level
that exist between C metabolism and N metabolism show a strong interaction [30].
K supply of 6 mM to apple dwarf rootstock seedling was optimal; as it promoted
photo-assimilate transport from leaves to roots and increased nitrogen use efficiency
(NUE) which influences photosynthesis. This also enhances C and N metabolizing
enzyme activities, nitrate assimilation gene activities, and nitrate transport [31].

4. Effect of deficiencies of mineral elements in citrus production

When plants are potassium (K) deficient, it affects the rate of photosynthesis.
Nitrogen in large quantities with a little amount of K has resulted in having drops in
protein used as building blocks, disease start setting up, reduction in carbohydrates
production, reduction in fruiting, increasing fruit split, creasing of fruit, and drop
in plugging. A decrease in yield and low fruit quality can be as a result of a shortage
of K. Negative effects of low K generally occur on fruit yield and quality before leaf
deficiency symptoms. K in the leaf range of 0.5-0.8% has been observed to have
decreased yield and small fruit while K concentrations of 1.2% or more produced
the maximum yield of high-quality fruit [32]. No visual deficiency symptoms were
observed with moderately low concentrations of K in the tree which cause a general
reduction in growth [32] and production is seriously impaired when there is an onset
of visual deficiency symptoms in leaves.

Mineral deficiencies in certain plant may develop into leaf chlorosis symptoms.
Different mineral deficiencies in citrus can result in distinct chlorosis patterns. Mg
deficiency symptoms may appear as leaf interveinal chlorosis, with chlorotic develop-
ment and necrotic lesion which occurs in later stages, particularly under high light
intensity [33, 34]. Citrus trees with inadequate Mg may have no symptoms in the
spring growth flush, but leaf symptoms develop as the leaves age and the fruit expand
and mature in the summer and fall. Magnesium deficiency symptoms occur on
mature leaves following the removal of Mg to satisfy fruit requirements.

Potassium-deficient plants as observed [35] do not develop leaf chlorosis but
resulted in less biomass and some changes in nitrogen metabolism. The result of the
experiment also shows that magnesium deficiency produced leaf chlorosis symptoms
and loss of chlorophyll in the leaf. Reduction in nitrate concentrations brought about
a partial impairment of the nitrate reductase system and this is due to effects on
nitrogen metabolism [35].
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Calcium deficiency was the only treatment that revealed profound effects on
the nitrogen economy of citrus leaves. Remarkable lower nitrogen level in leaves
and reduced nitrate concentration was observed in calcium deficient [35]. Calcium
deficiency with nitrogen metabolism interference resulted in an extreme reduction of
the free amino acid pool. The most abundant free amino acid in citrus is proline [36]
and glutamic acids, the precursor of proline synthesis were most severely affected
[37]. More so, a change in the protein level of Ca-deficient leaves might be caused by
the decline in the level of ribulose bisphosphate carboxylase (RuBPcase) [35]. High
concentrations of NH, *, K*, Ca?*, Mn*, and SO, >~ in the soil can induce magnesium
deficiency [38]. The uptake of Mg, Ca, and other cations by the citrus plant are usu-
ally interfered with by the high concentration of potassium (K) available in the soil
either due to excessive use of fertilizer or natural soil minerals [39].

5. Mineral element as a factor influencing quality of fruits in citrus
production

Inadequate mineral nutrition, whether due to deficiency or excess, may generate
poor fruit quality. Therefore, it is necessary to achieve nutritional balance, in order to
allow plants to grow vigorously and better tolerate biotic and abiotic stresses. Fresh
size and mass, percentage of rind and juice, soluble solids content (SS), titratable
acidity (TA), SS/TA ratio, and industrial yield, expressed in kg of sugar per 100 kg
of processed fruit or SS per box (40.8 kg) are usually used to evaluate fruit quality in
citrus fruits.

Nitrogen, phosphorus, and potassium are the most important nutrients that influ-
ence fruit quality of citrus fruits. However, deficiency or excesses in other nutrients
have negative effects on fruit yield and quality [40]. Nitrogen (N) increases juice
content, total soluble solid (TSS) per box and per acre, and acid content. However,
excessive N can induce excess vigor and promote a vegetative rather than a flowering
tree, and this can result in lower yields with lower TSS per acre. In contrast, poor
fruit yields are produced when there is a low N level but promoted extensive flower-
ing. Soluble solids: acid ratio increased with phosphorus but acid content reduced
[40]. Fruit production, fruit size, green fruit, and peel thickness of citrus fruits are
increased with potassium. Foliar spray of potassium nitrate or monopotassium phos-
phate in the spring often increases the fruit size of tangerine and grapefruit, and the
fruit size and total pound solids of Valencia orange [40]. The use of urea can increase
flowering and fruit set by foliar application (from 6 to 8 weeks before bloom) [40].

Productivity in low-fertility tropical soils can be enhanced by the use of fertilizer
and this supports adequate mineral nutrition of citrus. Nitrogen (N) and potassium
(K) fertilizers to some extent produce an increase in fruit yield and quality of citrus
trees [41, 42]. Potassium also affects external fruit characteristics, in such a way that
as the K supply increases, fruits become larger and coarse. But, K deficiency resulted
in areduction in the number and size of fruit in all citrus varieties and the soluble
solids content of juice also decrease [42].

Citrus fruit requires high mineral nutrient amounts in order to express their full
growth, yield, and fruit quality potential. In some cases, soil mineral concentra-
tions are at sufficiency levels. However, it is necessary to apply acidity correctives
for nutrients to become available and be used by the plant. The main macronutrient
effects observed on citrus fruit quality include; an increase in juice color intensity,
soluble solid (SS) and titratable acidity (TA), rind thickness increases, and color for
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nitrogen (N) [43]. They also observed reduction in titratable acidity and phosphorus
(P) increases SS/TA ratio; potassium decreases SS, SS/TA ratio and juice color; while
Mg was reported to have slight SS, SS/TA ratio, fruit fresh mass, and size increase
and reduced rind thickness [43]. However, there is a need to validate these statements
as citrus fruit quality is the product of complex actions that involved several factors,
acting individually or together.

6. Roles of potassium in citrus production

Potassium (K) alongside nitrogen is one of the most important nutrients for citrus
production. It is needed for enzyme activation, cell division, photosynthesis, pho-
tosynthate transport, and osmoregulation. Potassium is required in more quantities
in the meristematic tissues, buds, leaves, and root tips of citrus plants [44]. It plays
important role in maintaining an anion-cation balance in cells, involved in protein
synthesis, opening and closing of stomata, activation of enzymes, and in the turgidity
of cells [45]. Potassium regulates the value of fruits through its influence on the size
of the fruit, appearance of the fruit, fruit color, and vitamin contents [46].

This important nutrient plays a key role in stimulating photosynthesis, maintain-
ing rapid root growth, and synthesis of protein from amino acids [47]. It helps to keep
the stability of electric charges - an essential for ATP formation in plant chloroplasts.
Stability in pH will counterbalance the insoluble and soluble macromolecular anions
by the application of a large quantity of potassium. A wide range of potassium con-
tent in the leaves is required for the average vegetative growth of citrus plants [48].
The amount of K below 0.4% affects tree development; otherwise, over an extensive
range of variation does not generally affect tree growth [49].

Potassium (K) is the most abundant inorganic cation and is key in ensuring
optimal plant growth [50]. K is an activator of dozens of important enzymes, such as
protein synthesis, sugar transport, nitrogen and carbon metabolism, and photosyn-
thesis. It plays an important role in the formation of yield and quality improvement
[51, 52]. K is also very important for cell growth, which is an important process for
the function and development of plants [44]. K has strong mobility in plants, helps in
regulating cell osmotic pressure, and balances the cations and anions in the cytoplasm
[45, 53]. Through these processes, K is involved in the regulation of stomata opening
and closing, cell elongation, and other important physiological processes.

The effects of K level on plant growth have been studied by many scientists. K
applied to Red Fuji apple with 600 kg/ha K produces the highest yield and fruit qual-
ity [54]. More so, the application of 6 mM K promoted pear growth and improved
photosynthetic efficiency [55]. Treatment of potassium with 500 kg/ha resulted in
increased production of navel oranges with better fruit and quality parameters [56].
Potassium interacts with other nutrient ions. Magnesium (Mg) uptake in the soil is
inhibited by high concentrations of K and this may lead to Mg deficiency in plants
[22]. Some fruit disorders are likely to occur under low potassium conditions or high
leaf N: K ratios, like plugging and creasing, and these result in less marketable fruit.

Potassium (K) has a significant role in juice acidity properties. High K concentra-
tion increases juice acidity, while alow K concentration causes a decrease in juice
acidity properties. High K availability in the soil can reduce the uptake of magnesium,
calcium, and ammonium for plants [42]. Nitrogen (N) and potassium (K) in the fruits
are the most nutrients removed from the soil by citrus trees each year [42]. The roles
played by potassium in the plant may include; root growth enhancement, drought
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Flowering Establish good early growth
Fruit set Continued strong growth
Fruit enlargement and maturation Maximize fruit fill and fruit size, productivity, skin quality,
and vitamin C content and reduce granulation and fruit
splitting
Post harvest Maintain long-term fruit productivity
Table 2.

Potassium at citrus growth stages [58].

tolerance, decreasing water loss and wilting, improving pest and disease resistance,
and reducing stalk lodging [57]. Plants required potassium in the range of 0.5 to 2%
of dry matter, which is next to that of nitrogen. When the K level is in the ideal range,
then a satisfactory yield of fresh fruit can be attained.

6.1 General guidelines in potassium application

Potassium is more taken up by citrus fruits than any other nutrients. Potassium
application rates can be done either upon a leaf or soil analysis but soil analysis is
the most commonly used one. Potassium (also called potash) is listed on the fertil-
izer label as K,O and application rates of 0.8-1.4 Ib. K,O/tree are commonly used
in 3-5 splits during the growing season [58]. During late fruit growth, potassium

uptake usually occurred and application rates should be increased to meet this need
(Table 2).

7. Roles of mineral nutrients in human consumption of citrus fruits
7.1 Roles of potassium and sodium in citrus fruits

Citrus fruits are good sources of potassium. An orange may provide 6% of the
dietary reference intake (DRI) of potassium, while a glass of orange juice provides
10% of the DRI [59]. Potassium played an important role in regulating water, elec-
trolyte balance, and acid-base balance in the body [59, 60]. In addition to potassium,
sodium is also responsible for the regulation of water and electrolyte balance. A glass
of chilled orange juice or a few fresh oranges/mandarins is very refreshing in summer
and also provides the required electrolytes.

Citrus fruits contain much less amount of sodium than potassium, which is
important to patients with high blood pressure regulation, a condition associated with
hypertension [59]. Orange has been reported to contain more potassium than any
other citrus fruit [61]. An important property of fresh citrus fruits is their low energy
value, negligible sodium concentration, and their replacement by potassium, which
may be important for low-fat and restricted diets. Potassium in citrus fruits enhances
the normal functioning of muscles and the nervous system in the body. Without this
essential mineral, the impulse to signal the body to move could not be possible. It
helps in the contraction and flexing of the muscles in the heart and other organs [8].

Potassium is the most abundant mineral of citrus juices and accounts for 40 percent
of the total ash content [62]. Citrus fruits are low in sodium with a value relatively
low (3—-4 mg/178 ml orange juice and 4.5 mg/178 ml tangerine juice) [63]. Potassium
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content between 4 to 6 meq is available in 100 ml of orange juice [59]. Potassium
contents in orange, grapefruit, and tangerine were reported to be 237, 350, and 132 mg,
respectively [64]. Potassium intake can be increased by consuming citrus fruits and
juices. One medium orange and one 225 ml of a glass of orange juice provide approxi-
mately 235 and 500 mg of potassium respectively [65]. These two elements are the main
cations of the cell and persons with high blood pressure are usually placed on a low-
sodium diet. Although potassium deficiency in normal adults is rare, people on diuretic
medicine or on an improper diet have been known to need a supplemented intake of
this element. The study of the researchers had confirmed that citrus fruits (oranges and
pomelos) are not a rich source of sodium [66], therefore can be used in diets for people
with cardiac or kidney problems or those susceptible to osteoporosis [67-69].

7.2 Roles of calcium, magnesium, and phosphorus in citrus fruit

Calcium and magnesium are the two major divalent cations of citrus fruit. These
cations are found between 8 and 15 mg/100 ml in orange, tangerine, and grapefruit
juices [63]. These two mineral nutrients contributed 2-3 percent U.S. RDA per serving
of 177 ml in citrus juices. Phosphorus is a bivalent cation present in the blood cells as
phosphates, in protein, lipids, and carbohydrates, and in adenosine triphosphate and
adenosine diphosphate (ATP and ADP). The U.S. RDA for phosphorus is 1 g; orange
juice and grapefruit juice contain between 14 to 20 mg per 100 ml of phosphorus [63].
Citrus fruits compared to other fruits, such as apples, pears, melons, peaches, plums,
mangoes, and bananas, are a valuable source of calcium, which plays an important
role in building hard, strong bones [59].

The citric acid in orange juice may act as a chelating agent and thus increase cal-
cium absorption by preventing the formation of insoluble salts. They are also a valu-
able source of phosphorus, which together with calcium, participates in the formation
of strong bones and teeth [70]. Pulp from one pomelo fruit (about 600 g) provides
9 to 16% of the DRI for phosphorus while the rind (about 320 g) also provides about
30-40% less of the DRI for phosphorus than the pulp [71]. Phosphorus is important
in the diet of young people, pregnant and lactating women. Plant seeds (beans, peas,
cereals, and nuts) and fruits contain phytic acid (also called phytate), that is not
directly available to humans [71]. Phosphorus in citrus fruit is an essential element in
the building blocks of life; the ribonucleic acids (RNA), which is required for many
additional biochemical and physiological processes that include energy transfer,
protein metabolism, and other functions [72]. Calcium is highly implicated in the
maintenance of firmness of citrus fruits [73] and its requirements in fruits are related
to cell wall stability and membrane integrity [74]. Magnesium is an important primary
constituent of chlorophyll and as a structural component of ribosomes, which helps
in their configuration for protein synthesis [75]. It is also required for the maximum
activity of almost all phosphorylating enzymes in carbohydrate metabolism.

7.3 The roles of copper, zinc, iron, and manganese in citrus fruits

Trace metals (copper, zinc, iron, manganese, etc) are needed in the body in a small
or minute quantity. These plant nutrients are supplied in citrus fruit during their cul-
tivation. They are important in many metabolic activities of the body. Iron content in
one orange (200 g) can provide about 2 mg of iron. Two oranges a day can give 4 mg,
which would be more than 10% of the Recommended Dietary Allowance (RDA) in
the USA. The RDA is set assuming a 10% rate of intestinal absorption [76, 77].
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Oranges and pomelos are the fruits richest in iron and copper, they could be rec-
ommended in cases such as hemoglobin production disorders resulting from a defi-
ciency of these elements [61]. Pineapple contains copper, which regulates the heart
rate and blood pressure [78]. Manganese in pineapple juice help to build strong bones,
connecting tissues in the body and boosting the immune system [79]. A person can
get rid of nausea, constipation, throat infections, and intestinal worms by consuming
pineapple juice [79]. An equally important micronutrient is zinc, which protects the
body against oxidative stress and stimulates immune mechanisms [80]. Its content in
the peel of orange, lemon, and all grapefruit varieties was found to be significantly
higher than in the pulp [61]. Cereals and vegetable diets contain phytates and these
phytates inhibit zinc and calcium absorption supplied in citrus fruits therefore cau-
tion should be taken in consuming citrus fruits along with cereals and vegetables.

8. Conclusion

Citrus fruit is an evergreen tree that needs all the essential nutrients for proper
metabolic functioning. A balance between macronutrients and micronutrients is
needed to optimize the yield of high-quality fruit and maintain healthy trees that are
tolerant to pests, diseases, and other unfavorable conditions. Citrus fruits are valuable
sources of potassium, which is needed to ensure water and electrolyte balance in the
body. More so, increase consumption of citrus fruits and products provide virtually
all the mineral elements needed by the body to maintain good health and prevention
of degenerated diseases.
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Chapter 6

Citrus Virus and Viroid Diseases

Faezeh Falaki

Abstract

Citrus are cultivated in a vast area worldwide and many countries grow it. Citrus
fruits are delicious and everybody can eat it easily so many farmers like to grow them
because of the good market. This plant has many diseases that induce various kinds
of agents like fungi, bacteria, nematodes, and viruses. In this chapter, we discussed
some citrus viral diseases that are very important and dangerous for fields. First, the
Citrus Tristeza virus is explained that exists around the world. After that, you will
know about other viruses like the Citrus psorosis virus. Viroids are another agent that
causes diseases and reduces the amount of production. You learn some of them in
this chapter like Hop stunt vivoid, Citrus exocortis viroid, etc. The significant point of
knowing citrus viral diseases is in the management of diseases. The control of viral
diseases is difficult because there are no poisons or combinations to remove viruses
from infected plants. If farmers or experts know about symptoms that cause viruses
or viroids, they can report it to the related office and do some work to control it and it
is important to the agriculture industry.

Keywords: citrus, virus, viroid, diseases, management

1. Introduction

Citrus is a genus of the Rutaceae family that is flowering, small to moderate size
of trees. The genotype of citrus is available on the Ensemble website (http://www.
ensembl.org) [1]. Citrus usually grows in the tropical and subtropical regions and they
produce hesperidium fruit with a leathery rind. Important crops harvested from these
plants are Oranges, Lemons, Grapefruits, Pomelo, and Limes. Because of their taste
and benefits for humans, most countries cultivate them. The amount of citrus produc-
tion around the world is 96,812,090 tons in 2020 and the amount of area harvested is
521,000 hectares in 2020 [2]. Like other biotic organisms, plants have various kinds of
diseases and pests. So citrus as the same like others can be infected by viruses, nema-
todes, bacteria, and fungi that can impact the amount of production. One of the agents
that induce loss of production is viruses. Viruses are the smallest organism in the world
and they have 16-300 nm in diameter. It usually includes nucleic acids and proteins
that make a particle of a virus called a virion. For a long time, they are adopted specific
organisms and cells and almost all of them require alive cells or organisms for replica-
tion. Viruses are intracellular parasites because they used protein synthesis machinery
(ribosomes) in their hosts. In the other words, infected cells produce viruses’ proteins
and other components that viruses need to infect and live. Furthermore, they achieve
their energy from energy-generating metabolic pathways’ host [3].
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Plant viruses are the most indispensable agent that causes huge economic
losses. They are widespread and almost all plant species can be infected by viruses.
Characteristics of plant viruses are the same as animal viruses but their host is differ-
ent. Plant viruses cannot infect animals and animal viruses cannot cause diseases in
plants. Due to these features, recently, biotechnologists use plant viruses for curing
some diseases like cancer in humans. Until now, plant pathologists can detect various
kinds of plant viruses in plants. Because of the importance of citrus among other
crops, various kinds of viruses are introduced that we mention in this chapter. In this
chapter, you will read about the most important citrus viral disease (Tristeza) and
after that, you know about other virus diseases that are reported. Viroids are another
casual disease in plants [4]. Viroids are a subgroup of viruses. Some characteristics
of viroids are similar to viruses although they have some differences like coat protein
that viroids do not have and their genome is naked. Usually, their genome is circular
in host cells [5-7]and the replication ways are different. They follow a rolling circle
mechanism for propagation [8, 9]. The genome of viroids does not translate, so they
cannot produce any proteins. The infection of viroids is occurred by interaction with
the host factors in order to replicate and exert their pathogenic effects [9]. this casual
disorder can cause diseases in citrus and we review it in this chapter. We will read
about Exocortis and cachexia both being induced by viroids and they are a significant
effect on the production amount. We try to discuss other viroids that recently they are
reported by researchers. Briefly, in this chapter, you know about different viruses and
viroids that are important in the citrus industry.

2. Citrus viral diseases
2 .1 Citrus tristeza virus

Citrus tristeza Virus (CTV) is the most indispensable virus among plant viruses
because it causes the most damaging and economically important citrus disease [10].
It is called tristeza which means “sadness, melancholy” in Portuguese and Spanish
[11]. The casual of this disease is a virus that has one of the largest plant RNA viruses.
The virus has single-stranded, positive-sense RNA (positive polarity RNA genomes)
that is placed inside a flexuous filamentous body that forms a vision of the virus. It
is liked a snake. The genome of the virus is not any segment and it is monopartite.
The size of the genome is approximately 19.3 k bases (kb) and it can encode 12 open
reading frames (ORFs) that have various kinds of features [11, 12]. Totally, CTV has
19 proteins that each of which has a special responsibility [12]. This virus belongs to
the family Closteroviridae and the genus closterovirus [11, 12]. This virus infects the
member of the citrus genus like sour orange, grapefruit, lime, etc. that belongs to
the Rutaceae family [11, 13, 14]. This virus infects phloem-associated cells that are
responsible to transport food in the plant. So trees that are infected show a decline
and yellowish leaves and as a result, infected trees die (Figure 1). Furthermore, it
causes stem pitting in the grafting region and a reduction in fruit size and produc-
tion [14]. This virus is transmitted by infected propagating material and aphids [2, 5,
8-27]. Aphids are a significant role in transmission to remote distances. Most species
of aphids are Aphis gossypii (the melon and cotton aphid), Aphis spiraecola (green
citrus aphid), Toxoptera aurantii (the black citrus aphid), and Toxoptera citricida
(the oriental citrus aphid) [2, 28]. The last aphid is the most major aphid to transmit
because it can carry the severe strain of Citrus tristeza virus and others cannot do it.
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Figure 1.
The symptom of Citrus tristeza virus in the infected orchavd placed in the Mazandaran province, Iran. Source:
Author.

When aphids feed extract sap, virus particles penetrate to vectors’ bodies and then
viruses replicate in there. If aphids feed the healthy host, they can infect that tree, and
virus particles enter the healthy host [28]. CTV has two strains: mild isolates cause
only mild or no symptoms in sensitive citrus indicator hosts and usually result in no
economic loss. Severe isolates can cause decline, stem pitting, or both and may vary in
intensity [14, 19].

2.2 Citrus psorosis virus (CPsV)

Psorosis is another plant viral disease that is very indispensable in the infected
areas. This disease is described by Swingle and Webber (1896) first and after that
other researchers reported it in various kinds of citrus cultivation regions. In fact,
this disease is an ancient disease among other citrus viral diseases [29]. The casual of
this disease is a virus called Citrus psorosis virus (CPsV) [30]. This virus belongs to the
genus Ophiovirus, the family Ophioviridae [21, 22, 25, 26, 31]. The virion of CPsV is
kinked filaments that are 3-4 nm in diameter [29]. The shape of this virus resembles
the elongated twisted and coiled [25, 26, 29].

The genome of this virus consists of three single-stranded RNAs (ssRNAs) of neg-
ative polarity [25, 26, 29, 30] So this virus is tripartite in that each RNA encodes some
proteins which have various kinds of features. RNA-dependent RNA polymerase and
a 24-kDa protein, which is an unknown function, are encoded by RNA 1 which hasa
24-kDa weight [29-32]. Another RNA (RNA 2) is responsible to produce a movement
protein and the last RNA (RNA 3) encodes the coat protein that has a 48.6 kDa weight
[21, 22, 29-31]. This virus is usually transmitted by infected graft scion [29, 30] but
in some regions reported some insects caused this disease to expand to remote fields.
Usually, virions place in the phloem and parenchyma cells of citrus [29].
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The most significant symptoms of psorosis are bark scaling in the trunk and main
branches and the gum may accumulate below the bark scales that dues to impregnate
the xylem and vessel occlusion and fruits bark that formed pustules on the trunks
and fruits [21, 22, 29, 31]. Other symptoms that help to detect it in citrus fields are
flecking, chlorotic spots, the necrotic shock of young shoots, and ringspot in leaves
or fruits [21, 22, 31]. This virus does not cause an infected tree to be killed. It shows
slowly decline and a loss of production [29].

This virus has two strains: strain psorosis A (PsA) and psorosis B (PsB) [2, 3, 5, 6,
8,9, 11, 13, 14, 21-28, 30, 31, 33-44]. The symptom of psorosis A is bark-scaling in the
trunk and limbs of infected field trees and staining of interior wood and leaf symp-
toms are flecking and spots, and shock reaction in very young shoots, in some isolates
(Figure 2). It can also cause dieback and decrease fruit yield [21, 29, 30]. Symptoms
caused by psorosis B are severe and include bark scaling even on fine twigs, gum-
mosis, and chlorotic blotching in old leaves with pustules on the underside of leaves
[21, 22, 29, 30]. and sometimes ring spots on fruits. Bark scaling often appears in
10-12-year-old trees [29].

If the strain psorosis B does not exist in any fields, you may see some leaves symp-
toms, and all of them are placed in the “psorosis group” diseases such as chlorotic
leaf-flecking, oak-leaf patterns, ring spots, and ring patterns [29].

Totally, this virus infected citrus trees that are 1015 years of age when they are at
maximum fruit production [30] and it causes trees not to produce fruits insufficient
that should have.

