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SUMMARY

Minimal bactericidal concentrations (MBCs) were determined for 16 bacterial strains isolated from strawberry runners.
Bacteria were treated with single antibiotics: Timentin, streptomycin sulfate, gentamicin, and dihydrostreptomycin; and
with combinations of two or three antibiotics: Timentin, streptomycin sulfate, and gentamicin. Combinations of the three
antibiotics (12) were effective with all bacteria tested and were then used to treat contaminated plantlets. Fragaria X
ananassa Duch. cv. Jucunda inoculated with Xanthomonas campestris pv. vesicatoria or Pseudomonas corrugata were grown
for 1 wk, then treated with combinations of Timentin, streptomycin, and gentamicin. Antibiotic treatments were 100%
effective in eliminating P. corrugata from ‘Jucunda,” but only 23% of the plants inoculated with X. campestris pv. vesicatoria
were freed of the bacteria. Phytotoxicity was observed only at high antibiotic concentrations. Detection of bacteria from
treated plants was most effective after one subculture, as antibiotics continued to inhibit bacterial growth on detection

medium immediately after treatment.
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INTRODUCTION

Bacteria resistant to surface sterilization or endophytic bacteria
lodged within plants are continuing problems in plant tissue culture
and often can be eliminated only with antibiotics (Mathias et al.,
1987). Antibiotic treatments vary greatly depending on the plant and
the bacterial contaminant. Antibiotics are either incorporated into
culture media or used as brief treatments for specific surface con-
taminants (Leifert et al., 1991). Short-term antibiotic treatments are
best to prevent the development of antibiotic resistance in bacterial
contaminants (Kneifel and Leonhardt, 1992; Leifert et al., 1991). It
is also important to determine that antibiotic treatments are bacte-
ricidal rather than bacteriostatic to avoid reoccurrence of bacteria
(Mathias, 1987; Leifert et al., 1991).

Combinations of antibiotics may be more effective than single an-
tibiotics in killing contaminants and reducing the risk of antibiotic
resistance developing in the microbial population (Falkiner, 1988;
Leifert et al., 1991; Kneifel and Leonhardt, 1992). If antibiotic com-
binations are synergistic, the effective concentration of each antibi-
otic can be reduced; and the reduced concentration of each antibiotic
produces fewer phytotoxic side effects (Falkiner, 1988). Barrett and
Cassells (1994) found that antibiotics lost some effectiveness when
incorporated in tissue culture media.

Successful antibiotic treatment of infected plants requires the de-
termination of the minimal bactericidal concentration (MBC) and the
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antibiotic phytotoxicity to plant materials before treatment begins
(Barrett and Cassells, 1994; Buckley et al., 1995; Falkiner, 1990).
Antibiotics that are effective on isolated organisms may not be ef-
fective in contaminated plant cultures due to phytotoxicity or poor
penetration into plant tissues (Bastiaens et al., 1983; Viss et al.,
1991; Reed et al., 1995). Bacteria may reappear months later be-
cause of transient bacteriostatic activity of antibiotics (Bastiaens et
al., 1983; Cassells, 1991). Mathias et al. (1987) suggest using anti-
biotic treatments in liquid medium, because greater surface contact
increases the uptake of antibiotics into internal tissues.

The goals of this study were to determine minimal bactericidal
concentrations of antibiotics for the control of bacterial contaminants
detected from strawberry runner explants, effective treatments for
contaminated plants, and an effective medium to detect bacterial
contaminants after antibiotic treatments.

MATERIALS AND METHODS

Bacterial isolates used. Bacteria used were isolated from strawberry runner
explants: Pseudomonas corrugata, P. fluorescens types A and F (1 and 2y, P
tolaasii, P. paucimobilis, Xanthomonas campestris pv. vesicatoria, Xantho-
monas spp., Enterobacter cloacae A, two Gram-positive and one Gram-neg-
ative unidentified species, and standard cultures (Tanprasert, 1996).

