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Citrus greening, or huanglongbing, is a destructive disease threatening many citrus worldwide, and
drastically altering the global dynamics of the citrus industry. The disease is caused by one of several
unculturable bacterial species belonging to ‘Candidatus Liberibacter’. The recent availability of complete
genome sequences of ‘Candidatus Liberibacter asiaticus’ (CLas) has facilitated comprehensive assessments
of genomic variability using a range of approaches, including short tandem repeat analysis. The objective
of this study was to evaluate the genetic diversity of CLas populations in Saudi Arabia based on tandem
repeat number (TRN) within the CLIBASIA_01645 locus, predicted to encode the bacteriophage C1
repressor protein. Results indicated that the genotype richness of the Saudi Arabian CLas isolates was
conserved by 27% based on the TRN locus. Four different genotypes TRN2, TRN3, TRN4, and TRN5 were
identified. However, the TRN2 and TRN5 were the most dominant genotypes. All four of the TRN
genotypes were associated with CLas-positive mandarin (Citrus reticulata) or sweet orange (C. sinensis)
citrus trees. The diversity (H = 0.69) and evenness (H’=0.914) were overall relatively high, with the north-
ern region of Saudi Arabia harboring the highest diversity (0.7) and evenness score (0.9–1.0).
Phylogenetic analysis of the CLas-bacteriophage C1 repressor protein of the Saudi Arabian isolates indi-
cated CLas was more closely related to ‘Candidatus Liberibacter africanus’ than to ‘Candidatus Liberibacter
americanus’.
� 2022 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Citrus greening (CG), or huanglongbing, is the most important
disease of cultivated citrus trees worldwide (Albrecht and
Bowman, 2012). Citrus greening has been detected in at least 40
countries in Africa, Asia, Oceanian, and North and South American
countries, with approximately 100 million infected trees (Bové,
2006; FAO, 2013). The disease is known as a yellow dragon in
China (Reinking, 1919), yellow shoot in South Africa (Oberholzer
et al., 1965), dieback in India (Capoor, 1963), and phloem necrosis
and vein phloem degeneration in Indonesia (Tirtawidjaja et al.,
1965). The causal agent of CG is obligate phloem-restricted
gram-negative bacteria belonging to alpha Proteobacteria, family
Rhizobiaceae. The bacteria were characterized in 1994 based on
their 16S rDNA sequence and shown to be a genus named Candida-
tus Liberibacter (Jagoeuiex et al., 1994). Three different species of
Candidatus (‘Ca’) Liberabacter that infect the rutaceous family were
identified, including ‘Ca Liberibacter asiaticus’ (CLas), ‘Ca Liberibac-
ter africanus’ (CLaf), and ‘Ca Liberibacter americanus’ (CLam). ‘Can-
didatus Liberibacter asiaticus’ is endemic to Asia and is also known
to occur in Brazil (Sao Paulo), the United States (Florida) (Bové,
2006), Africa (Saponari et al., 2010), and Arabian Peninsula (Bové,
2006). ‘Candidatus Liberibacter africanus’ was found in African
countries (Oberholzer et al., 1965). ‘Candidatus Liberibacter ameri-
canus’ was found in Brazil and South America (Texeira et al., 2005).
‘Candidatus Liberibacter asiaticus’ and ‘Ca Liberibacter americanus’
are transmitted by the Asian citrus psyllid (ACP) Diaphorina citri,
(Kuwayama, 1908) and CLaf by the two-spotted citrus psyllid Tri-
oza erytreae (Del Gurecio), respectively C. This citrus greening dis-
ease was first reported in Saudi Arabia in 1980 based on
characteristic symptoms and electron microscope. Infected trees
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were reported to occur in the Makkah and Asir regions (Bové and
Garnier, 1984). In 2022 the disease was reported in Najran, Al Baha,
Hail, Al Madinah, Al Jawf, Asir, Riyadh, Makkah, and Tabuk regions
(Ibrahim et al., unpublished data). Saudi Arabia occupied almost
four to fifths of the Arab Peninsula, with a total area of around
2,000,000 square kilometers (https://www.stats.gov.sa/en/page/
259). Citrus in Saudi Arabia has been recognized as one of the
important crops after dates and grapes, with total local production
reaching 100,000 tons (Fiaz et al., 2018). In the era of genomics,
molecular data such as genotyping is required for discriminating
between CLas variants within the same species. The ability to dif-
ferentiate species and/or variants of the same species provides
valuable epidemiological data for tracking sources of infection,
determining the genetic diversity of, and developing effective man-
agement practices (Al Obaidi et al., 2018; Singh et al., 2019).
‘Liberibacter asiaticus’ has traditionally been classified based on
the most conserved genomic locus (16S rDNA). Although the 16S
rDNA genomic region exhibits minimal genetic diversity of CLas
(Nelson, 2012), somehow, it has been highly useful for the detec-
tion of Liberibacter species and strains or variants using PCR pri-
mers designed to amplify conserved regions (Coletta-Filho et al.,
2005; Roberts et al., 2015). Other genomic regions, such as beta
operon of ribosomal protein, and outer membrane protein genes
have been somewhat useful for detecting CLas strains, but have
not been useful for genetic differentiation studies (Bastianel
et al., 2005; Deng et al., 2008; Hocquellet et al., 2009). Variable
numbers of tandem repeats (VNTR) have been frequently used to
distinguish other bacterial species (Katoh et al., 2011; Lin et al.,
2005; Ma et al., 2014). For CLas, Katoh (2011) reported that VNTRs
might discriminate CLas isolates more precisely than single
nucleotide polymorphisms. In addition, two related and hypervari-
able genes (hyvI and hyvII) were identified in the prophage region
of CLas strain Psy62 may be used to differentiate CLas strains not
only from samples from various geographical locations origin and
even from a single CLas-infected sample (Putammuk et al., 2014,
Zhou et al., 2011). Locus CLIBASIA 01645 encoding bacteriophage
repressor proteins which regulate phage/prophage activity (Duan
et al., 2009), employed as a sensitive indicator in CLas strain dis-
tinction. Environmental adaptations and pathogenicity may be
affected by variations in this chromosomal region (Liu et al.,
2011). To now, there is no data regarding intraspecies variation
in a population of Saudi Arabian CLas strains based on tandem
repeat number (TRN). This study aimed to assess the genetic diver-
sity in the CLas population prevalent in Saudi Arabia based on the
TRN in the CLIBASIA_01645 locus.
2. Materials and methods

