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Abstract

Phytoplasmas are plant-pathogenic bacteria that infect many important crops and cause serious economic losses

worldwide. However, owing to an inability to culture phytoplasmas, screening of antimicrobials on media is difficult. The only

antimicrobials being used to control phytoplasmas are tetracycline-class antibiotics. In this study, we developed an accurate

and efficient screening method to evaluate the effects of antimicrobials using an in vitro plant–phytoplasma co-culture

system. We tested 40 antimicrobials, in addition to tetracycline, and four of these (doxycycline, chloramphenicol,

thiamphenicol and rifampicin) decreased the accumulation of ‘Candidatus (Ca.) Phytoplasma asteris’. The phytoplasma was

eliminated from infected plants by the application of both tetracycline and rifampicin. We also compared nucleotide

sequences of rRNAs and amino acid sequences of proteins targeted by antimicrobials between phytoplasmas and other

bacteria. Since antimicrobial target sequences were conserved among various phytoplasma species, the antimicrobials that

decreased accumulation of ‘Ca. P. asteris’ may also have been effective against other phytoplasma species. These

approaches will provide new strategies for phytoplasma disease management.

INTRODUCTION

Phytoplasmas [class Mollicutes, genus ‘Candidatus (Ca.)

Phytoplasma’] are non-culturable plant-pathogenic bacteria

transmitted by phloem-feeding insects [1]. They infect more

than 1000 plant species including many important crops,

and are associated with devastating yield losses worldwide

[2, 3]. The control of phytoplasma diseases is dependent on

the use of insecticides against insect vectors. However, this

strategy is often ineffective because it cannot rid the source

plants of phytoplasma disease [4]. Although certain studies

have reported methods for the elimination of phytoplasmas

from infected plants using shoot-tip culture, callus culture,

heat therapy and hot water treatment [5–7], they have not

yet been used in the field.

Certain antibiotics (streptomycin, oxytetracycline, gentamicin
and oxolinic acid) have contributed to the control of bacterial
diseases of fruits, vegetables and ornamental plants [8, 9]. Ish-
iie et al. reported that treatment with tetracycline-class antibi-
otics (tetracyclines) led to temporary symptom relief in

phytoplasma-infected plants [10], and phytoplasmas were dis-
covered within the same time frame [11]. Since then, only tet-
racyclines have besen used in practice in the control of
phytoplasma diseases on various infected crops, including
coconut palm [12], almond [13] and sugarcane [14]. However,
tetracyclines cannot eliminate phytoplasmas completely –

they begin to accumulate again after treatments are stopped
[10, 15]. Therefore, a new approach is needed to develop
methods to eliminate phytoplasmas, such as the investigation
of anti-phytoplasma antimicrobials other than tetracyclines
and improvement in tetracycline treatment methods. In par-
ticular, screening anti-phytoplasma antimicrobials is import-
ant in regard to sustainable control of phytoplasma diseases,
because the use of multiple antimicrobials with different
modes of action is generally recommended to avoid the emer-
gence of antimicrobial-resistant bacteria [16].

The evaluation of bacterial growth on medium containing
antimicrobials is the ‘gold standard’ in their screening [17,
18]. However, due to the impossibility of culturing phyto-
plasmas on media, the same screening strategy is not
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applicable. A limited number of studies have attempted to
identify other anti-phytoplasma antimicrobials by dipping
and spraying small numbers of antimicrobials [19, 20].
These methods are time-consuming and have lacked repro-
ducibility. Thus, the objective of this study was to develop
an efficient and reproducible screening system to evaluate
the efficacy of antimicrobials against phytoplasmas, using
an in vitro plant–phytoplasma co-culture system.

METHODS

In vitro culture of phytoplasma-infected plants

Garland chrysanthemum plants (Glebionis coronaria) infected
with the wild-type line of ‘Ca. P. asteris’ onion yellows strain
(OY-W) [21] were used in this study. The phytoplasma-
infected plants were serially washed with 70% ethanol, 1%
hypochlorous acid and distilled water. Surface-sterilized cut-
tings were cultured on 50ml of Murashige and Skoog (MS)
medium (pH 7.6) (Wako, [22]) containing 2% sucrose and
0.2% gellan gum (Wako) in a plastic container (7.1 cm inter-
nal diameter and 10.6 cm height) (Plant Box; Bio Medical Sci-
ence). The plants cultured in vitro were maintained in a
growth chamber at 23

�

C with a 16/8 h light/dark photoperiod.
Cuttings from these plants were transferred to fresh MS
medium about once every 3months. During the phytoplasma
elimination test, cuttings were transferred to MS medium con-
taining the antimicrobial once every 2months.

