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Abstract The effects of timentin on shoot regeneration
of tobacco (Nicotiana tabaccum) and Siberian elm (Ulmus
pumila L.) and its use for the suppression of Agrobacte-
rium tumefaciens in Agrobacterium-mediated genetic
transformation were determined. Timentin is a mixture of
ticarcillin and clavulanic acid, and at concentrations of
200-500 mg/l with ratios of ticarcillin:clavulanic acid of
50:1 and 100:1, it had little effect on shoot regeneration of
tobacco or Siberian elm. Timentin was as effective in sup-
pressing A. tumefaciens as carbenicillin and cefatoxime at
concentrations commonly used in transformation. The dis-
armed A. tumefaciens strain LBA4404 in infected tobacco
leaf tissues was visually undetectable after three subcul -
tures on medium with 500 mg/l of timentin and 250 mg/I
carbenicillin. Timentin was stable in solid agar medium
and remained effective for at least 70 days, but was un-
stable when stored as a mixed stock solution or as separ-
ateticarcillin and clavulanic acid stock solutions at —20°C
or —80°C freezer for 4 weeks. Timentin may be an alterna-
tive antibiotic for the effective suppression of A. tumefa-
ciens in genetic transformation.
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Introduction

Agrobacterium tumefaciens or A. rhizogenes-mediated
transformation has been used widely for introducing agri-
culturally important genesinto cropsand trees (Gasser and
Fraley 1989) and used as a tool to study gene expression
and regulation (Edwards and Coruzzi 1990). For transfor-
mation, plant tissues are infected by co-cultivation with a
disarmed A. tumefaciens or A. rhizogenes carrying a gene
of interest in an antibiotic-free medium for 1-3 days. Af-
ter co-cultivation, the bacterium needsto be suppressed so
as not to interfere with the growth and devel opment of the
transformed plant cells. Thisis normally done by transfer-
ring plant tissues to a selective medium containing Agro-
bacterium-suppressing antibiotics (Horsch et al. 1985).
Currently, carbenicillin and cefatoxime are the most com-
monly used antibioticsfor this purpose. Tissues need to be
subcultured a number of times on the medium with these
antibiotics to maintain suppression of Agrobacterium.
These antibiotics are expensive, have to be used in high
concentrations either alone or in combination (carbenicil -
lin at 500 mg/l, cefatoxime at 200—-300 mg/l) (Hammersh-
lag et al. 1995), and often are ineffective (Shackelford and
Chlan 1996; Z.-M. Cheng unpublished). Therefore, an ef-
fective, inexpensive alternative antibiotic to carbenicillin
and cefotaxime would be useful.

Recently, Shackelford and Chlan (1996) tested ten anti-
biotics (carbenicillin, cefatoxime, erythromycin, specti-
nomycin, polymyxin B, chloramphenicol, methicillin, aug-
mentin 500, augmentin 250, and moxal actam) for their ac-
tivity against A. tumefaciens. Cefatoxime was found to be
the most effective against A. tumefaciens LBA4404, and
moxalactam the most effective against strain EHA101.
However, in their assay, tissues that were infected by A.
tumefaciens and grown on medium with antibiotics were
not transferred to an antibiotic-free medium. Therefore,
whether or not Agrobacterium was completely eliminated
was unknown.

Timentin (SmithKline Beecham Pharmaceutical, Phil-
adelphia, Pa.) has been widely used in human and animal



clinicsto inhibit avariety of gram-positive and gram-neg-
ative bacteria (Neu 1982). It isamixture of ticarcillin and
clavulanic acid and is commonly used at a ratio of 50 (ti-
carcillin) :1 (clavulanic acid) (w/w) (Sweeney et al. 1988).
Ticarcillinisasemisynthetic penicillin, and like penicillin
is sensitive to and becomes inactivated by certain 3-lacta-
mases produced by awide variety of bacteria (Labiaet al.
1986). This problem can be overcome by the addition of
clavulanic acid, a potent 3-lactamase inhibitor (Fuchs et
al. 1984; Verbist and Verhaegen 1986). Many clinical tests
on human and domestic animals have shown that a com-
bination of ticarcillin and clavulanic acid is effective and
safe for use in a wide variety of infections (Sparks et al.
1988). In plants, some researchers have used ticarcillin or
timentin to inhibit systemic bacteriain tissue culture (Tor
et al. 1992; Buckley and Reed 1994), and to suppress Ag-
robacteriumin genetictransformation (Zimmerman 1995).
The objective of the research reported here was to deter-
mine the efficacy of timentin asan alternative antibiotic to
carbenicillin and cefotaxime for the inhibition of A. tume-
faciens in Agrobacterium-mediated genetic transforma-
tion.

