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Phytoplasmas were discovered in diseased Elaeocar-
pus sylvestris trees growing on Jeju Island that showed
symptoms of yellowing and darkening in the leaves.
Leaf samples from 14 symptomatic plants in Jeju-si and
Seogwipo-si were collected and phytoplasma 16S rRNA
was successfully amplified by nested polymerase chain
reaction using universal primers. The sequence analy-
sis detected two phytoplasmas, which showed 99.5%
identity to ‘Candidatus Phytoplasma asteris’ and ‘Ca.
P. malaysianum’ affiliated to 16SrI and 16SrXXXII
groups, respectively. Through polymerase chain reac-
tion-restriction fragment length polymorphism (RFLP)
analyses using the Afal (Rsal) restriction enzyme, the
presence of two phytoplasmas strains as well as cases
of mixed infection of these strains was detected. In a
virtual RFLP analysis with 17 restriction enzymes, the
16S rRNA sequence of the ‘Ca. P. asteris’ strain was
found to match the pattern of the 16SrI-B subgroup.
In addition, the phytoplasmas in the mixed-infection
cases could be distinguished using specific primer sets.
In conclusion, this study confirmed mixed infection of
two phytoplasmas in one E. sylvestris plant, and also
the presence of two phytoplasmas (of the 16SrI and
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16SrXXXII groups) in Jeju Island (Republic of Korea).

Keywords : mixed infection, PCR-RFLP, trees decline, vir-
tual RFLP, yellow leaves

Phytoplasmas are pleomorphic bacteria 80-800 nm in size
that possess a very small genome of about 680-1,600 kb
(Pagliari and Musetti, 2019). They are plant pathogens
transmitted primarily by phloem-feeding leaf hoppers and
plant hoppers (Weintraub and Beanland, 2006; Weintraub
and Jones, 2009) and are known to affect over 1,000 spe-
cies worldwide. Infected plants show various symptoms,
including virescence, phyllody, shortened internodes,
dwarfed leaves, witches’ broom, flower malformation, yel-
lowing, and decline (Bertaccini et al., 2014; Kumari et al.,
2019; Namba, 2019). Phytoplasmas can be detected via
amplification of the 16S rRNA gene, and classified into
ribosomal groups by restriction fragment length polymor-
phism (RFLP) and sequencing of 16S rDNA (Lee et al.,
1998; Lim and Sears, 1989).

Elaeocarpus sylvestris var. ellipticus (Thunb.) H. Hara is
a common tree that constitutes 5% of all trees in the streets
of South Korea’s Jeju Island. Since 2013, E. sylvestris
trees have been observed to die after developing symptoms
of E. sylvestris decline, which has been associated with
the presence of ‘Candidatus Phytoplasma malaysianum’
(16SrXXXII) in South Korea (Lee et al., 2022). This phyto-
plasma has been reported also as associated with the death
of Elaeocarpus trees in Japan since the 1980s (Iwabuchi et
al., 2018), and another phytoplasma has been identified as
associated with Elaeocarpus zollingeri yellows (Kawabe et
al., 2000; Satoh et al., 2014). Several studies have reported
‘Ca. P. malaysianum’ and ‘Ca. P. asteris’ presence in E.
zollingeri trees in Japan (Iwabuchi et al., 2018; Kawabe et
al., 2011; Satoh et al., 2014). Considering that the symp-
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toms were similar to those of E. zollingeri infected with
phytoplasmas, it was presumed that phytoplasmas are pres-
ent in E. sylvestris. Therefore, the purpose of this study was
to screen for the presence of phytoplasmas in E. sylvestris
declining trees of Jeju Island in the Republic of Korea.

Between 2021 and 2022, E. sylvestris were monitored
for decline symptoms. Samples were collected from seven
E. sylvestris in Jeju-si and another seven E. sylvestris in
Seogwipo-si that showed symptoms of yellowing and dark-
ening leaves. Asymptomatic trees were collected from two
E. sylvestris in both regions, respectively. Genomic DNA
was extracted from 0.2 g of vein tissue in fresh leaves
from each sample using a DNeasy Plant Mini Kit (Qiagen,
Hilden, Germany).