Antimicrobial screening

Antimicrobials were dissolved in appropriate solvents
(Table S1, available in the online version of this article), fil-
ter-sterilized using a 0.20 µm Millex-LG Syringe Filter Unit
[Millipore; for dimethyl sulfoxide (DMSO) and N,N-dime-
thylformamide (DMF)] or 0.22 µm GSWP MF-Millipore
Membrane Filters (Millipore; for the other solvents), and
added to the autoclaved MS medium. Three phytoplasma-
infected cuttings were cultured on 50ml of MS medium
containing each of the antimicrobials. The cuttings were
grown for 4 weeks under the conditions described above.

Quantification of phytoplasma

Total DNA was extracted from whole plants using the GENE
PREP STAR PI-80X system (Kurabo) according to the manu-
facturer’s procedure. Phytoplasma accumulation was quanti-
fied by quantitative PCR (qPCR) using the Thermal Cycler
Dice real-time PCR system (TaKaRa) with SYBR Premix
ExTaq II (TaKaRa). For phytoplasma detection, the primer set
Tuf1/Tuf2, targeting the elongation factor Tu gene (tufB) of
‘Ca. P. asteris’, was used as previously described [23]. Results
were normalized to 18S rDNA of host plants, using the primer
set PR1/PR2 as previously reported [24].

Detection of phytoplasma

Total DNA was extracted from a portion of the plants as
described above. Phytoplasma infection was confirmed by
PCR amplification and loop-mediated isothermal amplifica-
tion (LAMP). The DNA polymerase LA Taq (TaKaRa) was
used for PCR with the primer set SN910601F/

SN020522 (formerly SN011119R), targeting 16S rDNA of
phytoplasma as previously described [25, 26], and 18S-AF
(5¢-TGCCCTATCAACTTTCGATGG-3¢)/18S-BR (5¢-
CCAAGGTCCAACTACGAGCTT-3¢), targeting 18S rDNA
of garland chrysanthemum. A universal phytoplasma detec-
tion kit (Nippon Gene) was used for the LAMP assay
according to the manufacturer’s procedure. We used 100 ng
of total DNA as a template for the PCR and LAMP assays.

Comparison of nucleotide and amino acid
sequences

Nucleotide and amino acid sequences of the antimicrobial tar-
get genes were compared between phytoplasmas and other
bacterial species. The sequences of ‘Ca. P. asteris’ had been
determined previously [27, 28]. Sequences of other bacterial
species were obtained from the GenBank database. The
sequences were aligned using DDBJ ClustalW version 2.1 soft-
ware (http://clustalw.ddbj.nig.ac.jp). The alignments were
edited using GeneDoc version 2.6 software [29]. The accession
numbers of sequences used in this study are listed in Table S5.

RESULTS

Development of an in vitro evaluation system for
anti-phytoplasma antimicrobials

To develop an efficient system for the evaluation of antimi-
crobials against phytoplasmas, we utilized in vitro cultures
of ‘Ca. P. asteris’-infected garland chrysanthemum plants
on MS medium. Cuttings of the infected plants were grown
on MS medium for 4weeks, after which the plants showed
phytoplasma-characteristic symptoms such as yellowing.
Infections of ‘Ca. P. asteris’ were confirmed by qPCR. The
infected plants were maintained in vitro by transplanting
their tips onto new MS medium about once every 3months.

To evaluate the effects of antimicrobials on phytoplasmas
using this system, we first used tetracycline hydrochloride, a
known anti-phytoplasma antimicrobial [10, 12–14], as a
positive control. The tips of healthy and phytoplasma-
infected garland chrysanthemum plants cultured in vitro
were transplanted onto new MS medium containing, or not
containing, tetracycline hydrochloride (20 ppm) and main-
tained for 4 weeks (Fig. 1a). The concentration of tetracy-
cline hydrochloride was adjusted as high as possible within
a range in which the host plants would not die (Table 1).
Phytoplasma infections in all cuttings maintained on nor-
mal MS medium were confirmed by qPCR analysis. Com-
pared to healthy plants grown on normal MS medium
(Fig. 1b), phytoplasma-infected plants grown on the same
medium showed typical yellowing symptoms with thin
stems and leaves (Fig. 1c). In contrast, phytoplasma-infected
plants grown on MS medium containing tetracycline hydro-
chloride were green, like healthy plants, and their leaves
became thicker and broader (Fig. 1d). Total DNA was
extracted from whole plants. and qPCR analysis of ‘Ca. P.
asteris’ DNA showed that phytoplasma accumulation in
plants grown on MS medium containing tetracycline hydro-
chloride was significantly lower than in those grown on
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medium containing no antimicrobials (Fig. 1e). These
results showed that this in vitro culture system enables
visual and quantitative evaluation of the effects of antimi-
crobials on phytoplasmas.

