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Abstract

Limes as a fruit crop are of great economic importance, key to Asian and South American cuisines and cultivated in nearly
all tropical and subtropical regions of the world. Demand for limes is increasing, driven by World Health Organization
recommendations. Pests and pathogens have significantly reduced global productivity, while changes in agronomic
techniques aim to alleviate this stress. We present here a holistic examination of the major biotic (pests and pathogens) and
abiotic (environment and socioeconomic) factors that presently limit global production of lime. The major producers of
limes are India, China and Mexico, while loss of lime production in the United States from 2006 has led many countries in
the Western Hemisphere (Mexico, Costa Rica and Brazil) to export primarily to the USA. The most widespread inver-
tebrate pests of lime are Toxoptera citricida and Scirtothrips citri. Another insect, Diaphorina citri, vectors both Huan-
glongbing (HLB) and Witches Broom of Lime, which are particularly destructive diseases. Developing agronomic
techniques focus on production of resistant and pathogen-free planting materials and control of insect vectors. HLB infects
citrus in nearly all growing regions, and has been particularly devastating in Asian citrus. Meanwhile, Citrus tristeza virus
has infected over 100 million citrus trees, mainly in the Americas and Mediterranean. Currently, Witches Broom Disease of
Lime is localised to the Middle East, but recently it has been detected in South America. The range of its vectors (D. citri
and Hishimonus phycitis) further raises concerns about the potential spread of this disease. Abiotic threats to lime
production are also a significant concern; key areas of lime production such as Mexico, India and the Middle East suffer
from increasing water stress and high soil salinity, which combined with invasive pests and pathogens, may eliminate lime
production in these areas. To ensure future security in lime production, policy makers, researchers and growers will need to
examine the potential of more resistant lime cultivars and establish novel areas of cultivation.

Keywords Insect vectors - Citrus aurantiifolia - Acid lime - Pest distributions - Pathogens - Soil salinity -
Water stress

General Introduction

Citrus is the world’s principal fruit crop, with about 60
- - ) - . million megatons grown annually (FAO 2015). There are
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globally predominant “Key” lime (Citrus aurantiifolia
(Christm.) Swingle) and the larger Tahiti lime
(Citrus x aurantiifolia var. latifolia (Tan.)) (Samson
1986), and (3) finger lime (Citrus australasica F.Muell.)
that is native to Australia but is not widely cultivated
(Mabberley 2004). Lime is cultivated in tropical, subtrop-
ical and temperate regions from 40°N to 40°S (Mendel
1969; Samson 1986; Mukhopadhyay 2004). Limes account
for ~ 5% of global citrus production (FAO 2015) and
countries in the Middle East, as well as India, Pakistan,
Brazil, Argentina and Mexico grow lime as a key part of
their agricultural economies (Liu et al. 2012; Al-Yahyai
et al. 2015). Production quantities and economic values of

lime have fluctuated over the past 25 years (Fig. 1a), and
shifting ranges of pests and pathogens of lime have played
a key role in this. The following review considers lime
production and aims to provide insights into the roles of
biotic and abiotic threats. It is hoped that these insights
may contribute to efforts to stabilise the global lime
market.

Nutritional and health benefits of lime
Citrus aurantifolia is used in “common consumption” in

many cultural cuisines and in juice production (Berry
2003). Citrus species are consumed mainly as fresh or raw
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materials for juices or are canned as segments. Limes are a
staple of South American and Asian cuisines and are used
mainly for their juice, although lime zest and leaves are
also used in cooking.

Citrus is well-known for its high vitamin C content, yet
these fruits are also abundant in various macro- and
micronutrients (Liu et al. 2012). The fruits are consumed
for their macronutrients, such as carbohydrates and dietary
fibre. The major carbohydrate constituents of citrus are
sucrose, glucose, and fructose, generally in a ratio of 2:1:1
(McCready et al. 1950). Citrus fruits are a source of many
micronutrients including thiamin, niacin, vitamin B6,
riboflavin, potassium, calcium, magnesium, and copper
(Economos and Clay 1999).

Although juice is the main commercial product of
lemons and limes, essential oils are extracted and form a
key part of the food industry. (Lota et al. 2002; Chisholm
et al. 2003; Yadav et al. 2004). Limonene, an oil derivative
of lime, is also used in the cosmetics industry and in
household cleaning products such as soaps and detergents
(Chisholm et al. 2003).

Citrus fruits have been used as traditional medicinal
herbs in several Asian countries, such as China, Japan and
Korea. Derivatives of lime are widely used for their
antibacterial, anticancer, antidiabetic, antifungal, anti-hy-
pertensive, anti-inflammation, and antioxidant properties
(Narang and Jiraungkoorskul 2016).

Current global market value of lime

Global production and the economic value of limes has
increased gradually from 1991 to 2006, with a significant
increase in gross production value in 2006 (Fig. 1; (FAO
2015). The devastation of lime production in the USA
following Hurricane Andrew (1992) and introduction of
citrus canker and citrus greening diseases (see below) to
the USA have been driving factors behind this. The US
Government responded with a programme to eradicate
infected citrus that lasted from 2002 to 2006, but this
resulted in a substantial loss of lime production and an
influx of imported limes at an inflated cost (Evans et al.
2014). As the USA is the principal driver of the global
citrus market, accounting for ~ 19% of total global trade,
the loss of USA lime allowed rapid expansion of other
markets, in particular that of Mexico, which now accounts
for > 90% of limes imported to the USA (Evans et al.
2014). There was also a decrease in global production in
2010, correlated with a significant decrease in production
from China (FAO 2015).

Key lime markets

India, China, Mexico, Argentina and Brazil are the world’s
principal lime producing countries, and were together
responsible for 60% of global production in 2009-2013
(Fig. 1b; FAO 2015). India is the largest producer of lime
(Fig. 1b); citrus is the third most important fruit crop in
India with an estimated total coverage of 1 million hectares
(Ghosh et al. 2013). Acid lime (C. aurantiifolia) is the
main cultivar produced in India, accounting for almost 20%
of total citrus production (Ghosh et al. 2013). By cultivated
area, Mexico is another of the largest citrus-producing
countries in the world (Spreen 2000); both sweet and acid
limes are economically important in Mexico. As previously
mentioned, Mexico is the primary source of limes imported
to the USA, and therefore can be considered one of the
world’s most important lime markets (Plattner 2014).

