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SUMMARY

Single-step and nested polymerase chain reactions
(PCR) were used to determine the presence of Candida-
tus Liberibacter asiaticus, the phloem-limited bacterial
pathogen of Huanglongbing (HLB), in leaves of
wampee [Clausena lansium (Lour.) Skeels], lemon [Ciz-

rus limon (L.) Burm.] and several other citrus species:.

Specific PCR products were obtained when single-step
PCR and nested PCR were used to analyze wampee and
Jlemon samples with or without visible HLB symptoms.
Nested-PCR was found to be more accurate than single-
step PCR with a sensitivity of about 10* times higher.
The amount of bacterial DNA was positively correlated
with HLB symptoms in the leayes. Amplicons from sin-
gle-step PCR and those from nested PCR showed 100%
and 99% identity, respectively, with sequences of the
rpIKAJL-rpoBC gene cluster of Ca. Liberibacter asiati-
cus. This pathogen is therefore able to infect wampee
and lemon, in the leaves of which it can be readily de-
tected by PCR. This is the first report of infections by
Ca. L. asiaticus in wampee.
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INTRODUCTION

Huanglongbing (HLB), previously known as ‘green-
ing’, is one of the most severe diseases of citrus, includ-
ing orange, mandarin, grapefruit, lemon and lime in
Asia, south-east Asia, south and east Africa and the Ara-
bian Peninsula (Da Graca, 1991; Garnier and Bové,
1993, 1996). HLB is caused by a phloem-limited, non
cultured, gram-negative bacterium (Garnier e al,
1984), which, based on the sequence of its 16S tDNA
(Jagoueix et al., 1994), the 165/23S ribosomal intergenic
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region (Jagoueix ez al., 1997) and the m/KAJL-7poBC
gene cluster (®A-operon) (Villechanoux ez 4/, 1993;
Planet et al., 1995), proved to represent a new genus,
the genus Liberibacter, in the a-subdivision of the Pro-
teobacteria, and was assigned a Candidatus status as
Candidatus Liberibacter, according to the rules estab-
lished for non cultured microorganisms (Murray and
Schleifer, 1994).

. _Greening organisms present in Asia and Africa were

shown to be different species that were named Candida-
tus Liberobacter asiaticum and Candidatus Liberobacter
africanum, respectively (Jagoueix ez 4l., 1994, 1997), lat-
er changed to Candidatus Liberibacter asiaticus and
Candidatus Liberibacter africanus (Garnier et 4/., 2000).
The HLB pathogen occurring in China is classified as
Candidatus Liberibacter asiaticus, and is distributed in
11 provinces including Guang Dong, Guang Xi, Zhe
Jiang, Fu Jian, Tai Wan, and Hai Nan (Ding ez al,
2004). To give an idea of the severity and economical
importance of HLB in the groves of the Yang-Cun
Oversea Citrus Research Institute in Guang Dong
province, 378,000 infected trees were uprooted between
1993 and 1995 (Zhuang, 2003). To minimize unexpect-
ed losses to the developing Chinese citrus industry, in-
vestigations on the distribution of HLB using sensitive
and reliable detection methods are therefore of utmost
importance.

Two members of the family Ruzaceae, wampee
[Clausena lansium (Lour.) Skeels] and lemon [Citrus
limon (L.) Burm.] are two popular species grown in
tropical and subtropical China.

Their cultivation is expanding (Weng, 1997; Li,
2004) and their commercial value is much higher than
that of other rutaceous species, wampee in particular
(Weng, 1997). To the best of our knowledge there is no
previous report of HLB infections in wampee, but
Jemon was shown to be infected by Ca. L. asiaticus in
Nepal using DNA hybridization (Regmi ez 4/., 1996), in
Indonesia, Cambodia, Laos and Myanmar using PCR
(Bové et al., 2000, Garnier and Bové, 2000), and by Ca.
L. africanus in South Africa using PCR (Garnier ef al.,
2000). In the course of recent surveys symptoms resem-
bling those induced by HLB were observed in Guang
Dong on trees of wampee and lemon, ie. small-sized
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Table 1. Citrus accessions from which samples were collected for PCR testing. All samples gave a positive reaction in single-step
PCR, except for those marked by an asterisk, which were positive in nested PCR.