Comprehensive screening of anti-phytoplasma
antimicrobials

To identify anti-phytoplasma antimicrobials, we used the in
vitro culture screening system developed above to evaluate the
efficacy of 40 antimicrobials against ‘Ca. P. asteris’ (Table 1).
b-Lactam-class antibiotics, such as penicillin, which inhibit
bacterial cell wall synthesis [30], were not used in this study
because phytoplasmas lack cell walls [12]. Phytoplasma-
infected plants were maintained on MS medium containing
1–100 ppm of each antimicrobial (Table 1) for 4weeks. Total
DNA was then extracted from whole plants and qPCR analy-
sis of phytoplasma accumulation was performed. We found
that the accumulation of phytoplasma had decreased to <10%
of that in the non-antimicrobial control with the addition of
eight antimicrobials: norfloxacin, tosufloxacin tosylate mono-
hydrate, azithromycin dihydrate, chloramphenicol, thiamphe-
nicol, 5-fluorouracil, rifampicin and doxycycline
hydrochloride (Table 1), suggesting that these are candidate
anti-phytoplasma antimicrobials. To validate these results, we

repeated this experiment twice. Phytoplasma accumulation
showed a statistically significant decrease on medium contain-
ing each of these antimicrobials except tosufloxacin tosylate
monohydrate (Fig. 2a). Furthermore, when the plants were
grown on medium containing chloramphenicol, thiampheni-
col, doxycycline hydrochloride or rifampicin, we observed an
apparent alleviation of symptoms without lethal effect on the
plants (Fig. 2b–e), as was the case for tetracycline hydrochlo-
ride (Fig. 1d). Notably, when phytoplasma-infected plants
were grown on medium containing rifampicin, the roots
developed similarly to those of healthy plants (Fig. 2e). These
results indicated that four antimicrobials (chloramphenicol,
thiamphenicol, doxycycline hydrochloride and rifampicin)
decreased phytoplasma accumulation without any lethal effect
on plants.

In contrast, tosufloxacin tosylate monohydrate, norfloxacin,
azithromycin dihydrate and 5-fluorouracil appeared to be
highly phytotoxic. Plants on medium containing these anti-
microbials grew poorly and exhibited chlorosis (Fig. 2f–i).

Phytoplasma elimination from infected plants

Even after 4weeks of antimicrobial treatment, phytoplasma

was frequently detected at low levels by qPCR. To test

Fig. 1. Development of the anti-phytoplasma antimicrobial screening method. (a) Schematic representation of the screening proce-

dures. Plants were maintained in vitro in a growth chamber at 23
�

C with a 16/8 h light/dark photoperiod. (b–d) Garland chrysanthe-

mums grown on MS medium for 4weeks. (b) Healthy plant and (c) ‘Candidatus Phytoplasma asteris’-infected plant grown on MS

medium containing no antimicrobials. (d) Phytoplasma-infected plant grown on MS medium containing 20 ppm tetracycline hydrochlo-

ride. Bars=1 cm. (e) Relative accumulation of phytoplasma in garland chrysanthemums grown on MS medium for 4weeks. The accu-

mulation of phytoplasma DNA was normalized relative to its host plant DNA. The mean level of phytoplasma DNA in the control was

set at 1.0. Error bars represent standard errors of nine measurements. Double asterisk indicates P<0.01 compared to control (two-

tailed Dunnett’s test).
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whether a longer period of antimicrobial treatment might
completely eliminate phytoplasma from infected plants, we
maintained them on antimicrobial-containing medium for
4months. We used two antimicrobials that had previously
markedly decreased the accumulation of ‘Ca. P. asteris’

(tetracycline and rifampicin) in this assay. Cuttings of phy-
toplasma-infected garland chrysanthemum were main-
tained on MS medium containing either tetracycline
hydrochloride or rifampicin for 2months. The tips of these
plants were transplanted again onto new MS medium

Table 1. Screening of antimicrobials

Classification Antimicrobial Relative accumulation of phytoplasma* (Standard error)

1 ppm 5 ppm 20 ppm 100 ppm

Aminoglycosides Kanamycin monosulfate NT NT 1.03 (0.171) 1.29 (0.0517)

Spectinomycin dihydrochloride 0.826 (0.616) d d d

Amikacin sulfate NT NT 0.334 (0.0992) 0.414 (0.184)

Fradiomycin sulfate NT NT 0.591 (0.205) 0.155 (0.0488)

Gentamicin sulfate NT NT 2.83 (0.995) 2.25 (0.155)

Kasugamycin hydrochloride NT NT 1.22 (0.508) 1.77 (0.861)

Streptomycin sulfate NT NT 0.18 (0.0705) 0.162 (0.0603)

