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Abstract: Citrus, belonging to the Rutaceae family, is a commercial fruit worldwide, and it is mainly
recognized for its nutritional, anti-oxidant, and significant medicinal properties. Citruses are a group
of multifaceted fruit crops with a rich traditional knowledge, deeply rooted in ethnic culture, and
the fruits have been considered to be health-protecting and health-promoting food supplements
since ancient times. The presence of secondary metabolites and their bioactivities has led to the
development of new alternative drugs in recent years. Diverse secondary metabolites such as
flavonoids, alkaloids, carotenoids, phenolic acids, and essential oils and their high bioactive properties
have imparted great value to human health based on their anti-oxidative, anti-inflammatory, anti-
cancer, cardiovascular protective, and neuroprotective effects. The indigenous Citrus species of India—
mainly Northeast India—have distinctive and valuable genetic traits, such as resistance to biotic and
abiotic stress, distinctive aroma, flavor, etc. Hence, these species are considered to be repertoires of
valuable genes for molecular breeding aimed at quality improvement. There is a need for awareness
and understanding among the citrus-producing countries of the exploitation of biodiversity and
the conservation of Citrus for sustainable development and bioprospecting. The current review
presents a holistic view of Citrus biodiversity from a global perspective, including phytochemical
constituents and health benefits. Advanced biotechnological and genomic approaches for Citrus trait
improvement have also been discussed to highlight their relevance in Citrus improvement.

Keywords: citrus; origin; biodiversity; production; functional food; anti-oxidants; post-harvest;
quality preservation; mutation breeding; polyploidy; somatic hybridization; transgenesis;
genomic editing

1. Introduction

Citruses are among the top fruits in the world, with increasing demand in the inter-
national market. They belong to the family Rutaceae, and almost all plants of the family
have a characteristic aroma from their leaves, aerial shoots, or fruits. Of all fruits, Citrus
fruits are among the foremost in the global agroeconomy as both regular foods and food
supplements, either fresh or as processed products. Citruses are the fourth most produced
crop in the world, with 158,490,986 tonnes produced in the year 2020 [1]. The usefulness
of Citrus as a health-protecting and health-promoting food supplement has been known
since ancient times, as is evident from its references in sources of traditional knowledge.
The traditional wisdom on the benefits of Citrus has been provided by several researchers
with respect to various topics such as nutrition, anti-oxidants, and many other bioprop-
erties. While the cultivation of other important fruit crops, such as apple, grape, banana,
mango, etc., is restricted to specific climatic and geographical conditions, Citrus has wide
adaptability. Unlike other major fruit crops, Citrus has wide genetic diversity (Figure 1),
offering an enormous scope of contributions to human health and nutrition.
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Figure 1. Some Citrus species of India [2].

Citruses are evergreen shrubs or small or occasionally medium trees. The leaves are
entire, lanceolate in shape, thick, and dark green. Almost all citruses emit a characteristic
odor from their leaves, flowers, and fruits. There are approximately 160 genera belonging to
the family Rutaceae, and Citrus is the most important genus from an economic perspective.
There are several systems of Citrus classification which vary widely; the Swingle and Reece
(1967) and Tanaka (1977) classification systems are accepted widely, which differentiate
based on the number of recognized species [3,4]. Barrett and Rhodes (1967) [5] reported
that the true species of Citrus are: Citron (C. medica L.), mandarin (C. reticulata Blanco.), and
pummelo (C. maxima (L.) Osbeck). In addition, C. halimi was reported as another species [6].
The cultivated species were derived mainly by hybridization between the true species, or
closely related genera, followed by natural selection.

The two distinct sub-genera (Eucitrus and Papeda) are well recognized and differ with
respect to the morphological features of leaf, flower, and fruit. Sub-genus Eucitrus is the
most commercially important and edible species, characterized by a sweet, sub-acidic, sour
juice with a pleasant aroma and flavor, free from droplets of oil. On the other hand, the
sub-genus Papeda has species whose fruits are not edible and hence are of no economic
value except for local uses in ethnic medicine. The fruits of the Papeda sub-genus have
pulp vesicles with dense aggregations of droplets of acrid oil that form axile columns, and
their juices have a disagreeable, acrid, bitter flavor.

2. Citrus Origin and Domestication

The Citrus term is originated from ‘Kedros’, a Greek term which denotes trees such
as cidar, pine, and cypress. Linnaeus grouped all such fruits under the genus Citrus. It is
believed that different groups of Citrus and related genera originated in multiple locations.
For instance, Citrus sinensis is considered to have its origin in China, whereas Citron (Citrus
medica) is known to have originated in Indonesia’s archipelago and North India [7]. Many
Citrus fruits or their progenitors had their origin in northeast India [2], and Citrus indica is
the most primitive and probable ancestor of the other Citrus species [8]. This observation
was based on the discovery of Citrus indica in wild condition in forests of Nagaon district
(Assam), Meghalaya, and Manipur in India. Citrus jambhiri is known to occur in wild
conditions in the Siang river basin of Arunachal Pradesh [9].

Citruses and their relatives have their point of the origin in different regions of Asia
and Australia [10]. The contribution of Swingle in the origin and diversification of Cit-
rus is considered the main clue for the recognition of new Citrus varieties. Six species
of Citrus were recognized; two were native to Papua New Guinea and four were na-
tive to Australia [3]. Eremocitrus genus (E. glauca) is native to the New South Wales
and Queensland deserts (Australia). The Clymenia genus (C. polyandra) originated in the
Papua New Guinea. Poncirus genus, with deciduous leaves, has its origin in northern
China and is tolerant to freezing temperatures (resisting up to −20 ◦C). Papeda group in-
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cludes species from different origins; Citrus micrantha (Southern islands of the Philippines),
C. latipes (Northeast India), C. macroptera (New Caledonia), C. celebica (Indonesian islands),
and C. hystrix (could be from the Philippines) [3].

