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TRANSGENIC SUGAR BEET TOLERANT
TO IMIDAZOLINONE OBTAINED
BY AGROBACTERIUM-MEDIATED
TRANSFORMATION

Sugar beet is highly sensitive to imidazolinone herbicides
thus rotational restrictions exist. In order to develop imida-
zolinone tolerant sugar beets als gene from Arabidopsis
thaliana encoding acetolactate synthase with S653N mutation
was used for genetic transformation. Transgenic sugar beet
plants were obtained by Agrobacterium-mediated transforma-
tion of aseptic seedlings using vacuum-infiltration. The effi-
ciency of genetic transformation was 5.8 %. RT-PCR analysis
of obtained plants revealed accumulation of specific als tran-
script. The resistance to imidazolinone was proved for devel-
oped transgenic sugar beet plants in vitro and in greenhouse
conditions after spraying with imazethapyr (Pursuit®, BASF).
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Introduction. The imidazolinone group of her-
bicides provides effective and prolonged control of
a broad spectrum of weeds. However these herbi-
cides applied at recommended rates are very toxic
to conventional sugar beet varieties. Moreover the
carryover effect was determined on sugar beet in
more than 12—24 months after application of imi-
dazolinone herbicides in other resistant rotational
crops [1, 2]. Thus suggested interval before sowing
of sugar beet is 26 months at least (Pursuit®,
BASF). Production of sugar beet tolerant to imi-
dazolinone herbicides could reduce the risk of her-
bicide carryover injury, dispose of rotation restric-
tion for sugar beet and provide efficient chemical
weed control.

Imidazolinone herbicides inhibit acetolactate
synthase (ALS, EC 4.1.3.18, also known as aceto-
hydroxyacid synthase, AHAS), the first enzyme
unique to the biosynthesis of the branched-chain
amino acids (valine, leucine, and isoleucine) in
plastids, that results in accumulation of toxic levels
of alpha-ketoglutarate and decrease in protein
synthesis [3, 4]. Besides imidazolinones ALS is the
target of several classes of herbicides like sulfony-
lureas [5, 6], triazolopyrimidines [7], pyrimidinyl-
thiobenzoate [8] and sulfonylamino-carbonyl-tri-
azolinone [9]. Some point mutations within als
gene give rise to herbicide resistance by reducing
the herbicide binding capacity of ALS inhibitors
with enzyme. Such mutated als gene has been
identified in bacteria, fungi and plants [10—13]. At
least 12 amino acid residues in ALS (G121, A122,
M124, P197, A205, K256, M350, H351, D375,
M570, W574 and S653) have been identified
where mutations confer tolerance to imidazoli-
none herbicides [17—22]. Some of these amino
acid substitutions result in cross-resistance to her-
bicides of the other abovementioned classes.

In general imidazolinone-resistant plants have
been obtained by different strategies: 1) selection
for naturally occurring mutations; 2) chemically
induced seed or pollen mutagenesis; 3) selection of
somaclonal variants from embryo or suspension
cultures; 4) selection of somaclonal variants from
microspore cultures following chemical mutagen-
esis; 5) genetic transformation [23—26]. Several of
such developed crops as sunflower, wheat, rice,
canola (BASF Inc.), maize (Syngenta Seeds, Inc.,
Pioneer Hi-Bred International Inc.) and soybean
(Pioneer Hi-Bred International Inc.) are commer-
cially available (see AGBIOS DATABASE for
details, http://www.agbios.com/dbase.php).
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In this paper we describe development of trans-
genic sugar beet tolerant to imidazolinone via
Agrobacterium-mediated transformation using A.
thaliana als gene with S653N mutation.

