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Abstract Genes conferring resistance to kanamycin are
frequently used to obtain transgenic plants as spontaneous
resistance to kanamycin is not known to exist in higher
plants. Nevertheless, mutations conferring kanamycin
resistance have been identified in Chlamydomonas rein-
hardtii, raising the question as to why kanamycin-resis-
tant mutants have not been found in higher plants. While
attempting plastid transformation of alfalfa, we obtained
non-transgenic but kanamycin-resistant somatic embryos
following 2 months of culture in the presence of 50 mg 17!
kanamycin. Sequencing of the plastid DNA region cor-
responding to the decoding site of the 16S rRNA in ten
independent resistant events revealed an A to C transver-
sion at position 1357 of the 16S plastid rDNA, the same
site at which an A to G conversion confers kanamycin
resistance to C. reinhardtii by reducing the ability of the
antibiotic to bind to its target site. All plants derived from
the resistant embryos through additional cycles of somatic
embryogenesis in the absence of kanamycin retained the
mutant phenotype, suggesting that the mutation was
homoplastomic. Resistant plants produced 85% less
biomass than controls; their leaves were chlorotic during
early development and over time slowly turned green.
The absence of kanamycin- resistant mutants in higher
plants might be explained by the requirement for a
regeneration system capable of resulting in homoplas-
tomic individuals, or it may be the result of the detri-
mental effect of the mutation on the phenotype.
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Introduction

Kanamycin is used frequently to select transgenic plants
by transforming plant cells with the neomycin phospho-
transferase Il (nptll) gene from Escherichia coli (Bevan
et al. 1983; Herrera-Estrella et al. 1983). Aminoglycoside
antibiotics such as kanamycin bind to the bases in the
A-site decoding region (helix 44) of the 16S rRNA.
Specifically, aminoglycoside antibiotics bind to bases at
positions 1408 and 1494 (base numbering according to
Brosius et al. 1978) of the E. coli 16S rRNA (Moazed and
Noller 1987, 1990; Woodcock et al. 1991). These bases
are next to the 1409-1491 positions that form the base of
a stem structure and are directly implicated in translation
fidelity (Gregory and Dahlberg 1995). Binding of the
antibiotic modifies the shape of the ribosome when a
tRNA is present at the A site (Jerinic and Joseph 2000).
As a result, the amino acid incorporation error rate is
increased, and ribosome translocation is inhibited both in
vitro (Davies et al. 1965) and in vivo (Edelmann and
Gallant 1977).

Using E. coli base numbering, eukaryotic cytoplasmic
ribosomes (Wilhelm et al. 1978) have a G at position 1408
of the 16S rRNA (Recth et al. 1999a), which reduces the
binding affinity of aminoglycoside antibiotics. In contrast,
prokaryotic ribosomes, including those of the plastid and
mitochondrion, have an A at the 1408 position (Gutell
1994). Mutations in this region reduce the binding affinity
of aminoglycoside antibiotics (Recth et al. 1999b) and
provide resistance to the antibiotic. The A to G mutation
at position 1408 in E. coli confers resistance to amino-
glycoside antibiotics that have a 6/-NH, group (Recth et
al. 1999a). The same mutation results in resistance to
kanamycin and apramycin in Mycobacterium (Alangaden
et al. 1998). Methylation of the N1 position of A1408
confers resistance to the same antibiotics in Streptomyces
tenjimariensis (Skeggs et al. 1985).



Spontaneous mutations giving rise to kanamycin re-
sistance occur in Chlamydomonas reinhardtii. When
kanamycin is used for the selection of transplastomic C.
reinhardtii, 10% of the recovered cells are spontaneous
kanamycin-resistant mutants (Bateman and Purton 2000).
Kanamycin resistance in C. reinhardtii is caused by the A
to G transition of base 1340 of the plastid 16S rRNA,
which corresponds to the 1408 position of E. coli (Bartlett
et al. 1979; Harris et al. 1989), or by the C to T transition
at position 1341.

We describe herein the first kanamycin-resistant mu-
tation reported in a higher plant, alfalfa (Medicago sativa
L.). As in C. reinhardtii, it consists of a single base
substitution in the plastid 16S rRNA. This mutation was
obtained during the course of an alfalfa transformation
project in which cell lines underwent extended selection
on a medium supplemented with kanamycin.

