












and, instead, the mutants accumulated a larger transcript
of �1.5 kb (Figure 4). This larger RNA species corres-
ponds in size to an unspliced precursor that contains
intron 2. To test the idea that lack of intron 1 prevents
splicing of intron 2, hybridizations with intron-specific
probes were conducted. The results confirmed that the �
intron 1 mutants accumulate the intron 2-containing pre-
cursor but not the excised intron 2 and, thus, are defective
in intron 2 splicing (Figure 4). The splicing defect was not
dependent on the light intensity (Figure 4A and B). This,
however, does not contradict the light-dependent pheno-
type of the mutant plants, because a more severe growth
phenotype under low-light conditions is a general property
of PSI-deficient mutants (Dominika Bednarczyk,R.B. and

M.A.S., manuscript in preparation). Consequently, the
phenotypic difference in dependence on the light intensity
(Figure 4) is not related to any difference in splicing effi-
ciency, but is solely due to similar reductions in photosys-
tem I levels causing stronger phenotypes in low light than
in high light
As complete lack of intron 2 excision should be equiva-

lent to a ycf3 knock-out, which would be incapable of
photoautotrophic growth (30), we suspected that low
levels of spliced ycf3 mRNA accumulate in � intron 1
mutants. To confirm this assumption, we used a sensitive
semiquantitative RT-PCR assay, in which amplification of
the small spliced cDNA product is strongly favored over
the amplification of large unspliced molecules. The results

Figure 4. Analysis of RNA accumulation and processing patterns of ycf3 in intron deletion mutants and control plants. Northern blots (from
denaturing 1% agarose gels) were hybridized to the specific exon or intron probes indicated at the left or right of each autoradiograph. Two
independently generated transplastomic lines are shown for each construct. (A) Analysis of plants grown under low-light conditions (30 mE m�2 s�1).
The various RNA species accumulating are indicated by the symbols in the middle. Gray boxes denote ycf3 exons, open boxes introns, the black box
represents the aadA (present in dicistronic transcripts originating from read-through transcription; 30) and the curved box indicates the lariat
intermediate in group II intron splicing; 1). Note that the circularized intermediate resulting from the first transesterification reaction is detectable
for intron 1 but not for intron 2, suggesting that in intron 2 splicing, the second transesterification reaction follows more rapidly than in intron 1
splicing. (B) Analysis of intron 2 splicing in plants grown under high-light conditions (1000 mE m�2 s�1).
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demonstrated that indeed some spliced ycf3 mRNA accu-
mulates in the � intron 1 mutants (Figure 5A). Control
amplifications with rpl2, another plastid gene containing a
group II intron, showed that the splicing defect was
specific for ycf3 intron 2 (Figure 5A), a conclusion that
was further corroborated by the analysis of three addition-
al intron-containing genes by northern blotting: atpF,
ndhA and rps12 (Figure 5B).

Ycf3 protein deficiency and stress sensitivity of plants
lacking ycf3 intron 1

We next wanted to confirm the significance of inhibited
intron 2 splicing in � intron 1 mutants at the protein level.
To this end, we used a monoclonal anti-FLAG antibody
and determined the amount of Ycf3 protein accumulating
in the mutants. The data revealed that � intron 1 mutants
accumulate only approximately half the amount of Ycf3
as all other transplastomic lines (Figure 5C). The effect on
Ycf3 protein accumulation was much less severe than
what could be expected from the strong reduction in

mature ycf3 mRNA (Figures 4 and 5A), confirming previ-
ous reports that, in plastids, translational regulation can
largely override changes in mRNA levels (43). Recent
work has revealed that the Ycf3 protein acts in a protein
complex that plays a crucial role in PSI assembly.
Knockdown of the expression of an essential component
of this assembly complex to 20–30% of wild-type levels
resulted in a similarly strong decline in PSI accumula-
tion (31), suggesting that the observed Ycf3 deficiency
(Figure 5C) is sufficiently severe to explain the phenotype
of the � intron 1 mutants.