Argentina and Brazil have the fourth and fifth largest
markets of lemons and limes, respectively (FAO 2015);
although Argentina temporarily surpassed India in 2006
with 19 MT ha~' compared to 122 MT ha~' (Mu-
nankarmi et al. 2014). Argentina primarily grows sweet
lime, whereas in Brazil acid lime has traditionally been the
principal cultivar. Across the Middle East, Turkey, Iran,
Israel and Syria are also important producers of lime
(Fig. 1b, FAO 2015). Finally, although China is reported
by the FAO as a major producer of citrus, less than 4% of
national citrus production is lemon and lime (Scott et al.
2012). In tropical countries where refrigeration in transport
and storage is a constraint, acid lime (C. aurantiifolia) may
be preferred due to its longer non-refrigerated shelf life
(Spreen 2000).

Major invertebrate pests and microbial
pathogens of lime

Citrus hosts a broad suite of invertebrate pests and
microbial pathogens which have achieved near-pandemic
distributions. Here, we focus on the pathogen-pest complex
of lime that has caused severe economic losses in pro-
duction. The following review addresses the distribution of
citrus pests and pathogens, the potential damage posed by
each and the predominant control methods. It is accom-
panied by a programme that displays, through temporal
maps, shifting distributions of pests and pathogens of limes
from 1960 to the present day (see Supplementary materi-
als). Distribution data were collected through a literature
search (citations with each pest below) and supplementary
data were also collected from the Centre for Agriculture
and Biosciences International (CABI) Invasive Species
Compendium (CABI 2015). Due to the difficulties in
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accurately monitoring the distribution of plant pathogens,
only two (Citrus liberibacter and Xanthomonus citri) had
sufficient data on global distributions to warrant inclusion
in the programme.

The arthropod pests of lime can be classified broadly
into three categories based upon the principal injuries they
cause: disease vectors, sap feeders and fruit feeders.
Meanwhile, pathogens are classified taxonomically based
on the aetiological agents that are known to cause the
diseases: bacteria, viruses and fungi.

Disease vectors
Asian citrus psyllid

Diaphorina citri Kuwayama (Hemiptera: Psyllidae) origi-
nated in south-east Asia, New Caledonia and Australia
(Swingle and Reece 1967; Liu and Tsai 2000), and has
since spread to most of the citrus-growing areas of the
world. It is widespread throughout southern parts of Asia,
including India and Pakistan (Aubert 1987). This organism
has also been detected in Iran, Saudi Arabia (Bové et al.
2000), Mexico and South America (Aubert 1987). Di-
aphorina citri is a vector of Huanglongbing (HLB; Aubert
1987), and is a vector of Witches’ Broom Disease (WBDL;
Queiroz et al. 2016), a phytoplasma-caused disease of lime
(Texeira et al. 2005). As such, it is often the most serious
pest of citrus (Grafton-Cardwell et al. 2013). If no patho-
gens are present, however, D. citri is usually a minor pest
(Halbert and Manjunath 2004).

Chemical control of D. citri focuses primarily on pre-
harvest applications of organophosphates and neonicoti-
noids as an effective control for D. citri (Dahiya et al.
1994). Furthermore, some success has been achieved with
breeding lime cultivars that are resistant to feeding by D.
citri (Westbrook et al. 2011). Biocontrol with the parasitoid
Tamarixia radiata (Waterston) has been successful on
islands with significant reductions in D. citri populations
(Aubert 1987; Chien et al. 1989).

Black citrus aphid

Toxoptera citricida Kirkaldy (Hemiptera: Aphidae) is
native to Asia and has subsequently become widely dis-
tributed on citrus in Florida, India, Australia, sub-Saharan
Africa, Madagascar, Indian Ocean Islands and South
America (CABI 2015). It is a major problem due to its
efficient transmission of Citrus risteza virus (CTV), and
has been largely responsible for the global distribution of
CTV (Yokomi et al. 1994), although other aphid species
have impacted certain localities of transmission (see
“Viruses” section). Consequently, control has been
focussed more on limiting transmission of the pathogen,
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particularly transport and use of CTV-infected tissue in
nurseries (Garnsey et al. 1996; see “Citrus canker” sec-
tion). Toxoptera citricida also transmits Citrus vein enation
virus (Da Graga and Maharaj 1991).

Leafhopper

The centre of origin for Hishimonus phycitis (Distant)
(Hemiptera: Cicadellidae) is uncertain; it was found feed-
ing on citrus in Oman in 1991, then in the United Arab
Emirates in 1993, and in Iran in 2000 (Bové et al. 2000). It
has also been found in various citrus-growing regions of
India and Pakistan as Cestius phycitis, now confirmed as H.
phycitis (Sohi et al. 1974). Although physical damage by
H. phycitis is comparable to other phloem-feeding organ-
isms, as with D. citri and T. citricada the greatest concern
is as a vector of various diseases (see Table S1; Salehi et al.
2007; Bagheri et al. 2009). Hishimonus phycitis can be
controlled through applications of carbamate or pyrethroid
insecticides, and eradication of weed-species pathogen
refugia(Queiroz et al. 2016).

Citrus longhorn beetle

Anoplophora chinensis Forster (Coleoptera: Cerambyci-
dae) originated in China, and is now distributed across
most of south-east Asia (EPPO 2015) and has been
detected in Europe since 2001 (Colombo and Limonta
2001). The main damage caused by this organism is indi-
rect, via plant-pathogenic fungi that can colonise the
damage caused by beetle burrowing. Organophosphate
insecticide applications to tree canopies are used to kill
adults, and at the base of the trunk to kill eggs and larvae
(Hu et al. 2009). The entomopathogenic fungi, Beauveria
bassiana and B. brongniartii have also been used effec-
tively to control A. chinensis in Japan (Kashio and Ujiye
1988).

