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Abstract

Citrus is an important group of globally produced fruit crops, holding great economic, cultural,
and health value. Belonging to the Rutacaeae family, the genus Citrus includes some of the most
iconic and widely appreciated variants of fruits such as the orange, lemon, lime, grapefruit, and
tangerine. The spread of various diseases threatens the worldwide production of citrus fruit
crops. Diseases such as Asiatic citrus canker, citrus tristeza virus, citrus leprosis, and especially
citrus greening disease (also known as Huanglongbing) cause various symptoms harmful to plant
growth and fruit production, inflicting tremendous economic damages. Advancements in genetic
analysis technologies have offered new tools to investigate the molecular mechanisms
underlining these diseases. In this review, we briefly overview the utility of genetic analysis in
detection and monitoring of citrus disease-causing pathogens. We then focus our discussion on
one of the most damaging citrus diseases, citrus greening disease (Huanglongbing). Genomic and
gene expression analysis of citrus plants and their disease-causing microbes, along with tissue
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and cellular structural imaging, has demonstrated the potential allowing early pathogen
detection and disease monitoring. These will eventually help to develop effective treatments to

protect and promote citrus crop production.
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1. Citrus Crops

The genus Citrus, belonging to the subfamily Aurantioideae of the Rutaceae family, encompasses

some of the world’s most widely available and consumed fruit crops [1]. These citrus plants develop
large evergreen shrubs or small trees and produce economically important fruits such as clementine

(Citrus x clementina), lemon (C. x limon), grapefruit (C. x paradisi), limes (C. aurantifolia, C. x latifolia),

sweet orange (C. x sinensis) and tangerine or mandarin (C. x reticulata) (as summarized in
supplementary Table 1 by [2]. Among these species, oranges contributed more than half of over 130
million metric tons of citrus fruits in 2018-2019 worldwide [3]. Orange juice production has become an

important dietary staple for its capacity to provide numerous nutritional benefits.

Table 1 Genomic data of several major Citrus species retrieved from citrusgenomedb.org.

Species Common name Ploidy Chromosome number  Genome size*
C. x limon Lemon N/A N/A N/A

C. x paradisi Grapefruit N/A N/A N/A

C. x aurantiifolia  Key lime N/A N/A N/A

C. x sinensis Sweet orange Diploid 2n =18 380 Mbp

C. x reticulata Tangerine Diploid 2n =18 ~370 Mbp

C. x maxima Pomelo Diploid 2n =18 380 Mbp

C. x ichangensis Papeda Diploid 2n =18 391 Mbp

C. x clementina Clementine Diploid 2n =18 370 Mbp

C. medica Citron Diploid 2n =18 407 Mbp

* Mbp: 10° base pairs

While citrus plants can be grown in most countries, ideal growing conditions are found along the

equator within the tropic and subtropical regions without freezing winters, because citrus is cold
sensitive. Citrus species have various origins; sweet oranges and mandarins (Citrus x reticulata) are
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believed to have originated from China and lemons (Citrus x limon) from India [4]. New evidence
suggests that other citrus species originated from Australia and surrounding areas [4, 5].

Many commercial citrus fruits were originated from hybridizations between Citrus species
(therefore the use of x in their scientific names) that were then selected and cultivated over the last
few thousand years [2, 6]. The principal producers in citrus fruits are Brazil, China, the United States
(mainly in Florida, California and Texas), India, Spain, and Mexico [7]. In the United States, the majority
of fresh citrus produce is grown in California, while most processed citrus production occurs in Florida
[8]. Byproducts like peels and seeds from fruit processing are used in animal feed and fuel production
[9]. In Florida alone, the citrus industry generates economic impact of nearly $9 billion per year,
produces 77% of citrus juices in the US and employs nearly 76,000 people [10]. Citrus is an integral
component of Florida’s agricultural industry, having accounted for about 21% of farm cash receipts in
2005 alone [11].

