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Preferential Transposition of the Maize Element Activator 
to Linked Chromosomal Locations in Tobacco 
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The autonomous maize transposon Activator (Ac) has been used in maize for gene isolation by tagging and may 
prove similarly useful in other species. To test the feasibility of gene tagging with heterospecific transposons, we 
have examined three key genetic properties of a slightly modified Ac in tobacco. First, we show that frequencies of 
germinal excision of this Ac element from the antibiotic resistance gene streptomycin phosphotransferase can be 
comparable with or slightly lower than in maize. Second, we show that about half of the progeny carrying a germinal 
excision product also carry a transposed Ac. Last, we have mapped transposed Ac locations relative to the 
streptomycin transferase gene excision product and have shown that as in maize Ac in tobacco preferentially 
transposes to genetically linked sites. 

INTRODUCTION 

The maize transposable controlling element Activator (Ac) 
was first identified and studied genetically by Barbara 
McClintock (McClintock, 1948). Ac was shown to be re- 
quired for the chromosome-breaking activity of a second 
element, Dissociation (Ds), and also to encode the func- 
tions required for its own transposition. The term Ds is 
now used to refer to any nonautonomous member of the 
A c p s  family, whether or not it breaks chromosomes. Ac 
is 4.6 kb in size and directs the synthesis of a major 3.3- 
kb transcript that presumably encodes the transposase 
protein, whereas Ds elements are much more structurally 
heterogeneous (Fedoroff et al., 1983; Muller-Neumann et 
al., 1984; Pohlman et al., 1984; Kunze et al., 1987). 

Ac elements have proven useful in the isolation of genes 
from maize by transposon tagging (e.g., Fedoroff et al., 
1984). Because Ac has been shown to transpose in other 
species (Baker et al., 1986; Van Sluys et al., 1987; Knapp 
et al., 1988; Yoder et al., 1988), the development of 
heterologous tagging systems has become an active field 
of research. A key effort in this area has been to establish 
to what extent the genetic behavior of Ac in a heterologous 
species resembles its behavior in maize. To this end, 
various constructs have been developed that enable tran- 
sposon excision to be detected as a reversion to antibiotic 
resistance (Baker et al., 1987; Coupland et al., 1988). 

In recent work, we used a bacterial streptomycin phos- 
photransferase (SPT) gene that had been engineered for 
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expression in plants (Maliga et al., 1988) to provide a 
sensitive assay for Ac transposition in tobacco (Jones et 
al., 1989). Normal tobacco seedlings grown in the pres- 
ente of streptomycin (Sp) appear white. Under similar 
conditions, transgenic seedlings carrying an SPT gene are 
green, whereas those carrying an SPT::Ac construct dis- 
play a white-green variegation. The variegation assay was 
used to show that in tobacco there is a positive effect of 
increasing Ac dosage on somatic transposition frequency 
(Jones et al., 1989). This finding contrasts with earlier 
observations in maize that increasing Ac dosage leads to 
a decreased somatic excision frequency (McClintock, 
1948). 

In maize, germinal (i.e., prezygotic) excision frequencies 
are usually 1% to 10% (Brink and Nilan, 1952; McClintock, 
1956; Brink and Williams, 1973; Dooner and Belachew, 
1989). About 50% to 70% of individuals picked as germinal 
excision products contain a trAc (McClintock, 1956; Green- 
blatt, 1984; Dooner and Belachew, 1989). and it has been 
suggested that Ac can often transpose from one chromatid 
to another after DNA replication, an event that is followed 
by mitotic segregation of the trAc away from the excision 
product (Greenblatt, 1984). Ac transpositions are primarily 
(one-half to two-thirds) to linked sites, and, of these, most 
(about two-thirds) are to within 1 O map units of the excision 
product. 