Minimal bactericidal concentrations (MBCs). MBCs were tested for single
antibiotics: Timentin (T a combination of ticarcillin and clavulanic acid),
gentamicin (G), streptomycin sulfate (S), and dihydrostreptomycin (DS)
(SmithKline Beecham, Philadelphia, PA; Sigma Chemical Company, St.
Louis, MO); combinations of two antibiotics (T + G), (T + S}, (G + S); and
combinations of three antibiotics (T + S + G). We estimated MBCs of the
antibiotics by inoculating 50 ml of 48-h-old cultures of bacterial isolates to
a series of antibiotic tube dilutions in one-half strength MS medium, at pH
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TABLE 1

MINIMAL BACTERICIDAL CONCENTRATIONS OF FOUR ANTIBIOTICS DETERMINED AFTER FIVE DAYS’ GROWTH IN HALF-STRENGTH MS
MEDIUM AT pH 6.9 FOR BACTERIA ISOLATED FROM STRAWBERRY RUNNER EXPLANTS

Minimal bactericidal concentration (ug/ml}

Bacterial strain No. of isolates Timentin Gentamicin Dihydrostreptomycin Streptomycin sulfate
Pseudomonas corrugata 1 >500 <3 <125 <625
1 >500 >3 <125 <62.5
P. fluorescens type A 1 >1,000 <3 <62.5 <62.5
P. fiuorescens type F (1) 1 >62.5 <3 >250 <62.5
1 >500 >3 >1,000 <62.5
1 >500 >3 >1,000 <62.5
1 >500 <3 >1,000 >1,000
1 >500 <3 <62.5 <62.5
P. fluorescens type F (2) 1 >1,000 <3 <62.5 <62.5
1 >1,000 <3 >62.5 <62.5
P. tolaasii 1 >1,000 <3 <62.5 <62.5
P. paucimobilis 1 >125 <3 >1,000 >1,000
Xanthomonas spp. 1 >250 >6.25 >1,000 >1,000
1 <62.5 >6.25 >1,000 >1,000
X. campestris pv. vesicatoria 1 >500 >6.25 <62.5 <62.5
Enterobacter cloacae A 1 >1,000 >12.5 <62.5 >500
Unknown species 1 >125 <3 <62.5 <62.5
2 >500 >50 <62.5 <500
1 >1,000 >50 >125 <62.5

Fluorescent on King’s B medium.
Nonfluorescent on King’s B medium.

Q=
@)=

6.9. The tube dilutions contained a geometric dilution series of filter-steril-
ized antibiotic. Two ml of the diluted antibiotic was added to each tube. After
5 d incubation at 25° C, each dilution was transferred to 1.2% nutrient agar
and 0.4% tryptic soy agar plates with a sterile applicator stick and incubated
at 25° C for 4-7 d to determine bacterial growth. The lowest concentration
of antibiotic that showed no bacterial growth was considered to be the minimal
bactericidal concentration. Antibiotic concentrations were chosen from ear-
lier published reports (Falkiner, 1988; Buckley et al., 1995).

Antibiotic concentrations. Single antibiotics: Timentin (T), streptomycin
sulfate (S), and dihydrostreptomycin (DS) (ug/ml): 62.5, 125, 250, 500, and
1000; and gentamicin (G): 3, 6.25, 12.5, 25, and 50. Combinations of two
antibiotics: All combinations of (T) (125 and 250 pg/ml) and (G) (6.25 and
12.5 pg/ml), (T) (125 and 250 pg/ml) and (S) (250 and 500 pg/ml), and (S)
(250 and 500 pg/ml) and (G) (6.25 and 12.5 pg/ml) were tested. Combinations
of three antibiotics: All possible combinations of (T) (125 and 250 pg/ml),
(S) (250 and 500 pg/ml), and (G} (6.25, 12.5, and 25 pg/ml).

Phytotoxicity. Fragaria X ananassa Duch. cvs. Florida Belle, Sierra,
Headliner, Fortune, and Jucunda; F. virginiana subsp. glauca (S. Watson)
Staudt; and F. virginiana subsp. virginiana Duch. were treated with single
antibiotics (ug/ml): 1000 (T), 1000 (S}, 1000 (D), and 50 (G); combinations
of two antibiotics: 250 (T) + 12.5 (G), 250 ug/ml (T} + 500 (S), and 500
(8) + 12.5 (G); and combinations of three antibiotics: 250 (T) + 500 (S) +
25 (G).

Antibiotic treatment of plants. Bases of ‘Jucunda’ and F virginiana subsp.
glauca plantlets were dipped into bacterial cultures of P. corrugata or X.
campestris pv. vesicatoria, planted on agar medium, and grown for 7 d to
establish bacterial colonies within the plants. Contaminated plants were to-
tally submerged in % strength liquid MS medium without and with combi-
nations of three filter-sterilized antibiotics (Timentin, streptomycin sulfate,
and gentamicin) at (ug/ml) 500 (T) + 250 (S) + 25 (G), 1000 (T) + 250
(S) + 25 (G), and 1000 (T) + 500 (S) + 25 (G). After 10 d of treatment,
bases of plants were touched to 523 Medium (Viss et al., 1991) then trans-
ferred to multiplication medium containing 265 mg peptone per lLiter and 88
mg yeast extract per liter (Boxus and Terzi, 1987). Plantlets were subcultured
and bacterial contaminants recorded every 3 wk for 12 wk. For statistical
analysis, antibiotic treatments of ‘Jucunda’ and F. virginiana subsp. glauca
plants were arranged in a completely randomized design, and the data were
subjected to analysis of variance (ANOVA) with StatGraphics 7.0 (Statistical
Graphics Corp., Rockville, MD).