A new species, namely, Poncirus (P. polyandra), was recognized, showing the properties
of tolerating low temperatures, immunity against Citrus tristeza, and resistance to Phytoph-
thora spp. [11]. It is directly used or crossed with other Citrus species to produce rootstocks
for Citrus cultivation. The Citrus species is assumed to be derived from a large area in
southeast Asia, probably mountainous regions of southern China and northeast India [12];
it was believed that Yunnan Province could be the origin due to its vast diversity of citruses,
and the primary center of origin for the Citrus [13]. Several Citrus species, such as C. medica,
C. limon, C. aurantifolia, C. maxima, C. aurantium, and C. sinensis, originated in the south
due to a theoretical dividing line running from the northwestern border of India, above
Burma, to the Yunnan province of China and then to the south of the island of Hainan [14].
Moreover, C. reticulata and other citruses originated north of it. Northeast (NE) India and
the Malay and East Indian Archipelago are the origin of Citrons and pummelos [15]. The
different types of citruses and their f origins are summarized in Table 1. The broad view of
the world-wide origin of Citrus is presented in Figure 2. This covers the various species
of Citrus that originated in different locations of the globe, from which they were then
migrated and domesticated.

Table 1. Origin of Citrus species [7].

Species Common Name Center of Origin

Citrus reticulata Blanco. Mandarin Orange Philippines or Cochin China/Secondary
center Japan

Citrus sinensis Pers. Sweet Orange China/Cochin China

Citrus macroptera Montr. Satkara Northeast Region of India

Citrus jambhiri Lush. Rough Lemon Possibly India

Citrus indica Tanaka Indian Wild Orange (Memang Narang) Northeast Region of India

Citrus limetta Lush. Sarbati Lime Tropical Asia

Citrus limon (L.) Burm. Assam Lemon East of Himalaya, North Myanmar,
South China

Citrus medico L. Citron Indonesian Archipelago/North India

Citrus aurantifolia (Christm.) Swingle Kagzi Lime Indonesian Archipelago/North India

Citrus karna Raffin. Karna Khatta Eastern Region of India

Citrus aurantium L. Sour Orange Asia/Cochin China

Citrus megaloxycarpa Lush. Sishuphal (Bartenga) Northeast Region of India

Citrus grandis (L.) Osbeck Pummelo South East Asia

Citrus ichangensis Swingle Ichang Southwest, Central, Western China

Citrus assamensis Dutta and Bhatacharya Ada Jamir Northeast Region of India

Citrus latipes (Swingle) Tanaka Khasi Papeda Hills of Meghalaya and Nagaland

Citrus limonia Osbeck Rangpur Lime India and Sri Lanka

The domestication of plants is the inherited custom of human nature. More than
1500 crops have been domesticated in the past [16]. The domestication of Citrus began
independently in different parts of the world. The domestication of Citrus proceeded via
the same trend as other plants, i.e., it took place in wild conditions before the domestication
by humans began [17]. Interestingly, the currently available commercial varieties are mostly
admixtures, which include oranges or lemons, cultivated back around two thousand years
by the Romans. Evidence proves that the early cultivation of citron started in India, and of
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mandarins and other Citrus species, possibly in China. In Yunnan, wide Citrus diversity
was observed [15] and in modern citriculture, crossbreeding varieties can partially recover
the ancestral phenotypes of the introgressed genomes [18]. The migration of Citrus species
via various other means is also a vital contributor to the diversity and domestication of
different Citrus varieties. The development of early grafting techniques, such as revealed
through the apomictic nature of some Citrus varieties, allowed for the rapid fixation of
the genotypes [19]. This was because of the generation of seed clonal individuals, which
explains the apomictic nature of commercial Citrus found at the current time [20].

Figure 2. Origin of Citrus species [10].

3. Biodiversity

In general, the most marketed varieties worldwide are lemon, orange, mandarin, and
grapefruit. Despite being the most crucial horticultural product due to their high level
of hybridization during the domestication process, the recent taxonomic classification of
Citrus remained unclear and unexplored. Because of its wide adaptability, Citrus rapidly
spread and diversified in different parts of the world, though mainly in the West. As per
the ancient records of Theophrastus, Citrus reached the Mediterranean region of Europe
as early as 310 BC [21]. After dispersal, diversification occurred in the new localities.
For instance, some genera of Aurantioideae viz. Afraegle, Aeglopsis, Balsamocitrus, and
Citropsisare are native to tropical Africa, while genera such as Microcitrus, and Eremacitrus
are native to Australia [22]. Hence, the overall origin of the Citrus genus is Southeast
Asia, including South China, Northeast India, Burma. Most commercial cultivation of
Citrus is undertaken through vegetative means to maintain quality and genetic uniformity.
Moreover, Citrus is propagated through cutting and begins flowering and fruiting early.
Citrus plants freely cross between genera, even among those that are closely related to
one another. As a result, the plants are extremely heterozygous, and the hybrids created
by inter- or intraspecific crosses show a significant amount of variation [23]. Another
unique feature of Citrus is polyembryony, i.e., the formation of several embryos in the
same seed. Pollination triggers embryo development from nucellar tissue apart from the
normal zygotic embryo [24]. Nucellar embryos are more vigorous and have enormous
significance in breeding and cultivation since such seedlings can be used as rootstock,
which provides robust growth apart from retaining the original genetic complement. Some
species of Citrus, such as Pummelo, Tangelo, and Clementine varieties of mandarin, are
known to be mono-embryonic [15]. Other mono-embryonic Citrus types include Citrus
indica, C. japonica, C. maxima, and C. medica. Because of polyembryony, monoembryony, and
intercrossing, gene complement in Citrus is highly variable, and very often the distinction
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between varieties and species becomes blurred. Due to this, diversity assessment in Citrus
is complex.