Citrus fruits are well-acclaimed for their nutritional content and health benefits. The fruits contain
little fat or protein, but have an abundance of carbohydrates such as fiber and simple sugars. They
possess a wide array of micronutrients vital to human health, such as folate, riboflavin, thiamin, vitamin
B6, vitamin C, potassium, calcium, magnesium, phosphorus, pantothenic acid, and copper [12]. Extracts
from citrus fruit have been found to possess bioactive phenolic compounds such as hydroxycinnamic
acids and flavanone glycosides [13]. Flavanones are an especially important group of phenolic
compounds that have been reported to have various health benefits such as reducing the risk of
coronary heart disease and other degenerative diseases due to their anti-oxidant, anti-inflammatory,
anti-fungal and anti-carcinogenic properties [14, 15]. Citrus fruits have also assumed an important role
in some cultures as an alternative medicine for treating bacterial and fungal infections and cancer [16].

2. Citrus Genomics

The importance of citrus fruits, both economically and nutritionally, therefore, rationalizes the need
for more intensive research and development of citrus genome sequencing techniques and resources.
The International Citrus Genome Consortium has set forth some of these resources that are available
publicly, including Expressed Sequence Tag (EST) databases, genetic linkage maps, and other tools to
further develop functional genomics, which has led to sequencing the whole citrus genomes [2, 4, 17].
Genomic sequencing and analysis have greatly enhanced our knowledge of citrus biology. For example,
itis now well accepted that many, if not all, citrus species grown today are likely to have diverged from
a single ancestor species Poncirus trifoliata. Environmental changes in the late Miocene era were
associated with variations resulting in citrons (Citrus x medica), pomelos (C. maxima), mandarins (C. x
reticulata), kumquats (C. x japonica), and papeda (C. x micrantha) [2, 18]. Most Citrus varieties existing
today arose from these original varieties through interspecific hybridization, followed by selection and
cultivation [6].

The Citrus Genome Database (citrusgenomedb.org) is a free web portal that provides current status
on citrus genomics. The genomes of at least 7 species and 58 citrus accessions have been sequenced:
Clementine (C. x clementina), sweet orange (C. sinensis, cv. Ridge Pineapple and cv. Valencia), pomelo
(C. x maxima), Ichang papeda (C. x ichangensis, cv. XJC), citron (C. x medica (cv. X2), and mandarin
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orange (C. x reticulata, cv. WMO1). Those diploids (2n=2x=18) have a genome size ranging from 370
million base pairs (Mbp) to 407 Mbp per haploid (Table 1; [19-22]).

3. Sequencing Orange Genomes

The International Citrus Genome Consortium intended to have the sweet orange Citrus x sinensis cv.
Ridge Pineapple (diploid) as the first citrus genome to be sequenced. However, difficulties with genome
assembly arose due to complications associated with heterozygosity [17, 22]. To mitigate assembly
errors and ensure a more accurate genome sequence, a haploid line originating from Citrus x
clementina cv. Nules (a hybrid Clementine orange) was selected for whole-genome sequencing due to
its pathological fitness and homozygosity [23]. The most accurate Sanger sequencing method was used
[2, 24]. As a result, the sequence of this line of C. x clementina became the first reference genome for
the Citrus genus.

Subsequently, new sequencing technology such as the highly sensitive and high through-put 454
pyrosequencing was used to finally complete the genome sequencing of the diploid sweet orange (C. x
sinensis cv. Ridge Pineapple) to serve as another reference genome for citrus plants. However, as
anticipated, the assembled genome of sweet orange had a higher degree of fragmentation than the
haploid Clementine [17, 20, 22, 25]. Nonetheless, the availability of high coverage genome sequences
of these citrus species (Table 1) offers unprecedented convenience and opportunities for functional
genomics research as well as investigations of plant growth, plant-pathogen interactions and citrus
diseases.

