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RESEARCH ARTICLE 

Nuclear Mutations That Block Group II RNA Splicing in Maize 
Chloroplasts Reveal Severa1 lntron Classes with Distinct 
Requirements for Splicing Factors 

Bethany D. Jenkins, Doris J. Kulhanek, and Alice Barkanl 
lnstitute of Molecular Biology, University of Oregon, Eugene, Oregon 97403-1 229 

To elucidate mechanisms that regulate chloroplast RNA splicing in multicellular plants, we sought nuclear mutations in 
maize that result in chloroplast splicing defects. Evidence is presented for two nuclear genes whose function is re- 
quired for the splicing of group II introns in maize chloroplasts. A mutation in the crsl (for chloroplast RNA gplicing 1) 
gene blocks the splicing of only the atpF intron, whereas a mutation in the crs2 gene blocks the splicing of many chloro- 
plast introns. In addition, a correlation was observed between the absence of plastid ribosomes and the failure to splice 
several chloroplast introns. Our results suggest that a chloroplast-encoded factor and a nuclear-encoded factor whose 
activity requires crs2 function facilitate the splicing of distinct sets of group II introns. These two genetically defined in- 
tron sets also differ with regard to intron structure: one set consists of only subgroup IIA introns and the other of only 
subgroup IIB introns. Therefore, it is likely that distinct splicing factors recognize subgroup-specific features of intron 
structure or facilitate subgroup-specific aspects of the splicing reaction. Of the 12 pre-mRNA introns in the maize chlo- 
roplast genome, only one is normally spliced in both crs2 mutants and in mutants lacking plastid ribosomes, indicating 
that few, if any, of the group II introns in the chloroplast genome undergo autocatalytic splicing in vivo. 

INTRODUCTION 

RNA splicing, an essential step in mRNA synthesis, is a po- 
tential control point in gene expression. Although the splic- 
ing rate for most nuclear pre-mRNAs is rapid and is not 
generally rate limiting for gene expression, unspliced tran- 
scripts accumulate to high levels in mitochondria and chlo- 
roplasts (Hollingsworth et al., 1984; Collins and Lambowitz, 
1985; Koller et al., 1985; Shinozaki et al., 1986; Westhoff 
and Hermann, 1988; Pel et al., 1992). Therefore, the modula- 
tion of organellar splicing rates is likely to impact the abun- 
dance of mature transcripts. The degree to which plastid 
RNAs are spliced varies between cell types in maize (Barkan, 
1989), suggesting that the regulation of chloroplast RNA 
splicing contributes to the characteristic properties of plas- 
tids in different tissues. 

The majority of organellar introns can be categorized as 
either group I or group II, based on their primaty sequence 
and predicted structures (reviewed in Saldanha et al., 1993). 
Although several introns of both types have been shown to 
self-splice in vitro, genetic evidence indicates that efficient 
organellar RNA splicing in vivo requires trans-acting factors 
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(Saldanha et al., 1993). Characterization of these factors will 
be important for understanding the regulatory mechanisms 
influencing organellar splicing and, more generally, the roles 
of accessory factors in modulating the functions of catalytic 
RNAs. Mechanistic similarities between group II and nuclear 
pre-mRNA splicing have led to the suggestion that nuclear 
pre-mRNA introns evolved from group' 11-like progenitors 
(Cech, 1986). A study of factors that facilitate group II splicing 
may also elucidate how nuclear pre-mRNA splicing evolved 
from an autocatalytic mechanism to one that is strictly de- 
pendent on trans-acting protein and RNA factors. 

Genetic studies have revealed numerous genes whose 
products facilitate group I intron splicing in funga1 mitochon- 
dria (reviewed in Saldanha et al., 1993) and one gene that fa- 
cilitates the splicing of a group I intron in Chlamydomonas 
chloroplasts (Herrin et al., 1990). Group 11 intron splicing, 
however, has been less amenable to genetic analysis. Only 
two nuclear gene products in fungi have been reported that 
seem likely to play direct roles in the splicing of mitochon- 
drial group II introns (Saldanha et al., 1993). Although at least 
14 nuclear gene products are involved in the two trans-splicing 
events that generate mature psaA mRNA in Chlamydomonas 
chloroplasts (Choquet et al., 1988; Goldschmidt-Clermont et 
al., 1990), many of these may mediate functions specific to 
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the frans-splicing process rather than to group II intron splicing
in general.

The paucity of genetic data concerning activators of
group II splicing may result from the fact that fungal mito-
chondrial genomes and the Chlamydomonas chloroplast
genome contain numerous group I but few group II introns.
In contrast, chloroplast genomes of higher plants contain
numerous group II introns (Plant and Gray, 1988; Rochaix,
1992), providing more potential targets for frans-acting
splicing factors. Recent evidence suggests that such splic-
ing factors must exist. For example, attempts to detect in
vitro self-splicing of the wheat chloroplast atpF intron were
not successful (Plant and Gray, 1988), the spinach chloro-
plast atpF intron remained unspliced when expressed in
transgenic Chlamydomonas chloroplasts (Deshpande et al.,
1995), and several group II introns remained unspliced in
barley mutants lacking chloroplast ribosomes (Hess et al.,
1994; Hubschmann et al., 1996). This last observation has
been cited as evidence that at least one splicing factor is a
chloroplast gene product.

To understand the molecular mechanisms responsible for
regulated chloroplast RNA splicing and the roles of acces-
sory factors in facilitating the splicing of group II introns, we
sought mutations in nuclear genes that block chloroplast
RNA splicing. We describe two nuclear genes that behave
genetically as activators of group II c/s-splicing in chloro-
plasts. A mutation in the crsl gene (for chloroplast RNA
splicing 1) blocks the splicing of just one chloroplast intron,
whereas a mutation in the crs2 gene blocks the splicing of
many but not all group II introns in the chloroplast. Chloro-
plast RNA splicing defects in mutants lacking plastid ribo-

somes and in a third splicing mutant with a phenotype
similar to but weaker than crs2 suggest that the splicing of
most introns in the chloroplast genome requires either crs2
gene function or chloroplast translation but not both.