Sap feeders
Citrus leaf miner

Phyllocnistis citrella Stainton (Lepidoptera: Gracillari-
idae), the citrus leaf miner (CLM) is native to South and
south-east Asia, extending from the Middle East to China,
Korea and Japan (Heppner 1993). CLM spread to Africa
and Australia in the early 1900’s and later to all continents,
arriving in North America in 1993 and South America in
1996 (Heppner 1993; EPPO 2015). Its arrival in North
America, combined with the damage resulting from Hur-
ricane Andrew have been suggested to represent a key
turning point in the loss of lime production in Florida
(Crane et al. 1993; Heppner 1993). CLM mines beneath the
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epidermis of young leaves, stems and fruits, ingesting the
parenchyma and resulting in chlorotic patches on attacked
tissues (Murai 1974; Legaspi et al. 1999). Chemical control
by insecticides remains the most commonly used control
method worldwide, while classical biological control
methods using chalcid wasp parasitoids show potentially
economically viable and effective alternatives (Argov and
Rossler 1996; Schauff et al. 1998).

Black and citricola scale

Saissetia oleae Olivier (Hemiptera: Coccidae), black scale
originated in South Africa (Lotto 1976) and now has a
global distribution (Ben-Dov 1993). Coccus pseudomag-
noliarum Kuwana (Hemiptera: Coccidae), Citricola scale is
native to Asia and now also has a global distribution (Tena
and Garcia-Mari 2008). The intermittent feeding habits and
waxy dorsal surface make chemical control difficult; con-
sequently, biopesticides, biological control and cultural
practices have become the focus of their management in
citrus (Grafton-Cardwell et al. 2006).

Thrips

Scirtothrips citri Moulton (Pterygota: Paraneoptera) is
mostly known from Central and North America and has
also been detected within nurseries in Iran (Akbari and
Seraj 2007) and recently in China (EPPO 2015). Damage to
fruits occurs in the first 3—6 weeks after petal fall, with
heavily scarred fruits showing rapid weight loss, making
them unmarketable (Morse and Brawner 1986; Arpaia and
Morse 1991). Due to their size, mobility and fecundity,
thrips are notoriously difficult to control; consequently,
biological control using predatory mites is the most com-
mon means employed (Grafton-Cardwell et al. 1999).

Citrus blackfly

Aleurocanthus woglumi (Aleyrodidae, Ashby) originated
from southern Asia and has spread to the Middle East,
Caribbean, Central America and south-eastern areas of
Africa (EPPO 2015). Damage by this pest is multifaceted:
sap feeding, sooty mould growth resulting from honeydew
secretions, such that A. woglumi infestations can reduce
yield by up to 80% (Watts and Alam 1973). Chemical
control of A. woglumi has limited success due to the waxy
cuticle of early instars, but classical biological control of
citrus blackfly has been achieved throughout much of its
global range by a complex of hymenopteran parasitoids.

Woolly whitefly

Aleurothrixus floccosus (Aleyrodidae, Maskell) is another
serious citrus pest across the world, reported in Africa
(Giliomee and Millar 2009; Belay et al. 2011), Europe
(Katsoyannos et al. 1997; Soto et al. 2002), Asia (Kanmiya
and Sonobe 2002), North and South America (Mik-
lasiewicz and Walker 1990). As with A. woglumi, adults
and nymphs inflict direct damage to citrus by feeding on
phloem, which can cause premature leaf fall at high
infestations (Umeh and Adeyemi 2011). Much like other
honeydew producing pests, indirect damage also comes
from sooty mould growth after feeding. Chemical control
of the woolly whitefly is sometimes difficult due. Thus,
biological control may be an effective strategy against this
pest, mainly with parasitoid wasps; Giliomee and Millar
2009; Mercado et al. 2014).

Fruit feeders
Fruit flies (Diptera: Tephritidae)

Fruit flies are generic pests of world fruit production and
damage is primarily caused by the larvae consuming fruit
pulp, resulting in unmarketable fruits (Baker 1944; McCoy
et al. 2009). Five species of fruit flies pose a significant
threat to citrus: the South American fruit fly (Anastrepha

fraterculus Wiedemann), the West Indian fruit fly (Anas-

trepha obliqua Macquart), the Mexican fruit fly (Anas-
trepha ludens Loew), the Caribbean fruit fly (A. suspensa
Loew) and the Mediterranean fruit fly (Ceratitis capitata
Wiedemann). Ceratitis capitata is spread over several
countries including: the USA, Brazil, Central America
(Guatemala and Honduras), Africa (Nigeria, Mauritius and
Morocco), Eurasia (Turkey) and Europe (Greece, Portugal
and Spain) (Hendrichs et al. 1994; Agunloye 1987; Eskafi
1988; Obenland et al. 1998; Epsky et al. 1999; Uchoa-
Fernandes et al. 2003). The Anastrepha species have a
narrower distribution, restricted to Central and South
America, Mexico, the Caribbean and USA (Baker 1944,
Boykin et al. 2006; Ruiz-Arce et al. 2015).

Fruit flies are important quarantine species; the detection
of even a minor infestation makes all fruits grown in a
citrus orchard internationally unmarketable (Heath et al.
2002). Entomopathogens are currently not an effective
control, because they are incapable of providing suffi-
ciently rapid population reduction (McCoy et al. 2009).
Bait traps, combined with insecticides, are the main
methods for detection and control of these pests (Balock
and Fernando 1969; Manrakhan et al. 2015). Hyme-
nopteran parasitoids (e.g. Braconidae) are also employed
for integrated pest management in citrus orchards to
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maintain fruit fly populations below economic damage
thresholds (Vargas et al. 2001).

Acari: Mites

Mites are key pests of citrus, causing feeding damage and
vectoring phytopathogens. There are three families of mites
that are particularly threatening to citrus: Eriophyidae,
Tetranychidae and Tenuipalpidae.