Accessions naturally No. of samples from

No. of samples from

No. of sampies from  No. of samples with =~ Totals

infected by HLB trees with yellowing trees with blotchy trees with zinc no obvious
(positive controls) mottling deficiency-like symptoms

symptoms
Ponkan 1* 15 10 12 - 37
Ponkan 2° 18 18 15 - 51
ZaGan 13 9 6 - 28
Hongjiang sweet orange 21 17 11 - 49
Anliu sweet'orange 20 5 4 - 29
Luo Gang sweet orange 28 22 5 - ' 55
Periwinkle 16 0 0 - 16
Accessions checked for the '
presence of the HLB agent
Wampee 2 4 0 17* 19
Rough lemon 1 3 0 12* 16
Eureka lemon 2

0 15* 18

* From Yang Cun Oversea Citrus Research Institute
b From the Agrotechnical Station of Luo Gang, Guangzhou
- No samples collected.

leaves with vein yellowing and blotchy mottling of the
blades, but no zinc deficiency-like symptoms, which are
sometimes associated with the disease (Zhao, 1981; Da
Graca, 1991). The possibility that these symptoms could
be elicited by the same agent causing HLB in other cit-
tus species, suggested carrying out specific investiga-
tions to ascertain their nature.

MATERIALS AND METHODS

Plant material. Plant materials used in these studies
(Fig. 1 and Table 1) were symptomatic leaves of wampee
(CL lansium), rough lemon (Citrus jambhbiri Lush), and
Eureka lemon (C. /imon) from the Institute of Fruit Tree
Research, Guang Dong Academy of Agricultural Sci-
ence. HLB positive controls were naturally infected
Ponkan (Citrus reticulata Blanco), Anliu sweet orange
(Citrus sinensis Osb.), Hongjiang sweet orange (C. sinen-
sis x C. reticulata hybrid), Tsunokaori, experimentally in-
fected periwinkle (Catharanthus roseus) obtained from
Yang Cun Oversea Citrus Research Institute, Luo Gang
sweet orange and Ponkan from the Agrotechnical Sta-
tion of Luo Gang, Guangzhou. Negative controls were
leaves of healthy trees of the same species and varieties
as above that were grown in an insect-proof greenhouse.

Genomic DNA isolation. Total genomic DNA was
isolated with a previously described procedure (Yi et
al., 1999; Ding er al., 2004) with slight modifications.
Approximately, 0.3 g of chopped midribs were frozen in
liquid nitrogen, and then quickly ground to a fine pow-

der with mortar and pestle. The powder was collected
into a 1.5 ml Eppendorf tube with 1 ml of preheated
(65°C) CTAB (Cetyltrimethyl Ammonium Bromide) ex-
traction buffer (100 mM Tris-HCl, 1.4 M NaCl, 20 mM
EDTA, 2% CTAB, 1% PVP, 0.2% B-mercaptoethanol).
Samples were incubated at 65°C for 1 h, mixed with an
equal volume of 24:1 chloroform-isoamyl alcohol mix-
ture, and centrifuged at 12,000 rpm for 10 min. The up-
per phase was recovered, mixed with an equal volume
of isopropanol and placed at -20°C. Precipitated DNA
was sequentially washed with 75% and 95% ethanol,
air dried, and resuspended in 100 pl of double distilled
water.

The extracted genomic DNA was used as template
for single-step PCR and nested-PCR reactions using Ca.
L. asiaticus-specific PCR primers (Kong et 4., 2000; Li
and Ke, 2002) for amplification of 7p/KAJL-7poBC gene
cluster (b-operon) sequences (Villechanoux et al., 1993).

PCR assays. Single-step and nested PCR reactions
were done in a 25 pl volume with reaction mixtures
containing 2.5 pl of 10x PCR buffer, 0.1 mM of each
dNTP, 0.4 mM of each primer, one unit of Tag DNA
Polymerase (TaKaRa, Dalian, China), and correspon-
ding templates.

Templates were 10 ng of genomic DNA for single-
step PCR and 1 pl of the first PCR product for nested-
PCR. The primer set used for single-step PCR was F1
(forward) and Rl (reverse) (Table 2). The second
primer set F2 (forward) and R2 (reverse) together with
F1 (forward) and Rl (reverse) were used for nested

PCR (Table 2).
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Table 2. Primer sequences used in this work, designed on GenBank sequence M94319.

Single-step PCR primers/Nested-PCR - F1: 5 TGAATTCTTCGAGGTTGGTGAGG’
R1: 5-AGAATTCGACTTAATCCCCACCT-3

outer primers )

Nested-PCR inner primers

F3: 5°.GCGTTCATGTAGAAGTTGTG-3’
R2: 5°-CCTACAGGTGGCTGACTCAT-3’

Homologous with nt 39-61
Complementary to nt 573-551

Homologous with nt 134-153
Complementary with nt 533-514

The cycling parameters of single-step PCR were: 95°C
for 3 min, followed by 35 cycles consisting of denatura-
tion at 94°C for 30 s, annealing at 53°C for 30 s and ex-
tension at 72°C for 1 min, and final extension at 72°C
for 10 min. Similar conditions were used for nested PCR
except for the annealing temperature was 55°C. Both
PCR types were carried out in a 60-well block PCR
Thermal Cycler (Model PTC-100, MJ Research, USA).