2.3 Satsuma Dwarf virus or Citrus mosaic virus

Both of them are shown in Japan the first and located in the Secoviridae family.
The genome of the causal disease consists of two RNAs that are single-stranded,
positive-sense. These viruses are transmitted by grafting infected budwood and
mechanical with infected knives or scissors. The symptom of this agent is dwarfing
because of short internodes, multiple sprouting and small leaves, and poor growth
dues to the limitation of an extensive root system with a gradual decrease of yields.
Sometimes, you can see various green patterns on the fruit rind of satsuma mandarin
that cause a decline in commercial value which is called citrus mosaic. This virus
does not make any symptoms on the trunk of infected trees. The symptom of leaves

Figure 2.
Symptoms of Citrus psorosis virus on (a) the leaf (ving spots) and (b) bark (bark scaling), Mazandaran
province, Iran. Source: Author.
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are small, boat-and spoon-shaped leaves, and the infected fruits show small in size,
with a thick rind and poor taste. If trees infect with the Citrus mosaic virus, fruits
have rings, mosaic, and blotches patterns on their outer surfaces. During the growth
of fruit, these patterns are changed to brown and dented, resulting in a rough fruit
surface. In this disease, virus particles are found in leaf cells of satsuma because they
fill Intercellular spaces and tubules [33].

2.4 Citrus variegation virus (CVV)

This virus is another plant viral pathogenic that infects citrus cultivars. It belongs
to the Bromoviridae family, llarvirus genus [37].

This virus is shown in the various kinds of citrus cultivars. Its symptom is var-
iegated, mosaic, malformation on leaves, and dwarfing [2, 37]. The basis of the
symptoms on citrus cultivars researchers introduced two strains: A strain can create
chlorotic mottle with variable severity on the leaves and crinkles symptoms that
are called infectious variegation strain. The other one is crinkly leaf strain causes
distorted, puffed, or puckered leaf segments but without variegation. This agent like
others transmitted by infected scion and mechanically [37].

2.5 Citrus leaf rugose virus

This virus has a close relationship with the Citrus variegation virus. Both of them
place in the same genus [2]. The genome of this virus is tripartite. It means it has three
single-stranded RNAs [45].

This virus induces symptoms in some cultivars like lemons, Mexican lime, and
grapefruit. The rest of the citrus cultivars do not show obvious symptoms. The symp-
tom of sensitive hosts includes leaf flecking, puckering in leaves, and stunting [2].

2.6 Citrus leprosis Virus

Citrus leprosis is an important disease in the North and South of the Americas and
it caused millions of citrus trees to die. For the first time, it was reported from the
USA. This disease damages the amount of citrus production annually in the USA. It is
a very destructive disease on the Americas continent, especially on oranges and man-
darins. This disease can be transmitted by the mites [13]. This disease is non-systemic.
A casual disease is a heterogenic group of RNA viruses endemic to the North and
South of the American continent. These viruses belong to three genera that include
Cilevirus (bipartite positive sense (+) single-stranded [ss] RNA), higrevirus (tri-
partite (+) ssRNA), and dichorhavirus (bipartite negative sense (—) ssRNA, family
Rhabdoviridae, order Mononegavirales). Cileviruses and higreviruses are active in the
cytoplasm of infected plant cells but dichorhaviruses exist in the nucleus of infected
plant cells. So this disease has two classifications that basis on the place of viroplasms
in infected cells: CL-Cytoplasmic (CL-C) and CL-Nuclear (CL-N) [43].

The characteristic of Dichorhaviruses is short rod-like non-enveloped particles
(40-50 x 100-110 nm) and encapsidate two ss (—) RNA molecules with 6 ORF. The type
of virus in this genus is the orchid fleck virus (OFV). OFV has two types that include
Citrus necrotic spot virus and Citrus leprosis virus Nuclear type (CL-N) [43]. The symp-
toms of this disease are necrotic or chlorotic spots in leaves, branches, and fruits, which
progressively leads to the early drop of leaves and fruits, branch dieback, and occasion-
ally to the death, predominantly, of the youngest citrus trees (Figure 3) [43].

85



Citrus Research - Horticultural and Human Health Aspects

Figure 3.
Symptom of citrus leprosis virus on (A and B) fruits, (C) twigs, (D) leaves in the United States. Source: Levy et al. [34].

The casual of the disease is Citrus leprosis virus Cytoplasmic (CL-C) which is the
type species of the genus Cilevirus, family Kitaviridae. The members of this fam-
ily have bacilliform or spherical virions with positive-sense single-stranded RNA
genomes [20]. The symptoms of this disease are shown on twigs, leaves, and fruits
that are local chlorotic and/or necrotic lesions on the surface of the host’s tissue
[13, 20]. If mites feed the lesion, the agent of casual disease can transmit to the
healthy plant. In addition, infected shoots induced the disease in healthy plants by
grafting [13]. This virus do not move systematically in its host [13, 20].

There are many ways to control disease. First, the control of mite as a vector is
important. After that, infestation gardening tools like knives and scissors. The last,
remove the infected twigs and control weeds [13].

2.7 Indian citrus ringspot virus (ICRSV)

ICRSV can infect mandarine and expand worldwide. This disease is reported
by Wallace and Drake (1968) from California for the first time [46]. This virus has
limitations on hosts. It attacks the mandarine. At the first, it is reported on “Kinnow”
mandarin (Citrus reticulata cv. “Blanco,” a hybrid between “King” and “Willow”
mandarins) from India. This virus has a positive sense, flexuous RNA virus approxi-
mately 7.5 kb in size with six open reading frames (ORFs) belonging to the genus
Mandarivirus in the Alphaflexiviridae family of order Tymovirales [42]. The shape of
the virion looks like capilloviruses [47].

The symptom of this disease is bright yellow ring spots on mature leaves, followed
by a rapid decline [42, 46, 54]. Several affected trees show dieback and decline type of
symptoms and thus become less productive [46].
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2.8 Citrus leaf blotch virus

This virus is placed in the Betaflexiviridae family and it is seed-borne [42]. This
virus infects trifoliate rootstocks like Citrange and the symptom is bud union crease
when propagated on Troyer citrange. Also sometimes it shows chlorotic blotching in
young leaves. This disease detects in France for the first time. The virion of the virus
is filamentous particles about 900 x 14 nm in size, with a single-stranded, positive
sense, genomic RNA (gRNA) of 8747 nt, and a coat protein of about 41 kDa. The
gRNA contains three open reading frames (ORFs) and untranslated regions of 73 and
541 nt at the 5 and 3’ termini, respectively. Because this virus can be transmitted by
grafting, sanitation, and quarantine of scions are very important [48].

2.9 Bud-union crease of citrus trees

The symptom of this disease is a dotted or continuous line of orange-yellow discol-
oration associated with projections or bark pegs on the inner bark surface and cor-
responding pits in the wood at the bud union [24, 15, 27, 49]. Sometimes, this disease
causes the infected tree to decline and die or remain stunted. This disease is related to
scion-rootstock combinations. Some sweet orange and lemon varieties on trifoliate
orange and trifoliate orange hybrids are shown this disease. The basis on experiments,
the casual of this disease is not a virus or other infection casual. It is guessed a physi-
ological incompatibility causes this disease [49].

The infection tree shows a pale yellow color on the leaves. This symptom resembles
suffering from a nutrient deficiency. Also, these trees have a poor flash that causes
them to decline and die. The amount of production in infected trees is too low. In
severe infection, a groove is made on the bark at the bud union. Gum-impregnated
projections exist Underneath Bark strips [27].

2.10 Citrus yellow vein clearing virus

This disease is showed in Pakistan for the first time in 1988 on sour orange (Citrus
aurantium L.) and lemon (C. limon Burm. f.) [35, 36, 50]. The symptom of this
disease is strong yellow vein clearing, leaf distortion, and occasionally, ring spots and
veinal necrosis [35, 36]. The symptoms of mild or moderate vein clearing or chlorosis
have been observed only in young leaves during spring flushes [35]. This virus after
inoculation on chenopodium showed local lesions while phaseolus Vulgaris showed
systemic chlorosis, severe mosaic, blotching, and necrosis. The casual disease is the
Citrus yellow vein clearing virus (CYVCV). The virion of the virus is the flexuous
filamentous virion particle is sized between 13 and 14 nm in diameter with a modal
length of 685 nm [35]. The place of virions of virus in infected plants is in the phloem
[35]. This virus is a single-strand positive-sense RNA virus comprised of 7529 nucleo-
tides (nt) [35, 44, 50] and the genome of the virus has 6 open reading frames (ORF).
Citrus yellow vein clearing virus (CYVCV) belongs to Genus (Mandarivirus), family
(Alphaflexiviridae) [50].

In China, upon becoming infected with CVYCYV, the leaves of young spring or
autumn shoots in lemon or sour orange trees display a water-soaked appearance and
yellow, clearing veins on their ventral side. The leaves also represent chlorotic with
significant crinkling and warping [23, 35].

In India, the symptoms are different and it may be shown, with mosaic and irregu-
lar ring spot-like symptoms. In drastic infection, fruits are imperfect and trees die and
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which changes the amount of production. This virus on herbaceous plants appears
different symptoms like mosaic-like patterns, chlorosis, and necrosis on leaves. The
infection in weeds is asymptomatic. Also, this virus can infect a wild grapevine and
causes different symptoms that include short internodes, reduced leaf size, chlorosis,
and necrosis [23].

The symptoms of the disease disappear in summer. The many possibilities are for
this reaction. One of them is the high temperature causes the limitation of replication
of the virus. Another reason is related to the movement of viruses. The high tempera-
ture in summer may inhibit the virus’ movement in the plant, or cause the virus to
transfer to other tissues in the asymptomatic tree [35].

This virus can be transmitted by grafting, knife, and scissors gardening, and
insects like aphids and white flies [23, 35]. The genus of aphids can infect contain
Apbhis spiraecola Patch, Aphis craccivora Koch, Aphis gossypii Glover, and citrus white-
fly Dialeurodes citri (Ashmead) [23, 35].

Now, this virus is expanded in many citrus-growing areas in Asia like China, Iran,
and Turkey [50].

2.11 Leaf variegation with ring spots

The symptom of this disease is yellowish variegation on both the upper and lower
surfaces of the leaves, although the yellow color is lighter on the lower surface. The
shape and size of yellow areas are different but most of them are small and more or
less circular in outline they have a green center and they are more similar to ring spots.
Yellow spots can expand on the twigs with variegated leaves. Sometimes leaves that
have yellow spots midribs are colored with gum. Fruit on branches with variegated
leaves develops slight depressions or furrows, yellow in color.

The rate of transmission of this disease to healthy plants is very low. It is transmit-
ted by grafting infected shoots. It is guessed the casual of this disease is a virus [41].

2.12 Citrus variegation virus

The symptom of this disease consists of leaf flecking, mosaic, malformation,
and dwarfing. The casual of this disease is the Citrus variegation virus (CVV) which
is a member of subgroup 2 of the genus Ilarvirus (Bromoviridae). This disease is
expanding in the Mediterranean regions and the Americas continent. The symptom
of disease on Citrons and lemons is more severe than on oranges and mandarine.
It includes a reduction in yield and fruit malformation. This virus has two strains:
infectious variegation strain, and crinkly leaf strain. The first strain can cause
chlorotic mottle with variable severity on the leaves and sometimes can show crinkle
symptoms on infected trees. The second strain induces distorted, puffed, or puckered
leaf segments but without variegation. This disease can be transmitted by grafting
and mechanical [37].

2.13 Management of citrus viral diseases

The first step for controlling viral diseases is the exclusion of the disease and
forbidden to enter the infected propagation scion. The major transmission among
citrus viral diseases is grafting infected buds. So, for the propagation of citrus culti-
vars, it is better to use certificated budwood. If viral diseases exist in a specific area,
it is better to use tolerant or resistant cultivars for rootstocks. Other ways to control
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include cross-protection and cultural practices [2]. Furthermore, Sanitation is very
important. After working with scissors and/or knives, they wash with a disinfectant
solution.

3. Citrus viroid diseases
3.1 Citrus exocortis viroid (CEVd)

In 1948, this disease is showed with bark scaling on the rootstock of citrus trees
grafted on trifoliate orange (Poncirus trifoliata) that is reported by Roistacher (1988)
[5, 38, 51].

The agent of this disease is different. These are the smallest pathogen among the
pathogenic agents of plants that are known. Usually, they have no coated protein and
their body are circular. Their genome is single-stranded RNA [5, 7, 25] and they do not
translate. Usually, they have between 246 and 399 or 400 nucleotides [6, 8, 9].

This viroid belongs to the Pospiviroidae family, the Pospiviroid genus. Members of
this family have a rod-like or quasi-rod-like secondary structure with five structural
domains (terminal left, pathogenic, central, variable, and terminal right) and a cen-
tral conserved region (CCR) within the central domain (C). they do an asymmetric
rolling-circle pathway for replication which occurs in the nucleus [5, 7, 8].

The significant symptoms that are caused by this viroid are bark scaling and
cracking, general decline, decreased size and stunting, and leaf epinasty and cracks in
the petiole (Figure 4) [10, 19]. This viroid can infect various kinds of citrus cultivars
like P, trifoliata and its hybrids, rangpur lime (Citrus limonia), lemon (C. limon), and
citron (C. medica) [10].

This agent of the disease is the same as viruses and is transmitted by grafting and
infected trimming and cutting instruments [10].

3.2 Cachexia or xyloporosis (Hop stunt viroid (HSVd))

This disease was shown in 1950 on Parson’s Special mandarin [19] and is
reported by Roistacher (1983) [53]. This viroid the same as exocortis belongs to the
Pospiviroidae family but in the classification, its genus is different and placed in the
Hostuviroid genus. Because of a specific 6-nucleotide motif located in the Variable (V)
domain of Hop stunt viroid that is responsible for the induction of cachexia symptoms
in cachexia-sensitive hosts, this viroid was placed in the group [24, 38, 51]. In fact,
those nucleotides express the symptom of Citrus cachexia viroid because the variable
domain is responsible for pathogenicity [38]. The secondary structure of this viroid
is a rod-like structure with five domains, a “central conserved region” (CCR) and a
“terminal conserved hairpin” (TCH). The variable domain located at the Right of the
central conserved region and basis on two strains is introduced. “pathogenic strains”
that show cachexia symptoms in sensitive hosts, and “non-pathogenic strains” that
infect the same sensitive hosts without inducing symptoms. Six nucleotides in this
region show different symptoms. At the left of the central conserved domain is the
pathogenicity domain that is responsible induce symptoms in sensitive hosts [24, 53].

The symptom of this disease includes discoloration, gumming, and browning
of phloem tissue, wood pitting, and bark cracking [6, 19, 24, 38, 51, 53, 54]. If
you remove the outer bark layers, you can see the discoloration of the bark. As a
result, infected trees are stunted and chlorotic, and may decline and die [53]. The
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Figure 4.

Symptoms of Citrus exocortis viroid (a) decline of plant, (b) leaf epinasty as seen on grafting infected
scion on Etrog citron rootstock, indicator host of CEVA, (c) bark scaling in the United States. Sources: Roy
et al. [52].

sensitive citrus cultivars are alemow (Citrus macrophylla Webster), clementines
(C. clementina Hort. Ex. Tan), mandarins (C. reticulata Blanco), satsumas (C.
unshiu (Macf.) Marc.), “Rangpur” lime (C. limonia Osb.), kumquats (Fortunella
spp.), and hybrids like tangelos that if they can be infected, you will see the severe
symptoms (Figure 5) [24].

3.3 Citrus bentleaf viroid (CBLVA) or citrus vivoid I

This viroid belongs to Pospiviroidae family, Apscaviroid genus and it has 318
nucleotides. Its structure is rod-like. Because of the resemblance of a part of the
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Figure 5.

Severe symptoms of cachexia, including gumming and pitting of bark and wood (A) of declining Minneola
tangelo orchard from Jiroft, Kerman Province (B) in comparison with mild symptoms of cachexia in the same
variety from Magandaran Province (C). Source: Banihashemian et al. [17].

central conserved region (CCR) with the apple scar skin viroid (ASSVA), this viroid is
located in this genus, although this viroid infected citrus cultivars. The left terminal
region of citrus bentleaf viroid is as the same as citrus exocortis viroid (CEVd) [16]. The
symptom of this disease is just on the leaves as curling.

3.4 Citrus gummy bark viroid (CGBVA) or Citrus viroid II

This viroid is a strain of Hop stunt viroid and so it places in Hostuviroid genus [55].
This viroid infects the sweet orange tree and causes spots or a line of reddish-brown,
gum-impregnated tissue around the scion circumference especially visible near the
bud union. In a severe infection, discoloration and gumming are extended and maybe
to reach the main branches [39, 40, 55]. For the first time, this disease with discol-
oration phloem by Nour-Eldin in Egypt [39, 40]. After that, this disease is recorded
in many countries such as North African and Near East countries including Saudi
Arabia, Sudan, Lybia, Iran, Turkey, and Greece [40].

If this viroid infects Dortyol and Washington navel trees, they show bark scaling
resembling mild psorosis scaling. It is suggested that a variant of CVd-I1 may be either
the causal agent or a factor involved in gummy bark symptoms [40].

3.5 Citrus dwarfing viroid or Citrus viroid III

The length of this viroid genome is 294-297 nucleotides. This viroid is placed in
Apscaviroid genus, Pospiviroidae family. This viroid causes citrus trees not to grow at
suitable sizes and they are shorter than healthy trees [18].

3.6 Citrus bark cracking viroid (CBCV) or Citrus viroid IV

This viroid belongs to Cocadviroid genus, Pospiviroidae family. This genus has
246-301 nucleotides and its secondary structure is rod-like or quasi-rod-like with five
domains the same as other genera. These viroids induce symptoms in citrus plants but
recently this viroid causes severe symptoms on the hop. Although dues to this viroid,
Etrog citron shows leaf drooping and necrosis of the leaf midribs, it does not have a
minus effect on growth and yield in citrus. If CBCV and HSVd infected one tree, the
symptom is severe and you will have observed yield reduction. These viroids have a
synergistic effect [18, 51].
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3.7 Citrus viroid V

This viroid like CBLVd belongs to Pospiviroidae family, Apscaviroid genus. The
genome of this viroid has 293-294 nucleotides and its conformation, like others, is
rodlike. This viroid induces mild but typical symptoms on citrus leaves. This viroid
causes reduced tree size and yield, and on stems, you can see very small necrotic
lesions and cracks, sometimes filled with gum insensitive hosts like Etrog citron [56].

As aresult, Typical viroid symptoms on this host include leaf tip browning, petiole
wrinkle, and browning, mid-vein necrosis, leaf epinasty, leaf bending, bark cracking,
gumming, and tree stunting [7].

3.8 Management of viroid diseases

The best work is prevention and it includes (1) using a viroid-free budwood as
propagation material; (2) The appropriate sanitation at cutting and trimming time;
(3) treatment of cutting tools with disinfectants; and (4) adequate indexing methods
[24].

4, Conclusion

Viruses and viroids have an indispensable role in plant infection. In this chap-
ter, we discussed the most major diseases that are caused by viruses and viroids.
Citrus is the most important commercial crop for many countries and people who
work in fields and nurseries that cultivate citrus should know about various kinds
of citrus diseases especially virus diseases because most of them are controlled
easily. The prevention is the first step to manage viral diseases. Furthermore, when
experts have suitable information about various kinds of symptoms, they can
rapidly detect a virus disease and control it and it is a very necessary requirement
for each region. Table 1 shows a summary about citrus viruses and viroids and
their detection ways.

Diseases Causal agent Main symptoms Diagnostic Control measures
methods
Tristeza Citrus tristeza virus Yellowish leaves ELISA Using healthy
Decline PCR scion
The control of
vector
Psorosis Citrus psorosis virus Ring spot ELISA Using healthy
Chlorotic spots PCR scion
Bark scaling The control of
vector
Citrus mosaic Satsuma dwarf virus Dwarfing PCR Using healthy
or Citrus mosaic Short root system scion
virus
Crinkly leaf Citrus variegation Variegation and PCR Using healthy
virus (CVV) mosaic on leaves scion
Dwarfing
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Diseases Causal agent Main symptoms Diagnostic Control measures
methods
Citrus leaf rugose Citrus leaf rugose Leaf flecking PCR Using healthy
virus Stunting scion
Citrus leprosis Citrus leprosis Virus Branch dieback PCR Using healthy
Local chlorotic scion
and/or necrotic
lesions on leaves
Indian citrus ringspot Indian citrus Yellow ring spots PCR Using healthy
ringspot virus on leaves scion
Decline
Citrus leaf blotch Citrus leaf blotch Chlorotic PCR Using healthy
virus blotching in scion
young leaves
Bud-union crease Bud-union crease of Bark pegs on the PCR Using healthy
citrus trees inner bark surface scion
Orange-yellow
discoloration
underneath of
bark
Citrus yellow vein Citrus yellow vein Strong yellow PCR Using healthy
clearing clearing virus vein clearing, leaf scion
distortion, veinal
necrosis
Leaf variegation Leaf variegation Yellowish PCR Using healthy
with ring spots variegation on scion
leaves
Citrus variegation Citrus variegation Leaf flecking, PCR Using healthy
virus mosaic, dwarfing scion
Exocortis Citrus exocortis Bark scaling, ELISA Using healthy
viroid cracking, decline PCR scion
Cachexia or Hop stunt viroid Discoloration, PCR Using healthy
xyloporosis bark cracking, scion
gumming
Citrus bentleaf Citrus bent leaf PCR Using healthy
viroid (CBLVd) or scion
Citrus viroid I
Citrus gummy bark Citrus gummy bark Discoloration Using healthy
viroid (CGBVd) or phloem, scion
Citrus viroid 11 gumming
Citrus dwarfing Citrus dwarfing Decline PCR Using healthy
viroid or Citrus scion
viroid ITI
Citrus bark cracking Citrus bark cracking Leaf drooping PCR Using healthy
viroid (CBCV) or scion
Citrus viroid IV
Citrus viroid Citrus viroid V Leaf epinasty, PCR Using healthy
bark cracking scion
Table 1.

Summary about viruses and viroids that can infect citrus trees with the way of detection and symptoms induced
on citrus plants.
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Chapter7

Quorum Quenching Bacteria: An
Approach for Phytopathogens
Control in Citrus Cultivars

Juan Carlos Caicedo and Sonia Villamizar

Abstract

Cell-to-cell communication system quorum sensing (QS) denotes the ability
of bacteria to track the population density, in order to coordinate its phenotypic
traits to successfully establish and thrive in new ecological niches. Different citrus
phytopathogenic bacteria such as: Xanthomonas citri spp. citri, Xillela fastidi-
osa and Pseudomonas syringae pv. syringae regulate several pathogenicity factors
through well-established quorum sensing DSF (Diffusible Signal Factor) and AHL
(AcylHomoserine Lactone) pathways. The goal of this chapter is to review exophytic
and endophytic bacteria able to disrupt quorum sensing communication system in
these bacteria in order to reduce the symptomatology of citrus canker, citrus varie-
gated chlorosis and citrus blast. The quorum quenching of phytopathogen bacteria
could afford new tools for disease control, thus reducing the overuse of antimicrobial
drug and decrease its environmental accumulation, thus relieving the selection pres-
sure of resistant bacterial populations.

Keywords: citrus canker, quorum sensing, auto-inducer, biological control, biofilm

1. Introduction

Nowadays, at the bacterial world, it is widely accepted that there are biological
processes that must be pointed by a coordinated behavior of entire population.
Factors such as: virulence factors production, biofilm formation, secondary metabo-
lite production, and bioluminescence are fruitless when undertaken by a single
bacterium proceeding isolated [1]. A wide variety of bacteria are endowed with
encoding genes for components of a cell-to-cell communication system termed as
quorum sensing (QS). This QS system enables bacteria to regulate their behavior ina
cell density fashion in order to modulate a gene set that enables the bacteria to adapt
to environmental challenges [2]. Quorum sensing relays its activity in a production,
releasing, and perception of small signal molecules called auto-inducers. In Gram-
negative bacteria, the usual auto-inducers are small molecules, i.e., acyl lactone and
short-chain fatty acids. The cognate receptor involved in perception of these auto-
inducer molecules is: cytoplasmic transcription factor and two components histidine
sensor kinases. The complex produced by the auto-inducer and receptor leads the
promotion of target genes regulated by quorum sensing [3]. Gram-positive bacteria
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use mainly short peptides as auto-inducers, and its related receptors are transmem-
brane histidine sensor kinase. Usually, the union of auto-inducer and receptor triggers
expression of encoding gene for Al (auto-inducer) synthase, which increases the
extracellular Al concentration switching on the bacteria quorum sensing mode [4].

Disruption of quorum sensing communication system, which is termed quorum
quenching, leads to a reduction in virulence factors expression without compromising
bacterial survival [5]. Since a wide diversity of bacterial cells that use QS display a
significant competitive advantage over other prokaryotes and eukaryotes with which
they coexist in the same ecological niche, it is rational that the contender microorgan-
isms have developed mechanism to disrupt the QS communication systems present
in the ecological niche. Interference with the quorum sensing communication system
either by natural or synthetic approaches may afford strategies for disease control, by
reducing the virulence or turn the pathogens more susceptible to antibiotic therapy.
The design, development, and employment of these approaches will depend in great
measure upon the knowledge of mechanistic details of quorum sensing pathway such
as: auto-inducer synthesis, signal perception, signal transduction, and genes under
quorum sensing regulation [6].