Eriophyid mites (Acari: Eriophyidae)

Eriophyid mites, the citrus rust mites (Phyllocoptruta
oleivora (Ashmead) and Tegolophus brunneus (Flecht-
mann)), infest leaves and citrus fruits and damage primarily
by feeding (Flechtmann 1999; McCoy et al. 2009; Vacante
2010). Although eriophyid mites of citrus have a global
distribution (Navia et al. 2009), the mites are more eco-
nomically important in humid citrus-growing regions, such
as Florida (USA), south-east Asia (Bergh 2001) and Brazil
(Flechtmann 1999). Feeding destroys epidermal cells of
leaves and fruit while plant tissues become blackened or
rusted (McCoy and Albrigo 1975). These injuries reduce
fruit size and increase fruit drop, negatively impacting
market quality (Yang et al. 1994). Eriophyid mites are
managed by chemical and biological control (Omoto et al.
1994). Predatory mites (Phytoseiidae and Stigmaeidae)
have considerable potential as natural enemies. Eriophyid
mites are, however, too small and low in nutritional content
to be preferred by many predators and have escaping and
hiding behaviours (Sabelis 1996).

Tetranychid mites (Acari: Tetranychidae)

Tetranychid mites feed on leaves, branches and fruits using
piercing and sucking mouthparts. Some species, such as
Panonychus citri (McGregor), Tetranychus urticae Koch
and Eutetranychus orientalis (Klein), are capable of mak-
ing protective webs and thus are known as “spider mites”
(Vacante 2010). Tetranychids have a global distribution,
with citrus pest species known to occur in both China and
Brazil (Bolland et al. 1998). Acaricides are the primary
control method for tetranychids, but biological control may
also be used under integrated pest management (IPM)
strategies. Predatory phytoseiid mites are demonstrably
effective for controlling tetranychids in citrus and can
significantly reduce damage to the plant (Abad-Moyano
et al. 2010; Fadamiro et al. 2013). Coccinelid beetles
(Stethorus and Parasthethorus) can be very effective in
regulating mite populations at low densities and have been
important in maintaining suppression of tetranychid pop-
ulations in Asia (Carillo et al. 2012) and Peru (Guanilo and
Martinez 2007).

@ Springer

Tenuipalpid mites (Acari: Tenuipalpidae)

Tenuipalpid mites are known as “false spider mites” as
they lack the ability to make silk webs (Vacante 2010). The
principal genus, Brevipalpus, is generally smaller than
tetranychids (0.2-0.4 mm in length) (Childers 1994).
Citrus pests within the tenuipalpids are primarily recorded
in India, Pakistan and North America (Ghai and Shenhmar
1984). Although tenuipalpids are typically considered
secondary pests of citrus, their capacity to vector plant
viruses is a cause for concern (Rodrigues et al. 2003),
notably in the case of Citrus leprosis virus (see below).
Biological control of these mites is still at an early stage, so
chemical control remains as the most efficient strategy
(Vacante 2010; Van Leeuwen et al. 2015).

Other invertebrates

Citrus nematode (Tylenchulus semipenetrans, Tylenchuli-
dae) is reported to be present in most citrus orchards
globally (Irshad et al. 2012). The nematode attacks roots,
causing “slow decline” disease of citrus. Citrus roots
infested with the nematode are also readily colonised by
the fungal pathogens Fusarium oxysporum and F. solani
(Nemec 1978). Nematode infestations may occur without
inducing any visible aboveground symptoms; belowground
symptoms may include poor root growth, and soil adhering
to roots giving them a dirty appearance (Irshad et al. 2012).

Nematodes can be managed through a combined use of
cultural, chemical control and resistant rootstocks. Use of
certified soils and fumigation of infested soils prior to
planting can control nematode damage. Trifoliate orange
and Troyer citrange rootstocks are tolerant to citrus
nematode and are thus recommended for planting (Kaplan
1981).

Huanglongbing

Huanglongbing (HLB—translated “yellow dragon dis-
ease”), also known as citrus greening disease, was first
described in south China (Bové 2006). The aetiological
agent of HLB consists of a complex of three uncultured
Liberibacter species given the “Candidatus” status. Thus,
“Candidatus Liberibacter asiaticus” is known to occur
across central Asia, South China and south-east Asia (Bové
2006), while “Candidatus Liberibacter africanus” has
been found in South Africa and Zimbabwe and the two
organisms have also been found co-existing in the same
tree on both Mauritius and Réunion Island (Gasparoto et al.
2012). Finally, “Ca. Liberibacter americanus” has been
found in the USA (Florida), Mexico and Brazil (Sao Paolo)
and has a limited distribution across the Caribbean (da
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Graga 2004; Halbert and Nufez 2004; Gottwald et al.
2007).

HLB can be transmitted by grafting and by insect vec-
tors including the psyllids Trioza erytreae (Del Guercio)
and D. citri (Table S1; Gottwald et al. 2007). Although the
distributions of these vectors mostly match the distribution
of HLB, there are regions of Brazil and Australia where the
vector is currently present without evidence of HLB (da
Graga 2004). HLB has been described as the most
destructive disease of citrus in the world (Bové 2006).
HLB-infected trees show excessive fruit drop, while dis-
eased fruits are small, lopsided and remain green (Bové
2006; Gottwald et al. 2007). Yield reduction can range
from 30 to 100%, rendering orchards economically invi-
able within 7—10 years (da Graca 2004; Bassanezi et al.
20009).

A suite of molecular tools exist for the identification of
HLB: although conventional PCR targeting ribosomal
protein L10 (rpl)) and L12 (rpIL) intron sequences have
been used (Wang et al. 2006), these methods have a poor
sensitivity to low-titre level infections. Real-time quanti-
tative PCR may be more reliable (Coy et al. 2014), and
have demonstrated dynamic variation in titre levels across
different seasons, with peaks occurring between October
and December, and was troughs between March and May
in southern China (Wang et al. 2006).