Materials and methods. Agrobacterium strain and
plasmid. Agrobacterium tumefaciens nopaline strain
GV3101 harboring the binary vector pCB004 was
used. T-DNA region of pCB004 contains neomycin
phosphotransferase 11 gene (nptll) with nopaline
synthase promoter and terminator and als gene
from imidazolinone tolerant line of A. thaliana
linked to its native promoter and terminator. Such
variant of als gene differs from the wild type A.
thaliana gene by the single point mutation. The
resulting ALS enzyme contains serine by asparagine
amino acid substitution at position 653. Agrobacte-
rium culture was grown in LB medium containing
50 mg/1 rifampicin and 50 mg/l kanamycin for
48 hours at 28 °C on rotary shaker (200 rpm) and
then used for genetic transformation.

Plant material. Seeds of diploid sugar beet line
(Beta vulgaris L.) SC 023—2 were kindly provided by
the Institute of Sugar Beet Research (Kyiy,
Ukraine). Sugar beet seeds were incubated at +4 °C
for a week then soaked in water overnight at room
temperature prior to surface sterilization. Seeds
were sterilized in 40 % (v/v) formalin for 2 min,
transferred to 70 % ethanol for 30 s, treated with
30 % (v/v) bleach (1.5 % sodium hypochlorite) for
20 min and washed in autoclaved distilled water
3 times for 10 min. Seeds were germinated on MS
medium [27] containing 15 g/l sucrose and 2 mg/1
BAP at 22 °C in the dark.

Agrobacterium-mediated transformation. Genetic
transformation of sugar beet was carried out accord-
ing to the previously reported protocol [28]. The
Agrobacterium culture was sedimented, resuspended
with equal volume of solution containing MS
macrosalts (440 mg/l1 CaCl, - 2H,0, 1650 mg/I
NHsNOs, 170 mg/l1 KH,PO4, 1900 mg/1 KNOs,
370 mg/1 MgSO, - 7TH,0), 20 g/1 sucrose, 2 g/1 glu-
cose, 2 mg/l BAP, 0.2 mM acetosyringone and then
incubated on rotary shaker (200 rpm) at 27 °C for
1 hour. Etiolated derooted seedlings three centime-
ters long were used as start material for Agrobacte-
rium-mediated transformation. After vacuum-
infiltration the seedlings were transferred to sterile
filter paper and incubated in the dark at 22—24°C
for 3 days. Then they were cut into 7—10 mm
pieces, incised and placed on MS medium con-
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taining 15 g/1 sucrose and 2 mg/l BAP, 500 mg/1
cefotaxime and 100 mg/1 kanamycin at 28 °C in
the dark. Within 6—8 weeks friable callus arose
from the explants. Kanamycin-resistant callus was
isolated and then cultured on the regeneration
medium at 24 °C in scattered light and 16-h pho-
toperiod with 3 weeks subcultivation period. The
regeneration medium was composed of MS basal
salts, Morel vitamins [29], 30 g/I sucrose, 29 mM
silver thiosulfate, 0.5 g/l polyvinil pirrolidone,
1 mg/l BAP, 0.3 mg/l indoleacetic acid and
0.4 mg/l gibberellic acid supplemented with
300 mg/l cefotaxime and 100 mg/l kanamycin.
Shoot regeneration occurred within 4—10 weeks.
The selected shoots were transferred to MS medi-
um supplemented with 100 mg/I cefotaxime and
100 mg/1 kanamycin for root formation.

PCR analysis. Genomic plant DNA was extract-
ed from leaves with by CTAB-method [30]. To
amplify the coding sequence of the transgenes the
PCR primers were chosen: 5'-AAGGTTCT-
GATAATCACCGG-3"and 5'-CCGAGCTCACA-
CATTTCTCG-3" for 300 bp portion of the als
sequence; 5'-GAGGCTATTCGGCTATGACTG-3'
and 5'-AATCTCGTGATGGCAGG-3' for 800 bp
fragment of nptI1 gene. Amplification was performed
on Mastercycler® personal (Eppendorf) with initial
denaturation step at 94 °C for 3 min, followed by 33
cycles of denaturation at 94 °C for 30 s, primer
annealing at 50 °C (for als gene) or 60 °C (for nptll
gene) 30 s, elongation at 72 °C for 30 foralsor 45 s
for nptll. The final extension reaction was performed
at 72 °C for 3 min, after that the reaction was held
on at 16 °C. Amplification products were fractionat-
ed by electroforesis in 1 % agarose gel in TBE buffer.