Phytoplasma detection was performed by polymerase
chain reaction (PCR) using universal primer set P1 and
P7. Nested PCR was conducted using the primers R16F2n
and R16R2, and the amplification products were diluted
in distilled water (v/v, 1:30) (Deng and Hiruki, 1991;
Gundersen and Lee, 1996; Lee et al., 1993; Schneider et
al., 1995). To distinguish phytoplasmas in cases of mixed
infection, new specific primers were designed to detect
phytoplasma strains in the 16SrXXXII group: R16(XXXII)
F1 (5-CGTGGGTAGCAAACAGGATT-3")/R16(XXXII)
R1 (5'-GCCACTGCTTTCGGGTATTA-3"). To detect
phytoplasmas in the 16Srl group, R16(I)F1 and R16(I)
R1 primers were used (Lee et al., 1994). To identify the
ribosomal protein (7p) operon and fuf genes, the universal
primers rpF1/rpR1 (Lee et al., 1998) and fTufl/rTufl were
used, respectively (Schneider and Gibb, 1997). The PCR
reaction mixture (total volume; 25 pl) consisted of 50-
100 ng of genomic DNA, 15 ul of Emerald-Amp GT PCR
Master Mix [2x Premix] (TaKaRa, Shiga, Japan), and 10
pmol of each forward and reverse primer, with the remain-
ing volume being distilled water. The conditions for PCR
amplification were as follows: one cycle of denaturation at
94°C for 7 min; 35 cycles (28 cycles for the nested PCR)
of denaturation at 94°C for 1 min, annealing at primer-
specific temperatures (P1/P7: 55°C, R16F2n/R2: 58°C,
RI6(XXXINF1/R16(XXXIDR1: 59°C, R16(I)F1/R16(I)
R1: 53°C, rpF1/rpR1: 53°C, and fTufl/rTufl: 56°C) for 2
min, and extension at 72°C for 3 min; and a final extension
step of 72°C for 10 min.

The secA gene was detected using the phytoplasma uni-
versal primers SecAforl and SecArev3. The PCR cycling
conditions were modified as follows: a denaturation step
for 2 min at 94°C; 30 total cycles at 94°C for 30 s, 55°C for
60 s, and 72°C for 90 s; and a final extension step at 72°C
for 15 min (Hodgetts et al., 2008). The rp operon, tuf, and
secA gene were amplified and sequenced using primers for

pF1/rpR1 (1.24 kb), fTufl/rTufl (1.08 kb), and SecAforl/
SecArev3 (0.84 kb). To visualize amplification products,
each PCR product was mixed with Dyne Loading STAR
(Dyne, Seoul, Korea), and then separated on 1.2% agarose
gels in TAE (Tris-Acetate-EDTA) buffer and visualized
using a UV transilluminator. RFLP analysis was conducted
with the restriction enzyme Afal (Rsal) (TaKaRa, Otsu,
Japan). The reaction was carried out using 450-500 ng of
each PCR product, 10 U enzyme, and restriction digestion
buffer (TaKaRa, Otsu, Japan). The mixture was incubated
in a water bath at 37°C for 2 h. The PCR products and
RFLP mixture were combined with Dyne Loading STAR,
separated on 1.5% agarose gels in TAE buffer, and visu-
alized using a UV transilluminator. Previously reported
DNA of E. sylvestris decline phytoplasma strain ESDP-JJ1
(GenBank accession no. OL689203) was used as a positive
control for RFLP analysis (Lee et al., 2022).

