
Abstract The effects of antibiotics commonly

used in Agrobacterium-mediated transformation

were studied on Pinus pinaster tissues. Embryo-

genic tissue growth from three embryogenic lines

and adventitious bud induction from cotyledons

from three open-pollinated seed families were

analysed. Cefotaxizme, carbenicillin and timentin

commonly used for Agrobacterium elimination, at

concentrations of 200–400 mg l –1 did not inhibit

the embryogenic tissue growth on filter paper nor

as clumps. Adventitious bud induction and bud

number were significantly reduced for one of the

tested families when using 400 mg l–1 cefotaxime

or timentin. The selection agent kanamycin

significantly inhibited growth of embryogenic

tissue on filter paper in all the embryogenic

lines and concentrations tested (20–50 mg l–1).

Kanamycin also inhibited growth of embryogenic

clumps after two subcultures at 5–50 mg l–1.

In cotyledons, kanamycin inhibited adventitious

bud formation in the three seed families used,

regardless of the concentrations tested (5–

25 mg l–1). There was a significant effect of the

seed family on the bud induction and the number

of adventitious buds produced. From the results

obtained, we propose the use of timentin to

eliminate Agrobacterium in transformation

experiments, at concentrations of 400 mg l–1 for

embryogenic tissues and of 300 mg l–1 for coty-

ledons. For selection of transformed tissues car-

rying the kanamycin resistance gene, kanamycin

should be used at 20 mg l–1 for embryogenic tis-

sues on filter paper, at 5 mg l–1 when clumps are

in direct contact with the selection medium, and

bellow 5 mg l–1 for adventitious bud induction.
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FW Fresh weight
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Introduction

The successful Agrobacterium-mediated plant

transformation requires efficient procedures to

eliminate the bacteria following cocultivation,

and for subsequently selecting the transformed

cells. These procedures frequently involve the

presence of one or more antibiotics in culture

media. The most commonly used antibiotics for

Agrobacterium elimination include the b-lactam

antibiotics cefotaxime and carbenicillin. Cefotax-

ime is a cephalosporin antibiotic that has been

frequently used in genetic transformation of var-

ious conifer species (Hood et al. 1990; Levée et al.

1997, 1999; Humara et al. 1999; López et al. 2000;

Klimaszewska et al. 2001; Le et al. 2001). It has

high resistance to b-lactamase activity but in

conifers it can inhibit adventitious bud regenera-

tion (Holland et al. 1997) and embryo develop-

ment (Tsang et al. 1989; Sarma et al. 1995).

Carbenicillin has been used for Pinus radiata

(Cerda et al. 2002), but in Picea sitchensis it

inhibited the development of somatic embryos

and tissue growth (Sarma et al. 1995). Timentin,

which is a combination of ticarcillin with clavul-

anic acid that is a specific b-lactamase inhibitor

(Verbist and Verhaegen 1986), has been selected

for transformation studies in some conifers

(Wenck et al. 1999; Le et al. 2001; Charity et al.

2002; Grant et al. 2004). In Pinus pinaster French

genotypes, neither augmentin (amoxicillin with

clavulanic acid) nor a mixture of carbenicillin

with cefotaxime were effective in Agrobacterium

elimination from all the embryogenic lines tested

(Trontin et al. 2002). Nevertheless, no systematic

study of the effects of such antibiotics on cultured

tissues has been reported for this species. Kana-

mycin has been used for selection of transformed

tissues in various conifer species (Levée et al.

1997, 1999; Klimaszewska et al. 2001). Other re-

ports showed that low concentrations of this

antibiotic could impair the embryogenic potential

(Mihaljević et al. 2001) and the organogenic

response (Humara and Ordás 1999). Effects of

kanamycin on P. pinaster tissues have not been

reported.

This work aimed to analyse the effects of cef-

otaxime, carbenicillin, timentin and the selective

antibiotic kanamycin, at different concentrations,

on embryogenic tissues growth and on adventi-

tious bud induction from cotyledons. The most

suitable antibiotics and respective concentrations

to use in Agrobacterium-mediated transformation

were determined.

Material and methods

Plant material and culture conditions

Embryogenic tissues derived from immature zy-

gotic embryos of P. pinaster were induced as de-

scribed by Miguel et al. (2004) and used to study

tissue growth [changes in fresh weight (FW)]

under different antibiotic treatments. Small por-

tions of embryogenic tissue (clumps) with

approximately 500 mg each were subcultured

every 14 days in maintenance medium consisting

of DCR (Gupta and Durzan 1985) basal medium

containing 9.0 lM 2,4-dichlorophenoxyacetic acid

(2,4-D) (Duchefa Biochemie, Haarlem, The

Netherlands) and 2.2 lM 6-benzyladenine (BA)

(Duchefa Biochemie), and supplemented with

440 mg l–1 filter sterilized L-glutamine (Duchefa

Biochemie) and with 500 mg l–1 casein hydroly-

sate (CH) (Duchefa Biochemie) (Miguel et al.