To ultimately confirm the specific PSI deficiency in �
intron 1 plants, we performed PSI photoinhibition experi-
ments in the cold. Chilling stress is known to cause photo-
inhibitory damage to PSI (44–46), presumably caused
by inhibited superoxide dismutase (SOD) function.
Insufficient SOD activity leads to overaccumulation of
the reactive oxygen species that are generated as by-
products of PSI activity, which in turn causes irreversible
photooxidative damage in PSI. Therefore, reduced

Figure 5. Analysis of splicing of intron-containing plastid transcripts and Ycf3 protein accumulation in ycf3 intron deletion mutants. (A)
Semiquantitative RT-PCR assays to detect low-level ycf3 intron 2 splicing in � intron 1 mutants. Two independently generated transplastomic
lines are shown for each construct. cDNA from the intron-containing rpl2 gene was amplified as a control. The specific primers used for RT-PCR are
indicated at the left (Ex: exon), sizes of amplification product are given at the right. (B) Analysis of group II intron splicing in the atpF, ndhA and
rps12 transcripts by northern blotting. Major spliced RNA species are labeled (with the cistrons they contain) at the right. Note that the mature rps12
mRNA is assembled from three exons (two of which are joined by trans-splicing). (C) Reduced accumulation of the Ycf3 protein in � intron 1
mutants. The FLAG-tagged Ycf3 proteins in the transplastomic lines are detected with a monoclonal anti-FLAG antibody. For quantitative
comparison, a dilution series of the protein from an aadA control plant is shown (loaded amounts of thylakoid proteins given in mg chlorophyll
per lane). The upper cross-reacting band is likely to represent a light-harvesting complex protein and can serve as an additional loading control.
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amounts of PSI should lead to increased sensitivity to
chilling stress. Indeed, when grown under chilling stress
at 10�C, � intron 1 plants bleached out and the develop-
ing leaves nearly fully lost their pigmentation (Figure 6),
whereas the old leaves (that had already a fully assembled
photosynthetic apparatus prior to cold exposure) were
much less affected.

A model for dependence of intron 2 excision on intron 1

How can lack of a group II intron inhibit the splicing of
another, distantly located, intron? The two ycf3 introns
are separated by an exon of 230 nt. cis-splicing of group
II introns is dependent on the typical six-domain second-
ary structure of the intron and a few adjacent exonic nu-
cleotides, but does not require distant sequence elements
(1,2). We, therefore, considered the conceivable possibility
that the lack of intron 1 interferes with the proper folding
of intron 2, for example, by inducing the formation of an
aberrant secondary structure. If this were the case, the
disruptive activity should come from the sequence at the
junction between exon 1 and exon 2, because this is the
only sequence motif not present in the intron 1-containing
(wild-type) ycf3 allele. When we searched for comple-
mentarities between the junction sequence and sequences
in intron 2, we discovered a 6-nt perfect match with a
sequence motif in intron domain I (Figure 7). Such rela-
tively short complementarities are known to be sufficient
for long-range base pairing between sequences located
on the same RNA molecule (47). Base pairing between
the exon junction sequence and the bulge in domain I of
intron 2 would disrupt the essential z–z0 tertiary inter-
action, a long-range non-Watson–Crick interaction
between the GAAA tetraloop in domain V (z0) and the z
bulge in domain I (Figure 7; 48,49). We, therefore,
propose that intron 1 is required to prevent masking of
the z motif in intron 2.

