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A Dwarf Mutant of Arabidopsis Generated by
T-DNA Insertion Mutagenesis

KENNETH A. FELDMANN, M. DAVID MARKS,
MicHAEL L. CHRISTIANSON, RALPH S. QUATRANO

Most plant genes that control complex traits of tissues, organs, and whole plants are
uncharacterized. Plant height, structure of reproductive organs, seed development and
germination, for example, are traits of great agronomic importance. However, in the
absence of knowledge of the gene products, current molecular approaches to isolate
these important genes are limited. Infection of germinating seeds of Arabidopsis
thaliana with Agrobacterium results in transformed lines in which the integrated T-
DNA from Agrobacterium and its associated kanamycin-resistance trait cosegregate
with stable, phenotypic alterations. A survey of 136 transformed lines produced plants
segregating in a manner consistent with Mendelian predictions for phenotypes altered
in height, flower structure, trichomes, gametogenesis, embryogenesis, and seedling
development. This report is the characterization of a dwarf mutant in which the
phenotype is inherited as a single recessive nuclear mutation that cosegregates with
both the kanamycin-resistance trait and the T-DNA insert.

RANSPOSABLE ~ ELEMENTS  HAVE

been successfully used to tag genes in

a limited number of eukaryotic or-
ganisms. Transposons simultaneously muta-
genize and tag genes when insertion of the
transposable element into a DNA region
modifies expression of the gene. A number
of genes have been identified and isolated by
this technique in Caenorhabditis elegans (1),
Drosophila (2), Antirrhinum (3), Zea mays (4),
and mouse (5). However, because most
transposons in plants occur in multiple
copies with low transposition frequencies,
detection of the insert responsible for the
altered phenotype is difficult. Also, relatively
few plant species contain endogenous trans-
posons. Recently, the potential of using a
transposable element from maize to tag ge-
netic loci in transgenic plants was demon-
strated (6).

An alternative method of tagging genes in
plants is the use of the T-DNA of Agrobacter-
ium tumefaciens as the insertional mutagen. A
large number of plant species can be trans-
formed with Agrobacterium, which integrates
a portion of its DNA (T-DNA) into the
plant genome (7). However, insertional mu-
tagenesis via Agrobacterium-mediated trans-
formation is inefficient in most higher plant
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species because of the abundance of noncod-
ing DNA, which decreases the probability
of insertion into a functional gene, and also
because of the space required to grow hun-
dreds of thousands of transformants and the
plethora of variations introduced by the
tissue culture process—that is, somaclonal
variation (8). The use of Arabidopsis thaliana
as an experimental organism to develop an
Agrobacterium-mediated insertional mutagen-
esis system has several advantages. Arabidop-
sis has a haploid genome size of 70,000 kb
consisting of only 10% to 14% highly repet-
itive DNA (9) and is sufficiently small that
thousands of individually transformed
plants can be grown separately to maturity
in growth chambers or in a small green-
house in a short time (4 to 6 weeks).
However, somaclonal variation is a major
obstacle in regenerating Arabidopsis (10),
making it difficult to separate the effect of
the T-DNA insert from the effect of the
tissue culture process, even under the best
transformation and regeneration conditions
(11).

We previously reported a non—tissue cul-
ture method for transformation, which in-
volves infecting germinating seeds of Arabi-
dopsis with Agrobacterium and results in trans-

formants that do not exhibit somaclonal
variation (12). An initial population of more
than 1000 transformants containing an aver-
age of 1.4 functional inserts was generated
by the successful application of this seed
transformation technique in three separate
infection experiments (12, 13). Of the 156
families scored for resistance to kanamycin,
20 lines contained inserts that failed to
segregate in a Mendelian fashion on selec-
tive medium, produced families with no
kanamycin-resistant (Kan®) progeny, or
were lost (12, 14). The remaining 136 lines
segregated for at least 190 independent
functional inserts when scored on kanamy-
cin. Screening of the 136 transformed lines
in growth chamber conditions (15) pro-
duced 36 lines that segregated in a Mende-
lian fashion for a variety of altered pheno-
types. These phenotypes include a dwarf
(Fig. 1A) and other height variants, floral
structure variants (agamous, Fig. 1B), stems
lacking trichomes (glabrous, Fig. 1C), and
embryo lethals (Fig. 1D). Genetic and mo-
lecular analyses of the dwarf mutant de-
scribed in this report are consistent with the
hypothesis that the T-DNA was inserted
into a gene that in the homozygous state
confers dwarfism to the plant.

