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Abstract: Tristeza is a devastating viral disease in all the citrus growing countries throughout the world and has killed millions of citrus trees in severely affected orchards. The citrus species grafted on sour orange rootstock are affected by this disease. Predominantly, the sweet orange, grapefruit and lime trees grafted on sour orange exhibit severe symptoms like quick decline, vein clearing, pin holing, bark scaling and degeneration leading to variable symptoms. Symptomatic expression of Citrus tristeza virus (CTV) in different hosts has been attributed to virus isolates which are from severe to mild. Different serological and molecular assays have been deployed to differentiate the strains of CTV. Citrus tristeza virus is diversified towards its strains on the basis of biological, serological and molecular characterization. Phenotypic expression is due to genetic alteration and different molecular basis have now been adopted for strain differentiation. This review will give a brief idea about the different CTV isolates, their characterization based on nucleic acid and serological assays. Different methods along with salient features for strain characterization has also been reviewed. This review will also open the new aspects towards formulation of management strategies through different detection techniques.

Keywords: Citrus tristeza virus; symptomology; detection; serology; isolates and host range



1  Introduction

Virus and virus-like pathogens are major contributor towards the citrus decline. The most obvious impact of these diseases is their lethal effects on specific hosts. Among virus and virus-like diseases, Citrus tristeza Closterovirus (CTV) is one of the most destructive and widely distributed citrus virus diseases in citrus growing areas of the world. CTV has been declared as a potential threat for the citrus [1]. This virus probably originated in Asia and has been spread to all citrus growing areas by infected germplasm movement [2–4]. Economic losses are hard to be estimated but millions of trees have been died due to CTV in different part of the world. CTV is widely distributed to all citrus growing areas of the world. In South Africa epidemics of CTV were first reported in the early part of the 20th century due to imports of CTV infected material aphid vector [5]. Brown citrus aphid (Toxoptera citricida Kirkaldy) is the most efficient vector of CTV and has caused the death of millions of trees in Brazil, Spain, and Argentina. It was mainly sweet orange and mandarins grafted on sour orange were victimized by CTV [6]. The death of millions of citrus trees, over two decades, i.e., 1930’s & 1940’s, was the result of CTV in South American countries [3,4,7]. In southern California alone, approximately three million citrus trees on sour orange rootstock were killed [8,9]. The Tristeza was first reported in Florida in 1959 and by 1980’s it had become a serious threat, causing tree decline on sour orange and citrus macrophylla rootstock [10].

In New Zealand and Australia quick decline was first time identified in 1940 and then similar symptoms were found in South Africa in 1900, Java in 1928, Argentina in 1930, Brazil in 1937 and California in 1939. It was then considered to be incompatibility problem due to complete failure of sour orange rootstock. Finally, in 1946, quick decline problem was found due to virus [11,12]. Tristeza disease become notorious because of emergence of quick decline strain. In 1981, a total world loss of 50 million trees was estimated due to CTV and by 1991; CTV quick decline had destroyed 100 million trees in Argentina, Brazil, Spain, California, Venezuela and other areas [13,14]. Today, CTV is widespread in Israel, Morocco, China, Japan, Southern California, Florida, Argentina, Brazil, South Africa, Australia and Southern Spain and now moving to Northern Spain. Italy is supposed to be free from CTV infection despite the main rootstock used in Italy is sour orange [3]. Although this disease has been reviewed by many researchers in the world, but this review has been written with the objective; how strain differentiation not only helps in disease diagnoses but also virus can be characterized on the basis of genotype and serotype. Moreover, this review will highlight the geographic distribution of different strains of CTV.

2  Pathogen

The CTV genome, the largest plant virus reported as a monopartite, single stranded positive sense RNA molecule around 19.3 kb in length, with 12 open reading frames (ORFs) that encode at least 19 proteins. the genome is encapsulated in a flexuous rod 2000 nm long particles composed of coat protein subunits of 25 KDA [15,16]. It is phloem limited and belongs to genus Closterovirus, family Closteroviridae. Genetic studies of different strains of CTV revealed the existence of seven distinct genetic lineages worldwide, identified as VT, T3, T30, T36, T68 and the resistance breaking genotype, described for the first time in New Zealand.

