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ABSTRACT

Citrus exocortis viroid (CEVd) is the causal agent of exocortis disease, the economically important viroid disease of
citrus. In this research, sequence polymorphism and population structure of CEVd were investigated in CEVd tolerant
and sensitive hosts (sour orange (Citrus aurantium L.) and citrange (Poncirus trifoliata (L.) Raf. x C. sinensis (L.),
respectively) seedlings. Full-length in vitro transcript of single sequence CEVd-S1 isolate was used for mechanical
inoculation. The genetic diversity of CEVd populations was estimated in two citrus hosts by single-strand
conformation polymorphism (SSCP) and sequencing. The analysis of cloned DNAs recovered from infected hosts by
this isolate demonstrated that host species was effective on the variability within a single CEVd isolate. The amount
and composition of the genetic diversity were different among the two hosts, and was higher in the tolerant host
compared with the sensitive one. Furthermore, the analysis of thermodynamic secondary structures illustrated that
nucleotide changes identified in this study did not induce major modifications in the viroid rod-like secondary
structure.
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Figure 1. RT-PCR product of viroid infected and negative control seedlings using specific primer pair. Lanes 1, 2 and
3, negative control of sour orange; lanes 4, 5 and 6, infected sour orange; lanes 7, 8 and 9, infected citrange; lanes 10,

11 and 12, negative control of citrange; M: 100bp plus DNA Ladder (GeneRuler TM, SM0321, 100bp Plus DNA
Ladder, Fermentas, Germany).

0 XX slacsal, oV ol S L J5 o Citrus exocortis viroid (slacsl,ls SSCP (63,485 x5! 56301 .Y S
V4 il ls A Sal, V3 il s oV Saly VI cdljlg o Saly, V2 il jlg F Saly S1 piog b il ylg A g

Figure 2. Single strand conformation polymorphism analysis in 14% polyacrylamide gel of cloned full-length Citrus
exocortis viroid sequences. Lanes 1, 3, 4, 5 and 8: wild type variant (CEVd-S1), lane 2, V2; Lane 6, V1, lane 7, V3;
lane 9.V4.

&y 5 75,0 Glijwe 9o o Citrus exocortis viroid glacily g aidly poss sloassalSe g slas, Jlgld ) Jgoo
S1 &lax b oads Giake

Table 1. Citrus exocortis viroid sequence variation and occurrence frequency in the progeny generated in two citrus
species inoculated with CEVd-S1

Haplotypes/ . Occurrence frequency (%) Mutations
- Size (nt) -
variant Citrange Sour oranges
KY649365 371 81.67 68.34 nfa’
V1 371 13.33 20 (A103 G), (U 362 G)
V2 371 5 - (U185 A), (U 233C), (U362 G)
V3 371 5 (U233C), (U362G)
V4 371 - 6.66 (C230G), (U362G)

* n/a: not applicable.
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Figure 3. Primary and thermodynamic secondary structures of RNA as predicted by RNAdraw V. 1.1 RNA secondary
structure calculation and analysis algorithm. Mutated nucleotide sites are presented in the square box. A: In variant 1,
the transition from A to G at the position 103 resulted in a change in the size of the loop (-139.07 at 37 °C). B: In
variant 2, the transversion from U to A at the position 185 and transition from U to C at the position 233 did not result
in a change of the predicted secondary structure (-136.29 at 37 °C). C: In variant 3, the transition from U to C at the
position 233 did not result in a change of the predicted secondary structure (-135.96 at 37 °C). D: In variant 4, the
transversion, from C to G at the position 230, resulted in enlargement of the loop (-130.81 at 37 °C). The transversion
from U to G at the position 362 in all of the variants was detected and resulted in a change in the size of the loop.
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Table 2. Population structure of Citrus exocortis viroid-S1 (CEVd-S1) sequence variants

