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We have used the self-splicing group I intron from Tetrahymena
thermophila rRNA under control of the cauliflower mosaic virus
(CaMYV) 35S promoter to follow transformation of tobacco plants
by the T-DNA of Agrobacterium tumefaciens. The presence of
a potentially self-splicing RN A intermediate in the transformation
process would allow splicing of the intron to occur, and the intron
sequence would be absent from the plasmid integrated in the
plant DNA. Assay of the integrated DNA demonstrated that in
all cases, regardless of intron orientation, the intron cDNA was
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present in the plant. In constructions in which the intron precursor
RNA under control of the CaMV promoter was in the correct
orientation, efficient splicing of the intron from the precursor
RNA occurred in the plant. This supports the view that T-DNA
transformation involves a DNA to DNA transfer, without an
RNA intermediate. It also demonstrates that efficient splicing
of a nuclear ribosomal RNA intron from a protozoan can occur
in a plant milieu.

Transformation of plant cells by Agrobacterium tume-
Jaciens (Smith and Townsend) Conn Ti plasmid involves
the transfer of a copy of a portion of the plasmid DNA,
termed the T-DNA (see Koukolikova-Nicola et al. 1987;
Nester et al. 1984; Stachel and Zambryski 1986, for review).
T-DNA transfer initiates with induction of the plasmid
vir gene locus by plant signal molecules (Stachel and Zam-
bryski 1986), resulting in production of a single-stranded
DNA molecule (T-strand), homologous to the bottom
strand of the T-DNA (Stachel et al. 1986; Stachel et al.
1987). This T-strand DNA, which has been shown to be
associated with single-stranded DNA-binding proteins
(Citovsky et al. 1988; Geital er al. 1987), is presumably
the intermediate for information transfer between the Agro-
bacterium and the plant. The details of subsequent transfer
and integration into the plant DNA have not been de-
fined. Further, although double-stranded linear and circu-
lar T-DNA molecules have been detected (Jayaswal ez al.
1987; Koukolikova-Nicola et al. 1985), a rigorous search
for a possible RNA intermediate has not been reported.

Intron excision detected an unsuspected RNA interme-
diate in yeast transposition by a Ty element (Boeke er al.
1985) and was used to define an RNA to DNA step in
replication of cauliflower mosaic virus replication (Hohn
et al. 1986). In these studies, a messenger RNA intron was
used, and its splicing depended on the localization of the
intermediate RNA at some point in the nucleus of the plant
or yeast cell in order for the intron to be accessible to
the normal splicing components. Recently Vancanneyt
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et al. (1990) inserted a plant intron into the 8-glucuronidase
(GUS) gene and assayed B-glucuronidase expression in
Agrobacterium and in the plant. The presence of the intron
prevented GUS expression in the bacteria, because no
prokaryotic mechanism exists for intron excision, but the
intron was absent from the plant RNA. They did not,
however, assay the plant DNA to determine if the intron
was present in the plant after transformation.

We have used the 23S ribosomal RNA intron (IVS) from
Tetrahymena thermophila, under control of a cauliflower
mosaic virus (CaMV) 35S promoter, inserted upstream of
the gene for B-glucuronidase expression, as a marker for
passage through an RNA intermediate. This intron has
the ability to self-splice in vitro (Kruger et al. 1982) and
was correctly excised from RNA products of plasmid or
phage in E. coli (Waring et al. 1985; Price and Cech 1985).
Thus, if at any point in the transfer and integration process,
the T-DNA passed through an RNA intermediate, regard-
less of whether the RNA was in the nucleus, intron splicing
could conceivably occur. The integrated DNA would then
be lacking the intron sequence. Introducing the intron in
both orientations would allow transcription of an intron
of self-splicing polarity no matter which RNA strand might
be the intermediate.