Fluoroquinolones Ciprofloxacin 0.840 (0.420) 0.365 (0.0804) d d

Enoxacin 0.532 (0.112) 0.287 (0.109) NT NT

Levofloxacin hydrochloride d d d d

Norfloxacin 0.321 (0.100) 0.0802 (0.0315) NT NT

Ofloxacin d d d d

Mycoplasma removal agent (MRA) 7.27 (5.43) NT NT NT

Tosufloxacin tosylate monohydrate 0.0858 (0.0166) d NT NT

Folate antagonists Trimethoprim NT NT 1.65 (0.188) 1.16 (0.190)

Sulfamethoxazole NT NT 7.3 (2.55) d

Glycylcyclines Tigecycline NT NT 21.3 (15.8) 0.563 (0.101)

Lincomycins Lincomycin hydrochloride monohydrate 0.632 (0.279) d d d

Clindamycin hydrochloride 2.06 (0.647) d d d

Lipopeptides Daptomycin NT NT 1.04 (0.378) 0.929 (0.199)

Macrolides Erythromycin NT NT 0.452 (0.209) d

Leucomycins 0.783 (0.217) 0.560 (0.119) d d

Azithromycin dihydrate NT NT 0.184 (0.0459) 5.61�10�3 (3.29�10�3)

Clarithromycin 6.22 (2.86) 0.193 (0.0464) d d

Nitrofurans Nitrofurantoin 0.791 (0.347) 0.380 (0.0332) 1.01 (0.0613) 0.496 (0.345)

Nitroimidazoles Metronidazole NT NT 0.976 (0.163) 8.74 (5.75)

Phenicols Chloramphenicol NT NT 0.0182 (8.80�10�3) d

Thiamphenicol 0.0435 (0.0254) d d d

Polypeptides Polymyxin B sulfate NT NT 0.588 (0.107) 0.281 (0.0436)

Tyrothricin NT NT 0.292 (0.0888) d

Pyrimidine antagonists 5-Fluorouracil 0.321 (0.0878) 0.257 (0.0184) 0.647 (0.523) 0.057 (0.0319)

Quinolones Flumequine 1.82 (0.674) 0.859 (0.292) NT NT

Oxolinic acid 3.16 (2.04) 1.18 (0.0927) NT NT

Pipemidic acid 2.52 (1.11) 0.455 (0.137) NT NT

Rifamycins Rifampicin NT NT 0.0232 (9.64�10�3) 4.07�10�4 (6.19�10�5)

Tetracyclines Doxycycline hydrochloride NT NT 1.01�10�3 (2.08�10�4) 4.37�10�3 (2.09�10�3)

Tetracycline hydrochloride NT NT 1.70�10�3 (1.00�10�3) d

Others Novobiocin sodium 0.434 (0.0690) 0.175 (0.107) NT NT

Crystal violet 1.56 (0.697) 0.541 (0.328) 1.16 (0.455) 1.45 (0.360)

Acriflavine NT NT 1.23 (0.529) d

2-Mercaptopyridine n-oxide zinc salt NT NT 0.731 (0.124) d

*Mean of relative phytoplasma accumulation (n=3; the mean level of phytoplasma accumulation in the control was set at 1.00).

d, All plants tested were dead.

NT, Not tested.

Grey shading: decreased phytoplasma accumulation to <10% of control.
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containing tetracycline hydrochloride or rifampicin, and
maintained for a further 2months. A total of four antimi-
crobial treatment patterns were performed: tetracycline
hydrochloride for 4months; rifampicin for 4months; tetra-
cycline hydrochloride for 2months followed by rifampicin
for 2months; and rifampicin for 2months followed by tetra-
cycline hydrochloride for 2months. Total DNA was
extracted from these plants, and phytoplasma accumulation
was quantified by qPCR. Interestingly, no phytoplasma was
detected with any of the antimicrobial treatment patterns
(data not shown). Phytoplasma accumulation was also
tested using two other conventional molecular assays: PCR
using phytoplasma-specific primers [25, 26] and LAMP
using a universal phytoplasma detection kit (Nippon Gene),
which is more sensitive than PCR [31]. Phytoplasma was

not detected in samples using either assay (Fig. 3a, c). These

results indicated that phytoplasma accumulation was sup-

pressed to a level below the detection threshold.

However, if phytoplasma survived even when the accumula-

tion level was below the detection threshold, it would

recover after antimicrobial treatment had been stopped.

Therefore, to examine whether phytoplasma was eliminated

completely, antimicrobial-treated plants were transplanted

and maintained on antimicrobial-free MS medium. Even

after 3months of cultivation, phytoplasma was not detected

in any of the samples tested by qPCR (data not shown),

PCR (Fig. 3b) or LAMP (Fig. 3d), suggesting that phyto-

plasma was completely eliminated from the plants by the

antimicrobial treatments.