RNA isolation and RT-PCR. For reverse transcrip-
tion polymerase chain reaction (RT-PCR) 1 pg of
total RNA isolated from young leaf tissues of green-
house-grown plants was used. The RNA extraction
protocol proposed by Logemann et al. [31] was fol-
lowed. To eliminate DNA contamination RNA
samples were treated with DNase 1 (RNase-free).
Then the first strand cDNA was synthesized from
1 pg total RNA by M-MLYV reverse transcriptase
and random hexamer primers (Fermentas) at
37 °C for 1 h. After that 2 pl of the reaction mix-
ture were used as a template for PCR with primers
for als transgene.

Herbicide application. Micropropagated trans-
genic sugar beet plants were transferred into soil in
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Fig. 1. PCR and RT-PCR analysis of transformed sugar beet
plants using primers for mutated als transgene: 1, 4, 7 —
amplificated DNA from transformed plants (clones No 4,
5, 6); 2, 5, 8§ — amplificated RNA from transformed plants
(clones Ne 4, 5, 6), 3, 6, 9 — amplificated cDNA samples
of transformed plants (clones Ne 4, 5, 6); 10 — negative
control, master mix; // — positive control, plasmid DNA
pCB004; 712 — DNA marker GeneRuler™ 1 kb Ladder
(Fermentas)

a - b

Fig. 2. Untransformed (a) and transgenic () plants 10 days
after greenhouse treatment with Pursuit® (BASF) (scale
bar =2 cm)

greenhouse at 25 °C and under 18 h light/6 h dark
photoperiod. Then they were sprayed with aqueous
solution of Pursuit® (BASF) with working concen-
tration 250 mg/l imazethapyr to evaluate the
resistance to imidazolinone herbicide.

Results and discussion. For long time sugar beet
was considered as recalcitrant crop for genetic
transformation. Whereas transformation frequen-
cy depends on efficient and reliable tissue culture
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regeneration system the early experiments on
genetic transformation of sugar beet were mainly
focused on the search for the genotypes with high
regenerative potential and the explants whose cells
were the most competent for regeneration. Such
high-efficiency regeneration systems for sugar beet
are (1) direct regeneration from petioles [32—34],
cotyledonary node explants [35, 36], shoot bases
[37, 38], bud clumps from immature inflorescence
and (2) indirect regeneration via callus from
cotyledons and hypocotyls [39, 40]. Sugar beet
transformation frequency of different explants was
reported mainly within 1-5 % [28, 35, 39—42] and
arrived at 19.2 % in case of shoot base transforma-
tion [37, 38]. Vacuum infiltration of plant tissues
or application of Silwet L-77 increased the fre-
quency of genetic transformation as such treat-
ments improved the delivery of agrobacteria to
deeply buried cells competent for regeneration
[43]. Direct regeneration from transformed sugar
beet explants resulted in formation of chimeric
shoots with the different percentage of transgenic
cells and non-transgenic shoots, the so-called
escapes, among transgenic shoots [33—35, 37, 38,
41, 43, 44]. Transgenic cells had not any unam-
biguous selective advantages over the non-trans-
genic ones in direct regeneration from the meris-
tem zones of explants. Selection on kanamycin
resulted in production of escapes amounted to
50—95 % among the regenerated kanamycin-tol-
erant shoots [33, 34, 38, 41, 44, 45]. Similar results
were obtained when 15 mg/l phosphinothricin was
used for selection after transformation of embryo-
genic callus of cotyledonary origin [44] or 10 mg/1
hygromycin after transformation of bud clumps
from immature inflorescence [43]. Among select-
ed plants only 30 % and 29.8—38.7 % were trans-
genic, respectively.