Citrus is the most commercialized horticultural product in the world; however,
farmers in the last two decades have seen production reduced by average of 65%, due
to devastating bacterial diseases such as: Bacterial Citrus Canker (BCC) caused by
Xanthomonas citri subsp. citri (Xcc), Citrus Variegated Chlorosis (CVC) caused by
Xylella fastidiosa, Citrus Blast caused by Pseudomonas syringae pv. Syringae, and Citrus
Greening or Huanglongbing (HLB) caused by Candidatus liberibacter sp. All bacteria
aforementioned except the Candidatus liberibacter are endowed with quorum sensing
systems, which are responsible for the pathogenesis and symptomatology in citrus
host. The main objective of this chapter is to describe quorum sensing pathways in
these phytopathogen bacteria, as well to review some successful approaches based in
quorum sensing disruption in order to decrease disease severity.

2. Citrus canker and DSF quorum sensing pathway in X. citri subsp. citri

Bacterial citrus canker (BCC) is one of the major citrus diseases, almost all
varieties of citrus crops are affected, and the severity of disease depends on bacterial
species and weather conditions [7]. The etiological agent of BCC is the Gram-negative
bacterium X. citri subsp. citri [8]. Nowadays, three types of BCC are recognized,
which are: (i) citrus canker type A, also known as Asian citrus canker, is the most
widespread disease. The BCC has a pronounced host range producing symptoms in:
Chrysopelea paradisi, C. aurantifolia, C. sinensis, and C. reticulata (ii) Citrus canker
type B is caused by the bacterium Xanthomonas fuscans subsp. aurantifolii type B
(XauB) [9]. The symptomatology development is similar to citrus canker type A;
however, because of the XauB slower growth rate, the symptoms spent more time to
appear. Host range is limited to C. limon; however, XauB was rarely isolated from C.
sinensis and C. paradisi [10]. Citrus canker type C is produced by X. fuscans subsp.
aurantifolii type C (XauC). The symptomatology is similar to citrus canker type A;
nevertheless, its host range is restricted to C. aurantifolia [9].

Pathognomonic symptoms of BCC type A are the raised corky and spongy lessons
surrounded by a water-soaked margin, which are present in leaves and fruits. This
lesion results from the hypertrophy and hyperplasia of mesophilic cells. This cell
division disorder is induced by the bacterial effector from family AvrBs3/PthA [11].
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The bacterium Xcc is outfitted with a vast arsenal of organelles responsible for the
pathogenic traits in citrus host. The main known are: bacterial attachment, antago-
nism, effector production, quorum sensing regulation, and biofilm formation. For an
in-depth review, please refer to Caicedo and Villamizar [12].

2.1 DSF quorum sensing pathway in Xcc

Xcc bacteria have a quorum sensing system whose auto-inducer molecule (AI) is
a short-chain fatty acid belonging to DSF (diffusible signal factor) family. The DSF
auto-inducer family modulates the expression of virulence and pathogenicity in
several pathogenic bacteria to plants and humans [13]. The DSF molecules display a
cys unsaturated double bond at position two as a distinguished feature in the family.
The DSF family are cis-2-unsaturated fatty acids (Figure 1), the cis-11-methyl-
2-dodecenoic acid was the auto-inducer molecule characterized to be responsible for
the signaling processes in Xcc [15].

The discovery of the DSF signaling molecule came within a genomic study that
seeks to identify a gene cluster termed rpf (regulation of pathogenicity factor)
rpfb- in the bacterium Xanthomonas campestris pv. campestris. Researchers found
that mutation of components of this gene cluster drives the decrease in extracellular
enzyme production and exopolysaccharide as well as reduction in pathogenicity in
plant susceptible [16]. Later works established the participation of these genes in the
coding of elements belonging to quorum sensing communication system involved in
the synthesis and perception of the DSF signal molecule [17]. The gen rpfF encodes
an enzyme, amino acids sequence of which is related to enoyl CoA hydratase; this
enzyme is responsible for DSF synthesis. The gen rpfB encodes and Acyl CoA ligase,
which participates to a lesser extent in the synthesis of DSF auto-inducer [16].

DSF perception and signal transduction are encoded by an rpfGHC gene operon.
rpfC encodes the receptor RpfC protein. This protein has a transmembrane domain,
which is involved in the perception of DSF auto-inducer and the cytoplasmic domains:
His-Kinase A (phosphoacceptor), His-Kinase-like ATPase, REC domain (receiver

K Ao ™ coon /\/\/\/\/\olu/\/ °°°°“x

= . 3-hydroxy palmitic acid methyl ester, autcinducer in Ralstania
DSF 11-Me-C1x:4A2 Initially recognised in Xanthormonas campestis solanmosarum
COOH
— Pa oW o B W
|
CDSF, Cis, 11-Me- C12:42,5 Initially recognised in Burkholderia 12-Me-tetradecanoic acid, autoinducer in Xylella fastidiosa
spp. and in Xanthomonas oryzae
/\\/m COOH NM/CUOH
is decencic acid, Ci:A? Initially recognised in Pssudomon: - i &
r"‘_"' decencic acid. Co:A? Inftially recognised in Pssudomones Famesoic acid, a signal molecula from Candida albicans involved
asruginosa in yeast-hyphal transition /
Figure 1.

(Left) Structure of the main molecules from DSF auto-inducers family and some related putative auto-inducers.
(Right) Related molecules with signaling activity. Notice that these molecules lack the cys unsaturated double bond
at position two. (Adapted from Ryan and Dow [14]).

103



Citrus Research - Horticultural and Human Health Aspects

Low cell population High cell population

B DSF 34"/

DSF *
Transmembeans .
domain ~. f
=
/". [
/
Membrane {
\ ;
\ ;
&
sy |

DSF*,, «

.

", DSF

vADP
s ATP-
HK
ATP
DSF Precursors i .D-PO,

p-Poy 4 = 1|
o I I B iieo.
Trana criptons h‘lmn-.‘-.\ms

Viubs and STeplatien genes

Figure 2.

Atglow cell population condition, RpfF the DSF synthase remains bound to REC domain from RpfC sensor,
which maintains compact conformation. At high cell population condition, the DSF binds to RpfC sensor domain
and induces a conformational change releasing the synthase RpfF, thus triggering an autophosphorylation

and phosphorelay and the subsequent phosphotransfer to the REC domain of response regulator RpfG. The
phosphorylation of RpfG, it triggers the activation of RpfG as a cyclic di-GMP phosphodiesterase reducing the
level of cyclic di-GMP and releasing Clp that promotes the synthesis of extracellular enzymes and EPS (take it
from Caicedo et al. [18]).

domain), and finally, the HTP domain histidine phosphotransfer (Figure 2). The gene
rpfG encodes for response regulator protein, this protein include two domains: (i) an
REC domain, which receives the phosphate of HTP domain from the RpfC; and (ii)
the HD- GYP, which displays phosphodiesterase activity responsible for degradation
of second messenger cyclic di-GMP. At physiological levels of cyclic di-GMP, the
transcriptional activator cAMP-receptor-like-protein Clp remains bound to second
messenger cyclic di-GMP. Consequently, reduction of cyclic di-GMP via DSF in Xcc
leads to the release of Clp, thus allowing Clp to activate the expression of several gene
and proteins involved in virulence such as: extracellular enzyme production, EPS
production, biofilm formation, motility, iron uptake [19]. Furthermore, DSF signaling
also positively controls the expression of clp gene, which suggests a supplementary
regulatory complexity [14]. Summarizing, the perception of auto-inducer molecule
DSF in Xcc by the receptor RpfC triggers the expression of its virulome. For all afore-
mentioned, the disruption of this quorum sensing communication system could turn
into a valuable tool for reducing citrus canker severity.

3. Variegated chlorosis, Xylella fastidiosa and quorum sensing

CVC (Citrus Variegated Chlorosis) is a disease that affects sweet orange (Citrus
sinensis) and grapefruit (Citrus x paradise); no other citrus are susceptible to disease
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[20]. CVC is caused by the Gram-negative bacterium X. fastidiosa (Xf). Transmission
paths of CVC are: (i) Propagative vegetative material: CVC is a paradigm of accidental
long-distance propagation of phytopathogen; this is mainly due to the movement
made by agriculture workers of infected plant material [21]. (ii) Insect vector borne:
vectors of Xf are xylem sap sucking insects belonging to the Hemiptera order includ-
ing sharpshooter, leafhoppers, and spittlebugs [22].

CVC symptomatology in susceptible host sweet orange initiates as a small chlo-
rosis, which extents irregularly on the upper surface of mature leaves, the affected
leaves display a consequent brownish gum-like material on the lower surface. At this
disease stage, the lesions are present only in one or two branches. At the later disease
stage, bacteria became systemic spreading in the plant canopy, symptoms become
apparent between 3 and 6 months [22].

The bacterium X. fastidiosa belongs to the gammaproteobacteria group,
Xanthomonadaceae family. Xf is a xylem-limited bacterium, which is obligatory colo-
nizer of plants and insect vectors [21]. There are three major monophyletic subspecies
of X. fastidiosa: Xf subsp. multiplex, Xf subsp. Fastidiosa, and Xf subsp. pauca, endemic
respectively in North, Central, and South America [23-25]. Nowadays, it is widely
accepted that Xf has a commensal relationship with a huge number of plant species;
however, just a few numbers of clades and specific bacterial genotypes are associated
as phytopathogens. Contrasting with the relationship between X. fastidiosa and the
plant, the association of X. fastidiosa with insect vector is independent of plant-patho-
gen mixtures. Vectorial transmission is the only natural mechanism spread. There
exist two principal xylem-sap feeders insect vector groups: the sharpshooter leathop-
pers (Cicadellidae subfamily Cicadellinae) and spittlebugs (Cercopoidea, families
Aphrophoridae, Cercopidae, and Clastopteridae) [26, 27]. Actually it is extensively
known that all insect vectors aforementioned display the ability to transmit all
genotypes of X. fastidiosa without any specificity [28]. Xyllela fastidiosa colonize plants
gradually, the initial stage is a vessel obstruction because of bacterial multiplication,
reduction of sap flow in the xylem system is due to plant response (i.e., tylose) and
bacterial dissemination between vessel via pit membrane [29].

3.1 Quorum sensing in Xyllela fastidiosa

As mention before, the virulence of X. fastidiosa is related with its capability to
travel and to multiply within xylem vessels, and symptoms could basically be an unin-
tended effect caused by effective colonization that restricts with xylem sap flow. X.

fastidiosa as similar to related phyto-pathogenes Xanthomonas and Stenotrophomonas
use small molecules from DSF family in order to coordinate its behavior in a cell-
density-dependent fashion [30]. Cell-to-cell communication system in X. fastidiosa
involving the production of DSF rpfF gene is responsible for the DSF production as
same of Xanthomonas bacteria. Unlike, Xanthomonas bacteria, in which the disrup-
tion of DSF quorum sensing pathway reduces its virulence and pathogenicity in

X. fastidiosa, mutants of rpfF and subsequently deficient in DSF production show

an hypervirulent phenotype behavior in a susceptible host such as sweet orange

and grapefruit [31]. In X. fastidiosa, the DSF molecule is 12 methyl tetradecanoic

acid xfDSF (Figure 1). The whole mechanistic details in DSF pathway are not yet
completely understood. Previous studies have proposed the existence of two differ-
ent types of receptors in X. fastidiosa: the first one RpfC transmembrane has a high
sequence similarity with the RpfC of Xanthomonas campestris, the only difference lies
that in the X. fastidiosa is truncated at the N terminus, apparently its function is to
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bind DSF and in that way to execute a negative feedback regulation in DSF production
[32]. Another potential DSF sensor has an intracytoplasmic localization, and its func-
tion could be the perception of DSF accumulated within the cell. Once DSF bound to
intracellular DSF receptor the autophosphorylation and phosphorelay to a response
regulator as RPFG is triggered. It allows the expression of genes involved in attach-
ment and biofilm formation [32].

Previous studies have shown that »pfF mutants of X. fastidiosa display a hyperviru-
lent phenotype in a susceptible plant host, and this mutant strain was incapable to
colonize and be spread by insect vectors. These observations arose the hypothesis that
DSF signaling is used as a lifestyle dependent switch, because rpfF promotes the genes
expression involved in attachment and biofilm formation in the xylem vessels. By
contrast, rpfF in X. fastidiosa represses the expression of genes intricated in motility
and hydrolytic enzyme production, which are responsible for the cell migration and
pit membrane disruption. X. fastidiosa xylem vessels attached cells display reduced
pathogenicity and a phenotype highly favorable to be acquired by the insect vector
[33]. On the other hand, rpfC deletion mutants displayed an avirulent phenotype,
because the great DSF production, these mutants were capable to successfully colo-
nize the insect vector, whoever these bacterial cells display an impaired ability to be
transferred to another susceptible plants. Finally, similar to Xanthomonas bacteria,
DSF-dependent signaling regulates decyclic di-GMP in X. fastidiosa [32].

4. Citrus blast, black pit, Pseudomonas syringae pv. Syringae, and quorum
sensing

Citrus blast is an important bacterial disease that affects commercially important
citrus fruits such as sweet orange (C. sinensis) and mandarin (Citrus reticulata). Black
pitis a disease that affects sweet orange. Both diseases are caused by the bacterium
Pseusomonas syringae pv. syringae. P. syringae pv. syringae becomes especially pathogenic
for citrus fruits, when the prevailing environmental conditions are high humidity and
temperatures around 18°C, which coupled with damage to shoots or fruits by wind,
thorns, and hail [34]. Pathognomonic symptoms of disease are water-soaked lesions,
which extend from the midrib to the minor ones that surround the base of the petiole.
At the last phase of the disease, leaf desiccation and curling are observed. This trait is
mainly present in the leaves that remain attached to the stem and finally fall. Necrotic
area in twigs expands and finally dies after 4 weeks.

Within that vast number of bacteria that compound the plant microbiome (either
rhizosphere or phyllosphere), Pseudomonas bacteria are the most versatile and
metabolically varied. As mentioned above, due to its enormous genetic and meta-
bolic plasticity, many species from Pseudomonas genus are successful colonizers of
rhizosphere and phyllosphere inducing beneficial effects to the host plants. The most
recognized effects are: plant growth promoters, biological control agents, and resis-
tance auto-inducers [35]. Only one species of Pseudomonas is known to be pathogenic
for a wide variety of plants; this species is P. syringae. P. syringae shows a high host
plant specificity. Because of this specificity, these strains have been considered as
pathovars within the P. syringae complex, depending on the type of plant in which the
bacterium acts as a pathogen and produces the disease, actually around 50 pathovars
are recognized to act as ethological agents in 180 different plant types [36]. P. syringae
is a leaf-borne commensal bacterium in a wide variety of crop plants, fruit trees, veg-
etables, and ornamental plants. These bacteria are epiphytic colonizers, which could
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reach the internal leaf tissue, once in the apoplast bacteria begins its multiplication
producing disease symptoms. Therefore, the pathogenesis development is a multi-
step procedure such as: (i) entry to internal tissues plant to reaching the intercellular
place the apoplast, (ii) to evade plants’ resistance responses, and (iii) inducing disease
and generating symptoms by particular invasive approaches and molecules [37].

4.1 Quorum sensing in P. syringae pv. syringae

The quorum sensing system in P. syringae uses as auto-inducer a molecule from
AHL signaling family: 3-oxo-hexanoyl-homoserine lactone (3-oxo-C6-HSL) mol-
ecule. Production of 3-oxo-C6-HSL is dependent on gene aklI that encodes the
synthase AhlI. The other component of the quorum sensing circuit is the gene ahlR,
the signal regulator [38]. When the auto-inducer precursor is available, the synthase
AhlI catalyzes the formation of 3-oxo-C6-HSL. Subsequently, the signal regulator
AhIR forms a stable complex with 3-oxo-C6-HSL and promotes the transcription of
ahll via positive feedback increasing the concentration of 3-oxo-C6-HSL proportion-
ally to cell population density. Additionally, this quorum sensing AhlI/R pathway is
subject to effect of regulatory proteins as AefR, this protein actively participates in
ahll transcription. A novel regulator, GacA, displays a similar effect in the process of
auto-induction. Together AefR and GacA seem to have participated in the activation
of the AhlI-AhIR quorum sensing system via independent pathways [38]. The AHL
quorum sensing system in P. syringae regulates the alginate production, the main
component of EPS in P, syringae. aefR, ahll, and ahlR deletion mutant strains display
limited survival ability on dry leaves, which is due to the EPS helping epiphytic fitness
and desiccation tolerance [39]. Motility is considered an indispensable epiphytic
fitness trait, and swarming motility in P, syringae is coordinated by a bacterial social
behavior [40]. In P. syringae swarming motility is regulated by AhlI-AhIR quorum
sensing system and AefR. Deletion mutant strains of aefR and ahll- ahlR- double
mutant display a hypermotile phenotype compared with the wild-type strain [41].

5. Quorum sensing silencing in bacteria: a valuable tool for
phytopathogens control

Quorum sensing is a cell-to-cell communication system that depends on
population density. This communication system favors the adaptation to new eco-
logical niches, promotes the exploitation of new metabolic resources, and affords
competitive advantages to the bacteria that use it. All the aforementioned is directly
related to the regulation of virulence, bacterial resistance, and biofilm forma-
tion among other phenotypes observed in bacterial population. Quorum sensing
disruption is an alternative to reduce the pathogenicity in bacteria. There are two
main approaches in order to silence the quorum sensing system in phytopathogenic
bacteria: (i) signal degradation/modification termed quorum quenching, (ii) signal
overproduction termed pathogen confusion [42]. Quorum quenching is a mechanism
approved by several bacteria groups in order to disrupt the QS signaling of contend-
ers, offering to these bacterial cells an additional benefit within a specific niche.

It is rational that microorganisms can develop mechanisms to neutralize the QS
systems of competing organisms in order to increase their competitive strength in an
ecosystem. In a previous study, we have isolated and identified bacterial from citrus
phylloplane that display the ability to modify the structure of DSF signal molecule
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the cis-11-methyl-2-dodecenoic acid in Xanthomonas citri subsp. citri the etiologi-

cal agent of bacterial citrus canker. The bacteria Bacillus vallismortis, Pseudomonas
oryzihabitans, Pseudomonas aeruginosa, Raoultella planticola, Kosakonia cowanii, and
Citrobacter freundii were characterized by molecular technics and display the abil-
ity to reduce DSF/rpf communication pathway [43]. We show that these quorum
quenching bacteria use a DSF molecule as a substrate for the UDP-sugar transferase
enzyme. These bacteria added to DSF molecule one unit of sugar from UDP sugar
pools. Thus, the recognition for the RpfC sensor of this modified DSF molecule was
impaired. Subsequently, a substantial reduction in the canker lesions was obtained in
Citrus sinesis.

A previous study used the pathogen confusion approach expressing rpfF from X.
fastidiosa in sweet orange (C. sinensis L. Osb.) using agrobacterium tumefaciens in order
to reduce citrus canker disease severity. Ectopic expression of xfDSF molecule in
C. sinensis reduces its susceptibility to Xcc. Transgenic plants display a reduction in the
number of citrus lesions presumably for the effect on its motility and attachment, also
genes involved in the flagella function, pili formation, and T3SS were downregulated
in Xcc when they were infiltrated into the leaves of transgenic plants [44].

The bacteria P. syringae strain B728a displays the ability to degrade enzymati-
cally different types of AHL. The HacA and HacB are acylases that cleavage the
amide bonds of AHL. These enzymes do not have any affect over 30C6-HSL
endogenous accumulation. The heterologous expression of the secreted HacA
acylase produced in P, syringae strain B728a could become a potential tool in
biological control agents, because it might enable the quorum sensing disruption in
phytopathogenic bacteria [45].

6. Conclusions

Bacterial coordinated behaviors such as virulence factors production, motility,
biofilm formation, and antibiotic resistance are regulated by cell-cell communication
system often called quorum sensing. For all aforementioned, quorum sensing silenc-
ing has arisen as a good-looking approach to reduce the disease spread and severity.
The major bacteria that affect citrus cultivar are endowed with several quorum
sensing pathways. The quorum quenching and pathogen confusion implementation
approaches could afford new and environmental-friendly strategies for control of this
bacterial disease.
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Abstract

Citrus are important commodities for human and animal nutrition but these crops
are attacked by a plethora of dangerous agents, including viruses, bacteria, fungi, and
invertebrates that decrease the yield significantly. Within invertebrates, insects are
the more prevalent citrus pests causing plant damage or act as diseases vector. In this
chapter, we focused in the insect pests with worldwide distribution in citrus orchards,
including sap sucking Asian citrus psyllid Diaphorina citri, citrus mealybug
Planococcus citri, citrus whitefly Dialeurodes citri, thrips representatives such as
Scirtothrips citri and Pezothrips kellyanus, and chewing citrus leafminer Phyllocnistis
citrella and lemon butterfly Papilio demoleus. These pests are distributed across various
regions of different continents such as in Asia-pacific, Americas, Africa, and Oceana.
We presented detailed data from these pests’ biology, ecology, damage, and methods
for control. The pest incidence and biology is affected by various biotic and abiotic
factors thus providing the opportunity to use these factors as method of intervention
to disturb pest life cycle. In this context, several IPM techniques such as cultural,
physical, biological, and chemical methods were elaborated, which could help to
reduce the pest status below damaging levels.

Keywords: citrus, sooty mold, Asian citrus psyllid, citrus greening, citrus mealybug,
citrus leafminer, citrus canker, biological control, pest management

1. Introduction

Citrus is one of the largest grown fruit crops in various tropical and subtropical
regions of the world, including Brazil, China, USA, India, Pakistan, Italy, Spain,
Australia, and Argentina. The genus Citrus includes various species of oranges, man-
darins, grapefruits, limes, and lemons, which belong to Rutaceae [1, 2]. The produc-
tion of citrus is limited by biotic (insect pests and pathogens) and abiotic factors
(temperature, humidity, soil conditions, and availability of water). Within biotic
factors, insects are major constraints in the optimum production of citrus [3-5]. About
250 species have been reported to cause damage to citrus plants but only few pests
become a regular problem and cause heavy damage [6]. Overall, the yield losses due to
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activity of citrus insect pests may reach to 50% without timely diagnosis and man-
agement. Citrus insect pests are categorized into sucking and chewing. The eco-
biology, damage pattern, and management strategies for each of these citrus pests are
discussed in detail in this chapter (summary of citrus insect pests is also given in
Table 1). Proper pest identification and understanding the eco-biology and damage
patterns of citrus insect pests can help to devise and implement suitable pest manage-
ment program, which can be cost-effective and environmentally friendly and ulti-
mately help to enhance the yield potential of citrus crop.

2. Sucking insects

These insects deprive the citrus plants from essential nutrients by feeding on sap of
tender plant parts such as leaves, fruit buds and green stems, and branches using
piercing-sucking or rasping-sucking mouthparts. Detail of important sucking insect
pests of citrus is given below:

2.1 Asian citrus psyllid

It is also known as citrus psylla. The biological name of this insect is Diaphorina
citri Kuwayama. It belongs to order Hemiptera and family Liviidae.

2.1.1 Distribution

Diaphorina citri is a serious insect pest of citrus groves in different regions of the
world. It was first reported in Taiwan [14] from where it invaded to many citrus-
growing regions of the world, including Brazil [15], India [16, 17], Pakistan [18],
Southern California [19], Texas [20], Florida [21], Australia [22], Colombia [23],
Caribbean [24], Mexico [25], Indonesia [26], Iran [27], Kenya [28], Japan [29], Oman
[30], Ethiopia [31], Malaysia [32], and Bangladesh [33].

2.1.2 Eco-biology

Diaphorina citri is mainly a pest of tropical and subtropical climate. New foliage
growth (flush) regulates the dynamics of D. citri requiring soft tissues for oviposition
and development [34]. The peak period of psyllid is coinciding with new flush and
pest becomes active at the end of February (late winter) and population reaches at
maximum level in March and April (spring season). The adults become active in May
(early summer) and June and new colonies develop in July (mid-summer). The
population begins to decline in October (autumn) and only fraction of population is
observed at the end of December and January (winter season) [35]. Reproduction of
D. citri is totally dependent on availability of young shoots containing feather stage to
recently expanded tender leaves. Adult females feed on tender shoots to mature their
eggs and prefer opening buds and emerging shoots for oviposition. During the fol-
lowing 2-3 weeks, shoot and leaf tissues are still tender and are utilized by nymphs
and adults to complete development and mature eggs, respectively [34, 36]. Adults
can also feed and survive on the fully developed leaves for several months. Tempera-
tures between 24°C and 30°C are most favorable for both adult survival and repro-
duction, as adults survive for 30-50 days and females lay about 500-800 eggs at these
temperatures [37, 38]. The damage caused by D. citri is most severe in autumn than in
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Common Species name Family Mode of feeding ETL*

name

Asian Diaphorina Liviidae Piercing-sucking (i) 0.5-1.0 adult psyllid per

citrus citri stem tap [7] or (ii) 6 nymphs

Psyllid or adults per leaf [8]

Whitefly  Dialeurodes Aleyrodidae Piercing-sucking 20-30 nymphs per leaf on
citri oranges and lemons and 5-10

nymphs per leaf on mandarin

species [9]

Mealybug Planococcus Pseudococcidae Piercing-sucking (i) 5-10% fruit infestation by
citri colonies of young nymphs in

summer and (ii) 15% fruit

infestation in autumn [10]

Thrips Scirtothrips Thripidae Rasping-sucking 10 thrips/branch tapping [11]
spps. citri

S. aurantii

S. dorsalis

S. inermis

Pezothrips

kellyanus

Megalurothrips

kellyanus

Thrips major

Red scale  Aonidiella Diaspididae Piercing-sucking 3-5 nympbhs per leaf [12]
auvantii

Blackfly  Aleurocanthus  Aleyrodidae Piercing-sucking 5-10 nymphs per leaf [13]
woglumi

Leafminer Phyllocnistis Gracillariidae ~ Larvae burrows beneath 10% infestation [8]
citrella the leaf epidermis and
consume the leaf tissues by
feeding in serpentine

manner
Lemon Papilio Papilionidae Larvae feed upon both 3-5 larvae per plant [13]
butterfly  demoleus young and mature leaves

and cause defoliation

Fruitfly  Bactrocera Tephritidae Larvae burrow inside the 20 adults per trap per week
species zonata fruit and consume the fruit [12]

Ceratiitis pulp

capitata

B. tryoni

*Economic Threshold Level.