In one of the old records in Northeast (NE) India, there are 17 species and 52 varieties,
and 6 probable hybrids [2]; in another report, 17 species and 52 varieties were found [25].
As per exhaustive account, there are 23 species and 68 varieties [26]; C. macroptera,
C. juko, and C. serotina belong to the Papeda sub-genus. In NE India, many of the lesser-
known citruses are grown and maintained as backyard crops in household gardens. This
traditional practice contributes to the conservation of the species. Most Citrus is diploid
with chromosome number 2n = 18. It has been found that the chromosome number of
different Citrus species, and accordingly, species such as C. macroptera, C. limetta, C. karna,
C. aurantium, C. ichengensis, and C. assamensis, are diploid [27]. However, some species have
different ploidy levels, such as C. reticulata (18, 36; diploid and tetraploid, respectively), C.
sinensis (18, 27, 36; diplod, triploid, and tetraploid, respectively), C. limon (18, 36), C. medica
(18, 27), C. aurantifolia (18, 27), C. grandis (18, 36), and C. limonia (18, 27, 36). Citruses of the
NE region comprise six groups and the citruses of NE India were classified as mandarin,
orange, pummelo-grapefruit, acid, papeda, and other minor citruses [7]. The indigenous
Citrus species of this region have distinctive and valuable genetic traits such as resistance
to biotic and abiotic stress, distinctive aroma, flavor, etc. Hence, they can be considered
genetic sources of useful traits for molecular and conventional breeding, as show in Table 2.

Table 2. Useful traits of various Citrus species of Northeastern Region, India [26].

Character Adaptation Species Variety

Abiotic

Moisture stress and low fertility. C. medica Mithajora, soh-manong

Humid Tropics (very high rainfall) C. assamensis Ada jamir

Drought resistance C. jambhiri Soh-myndong

Wide adaptability for various types
of soils and climates C. medica f. limon Patilebu

Water logging and low
lying condition C. medica f. limon Godha patilebu

Stress conditions of soil and climate C. aurantium Karun-jamir

High cold resistance C. ichangensis,
C. laptis Ketsa-shuphu

Biotic

Resistance to greening, tolerant to
psoriasis and exocortis virus C. macroptera Tith Kera

Resistance ton scab, canker, and
gummosis C. limon Assam lemon

Resistance to greening disease C. indica, C. laptis

Special character Flavor like ginger of Eucalyptus C. assamensis Ada jamir

Flavor like cardamom and
more juicy

C. medica f. limon
C. macroptera

Patilebu, Panijamir, Joratenga,
Elachi-lebu
Satkara

Prolific bearing C. medica f. limon
C. reticulata

Kata-jamir, Soh-synteng,
Soh-kompriak, Soh-sanikar

Superior quality albedo (rind) C. medica Bira-jora

Fruit quality superior for preparing
pickles, chutney, and squash

C. medica f. aurantifolia,
C. auruntium

Abhayapuri lime,
Godha-huntera

The domestication and diversification of Citrus reflects the status of Citrus and of
the hybrids of various Citrus pure varieties (Figure 3). C. aurantium is a product of the
natural hybridization of C. maxima and C. reticulata; in contrast, C. sinensis which is a second
or third-generation product, is a direct hybrid or backcross between the ancestral taxa,
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i.e., (C. maxima × C. reticulata) × C. maxima [28]. C. clementina is a chance seedling hybrid
(C. deliciosa × C. sinensis), discovered at end of the 19th century in Messerghin [27,29]. The
genome is thus an admixture of C. reticulata and C. maxima; C. limon and C. aurantifolia are
direct hybridization products of C. aurantium and C. medica and C. medica and C. micrantha,
respectively [30]. New Caledonian and Kaghzi limes have an origin from F2 (C. micrantha
× C. medica) × (C. micrantha × C. medica). Tahiti limes (seedless), C. latifolia (Bearss or
IAC), are triploid hybrids of C. aurantifolia (diploid pollen) and C. limon (haploid ovule).
Tanepao, Coppenrath, Ambilobe, and Mohtasseb limes, as well as triploid seedy limes and
the Madagascar lemon, have evolved by hybridization of (C. micrantha × C. medica) × C.
medica with a diploid gamete from the C. micrantha × C. medica.

Figure 3. Diversification of Citrus species [17].

Due to their independence from external influences, molecular markers such as SSR,
SNP, and InDels [31] have greater advantages than phenotypic markers. InDel markers
were discovered in a number of Citrus species [32]. It is difficult to assess how these genetic
markers relate to physical and chemical characteristics [33]; hence, these markers might not
explain variations in flavor profiles. In a recent study, a neighbor-joining method served
to explain the diversity of Citrus. As ancestral species, citrus, mandarin, and pummelo
represented a diversity pole; nonetheless, interspecific hybrids were found in close proxim-
ity [34]. Mosambi and Qicheng, Chanh Giay and Ma Nao Pan and Dalandan mandarins
were shown to have close relationships; nevertheless, Pontianak and Nagpur were discov-
ered to be intermediates to mandarins and pummelos. Based on SSR markers, Nagpur
was previously described as a mandarin hybrid [35]. SSR [36], SRAP, and ISSR [37] were
reported to exhibit low levels of polymorphism in oranges. Similarly, many hybrid acces-
sions from mandarin × mandarin, mandarin × pummelo, or mandarin × tangelo have also
been documented in mandarin data [38]. Citrons, rough lemons, and C. volkameriana were
among the 56 accessions analyzed in citron using SRAP and SSR markers. The similarity
levels were 0.70 (for citrons compared to other accessions) [39], 0.65 (for citrons and rough
lemons) [40], 0.80 (for lemons and rough lemons compared to C. volkameriana) [39], and
0.79 (pummelo and grapefruit by ISSR) [41]. These studies highlight that genetic markers
could be highly useful for the analysis of genetic variability among the Citrus varieties.

