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Splicing of the rolA Transcript of Agrobacterium 
rhizogenes i n Ara bidopsis 

Armando Magrelli, Kerstin Langenkemper, Christoph Dehio," 
Jeff Schell, Angelo Spenat 

The rolA gene encoded on the Ri plasmid A4 of Agrobacterium rhizogenes is one of the 
transferred (T,-DNA) genes involved in the pathogenesis of hairy-root disease in plants. 
The function of the 100-amino acid protein product of rolA is unknown, although its 
expression causes physiological and developmental alterations in transgenic plants. The 
rolA gene of A. rhizogenes contains an intron in its untranslated leader region that has 
features typical of plant pre-messenger RNA introns. Transcription and splicing of therolA 
pre-messenger RNA occur in the plant cell. 

T h e  rolA gene from the Ri plasmid A4 of 
A .  rhizogenes is one of the TL-DNA genes 
transferred from the bacterium to the plant, 
and it is involved in the pathogenesis of 
hairy-root disease ( I ) .  Although transferred 
DNA (T-DNA)-encoded genes of A. tu- 
mefaciens can be transcribed and translated 
in bacterial extrkcts (Z), we are not aware of 
data reporting bacterial transcription of TL- 
DNA-encoded genes of A, rhizogenes. Ex- 
pression takes place in transformed plant 
cells, and the rolA gene by itself causes 
plant developmental alterations, including 
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dwarfism (due to reduced growth and inter- 
node distance) and wrinkled leaves (due to 
reduced growth of the midrib and of vascu- 
lar tissue) (3). 

Conflicting results concerning the initi- 
ation of transcription of the rolA gene 
[mapped by primer extension to position 
-29 from the ATG initiation codon (4) or 
to position - 100 (5)] led us to analyze the 
structure of the transcript in more detail. 
We did reverse transcription-polymerase 
chain reaction (RT-PCR) with polyaden- 
ylated [poly(A) + ] RNA extracted from 
Arabidopsis thaliana plants transgenic for the 
rolA gene (line 23) (5), using as a 5' primer 
an oligonucleotide spanning nucleotides 
- 100 to -82 (primer a in Fig. 1) and as 3' 
primer an oligonucleotide spanning nucle- 

otides +300 to +282 of the rolA gene 
(primer b in Fig. 1). The polyadenylation 
site is at position +530 (5). The PCR pro- 
duced fragments of two lengths, differing by 
76 nucleotides (Fig. 1). DNA sequence 
analysis indicated that, in Arabidopsis, rolA 
transcripts have either an untranslated 
leader region (ULR) of at least 100 bases (I 
in Fig. 1) or a ULR of 24 bases (I1 in Fig. 1). 
The shorter class of transcripts is identical 
to the long one except for the deletion of 76 
bases in the ULR of the rolA mRNA. The 
deletion starts with the sequence G T  at 
position -76 and ends with AG at position 
-3. The dinucleotides G T  (at the 5' end) 
and AG (at the 3' end) are known to 
delimit eukaryotic introns and to be invari- 
able parts of the splice sites (6). Thus, the 
two classes of RT-PCR products represent 
the unspliced and spliced mRNA of the 
rolA gene. The reported discrepancy could 
be partially explained by the fact that map- 
ping experiments have used poly(A)+ RNA 
extracted from tobacco (4) and Arabidopsis 
(5) plants. The efficiency of rolA pre-mes- 
senger RNA (pre-mRNA) splicing differs in 
these two plant species (7). 

To further characterize the spliced rolA 
mRNA, 12 indepen4ent RT-PCR products, 
corresponding to spliced mRNAs, were 
cloned and sequenced. Ten clones had a 
ULR of 27 bases (111 in Fig. lB), whereas in 
the remaining two clones, the ULR was 24 
bases long (I1  in Fig. 1B). This result defines 
two classes of spliced transcripts that were 
generated by the use of alternative 5' splice 
sites: the G T  at position -73 for class I and 
the G T  at position -76 for class 11. Con- 
sequently, splicing of rolA pre-mRNA re- 
moves an intron of 73 to 76 nucleotides, 
which is in agreement with a minimum 
length of 70 to 73 nucleotides reported for 
efficient splicing of introns in plants (8). 
Furthermore, the rolA intron has a 71% AT 
content and the AG 3'  splice site is preced- 
ed by a T-rich region, features considered 
typical of plant pre-mRNA introns (9). The 
two 5' exon-intron junctions show homol- 
ogy to the plant consensus sequence 

