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ARTICLE INFO ABSTRACT
Keywords: Background and aim: Citrus bent leaf viroid (CBLVd) is one of the emerging and widely distributed
CBLVd viroids in citrus-growing areas of the world, including Pakistan. Previously, CBLVd has been

Citrus species reported in Pakistan for the first time in 2009. Therefore, characterization of CBLVd is required to

Transmission monitor the viroid status in the citrus orchards concerning citrus decline.
RT-PCR ; : izati i i i
Host range Methods: Biological and molecular characterization of CBLVd was studied through biological

indexing and confirmation through RT-PCR, followed by phylogenetic analysis of selected CBLVd
isolates. Among four citrus cultivars viz., Kinnow (Citrus nobilis x Citrus deliciosa), Mosambi
(C. sinensis), Futrell’s Early (C. reticulata) and Lemon (C. medica) used as indicator plants for two
transmission trials viz., graft inoculation and mechanical inoculation. Graft inoculation was more
efficient than mechanical inoculation.

Results: Symptoms such as mild mosaic, slight backward leaf bending, and leaf curling were
observed after eight months’ post-inoculation. Citrus nobilis x Citrus deliciosa, C. reticulata and
C. sinensis were more sensitive to CBLVd as compared to C. medica. Inoculated plants were
reconfirmed through RT-PCR amplicons of 233 bp. The phylogenetic tree of submitted sequences
showed more than 90% relevance of CBLVd in Pakistan compared to the rest of the world.
Conclusions: There was slight genetic variability, but more than 90% relevance was found among
the submitted and already reported CBLVd isolate from Pakistan. Scanty literature is available
regarding the biological and molecular studies of CBLVd in Pakistan. Therefore, the transmission
and molecular characterization of CBLVd in Pakistan were studied for the first time.

1. Introduction

Virus and virus-like pathogens in citrus have different modes of transmission: insect, mechanical, and vegetative propagation
(grafting and budding). Vegetative propagation is very useful in transmitting virus and virus-like pathogens from diseased to healthy
plants in citrus [1,2]. Like citrus viruses, viroids are transmitted through grafting, cuttings and tubers. The cambium union of rootstock
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and scion occurs in grafting [3]. The pollen and seeds are the other means of transmission in members of the family of pospiviroidae.
Pruning tools like knives, blades and human hands have high efficacy in the mechanical transmission of viroids [4-6]. More than 30
citrus viruses and viroids are graft-transmissible [7]. Like other citrus viroids, transmission trials of Citrus bent leaf viroid (CBLVd)
through the sap, bud-wood, and grafting on indicator plant Ertog citron (Citrus medica) were carried out [8,9]. CBLVd belongs to the
genus Apscaviroid and has shown its transmissibility through pruning tools and grafting [6,10]. CBLVd infects all the citrus cultivars
regardless of rootstock [11,12]. Symptoms due to viroids infection are bark cracking, backward leaf bending, yellowing of leaves,
dwarfing and stunting, which lead to citrus decline 13-15. Advanced detection assays have been established for the indexing of citrus
viroids. Routine and regular detection of viroids is done through reverse transcriptase polymerase chain reaction (RT-PCR), which is
sensitive and time-saving [16]. Multiplex RT-PCR has been found to quickly and simultaneously detects the number of viroids [17].
However, RT-PCR and its variants are sensitive but sometimes fail to detect lower concentrations of viroids in the host plants [18,19].
Therefore, biological indexing and RT-PCR followed by sequential polyacrylamide gel electrophoresis (SPAGE) give best results [20].
SPAGE has been used for the nucleic acid analysis of different CEVd and CBLVd [21,22]. The sPAGE confirmed the mobility of the
circular RNA while detecting the citrus viroids [23]. CBLVd has been detected through biological indexing and sPAGE to characterize
isolates [23,24]. Sometimes, additional smaller RNA is detectable through sPAGE [25]. Biological indexing of CBLVd is reliable but is
time-consuming, while RT-PCR and sPAGE are quick, sensitive and time-saving [19,26,27]. The various isolates of CBLVd have been
characterized through biological indexing and sPAGE [13,28,29]. After the first report of CBLVd in Pakistan [11], the characterization
of CBLVd is the dire need of time to monitor the prevalence of CBLVd in declining citrus orchards. Therefore, this research was carried
out to characterize the CBLVd biologically on different citrus indicators and to evaluate the sensitivity of different citrus cultivars in
Pakistan. This study helps develop quick and accurate detection techniques for early intervention. In Pakistan, scanty literature and
very limited work on the molecular and biological characterization of citrus bent leaf viroid through sPAGE is available.

