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Plant intron sequences: evidence for distinct groups of introns
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ABSTRACT
In vivo and in vitro RNA splicing experiments have demonstrated that the
intron splicing machineries are not interchangeable in all organisms. These
differences have prevented the efficient in vivo expression of monocot
genes containing introns in dicot plants and the in vitro excision of some
plant introns in HeLa cell in vitro splicing extracts. We have analyzed
plant introns for sequence differences which potentially account for the
functional splicing differences. Three classes of plant introns can be
differentiated by the purine or pyrimidine-richness of sequences upstream
from the 3' splice site. The frequency of these three types of introns in
monocots and dicots varies significantly. The degree of variability in the
5' and 3' intron boundaries is evaluated for each of these classes in
monocots and dicots. The 5' splice site consensus sequences developed for
the monocot and dicot introns differ in their ability to base pair with
conserved nucleotides present at the 5' end of many Ul snRNAs.

INTRODUCTION

In the past ten years since the discovery of intervening sequences

(introns) in the pre-mRNA transcripts of eukaryotes, a significant research

effort with HeLa and yeast cells (Saccharomyces cerevisiae) has led to some

understanding of the molecular details of RNA splicing. Analysis of the

biochemistry of RNA splicing has been greatly facilitated by the

development of in vitro RNA splicing systems for HeLa and yeast cells

(1-5). Through this biochemical effort and the analysis of the intron

nucleotides (6-11), three sequence elements within introns have been

demonstrated to be essential for splicing. These have been designated the

5' splice site, the internal splice signal, and the 3' splice site. Using

in vitro RNA splicing systems, these conserved sequence elements have been

shown to interact with trans-acting nuclear factors which mediate splicing

(12).
In HeLa and yeast cells, intron splicing proceeds by a two-step

mechanism: the first step is cleavage at the invariant GT dinucleotide at
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the 5' splice site and formation of an intramolecular 2'-5' phosphodiester

branch between the G residue at the 5' splice site and an A residue in the

branch site (13). The second step entails cleavage at the AG dinucleotide

at the 3' splice site, ligation of the two exons, and release of the intron

as a lariat structure. Both steps require the formation of an RNA:protein

complex, termed the spliceosome, which mediates the splicing events. The

formation of the spliceosome requires ATP, the three conserved intron

elements, and nuclear factors including the Ul, U2, U5 and U4/U6 snRNPs.

Dramatic increases in the number of available plant gene sequences

have enabled researchers to suggest that the conserved plant intron border

elements are similar to those found in animals and yeast (14-16). In spite

of these sequence similarities, a number of experiments have demonstrated

that the intron splicing machineries are not interchangeable between

organisms. This is particularly evident in heterologous in vitro splicing

experiments which have demonstrated that mammalian and Drosophila introns

are not excised by yeast cell extracts (17, 18) even though yeast introns

can be spliced in mammalian nuclear extracts (19). In vitro experiments

have also demonstrated that, although a few plant introns can be excised in

HeLa cell nuclear extracts (16, 20, 21), some plant introns are not

processed accurately in yeast or HeLa cell extracts (21, 22). In

reciprocal experiments, four introns from the human growth hormone gene and

two introns from the human a-globin gene were not excised in vivo in

transgenic tobacco plants (21, 23).

The individual selectivities of eukaryotic RNA processing systems

extend to the monocotyledonous and dicotyledonous groups of plants and have

prevented the efficient in vivo expression of monocot genes containing

introns in dicot plants. Introduction of monocot genes encoding the small

subunit of ribulose 1,5-bisphosphate carboxylase of wheat or a segment of

the alcohol dehydrogenase gene of maize into transgenic tobacco plants

(dicots) results in the accumulation of intron-containing precursor RNAs

which constitute 50% of the wheat transcript and 70% of the maize

transcript produced in vivo (24). The maize alcohol dehydrogenase

gene, which contains nine introns (25), is also inefficiently expressed in

transgenic tobacco plants and in a transient tobacco protoplast assay (26).