RESULTS AND DISCUSSION

MBC of single antibiotic treatments. Timentin, a combination of
ticarcillin and clavulanic acid, was most effective against xantho-
monads and some unknown strains (Table 1). Pseudomonads, enter-
obacteria, and other unknown species required higher Timentin con-
centrations (1000 pg/ml) for bactericidal results. Gentamicin was
bactericidal at relatively low concentrations for pseudomonads (3 pg/
mi), xanthomonads (6.25 pg/ml), and enterobacteria (12.5 pg/ml),
but concentrations greater than 50 pg/ml were required to kill three
of the four unidentified bacteria. Effective dihydrostreptomycin con-
centrations required to kill pseudomonads and xanthomonads varied
from less than 62.5 ug/ml to more than 1000 pg/ml. Dihydrostrep-
tomycin was bactericidal at approximately 62.5 pg/ml for enterobac-
teria and the unidentified isolates. Streptomycin sulfate was bacte-
ricidal at 62.5 pg/ml for most pseudomonads, except one strain of P
Aluorescens type F and P. paucimobilis. Bactericidal concentrations
were varied for xanthomonads and the unidentified isolates, whereas
Enterobacteria cloacae A was killed at (S) concentrations greater than
125 pg/ml. Dihydrostreptomycin results were similar to those for
streptomycin sulfate so it was not tested further.

Effective combinations of two or three antibiotics. Some combina-
tions of (T + G), (G + S), and (T + S) were effective in killing the
bacteria tested (Tables 2 and 3). The combination of (G + S) at 6.25
+ 250 pg/ml killed all xanthomonads, all pseudomonads except F.
paucimobilis, Enterobacter cloacae A, and one Gram-negative uni-
dentified strain. P, paucimobilis were killed only at (G + S) concen-
trations as high as 12.5 + 500 pg/ml. Similar results were found
with (T + S) combined (Table 2). Combinations of (T + G) produced
unsatisfactory results. Many pseudomonads, some xanthomonads,
and one unidentified Gram-negative strain were not killed even at
the highest concentrations tested (Table 3).
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TABLE 2

GROWTH OF ISOLATED BACTERIA AFTER SEVEN-DAY EXPOSURE IN HALF-STRENGTH MS MEDIUM AT pH 6.9 IN COMBINATIONS OF
STREPTOMYCIN SULFATE AND GENTAMICIN OR STREPTOMYCIN SULFATE AND TIMENTIN

Bacterial strain Growth of bacteria on nutrient agar plates® following exposure to:

Streptomycin sulfate + gentamicin (pg/ml)

Untreated 500 + 12.5 500 + 6.25 250 + 12.5 250 + 6.25
Pseudomonas paucimobilis® + - + + +
Unidentified Gram-positive isolates (2) + + + + +
Streptomycin sulfate + Timentin (ug/ml)
Untreated 250 + 500 250 + 250 125 + 500 125 + 250
P. paucimobilis® + — _ + +
Xanthomonas spp. + - - + +

*All concentrations were bactericidal to Enterobacter cloacae A, P. corrugata, P. fluorescens type A, F{1), (2}, G, P. tolaasii, one Xanthomonas spp., X.
campestris pv. vesicatoria, and one or more unidentified isolated.
b+ Growth or — no growth of bacteria when spotted onto nutrient agar plates.

TABLE 3

GROWTH OF ISOLATED BACTERIA AFTER SEVEN-DAY EXPOSURE IN HALF-STRENGTH MS MEDIUM AT pH 6.9 IN COMBINATIONS OF
TIMENTIN AND GENTAMICIN

. . Growth of bacteria on nutrient agar plates® following Timentin + gentamicin (pg/ml) treatments
Bacterial strain®

Untreated 250 + 12.5 125 + 125 250 + 6.25 125 + 6.25

Pseudomonas fluorescens type F(2) + + + + +
P. fluorescens type G + - + + +
P. tolaasit + + + + +
P. paucimobilis + - - - +
Xanthomonas spp. + - - - +

+ - - + +
Enterobacter cloacae A + - - - +
Unidentified Gram-positive isolate + - - + +
Unidentified Gram-positive isolate + + + + +
Unidentified Gram-negative isolate + - - - +

*All concentrations were bactericidal to P. corrugata, P. fluorescens type A, one P. fluorescens type F(1), one type F(2), one Xanthomonas spp., X. campestris
pv. vesicatoria, and one unidentified isolate.

b+ growth or — no growth of bacteria when spotted onto nutrient agar plates following 7 d of antibiotic treatment.