2004). Cultures were kept in the dark. The effect

of antibiotics on embryogenic suspensions plated

onto filter paper was tested for embryogenic lines

31/668/00, 82/758/00 and 68/455/00. As previously

evaluated (Miguel et al. 2004), these lines were

able to produce mature somatic embryos after

exposure to maturation conditions. Embryogenic

suspensions from each embryogenic line were

freshly prepared by spreading the embryogenic

tissue from a 7-day-old subculture in liquid

maintenance medium (200 mg FW ml–1). Tissue

was disintegrated with a cut pipette tip. One

millilitre of the suspension was plated onto a filter

paper (Whatman n.2, 5.5 cm diameter) in

a Büchner funnel. A short vacuum pulse was

applied to remove the liquid and the filter paper

was placed on solid maintenance medium sup-

plemented with antibiotic. The FW of each rep-

licate was recorded after three subcultures of

14 days each.
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Our transformation protocol involves at least

one subculture of the embryogenic tissue in filter

paper and then isolation and transfer of prolifera-

ting embryogenic clumps to solid medium. In order

to check if filter paper could interfere with the

selection efficiency of the antibiotics used in ge-

netic transformation, embryogenic clumps cul-

tured directly in contact with solid medium were

also submitted to antibiotics. Embryogenic line 68/

455/00 and two other lines also showing good

maturation performances, 426/99 and 686/99, were

tested. A set of six clumps from a 7-day-old sub-

culture was weighted and transferred directly to

solid maintenance medium. The average FW was

determined at the end of each subculture (every

14 days). Tissue growth was calculated as the

average difference between final and initial FW.

For adventitious bud induction, cotyledons of

mature seeds from the open-pollinated families 31,

45 and 60 were used. Explants consisted of coty-

ledon sets isolated from 7-day-old seedlings ger-

minating on 3% (w/v) glucose solidified with

microagar (Duchefa Biochemie) 7 g l–1, under a

16-hours photoperiod and light intensity of

35 lE m–2 s–1 provided by cool-white fluorescent

lamps (TLD 36W/84, Philips, Thailand). Cotyle-

dons were placed horizontally on adventitious bud

induction medium GMD (Mohammed et al. 1986)

containing 4.45 lM BA and 0.54 lM naphthalene

acetic acid (NAA) with the antibiotic under test, in

photoperiod conditions. After 21 days, cotyledons

were transferred to GMD basal medium without

plant growth regulators (PGR) and containing

1 g l–1 activated charcoal for 28 days, after which

the induction frequency and average number of

induced buds per seed were recorded. All cultures

were maintained in a growth chamber at 23 ± 2�C.

Antibiotics

All the antibiotics were filter sterilized (0.22 lm

pore size) and added to the maintenance or

induction media after autoclaving. Kanamycin

(Duchefa Biochemie) was tested at 20, 30, 40 and

50 mg l–1 for embryogenic tissues plated on filter

paper, at 5, 10, 20, 30 or 50 mg l–1 for embryo-

genic clumps, and at 5, 7.5, 10, 15, 20 and 25 mg l–

1 for cotyledons. Timentin (Duchefa Biochemie)

and cefotaxime (Duchefa Biochemie) were tested

at 200, 300 and 400 mg l–1 on cotyledons and on

freshly prepared embryogenic suspensions plated

onto filter paper. The effects of carbenicillin

(Sigma, St Louis, MO, USA), timentin and cefo-

taxime on embryogenic clumps were compared at

200 and 400 mg l–1. Embryogenic and organo-

genic tissues grown on antibiotic-free media were

used as controls.

Statistical analysis

Data in Figs. 1, 2 and 4 was analysed with a two-

way ANOVA on Ranks (see Zar 1999) since

none of the usual mathematical data transforma-

tions were able to validate the assumptions of the

parametric ANOVA. Multiple mean rank com-

parisons between treatments/genotypes were

performed as described in Conover (1999) and by

a Tukey’s HSD on ranks. Induction data in Fig. 3

was analysed with a Qui-square test on bud

induction (Yes/No) counts by treatment and

family. Data analysis was performed with SPSS

(Version 14, SPSS Inc, Chicago, IL, USA) and

statistical significance differences were assumed

when p £ 0.05.

For embryogenic tissues placed on filter paper,

three replicates were used per embryogenic line

and experiment, and the experiments were per-

formed twice. In the case of embryogenic clumps,

for each antibiotic treatment, nine replicates were

used per experiment (corresponding to three

replicates for each embryogenic line). For coty-

ledons of each open-pollinated family and anti-

biotic treatment, ten replicates (genotypes) were

used per experiment and the experiments were

performed twice.