2. Materials and methods
2.1. Biological indexing and mechanical transmission

These experiments continued a previous study regarding the survey for detecting citrus bent leaf viroid in citrus growing areas of
Sargodha, Pakistan. The samples were collected from different regions of the Sargodha district, a citrus hub in Punjab, Pakistan.
Symptomology was the basic criterion, such as backward leaf rolling, pin holing stunting and dwarfing. A total of 150 samples/area
were collected to confirm the CBLVd. The sampling methods and acquisition of samples have been described in a previously published
article [30]. PCR-confirmed samples were used for the transmission trials. The transmission trials were carried out to monitor the
reactivity of citrus varieties towards CBLVd. Four citrus cultivars viz., Kinnow (Citrus nobilis x Citrus deliciosa), Musambi (C. sinensis),
Feutrall’s early (Citrus Reticulata), and lemon (C. limon) were used as indictor plants for graft inoculation of infected citrus samples [27,
31]. The indicator plants were RT-PCR confirmed CBLVd free. Fifteen plants of each variety were used during the transmission trial
through vegetative propagation. Twelve plants of each variety were grafted and inoculated from already RT-PCR confirmed infected
bud-wood [30], whereas three plants were grafted from healthy scion and kept as control (Fig. 1A and B). The infected CBLVd source
was taken from mandarin ‘Kinnow’ samples. All the indicator plants were maintained in an insect-free, temperature-controlled
greenhouse at 28-32 °C for symptom development. A separate trial for mechanical transmission was carried out of the same number of
indicator plants, and conditions followed in the vegetative propagation trail. Crude sap from the CBLVd infected samples was extracted

Fig. 1. Graft inoculation of CBLVd on citrus cultivars (A and B).
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in 0.02 M phosphate buffer [32] followed by the mechanical inoculation on indicator plants. RT-PCR using the specific primers
reconfirmed the presence of CBLVd [30].

2.2. Sample acquisition and RT-PCR conditions

The infected budwoods from RT-PCR confirmed CBLVd infected mandarin trees were collected [23]. The bud wood with plenty of
sap and two to three buds was used for vegetative propagation. The leaves from each citrus variety were used for the RT-PCR assay
after the appearance of symptoms. The RNA from positive samples was extracted using the method of Nakahara et al. [33], with slight
modification as described by Iftikhar et al. [42]. The primers from the previous study were used for this experiment [30]. The RT-PCR
conditions were as follows with slight modification [23]: denaturation was done at 94 °C for 10 min, followed by 35 cycles of
denaturation at 94 °C for 30 s. Then, the temperature was lowered to 60 °C for 60 s before annealing at 60 °C for 10 s. The primers were
extended at 72 °C for the first 10 s and then for 5 min. PCR products were amplified on 2% agarose gel in 1x TBE buffer at 100 V for 50
min. The gel was stained with ethidium bromide for 10 min, followed by washing it with distilled water for 5 min. The 100 bp DNA
ladder was used to identify bands during all the PCR analyses.

2.3. Phylogenetic analysis

The PCR amplicons were sent for sequencing directly, and after the initial NCBI blast of all PCR positive amplicons, the selected
positive isolates MW183820 (CBLVd14) and MW183821 (CBLVd15) sequences were submitted to the GeneBank. The phylogenetic
analysis of submitted sequences was carried out using the maximum-likelihood method in the MEGA 6.1 program [34].

3. Results

Biological indexing and mechanical transmission of Citrus bent leaf viroid (CBLVd) were observed in four citrus cultivars: Kinnow,
Mosambi, Feutrell’s early and lemon. Graft and sap inoculation showed different transmission rate. CBLVd was transmitted through
grafting and mechanical inoculation in all the citrus cultivars. Different symptoms such as slight leaf backward bending, mild mosaic
and curling of leaves were observed after eight months post-inoculation in the 6-months inoculated citrus plants (Fig. 2A-D). Graft
inoculation was more efficient than mechanical inoculation (Tables 1 and 2). In mechanical transmission among all the citrus cultivars,
Kinnow showed the highest transmission rate at 66.66%, at par with Mosambi. Lemon showed the lowest transmission rate at 25%
(Table 1). A similar trend of transmission of CBLVd was observed in graft inoculation but at a higher rate. The CBLVd was transmitted
at 91.66% in Kinnow, followed by Mosambi at 75%. Lemon also showed 41% CBLVd transmission (Table 2). Based on the results,
Kinnow and Mosambi were more susceptible to CBLVd, while lemon was found to be least susceptible to CBLVd infection in nature. All
the citrus plants in transmission trials were also subjected to PCR for confirmation after the production of symptoms (Fig. 3). The
samples were subjected to RT-PCR and found the specific bands using primers to detect CBLVd. The specific amplified fragments to the
CBLVd were obtained from the citrus samples of mandarin, Kinnow orange and Mosambi because these are two widely cultivated
species in the citrus orchards of Pakistan and in the Asian region as well. The phylogenetic analysis showed that the two submitted

