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It has been known that streptomycin resistance in bacteria
can occur as a results of chromosomal mutation or
through gene acquisition or both. Chromosomal muta-
tions for resistances are point mutations in the rpsL
gene, which alter ribosomal protein S12. Acquired re-
sistance has occurred when an SmR plasmid carrying
transposon Tn5393 with tandem strA-strB gene is trans-
ferred by conjugation. A total of 686 isolates of Xantho-
monas smithii subsp. citri causal agent of citrus canker
disease were collected from 26 citrus orchards in Jeju
Island in 2003 and 2004 seasons. Forty-nine of 111 iso-
lates from streptomycin non-sprayed orchards in 2003
season were resistant to streptomycin. Of 107 isolates
from orchards sprayed one time with streptomycin, 58
isolates were resistant, and 166 of 221 isolates from
orchards sprayed two times with streptomycin were
resistant. In 12 orchards sprayed three or more times
with streptomycin, 219 of 247 isolates were resistant to
streptomycin. Twenty-five isolates of X. smithii subsp.
citri were surveyed to identify the mechanisms of strepto-
mycin resistance in this study. Twenty-one of these 25
isolates were resistant to streptomycin, and it was
proven by PCR assay that 18 of the 21 streptomycin
resistant isolates have the strB gene. In sixteen of the 21
streptomycin resistant isolates, it was occurred a point
mutation altered codon lysine (AAG)-41 of rpsL gene to
arginine (AGG). The streptomycin-sensitive isolates
easily acquired the resistance by mixed culture with
resistant isolates. The strB gene was amplified from the
isolates that acquired the resistance by mixed culture,
and one isolate of them was also point-mutated in codon
41 of rpsL gene to be resistant. In this study, most of the
streptomycin-resistant isolates of X. smithii sub sp. citri
in Jeju island expressed the resistance by both chromo-
somal point mutation and gene acquisition, and the
resistance was easily acquired through conjugation by
culture mixed with streptomycin resistant and sensitive
strains.
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Five forms of citrus canker disease have been described,

canker “A”, “B”, “C”, “D”, and “E”. Canker “A” which is

the Asiatic form of citrus canker, is the most widespread

and severe form of the disease. The causal agent of canker

“A” was first described by Hasse (Hasse, 1915) as Xanth-

omonas (Pseudomonas) citri. It was reclassified in 1980 by

Dye et al. (1980) as Xanthomonas compestris pv. citri and

X. axonopodis pv. citri by Vauterin et al. (1995) in 1995 and

recently as X. smithii subsp. citri by Schaad et al. (2005) in

2005.

The cankers decrease fruit marketability, can drastically

decrease crop yields by causing premature fruit drop, and

can induce severe defoliation on susceptible cultivars

(Gottwald and Graham, 2000). Streptomycin, an aminog-

lycoside antibiotic, is formulated as either streptomycin

sulfate or streptomycin nitrate. It is or has been marketed

under the trade names Agrept, Agri-mycin, Agri-strep and

others. Since its introduction for crop protection in 1955,

streptomycin has been the major antibiotic used to control

fire blight, soft rot, bacterial spot and wild fire diseases

(Patricia et al., 2002.) In addition, it has been used and

registered to control citrus canker disease in Jeju Island.

However, the emergence of streptomycin-resistant strains

has been reported in Xanthomonas (Stall and Thayer,

1962; Minsavage et al., 1990), Pectobacterium (Fukusawa et

al., 1980), Pseudomonas (Huang and Burr, 1999; Scheck

et al., 1996) and others, which has impeded the control of

several important diseases including citrus canker. The

failure of streptomycin to provide adequate protection to

plants was due to the appearance of resistant isolates in

this antibiotic. It was known that streptomycin resistance

in Erwinia amylovora can occur as result of chromosomal

mutation or through gene acquisition (Patricia et al.,

2002). Chromosomal mutations for resistance that have

been detected thus far are point mutations in the rpsL

gene, which alter ribosomal protein S12 (Chiou and Jones,
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1995). Acquired resistance has occurred when an SmR

plasmid, such as pEa 34 carrying transposon Tn5393 with

tandem strA-strB, is transferred by conjugation to E.

amylovora, Pseudomonas syringae and X. campestris

(Chiou and Jones, 1995; Sundin and Bender, 1996). In this

study, we surveyed the streptomycin resistant of X. smithii

subsp. citri from citrus orchards in Jeju island, considered

the streptomycin resistance mechanism of the pathogens

by PCR assay or sequencing of rpsL gene, and verified the

transference of streptomycin resistance through bacterial

conjugation by culture mixed with streptomycin resistant

and sensitive strain.