The dwarf] in almost all characteristics, is
a miniature of the wild-type plant, 7 to 8 cm
in height compared to 30 to 40 cm for the
wild type. The hypocotyls of dwarf seedlings
are reduced in length, and the dwarf cotyle-
dons have a square shape in comparison to
the round, wild-type cotyledons. The leaves
are short, dark green, and have an epinastic
growth habit (Fig. 1A). The number of
rosette leaves (six to eight; refer to cover) is
similar to that of the wild type. Wild-type
plants have three to five primary inflores-
cences when grown separately in 3-inch
pots. Although dwarf plants initially have
only one inflorescence, additional inflores-
cences arise as the plants age, so that by the
time the plants senesce there may be more
than 40 inflorescences arising from the base
of the plant (14). This phenotype indicates a
reduction in apical dominance. Seed set is
reduced, owing in part to a failure of the
stamens to elongate, thus decreasing the
amount of pollen shed on the stigma. Seeds
are reduced in size, more concave than those
of the wild type, and have decreased viability
with increasing age (14). Wild-type plants
complete senescence in 8 to 9 weeks under
the described growth conditions, whereas
aging of dwarf plants is delayed 1 month.

K. A. Feldmann and R. S. Quatrano, E. I. du Pont de
Nemours & Co., Wilmington, DE 19880-0402.

M. D. Marks, School of Biological Sciences, University
of Nebraska, Lincoln, NE 68588.

M. L. Christianson, Sandoz Crop Protection, Palo Alto,
CA 94304.

REPORTS 1351



Physiological tests demonstrate that 2,4-
dichlorophenoxyacetic acid, indoleacetic
acid, or gibberellic acid do not correct the
phenotype when given in the medium or
sprayed on the foliage.

Genetic analysis of progeny from selfed
and backcrossed plants demonstrate that the
T-DNA is tightly linked to the dwfmutation
(Tables 1 and 2) (16). More than 300 seeds
from the single segregating Dwf family (T3-
31) were plated on nonselective medium.
Five days after germination, the secedlings
were scored for wild-type (tall) or Dwf
stature. A deficiency of Dwf seedlings was
observed from the expected 3:1 ratio of tall
to Dwf plants predicted for a single recessive
nuclear mutation (237 tall, 57 Dwf). Subse-
quent testing of aging seeds from Dwf
plants showed that reduced germination ac-
counts for this difference (14). All further
genetic crosses (T4 through T6 families)
were done with fresh seeds to avoid this
complication. To test for the segregation of
the Kan® marker in this family, tall and Dwf
seedlings were transferred separately to me-
dium containing kanamycin. The ratio of
Kan® to Kan® (kanamycin-sensitive) tall

Table 1. Segregation of T4 families from selfed T

plants was 2:1 (58 Kan®:31 Kan%), whereas
the Dwf seedlings were all Kan®. The T4
families resulting from selfing Kan® tall T3
plants (heterozygotes) segregated 1 Kan®
Dwf:2 Kan® tall:1 Kan® tall (Table 1).
When Dwf plants were selfed they produced
homogeneous families of Dwf plants (Table
1). Kan® tall plants were selfed for two
additional generations and the families that
resulted (T5 and T6) continued to segregate
1:2:1 [4850 progeny scored (14)].

Dwf plants were reciprocally crossed to
wild-type plants (Table 2). The F; families
were all Kan® and wild type for height,
showing that the dwf:: K*Ti mutation (16) is
recessive to DWF, and the Kan® marker is
dominant to the null allele (Table 2). The
1:2:1 segregation of F, families is consis-
tent with the hypothesis that an insert con-
taining a dominant marker has created a
recessive mutation (Table 2). A recombina-
tion event between these two loci (generat-
ing a Kan® Dwf) has never been observed.
The cumulative data from both the back-
crosses and selfs (6708 progeny) indicate
that the two loci (Dwf and Kan®) are tightly
linked.

3 KanR® plants (20).

Segregation of T4 families

Mendelian

T -
* Kan® Dwf Kan® tall Kan® tall Kan Dwf ~ ratio tested

From Kan® tall T3 plants

T4-31-1* 41 81 34 0 1:2:1

T4-31-2 54 104 52 0 1:2:1

T4-31-3 62 142 54 0 1:2:1

T4-31-4 50 125 50 0 1:2:1

T4-31-5 46 131 52 0 1:2:1
From Kan® Dwf T3 plants

T4-31d-1 47 0 0 0 1:0

T4-31d-2 50 0 0 0 1:0

T4-31d-3 41 0 0 0 1:0

T4-31d-4 85 0 0 0 1:0

T4-31d-5 49 0 0 0 1:0

*Chi-square tests against hypotheses were not significant.

Table 2. Segregation of the Kan® and Dwf traits

in reciprocal crosses to wild-type (wt) plants (20).