RESULTS

crsl Mutants Lack the Chloroplast ATP Synthase
Due to a Failure to Splice atpF mRNA

The crsl mutation arose in a maize line with active Mutator
(Mu) transposons and was first detected by virtue of its sub-
tle pale green phenotype (Figure 1). The pale plants subse-
quently died at a stage characteristic of maize plants that
have exhausted seed reserves and are incapable of photo-
synthesis (Miles, 1994). To determine whether the pale
plants lacked components of the thylakoid membrane, we
assayed the accumulation of subunits of each thylakoid
membrane complex on immunoblots. Figures 2A and 2B
show that subunits of the photosystem I core complex, the
cytochrome D6f complex, and the photosystem II core com-
plex accumulated to near normal levels in crs7 seedlings.
However, the abundance of subunits of the chloroplast ATP
synthase complex was reduced 10-fold. Therefore, the crs7
gene is essential for the biogenesis of the ATP synthase
complex.

A small reduction (less than twofold) in other thylakoid pro-
teins was also observed in crsl mutants. However, these pro-

Figure 1. Pigment Deficiencies Exhibited by the crsl and crs2 Mutants.

Mutant crsl and crs2 seedlings are each shown to the left of a normal sibling. The crs7 seedling (left) has a pale green phenotype. The crs2
seedling (right) has an ivory phenotype. Plants were photographed after 12 days of growth in a growth chamber with 14-hr days (28'C) and 10-
hr nights (25"C). Small dark green sectors are visible on the crs2 seedling, and a single large dark green sector is visible on the crsl seedling.
This somatic instability indicates that the mutations are the result of transposon insertions.
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Figure 2. Immunoblot Demonstrating the Loss of Chloroplast ATP
Synthase in crsl Mutants.

Total leaf proteins (5 ^g or the indicated dilutions of the wild-type
sample) were fractionated in 13% SDS-polyacrylamide gels, trans-
ferred to nitrocellulose, and probed with antiserum cocktails. Five
additional ATP synthase mutants (hcfWS, cfr, ATPT, ATP2', and
ATP3') were included in this experiment to illustrate the correlation
between an ATP synthase deficiency and a minor reduction in other
thylakoid proteins and to illustrate the coordinate loss of the CF, and
CFo coupling factor subcomplexes in all such mutants. The level of
ribulose-1,5 bisphosphate carboxylase is normal in crs7 leaves, as
indicated by the staining intensity of the small and large subunits af-
ter gel fractionation of total leaf proteins (data not shown). Cyt f, cy-
tochrome f; WT, wild type.
(A) Loss of the CF, complex in crsl mutants. The a, p, and y sub-
units of CF, were detected with an antiserum raised against the en-
tire CF, complex. D1 (a reaction center subunit of photosystem II),
PsaD (a core subunit of photosystem I), and PetD (a subunit of the
cytochrome b6f complex) were each detected with a monospecific
antiserum.
(B) Loss of the AtpF subunit of the CF0 complex in crs7 mutants. Cy-
tochrome f (a subunit of the cytochrome t>6f complex) and AtpF
(subunit I of the CF0 complex) were each detected with a monospe-
cific antiserum.

teins were reduced to a similar degree in all other ATP
synthase mutants examined (Figures 2A and 2B). Therefore, it
is likely that this is a consequence of an ATP synthase defi-
ciency rather than a direct consequence of the defect in the
ere) gene.

To identify the molecular basis for the loss of ATP syn-
thase in ere 1 chloroplasts, we assayed Chloroplast mRNAs
encoding ATP synthase subunits by RNA gel blot hybridiza-
tion. The dicistronic transcript spanning the afpB and atpE

genes was of normal size and abundance in crs7 leaves
(data not shown). However, the population of transcripts from
the atplHFA gene cluster was aberrant (Figure 3). This aber-
rant transcript pattern is not a consequence of the loss of
ATP synthase because it was not observed in any of the
other ATPase-deficient mutants examined (cfr and ATP1' in
Figure 3; data not shown).

The population of transcripts in crs 1 suggested a failure to
splice the intron that interrupts atpF coding sequences: tran-
scripts that comigrate with spliced forms did not accumulate,
and transcripts that comigrate with unspliced forms accumu-
lated to increased levels. Hybridization with an intron-specific
probe (Figure 3, probe 2) revealed a transcript in wild-type
samples whose size was consistent with that of the excised
intron. This transcript was not detected in crs 7 but accumu-
lated to normal levels in other ATPase mutants. The loss of
spliced atpF transcripts, the loss of the excised atpF intron,
and the increased level of unspliced atpF transcripts together
provide strong evidence that crs7 functions in atpF RNA
splicing rather than in stabilizing spliced atpF transcripts.

To test the possibility that the crs7 mutation blocks the
splicing of the atpF intron, we examined atpF RNA splicing
in an RNase protection assay involving a probe that spans
the 3' splice junction. Figure 4 shows that three probe frag-
ments were protected by wild-type RNA, corresponding to

atpl alpH , "\alpF atpAi—i n it r~ii ~i
probe 2 obel

probe 1
(exon and intron)

probe 2 (intron)

Figure 3. RNA Gel Blot Hybridizations Demonstrating Altered Popu-
lation of atpF Transcripts in crs 7 Mutants.

Total leaf RNA (5 p.g) was applied to each lane. The adjacent tran-
script map shows the approximate structure of each transcript (Barkan,
1989; data not shown), with the dashed lines indicating excised in-
trons. Transcripts missing in crs 7 mutants are marked with an aster-
isk. Similar RNA gel blots were hybridized with probes specific for
atpA, atpl, and atpH (data not shown). In each case, transcripts con-
taining spliced atpF sequences were not detected and transcripts
containing unspliced atpF sequences accumulated to increased lev-
els. The origin of those low-abundance transcripts that are not iden-
tified is not known. I, excised intron; kb, positions in the gel of RNA
molecules of the indicated number of kilobases; WT, wild type.
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Figure 4. RNase Protection Assay of atpF RNA Splicing.

