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A selection system for transgenic Arabidopsis thaliana using
potassium thiocyanate as the selective agent and AtHOLT as the
selective marker
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Abstract Concern about the use of bacterial antibiotic resistance genes as selectable markers is considered to be one of
the factors in public resistance towards genetically modified crops. We had previously shown that the Arabidopsis AtHOL1
protein had high S-adenosyl-L-methionine-dependent methyltransferase activity toward the thiocyanate ion (NCS™), which
is toxic to plants beyond certain concentrations. Contrary to our expectations regarding the usability of AtHOLI as a
selectable marker, our initial trial screenings for AtHOL I-overexpressing Arabidopsis on 1/2 MS agar medium containing
various concentrations of potassium thiocyanate under normal growth conditions had been unsuccessful. In order to explore
the possibility of using AtHOLI in Arabidopsis transformation, the screening conditions for AtHOLI-overexpressing
Arabidopsis were further examined. We found that the transgenic seedlings could be screened when the seeds were
germinated and grown under conditions of 7-day darkness followed by a 12-h light/12-h dark cycle for 3-7 days on a
medium containing 3.0-5.0 mM potassium thiocyanate. Analyses of transgene insertions into the genomes and AtHOLI
mRNA accumulation in the screened seedlings were also performed. Neither escaped seedlings nor altered growth was
observed with the seedlings screened under the conditions reported here.

Arabidopsis  thaliana, — AtHOLI,  potassium
methyltransferase activity, selectable marker.
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Selectable marker genes of bacterial origin, such as the In our previous biochemical studies, we have

demonstrated the

neomycin phosphotransferase gene (NPTII) (Bevan et al.
1983) that develops kanamycin resistance in transgenic
plants, have been widely exploited for plant engineering.
However, since most of the antibiotic-resistant genes
currently used in commercially available transgenic
plants are of bacterial origin, there have been concerns
about transfer of horizontal gene from transgenic plants
back to bacteria. Strategies that enable transgenic plants
to possess no marker genes (Ebinuma et al. 1997; Endo
et al. 2002; Corneille et al. 2001; Cotsaftis et al. 2002;
Dale and Ow 1991; Gleave et al. 1999; Goldsbrough et
al. 1993; Komari et al. 1996; McKnight et al. 1987),
marker genes of plant origin (Andersson et al. 2003;
Ayalew and Stewart Jr 2005; Koizumi 2003; Okuzaki et
al. 2007), or marker genes with no antibiotic resistance
(Daniel et al. 2001; Erikson et al. 2004; Goddijin et al.
1993; Gough et al. 2001; Herrera-Estrella et al. 1983;
Joersbo et al. 2003; Kunze et al. 2001; Perl et al. 1993;
Rosellini et al. 2007; Weeks et al. 2000) could remove
such reservations about transgenic plants.

S-adenosyl-L-methionine (SAM)-
dependent methyltransferase activity of Arabidopsis
AtHOL1 protein (Nagatoshi and Nakamura 2007), which
is a homolog of methyl chloride transferase (MCT) from
Batis maritima (Wuosmaa and Hager 1990; Ni and
Hager 1998) and thiol methyltransferase (TMT) from
Brassica oleracea (Attieh et al. 2000; Attieh et al. 2002).
The hypotheses concerning the physiological functions
of these enzymes include their involvement in salt
tolerance (Ni and Hager 1999) and in metabolizing
glucosinolate hydrolysis products such as a bisulfide
(HS7) and a thiocyanate ion (NCS™) (Attieh et al. 2000).
In the course of our studies on AtHOLI, we found that 3-
week-old Arabidopsis seedlings overexpressing AtHOLI
had increased tolerance to potassium thiocyanate
(KSCN), which is relatively inexpensive. Based on these
findings, we examined a screening method for transgenic
Arabidopsis, employing AtHOLI as a selective marker
and KSCN as a low-cost selective agent. However,
contrary to our expectation, screening of the transgenic