3  Strain Differentiation

There is an extensive genetic variation among various isolates of CTV and many genetic groups of viruses have been recognized. Variation in strains also exists within each group [17]. The CTV isolates have been grouped on the basis of serology, sequence homology, phenotypic expression and genetic alteration. The interlink of phenotypic expression and genotype is not clear therefore strain identification on the basis of symptoms are not advised (Fig. 1). The major groups of strains are mild strains that cause barely detectable clearing of leaf veins in Mexican lime; decline-inducing strains cause death of trees when propagated on sour orange rootstock. Stem pitting strains cause mild to severe pitting of stems and branches of grapefruit and orange resulting in low yield [10,17,18]. Mild and decline strains of CTV were detected in mainland Portugal and severe stem pitting strains on Madeira Island also detected. In Florida the presence of infections reacted with probes is against from stem pitting strains. Mild strains of CTV which because symptoms show clearing or flecking of the leaf veins of Mexican Lime. Some strains cause yellowing of seedlings, but their significance in the field is uncertain There is also biological and biochemical evidence that individual citrus trees may be infected with several different strains of CTV [18]. Different CTV strains, generally referred as seedling yellows (CTV-SY), tristeza (CTV-T), stem-pitting (CTV-SP), and a mild type, have been widespread for many years [19].

Symptom expression of CTV in citrus hosts is highly variable and depends upon host species (rootstock and scion combination), virulence of CTV isolates and soil or environmental conditions. Characteristics symptoms of CTV are vein clearing, decline, stem pitting, stunting and leaf corking on different citrus hosts like sweet orange, grapefruit, grafted on sour range root stock [1,20,21]. Severity of infection and symptoms expression on cultivars vary from mild to severe isolates [21]. Behavior of different citrus species is diversified against commonly occurring stains of CTV [18]. Different isolates of CTV like decline, stem pitting and seedling yellows induce different symptoms on citrus cultivars. Major group of symptoms by different isolates such as mild, seedling yellows, quick decline, stem pitting of grape fruit and sweet orange on sour orange is attributed to CTV strains which have synergistic effect of more than one strain attacking the host [22,23].

Diversity of symptoms associated with CTV infection is attributed towards CTV strains ranging from mild to severe isolates. Mild isolates may not cause noticeable symptoms but severe strains may cause seedling yellows, decline on sour orange rootstock, stem pitting of grapefruit and sweet orange. Specific strains as CTV-D causes death of phloem at bud union which leads to over growth of the scion, girding effect, stunting, yellowing of leaves, reduced fruit size, poor growth, die back and wilting etc. In case of other infective strains, stem pitting occurs and the twigs may brittle. Sometime stem pitting strains of grape fruit causes rope-like external symptoms [24]. CTV isolates classified in 3 categories on the basis of phylogenetic analysis and expression of symptoms i) mild, inducing only in lime, ii) severe, cause stem pitting in sweet orange and grape fruit and iii) an atypical, induce variable symptoms when grafted on sour orange [25].
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Figure 1: Relationship of differential basis for grouping of CTV isolates

4  Detection of CTV Isolates

Citrus tristeza virus is prevailing throughout all the citrus growing areas of the world. This virus has a great biodiversity on the basis of its strains. Strain differentiation shows an image in its mutation ability. Therefore, strain differentiation is the prerequisite for the correct diagnosis of CTV. Serological, biological and molecular techniques for the indexing are major contributors for the strain identification and characterization of this virus. Keeping in view the different aspects of regarding incidence (detection), transmissibility through vector multiplication in the ecosystem, Formulation of a comprehensive strategy for the management of CTV is the need of time. Different indexing assays for the virus detection and strain characterizations are the pre-requisite for the integrated disease management. Besides the detection, biological, molecular and serological indexing procedures have different sensitivity and limitations (Fig. 2).