(G7zG,,,T,,*70Aj,G,iT49) (6). 
Many mutant alleles are caused bv mu- 

tations that interfere with RNA splicing 
(10). Thus, to confirm the molecular data, 
rolA alleles from seven independent null 
mutants isolated by ethylmethane sulfonate 
mutagenesis of an Arabidopsis line trans- 
genic for the rolA gene (line 23) (5) were 
cloned by PCR (5' primer: AACGCT- 
TCAATACGGTGAG; 3 '  primer: AAT- 
ACGCACGTGGCTGGCGGTCTT) and 
sequenced. Four out of seven were single 
point mutations leading either to amino 
acid substitutions [Arg at position 37 to Trp 
in mutant line 23-4(1); Pro 'at position 40 
to Ser in mutant line 23-1; Pro at position 
40 to Leu in mutant line 23-61 or to change 
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II) AACGCTTCAATACGGTGAGTGTG 

A +1 

TAATATocAccTATTTCATCTTTcAfiAATG | Coding region 300 nt |~ 
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— I 

AATG J Coding region 300 nt 

III) AACGCTTCAATACGGTGAGTGTGGTT_ _AATG | Coding region 300 nt" 

H 

Fig. 1 . (A) Agarose (3.5%) (NuSieve) gel electrophoresis of RT-PCR products 
obtained from poly(A)+ RNA extracted from Arabidopsis plants transgenic for 
the rolA gene (21). Lane 1, line 23 (transgenic for the rolA gene); lane 2, null 
mutant line 23-2(1); lane 3, null mutant line 23-3; lane 4, null mutant line 23-5. 
RT-PCR done with poly(A)+ RNA extracted from wild-type Arabidopsis plants 
did not give any amplification product. (B) DNA sequence of rolA poly(A)+ 

transcripts. I: DNA sequence (22) of the ULR of the rolA gene RT-PCR 
product, showing initiation of transcription (-100), initiation of translation (+1), 
and the transition from G to A (asterisk) at position - 2 found in the rolA gene 
of the null mutant lines 23-2(1), 23-3, and 23-5. II: DNA sequence of the ULR 
from class II spliced transcripts. Ill: DNA sequence of the ULR from class I 
spliced transcripts. Nt, nucleotides. 

of the ATG initiation codon to ATA (mu
tant line 23-7). Three independent null 
mutant lines [23-2(1), 23-3, and 23-5 in 
Fig. 2A] had a single point mutation chang
ing the G of the AG 3' splice site to A (Fig. 
IB). Northern (RNA) blot analysis of 
poly(A)+ RNA extracted from these three 
independent mutants showed steady-state 
concentrations of rolA mRNA that were 
identical to that of the original rolA trans
genic line (Fig. 2B), which demonstrates 
that the transition from G to A does not 
affect the accumulation of rolA transcripts. 
To rule out the possibility that genes other 
than rolA were mutated, the region from 
—100 to +330 from each mutant allele was 
expressed in transgenic tobacco plants un
der the control of the 35S promoter (7). 
When expressed in tobacco, the chimeric 
genes derived from the mutants did not 
show the spliced mRNA band (7). 

Single base mutations in the consensus 
sequence at the 3 ' splice site of introns are 
known either to block or to drastically cur
tail RNA splicing (10). Accordingly, RT-
PCR done with mRNA extracted from rolA 
transgenic Arabidopsis (line 23) and its null 
mutant lines 23-2(1), 23-3, and 23-5 
showed that the unspliced form was present 
in all cases analyzed, but the spliced product 
was missing in the null mutants (Fig. 1A). 
Thus, these three null mutants are defective 
in rolA pre-mRNA splicing. The failure in 
expressivity of the traits could be due to 
sequestration of unspliced mRNAs to the 
nucleus, making them unavailable for trans
lation (11). However, because mRNAs 
from genes without introns or with alterna
tive splicing are transported to the cyto
plasm, splicing is not a strict requirement 
for production of cytoplasmic mRNAs (12). 
Furthermore, it has been shown (13) that a 

Fig. 2. (A) Phenotypes of Arabidopsis plants. Wild type (left), rolA transgenic line 23 (middle), and null 
mutant line 23-5 (right). Mutant lines 23-2(1) and 23-3 had a phenotype identical to the ones of 23-5 and 
of wild-type plants. (B) Northern blot analysis of poly(A)+ RNA extracted from Arabidopsis plants. Lane 1, 
null mutant line 23-5; lane 2, null mutant line 23-3; lane 3, null mutant line 23 -1 ; lane 4, line 23; and lane 
5, wild type. 

small proportion of pre-mRNAs are trans
lated in vivo and that deletion of sequences 
important for spliceosomal assembly causes 
transport of pre-mRNA to the cytoplasm. 
Therefore, splicing might be required for 
efficient translation of rolA mRNA. This 
hypothesis was tested by translating in vitro 
poly(A)+ RNA extracted from Arabidopsis 
plants transgenic for the rolA gene and from 
its splicing-defective mutants. A peptide 
with the expected apparent molecular mass 
(14 kD) (Fig. 3) is detectable among the 
immunoprecipitated translation products of 