Abbreviations: CaMV, cauliflower mosaic virus; MS, Murashige and Skoog; NOS, nopaline synthase; SAM, S-adenosyl-L-methionine
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Arabidopsis plants of the T2 generation was unsuccessful
when the plants were grown from seeds on a culture
medium at 23°C under white fluorescent lights (ca. 30
umolm2s™") (12h-light/12 h-dark cycles) in a growth
chamber. A similar method using TMT, a homolog of
AtHOLI, had been published (Saini et al. 2005).
Although the actual screening procedures were not given
in detail, Saini et al. (2005) observed the differences in
root development of the transgenic seedlings of several
plant species including Arabidopsis, but assessed shoot
development only in tobacco seedlings. These results
raised the need for an appropriate screening condition
that allowed facile identification of transgenic seedlings.
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Figure 1. An examination of the screening conditions for AtfHOLI-
overexpressing Arabidopsis. (A) Wild-type seedlings and T2-

generation seedlings derived from transgenic Arabidopsis lines
(AtHOL1-OX1, AtHOL1-0X6, and AtHOL1-OX7) were screened on
1/2 MS medium (0.8% agar and 2% sucrose) containing KSCN (0, 1.0,
3.0, 5.0, and 7.0 mM) or Km (50 mg 1~ ") under two light conditions. All
the seeds were surface-sterilized and imbibed in the dark at 4°C for 2
days before sowing onto the agar medium in 12-well plates. After the
stratification period, half of the seed set was grown in darkness for 7
days (D) followed by a 12 h-light/12 h-dark (LD) cycle for another 7
days (Top photo). The other half of the seed set was grown under the
LD cycle for 14 days after stratification (Bottom photo). All the
seedlings were grown at 23°C under white fluorescent lights (ca. 30
umolm™2s7!) in a growth chamber. (B) Magnified pictures of
seedlings on the selection media in panel (A). The T2 seedlings grown
under darkness for 7 days followed by a 7-day LD cycle on media
containing 5.0 mM KSCN. Arrows indicate seedlings with pale leaves
possibly having no transgenes.

To establish the appropriate screening condition,
AtHOL I-overexpressing Arabidopsis plants (AtHOLI1-
OX) were prepared by infiltrating Arabidopsis thaliana
Col-0 with cultures of Agrobacterium tumefaciens
LBA4404 (Bechtold et al. 1993) harboring a binary
plasmid, pBI121-AtHOLI, containing NPT/l driven by
the nopaline synthase (NOS) promoter and AtHOLI
driven by the CaM V35S promoter. The most appropriate
KSCN and sucrose concentrations and light conditions
were examined using the obtained transgenic
Arabidopsis seeds (AtHOL1-OX1, AtHOL1-OX6, and
AtHOL1-OX7) of the T2 generation that were a mixture
of seeds both homozygous and heterozygous for the
AtHOL] transgene. Examination revealed that wild-type
and transgenic seedlings could be clearly distinguished
when the seeds were germinated and grown on 1/2 MS
medium containing 3.0-5.0 mM KSCN and 2% sucrose
for 7 days under darkness, followed by a 12 h-light/12 h-
dark cycle for another 3—7 days (Figure 1A). Cotyledons
of both wild-type and transgenic seedlings appeared
yellow and closed at the end of the first dark period. But
during the second light period, the transformants began
to show green and expanded cotyledons, while wild-type
seedlings retained pale leaves (Figure 1B). Analyses
using the Genevestigator online meta-analysis tool
(Zimmermann et al. 2004) indicated that AtHOLI
expression was high under light conditions and also at
the germination and young seedling stages. These results
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Figure 2. Comparison of the transgenic Arabidopsis screening
efficiencies of the two marker genes. T2 seeds of five independent
AtHOL1-OX lines were screened on agar media containing kanamycin
(50mgl™") or KSCN (3.0mM). Seeds on the KSCN-containing
medium were grown in darkness for 7 days followed by a 12-h light/12-
h dark cycle for 7 days. The other growth conditions were the same as
described in the legend of Figure 1. Seeds were grown on the
kanamycin-containing medium under normal growth conditions for 14
days. The resistance of several thousand plants grown for 10-days was
calculated on a per-plate basis by [plants with green cotyledons/
germinated plantsX100]. The averages*=SE were from the results of
three independent Petri dishes (9 cm in diameter) for KSCN- and
kanamycin-resistance, respectively. The ratio of resistant to sensitive
seedlings were not significantly different between wild-type and
transgenic seedlings (P>0.05 by t-test). N.O., not observed.
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implied that the dark growth condition suppresses
endogenous AtHOLI expression in young seedlings
permitting a lower endogenous AtHOLI activity and the
resulting clearer identification of transgenic seedlings.
Therefore, the first dark period could be important, at
least in case of Arabidopsis, in order to screen transgenic
seedlings germinated from seeds.