Total leaf RNA (2 (xg for wild-type [WT] and crsl samples and 3 ^g
for chloroplast modifier [cm], crs2, and w11 samples) was analyzed.
Hatched and open boxes represent exons and introns, respectively.
The lengths in nucleotides of probe sequences corresponding to
exon and intron are shown in the map. U, I, and S indicate probe
fragments protected by unspliced, intron, and spliced RNA, respec-
tively. The lane designated MW contained radiolabeled RNAs of the
indicated number of nucleotides. WT(crst) and WT(crs2) are wild-
type siblings of crsl and crs2 mutants, respectively, cm and w11 are
ivory mutants used as controls.

the unspliced RNA, the spliced RNA, and the excised intron.
In experiments involving crsl RNA, the fragment corre-
sponding to unspliced RNA was increased in abundance,
and the fragments corresponding to excised intron and
spliced RNA were barely detectable. Therefore, the crsl mu-
tation disrupts the splicing of the afpF mRNA.

Introns also interrupt maize chloroplast genes encoding cy-
tochrome b6f subunits, tRNAs, and ribosomal proteins. Splic-
ing defects affecting the petB or petD mRNAs (which encode
cytochrome b6f subunits) would likely result in a cytochrome
b6f deficiency, and splicing defects affecting tRNAs or ribo-
somal protein mRNAs would likely result in a global transla-
tion defect. The fact that the protein deficiencies in crsl
mutants were confined largely to the ATP synthase complex
(Figure 2) suggested that the splicing defect was specific to
the atpF mRNA. As demonstrated below, splicing of all 14 of
the other introns assayed is normal in crs7 mutants. These
results suggest that the nuclear gene crsl functions specifi-
cally in the splicing of the atpF mRNA.

The atpF splicing defect in crs7 mutants is likely to ac-
count for the loss of the entire ATP synthase complex be-
cause the failure to synthesize the atpF gene product has
been shown to destabilize the entire complex in Chlamy-
domonas chloroplasts (Lemaire and Wollman, 1989). Fur-
thermore, all of the maize mutants described previously as
lacking specifically ATP synthase activity (Echt et al., 1987;
Miles, 1994) as well as all of the ATP synthase mutants
newly isolated in our laboratory are deficient for both mem-
brane intrinsic (CF0) and membrane extrinsic (CF,) coupling

factor subunits, indicating that these two subcomplexes ac-
cumulate coordinately (Figure 2 and data not shown). We
cannot eliminate the possibility, however, that crsl functions
in another aspect of ATP synthase biogenesis in addition to
its role in atpF RNA splicing.

The crs2 Gene Product Facilitates the Splicing of
Many Group II Introns in Chloroplasts

Several introns in the maize chloroplast genome interrupt
genes encoding essential components of the chloroplast
translation machinery. A mutation that disrupts the splicing
of any of these introns would cause a severe defect in chlo-
roplast translation and, as a consequence, an albino pheno-
type (Barkan, 1993; Svab and Maliga, 1993). Albinism that
results from an early block in chloroplast development is re-
ferred to below as ivory to distinguish it from the paper white
phenotype resulting from lesions in the carotenoid biosyn-
thetic pathway (Han et al., 1993,1995).

We have identified an ivory mutant, crs2 (shown in Figure
1), for which a defect in the splicing of several ribosomal
protein mRNAs is likely to be the cause rather than the result
of its ivory phenotype. This conclusion is based on compari-
sons between plastid transcripts in crs2 seedlings with
those in several nonallelic ivory mutants. Most ivory mutants
have plastids with few ribosomes (Walbot and Coe, 1979;
Han et al., 1993; Hess et al., 1994) and exhibit a variety of
similar defects in plastid RNA metabolism (Han et al., 1993,
1995; Hess et al., 1994; Hiibschmann et al., 1996). As shown
below, the most severe splicing defects observed in crs2 mu-
tants were not observed in four previously described ivory
mutants, including one, iojap (/)'), that has been described as
lacking in chloroplast ribosomes (Walbot and Coe, 1979).

The RNase protection assays shown in Figure 5 demon-
strate that the splicing of two mRNAs encoding ribosomal
proteins, rps16 and rp/76, is dramatically reduced in crs2
mutants and is relatively unaffected in crs7 mutants and in
the ivory mutants w11, chloroplast modifier (cm), and ij (Fig-
ures 5A and 5B). The bacterial homologs of the rps76 and
rp/76 gene products are thought to be essential for transla-
tion in vivo because mutants with defects in these genes
have not been obtained (Subramanian et al., 1991). Thus,
the failure to splice the rps16 and rp/76 mRNAs is likely to
result in a loss of plastid ribosome function and in the ivory
phenotype of crs2 mutants.

Similar analyses of other plastid introns revealed numerous
additional splicing defects in crs2 mutants that were not ob-
served in other ivory mutants. Splicing of thepefD, petB, ndhA,
and ndhB introns and the first intron in the IRF170 gene was
nearly undetectable in crs2 mutants but was near normal in
the other ivory mutants examined (Figures 5C to 5G). The
decrease in the abundance of the excised IRF170 intron rel-
ative to the unspliced precursor (Figure 5G) provides evi-
dence that crs2 functions in RNA splicing rather than in
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Figure 5. RNase Protection Assays Demonstrating Failure to Splice Group II Introns in crs2 Mutants.

U, I, and S designate probe fragments protected by unspliced, intron, and spliced RNA, respectively. Lanes labeled MW in (A), (C), (D), (F), and
(G) contain DNA size standards and in (B), (E), and (H) contain RNA size standards of the indicated number of nucleotides. WT(crs1) and
WT(crs2) are wild-type siblings of crsl and crs2 mutants, respectively. Hatched and open boxes represent exons and introns, respectively. The
lengths in nucleotides of probe sequences corresponding to exon and intron are shown in the maps.
(A) rps16 intron. Total leaf RNA (3 |xg) was analyzed. The results for /)' and w1 mutant samples (see Figure 7) were similar to those shown here for
w11 and cm. The band marked with a question mark is of unknown origin and appears consistently in samples from green plants but not in sam-
ples from ivory plants.
(B) rp!16 intron. Total leaf RNA (3 |o.g) was analyzed. The results for ij mutants (see Figure 7) were similar to those shown here for cm mutants.
(C) petD intron. Total leaf RNA (2.5 jxg) was analyzed.
(D) petB intron. Total leaf RNA (1.5 |j.g) was analyzed.
(E) ndhA intron. Total leaf RNA (8 ^g) was analyzed.
(F) ndhB intron. Total leaf RNA (4 ^g) was analyzed. /)' mutants spliced the ndhB intron normally (data not shown).
(G) IRF170 intron 1. Total leaf RNA (3 ng) was analyzed, cm mutants spliced this intron normally (data not shown).
(H) frans-Spliced intron of rps12. The probe was transcribed from a cloned cDNA fragment that was derived from the spliced rps12 mRNA. Total
leaf RNA (1.5 p.g from ij, w11, cm, and crs2 samples and 3 p.g from crsl and wild-type samples) was analyzed.
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stabilizing spliced transcripts. Taken together, these results
are consistent with a direct role for crs2 in the activation of
these splicing events and argue against the possibility that
these splicing defects result simply from plastid ribosome
deficiency or from an early block in chloroplast development.