2.1. Bacterial strains

DNA samples of CG-infected citrus trees from the previous
study (Ibrahim et al., unpublished data) were used for the genetic
Table 1
Sampling regions, coordinates, and citrus hosts of ‘Candidatus Liberibacter asiaticus’ collec

Region Latitude Longitude

Makkah 21�2502100N 39�4902400E
Najran 17�2903000N 44�705600E
Al Baha 20�0004500N 41�2705500E
Tabuk 28�2305000N 36�3404400E
Riyadh 24�380N 46�430E
Hail 27�310N 41�410E
Al Madinah (Al Ula) 24�280N 39�360E

2

diversity assessment of Saudi Arabian CLas strains. Detailed infor-
mation on the samples is presented in Table 1.

2.2. Amplification of CLIBASIA_01645 genomic locus

PCR amplification targeting CLIBASIA_01645 was carried out
using specific primer pairs LapGP-1f (50-GACATTTCAACGGTATCG
AC-03) and LapGP-1r (50-GCGACATAATCTCACTCCTT-03) (Chen
et al., 2010). A 25 ll mixture containing 12.5 ll 2x green PCR ready
mix (Promega), 0.4 mM forward/reverse primers, and 100 ng of
template DNA was used for the reaction. PCR amplification was
performed with an initial denaturation at 95�C for 4 min followed
by 35 cycles of 95�C for 30 s, 58�C for 45 s, 72�C for 60 s, and the final
extension at 72�C for 10 min on Nexus gradient master cycler. The
PCR products were separated into 1.5 % (w/v) agarose gels and
stained with acridine orange.