Cultures of all tested bacterial strains were killed when treated for treatment with (ug/ml) 500 (T) + 250 (S) + 25 (G) which pro-
with any of the 12 combinations of the three antibiotics (T + S + duced 10% bacteria-free plants. ‘Jucunda’ plants inoculated with P,
G) (data not shown). The effectiveness of these combinations of three corrugata were 100% bacteria-free after all treatments. The effec-
antibiotics for all bacterial strains make them good candidates for tiveness of the treatment varied greatly with the two bacteria tested.
treating plant materials contaminated with unidentified bacteria. These differences may have been caused by the location of the bac-

Phytotoxicity tests. Buckley et al. (1995) found that antibiotics teria in the plant, chemical properties such as mucus production, or
cause stunting, yellowing, curling, bleaching of leaves, or death of other unknown physical or chemical factors. Both bacterial strains
mint plants, depending upon the antibiotic used and its concentra- were lethal to F. virginiana subsp. glauca, so it was not treated with
tion. None of seven F. chiloensis genotypes treated with single and antibiotics. The mixture of three antibiotics would be most useful in
two- and three-antibiotic combinations showed toxicity to the anti- cases where it is not possible to determine the type of contaminants
biotics tested (data not shown). ‘Jucunda’ exhibited some leaf present.
bleaching at antibiotic concentrations higher than those tested for Minimal bactericidal concentrations for plant treatment. MBCs are
phytotoxicity but recovered when removed from treatment solutions used as reference concentrations for determining plant treatments,
(data not shown). and treatment concentrations are usually two to four times greater

Antibiotic treatment of plants. Ten percent of ‘Jucunda’ plants con- than MBCs (Leifert et al., 1991). Plants in this study were treated
taminated with X. campestris pv. vesicatoria were bacteria-free after with combinations of antibiotics, because those were the only treat-
treatment with (ug/ml): 500 (T) + 250 (S) + 25 (G), and 23.33% ments effective on all individual isolates. ‘Jucunda’ inoculated with
were decontaminated when treated with 1000 (T) + 500 () + 25 X. campestris pv. vesicatoria required eight times the (T), two times

(G) or 1000 (T) + 250 (S) + 25 (G). The results of the latter two the (S), and four times the (G) over the lowest MBC of the three
treatments (23.33%) were significantly better (P = 0.02) than results antibiotics in combination to produce 23% bacteria-free plants. But
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‘Jucunda’ inoculated with P. corrugata was 100% bacteria free when
treated with a combination of the three antibiotics at concentrations
four times (T), one times (S), and four times (G) over the lowest MBC.

Detection of bacteria from treated plants. When 523 Medium was
used to detect bacteria immediately after antibiotic treatments, only
3% of ‘Jucunda’ plants appeared contaminated with X. campestris pv.
vesicatoria. However, at the next transfer, treated plants were moved
onto 523 Medium plus peptone and yeast extract and contamination
was detected in 90% of the cultures treated with the antibiotic com-
bination (ng/ml): 500 (T) + 250 (S) + 25 (G), and 77% of the
cultures treated with the antibiotic combinations (g/ml): 1000 (T)
+ 250 (S) + 25 (G) and 1000 (T) + 500 (S) + 25 (G). Bacterial
detection on 523 Medium was probably affected by antibiotics from
treatment solutions, resulting in poor bacterial growth. We suggest
that 523 Medium be used as an indexing medium at each subculture
following treatment, but not at the initial transfer since it is not ef-
fective due to antibiotic carryover.

CONCLUSIONS

Determination of minimal bactericidal concentrations (MBCs) was
useful in formulating effective antibiotic treatments. Combinations
of antibiotics were more effective than any single antibiotic for killing
isolated bacteria. No phytotoxicity appeared when plants were
treated with either a single or a combination of antibiotics. Treat-
ments with combinations of Timentin, streptomycin sulfate and gen-
tamicin were effective for the total elimination of Pseudomonas cor-
rugata and partial elimination of Xanthomonas campestris pv.
vesicatoria from inoculated strawberry plants. Treated plants should
be indexed at subsequent subcultures for several months to deter-
mine the effectiveness of the treatments. Treatment regimes for con-
taminated strawberry cultures will be developed with the MBC in-
formation derived in this study.
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