Table 1.
Summary of citrus insect pests.

summer. The order of severity varies due to type of host plant, age, abundance of
flush, variation in flush phenology, and management practices [39].

D. citri has three developmental stages of life, for example, egg, nymph, and adult.
Bindra [40] observed almond-shaped eggs that are yellow in color and are laid during
day time either isolated or in masses of double or triple lines embedded into leaf tissue
with short stalk. D. citri has five nymphal instars that are orange to yellow in color,
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with rounded flattened body (Figure 1) [35]. Pande [41] studied the biology of D.
citri, finding that mating onset just after adult emergence.

The egg laying capacity per female is about 180-520. The incubation period ranges
from 4 to 18 days according to environmental conditions. Nymphs have five instars,
which take 10-30 days to adult molt. The adults survive longer and take 14-48 days to
complete their life cycle. D. citri has 10 overlapping generations per year [41].

2.1.3 Damage

Diaphorina citri is one of the devastating sucking insect pests of citrus plantations
and losses due to attack of this pest ranges from 82 to 95% [42]. Both the nymphal and
adult stages of this pest feed on juvenile plant shoots and leaves and floral buds and
deprive the plant from essential nutrients by sucking phloem sap. Its infestation
results in leaf curling, distortion, and shedding of flower and leaves [43, 44]. They
also inject toxic saliva in the citrus plants during feeding [43]. The host range of D.
citri has been known to be Citrus spp. and near relatives, spanning over 23 genera
within the Rutaceae [45]. During its feeding, D. citri (4th and 5th instars and adults)
transmits gram negative and phloem-limited bacterial pathogens (Candidatus
Liberibacter asiaticus, Candidatus Liberibacter americanus, and Candidatus
Liberibacter africanus) to citrus plants. These pathogens are the causal agents of
devastating disease in the citrus plantations, which is known as citrus greening or
Huanglongbing (HLB) or yellow dragon disease [46, 47]. The citrus greening is one of
world’s most serious diseases of all citrus cultivars. This disease is a threat for citrus
industry throughout the world as it has perished millions of hectare of citrus in about
40 countries [48]. This disease results in poor quality fruit production, severe yield

Figure 1.

Scaly eggs of Diaphorina citri laid singly in a row below the leaf surface (A), nymphal instars of D. citri
congregated for feeding at soft branch (B), adult D. citri with elaborated body features and sitting in upright
position with rear raised (C), and adults of D. citri infesting the underside of leaf surface and secreting honeydew
and wax (D). Photographs by Douglas L. Caldwell, University of Florida, USA (A and C), https://www.koppert.
com/challenges/pest-control/psyllids/asian-citrus-psyllid/ (B) and the citrus pest and disease prevention program,
California Department of Food and Agriculture, USA (D).
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reduction (30-100%), and ultimately death of whole plant within 5-8 years of attack
[49-51]. Other symptoms of HLB infection are progressive blotchy mottling of leaves,
plant stunting, off-season bloom, deformed, small-sized, and off-flavor fruit with
high acid contents and bitter taste and premature fruit drop thus inducing market
losses in fresh and processed fruits [52-54]. Asymmetrical patterns with yellow veins
on leaves are also clear indication of citrus greening. In addition to these, several other
symptoms such as stunted plant growth, shoot dieback, fruit drop, and overall yellow
appearance of citrus plants are visible signs of HLB infection [55]. Before the appear-
ance of visible symptoms, the initiation of root dieback and decrease in root-shoot
ratio have also been observed in HLB-infected plants [56].

2.1.4 Management
2.1.4.1 Biological control

Biological control is the control of insect pests using predators and parasitoids and
should be adapted at large scale to avoid the unnecessary use of insecticides. There are
various predators and parasitoids of D. citri in the citrus crop. The primarily source of
generalist predators are syrphid flies, ladybird beetles, lacewings, predatory mites,
and ants [57]. The immature of D. citri are attacked by ants [58]. Husain and Nath [35]
and Batra et al. [59] also reported that different species of coccinellid attack the D. citri
such as the seven-spot ladybird beetle Coccinella septempunctata Linnaeus, transverse
ladybird beetle C. repanda Thunberg, Malaysian ladybird beetle Chilocorus nigrita
(Fabricius), zigzag ladybird beetle Cheilomenes sexmaculata (Fabricius), and three-
striped lady-beetle Brumus suturalis Fabricius. The larvae of syrphid fly Allograpta
spp. have been reported to attack D. citri nymphs in the regions of Nepal and Reunion
[60]. The primary effective parasitoids of D. citri are Tamarixia radiata (Waterston)
(Hymenoptera: Eulophidae) [61] and Diaphorencyrtus aligarhensis (Shafee, Alam and
Argarwal) (Hymenoptera: Encyrtidae) [62], which are native to India and provide
better control than predators. Female of T. radiata prefers the 3rd, 4th, and 5th
nymphal instars of D. citri [63, 64].

2.1.4.2 Chemical control

There is significant increase in insecticide use per year to control D. citri and citrus
greening and annual cost for managing this pest could range from $US 240 to>$US
1000 depending upon application frequency, type of insecticide sprayed, and method
of application [65]. Among various types of insecticides, the foliar applied broad-
spectrum insecticides are recommended to control the D. citri prior to flushing (to kill
the overwintering adults) and during growing season. Foliar sprays with broad-
spectrum insecticides such as chlorpyrifos, dimethoate, fenpropathrin, bifenthrin,
and zeta-cypermethrin along with foliar and soil applications with systemic
neonicotinoid insecticides such as imidacloprid, thiamethoxam, and clothianidin are
indicated to control D. citri [66-68]. Imidacloprid offers 50-90% control of adult
psyllid population in the field (reviewed by Boina and Bloomquist, [48]). Spray of
imidacloprid in rotation with chlorpyrifos or cypermethrin at two-week interval also
reduces the psyllid population and incidence and spread of HLB during new flush
stage of citrus plants [69]. In the world, all citrus-growing areas are not free from
attack of citrus greening and its vector. There is no permanent cure for controlling this
pest except chemical control, which keeps the pest population at low level and is one
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of most effective management options for controlling the pest incidence and spread of
citrus greening disease.

2.1.4.3 Miscellaneous tactics

Chemical and biological control should be combined with other control measures
such as promoting a clean cultivation, which includes using a disease free and trans-
genic plants that are resistant to D. ¢itri and removal of infected plants from the field;
and use of antibiotics (e.g., tetracycline hydrochloride) for suppression of citrus
greening symptoms is viable and sustainable tool to control the incidence of HLB [70].
To reduce the insecticides resistance in the D. citri, there is an immediate need for
development of IRM (insecticide resistance management) strategies. Regular moni-
toring of D. citri in field to determine the rate of development of insecticide resistance
is one of the major components of IRM. In addition, resistant colony should be
developed in the laboratory for determining the genetic nature, mode of inheritance,
stability of resistance, fitness costs, and pattern of cross resistance in order to manage
insecticide resistance.

2.2 Citrus whitefly

Citrus whitefly (CWF) belonging to order Hemiptera and family Aleyrodidae is
technically known as Dialeurodes citri (Ashmead).

2.2.1 Distvibution

Dialeurodes citri has a wide range of distribution in different regions around the
world [71]. With its origin in Southeast Asia, CWF occurrence was reported from
southeastern United States mainly in Florida in the 1880s [72] from where in 1900 it
spread to California, a region in the western United States [73]. Later its occurrence
was recorded in the Mediterranean countries such as Western Galilee region of Israel
in 1975 [74, 75] and in the Turkey’s Eastern Mediterranean citrus groves in 1976
[76, 77]. In 1977, invasion of this species in citrus orchards was reported from South
Adriatic, near Dubrovnik [78]. This species has also been detected from Oceania, New
Zealand, in 2000 [79]. In Asia, this species is infesting citrus orchards in several parts
of Pakistan [80], Taiwan, Japan, and China [81, 82], Uzbekistan, and Turkmenistan
[83], and India [84, 85].

2.2.2 Eco-biology

The eggs of CWF are yellow and have smooth surface. Female adults lay their eggs
on leaves and 8-24 days are required for hatching according to climate [86]. The CWF
is an arrhenotokous species [87] in which unfertilized eggs always develop into males.
The nymphs are elliptical, flat, and scale like. After first molt, the instars become fixed
(legs and antennae are lacking) at the underside of the leaf surface until the adult
stage. About 23-30 days are required to complete the nymphal period. The pupa of
CWEF is opaque and eye spots of developing adult are clearly visible from pupal
integument and pupa completes its development in about 13-30 days. The total life
cycle from egg to adult formation is completed in 41-333 days according to the
ecological conditions such as temperature, humidity, and rainfall. The CWF over-
winters as nymph (fourth instar) at the underside of the leaves. The pupae appear
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early in spring and in March-April (late spring) the adult emergence occurs [86]. The
number of generations varies according to the region with 2-5 per year [75, 88].

2.2.3 Damage

The CWF has sucking mouth parts and both nymphs and adults injure the plants
by sucking sap. The further injury is caused by honeydew release, which results in the
development of sooty mold fungus over fruits and foliage [86]. The sooty mold may
cover the leaves and cause indirect damage by interfering with respiration and pho-
tosynthetic activity of plants, which leads to leaf drop and yield reduction [75]. The
infested citrus trees become weak and tasteless. Easy peeler citrus varieties such as
mandarins and sweet orange cultivars are preferred citrus hosts of CWF [87]. Besides
this, CWF has also been reported as a vector of disease known as Citrus Yellow Vein
Clearing Virus (CYVCV) [89]. This viral disease was reported for the first time from
Pakistan in 1988 in sour orange (Citrus aurantium L.) and lemon (C. limon Burm.f.)
[90]. Now this disease is widely distributed in major Chinese province of citrus-
growing areas and considered to be most serious disease, which affects the lemon
production [91]. The major symptoms of CYVCV that appear in sour orange and
lemon are severe vein clearing, vein necrosis, and leaf distortion [91-93]. Usually, this
virus does not cause tree death but it can reduce the yield for example in Anyue,
Sichuan Province of China up to 80% lemon production is affected by CYVCV and
yield is reduced by 50-80% [89].

2.2.4 Management
2.2.4.1 Biological control

The biological control of CWF is poorly studied but it includes mainly the use of
potential predatory insects. The main natural enemies of CWF include representatives
of predatory coccinellid with highlight to Serangium japonicum Chapin (Coleoptera:
Coccinellidae). This natural enemy has been reported in pesticide-free crops with
many CWF, in the Japan with peaks in May and July reducing the CWF number in the
second peak [94]. Release of another ladybird beetle S. parcesotum Sicard (Coleoptera:
Coccinellidae) in the East Mediterranean region reveals that the predator has success
in the colonization of orchards with potential to control CWF [77, 95]. Some parasit-
oids also have potential to control CWF, including Encarsia lahorensis (Howard)
(Hymenoptera: Aphelinidae), and Eretmocerus debachi Rose and Rosen (Hymenoptera:
Aphelinidae) [96-98] but further studies to optimize the control are necessary. Likely
parasitoids, pathogenic agents are also poorly evaluated. The fungus Aschersonia pla-
centa Berkeley and Broom (Hypocreales: Clavicipitaceae) isolates were evaluated in
China and three of them have potential to control CWF [82]. In addition, A. aleyrodis
Webber (Hypocreales: Clavicipitaceae) was reported causing high mortality in D. citri
at Southern Alabama and China [99]. Lecanicillium attenuatum Zare and Gams from
order Hypocreales have also been reported to kill the nymphs of CWF, thus consid-
ered a potential biological control agent of this pest [100, 101].

2.2.4.2 Physical control

Physical control involving the use of ultraviolet (UV) light to control insects
mainly CWF is gaining importance as one of the components of IPM because this
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technique is environmentally benign and non-hazardous to non-target organisms
[102-105]. Traps designed with UV releasing tubes can be installed in the field to
monitor and reduce the population of CWF as adults of this pest exhibit positive
phototactic behavior to UV source [102, 106, 107]. UV light kills the captured insects
by inducing oxidative stress and altering some life traits such as behavior, develop-
mental patterns, and biochemistry [108-110]. Exposure of CWF for longer period, for
example, about seven hours per day, can decrease the fecundity, and oviposition rate.
Moreover, pupal formation, longevity of adult females, and adult emergence have also
been reported to decrease significantly in CWF upon exposure to UV light [107].
Apart from UV light, colored sticky cards and yellow sticky traps should also be used
during the active season of CWF in orchards to detect, monitor, and control the insect
population as a part of IPM [111, 112].

2.2.4.3 Cultural control

All the practices in citrus orchard that enhance the passage of air flow through the
canopy of citrus trees come under the cultural control, these practices include the
following: maintaining a proper plant to plant and row to row distance, weed eradi-
cation, light to moderate pruning, and optimum application of irrigation and fertilizer.
These cultural practices do not allow humidity among the trees to increase signifi-
cantly and thus keep the population under check [113, 114].

2.2.4.4 Chemical control

Chemical control using inorganic compounds, botanicals, and synthetic insecti-
cides is an integral part of IPM for the control of CWF; however, it should be used
judiciously and only when required. Two applications of summer oil or white oil
(petroleum) emulsion are recommended during peak activity of CWF; however, in
case of very high populations density spray can be done 3-4 times, Refs. [113-115]
suggested that use of pyriproxyfen or buprofezin @0.05% twice with the span of
45 days can give good control of CWF in citrus orchards. The joint application of an
organophosphate insecticide triazophos and neem formulation can suppress the
nymphs and adults of CWF if sprayed twice at 15-day interval in the citrus orchards
[116]. Use of tree spray oil (0.5 and 1%) along with lime sulfur diluted with water can
provide satisfactory control of CWF eggs mainly in the orchards of sweet oranges.
Moreover, significant nymphal control of CWF can be achieved by spraying 0.03%
dimethoate and formothion [117]. Sole reliance upon conventional chemical control of
CWEF should be avoided as this pest can develop resistance quickly to different pesti-
cides render them ineffective [118, 119].

2.3 Citrus mealybug

The scientific name of citrus mealybug (CMB) is Planococcus citri (Risso) and this
species belongs to order Hemiptera and family Pseudococcidae.

2.3.1 Distribution

CMB is polyphagous and most destructive pest of citrus orchards and nurseries.
It is distributed in different parts of the world such as in Egypt [120], Florida [121],
California [122], Portugal [123], Turkey [124], South Africa [125], USA [126], South

122



Ecology, Biology, Damage, and Management of Sucking and Chewing Insect Pests of Citrus
DOI: http://dx.doi.org/10.5772 /intechopen.109846

pacific region [127], Australia [128, 129], India [130], Mediterranean region [131, 132],
America [122, 133], and Pakistan [134].

2.3.2 Eco-biology

Sexual dimorphism occurs in CMB [135]. The female of CMB has oval, flat, and
soft body, which is covered with wax and long waxy filaments [136]. The length of
adult female insect is about 3 mm [135]. Similar to other scale insects, females of CMB
are wingless [137]. Female lays yellow eggs within ovisacs in soil and each ovisac
contains about 300-800 eggs. About 10-20 days are required to egg hatching. After
hatching, the amber colored nymphs emerge and start feeding by inserting the
mouthparts in the lower side of leaves epidermis. The female molts three time to
become an adult and complete its nymphal duration in six to eight weeks. The male is
gray, winged, and midge like and has long antennae but no mouthparts (Figure 2)
[138]. Adult males are 1 mm in length and have two caudal filaments [135]. In its early
stage, male resembles with female but as it grows, male secretes fibrous, cottony
cocoon from which adult male emerges [139]. The male nymphal instars molt 4 times
until adult [138]. During winter, they hide themselves in cracks and cavities in tree
trunks in the adult female or egg stage. In late spring according to the temperature,
especially at the end of April or beginning of May (early summer), they emerge from
hibernating sites. CMB has about three to six overlapping generations per year but the
Spring-Summer life cycle is major concern for citrus growers as peak infestation
occurs in the month of June in Mediterranean region of the Turkey [140]. The males
of CMB exhibit the phenomena of polygyny and can fertilize multiple females during
their short life span [141, 142]. Generally, the sperm from younger males has more
chances to fertilize the female eggs [143].

2.3.3 Damage

The CMB has potential to cause high loss in agriculture especially in citrus and
grapevine industry. The CMB infestation causes direct and indirect type of damage to
citrus orchards [144]. All parts of tree such as new leaves, stem, flowers, and fruits are
damaged by CMB except underground portion of the plant. The CMB (nymphs and
adult female) sucks the sap from different parts of plant, which results in defoliation
(about 80%), wilting, dropping of fruits and flowers, deformed fruit appearance
[132], and premature yellowing and causes approximately 95% loss in crop yield
[145, 146]. In case of heavy infestation, stunting and death of plants occur [136].
According to Smith et al. [128], in South Africa, the early ripening cultivars are more
susceptible to damage by CMB than the late maturing cultivars. In early ripening
cultivars, the natural enemies have less opportunity to suppress the pest population of
CMB in the field before harvesting stage. Generally, fruit damage is caused by CMB
between petal fall and at that time when fruits are size of golf ball [147]. The indirect
damage to plant by CMB is the production of copious amount of honeydew on foliage
and fruits, which provides the growth medium for development of sooty mold fungus
[145]. Sooty mold is dark superficial coating on different parts of plants, which
decreases the photosynthetic capacity of plant by reducing the amount of light enter-
ing the leaf cells; the presence of this black mass upon harvested fruit ultimately
reduces the market value [144]. Honeydew is also source of food for ants, which may
protect the CMB from their natural enemies [148].
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Figure 2.

Plz%:ococcus citri adult male having membranous wings and tail filaments (A), cottony ovisac with egg mass
deposited by adult female of P. citri (B), nymphs, pre-pupae and pupae of P. citri (C) and adult female of P. citri
whose body is covered with white powdery mass (D). Photographs by lance S. Osborne, the University of Flovida,
USA (A), Lyle . buss, University of Florida, USA (B) Paul ]. Johnson, South Dakota State University, USA (C)
and William Bodine in 1455 N Val vista Dr., Mesa, AZ 85213, USA captured on august 19 2022 (D).

2.3.4 Management
2.3.4.1 Mechanical and cultural control

During winter, pruning of infested parts is recommended as it allows sufficient
light penetration in the canopy, and thus helps in exposing the hibernating insects
which are ultimately killed by natural enemies and solar light. Pruning as prophylactic
approach is also best management option to prevent the attack of CMB in next season
[10, 149]. Some ant species in the citrus orchards hinder the success of biological
control of CMB by disrupting the activity of predators and parasitoids and they also
act as mechanical carrier for mealybugs and transport them to their feeding sites
[148]. Therefore, destruction of the ant colonies in citrus orchards is suggested to
disrupt the mutualism between ants and CMB [10, 128, 137]. Plowing the soil near tree
trunk during summer to expose the eggs and females to their natural enemies and
sunlight is also best technique to control this pest. The sticky bands of 7-8 cm should
be wrapped around trunk during second week of December at the height of 0.5 m
from ground. The population of CMB can also be controlled by removing the bark as it
helps in the elimination of harboring sites of CMB nymphs [150].

2.3.4.2 Use of host plant resistance

The tolerance/resistance against insect pest is also important phenomena and has
been observed in three citrus cultivars viz., Citrus limon, C. macroptera, and C. grandis
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against the attack of CMB. Therefore, these cultivars should be used as rootstock in
management program against CMB. C. sinensis and C. limettiodes have been

found moderately resistant to the attack by CMB and only suffer 20.65-30% leaf
infestation [151].

2.3.4.3 Biological control
2.3.4.3.1 Predators

The mealybug destroyer Cryptolaemus montrouzieri Mulsant (Coleoptera:
Coccinellidae) from Australia was introduced into California in 1982, which effec-
tively controlled the CMB infestation in field. This coccinellid predator provides the
effective control by reducing the eggs masses, nymphs, and adult population of CMB
[152, 153] but Hattingh and Tate [154] found that C. montrouzieri is sensitive to IGR,
pyriproxyfen, which is used for control of red scales in citrus orchards. It is
recommended to release about 500 C. montrouzieri beetles per acre in the citrus
orchard for effective control [155]. The other most common predators of CMB include
Scymmnus syriacus (Mars.) (Coleoptera: Coccinellidae) and the chrysopid predator,
Chrysoperla carnea (Stephens) (Neuroptera: Chrysopidae) [156]. Efforts should be
made to conserve and enhance the effectiveness of these predators in the orchards by
relying less on chemical control.

2.3.4.3.2 Parasitoids

The hymenopteran wasps are most abundant biological control agent for CMB in
various regions of the world. The two parasitoids Leptomastix dactylopii Howard and
Leptomastidea abnormis (Girault) (Hymenoptera: Encyrtidae) are used as bio-control
insects against CMB [157-159]. However, Mani [160] reported that the indigenous,
Coccidoxenoides peregrines (Timberlank) (Hymenoptera: Encyrtidae) is more abundant
and having parasitism rate of about 10 to 30%. Krishnamoorthy and Singh [161]
reported the successful example of release of L. dactylopii in India in 1983 on manda-
rins. Within two month of release, it provided 100% parasitism rate by feeding on all
stages of CMB. In South Africa, C. peregrines are reared at commercial level and
provide good control against CMB [147].

2.3.4.3.3 Pheromone

A synthetic pheromone [(1R-cis)- 2, 2-dimethyl —3-(1-methylethenyl) cyclobutyl
methyl acetate] of CMB elicits a positive response against male adults and half-life of
this pheromone is about 2 weeks in field and maximum males are caught at the dose of
400-700 mg [162].

2.3.4.3.4 Entomopathogenic nematodes

The entomopathogenic nematodes (EPN) have ability to control the wide range of
insect pests including CMB and can be applied as bio-control agent. Once they pene-
trate inside the host haemocoel and release symbiotic bacteria, the host is killed within
24-48 h. EPN have no negative effect on environment, human, and other vertebrates.
The six indigenous species have been used to access the susceptibility of CMB. Three
heterorhabditids species (H. zealandica, H. safricana, and H. bacteriophora) and three
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steinernematids (S. yirgalemense, S. khoisanae, and S. citrae) were evaluated. The S.
yirgalemense and H. zealandica caused highest mortality of about 97 and 91%, respec-
tively, as compared to the other four tested species of nematodes [125], therefore
these two species should be incorporated in the biological control program of CMB.

2.3.4.4 Chemical control

The management strategies for control of CMB have been mainly based upon bio-
control agents. However, the control with chemical method is most common and
widely used strategy because of poor adaptation of natural enemies in varying climatic
conditions [10]. The control of CMB by using chemicals can be difficult and effec-
tiveness of chemicals depends on correct application at time when needed. However,
acceptable control of CMB may not be achieved with single treatment; the follow-up
application of chemicals is necessary. The effective control can be achieved if appli-
cation is started at the time of initial infestation of pest population [163]. To preserve
the natural enemies, it is mandatory to use selective insecticides for control of CMB
[164]. Kiitiik et al. [124] conducted a study to evaluate the effect of biological and
chemical control against CMB. They found that summer oil and spirotetramat are
compatible with natural enemies, for example, C. montrougieri and L. dactylopii, while
these natural enemies showed incompatibility with chlorpyrifos-ethyl, due to its side
effect on these bio-control agents. Due to cryptic nature and protection with waxy
material of CMB, it is necessary to use the chemicals with high vapor pressure. The
major insecticides recommended for the control of CMB are from organophosphate
(e.g., chlorpyrifos, malathion, dimethoate, azinfos-methyl, dichlorvos parathion,
diazinon, and pirimiphos-methyl) and carbamate group (e.g., methomyl, thiodicarb,
and carbaryl). These insecticides are applied individually or are mixed with mineral
oils [141, 165]. The excessive use of these insecticides for the control of CMB might
lead to development of insecticide resistance; therefore, some alternative insecticides
such as dinotefuran, acetamiprid, imidacloprid, and thiamethoxam from
neonicotinoid group can be employed in the management program of CMB [141].

2.4 Citrus thrips

Citrus thrips is piercing-sucking insect, which belongs to order Thysanoptera and
family Thripidae. Various species of phytophagous thrips have been reported upon
citrus in the world such as Scirtothrips citri (Moulton), S. aurantii Faure, S. dorsalis
(Hood), S. inermis Priesner, Pezothrips kellyanus Bagnall, Megalurothrips kellyanus
(Bagnall), western flower thrips Frankliniella occidentalis (Pergande), F. bispinosa
(Morgan), Thrips major Uzel, T. hawaiiensins Morgan, T. meridionalis (Priesner), T.
angusticeps Uzel, T. obscuratus (Crawford), T. tabaci Lindeman, Heliothrips
haemorrhoidalis Bouché, Chaetanaphothrips signipennis (Bagnall), and C. orchidii
Moulton [166-175].