In contrast, monocot genes lacking introns, such as the wheat chlorophyll

a/b binding protein gene or the maize zein gene, are efficiently expressed

after transfer into dicots (27-29). Because the nucleic acid sequence

within plant pre-mRNAs potentially accounts for some of these functional
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splicing differences, we have analyzed the published plant intron sequences

to determine if the intron splicing efficiencies can be accounted for by

differences in conserved sequence elements at the 5' and 3' intron

boundaries.

The first complete compilation of plant intron sequences (15)

evaluated 177 monocot and dicot introns that were then available. This

exhaustive study demonstrated that, in general, the plant intron borders

are similar to those found in mammalian introns, but that subtle

differences occur at particular positions. It was noted that in one

position (-4 from the 3' splice site), plant introns preferentially contain

a guanosine nucleotide whereas mammalian introns show no preference for any

nucleotide (15). This study also indicated that purines were more abundant

in the -5 to -15 region preceding the 3' splice site of plant introns than

in mammalian introns which typically contain at least 70% pyrimidines (7).

Our closer inspection of these plant intron sequences reveals that the

sequences preceding the 3' splice site in some plant introns are distinctly

pyrimidine-rich whereas others are purine-rich. In this communication, we

have examined all the available plant intron sequences and have subdivided

them into three groups depending on the purine or pyrimidine-richness of

the sequences at the 3' splice site and the monocot or dicot origin of the

gene. The degree of variability in the 5' and 3' intron boundaries is

evaluated for each of these groups and then compared with the results of

heterologous splicing experiments. Our analysis suggests that primary

sequence differences in plant introns potentially account for the

differential splicing of monocot and dicot introns in transgenic plants and

in mammalian splicing extracts.

MATERIALS AND METHODS

The 176 intron sequences used in this comparison have all been

previously published. The monocot intron comparison includes maize alcohol

dehydrogenase (25), glutathione-S-transferase (30), sucrose synthetase

(31), waxy (32), shrunken (33), actin (34), triosephosphate isomerase (35)
and alfalfa glutamine synthase (36), chalcone synthase (37) and the wheat

ribulose bisphosphate carboxylase (38). The dicot comparison includes

soybean actin (34, 39), leghemoglobin (Lba, Lbcl, Lbc2, Lbc3, uLb) (40-42),

nodulin 24 (43), nodulin 35 (44), conglycinin (45), glycinin (46) and

ribulose bisphosphate carboxylase (47); carrot extensin (48); french bean

phaseolin (14) and leghemoglobin (49); pea legumin (A, D) (50, 51) and

7161



Nucleic Acids Research

a3

Z

ID C-

Cl0)
<0

- co

ID
U)

r-ci

C-7 tO
IC)

C, a,

C.))

Ul) IV

-P 0

10 CM

CQ m

0 co

0N 0 I-*
C.) Inco o a

-

t N 0 -0 41-0 0 4
C,) C, v U)

0 0D 99 4(

000 00 1

O 0 "0 - 0

r- rl CO C?
- r- to aD e, o
-) In - D co

N C?0 0

toa - C. 0

co CX4

cv CY C,, In-

_Lr-- 0 .°

I Z

_)O, C>O

>W) O O

N _,

z
.r-
ul
D

0-

y

C)

D

D

0

:3

+ - C.)

+ - -N

C4 C>0 0 U'
+ _ N

+ r-WCU

4D C?W !DV t

CY N

IL) -C O O

;0
CL

li M r- rl (D lll F Z0001-2DD

_ T_CN. r-

oV O

N00 0s

N v 'DOa (

C)01-1C 00i 41

C 0 0c

<D . 0 4

OCDrs r o t

O- N 0 0 40

r 00 0 0

_ L 0

bOX O ,>
0Nn (O O O)~~~U
1h_- - N o

rOO X b <
ttN o 0

VO

NV C" ;

U)CV O

MN t

10 O X

0

c O

0U,

0>, _)0

N U U')

_
0

U) rD CO IVs

v-Ul C.)

C' cv C.