2.3. Nucleotide sequencing, similarity, TRN Analysis, genetic diversity,
and phylogeny analysis

The expected PCR products of CLIBASIA 01645 locus were
cleaned and followed bidirectional sequencing on Macrogen Inc,
Seoul, South Korea. Bioedit version 7. was used to clean, align
and used for in silico translation of the nucleotide sequences.
Cleaned sequences were analyzed further for their similarity to
other deposited sequences on the gene bank using online BLAST
tools on National Center for Biotechnology Information (NCBI) at
https://blast.ncbi.nlm.nih.gov/Blast.cgi. Tandem repeat analysis
was conducted using online Tandem Repeats Finder online soft-
ware, Boston University (https://tandem.bu.edu/trf/trf.html)
(Benson, 1999). The tandem repeats obtained in the software were
further verified manually. The genetic diversity among different
populations of CLas was calculated using Nei’s H value as H = 1 -
P

pi2, where ‘pi’ referred to the frequency of the allele ‘i’ at the
locus (Nei, 1973). The evenness index was calculated as follows:
H relative (H’); H’=H/Hmax where H Max = 1–1/Z; Z = number of
groups of allel. The value of H’ was between 0 and 1, where H’=1
when there was evenness. Statistical analysis was conducted on
the frequency of different TRN using the F test employing analysis
of variance test (Gomez and Gomez, 1984). Phylogeny of Candida-
tus Liberibacter based on bacteriophage repressor protein C1 was
constructed using the MEGA version 11. The bootstrap consensus
tree inferred from 1000 replicates is taken to represent the evolu-
tionary history.
3. Results

3.1. Detection and analysis of locus CLIBASIA 01645 from citrus
samples

The locus CLIBASIA 01645 was detected in field samples, and 50
samples from various citrus growing regions were positive with a
ted from Saudi Arabia.

Altitude
(MASL)*

Host

232–269 Citrus reticulata
1238–1244 C. limon, C. reticulata C. sinensis
1608–1913 C. reticulata, C. sinensis
774–802 C. reticulata, C. sinensis
599–666 C. reticulate
841–852 C. aurantofolia, C. reticulata, C. sinensis
767–827 C. sinensis

https://www.stats.gov.sa/en/page/259
https://www.stats.gov.sa/en/page/259
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single PCR amplicon group. Positive samples were distributed in 22
citrus farms and nurseries throughout seven distinct citrus grow-
ing regions (Table 2). Positive samples were found in the leaves,
midrib, and/or petiole, as well as the placenta within the fruit. Pos-
itive samples were predominantly found in the petiole, accounting
for 36 % of the total. The loci had varying copy numbers of the
motif repeat sequence AGACACA, ranging from 2, 3, 4, and 5 copies.
The number of copies of the theme in positive samples varied, with
34 % having two copies, 8 % having three copies, 40 % having four
copies, and 18 % having five copies (Table 3).

3.2. Mapping of the CLas population in Saudi Arabia based on TRN
profiling in locus CLIBASIA 01645

TRN profiling revealed that the CLas population in Saudi Arabia
had four genotypes: TRN2, TRN3, TRN4, and TRN5. TRN4 genotype
Table 2
Detection and analysis of ‘Candidatus Liberibacter asiaticus’ locus CLIBASIA 01645 from diff