4, Citrus Diseases

Citrus is a perennial crop and encounters numerous pathogens during their life time, some of which
can result in significant crop damages and economic loss. Here we briefly review several more
prominent citrus diseases.

4.1 Asiatic Citrus Canker

Asiatic citrus canker is an injurious disease caused by the bacterium Xanthomonas axonopodis pv.
citri (Xac). Citrus varieties in Florida are especially susceptible to the disease [26]. Infected plants display
erumpent exoderm lesions, fruit drop and crop decline and death. As the bacteria proliferate within
exoderm lesions on the leaf, stem or fruit, plants suffer more severe symptoms, often producing
unmarketable fruit. When these lesions are exposed to moisture, the Xac bacteria can be more easily
dispersed to neighboring citrus plants to spread Xac infection [26]. Wind-driven rain is the primary
dispersal force that facilitates tree-to-tree transmission of the canker disease [27, 28]. For this reason,
the hurricane season (June to November in the US) is considered an active period for the spread of
citrus canker. The wide-ranging dispersal of the Asian citrus leafminer (Phyllocnistis citrella Stainton)
insect in several Florida citrus nurseries as discovered in 1993 has only worsened the spread of the
bacteria. The leafminer feeds on citrus leaves, creating wounds and increasing the likelihood of Xac
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infection. Human activities handling infected plant materials also contribute to long distance spread
[26, 29].

Currently, there is no effective treatment for canker disease. Integrated measures such as the use
of disease-free nursery stock, replacement of vulnerable citrus materials with more resistant ones, the
establishment of windbreaks or fences to negate airborne pathogen spread, and insecticides/copper
sprays all manage the disease with various successes and drawbacks [26, 28]. However, quarantine
measures of eradicating infected trees along with surrounding trees are no longer enforced in Florida.
Use of bacteriophages to combat Xac and other plant diseases [30-32] has shown some success and
demonstrated a new approach to control bacterial diseases. The genomes of several Xac strains have
been sequenced, one of which is summarized in Table 2. Availability of the genome sequences has
greatly facilitated investigation of Xac pathogenicity and gPCR-based detection, to supplement other
conventional methods of disease identification.

Table 2 Representative genomic data of four citrus disease-causing pathogens. Data
retrieved from GenBank.

Species* Genome Type Genome Assembly Size  Number of Genes
Xanthomonas axonopodis (pv. DNA 5.17 x 10° bp 4,374

citri 306)

Citrus tristeza virus ssRNA 19.3x 103 nt 11

Citrus leprosis virus C ssRNA 13,731 nt 6

Xylella fastidiosa (9a5c) DNA 2.68 x 106 bp 2,588

*Note: Only one representative strain from each species is shown.
4.2 Citrus Tristeza Virus (CTV)

Citrus tristeza virus (CTV), also called quick decline disease, causes one of the most severe,
destructive viral diseases of citrus plants. As a member of the Closterovirus genus (Closteroviridae
family), CTV is one of the largest RNA viruses in terms of genome size. It is thought to have originated
in China but is now found in most citrus-growing regions [European and Mediterranean Plant Protection
Organization (EPPO) Global Database] . CTV appears to be Rutaceae family-specific, with the exception
being some species of the genus Passiflora, as infection by inoculation in other species was unsuccessful

[33]. Citrus scions grown on sour orange rootstock are highly susceptible to CTV. During 1930s to 1950s,
CTV killed millions of citrus trees on sour orange rootstock around the world [33, 34]. The main vector
of the disease is the brown citrus aphid (Toxoptera citricida) [35]. Symptoms of CTV disease include
quick decline, leaf chlorosis, stem-pitting, foliage yellowing and small fruits. Measures used to control
the spread of CTV include rouging citrus plants, integration of CTV-tolerant or resistant rootstocks, or
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cross-protection. The viral genomic sequence has been determined (Table 2) and can be used to design
specific primers for detecting and monitoring CTV strains through RT-PCR.