The amplified PCR products were separated by elec-
trophoresis on 1.5% agarose gels (1x TBE buffer) with
ethidium bromide staining (0.5 pg ml!). The gel was vi-

sualized under UV light, and the size of PCR products ~

was determined with a molecular marker (100 bp DNA
Ladder Marker, Dingguo, China).

DNA cloning and sequencing. The expected PCR
products were recovered and purified using PCR Frag-
ment Recovery Kit (TaKaRa, Dalian, China), inserted
into pGEM-T vector, which was transformed into com-
petent E. coli JM109 cells. Bacterial colonies were se-
lected on LB plates with Amp/IPTG/X-gal. Positive
plasmid recombination was checked by PCR, and the
sequence was determined by a commercial sequencing
service (Shanghai Sangon Biological Engineering &
Technology and Service Co. Ltd, Shanghai, China).

RESULTS

Single-step PCR. An amplicon of 535 bp in size was ob-
tained with the Ca. L. asiaticus-specific primer pair F1-R1

(Fig. 2) from symptomatic leaves of all HLB-diseased cit-
rus accessions, including Ponkan and Hongjiang sweet or-
ange from Yang Cun (lane 2 and 4), Anliu sweet orange
(lane 5), ZaGan (lane 6), infected Periwinkle (lane 7),
sweet orange from Luo Gang (lane 8), Ponkan from Luo
Gang (lane 9), Rough lemon (lane 11), Eureka lemon (lane
12), Wampee (lane 13). By contrast, there was no amplifi-
cation from leaf extracts of healthy Ponkan (lane 10),
healthy Fureka lemon (lane 14), and water control (lane 3).

Since a faint band was observed in gels of some sam-
ples from symptomless leaves of wampee, rough lemon

~_and Eureka lemon, PCR assays were repeated at least

three times with these samples obtaining consistent pos-
itive results. To establish whether these symptomless
leaves were actually infected, a more sensitive assay as
that afforded by nested-PCR was tried.

- Nested PCR. The use in nested PCR assays of primer

pair F2 and R2 (Table 2) together with primer pair F1
and R1, designed on the published sequence of Ca. L.
asiaticus (Villechanoux ez «l., 1993) allowed the clear-cut
amplification of a 400 bp product from symptomless
leaves of wampee, eureka lemon, and rough lemon (Fig.
3, lanes 4, 5 and 6) as well as from symptomatic leaves of
infected Ponkan from Yang Cun, Eureka lemon, and
wampee (Fig. 3, lane 2, 8, and 9). No amplicons were
obtained from the water control and from leaves of
healthy wampee (Fig. 3, lanes 3 and 7). Thus, the HLB
agent seems to be detectable also in symptomless leaves,
if a nested-PCR approach is followed.

Fig. 1. Yellowing and blotchy mottling induced by HLB in the leaves of different citrus species. (A) Rough lemon (healthy leaf on
the left). (B) Eureka lemon. (C) Tsunokaori. (D) Sweet orange (healthy leaf on the extreme right). (E) Wampee (healthy leaf on

the left). (F) Ponkan.
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Fig. 2. Results of single-step PCR using primers pair F1/R1
(see Table 2) that amplifies a 535 bp DNA fragment. 100 bp
DNA Ladder IV (lane 1); water control (lane 3); positive con-
trols in lanes 2 (Ponkan), 4 (Hongjiang sweet orange), 5 (An
Liu sweet orange), 6 (Tsunokaori), 7 (Periwinkle), 8 (sweet
orange from Luo Gang), 9 (Ponkan from Luo Gang); healthy
Ponkan control (lane 10); symptomatic rough lemon (lane
11), Eureka lemon (lane 12), wampee (lane 13); symptomless
wampee in lane 14.
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Fig. 3. Results of nested PCR using primers pair F1/R1 and
F2/R2 (see Table 2) that amplify a 400 bp DNA fragment.
100 bp DNA Ladder II {lane 1); water control (lane 3); symp-
tomatic Ponkan (lane 2); infected but symptomless wampee
(lane 4), Eureka lemon (lane 5), rough lemon (lane 6); healthy
wampee (lane 7); symptomatic Eureka lemon (lane 8); symp-
tomatic wampee (lane 9).