DISCUSSION

In this work, we have tested the idea that group II introns
can be required for fitness and are maintained by selective
pressure. We have shown that, while deletion of one intron
(intron 2) from the plastid gene ycf3 has no apparent effect
on plant growth and photosynthetic performance, elimin-
ation of another intron (intron 1) had severe consequences
for fitness, which were especially pronounced under low

light (Figure 2) and under cold stress conditions
(Figure 6). As the stability of RNA secondary structures
can change with temperature and, moreover, the efficiency
of group II intron splicing can be dependent on the growth
temperature (50,51), it seems conceivable that the aberrant
secondary structure of intron 2 in the � intron 1 plants
(Figure 7) is even more stable under chilling stress condi-
tions, thus additionally contributing to the severity of the
phenotype in the cold. However, although our model
provides a plausible mechanistic explanation for the de-
pendence of efficient intron 2 removal on the presence of
intron 1, we currently cannot definitively rule out the al-
ternative explanations that (i) a sequence in intron 1 exerts
a positive effect on intron 2 splicing or (ii) the negative
effect on intron 2 splicing in the absence of intron 1 comes
from a different interaction (with other RNA sequences or
with proteins, such as the LAGLIDADG-type PPR
protein OTP51 shown to be involved in ycf3 splicing; 21).
Interestingly, deletion of both introns abrogated the

negative effect of the absence of intron 1, suggesting that
the combined loss of both introns could be phenotypically
neutral. The loss of the mutant phenotype upon additional
elimination of intron 2 supports our model of intron 1
function in intron 2 splicing (Figure 7). It also suggests
that the correct folding of group II introns may be more
sensitive to changes in remote RNA sequences than pre-
viously recognized. This could pose serious restrictions on
the spreading of group II introns in organellar and bac-
terial genomes and may in part explain, why spliceosomal
introns, which are considerably less dependent upon RNA
folding, have been much more successful in evolution than
group II (and group I) introns.
The presence of more than one group II intron in tran-

scripts from a single gene or an operon is quite common in
both plastid and mitochondrial genomes. It will be inter-
esting to determine how widespread interdependent intron
splicing, sequential splicing and, perhaps, other moon-
lighting functions of group II introns are. Unfortunately,
in the absence of methods for the generation of plants with
transformed mitochondrial genomes, stable transform-
ation of the plastid genome is currently the only possible
approach to study intron functions in vivo. This involves
laborious and time-consuming procedures and thus poses
severe restrictions on the systematic probing of group
intron function. Preliminary bioinformatics analyses of
other pairs of chloroplast introns suggest at least one

Figure 6. Chilling sensitivity of � intron 1 mutants due to increased susceptibility to PSI photoinhibition. Note loss of chlorophyll in developing
leaves of the mutant.
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additional case that could be analogous to the sequential
splicing of the two ycf3 introns (Figure 7). The splicing of
intron 2 in the clpP gene (encoding the proteolytic subunit
of the Clp protease) could be inhibited by prior removal of
intron 1 by a very similar aberrant secondary structural
interaction with the sequence arising from ligation of
exons 1 and 2 (Figure 7). Circumstantial evidence for
splicing events occurring in a specific order has also been
obtained for the nad5 mRNA in plant mitochondria (52).
If trans-splicing of exons c and d does not precede the
trans-splicing of exons b and c, extensive mis-splicing
takes place that results in the production of aberrant
RNAs.
Taken together, our data provide an intriguing example

of a group II intron that has a function besides its own
removal by facilitating the splicing of another intron. This
demonstrates that group II introns can have a selective
value in that their loss can cause a decline in fitness. The
acquisition of functions that go beyond their own excision
may have contributed to the evolutionary maintenance of
group II introns, because once an intron has adopted such
an additional function, it cannot be lost again without
entailing an immediate selective disadvantage. Such select-
ive pressures may have been important, and currently
underappreciated, forces not only in the preservation of
group II introns, but also in the evolution of spliceosomal
introns from group II intron progenitors (28).
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37. Schöttler,M.A., Kirchhoff,H. and Weis,E. (2004) The role of
plastocyanin in the adjustment of the photosynthetic electron
transport to the carbon metabolism in tobacco. Plant Physiol.,
136, 4265–4274.

38. Kirchhoff,H., Mukherjee,U. and Galla,H.J. (2002) Molecular
architecture of the thylakoid membrane: lipid diffusion space for
plastoquinone. Biochemistry, 41, 4872–4882.
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