4.3 Citrus Leprosis

Citrus leprosis is another viral citrus disease caused by Citrus leprosis virus C (CiLV; Rhabdoviridae
family). This RNA virus is transmitted by the false spider mite (Brevipalpus spp.) and causes symptoms
characterized by localized chlorotic lesions, necrotic rings, premature fruit drop, and early tree death
[36]. The disease is a threat to the U.S. citrus industry because the vector mite is found within all U.S.
citrus-producing regions. Visual identification by the symptoms of this disease is often difficult since
they may be confused with other citrus diseases like citrus canker. This virus has a comparatively small
genome size (Table 2). The use of electron microscopy and RT-PCR to amplify and sequence CiLV
genome regions [37] can achieve a reliable diagnosis. Acaricide applications are considered an effective
treatment, but acaricide-resistant Brevipalpus mites have been detected [38]. Other practices include
pruning of infected branches, incorporation of windbreak plants to reduce mite dispersal, control of
other Brevipalpus host weeds, and replanting infected orchards with healthy plants [39]. All these
measures mainly target the vector mite. Currently there is no effective means to directly tackle the
virus CiLV.

4.4 Citrus Variegated Chlorosis (CVC)

This is a disease caused by the bacterium Xylella fastidiosa [40, 41]. The proliferation of the
bacterium in the xylem hinders the function of the vascular system in the plant, causing decreased vigor
(such as leaf scorch and interveinal chlorosis) and growth and reduced fruit production. This bacterium
can be transmitted by xylem-feeding leafhopper insects (so-called sharpshooters) Homalodisca
vitripennis and Graphocephala atropunctata between plants, or through grafting of infected plants [42-
44]. Xylella fastidiosa inflicts many plants including citrus species, but severity varies; much more severe
damages occur to sweet orange cultivars than grapefruit, limes or mandarins, while other varieties such
as citron, lemon, pummelo and Rangpur lime are CVC tolerant. CVC has been found only in Brazil,
Argentina and Paraguay so far [45].

Unlike the phloem-limited citrus green disease (HLB, see below), the pathogen X. fastidiosa survives
only in plant xylem or within its insect vectors. Naturally, X. fastidiosa can be transmitted via infected
propagative material or by insect vectors. It cannot be transmitted from citrus seeds to seedlings. The
sharpshooters can quickly acquire X. fastidiosa from feeding on infected xylem and retain infectivity
indefinitely. But they do not pass the bacterium onto the next generation [45, 46]. Interestingly, X.
fastiodiosa breaks down the pit membranes of xylem through enzymatic degradation, thereby
overcoming the physical barrier of the small size of xylem fiber cells and achieving systemic colonization
in xylem tissue [47]. No ideal treatment for CVC is available. Eradication of infected citrus trees via
burning, chipping, or landfill burial is often recommended [48]. Exclusively using pathogen-free
budwood for the propagation of nursery stock and grafting newly sprouted shoots with healthy buds is
a fundamental component of CVC prevention [48, 49]. The X. fastidiosa genome has been sequenced
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([50]; Table 2), presenting technical opportunities for early detection by qPCR and future development
of treatments specifically targeting its gene expression.

4.5 Citrus Greening Disease (Huanglongbing)

Citrus greening disease, also known as Huanglongbing (in Chinese meaning yellow dragon disease
or yellow shoot disease, abbreviated HLB), is a destructive bacterial infection affecting citrus plants.
Candidatus Liberibacter asiaticus (CLas) is widely believed to be the bacterial agent responsible for the
disease in the United States. ClLas and its related strains, Ca. L. americanus (CLam) and Ca. L. africanus
(CLaf), are transmitted by the vectors Asian citrus psyllid Diaphorina citri Kuwayama and African citrus
psyllid Trioza erytreae [51-53]. The bacterium Clas resides in the plant’s phloem. When the psyllid feeds
on a leaf of an infected citrus plant, it sucks up the nutrient-dense sap containing CLas bacteria from
phloem. Psyllids then fly to the next uninfected plant to repeat the process and spread the pathogen.
Clas proliferates within the phloem, thus blocking the transportation system and causing stunted
growth, premature and lopsided greening fruit and yellow shoots, and eventual death (Figure 1). Citrus
greening disease (HLB) has caused devastating economic damage to the citrus industry worldwide and
has become an existential threat to Florida citrus production [10].