(_ _ 0 0 I.0
+0

z

CL
:

7162

cn. C, C, 0

r, cli

'T 00
n -

C? cl I?

cl? cl

M r- Ci
,q U) .0

li
!.
9 Ci

C.

C. m OD

rl. C? I? rll.
NN .2 c'j

C. P- 1)
C,, C". c. u-i

CIJ C14 V

Cl

C, n C>
co r- C,

.4
1)
u
.1

a C,

Ul) m

op Ci U.
cli

Ci
0 c,2CIA

rll. C? C?
N cli

Cl) Cl)

OR lp ci ci
'D .: (.2 u-)
cli

rl. U. C4 lp
Co CD c.)
CY In

r, 0, c)
CY U')

,7 U. c?
CD

ei ci U) co
LID

U. Ci ci o.

co 1) LI) I
ID a,
c.
-9



Nucleic Acids Research

ribulose bisphosphate carboxylases (E9, 3A, 3C) (52, 53); broadbean legumin

(54); potato patatin (55-57); tobacco ATP synthase (atp2-1) (58) and

ribulose bisphosphate carboxylase (59); petunia ribulose bisphosphate

carboxylase (60). The sequences upstream from the 3' splice sites were

evaluated by determining the purine frequency between positions -3 and -20

and evaluating the purine distribution as outlined in Table I.

RESULTS

In several reported monocot gene transfer experiments (24), monocot genes

were not efficiently expressed in transgenic dicots even though the GT-AG

dinucleotide border elements in the monocot introns were identical to those

found in dicot introns. To find sequences which potentially account for

these in vivo expression problems, we have subdivided plant introns into

different groups and intercompared their sequences. Comparison of the

monocot and dicot intron sequences indicates that differences exist in the

conserved sequence elements at the 5' and 3' splice sites. Although the

entire pool of plant introns (15) suggests that the sequence of the plant

5' splice site consensus is similar to the highly conserved mammalian

consensus sequence (CAG:GTAAGT; 7), a high degree of variability exists

within the plant sequences (Fig. 1). These differences occur within the

region (-3 to +7) known to interact with Ul snRNA in mammalian cells

(61-64) and snR19 in yeast cells (65). The variability in this region is

especially evident when the monocot and dicot 5' splice consensus sequences

are compared (Fig. 1). Significant differences between monocots and

dicots are observed at positions +4 through +9. At three of these

positions (+4, +5, +6), the frequency of purines varies in monocot and

dicot introns by more than 12%. These ratios fluctuate in part because the

prevalent nucleotides used at some of these positions are not uniformly

purines or pyrimidines. For example, at position +4, adenosine and

thymidine are used at a high frequency in monocot introns whereas adenosine

is preferentially used in dicot introns. At position +6, monocot introns

contain high proportions of cytidine and thymidine and dicot introns

primarily contain thymidine and adenosine. Although guanosine is

Figure 1. Monocot and dicot splice sites. Nucleotide frequencies were
evaluated between positions -3 and +9 at the 5' splice sites and positions
-15 and -1 at the 3' splice site. The consensus sequences derived from 104
dicot introns and 97 monocot introns are shown in bold letters. The ten
conserved nucleotides found in mammalian, Drosophila, yeast, french bean
and soybean Ul snRNAs (68-70) are shown below the 5' splice site consensus.
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preferentially found at position +5 in monocot introns (68%), it occurs at

a lower frequency (54%) in dicot introns. The most prevalent nucleotides

at positions +8 and +9 are pyrimidines in monocot introns but thymidine and

adenosine in dicot introns. Thus, at several internal positions, monocot

and dicot introns differ in the second most prevalent nucleotide used.

These differences contrast dramatically with the sequence conservation seen

in intron positions +1, +2 and +3. In addition to frequency differences

in the most prevalent nucleotides, particular nucleotides found prominently

in monocot introns are nearly absent from dicot introns at positions +6

through +9. For example, cytidine occurs at position +6 in 27% of the

monocot introns but only 7% of the dicot introns. Guanosine occurs with

higher frequency (14-18%) at positions +7, +8 and +9 in monocot introns but

very infrequently (3-8%) in dicot introns.