Fig. 2. Citrus cultivars showed the symptoms of Mild mosaic (A and B); backward leaf bending (C); Leaf curling (D).
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Table 1
Mechanical inoculation of CBLVd on different citrus cultivars.
Sr#  Variety Number of Number of plants with successful Number of plants withno ~ Symptoms observed Infection
Inoculated Plants inoculation followed by RT-PCR symptoms or died %
confirmation
1 Kinnow 15(12+3 8 3 died +4 with no Mild mosaic and mid vein 66.66
control) symptoms including necrosis, Slight leaf bending
control
2 Mosambi 15(12+3 8 2 died+ 5 with no Mild mosaic and mid vein 66.66
control) symptoms including necrosis
control
3 Feutrell’s 15(12 +3 6 9 with no symptoms Mild mosaic and leaf curling 50
Early control) including control
4 Lemon 15(12+3 3 12 plants showed no Mild mosaic 25
control) symptoms including
control
Table 2
Graft inoculation of CBLVd on different citrus cultivars.
Sr#  Variety Number of Number of plants with successful Number of plants with no Symptoms observed Infection
Inoculated Plants inoculation followed by PCR confirmation = symptoms or died %
1 Kinnow 15 (12 + 3 control) 11 4, including control Mild mosaic and slight 91.66
showed no symptoms leaf bending
2 Mosambi 15(12 + 3 control) 9 6, including control Mild mosaic and slight 75
showed no symptoms leaf bending
3 Feutrell’s 15 (12 + 3 control) 7 8, with no symptoms Mild mosaic 58.33
Early including control
4 Lemon 15 (12 + 3 control) 5 10, with no symptoms Mild mosaic 41.66

including control

M1 2 3 4 5 6 7 8 9 10 11 12

15 16 17

Fig. 3. RT-PCR confirmed the presence CBLVd in inoculated citrus samples. Lane M: Marker (100 bp DNA ladder); Lane 1-4: CBLVd in Kinnow;
Lane 5-8: CBLVd in Mosambi; Lane 9-12: CBLVd in Feutrell’s early; Lane 13-16: CBLVd in Lemon; Lanel7: Negative Control; Lane 18:
Healthy sample.

isolates were 100% similar and had a more than 90% sequence similarity with the CBLVd isolates in different parts of the world. It was
also interesting to find that the sequences of submitted CBLVd isolated had slight genetic variability from the already reported isolate
from Pakistan. The genetic relevance among those was more than 90 % (90-92%).

4. Discussion

The PCR confirmed the presence of viroids by producing the amplicons of 233bp [17]. The sequenced clones were 100% alike;
therefore, mandarin ‘kinnow’ was used as an infected source on all the indicator plants and symptoms were observed (Tables 1 and 2).
In mechanical transmission, the mild mosaic was observed in all four varieties viz., Kinnow, Mosambi, Feutrell’s early and lemon.
Whereas mid vein necrosis and slight leaf bending in Kinnow were also observed. Mosambi and Feutrell’s early showed mid-vein
necrosis, leaf curling, and mild mosaic. Similarly, in transmission through vegetative propagation, mild mosaic and slight leaf
bending were observed in Kinnow and Mosambi. Meanwhile, Feutrell’s early and lemon showed a mild mosaic only. Like other citrus
viroids, CBLVd is widely distributed and can deteriorate the quality of citrus. CBLVd alone or in combination is leading the citrus
orchards toward decline [30]. Our results were in close conformity with previous literature. Results regarding transmission and
symptomology in our study are in accordance with the results of Cao et al. [11], Mathioudakis et al. [13] and Pagliano et al. [35]. The
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expression of symptoms in response of CBLVd infection in our study was similar to the symptoms reported by Iftikhar et al. [42]. Citrus
viroids induce characteristic symptoms like dwarfing, leaf bending, mid-vein, and petiole necrosis [24]. The slight leaf-bending
symptoms on the inoculated calamondins correspond to the symptoms induced by CBLVd infections in citrus regardless of vari-
eties, as reported in Etrog citron [36].