Healthy

Figure 1 Citrus plants (sweet orange) under HLB attack. A: healthy-looking leaves (but
already may have low titer CLas infection); B: HLB diseased leaves.

4.6 Genetic Analysis of Citrus Greening Disease (HLB)

More than a half-century of research and effort have been allotted toward the management of HLB.
Various measures have been attempted to control HLB, such as insecticides ([54]), reflective mulch
repellent [55], thermotherapy [56-60], fertigation [54, 61] and bactericides/antibiotics [60, 62-64] and

Page 7/18



OBM Genetics 2021; 5(1), d0i:10.21926/obm.genet.2101124

viral/RNAi [65, 66] treatments. A genetic transformation approach has also been explored to create
transgenic citrus scions [67] or transgenic plants [68] that are resistant to HLB and other citrus diseases.
Direct injection to the phloem of an antimicrobial peptide from lime plants [69] or a plant extract
concoction called Agent G ([70] and our unpublished observations) has shown a promising and safe way
in treating and preventing HLB. However, there is currently not a single widely accepted regime of
effective treatment or cure available. One of the major impediments to HLB research has been the
inability to culture Clas bacteria despite all efforts [10, 71].

The genomes of several Clas strains have been sequenced (Table 3; [72, 73]). One immediate
outcome of genomic sequencing is the realization of the detection of CLas bacteria by highly sensitive
gPCR [74] using Clas-specific primers. gPCR detects the presence of CLas bacterial DNA in plant DNA
extracts, thus indicating the bacterial infection even before HLB symptoms appear [70, 75-78]. More
sensitive and specific primers for CLas detection have been developed. For example, primers of the
multiple tandem-repeats of prophage genes [75] or the 5-copy nrdB genes encoding the B-subunit of
ribonucleotide reductase (RNR) [79, 80] have shown significantly increased PCR sensitivity. Moreover,
RNR is more specific to CLas populations than the often used primers from 16S rRNA genes [79]. On the
other hand, low titer and erratic distribution of CLas pathogen, especially during early stage of infection,
may still lead to false negative diagnosis despite gPCR’s sensitivity. This problem can be alleviated by
testing more samples located across the plant.

Table 3 Candidatus Liberibacter asiaticus genomic data retrieved from citrusgenomedb.org.

ClLas strain Genome size* GC content Number of genes
gXpsy 1.26 Mbp 36.30% 1,147
psy62 1.23 Mbp 36.50% 1,100
A4 1.23 Mbp 36.40% 1,110
Ishi-1 1.19 Mbp 36.32% 1,064
JXGC 1.23 Mbp 36.40% 1,120