Materials and methods
Plant material, cell culture, and recovery of resistant plants

An alfalfa (Medicago sativa L.) plant showing a high potential for
somatic embryogenesis, designated RSY-1, was selected from seed
of Regen-SY germplasm (Bingham 1991), using a regeneration
protocol based on that of Austin et al. (1995). Young, fully
expanded leaves from greenhouse-grown plants were rinsed for
20 s in 50% ethanol and then surface-sterilized in 0.6% (w/v)
sodium hypochlorite for 20 min. Ten explants (0.7x0.7 cm) were
excised and plated in the center of a 10-cm petri dish containing
B5H medium (Brown and Atanassov 1985), resulting in a target
approximately 5 cm? in size. In addition, cotyledon-stage somatic
embryos, obtained as described by Austin et al. (1995) but without
Agrobacterium co-cultivation and antibiotics, were plated in the
same way.

The vector, pMSCP1, was used for the transformation trials
(Fig. 1). This vector was designed for alfalfa plastid transformation
and contains the expression cassette from pSKKmR, which uses the
aphA-6 gene from Acinetobacter baumannii as the selectable
marker (Bateman and Purton 2000). The aphA-6 gene has been
used for plastome transformation in combination with kanamycin
selection in C. reinhardtii (Bateman and Purton 2000) and tobacco
(Huang et al. 2002). DNA preparation, precipitation onto gold
particles, and bombardment were as described by Stewart et al.
(1996), except that 0.6-um gold particles were used as micropro-
jectiles.

Eighteen petri dishes containing leaf explants were bombarded
2 days after plating using the PDS 1000/He (BioRad, Hercules,
Calif.) apparatus. Two days after bombardment, leaf explants were
spread on the surface of fresh BSH medium containing 50 m
kanamycin and cultured at 24-26°C under a 23/1-h (light/dark)
photoperiod with light provided by cool-white fluorescent tubes at a
photon flux of approximately 10 gmol m=2 s™!. The tissues were
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Fig. 1 Schematic diagram of the alfalfa plastid transformation
vector pMsCP1. The alfalfa plastome sequence used for homolo-
gous recombination was derived from GenBank AY(029748. The
aphA-6 selection cassette was inserted into the BstZ171 site
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subcultured every 2 weeks to fresh selection medium over a period
of up to 3 months.

Green somatic embryos were isolated 2—-3 months after bom-
bardment and matured for approximately 2 weeks on BS5SHO
medium (Brown and Atanassov 1985) supplemented with 50 mg 1!
kanamycin. The embryos were placed for a second time on
kanamycin-supplemented BSH medium to induce a second round
of somatic embryogenesis, which enabled the recovery of multiple
embryos from each primary embryo. In total, three to four such
regeneration cycles were performed. After desiccating the embryos
for 2 days, half of the somatic embryos from the second
regeneration cycle were converted into plants by transferring them
to petri dishes containing half-strength MS basal medlum (Mura-
shige and Skoog 1962) with or without 50 mg 17! of kanamycin.
Plants from seven independently recovered kanamycin-resistant
embryos were transferred to GA-7 boxes (Magenta, Chicago, Ill.)
containing the same medium for plant development and then to
sterile soil in plastic pots placed in coupled GA-7 boxes. The plants
were acclimatized and transferred to a greenhouse.

Plant characterization

To assess the effect of kanamycin resistance on fitness, we sampled
fully expanded leaves of plants germinated from kanamycin-
resistant embryos that had been grown in a greenhouse for about
4 months. Two 10-cm petri plates (replications) containing BSH
with 50 mg 17! kanamycin and two containing kanamycin-free-BSH
medium were prepared with five leaf explants each per genotype.
Two plates were prepared with control leaves on kanamycin-free
medium and ten on kanamycin-supplemented medium. Callus and
embryo production were scored after 2 weeks and 5 weeks,
respectively.