Results and discussion

Antibiotic effect on growth of embryogenic

tissues on filter paper

When testing the effect of the antibiotics cefotax-

ime and timentin on the growth of embryogenic

tissues on filter paper, statistical significant differ-

ences were found in the growth response between

genotypes (H(2) = 111.64; p < 0.001) and between

antibiotics (H(6) = 17.277; p = 0.008). Both cefo-

taxime and timentin at the tested concentrations
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had no significant effect on tissue growth of freshly

prepared embryogenic suspensions plated on filter

paper, as compared to the control, with the excep-

tion of 200 mg l–1 cefotaxime (Fig. 1a). The

embryogenic line 82/758/00 always showed signifi-

cantly lower growth than 31/668/00 and 68/455/00,

although with no statistical significance. In genetic

transformation experiments using the same Agro-

bacterium strain (C58pMP90), 200 mg l–1 timentin

was used for Pinus taeda and Picea abies embryo-

genic suspensions (Wenck et al. 1999), whereas

250 mg l–1 cefotaxime was used for Pinus strobus

freshly prepared embryogenic suspensions (Levée

et al. 1999). Tissue growth from transgenic
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Fig. 1 Effects of cefotaxime, timentin (A) and kanamy-
cin (B) on growth of embryogenic tissues on filter paper,
for the embryogenic lines 31/668/00, 82/758/00 and 68/455/
00. Data are presented as box-plots for the change in

fresh-weight (FW) for a 2 week’s subcultures of two
independent experiments. Values with different letters are
significantly different (p £ 0.05). Cef cefotaxime, Tim
timentin
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Fig. 2 Effects of carbenicillin, cefotaxime and timentin
(A) and kanamycin (B) on growth of embryogenic
clumps. Data are presented as box-plots for the change

in fresh-weight (FW) for a 2-week growth period. Values
with different letters are significantly different (p £ 0.05).
Cef cefotaxime, Carb carbenicillin, Tim timentin
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embryogenic suspensions of Picea glauca was not

affected by cefotaxime or carbenicillin at 100–

500 mg l–1 or by timentin at 100–400 mg l–1 but

400 mg l–1 timentin was more efficient for Agro-

bacterium elimination (Le et al. 2001). For P. pin-

aster French genotypes, an antibiotic treatment

adequate for all embryogenic lines has not been

found, with one line persistently showing Agro-

bacterium contamination (Trontin et al. 2002). In

Portuguese P. pinaster genotypes, 400 mg l–1

timentin has been effective for Agrobacterium

elimination from nine embryogenic lines on filter

paper during transformation experiments (Tereso

2005).

Relative to the kanamycin treatment, there

were highly significant differences between the

control group and the other groups (H(4) = 52.222;

p < 0.001) but the differences between genotypes,
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Fig. 4 Effects of cefotaxime and timentin (A) and
kanamycin (B) on number of adventitious buds induced
per cotyledon sets forming buds from seed families 31, 45
and 60. Data represent the box-plot distributions of two

independent experiments with ten replicates each. Values
with different letters are significantly different (p £ 0.05).
Cef cefotaxime, Tim timentin
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Fig. 3 Effects of cefotaxime and timentin (A) and
kanamycin (B) on adventitious bud induction frequency
in cotyledons from seed families 31, 45 and 60. Data

represent average values (±SEM) of two independent
experiments with ten replicates each. Cef cefotaxime, Tim
timentin
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after accounting for the differences between

kanamycin concentrations, were only marginally

significant (H(2) = 5.297; p = 0.07). The inhibition

by kanamycin of embryogenic tissue growth on

filter paper was observed after three subcultures at

any of the concentrations tested (Fig. 1b). In the

three Portuguese embryogenic lines of P. pinaster,

20 mg l–1 kanamycin was enough to inhibit growth

of untransformed embryogenic tissues on filter

paper. According to the literature, the effective

concentration of this antibiotic for selection of

Agrobacterium-transformed tissues can vary from

10 to 35 mg l–1 depending on the conifer spe-

cies (Levée et al. 1999; Wenck et al. 1999;

Klimaszewska et al. 2001). In non-transgenic cot-

yledonary somatic embryos of Picea omonika,

10 mg l–1 kanamycin caused the loss of embryo-

genic ability (Mihaljević et al. 2001). In P. pinaster,

kanamycin selection has already allowed the

selection of transgenic lines containing a gene

involved in nitrogen metabolism (Tereso et al.

2003).