The data show that, in all cases, the intron sequence
was present in the integrated DNA of the plant. The re-
sultant GUS mRNA expressed in the plant was precisely
and efficiently spliced when the intron RNA was in positive
orientation. The transfer of information from Agrobac-
terium to plant apparently involves a DNA to DNA infor-
mation flow, with no RNA intermediate. Furthermore,
accurate and efficient splicing of the Tetrahymena group
Lintron occurred in the plant cell.



MATERIALS AND METHODS

Construction of pCIG4 and pCIG12. DNA manipu-
lations were performed essentially as described in Maniatis
et al. (1982). The Tetrahymena 1VS from pBMG (Welch
1989) was excised as an EcoRI/HindIII fragment,
containing 467 bp. The 413-bp IVS was flanked by a
29-bp 5’ exon and a 25-bp 3’ exon. The fragment was sub-
cloned into a plant expression vector, pBI121 obtained from
R. Jefferson (1987), between the 358 CaMV promoter and
the GUS gene, in both orientations. The final constructions
of the plasmids are shown in Figure 1. Plasmid pBI121]
containing only the CaMV promoter and GUS gene, was
used as a control, The orientations were confirmed by se-
quencing (data not shown).

Agrobacterium-mediated transformation of tobacco leaf
disks. The plasmids, pCIG4, pCIG12, and pBII21, in E.
coli DHS5a, were mobilized into the Agrobacterium strain
LBA4404 (Ooms et al. 1981) by the triparental mating
procedure with E. coli HB101 carrying pRK2013 (Bevan
1984). Transconjugants were checked by drug resistance
and used to transform tobacco cells (Nicotiana tabacum
‘Samsun’) by the leaf-disk cocultivation method (Horsch
et al. 1985). Clones of transgenic plants were obtained by
regeneration of shoots from leaf disks under selective
pressure (100 pg/ml kanamycin). Rooted transformants
were transferred to soil and grown to maturity under stan-
dard greenhouse conditions. A second set of controls, in
addition to the plants transformed with pBI121, consisted
of tobacco leaf disks that were not transformed. These
showed no regeneration on plates containing kanamycin.

Segregation analysis. Transformed plants were self-pol-
linated and the resulting seeds were plated on MS medium
(Murashige and Skoog 1962) containing 100 pg/ml kana-
mycin. Seedlings were scored after 2-3 wk as either sensitive
or resistant.
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Assay for B-glucuronidase activity in the transformed
plants. The expression of the gene for B-glucuronidase
(GUS) was assayed by the method of Jefferson et al. (1987).
Leaf tissue from transformed plants was homogenized with
lysis buffer, and the fluorometric reaction was carried out
in 1 mM 4-methylumbelliferyl glucuronide in lysis buffer.
The fluorescence emitted was then measured at 455 nm
in a spectrofluorometer.

Polymerase chain reaction (PCR) analysis of genomic
DNA. Total plant DNA was isolated from all Km'
transformants by the method of Junghans and Metzlaff
(1990). PCR reactions were carried out using plant DNA
prepared as described below as template DNA. Genomic
DNA (0.2-0.5 ug) was mixed with 25-50 pmol of each
of a pair of specific primers (see Fig. 2A) and amplified
with Taq (T. aquaticus) polymerase (Saiki 1985) using the
Gene-Amp DNA amplification kit (Cetus, Norwalk, CT)
in a DNA thermal cycler (Coy Laboratory Products Inc.,
Ann Arbor, MI). Amplification conditions consisted of an
initial incubation at 94° C for 2 min, followed by 35 cycles
of denaturation (1 min at 94° C), annealing (2 min at 50°
C), and polymerization for 2 min at 72° C. A 10-ul sample
of the reaction was then removed and analyzed on a com-
posite agarose gel (2% Nusieve, 0.5 Seakem ME; FMC
Corporation, Rockland, ME). The bands were visualized
by ultraviolet illumination.