Single step PCR
1 2 3 4 5 6
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Comparative sensitivity of single-step versus nested
PCR. To comparatively assess the sensitivity of single-
step and nested-PCR, a serial assay was carried out.
Whereas the detection limit of genomic DNA of single-
step PCR was about 1 to 10 pg in our assay system, nest-
ed-PCR detected up to 1 fg DNA (Fig. 4), thus proving
to be at least 10* times more sensitive than conventional
PCR. It ensued that samples which were negative or
weakly positive in single-step PCR were clearly positive
in nested-PCR. In fact, the totality of 53 leaf samples of
wampee (19), Fureka lemon (18), and rough lemon (16)
were found positive by nested-PCR, whereas only 13%
of them reacted in single-step PCR. This high sensitivity
may not be the consequence of false positives because no
amplification was ever obtained from negative controls.

DNA cloning and sequencing. The 535 bp and the 400
bp products amplified by single-step and nested PCR, re-
spectively, were successfully cloned and sequenced. When
these sequences were analyzed using the BLAST program
at the National Center for Biotechnology Information
(http://wrww.ncbi.nlm.nih.gov) they were found to share
100% and 99% nucleotide identity with comparable
DNA fragments from the 7p/KAJL-#poBC gene cluster (8-
operon) of Ca L. asiaticus (GenBank accession number
M94319 from Villechanoux et al., 1993). This was taken
as evidence that the HLB agent was indeed present in
wampee and lemon leaves with vein yellowing and
blotchy-mottling and in symptomless samples.

DISCUSSION

Wampee and lemon are becoming increasingly popu-

Nested-PCR
123 4 5 67 8 91011

3000

Fig. 4. Detection threshold of Ca. Liberibacter asiaticus genomic DNA by single-step and nested PCR. 100 bp DNA Ladder IV in
left panel lane 1 and 100 bp DNA Ladder I in lane 1 and lane 11 of the right panel. Left panel shows detection by single-step PCR:
10 ng DNA (lane 2), 1 ng (lane 3), 100 pg (lane 4), 10 pg (lane 5), 1 pg (lane 6). Right panel shows detection by nested PCR: 0.1 fg
DNA (lane 2), 1 fg (lane 3), 10 fg (lane 4), 100 fg (lane 5), 1 pg (lane 6), 10 pg (lane 7), 100 pg (lane 8), 1 ng (lane 9), 10 ng (lane 10).
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lar in southern China, where their cultivation is rapidly
expanding because of the higher commercial value of
their crop as compared with that of other citrus species.
Wampee is not known to be host of HLB, one of the
destructive diseases of citrus, induced by the phloem-
limited bacterium Ca. L. asiaticus and infection of
lemon by the same agent has not been reported from
China. For this reason, the presence in Guang Dong of
wampee, as well as lemon trees showing symptoms
strongly recalling those of HLB caught our attention
and prompted us to carry out investigations for identify-
ing the possible agent of the disease.

PCR is regarded as one of the most sensitive and ac-
curate methods for detection of various kinds of plant
pathogens. In this study, we used two Ca. L. asiaticus-
specific PCR primer pairs for single-step PCR and nest-
ed-PCR, and successfully detected the HLB pathogen in
symptomatic wampee, and citrus cultivars and hybrids
including lemon, Ponkan, ZaGan and Hongjiang sweet

orange. These results were consistent with those of pre--

vious studies (Kong ez 4., 2000; Li and Ke, 2002).

The detection threshold of single-step PCR from
symptomatic leaves was 10 pg of bacterial DNA, which
shows the considerable potential of this type of assay as
a reliable procedure for identifying the HLB agent in in-
fected symptomatic plant tissues. However, as reported
also by Li (2002) nested-PCR had a higher sensitivity
and made it possible the successful detection of the
pathogen in leaves without visible symptom. Using this
type of assay we detected bacterial DNA in the leaves of
all trees, regardless of whether or not they showed
symptoms. The lowest DNA quantity that could be de-
tected with our protocol was about 1 fg, which is in
agreement with other studies reporting detection of less
than 25 pg or 1 fg of pathogen DNA in soil or plant ma-
terials (Tsushima et 4l., 1995; Bonants ef al, 1997).
These results indicate that the nested PCR approach en-

_ables specific detection of very low levels of target bac-
terial DNA and can therefore be used as an early warn-
ing detection tool for identifying the HLB agent in cit-
rus plants that do not show yet obvious symptoms. The
experimental evidence obtained with the present study
represents the first world report of Ca. L. asiaticus in
wampee and its first record in lemon in China.
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