We then evaluated the screening efficiency of five
Arabidopsis transformant lines of the T2 generation
germinated on 1/2 MS medium containing either
kanamycin or KSCN (Figure 2). The results indicated
that the transgenic plants both homozygous and
heterozygous for the AtHOLI transgene showed
resistance to KSCN and a screening efficiency
comparable to the kanamycin method. PCR amplification
confirmed the insertion of AtHOL! transgenes into the
genomes of ten seedlings from each of five independent
transgenic  lines  (AtHOL1-OX1, AtHOL1-OX2,
AtHOL1-OX4, AtHOL1-OX6, and AtHOL1-OX7)
screened on the KSCN-containing medium. We
quantified AtHOLI mRNA in five independent
transgenic  lines  (AtHOL1-OX1, AtHOL1-OX2,
AtHOL1-0X4, AtHOL1-0X6, and AtHOL1-OX7) using
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Figure 3. Quantitative analysis of AtZHOLI mRNA by real-time PCR.
T2 seeds of five independent AtHOL1-OX lines were screened on the
KSCN (4.0 mM)-containing medium. The obtained resistant seedlings
were grown on soil under normal growth conditions for 1 month. Total
RNA was extracted from leaves of the Arabidopsis seedlings (ca. 0.2
g). cDNA was synthesized from total RNA using MMLV Reverse
Transcriptase (Promega) according to the manufacturer’s protocol.
AtHOLI mRNA was quantified using the MX3000P real-time
quantitative PCR system (Stratagene) and PCR reagent, SYBR Premix
EX Taq (TAKARA). For each plant sample, the AtHOLI mRNA
amounts were normalized with that of AtPP2AA3 (AT1G13320), an
internal control (Czechowski 2005). The primer sequences used for
AtHOLI amplification were 5'-CTTACGGCTCCTCACCAAAG-3'
(forward primer) and 5'-TGCTCTATGTATGTTTCAATGTTG-3'
(reverse  primer), and those for AtPP24A3  were 5'-
TAACGTGGCCAAAATGATGC-3"  (forward primer) and 5'-
GTTCTCCACAACCGC TTGGT-3' (reverse primer). AZHOLI mRNA
amounts for each transgenic seedling were normalized with that in
wild-type plants. The averages*SE were obtained from three
independent plants.
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real-time PCR (Figure 3). A#tHOLI! mRNA accumulation
in all of the examined transgenic lines was higher than
that of wild type, though the mRNA accumulation varied
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Figure 4. Whole-plant growth phenotype of wild type and AtHOLI-
OX7 plants. Appearance of wild type and a representative transgenic
line (AtHOL1-OX7) were shown. Seeds of wild type and AtHOLI-OX7
were grown on 1/2 MS agar-medium for 10 days, and then the
seedlings were grown on soil being fertilized with Hyponex under a 12-
h light/12-h dark condition at 20°C for 40 days in a growth chamber.

considerably among the transgenic lines. These results
suggested that the observed KSCN resistance is actually
due to AtHOLI overexpression. Under the conditions
used in this study, no apparent differences in growth and
morphology were detected between wild-type and all the
examined transgenic plants (Figure 4). These results
indicate that AtHOLI overexpression together with the
screening conditions examined here might be effective
for a low-cost screening of transgenic Arabidopsis on
KSCN-containing medium.