Probing of amplified DNA. The separated bands of DNA
were denatured in 1.5 M NaCl, 0.5 M NaOH, neutralized
with 1.5 M NaCl, 0.5 M Tris, pH 7.0, and blotted onto
nylon membranes (Zeta-Probe, Bio-Rad Laboratories,
Richmond, CA). The membranes were then hybridized with
a primer 5 end-labeled with [y-?P]ATP, using polynu-
cleotide kinase. The 17-nt primer hybridized at position
274-290 on the intron sequence (Welch 1989). After hybridi-
zation for 18 h at 42° C in 509% formamide, the membrane
was washed for times in SSC buffer (5X, 2X, 1X, and
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Fig. 1. Construction of the plasmids used in tobacco leaf disk transformation. A, pCIG4, in which the Tetrahymena intron (IVS) is in positive
orientation with the cauliflower mosaic virus (CaMV) promoter. B, pCIG12 carries the IVS insert in reverse orientation, so that transcription from
the CaMV promoter will produce an “anti-intron.” On the other hand, in an RNA intermediate of this polarity, the intron could splice in transit.

C, pBI121, a control plasmid not carrying the intron cDNA.
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and 0.5X; 1X SSC is 0.15 M NaCl, 0.015 M trisodium
citrate), and 0.1% sodium dodecyl sulfate, at room
temperature for 20 min, and exposed for autoradiography
(Selden 1989).

RNA isolation. Total RNA was isolated from leaf ma-
terial by the method of Thompson et al. (1983).

Reverse transcription of plant RNA. Total leaf RNA
(5 ng) was primed using a synthetic oligonucleotide of 20
nts (Fig. 3A, primer 2), and cDNA was synthesized using
AMV reverse transcriptase according to Frohman et al.
(1988). A 5-ul sample of the reaction mixture was then re-

CaMV 35S IVS

moved, diluted to 250 ul with water and stored at —20° C.
PCR amplification of the cDNA. Amplification of the
cDNA derived from total plant RNA was carried out as
described above for the genomic DNA. A 20-ul sample
of the diluted cDNA mixture was taken (see above), and
50 pmol of both primers were added (Fig. 3A, primers
2 and 3). Samples of 10 ul of amplified products were
analyzed in an 8% polyacrylamide gel, stained with
ethidium bromide and photographed (Fig. 2B).
Sequencing of the PCR products. Amplified DNA prod-
ucts were extracted with phenol and chloroform and were
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Fig. 2. Strategy for assaying the plant DNA for the presence of the IVS sequences. Top, the assay depends on the presence of the cauliflower
mosaic virus (CaMV) promoter and the GUS gene, because the primer DNA oligonucleotides are complementary to those regions of the DNA.
Primer 1 had the sequence 5“-TCACGGGTTGGGGTTTCTAC and was complementary to the CaMV 35S promoter, whereas primer 2, complementary
to the GUS gene, was 5“ACGTTCCAACCACGTGTTCAAAGCAAGTGG. The size of the product defines the presence of the IVS in the DNA
integrated into the plant. Bottom left, an agarose gel analysis of the products obtained from the plant DNA amplification. Lane 1, DNA from
an untransformed plant (160); lane 2, amplified DNA from a plant transformed with pBI121 (106). The band is 204 bp in length, since no intron
or flanking exons sequences are present. Lane 3, DNA from (72), transformed with pCIG4. The 671-bp band indicates the IVS remained in the
DNA. Lane 4, pCIGI2 transformed plant DNA from (156) shows the presence of the IVS and exons. Lane 5, Haelll cut @174 marker DNA.
Bottom right, confirmation of the identity of the fragments by Southern blotting and hybridization with IVS-specific labeled DNA probes. The
gel shown in Figure 3B was blotted and probed with a 17-nt oligonucleotide complementary to the Tetrahymena intron (Welch 1989). Lanes 3

and 4 show the presence of the IVS in both orientations.
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electrophoresed on an 8% polyacrylamide gel. The product
bands were excised, and the DNA was eluted and recovered
by ethanol precipitation. The sequencing primer was 5’ end-
labeled with [y-"*P]JATP using polynucleotide kinase
(Promega Corporation, Madison, WI). Amplified DNA
(0.5-1.0 pmol) and primer (1.0 pmol) were annealed as
described by Kusukawa et al. (1990), and sequenced with
the Tag-track sequencing system (Promega).