* Mbp: 10° base pairs

With the availability of citrus and CLas genomic sequences, qPCR has also become an effective tool
for gene expression analysis for both the pathogen and the infected host plant. Citrus plants respond
to Clas infection and HLB with marked changes in gene expression. Liao and Burns [81] examined
transcriptomic changes in fruit tissues of two sweet orange cultivars inflicted with HLB. Most genes that
changed their expression patterns in the diseased tissues were related to transporters or carbohydrate
metabolism. For example, in HLB-positive trees, gene expression in fruit tissues for glucose-6-P
transporter, carbohydrate/sugar: H* symporter and Zinc transporter were all down-regulated, whereas
gene expression for a sulphate transporter, cell wall/vacuolar inhibitor of fructosidase and Rubisco
were up-regulated. This study illustrates the intricate interactions between the citrus plant host and
the infectious CLas bacteria. Understanding of genetic and biochemical mechanisms of plants’ response
to Clas infection will help develop and implement measures of HLB treatment and control.
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On the other hand, the CLas genome sequence reveals the presence of prophages, reflecting the
natural interactions between bacteria and viruses. The expression of CLas phage genes such as holin
and peroxidases was found to be much lower in the natural host citrus plants having HLB than the CLas-
infected non-host plant periwinkle [82]. In phenotypically healthy orange plants, some of the phage
genes exhibited elevated expression [70]. These observations suggest a negative association between
Clas phage activity and Clas virulence. This presents a tantalizing prospect of triggering CLas “suicide”
by activating phage genes residing in the CLas genome to eliminate ClLas bacteria and achieve a cure
for HLB. Bacteriophages have been externally applied for control of citrus canker disease [30-32] and
bacterial wilt disease in tomato [83]. Virus-based RNAi silence of ClLas has also been tested as a
treatment for HLB [64]. Activating endogenous prophage genes in Clas to initiate bacterial cell lysis
would produce the similar outcome as a virulent bacteriophage.

Scanning electron microscopy (SEM) can also be used as an effective and reliable tool to visually
examine phloem of infected plants, although SEM is unlikely to be a widely-used diagnostic application
any time soon. HLB inflicted plants suffer from clogging of CLas bacterial colonies in the phloem (but
not in the xylem). Using a simple freeze and fracture procedure [84], the leaf cross sections can be
clearly imaged using SEM. This allows close observations of phloem and xylem tissues, revealing any
blocking by bacterial aggregates in these transport tissues [70]. However, SEM images alone cannot
identify which pathogen species causes the clogging of the plant vascular system.

We have employed both gPCR and SEM to examine Clas infection and monitor the treatment
process for several citrus species/varieties. For example, using gPCR we assayed genomic DNA
extracted from leaves of orange and lime plants grown in various locations in Florida. In our study, the
identical primer sequences for elongation factor 1-a gene were chosen as a gPCR reference for sweet
orange (C. x sinensis), Persian lime (C. x latifolia) and key lime (C. x aurantiifolia) plants. To obtain more
corroborate detection of CLas DNA, we independently examined three Clas gene targets (prophage
tandem-repeats, elongation factor Ts and ribosomal protein L12P). As illustrated in Figure 2, the known
HLB-inflicted orange plant (CSD) exhibited high levels of all three ClLas genes tested, reflecting a
relatively high dosage of the CLas bacteria. This is consistent with the severe HLB symptoms this plant
displayed. As a negative control, the healthy orange plant (CSH) did not show signals for these ClLas
genes (Figure 2), indicating a CLas-free status in the leaf samples tested. In contrast, the lime plants
(CLA-1, CLA-2, KL and ML) all revealed low but detectable levels of these ClLas genes, even though they
did not exhibit the typical HLB symptoms (as the diseased orange tree shown in Figure 1B). Sweet
orange is known to be more susceptible to CLas than Persian lime and key lime. Our results may reflect
lime plants’ resistance to Clas infection. Low levels of ClLas bacteria may not perpetuate serious HLB
symptoms in lime plants. Therefore, the qPCR-based analysis can be a valuable tool for relatively early
diagnosis of CLas infection status, regardless of appearance of any HLB phenotypes.
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Figure 2 gPCR detection of CLas bacterial DNA in leaves of citrus plants. DNA was extracted
from leaves of two sweet orange plants (C. x sinensis, both located in Sarasota, Florida, USA)
CSH (healthy, ClLas-free from previous tests) and CSD (exhibiting HLB symptoms), two
Persian lime (Citrus x latifolia) plants CLA-1 and CLA-2 (both located in Coconut Creek,
Florida), and two key lime (C. x aurantiifolia) plants KL (located in Boca Raton, Florida) and
ML (located in Davie, Florida). All lime plants did not show obvious disease symptoms,
except for ML having signs of leaf damage by insect feeding. gPCR was done to detect ClLas
genes prophage repeat (PR; A), elongation factor Ts (EF-Ts; B) and ribosomal protein L12P
(C). Sweet orange plant gene elongation factor 1-a was used as a reference for ACt
normalization [77]. The scale of Y-axis refers relevant ratio to the reference gene elongation
factor 1-a. The gqPCR was performed using SYBR Green as described in [70]. Primer
information is shown in Supplementary Table S1.