Materials and methods

Tobacco (Nicotiana tabaccum L., ‘Havana') and Siberian elm (Ul-
muspumilalL.) leaf tissueswere used. Thetobacco plantswere main-
tained in Magenta GA7 vessels (Chicago, I1l.) containing 40 ml of
M S medium (Murashige and Skoog 1962) free of plant growth reg-
ulators. Siberian elm seedling plants were grown in the greenhouse
at 22°-24°C (Kapaun and Cheng 1997). Ticarcillin and clavulanic
acid (kindly provided by SmithKIine Beecham Pharmaceutical, Phil-
adelphia, Pa.) stocks were made with potassium phosphate buffer at
pH 6.0 and used within 1 day, unless otherwise indicated.

Agrobacteriumtumefaciens strains LBA4404 and EHA 105, both
harboring pB1121, and a wild-type strain, C58, were grown in 2YT
broth (tryptone 16 g/l, yeast extract 10 g/l, and NaCl 5 g/l) for 24 h.
The suspensions were diluted to Ag,,=0.06. For theinitial test of ti-
mentin on A. tumefaciensinhibition, strains LBA4404, EHA 105 and
C58 were streaked onto 15x100-mm petri plates containing 20 ml of
MS medium supplemented with 4.4 um benzylaminopurine (MS1
hereafter) and 250 mg/l timentin. Timentin was added at ratios of
30:1, 50:1 and 100:1 of ticarcillin:clavulanic acid. Each treatment
consisted of 39 tri plates, which were placed under fluorescent light
(54 umol - m™2 - s7Y) with a16-h photoperiod. A. tumefaciensgrowth
was evaluated after 3 weeks.

To determine the effect of timentin on tobacco shoot regenera-
tion, tobacco leaf tissues were cut into about 0.5x0.5-cm segments
and were grown on MS1 with timentin. In the first experiment, ti-
mentin was tested at 0 and 250 mg/I. In the second experiment, ti-
mentin was added at 0, 50, 100, 150, 200, and 250 mg/l. For each
concentration of timentin, three ratios (30:1, 50:1, and 100:1) of ti-
carcillin:clavulanic acid were used. Each treatment had three repli-
cates, each consisting of six leaf segments. Shoot regeneration was
evaluated at the end of 3 weeks.

For Siberian elm, regeneration followed the procedure of Kapaun
and Cheng (1997), with the basal medium being M'S supplemented
with 10 um BA and 3% (w/v) sucrose. The medium was solidified
with 0.3% (w/v) Phytogel (Sigma Co. St Louis, Mo.). Timentin was
used at 0, 200, 300, 400 mg/I at ratios of 50:1 and 100:1 (ticarcil-
lin:clavulanid acid). A completely random design was used. Each
treatment was replicated three times each with eight leaf segments.
The experiment was conducted twice. Data were recorded 4 weeks
after inoculation to medium and analyzed using the general linear
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Table 1 The effect of timentin on shoot regeneration of Siberian
elm leaf tissues®

Timentin Percentage of Percentage of
explants shoots regenerated
(mg/l) Ratio regenerated +SE  per explant +SE
(ticarcillin:
clavulanic acid)
0 50:1 60+15 ab 1.7+0.5a
200 50:1 65+ 9ab 17404 a
100:1 42+10 bc 1.6£05a
300 50:1 44+ 7 be 1.2+0.3a
100:1 48+ 9bc 15+0.4a
400 50:1 38+16 bc 14404 a
100:1 31+15c 1.3t0.3 a

@ Results were from two separate experiments, each with three rep-
lications per treatment. Data were taken 4 weeks after inocul ation to
medium. Treatment means with the same letters are not significant-
ly different at P=0.05. The basal medium was M S+10 um BA+3.0%
(w/v) sucrose+0.3% (w/v) Phytogel

model procedure with the protected L SD mean separation technique
at the 0.05 confidence level (SAS 1990).