Cross

Phenotype

Family Mendelian
Female  Male Kan® Dwf  Kan®tall KanStall Kan® Dwf  ratio tested
F1
wt Dwf 0 64 0 0 0:1:0%
Dwf wt 0 137 0 0 0:1:0
F2
1 38 78 36 0 1:2:1
2 17 45 14 0 1:2:1
3 16 33 16 0 1:2:1
4 23 62 32 0 1:2:1
5 24 50 30 0 1:2:1
6 12 27 16 0 1:2:1
7 20 69 32 0 1:2:1
8 21 46 28 0 1:2:1
Total 171 410 204 0 1:2:1

*Chi-square tests against hypotheses were not significant.
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DNA hybridization analysis of Dwf
plants indicates that the insert is a concata-
mer of four to six T-DNAs in direct and
inverted repeats, typical of transformants
made by C58 derivatives of A. tumefaciens
(12, 17). Evidence for direct repeats comes
from probing Hind III—cut genomic DNA
from Dwf plants with DNA homologous to
each of the borders of the T-DNA. The left
and right border probes hybridize to a com-
mon enzyme fragment of 5.8-kb, a length
appropriate for a left-right border junction
(Fig. 2). In addition, the 6.1-kb fragment
(LB,¥) and 5.1-kb fragment (RB,*) are of
the appropriate sizes to be inverted repeats
of the left and right borders, respectively.
The 2.7-kb fragment hybridizing to the RB
probe is the T-DNA right border—plant
junction fragment. The 6.7-kb fragment hy-
bridizing to DNA homologous to the LB
may represent the other T-DNA plant junc-
tion. The 2.9-kb fragment (RB) may be a
rearranged piece of DNA as is the 2.8-kb
fragment that hybridizes to pBR sequences
(Dwarf, pBR lane). We have observed simi-
lar rearrangements in slightly more than
50% of the transformants (18). Two internal
fragments of 7.5- and 4.5-kb (Dwf-pBR
lane) hybridize to DNA sequences homolo-
gous to pBR, as expected. The 7.5-kb frag-
ment hybridizing to the RB probe results
from the homology of the 3" end of the
nopaline synthase (nos) gene in the probe
with the nos 3" end of the npt II gene in the
7.5-kb Hind III fragment.

To test for silent inserts or rearrange-
ments of the insert, we isolated DNA from
single dwarf plants of a T4 family segregat-
ing for the dwarf phenotype, restricted it
with Hind III and probed it with DNA
homologous to the right border. Seventeen
single T4 Dwf plants have hybridization
patterns identical to those of the original T3
Dwf:: K®Ti isolates (14). We examined two
additional generations of plants from the
dwarf family (T5 and T6), both Kan® tall
heterozygotes and dwarf homozygotes, and
the insertional pattern remained unchanged
(14).

From the relatively small pool of transfor-
mants examined, we identified 36 lines from
T3 families segregating in a Mendelian fash-
ion for obvious morphological or physio-
logical alterations. We showed that one al-
tered phenotype (Dwf) cosegregates with a
T-DNA insert. Other mutations examined
(glabrous, agamous, and those affected in
gametogenesis) also cosegregate with the
Kan® marker (18). If all 36 mutants identi-
fied in the population examined (136 T3
families) are insertional mutants, we will
have been able to identify an altered pheno-
type induced by 19% of the inserts
(36/190).
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Fig. 1. Mutants generated by T-DNA insertional
mutagenesis. (A) Four-weck-old Dwf plant (bar,
1 cm). (B) Wild-type flowers (left bar, 0.3 mm)
and agamous mutant (right bar, 0.5 mm). (C)
Two-week-old wild-type (left) and glabrous
plants (bar, 0.5 cm). (D) Siliques segregating for
embryo lethality (bar, 0.8 mm).

Fig. 2. Analysis of Hind ITI-digested genomic DNA isolated
from dwarf and nontransformed plants. DNA hybridization
analysis was performed as described by Maniatis et al. (21). DNA
from untransformed (wt, pBR lane) and Dwf (pBR lane) plants
was probed with a nick-translated pBR322 plasmid. DNA from
the dwarf was also probed with a riboprobe made from left (LB,
pCS610) or right border (RB, pJJ1104) fragments of the T-
DNA; border fragments were obtained from J. Jones and R.
Jorgensen, Advanced Genetic Sciences, Oakland, California.
Riboprobes and nick translations were prepared according to
the recommendations of the manufacturers (Promega and IBI,
respectively).
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These results demonstrate the utility of
using the seed transformation protocol for
generating insertional mutants. However,
the isolation and characterization of specific
mutants of interest requires a much larger
population of transformants. Under the
growth conditions used to generate the T2
progeny, we typically harvest 250,000 T2
seeds from 1000 T1 plants. From this popu-
lation of T2 seeds we can expect to gener-
ate 50 Kan® transformed lines (14, 19).
To generate a population large enough
(>75,000 unique transformants) to have a
95% probability of having an insert every 2
kb (assuming random insertion) would re-
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quire 1.5 million T1 seeds to be treated.
Given the small size and fecundity of Arabi-
dopsis this number can be realized in a
relatively short time.
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Effect of Antisense c-raf-1 on Tumorigenicity and
Radiation Sensitivity of a Human Squamous Carcinoma