RESULTS

Construction of intron-containing plasmids. The T. ther-
mophila intron, with flanking exons, was cloned into a
unique Smal site in plasmid pBI1121 between the 35S CaMV
promoter and the gene for B-glucuronidase (Fig. 1). The
intron was cloned into both orientations: pCIG4 would
produce a GUS mRNA transcript with the intron up-
stream in positive orientation, capable of self-splicing, while
pCIG12 contained the intron in reverse orientation, so that
the GUS mRNA product would contain an “anti-intron,”
incapable of self-splicing. Although the T-strand DNA has
been shown to be homologous to the bottom strand of
the T-region, that is, the 5’ and 3’ ends mapped to the
right and left T-DNA borders (Stachel and Zambryski
1986), an RNA intermediate could conceivably be of either
polarity, depending on when it arose in the cycle. Therefore
the intron RNA could be transcribed in positive orientation
regardless of which strand served as an intermediate. On
the other hand, in terms of splicing of the integrated GUS
gene mRNA product, only the pCIG4 RNA would be ex-
pected to splice. The orientation of the intron sequences
was confirmed by DNA sequencing (data not shown).

Tobacco leaf disk transformation and assay for GUS.
Transformation of tobacco leaf disks was carried out as
described (see Methods). The transformants were selected
on medium containing 100 pg/ ml kanamycin, and assayed
for GUS gene expression, using the fluorimetric assay
(Jefferson et al. 1987) described in Methods. As seen in
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Table 1, not all the transformed plants selected for kanamy-
cin resistance were positive for GUS expression. Although
expression of the GUS gene served as an indicator of
transformation, GUS gene expression did not depend on
intron excision, since thé initiation codon for translation
was downstream of the inserted intron. Lack of GUS gene
expression might result from alteration of the promoter
or other signals during the transformation or integration
process or, since the GUS gene was distal to the Km gene
with respect to the right border, it is possible that only
a portion of the GUS gene was integrated. The regenerated
plants resistant to kanamycin were assayed for presence
of the intron, regardless of whether GUS expression was
detected. Kanamycin-resistant plants showed a 3:1 segre-
gation ratio of Km' to Km® in the progeny of self-pollinated
plants, indicating that integration of the construct into the
plant DNA had occurred.

Assay of the transformed plant DNA using the poly-
merase chain reaction (PCR). To detect the presence of
the intron in the DNA of transformed plants, a strategy
using the polymerase chain reaction was employed. Two
DNA oligonucleotide primers were designed as probes for
the inserted DNA, flanking the site of insertion of the intron
(Fig. 2A). If the intron, in either orientation, were present
in the integrated DNA, the resulting fragment would be
671 bp in length. Intron excision during passage through
an RNA intermediate would result in an amplified fragment
of 237 bp in length, since the flanking exon sequences would
remain behind and be integrated into the DNA. The pBI121
control would produce a 183-bp fragment. As seen in Table
1, the DNA from all the plants transformed with pCIG4
or pCIG12 contained a fragment of 671 bp (Fig. 2B), indi-
cating that the intron was present in the DNA. The control
plants transformed with pBI121, which contained only the
GUS gene showed a 183-bp fragment, as expected. The
controls that were not transformed showed no amplified
DNA product (Table 1). Southern blotting of the DNA
fragments with an oligonucleotide complementary to the
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Fig. 3. Analysis of the plant RNA for intron splicing, using reverse transcription followed by polymerase chain reaction amplification. Right, primer
2 was the same as utilized for the DNA, since it was complementary to the GUS gene mRNA. Primer 3 was complementary to the polylinker
region, and read 5-CACGGGGGACTCTAGAGGATCCCC. The three possible DNA products resulting from PCR amplification are diagrammed.
Splicing of the IVS would still leave the ligated exon nucleotides behind. Left, the PCR products on an agarose sizing gel. The size of the DNA
fragments indicated that complete splicing of the RNA had occurred if the intron was in positive orientation with the promoter, transformed with
pCIG4 (Lane 4, plant 125). Lane 1 shows Hinfl cut ¢$X 174 marker DNA, lane 2 the result of amplication of RNA from an untransformed plant
(160), lane 3 the RNA from a plant transformed with an intron-less construct, pBI121 (103), and Lane 5 the pCIG12 RNA containing the intron
in reverse orientation, unspliced (156). Lane 6 is a “false primed” control, in which primers 1 and 2 were used to detect contaminating genomic