Timentin had little effect on tobacco and Siberian elm shoot re-
generation, therefore, the efficacy of timentin for inhibition of A. tu-
mefaciensin genetic transformation was examined. Tobaccoleaf seg-
ments were infected by dipping in a suspension of A. tumefaciens
strain LBA4404. Tissue segments were blotted on sterile paper tow-
elsand cultured on M S1 medium without antibiotics as described by
Horsch et al. (1985). After 2 days of co-cultivation, leaf segments
were transferred to medium with either 0 or 250 mg/I timentin at ra-
tiosof 30:1, 50:1 or 100:1 in thefirst experiment, or to medium with
0, 50, 100, 150, 200, and 250 mg/I timentin at the same three ratios
in the second experiment, to determine the minimum effective con-
centration of timentin. Each treatment had 3 plates, each with six | eaf
segments. After 3weeks, regenerating leaf segmentson mediumwith
200 or 250 mg/I timentin, which showed no growth of A. tumefaci-
ens, were excised and transferred to antibiotic-free medium for 10
days to determine whether the bacterium was suppressed or killed.
The third experiment tested timentin concentrations of 500, 1000,
2500, and 5000 mg/| at the ratio of 100:1. All regenerating tissues
were transferred to timentin-free medium after 3 weeks to evaluate
bacterial growth. Each treatment had 2 plates, each with six |eaf seg-
ments, and the experiment was repeated once. In the fourth experi-
ment, timentin was compared with a combination of carbenicillin
and cefatoxime (Table 1). The infected and noninfected tissues were
subcultured on the same medium three times, each with a 2-week
interval, and then transferred to antibiotic-free medium for 10 days
to evaluate Agrobacteriumgrowth. Each treatment had 2 plates, each
with six leaf segments, and the experiment was repeated once.

The stability and lifetime of timentin were tested, since the man-
ufacturer recommends that atimentin solution be made from ticarcil-
lin and clavulanic acid and used the same day of its preparation and
that solid medium plates with timentin should not be stored for more
than 1 week. In thefirst experiment, atotal of 27 petri plates contain-
ing MS1 medium with 250 mg/I timentin at ratios of 30:1, 50:1 and
100:1 were placed on an illuminated shelf. After 20, 30 and 70 days,
tobacco leaf segmentsinfected with A. tumefaciensL BA4404/pB1121
were transferred to 9 of these plates (3 plates per ratio) for an effec-
tiveness assay. In the second experiment, ticarcillin and clavulanic
acid stock solutions either separately or mixed were stored at —20°C
or —80°C for 4 weeks and then used to make M S1 media containing
250 mg/l timentin at threeratios. Tobacco |eaf segmentsinfected with
LBA4404/pBI121 were cultured on these media for 3 weeks before
Agrobacterium growth was evaluated visually. There were 4 plates
per treatment with six leaf segments per plate. Bacterial growth was
recorded either as negative or positive, indicating A. tumefaciens
growing on none or at least one leaf segment, respectively.
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Results and discussion

Streaking A. tumefaciens on medium containing timentin
indicated that 250 mg/| of timentin at ratios of 30, 50 and
100:1 strongly inhibited the growth of strains LBA4404,
EHA105, and C58. Visual growth was not observed with
al three strains on any of the media.

Growth and regeneration of tobacco leaf tissues were
affected minimally by timentin at concentrations of 50,
100, 150, 200, and 250 mg/l at ratios of 30:1, 50:1 and
100:1. The only minor effect on tissue growth and regen-
eration was observed on medium containing either 200 or
250 mg/l timentin at 30:1, or on media containing
10005000 mg/I timentin at 100:1. In these cases, the cal-
lus turned light yellowish, and shoot regeneration was de-
layed for about 1 week (data not shown).

The percentage of explantsregenerating shootsfrom Si-
berian elm leaf tissues was not affected by timentin except
at aconcentration of 400 mg/l at 100:1 (Table 1). The num-
ber of shoots regenerated from leaf explants was not af -
fected (Table 1).