Fig. 2. Evaluation of candidate anti-phytoplasma antimicrobials. (a) Relative accumulation of ‘Ca. P. asteris’ in garland chrysanthe-

mums grown on MS medium containing those antimicrobials that decreased accumulation of phytoplasma to <10% of control in

Table 1. Accumulation of phytoplasma in plants was measured as described in Fig. 1(e). Error bars represent standard errors of nine

measurements. The mean level of phytoplasma DNA in the control was set at 1.0. Double asterisks indicate P<0.01 compared to con-

trol (two-tailed Dunnett’s test). We used 20 ppm tetracycline hydrochloride as a positive control for the anti-phytoplasma drug. (b–i)

Phytoplasma-infected garland chrysanthemums grown on MS medium containing each antimicrobial: (b) 100 ppm doxycycline hydro-

chloride, (c) 20 ppm chloramphenicol, (d) 1 ppm thiamphenicol, (e) 100 ppm rifampicin, (f) 1 ppm tosufloxacin tosylate monohydrate,

(g) 5 ppm norfloxacin, (h) 100 ppm azithromycin dihydrate and (i) 100 ppm 5-fluorouracil. Bars=1 cm.
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Sequence comparison of antimicrobial targets

To evaluate the molecular mechanisms of the susceptibility
of ‘Ca. P. asteris’ against each antimicrobial, we compared
antimicrobial target nucleotide sequences of rRNA or amino
acid sequences of proteins between phytoplasmas and other
bacteria whose antimicrobial resistance mechanisms have
been well studied. We focused on mycoplasmas (class Molli-
cutes, genus Mycoplasma), because these are closely related
to phytoplasmas, but their pattern of susceptibility to anti-
microbials is somewhat different from that of ‘Ca. P. asteris’
(Fig. 4a).

Tetracycline-class antibiotics (tetracyclines), such as tetracy-

cline and doxycycline, decrease the accumulation of both

phytoplasmas and mycoplasmas. Tetracyclines target bacte-

rial 16S rRNA, and mutations in 16S rRNA can confer tetra-

cycline resistance in mycoplasmas [32]. Tetracycline

resistance mutations reported in mycoplasmas were not

found in the 16S rRNA genes of phytoplasmas (Fig. S1a;

Table S2).

Rifamycin-class antibiotics (rifamycins), including rifampi-
cin, are not innately effective against mycoplasmas [33].
However, rifampicin significantly decreased the accumula-
tion of ‘Ca. P. asteris’ (Fig. 2a). It is interesting that suscepti-
bility to rifampicin differs between two such closely related
bacterial species. Rifamycins bind to clusters I and II of
RNA polymerase subunit b (RpoB) proteins [34], and
mutations in these clusters lead to rifamycin resistance in

many bacterial species such as Escherichia coli andMycobac-
terium tuberculosis (Fig. 4b, Table 2). For example, muta-
tions at positions 512 (S512T) in M. tuberculosis and 526
(H526N) in E. coli result in highly rifamycin-resistant
mutants [35, 36]. The resistance residues 512T and 526N
were found in RpoB proteins of mycoplasmas (Fig. 4b,
Table 2). In contrast, known resistance residues were not
observed in RpoB proteins of phytoplasmas except for
526Q, a less effective rifamycin-resistance residue found in
M. tuberculosis [37] (Fig. 4b, Table 2).

Macrolide-class antibiotics (macrolides) are effective against
mycoplasmas and are used frequently for chemotherapy
against mycoplasma diseases [33]. However, most macro-
lides did not decrease the accumulation of ‘Ca. P. asteris’
(Table 1). Macrolides bind to the peptidyl transferase loop
in domain V of 23S rRNA [38]. Mutations in the peptidyl
transferase loops of mycoplasmas and E. coli have been
associated with macrolide resistance [39–43] (Table 3). For
example, in E. coli, mutations at position 2057 (G2057A) or
2611 (C2611U) result in macrolide-resistant mutants [39,
43]. In phytoplasmas, the macrolide resistance bases 2057A
and 2611U were conserved (Fig. 4c, d).

Phenicol-class antibiotics (phenicols) also bind to the pep-
tidyl transferase loop in domain V of 23S rRNA [44]. The
2057A conserved in phytoplasmas is reported also to be
associated with chloramphenicol resistance in E. coli [40].
Phenicols decreased the accumulation of ‘Ca. P. asteris’ but
were less effective than tetracyclines and rifampicin

Fig. 3. Antimicrobial elimination of phytoplasma from plants. ‘Ca. P. asteris’-infected garland chrysanthemums were maintained in MS

medium containing 20 ppm tetracycline hydrochloride for 4months (samples 1–3), 100 ppm rifampicin for 4months (samples 4–6), 20

ppm tetracycline hydrochloride for 2months followed by 100 ppm rifampicin for 2months (samples 7–9) or 100 ppm rifampicin for

2months followed by 20 ppm tetracycline hydrochloride for 2months (samples 10–12). After antimicrobial treatment was stopped,

plants were maintained in MS medium containing no antimicrobial and their DNA was extracted. P: positive control (DNA from phyto-

plasma-infected plants); N: negative control (distilled water). (a, b) PCR of phytoplasma DNA (upper panel) and plant DNA (lower panel)

(a) immediately and (b) 3months after antimicrobial treatment was stopped. Arrowheads indicate phytoplasma-specific band. (c, d)

Loop-mediated isothermal amplification (LAMP) of phytoplasma DNA. (c) Immediately and (d) 3months after antimicrobial treatment

was stopped.
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(Fig. 2a). 2057A of ‘Ca. P. asteris’ might contribute slightly

to phenicol resistance.