Acknowledgements

The authors thank Prof. Kenzo Nakamura (Nagoya University) for
the generous gift of pIG121Hm vector. This work is supported by a
Sasagawa Scientific Research Grant from the Japan Science
Society.

References

Andersson M, Trifonova A, Andersson AB, Johansson M, Biilow
L, Hofvander P (2003) A novel selection system for potato
transformation using a mutated AHAS gene. Plant Cell Rep 22:
261267

Attieh J, Djiana R, Koonjul P, Etienne C, Sparace SA, Saini HS
(2002) Cloning and functional expression of two plant thiol
methyltransferases: a new class of enzymes involved in the
biosynthesis of sulfur volatiles. Plant Mol Biol 50: 511-521

Attieh J, Kleppinger-Sparace KF, Nunes C, Sparace SA, Saini HS
(2000) Evidence implicating a novel thiol methyltransferase in
the detoxification of glucosinolate hydrolysis products in
Brassica oleracea L. Plant Cell Environ 23: 165-174

Ayalew M, Stewart CN Jr (2005) Overexpression of an Arabidopsis
thaliana ABC transporter confers kanamycin resistance to
transgenic plants. Nat Biotechnol 23: 1177-1180

Bechtold N, Ellis J, Pelletier G (1993) In planta Agrobacterium-
mediated gene transfer by infiltration of adult Arabidopsis
thaliana plants. C R Acad Sci 111 316: 1194-1199

Copyright © 2009 The Japanese Society for Plant Cell and Molecular Biology

343



344

A selection system for transgenic Arabidopsis using AtHOL1

Bevan MW, Flavell RB, Chilton M-D (1983) A chimeric antibiotic
resistance gene as a selectable marker for plant cell
transformation. Nature 304: 184-187

Corneille S, Lutz K, Svab Z, Maliga P (2001) Efficient elimination
of selectable marker genes from the plastid genome by CRE-lox-
site-specific recombination system. Plant J 27: 171-178

Cotsaftis O, Sallaud C, Breitler JC, Meynard D, Greco R, Pereira
A, Guiderdoni E (2002) Transposon-mediated generation of T-
DNA- and marker-free rice plants containing a Bt endotoxin
gene conferring insect resistance. Mol Breed 10: 165—180

Czechowski T, Stitt M, Altmann T, Udvardi MK, Scheible WR
(2005) Genome-wide identification and testing of superior
reference genes for transcript normalization in Arabidopsis.
Plant Physiol 139: 5-17

Dale EC, Ow DW (1991) Gene transfer with subsequent removal
of the selection gene from the host genome. Proc Natl Acad Sci
USA 88: 10558-10562

Daniel H, Muthukumar B, Lee SB (2001) Marker free transgenic
plants: engineering the chloroplast genome without the use of
antibiotic selection. Curr Genet 39: 109-116

Ebinuma H, Sugita K, Matsunaga E, Yamakado M (1997)
Selection of marker-free transgenic plants using the isopentenyl
transferase gene. Proc Natl Acad Sci USA 94: 2117-2121

Endo S, Sugita K, Sakai M, Tanaka H, Ebinuma H (2002) Single-
step transformation for generating maker-free transgenic rice
using the ipt-type MAT vector system. Plant J 30: 115-122

Erikson O, Hertzberg M, Nasholm T (2004) A conditional marker
gene allowing both positive and negative selection in plants. Nat
Biotechnol 22: 455-458

Gleave AP, Mitra DS, Mudge SR, Morris BA (1999) Selectable
marker-free transgenic plants without sexual crossing: transient
expression of cre recombinase and use of a conditional lethal
dominant gene. Plant Mol Biol 40: 223-235