2.4.1 Distribution

Different species of thrips reported on citrus have worldwide distribution. Among
all the species, S. citri commonly known as citrus thrips or California citrus thrips is of
great economic importance in USA and Asia. In USA, it is infesting citrus particularly
oranges (Navel oranges), grapefruit, and lemons in California, Arizona, northwestern
Mexico, Florida, Washington, and Georgia [174, 176-179]. In Asia, S. citri has been
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recorded in India, China, Iran, and Thailand [179, 180]. Another thrips of economic
importance on all type of citrus plantations (lemons, oranges, and grapefruits) is P.
kellyanus, commonly known as Kelly’s citrus thrips (KCT). P. kellyanus is Mediterra-
nean in its origin and has been distributed in various geographical regions around the
world in Australia [170, 181], New Zealand [182], Southern France [183], Cyprus
[171], Italy [184, 185], Spain [186], Turkey, and Greece [187, 188], Portugal [189],
Chile [190], Morocco [191], and Tunisia [175].

2.4.2 Eco-biology

Citrus thrips complete their life cycle from egg to adult stage in two to three
weeks. The duration of each stage varies with the host species attacked, as well as
temperature and humidity of the environment [192]. Citrus thrips is hemimetabolous
insect and has following stages: eggs, 1st and 2nd instars or larvae (active feeding
immature stages), 1st and 2nd stage pupae (non-feeding instars known as pre-pupa
and pupa), and adult or imago (equipped with fringed wings) [176]. The adult
female prefers to lay eggs deeply inside the soft and young tissues of leaves, stems,
and floral buds with the help of saw-like ovipositor; the egg laying-puncture is
completely closed after egg laying. On an average 25-35 eggs are laid per female
with maximum of 250 during its life time. Fertilized eggs mostly develop into females
and seldom to males. However, only male offspring is developed from unfertilized
adult females. Eggs hatch in 5-8 days depending upon the temperature. First and
second instars are active feeders and complete their development in 4-14 days by
feeding upon soft leaves and under the sepals of tiny fruits. The third and fourth
instars known as pre-pupa and pupa, respectively, are passive stages and do not feed,
and they spend their time on the ground, tree crevices or inside the curled leaves.
Development period from egg to adult formation varies according to temperature
such as it requires 16 and 13 days at 25°C and 31°C, respectively. The adult female lives
for 26-30 days at 31°C. The number of generations of citrus thrips ranges from 8 to
12 in various agro-climatic conditions. The activity of thrips commence usually in
spring and at the beginning of summer at the temperature range of 20-25°C as it
coincides with the flowering period and formation of young fruits on trees. The rise in
temperature above 30°C and absence of flowers and young fruits result in decrease in
thrips population density [175, 177, 193-196].

2.4.3 Damage

Citrus thrips attack usually commence during the flowering stage mostly at petal
fall or new fruit formation. Thrips nymphs (1st and 2nd instars) and adults with the
help of their asymmetrical piercing-sucking stylet inflict damage to citrus leaves,
flowers, buds, and young fruits by extracting the cell contents. Feeding activity upon
newly developed citrus flush often results in curling of leaves, along with the appear-
ance of silvery or grayish scars upon the leaves. The damage also results in poor
development and growth of infested plant [197-199]. Fruit scarring is the diagnostic
damage pattern of citrus thrips, which usually starts when fruit is developing (<2.5 cm
diameter) (Figure 3).

Due to thigmotactic nature of citrus nymphs, they prefer to feed under the
calyx of young fruit, which results in the development of ring-shaped scar around
the calyx or fruit peduncle. In some citrus cultivars such as Navel oranges, thrips
activity develops the scaring marks at the styler end of the fruit surface. “Russety-
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marking” and “tear staining” upon the peel or ring of citrus fruits such as in oranges
is also sign of thrips induced damage. Scarring marks are mostly observed upon
fruits, which lie outside the canopy. Thrips herbivory upon developing citrus fruits
also causes abortion, irregular development or deformity, discoloration, and
necrosis of the fruit [200]. Blemishes and scar patterns (cosmetic losses) due to
feeding of citrus thrips enormously reduce the market value of citrus fruits

leading to export and monetary losses to citrus growers and exporters [184, 201, 202].
Abrasion and scarring of citrus fruits by citrus thrips negatively affects the
physiochemical qualities of fruits such as higher percentage of TSS and sugar/

acid ratios, lower titratable acidity, increase in water loss, and more rapid weight
loss [203].

2.4.4 Management
2.4.4.1 Biological control

The use of predatory mites as biological control agent of citrus thrips is well
documented. The most important predacious mites recommended against citrus
thrips are phytoseiid mites: Euseius tularensis Congdon and E. hibisci (Chant) (Acari:
Phytoseiidae) and anystid mite: Anystis agilis Banks (Acari: Anystidae). These species
can be conserved and released in mature citrus orchards and scarring of citrus fruits
can be minimized [204-209]. Some other predacious mite species such as Iphesius (=
Amblyseius) degenerans Berlese, Neoseiulus barkeri (Hughes) (Hughes) (= Amblyseius
mckengiei), and N. cucumeris (Acari: Phytoseiidae) can be used as potential biological
control agents against immature thrips in citrus nursery [210]. Another predatory
mite Gaeolaelaps aculeifer (Acari: Laelapidae) has been shown to successfully reduce
the infestation of thrips in commercial citrus orchards of Valencia, eastern Spain after
the augmentative release [211].

Figure 3.

Citrus fruit (Kinnow mandarin) infested by thrips showing scarring mark as one of the diagnostic damage
patterns. Photograph by Bodil N. Cass, Department of Entomology and Nematology, University of California,
Davis, USA.
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The use of natural insect predators is advocated for the control of thrips in citrus
orchards in different regions of the world. Among the generalist predators of thrips,
Orius insidiosus (Say) (Hemiptera: Anthocoridae) commonly known as minute pirate
bug is an aggressive and voracious predator of thrips adults and nymphs in citrus
[173, 179, 212, 213]. Some other generalist thrips predators known are chrysopids,
coccinellids, and mirids [214]. Two predatory thrips species Karnyothrips flavipes
(Jones) and Leptothrips spp. have been identified and are known to attack thrips in
citrus in Florida, USA [215].

2.4.4.2 Chemical control

Complete thrips control in citrus orchards cannot be obtained merely by biological
control agents; therefore, application of different insecticides for the suppression of
thrips population below economic damaging levels is unavoidable. The insecticides
from organophosphorus (OP), pyrethroids, and new chemical groups are
recommended for thrips control. Spray with systemic insecticides at pre-flowering or
post-flowering stage is recommended. Dimethoate, a systemic and broad-spectrum OP
insecticide, is highly recommended and widely used insecticide against thrips in citrus
orchards. It is applied before petal fall when less than 10% buds have opened. Its
application on nursery plants is not recommended; however, mature fruits can be
sprayed only twice with this insecticide. Among the pyrethroid group insecticides, one
application of cyfluthrin or fenpropathrin (broad spectrum) in a year is recommended
in the citrus orchards to trees <3 years of age. Application of two different pyrethroid
insecticides in sequence must be avoided in order to minimize the resistance develop-
ment. OP and pyrethroid insecticides should be used in rotation as a part of insecticide
resistance management tactic. In California, chemical control is initiated when 75 per-
cent petal-fall is complete. In order to minimize the impact of insecticides on natural
enemies, and to reduce the resistance development against OP and pyrethroid insecti-
cides, some botanical or microbial nature insecticides such as sabadilla, abamectin, and
spinosad should be used for spray. Among the new chemistry insecticides, imidacloprid,
acetamiprid, and thiamethoxam from neonicotinoid group and chlorfenapyr from pyr-
roles group are also recommended against citrus thrips [177, 216-219].

3. Chewing insects
3.1 Citrus leafminer

The scientific name of citrus leafminer (CLM) is Phyllocnistis citrella Stainton and it
belongs to order Lepidoptera and family Gracillariidae.

3.1.1 Distribution

The CLM is a most destructive pest of citrus nurseries, top grafting trees, and also
citrus growing in plastic greenhouses in various parts of the world [220]. This pest is
native to eastern and southern Asia occurring in China, India, Thailand, Japan, and
Vietnam [221, 222]. It was reported in southern Florida in 1993 [223, 224], most of
Caribbean region and Southern part of USA [225, 226]. It has also been reported in
Northern part of South America, Uruguay, and Mediterranean coast of Europe [227],
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in the Middle East [228], Reunion Island [229], and North Africa [227]. In 1999, its
damage was reported from Arizona [230].

3.1.2 Eco-biology

The number of eggs laid per female is about 30-75. The eggs are translucent,
white, and appear similar to tiny water droplets. Usually female lays eggs underside of
leaves and along the leaf mid-vein toward leaf petiole. Eggs hatch in 2-10 days
according to the environmental conditions. CLM has four larval stages and having
total developmental time of about 5 to 20 days. Upon hatching, larvae immediately
begin mining beneath the epidermal cells. The 1st instar larvae are green in color,
translucent, and difficult to detect. The 2nd and 3rd instar larvae are also translucent
and yellow-green in color. The 4th instar larvae are clearly visible and form silken
cocoon within mines. 4th instar larva curls the leaf edge as silk dries over the cocoon
and forming a protective shell called pupa. In initial stage, pupa is yellow-brown in
color but at later stage it becomes darker. About 6-22 days are required to complete
the pupal duration. The adult is white and has silvery scales on the dorsal surface of
forewings and distinctive black spots on the tip (Figure 4). The moth is small and
of the size of mosquito and active during early morning and evening. The entire
life cycle of CLM is completed in 14-50 days depending on temperature of the
environment [230].

3.1.3 Damage

The CLM damages the trees by forming mines especially underside of young leaves
and the fruit is rarely mined (Figure 5). The leaf mining by CLM results in partial
chlorosis, necrosis, leaf deformation, and ultimately causes defoliation, which reduces
the photosynthetic activity of plants. The mining in spring flush causes more damages
as it is responsible for fruit development than that of fall flush. Besides this, mining
also facilitates the entry point for number of plant pathogens such as bacterial citrus
canker. The bacterium Xanthomonas citri (Hasse) is the cause of an important disease
in citrus plant called Asian citrus canker [231]. The canker-infected tree produces
lesions on leaves, stems, and fruits, which results in defoliation, fruit drop, blemishing
on fruit, twig dieback, and general tree decline [232-234].

3.1.4 Management
3.1.4.1 Chemical control

Many farmers apply insecticides to mitigate the effect of CLM as they see visual
impact of foliar damage on trees. This control measure is expensive and often inef-
fective because none of product provides long-term control than just for two week
[235, 236]. To control the CLM, the chemical control is often inappropriate strategy
because of high cost to manage the pest, risk of development of resistance in pest
population, accumulation of pesticides residues in food and also in ground water,
effect on natural control agents, harmful effect on field workers, and also to environ-
ment [237]. Tan and Huang [238] also reported development of resistance to
pesticides in CLM.
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Figure 4.
Adult stage of Phyllocnistis citrella with distinct black spots at the dorsal surface of both forewing and hindwing.
Photograph by Jack Kelly Clark, University of California, Statewide IPM program.

Figure 5.

A newly developed leaf of Kinnow mandarin is under the infestation of three larvae of Phyllocnistis citrella.
Feeding of larvae upon leaf tissues vesults in the development of prominent mines, which is one of the diagnostic
damage patterns of P. citrella. Photograph was taken by Dy. Muhammad Babar Shahzad Afzal at citrus nuvsery
of Citrus Research Institute, Sargodha, Punjab, Pakistan on August 29, 2017.

3.1.4.2 Monitoring using traps

Pheromones traps should be used to determine pest population abundance in
field. However, control decision is based on sampling of active larvae. Usually, monitoring
should be done in February through May and September-October, at that time 50% of
trees are actively flushing. Randomly ten leaves are selected and live larvae are observed
with hand lens. The young trees should be treated when 30% of leaves have active mines
with live larvae, while older trees are treated unless severely damaged.

3.1.4.3 Cultural practices

In the irrigated areas of citrus production, CLM population might be suppressed
by modifying the trees to produce alternate flushing by managing the irrigation
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and fertilizer application but it is not possible in areas where summer rainfall is too
high such as Florida’s subtropical climatic conditions. Other management options
such as development of host plant resistance also do not provide long-term control
and there is no clear evidence that varieties are resistant to attack of CLM. The
water sprouts usually develop on branches and above grafting on tree trunk and
rapidly produce the new flushes for long period of time. Removal of such water
sprouts is crucial because it provides sites for oviposition. Besides this, the water
sprouts below root stock should also be removed as they do not produce desirable
fruits [239].

3.1.4.4 Biological control

The biological control agents of CLM play an important role in keeping the pest
population below economic injury level. According to one report, 60% population of
CLM was killed by its predators and parasitoids in Yuma. The common parasitoid
Cirrospilus coachellae Gates (Hymenoptera: Eulophidae) appears in late summer and
early fall and effectively controls the CLM. The Yuma spider mite and Tydeu ssp. have
been reported to feed on CLM larvae [230]. Browning et al. [240] and Pena et al. [241]
also identified some parasitoids of CLM {(Cirrospilus sp., Pnigalio minio (Walker),
Sympiesis sp., Elasmus tischeriae (Howard), Closterocerus cinctipennis Ashmead,
Horismenus sp., and Zagrammosoma multilineatum (Ashmead)} in Florida during
1993-1994. The level of parasitism varies ranging up to 60%. The lowest parasitism
level was recorded in late winter and early spring. Similarly, some predators have also
been found to attack the CLM which include Chrysoperla rufilabris (Burmeister),
Solenopsis invicta (Buren), predatory thrips and some spiders [242].

3.2 Lemon butterfly

The scientific name of lemon butterfly (LBF) is Papilio demoleus Linnaeus and it
belongs to order Lepidoptera and family Papilionidae.

3.2.1 Distribution

The rapid dispersal ability and population growth of LBF makes it economically
serious pest with its distribution in different parts of the world such as Pakistan [243],
Iran, Formosa, Japan, India, China [244], Bangladesh [245], United States [246],
Southern Asia [247]), Island of Hispaniola [248], Iraq [249], Middle East [250, 251],
Indonesia [252-254], New Guinea [255], and Australia [256, 257].

3.2.2 Eco-biology

According to Xingyong et al. [258], in warmer temperate region of China, LBF has
five generations per year. This pest completes its life cycle in about over 30 days [6].
The eggs of LBF are round, having smooth surface and yellow-white in color [259].
The eggs are laid either singly or in group of 8-10 on the lower surface of leaves or
twigs within 2-3 days post-mating. The hatching of eggs occurs in 4-5 days. There are
five larval stages with developmental time ranging from 27 to 35 days [6]. The final
larval stage is ready to form a pupa. Larvae of this stage secrete watery and soft stool
as compared to grainy or dry stools produced by other stages. During the onset of
pupal formation, the body of last larval instar is compressed and it produces silken
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thread, which is used to fasten and anchor the new developing pupa with some
substratum. This stage can be called as pre-pupa. For 15-18 hours, larvae are in fixed
position and shed their dried skin to form a pupa which requires 10-12 days to
complete its development. When viewed from lateral part, it looks alike torpedo-
shaped [260]. Both female and male adults of LBF are black with yellow or whitish
marking in wings (Figure 6) [245]. The adults can survive 7-12 days after emergence
from pupae [6]. In February (late winter), the population of LBF started to increase
and reaches at peak level in April-May (late spring to early summer) and subse-
quently declines till September (autumn). The second peak starts at the end of Sep-
tember (mid-autumn) and again population flurry-up but the second peak is much
smaller than the first one [245].

3.2.3 Damage

LBF is one of the major and economic pests of citrus [6, 261]. The citrus plant
is damaged by only larval stage which devours the large quantity of foliage. It is
voracious feeder and causes serious damage to young seedling, nurseries and also
has capability to cause defoliation; thus, LBF is a potential threat to citrus growers
(Figure 7) [262]. It can cause up to 83% defoliation in young trees in case of severe
and unchecked infestation [263]. The LBF has wide ecological tolerance which enables
it to thrive in different environmental conditions [264].

3.2.4 Management
3.2.4.1 Biological control

Winotai and Napompeth [265] performed a survey of natural enemies of LBF
in Thailand. The Ovencyrtus malayensis and Tetrastichus sp. were found to parasitize
the egg stage. There are some predators which affect the larval stage such as
Proxys punctulatus, Podalonia sp, bird (Oriolus steerii) and spider (Nephila sp.)
[266]. The insect parasitoids such as Erycia nymphalidophaga [265], Apanteles
papilionis, and Bracon hebetor [267] have been reported as larval parasitoid of LBF.
The parasitoids which affect the pupal stage of LBF are Brachymeria sp and
Pteromalus puparom.

Figure 6.

Early instar larva (A) and adult (B) of Papilio demoleus. Photographs by https://momsmeanderings.wordpress.c
om/2017/02/02/lifecycle-of-a-citrus-swallowtail-butterfly/ (A) and Foto Martein in the indoor butterfly garden
“Jardins des Papillons” in Hunawihr, Alsace, France on June 22, 2007 (B).
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Figure 7.
Late instar of Papilio demoleus feeding and cutting the leaf edges of citrus plant. Source: https://momsmeandering
s.wordpress.com/2017/02/02/lifecycle-of-a-citrus-swallowtail-butterfly/.

3.2.4.2 Insecticidal control
3.2.4.2.1 Botanical insecticides

The botanical insecticide is an alternative to synthetic insecticide for the
management of pests as it provides little or no threat to the environment, ecosystem,
and human health [268]. The antifeedant activity of azadirachtin was evaluated against
LBF larvae [269], azadirachtin is most important natural antifeedant, which inhibits the
feeding and indirectly causes death of insect due to starvation [270]. Another approach
to spray the plant leaves is with distasteful substance derived from plant extracts.
According to Vattikonda et al. [271], forskolin, a labdane diterpene derived from the
plant Coleus forskohlii showed an antifeedant activity at the concentration of 200 ppm.
Similarly, betulinic acid from Ziziphus jujube [271] and andrographolide from
Andrographis paniculate [272] also displays strong antifeedant activity against LBF.

3.2.4.2.2 Microbial insecticides

The pathogen can be used as biological control agent and is integrated with natural
enemies to protect the crop from insect pest damage. The isolates of Isaria fumosorosea
(Ifr; and Ifr,) showed their potential to kill the LBF larvae by causing 72.23 and
61.90% mortality after exposure of 8 days at dose of 10® spores/ml concentration,
respectively [273]. The one of most commonly used microorganism is Bacillus
thuringiensis (Bt), which is highly effective against lepidopteron larvae [274]. Osouli
and Afsharmanesh [275] found that a strain of Bacillus subtilis (M419) produces
secondary metabolites especially lipopeptide biosurfactants that inhibit the growth
and cause larval mortality in LBF.

3.2.4.2.3 Synthetic insecticides

The synthetic pesticides are used in large scale for control of insect pests world-
wide because of high efficacy and low cost. However, the regulation of these
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compounds is also increasing globally due to their concern about toxicity and envi-
ronmental safety [276]. The cypermethrin has been proven more toxic for larvae of
LBF than that of neem extract of Azadirachta indica, while deltamethrin was found
less effective than Azadirachta; hence, cypermethrin could be a good candidate
against LBF in citrus orchards [277]. Haque et al. [278] reported that LBF treated with
spinosad and chlorfenapyr showed lowest rate of infestation, hence are highly effec-
tive and their use could result in highest yield of citrus due to significant suppression
of LBF. The application of spinosad is environmentally benign and cost effective than
that of chlorfenapyr. It can be suggested that grower should use spinosad for the
management of LBF larvae in nurseries and gardens. The juvenile insect growth
regulator (IGR) known as diofenolan which severely hampers the normal develop-
ment, growth, and metamorphosis of LBF larvae can also be incorporated in IPM for
better control [279]. Another IGR known as diflubenzuron is also effective in control-
ling the LBF; it not only reduces the growth but also causes morphological deformities
in insect [280].

3.2.4.3 Mechanical control by hand picking

The hand picking is most practical technique under certain conditions such as in
case of cheap labor availability, conspicuous, and large egg masses, when insects are
too sluggish, have congregate behavior and easily accessible to the pickers. Hand
picking of LBF larvae is efficient method to reduce the infestation particularly in
nurseries and home gardens [281].

4. Concluding remarks

In this chapter, important features of the main citrus pests were demonstrated.
Nowadays, there are many insects that are pests of citrus and a few ones were well-
studied, reinforcing that other species need to be investigated. Thus, the studies on
biology, ecology, and management of citrus pests are necessary, mainly those that
may produce data useful to control and mitigate damages caused by the pests. In
addition, field effectiveness and climatic adaptations in different geographic regions
with high citrus crop activity should be evaluated in order to contribute for pest
control. Furthermore, the search for environmental friendly new molecules, natural
enemies, resistant plants, and technological approaches should be stimulated.
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Abstract

Citrus species is a category of fruit that contains a variety of bioactive components
throughout the plant. Citrus fruits (and items made from them) are among the most
widely eaten fruits in the world, and their supply continues to increase. Oranges,
pomelos, limes, tangelos, mandarins, lemons, kumquats, grapefruits, and other Citrus
fruits are among them. They are frequently employed in the culinary, cosmetics, and
pharmaceutical sectors due to their fragrance and taste. Vitamin C, pectin, limonene,
phenolics, iso-limonene, flavanones, and nonanal are the main bioactive components
present, and they provide a variety of health advantages. Pharmacological studies
have shown that the fruit has numerous nutraceutical benefits, including a strong
antioxidant, antidiabetic, anti-hypertensive, anticancerous, antibacterial, antifungal,
antimicrobial, antihyperglycemic, and cardioprotective. It should also be highlighted
that all Citrus fruits are an excellent source of minerals, which are required to main-
tain water and electrolyte balance. Citrus fruit-eating has been linked to a range
of health advantages in recent research. This chapter presents an overview of the
nutritional aspects of Citrus as well as its health benefits, which will be detailed.

Keywords: Citrus, nutrition, bioactive substance, healthy food, vitamin, antioxidant,
phenolic compound

1. Introduction

Citrus fruits are members of the Rutaceae family and are the most marketed
natural product on earth. Citrus, also known by the Romance loanword agrumes (sour
fruits), is one of the world’s dominant cultivars, with a feature of the application
and acceptance significantly to human food [1]. Citrus, which is commonly grown
in subtropical and tropical regions, is one of the largest and most significant crops.
Annually, over 150 million tons of Citrus natural products are filled in more than
140 nations. According to Food and Agriculture Organization (FAO), Italy, Spain,
Argentina, the United States, and Greece are significant exporters of fresh Citrus,
while the main exporters of organic Citrus juices are Brazil, Israel, Costa Rica, the
United States, Italy, Mexico, and Cuba [2]. Citrus natural products have been appre-
ciated by people since ancient times. Citrus fruits are an important part of today’s
diet since they are soft, easy to peel, and have juicy flesh with a distinct flavor. Many
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Citrus species, such as grapefruits (Citrus paradisi), mandarins (Citrus reticulata),
lemons (Citrus limon), oranges (Citrus sinensis), Citrus clementina, and Citrus unshiu
are consumed as juice or used for the development of new products all over the planet
[3]. Citrus is popular due to its distinct flavor, taste, and scent, as well as its increased
level of phenolics, vitamin C, and other nutritional properties [4]. Citrus belongs to
the Citrinae subtribe, tribe Citreae, and subfamily Aurantioideae. Furthermore, the
continuing ordered study seems, by all accounts, to be confounded and disputed, as
aresult of sexual suitability among Citrus species and other taxa, a frequency range
of bud modifications, and apomixis (e.g., adventitious embryonic) [5]. Swingle

and Reece and Tanaka’s taxonomy classifications for Citrus, which classified 16 and
162 species, respectively, are the most frequently accepted [6]. Fruit and vegetable-
rich cuisines have been significantly linked to multiple therapeutic benefits and a
decreased probability of having illness [7]. Citrus is one of the world’s most signifi-
cant natural product crops, grown for both fresh juice production and food process-
ing. Citrus fruits and commodities are quite common with significant economic and
nutritional influence in both developing and developed nations due to inexpensive
economic accessibility, and customer attitude toward the increasingly recognized
potential health benefits [8].

Dietary choices have been related to a range of health outcomes, including high blood
cholesterol, hyperglycemia, high blood pressure, and other major chronic degenerative
conditions [9]. There is a huge necessity for nutritious meals that, in addition to provid-
ing nourishment, may improve the public overall health status. Fruits and vegetables are
high in nutrients, anti-inflammatory compounds, and phytochemicals [10]. Aside from
that, the demand for plant-based commodities is increasing in both emerging and devel-
oped countries [11]. Thus, we may employ specific fruits, such as citron (C. medica), in
various formulations and benefit from their health capabilities in lowering the risk of
numerous prevalent ailments. The World Health Organization (WHO) suggests, includ-
ing 400 g of fruits, in your balanced meals. Consuming more Citrus fruits, vegetables,
and whole grains has been associated with a decreased risk of numerous metabolic syn-
drome-related disorders, particularly malignancy, impaired glucose tolerance, coronary
heart disease, and neurodegenerative diseases, according to deterministic, observational,
and intervention studies [12]. These illnesses are essentially connected with serious and
second-rate extensive irritation created by responsive oxygen species. The bioactive con-
stituents included in whole grains, vegetables, and fruits protect cells against oxidative
damage by neutralizing free radicals, hence lowering the prevalence of these disorders
[13]. Citrus fruit species have been extensively researched for their bioactive content and
medicinal properties. Oranges account for the majority of all Citrus production/exports,
followed by lemons/limes (8%), grapefruit (7%), and tangerines/mandarins (one-third)
[14]. Citrus fruits have gained popularity in recent years due to their health-promoting
properties. A variety of active substances contained in Citrus natural products have
been detached and portrayed, and their part in people’s well-being has been extensively
researched. Citrus fruits’ significance in one’s nutrition, as well as the abundance of key
bioactive compounds, such as ascorbic acid (AsA), carotenoids, and flavonoids, in Citrus
fruits, and their therapeutic properties are discussed in this chapter.