Significant differences also occur in the region upstream from the 3'

splice sites of monocot and dicot introns. All plant introns contain the

ubiquitous AG dinucleotide found in other 3' splice sites (7). Immediately

upstream from this highly conserved dinucleotide, plant introns generally

show little preference for pyrimidine or purine bases (Fig. 2). In this

region, monocot introns have a much higher frequency of pyrimidine

nucleotides than dicot introns (Fig. 1). Although both groups of introns

contain thymidine residues as prominent nucleotides in positions -3 to -15,

monocot introns have a level of cytidine (13-30%) which is higher than in

dicot introns (3-16%) and very similar to the level present in mammalian

introns (19-36%) (7).

Inspection of the -3 to -20 region upstream from the 3' splice

indicates that many plant introns entirely lack the polypyrimidine tract

which is prevalent in mammalian introns (7) and known to interact with a

mammalian U5 snRNP factor (66, 67). In this region, the mammalian

pyrimidine-rich sequence preceding the 3' terminal AG is frequently

replaced by a preponderance of purines. Because the interaction between

the mammalian snRNP and the pyrimidine-rich tract involves nucleotides

between positions -2 and -19 (66), we have subdivided plant introns into

three groups based on the presence of a purine-rich or pyrimidine-rich

region between positions -3 and -20. Each of the classes is defined by the

content and arrangement of purine/pyrimidine bases near the 3' splice site

as shown in Table I. By this classification, pyrimidine-rich introns (Y,
class I) contain less than five purine residues between positions -3 and

-20. If more purines are present, pyrimidine-rich introns have five or
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ANIMAL 3' SPLICE SITE

NCLEOTIDE POSITION

. . . . ..I

NJLEICE POSITION

DICOT 3' SPLICE SITE

NCLEOTICE POSITION

NUOLEDTIOE POSITION

Figure 2. Pyrimidine frequencies at 3' splice site. The purine (C) and
pyrimidine (0) frequencies upstream from the 3' splice site are recorded
for 130 animal introns (7) and 176 plant introns (101 dicot, 75 monocot).

more consecutive pyrimidines with no distinct purine string. Purine-rich

introns (U, class III) contain at least nine purine residues between -3 and

-20 or, if only eight purines are present, at least three consecutive

purines occur in the region upstream from the 3' splice site. The most

extreme example of this intron class contains nine consecutive purines

(Table I). We have established a third category containing introns that

have unusually high purine frequencies but which lack consecutive strings

of purines or pyrimidines. This latter group has been designated the

"mixed" class (M, class II) due to the scattered pattern of purine and

pyrimidine bases. In the few cases in which a polypyrimidine tract was

situated near a purine tract, the introns were differentiated, as outlined

in Table I, by the length of the purine tract and the overall purine

content of this region. Introns have been placed in this category if three

consecutive purines are located within a stretch of 6-7/18 purine residues
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Table 1 .

A.

No. urines Arrangement

5 consecutive pyrimidines
no strings of 3 purines

3 consecutive purines

4 consecutive purines

no string of consecutive
purines or pyrimidines
3 or more consecutive purines

-20 -1
TACTTTTCTTTTCGAGTCAG

ACCGCAACGTGTCCTTTCAG

GTGGCTTGTGTTATTTGAAG

TTCTTTGTTCACAAATATAG

GGTTACATTATATTATGCAG

TTTTTTAAAAAAAAGTGCAG

ATCAATTCCTTTTAAAACAG

TTGTTCGGGCATGCATGCAG

Pyrimidins-rich

Pyrlmidine-rich

(Y)
(Y)

Mixed (M)

Purine-rich (U)

Mixed (M)

Purine-rich (U)

Purine-rich (U)

Purines

4/18

6/18

2/18

8/18

6/18

8/1 8

10/18

7/18

8/1 8

Pyrimidine-rich (Y)

Mixed (M)

Purine-rich (U)