Region Altitude
(MASL)*

Host

Makkah 269 Citrus reticulata
Makkah 232 C. reticulata
Makkah 232 C. reticulata
Makkah 232 C. reticulata
Najran 1225 C. sinensis
Najran 1225 C. sinensis
Najran 1244 C. sinensis
Najran 1244 C. sinensis
Najran 1239 C. limon
Najran 1239 C. limon
Najran 1238 C. reticulata
Najran 1238 C. reticulata
Najran 1238 C. reticulata
Najran 1238 C. reticulata
Najran 1238 C. reticulata
Najran 1238 C. reticulata
Najran 1238 C. reticulata
Najran 1238 C. reticulata
Najran 1238 C. reticulata
Al Baha 1913 C. sinensis
Al Baha 1913 C. sinensis
Al Baha 1608 C. reticulata
Al Baha 1608 C. reticulata
Al Baha 1608 C. reticulata
Al Baha 1608 C. reticulata
Al Baha 1608 C. reticulata
Al Baha 1608 C. reticulata
Tabuk 795 C. sinensis
Tabuk 774 C. reticulata
Tabuk 774 C. sinensis
Tabuk 802 C. sinensis
Riyadh 666 C. reticulata
Riyadh 666 C. reticulata
Riyadh 666 C. reticulata
Riyadh 599 C. reticulata
Hail 852 C.aurantofolia
Hail 852 C.aurantofolia
Hail 852 C.aurantofolia
Hail 852 C. reticulata
Hail 852 C. reticulata
Hail 841 C. sinensis
Hail 841 C.reticulate
Hail 841 C. reticulata
Al Madinah (Al Ula) 827 C. sinensis
Al Madinah (Al Ula) 827 C. sinensis
Al Madinah (Al Ula) 778 C. sinensis
Al Madinah (Al Ula) 781 C. sinensis
Al Madinah (Al Ula) 767 C. sinensis
Al Madinah (Al Ula) 767 C. sinensis
Al Madinah (Al Ula) 767 C. sinensis

*MASL: meter above sea level.
**Midrib.
***Petiole.
****Fruit.
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was the most common, followed by TRN2, TRN5, and TRN3, with
distribution frequencies of 40 %, 34 %, 18 %, and 8 %, respectively.
TRN4 was found in six out of seven citrus-growing regions. The
TRN4 genotype was found in Najran (18 %), Makkah, Hail, Al Mad-
inah (Al-Ula) (6 %), Tabuk, and Riyadh (2 %). The TRN 5 genotype
was found in Najran (6 %), Al Baha and Hail (4 %), Makkah, and
Tabuk (2 %). TRN2 genotype was found in six regions, including
Al Baha (10 %), Najran, Riyadh, Al Madinah (Al-Ula) (6 %), Hail
(4 %), and Tabuk (4 %). TRN3 genotype was found in four regions:
Al Baha, Tabuk, Hail, and Al Madinah (Al-Ula), with a percentage
frequency of 3 % in each. The regions of Tabuk and Hail were the
wealthiest regions for CLIBASIA 01645 in terms of genotype detec-
tion in citrus growing regions, followed by Al Madinah (Al-Ula),
Najran, Al Baha, Makkah, and Riyadh. Tabuk and Hail shared four
genotypes in common. Three genotypes were found in Al Baha,
Najran, and Al Ula, whereas two genotypes were found in Makkah
erent infected citrus cultivars in seven various citrus growing regions in Saudi Arabia.

Source TRN Accession Number

M** 5 OK362253
M 4 OK362257
M 4 OK362261
M 4 OK362264
P*** 4 OK362281
P 4 OK362282
M 4 OK362266
M 4 OK362270
P 5 OK362255
P 4 OK362259
P 5 OK362283
P 2 OK362256
P 4 OK362260
P 4 OK362284
P 2 OK362263
P 4 OK362276
P 2 OK362271
P 5 OK362267
P 4 OK362279
M 5 OK362262
F**** 5 OK362265
F 2 OK362254
F 2 OK362268
M 2 OK362274
F 2 OK362273
F 2 OK362277
F 3 OK362258
M 5 OK362269
M 3 OK362272
F 2 OK362275
F 4 OK362280
M 4 OK362278
M + P 2 OK362250
M + P 2 OK362252
M + P 2 OK362251
P 5 OK362235
P 2 OK362246
P 5 OK362236
P 2 OK362247
M + P 4 OK362237
M + P 3 OK362243
M + P 4 OK362238
P 4 OK362239
P 4 OK362240
P 2 OK362248
P 4 OK362241
P 2 OK362249
P 4 OK362242
P 2 OK362245
P 3 OK362244



Fig. 1. Graphical illustration of ‘Candidatus Liberibacter asiaticus’ genotypes according to tandem repeat numbers CLIBASIA 01645 distribution in different citrus species in
Saudi Arabia.