DNA (156). None was present, as shown by absence of any band.
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intron confirmed the presence of the intron in all pCIG4
and pCIGI2 plants (Fig. 2C). The data implied that no
RNA intermediate was involved in the transformation. The
possibility remained, however, that the intron could not
be spliced from an RNA intermediate, either because the
RNA was deficient in self-splicing activity, or because some
plant product inhibited the splicing reaction. We thus
assayed the GUS mRNA products for the presence of the
intron.

PCR assay for RNA splicing of the GUS mRNA. Total
plant RNA was isolated and copied into cDNA by use
of reverse transcriptase (see Methods), and the DNA prod-
ucts were then amplified by the PCR method using specific
sets of DNA oligonucleotide primers (Fig. 3A). The first
primer (primer 2) was designed to initiate copying of the
single-stranded cDNA transcribed from the RNA, and to
hybridize within the GUS gene. The second primer (primer
3) would hybridize within the polylinker region derived
from the 5 terminus of the transcribed RNA. If the RNA
was unspliced, a PCR product of 539 bp would result.
If the RNA was spliced and the IVS was properly excised,
a 126-bp product would be detected. Partial splicing would
result in products of both sizes. The control plants, trans-
formed with pBI121, without the IVS insertion, would yield
a 72-bp product.

In those plants transformed with pCIG4, in which the
intron was in positive orientation in reference to the CaMV

Table 1. Transformation of tobacco leaf disks with Agrobacterium tume-
Jaciens T-DNA and analysis of plant DNA and mRNA for presence
of the Tetrahymena intron

GUS PCR PCR

Plasmid Plant no. activity DNA size RNA size
GUS gene only  pBII21 101 + 204 72
102 i 204 ND
103 + 204 72
104 + 204 ND
106 + 204 ND
Intron (+) pCIG4 120 + 671 126
121 o} 671 126
122 4 671 126
123 = 671 126
125 + 671 126
127 + 671 126
128 + 671 126
130 — 671 126
132 + 671 126
Intron (—) pCIGI12 140 + 671 539
142 + 671 539
144 + 671 539
145 = 671 539
146 + 671 539
152 - 671 539
153 + 671 539
154 = 671 539
156 & 671 539
158 = 671 539
Control None 160 - = +
162 - = +
163 = = +
164 - - +

* Not determined.
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promoter, the only DNA product detected was 126-bp in
length, indicating that splicing of the intron from the pre-
cursor RNA had occurred (Fig. 3B). The residual 54 nts
of exon RNA sequences remained after splicing. In the
plants transformed with pCIG12, the resulting fragment
was 539 bp in length, since the intron in negative orientation
and its flanking exons were still present in the RNA product
(Fig. 3B and Table 1). The control pBI121-transformed
plants showed a 72-bp fragment.