Different means of transmission for CBLVd, such as through cell sap and grafting, have been well studied [8,9]. Symptoms
expression in citrus viroid infection varies depending upon the host reaction [36]. Characteristic symptoms of single viroid infection
have been observed on Ertog citron which is considered a biological indicator of CBLVd [10,37]. Successful transmission of citrus
viroid, including CBLVd, through mechanical and propagative means has also been reported [6,38,39]. However, mechanical inoc-
ulation by stem perforation or leaf friction is commonly used [3,40]. The transmission mode of citrus viroids should be monitored to
avoid contact loss due to viroid [41]. Previously described results have evidence of mechanical and graft transmissibility of citrus
viroids on a few indicator plants.

Moreover, complete viroid sequencing is needed to characterize the CBLVd isolate and its impact on the expression of symptoms in
the host. Therefore, our study will be a link to investigate the host reaction towards different citrus viroids concerning CBLVd. To our
knowledge, this is the first transmission study on CBLVd transmission in Pakistan. The sequences from our study had high similarity
with the isolates from Uruguay, Iran, China, Malaysia, Japan, and Pakistan [10, 11, 16, 33, 42]. Phylogenetic analysis also revealed
that all the Asian isolates of CBLVd are more similar. Still, slight genetic variation occurs with already known isolates [11] from
Pakistan (Fig. 4). This slight variation may be due to our study’s partial genome sequencing. It showed that the two submitted isolates
had a high sequence similarity from 90 to 98% with the CBLVd isolates in the different parts of the world. The sequences from our study
had high similarity to Uruguay, Iran, Chinese, Malaysian, Japanese and Pakistan isolates. However, the sequences of these isolates had
a slight variation from previously reported Pakistani isolates compared to the isolates from the rest of the world. This is more likely due
to the partially sequenced CBLVd genome in our study.

KF726095.1 (China)

AB054641.1 (Japan)

KF726094.1 (China)

AB019509.1 (Japan)

KF726092.1 (China)

KF726091.1 (China)

MN885661.1 (Pakistan)

KF726096.1 (China)

KT725631.1 (China)

KF726098.1 (China)

AB054639.1 (Japan)

KF726097_1 (China)

AB054640.1 (Japan)

MW183820.1 (Pakistan)

MVW183821.1 (Pakistan)

KY654685.1 (Iran)

AF428053.1 (Uruguay)

AF359270.1 (Uruguay)

MF346702.1 (Malaysia)

KX823340.1 (Malaysia)

KM214212.1 (Thailand)

GQ246193.1 (Spain)

e Eap el

JF742600.1 (China)

Fig. 4. Phylogenetic analysis of Citrus bent leaf viroid isolates MW183820.1 and MW183821.1 from Citrus reticulata and C. sinensis from Pun-
jab, Pakistan.
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Moreover, CBLVd has three isolates [12]; therefore, the exact characterization and determination of CBLVd isolates is possible upon
complete genome sequencing. The complete genome sequencing and characterization lead to the future direction of research related to
CBLVd in Pakistan. A distinct CBLVd isolates CVd-I-LSS size of 325-330 nt had a similarity in sequence of 82-85% with CVd-I [23]. Our
results of biological indexing and sequencing also support the first report of CBLVd in Pakistan [11]. CBLVd like RNA molecules were
successfully characterized and separated from the other citrus viroids through sPAGE [23]. Based on our results, the study concluded
that biological indexing, mechanical transmission, RT-PCR, and sequence analysis provided the identity of CBLVd from the citrus
samples.

5. Conclusions

It is concluded that CBLVd infects different commercially available citrus cultivars in citrus-growing areas of Punjab, Pakistan. All
citrus cultivars used in the study were found to be susceptible to CBLVd with different symptoms in different citrus cultivars. The
transmission rate was maximum in mandarin and sweet orange as these are the two major cultivated varieties in citrus growing areas of
the Punjab, Pakistan. An emerging viroid’s infection and transmission rate can be lethal to citrus quality. Lemon has been found with
the minimum transmission rate. The transmission trials showed that grafting is an efficient transmission mode of citrus viroids. The
phylogenetic analysis revealed the genetic variation among the CBLVd from Pakistan and the rest of the world. Characterization of
different CBLVd isolates is a dire need to sequence the complete genome of the isolates present in Pakistan.

Limitations

Biological and molecular characteristics are essential for efficient management of CBLVd. It’s challenging to differentiate from
other viroids that produce comparable symptoms. It is necessary to use sensitive molecular methods like RT-PCR. As there is no known
control, management is achieved by resistance cultivars and hygienic practices. Questions remain unanswered about long-term effects,
resistance development potential, and particular transmission routes.