Most fluoroquinolones did not decrease the accumulation
of ‘Ca. P. asteris’ (Table 1), although mycoplasmas are sus-
ceptible to fluoroquinolones. Amino acid sequences of DNA
gyrase subunits a(GyrA) and b (GyrB) targeted by fluoro-
quinolones [45] have been compared to analyse fluoroquin-
olone resistance in ‘Ca. P. asteris’. Interestingly, no
fluoroquinolone resistance residues [45, 46] were observed
(Fig. S1b, c, Tables S3 and S4), possibly indicating that the
concentration of fluoroquinolones used in the present study
was insufficient to decrease the accumulation of ‘Ca. P. aste-
ris’. However, since treatment by certain fluoroquinolones
at higher concentrations proved very toxic to plants
(Table 1), the use of fluoroquinolones against phytoplasmas
would be impractical.

DISCUSSION

Development of a screening method for anti-
phytoplasma antimicrobials

This study reports the first comprehensive in vitro screen-
ing of anti-phytoplasma antimicrobials. To provide effi-
cient and reproducible screening and identification of anti-
phytoplasma antimicrobials, there have been three
obstacles, in addition to the difficulty of culturing phyto-
plasma in vitro. The first problem is the inoculation
method. To evaluate the effects of antimicrobials against
phytoplasmas, the timing of infection for each plant sam-
ple should be the same. However, although several phyto-
plasma inoculation methods are available, such as insect
feeding, grafting and dodder [47], all lead to wide variabil-
ity in the rates and time points of phytoplasma infection
[48]. The second problem is environmental effects. The

Fig. 4. Comparison of antimicrobial target sequences between phytoplasmas and other bacteria. (a) Comparison of efficacy of antimi-

crobials between ‘Ca. P. asteris’ and mycoplasmas. (b, c) Alignments of antimicrobial target sequences. Nucleotide or amino acid posi-

tions of Escherichia coli are numbered. Susceptibility of each species to antimicrobials is indicated to the right of the bacterial name.

+, – and ND. indicate susceptible, resistant and no data, respectively. The accession numbers are listed in Table S5. (b) RpoB protein

sequence alignment. Cluster regions I and II, where rifamycins bind, are underlined. Rifamycin susceptibility/resistance sites in E. coli

and Mycobacterium tuberculosis are indicated by black and white circles, respectively. (c) An alignment of 23S rRNA sequences. Macro-

lide susceptibility/resistance sites in E. coli and Mycoplasma pneumoniae are indicated by black and white circles, respectively. (d) Sec-

ondary structure of the peptidyl transferase loop in domain V of 23S rRNA of E. coli [59]. Mutations identified as conferring macrolide-

resistance in E. coli and M. pneumoniae are indicated by black and white circles, respectively.
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concentration of antimicrobials should be constant during

the screening period; however, soil and environmental

microbes absorb and degrade antimicrobials [49]. The

third problem is the localization of phytoplasmas in plants.

Since the accumulation level of phytoplasma varies from

plant part to plant part even within the same plant [50],

accurate quantification of phytoplasma accumulation is

difficult. In this study, we overcame these problems using

the in vitro plant–phytoplasma co-culture system. To con-

duct screening under the same preconditions, we used cut-

tings from the same phytoplasma-infected mother plant

(Fig. 1a). To eliminate the effects of soil and other

microbes, the plants were cultured aseptically on MS

medium. To minimize the effects of phytoplasma localiza-

tion, phytoplasma quantification was performed using

DNA samples extracted from whole plants.

Using this in vitro plant–phytoplasma co-culture system, we
confirmed that tetracycline, an antimicrobial effective
against phytoplasmas [10, 12–14], decreased the accumula-
tion of ‘Ca. P. asteris’ and alleviated its symptoms (Fig. 1b–
e). These results indicate that the system is applicable for
accurate evaluation of antimicrobials against phytoplasmas.