4. Production and Challenges

Currently, more than 140 countries in the world grow Citrus, and about 70% of the
global Citrus production comes from the Northern Hemisphere, particularly Brazil, the
US, and countries around the Mediterranean region. Brazil is the world’s leading Citrus
growing country, followed by China, with a contribution of 18.1% and 17.2% to world
production, respectively [42]. Citrus grows well in diverse soil conditions (sandy loam,
alluvial soils, clay loam, deep clay loam, or lateritic/acidic soils) and temperature (13 ◦C
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to 37 ◦C). Unlike most other cultivated plants, Citrus species can grow in both acidic and
alkaline soils with a pH from 4.0 to 8.0 (optimum range); however, deep soil with pH in the
range of 5.5 to 7.5 is most suitable. About 10% of total Citrus production is exported as fresh
fruit, of which 62% of the total exports occur in the Northern Hemisphere Mediterranean
region [43].

Among all countries, Brazil is leading the world as the top producer of orange and
orange juice, followed by China as a tangerines/mandarins and grapefruit producer, and
Mexico as a lemons and limes producer (Table 3). The trend of the Citrus market value
over the period from 2012 to 2021 showed that average annual value increased at a rate of
+3.6%. Out of the total Citrus production in the world (4.43 million tons), India accounts for
4.69%, occupying 0.37 million hectares. Mandarins, sweet oranges, lime, lemons, pummelo,
and grape fruit are important. In a recent estimate, the production of Citrus fruits in India
has been recorded as 13,200,000 MT/1,034,000 Ha [44], which highlights the production of
citruses such as lime/lemon, mandarin, sweet orange, etc. Citrus production ranks third
(12.5%) after banana (33.4%) and mango (20.7%) in India [45]. Citrus grows under varied
agroecological conditions, from arid and semi-arid areas to the humid tropical conditions
of the Northeast India. Species such as C. ichangensis, C. latipes, C. indica, and C. macroptera
grow in the hilly terrain at altitudes of 1000 to 2700 m, while some species are adapted to
submontane tracts at altitudes of 70 m to 1000 m [7].

Table 3. Composition of Citrus fruits [46].

Species Local Name Peel (%) Juice (mL) Marc (%) Seed (%)

C. aurantifilia Lime 20–30 45–48 21–34 0–1
C. aurantium Bitter orange 27–46 27–37 23–31 5–7
C. grandis Pummelo 23–24 175 25–37 3–4
C. limon Lemon 13–24 23–95 13–38 5–7
C. paradisi Grapefruit 25–39 32–48 18–36 0–3
C. reticulata Mandarin 35 50% 13 2
C. sinensis Sweet orange 13–49 25–215 18–41 0–3

The growth of Citrus plants and adaptation is within a wide range of environmental
growth conditions. Proper site selection, soil type, irrigation type, water type, pest manage-
ment, harvesting, marketing, etc., are the key steps involved in Citrus yield and production
rate [47]. Agronomic challenges include soil cover system, pest and disease-management,
supply of nutrients and organic fertilization, water-management and irrigation, and prun-
ing. The economic challenges involve additional labor-investments, production inputs,
production cost yields, know-how, and motivation. In addition, Citrus production is chal-
lenged by other external factors which affect plant growth yield and production [48]. For
example, temperature, which is the main component of climate, determines Citrus growth
and yield. Citrus is an important agricultural and horticultural product of India which
provides value addition to economy. Abbas et al. [49] pointed out that the control of the
diseases in Citrus can enhance production and thus contribute to achieving health security
to manage COVID-19. There is a need to have optimum conditions for Citrus growth to
enhance Citrus quality and production.

5. Health Benefits of Citrus

The history of fruits and vegetables is older than human civilization. In the prehistoric
ages, human ancestors were hunter-gatherers, and in the course of their migration, their
targets forest areas rich in fruit trees and other edible plants, as well as an abundance
of animals for hunting. Fruits were possibly the first plant-based food that early man
discovered by chance or trial and error in the remote historical past when human evolution
was still in progress. Nutraceuticals are such foodstuffs, which, as well as from providing a
reasonable amount of calories, also provide sufficient micronutrients and phytochemicals
that function as preventive medicine and ward off diseases.
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5.1. Chemical Profile

Citrus fruits are a precious resource of secondary metabolites and bioactive com-
pounds. They are beneficial for human health as they can work not only against heart-
related diseases, and in treatment of hypertension, but also, as anti-cancerous,
anti-inflammation, anti-viral, anti-bacterial, and anti-fungal agents [50]. The enzymes
found in Citrus juices act as a remedy for controlling obesity. According to a report, phy-
tochemicals are the natural component found in citrus, mainly in juice, and they play
an important role in internal body mechanism, including physiological functions and
metabolic changes in the human body [51], as well as in combatting chronic diseases [52]
and helping to lower cholesterol, which is useful for diabetes patients [53]. The major
chemical composition of Citrus fruits is represented in Figure 4, while, protein (g), fat (g),
fibre (g), and minerals (g) are 0.98, 0.47, 0.63, and 0.47, respectively.

Figure 4. Chemical composition of Citrus (average of different Citrus varieties, content per 100 gm of
edible fruit portion) [46].