Definition of intron classes. (A) Intron classes are first defined by
determining the number of purine nucleot ides between -3 and -20 upstream from
the 3' splice site (column 1 ). If 6-8 purine nucleotides occur in this
region, the arrangement of purine and pyrimidine residues within this
region are evaluated as outlined in column 2. (B) Examples of the three
intron classes.

or if purine-rich sequences containing 6/18, 7/18 or 8/18 purines lack

consecutive purine or pyrimidine strings. The purine or

pyrimidine-richness of the introns within these classes is especially

evident when diagrammed as shown in Fig. 4. The purine-rich introns

contain predominant purines at -4 and -6 through -10 and a very low

7166
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Figure 3. Distribution of monocot and dicot introns. The frequency of
monocot and dicot intron classes are recorded relative to the purine
frequency in the 18 nt. between -3 and -20. The frequencies of the intron
classes are recorded for the 109 vertebrate and viral introns listed by
Mount using the 13 nt. between -3 and -15 (7). Crosshatched boxes
(pyrimidine-rich), open boxes (mixed), filled boxes (purine-rich).

pyrimidine content. The pyrimidine-rich introns contain predominant

pyrimidines at -3 and -5 through -15. Of the 176 published plant intron

sequences that we have included in this comparison, 52 (30%) are classified

as pyrimidine-rich, 53 (30%) are purine-rich and 71 (40%) are mixed. For

comparison, we have classified 109 of the vertebrate and viral introns

described by Mount (7). In this group, 93/109 (85%) are pyrimidine-rich,

13/109 (12%) are mixed, and 3/109 (3%) are purine-rich. In chi-square

analysis, p = 0.000 for this data. Thus the abundance of introns in the

mixed and purine-rich classes is significant, in view of the virtual

absence of these classes in mammalian genes.

The frequencies of the purine and pyrimidine-rich classes of introns

vary significantly in monocots and dicots (chi-square p = 0.0075). 16/75

(21%) of the monocot introns are purine-rich, 31/75 (411%) are

pyrimidine-rich and 28/75 (37%) introns are mixed. 37/101 (37%) of the

7167
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splice site are recorded separately for the pyrimidine-rich (Y), the mixed
(M) and purine-rich (U) introns in dicots and monocots. The number of
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Figure 5. The 5' splice site boundaries present in each intron class. The
nucleotide frequencies occurring at 5' splice sites between positions -3
and +9 are recorded for the pyrimidine-rich (Y), mixed (M) and purine-rich
(U) introns.

dicot introns are purine-rich, 21/101 (21%) are pyrimidine-rich and 43/101

(42%) occur in the mixed category. The distribution of these classes

relative to the purine frequency is diagrammed in Fig. 3. Although this

scheme subdivides the introns into smaller groups, nucleotide patterns

appear even within these limited groups (Fig. 4). The length and

pyrimidine-richness of the tracts present in the pyrimidine-rich monocot
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introns resemble those found in mammalian introns (7). In contrast, dicot

pyrimidine-rich introns contain more abbreviated pyrimidine tracts (Fig. 4)

with prominent purines at positions -4, -5 and -7 which are absent from

pyrimidine-rich monocot and mammalian introns. The dicot purine-rich

introns contain purines as the predominant nucleotides at positions -4 and

-6 through -12 but predominant pyrimidines at -3, -5, -13, and -14. Their

monocot counterparts contain predominant purines at -4, -6, -8, -10, -13

and -14.

The diagrammatic analysis used in Fig. 3 and 4 suggests that the dicot

purine-rich introns contain more prominent purine tracts than the monocot

purine-rich introns. Inspection of individual introns reveals that a

higher proportion of the dicot introns contain more than four consecutive

purines in the region between -3 and -20 (19% dicots, 9% monocots).