Survey of streptomycin resistant from orchards. To

assess the streptomycin-resistant pathogens from citrus

orchards, the isolates of X. smithii pv. citri were isolated

from satsuma mandarin leaves which showed typical canker

symptoms in twenty-six citrus orchards in Jeju Island in the

2003 and 2004 seasons. The orchards were composed of

streptomycin non- sprayed, one time, two times and three

times or more sprayed orchards in each of the 2003 season

and 4, 3, 7 and 12 orchards were surveyed, respectively.

The one single-colony pathogenic and typical colony of X.

smithii was cultured and tested for resistance to strepto-

mycin by evenly spreading 0.2 ml of suspensions contain-

ing approximately 108 colony-forming units (cfu) per ml

onto YNA (yeast extract 5 g, nutrient broth 8 g, agar 15 g/l)

medium. Then, filter paper disks (8 mm, ADVANTEC,

Japan) soaked with 50 and 100 µg of streptomycin were

placed on the surface of the plates. The plates were incubat-

ed at 30 oC for 48hr and checked for the presence of

inhibition zones. The isolates were then cultured on YNA

medium amended with 50 µg of streptomycin per ml for

48hr and checked for colony formation by inoculation with

10 µl of bacterial suspensions (108 cfu/ml). It was con-

sidered to be resistant strain that all isolates grown up to the

margins of filter paper disks soaked with streptomycin and

formed colonies on the YNA medium amended with strepto-

mycin.

Total 686 isolates from the 26 orchards were screened

for streptomycin resistance. Forty-nine isolates of 111 iso-

lates from 4 orchards that were not sprayed with strepto-

mycin were resistant to streptomycin. Of 107 isolates

from orchards sprayed one time with streptomycin, 58

isolates were resistant, and 166 of 221 isolates from 7

orchards sprayed two times with streptomycin were re-

sistant. In 12 orchards sprayed with streptomycin three

times or more, 219 of 247 isolates were resistant to strepto-

mycin. Though 44.1% of the isolates from 4 streptomycin

non-sprayed orchards were resistant to streptomycin, the

streptomycin resistance correlated positively to the number

of streptomycin spraying times in the orchards (Table 1).

The rate of streptomycin resistant isolates was 2 times

higher in orchards sprayed with streptomycin 4 times in

the 2003 season than in the non-sprayed orchards. Though

we have information about the control schedule for only

the 2003 season, we think streptomycin had been sprayed

several times in orchards sprayed with streptomycin 2

times or more in 2003 season but not sprayed at all in non-

sprayed orchards for some years. This means that the

streptomycin resistance of the pathogens have been affect-

ed by frequent usage of streptomycin (Table 1). However,

44.1% of the isolates from non-sprayed orchards were

also resistant to streptomycin. These results suggest that

another mechanism of streptomycin resistance was work-

ing in addition to the direct usage of streptomycin.

Identification of strB gene by PCR. Streptomycin acquir-

ed resistance has occurred when plasmid, such as pEa34

carrying transposon Tn5393 with tandem strA-strB, is

transferred by conjugation. A total of 25 isolates were

assayed to identify the strB gene with primers specific to

the strB gene[strB-1(forward): 5'-AACCCCTGCCTTCT-

GCCCTTCTC-3'; (revrse): 5'-ATCGCGTTGCTCCTCTT-

CTCCATC-3') designed from Xanthomonas campestris pv.

vesicatoria strain 85-10 streptomycin 3''-kinase (Gene ID:

3732699, NCBI) from plasmid DNA extracted using Accu-

Prep Nono-Plus Plasmid Mini Extraction Kit (Bioneer,

Seoul, Korea) according to the manufacturer’s recommen-

dations. The amplifications were performed in a programm-

able thermocycler (Perkin-Elmer Cetus thermal cycler,

model 480), using an initial denaturation step of 95 oC for 2

min, followed by 35 amplification cycles of denaturation at

94 oC for 30 sec, annealing at 55 oC for 1 min, extension at

72 oC for 2 min, and a final extension at 72 oC for 10 min.

After PCR, 10 µl of the product was electrophoresed in a

1.0% agarose gel in TAE buffer and visualized through

ethidium bromide staining. A 100-bp DNA Ladder (TAKARA

Bio Inc., Japan) was used for molecular weight markers. As

a result, the strB gene was identified in 18 of 25 isolates,

and the product size was 339 bp (Table 2 and Fig. 1).