Parameters Citrange population Sour oranges population Total
Haplotype diversity + S.E. 0.318 £ 0.071 0.494 + 0.066 0.411 + 0.050
Nucleotide diversity + S.E. 0.00198 + 0.00047 0.00266 + 0.00035 0.00251 + 0.00030
Haplotype 4 5
Average number of nucleotide differences 0.63616 0.98870 0.86737
Tajima’s D -0.02213 (P>0.10) 0.33319 (P>0.10) -0.14490 (P>0.10)
Fuand Li’s D 0.87333 (P>0.10) 0.98685 (P>0.10) 1.02152 (P>0.10)
Fu and Li’s F 0.69966 (P>0.10) 0.91639 (P>0.10) 0.7584 (P>0.10)
Fu’s F 1.003 0.206
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Table 3. Characteristics of Citrus exocortis viroid (CEVd) isolates used in phylogenetic analysis with concerning
nucleotide sequence identity values (percentage) among S1 and progeny variants in this study with others

- Origin Isolate/Variant

Isolate/ Variant Country Fost ST VI V2 V3 VA

S1 (KY649365) Iran C. sinensis 100 - - - -
V1 (MH265947 Iran P. trifoliata x C. sinensis/ C. aurantium 99.4 100 - - -
V2 (MH265948 Iran P. trifoliata x C. sinensis 99.1 991 100 - -
V3 (MH265949 Iran C. aurantium 994 994 997 100 -
V4 (MH265950 Iran C. aurantium 99.7 997 994 99.7 100
005 (HQ284015 China Citrus tree 99.1 991 100 99.7 994
012 (HQ284022 China Citrus tree 989 989 99.7 994 991
017 (HQ284027 China Citrus tree 986 986 994 991 989
14-1.13 (IX259392) Greece C. sinensis 954 948 954 951 951
2 SKJ538555) Tunisia Citrus tree 96.2 954 959 956 956
a (FJ626863) Iran C. sinensis 949 948 954 951 95.1
A (M30868) Australia C. sinensis 932 924 927 93 92.7
CSC10 (DQ471995) Brazil Vitis vinifera 97.8 986 994 991 989
d (FJ626866) Iran C. sinensis 95.1 951 956 954 954
DE25 K00964g Australia C. sinensis 935 927 93 93.2 93
DE26 (K00965 Australia C. sinensis 99.1 986 989 991 98.9
DE30 (M30871) Australia C. sinensis 989 983 986 989 986
E117 (EU872276) Spain C. clementina 935 927 93 93.2 93
EK3 (JX885866 Greece C. sinensis 95.1 948 954 951 951
-M (AF298178 USA Gynura aurantiaca 986 971 981 983 981
Bl4 (GQ260199) Iran C. sinensis 95.1 952 954 957 955
HB (AY456136 China - 99.4 994 99.7 100 99.7
i-19 (EF488050 Spain Vicia faba 99.1 989 986 989 981
i-20 (EF488049 Spain V. faba 989 986 983 986 989
JA EM30869 Australia C. sinensis 93 922 924 927 924
JB (M30870 Australia C. sinensis 989 983 986 989 986
LMPE3 (EF186989) Iran C. sinensis 943 941 947 945 945
NiagD11 (DQ444474) Brazil V. labrusca 9.4 973 981 978 975
Syl (LN681196) Syria Citrus tree 954 951 956 954 954
TL5 EEU564172) Peru C. latifolia 99.7 991 994 99.7 994
tun/cll (AF540960) Tunisia C. reticulata 943 948 954 954 954
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Figure 4. Citrus exocortis viroid phylogenetic tree constructed based on multiple alignment of full length genomic
nucleotide sequences of Iranian isolate (S1, marked by the symbol “m”), progeny variants obtained in this study (V1,
V2, V3, and V4, are marked by the symbol “ A”) and other 26 isolates using the Maximum likelihood method within
MEGA 6. The numbers indicate bootstrap percentage values (more than 50%) based on 1000 random replicates and
the scale bar is representing 0.01 nucleotide substitutions per site.
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