Because intron recognition sequences occur at both ends of the intron,

the purine and pyrimidine-rich classes of introns were evaluated for

differences near the 5' splice sites in the region between -3 and +7 which

hypothetically base pairs with Ul snRNA. The sequence compilations in

Figure 5 indicate that each class has nucleotide preferences in positions

-3 through +7. Although the 5' terminal sequences of only two dicot Ul

snRNAs are known (68, 69), the first eleven nucleotides of these plant

snRNAs are identical to the Ul snRNAs in mammals, Drosophila and yeast (65,

70). Potential base pairing structures can be identified between this

sequence and the region near the 5' splice site. When the less stable

guanosine-uridine base pairings are included, a large proportion of the

pyrimidine-rich introns in dicots can not base pair with Ul snRNA at

positions -3, +5 and +6, while those in monocots can not base pair at

positions -3, +6 and +7. A high percentage of the 5' splice sites present

in the dicot purine-rich introns base pair with the Ul snRNA at all of

these positions but those present in the monocot purine-rich introns base

pair less effectively with the Ul snRNA.

DISCUSSION

The purpose of this study is to define differences between plant intron

sequences to gain insight into the different splicing efficiencies observed

in vitro and in vivo.

Evaluation of the 5' splice sites has indicated that this region in

plant introns is much more variable than in mammalian introns (15).

Comparison of the 5' splice sites in dicot and monocot introns (Fig. 1)
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indicates that particular positions in this region are more divergent than

previously suggested (15). The most apparent differences occur between

positions +4 and +9 in the intron. In addition, the second nucleotide

preferences for the monocot and dicot 5' splice sites vary considerably.

The dicot 5' splice consensus sequence has increased proportions of purines

at +4 and +7, and thymidine at position +6. The monocot and dicot

nucleotide preferences generate consensus sequences which vary in the

region (-3 to +6) potentially base pairing with a plant Ul snRNA. Although

no sequence is available for the 5' end of any monocot Ul snRNA, the 5'

sequences for two dicot Ul snRNAs (Phaseolus vulgaris, Glycine max) are

identical to the Ul snRNA sequence found in other organisms (65, 68-71).
When the monocot and dicot 5' splice consensus sequences are evaluated with

respect to this highly conserved sequence, a higher proportion of the dicot

introns base pair with Ul snRNA at +4 and +6 and fewer base pair at

position +5. A large proportion of monocot introns can not base pair with

Ul snRNA at +4, +6 or +7. The large number of plant introns (36%) which

have less than 6/9 nucleotides complementary to the Ul snRNA consensus

suggests that alternate Ul snRNAs exist in plant nuclei. In support of

this, multiple major and minor forms of pea Ul snRNA have recently been

resolved on two-dimensional gels (72). Northern analysis using

oligonucleotide probes specific for Ul snRNA has demonstrated that three to

five abundant forms of Ul snRNA exist in all monocot and dicot nuclei

examined (73). Whether any possess alternate 5' sequences has not yet been

determined.

Because sequences near the 3' splice site are involved in the first

stages of the mammalian intron recognition and cleavage at the 5' splice

site (74-76), we have separated the plant 3' splice sites into groups

containing pyrimidine or purine-rich tracts between nucleotides -3 and -20.

The high frequency of purine-rich and mixed classes of introns in the plant

intron pool (30% purine, 40% mixed) is significantly different (p=0.000)
from the frequency of purine-rich and mixed introns in vertebrate and viral

genes (3% purine, 12% mixed). Limited but less extensive purine-tracts are

also prevalent upstream from the 3' splice boundaries of Drosophila introns

(11). The proportion of purine and pyrimidine-rich introns in monocots and

dicots varies significantly (p=0.0075). Whereas 37% of the dicot introns

are purine-rich and 21% are pyrimidine-rich, 21% of the monocot introns are

purine-rich and 41% are pyrimidine-rich. Unlike the other intron classes,
the purine-rich introns have a highly conserved 5' splice sequence. The
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distribution of these intron types is not limited to a particular class of

genes. Some genes with multiple introns contain a single type of intron

but the majority contain two or three types.

In contrast to previous evaluations (7, 15, 16), we have classified

introns using an extended 3' splice region (-3 to-20) that includes the

entire region (-2 to -19) necessary for binding of the mammalian U5 snRNP

(66). The three intron classes can also be defined using the abbreviated

-3 to -15 region (not shown). With this more limited region, a higher

proportion are designated as mixed introns because few have distinctive

pyrimidine or purine tracts within this subset of nucleotides.