Embryos obtained on kanamycin-free medium were converted
into plants as described above and used to assess the stability of
resistance. Leaf explants were excised from chlorotic and green
leaves of in vitro-grown resistant plants obtained on antibiotic-free
medium, and a new regeneration cycle was performed as described
using both kanamycin-supplemented (50 mg 1™') and kanamycin-
free media, with two replications per regeneration event and leaf
color.

Five plants (replications) of the same age from each of four
regeneration events and the control, all germinated on antibiotic-
free medium, were removed from culture 3 weeks after their
transfer to GA-7 boxes. These were desiccated at 100°C for 24 h
and weighed to measure dry matter. Shoot dry matter accumulation
was calculated by harvesting the top-growth of greenhouse-grown
resistant (six events) and control plants after 4 weeks, when the
control plants began flowering. The fresh material was dried and
weighed as described. After verification of the normality of the
data, weights were subjected to analysis of variance.

Molecular analyses

Genomic DNA was extracted using a CTAB protocol (Doyle and
Doyle 1990) from the leaves or somatic embryos of ten indepen-
dently recovered kanamycin-resistant plants and from the susceptible
control. Two primer pairs targeted to the aphA-6 coding sequence
(AphA-1F: 5-TTTTCAGGATGAGCAGTTTG and AphA-1R: 5'-
TAACCCAGCACGACCAAG; AphA-160F: 5'-TACAGTGTCTC-
TCGTGAAGCG and AphA-680R: 5-AGGCAACGTTCAACAA-
AGG) were used for amplification.

The Medicago truncatula plastid 16S rRNA plastome sequence
(GenBank AC093544) was used to design two primers (16S-236F:
5-TAGTTTGGAACCCTGAAC; 16S-609R: 5-GCTACCTTGT-
TACGACTTC) used for sequencing the alfalfa plastome region
orthologous to the site of the C. reinhardtii kanamycin resistance
mutation (Harris et al. 1989). The amplicons obtained from ten
independently derived resistant plants and from the susceptible plant
were sequenced twice using the primer MSCP-2F (5'-CGTCA-
TAACTTCCCTCTAGACC).
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To ensure that the kanamycin-resistant phenotype was not due
to the insertion of aphA-6 into the plastome of resistant plants, we
amplified the predicted insertion site of the alfalfa plastome from
five independently derived resistant plants using primers MSCP-2F
and MSCP-2R (5-AAAAAGATTGATGAGAGAAACG) and se-
quenced it. To check for nuclear integration of aphA-6, 10 ug of
genomic DNA from resistant and control plants were digested with
Sphl and used for Southern blotting according to a standard
protocol (Sambrook et al. 1989). The probe was obtained by PCR
amplification of aphA-6 using primers AphA-160F and AphA-
680R.

In all cases, PCR was performed in a 20-ul reaction volume
using: 1x PCR buffer, 0.25 uM of each primer, 0.2 mM dNTP, 1-
10 ng ul™' DNA, and 1 U Tag polymerase (Pharmacia, Piscataway,
N.J.). Thermal cycling consisted of one cycle at 94°C for 4 min;
40 cycles at 94°C for 45 s, 50°C for 45 s, 72°C for 45 s; a final
extension at 72°C for 10 min.

Progeny analyses

Kanamycin-resistant plants were maintained in a greenhouse until
they flowered, at which point reciprocal crosses were carried out
with wild-type plants. Seeds were harvested, surface-sterilized as
described previously for leaf explants, and germinated in petri
dishes containing half-strength MS basal medium with 50 mg ™! of
kanamycin. Susceptible plants were transferred to kanamycin-free
medium and allowed to recover. All surviving plants were
acclimatized and transferred to the greenhouse as described. Leaf
tissue was collected and DNA extracted and sequenced as described
previously.

Results and discussion

Thirty-seven green embryos were isolated within a 3-
month period following bombardment, all from the leaf
explants. Twenty-seven of these embryos regenerated in
the presence of kanamycin during a second regeneration
cycle, thereby confirming their resistance to kanamycin.
The first indication that kanamycin resistance was due
to a mutation and not the integration of the transgene was
the failure of PCR to produce the expected amplicon,
along with the lack of aphA-6 hybridization signals from
Southern blotting. Sequencing of the putative kanamycin
resistance site of the 16S plastid rDNA in ten resistant
events and in the control revealed a mutation at position
1357 of the 16S plastid rDNA, corresponding to the 1340
position of C. reinhardtii and to the 1408 position of E.
coli (Table 1). In all of the resistant events sequenced, the
alfalfa mutation was an A to C transversion. The same
mutation was found in the three kanamycin-resistant
events obtained from non-bombarded leaf explants cul-
tured on kanamycin for 4 months, which showed that the
mutation was not attributable to the bombardment.