Table 3
Population structures of ‘Candidatus Liberibacter asiaticus’ (CLas) strains in Saudi Arabia described by the percent frequency of tandem repeat numbers, the diversity index (Nei H’
value) and evenness Index.

Region Number of repeat motif Index

5 4 3 2 Diversity Evenness

Tabuk 2 2 2 2 0.75 1.0
Hail 4 6 2 4 0.72 0.958
Al Madinah (Al Ula) 6 2 6 0.61 0.816
Najran 6 18* 6 0.56 0.747
Al Baha 4 2 10 0.53 0.708
Makkah 2 6 0.38 0.5
Riyadh 2 6 0.38 0.5
Total 18 40 8 34 0.69 0.914

*The highest percentage among CLas TRN genotypes in Saudi Arabia.
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and Riyadh. With a variety rating, the diversity index (H) equal to
0.75, and the evenness index (H’) equal to 1, Tabuk was the most
diverse region. Hail had a high level of variety (H = 0.72) and an
evenness index of 0.958. Al Madinah (Al-Ula) was the third most
diverse (0.61) and evenly distributed region (0.816). Najran and
Al Baha had the same diversity with index values of 0.56 and
0.53, respectively. Makkah and Riyadh were the lowest regions
for diversity, with an index value of 0.38 and the evenness value
was 0.5. CLas genotype distribution was different between citrus
hosts, according to TRN CLIBASIA 01645. In cultivars C. reticulata
and C. sinensis, all TRN genotypes were identified. Each host,
including C. auranntifolia and C. limon, had two TRN. TRN 5 and
TRN 2 genotypes were found in C. aurantifolia, while TRN 5 and
TRN 4 genotypes were found in C. limon. C. reticulata conserved
the majority of genotypes, accounting for 56 % of the total, fol-
lowed by C. sinensis (34 %), C. aurantifolia (6 %), and C. limon (4 %)
(Fig. 1). A comparison of the CLas population of the Saudi Arabian
isolates with other CLas populations throughout the world
revealed that the CLas genotype of Saudi Arabia was relatively
diversified. We noted 17 distinct CLas genotypes from different
regions (countries) worldwide. The CLas population variation in
TRN ranged from 2 to 21 copies of the motif AGACACA. Saudi Ara-
bia retained four of the seventeen CLas genotypes, making the
4

country a diverse genotype compared to other countries. Saudi
Arabia had more CLas diversity (H = 0.69) than China (H = 0.66),
Iran (H = 0.32), and the United States (H = 0.4) (Table 4). Among
the four genotypes in the Saudi Arabia population, only genotypes
with TRN2 and TRN5 were in the frame, with frequencies of 34 %
and 18 % in Saudi Arabia, respectively. Both TRN had been found
in Tabuk, Hail, and Al Baha. The TRN 2 genotype had 651 bp and
encoded 216 amino acids. The TRN 2 genotype was deficient in
the amino acid RHKTQDT. Eight percent of the population of CLas
genotype was detected from the low altitude regions with compo-
sition 2 % of TRN5 genotype and 6 % of TRN4 genotype. Most of the
Clas genotype was distributed in high altitude regions with a com-
position of 34 % TRN 2 and TRN 4, and 16 % were TRN5. Cluster
analysis based on CLas diversity, region, and altitude data showed
that the CLas population in Saudi Arabia could be clustered in three
different main regions, i.e., north, middle, and south regions
(Fig. 2).

4. Discussion

The genetic variability of the CLas population connected to the
CG disease of citrus in Saudi Arabia was explored based on the
diversity of different citrus species using TRN in variable CLIBASIA



Table 4
‘Candidatus Liberibacter asiaticus’ (CLas) population of Saudi Arabia isolates among other CLas populations worldwide based on tandem repeat numbers profiling in locus
CLIBASIA 0164.

Region (country) TRN Total H’ Ref.