5.2. Citrus Nutrition and Health Benefits

The fruits are a rich source of phytochemicals and anti-oxidants. The chemical con-
stituents in Citrus perform biological activities conducive to maintaining good
health. Table 3 represents the composition of Citrus fruits. The main benefits are anti-
carcinogenic [54], cardiovascular [55], hyperglycemia [56], anti-inflammatory, anti-allergic,
and analgesic activity [57], anti-microbial activity [53], anti-anxiety, and anti-depressant
properties, as well as anti-allergic activity [58] and lipid control [59].

5.3. Citrus Anti-Oxidants: Functional Food Perspective

Citrus fruits are among of the most important global fruits with respect to the mainte-
nance of good health due to the presence of health-related elements and valuable compo-
nents. The phytochemicals are limonoids, phenolic acids, vitamins, carotenoids, pectins,
and fatty acids [60], and the presence of carotenoids, flavonoids, terpenes, limonoids, and
many other bioactive compounds provide nutritional and nutraceutical value in Citrus
fruits [61]. Phytochemicals can be consumed through fresh fruits or their derived products
and have been found to have a wide variety of important biological activities ranging from
anti-oxidant, anti-inflammation, anti-mutagenicity, anti-carcinogenicity, and anti-aging
activities. The importance of Citrus phytochemicals indicates that the phytochemicals of
Citrus have a nutritive value and that they also help in fighting against many disease-
causing microorganisms [62]. In addition, phytochemicals provide a pleasant aroma and
vibrant color to Citrus fruits. To have a comprehensive idea of the anti-oxidant activity of



Sustainability 2023, 15, 7731 9 of 21

Citrus fruits, studies on important chemical components and their role as anti-oxidants are
important (see Table 4).

Table 4. Anti-oxidant metabolites and their role found in Citrus.

Compound Role References

Flavanones (hesperidin and naringin) The intestinal fate, bioavailability, intestinal metabolism,
and interaction with the gut microbiota [63]

Flavones Sources, anti-oxidant, anti-inflammatory, anti-microbial,
anti-cancer properties [64]

Flavonoids

Brain health, minimizing the incidence of inflammatory
bowel disease, anti-diabetic potential of 19 Citrus
flavonoids, potential in diabetes and diabetic
cardiomyopathy, endothelial dysfunction, atherosclerosis,
and platelet function

[65–67]

Hesperidin and vitamin C Antiviral properties against acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) [68]

Naringenin

Antidiabetic properties; combating oxidative stress
disorders: cardiovascular disease, diabetes mellitus,
neurodegenerative disease, pulmonary disease, cancer, and
nephropathy

[69,70]

Nobiletin Beneficial effects against Alzheimer’s disease (AD)
and Parkinson’s disease (PD) [71]

Nobiletin,5-demethylnobiletin,
and derivatives

Beneficial effects against colon cancer, pharmacokinetics,
and bioavailability [72]

Polymethoxyflavones (PMF)
Biological properties against metabolic disorder,
atherosclerosis, inflammation, neuroinflammation, cancer,
and oxidation

[73]

Whole fruit, peel, seed, and juice of Citrus are important sources of metabolites, includ-
ing anti-oxidants such as vitamin C, flavonoids, phenolics, and pectins protecting against
free radicals, which are important for human health [74]. Consumption of natural products
contributes to reducing the risk of diseases such as metabolic syndrome, neurodegenerative
diseases, cardiovascular syndrome, diabetes, cancer, etc. [75]. All of the citrus plant parts
contribute to nutritional and nutraceutical properties, as well as anti-microbial, anti-cancer,
anti-inflammatory, anti-allergy, and cardiovascular properties (Table 4). Citrus fruit is used
and consumed all over the world due to the presence of pharmacological components, for
its taste, and also for other health beneficial properties [76]. It is a rich source of alkaloids,
coumarins, limonoids, phenols, carotenoides, flavonoids, and other essential oils [77]. This
indicates that the phytochemicals in Citrus have great scope for health and pharmaceutical
sectors. Citrus fruits are a reservoir and natural source of anti-oxidants, which protect the
cells from oxidative stress and damage by neutralizing the free radicals (Figure 5). The
bioactive compounds of Citrus play a crucial role in maintaining the immune system and
minimizing the risk of various health illnesses.
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Figure 5. Illustration of the action of Citrus anti-oxidant on free radicals [74].

5.4. Toxicity and Safety Profile of Citrus Metabolites

The effect of Citrus consumption has been studied by using various experimental
models, and the toxicity level of Citrus has been determined. Citrus-derived bioactive
compounds have been used in various toxicological studies and have been found to show a
comparably good safety profile. In a study of toxicity in rats, it was reported that hesperidin
from C. sinensis peel didn’t show any toxicity, similar to flavonoids (nobiletin, tangeretin,
and naringin) that have shown a good safety profile [54].

5.5. Medicinal Properties of Citrus

Citrus fruits have several bioactive chemicals that can shield the body from a variety of
ailments and, as a result, demonstrate positive effects on health. The medicinal properties
of Citrus, including anti-microbial, anti-oxidant, anti-cancer, anti-diabetic properties, are
represented in Figure 6.
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5.5.1. Anti-Microbial Properties

Microorganisms are the main cause of infection and disease in human beings. The
resistance of bacteria against anti-bacterial drugs is the current challenge of globe. Different
synthetic chemicals and drugs have been tried as anti-bacterial agents; however, these
have side effects. On the other hand, there are several natural phytochemicals with good
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anti-microbial property and the potential to replace the synthetic drugs. Studies on the
search for new natural anti-microbial compounds in plant species are underway [78], and,
in this regard, Citrus could be a good example of a plant-based treatment containing anti-
microbial and anti-bacterial compounds. Many experiments have validated the activity of
Citrus against different pathogenic and non-pathogenic bacteria. Lemon peel extracts have
also shown a significant anti-bacterial property [79]. The anti-bacterial property of ethanol
and aqueous extracts of Citrus peel has also been reported. The bioactive compounds and
extracted oils of Citrus have shown a high anti-fungal property [54]. Essential oils extracted
from different varieties of Citrus such as orange, lemon, mandarin, and grapefruit have
shown anti-fungal activities against Aspergillus niger, A. flavus, Penicillium chrysogenum,
and P. verrucosum [80]. The study in Citrus sinensis oil was performed to check the hyphal
cell wall and diameter characteristics of fungus. It has been reported that oil application
reduced the hyphal diameter and hyphal cell wall. The inhibition of conidiophores was
also seen [81].