Data availability statement

Data will be made available on request.
Human and animal’s rights

No human or animal participants were involved in this research.
CRediT authorship contribution statement

Mustansar Mubeen: Writing — review & editing, Writing — original draft, Visualization, Validation, Data curation. Faheema
Bakhtawar: Writing — review & editing, Methodology, Investigation, Data curation. Yasir Iftikhar: Writing — review & editing,
Supervision, Conceptualization. Qaiser Shakeel: Writing — review & editing, Formal analysis. Ashara Sajid: Writing — review &
editing, Methodology, Investigation. Rashid Igbal: Writing — review & editing, Software. Reem M. Aljowaie: Writing — review &
editing, Project administration. Talha Chaudhary: Writing — review & editing, Resources, Funding acquisition.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgments

The authors extend their appreciation to the Researchers Supporting Project number (RSP2024R418), King Saud University,
Riyadh, Saudi Arabia.

References

[1] M.U. Yasin, M.A. Arain, U. Zulfiqar, M.A. Tahir, A. Bilal, M. Ilyas, K. Hayat, Tomato leaf curl virus disease (TLCVD) and its resistance management practices,
J. Global Innovation Agric. Soc. Sci. 5 (2017) 99-104.

[2] M. Keremane, K. Singh, C. Ramadugu, R.R. Krueger, T.H. Skaggs, Next generation sequencing, and development of a pipeline as a tool for the detection and
discovery of citrus pathogens to facilitate safer germplasm exchange, Plants 13 (3) (2024) 411, https://doi.org/10.3390/plants13030411.

[3] R.S. Garcia-Estrada, A. Diaz-Lara, V.H. Aguilar-Molina, J.M. Tovar-Pedraza, Viruses of economic impact on tomato crops in Mexico: from diagnosis to
management-A review, Viruses 14 (6) (2022) 1251, https://doi.org/10.3390/v14061251.

[4] T.Dang, S. Bodaghi, F. Osman, J. Wang, T. Rucker, S.H. Tan, A. Huang, D. Pagliaccia, S. Comstock, I. Lavagi-Craddock, K.R. Gadhave, A comparative analysis of
RNA isolation methods optimized for high-throughput detection of viral pathogens in California’s regulatory and disease management program for citrus
propagative materials, Front. Agron. 4 (2022) 911627, https://doi.org/10.3389/fagro.2022.911627.


http://refhub.elsevier.com/S2405-8440(24)04240-3/sref1
http://refhub.elsevier.com/S2405-8440(24)04240-3/sref1
https://doi.org/10.3390/plants13030411
https://doi.org/10.3390/v14061251
https://doi.org/10.3389/fagro.2022.911627

M. Mubeen et al. Heliyon 10 (2024) e28209

[5]
[6]
71
[8]
[91
[10]
[11]

[12]
[13]

[14]
[15]
[16]
[17]
[18]
[19]
[20]

[21]

[22]
[23]
[24]
[25]
[26]
[27]
[28]

[29]

[30]
[31]
[32]
[33]
[34]
[35]
[36]

[37]
[38]

[39]
[40]

[41]

B. Navarro, S. Ambrds, F. Di Serio C. Hernandez, On the early identification and characterization of pear blister canker viroid, apple dimple fruit viroid, peach
latent mosaic viroid and chrysanthemum chlorotic mottle viroid, Virus Res. 323 (2023) 199012, https://doi.org/10.1016/j.virusres.2022.199012.

R.W. Hammond, Viroid disease control and strategies, in: Fundamentals of Viroid Biology, Academic Press, 2024, pp. 323-335, https://doi.org/10.1016/B978-
0-323-99688-4.00020-1.

C. Zhou, J.V. da Graca, J. Freitas-Astua, G. Vidalakis, N. Duran-Vila, I. Lavagi, Citrus viruses and viroids, in: The Genus Citrus. Wood Head Publishing, 2020,
pp. 391-410, https://doi.org/10.1016/B978-0-12-812163-4.00019-X.

T. Vashisth, C. Chun, M. Ozores Hampton, Florida citrus nursery trends and strategies to enhance production of field-transplant ready citrus plants,
Horticulturae 6 (1) (2020) 8.

T. Gucek, J. Jakse, S. Radisek, Optimization and validation of singleplex and multiplex RT-qPCR for detection of citrus bark cracking viroid (CBCVd), hop latent
viroid (HLVd), and hop stunt viroid (HSVd) in hops (humulus lupulus), Plant Dis. 107 (11) (2023) 3592-3601.