To confirm the precision of the splicing event, the
DNA generated from the pCIG4 and pCIGI12 plants was
sequenced using primer extension (see Methods). The se-
quence of the spliced product, CUCUCU|UAAG, with the
splice junction at the slash, revealed that splicing was
precisely as expected from a self-splicing reaction, between
a U|A junction at the 5’ end and a G|U at the 3’ terminus
(data not shown). This indicated that the intron was prop-
erly excised and the exons ligated during the splicing
reaction. Although an in vivo splicing reaction cannot be
strictly termed “self-splicing,” it is clear that a splicing
reaction identical to the in vitro self-splicing occurred in
the plant. Further, the splicing reaction was rapid and
efficient, because no precursor RNA was detected in the
pCIG4 plants, even after PCR amplification. Thus, all the
pCIG4 GUS mRNA was rapidly and accurately spliced.
On the other hand, the pCIG12 “anti-intron” RNA re-
mained within the precursor, neither capable of self-splicing
nor of being spliced by external factors.

DISCUSSION

The intron cDNA is integrated in every transformed plant
DNA. Regardless of initial orientation, the intron cDNA
was detected by PCR amplification in all the plants trans-
formed with either pCIG4 or pCIG12. These plants were
also capable of GUS gene expression, as indicated by
fluorometric assay for GUS gene product. The presence
of the intron indicates that either the transformation into
the plant involved only DNA to DNA transfer, or, if an
RNA intermediate was involved, the intron could not be
spliced from the RNA. This might occur if the intron was
defective, if self-splicing cannot occur in the plant milieu,
or if the splicing was blocked by other factors. None of
the above appear to be true, however, because the RNA
products from the integrated pCIG4 plasmid were com-
pletely and accurately spliced. No unspliced pCIG4 RNA
product could be detected, even through PCR amplifica-
tion. This indicated that when the intron precursor RNA
was present, highly efficient splicing could occur. Only if
the RNA intermediate consisted solely of the pCIG12 “anti-
intron” RNA would splicing be unable to occur. This pos-
sibility was controlled for by using both orientations of
intron, so that an intron of positive orientation would be
produced no matter which DNA strand served as a tem-
plate.

The advantage of using the self-splicing intron as a
marKker lies in its ability to splice outside the nucleus and
its independence from any nuclear splicing mechanism.
Thus, even if an RNA intermediate was formed in the A.
tumefaciens before the plant transfer, the splicing reaction



could occur. This has been shown using the same intron
in E. coli (Waring et al. 1985; Price and Cech 1985). It
is impossible to rule out the possibility that an RNA inter-
mediate was too short-lived to splice, or was prevented
from splicing by its location or by suppressor molecules
in the plant, but the efficient splicing of the intron from
the GUS mRNA makes these hypotheses unlikely.

Accurate splicing of a group I intron contained in a
mRNA occurs in tobacco plants. A group I intron, highly
homologous in sequence to the T. thermophila intron, has
been identified in the chloroplast tRNA"" genes for maize,
broad bean, and tobacco (Bonnard et al. 1984; Steinmetz
et al. 1982; Yamada et al. 1986). It is interesting that the
precursor RNAs transcribed from the cloned tRNA genes
appear to be incapable of self-splicing in vitro (P. Gegen-
heimer, personal communication). It may be that these chlo-
roplast introns, similar to the Neurospora crassa IRNA
group lintron (Akins and Lambowitz 1987), require protein
factors found in the chloroplast for their splicing. In the
experiments described here, the Tetrahymena intron was
spliced correctly in the plant, although the location of the
splicing event has not been identified. It remains to be
determined whether a true self-splicing occurred in the plant
cell, or whether plant proteins were involved in the splicing.

These data support the view that a DNA to DNA transfer,
possibly analogous to bacterial conjugation (Stachel and
Zambryski 1986) or transposition, is operant in A. tume-
faciens transformation. A DNA-RNA-DNA transfer, as
seen with the yeast Ty transposon, retroviruses, Hepatitis
B, and CaMV (Baltimore 1970; Pfeiffer and Hohn 1983;
Summers and Mason 1982; Temin 1970) should have re-
sulted in loss of the intron from at least some of the
transformed DNA. This was not detected. The data further
indicate that efficient and accurate splicing of the nuclear
rRNA intron from T. thermophila can occur in a tobacco
plant cell.
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