Different methods for the assessment of CTV have been described. Sampling groups of citrus trees were made and recorded the groups as either CTV positive (one or more infected trees) or CTV negative (no infected trees). Symptoms produced by different CTV strains such as mild, decline and stem pitting can be characterized in the field through indicator plants and by molecular assays in the laboratory. Mexican lime (Citrus aurantifolia) is used as a good indicator plant for many CTV strains [26]. Indexing includes biological, serological and molecular methods, which are the common procedures according to the reliability, sensitivity and duration to detect the CTV. Disease incidence was then calculated at the scale of the individual tree by means of a formula-involving incidence at the group scale and the number of trees/groups.
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Figure 2: Pathogen detection system leading the formulation of management strategies

5  Serological Characterization of CTV

The serological indexing is usually based on ELISA and its variants. ELISA is used commonly to detect CTV [27] and is being used at large scale in routine and preliminary detection. Some of the serological indexing to detect the CTV has been summarized in Tab. 1. In Israel, great variation was found with the help of repeated Indirect ELISA procedure in the distribution of CTV throughout the canopies even of the declining trees CTV is wide spread in Iran but there was no information about the distribution and genetic diversity of CTV isolates. Therefore, a study was conducted on distribution of CTV and ELISA showed 50% positive samples and CP and K17 region was amplified through PCR. On the basis of CP and K17 amplification, results revealed the higher homology of Iranian isolates with California stem-pitting (SY568) and Japanese seedling yellows (NUagA) isolates [28]. Serological assay DAS-ELISA was used to detect the CTV incidence in Spain. The incidence was varied in orange grafted on citrange and on mandarin and grape fruit grafted on citrange [29]. Development and improvement of new serological methods has made a remarkable progress for the detection of CTV. Polyclonal and monoclonal antibodies have been developed to enhance the serological studies in relation to advantages, disadvantages, relativity sensitivity and applications, etc. [30]. A wide range of CTV strains have been characterized on the basis of symptoms, serology and molecular assays. The symptoms were quick decline, vein clearing stem pitting and seedling yellows. Mexican lime was a good indicator plant for symptoms and asymptomatic strains. MCA-13 was used to differentiate the isolates [31]. Studies on the recombinant single-chain variable fragment antibodies (SCFV) showed that bind specifically to tristeza virus (CTV), which represents the most detrimental viral disease in the citrus industry. The engineered antibodies were successfully used for CTV diagnosis in plants by tissue print and DAS-ELISA. It was highly specific and sensitive as much as conventional ELISAs performed with the parental monoclonal antibodies and showed the usefulness of recombinant antibodies for routine detection of virus in woody plants for the first time [32].

The incidence of CTV through DTBIA and ELISA was found 12.7%–15.2% and 49% respectively in the Jordan valley. Comparison was studied between the direct tissue blot immunoassay (DTBIA) with DAS-ELISA for the detection of 10 different Turkish isolates of CTV by employing monoclonal and polyclonal antibodies. Two different monoclonal antibodies 3E10 and MCA-13 were used. Two hundred and fifty-eight satsuma trees were tested using ELISA and DTBIA. All polyclonal (1212-1,981-1,908-7) and monoclonal (ECTV-175, ECTV-176, 11B1-3 & 3E10-6) antibodies reacted to CTV isolates, except MCA-13, which only reacted to Idgir & Cyprus CTV isolates. DAS-ELISA was also positive for all CTV isolates that reacted to DTBIA. Assays of 258 satsuma trees by ELISA and DTBIA indicated similar rates of CTV infection. Seven trees were found infected by both assays. DTBIA was proved a rapid, sensible and reliable procedure for the detection of CTV. It requires little sample preparation and tissue blots can be stored at 25°C for at least 4 weeks prior to assay and can easily be sent safely to another place for testing [33].

