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Introduction

Citrus tristeza virus (CTV) is one of the most devastating citrus diseases in Iran. The CTV genome is a
positive single-stranded RNA molecule with a size of 19.3 kb containing 12 open reading frames (ORFs). CTV
encodes two different coat proteins, of which the small coat protein (CPm) covers only the 3' end of the genome.
CTV infected trees show symptoms such as stunting, yellows, reduced vigor and death. In addition, CTV
generates three typical disease syndromes, including quick decline, stem pitting and seedling yellows. In total,
more than 259 thousand hectares of citrus are grown in the north and south of Iran. Considering the lack of the
complete genome sequence of Iranian CTV isolates and the different climatic conditions in citrus cultivation in
the north and south of Iran, the genome of CTV isolates from Iran was determined for the first time and their
phylogenetic relationships with other CTV isolates were studied.

Materials and Methods

In spring and fall 2015, 30 samples from Mazandaran province in northern Iran and 25 samples from Fars
province in southern Iran were collected from trees suspected of being infected with CTVs. Total RNA was
extracted using the RNX-Plus kit according to the manufacturer's instructions. CTV was identified using the
specific primer pair CPF (5’AAAGAAGGCGACGATGTTGTYI) and CPR
(5’AGCTCCGGTCCAAGAAATCTG3') designed based on the coat protein gene of CTV. Reverse transcription
was performed using MMuULV reverse transcriptase (Pars Tuos, Iran) and PCR reaction was performed using
Amplicon 2x PCR Master Mix (Amplicon, Denmark). Infected samples were grafted onto sour orange seedlings.
SRNAs were extracted using a protocol developed by Carra et al. (2006), and SRNA libraries were prepared
according to the CATS protocol (Turchinovich et al., 2014). One microgram of each library was sequenced on
the Illumina HiSeq2500 platform from Macrogen, South Korea. The CTV strains were determined by virtual
replication and digestion or alignment of the region between the small coat protein (Cpm) and coat protein (Cp)
genes. The phylogenetic tree was constructed by the maximum likelihood method using the T92+1 nucleotide
substitution model with 500 bootstrap repeats by MEGAY. The nucleotide and amino acid similarity matrix was
calculated using SDTv.1.2 software. Potential recombination events in the genome were determined using RDP
v.5.5.
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Results and Discussion

CTV infection was detected in 17 samples from Mazandaran province (56% of samples) and in 8 samples
from Fars province (33% of samples) using a CPF/R-specific primer pair. CTV symptoms were mild to severe
stunting, chlorosis, yellowing, vein yellowing, and severe decline in the citrus samples from the north of Iran,
while CTV symptoms in the samples from the south of Iran were stunting, chlorosis, dieback and quick decline.
Three months post inoculation, symptoms of severe stunting and chlorosis appeared in seedlings inoculated with
isolates from the north, while mild stunting and yellowing appeared in seedlings of sour orange inoculated with
CTV isolates from the south. By assembling the contigs obtained from the RNA-seq data, the complete genomes
of IR-Northl, IR-North2, IR-Southl, and IR-South2 isolates were reconstructed with lengths of 19296, 19302,
19252, and 19251 nucleotides, respectively. The Iranian CTV isolates had nucleotide similarity in the range of
95.2-77.5% with other CTV isolates deposited in GenBank. The polymerase, P65, and coat protein genes of the
Iranian CTV isolates showed identity at the amino acid level of 80.6-94.1%, 88-93.9%, and 92.4-96.4%,
respectively, with other CTV isolates. Analysis of the CTV strains revealed that IR-Northl resembles the severe
decline strain belonging to genotypic group T36, while IR-South2, IR-North2, and IR-Southl belong to the stem
pitting and seedling yellows strains of genotypic group VT/T3 and are similar to strains T3, SY, and T318A,
respectively. In the phylogenetic tree based on the full length of the CTV genome, three subclades were
designated: VT, T68, and T36. IR-North2, IR-Southl, and IR-South2 isolates were grouped into VT, and IR-
North1 isolate was grouped into T36. Like the reference CTV isolate, the four Iranian CTV isolates had 12 open
reading frames. Examination of the Replicase, RdRp, P65, P61, CPm, and CP proteins revealed 280 amino acid
substitutions in 33 conserved motifs in Iranian CTV isolates. The isolate IR-Northl had only five substitutions;
however, 97, 85, and 93 substitutions occurred in the isolates IR-North2, IR-Southl, and IR-South2,
respectively. Most substitutions were found in the replicase and p61 proteins, which are involved in virus
replication and assembly, respectively. RdRp and p23 proteins had the least amino acid substitutions. No known
conserved motif was observed in P33, P6, P18, P13, and P20 proteins. In addition, IR-Northl, IR-North2, and
IR-Southl were recombinant. In IR-Northl, 1426 nucleotides in the P65 gene and 773 and 2444 nucleotides in
the replicase gene were recombinant in IR-North2 and IR-South1 isolates, respectively.