Antimicrobials that decreased the accumulation of
‘Ca. P. asteris’

To date, only tetracyclines have been used as antimicrobials
to control phytoplasma diseases. In this study, we screened
40 antimicrobials and identified six non-tetracyclines (nor-
floxacin, azithromycin dihydrate, 5-fluorouracil, chloram-
phenicol, thiamphenicol and rifampicin) that significantly
decreased the accumulation of ‘Ca. P. asteris’ (Fig. 2a).
Among these, chloramphenicol, thiamphenicol and rifampi-
cin alleviated symptoms associated with ‘Ca. P. asteris’

Table 2. Comparison of rifamycin resistance sites in RpoB

Amino acid position

(E. coli numbering)

Amino acid sequence Rifamycin-resistance mutation References

‘Ca. Phytoplasma asteris’ Mycoplasma genitalium E. coli Mycobacterium tuberculosis

507 T N GfiD [60]

510 R Q QfiH [37, 60]

511 L L LfiP or R [36, 60]

512 S T SfiP or F SfiT [36, 60]

513 Q Q QfiR, P or L QfiL, K or P [37, 60]

514 F F FfiL [37, 60]

515 M L MfiI or V [37, 60]

516 D D DfiY, N or V D fiV, Y, E, G or A [36, 37, 60]

518 I Q NfiH [60]

521 L L LfiM [37, 60]

522 T S SfiF SfiL [60]

526 Q N HfiQ, R, P or Y HfiY, D, C, R, T, G, L, Q, N, P or E [35–37, 60]

529 R R RfiH, L, C or S [60]

531 S S SfiF or Y SfiL, W, C, Q or Y [35–37, 60]

532 S A AfiV or E [60]

533 L M LfiP LfiP [60]

534 G G GfiD [60]

563 T T TfiP [60]

564 P P PfiL [60]

572 I I IfiF [60]

573 T M NfiF [60]

Table 3. Comparison of macrolide resistance sites of 23S rRNA

Nucleotide position

(E. coli numbering)

Nucleotide sequence Macrolide-resistance mutation References

‘Ca. Phytoplasma asteris’ Mycoplasma pneumoniae E. coli Mycoplasma pneumoniae

2057 A G GfiA* [39]

2058 A A AfiG AfiG [39, 41, 42]

2059 A A AfiG [41, 42]

2611 U C CfiU CfiG or A [39, 42]

*Also reported as chloramphenicol-resistance mutation.
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(Fig. 2c–e). Our results suggest that these antimicrobials are
effective against ‘Ca. P. asteris’. Notably, rifampicin-treated
plants grew as well as healthy plants (Fig. 2e), indicating
that rifampicin is highly effective.

In contrast, norfloxacin, azithromycin dihydrate and 5-fluo-
rouracil were phytotoxic (Fig. 2g–i). Although it remains
unclear whether the reduction in ‘Ca. P. asteris’ was caused
directly by antimicrobial activity or indirectly by damage to
the host plant, these phytotoxic antimicrobials may be
unsuitable for the control of phytoplasmas. Thus, the in
vitro co-culture system can also evaluate the effects of anti-
microbials on host plants.

Occurrences of antimicrobial-resistant strains have been
reported in many plant-pathogenic bacteria [9]. To avoid
the emergence and population increase of antimicrobial-
resistant strains, it is important to use multiple antimicro-
bials in combination or rotation [16]; however, only
tetracyclines have been used in practice within the past half-
century to control phytoplasmas [10, 51]. In this study, in
addition to tetracyclines, phenicols and rifampicin were
demonstrated to decrease the accumulation of ‘Ca. P. aste-
ris’. These antimicrobials could be useful for the long-term
control of phytoplasma diseases.

Mechanisms of antimicrobial susceptibility of
phytoplasmas

Most antimicrobials decrease the accumulation of bacteria
by inhibiting the functions of their rRNAs and proteins.
Therefore, these sequences are associated with susceptibility
to antimicrobials. Although phytoplasmas are closely related
to mycoplasmas [52], they differ in their susceptibility to
several antimicrobials (Fig. 4a). The causes of these differen-
ces were analysed by comparing the nucleotide and amino
acid sequences of the target genes.

Tetracyclines decreased the accumulation of ‘Ca. P. asteris’
and are effective against other phytoplasmas and mycoplas-
mas [10, 12–14, 33]. No tetracycline resistance bases [32,
53] were found in 16S rRNA sequences of phytoplasmas,
which is consistent with the findings of previous studies and
our in vitro assay. If tetracycline-resistant phytoplasma
exists, our comparison of 16S rRNA sequences will be useful
in analysing the mechanisms of resistance.