We have extended the use of the SPT assay in tobacco 
to measure the Ac germinal excision frequency, to deter- 
mine the extent to which selection for excision leads to 
the recovery of individuals with trAcs, and to test whether 
or not, as in maize, Ac transposes preferentially to genet- 
ically linked sites. 
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RESULTS 
Table 1. Green Seedlings" Arising on Sp Medium among Self- 
or Test-Cross Progenies from 2853.6 and 2853.2 Homozygotes 

Measurement of Germinal Excision Frequencies of a 
Modified Ac from an SPT::Ac Gene 

The seedling progeny of plants transformed with the binary 
vector 2853 display white-green variegated cotyledons in 
the presence of Sp (Jones et al., 1989). The variegated 
phenotype of these seedlings is under the control of an 
SPT gene carrying an Ac that had been slightly modified 
by introduction of a Clal site (Jones et al., 1989) 82 bp 3' 
to the mapped polyadenylation site (Kunze et al., 1987). In 
previous work, we compared Ac excision frequencies in 
cotyledons of homozygous and heterozygous individuals 
derived from a primary transformant designated 2853.6. 
We showed that individuals that arose in the self progeny 
that were classified as highly variegated (HV) were almost 
exclusively homozygous for the introduced T-DNA. These 
individuals were then either selfed or out-crossed, the 
progeny were germinated on Sp medium, and the varie- 
gation in the self or out-cross progeny was analyzed by 
counting the number of green spots on the background of 
white, Sp-sensitive tissue. This analysis showed that 
nomozygotes exhibited more variegation than heterozy- 
gotes (Jones et al., 1989). 

The same batches of seed were used in the analysis of 
germinal excision frequencies. Fully green seedlings arise 
in the progeny of SPT::Ac plants as a result of excision of 
Ac in the germ line (Jones et al., 1989). Germinal excision 
frequencies based on numbers of green seedlings from 
the above crosses are presented in Table 1. We include 
data for the self and out-cross progeny of eight different 
homozygous plants that arose from selfing the original 
2853.6, and also for some progeny of 2853.2, an inde- 
pendent transformant originally characterized as contain- 
ing two T-DNA inserts but only one active SPT::Ac gene. 
The inactive T-DNA was segregated away from this stock, 
and homozygotes carrying the active 2853.2 T-DNA insert 
were used to estimate germinal excision frequencies in 
self and test-cross progeny. The 2853.2 T-DNA is a simple 
T-DNA insertion (data not shown), unlike the 2853.6 
T-DNA insertion, which consists of an inverted repeat 
(Jones et al., 1989). Thus, a 2853.6 homozygote contains 
four SPT::Ac alleles, excision from any of which would 
give green progeny on Sp medium, whereas the 2853.2 
homozygote contains only two such alleles. 

The range of germinal excision frequencies in the 2853.6 
progeny is consistent with the 1 ?'O to 10% range observed 
in maize (Table 1). There is considerable batch-to-batch 
variation in frequency. This may mean that in some cap- 
sules excision events may occur early in development, 
giving rise to large numbers of pollen grains and/or ovules 
carrying the same excision product. In tobacco, it is more 
difficult than in maize to use sectors to distinguish between 
early and late events. However, the fact that in the test- 

Test-Cross Test-Cross 
(Male) Self-Cross (Female) 

Plant No. ?'o NO. O/o NO. %O 

2853.6 
HV1 
HV2 
HV5 
HV6 
HV7 
HVl O 
HVl 1 
HV12 

2853.2 
HVV 
HVW 
HVX 
HVY 

531605 
261536 
391708 
40181 7 
321668 
221570 
101400 
21 1730 

N D ~  

2811 230 
1411 668 
31294 

8.8 
4.9 
5.5 
4.9 
4.8 
3.9 
2.5 
2.9 

2.2 
0.8 
1 .o 

81635 
131524 
201390 
81673 

241259 
261744 
101840 
101848 

611 21 9 
1411 944 
611 281 
21465 

1.2 
2.5 
5.1 
1.2 
9.3 
3.5 
1.2 
1.3 

0.5 
0.7 
0.5 
0.4 

61435 

71668 
11997 

131843 
21247 

1 11673 
41660 

21256 
1811 363 
31224 
41474 

121489 
1.5 
2.5 
1 .o 
1.1 
1.5 
0.8 
1.6 
0.6 

0.8 
1.3 
1.3 
0.8 

a Seed from individual capsules from crosses between plants 
homozygous for either the 2853.6 or 2853.2 T-DNAs and them- 
selves or PH tobacco. These seeds were plated on Sp medium, 
and green seedlings were scored as a proportion of total 
seedlings. 