Biogenesis of the rps12 mRNA involves two splicing
events. The first intron is removed in a frans-splicing event
involving two independently transcribed pre-RNAs (Fromm
et al., 1986; Koller et al., 1987; Zaita et al., 1987; Hildebrand
et al., 1988). The second intron is a standard group II intron
that is spliced in c/s. The frans-splicing of the rps12 mRNA
was assayed in an RNase protection experiment involving a
probe generated by transcription of a cDNA corresponding
to the spliced mRNA (Figure 5H). In this experiment, unlike
the previous ones, spliced transcripts protect a longer probe
segment than do unspliced transcripts. The ratio of frans-
spliced to unspliced transcripts is reduced to a considerable
degree in crs2 mutants, although this splicing defect is less
complete than those described above. The ivory mutants
used as controls exhibited only a slight reduction in the de-
gree of frans-splicing, consistent with findings for a barley
mutant lacking plastid ribosomes (Hubschmann et al.,
1996). These results suggest that the crs2 gene product
may participate in the frans-splicing of the rps72 mRNA.

Mutants Lacking Plastid Ribosomes Have Splicing
Defects That Differ from the Splicing Defects in
crs2 Mutants

Figures 6A and 6B show that the rp/2 intron and the sec-
ond intron in rps72 are not detectably spliced in ij mutants.
Similar results were obtained with cm, another ivory mutant
used as a control (data not shown). Analogous observations
made with the barley mutant a/bosfr/ans, also described as
lacking in plastid ribosomes, led to the suggestion that plas-
tid translation is required for these splicing events (Hess et
al., 1994; Hubschmann et al., 1996). Likewise, splicing of the
afpF intron was undetectable in cm (Figure 4) and ij mutants
(see Figure 9). Each of these three introns is detectably
spliced in crs2 mutants, albeit poorly (Figures 4 and 6). The
simplest interpretation of these observations is that the
splicing of these three introns requires chloroplast transla-
tion and that they are spliced poorly in crs2 mutants as a
consequence of the ribosome deficiency in crs2 plastids.

An additional mutant, crs*, was recovered whose phenotype
supports our hypothesis that the severe splicing defects in
crs2 mutants (shown in Figure 5) result from the inactivity of
a nuclear-encoded splicing factor, whereas the partial splicing
defects (shown in Figures 4 and 6) result from the ribosome
deficiency in crs2 plastids. crs* is a single nuclear mutation that
results in ivory seedlings (data not shown). Although its allelic
relationship with crs2 has not yet been established, crs* be-
haves as one would expect a leaky allele of crs2 to behave.
Figures 7A to 7E show that like crs2, the crs* mutation is
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Figure 6. RNase Protection Assays Demonstrating Splicing of Two
Chloroplast Transcripts in crs2 Mutants.

U, I, and S designate probe fragments protected by unspliced, in-
tron, and spliced RNA, respectively. Lanes labeled MW contain DMA
size standards of the indicated number of nucleotides. WT(crs1) and
WT(crs2) are wild-type siblings of crsJ and crs2 mutants, respec-
tively. Hatched and open boxes represent exons and introns, re-
spectively. The lengths in nucleotides of probe sequences
corresponding to exon and intron are shown in the maps.
(A) rps12 intron 2. The probe was transcribed from a cDNA fragment
derived from the spliced transcript. Total leaf RNA (1 n.g from w1,
w11,ij, and crs2 samples and 2 (j,g from the remaining samples) was
analyzed.
(B) rp/2 intron. Total leaf RNA (0.6 \ig from ij, w1, and crs2 samples
and 1.5 n.g from the remaining samples) was analyzed. To test the
possibility that the apparently spliced transcripts detected here were
merely cleaved at the 5' junction but not faithfully spliced, these
samples were also assayed in an RNase protection experiment in-
volving a probe derived from the spliced cDNA. The ratio of spliced
to unspliced transcripts detected in both assays was similar (data
not shown), confirming that those transcripts cleaved at the 5' splice
junction go on to be fully spliced. The results for w11 mutants were
similar to those for wl (data not shown).
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associated with a defect in the splicing of the rps16, rp!16,
petD, and petB introns and the first intron in IRF170. These
splicing defects are slightly less severe in crs* than in crs2
mutants.

Because the spliced forms of the ribosomal protein mRNAs
rp!16 and rps16 accumulate to significantly higher levels in
crs* than in crs2 mutants, these mRNAs will less severely
limit the production of chloroplast ribosomes in crs* mu-
tants. In fact, crs* mutants contain significantly more plastid
rRNA than do crs2 or ij mutants (Figure 8A), suggesting that
crs* mutants do contain more plastid ribosomes. Further-
more, the chloroplast-encoded protein cytochrome f accu-
mulates to higher levels in crs* than in crs2 mutants (Figure
8B). These results strongly suggest that the chloroplast
translation machinery is significantly more active in crs*
plastids than in ij and crs2 plastids. Therefore, the splicing
defects in crs* mutants are a consequence of the inactivity
of a nuclear-encoded splicing factor and are not a conse-
quence of the absence of chloroplast translation.

Figures 9A to 9C show that those splicing events previ-
ously hypothesized to be dependent on plastid translation
(atpF, rp/2, and the second intron of rps72) occur efficiently
in crs* mutants. Thus, the previously established correlation
between plastid translation and the splicing of these introns
is extended: crs* mutants perform significantly more plastid
translation than do ij and crs2 mutants; they also splice these
introns to a much greater extent.