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 21

Iran
4 26 1 1 32 0.32

Saberi et al., 2018

China
1 9 19 31 3 2 65 0.66

Chen et al., 2010

USA
2 6 97 4 1 11 1 3 1 126 0.40

Chen et al., 2010
Matos et al., 2013

India

2 2 14 27 21 23 13 12 2 3 2 6 1 1 1 130 0.87

Ghosh et al., 2015
Katoh et al., 2012

Japan
8 19 8 3 8 4 15 9 4 2 1 81 0.86

Katoh et al., 2011

Taiwan
1 1 1 1 4 NC

Katoh et al., 2011

Timor leste
2 1 3 NC

Katoh et al., 2012

Papua New Guinea
1 1 NC

Katoh et al., 2012

Indonesia
2 1 2 3 3 1 12 NC

Katoh et al., 2011

Saudi Arabia 17 4 20 9 50 0.69 This study

Numbers of the total sample and diversity index (H’/Nei value) are highlighted in bold. NC: not calculated because the total number of samples is<30.

Fig. 2. Cluster Analysis of ‘Candidatus Liberibacter asiaticus’ genotypes in Saudi Arabia based on tandem repeat numbers diversity.
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01645 genomic regions. Our findings revealed the heterogeneity of
the Saudi Arabia CLas isolates, which conserved 27 % of the total
genotype CLas reported worldwide (i.e., 17 genotypes). Our data
also revealed that Saudi Arabia’s population was not only hetero-
geneous but also diversified when compared to other populations
worldwide, such as those in Iran and the United States. This finding
could be explained since richness (i.e., the total number of geno-
types found in a given location) and evenness (i.e., distribution fre-
quency of genotypes among each other, i.e., evenness) will
influence the high diversity value (Pyron, 2010). Although the
number of genotypes found in Saudi Arabia was lower than in
the United States (9 genotypes) and Iran (4 genotypes), the fre-
quency of genotypes was even, and the dominance genotype was
quite low. As a result, Saudi Arabia had a high level of diversity.
5