Orange and grapefruit were indexed through DASI-ELISA against CTV in the selected areas of Cuba. Aphid population was also studied. Coat protein of 12 local CTV isolates of the Cyprus were analyzed through PCR amplification and compared with the known CTV isolates of the world. Some of them caused the stem pitting on the branches of sweet orange and grapefruit and that isolate was not observed often in the Mediterranean basin [34]. ELISA and Western blots detected the Chinese CTV isolate (HB1) when polyclonal antiserum (PAb-L5). However, it did not react with PAb-I raised to the Italian CTV isolate and ten Mabs to the Chinese isolate S4 (MAbs-S4).

Trials were conducted for the detection of CTV by different antisera, two of which were monoclonal and two polyclonal. They were compared in enzyme-linked immunosorbent assay (ELISA) against different CTV isolates from four Mediterranean countries: Italy, Turkey, Moracco & Cyprus. All the four antisera were effective in CTV diagnosis except one monoclonal antiserum, which failed to recognize a few viruses isolates from Turkey and Cyprus. Therefore, ELISA procedure can be employed for routine testing in certification programmers [35]. Uniform positive and negative controls have been developed for the use in ELISA assays. The availability of such controls can enable more direct comparisons of data among the laboratories and quality control of ELISA results for tristeza virus. These controls vary greatly from laboratory to laboratory. Even in the same laboratory, there can be a variation in results. With the help of these studies 80 standardized positive and negative controls were developed which could be stable over a long period of time [36]. The section give a brief overview of different serological assays used for the detection of CTV with ease.

Table 1: Serological indexing of CTV in different citrus growing areas of the world
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6  Molecular Characterization of CTV Isolates

Different nucleic acid base indexing methods have been developed for the quick detection of CTV (Tab. 2). The adaptability of these methods depends upon the reliability, time duration and sensitivity. Alzhanova et al. [44] were analyzed Protein patterns in rootstock bark from CTV infected tree were studied through PAGE. There was clear modification in protein pattern but not in CTV free trees. Similarly, Northern blot technique was used to compare dsDNAs extracted from CTV infected and CTV free plants and hybridized. Seven isolates were detected using hybridization; cDNA probe was generated from dsDNA and then labeled with radioactive nucleotide using reverse transcriptase. Nucleic acid of CTV was detected in the clarified sap by hybridization with end labeled dsRNA probes were labeled with 5 ends radioactive nucleotides and using polynucleotide kinase [45]. The complete sequence of CTV Florida isolates T36 was analyzed and found that genome encodes 12 open reading frames (ORFs) to code at least 17 protein products.

In Italy diversified CTV isolates were characterized using molecular hybridization cDNA probes. In this hybridization signals were obtained from crude sap and viral dsRNA as well using radio-printing technique. Citrus tristeza virus was detected in the three aphid species through RT-PCR. Seven CTV isolates were chosen for acquisition feeding of aphids from worldwide isolate collection. The amplified products from the aphid fed on citrus infected with isolate B3 were confirmed as the CTV coat protein gene by digesting with various restriction enzymes. This method was considered to be useful in investigations of CTV-vector-plant interaction and CTV epidemiology [46].

Twenty-one dominant PCR-based DNA markers were identified as linked to CTV (a dominant gene that control CTV resistance in Poncirus trifoliate) by bulked segregate analysis of the 11 closet markers to CTV, only 2 segregated in all populations. Gene bank database revealed high sequence similarities between 2 markers and known plant disease resistance genes indicating that a resistance gene cluster exists in the CTV region in P. trifoliata [8]. Complete gene sequence of the Spanish mild isolate T385 of citrus tristeza virus was studied. This isolate was compared with genomes of severe isolates T36 (Florida), VT (Israel) and SY568 (California). The genome of T385 varies in length with other genome but their organization was identical [47].