2. Nutritional perspectives of Citrus

Citrus spp. is abundant in vitamin C and is low in cholesterol, salt, and fat, and has
arelatively low average calorie value, which may be helpful for users worrying about
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Nutritional Composition of Citrus
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Figure 1.

Nutritional composition of Citrus fruit [1].

being overweight. Citrus includes significant levels of carotenoids (some of which can
be converted to vitamin A), folate, and fiber [15]. The macronutrient composition of
some Citrus fruit is presented in Figure 1 [1].

The fruits are high in important nutrients, such as dietary fiber, and simple
sugars, and often a variety of micronutrients, including thiamin, copper, riboflavin,
vitamin B6, magnesium, niacin, calcium, potassium, folate, phosphorus, pantothenic
acid, all of which have been required for health maintenance and proper develop-
ment [16]. Additionally, studies were carried out to better comprehend the diversity
found in nature phytonutrients, such as flavonoids, carotenoids, and limonoids.
Epidemiological data and other investigations have revealed that all these active
components have a broad range of biological consequences and they may serve to act
as an intermediary between Citrus fruit consumption and sickness protection [17],
such as hyperglycemia, cancer, osteoporosis, cataracts, and cardiovascular disease.
The nutritional profile of various Citrus fruits is presented in Table 1 [1].

3. Bioactive compounds of Citrus fruits

Citrus fruits are high in bioactive chemicals, particularly phenolic compounds
(flavonoids, coumarins, and phenolic acids), terpenoids (carotenoids and limonoids),
and pectin [3, 18, 19]. Citrus fruits are also high in nutrients, including ascorbic
acid, tocotrienols, tocopherols, and minerals (iron, manganese, zinc, selenium, and
copper) [3, 18, 19]. Flavonoids, which are a significant source of antioxidants in the
diet of humans, are a kind of polyphenolic compound abundant in Citrus fruits.
Flavanones account for approximately 95% of the total flavonoids generated by Citrus
[20]. Citrus-derived flavonoids can be aglycones or glycosides, and they as a rule do
not happen in nature as aglycones yet rather as glycosides, in which the aglycones are
linked to a sugar molecule [21]. Citrus fruits contain a significant quantity of flavonols
(kaempferol, quercetin, and rutin), polymethoxylated flavones (e.g., 5-dimethyl
nobiletin, tangeritin, and nobiletin,), flavanone-7-O-glycosides (narirutin, naringin,
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Nutritional characteristics Lemon Grapefruit Orange Tangerine
Energy (kcal) 29 42 47 53
Dietary fiber (g) 2.80 1.60 240 1.80
Protein (g) 1.10 0.77 0.94 0.81
Carbohydrates (g) 9.32 10.66 11.75 13.34
Cholesterol (g) 0 0 0 0
Total fat (g) 0.30 0.14 0.12 0.31
Niacin (mg) 0.100 0.204 0.282 0.376
Riboflavin (mg) 0.020 0.031 0.040 0.036
Pantothenic acid (mg) 0.190 0.262 0.250 0.216
Pyridoxine (mg) 0.080 0.053 0.060 0.078
Vitamin A (IU) 22 1150 225 681
Vitamin C (mg) 53 31.20 53.20 26.70
Vitamin E (mg) 0.15 0.13 0.18 0.20
Calcium (mg) 26 22 40 37
Potassium (mg) 138 135 181 166
Copper (pg) 37 32 45 42
Magnesium (mg) 8 9 10 12
Iron (mg) 0.60 0.08 0.10 0.15
Zinc (mg) 0.06 0.07 0.07 0.07
Manganese (mg) 0.030 0.022 0.025 0.039
a-Carotene (pg) 1 3 11 101
p-Carotene (pg) 3 686 71 155
Xanthophylls (ug) 1 5 129 138
p-Cryptoxanthin (ug) 20 6 116 407
Lycopene (pg) 0 1419 0 0
Table 1.

Nutritional characteristics for Citrus fruits per 100 g fruit [1].

eriocitrin, and hesperidin), flavones (e.g., vitexin, diosmin, and rhoifolin,), and
anthocyanin (peonidin glucosides and cyanidin) [22, 23]. When contrast to other
Citrus species, C. aurantium has a higher concentration of active alkaloids, particu-
larly synephrine, which accounts for more than 85% of the total alkaloid value [24].
The most common limonoids due to the dominance of Citrus species are limonin and
limonin glucoside. Carotenoids are a type of isoprenoid pigment that is widely used in
photosynthesis and signaling [24]. Citrus fruits’ peel and pulp are orange-red owing
to the existence of carotenoids and apocarotenoids [25]. Citrus fruits’ carotenoid
content is by carotenoid fatty acid esters (xanthophyll esters) [25, 26]. The bioactive
compound of Citrus is presented in Table 2 [1].

The existence of specific total carotenoids & xanthophyll esters is strongly impacted
by species, maturation stage, and fruit components. Tangerines and oranges contain
substantial amounts of f-cryptoxanthin, zeaxanthin Lutein, and f-carotene [27].
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Fruit Metabolites Flavonoid (mg/100 g)

Grapefruit Flavanones Naringenin 21.34
Eriodictyol 0.65

Hesperetin 2.35

Flavonols Quercetin 0.40

Mpyricetin 0.05

Grapefruit, pink and red Flavones Luteolin 0.60
Flavonols Quercetin 0.33

Kaempferol 0.01

Myricetin 0.01

Flavanones Naringenin 32.64

Hesperetin 0.35

Grapefruit white Flavanones Naringenin 3118
Lemons Flavonols Quercetin 114
Kaempferol 0.03

Myricetin 0.50

Flavanones Naringenin 0.55

Eriodictyol 21.36

Naringenin 2790

Flavones Luteolin 190

Lime Flavonols Quercetin 0.40
Flavanones Naringenin 340
Hesperetin 43.00

Orange Flavonols Quercetin 0.45
Kaempferol 0.13

Myricetin 0.15

Flavanones Naringenin 15.32

Hesperetin 2725

Eriodictyol 0.17
Tangerine Flavanones Naringenin 10.02
Hesperetin 794

Table 2.

Bioactive substance of Citrus fruits [1].

The carotenoids found in the endocarp and flavedo of completely developed
oranges were (all-E) and (9Z) violaxanthin, which were esters and monoesters con-
taining myristate, palmitoleate, caprate, stearate, palmitate, oleate acyl moieties &
laurate, lutein, f-carotene, and antheraxanthin were the other important carotenoids.
In contrast, violaxanthin, f-carotene, a-carotene, and lutein were shown to be plenti-
ful in ripe green fruit, furthermore, p-citraurin esters were discovered in Citrus fruit
flavedo [28]. Citrus fruits’ provitamin a carotenoids (e.g., f-cryptoxanthin) have also
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been found to help with metabolic disorders, such as type 2 diabetes [29]. Hesperidin
(HSP) is a potent bioactive flavonoid aglycone and subclass of flavonoids found in
Citrus species (lime, orange, lemon, and blood orange) [30]. This flavanone has been
demonstrated to have a variety of pharmacological actions, including antiviral activi-
ties, anticarcinogenic, anti-inflammatory, and antioxidant properties, analgesic [31],
hypolipidemic, hypoglycemic activities, and anticoagulant [32].

4. Health perspectives

Citrus fruit has natural compounds, which offer a wide range of bioactivities,
including antimicrobial, anti-sensitivity, antioxidant, and anti-disease capabili-
ties, as well as heftiness, hepatoprotective, neuroprotective, and cardiovascular
regulating qualities. The different medicinal characteristics of Citrus are layout
in Figure 2.

4.1 Citrus fruits and (COVID-19)

The potential significance of diet in the mitigation of coronavirus infection 2019
(COVID-19) has been undervalued so far among the different options. Foods contain
usually compounds that may have a health benefit, and some of these chemicals
may have antiviral properties and may be useful in altering the immune function
and source of antioxidants from the oxidative stress generated by infection [37].
Citrus fruits are high in flavanones, vitamin C, and anthocyanins the most abundant
of which are naringin and hesperidin, both of which have antioxidant and anti-
inflammatory qualities [38-40]. Fibers, such as pectin, which is more abundant in the
solid section, aid in the regulation of intestinal activities and the prevention of LDL
cholesterol absorption. Citrus may also be effective in reducing the risk and cure of
viral diseases [37].

/[ Anti-cancer A { Anti-oxidant activity

(Coumarins, Limonoids and {Phenolic Compounds,
Flavonoids) Ascorbic acid)

Anti-tumor activities "-_‘\ Inhibit superoxide anion, hydroxyl

COVID-19
(Vitamin C, Anthocyanins,
Flavanones, Hesperidin, Naringin)
Antiviral action
Binds SARS-CoV
Inhibition of virus replication

Diabetes
(Hesperidin, Naringin,
Neohesperidin, and Nobiletin)
Increase glycogen concentration
Lowering hepatic gluconeogenesis
\ Improve insulin sensitivity e

Anti-inflammatory Cardio protective effect
(Flavonoids, Coumarin) (Flavonoid, Nobiletin, Tangeretin)
Suppress TNF-a, interleukin-1p, | Reduce triglyceride levels
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Figure 2.
Health benefits of Citrus and its constituent [27, 33-36].
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The revelation that hesperidin possesses a chemical-physical structure that allows
it to attach to critical proteins involved in the SARS-CoV-2 virus’s activity has piqued
scientists’ curiosity. At least six investigations returned similar outcomes [41-45].

Wu and collaborators [41] for binding to SARS-CoV-2 proteins, evaluated 1066
natural compounds with the ability of antiviral effects, along with 78 antiviral medi-
cines that have previously been described. The best option for bonding to the "spike"
was hesperidin. At the point when the ACE2 — RBD complex is superimposed over
the hesperidin — RBD complex, there is critical hesperidin contact with the ACE2
interface, showing that hesperidin may alter ACE2’s interaction with RBD. Another
thorough molecular docking investigation of the hesperidin-Mpro interaction was
published recently [44]. The lowest binding energy (showing the most affinity) was
revealed to be rutin (9.55 kcal/mol), followed by hesperidin (9.02 kcal/mol), emetine
(9.07 kcal/mol), ritonavir (9.52 kcal/mol), and indinavir (8.84 kcal/mol) in a screen-
ing of 33 natural and already known antiviral compounds. THR45, THR25, THR24,
CYS145, HIS4, and SER46 are among the amino acids to which hesperidin forms
hydrogen bonds. Joshi et al. research provided more evidence [45], who discovered
hesperidin as one of the numerous natural compounds that adhere to the primary
protease of the SARS-CoV-2 virus. In addition, the viral receptor angiotensin-con-
verting enzyme-2 is involved (ACE-2).

As a powerful antioxidant against superoxide and hydroxyl radicals, hesperidin
plays an important role in antioxidant defense mechanisms [46], and hesperetin,

a derivative of it, prevents LPS-stimulated microglial cells from producing nitric
oxide [47]. Another research found that Citrus flavanones, such as naringenin and
hesperidin, reversed age-related decreases in superoxide dismutase, catalase, and
glutathione reductase in the livers of elderly rats [48]. Coronaviruses are one type
of virus that causes the common cold, a condition for which there is no treatment
or vaccination. Given the fact that SARS-CoV is a coronavirus, as well as the low
cost and high security of fresh foods with high doses of vitamin C, it has been
proposed that boosting regular consumption of these foods may be advantageous
during the COVID-19 pandemic [49-51]. Figure 3 shows hesperidin and L-ascorbic
acid reduces the cell pattern of the SARS COVID-2 (SARS-CoV-2) infection,

as well as the regions of infection, started cell, and fundamental illness (set apart
with an "X") [37].

As well as aiding the development of collagen in connective tissue, L-ascorbic acid
has antioxidant capacity, and when combined with other minerals, enzymes, and
vitamins, can lessen the effects of free radicals. Human vascular smooth muscle cells
are considered to be protected by vitamin C from apoptosis by preventing LDL oxida-
tion [52]. Citrus fruits may have a substantial impact on COVID-19 therapy, through
pathways other than viral replication suppression and antioxidant activity [37]. The
numerous biological effects of vitamin C and hesperidin are two core aspects of Citrus
fruits that appear to be excellent choices for counteracting SARS-CoV-2 cell infiltra-
tion and modulating the disease’s systemic immuno-pathological stages. The more
epidemiological, preclinical, and clinical study is required to verify the concept that
a diet rich in Citrus fruits or comparable compounds may help COVID-19 prevention
efforts [37].

4.2 Antioxidant activity

The primary source of reactive oxygen species (ROS) is oxygen, in living organ-
isms through a variety of metabolic routes, such as hydroxyl radicals, hydrogen
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Figure 3.
Hesperidin and vitamin C impact on infected cell cycle [37].

peroxide, and superoxide anion, while antioxidant systems may combat them to
maintain equilibrium [53]. However, contemporary lifestyle variables may increase
the number of reactive oxygen species, which play an important role in the develop-
ment of different diseases, such as inflammation, heart disease, arthritis, aging, and
cancer, and produce oxidative stress. Citrus extracts, including Citrus bergamia juice
extracts, karna peel extracts, and Citrus limetta peel extracts, have been demonstrated
to have antioxidant activity [33, 34]. Citrus fruits are said to be high in antioxidants
because they contain phenolic compounds with poly-hydroxyl groups, such as
flavonoids, phenolic acids, and their derivatives [54]. The following are the major

antioxidant mechanisms:
* Direct absorption and neutralization of free radicals.

* Suppression of ROS-related enzymes: xanthine oxidase, myeloperoxidase, and
NADPH oxidase [55].

* Increased activity of mammalian antioxidant enzymes, such as superoxide dis-
mutase, catalase, and others [56].

4.3 Hepatic protective effects of Citrus fruit
The liver, the body’s most significant digestive organ, is responsible for toxic
compound metabolization via several routes, such as hydrolysis, oxidation, reduc-

tion, conjugation, and hydration [57]. Lipopolysaccharide (LPS) is a glycolipid
of gram-negative bacteria’s cell wall [16]. LPS raises total bilirubin levels, alkaline
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phosphatase (ALP), aspartate aminotransferase (AST), and alanine aminotrans-
ferase (ALT). Tissue and serum nitrite levels, as well as thiobarbituric acid reactive
substances (TBARS) levels, increased, whereas superoxide dismutase (SOD) and
glutathione (GSH) content decreased. However, hesperidin injection restored all
of these abnormalities, and the authors concluded that hesperidin might reduce
nitric oxide and reactive oxygen species (ROS) formation and prevent LPS-induced
hepatotoxicity [17].

4.4 Anti-inflammatory

Inflammation is a complicated process characterized primarily by inflammatory
cytokines, such as interleukin-6, tumor necrosis factor-alpha (TNF-a),
interleukin-1p, and also a chain of molecular messengers, such as inducible nitric
oxide synthase (iNOS) and cyclooxygenase-2 (COX-2). These inflammatory cyto-
kines have also been linked to the development of several inflammatory disorders,
particularly colorectal cancer, Alzheimer’s disease, multiple sclerosis, and Parkinson’s
disease [35]. Orange (Citrus aurantium L.) isolate has been shown to inhibit UVB-
induced COX-2 expression and prostaglandin (PG) E2 generation in HaCaT cells
while also acting as a PPAR-c agonist [58]. Citrus fruit contains volatile oil coumarin
and flavonoids, which have anti-inflammatory properties and can be utilized as a
remedy to prevent or treat chronic inflammatory illnesses.

A meal incorporating 0.1% rutin, in particular, alleviated dextran sulfate sodium
(DSS)-induced colon inflammation in mice, increasing histological ratings and miti-
gating weight loss, presumably via lowering pro-inflammatory cytokine production
[59]. Furthermore, studies suggest that quercetin (50 and 100 mg/kg) treatment low-
ered structural, clinical, and behavioral outcomes in rats’ colons [60]. Isoquercitrin,

a flavonoid with anti-inflammatory properties and antioxidants, is a glycoside that is
chemically related to quercetin. This flavonoid reduces the levels of cyclo-oxygenase-2
(COX-2) and iNOS in rats, which helps them recover from acute colitis [61]. Kumar
etal. observed that administering naringin at various dosages decreased acetic acid-
induced colitis in animal models by decreasing DNA damage and inflammatory
responses [62]. Naringenin is abundant in Citrus and has been extensively researched
for its potential efficacy in several animal models of inflammatory illness. Apigeninisa
flavone that may be found in a variety of fruits and vegetables, with grapefruit having
the highest concentration. Its potential to relieve symptoms of inflammatory diseases
is considered to be due to both anti-inflammatory and antioxidant properties. This was
achieved by activating the aryl hydrocarbon (Ah)-receptor, which in turn produced
good protective enzymes and cytokines, resulting in an improvement in the anti-
inflammatory system [63]. Diosmin, a Citrus flavone recognized for its anti-inflam-
matory, antioxidant, and vasotonic effects, has also been researched for its potential
to attenuate experimentally-induced colitis in animal models [64]. Among flavones,
luteolin has proven tremendous anti-inflammatory efficacy in lots of experimental
models. Luteolin inhibited intracellular inflammatory send signal in HT-29 colon
epithelial by downregulating the Janus kinase (JAK)/sign transducer and activator of
transcription (STAT) pathway [65]. Nobiletin and tangeretin are polymethoxylated
flavones determined in Citrus, which have been established to assist in inflammation
in many studies. In each in vitro and in vivo experiments, nobiletin suppressed inflam-
matory processes, along with the suppression of iNOS and COX-2 expression, and
repaired the impaired intestinal barrier characteristic in trinitrobenzene sulfonic acid
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(TNBS)-induced colitis in rats and Caco-2 monolayer inhibiting the protein kinase b
(Akt)-NF-jB-myosin light-chain kinase (MLCK) pathway affects the latter [66].

4.5 Anti-cancer

Secondary metabolites in Citrus fruits, such as coumarins, limonoids, and
flavonoids, have been linked to a lower risk of cancer, including lung tumorigenesis,
colonic tumorigenesis, breast cancer, hematological malignancies, gastric cancer, and
hepatocarcinogenesis, among others [66-70]. Chang and Jia observed that the flavedo
fraction of organ (Citrus reticulata cv. Suavissima) inhibited tumor growth by block-
ing epithelial-to-mesenchymal transformation and interfering with the (transforming
growth factor-p1) TGF-p1-SMAD (Suppressor of Mothers against Decapentaplegic)
Snail/Slug axis [71]. Citrus may lower cancer by inhibiting oxidative stress and
damage, as well as interfering with cancer initiation, development, and progression
[72]. Citrus bergamia (bergamot) juice has subsequently been revealed to exhibit
anti-cancer potential in several iz vitro and in vivo studies, with the flavonoid content
attributed to this effect [73]. Vitamin C has been suggested to combat inflammation
and consequent oxidative damage to DNA, both of which have a role in the beginning
and progression of cancer. Furthermore, because of its pro-oxidant activity, vitamin
C can destroy cancer cells [36].

4.6 Cardiovascular protection properties

Several recent epidemiologic studies commonly correlate greater flavonoid-rich
food consumption to lower cardiovascular morbidity and mortality [74]. Several
studies have demonstrated that Citrus-derived flavonoids may reduce triglyceride
levels (TG) and blood cholesterol (CH). Using HepG2 cells, the optimum structure
was found to be complete methoxylation of the A-ring of Citrus flavonoids for
expressing a profound impact on regulating hepatic metabolic activity by decreasing
apoB-containing lipoprotein production [75]. Nobiletin and tangeretin, which have
the ideal chemical composition, may reduce blood triglycerides, but several Citrus
flavonoids, such as naringin and hesperidin, that lack a methoxylated A-ring might
have little or no lipid-lowering activity in vivo [76].

4.7 Impact on hyperglycemia

Citrus flavonoids (naringin, nobiletin hesperidin, and neohesperidin) reduced
amylase-catalyzed starch digestion considerably. Furthermore, neohesperidin and
naringin hindered only amylose digestion, but nobiletin and hesperidin inhibited both
amylopectin and amylose metabolism. This research shows that Citrus flavonoids had
an essential part in avoiding hyperglycemia development, in part by interacting with
starch, improving hepatic metabolism and glycogen content while inhibiting hepatic
gluconeogenesis [77]. Naringin, hesperidin, and nobiletin were also shown to have anti-
diabetic properties, perhaps through increasing insulin sensitivity or increasing hepatic
gluconeogenesis in hyperglycemic mice [78]. According to one research, streptozotocin
nicotinamide-induced experimental in diabetic rats, naringenin protects against diabe-
tes by exerting antihyperglycemic and antioxidant properties [79]. Chronic naringenin
therapy in diabetic animals might avoid functional alterations in vascular reactivity via
a prostaglandin-independent and NO-dependent mechanism [80].
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5. Citrus byproducts utilization

Citrus juice, the principal product of processing firms is strong in vitamin C and
is frequently employed in the production of nutrient-dense drinks. A large portion of
this garbage is thrown on nearby landfills or burnt, resulting in contamination and a
decrease in the dissolved oxygen concentration of contaminated water. The best way
to handle these residues is to extract macro and micronutrients from by-products, use
fiber-rich components in confectionery goods, fortify nutrient-rich animal feed, and
bio-oils, and produce organic fertilizers, ethanol, and essential oils [81].

Citrus peel wastes are partially utilized in livestock feed, either fresh or after
dehydration, but a significant amount of Citrus pulp is ended up lost in the fresh state
owing to the complexity of handling and disposal of a significant amount of garbage
generated in a very short period, and a considerable portion of it is nevertheless
discarded into the atmosphere, possibly creating several ecological difficulties. Asa
result, the disposal of these Citrus by-products is a major issue for the Citrus industry
all over the world [82].

Many studies are available on the handling of Citrus trash for the extraction
of organic value-added substances, such as fiber and bioactive chemicals, such as
flavonoids [83]. After processing Citrus fruits, more than 60 thousand tons of Citrus
pomaces (CPs) are generated in South Korea each year. Public demand for non-
synthetic, better natural food raw materials has fueled research into the recuperation
of natural value-added chemicals from Citrus trash [84].

Citrus waste phytochemicals and value-added substances are used in the develop-
ment of healthful meals, flavoring enhancers in food processing, health and power
beverages, preservatives, and vitamin supplements. These aid in improving the flavor
and scent of meals as well as correcting inadequacies. Citrus waste-derived phyto-
chemicals are also used in skin, hair, and nail care products, as well as antibacterial
antifungal lotions, toiletries, fragrances, and soaps [85].

Mucilage & pectin are elevated chemicals generated from Citrus waste. Pectin is a
natural vegetable substance that is useful as a cosmetic and nutritional supplement, in
pharmaceutical sectors owing to its stabilizing, thickening, and gelling qualities [86].
They are starches classified as "dietary fiber." Mucilages are the soluble dietary fiber
that may be discovered in Citrus waste as well as other plants. They are also vegetable
polysaccharides that are identical to pectin but varied in their uronic acid and sugar
content. They, like pectin, may be employed in the culinary, nutritional, cosmetic,
and pharmaceutical industries; new research has emphasized the anti-inflammatory
properties of lemon mucilage [87].

Flavonoids, which are known antioxidants and are abundant in fruits and veg-
etables, are another fascinating substance that may be derived from Citrus trash. The
same is used in both the pharmaceutical and food industries. Hesperidin, which can
be isolated from orange and lemon peel, is particularly useful in the pharma industry
due to its anti-inflammatory and vasodilatory effects [87].

Citrus trash may be converted into limonene, ethanol, and other byproducts.
Limonene is used as a flavoring ingredient for medicinal purposes, and it has several
applications in the chemical sector and home items. Citrus trash also contains a
significant quantity of coloring pigment. They are possible sources of natural cloud-
ing agents, which are widely used in the soft drinks industry [85].

The solid residue may be used to extract essential oils, while the liquid can be
utilized to make enzymes. Separation of hydrophobic substances from the skin may
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be used to make biodegradable polymers, packaging material, and food-grade kraft
paper, reducing the requirement for petroleum-based polyesters [81].

6. Citrus fruit toxicity and safety profile

In animal toxicological testing, bioactive chemicals obtained from Citrus fruits
demonstrated a high level of security. Hesperidin extracted from C. Sinensis dried
peel revealed a modest reported adverse impact level of 1 g/kg, and a median fatal
dosage of 4.83 g/kg, Sprague-Dawley rats were subjected to a 90 day subchronic and
acute oral toxicity study [88]. This dose is substantially smaller than the flavonoids
employed in animal research to offer the (10-200 mg/kg) same therapeutic effects,
suggesting an excellent safety profile in the animals. Furthermore, additional Citrus
flavonoids, such as tangeretin, nobiletin, and naringin, have demonstrated satisfac-
tory effectiveness and safety [89, 90]. Limonene and other terpene-rich Citrus taste
molecules, including oil, essential oil, peel extract, and whole fruit extract, are usu-

ally believed to be harmless [91].