5.5.2. Anti-Cancer Property

Cancer is a dreadful disease which is life threatening, and the condition is characterized
by uncontrolled division and proliferation of cells invading nearby cells and tissues. It is a
multistep process as it alters the genetic makeup of individual cells, making the normal cells
into abnormal cells, which drives the transformation into malignancy [82]. The technique
mostly used to treat cancer at the early stage is chemotherapy, but the treatment may cause
side effects on normal cells and sometimes fails to control the tumor condition. The best
alternative is the use of natural products, which are the sources of bioactive compounds
responsible for positive health benefits [83]. Citrus natural products might function as
anti-cancer agents since individual components of Citrus, such as vitamins, hesperidin,
naringin, tangeritin, limonene, quercetin, tangeretin, nobiliten, etc., all contribute to the
anti-cancer property of Citrus [84].

5.5.3. Anti-Oxidant Property

Citrus phytochemicals have the ability to scavenge for the free radicals, thus acting
as natural anti-oxidants. Flavonoids, phenols, vitamins, etc., contribute to reducing stress
and ageing. Various methodologies are employed to check the anti-oxidant capacity of
different parts of Citrus fruits and the common and popular technique employed is the
DPPH assay. In a study conducted to assess the DPPH scavenging activity of Citrus
macroptera peel, the IC50 values were recorded as 87.83 ± 0.012, 237.95 ± 0.005, and
276.11 ± 0.101 µg/mg for aqueous extract, methanol, and aqueous extract, respectively [85].
The nitric oxide scavenging activity also showed a significant IC50 value. In another study,
the total flavonoid content (TFC) of Citrus limetta fruit peel ethanoic extract was found to
be 450 ± 3.46 [86]. Similarly, the content of total phenolic in Citrus limetta also showed
a higher activity in ethanolic extract than in aqueous extract of Citrus peel. The results
revealed that not only is the type of Citrus variety important for anti-oxidant activity, but
the solvent extract also.

5.5.4. Anti-Diabetic and Anti-Hypercholesterolemic Properties

The medicinal properties of Citrus also include anti-diabetic and anti-
hypercholesterolemic in addition to anti-microbial and anti-oxidant properties. Hesperidin,
naringin, flavanoids, vitamin C, and phenolics, the main phytochemicals in Citrus, cor-
respond to anti-diabetic and anti-hypercholesterolemic activities [87]. Hesperidin and
naringin act by reducing cholesterol and triglyceride levels by inhibiting HMG-CoA reduc-
tase and acetyl-coenzyme A acetyltransferase [88]. Such enzymatic activities have also been
shown in orange, which is a source of various bio-active compounds such as hersperidin,
narirutin, naringin, and eriocitrin, which are responsible for the anti-diabetic property [89].
The in vivo study of Citrus medica [90] and Citrus limetta [91] has proved to be useful in
lowering blood glucose levels in mice.
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5.5.5. Hepatoprotective Properties

Liver damage is the current alarming health condition in human beings. Citrus
fruits are beneficial for protection against liver damage. Similar to the anti-microbial and
antidiabetic properties of citrus, flavonoids such as naringin and naringenin have also
been shown to have a hepatoprotective property [92]. The effect of Citrus hystri and Citrus
maxima as hepatoprotective agents has been studied in albino rats. Both the varieties were
found to be effective at the dose concentration of 200 mg/kg [93].

6. Citrus—Bioprospecting and Valorization

Citrus fruits are in high demand as they have several health benefits. The phys-
ical properties of Citrus provide them with attractive features; for example, they can
be transported to any place worldwide. Because of the high demand, productivity has
tremendously increased during the last decade. Many agrifood industries have come up
with different ways of processing and preparing useful products from fruits [94]. The
valorization of Citrus waste has added a new dimension to food processing industries.
The main product of the Citrus industry is juice, which is enjoyed by people of all age
groups. Depending upon the variety of citrus, the yield varies along with the co-product
after processing. The Citrus co-products include seeds (10%), peel (60–65%), and internal
tissues (30–35%) [95]. The co-products are the wastage of any vegetable or fruit juice
processing. However, they are rich in bioactive compounds which contribute to several
therapeutic properties. In general, the peel waste of Citrus contributes to anti-oxidant,
anti-microbial, cardio-protective, anti-inflammatory, anti-diabetic, anti-cancer, and many
more health-beneficial properties. It has been found that the biological activity is due to
the presence of phytochemicals such as flavonoids, phenolics, vitamins, terpenes, etc., in
Citrus waste [96–112]. Some of the important bioactivities of Citrus co-product (peel) are
shown in Table 5.

Table 5. Bio-activity of Citrus co-product (peel).