Goddijin OJ, van der Duyn Schouten PM, Schilperoort RA, Hoge
JH (1993) A chimaeric tryptophan decarboxylase gene as a
novel selectable marker in plant cells. Plant Mol Biol 22:
907-912

Goldsbrough AP, Lastrella CN, Yoder JI (1993) Transposition
mediated re-positioning and subsequent elimination of marker
gene from transgenic tomato. Biotechnology 11: 1286—1292

Gough KC, Hawes WS, Kilpatrick J, Whitelam GC (2001)
Cyanobacterial GR6 glutamate-1-semialdehyde aminotransferase:
a novel enzyme-based selectable marker for plant transformation.
Plant Cell Rep 20: 296-300

Herrera-Estrella L, Block MD, Messens E, Hernalsteens JP,
Montagu MYV, Schell J (1983) Chimeric genes as dominant
selectable markers in plant cells. EMBO J 2: 987-995

Joersbo M, Jorgensen K, Brunstedt J (2003) A selection system for

transgenic plants based on galactose as selective agent and a
UDP-glucose: galactose-1-phosphate uridyltransferase gene as
selective gene. Mol Breed 11: 315-323

Koizumi N (2003) A chimeric tunicamycin resistance gene as a
new selectable marker for Arabidopsis Plant
Biotechnol 20: 305-309

Komari T, Hiei Y, Saito Y, Murai N, Kumashiro T (1996) Vectors
carrying two separate T-DNAs for co-transformation of higher
plants mediated by Agrobacterium tumefaciens and segregation
of transformants free from selection markers. Plant J 10:
165-174

Kunze I, Ebneth M, Heim U, Geiger M, Sonnewald U, Herbers K
(2001) 2-Deoxyglucose resistance: a novel selection marker for
plant transformation. Mol Breed 7: 221-227

McKnight TD, Lillis MT, Simpson RB (1987) Segregation of
genes transferred to one plant cell from two separate
Agrobacterium strains. Plant Mol Biol 8: 439—445

Nagatoshi Y, Nakamura T (2007) Characterization of three halide
methyltransferases in Arabidopsis thaliana. Plant Biotechnol 24:
503- 506

Ni X, Hager LP (1998) cDNA cloning of Batis maritima methyl
chloride transferase and purification of the enzyme. Proc Natl
Acad Sci US4 95: 1286612871

Ni X, Hager LP (1999) Expression of Batis maritima methyl
chloride transferase in Escherichia coli. Proc Natl Acad Sci USA
96:3611-3615

Okuzaki A, Shimizu T, Kaku K, Kawai K, Toriyama K (2007) A
novel mutated acetolactate synthase gene conferring specific
resistance to pyrimidinyl carboxy herbicides in rice. Plant Mol
Biol 64:219-224

Perl A, Galili S, Shaul O, Ben-Tzvi I, Galili G (1993) Bacterial
dihydrodipicolinate synthase and desensitized aspartate kinase:
two novel selectable markers for plant transformation.
Biotechnology 11: 715-718

Rosellini D, Capomaccio S, Ferradini N, Savo Sadaro ML, Nicolia
A, Veronesi F (2007) Non-antibiotic, efficient selection for
alfalfa genetic engineering. Plant Cell Rep 26: 1035-1044

Saini HS, Koonjul KP, Attiech JM (2005) Thiol methyltransferase-
based selection. Canadian patent WO/2005/087933

Wuosmaa AM, Hager LP (1990) Methyl chloride transferase: a
carbocation route for biosynthesis of halometabolites. Science
249:160-162

Weeks JT, Koshiyama KY, Maier-Greiner U, Schaeffner T,
Anderson OD (2000) Wheat transformation using cyanamide as
a new selective agent. Crop Sci 40: 1749-1754

Zimmermann P, Hirsch-Hoffmann M, Hennig L, Gruissem W
(2004) GENEVESTIGATOR: Arabidopsis microarray database
and analysis toolbox. Plant Physiol 136: 2621-2632

thaliana.

Copyright © 2009 The Japanese Society for Plant Cell and Molecular Biology