The dominating genotype TRN 4, had the highest frequency in
Saudi Arabia (40 %) across the country, while TRN 5 had the highest
frequency in the United States (77 %) and Iran (81 %), respectively.
Interestingly, the Saudi Arabian dominance genotype differed from
that of other countries. Saudi Arabia possesses TRN 4 and 2 as
dominant genotypes; however, TRN 5 and 7 were the predominant
genotype in many countries. ‘Ca Liberibacter asiaticus’ population
was significantly different between citrus hosts (P < 0.05).
‘Ca Liberibacter asiaticus’ populations were abundant in C. reticu-
lata (Mandarin) and C. sinensis (Sweet Orange). All of the Saudi Ara-
bian genotypes were likewise conserved in those two citrus
species. On the other hand, C. aurantifolia (Mexican lime) and C.
limon (Lemon) had only two genotypes. Citrus reticulata and C.
sinensiswere favorable for CG; however, C. aurantifolia and C. limon
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were not. Folimonova et al. (2009) divided Citrus genotypes into
four categories based on their reaction to CLas: sensitive, moder-
ately tolerant, tolerant, and resistant. Mandarin and sweet orange
were classified as sensitive, while lime and lemon were classified
as moderately tolerant or tolerant. In Saudi Arabia, the CLas geno-
type was rather evenly distributed. The CLas genotype was abun-
dant in Tabuk and Hail, followed by Al Madinah (Al Ula), Najran,
and Al Baha. However, Makkah and Riyadh were the lowest regions
in richness and diversity. This finding could imply that the CLas
had already established themselves in those three regions, i.e., Naj-
ran, Makkah, and Riyadh, much earlier. The altitude of the region
may also influence the distribution of the CLas genotype. In this
study, we found that the distribution of the CLas genotype was sig-
nificantly different (P < 0.05) between low-altitude regions
(<500 m above sea level) and high-altitude regions (>500 m above
sea level), and our data were cooperative with Sigh et al. (2019)
and Wang et al. (2012). Interestingly, our finding showed that
TRN 2 was prevalent in high altitudes, in contrast reported before
by Singh et al. (2019), who reported that TRN2 was prevalent in
low altitudes. This may suggest that TRN2 was adaptive to differ-
ent altitudes. Based on CLas diversity, region, and altitude data,
cluster analysis revealed that the CLas population in Saudi Arabia
could be divided into three primary regions: north, middle, and
south. This finding leads to the conclusion that the north region
of Saudi Arabia was most likely the source of CLas genetic variation
and maybe a significant region in the origin or speciation of CLas,
which is still unknown. This notion was reinforced by the previ-
ously given historical evidence on citrus farming in Al Madinah
(Al Ula) and the theory proposed by Beattie et al. (2005 and
2008) that CLas originated in Africa. Beattie et al. (2005 and
Fig. 3. Phylogeny of Candidatus Liberibacter spp, the causal agent citrus greening based on
‘Candidatus Liberibacter asiaticus’ (CLas) with ‘Candidatus Liberibacter africanus’ (CLaf) (AK
and CLaf are close to CLso ‘Candidatus Liberibacter solanacerum’ (CLso). The amino acid of
version 7.0.5.3 before phylogenetic tree construction. The evolutionary history was inferre
associated taxa clustered together in the bootstrap test (1000 replicates) are shown nex
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2008) proposed that the origin of CLas was not from China or even
India but Africa. CLas was predicted to come from Africa and trans-
mitted from Vepris lanceolata (family Rutaceae); the original host of
CLas; to orange or mandarin trees by T. erytreae in one of the Euro-
pean colonies on the southeast coast of Africa and then taken to the
Indian subcontinent in infected plants or budwood some 300–
500 years ago. It was then acquired and spread by D. citri. The CLI-
BASIA 01645 locus was annotated as a bacteriophage repressor
protein C1 gene (Duan et al., 2009). Only TRN2, TRN5, TRN8,
TRN11, TRN14, TRN17, and TRN 20 genotypes were in the frame,
according to in silico analysis of sequences on locus CLIBASIA
01645. The amino acid RHKTQDT was encoded by the majority of
the in-frame genotypes. According to the TRN, the amino acids will
be repeated numerous times. TRN 2, found in nearly every region
of Saudi Arabia had lost these amino acid sequences. TRN 2 had a
216-amino-acid genotype code. TRN 2 amino acid sequences were
compared to other amino acid sequences NCBI database and found
to be 81.94 % and 81.59 % similar to helix turn helix transcriptional
regulator and bacteriophage repressor protein C1 of CLaf, respec-
tively. Meanwhile, a low similarity was found with bacteriophage
repressor protein C1 of Clamwith a value of 69.44 %. This may indi-
cate relatively close evolutionary history between the CLas popula-
tion and the CLaf population rather than Clam, which was also
supported by phylogeny analysis (Fig. 3). TRN variation in locus
CLIBASIA 01645 was formed due to environmental adaptation or
pathogenicity in countries such as India, Iran, and the United States
(Liu et al., 2011). A Tandem repeat number was formed in bacterial
populations by DNA strand slippage (Bichara et al., 2006;
Verstrepen et al., 2005) and had a role in pathogenic or environ-
mental fitness (Boles et al., 2004). On the other hand, the TRN 4
bacteriophage repressor protein C1 showing relatively close evolutionary history of
K20211) rather than ‘Candidatus Liberibacter americanus’ (CLam) (EMS36728). CLas
Saudi Arabia isolates and some selected CLas were translated in-silico using BioEdit
d using the Neighbor-Joining method. The percentage of replicate trees in which the
t to the branches.



A. Widyawan, Y.E. Ibrahim, Mahmoud H. El Komy et al. Journal of King Saud University – Science 35 (2023) 102376
genotype predominated in the CLas community in Saudi Arabia’s
southern region. This variation could be attributable to an environ-
mental effect, as TRN 4 was only found in the Najran region and not
in Al Baha. We also believe that the CLas population was influenced
by a neighboring country, since Yemen host CLaf strain. A precise
genetic characterization of greening strains in Yemen is required.
Generally, these results support the use of CLIBASIA 01645 locus
for analyzing intraspecies CLas population structure and genetic
diversity, and the potential for the use of different loci for more
detailed analysis of CLas population structure.
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