Y. Wang, S. Atta, X. Wang, F. Yang, C. Zhou, M. Cao, Transcriptome sequencing reveals novel Citrus bark cracking viroid (CBCVd) variants from citrus and their
molecular characterization, PLoS One 13 (6) (2018) e0198022, https://doi.org/10.1371/journal.pone.0198022.

M.J. Cao, S. Atta, Y.Q. Liu, X.F. Wang, C.Y. Zhou, A. Mustafa, Y. Iftikhar, First Report of Citrus bent leaf viroid and Citrus dwarfing viroid from Citrus in Punjab,
Pakistan, Plant Dis. 93 (8) (2009) 840, https://doi.org/10.1094/PDIS-93-8-0840C.

Y.W. Khoo, Y. Iftikhar, L.L. Kong, G. Vadamalai, Citrus bent leaf viroid, Pertanika J Sch Res Rev. 3 (3) (2017) 31-40. Google Scholar.

M.M. Mathioudakis, N. Tektonidis, A. Karagianni, L. Mikalef, P. Gomez, B. Hasiéw-Jaroszewska, Incidence and epidemiology of citrus viroids in Greece: role of
host and cultivar in epidemiological characteristics, Viruses 15 (3) (2023) 605, https://doi.org/10.3390/v15030605.

M. Eiras, S.R. Silva, E.S. Stuchi, S.A. Carvalho, R.M. Garcéz, Identification and characterization of viroids in Navelina ISA 315’ sweet orange, Trop Plant Pathol
38 (1) (2013) 58-62, https://doi.org/10.1590/51982-56762013000100009.

C. Verniere, L. Botella, A. Dubois, C. Chabrier, N. Duran-Vila, Properties of citrus viroids: symptom expression and dwarfing, International Organization of
Citrus Virologists Conference Proceedings (1957-2010). 15 (15) (2002), https://doi.org/10.5070/C5121096qg.

0. Cohen, O. Batuman, G. Stanbekova, T. Sano, M. Mawassi, M. Bar-Joseph, Construction of a multiprobe for the simultaneous detection of viroids infecting
citrus trees, Virus Gene. 33 (2006) 287-292, https://doi.org/10.1007/s11262-006-0067-7.

T. Ito, K. Ieki, K. Ozaki, Simultaneous detection of six citrus viroids and Apple stem grooving virus from citrus plants by multiplex reverse transcription
polymerase chain reaction, J. Virol. Methods 106 (2) (2002) 235-239, https://doi.org/10.1016/50166-0934(02)00147-7.

T. Gucek, S. Trdan, J. Jakse, B. Javornik, J. Matousek, S. Radisek, Diagnostic techniques for viroids, Plant Pathol. 66 (3) (2017) 339-358, https://doi.org/
10.1111/ppa.12624.

L. Bernad, N. Duran-Vila, A novel RT-PCR approach for detection and characterization of citrus viroids, Mol. Cell. Probes 20 (2) (2006) 105-113, https://doi.
org/10.1016/j.mcp.2005.11.001.

M. Kunta, J.V. Da Graca, M. Skaria, Molecular detection and prevalence of citrus viroids in Texas, Hortic. Sci. (Stuttg.) 42 (3) (2007) 600-604, https://doi.org/
10.21273/HORTSCI.42.3.600.

0.0. Atallah, S.M. Yassin, J. Verchot, New insights into hop latent viroid detection, infectivity, host range, and transmission, Viruses 16 (1) (2024) 30, https://
doi.org/10.3390/v16010030G;

(a) C.R. Vadamalai, S.S. Adkar-Purushothama, Y. Thanarajoo, B. Iftikhar, S.M. Shruthi, T. Sano Yanjarappa, Viroids diseases and its distribution in Asia, in:
Fundamentals of Viroid Biology, Academic Press, 2024, pp. 85-107, https://doi.org/10.1016/B978-0-323-99688-4.00004-3.

T. Ito, H. Ieki, K. Ozaki, T. Iwanami, K. Nakahara, T. Hataya, T. Ito, M. Isaka T. Kano, Multiple citrus viroids in citrus from Japan and their ability to produce
exocortis-like symptoms in citron, Phytopathology 92 (5) (2002) 542-547, https://doi.org/10.1094/PHYTO0.2002.92.5.542.

M. Sufyan, U. Daraz, S. Hyder, U. Zulfigar, R. Igbal, S.M. Eldin, F. Rafig, N. Mahmood, K. Shahzad, M. Uzair, S. Fiaz, An overview of genome engineering in
plants, including its scope, technologies, progress and grand challenges, Funct. Integr. Genom. 23 (2) (2023) 119.