The amplified PCR product was purified using a PCR
Purification Kit (Bioneer, Seoul, Korea). The sequencing
analysis of 16S rRNA, 16-23S internal transcribed spacer
region, 23S rDNA partial, 7p, tuf, and secA amplicons was
performed by Macrogen (Daejeon, Korea). The sequences
were analyzed using MEGA 11.0 (Saitou and Nei, 1987),
after which phytoplasma sequences were compared with
those retrieved from GenBank, and phylogenetic analy-
sis was carried out using the neighbor-joining system in
MEGA 11.0 with default values and 10,000 bootstrap rep-
licates (Tamura et al., 2021). The resulting 16S rRNA gene
sequences were subjected to virtual RFLP analysis via the
iPhyClassifier software (Zhao et al., 2009).

Since 2013, phytoplasma infection has been reported in E.
sylvestris trees, a primary tree species in the streets of Jeju
Island, with most trees dying due to ‘Ca. P. malaysianum’
presence (Lee et al., 2022). This phytoplasma has been as-
sociated with Malaysian periwinkle virescence, Malaysian
oil palm, Malayan yellow dwarf, Camptotheca acuminate
witches' broom, Trema tomentosa witches' broom (TtWB),
and Elaeocarpus zollingeri yellows (Iwabuchi et al., 2018;
Nejat et al., 2009, 2013; Yu et al., 2021). The main symp-
toms of decline in E. sylvestris trees are yellowing and
darkening of the leaves; eventually, the leaves of infected
trees drop and the leafless branches die (Fig. 1).

PCR amplification with P1/P7 primers detected the
expected 1.83 kb product in all 14 samples. However, no
bands appeared in samples collected from two asymptom-
atic trees. By performing the nested PCR reaction with
these PCR products using the R16F2n/R2 primer set, 1.24
kb products were amplified. RFLP using the 4fal (Rsal)
enzyme on 16S rRNA nested PCR products indicated three
band patterns (Fig. 2). The pattern of group A was noticed
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Fig. 1. Various decline symptoms in Elaeocarpus sylvestris infected with phytoplasmas. (A) ‘Candidatus Phytoplasma malaysianum’
(16SrXXXII). (B) ‘Candidatus Phytoplasma asteris’ (16SrI). (C) Two phytoplasma mixed infection in a single E. sylvestris. (D) Asymp-
tomatic tree (left), decline symptoms tree (right).

in samples JJO11, JJO13, JJ0O14, JJO17, JSO11, JSO14, found in JJO16 and JSO17. The 7p operon, tuf, and secA of
JS015, and JS016; while that of group B was detected in group B samples were amplified to the expected band size
JJ012, JJ015, JS012, and JS013; and that of group C was and results showed 100% identity to each other and to phy-
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Fig. 2. Restriction fragment length polymorphism profiles of 16S rRNA gene amplified by nested polymerase chain reaction using prim-
er pair R16F2n/R16R2 with digested Afal (Rsal). Lane M, molecular weight marker (100 bp); lanes 1-7, JJO11-JJ017; lanes 8-14, JSO11-
JS017; lane 15, Elaeocarpus sylvestris, decline phytoplasma ESDP-JJ1 (GenBank accession no. OL689203).
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toplasma strains belonging to ‘Ca. P. asteris’.

Based on the PCR-RFLP results, as mentioned above,
group A samples showed the same band patterns as ‘Ca.
P. malaysianum’ (Lee et al., 2022), group B samples ap-
peared to be identical to ‘Ca. P. asteris’ (Lee et al., 1998).
In addition, group C samples have both two phytoplasma
fragment bands, therefore mixed infection of the two phy-
toplasmas was also detected.

Not including samples JJ016 and JSO017, which showed
evidence of a mixed infection, 12 samples exhibited a vir-
tual RFLP pattern from BsfUl, Hhal, Bfal, and key 16S
rRNA restriction enzymes derived from the query 16S

165K
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MaPV (16SXXX I -A)
MYD (16SXXX1-B)
MOP (16SXXX11-C)
TIWB (16SXXXII-D)
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rDNA F2nR2 fragment that was identical to the 16Srl-B
subgroup and 16SrXXXII group reference pattern (Figs. 3
and 4). When analyzing the four group B samples (JJ012,
JJ015, JS012, and JS013) using iPhyClassifier (Zhao et
al., 2009), the query 16S rDNA sequence showed 99.9%
identity with that of ‘Ca. P. asteris’. In the 16S ribosomal
group/subgroup classification, the pattern of 16S rDNA
of E. sylvestris phytoplasmas was identical to that of 16Sr
group I-B. In summary, the newly identified phytoplasma
in E. sylvestris was determined to be a member of the
16SrI-B subgroup.