The reason why this mutation occurred repeatedly and
consistently—to the exclusion of other mutations in the
sequenced region—is unknown. In a similar case, point
mutations in the 16S ribosomal RNA gene of Nicotiana
plumbaginifolia provide streptomycin resistance (Yeh et
al. 1994). Nevertheless, while the authors identified three
different point mutations in 11 resistant mutants, one
mutation (C to T at position 912) accounted for 9 of the
11 mutants.

Phenotype of resistant plants

All the plants from independent mutation events had the
same phenotype, and on both kanamycin and kanamycin-
free media they developed more slowly than did the
control plants on kanamycin-free medium. The leaves
were pink when they initially appeared (Fig. 2a) and
gradually turned white during leaf expansion (Fig. 2c, e,
f). Green veins were present in incompletely expanded
leaves. Greening occurred after leaf expansion, starting
from the distal end of each leaflet (Fig. 2d). After about
2 weeks, the whole leaf had become green but was still
paler than leaves from control plants. The growth of
kanamycin-resistant plants regenerated in the absence of
antibiotic was much lower than that of control plants, both
in vitro (66% reduction) and in the greenhouse (85%
reduction) (Table 2). Resistant plants displayed the
chlorotic phenotype, grew much less than control plants,
and had thinner stems (Fig. 2g).

Even though all of the leaf explants obtained from
mutant plants were able to regenerate a second time in the

Table 2 Dry matter yield of mutant and control plants grown in
vitro or in the greenhouse

Resistant Dry matter, Dry matter,
event in vitro (g)* greenhouse (g)°
3 - 0.75b°¢
6 - 1.10b
7 0.038b¢ 0.63b
20 0.057b 1.24b
22 0.088b 0.46b
24 0.071b 1.00b
Mean 0.063 0.86
Control 0.186a 5.60a

#Data are the means of five replications (plants)

® Data are the means of two to five replications (plants)

¢ Means followed by different letters are significantly different at
P<0.01 according to Duncan’s multiple range test

Table 1 Comparison of se-

quenced 165 TRNA regions in- Kanamycin resistance site of 16S rRNA Species Reference

volved in kanamycin resistance  cgcccgtcacaccatggg E. coli Brosius et al. 1978

in Escherichia coli, Chlamydo-  cgcccgtcacaccatgga C. reinhardtii wild type Dron et al. 1982

monas reinhardtii, and Medica-  cgcccgtegcaccatgga C. reinhardtii nr-u-2-1 Harris et al. 1989

80 Spp. cgeccgtcataccatgga C. reinhardtii kr-u-24-2 Harris et al. 1989
cgeccgtcacactatggg Medicago truncatula GenBank AC093544
cgceegtcacactatggg M. sativa, wild type This work
cgeccgteccactatggg M. sativa, kanamycin-resistant This work




Fig. 2a—g Phenotype of kana-
mycin-resistant alfalfa plants. a
Plantlet obtained from the con-
version of a resistant somatic
embryo, b plantlet obtained
from the conversion of a control
somatic embryo, ¢ 3- week-old
resistant plant, d greening of the
mutant plant leaves compared
with a control leaf (lower right
control leaf), e, f plantlets from
two resistance genotypes ger-
minating on kanamycin-free (e)
and kanamycin-supplemented
media (f), g greenhouse-grown
kanamycin-resistant and control
(center) plants

presence of kanamycin, embryo production in the absence
of the antibiotic was significantly higher than in the
presence of the antibiotic (Table 3), and the average time
for regeneration was 52 days on kanamycin versus 36 days
in the absence of kanamycin. Together, these observations
suggest that kanamycin resistance is not complete. This is
consistent with the effect of the kanamycin resistance
mutation in C. reinhardtii, in which the amino acid
incorporation rate by the mutant ribosomes in the pres-
ence of the antibiotic was estimated to be reduced by 13—

22% (Bartlett et al. 1979). Likewise, the 1408 A to
G mutation in E. coli results in a longer doubling time in
the presence of the antibiotics (Recht et al. 1999a).