Controlling this pathogen is still further complicated by
issues with monitoring, and a lack of success with breeding
for resistance to HLB in C. aurantiifolia (Gottwald et al.
2007). Currently, the most effective programme of control
of HLB has been demonstrated in South Africa with a
combination of planting disease-free budwood and nursery
trees, chemical control of psyllid vectors, and roguing (or
removal) of infected trees (Le Roux et al. 2006; Gottwald
et al. 2007).

Witches’ Broom Disease of Lime

Symptoms of witches’ broom disease of lime (WBDL)
were first observed in Oman in the 1970s (Waller and
Bridge 1978). It had spread to the United Arab Emirates
(UAE) by 1989 and to south-eastern Iran by 1997 (Mardi
et al. 2011). Similar strains of the phytoplasma have also
been reported in the Nagpur region of India in 1999 (Ghosh
et al. 1999). Currently in Oman, WBDL has been found in
all lime growing regions, albeit with reduced infection
rates in the south of the country (Al-Sadi et al. 2012).
WBDL disease is caused by the unculturable “Candidatus
Phytoplasma aurantifolia”, belonging to the 16SrIIb Peanut
Witches’ Broom group; (Zreik et al. 1995). Phytoplasmas
are cell wall-less, non-helical prokaryotes in the class
Mollicutes that inhabit plant phloem. Molecular tools using
the R16F2n/R16R2 (Lee et al. 1993), fU5/rU3 (Chen et al.

2009) and P1/P7 (Deng and Hiruki 1991) primer sets have
been developed for identification of WBDL from field
samples (Ghosh et al. 2013; Al-Yahyai et al. 2015). There
are, therefore, inconsistencies in PCR amplification
between different primer chemistries; in order to achieve a
global consensus on the geographical distribution of this
pathogen, a consensus on identification methods must be
achieved.

The situation is particularly dire in the Middle East, as in
a study from Oman in which an estimated 98% of C.
aurantiifolia limes currently grown in Oman were found to
be infected with WBDL (Al-Yahyai et al. 2015). The
pathogen kills lime trees in less than 5 years and has
become a major limiting factor for lime production in the
Middle East (Bové and Garnier 2000; Chung et al. 2009).
Although “Ca. Phytoplasma aurantifolia” is capable of
infecting other citrus species, successful infection of other
lime species, including Tahiti limes (C. latifolia) and sweet
lime (C. limetta) has yet to be demonstrated (Chung et al.
2009). Alternative cultivars such as these may have an
important role in establishing disease-free areas for citrus
industries destroyed by WBDL.

Both H. phycitis and D. citri have been demonstrated to
be vectors of WBDL in C. aurantiifolia (Salehi et al. 2007;
Queiroz et al. 2016); transmission through grafting of
infected tissue has also been demonstrated (Ghosh et al.
2013) and nurseries are considered to be a major source of
inoculum (A. Al-Sadi, pers. comm.). The rapid spread of
infection by WBDL in Oman has been attributed to the low
level of genetic diversity of acid lime and frequent
exchange of infected planting material between districts
(Al-Sadi et al. 2012). Therefore, restricting international
movement of infected plant material and higher genetic
diversity in new plantations will play an important role in
restricting the international spread of this pathogen. There
are currently very limited options for treating WBDL, some
success has been demonstrated with a Bacillus subtilis
derivative compound “surfactin”, which has been shown to
have an inhibitory effect on “Ca. P. aurantifolia” (Askari
et al. 2011). Despite its currently limited distribution,
WBDL may cause serious threat to the citrus industry in
future if not managed immediately (Ghosh et al. 2013;
Silva et al. 2014).

Citrus canker

Citrus canker of lime refers to five different groups of
gram-positive rod-shaped bacteria from Xanthomonas,
which is distinguished by their geographical range, host
specificity and symptoms. The most well-documented
aetiological agent is Xanthomonas axonopodis pv. citri
Hasse (Rodriguez et al. 1985), which distributed across all
of Asia and South America, although it is notably absent
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from Mexico and eradicated in New Zealand and Australia
(EPPO 2015).

Xanthomonas citri survives in diseased plant tissues
from season to season and this is the primary inoculum
source for new infections. The organism can survive as an
epiphyte on host and non-host plants, and as a saprophyte
on straw mulch or in soil (Chagas et al. 2001). Xan-
thomonas citri is disseminated by rainwater running over
the surfaces of lesions and splashing onto uninfected
shoots. The main losses to this disease occur through
defoliation of young trees (Evans et al. 2014). Planting
canker-resistant citrus is an essential first step to eradicat-
ing this disease (de Carvalho et al. 2015); currently
infected trees, however, can only be effectively treated
through rouging (Gongalves-Zuliani et al. 2016) while
control of spread to new areas can be managed by the
implementation of strict international plant quarantine
regulations.

Viruses

Citrus tristeza virus (CTV) is a member of genus Clos-
terovirus (family Closteroviridae) and is considered as the
most destructive viral disease of citrus, causing the death of
infected trees of most citrus cultivars (particularly acid
lime); to date over 100 million trees have been destroyed as
a result of the disease, mainly in North and South America
but also in some Mediterranean countries (Moreno et al.
2008; EPPO 2015). It is believed to have originated in
China (Moreno et al. 2008) but is now widespread
throughout tropical citrus-growing regions (Timmer et al.
2000). The black citrus aphid (7. citricida) is the main
vector of CTV (Yokomi et al. 1994); of all cultivated
citrus, acid lime is particularly sensitive to most CTV
isolates (Roistacher 1991). Both dispersal of vectoring
aphids and transport of infected budwood have been the
most important factors influencing tristeza spread (Moreno
et al. 2008). CTV control measures include rouging to
eradicate infected tissues (Bar-Joseph et al. 1989; Moreno
et al. 2008), quarantine and certification programmes
(Navarro 1993), use of CTV resistant or tolerant rootstocks
(Dominguez et al. 2000), or cross-protection with mild
isolates (Sambade et al. 2002).