7. Food-drug interaction

Grapefruit juice, for example, has an identical moniker in the context of high
food-drug interaction by changing the normal working of the cytochrome oxidase
mechanism. Grapefruit juice (GFJ) and HMG-CoA reductase inhibitors, sometimes
referred to as statins, have the most well food-drug interaction. Grapefruit juice,
when consumed in high quantities (32 oz. a day), can block the cytochrome P450
3A4 (CYP3A4) enzyme and raise serum levels of medications processed by this
route, such as some statin medicines [92]. Many researchers have identified drug-
GF]J interactions caused by suppression of CYP3A enzymes, a subclass of cyto-
chrome oxidase enzyme system [93]. Furanocoumarins (in GFJ) specifically inhibit
gastrointestinal CYP 3A4, increasing the oral bioavailability of medicines that are
CYP 3A4 substrates, such as felodipine and cyclosporine, and eventually causing
toxicity [94].

8. Future prospective

Oral supplementation delivery is acknowledged as the easiest, most efficient, and
least expensive method for a broad range of medicinal significance [95]. Because
of their heavy proportion in Citrus, bioflavonoids, such as naringenin, hesperidin,
naringin, and polymethoxyflavones (PMFs) have been intensively investigated
and encapsulated, and have illustrated medicinal characteristics iz vitro and in vivo
studies. Oral ingestion using novel encapsulating techniques, such as emulsification,
liposomal interactions, hydro-gelation, nanoparticles, and membranes revolution-
ized the nutrition delivery mechanism [96]. Modern encapsulation techniques are
developed to conserve bioflavonoids while improving target dispersion for medicinal
benefits. The rapidly expanding worldwide food encapsulation business has shown
higher demand and public knowledge of health additives and preventative measures
for numerous diseases [92]. New unique delivery techniques must be developed to
expedite the simple availability of Citrus bioflavonoid for medicines. Future studies,
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on the other hand, would need to blur the lines between the laboratory and the
customer by boosting output and enhancing shelf life.

9. Conclusion

Citrus contains a variety of secondary metabolites, including phenolic acids,
alkaloids, coumarins, flavonoids, carotenoids, limonoids, and volatile chemi-
cals, which give a rational foundation for a variety of biological functions. Flavonoids,
particularly methoxylated, flavones and flavanonols, and flavanones have greater
bioactivities than other secondary metabolites. All of these active forms, however,
operate together to give antimicrobial, antioxidative, anti-cancer, anti-inflammatory,
hepatoprotection, neuroprotection, cardiac protection, and other advantages. Citrus
are beneficial fruits to eat daily because of having multiple active forms with varied
biological properties, both for their nutritive value and as chemotherapeutic or
additional medication to promote health. Citrus fruit has various applications in the
food industry. It can be used in the production of various food products. The bioac-
tive compound, which is extracted from Citrus may be used in food additives, as
stabilizers, thickeners, emulsifiers, preservatives, food colorants, and for many other
purposes.
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Chapter 10

Inhibition of Multidrug Resistance
by Polyphenolic Phytochemicals
of Citrus Fruits

Anne Adebukola Adeyanju

Abstract

The incidence of multidrug resistance (MDR) during treatment is rising, persisting
and spreading globally due to the emergence of resistance to multiple antibiotics. This
is a serious challenge that is causing clinical failures in the treatment of infections
and diseases, persistent illnesses, higher costs for health maintenance, higher risk
of mortality and threat to public health. It is widely acknowledged that polyphenols
present in citrus fruits exhibit beneficial effects in the inhibition of MDR, and as
such, they could serve as appealing potential therapeutics in this regard. Some of
the mechanisms citrus polyphenols employed in preventing the occurrence of MDR
in cancer and bacterial cells have been identified. They include the initiation of
apoptosis through modulation of the PI3K/Akt pathway, inhibition of P-glycoprotein
function, enhancement of the intracellular accumulation of drugs, arrest of the cell
cycle at GO/G1 phase, downregulation of the expression of pro-inflammatory cyto-
kines and others. Taking into account the significance of MDR, this review highlights
the mechanisms of MDR and the potential inherent in citrus polyphenols in fruits in
reversing it.

Keywords: multidrug resistance, citrus, polyphenol, signaling pathway, flavonoids

1. Introduction

Citrus belongs to one of the most popular and important fruit crops that is widely
grown in the world and supplies valuable and essential nutrients to the human diet.
Citrus fruits depict a rich origin of naturally occurring biologically active compounds
which are polyphenolic phytochemicals. Their abundant level of flavonoids, terpenes,
phytonutrients and other phenolic compounds, carotenoids and vitamins C have
been described [1]. Polyphenols are one of the major functional bioactive compounds
available in citrus such as grapefruits (Citrus paradisi), oranges (Citrus sinensis),
lime (Citrus aurantifolia), tangerine (Citrus reticulata) and others. Consumption of
polyphenols of more than 820 mg daily has been identified in several dietary sources
including fruits and vegetables. Gradually, the consideration of polyphenolic com-
pounds because of their therapeutic benefit is coming to play, as the world returns to
nature to discover sources of prospective drug candidates [2, 3].
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Figure 1.
Commonly found polyphenols in citrus fruits.

Polyphenol represents a chemical compound with a structure that consists
of one or more phenolic rings [4]. Further, classifications are done based on the
number of phenolic rings and other structures associated with these rings
(for example, oxygenated heterocycle) [5]. Polyphenols are most recognized for
possession of unique structural features which include the flavan ring and many
units of phenol. They are beneficial organic compounds placed into different
subclasses (Figure 1). Currently, nearly 15,000 varieties have been recognized,
wherein flavonoids represent one of the polyphenols [2]. Flavonoids’ structure
contains 15 carbon atoms that consist of two benzene rings, connected to a
flavone ring. Oxidation of the heterocyclic ring can give rise to other subclasses
such as flavanones, flavonols, flavones and anthocyanins. Citrus fruits such as
lemons (Citrus limon), grapefruit, oranges and limes are sometimes referred to as
citroflavonoids due to their richness in flavanones [6].

Multidrug resistance (MDR) of cancer and bacteria cells constitutes one of the
main challenges and an obstacle that is usually encountered during chemotherapy,
and this often results in chemotherapy failure [7]. Thus, the search for non-toxic
modulators of MDR is of great importance and beneficial effect on enhancing the
apoptosis of resistant cells. Even the rapid increase of microorganisms’ resistance to
antimicrobial drugs is currently a task to tackle, globally [8]. The emergence of bioac-
tive compounds found in nature among plants or their products has been attracting
the curiosity of researchers with a focus on the biological significance of citrus fruits
as a possible and prospective source of pharmaceuticals [3].

Recently, studies have demonstrated the involvement of the mobilization of
Phosphoinositide 3-kinase/protein kinase (PI3K/AKT), extracellular-signal-regulated
kinase (ERK) and nuclear factor erythroid 2-related factor 2 (Nrf2) pathways in
resisting the effects of chemotherapeutic drugs [9, 10].

Since anti-tumor drugs can inhibit these signaling pathways for increased sensitiv-
ity of tumor cells to chemotherapy drugs [11], identification of potent and potential
inhibiting agents that can inhibit these pathways for reversal of MDR is necessary.
Here, we discuss the consideration of natural products such as polyphenolic phyto-
chemicals found in citrus fruits as prospective MDR modifiers since they are safe and
harmless [12, 13].
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2. Polyphenols in citrus fruits (classifications, structures
and beneficial effects)

Polyphenols are a large family of thousands of plant compounds that have been
identified for their unique and characteristic structures which include a flavan ring
system and many units of phenol [4, 5]. Polyphenols are classified majorly into
flavonoids and non-flavonoids. Flavonoids are a class of polyphenols that have been
well researched. They share a common flavan nucleus, which consists of a pair of
aromatic rings A and B, aromatic and connected by a pyran ring (C). The location
difference of the B-ring to C-ring linkage enables the classification among flavo-
noids, isoflavonoids and neoflavonoids (4-phenylbenzopyrans). Flavonoids, which
are the most abundant may be also categorized into flavonols, dihydroflavonols,
anthocyanidins, flavanols and flavonoids with no substitution at C3 (Figure 2). The
detection of a double bond at the position of C2-C3 defines the difference between
flavones and flavanones [14].

Flavanones could be considered the main substrate for the biosynthesis of
flavonoids as they serve as the precursors of other flavonoid classes. Naringenin
and hesperetin (with their aglycones and their glycosides) are flavanones that
have sparked great curiosity and interest due to their abundant occurrence in
foods. Hesperidin is an important flavanone contained in every citrus fruit espe-
cially, with good concentrations in sweet oranges [15] and orange juice [16].
Naringenin-7-O-rutinoside (narirutin) is also found in orange juices with traces of
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Figure 2.
Structures of citrus flavonoid subclasses.
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hesperetin-7-O-rutinoside-3'-O-glucoside, 4'-O-methyl-naringenin-7-O-rutinoside
(didymin) and eriodictyol-7-O-rutinoside (eriocitrin) [17].

Naringenin, structurally recognized as 5,7,40 -trihydroxyflavanone, is present
and largely concentrated in citrus fruits [18]. Naringenin can occur as aglycone and/
or glycosides where naringin and narirutin are most abundant. Naringin also known
as naringenin-7- neohesperidoside has a characteristic bitter flavor because of the
glucose component. It is the main flavonoid found in grape and sour oranges [19],
with varying naringin contents according to their varieties. However, other citrus
species such as tangelo (C. reticulata x C. paradisi), lemon, sweet oranges and lime
have a low content of naringin. Narirutin, also known as naringenin-7-rutinoside, is
a major naringenin glycoside. It is very abundant in grapefruit although not as much
as naringin. At some detectable levels, narirutin is also found in citrus fruits such as
sweet oranges, tangor, tangelo and tangerine [20]. During processing, the naringenin
content of these fruits may be affected due to the liberation and degradation of
associated flavanones because of their thermo-responsive nature [21].

Hesperetin together with the glycosides is found in citrus fruits [22]. Its glycosides
form is more dominant than the aglycone. Hesperidin and neohesperidin are the most
widely distributed glycosides and are conjugates of rutinose and neohesperidose,
respectively. Hesperidin exists in large amounts in sweet oranges, grapefruits, limes,
lemons, tangerine and tangor (C. reticulata x C. sinensis) [22]. Neohesperidin is highly
present in a significant amount in tangelo and sour orange.

Polyphenols in citrus have a lot of beneficial effects. Their free radical scavenging
capacity has been reported i vitro [23] while their potential to activate the endog-
enous antioxidant defense system has been described. The activation was found to
coincide with depletion in the level of reactive oxygen molecules such as nitric oxide
(NO), hydrogen peroxide (H,0,) and other biological markers of oxidative stress.

In addition, the involvement of overexpression of the transcription factor Nrf2 [24,
25] has been linked to the mediated stimulation of the antioxidant response element.
Studies by [26] showed the upregulation of haem-oxygenase (HO-1) and a decrease
in the activity of xanthine oxidase (XO), a superoxide radical generating enzyme by
hesperidin and hesperetin.

Citrus polyphenols also possess immunomodulatory activities [26]. The molecular
targets involve the lowering of the levels of pro-inflammatory cytokines interleukin-1p
(IL-1p), interleukin-2 (IL-2), interleukin-6 (IL-6), interferon-y (IFN-y) and tumor
necrosis factor-a (TNF-a) which is probably facilitated through the weakening of
overactive immune cells as is demonstrated by the fall in glial fibrillary acidic protein
(GFAP) level and reduction of nuclear factor kappa-light-chain-enhancer of activated
B cells (NF-xB) which controls the transcription of chemokines and inflammatory
mediators [27, 28]. Their ability to ameliorate mitochondrial dysfunction has been
described [29] as this can increase the stability and function of mitochondrial respira-
tory chain complexes (I-1V).

3. Multidrug resistance: a looming global crisis

MDR can be defined as insensitivity to administered drugs despite earlier
responsiveness to them [30, 31]. Microorganisms such as viruses, fungi, bacteria and
parasites can be resistant to antimicrobial drugs, leading to unsuccessful treatment
and resulting in a continuous spread of infections [32]. MDR promotes difficulty in
disease management by elevating the likelihood of the spread of resistant pathogens.
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Figure 3.
Effects of multidrug resistance.

This declines the efficacy of treatment, thereby extending the time of infection in
patients (Figure 3). Further, the adoption of expensive therapies is also triggered by
the rise in cost implications of treatment attributed to MDR as the pathogens would
have turned out to be insusceptible to the accessible drugs. In addition, there is sup-
pressed immune function and decreased drug bioavailability due to the inflated rate
of drug metabolism [32].

The emergence of infectious microorganisms having a considerable number of
resistant species and the ability to counter barriers imposed by drugs during treat-
ment has unfolded over the years, and this is quite alarming. It’s well documented
that virtually all the known and capable infecting agents (fungi, bacteria, viruses and
parasites) have employed a high level of MDR with an increased death rate [32]. Many
deadly diseases such as HIV, influenza, tuberculosis, pneumonia, malaria and yeast
infections, caused by these infecting agents, have been identified as major causes of
death in recent times [33]. This is a global concern as MDR continues to pose a serious
risk to the health of the public. For instance, there has been a decreased chance of
managing tuberculosis owing to its resistance to antibiotic treatment. Likewise,
pneumonia is an infection that has become untreatable because of the development of
resistance to cephalosporin in response to elongated-spectrum f-lactamases-mediated
mechanism [33], hence making all accessible treatment with - lactam antibiotics use-
less. Drug resistance during HIV treatment has also resulted in antiretroviral therapy
failure. Protozoan parasites responsible for malaria are showing resistance to most
of their effective anti-malaria drugs such as chloroquine and artemisinin [34] which
have demanded their replacement with novel drugs, thereby increasing healthcare
expenses and contributing to the global economic burden. MDR explains why some
microbes are sometimes irresponsive to treatment with standard drugs, thus, stretch-
ing treatment duration and further raising the healthcare costs, especially for those
who are not capable of such expenses [35].

A series of mechanisms to survive, be resistant and subdue the effects of drugs
and exposure to drugs has evolved in microorganisms. Notably, the cell walls of these
microorganisms play a vital role in their viability. They strategized by undergoing
mutation in their chromosomes [36], and this could result in the modification in
the cell membrane structure translating to reduced penetrability and drug absorp-
tion into the cell [30]. In addition, active target binding sites for drugs may become
unavailable. Though drugs for treating viral infection normally select the DNA
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polymerase of the virus due to their ability to reverse the transcriptase activity and
prevent viral replication, drug-resistant variants of microorganisms usually undergo
mutations where the reverse transcriptase is located on the polymerase gene [36]. This
influences the cooperation between the drug and the enzyme.

Another mechanism of MDR in microorganisms which can affect a drug’s access to
the target sites is by overexpressing the target enzymes which can cause modification
in some metabolic pathways, generating other target molecules and tampering with
protein production [37]. This process can negatively affect the entry of drugs to the
designated sites [32].

Microorganisms also exhibit MDR by inactivating or enzymatically degrading
antimicrobial drugs by hydrolysing their ester or amide bonds. Other apparent ways by
which drugs can be transformed by microorganisms include phosphorylation, adenyl-
ation, hydroxylation, acetylation and glycosylation [38]. They can alter the activity of
antimicrobial drugs and hinder their connection with the target sites [38]. They can also
induce the expression of P-glycoprotein and multidrug-resistant proteins, an action that
affects the fluidity and porosity of their membranes, causing ATP-dependent outflow of
the antimicrobial drugs and reducing their intracellular level [39].

One of the key challenges in subduing the existence of cancer is MDR. Some mecha-
nisms in cancer have been linked to MDR [40]. They include target changes in enzymes
such as DNA topoisomerases [41], mitotic arrest [42], interference in DNA repair [43]
and apoptosis impairment or genes involved in apoptosis and necrosis [44].

A common biochemical mechanism of MDR is drug efflux via ATP-binding
cassette transporters (ABC transporters). The exaggerated expression of these
transporters has been connected with chemoresistance in cancer cells [45]. There are
48 members in the family in humans [46], and the most extensively studied include
P-Glycoprotein (P-gp), multidrug resistance protein 1 (MRP1) and breast cancer
resistance protein (BCRP). They are largely present in healthy cells of mammalian
tissues for the translocation of small compounds. Their presence in the epithelial cells
of the intestine and kidney proximal tubules and endothelial cells of blood capillaries
has been documented [46, 47]. Expression of ABC transporters by cells can occur
if anticancer drugs, which are also substrates of these transporters, are regarded as
foreign. In addition, cancer cells that have no resistance to anticancer agents initially
can also acquire the potential by overproducing the transporters to counter the effect
of toxic substances. Eventually, this triggers an elevated efflux, lowering intracellular
drug concentration triggers an elevated efflux, lowering intracellular drug concentra-
tion [48] that is deficient in killing a cancer cell.

The phosphatidylinositol 3-kinase/protein kinase B (PI3K/AKT) pathway is
another signaling pathway that promotes drug efflux through the expression of ABC
transporter. The pathway encourages the proliferation of tumor by activating NF-«kB
which can rescue the cancer cells from cell death [49], and suppression of caspase-3
activity, thereby inhibiting apoptosis. This has been considered an underlining
mechanism for MDR in tumor cells.

4. Multidrug resistance inhibition mechanisms of Citrus polyphenols

4.11In Cancer

The existence of MDR has been a notable challenge during chemotherapeutic
treatment. Extensive studies have been carried out on potential MDR reversers, and
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several inhibitors of P-gp have been identified among the accessible drugs. However,
their toxicity profiles and drug-interaction effects have propelled researchers to
explore novel compounds with mild toxicity and lesser side effects [50].

Currently, the discovery of non-toxic, more efficacious and low-cost compounds
originating from natural sources to tackle MDR is receiving recognition. The con-
sumption of citrus fruits has been observed to be useful for the reduction of MDR
usually experienced during cancer chemotherapy (Table 1). The concentration range
6.71-11.43 pM of nobiletin (also known as 5,6,7,8,3',4’-hexamethoxyflavone) found
in orange juice [55] was discovered to be sufficient for inhibition of P-glycoprotein
function as documented by [56]. This polymethoxyflavonoid has been identified as
a substrate of P-glycoprotein and can competitively connect at its drug-binding site.
This action leaves little or no space for related compounds to attach to the transporter,
thus resulting in a declined activity of ABCBI transporter. Part of its inhibitory
mechanism against MDR is on P-glycoprotein function which is dependent on ATP
hydrolysis. It is known that hydrolysis of ATP is tightly coupled to the transportation
of compounds by ABC transporters, with stimulation of ATPase activity [57]. Since
the energy consumed by ABCBI transporter is derived from ATP hydrolysis, nobiletin
lowers the ATPase activity [58], thereby modulating its drug transport activity. This is
one of the mechanisms of reversing the overexpression of ABCB1 during MDR.

The enhancement of the intracellular accumulation of drugs during chemo-
therapy is another mechanism of MDR inhibition by citrus polyphenols. Nobiletin at
50 p M was discovered to have the capacity to increase daunorubicin accumulation
in KB-C2 cells [56] and the absorption of vinblastine in Caco-2 cells [59] together
with ABCBI transfected LLC-GA5-COL300 cells at 20 p M [60] demonstrating the
possible P-gp inhibition action of nobiletin. Further, nobiletin at concentrations of
0.5-9 uM remarkably raised the sensitivity of ABCB1 involved in the overexpression
of A2780/T and A549/T cell lines to chemotherapeutic agents [58]. Also, tangeretin is

Citrus Type of infection/ Concentration Mechanism of action Reference
polyphenol Cellline
Hesperitin Breast cancer/ 0.5-3.5 pm/1 Decreased P-gp expression [47]

MCF-7 DOX-

resistant cells

Helicobacter Pylori 4 pg/ml Inhibition of HsrA, invasion [51]
of lipid bilayer of cell
membrane

Naringenin Helicobacter Pylori 128 pg/ml Inhibition of urease activity [52]
Tangeretin Colon Cancer/ 75and 100 pM Induction of apoptosis, [53]

LoVo/Dx cells decrease of mitochondrial

potential and caspase
activation

Apigenin W480 cells, HT-29 80 pM G2/M arrest [54]
cells, and Caco-2
cells
Nobiletin KB-C2 cells 50 pM Inhibition of P-gp, [46]
enhancement of drug
accumulation
Table 1.

Mechanisms of action of some citrus polyphenols in the inhibition of MDR in cancer and bacteria cells.
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shown to be an effective MDR modulator by increasing the awareness of cancer cells
to doxorubicin. Another citrus polyphenol, hesperidin, likewise utilizes the sensitiv-
ity tool in cancer cells with resistance, thereby decreasing the expression of P-gp [61].
Its inhibitory effect in overcoming MDR in cancer cells is significant and higher than
nobiletin [62].

The initiation of apoptosis is another mechanism citrus polyphenols employ in
preventing the occurrence of MDR during chemotherapy without developing toxicity.
It involves modulation of the PI3K/Akt pathway which is beneficial in preventing drug
resistance in many cancer models. Hesperitin has no report of significant toxicity to
normal cells [63], and its anti-tumor activity occurs through interaction with various
carcinogenic signaling pathways and promoting mitochondrial apoptosis pathways.
[64] described the promotion of apoptosis in gastric cancer by hesperetin. The
mechanism involves the inhibition of the PI3K/AKT signaling pathway through the
upregulation of phosphatase and tensin homolog (PTEN) expression, thus hamper-
ing cell proliferation. The PI3K/AKT signaling pathway is considered a very important
and crucial pathway that regulates the development/occurrence of MDR in cancer
cells and other events such as cell cycle progression and apoptosis [65, 66]. PI3K in
its active state facilitates the phosphorylation of AKT at Thr 308 and Ser 473, leading
to its partial or full activation, respectively [67]. The activated AKT then partakes
in controlling the inhibition of apoptosis which involves direct phosphorylation of
apoptotic signal proteins or regulation of the activity of transcription factors [68].

Further, apoptosis stimulation by citrus polyphenols can lead to the migration of
BCL2-associated X (BAX) on the outer membrane of mitochondria, which is a crucial
key step to initiate apoptosis [69]. This sensitizes the mitochondrial permeability
transition pore (MPTP) to liberate cytochrome C from the mitochondria into the
cytoplasm to stimulate caspases, thus initiating cancer cell apoptosis [70]. During this
process, mitochondria release apoptosis-inducing factor (AIF) into the cytoplasm,
which moves to the nucleus, where it facilitates chromatin condensation, resulting
in cell death [51]. This is in support of the study carried out by [71] where hesperitin
in combination with cisplatin significantly caused a surge in the expression levels of
PTEN and cytochrome C with a concomitant reduction in the levels of phosphory-
lated AKT (p-AKT) and CyclinD1. In addition, hesperetin induced a remarkable
increase in AIF, BCL2-associated X, (BAX), caspases 3 and 9 and suppressed B-cell
lymphoma 2 (BCL2) level [72].

Aside from the suppression of the kinase pathways for pro-apoptotic action
against MDR in cancer cells, hesperidin also induces apoptosis by triggering the
accumulation of reactive oxygen species (ROS) and sensitization of signal-regulating
kinase 1/Jun N-terminal kinase (ASK1/JNK) pathway [73]. The high level of ROS,
adenosine triphosphate (ATP) and calcium has a participatory role in the initiation
of apoptosis by hesperidin in cancer cells via the sensitization of the mitochondrial
pathway [74].

The arrest of cell cycle at GO/G1 phase through suppression of cyclin D1, cyclin
E1 and cyclin-dependent kinase of p21, 2 (Cdk2) at the protein level with a corre-
sponding increase in the expression levels p53 E1 is also another strategic means that
hesperidin uses to change anti-apoptosis scenario in cancer cells [75].

Also, reduction of the expression of Nrf2 is known to be notoriously engaged in
the modulation of drug resistance [76]. The combination of apigenin with doxoru-
bicin during chemotherapy has been considered effective against chemoresistance
treatment. Recent iz vitro studies have also revealed that polyphenols can overcome
drug resistance in cancers by inhibiting efflux pumps that extrude anticancer drugs,
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increasing the level of drug absorption and cell apoptosis and reducing cancer
proliferation [77, 78].

4.2 In Bacteria infections

The existence of some particular structural features in flavonoids is believed to
enhance their pharmacological effects, thereby describing a correlation between the
flavonoid structure and its antimicrobial properties [79, 80]. For instance, a high
abundance in hydroxyl groups is responsible for the increased antioxidant effects of
flavonoids because of an increase in the available sites for quenching radicals and che-
lation of metal ions. However, high-level hydroxylation is not favorable for flavonoid
lipophilicity, thus limiting their inflow across the cell membranes of the pathogen.
Hence, flavonoids such as hesperetin and naringenin that are lipophilic could invade
the lipid bilayer membrane, causing modifications in fluidity and accessibility of the
membrane [81].

A notable number of studies have identified antimicrobial and anti-virulence as
mechanisms utilized by some bactericidal flavonoids to curtail MDR through the use
of specific molecular targets in microorganisms. The inhibition of the vital functions
of response regulator-like transcription factor HsrA [82] such as virulence, maintain-
ing the availability of nutrients, involvement in response to oxidative stress and cell
division by these flavonoids have been described [52, 83, 84].