Somatic stability of resistance

For stable maintenance of a plastome-encoded trait,
homoplastomy is necessary; that is, all of the plastome
copies within all plastids of all cells should be genetically
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Table 3 Callus and embryo

. Resistant Callus production® Embryo production®
production by mutant and con- ¢
trol leaf explants on kanamycin Kan (50 mg 171 Kan (0 mg 171 Kan (50 mg 1) Kan (0 mg 171
(Kan) and kanamycin-free me- 5 5 - - -
dia Green White Green White Green White Green White
3 2.0 2.5 -¢ 4.0 1.0 1.5 - 2.0
7 2.0 2.0 3.0 4.0 1.0 1.5 2.0 4.0
20 2.0 2.0 3.0 4.0 2.0 1.0 2.0 3.5
22 2.0 2.0 3.0 3.5 1.0 1.0 3.0 3.0
24 2.0 2.0 3. 2.5 1.5 2.0 3.0 1.5
Means 2.0 2.1 3.0 3.6 1.3 1.4 2.5 2.8
2.1b¢ 3.4a l.4c 2.6b
Control 1.0c 4.0a 0.0d 4.0a

#On a scale from: 0, no callus or embryos, to 4, abundant callus or embryo production. Each value is
the average of two replications, with each replication consisting of five leaf explants on one petri plate
b Leaf explants were taken from young, white leaves or older, green leaves

¢ The green leaf explant of event 3 did not survive in vitro

4 Means followed by different letters are significantly different at P<0.01 according to LSD.

identical. No difference in callus or embryo production
was evident between green and chlorotic leaf explants,
both on kanamycin and kanamycin-free medium (Ta-
ble 3), suggesting that leaf greening was not due to the
accumulation of wild-type plastids that may have re-
mained in the cells (i.e., heteroplastomy). Of the 408
somatic embryos that were obtained from the mutant
tissue, 194 germinated on kanamycin-free medium. All of
the shoots displayed the chlorotic phenotype, green plants
were never regenerated from them, and sequencing of
their DNA revealed the presence of the mutation. Het-
eroplasty would have resulted in a double peak at the
mutation site in the electropherograms (See et al. 2000),
and no such double peaks were ever obtained in our
investigation. Homoplastomy was expected for two rea-
sons. First, the plants were evaluated after four to five
regeneration cycles on kanamycin, during which time
wild-type plastids were never recovered. Secondly, anti-
biotic resistance based on reduced binding affinity with
the ribosome is recessive; that is, homoplastomy may be
required for the expression of resistance and regeneration
(Dix and Kavanagh 1995).

Progeny analysis

Both kanamycin-resistant and susceptible progeny plants
were obtained. All resistant progeny plants had the
chlorotic phenotype and the original mutation. Specifi-
cally, crossing susceptible and resistant plants led to the
recovery of both resistant and susceptible progeny,
suggesting that the resistant progeny inherited their
plastids from the paternal parent, thereby confirming the
observation of Smith et al. (1986) that there can be
paternal transmission of plastids in alfalfa. The reciprocal
cross also led to the recovery of both resistant and
susceptible progeny. In this case, the susceptible progeny
would have obtained their wild-type plastids from the
male parent.

The question remains as to why other kanamycin-
resistant plants have not been recovered previously, given

that kanamycin has been used for plant transformation
studies for 20 years. One possibility is that a longer
selection period is required to obtain kanamycin-resistant
mutants than is used by most transformation protocols. In
the transformation of alfalfa, the first transgenic embryos
appear after 3-4 weeks following co-cultivation. In
contrast, because the original goal of this work was to
obtain plastome transformation, leaf explants were cul-
tured on selection medium for over 3 months. Secondly, it
is possible that mutants may have occurred many times in
other laboratories during transformation experiments, but
the resulting plants were discarded as ‘“‘escapes” or
unwanted somaclonal variants.
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