Table 1. Distribution of streptomycin-resistant isolates of Xantho-
monas smithii subsp. citri from citrus orchards sprayed with
streptomycin according to different spray schedules for control of
citrus canker disease in Jeju Island

Streptomycin 
Applicationa

Surveyed 
orchards 

(no.)

Resistant 
isolates/tested
isolates (no.)

% of resistant 
isolates

None spray 4 49/111 44.1

One time spray 3 58/107 54.2

Two times spray 7 166/221 75.1

Three times spray 12 219/247 88.7

aThe spray schedule was in 2003 season
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Survey of point mutation on rpsL gene. A total of 25

isolates were assayed to identify the point mutation on the

rpsL gene which encodes ribosomal protein S12. The rpsL

gene was amplified with primers specific to the rpsL

gene[rpsL(forward): 5'-TCGGCCTATCAATCAGAAGA-

3'; (revrse): 5'-GGACGGTGCGCTGCGGAGTA-3')] design-

ed from 30S ribosomal protein S12 gene (Gene ID:

AE008923.1, NCBI) of X. axonopodis pv. Citri from total

DNA extracted using AccuPrep Genomic DNA Extraction

Kit (Bioneer, Seoul, Korea). The amplifications were

performed as above. The amplified DNA fragments were

recovered from agarose gels and purified using AccuPrep

Gel Purification Kit (Bioneer, Seoul, Korea) and then were

cloned and transformed using Topo TA Cloning Kit

(Invitrogen, Carlsbad, CA 92008, USA). Sequencing-grade

plasmid DNA was obtained using AccuPrep Nono-plus

Plasmid Extraction Kit (Bioneer, Seoul, Korea). General

procedures for plasmid DNA purification, cloning and

transformation were performed according to each of the

manufacturer’s recommendations. DNA was sequenced in

both directions using M13 forward and SP6 reverse primers

and in two subclones in some isolates. Sequencing was

done automatically using dye-labeled dideoxy nucleotides

and DNA polymerase in the Applied Biosystems 3730XL

DNA sequencer (Applied Biosystems, Inc., Foster City,

CA, USA) in NICEM. The rpsL gene was amplified in 25

isolates and the size was 369 bp. As a result of sequencing,

codon 43 of rpsL gene was lysine (AAG) in 9 isolates and

16 isolates had arginine-43 (AGG) (Table 1). Therefore, it

was considered that streptomycin resistance was conferred

by a point mutation that altered codon 43 of the rpsL gene,

and lysine-43 (AAG) was changed to arginine (AGG) in X.

smithii subsp. citri.

In this study, five of 21 streptomycin resistant isolates

expressed streptomycin resistance by the str gene only, 3

expressed resistance by a point mutation of the rpsL gene

only, and 13 expressed resistance by both the str gene and

point mutation (Table 2). From these results, it was found

that though there were more isolates that expressed strepto-

mycin resistance by the str gene than a point mutation of

the rpsL gene, the streptomycin resistances of isolates of

X. smithii subsp. citri in Jeju island were mostly expressed

by both the str gene and a point mutation in the rpsL gene.

Bacterial conjugation. To verify the transference of strepto-

mycin resistance through bacterial conjugation, we conju-

gated by culture mixed with the streptomycin resistant and

sensitive isolates. The strain GFP-29 was used as recipient

strain which it was rifampicin-resistant and green fluore-

scent protein-transgenic variants of streptomycin-sensitive

parent (Park et al., 2008). The strain N-87-2 was used as the

donor strain which was resistant to streptomycin and sensi-

tive to rifampicin. Each of the donor and recipient strains

were grown for 36 hr at 35 oC on a rotary shaker in 50 ml

YNA broth medium amended with each of 100 µg/ml of

Table 2. Streptomycin resistant, strB gene and the point mutation
on rpsL gene of Xanthomonas smithii pv. citri