Not determined. 

cross progeny obtained using HV individuals from plant 
2853.6 as female (F) parents, six out of eight batches 
show excision frequencies in the range of 1 ?'O to 3% leads 
us to believe that this is the underlying female "germline" 
frequency and that the higher numbers in the other two 
batches are due to early excision events. The male ger- 
mina1 excision frequency may be slightly lower (about 1 "/O), 

which would be the opposite of what has been observed 
in maize (Brink and Williams, 1973; Nelson and Klein, 
1984). Self progeny showed higher frequencies of green 
seedlings on Sp medium, as would be expected because 
green seedlings can arise from excision in either male or 
female germ lines. 

A generally lower range of germinal excision was de- 
tected in the 2853.2 progeny. This also is fo be expected 
in light of the positive Ac dosage effect in tobacco and the 
twofold lower number of potential excision alleles in this 
stock. 

DNA Gel Blot Analysis of Excision Products in 
Streptomycin-Resistant Test-Cross Progeny 

Green seedlings arose on Sp medium from plating the 
progenies of the crosses between different HV plants (used 
as female parents) and untransformed tobacco. By pooling 
the results of multiple platings of such test-cross proge- 
nies, 40 green, streptomycin-resistant (Spr) seedlings were 
isolated and grown for further analysis. Spr individuals 
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were named after their 2853.6-derived parent (e.g., deriv-
atives from HV1 were classified as Spr1) and ordered
alphabetically (e.g., SprIA to SprlE). These seedlings
were transferred to Sp-free medium for faster growth and
then to the greenhouse where they were allowed to grow
before DNA extraction from leaf samples.

As described (Jones et al., 1989), the primary T-DNA
insert in 2853.6 consists of an inverted repeat. When DNA
from a 2853.6 stock is digested with Ncol, an Ac probe
reveals a 13-kb band that carries two copies of Ac, as
shown in Figure 1, lane 1. If one of these Acs has excised,
an Ac probe should reveal an 8.5-kb excision product band
that now carries only one copy of Ac and a new band if
the stock also contains a trAc. DNA from the green test-
cross progeny was analyzed in this way to determine the
frequency with which individuals selected for an excision
event also carried a trAc.

Figure 1 shows the results of DNA gel blot hybridizations
carried out on several such progeny. Most individuals
picked as streptomycin resistant (lanes 2 to 13) carried a
germinal excision event (lower, 8.5-kb band). Of 40 green
progeny, 13 appeared to contain the progenitor, unexcised
SPT::/4c T-DNA. We presume this means that some so-
matic excision events can be early enough to give fully
green cotyledons but do not involve cells in the apical
meristem. Of 27 individuals containing excision alleles
(hereafter designated SPT'), 14 carry new bands. Thus,
as in maize, a proportion of the progeny carrying germinal
excision products do not carry a trAc, and the proportion
observed here is within the range observed in maize. Of
those with new Ac bands, two out of 14 no longer con-

1 2 3 4 5 6 7 8 9 10 11 12

28.1 -

5.24-

Figure 1. DNA Gel Blot Analysis of Streptomycin-Resistant (Spr)
Progeny That Arose from Crossing Homozygous Derivatives of
Transformant 2853.6 to Untransformed Plants.

Genomic DNA was digested with Ncol. Fragments were separated
on a 1% agarose gel, blotted onto nitrocellulose, and hybridized
with an Ac probe. Lane 1, primary transformant; lanes 2 to 11,11
different Spr progeny from 2853.6.

tained the 8.5-kb excision product band. We believe this
is due to the excision of both Acs from the inverted repeat
of the T-DNA, an inference supported by our recent ob-
servation of two new-^c homologous bands in these indi-
viduals (data not shown). Two individuals (SprlOD and
Spr1 OF) exhibited identical new bands with several restric-
tion enzymes. We believe that these two individuals are
the result of a common premeiotic event that presumably
gave rise to multiple ovules.

Measuring Recombination Frequencies between
T-DNA and trAcs Using an SPT::Ds Tester Stock

In maize, the segregation of Ac in recombinant progeny
can be detected using tester stocks that carry a Ds ele-
ment in a gene conferring an easily scorable phenotype,
such as anthocyanin biosynthesis.