Sequence variability in p27gene of CTV was studied through single strand conformation Polymorphism (SSCP) [48]. DIG-labelled cDNA probes (Non isotopic hybridization) and different types of target RNA were used to differentiate the isolates of CTV from Spain [49]. In Taiwan RT-PCR is a rapid and sensitive assay than other serological methods but one step RT-PCR is more sensitive and detects the CTV when virus concentration is very low. Three strains seedlings yellows, SO/SP and Pum/SP strains were detected [50].

Two strains viz., SN CL2 and SNCL4 of CTV were characterized on the Lisbon lemon in Cameron. Lower lateral growth of trunk was induced in response of virulent strain (SN CL2) on the combination of Mexican lime/citrange Troyer after three years of inoculation of these strains [51]. cDNA microarray was used to analyse the changes in gene expression of Mexican lime when infected with severe isolate (T305) or mild strain (T385) of CTV. There was significant change in the 334 genes of T305 whereas T385 was without significant changes [52].

Dot blot hybridization using specific DNA probes differentiated 24% samples for non-decline inducing CTV isolates and 16% for the decline inducing strains out of 58 samples. Some modifications were introduced in PCR-ELISA to increase its sensitivity and reduced the costs of detection. PCR-ELISA is the immune detection of PCR products and effective for detection and differentiation of plant viral nucleic acids. PCR-ELISA being a laborious and expensive method was modified and simplified by using asymmetric PCR.

In Sudan CTV was detected by tissue printing in arid and semi-arid zones of Sudan. CTV was in thirteen samples of orange trees. In addition to this, a mandarin and lime tree also reacted positively. In a nested RT-PCR approach from ten samples a specific PCR product was amplified showing the presence of CTV in four trees (three oranges, one lime tree), which were presumably tested, positive by tissue print of a specific PCR product proved the presence of CTV. This indicated the presence of at least two different CTV-strains in citrus orchards in Sudan [1]. During the comparison of isolates from different origins with CTV-stem pitting isolate from Spain through complete nucleotide sequence (T318A) showed strong sequence similarities with the severe isolates Sy568 from California and Nuaga from Japan and distant relationships with wild non-stem pitting T385 from Spain and T30 from Florida. In contrast to other severe CTV isolates, T318A had a predominant sequence variant highly variable 5-terminal untranslated region; in w/c a unique sequence variant associated with severe stem pitting isolates was detected. The high homogeneity of the T318A population suggests that the sequence obtained is probably responsible for symptoms induction and is a useful tool to delimit pathogenicity determinants [53].

Three microscopy procedures for detecting CTV were compared which provided additional alternatives for very rapid CTV indexing, such as the use of EM, SSEM and light microscopy. In light microscopy inclusion were found in young phloem tissues of all CTV-infected hosts examined. Inclusions appeared similar for all strains of CTV. In the case of EM of negatively stained extracts, particles of CTV were detected from plants infected with more than 20 isolates producing mild to very severe symptoms. Some isolates were checked only in a limited number of hosts. Similarly, in SSEM, virus particles were found on grids prepared with antiserum and extracts from infected tissue [54].

Table 2: Molecular detection of CTV isolates in different areas of the world
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7  Conclusions and Future Thrust

Tristeza disease is widely distributed in citrus growing areas of the world. CTV leads to quick decline of the tree and is transmitted through insect and vegetative propagation. Infected plants exhibit variable symptoms because of mild to severe strains of this virus. Different serological, biological and molecular assays for the detection of this virus are being used based on their sensitivity and reliability. These assays have their advantages and disadvantages. Most of the nucleic acid based molecular assays are more sensitive than serological and biological, whereas serological and biological assays are helpful in routine detection of virus in bulks of samples. Although different detection methods of CTV strains are being employed but based on literature reviewed, the implication of these assays in relation to certification programs should be studied and incorporated. Moreover, symptomatic expressions in relation to detection of specific strain should be coupled with molecular assays. Detections methods should be friendly user for different management practices.
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Sr.  CTV Isolates Assay to be detected Salient features on host Reference