Isolate
Streptomycin

resistance
StrB 
gene

Codon 41 of 
rpsL gene

a.a. of 41 of 
rpsL gene

P-52 + + AAG Lys

N-87-27 − − AAG Lys

N-82-54 + + AGG Arg

N-87-55 − − AAG Lys

N-87-2 + + AGG Arg

T-27 + + AAG Arg

B-18 + + AGG Arg

B-93 + + AGG Arg

G-17 + + AGG Arg

N-82-29-1 + + AAG Lys

N-82-29-3 + + AGG Arg

N-82-29-4 + + AGG Arg

P-10 + + AGG Arg

Sang-D-10 + + AGG Arg

Sang-F-40 + + AGG Arg

SSG-22 + + AAG Lys

T-20 + + AAG Lys

SIN-1 + + AGG Arg

8-4 + − AGG Arg

B-2-18 − − AAG Lys

N-82-14 + + AGG Arg

27-9 + − AGG Arg 

24-18 + − AGG Arg

KNK-28 + + AGG Arg

GFP-28 − − AAG Lys

Fig. 1. Amplification of strB gene by PCR using specific primer from isolates of Xanthomonas smithii sub sp. citri. Lane M: 100 bp
ladder, lane 1-25: isolate P-52, N-87-27, N-82-54, N-87-55, N-87-2, T-27, B-18, B-93, G-17, N-82-29-1, N-82-29-3, N-82-29-4, P-10,
Sang-D-10, Sang-F-40, SSG-20, T-20, SIN-1, 8-4, B-2-18, N-82-14, 27-9, 24-18, KNK-28, GFP-28.
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streptomycin and rifampicin, respectively. Each of the 0.5

ml of donor and recipient strain's culture were inoculated in

150 ml of YNA broth medium and cultured for 36 hr at 35
oC and 200 rpm on a rotary shaker. Then culture 0.5 ml was

spread on YNA medium amended with 100 µg/ml of

streptomycin and rifampicin. Fluorescent microscopy was

performed for GFP-29 strain (Leica DMRBE; Leica USA)

at 470 to 490 nm. 

In the combination of N-87-2 + GFP-28, 48 colonies

were recovered on YNA medium amended with strepto-

mycin and rifampicin, and 38 of these were green fluore-

scent. It was revealed by PCR assay that 24 of the 38

isolates which were grown on YNA medium amended

with streptomycin and rifampicin and fluorescent had str

B gene, and one of these 24 isolates was altered at codon

43 of the rpsL gene, AAG to AGG. By these results, it was

elucidated that the streptomycin resistance could be

transferred by bacterial cell conjugation. 

We regarded the strB gene is in plasmid in X. smithii

subsp. citri isolates in this study. However, it was reported

that Tn5393, containing linked strA-strB genes that encodes

streptomycin-inactivating phosphotransferases was integ-

rated into the chromosome in some strains of E. amylovora

(McManus and Jones, 1994) and X. campestris pv.

vesicatoria strain 85-10 (da Silva et al., 2002). It has also

been reported X. axonopodis pv. citri strain 306 has one

circular chromosome comprising 5,175,554 bp, and two

plasmids: pXAC33 (33,699bp) and pXAC64 (64,920 bp)

(da Silva et al., 2002), and the streptomycin 3''-kinase

gene (strA-strB) related to streptomycin resistance does

not exist in both plasmids or chromosomal DNA. Further-

more, Xu et al. (2010) reported that neither the presence

of the strA gene nor mutations in the rpsL were found in 4

strains of streptomycin resistant collected from China, and

suggested that different resistance mechanisms are involv-

ed in the resistant isolates of X. oryzae pv. oryzae. How-

ever, it was reported that five different plasmids were in

22 strains of X. axonopodis pv. citri (Carvalho et al.,

2005), and Szczepanowski et al. (2004) reported the

plasmid, pRSB101, mediates resistance to several antibiotics

included with streptomycin and conserved synteny exists

between the pRSB101 replication module and the pXAC33-

replicon from X. axonopodis pv. citri. Therefore, a suvey

will be necessary to elucidate what kind of plasmids are in

the bacterial pathogens in Jeju and the correct position

where the strA-strB genes are linked in future study. 

Thirty-eight of a total of 48 isolates from the mixed

culture of the streptomycin-resistant strain N-87-2 which

has the strB gene and streptomycin-sensitive strain GFP-

29 that was green fluorescent protein-transgenic and

rifampicin-resistant had fluorescence in Table 3. These

results suggest that 79.2% of the isolates converted to

streptomycin and rifampicin resistance were converted

from streptomycin-sensitive strains to streptomycin-resistant

strain though we cannot exclude the possibility of trans-

ference of GFP gene to N-87-2 isolate. As Table 3 shows,

it is that citrus canker pathogens can acquire the strepto-

mycin resistance through conjugation with streptomycin

resistant strain without directly exposure to streptomycin,

and such acquisition may be taken place in field condition

enoughly.
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