The results presented above suggest that chloroplast
translation is required for the efficient splicing of three chloro-
plast introns in maize: atpF, rp!2, and the second intron of rps72.
Our findings now indicate that a nuclear-encoded factor
whose activity requires crs2 function (and crs* function if this
should prove to be distinct) facilitates the splicing of an en-
tirely different set of mRNAs: petB, petD, rp/76, rps76, IRF170
(intron 1), ndhB, and ndhA. The poor splicing in crs2 mutants
of rps72 (intron 2), atpF, and rp/2 mRNAs is likely to be a
consequence of the plastid ribosome deficiency that in turn
results from the failure to splice the rps76 and rp/76 mRNAs.
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Figure 7. Chloroplast RNA Splicing Defects in crs* Mutants.

U, I, and S designate probe fragments protected by unspliced, intron, and spliced RNA, respectively. Lanes labeled MW contain DNA size stan-
dards of the indicated number of nucleotides. WT(crs2) samples were obtained from wild-type siblings of crs2 mutants. Probes are the same as
those used in Figure 5.
(A) rps76 intron. Total leaf RNA (3 ^g) was analyzed. The band marked with a question mark is of unknown origin and appears consistently in
samples from green plants but not in samples from ivory plants.
(B) rp/76 intron. Total leaf RNA (1.5 (ig) was analyzed.
(C) pefD intron. Total leaf RNA (2.5 ng) was analyzed.
(D) petB intron. Total leaf RNA (1.5 jig) was analyzed.
(E) IRF170 intron 1. Total leaf RNA (3 (xg) was analyzed.
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Figure 8. crs' Mutants Are Active in Chloroplast Translation.

(A) RNA gel blot illustrating the abundance of plastid 23S rRNA. To-
tal leaf RNA (6 (j.g) was analyzed. Shown at top are the results of hy-
bridization with a probe encoding the 5' half of maize chloroplast
23S rRNA (Barkan, 1993). The probe was radiolabeled by the ran-
dom hexamer priming method. Two major bands were detected.
These correspond to the intact 23S rRNA (23S) and the breakdown
product containing the 5' half of the molecule (23S5') (Barkan,
1993). Shown at bottom are the results of staining the RNA bound to
the same filter with methylene blue. The prominent bands, corre-
sponding to the 25S and 18S cytosolic rRNAs, are of equal intensity
in the different samples, illustrating that equal amounts of leaf RNA
were applied to each lane. WT, wild type.
(B) Immunoblot illustrating the accumulation of cytochrome f (cytf).
Total leaf protein (5 jj.g from ij, crs2, and crs* samples and 0.05 or
0.1 (i.g of the wild-type sample) was analyzed. Shown at top are the
results of probing the membrane with a monospecific antiserum
raised against maize cytochrome f (the product of the chloroplast
petA gene). The polypeptide that was detected by the cytochrome f
antiserum in the ivory mutants corresponds in size to the cyto-
chrome f precursor (Voelker and Barkan, 1995) rather than to the
mature protein, indicating that cytochrome f is inefficiently pro-
cessed in ivory mutants in general. Shown at bottom are the results
of staining the filter with Ponceau S before the antibody incubation.
This illustrates the relative amounts of protein applied to each lane.

Normal Splicing of Two Chloroplast Introns in
crs2 Mutants

Just one pre-mRNA intron in the maize chloroplast genome
is spliced normally in all mutants examined. Figure 10A
shows that the splicing of the second intron in the IRF170
gene is not affected in crs2 mutants, in crs* mutants, or in
any of the ivory mutants used as controls. The single group I
intron in the maize chloroplast genome, which maps in the
trnL gene, also appears to be spliced normally in crs2 and in
the control ivory mutants (Figure 10B). Therefore, crs2 ap-
pears not to function in the splicing of the single group I in-
tron in the maize chloroplast genome.

Splicing Defects in crs2 Mutants Are Not a Consequence
of Photooxidative Damage

Photooxidative damage resulting from defects in carotenoid
biosynthesis can lead to an albino phenotype and to the

degradation of chloroplast proteins and RNAs (reviewed in
Taylor, 1989). To address the possibility that the splicing de-
fects in crs2 mutants result from photooxidative damage to
splicing factors and/or to spliced RNAs, we examined the
splicing of three crs2-dependent introns (petB, petD, and
the first intron of IRF170) in crs2 leaves that had developed
in the absence of light. Figures 11A to 11C show that the
splicing defects were equally severe in dark-grown and light-
grown crs2 leaves. These results demonstrate that photoox-
idative damage is not the cause of the splicing defects in
crs2 mutants.

DISCUSSION

We have presented evidence for two nuclear genes, crsl
and crs2, that function in the splicing of group II introns in
the maize chloroplast. A mutation in the crs 7 gene causes a
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Figure 9. RNase Protection Assays Demonstrating That Introns
That Remain Unspliced in Plastid Ribosome-Deficient Mutants Are
Spliced Efficiently in crs* Mutants.

U, I, and S designate probe fragments protected by unspliced, in-
tron, and spliced RNA, respectively. Lanes labeled MW contain DNA
size standards of the indicated number of nucleotides. WT samples
were wild-type siblings of crs2 mutants.
(A) afpF intron. Total leaf RNA (3 (xg of the ij and crs* samples and 2
(jig of the wild-type sample) was analyzed. The probe is diagrammed
in Figure 4.
(B) rp/2 intron. Total leaf RNA (0.6 fig of the ij and crs* samples and
1.5 n.g of the wild-type sample) was analyzed. The probe is dia-
grammed in Figure 6B.
(C) rps72 intron 2. Total leaf RNA (0.6 (j.g of the ij and crs* samples
and 1.5 jxg of the wild-type sample) was analyzed. The probe is dia-
grammed in Figure 6A.
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I RFI 70 Intron 2

probe |97C

B trnL

probe L

Figure 10. Two Introns Are Spliced Normally in All of the Mutants
Examined.