Inthefirst experiment to test the eff ectiveness of timen-
tin on the suppression of A. tumefaciens, extensive growth
of A. tumefaciens was observed from the infected tobacco
tissues on the medium without timentin after 3 weeks but
was not detected on mediawith 250 mg/l of timentin at 30,
50, and 100:1 of ticarcillin to clavulanic acid. This was
confirmed in the second experiment where A. tumefaciens
resumed growth on the medium with 50, 100, and 150 mg/I
of timentin but did not show growth on media with either
200 or 250 mg/l of timentin at the same three ratios tested
in the first experiment. However, when the tissues that
showed no growth of A. tumefaciens were transferred to
medium free of timentin, A. tumefaciens growth recurred.
This resumption of growth was also clearly visible when
tissues on media with 500, 1000, 2500, and 5000 mg/| of
timentin at 100:1 of ticarcillin to clavulanic acid were
transferred to timentin-free medium (datanot shown). This
suggests that timentin was effective as a bacterial static
agent but not as a bactericidal agent.

When A. tumefaciens-infected tissues were subcultured
three times for a total period of 6 weeks, Agrobacterium
growth was visually detected from only 1 out of 18 tissues
on medium with 500 mg/I timentin, and from 3 out of 18
tissues on medium with 500 mg/l carbenicillin and
250 mg/l cefotaxime (Table 2). Agrobacterium tumefaci-
ens did not grow on medium with a combination of timen-
tin (500 mg/l) and carbenicillin (250 mg/l) (Table 2).
These results indicate that timentin was as effective as a
combination of carbenicillin and cefotaxime.

Timentin (250 mg/l), at the three ratios tested, was
stable in solid medium for up to 70 days, since growth of
A. tumefaciens was not observed when infected tissues
were inoculated on these media (data not shown). How-
ever, timentin stock solutions, either separated or mixed,
appeared to be unstable after storage at —20°C or —80°C
for 4 weeks. When these stock sol utionswere used to make
media containing 250 mg/l timentin at 30, 50, and 100:1

Table 2 Inhibition of A. tumefaciens by timentin and carbenicil-
lin/cefatoxime after 3 subcultures®

Agrobacterium  Antibiotics Number of segments

infection (mgll) showing Agrobac-
terium growth after
three subcultures/
total inoculated

No - 0/24

No Timentin 500 mg/I 0/24

Yes Timentin 500 mg/I 1/24

Yes Carbenicillin (500 mg/l)  3/24

Cefatoxime (250 mg/l)
Yes Carbenicillin (250 mg/l)  0/24

Timentin (500 mg/l)

@ Subculture was done every 2 weeks. Timentin consisted of 100:1
(w/w) ticarcillin:clavulanic acid. The growth of A. tumefaciens was
evaluated visually 10 days after transfer to antibiotic-free medium

of ticarcillin and clavulanic acid, A. tumefaciens was sup-
pressed only on mediawith timentin at 30:1 and 50:1 from
separated stock solutions which were stored at —20°C and
on medium with timentin at 50:1 from a mixed stock so-
lution that was stored at —80°C.

An idea antibiotic for inhibiting A. tumefaciens or
A. rhizogenesin genetic transformation should be highly ef-
fective, have no negative effect on plant growth and regen-
eration, be stable in culture, and be inexpensive. Currently,
carbenicillin and cefotaxime are the most commonly used
antibiotics for such a purpose. However, tissues need to be
subcultured on the antibi oti c-containing medium at | east two
to three times to maintain bacterial suppression, and often
it is very difficult to completely eliminate Agrobacterium
from thetissues of some species (Hammerschlag et al. 1995;
Shackelford and Chlan 1996). The high cost of carbenicil-
lin and cefotaxime makes the genetic transformation very
costly, especially when developing an optimized transfor-
mation system for recalcitrant species (Colby et al. 1991,
De Bondt et al. 1994; James et al. 1993). Our results have
demonstrated that timentin, amixtureof ticarcillin and clav-
ulanic acid, may be an effective, lower cost alternative anti-
biotic. Timentin was as effective as carbenicillin and cefo-
taxime in suppressing A. tumefaciens. The compound had
little negative effect on tissue growth and regeneration on
tobacco and Siberian elm. Timentin can also be an aterna-
tive antibiotic for species where the regeneration potential
is negatively affected by carbenicillin and cefatoxime. Ti-
mentinisstablein culture medium for at least 10 weeks, but
is not stable in solutions stored at —20°C or —80°C. On the
basis of these results, timentin should be used at
200-500 mg/l at ratios of 50:1 or 100:1 (w/w) ticarcil-
lin:clavulanic acid. An alternativeisto usetimentinin com-
bination with lower concentrations of carbenicillin. Tissues
should be subcultured on timentin-containing medium three
times. The use of timentin on callus formation and plant re-
generation should be tested for each species.
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