Effect of antibiotics on growth of embryogenic

clumps

There were highly statistical significant differ-

ences in tissue growth between subcultures for the

antibiotics cefotaxime, carbenicillin and timentin

(H(1) = 23.92; p < 0.001) as they were also for

the different antibiotic concentrations used

(H(6) = 104.89; p < 0.001). Growth of embryo-

genic clumps was significantly inhibited by cefo-

taxime but only at 400 mg l–1 and in the second

subculture (Fig. 2a). Tissue growth did not sig-

nificantly differ from the first to the second sub-

cultures only whem the antibiotic timentin was

used. Carbenicillin at both concentrations tested

significantly increased tissue growth in P. pinaster.

In P. radiata embryogenic clumps, 400 mg l–1

carbenicillin also did not have a negative effect on

tissue growth (Cerda et al. 2002). In Portuguese

P. pinaster genotypes, timentin did not inhibit

tissue growth and has already shown to be effec-

tive at 400 mg l–1 to control growth of Agrobac-

terium strain C58pMP90 in transformation of

embryogenic clumps (Tereso 2005).

Regarding kanamycin treatments, differences in

tissue growth of embryogenic clumps were highly

statistical significant between subcultures (H(1) =

39.71; p < 0.001) and among different antibiotic

concentrations (H(5) = 41.01; p < 0.001). Kana-

mycin significantly stimulated clump growth in the

first subculture at 5 mg l–1 but it inhibited growth at

all the concentrations above this, although only

after the second subculture (Fig. 2b). At concen-

trations of 20–50 mg l–1 of kanamycin, this antibi-

otic even caused loss of weight from the tissues. In

Agrobacterium-mediated transformation of Larix

and Picea, 25–50 mg l–1 kanamycin has been used

successfully (Levée et al. 1997; Le et al. 2001). This

suggests that the optimal antibiotic and concen-

tration have to be found for each species, type of

explant and contact between tissue and selection

medium.

Antibiotic effect on adventitious bud

induction on cotyledons

In general, the presence of cefotaxime or timentin

in the concentrations tested (200–400 mg l–1) had

no negative effect on adventitious bud induction,

as compared with the control (Fig. 3a). An

exception was observed for family 45, where sig-

nificantly lower induction frequencies and bud

number (Figs. 3a and 4a) were found when ti-

mentin or cefotaxime were used at the highest

concentration tested (400 mg l–1). The adventi-

tious bud number was not significantly different in

the experiments using cefotaxime or timentin,

and it was significantly higher in family 60 as

compared to families 31 and 45 (Fig. 4a). In

Agrobacterium-mediated transformation of Pinus

organogenic tissues, antibiotics such as timentin

(Charity et al. 2002; Grant et al. 2004) or cefo-

taxime with vancomycin (Humara et al. 1999;

López et al. 2000) have been used. In P. glauca,

up to 500 mg l–1 cefotaxime had no effect on bud

formation, and up to 750 mg l–1 carbenicillin only

slightly inhibited bud induction (Ellis et al. 1989).

In conclusion, the susceptibility of bud forming

cotyledons to antibiotics in P. pinaster may

depend on the type and concentration of antibi-

otic and on the seed family of the cotyledon

explants.

The strong inhibitory effect of kanamycin on

adventitious bud formation in cotyledons was

observed in all concentrations tested (Fig. 3b).
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The bud induction frequency at the lowest kana-

mycin concentration (5 mg l–1) was considerably

reduced (0–10%) when compared to the control

(80–90%) and at concentrations above 5 mg l–1

no buds were formed. In some Pinus species, very

low-kanamycin concentrations can inhibit adven-

titious bud formation (Humara and Ordás 1999;

Grant et al. 2004). This effect has been suggested

as explainable by DNA hypermethylation, which

has been shown to affect plant development

(Schmitt et al. 1997). In the control, the number

of buds produced per set of cotyledons was sig-

nificantly higher in family 60 than in families 31

and 45. However, in the presence of kanamycin,

these differences were not statistically significant,

all values being significantly lower than that of the

control (Fig. 4b). These results suggest that seed

family does not significantly affect the organo-

genic response of cotyledons to kanamycin.

Present results showed the different suscepti-

bility to kanamycin of P. pinaster explants,

increasing from embryogenic tissues on filter paper

to embryogenic clumps and being higher in coty-

ledons. Low-kanamycin concentrations were toxic

to embryogenic tissues and cotyledons (‡5 mg l–1).

Therefore, the use of other aminoglycosides ana-

logs of kanamycin and selective systems for genetic

transformation of this species should be consid-

ered. The antibiotics carbenicillin induced tissue

growth when in direct contact with embryogenic

clumps, possibly as a result of an auxin-like effect as

was reported for carbenicillin in other species

(Holford and Newbury 1992). The small or no

negative effects of timentin on embryogenic tissue

growth and adventitious bud induction, as reported

for other species, makes it an alternative to the

highly expensive and ineffective combinations of

cefotaxime and carbenicillin. Results presented in

this work will be crucial for the Agrobacterium-

mediated transformation of P. pinaster Portuguese

genotypes.
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