Splicing was assayed by RNase protection. Symbols are as de-
scribed in Figure 4.
(A) IRF170 intron 2. The 5' end of the probe extends ~100 nucle-
otides past the 3' end of the IRF170 transcript. Total leaf RNA (3 (j.g)
was analyzed. This intron is spliced normally in cm mutants (data not
shown).
(B) trnL intron. Total leaf RNA (4 |xg of //', w1, and crs2 samples and 2
jxg of wild-type and crsl samples) was analyzed.

specific defect in the splicing of the atpF intron, whereas a
mutation in the crs2 gene disrupts the splicing of many
group II introns in the chloroplast. A third nuclear mutation,
designated temporarily as crs*, may be allelic with crs2 or it
may define an additional nuclear gene that functions in the
same splicing events as does crs2. The mutant phenotypes
are consistent with the notion that the crs 7 and crs2 gene
products function (either directly or indirectly) only in the
splicing of those introns that remain unspliced in mutant
plants. However, if these alleles are leaky or if other genes
exist with functions that are in part redundant with the crs
genes studied here, it is also possible that crs7 and crs2
play a more general role in splicing than is reflected by these
mutant phenotypes.

Two Classes of Group II Introns in the Maize Chloroplast
Genome Are Defined by Distinct Requirements for
Splicing Factors

Nuclear mutations that cause the loss of plastid ribosomes
in barley are associated with defects in the splicing of sev-
eral chloroplast introns (Hess et al., 1994; Hubschmann et
al., 1996). The ivory phenotype of crs2 mutants (Figure 1),
their very low level of chloroplast rRNAs (Figure 8), and their
failure to splice mRNAs encoding ribosomal proteins (Figure
5) suggest that crs2 mutants have few chloroplast ribo-
somes. To distinguish between splicing defects caused by
the crs2 mutation and those arising as a consequence of ri-
bosome loss, we assayed splicing in a variety of other maize
mutants with ivory leaves and ribosome-deficient plastids.
Defects in the splicing of many introns (pefB, petD, rps16,
rp/76, ndhA, ndhB, and the first intron of IRF170) were ob-
served in crs2 but not in any of the control ivory mutants
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Figure 11. RNase Protection Assays Demonstrating That the Splic-
ing Defects in crs2 Mutants Are Not a Consequence of Photooxida-
tive Damage.

The progeny resulting from self-pollination of a crs2/+ plant were
germinated and grown in the complete absence of light. After the
expansion of two leaves, individual plants were numbered and leaf
tips were harvested with the aid of a green safelight. Harvested tis-
sue was immediately frozen in liquid nitrogen. Plants were then
transferred to the light for 24 hr, during which time the wild-type
leaves accumulated chlorophyll. RNA was extracted from the tip of a
wild-type and crs2 leaf after 24 hr in the light (WT It and crs2 It, re-
spectively) and from leaf material harvested from the same seedlings
before their exposure to light (WT dk and crs2 dk, respectively). The
probes and amounts of RNA analyzed were as described in Figure 5.
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(summarized in Table 1). Therefore, these splicing events are 
not dependent on chloroplast translation or on chloroplast 
development, but they do require crs2 function. 

Splicing of an entirely different set of chloroplast introns 
appears to be dependent on chloroplast ribosomes. Defects 
in the splicing of rpl2 and rps72 (intron 2) mRNAs in albostri- 
ans and in severa1 other ivory mutants of barley led to the 
notion that a plastid gene product is essential for these 
splicing events (Hess et al., 1994; Hübschmann et al., 1996). 
This plastid gene product has been proposed to be the 
product of the chloroplast matK gene, an open reading 
frame interna1 to a group II intron in the trnK gene in higher 
plant chloroplasts (Neuhaus and Link, 1987). The predicted 
matK gene product is similar to funga1 maturases that play 
genetically defined roles in facilitating the splicing of mito- 
chondrial group I1 introns (reviewed in Costanzo and Fox, 
1990). The matK gene product is synthesized in vivo (Jardin 

et al., 1994) and can bind trnK transcripts in vitro (Liere and 
Link, 1995). However, its role in splicing in vivo has not been 
established. It remains possible that chloroplast ribosomes 
facilitate one or both of these splicing events not by synthe- 
sizing a chloroplast-encoded splicing factor but rather by 
binding to pre-mRNAs and influencing intron structure. 

Our results define two classes of chloroplast introns in 
maize: those whose splicing is dependent on the nuclear 
gene crs2 (and crs*, if it should prove distinct) and those 
whose splicing is dependent on plastid translation. It seems 
reasonable to speculate that the introns within one category 
share physical features that distinguish them from introns in 
the other category. Michel et al. (1989) subdivided group II 
introns into two categories based on conserved sequences 
and predicted secondary structures. All of the introns that 
exhibit a strict dependence on crs2/crs* function fall into 
group IlB, whereas those whose splicing correlates with 

Table 1. lntrons in the Maize Chloroplast Genome and Their Splicing in crs7 and crs2 Mutants 

lntron 
TY Pea Gene 

Group II 
Subgroup IIA 

atpF 
rp12 
rps72 intron 2 
trnl 
trnA 
trn V 
trnKe 

Gene 
Product 

Splicing 
in crs7 

Splicing 
in crs2 

Splicing in lvory 
Mutants ij and cmb 

ATPase subunit 
Ribosomal protein 
Ribosomal protein 
tRNA 
tRNA 
tRNA 
tRNA 

NO 
+= 
+ 
- 0  

Reduced 
Reduced 
Reduced 
- 

- 
Reduced 

Group II 
Subgroup IlBl 

petB Cytochrome b6 + No 
petD Cytochrome b6f subunit + No 
rps 16 Ribosomal protein + No 
1Rf 7 70 intron 2 Unknown + + 

No 
No 
No 

- 
Reduced 

Reduced 
+ 
Reduced 
+ 

Group II 
Subgroup I182 

rps 12 in tron 1 (trans) Ribosomal protein t 

rp716 Ribosomal protein + 
ndhB NADH dehydrogenase + 
ndhA NADH dehydrogenase + 
1RF7 70 intron 1 Unknown + 
trnG tRNA - 

Group I trnL tRNA + 

Reduced more Reduced 

No + 
No + 
No Reduced 
No + 

than ij 

+ + 
=lntrons are classified according to Michel et al. (1989). 
bThe ivory ij and cm mutants analyzed were fully albino progeny of female homozygous mutant plants. These two mutants gave identical results. 
Two other ivory mutants (w7 1 and w7) were analyzed as well. All chloroplast introns examined were spliced to some extent in w7 and w7 7 mu- 
tants, although in some cases the degree of splicing was reduced. 
"(+) indicates that the degree of splicing is similar to that in wild-type chloroplasts. 