When indirect system was used for transgenic
sugar beet regeneration the vital difference was
observed since far fewer escapes were formed. The
selection efficiencies were 100 % and 85.7—90.9 %
on media with kanamycin and phosphinothricin
respectively. However the frequency of subsequent
regeneration from transgenic callus clones aver-
aged out 10—56 % and strongly depended on the
genotype [28, 39, 40]. Though the indirect regen-
eration had such disadvantage, we have used this
system for our study because it was accompanied
by effective selection. Hence we used sugar beet
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seedlings which cotyledons and hypocotyls regen-
erated plants via callus as start material for genetic
transformation.

Genetic transformation of sugar beet line SC
023—2 was carried out with nopaline A. fumefa-
ciens strain GV3101 harboring binary vector
pCBO004 by vacuum infiltration. The frequency of
friable callus formation from cotyledon and hypo-
cotyl explants on selection medium with 100 mg/1
kanamycin was about 9 %. Nine of fourteen trans-
genic callus clones were mophogenic and were
able to regenerate shoots on selective medium. The
number of individual transgenic plants depended
on morphogenic potential of each callus clone.
Since the binary vector pCB004 harboring als gene
with point mutation provided imidazolinone toler-
ance we transferred callus clones and regenerated
plants on the media supplemented with 20 ug/I
imazethapyr (Pursuit®, BASF). The selected
clones and plants were resistant to herbicide.

The presence of als and nmptll transgenes in
regenerated plants was confirmed by PCR-analysis
(Fig. 1, lines 1, 4, 7). RT-PCR of total RNA was
performed to confirm als expression in transgenic
plants. Accumulation of specific als transcript (the
predicted 300-bp fragment) was revealed for each
transgenic plant (Fig. 1, lines 3, 6, 9). Samples of
total RNA were also used for PCR to prove the
absence of contamination by DNA that could
gives false-positive result (Fig. 1, lines 2, 5, &).

The micropropagated transgenic sugar beet
plants were transplanted into soil, adapted to the
greenhouse conditions and sprayed with aqueous
solution of imazethapyr (250 mg/1) to test obtained
plants for imidazolinone tolerance ex vitro.
Resistance of the obtained plants to imidazolinone
was evaluated after herbicide application in trans-
genic sugar beet. The control untransformed
plants perished with herbicide (Fig. 2). Thus trans-
genic sugar beet plants with imidazolinone resist-
ance have been obtained in our study.

Current weed control necessarily includes her-
bicide use since weeds cause considerable losses in
sugar beet yield and taproots quality. Cultivation of
herbicide-resistant crops has certain financial and
environmental benefits. To date transgenic sugar
beet plants resistant to different herbicides such as
glufosinate ammonium [28, 44, 46], glyphosate
[47] and sulfonylurea [44] have been developed by
Agrobacterium-mediated and protoplast-based
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techniques. Using another strategy based upon
suspension cell selection imidazolinone-resistant
sugar beets had been produced by Wright and
Penner [48]. In the present work transgenic sugar
beet plants tolerant to imidazolinone were
obtained by Agrobacterium-mediated transforma-
tion. The created transgenic sugar beet as other
herbicide-resistant plants would improve weed
control practices in this crop and reduce in the
number of herbicide applications. Our results sup-
plement the list of transgenic sugar beet tolerant to
nonselected broad spectrum and environmentally
preferable herbicides.

E.M. Kuwenko, U.K. Komapnuuykuii, H.B. Kyuykx

MOJIYYEHUE TPAHCTEHHOWM CAXAPHOM
CBEKJIbI, YCTOMYUBON
K UMUJI03AJIMHOHAM, C T[IOMOLLbIO
ATPOBAKTEPUAJIBHOM TPAHC®OPMALINU