It should be pointed out that there may be a long and variable latent period from the time of the
psyllids feeding on an infected citrus to the time of qPCR detection. By the time of a positive
confirmation of CLas by qPCR, the psyllids have likely transmitted the bacterium from this source tree
to numerous other trees. Furthermore, many factors such as cultivar susceptibility, climate conditions
and horticultural practices can all affect CLas proliferation and colonization in the plant. Therefore,
gPCR assay needs to be carried out early and often on well representative samples. Even so, qPCR
detection may not be early enough to prevent Clas spread, but can be a valuable tool for infection
monitoring and management.

We also examined these same citrus samples with SEM. As expected, the severely diseased orange
plant showed extensive clogging deposits in the phloem sieve tube cells (Figure 3A), presumably by
Clas colonization, which is corroborated with the qPCR results (CSD in Figure 2). Likewise, the SEM

Page 10/18



OBM Genetics 2021; 5(1), d0i:10.21926/obm.genet.2101124

imaging of four lime trees revealed only sporadic presence of deposits and most of the sieve tubes
appeared clear (Figure 3B-E). These observations are consistent with the healthy phenotypes of these
plants as well as the trace level of CLas bacteria detected by the highly sensitive gPCR (Figure 2),
suggesting that ClLas had not yet proliferated enough to clog the sieve elements of the phloem.
Therefore, a concerted effort of qPCR assay and SEM imaging, as well as other detection methods such
as by canines [85] and serological detection of secreted Clas surface proteins [86] and host proteins
secrete in phloem of ClLas-infected trees [87], should serve as a reliable early diagnostic approach to
citrus HLB.

Figure 3 Scanning electron microscopic analysis of citrus leaves. Leaves were fixed in
glutaraldehyde and dehydrated in a series of ethanol concentrations, followed by fracturing
in liquid nitrogen. Leaf cross-sections were imaged by scanning electron microscopy. Leaf
samples were collected from the same trifoliate leaves used for gPCR (Figure 1). A. Sweet
orange CSD at magnification of x850. B. Lime CLA1 at magnification of x400. C. Lime CLA2
at magnification of x450. D. Lime KL at magnification of x3,400. E. Lime ML at magnification
of x440. Widespread bacterial clumps were observed in the phloem sieve tube cells of the
HLB-inflicted sweet orange plant CSD (A). An example of clogged representative sieve cell
is indicated with a red arrow. The visually healthy lime plants (B-E) had mostly clear sieve
tube cells as representatively indicated with green arrows. Sample description is detailed in
Figure 1. The SEM was done as described in [70].
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5. Concluding Remark

Many plant diseases are caused by bacterial or viral pathogens and have inflicted tremendous
damages to citrus production. Understanding the genomics and gene regulation for both the plants and
the disease-causing pathogens is the key to develop effective tools for detection, monitoring,
management and treatment of these diseases. Availability of genome sequences from many citrus
species and cultivars has greatly advanced the pre-symptom detection and diagnosis of citrus diseases
and paved way for genetic or metabolic engineering approaches for disease resistance and treatment.
The rapidly expanding technological toolbox for genetic and biochemical analysis will empower future
effort to combat these destructive citrus diseases and help protect and restore the citrus industry
worldwide.
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