=The intron contains an open reading frame with maturase homology. Splicing of this intron was difficult to assay in ivory plants dueto its low 
abundance. However, the ratio of spliced to unspliced trnK RNA was reduced dramatically in crs2 and ij (data not shown). 

Hyphens indicate not examined. 
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chloroplast translation fall into group IIA (Table 1). Thus, 
there may be structural elements common to group IIA in- 
trons that are recognized by a chloroplast-encoded factor 
and different structural elements in group IIB introns that are 
recognized by a nuclear-encoded factor whose activity re- 
quires crs2/crs* function. The fact that no introns have been 
identified whose splicing requires both crs2/crs* function 
and chloroplast ribosomes is consistent with the notion that 
the nuclear- and chloroplast-encoded splicing factors have 
evolved different intron specificities but serve the same 
mechanistic role in splicing. Alternatively, the different struc- 
tural features of the two intron subgroups may necessitate 
accessory splicing factors with distinct biochemical functions. 

Few, if Any, of the Group II lntrons in the Maize 
Chloroplast Genome Undergo Self-Splicing in Vivo 

Although it is clear that some group II introns are spliced ef- 
ficiently under physiological conditions only if aided by 
trans-acting factors, it remains plausible that others actually 
self-splice in vivo. Our results indicate that the splicing of 
nearly every pre-mRNA intron in the maize chloroplast 
genome requires either chloroplast ribosomes or crs2 func- 
tion (summarized in Table 1). Just one pre-mRNA intron, the 
second intron in the lRFl70 gene, is spliced normally in all 
mutants examined. The splicing of this intron may require 
nuclear gene products not yet identified in our genetic 
screens. Alternatively, this intron may self-splice in vivo. 
Severa1 tRNA genes in the maize chloroplast genome also 
contain group II introns, but their splicing has not been suffi- 
ciently studied to draw conclusions regarding their require- 
ments for trans-acting factors. 

Multiple Factors May Be lnvolved in atpF Splicing 

Splicing of the atpf intron in higher plant chloroplasts has 
been particularly well studied. This intron is excised in trans- 
genic tobacco chloroplasts when placed within a reporter 
gene (Bock and Maliga, 1995) and is excised as a lariat in 
vivo (Kim and Hollingsworth, 1993). That trans-acting factors 
are involved in its splicing in vivo was deduced from the ob- 
servations that it could not be made to self-splice in vitro (Plant 
and Gray, 1988) and that it was not removed when expressed 
in transgenic Chlamydomonas chloroplasts (Deshpande et al., 
1995). The results presented here suggest that multiple 
trans-acting factors may be involved in the splicing of this 
intron in vivo. At a minimum, atpf splicing requires the func- 
tion of the nuclear gene crsl. The failure of this intron to be 
spliced in the two nonallelic ivory mutants cm and ij sug- 
gests that a chloroplast gene product may be required in 
addition. This raises the possibility that a multisubunit parti- 
cle may be involved in the splicing of the atpF intron. It is 
also plausible, however, that the crs7 gene product is the 
sole factor required for atpF splicing. According to this sce- 

nario, the crs l  gene may be one of a suite of nuclear genes 
whose expression is increased by a signal emanating from 
developing chloroplasts (reviewed in Taylor, 1989). The ab- 
sence of this signal in ivory ij and cm plants might then, as a 
secondary effect, cause a loss of atpF splicing due to the 
absence of crsl gene expression. This possibility can easily 
be tested once the crs l  gene is cloned. 

Mechanism of crsl and crs2 Action 

The crsl and crs2 genes are as yet the only genes in higher 
plants whose mutant phenotypes are consistent with their 
playing a direct role in RNA splicing. The crs l  and crs2 gene 
products may facilitate splicing either directly by interacting 
with their target introns themselves or indirectly by control- 
ling the function of other nuclear-encoded factors that are in 
turn directly involved in intron excision. Mechanistic studies 
of factors that facilitate the splicing of group I introns have 
revealed roles in promoting the formation and stabilization 
of the catalytic intron core (Wollenzien et al., 1983; Guo and 
Lambowitz, 1992; Mohr et al., 1992; Coetzee et al., 1994; 
Lewin et al., 1995; Shaw and Lewin, 1995; Weeks and Cech, 
1995a, 1995b, 1996). Cloning and analysis of the crs l  and 
crs2 genes, now in progress, are essential for establishing 
their mechanistic roles as well as their participation in the 
developmental regulation of plastid RNA splicing. 

METHODS 

Plant Material 

crs l ,  crs2, and crs* arose independently in maize lines with active 
Mutator (Mu) transposons. All three mutations are recessive, are in- 
herited through the pollen, and result in seedling lethality at ~3 
weeks after germination. Tests for allelism between crsl and crs2 are 
in progress. However, their very distinct phenotypes suggest that 
they are not allelic. Tests for allelism between crs2 and crs' are also 
in progress. Four different ivory mutants were used in control exper- 
iments: homozygous recessive wl  and w l l  mutants, and fully ivory 
progeny resulting from crosses between maternal J/ij or c d c m  
plants with +/+ pollen. 

Leaf material for RNA and protein extraction was obtained from seed- 
lings grown for 10 to 14 days in a growth chamber (14-hr days at 28°C 
and 10-hr nights at 25°C). The mutant and wild-type samples used in 
each experiment were siblings obtained from the same planting. 