Citrus leprosy, caused by Citrus leprosis virus C (CLV;
Family Rhabdoviridae), is transmitted by tenuipalpid mites
(Rodrigues et al. 2003). It has only been reported within the
Americas. The symptoms are characterised by chlorotic or
necrotic lesions surrounded by a yellow halo and infections
can cause 100% yield loss (Locali et al. 2003). CLV may
be the most important viral disease in the Brazilian citrus
industry (as CTV is under control) through the cost of
controlling its vector, valued at about US $90 million
dollars per year (Locali et al. 2003).
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Citrus yellow mosaic disease, caused by Citrus yellow
mosaic virus (CYMV; Family Caulimoviridae), has a large
economic impact on the citrus industry in India (Ahlawatl
et al. 2005). Evidence suggests it is transmitted through
infected rootstocks and by mealybugs (Planococcus citri
(Risso); Ahlawatl et al. 2005). Novel molecular techniques
are being developed to screen rootstock nurseries for
infected trees (Kumar et al. 2015).

Citrus psorosis is a globally devastating disease of citrus
caused by an infectious filamentous ophiovirus, Citrus
psorosis virus (Achachi et al. 2014). Infected trees slowly
decline and eventually become unproductive; the disease
has damaged citrus production in the Mediterranean, and in
Argentina and Uruguay; where it has caused annual losses
of about 5% of trees (Zanek et al. 2006). Psorosis is
exclusively graft-transmitted, symptoms rarely appear
before lime trees are 10 years old making this disease
particularly problematic to control (Martin et al. 2002).
Thermotherapy combined with healthy shoot-tip-grafting
can be successful in obtaining a psorosis-free new plant
(Carvalho et al. 2002).

Citrus sudden decline (CSD) has been identified in
Minas Gerais state, Brazil in 2001 (Gimenes-Fernandes
and Bassanezi 2001), caused by Citrus sudden death-as-
sociated virus (Tymoviridae: Marafivirus). The virus has
no known vectors although it is likely spread by an aphid
vector (Maccheroni et al. 2005); it is demonstrably graft-
transmissible, and is often found in co-infections with CTV
(Maccheroni et al. 2005; Bové and Ayres 2007). CSD
primarily infects Rangpur lime and Volkamer lemon
rootstocks (Bové and Ayres 2007); consequently, the
spread of this pathogen may force the industry to rely more
heavily on irrigation (see “Agronomy” section).

Another sudden decline disease associated with mango,
date and lime has been growing in importance in Oman
since 2006 (Al Adawi et al. 2006). The symptoms of the
Omani Sudden Decline are reduced leaf growth, yellowing
and necrosis followed by rapid death of the plant. Although
a single aetiological agent has not yet been determined, it
has been found associated with a complex of three different
pathogens: 16Srll phytoplasma, Citrus tristeza virus (CTV)
and Citrus exocortis Yucatan viroid (CEYVd) (Nascimento
da Silva et al. 2015).

Other pathogens

Several other pathogens of citrus exist in mostly localised
distributions, including Citrus Blast (Pseudomonas syr-
ingae pv. syringae), and several fungal infections:
Anthracnose (Colletotrichum gloeosporioides), Melanose
of citrus (Diaporthe citri), Black root rot (Thielaviopsis
basicola) and Armillaria root rot (Armillaria mellea).
Citrus blackspot (Guignardia citricarpa) currently has a
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very limited range but can cause significant damage to fruit
marketability (Kotzé 1981). Citrus variegated chlorosis
disease (CVC), caused by the bacterium Xylella fastidiosa,
has been known to affect sweet orange in Brazil for at least
20 years Citrus pink disease, caused by the fungal patho-
gen Erythricium salmonicolor, is present in Brazil and
Australia, primarily causing damage to the bark of trees,
which may result in girdling (Timmer et al. 2000). Citrus
scab fungus (Elsinoe fawcettii) causes fruit damage that
reduce its value at market, it is confirmed present only in
South America, but recent research suggests it may also be
present in South Korea (Hyun et al. 2001). Phytophthora
gummosis and root rot are damaging diseases around the
world. Phytophthora diseases have a global distribution,
and damage has primarily been concentrated in North
America (Timmer et al. 1993; Matheron et al. 1997).

By combining distributions of the major invertebrate
pests and pathogens that have detailed temporal distribu-
tions (see supplementary materials), we demonstrate that
several key areas of lime production are, perhaps unsur-
prisingly dominated by high pest diversity (Fig. 2).
Although each of these pests are of variable economic
importance, increasing diversity of pests is clearly linked to
complexity (and therefore difficulty) in crop protection
methods. Highly pest diverse regions could be considered
as more threatened. These distributions also reveal certain
areas of citrus production that have lower pest diversity,
such as New Zealand and Australia and the Mediterranean,
which may be key areas to monitor for novel invasions of
pest species.

Agronomic and abiotic threats

In addition to the issues caused by the pests and pathogens
of lime, there may also be abiotic factors exacerbating
losses in lime production, both globally and locally. Here,
we focus on the environmental, socio-political and agro-
nomic factors that are presently influencing lime agricul-
ture and will exacerbate other previously mentioned biotic
factors.

Agronomy

Limes may be cultivated in a number of different approa-
ches. C. aurantifolia can be propagated from seed or
propagated vegetatively from cuttings (Duke and duCellier
1993). The most common method globally is bud-grafting
onto a selection of rootstocks (Castle 2010; see “Rootstock
management” section). Citrus gummosis is particularly
damaging to seedlings and appropriate rootstocks are often
chosen according to this disease threat. Trees cultivated
from seedlings take 4-8 years before producing a harvest

and reach maximal yield after 10 years. Trees grown from
cuttings are economically viable sooner, and may produce
fruit a year after planting (Duke and duCellier 1993).

Climatic conditions are critical for successful cultivation
of limes: under consistently warm regions trees can be
planted at any season, whereas in cooler temperate regions
planting should be reserved for spring after ground frosts
have ceased (Morton 1987).