G.A. Chambers, A.D. Geering, P. Holford, M.A. Kehoe, G. Vidalakis, N.J. Donovan, A reverse transcription loop-mediated isothermal amplification assay for the
detection of citrus exocortis viroid in Australian citrus. Australas, Plant Pathol. 52 (2) (2023) 121-132, https://doi.org/10.1007/513313-023-00903-1.

A. Abualrob, O. labdallah, R.A. Kubaa, S.M. Naser, R. Alkowni, Molecular detection of Citrus exocortis viroid (CEVd), Citrus viroid-III (CVd-III), and Citrus
viroid-IV (CVd-1V) in Palestine, Sci. Rep. 14 (2024) 423, https://doi.org/10.1038/541598-023-50271-5.

M. Malfitano, M. Barone, N. Duran-Vila, D. Alioto, Indexing of viroids in citrus orchards of Campania, Southern Italy, J. Plant Pathol. 87 (2) (2005) 115-121.
https://www.jstor.org/stable/41998221.

T. Ito, H. Ieki, K. Ozaki, A population of variants of a viroid closely related to citrus viroid-I in citrus plants, Arch. Virol. 145 (2000) 2105-2114, https://doi.org/
10.1007/5007050070042.

A. KhokharVoytas, M. Shahbaz, M.F. Magsood, U. Zulfiqar, N. Naz, U.Z. Igbal, M. Sara, M. Ageel, N. Khalid, A. Noman, F. Zulfiqar, Genetic modification
strategies for enhancing plant resilience to abiotic stresses in the context of climate change, Funct. Integr. Genom. 23 (3) (2023) 283.

S. Atta, U.U. Umar, M.A. Bashir, A. Hannan, A.U. Rehman, S.A. Naqvi, C. Zhou, Application of biological and single-strand conformation polymorphism assays
for characterizing potential mild isolates of Citrus tristeza virus for cross protection, Amb. Express 9 (174) (2019) 1-7, https://doi.org/10.1186/513568-019-
0903-5.

Y. Iftikhar, S.M. Mughal, M. Ashfaq, M.A. Khan, 1.U. Haq, Some biological and physical properties of yellow vein clearing virus of lemon, Pak J Phytopathol 16
(1) (2004) 5-8. Google Scholar.

F. Bakhtawar, Y. Iftikhar, M.A. Zeshan, M.I. Hamid, Detection of citrus bent leaf viroid in citrus orchards of Sargodha, Pakistan, Arab J. Plant Protect. 39 (2)
(2021) 159-163, https://doi.org/10.22268/AJPP-039.2.159163.

K. Nakahara, T. Hataya, I. Uyeda, H. Ieki, An improved procedure for extracting nucleic acids from citrus tissues for diagnosis of citrus viroids, Japan J
Phytopathol 64 (6) (1998) 532-538, https://doi.org/10.3186/jjphytopath.64.532.

K. Tamura, G. Stecher, D. Peterson, A. Filipski, S. Kumar, MEGA6: molecular evolutionary genetics analysis version 6.0, Mol. Biol. Evol. 30 (12) (2013)
2725-2729, https://doi.org/10.1093/molbev/mst197.

G. Pagliano, M. Peyrou, R. Del Campo, L. Orlando, A. Gravina, R. Wettstein, M. Francis, Detection and characterization of citrus viroids in Uruguay, in:
International Organization of Citrus Virologists Conference Proceedings (1957-2010), 2000, https://doi.org/10.5070/C58t2199rt, 14(14).

M. Gandia, N. Duran-Vila, Variability of the progeny of a sequence variant Citrus bent leaf viroid (CBLVd), Arch. Virol. 149 (2) (2004) 407-416, https://doi.org/
10.1007/500705-003-0219-1.

J.A. Szychowski, G. Vidalakis, J.S. Semancik, Host-directed processing of Citrus exocortis viroid, J. Gen. Virol. 86 (2) (2005) 473-477, https://doi.org/10.1099/
vir.0.80699-0.

T. Iwanami, Citrus viroids and minor citrus viruses in Japan, Jpn. Agric. Res. Q. 57 (3) (2023) 195-204, https://doi.org/10.6090/jarq.57.195.

M. Tessitori, Apscaviroids infecting citrus trees, in: A. Hadidi, R. Flores, J.W. Randles, P. Palukaitis (Eds.), Viroids and Satellites, edition, Academic Press,
Boston, 2017, pp. 243-249. Google Scholar.