We applied the same principle to detect the presence of
a trAc in the tobacco genome. We constructed a binary
vector plasmid, 4081, which carried an SPT gene contain-
ing a nonautonomous Ds element (see Methods). Transfer
of this T-DNA to plant cells could be selected with a linked
hygromycin resistance gene. Transgenic plants carrying
this T-DNA were generated by leaf disc transformation
(Horsch et al., 1985), and self progeny were plated on Sp
medium and shown to give rise to no green cells, tissues,
or seedlings (data not shown).

We used an SPT::Ds stock to measure the transposition
distance of Ac, i.e., the recombination frequency between
the SPT donor site and the trAc receptor site. The principle
of measuring transposition distance is shown in Figure 2.
The 14 green individuals that contained an excision allele
of SPT and a trAc were crossed to SPT::Ds tester plants.
An additional individual heterozygous for an SPT' excision
product and a trAc, which had arisen in earlier work (Jones
et al., 1989), was also included in this analysis. Data from
crosses of Spr1 OD and Spr1 OF to the SPT::Ds stock were
pooled because these individuals were shown to contain
the same transposition event by DNA gel blots. Because
the SPT::Ds tester line was hemizygous for the introduced
T-DNA in these experiments, progeny were plated on Sp
medium containing hygromycin (30 ng/mL) to ensure that
only individuals receiving an SPT::Ds allele would be
scored for the Sp phenotype.

After a test-cross between SPT/+ plants and plants that
carry SPT::Ds, 50% of the progeny will be Sp resistant.
As shown in Figure 2, if the new Ac location segregates
independently of the SPT gene, then 50% of the Sp-
sensitive plants (25% of total seedlings) should receive Ac
and be variegated because of frans-activation of Ds in the
SPT::Ds allele by the trAc. If Ac is linked to SPT, there will
be more white than variegated seedlings and the number
of variegated will be directly proportional to the distance
between SPT and the trAc. Thus, the recombination fre-
quency can be measured by determining the proportion of
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AC 
NPT SPT v - -  

- -- 
Cross to 
Ds Stock 

HPT S P T Q  

HPT5PT/\ 
Ds 

+ 
Count Green, Variegated, White 

Unlinked Linked -- 
Green 50% 50% 

Variegated 25% < 25% 

White 25% >25% 

Figure 2. Scheme Used To Map the Position of the trAc Relative 
to the SPT Donor Locus. 

Heterozygous Spr progeny that arose from excision of Ac from 
the 2853.6 T-DNA and that were known by DNA gel blot analysis 
to contain a trAc were crossed to an SPT::Ds tester. Seeds from 
this cross were germinated on Sp medium and the number of 
green, variegated (V), and white (W) seedlings was determined. 
The maximum distance between SPT and the trAc is given by the 
formula [V/(V + W)] x 100. Secondary transpositions of Ac cause 
an overestimation of genetic distance. 

the Sp-sensitive individuals that are variegated. 
As can be seen in Table 2, of 14 independent transpo- 

sition events, only three appeared by this analysis to be to 
unlinked sites. The 11 remaining transpositions appeared 
to be to very closely linked sites. 

Confirmation of Ac Linkage by DNA Gel Blot Analysis 

It could be argued that the data in Table 2 are a conse- 
quence not of linked transposition but of transposition to 
unlinked sites followed by (almost) complete inactivation 
of Ac such that in only a few progeny was some transac- 
tivation of the SPT::Ds allele observed. To rule out this 
possibility, we characterized putative parenta1 and recom- 
binant types by DNA gel blot analysis. 

We crossed the individuals that appeared to contain 
closely linked transposition events to Petite Havana to- 
bacco, selected 1 O green, streptomycin-resistant progeny, 
and analyzed the DNA after cutting with Ncol, blotting, 
and hybridizing with Ac probes. All 1 O individuals displayed 
the excision product band and the new trAc band (data 
not shown). Thus, no recombination was observed be- 
tween the excision product and trAc in these progeny. 

We also tested whether the variegated individuals from 
Table 2 were indeed recombinant. Figure 3A shows the 
DNA gel blot analysis (Ncol digest, Ac probe) of variegated 
progeny from Sprl2C. an Sp-r individual carrying an un- 
linked trAc. The Sprl2C parent is shown in lane 1: the 
lower 8.5-kb band is the SPT’ “empty” site and the top 
approximately 23-kb band is the trAc. The SPT::Os parent 
is shown in lane 8. Variegated progeny from the cross 
Sprl2C x SPT::Os are shown in lanes 2 to 7. The varie- 
gated individuals no longer contain the SPT’ excision 
product band, have acquired the SPT::Ds tester band, and 
retain the band corresponding to the trAc, showing that at 
least in this case those picked as having a recombinant 
phenotype also showed the predicted recombinant 
genotype. 