Lime shelf life is an important consideration in post-
harvest marketing. Lime fruits continue to ripen for a
considerable time after harvesting; they are usually
refrigerated between 9 and 10 °C at a relative humidity of
> 85% to limit degradation. There are several procedures
to extend shelf life: applications of growth regulators such
as calcium compounds or silver nitrate, waxing the fruit
and fungicides sprays (Bisen et al. 2012). C. aurantiifolia
has the longest post-harvest shelf life, making it the pre-
ferred cultivar (Spreen 2000).

Soil nutrition and irrigation

Soil conditions, irrigation and sufficient nutrient applica-
tion are all important factors in producing quality citrus
fruits (Levy and Syvertsen 2004). Nitrogen is the most
important nutrient for citrus, demonstrating the most direct
response from application to productivity (Tucker et al.
1995; Alva et al. 2003). Phosphorous is another key
nutrient in citrus, where sufficient soil phosphorous levels
influence non-structural carbohydrate pools in citrus
(Graham et al. 1997). These pools include root-starch
levels, which can determine successful establishment of
root stocks, and fruit sugar content influencing harvest
quality (Graham et al. 1997).

Most citrus production is at least partially dependent on
irrigation for economic production (Levy and Syvertsen
2004). When well-managed, precision irrigation can max-
imise productivity and fruit profits (Ruiz-Sanchez et al.
2010). Agricultural irrigation is inevitably associated with
water quality deterioration through run-off to ground water,
resulting in increased salts levels. A key factor when dis-
cussing supplementary irrigation is the electrical conduc-
tance (EC) of the water used. Citrus trees are sensitive to
salinity stress, causing poor vegetative growth, reduced
fruit yield and quality, and increased susceptibility to
pathogens (Levy et al. 1999; Levy and Syvertsen 2004).

To alleviate problems with irrigation and salinity, citrus
growers can use reclaimed water from packing-house
washing and disinfection (Parsons et al. 2001), although
this may encourage the spread of waterborne pathogens,
such as X. citri. There are also alternative citrus rootstocks,
such as Cleopatra mandarin (Citrus reshni Hort. ex Tan.)
that are less susceptible to high soil salinity, but more
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Fig. 2 Diversity of major invertebrate pests of lime that have detailed
distribution data available (Asian citrus psyllid Diaphorina citri;
Black citrus aphid Toxoptera citricida; Citrus leafhopper Hishimonus
phycitis; Black and Citricola scale Saissetia oleae and Coccus
pseudomagnoliarum; Citrus blackfly Aleurocanthus woglumi; Citrus

susceptible to Phytophthora pathogens (Forner et al. 2000;
Moya et al. 2003).

Climatic models of future deterioration to water security
and soil salinity levels (Vorosmarty et al. 2010) suggest
that several key areas of citrus production may become
unsustainable in the near future. Turkey, India and China
are all key global producers of citrus that may have sig-
nificant areas of water stress (Fig. 3a). Additionally, Iran,
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thrips Scirtothrips citri; Citrus longhorn beetle Anoplophora chinen-
sis), for more detailed distributions of these pest species see
supplementary materials (b) an example detailed distribution of D.
citri from 1960 to 2016

Pakistan and India are also principal producers of lime that
have their production threatened by increasing soil salinity
(Fig. 3b). Susceptibility to water stress is linked to root-
stock viability, and certain rootstocks that are less sus-
ceptible to water stress are threatened by Phytophthora
(Moya et al. 2003).

Both resistance and tolerance to disease can be modu-
lated not only by plant breeding, but also by nutrient
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Fig. 3 a Global water stress in lime producing countries (highlighted in green) and b global soil excess salinity; indices derived from Vorosmarty

et al. (2010)

availability (Huber et al. 2012). Over-application of fer-
tilisers can have negative environmental impacts, through
leaching of nutrients and pollution of local water courses.
There may also be negative impacts to target plants; excess
soil copper can lead to reduction in plant-available iron,
resulting in chlorosis of citrus leaves (Stewart and Leonard
1952) and alteration of soil pH. Excess copper applications
often originate from excessive use of fungicidal sprays in
citrus plantations (Fernandes and Henriques 1991), also
highlighting the importance of appropriate applications of
pest control products.

Recent advances in precision agriculture, whereby the
inputs into a cropping system are calculated based on local-
scale variations in input requirements, may help address
these deficiencies (Qamar uz and Schumann 2006; Jar-
amillo-Jaramillo 2016). Although it is limited by high
equipment costs, precision agriculture like this can have

significant benefits to crop production (Chandel et al.
2016).

Climate change

Increasing global temperatures as a result of climate
change may influence the behaviour, distribution and
breeding potential of citrus pests and pathogens. The
complex trophic interactions in the plant-pathogen-vector
triumvirate are difficult to fully understand (Richardson
et al. 2000). For example, Candidatus Liberibacter asiati-
cus titers in citrus and acquisition rates by Diaphorina citri
decline when plants are at warmer temperatures, which
suggests that the incidence and spread of the pathogen are
strongly influenced by ambient temperatures (Lopes et al.
2013).

Some modelling approaches suggest that spread of D.
citri to new areas (such as southern coastal Australia) may

@ Springer



350

Journal of Plant Diseases and Protection (2018) 125:339-356

result from climate change effects on timing and duration
of new citrus growth, but these predictions are spatially
dependent (Aurambout et al. 2009). Narouei-Khandan et al.
(2016) have used two modelling approaches to predict
global and local potential distribution of Huanglongbing
(caused by Ca. L. asiaticus) and its vector, D. citri. Glob-
ally, both models predicted that climates in large areas of
Africa, Latin America and North Australia were highly
suitable for Ca. L. asiaticus and its vector, while the cli-
mate in the Mediterranean area was moderately suitable for
D. citri but less suitable for Ca. L. asiaticus, except for in
southern Portugal and Spain.