Nevertheless, a higher proportion of dicot introns are purine-rich and a

higher proportion of monocot introns are pyrimidine-rich (dicots: 29%

purine, 47% mixed, 24% pyrimidine; monocots: 15% purine, 48% mixed, 37%

pyrimidine) (p=0.0493).

The relevance of these observations lies in the importance of the

splice sites in plant intron excision. In mammalian intron recognition,

specific sequences near the 3' splice site are required for the initial 5'

cleavage events (66, 67, 74-76), but in yeast, 5' cleavage can occur in the

absence of a functional 3' splice site (77). The variety of 3' splice

sites found in plant introns suggest that different intron recognition

mechanisms and/or factors exist within plant nuclei. If, as in mammalian

cells, the 3' splice site sequences are required for the recognition of

plant introns, different factors must associate with the pyrimidine and

purine tracts. If the 3' splice site is dispensible for the initial

cleavage events then sequences in this region may be highly diverged and

other sequences may be well conserved. In this regard, the pyrimidine-rich

plant introns resemble mammalian introns having pyrimidine tracts and

relatively unconserved 5' splice sequences (7). The purine-rich introns

resemble yeast introns which lack pyrimidine tracts and have strictly

conserved 5' splice sequences (13). Both classes are abundant in plants

suggesting that both the mammalian and yeast intron recognition mechanisms

exist in plant nuclei. Clearly, the plant snRNA profiles are complex

enough (72, 73) to accommodate both mechanisms.

One aim of our intron comparisons is to identify monocot and dicot RNA

processing signals which determine the processing efficiency of an intron

in a foreign environment. The purine-rich or pyrimidine-rich divisions of

plant introns described in this paper emphasize one of the major

differences between plant and animal introns. Even though the splicing

7172



Nucleic Acids Research

efficiency for only a few plant introns have been defined (24), these, and

future, in vivo expression studies can be evaluated in light of these

intron classes. In a variety of plant gene transfer experiments,

transgenic tobacco nuclei efficiently excised dicot introns but were

limited in their ability to excise monocot introns. The two dicot introns

with well-defined splicing efficiencies (24) fall in the mixed and

pyrimidine-rich categories. The mixed intron (rbcS-E9-intron 2) is

processed efficiently in transgenic tobacco cells despite limited

complementary (4/9 matches) with nucleotides 2 to 10 in the Ul snRNA

consensus sequence. The pyrimidine-rich intron (rbcS-3A-intron 1) which is

excised efficiently has good complementarity with Ul snRNA (7/9 matches).

The only monocot introns for which any in vivo splicing efficiencies have

been reported (24) fall in the pyrimidine-rich class. Both introns, intron

1 of the wheat rbcS gene and intron 6 of the maize Adh-1S gene, contain

multiple nucleotides used infrequently in dicot 5' splice sites. Thus,

monocot introns may be ineffectively processed in dicot nuclei because the

dicot splicing machinery has a limited ability to recognize the usual 5'

splice sites found in monocot introns. The frequency of the purine-rich

and mixed introns in dicots suggest that dicot cells are more capable of

processing purine-rich introns which have distinct 5' splice site

sequences. Monocot cells, which have abundant pyrimidine-rich introns, may

be more capable of excising pyrimidine-rich introns.

Based on the above analysis, we conclude that the splicing

deficiencies of monocot pre-mRNAs in dicot nuclei probably arise from a

combination of factors including the presence of multiple unusual

nucleotides in the monocot 5' splice sites and the relative absence of

purine-rich regions near the 3' splice site. Pyrimidine-rich introns can

be spliced in dicot nuclei, but as deviations from the dicot 5' splice

consensus accumulate, the splicing efficiency declines. Although

site-directed mutagenesis, in vitro and in vivo processing experiments must

be used to evaluate the importance of these parameters, our observations

provide some guidelines for predicting and evaluating the splicing

potential for plant introns in heterologous systems.
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