3 4 

Fig. 3. Polyacrylamide gel electrophoresis 
(17.5%) showing the products, immunoprecipi
tated with affinity-purified antibody to rolA and 
protein A-Sepharose, of an in vitro translation in a 
wheat germ system of poly(A)+ RNA extracted 
from Arabidopsis null mutant line 23-5 (lane 1) and 
from line 23 (lane 2) (23). Lane 3, wild type. Lane 4, 
Rainbow 14C methylated protein marker (Amer-
sham). Approximately equal amounts of protein 
(wild type, 1 million cpm; line 23, 1.3 million cpm; 
line 23-5, 1.5 million cpm) were immunoprecipi
tated (23). The gel was treated with Enhancer and 
exposed for 40 days. The arrow in lane 2 indicates 
protein produced by rolA. 
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Fig. 4. DNA sequence comparison of the ULR of the ro/A genes from Ri Experimentally tested (A41 and putative (8196) 5' GT and 3' AG splicing 
plasmid A4 and Ri plasmid 8196 (GenBank accession number M60490). sites are underlined. 

poly(A)+ RNA extracted from the rolA 
transgenic plants (line 23) (Fig. 3) but not 
from the null mutant lines 23-5 (Fig. 3), 
23-2(1) (14), and 23-3 (14). Thus, in a 
wheat germ translation system, rolA pre- 
mRNA is either not translated at all, or it is 
translated at a level below detection limit 
(that is, at least 10 to 20 times less than is 
rolA mRNA from line 23). A 90% reduc- 
tion in the level of expression of the rolA 
gene is sufficient to restore normal growth 
in transgenic tobacco plants (4). 

Our molecular and genetic analysis has 
shown that: (i) The rolA gene from the Ri 
plasmid A4 contains an intron in its tran- 
scribed but untranslated leader region. (ii) 
This intron is spliced by use of a unique 3' 
AG site and at least two alternative G T  5' 
sites. (iii) Mutations in the 3' splice site are 
null mutants in Arabidopsis, which indicates 
that splicing is required for expression of 
the rolA gene. (iv) Unspliced rolA pre- 
mRNA is translated at least 10 to 20 times 
less efficiently than is spliced rolA mRNA 
in an in vitro translation system. 

Sequence comparison of the ULR from 
rolA genes from two different strains of A .  
rhi~ogenes (Fig. 4) shows conservation of 
the AG 3' splice site. A putative 5' splice 
site is found 70 bases upstream of the AG 
3' splice site jn a highly conserved region. 
Thus, the sequence comparison indicates 
that the biological importance of the rolA 
intron is most likely not limited to the 
rolA gene from the Ri plasmid A4. Un- 
spliced rolA pre-mRNA would probably be 
sequestered in the nucleus and therefore 
not be available for translation. However, 
the failure to translate rolA pre-mRNA in 
an in vitro system suggests that even if 
transported to the cytoplasm, rolA pre- 
mRNA will not be efficiently translated in 
vivo. Reduced translation of upspliced 
rolA pre-mRNA might result from the in- 
hibitory effect of two out-of-frame ATGs 
upstream of the initiation codon, in a 
manner similar to that previously reported 
(15). These ATGs are part of the intron 
and are therefore no longer present in the 
spliced mRNA. 

Introns of the self-splicing group I type 
have been found in the mRNAs of bacte- 
riophages, such as T4 and SPO1, and they 
are relatively common in the tRNA genes 
of bacteria, including Agrobacterium (1 6). 
Introns of the self-splicing group I1 have 
been found in chromosomal bacterial genes 

(1 6). Pre-mRNA splicing, however, has not 
been observed in prokaryotes, although eu- 
bacterial components similar to small nu- 
clear ribonucleoproteins have been found 
in Synechococcus leopoliensis and Bacillus 
subtilis (1 7). 

The presence of pre-mRNA splicing in a 
gene derived from a bacterial plant patho- 
gen shows that A. rhizogenes uses, as part of 
its strategy to induce hairy-root disease, a 
mechanism of posttranscriptional control 
(pre-mRNA splicing) that is so far restrict- 
ed to eukaryotic genes (18). The data pre- 
sented show that rolA gene expression and 
splicing take place in plant cells; however, 
we cannot exclude the possibility that the 
rolA gene is also expressed in the bacterial 
cell. 

The rolA pre-mRNA intron might have 
evolved from prokaryotic DNA (18). Alter- 
natively, the finding that the intron present 
in the ore-mRNA of the rolA gene has u 

features typical of plant introns might be 
interpreted as suggesting that either the 
rolA gene or its intron is of plant origin. 
Although intron mobility is known to result 
from mechanisms such 'as homing and 
transposition (18), there is no independent 
evidence of transfer of genetic information 
from plants to bacteria. 
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