Rifampicin dramatically decreased the accumulation of ‘Ca.
P. asteris’, whereas mycoplasmas are innately resistant to
rifamycins [33]. An amino acid substitution, S512T, in
RpoB of M. tuberculosis, was strongly associated with rifam-
picin resistance [36], suggesting that this residue is related
to the difference in susceptibility to rifampicin between ‘Ca.
P. asteris’ RpoB (512S) and M. genitalium RpoB (512T)
(Fig. 4b). Although 526Q was also related to rifampicin
resistance in M. tuberculosis, there seems to be relatively lit-
tle contribution of the amino acid residue to this resistance
[37]. This suggests that the 526Q of RpoB in ‘Ca. P. asteris’
also has little effect on its susceptibility to rifampicin.

Although mycoplasmas are susceptible to macrolides [33],
most macrolides did not significantly decrease the accumu-
lation of ‘Ca. P. asteris’ (Table 1). Macrolide-resistant bacte-
rial strains frequently have mutations in the peptidyl
transferase loop of 23S rRNA [38]. In E. coli, G2057A and
C2611U are known as typical mutations associated with
macrolide resistance (Fig. 4c, Table 3). Interestingly, phyto-
plasmas innately possess both resistance bases (Fig. 4c).
Considering the secondary structure of the peptidyl trans-
ferase loop, these bases (2057 and 2611) complement each
other and are involved in a stem structure (Fig. 4c, d). The
difference in the bases would affect the structure of the pep-
tidyl transferase loop in phytoplasmas, suggesting that this
is the reason why macrolides were ineffective against ‘Ca. P.
asteris’.

The 2057A of 23S rRNA is also related to phenicol resis-
tance (Table 3), which may account for our finding that
phenicols were less effective against ‘Ca. P. asteris’ than tet-
racyclines and rifampicin (Fig. 2a). Phenicols will bind to
23S rRNA of phytoplasma and inhibit protein synthesis to
some extent; however, the affinity might be slightly
decreased by 2057A of 23S rRNA.

This is the first article to describe the antimicrobial suscepti-
bility/resistance of phytoplasmas from the aspect of geno-
mics. The sequence comparison will be valuable for
predicting the mechanisms of susceptibility/resistance to
antimicrobials and properties of phytoplasma species that
were not tested in this study. Antimicrobials that decreased
the accumulation of ‘Ca. P. asteris’ are presumed also to be
effective against other phytoplasma species, because the
bases and amino acid residues discussed above are con-
served (Fig. 4a, b). Moreover, our results will be useful for
monitoring the emergence of antimicrobial-resistant phyto-
plasma strains.

Application to controlling and studying plant-
pathogenic non-culturable bacteria

In this study, we developed an antimicrobial screening
method for phytoplasmas and extended approaches to con-
trol phytoplasmas. This method can be applied to various
other plant-pathogenic uncultured bacterial species. For
example, the screening of antimicrobials effective against
citrus huanglongbing disease caused by Candidatus Liberi-
bacter asiaticus, which has been performed by applying
antimicrobials to infected plants grown on soil [54, 55],
would be more accurate and efficient with the application of
the in vitro co-culture system.

Phytoplasma infection was not detected in samples even
3months after stopping the 4-month treatment with rifam-
picin or tetracycline (Fig. 3b, d). Considering that phyto-
plasma increased by approximately six-fold per week in
garland chrysanthemums [50], we conclude that phyto-
plasma was eliminated by the maintenance of phytoplasma-
infected plants in MS medium containing tetracycline or
rifampicin. Conversely, in previous studies, tetracyclines
were reported as being unable to eliminate phytoplasmas
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[10, 15]. The discrepancy between these results can be
attributed to the difference in antimicrobial treatment
methods. The in vitro antimicrobial treatment method used
in this study would be useful for anti-phytoplasma antimi-
crobial screening and elimination of phytoplasma for three
reasons. First, antimicrobials were constantly supplied from
the medium to plants because environmental effects such as
soil and microbes are removed by in vitro culture. Second,
antimicrobials were administered to below-ground plant
parts, where the phytoplasma population is higher than in
leaves [50]. Third, xenobiotics generally move acropetally
from the point of treatment in plants [56, 57]. Our results
correspond to those of a previous study, which showed that
tetracycline treatment of the root was more effective than
that of the aerial parts of the plant [10]. This phytoplasma
elimination technique will be useful not only for disease
control, but also for the preservation of mother trees and
plants with cultural, biological or religious significance, sup-
porting plant quarantine and the international distribution
of botanical resources.

Besides phytoplasma disease control, this study will contrib-
ute to fundamental phytoplasma research. Genetic factors
associated with susceptibility/resistance to antimicrobials
were predicted in this study. Antimicrobial resistance genes
are often used as transformation markers in the transforma-
tion of bacteria [58]. Combinations of anti-phytoplasma
antimicrobials and the corresponding genetic factors would
be valuable for the establishment of a transformation system
for phytoplasmas.

The screening method developed in this study will help us
to control and understand phytoplasmas more than ever
before. Further study is needed for the screening of other
antimicrobials and the development of frameworks for their
practical use.
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