1. DSST-17 Illumina and Sanger CTV may cause three distinct [55]

sequencing technology. host reactions seedling yellows,
quick decline, and stem pitting.
2. pl8, p20,p23 and Tested by DTBIA and CTV may cause quick decline, [38]
p25 CTV isolates  biological indexing to seedling yellows and stem pitting

determine the CTV infection  (SP)

3. CTV-VT strain Using CTV-VT cDNA CTV cause quick decline and [39]
fragments, as stem pitting

hybridization probes, PCR
technology, CTV-dsRNA
cloning method cDNA
synthesis and PCR

amplification.
4. T36, VT, T3, Biological indexing and Seedling yellows, quick decline, [56]
resistance-breaking ELISA and stem pitting are silent
(RB), T68, T30, and features of host
HA16-5
5. RB strain, HA16-  RT-PCR assays Genotypic characterization of [57]
5 strain, and Citrus tristeza virus (CTV)
T36 strain strains has progressed
significantly, but their phenotypic
expression is poorly established
on host.
6. CTV Florida isolates PAGE Protein patterns in rootstock bark [58]
T36 from CTV infected tree
7. Florida B3 (T-36)  Radio-printing technique. Mexican lime from slight vein ~ [46]
clearing to sever vein corking
8. p27gene SSCP Seedling yellows, quick decline, [48]
and stem pitting.
9. SO/SP and Pum/SP RT-PCR Seedlings yellows [59]
strains
10. Sy CL2 and SyCL4 cDNA microarray Lower lateral growth of trunk [52]
11. MCAI3 Molecular markers Vein clearing stem pitting and [20]
seedling yellows
12. T318A Nested RT-PCR Stem pitting [53]
13. VT strains (CA-VT- IC-RT-LAMP Stem pitting induced by virulent [60]
AT39) genotypes

Note: IC-RT-LAMP: Immuno-capture reverse-transcriptase loop-mediated amplification; PAGE: Polyacrylamide gel electrophoresis; SSCP: Single
strand conformation Polymorphism
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Sr. Area Incidence Technique used Reference

1.  Northern Costa Virus transmission was common  Monoclonal antibody probes via  [37]
Rica and within a local area ELISA
Dominican
Republic
2. Pakistan Genetic variability in CTV Isolates. RT-PCR and ELISA was used to  [38]
The disease incidence was 7.14 to determine the CTV infection
18.18%.
3. Israel ELISA-positive samples appearing Using CTV-VT cDNA fragments, [39]
symptomless. as hybridization probes, PCR

technology, CTV-dsRNA cloning
method cDNA synthesis

4. Spain 22 isolates on geographical basis. Through biological indexing [40]
5. Chlefvalley 16% CTV infection in the valley. DTBIA and DAS-ELISA [41]
(Algeria) 24% in mandarin and 14.5% in
sweet orange orchards.
Jordan valley  12.7%—15.2%, 49% DTBIA, ELISA, IC-RT-PCR [42]

7.  In Pakistan. Mean CTV incidence in Bhalwal = The methods used for detection of [43]
Sargodha, KP and Kot Momin was 37.64% and CTV also varied, Electron
67%. Mean disease incidence was microscopy, ELISA
in the range of 31.55% to 37.5%

Note: ELISA: Enzyme linked immunosorbent assay; DAS-ELISA: Double antibody sandwich ELISA; IC-RT-LAMP: Immuno-capture reverse-
transcriptase loop-mediated amplification; DTBIA: Direct tissue blot immunoassay; CTV: Citrus tristeza virus; SDV: Satsuma dwarf virus; CTLV:
Citrus Tatter leaf virus; dsRNA: Double stranded Ribonucleic acid; PCR: Polymerase chain reaction, IC-RT-PCR: Immuno-capture Reverse
Transcriptase Polymerase chain reaction; KP: Khyber Pakhtunkhwa.