Furthermore, shifts in phenology may also increase the
risks posed by meteorological factors such as frost and
storms (Fitchett et al. 2014). In a study on D. citri infected
by an Isaria fumosorosea (i.e. an entomopathogenic fun-
gus), Hussain et al. (2017) found that the insect metabolism
was inhibited whilst longevity declined (e.g. from 500 h at
25 °C to 130 h at 41 °C) with the increase in temperature;
the same pattern was observed when insect were exposed
to cooler temperatures. The study may have shed some
light on how temperature will affect the pest biocontrol in a
scenario of climate changes, whereas infestations by B.
phoenicis seem to correlate positively to warmer temper-
atures and other climatic variables (e.g. longer days, lower
relative humidity and lower evapotranspiration) (Laranjeira
et al. 2015).

Citrus diseases may also be prone to climate changes.
The rainfall distribution seem to have affected the natural
spread of citrus black spot (CBS) disease, caused by
Phyllosticta citricarpa, in South Africa over the last dec-
ades. Thus, the disease has expanded its original geo-
graphical range from summer rainfall to drier regions
(Martinez-Minaya et al. 2015). The potential spread of the
CBS disease had been CLIMEX modelled to predict the
climatic suitability of Europe for harbouring Phyllosticta
citricarpa. After being criticised by Authorities, a new
CLIMEX model was developed and suggests that Europe,
nearly in its all extension, is not appropriate for the disease;
unlike South Africa and Australia where the disease is
established (Yonow et al. 2013).

Rootstock management

Citrus nurseries are almost exclusively cultivated from
rootstock shoot-tip-grafting. Troyer citrange is the most
commonly used rootstock around the world for shoot-tip-
grafting (STG), but due to the cosmopolitan nature of many
lime pathogens, diversification in the use of resistant
rootstocks beyond Troyer citrange may be necessary
(Castle 2010). Many citrus rootstocks can have mycor-
rhizal associations: growth rates of Sour orange, Cleopatra
mandarin and Rough lemon are dependent on mycorrhizae
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(Menge et al. 1978). Troyer citrange, conversely, is capable
of growth and establishment in the presence or absence of
mycorrhizal fungi (Kleinschmidt and Gerdemann 1972).
An exploratory breeding programme is being conducted to
find novel citrus rootstocks for breeding programmes
within the Mediterranean basin (Castle 2010; Snoussi-Trifa
et al. 2015).

Transport of infected germplasm

Commercial citrus is mostly clonally propagated, therefore
transmission of diseases through movement of infected
germplasm may be an important pathway for quarantine
pests and pathogens (Frison and Taher 1991; A. Al-Sadi,
pers. obs.); asymptomatic pathogens that lie dormant in
plant tissue, such as viruses, are of particular concern
(Wilkes and Williams 1983). For example, the introduction
of CTV to Argentina and Brazil via infected germplasm in
1920's resulted in the loss of approximately 20 million
highly susceptible trees (Krueger and Navarro 2007).
Catastrophes such as these have resulted in restrictions on
the transport of citrus materials and the establishment of
quarantines and other regulations.

FAO and the International Board for Plant Genetic
Resources have launched a collaborative programme for
the safe movement of germplasm, focusing on registering
sources of pathogen-free plant material and testing of the
materials provided (Frison and Taher 1991).

Trade and biosecurity

International trade agreements have opened new market
opportunities for citrus trading, for example the import
market to USA has expanded following the North Ameri-
can Free Trade Agreement 1994 (Spreen 2000), allowing
increased imports of lime from emerging citrus markets in
Mexico and China. In contrast, citrus rootstock and
germplasm trade into the European Union (EU) has been
restricted by EU Council Directive 2000/29/EC, which
prevents the movement of any plant material (other than
fruits or seeds), derived of members of genus Citrus from
being imported into the EU from any third party country.
Although this allows the sale of marketable fruit to the EU,
the directive limits the transmission of potentially infec-
tious materials into the EU Economic Area.

Weather crises

Anomalous weather systems have caused significant dam-
age to citrus production around the world; this was par-
ticularly apparent with the destruction of the lime industry
in Florida following Hurricane Andrew in 1992 (Crane
et al. 1996; DAC 2013). Future threats to lime production
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may also come from the long-term changes to the Pacific El
Nifio-La Nifia weather cycle (Wang 1995). Post-harvest
losses in lime are particularly sensitive to weather. For
example in India, Pakistan and other South Asian coun-
tries, these losses are significantly greater in monsoon
season, due to damage during transport and packing
(Ladaniya 2015). Increasing instability in weather systems
may therefore lead to increased post-harvest losses.

Summary and conclusions

Over the last 30 years, global lime production has been
impacted by severe weather events and invasive insect
pests and pathogens. The damage has been so severe as to
make lime production in Florida, once one of the biggest
producers in the world, now no longer financially viable
(Evans et al. 2014). These crises have opened the possi-
bility for new producers to invest in lime production;
currently, the majority of the gap in the market left by
Florida has been filled by Mexico (Spreen 2000). However,
these emergent markets are also subject to the biotic and
abiotic threats we have identified throughout this review.

Transmission of pathogens in agricultural systems
occurs predominantly by transport of infected plant mate-
rial or by insect vectors, which highlights two key focal
pathways to production loss that must be addressed. Here,
we have identified potential solutions that can be employed
within the lime industry: creation, monitoring and testing
of pathogen-free germplasm for new plantations, while
integrated pest management strategies using biocontrol,
adapted cultural practices, resistant varieties, biopesticides
and chemical pesticides have shown some success in lime
orchards globally.

Here, we have presented a systematic review of the
global threats to agricultural production, and have con-
nected the issues caused by pests and pathogens of with
irrigation stresses, soil salinity (Vorosmarty et al. 2010)
and improper cultural control practices. These abiotic
factors may not only reduce the productivity of trees, but
also increase the damage caused by pests and pathogens
(Qamar uz and Schumann 2006; Huber et al. 2012).
Although the focal point of this review has been citrus
agricultural systems, the lessons regarding an integrated
approach accounting for all biotic and abiotic factors may
be applied to maximise production and quality with mini-
mal inputs across all agricultural systems.
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