S. Cerni, K. Hanéevi¢, D. Skori¢, Citruses in Croatia—cultivation, major virus and viroid threats and challenges, Acta Bot. Croat. 79 (2) (2020) 228-235, https://
doi.org/10.37427 /botcro-2020-027.

H. Zeitooni, S.M.B. Hashemian, M. Shams-Bakhsh, Detection of hop stunt viroid variants from naturally infected kumquat and limequat trees in Mazandaran
Province, Iran, J. Plant Pathol. 105 (2) (2023) 545-556, https://doi.org/10.1007/s42161-023-01347-8.

Y. Iftikhar, Y.W. Khoo, T. Murugan, et al., Molecular and biological characterization of citrus bent leaf viroid from Malaysia, Mol. Biol. Rep. 49 (2022)
1581-1586, https://doi.org/10.1007/s11033-021-06930-9.


https://doi.org/10.1016/j.virusres.2022.199012
https://doi.org/10.1016/B978-0-323-99688-4.00020-1
https://doi.org/10.1016/B978-0-323-99688-4.00020-1
https://doi.org/10.1016/B978-0-12-812163-4.00019-X
http://refhub.elsevier.com/S2405-8440(24)04240-3/sref8
http://refhub.elsevier.com/S2405-8440(24)04240-3/sref8
http://refhub.elsevier.com/S2405-8440(24)04240-3/sref9
http://refhub.elsevier.com/S2405-8440(24)04240-3/sref9
https://doi.org/10.1371/journal.pone.0198022
https://doi.org/10.1094/PDIS-93-8-0840C
http://refhub.elsevier.com/S2405-8440(24)04240-3/sref12
https://doi.org/10.3390/v15030605
https://doi.org/10.1590/S1982-56762013000100009
https://doi.org/10.5070/C5121096qg
https://doi.org/10.1007/s11262-006-0067-7
https://doi.org/10.1016/S0166-0934(02)00147-7
https://doi.org/10.1111/ppa.12624
https://doi.org/10.1111/ppa.12624
https://doi.org/10.1016/j.mcp.2005.11.001
https://doi.org/10.1016/j.mcp.2005.11.001
https://doi.org/10.21273/HORTSCI.42.3.600
https://doi.org/10.21273/HORTSCI.42.3.600
https://doi.org/10.3390/v16010030G
https://doi.org/10.3390/v16010030G
https://doi.org/10.1016/B978-0-323-99688-4.00004-3
https://doi.org/10.1094/PHYTO.2002.92.5.542
http://refhub.elsevier.com/S2405-8440(24)04240-3/sref22
http://refhub.elsevier.com/S2405-8440(24)04240-3/sref22
https://doi.org/10.1007/s13313-023-00903-1
https://doi.org/10.1038/s41598-023-50271-5
https://www.jstor.org/stable/41998221
https://doi.org/10.1007/s007050070042
https://doi.org/10.1007/s007050070042
http://refhub.elsevier.com/S2405-8440(24)04240-3/sref27
http://refhub.elsevier.com/S2405-8440(24)04240-3/sref27
https://doi.org/10.1186/s13568-019-0903-5
https://doi.org/10.1186/s13568-019-0903-5
http://refhub.elsevier.com/S2405-8440(24)04240-3/sref30
http://refhub.elsevier.com/S2405-8440(24)04240-3/sref30
https://doi.org/10.22268/AJPP-039.2.159163
https://doi.org/10.3186/jjphytopath.64.532
https://doi.org/10.1093/molbev/mst197
https://doi.org/10.5070/C58t2199rt
https://doi.org/10.1007/s00705-003-0219-1
https://doi.org/10.1007/s00705-003-0219-1
https://doi.org/10.1099/vir.0.80699-0
https://doi.org/10.1099/vir.0.80699-0
https://doi.org/10.6090/jarq.57.195
http://refhub.elsevier.com/S2405-8440(24)04240-3/sref38
http://refhub.elsevier.com/S2405-8440(24)04240-3/sref38
https://doi.org/10.37427/botcro-2020-027
https://doi.org/10.37427/botcro-2020-027
https://doi.org/10.1007/s42161-023-01347-8
https://doi.org/10.1007/s11033-021-06930-9

	Biological and molecular characterization of citrus bent leaf viroid
	1 Introduction
	2 Materials and methods
	2.1 Biological indexing and mechanical transmission
	2.2 Sample acquisition and RT-PCR conditions
	2.3 Phylogenetic analysis

	3 Results
	4 Discussion
	5 Conclusions
	Limitations
	Data availability statement
	Human and animal’s rights
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	References