Variegated progenies from Sp-r individuals carrying 
linked trAcs were also analyzed. Figure 38  shows the DNA 
gel blot analysis (Ncol digest, Ac probe) of variegated 
progeny from S p r l l B  and Spr l lE.  In some of the varie- 
gated progeny, new Ac-homologous bands distinct from 
those in either parent were observed. The proportion of 
variegated progeny carrying new Ac-homologous bands is 
greater in Sprl 1 E, where the trAc is very closely linked to 
SPT’ (lanes 8 to 13), than in Spr l IB,  where it is less 
closely linked (lanes 1 to 7). This suggests that either 
secondary transposition of the trAc or primary transposi- 
tion of Ac from the SPT::Ac gene in the other half of the 
T-DNA can contribute a significant fraction of the varie- 
gated progeny when the apparent recombination fre- 
quency is very low. 

Table 2. Frequencies of Variegated Seedlings” Arising from 
Crosses between SPT::Ds Tester Stocks and lndividuals 
Heterozygous for an SPT Gene and a trAc 

Fraction of 
No. Variegated No. Non-Greenb Variegated 

Seedlings Seedlings trAc Plant Seedlings 

Spr2 1 
Sprl A 3 
Sprl E 2 
Spr6A 2 
Spr6F 7 
Sprl OB 71 
SprlOC 32 
SprlOD,F 5 
Sprl ON 2 
Sprl 1 B 16 
Sprl 1 E 9 
Sprl2C 140 
Sprl2D 2 
Sprl2F 4 

539 
1350 
457 
932 
91 2 
164 
60 

1500 
509 
732 

1510 
316 
197 
887 

.O02 
,002 
.O04 
.o02 
.O08 
.43 
.53 
.O03 
.O04 
.o22 
.O06 
.44 
.o1 
,005 

a Seeds were plated on Sp medium and seedlings were scored 
as green, white, or variegated. Green seedlings were not counted. 
lncludes both variegated and unvariegated seedlings. 
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developed to test genetically for the presence of an active Ac 
element in the tobacco genome. The binary vector plasmid 4081 
carries a chimeric hygromicin resistance gene (van den Elzen et 
al., 1985b) and a chimeric SPT gene fused to the cauliflower 
mosaic virus 35s promoter (Odell et al., 1985) and containing a 
Ds element made from Ac by filling in the 5' Hindlll site with 
Klenow polymerase and deoxynucleotide triphosphates. This Ds 
element is cloned into the 5' leader of the SPT gene so that 
excision will restore gene function. Further details are available 
on request. The T-DNA of 4081 was introduced into Petite Havana 
tobacco using leaf piece transformation (Horsch et al., 1985) and 
hygromycin selection (at 30 pg/mL) as described (Jones et al., 
1989). Transformed plants were selfed or crossed to Ac-contain- 
ing stocks. All the self progeny germinated on Sp-containing media 
were white, indicating that Ds did not excise autonomously. On 
the other hand, variegated progeny were obtained from crosses 
to stocks carrying an active Ac, indicating that the SPT::Ds tester 
allele could be trans-activated by Ac. 

Analysis of Seed for Somatic Excision of Ac from the SPT 
Gene in Cotyledons 

Seed were harvested, sterilized, and plated on Sp medium that 
consisted of Murashige and Skoog salts, 0.8% agar medium 
containing 1% glucose and 200 pg/mL Sp as described (Maliga 
et al., 1988; Jones et al., 1989). Seedlings were scored 2 weeks 
to 4 weeks after germination. 

Analysis of DNA lsolated from Tobacco Tissues 

Plant DNA was digested with restriction enzymes, separated by 
electrophoresis of 1 agarose gels, transferred to nitrocellulose, 
and hybridized. Radioactively labeled RNA probes were prepared 
as described (Jones et al., 1989) using SP6 RNA polymerase and 
a plasmid carrying an internal Ac fragment fused to the SP6 
promoter. 
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