On the other hand, ‘Ca. P. malaysianum’ (16SrXXXII)

6SXXXII-A)
MYD (16SXXX1I-B)

MaPV (

g g
= =
i
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Fig. 3. Virtual restriction fragment length polymorphism (RFLP) profiles of phytoplasma associated with diseased tree in-silico diges-
tions. Polymerase chain reaction products of JJ011, JJ012, JJ013, JJ014, JJO15, JJO17, and JSO11, JS012, JS013, JS014, JSO15, and
JS016 were digested with restriction enzymes, BstUI (A), Hhal (B), Bfal (C), and Sau3AI (D) to compare the RFLP for each other.
ESDP (16SrXXXII) GenBank accession no.: OL689203; Malaysian periwinkle virescence (MaPV; 16SrXXXII-A) GenBank acces-
sion no.: EU371934; Malayan yellow dwarf (MYD; 16SrXXXII-B) GenBank accession no.: EU498727; Malayan oil palm (MOP;
16SrXXXII-C) GenBank accession no.: EU498728; Trema tomentosa witches’ broom (TtWB; 16SrXXXII-D) GenBank accession no.:
MW138004; MW: @X174DNA digested with Haelll; fragment sizes 1,353, 1,078, 872, 603, 310, 281, 271, 234, 194, 118, and 72 base

pairs, respectively.
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Fig. 4. Virtual restriction fragment length polymorphism (RFLP) profiles of phytoplasmas presence in Elaeocarpus sylvestris. ‘ Candidatus
P. malaysianum’ (GenBank accession no. OL689203) (A) and ‘Ca. P. asteris’ (GenBank accession no. ON420422) (B) were used with
restriction 17 enzymes were used to compare the restriction fragment length polymorphism pattern results. MW, @X174DNA digested
with Haelll; fragment sizes 1,353, 1,078, 872, 603, 310, 281, 271, 234, 194, 118, and 72 base pairs, respectively.

phytoplasma presence in E. sylvestris showed a differ-
ent pattern from that of 16SrXXXII-A, -B, -C, and -D
subgroups in BstUI enzyme digestion, and could be dis-
tinguished from the 16SrXXXII-A subgroup in Hhal en-
zyme. ‘Ca. P. malaysianum’ was distinguished from the

16SrXXXII-B subgroup by Sau3Al enzyme, 16SrXXXII-C
subgroup by Bfal enzyme, and 16SrXXXII-D subgroup by
BstUI enzyme digestion (Nejat et al., 2009, 2013; Yu et al.,
2021). Thus, this phytoplasma could be enclosed in another
subgroup within the 16SrXXXII group tentatively named

Table 1. Detection of phytoplasma 16S rRNA groups in Elaeocarpus sylvestris using group-specific primer sets and PCR-RFLP analyses