Source Activity Reference

Citrus Changshan-huyou

Cardio-protective

[96]
Citrus reticulata [97]
Citrus unshiu [98]
Citrus grandis [99]
Citrus lemon [100]

Citrus reticulata
Anti-inflammatory

[101]
Citrus sinensis [102]
Citrus grandis [103]

Citrus lemon
Anti-diabetic

[104]
Citrus sinensis [105]
Citrus reticulata [106]

Citrus reticulata

Anti-cancer

[107]
Citrus reticulata [108]
Citrus sinensis [109]
Citrus sinensis [110]
Citrus junos [111]
Citrus grandis [112]

The co-product can be mixed with other raw materials to enhance the bio-activity
of the product. Hence, the post-harvest technology involves the shelf life maintenance
of the fruit. In addition, the conversion of fruit and its co-product into a useful product
can be health beneficial and long lasting. Post-harvest management is vital for consumer
acceptance. Citrus production and its processing after harvest is a major prerequisite to
increase shelf life while maintaining the quality of Citrus. The appearance of the fruit
contributes the most to consumer choice. In this regard, the focus of technologists can
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be on the consumer preferences, product generation, sustainable packaging, presentation,
and marketing.

7. Biotechnological, Mutagenesis and Genomics Approaches for Improvement

Citrus fruits are a commercial fruit worldwide and are mainly popular for their
nutritional and anti-oxidant properties; hence, there are large-scale production mandates
for fulfilling of the customer demand. Citriculture involves the growth and development
of citrus; however, crop production and yield are affected greatly by biotic stresses such
as greening, Tristeza, sudden death, canker, etc., and abiotic stresses such as temperature,
salinity, drought, etc. [113]. Different approaches, such as conventional breeding, mutation
breeding, somatic hybridization, etc., have been used for Citrus improvement. Further,
transgenic methods, biotechnological tools, and genetic engineering play a vital role in the
genetic manipulation of Citrus for quality improvement.

7.1. Mutagenesis for Induction of Novel Genetic Variability

Classical breeding involves the conventional methods of hybridization and selection,
followed by the development of new varieties. Mutation breeding improves both genotypic
and phenotypic traits, and has played a vital role in Citrus improvement [114]. Since 1970,
15 mutants of Citrus have been released which comprise mandarins, clementines, sweet
oranges, grapefruits, and lemons with individual numbers 6, 6, 2, and 1, respectively [115].
Induced mutation by physical mutagens—for example, by gamma rays and chemical com-
pounds acting as mutagens—enhances the induced genetic variability. Physical mutagen is
more popular and 70% of the mutagenesis is by physical agents in plants [116]. The report
of Usman and Fatma [117] demonstrated the mutation induction in lime and mandarin
crop improvement. In different fruits and vegetables, mutation breeding applications have
been evident [117]. It has been reported that also in the case of rough lemon, mutation
breeding has its applications [118,119].

There are several natural and commercial breeds, out of which Washington navel
and Shamouti represents superior orange mutants (Table 6). However, Marsh, Foster, and
Shamber are examples of grapefruit. They originate as bud sports, but Daisy SL, Kinnow
SL, Fairchild SL, and Tango are developed through mutation breeding from their seedy
parents. Other than these varieties, some important and commercially significant varieties
are popular for their better color and seedlessness; for example, Induced mutant Rio Red
and Star Ruby. There is a great scope of advancement in Citrus breeding by exploiting
modern tools such as molecular markers, Targeting Induced Local Lesions IN Genomes
(TILLING), targeted mutagenesis, and CRISPR/Cas9. These technologies have the potential
to produce genetically-alerted improved varieties of Citrus and to develop new Citrus
varieties with novel attributes.

Table 6. Natural bud and mutation breed mutants of Citrus varieties [120].

Natural Bud Mutants Mutation Breed Mutants

Washington navel Daisy SL
Shamouti Kinnow SL
Marsh Fairchild SL
Foster Tango
Shamber Jin Cheng, Kozan, NIAB Kinnow

7.2. Polyploidy as a Means of Inducing Variability

Polyploidization has shown tremendous scope in the investigation of inheritance
patterns in plants as they show higher heterozygosity. In addition, polyploids are more
tolerant to stressful environmental conditions and have less inbreeding depression than
their diploid progenitors [121]. Polyploidy has been observed in different plants and, in
citrus, it was reported that temperature stress, bud pollination, and chromosome doubling
can influence polyploidy [122]. Therefore, colchicine was effective in inducing hyperploidy
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for better breed development in Citrus. Colchicine induces chromosome doubling due to
its higher efficacy. Some other methods, such as interploid hybridization [123], unreduced
gamete formation [124], and endosperm culture [125] can also induce polyploidy in Citrus.
The induction of polyploids of Citrus has also been achieved by the fertilization of the
unreduced gametophytes and chromosome-doubling nucellar cells [126].

7.3. Somatic Hybridization

Plant tissue culture is the most efficient tool which can regenerate whole plants,
and it has a significant advantage in Citrus as it leads to regeneration, propagation, and
improvement. Citrus plants can be regenerated into whole plants through direct or indirect
methods of organogenesis and somatic embryogenesis [127]. In the process of in vitro
organogenesis, the explants for complete regeneration are mainly epicotyl and internodal
stem segments. Some examples of Citrus genotypes where such strategies had been applied
include C. citrange, T. citrange, P. trifoliata, Mexican lime, grapefruit, Swingle citrumelo, and
sweet orange [128]. Somatic embryogenesis has great significance, and the interest is based
on its high efficacy of regeneration. The method is utilized to advance genetic variability
(nucellar and organelle genomes combination) and to overcome sexual incompatibility.
The somatic hybrids can also be developed through the electroporation method by using
embryogenic protoplasts and mesophyll protoplasts. The classical breeding method cannot
be used for the fusion of Citrus protoplasts which are distantly related; however, the
protoplast fusion technique has the potential to develop such breeds. Ohgawara et al.
reported the first somatic hybrid of Trovita sweet orange, and Poncirus trifoliata [129]. Many
such hybrids of Citrus were developed later on by different countries, such as the USA,
Japan, and many other countries. Both interspecific and intergeneric triploids of kumquats
(Fortunella japonica) and Poncirus trifoliata were developed by the method of protoplast
fusion [130]. Alloplasmic cybrids were developed with polyethylene glycol, which are the
result of protoplast fusion of Willow leaf mandarin, Duncan grapefruit, and sweet orange.
Endosperm cultures, embryo rescue technique, micrografting, etc., are some of the other
methods which are helpful for the development of triploids, shortening the breeding cycle
and production of virus-free Citrus plants.