This can occur by blocking the interaction of HsrA with DNA at its C-terminal
effector domain as observed with hesperitin [82] while other recognized molecular
targets in microorganisms such as enzymes [53, 54, 85] can also be acted upon.

Another mechanism to combat the alarming increase in MDR encountered with
microorganisms such as Helicobacter pylori whose infection is a risk factor for
developing gastric cancer is via anti-urease activity and structure-activity relation-
ship has proved to be beneficial. This comes to play by generation of hydrogen
bonds with the amino acid residues of H. pylori urease, which is an indispensable
inhibitory strategy employed by flavonoids such as quercetin. This shows the criti-
cal impact of the presence of hydroxyl groups in the structure of quercetin against
H. pylori enzymes [86].

Inflammation has been associated with MDR that exists during infection with H.
pylori. Cytotoxin-associated gene A (CagA) and vacuolating cytotoxin A (VacA) are
considered to be very important factors during the inflammation process. Cag A is
transported to host cells via the secretion system that introduces the toxin into gastric
epithelial cells [87]. This triggers the activation of NF-kB with subsequent modulation
of the expression of pro-inflammatory cytokines, such as IL-8, TNF-a and IL-1b [88].
Hence, there is induction of apoptosis, vacuolation and stimulation of the p38 MAPK
signaling pathway in the host cell. However, nobiletin has demonstrated protection
against the inflammation process linked with MDR in H. pylori infection by down-
regulating the expression of pro-inflammatory cytokine [89]. Some of the mecha-
nisms include a decrease in the mRNA levels of IL-8, TNF-a and IL-1b, decrease in
lipid peroxidation, inhibition of vacA expression and suppression of CagA and VacA
translocation to its target cells by lowering the expression of secretion components
[54] and downregulation of the p38 MAPK signaling pathway [90].

The decline in the expression of the efflux pump gene hefA [91] is another mecha-
nism citrus polyphenols utilize to reduce MDR during infections. HefA is a gene
that encodes a TolC-like outer membrane channel tunnel protein and connects with
translocases in the inner side of the membrane to make efflux systems partake in drug
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resistance [92]. The decrease in its expression increases the inhibitory capacities of
antibiotics and their effectiveness in multidrug-resistant strains of bacteria [91].

Also, cell shape transformation that entails a morphological transition from spiral
to coccoid forms by H. pylori is usually inhibited by citrus flavonoids to avoid the
increase in antimicrobial resistance associated with this pathogen. This has been
proven in myricetin [93].

5. Conclusion

Despite recent progress in reducing the incidence of MDR with the use of conven-
tional drugs during chemotherapy, there is still an evident deficit in their therapeutic
efficiency in inhibiting MDR. Therefore, drug resistance remains a global concern
and a principal cause of cancer-related mortalities. The problem of MDR in microor-
ganisms is one of the world’s present-day challenges. However, an improved under-
standing of the signaling pathways involved in drug resistance would assist in paving
way for more therapeutic interventions.

The application of natural products from plants is currently proving to be a viable
option in targeting the various signaling pathways associated with MDR. Hence, a
great deal of attention is being paid to plant-based products due to their non-toxic
effects. This review demonstrated the inherent capacity of polyphenolic phyto-
chemicals in citrus to target the various pathways utilized to perpetuate MDR and the
mechanisms to circumvent it.
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Chapter11

Citrus Essential Oils and
Nanosystems towards Skin
Delivery

Jilia Scherer Santos and Mateus Pereiva Gonzatto

Abstract

Essentials oils from citrus have anti-inflammatory and antioxidant activity.
Furthermore, terpenes are their main phytochemicals, namely limonene is the
most important one. As terpenes are permeation promoters, they have been used to
improve transdermal delivery of drugs. In addition, a proper oil source is a key factor
to obtain desired phytochemicals. Recently, polymeric nanoparticles, solid lipid
nanoparticles, nanostructured lipid carriers, nanoemulsions, liposomes and elastic
liposomes as carriers of citrus essential oils or citrus terpenes have been developed to
achieve more effective formulations. In this chapter, the most recent publications on
nanocarriers containing citrus oils or citrus terpenes were addressed. In that regard,
citrus oil or terpenes loaded in nanotechnological systems improve drugs skin perme-
ation. Besides, terpenes loaded in nanoparticles also increase transdermal delivery of
drugs. As essential oils and their respective terpenes are volatile compound and prone
to oxidation, its encapsulations reduce oxidation and volatility. Hence, an improved
antioxidant activity can be obtained. Therefore, nanoformulations of citrus oils or
citrus terpenes are potential approaches to skin topical and transdermal delivery.

Keywords: terpenes, nanocarriers, limonene, citrus oils, transdermal, skin delivery

1. Introduction

Citrus essential oils are widely used in perfumery due to their very pleasant aroma.
Nevertheless, because of the high volatility, the aroma is quickly lost [1], hindering
its cosmetic application. Regarding medicinal properties, antioxidant, antifungal and
anticancer ones are reported [2]. Moreover, citrus oil would be interesting to inflam-
matory skin diseases [3] and to disorders generating oxygen-generating species [4, 5].
Then, citrus oils could be used as adjuvants in the treatment of several skin disorders.

In their composition, essential oils have terpenes [6] which are employed in
pharmaceutics formulations to provide a transdermal release due to its ability to
increase skin permeation [7]. Despite its limited use, transdermal route may be used
to overcome the drawbacks of the injectable routes or as an alternative to the oral
route allowing a systemic drug delivery through the skin [8]. Additionally, as several
factors affect oil chemical composition [9], it is crucial to select an adequate oil
source to obtain a suitable phytochemical composition. Hence, in the development of

199 IntechOpen



Citrus Research - Horticultural and Human Health Aspects

therapeutic products plant-ingredient based, it is required to associate strategies of a
correct plant cultivation together with an adequate pharmaceutical study [3, 4].

Nanoparticulate systems are promising approaches to dermatological [10] and
systemic-diseases treatment [11]. Accordingly, this chapter addresses nanoformu-
lations containing citrus terpenes or citrus essential oils targeting skin delivery.
Initially, aspects related to chemical composition will be briefly displayed. Lastly, the
most recent contributions of nanocarriers containing terpenes or essential oils from
citrus for skin or transdermal delivery will be shown.

2. Citrus oil composition

The essential oils composition varies among different species and cultivars,
rootstocks, structure (of leaf, flower or fruit), according to the extraction method,
edaphoclimatic conditions and agronomic management employed at harvest time.
In general, the constituents of the essential oil present in the peel of citrus fruits are
monoterpenes, followed by sesquiterpenes and phenylpropanoids [12, 13].

Oranges fruit juice is the main source of citrus oils. Besides, the peel of young
green fruits removed during the manual thinning of mandarin fruits is also an origin
of essential oil. Moreover, leaves and flower buds are other sources of oils, by steam
distillation or hydrodistillation extraction methods. Oils obtained from flower buds
are known as petitgrain (petit grain in French means “small grain”) as an allusive
name to the leaves and buds of the bitter orange (Citrus aurantium). However, petit-
grain oil can be extracted from leaves of any citrus species [12, 14, 15].

In most citrus oils, the major terpene is d-limonene, accounting for a percentage
of up to 98%. Other compounds of importance, such as y-terpinene, geraniol, citral,
valencene, a-pinene, sabinene, myrcene and linalool, are present in variable amounts
[12]. Essential oils extracted from the peel of sweet oranges (Citrus sinensis), grape-
fruit (Citrus paradisi), pummelo (Citrus grandis), clementines (Citrus clementina),
satsumas (Citrus unshiu) and tangors (hybrids of orange with tangerines) have a
limonene content higher than 90% [16-19]. On the other hand, the contents of limo-
nene and linalyl acetate are similar (~35%) in bergamot oil (Citrus bergamia) [18].
Elseways, limonene content ranges from around 70 to 75% in Cai and Montenegrina
mandarin (Citrus deliciosa) [20].

With respect to essential oils extracted from citrus leaves (petitgrain), there isa
greater variation between species. A greater amount of methyl-N-methylanthranilate
is found in Citrus deliciosa species. Contrarily, Citrus reticulata, Citrus reshni and
tangors seem to accumulate higher contents of linalool and sabinene. Diversely, in
Citrus sunki, beta-pinene is the most important terpene [14, 15].

3. Nanocarriers bearing citrus oils or citrus terpenes

Nanopharmaceuticals either contain terpenes or essential oils. The use of
isolated terpenes is desirable at times [11-14] instead of essential oil. Concerning
citrus oils, they are related to skin irritation and low stability due to their volatility.
To overcome these limitations, nanoencapsulation of these oils has been reported
[21]. Thereby, the loading of essential oils in microemulsions allows to reduce
adverse effects [21], and the encapsulation of citrus oil in ethosomes reduces oil
volatilization [22].
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Nanodrug delivery systems include polymeric nanoparticles, liposomes, etho-
somes, nanoemulsions, solid lipid nanoparticles, nanostructured lipid carriers and
microemulsions [23]. Figure 1 shows the most important nanometric carriers bearing
citrus oils or citrus terpenes. Polymeric nanoparticles are composed of polymers and
surfactants in which different drugs can be encapsulated. Liposomes are vesicular
systems containing phospholipids [26]. Other vesicular carriers have been developed
over the years including ethosomes [11, 27], invasomes [28, 29], transfersomes [11]
and bilosomes [30], and they all have other ingredients than phospholipids [25, 26].
For instance, in bilosomes, there are bile salts [30].

Nanoemulsions contain an oily core and surfactants in their composition. Solid lipid
nanoparticles (SLN) and nanostructured lipid carriers (NLC) are both formed of lipids
where SLN and NLC contain, respectively, solid lipids and a mixture of solid and liquid
lipids (Figure 1) [26]. Elseways, microemulsions are similar to nanoemulsions as they
have an oil phase, an aqueous phase, and surfactants (Figure 1) [31, 32]. Nonetheless,
microemulsions are thermodynamically stable systems [33], unlike nanoemulsions
[32]. These drug delivery systems are mainly employed to entrap oily substances and
therefore are suitable for essential oils [10, 21, 22, 34, 35].

Previously to nanoencapsulation, essential oils are extracted [4] or at times
commercial essential oils can be used [10, 22, 35]. Either terpenes or essential oils are
employed in nanostructures as a therapeutic ingredient [4, 21, 34] or as skin perme-
ation enhancers [36-40]. About terpenes, limonene provides a drug release into the
skin [36] or a drug transdermal release [39-41].

Limonene is frequently used in liposomes to obtain invasomes. Invasomes are
vesicular systems composed of terpenes and alcohol [24] which favour the skin
penetration/permeation of drugs [42]. Apart from that, when topical application of
drugs is mentioned both permeation and penetration may occur. Permeation is the
passage of drugs from one skin layer to another skin layer (e.g. from the epidermis to
the dermis). Oppositely, penetration is when a drug reaches one skin layer (e.g. the
stratum corneum). Skin penetration of drugs always precedes permeation. Once skin
permeation is reached, drugs may reach systemic circulation [43].

In general, nanocarriers show a biphasic pattern with an initial burst drug release
followed by a sustained release. The initial release is due to the outermost drug

( Nanocarriers )

Ciméi;iés of Polymeric Nanoemulsions
e e - f‘la"°P3"‘°|es Microemulsions | >
¢ .
J . Phospholipid
3 surfactant Transdermal
e o lipid or skin
Solid lipid nanoparticles delivery
Nanostructured lipid carriers
Y .

Figure 1.
Citrus essential oils or citrus terpenes loaded in nanocarviers targeting transdermal or skin delivery. Source:
[24, 25]. Created in BioRender.
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location in the nanocarrier. It is expected that at least some part of the drug will be
adsorbed to the nanostructure, favouring its burst release. Drugs located more inter-
nally in the nanocarrier will show a gradual release providing the prolonged release
effect. The combination of initial burst release and prolonged release is interesting
because it allows a pharmacological activity just after skin application along to a
prolonged effect [30, 39], even for several hours [30, 35, 38].

Furthermore, ingredients of nanometric carriers must be carefully selected
considering the concentrations of each ingredient. From an optimized formulation,
subsequent efficacy and safety studies can be conducted [30, 38, 44]. An optimized
formulation can be determined by physicochemical assays including particle size,
zeta potential and encapsulation efficiency [10, 11, 30, 35, 37, 45]. Also, optimization
also implies evaluation of formulation stability over a period of weeks or months at
different temperatures [7-49].

Concerning nanometric systems intended for skin application, both a localized
effect on the skin [11, 31, 34, 36, 37] or a systemic effect can occur [29, 41, 45]. A
topical effect is desirable to skin diseases treatment [11, 31, 36, 37] while a systemic
effect is desirable to treat a more serious disease whose source is in another organ (i.e.
not the skin) [30, 41, 45]. For topical delivery, skin penetration and/or permeation
is desired [36]. Nevertheless, for systemic delivery, permeation is mandatory as it
precedes drug release into the circulatory stream [30, 39]. Additionally, in view of
the trend of using natural compounds, nanoparticles are also applied to increase skin
penetration of polyphenols [36].

Since the discovery of new drugs is very expensive and very time consuming
[50], the use of penetration enhancers improves biopharmaceutical characteristics
of drugs (e.g. low aqueous solubility) [38, 44]. Hence, combination of physical and
chemical permeation methods is proposed as a strategy to increase skin permeability
of drugs [39, 45].

3.1 Citrus oils loaded into nanocarriers

Most citrus oils were encapsulated in lipid carriers, as shown in Table 1. Also,
spanlastics, ethosomes and transfersomes were employed as carriers due to their
ability to increase skin penetration. These carriers are entitled as elastic liposomes,
variations of conventional liposomes [51]. Since conventional liposomes (Figure 1)
generally provide skin penetration only at the outermost skin layer, elastic liposomes
are used to improve skin penetration into the innermost layers of the skin [52]. In
this sense, elastic liposomes are composed of penetration enhancers such as ethanol
and surfactants [7]. Ethosomes and transfersomes are vesicular systems containing
ethanol and surfactants, respectively [11]. On the other hand, spanlastics are elastic
liposomes bearing the surfactants span 60 and polysorbate 80 [51].

Recently, lipid nanocapsules were proposed as blending the features of polymeric
nanoparticles and of liposomes. In its composition, there is lecithin, an ingredient
commonly used for liposomes. This carrier resembles polymeric nanoparticles as it
contains an oil phase and an aqueous phase containing hydrophilic surfactants [53]. In
the case of lipid nanocapsules, polyethylene glycol derivatives are employed as hydro-
philic surfactants. This new carrier may be more attractive than traditional polymeric
nanoparticles in increasing the skin permeation [34].

Essential oils content varies according to the type of nanocarrier (Table1).

Most studies employed low essential oils content [10, 22, 35]. However, for lipid
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Nanocarrier Essential oil EO content (%) Drug Main outcome Reference
Spanlastics Bergamot oil 1 — Lower time to skin [10]
repigmentation
Nanostructured Bergamot oil 6.9 — Lower to skin [35]
lipid carriers repigmentation
Ethosomes Orange oil 7 — Higher aroma [22]
durability
Lipid Orange oil 40 — Higher inhibition of [34]
nanocapsules fungal growth
Microemulsion Lemon oil 30 Resveratrol Higher skin [31]
permeation and
higher antioxidant
activity
Nanoemulsion Bergamot oil 14.5 Luteolin Higher skin [47]
permeation

'EO: essential oil.

Table 1.
Nanocarriers bearing citrus essential oil.

nanocapsules [34] and microemulsions [31], a higher concentration was used.
Although a high oil concentration may provide a formulation with a lower physical
stability [22], a higher oil content may be needed to ensure nanocarrier formation
(e.g. lipid nanocapsules) [34]. Therefore, it is fundamental to ensure a suitable oil
content as it may influence nanosystems performance.

As for physicochemical characterization, essential oil content influenced particle
size. The higher the oil content the higher particle size [22]. Diversely, the lower
the concentration of surfactants the higher the particle size [10, 38, 41], which is
related to the stabilizing effect of surfactants. A higher surfactant concentration
improves stability, reduces particle size, and prevents coalescence [54]. Zeta poten-
tial, another important assay, also is also indicative of stability [38]. It provides
information about the surface electrical charge, and it is affected by anionic and
cationic surfactants. Cationic surfactant will impart a positive zeta potential, while
anionic surfactant will provide a negative zeta potential [47]. Regards to encapsula-
tion efficiency, it only applies when a drug is entrapped inside a nanocarrier [31,
47]. A high encapsulation efficiency means that a high percentage of drug is encap-
sulated. In that regard, a high encapsulation efficiency was obtained for luteolin-
loaded in bergamot oil nanoemulsions, a desirable effect as luteolin is protected
from degradation [47].

Another strategy is the development of cationic carriers to increase skin perme-
ation. Luteolin-loaded in cationic nanoemulsions had a better skin permeation regard-
ing luteolin-loaded anionic nanoemulsions. Since there is electrostatic interaction
between the skin and cationic nanocarrier, the skin adhesion is favoured. Consequently,
there is a greater permeation of luteolin. Nonetheless, luteolin loaded in anionic nano-
emulsions had a higher skin permeation than non-nanotechnological luteolin suspen-
sions. Although the use of cationic carrier usually provides the best skin penetration,
anionic carrier are also potential carriers are they may have a better performance than
non-nanotechnological formulations [47].

203



Citrus Research - Horticultural and Human Health Aspects

Citrus essential oils are related to phototoxic reactions due to the presence of furo-
coumarins [55]. Nonetheless, for vitiligo, this phototoxic reaction can be desirable to
stimulate skin repigmentation [10]. In this sense, bergamot oil-loaded lipid carriers
had an increased skin repigmentation in vitiligo patients [10, 35] due to the increased
skin permeation of bergamot oil loaded into nanocarriers [35]. In view of vitiligo
treatment limitations and treatment-related side effects [10], vesicular lipid carriers
are a promising treatment for vitiligo patients.

Further, orange oil entrapped into nanocarriers provided a greater antifungal
activity [34], probably due to oil protection from volatilization. Likewise, orange
oil encapsulation also promoted an increase in aroma durability, a desirable effect in
perfumery [22]. As citrus essential oils are top notes [1], its encapsulation may be an
interesting alternative in the development of perfumes with greater durability.

Newly, essential oils from Citrus aurantifolia and C. reticulata were loaded in micro-
emulsions. Citrus oils loaded in microemulsions were less irritating to the skin than
undiluted oil, due to oil-controlled release provided by microemulsions [4]. Although
limonene may cause change in epidermis structure to promote skin penetration [56],
citrus essential oils-loaded microemulsions were less irritant than undiluted oils [4].

3.2 Citrus terpenes loaded into nanocarriers

Limonene is the most employed terpene in drug delivery systems [29, 37, 39, 44]
while linalool is least frequent [48, 57]. Encapsulation of linalool improves its stability
[48, 57] and consequently increases its antioxidant activity since the terpene itself has
radical-scavenging ability [58]. The higher radical-scavenging ability is important to
ensure a more effective skin treatment as oxidative stress can worse dermatological
diseases [59, 60].

Table 2 summarizes the main outcomes of terpenes entrapped into nanocarri-
ers. As the log P of limonene is greater than of linalool, the former is a more suitable
ingredient for lipophilic drugs [64]. In fact, a higher encapsulation efficiency is
reported to nanocarriers bearing limonene and lipophilic drugs [29, 39, 44]. As to
terpenes content, it is variable, between 0.47% [46] and 5% [49]. As can be noted
by comparison of Tables 1 and 2, a lower terpenes content is employed regarding
essential oils content.

Moreover, particle size [24, 39, 44] and drug release [37, 45] are affected by limo-
nene content. Particle size is a key feature in skin permeation. In general, carriers with
smaller particle sizes are more efficient in promoting permeation [65]. As for drug
release, a higher limonene content caused a lower drug release and possibly generat-
ing a prolonged release [37]. Limonene is then the most suitable terpene to provide a
greater release of lipophilic drugs due to its lower boiling point [37].

Several studies have shown a better performance of limonene entrapped into lipid
carriers [28, 37, 39, 63] for transdermal drug release [37, 39, 44] or drug topical release
[11, 36]. Despite nanosystems itselves also having the ability to promote skin penetra-
tion [66], nanoencapsulation of limonene [40, 63] further increases the penetration
of drug into skin [40, 63]. In this sense, limonene-pegylated liposomes improved skin
permeation of galantamine in relation to pegylated liposomes [40].

About carriers containing terpenes, invasomes [29, 39], bilosomes [30], microemul-
sions [31] and nanoemulsions [36] are described. Invasomes provide a greater drug skin
permeation [39, 63] than conventional liposomes [63] and other nanocarriers [29]. Solid
lipid nanoparticles and nanostructured lipid carriers promote an occlusive effect which
causes an increase drug penetration [65]. In turn, lornoxicam-loaded in bilosomes had a
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Nanocarrier Terpene Terpene Drug Main outcome Reference
content (%)
Liposomes LI/LIN 3 — Higher antioxidant [58]
activity
LI 2 Galantamine Higher skin [56]
permeation
Bilosomes LI 0.47 Lornoxicam Improvement in [30]
anti-inflammatory
activity
Polymeric LIN 0.5 — Lower loss of linalool [57]
nanoparticles
Solid lipid LIN 1 — Stability [48]
nanoparticles improvement
Nanoemulsions LI 1 Resveratrol Higher content in skin [36]
0.05 Astaxanthin Higher stability/ [61]
higher skin content
Nanoemulsions LI 5 Ibuprofen Higher skin [62]
permeation
Microemulsions 3 Higher in vitro release
Transfersomes LI 0.9 Cyclosporin Higher skin [11]
A penetration
Invasomes LI 1.5 Agomelatine Greater permeation [39]
for skin pre-treated
with ultrasound
1 Asenapine Higher skin [29]
permeation
1 Phenylethyl Lower tyrosinase [63]
resorcinol activity
0.5and 1.0 Tizanidine Greater permeation [45]
for skin pre-treated
with microneedling
1.5 Avanafil Higher bioavailability [28]
15 Dapsone Higher bioavailability [37]

*LI: limonene, LIN: linalool.

Table 2.

Nanocarviers bearing citrus terpenes.

transdermal release resulting in a better anti-inflammatory effect. As bilosomes have bile
salts in their composition, a higher skin permeability can be achieved [30]. Oppositely,
nanoemulsions and microemulsions are used to increase solubility of low-solubility
drugs which results in an enhanced topical delivery [31, 36].

Moreover, nanoemulsions [36, 61, 62], transfersomes [11], invasomes [63]
and microemulsions [61] are also employed for purposes of skin topical effect.

Phenylethyl resorcinol loaded in elastic liposomes had a lower tyrosinase activity
along with a higher skin deposition [63]. Transfersomes improved skin deposition

of cyclosporin and would be an interesting topical treatment for psoriasis [11].
Resveratrol nanoemulsions [36] and astaxanthin self-nanoemulsifying systems [61]
had a higher photostability [36] and a higher antioxidant ability and then can be used
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in the treatment of different skin conditions [61]. Additionally, due to limonene, there
was an improved deposition in skin layers to astaxanthin [61] and resveratrol [36]
loaded in delivery systems.

Concerning systemic delivery, nanocarriers can improve drug bioavailability [28, 44],
the amount of drug that reaches the circulatory stream and is directly related to the phar-
macological effect [67]. Avanafil loaded-invasomes transdermal films [28], raloxifene in
transfersomes gels [44] and dapsone-loaded invasomes [37] had a higher bioavailability
than non-nanotechnological formulations. The increased bioavailability suggests a possible
use of skin as an alternative route of drug administration, notably for drugs with low oral
bioavailability [29, 44].

Other report showed different performance of ibuprofen-microemulsions and
ibuprofen-nanoemulsions for topical delivery. Microemulsions provided a greater
drug release while nanoemulsions were the most effective regarding skin penetration.
The better skin penetration for nanoemulsions probably is due to its higher terpene
content, and the higher drug release for microemulsions is caused by its higher inter-
facial area. Aside from this, nanoemulsions also had a higher cell viability. Hence,
nanoemulsions were the most appropriate carriers for cutaneous delivery [62].

Recently, a skin pre-treatment with ultrasound increased cutaneous deposition
of agomelatine-loaded invasomes [39]. Similarly, microneedling pre-treatment
increased the permeation of tizanidine-loaded invasomes [45]. Therefore, a combi-
nation of physical and chemical methods of skin penetration has been designed to
improve transdermal delivery [68].

4, Conclusion

Citrus plants are cultivated on all continents, and derived products are used
worldwide. Although citrus oils are being widely used as fragrances, they have limited
use in dermatological treatments. A trend over plant ingredients loaded in nanocarri-
ers for topical products is seen due to the several benefits provided by vegetal phyto-
compounds. In addition, further development of products bearing plant ingredients
can be increased by its nanoencapsulation in drug delivery systems.

A few studies report clinical trials of nanoformulations based on essential oils
or on citrus terpenes. It is expected that more safety and efficacy on humans will be
conducted so that new nanomedicines become available. Hence, the quality of life of
patients having diseases whose treatment is side effects associated may be improved.
Likewise, the improvement of transdermal drug release by combination of several
skin penetration enhancers may be a potential approach to develop less invasive
pharmacological treatments.
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