16S rRNA groups classification

E. sylvestris Leaf Locations Group-specific PCR-RFLP

frees no. IS PCR analysis analysis
JJo11 Yellow Hwabuk industrial street trees (Jeju-si) XXXII XXXII
11012 Dark Hwabuk industrial street trees (Jeju-si) I I-B
JJo13 Dark Nohyeong-dong park (Jeju-si) XXXII XXXII
11014 Yellow Nohyeong-dong park (Jeju-si) XXXII XXXII
JJo15 Yellow Western part police station (Jeju-si) I I-B
JJo16 Yellow Western part police station (Jeju-si) I+ XXXII I-B + XXXII
11017 Yellow Western part police station (Jeju-si) XXXII XXXII
JSO11 Dark Jungmungwangwang-ro parking lot trees (Seogwipo-si) XXXII XXXII
JSO12 Yellow Jungmungwangwang-ro parking lot trees (Seogwipo-si) I I-B
JSO013 Yellow Jungmungwangwang-ro parking lot trees (Seogwipo-si) I I-B
JS014 Dark Yeraedong street trees (Seogwipo-si) XXXII XXXII
JSO15 Yellow Yeraedong street trees (Seogwipo-si) XXXII XXXII
JSO16 Dark Yeraedong street trees (Seogwipo-si) XXXII XXXII
JS017 Yellow Yeraedong street trees (Seogwipo-si) [+ XXXII [-B + XXXII

PCR-RFLP, polymerase chain reaction-restriction fragment length polymorphism.
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Fig. 5. Phylogenetic relationship of two phytoplasmas in diseased tree from nucleotide sequences of 16S rRNA gene (combination of
two phytoplasmas in Elaeocarpus sylvestris trees, ‘Candidatus P. malaysianum’ [GenBank accession no. OL689203-OL689207] and ‘Ca.
P. asteris’ [GenBank accession no. ON420422-ON720423]) performed with MEGA 11.0 software using the neighbor-joining method
with the default values and 1,000 replications for bootstrap analysis. Acholeplasma palmae was used as the out-group.

16SrXXXII-E.

The group-specific PCR method applied here can be used
to distinguish the presence of phytoplasmas in a mixed
infection. Staniulis et al. (2000) and Alsaheli et al. (2020)
accomplished this by using group-specific primers in plants
coinfected with two phytoplasmas. Results of PCR using
the group-specific primer sets R16(XXXII)F1/R16(XXXII)
R1 (0.66 kb products) and R16(I)F1/R16(I)R1 (1.1 kb
products) confirmed that the eight group A samples were
infected with phytoplasma strains belonging to the ‘Ca. P.
malaysianum’ (16SrXXXIllIgroup); the four group B sam-
ples were infected with the ‘Ca. P. asteris’ (16Srl group);
and the two group C samples were infected with both phy-
toplasmas (Table 1). Phylogenetic analysis of the phytopla-
sma-related taxa based on 16S rDNA, rp operon, fuf, and
secA sequences revealed that these regions share more than
99.5% similarity with those of ‘Ca. P. asteris’ group such
as mulberry dwarf disease, sumac witches’ broom disease
in South Korea caused by 16Srl-B group phytoplasma.

Also, the phylogenetic classification of 7p operon, fuf, and
secA sequences is closely related 16Srl group phytoplasma
(Figs. 5 and 6). The nucleotide sequences for the four genes
were deposited in GenBank with the accession numbers:
ON420422 and ON420423 (16S rDNA), ON420424 and
ON420425 (secA gene), ON420426 and ON420427 (rp
operon), and ON420428 and ON420429 (tuf gene).

In terms of decline symptoms, there was no difference
between trees infected with 16Srl or 16SrXXXII groups,
or in cases of a mixed infection. Several mixed-infection
cases involving different phytoplasmas have been reported
in clover (Staniulis et al., 2000), lily (Bertaccini et al.,
2000), jujube tree (Lee et al., 2009), carrot (Mehle et al.,
2018), and fig tree (Alsaheli et al., 2020). Currently, many
E. sylvestris trees are dying due to phytoplasma infection in
Jeju Island. In order to reduce the incidence of this disease,
studies that examine insect vectors and the effect of trunk
injection of antibiotics are required in the near future.
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Fig. 6. Phylogenetic relationship of phytoplasmas from nucleotide sequences of sec4 gene (A) (GenBank accession no. ON420424-
ON420425), rp operon (B) (GenBank accession no. ON420426-ON420427), tuf gene (C) (GenBank accession no. ON420428-

ON420429), performed with MEGA 11.0 software using the neighbor-joining method with the default values and 1,000 replications for
bootstrap analysis.
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