Conclusion

An analysis of symptoms, nucleotide diversity, dominant strains, and the phylogenetic relationship of the
four Iranian CTV isolates sequenced in this study revealed that two isolates from northern Iran were quick
decline and seedling yellows strains, falling within the genotypic groups T36 and VT. These groups were
distinguished by distinct symptoms and a separate phylogenetic position. Conversely, the two southern CTV
isolates were closely associated with CTV stem pitting strains, classified into genotypic groups VT and T3,
sharing a close phylogenetic position.
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Figure 1- Symptoms associated with citrus tristeza disease. A: Healthy Thomson orange tree (Neka), B: Severe stunting,
yellowing, and die back on blood orange tree (Sari), C: Stunting, mild yellowing, and small leaves on Thomson orange tree
(Neka), D: Mild yellowing and small leaves on blood orange tree (Sari), E: Stunting, small fruit size, and mild yellowing on
Valencia orange tree (Sari), F: Stunting, mild yellowing, and small leaves on Thomson orange tree (Neka), G: Decline and
dieback on orange tree (Neka), H: Dieback, small leaves, and defoliation on blood orange tree (Sari), I: Severe decline and
dieback on blood orange tree (Sari), J: Green decline, stunting, and defoliation on lemon tree (Khafr), K: Green decline,
small leaves, and defoliation on lemon tree (Khafr), L: Green decline, small leaves, and defoliation on Omani lemon tree
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Figure 2- Symptoms of CTV isolates on healthy sour orange seedlings three months after inoculation. A: Leaf chlorosis and
severe stunting caused by inoculation with IR-Northlisolae, B: Growth reduction caused by inoculation with IR-North2
isolate, C: Yellowing and stunting caused by inoculation with IR-South2 isolate, D: Symptoms of yellowing and growth
reduction caused by inoculation with IR-Southl isolate.
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Figure 3- Alignment of a 78-nucleotide fragment containing the 25 nucleotides at the end of the p27 gene and the beginning of

the intergenic region between p27 and p25 genes in the sequenced strains and reference strains of CTV for determining the
genotypic group of lranian CTV strains
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Table 2- Differentiation of Citrus tristeza virus strains using in silico amplification of the intergenic region between Cp and
Cpm genes with different primers and virtual enzymatic digestion of the amplified fragment with the restriction enzyme
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VT EU937519 78 234 NF 80-154 NF Phenylalanine
T3 EU857538 78 234 NF 80-154 NF Phenylalanine
SY AB046398 78 234 NF 80-154 NF Phenylalanine
T36 U16304 NF 235 816 NF NF Phenylalanine
IR-Northl NF NF 235 816 NF NF Phenylalanine
IR-North2 NF 78 234 NF 80-154 NF Phenylalanine
IR-Southl NF 78 234 NF 80-154 NF Phenylalanine
IR-South2 NF 78 234 816 80-154 NF Phenylalanine

NF: not found
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Table 3- Similarity of the encoded protein amino acids of Iranian CTV strains with each other and reference strains of Citrus
tristeza virus
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. Accession (R 3 by W > 3} I} N N} = = ~ ~ S

Strain/lsolate number % 3 % 35 @ o = ~ a o w S @ =
T36 U16304 97 100 959 97 964 994 982 983 982 997 99.2 99.7 969 96.7 985

VT EU937519 785 68 70.2 783 825 878 87.6 868 87.7 926 927 911 878 87.8 96
sY AB046398 787 635 706 78 822 872 872 861 885 926 925 90.3 887 88.6 96.3

T318A DQ151548 78.7 619 704 784 829 872 875 863 876 926 919 90.8 885 889 96

IR-Northl T3 EU857538 784 712 701 77.8 817 878 874 868 867 926 923 906 882 87.8 96
T30 AF260651 796 548 702 771 817 885 92 933 921 929 946 911 874 878 95.6
IR-North2 - 78 625 70 777 813 872 866 855 884 926 921 89.2 889 87.1 956

IR-Southl - 779 619 699 776 815 872 859 858 876 914 911 908 87.8 887 96
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Figure 4- A phylogenetic tree drawn using the nucleotide sequences of complete genomes of Iranian strains and complete
genomes of CTV strains available in the gene bank
The tree was constructed using the Maximum Likelihood method and the Tamura-3-parameters nucleotide substitution model with
500 bootstrap replicates in the MEGAT7 software package. The accession numbers and characteristics of the CTV strains available in
the gene bank are listed in Table 1. The sequenced strains in this study are indicated by A
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Figure 5- Schematic representation of the CTV genome organization and the conserved motifs found in CTV-encoded

proteins
The characteristics of the motifs and variation of amino acids in conserved regions in Iranian CTV isolates are shown in Table 4.
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Figure 6- A schematic representation of the recombination event location in the genome of Iranian CTV strains
The breakpoints of the recombination fragment are listed in Table 5.

CTV Glpl gbaslas 0g35 10 bud (o lwlid oS Jgi dnlad Olasein -0 Joua
Table 5- Characteristics of the identified recombination fragment in the genome of Iranian CTV strains

. ) ol . 6 y13bine
ale Sl Jsb Candse Parents b3y (99, Wi
Isolate Frequency length Position ol S Detection methods -~
. . pValue
Major Minor
12712- U16304.1
IR-Northl 2 1426 14138 AY340974 NC001661 R.G.B.M.C.S.Se 2.23E-05
IR-North2 5 773 106-879 AB046398 KC517494 R.G.B.M.C.S.Se 1.37E-10
EU937519
KJ790175 AF001623 9.39E-06
IR-southl 4 2444 3974-6418 MK491895 EU937519 R.G.B.M.C.S.Se
MW689620

Abbreviations used for recombination detection programs; R: RDP, G: GENECONV, B: Bootscan, M: Maxchi, C: Chimaera, S:
SiSscan, P: PhylPro, Se: 3Seq. Recombination-detecting programs representing significant signal showed in bold; (c): The greatest P-
value calculated by the program for the recombination event. The highest reported P-value for the program showed in underlined in

RDPA4.
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