Additional mutants lacking the ATP synthase were used as con- 
trols in some experiments. hcfl08 and cfr are nuclear mutants that 
were isolated and described by Echt et al. (1987) and Miles (1994), 
respectively. These are not allelic to one another or to crsl (data not 
shown). Seed for hcflO8 were provided by D. Miles (University of 
Missouri, Columbia), and seed for cfr were provided by C. Echt 
(USDA Forest Service, Rhinelander, MN). ATPI', ATP2", and ATPY 
arose independently in our Mu lines. Although these are not allelic to 
crsl, their allelic relationships to one another and to hcfl08 and cfr 
have not been determined. 
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Preparation and Analysis of Protein and RNA 

Leaf proteins were extracted and analyzed on immunoblots by using 
methods and antibodies described previously (Voelker and Barkan, 
1995). The CF, antiserum was generously provided by S. Merchant 
(University of California, Los Angeles). Total leaf RNA was prepared 
with TRlzol Reagent (Bethesda Research Laboratories), as described 
by the manufacturer. RNA gel blot hybridizations and RNase protec- 
tion experiments were performed as described previously (Barkan et 
al., 1994). Probes for RNase protection experiments included small 
segments at each end derived from polylinker sequences. Therefore, 
full-length protection of the chloroplast sequences resulted in frag- 
ments somewhat smaller than the full-length probe. 

Hybridization Probes 

Most probes were derived from cloned fragments of maize chloro- 
plast DNA. The complete sequence of the maize chloroplast genome 
(Maier et al., 1995) was used to design cloning strategies for many of 
these plasmids. DNAs were cloned into pBluescript SK+ (Strat- 
agene). The probes used for the RNase protection assays were tran- 
scribed from clones of the following DNA fragments: atpF, 673-bp 
Sstl-EcoRI fragment of maize chloroplast DNA spanning the 3' splice 
junction; rps76, 253-bp Xhol-EcoRI fragment of maize chloroplast 
DNA spanning the 3' splice junction; rp176, 498-bp Bglll-BamHI frag- 
ment of maize chloroplast DNA spanning the 3' splice junction; petD, 
240-bp Xho-Xbal fragment of maize chloroplast DNA spanning the 3' 
splice junction; pet5, 482-bp Haelll fragment of maize chloroplast 
DNA spanning the 3' splice junction; ndhA, 584-bp Dral-EcoRI frag- 
ment of maize chloroplast DNA spanning the 5'  splice junction; 
ndh5, 588-bp Xmnl-Avrll fragment of maize chloroplast DNA span- 
ning the 3' splice junction; lRF770 (intron l ) ,  402-bp EcoRl fragment 
of maize chloroplast DNA spanning the 5' splice junction; rp12, 518- 
bp Accl-Xbal fragment of maize chloroplast DNA spanning the 5 '  
splice junction; and lRF7 70 (intron 2), 428-bp EcoRI-Sspl fragment of 
maize chloroplast DNA spanning the 3' splice junction. 

Probes corresponding to spliced rps72 mRNA were generated by 
reverse transcription polymerase chain reaction (PCR) amplification 
of leaf RNA. The following primer pairs were chosen based on the 
primers used to amplify the analogous cDNA fragments from barley 
(Hess et al., 1994; Hübschmann et al., 1996): rps72 intron 1 (frans- 
spliced) 5' primer, ATGCCAACGGTTAAACAACTTAT, and 3' primer, 
GCCCTTGTTGACGATTCTTTACT; rps72 intron 2 5' primer, CTCT- 
GCCTTACGTAAAGTTGC, and 3' primer, TTTGGCTTTTTGGC- 
CCCATAT. The 3' primers were used to prime reverse transcription 
on a template of chloroplast RNA obtained from seedling leaves of 
the inbred maize line 873. Each reaction (50 p,L) contained 2.5 bg of 
chloroplast RNA, 50 pmol of primer, 5 pL of 10 x RT buffer (500 mM 
KCI, 200 mM Tris-HCI, pH 8.3, 25 mM MgCI,, 0.01 % gelatin), 5 FL of 
10 mM deoxynucleotide triphosphates (dNTPs), 0.5 pL of 1 M DTT, 
80 units of RNasin (Boehringer Mannheim), and 50 units of avian my- 
eloblastosis virus reverse transcriptase (Boehringer Mannheim). Re- 
actions were incubated at 65°C for 10 min before the addition of 
enzyme and dNTPs, cooled to 4°C; enzyme and dNTPs were added, 
and reactions were incubated for 1 hr at 42°C. After cDNA synthesis, 
10 p,L of each reaction was used directly in a 50-p,L PCR amplifica- 
tion containing 20 pmole of each primer and 4 p,L of 1 O x PCR buffer 
(500 mM KCI, 75 mM Tris-HCI, pH 8.3, 12.5 mM MgC12, 0.01 % gela- 
tin). The reactions were incubated at 94°C for 5 min, after which 2.5 
units of Taq DNA polymerase (Promega) was added. Amplification 

was allowed to proceed for 30 cycles of 94°C for 30 sec, 57°C for 30 
sec, and 72°C for 30 sec. 

The probe spanning the 3' splice junction of trnL was generated by 
PCR amplification of a 158-bp fragment from the cloned Baml4 
fragment of maize chloroplast DNA (Larrinua et al., 1983; Maier et al., 
1995). The following primer pair was used: 5' primer, CCTTCAAT- 
TCATTGTTTTCGAGA; and 3' primer, GGACTTGAACCCTCAC- 
GACT. Plasmid DNA (1 ng) was added to a 50-p,L reaction containing 
20 pmol of each primer, 5 p,L of 10 x PCR buffer (100 mM Tris-HCI, 
15 mM MgCI?, 500 mM KCI, pH 8.3), and 1 p,L of 10 mM dNTPs. The 
reaction was incubated at 94°C for 5 min after which 2.5 units of Taq 
DNA polymerase was added. Amplification was allowed to proceed 
for 30 cycles (94°C for 30 sec, 57°C for 30 sec, 72°C for 30 sec). 

All PCR products were purified by agarose gel electrophoresis and 
Qiaex extraction (Qiagen, Inc., Chatsworth, CA), following the manu- 
facturer's instructions. PCR products were resuspended in 10 p,L of 
1 x T4 polymerase buffer (New England Biolabs, Beverly, MA) and 
given blunt termini by incubation with 100 p,M dNTPs and 3 units of 
T4 polymerase at 12°C for 20 min. The polymerase was then inacti- 
vated by incubation at 75°C for 10 min, and the fragments were Ii- 
gated into Bluescript SK+ plasmids. 
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