7.4. Transgenic Breeding

Transgenesis allows researchers to cross-breed via the introduction of new genes
from unrelated species into the host plant to develop new breeds which are superior
and resistant to biotic and abiotic stress conditions. Many techniques have been tried for
developing improved varieties in citrus; moreover, success has been reported in the area of
the development of disease-resistant plants by Agrobacterium tumefaciens-mediated genetic
manipulation. The epicotyl explants are the target of T-DNA incorporation [131]; however,
it is not used for seedless Citrus plant transformation. Recently, A. rhizogenes has been used
for rol gene expression and for delivering foreign genes to Citrus.

A flexible procedure is required for optimal Citrus transformation, which mainly
depends on the timing of seed collection and cultivar variability. The A. tumefaciens-
mediated transformation method exploits the Citrus leaf as an explant [132], and similar to
the direct method of gene transfer in citrus, this method has been useful [133]. The particle
bombardment technique was standardized using thin epicotyl sections ofCarrizo citrange
(C. sinensis × Poncirus trifoliata). RNA interference (RNAi), another category of direct gene
manipulation in citrus, is a gene silencing phenomenon. The technique, which is popular
as a knockdown technology for genetic improvement in plants and has the advantage
of efficiency and stability over many other gene manipulation methods, has been useful
in pest management [134]. For instance, an intron–hairpin vector carrying full-length
genes (p25, p20, and p23) extracted from CTV strain T36 has been used for Mexican lime
transformation in order to silence the expression of the genes in CTV-infected cells, and the
results showed complete resistance to virus infection.
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7.5. Genomic Editing

Several breeding techniques have been developed for gene modification, resulting in
successful transformations in Citrus for trait improvement. Trans-grafting and gene editing
are examples of advanced technologies for the development of new varieties. Gene editing
via genetic engineering is the best tool to create mutations in the Citrus genome. CRISPR
(Clustered Regularly Interspaced Short Palindromic Repeats), associated with Cas9, is a
successful tool for genome editing in Citrus, as shown in Figure 7.

Figure 7. Workflow of CRISPR/Cas9-mediated genome editing in Citrus [135].

Jia and Wang [136] first reported the efficacy of CRISPR in Citrus sinensis by editing
the phytoene desaturase gene. However, the first trial’s efficacy was very low (lower than
5%). A highly efficient CRISPR system for editing the PDS gene was later developed [137],
which showed that most of the mutations were up to 70% frequency (indels). Editing
of CsLOB1 (C. sinensis Lateral Organ Boundaries) was conducted to develop resistance
toPthA4 (pathogenicity factor) from Xanthomonas citri pv. citri. in Citrus canker [138].
In this study, promoter and coding sequences were edited at CsLOB1 in C. sinensis and
C. paradise, and the genome edited plants exhibited higher mutation rates (23 to 67%)
with resistance to canker disease. Homozygous and biallelic canker-resistant Pummelo
plants [136], CRISPR editing of CsWRKY22 in C. sinensis that reduced the susceptibility to
X. citri subsp. citri (Wang et al., 2019) [139], PDS gene editing in C. sinensis plants using
embryogenic callus [140], and the editing of LOB1 promoter in Duncan grapefruit by using
SaCas9 are some of the successful examples of genome editing in Citrus.

7.6. Future Prospects

Quality improvement in Citrus is restricted by conventional breeding methods. There-
fore, genetic engineering could become a good alternative for crop improvement in order
to overcome the constraints of traditional breeding. Genetic modification techniques can be
useful in Citrus to develop novel varieties. Nanotechnology can be employed for seamless
delivery and to reduce the limitations of other transformation systems. Nanoparticles
or nanomaterials can interact with any biomaterial with fine control and precision [141],
and can therefore improve the effectiveness of Citrus genetic engineering. There is a need
for a more compact CRISPR system, multiple PAM site selection, culture-free GE meth-
ods, etc., to move beyond the constraints of the CRISPR/Cas9-mediated genome editing
technology [135]. Recent advances in genome editing technology have demonstrated the
effectiveness of CRISPR/Cas9 technology in treating Citrus illnesses such as Citrus canker
and greening [142]. The public’s awareness of the use of modern technologies is a nec-
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essary requirement before novel traits and candidate genes can be targeted for quality
enhancement in Citrus.

8. Conclusions

Citruses have wide adaptability to diverse agroclimatic and geographical conditions.
Citrus fruits are a precious resource of secondary metabolites and bioactive compounds.
Diverse secondary metabolites such as flavonoids, alkaloids, carotenoids, phenolic acids,
and essential oils and their high bioactive properties have imparted great value to hu-
man health based on the anti-oxidative, anti-inflammatory, and anti-cancer properties of
Citrus, as well as the cardiovascular protective and neuroprotective effects. Biotechno-
logical approaches have been offered as the best option for developing healthy Citrus
plants. Different approaches, such as conventional breeding, mutation breeding, somatic
hybridization, etc., have been used for Citrus improvement. The techniques of genetic
engineering and genome editing play a vital role in the genetic manipulation of Citrus for
disease resistance and quality improvement.
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