CaxapHasi CBeKJla OYeHb BOCTIPUMMYMBA K UMUI03a-
JINHOHAM, TIO3TOMY CYIIIECTBYIOT OINpe/e/IeHHbIE OrPaHK-
YeHHUsI B ee BbICEBE IOCe KYJbTYyp, 0OpabaThiBaeMbIX
stumu repoununamu. CosnaHue TpPaHCTEHHOM caxapHoii
CBEKJIbl, YCTOMYMBOI K MMUIO3aTMHOHAM, MYTEM Iepe-
HOca MYTaHTHOTO TeHa als u3 Arabidopsis thaliana, xonu-
pyloliero aierojakrarcuraszy c¢ S653N-3ameHoii, mo-
3BOJIIET OOOWTH Takoe MpensTCTBUE B CEBOOOOPOTE.
TpaHCreHHbIE PACTeHUsI CaXapHOM CBEKJIbI, YCTOMYUBBIE K
MMUI03TMHOHAM, ObLITH MOJIyYeHbI MyTeM arpobakTepu-
aTbHOI TpaHC(HOPMALIUU C TIOMOIIBIO BaKyyM-UHMWIBT-
panuu. Yacrora TeHEeTMYECKOU TpaHchopMalluu COCTa-
Buna 5,8 %. [NonnmepasHast LemHast peakiysi, COTPSIKeH-
Hasi ¢ OOpaTHOW TPAHCKPUIILIMEH, BbISIBUJIA HAKOTLJICHUE
crenuruIecKoro als TpPaHCKPUNTA Y TIOTyYeHHbBIX pacTe-
HMIA. YCTOMYMBOCTh K UMUI03ATMHOHAM CO3/IaHHBIX pac-
TeHU OblIa I0Ka3aHa KaK B TECTax in Vitro, Tak U B YCJIO-
BUSIX TETUTUIIBI MOCJIe OTMPBICKUBAHUSI UX MMAa3eTarpoM
(Pursuit®, BASF).

O.M. Kiwenro, 1.K. Komapnuyvkuii, M. B. Kyuyx

OTPUMAHHA TPAHCTEHHOT'O LIYKPOBOT'O
BYPAKY, CTIMKOI'O 10 IMIIJO3AIIHOHIB,
3A 1OTMOMOTI'OIO ATPOBAKTEPIAJIbHOI
TPAHCO®OPMALLIT

LykpoBuii Oypsk ayxe 4yTJIUMBUIA A0 iMi03aTiHOHIB,
TOMY iICHYIOTb TIEBHI 0OMEXEHHSI IOTO BUCIBY TICIIST KYyJb-
Typ, 110 00poOIsUIMCS UMMU TepbinnaamMu. CTBOpEeHHS
TPaHCTEHHOTO IIyKPOBOT'O OYpSIKY, CTIIKOTO 10 iMigo3ati-
HOHIB, NUISIXOM TII€PeHOCY MYTaHTHOTO TeHa als 3
Arabidopsis thaliana, 110 Komye aleToJaKTaTCUHTA3y 3
S653N-3aMiHOI0, 103BOJISIE OOIIATH TaKy MEPELIKOIY B Ci-
BO3MiHi. TpaHCT€HHI POCIMHMU IIyKPOBOTO OYpSIKY 3i CTili-
KiCTIO J10 iMiI03a1iHOHIB OyJI0 OTPUMAaHO LIISIXOM arpo-
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OakTepianbHOI TpaHchopMallii 3a JOMTOMOTOI0 BaKyyM-iH-
(inbrpanii. Yactora reHeTMYHOI TpaHchopMalii CTaHO-
Bwia 5,8 %. IloiMepasHa JIaHIIOroBa peakilist, TOeIHaHa
3i 3BOPOTHOIO0 TPAHCKPUIILIE€I0, BUSBUJIA HAKOMUYEHHS
crielu®iyHOro als TpaHCKPUIITA Yy OTPUMAHUX POCIMH.
CTiliKicTb 10 iMif03aJliHOHIB CTBOPEHUX POCIUH OyJia 10-
BeJleHa SIK y TecTax in vitro, Tak i B yMOBax TeTUTULII TTiC/Ist
obnpuckKyBaHH ix iMazeranipoM (Pursuit®, BASF).

ABBREVIATIONS
ALS — acetolactate synthase,
BAP — 6-benzylaminopurine,

MS — Murashige and Skoog,
RT-PCR — reverse transcription-PCR
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