U. Kasip,* A. PFEIFER, T. BRENNAN, M. BECKETT,
R. R. WEICHSELBAUM, A. DRITSCHILO, G. E. MARK

Antisense RNA—mediated inhibition of gene expression was used to investigate the
biological function of the c-raf-1 gene in a radiation-resistant human squamous
carcinoma cell line, SQ-20B. S1 nuclease protection assays revealed that transfection of
full-length raf complementary DNA in the antisense orientation (AS) leads to a specific
reduction (greater than tenfold) of steady-state levels of the endogenous c-raf-1 sense
(S) transcript in SQ-20B cells. In nude mice, the malignant potential of SQ-20B cells
transfected with raf (S) was significantly increased relative to that of SQ-20B cells
transfected with raf (AS). SQ-20B cells containing transfected raf (S) maintained a
radiation-resistant phenotype as compared to those cells harboring the AS version,
which appeared to have enhanced radiation sensitivity. These data indicate that the
reduced expression of endogenous c-raf-1 is sufficient to modulate the tumorigenicity
and the radiation-resistant phenotype of SQ-20B cells, thus implicating c-raf-1 in a
pathway important to the genesis of this type of cancer.

ELLULAR RADIATION SENSITIVITY
‘ is a complex function of genetic and

environmental factors, not fully un-
derstood at the molecular level (1, 2). Only
recently have applications of genetic engi-
neering permitted probing of genomic
events associated with radiation sensitivity
or resistance (3). In the treatment of cancer,
the sensitivity or resistance of tumor cells to
ionizing radiation has substantial clinical
consequences (4, 5). Using DNA-mediated
gene transfer, we have observed the associa-
tion of the raf oncogene in three radioresis-
tant cancers of the head and neck (6, 7).
Furthermore, Chang er al. have associated
the expression of raf and myc oncogenes with
radioresistant fibroblasts from a patient with
the Li-Fraumeni syndrome (8). Others have
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reported correlations between myc expres-
sion and a more radioresistant phenotype of
lung carcinomas (9, 10), as well as ras expres-
sion and radiation resistance in rodent cells
(11, 12). An activated raf may also be present
in oat cell lung carcinomas (13), some of
which are radioresistant. More recently,
Wasserman et al. have suggested that the
sensitivity of squamous cell carcinomas to
ionizing radiation may be attributable to
altered poly(adenosine diphosphate—ribose)
synthesis (14). Unequivocal evidence for
oncogene modulation of radiation sensitiv-
ity has not been reported.

It has been recently discovered that a
specific messenger RNA can be functionally
inactivated by hybridization to complemen-
tary RNA or antisense RNA (15, 16). A
number of investigators have now used anti-
sense RNA to study the functional regula-
tion of gene expression including cellular
oncogenes. We have investigated the conse-
quences of introduction of sense or ant-
sense human c-raf-1 cDNA sequences on
two major biological parameters in radia-
tion-resistant human laryngeal squamous
carcinoma cells (SQ-20B): tumor growth
and radiation survival.

We have used a 3.05-kb Bam HI frag-
ment of human c-raf1 cDNA (17) that was

isolated from an Okayama-Berg human fi-
broblast ¢cDNA library (18) to construct
various recombinant DNA molecules in the
eukaryotic expression vector pADMLP.
This vector contains an origin of replication
and transcriptional initiation sequences of the
adenovirus 2 major late promoter. Three dif-
ferent types of vector-insert plasmid DNA
constructs were generated: (i) 3.05-kb Bam
HI ¢DNA fragment in the “sense” orienta-
tion, downstream from the ad promoter,
namely RAF (S); (ii) 3.05-kb Bam HI cDNA

ent in the reversed orientation, RAF
(AS); and, (iii) 1.3-kb Bam HI-Bgl Il cDNA
fragment in the antisense orientation repre-
senting raf 3’ terminal sequences, 3’ RAF
(AS). From SQ-20B, cells were transfected
with these recombinant DNA molecules
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Fig. 1. Southern blot hybridization analysis of
DNA isolated from various cell types. DNA sam-
ples (10 ug per lane) were digested to completion
with Bgl IT and hybridized to a 32P-labeled 1.09-
kb Ava II fragment of c-raf1 cDNA (6). DNA
isolation, restriction endonuclease digestion,
0.8% agarose gel electrophoresis, Southern blot-
ting onto nitrocellulose, and 3?P-labeling of
probes were all performed as described (27).
Hybridization conditions and wash conditions
have also been previously described (6).
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