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In our analysis of 5" and 3’ end formation in plant mitochondria, we compared the major transcript ends of all mitochondrial
protein-coding genes between the three Arabidopsis (Arabidopsis thaliana) accessions Columbia (Col), C24, and Landsberg erecta
(Ler). Differences between transcript patterns were found for seven genes. For afp6-2, no transcripts at all were detected in Ler.
This and further analyses suggest that the atp6-2 gene arrangement is absent from the mitochondrial DNA of this accession. All
other transcript polymorphisms are attributed to variations at the 5’ termini and were consistently observed in all tissues
investigated. mRNA phenotyping of reciprocal Col/Ler, Col/C24, and Ler/C24 F, hybrids revealed the differing transcript
patterns of ccmC to be inherited maternally, suggesting these to arise from differences in the mitochondrial DNA. Biparental
inheritance was observed for the polymorphic transcripts of nad4, nad9, ccmB, and rpl5, indicating these differences to be
caused by nuclear-encoded trans-factors. Deviant transcript patterns were tested in further accessions and were found in at
least three additional accessions. Detailed examination of the nad4 and the nad9 transcripts demonstrates that the respective
polymorphisms affect the major mRNAs of these genes. This study shows that natural genetic variation in Arabidopsis can
also affect mitochondrial mRNA end processing. These variations can now be used to identify the nuclear genes responsible, as

well as the mitochondrial cis-elements required, for 5’ end generation of mitochondrial transcripts.

Mitochondrial genomes in higher plants are extraor-
dinarily large (up to 2.4 Mb), but usually encode less
than 60 genes and therefore have large noncoding
regions (Unseld et al., 1997; Kubo et al., 2000; Notsu
et al.,, 2002; Handa, 2003; Clifton et al., 2004; Satoh
et al., 2004; Ogihara et al., 2005; Sugiyama et al., 2005).
This is accompanied by high genome complexity
provoked by frequent DNA recombinations and rear-
rangements (Mackenzie, 2007; Kubo and Newton,
2008). Furthermore, complex transcript patterns are
typical for plant mitochondria. These are partially due
to the presence of multiple promoters per transcription
unit, but also arise from a variety of posttranscrip-
tional RNA-processing events. These processes in-
clude, most notably, cis- and trans-splicing, RNA
editing, and formation of secondary 5’ and 3’ termini
(Gagliardi and Binder, 2007). Detailed investigations
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of these posttranscriptional processes are still at the
beginning and up to now have been predominantly
descriptive. Although functional studies using in vitro
or in organello systems have allowed some insight into
the mechanisms of RNA editing, splicing, or 3’ end
formation (Farré and Araya, 2001, 2002; Staudinger
and Kempken, 2003; Takenaka and Brennicke, 2003;
Perrin et al., 2004a, 2004b), still very little is known
about the trans-factors active in these processes. One
of the least explored maturation steps is the generation
of mature 5’ ends of mitochondrial mRNAs. No in
vitro or in organello systems are presently available to
investigate this process and both cis-elements as well
as trans-factors are mostly unknown (Forner et al.,
2007; Gagliardi and Binder, 2007).

Because the purification of proteins required for
mitochondrial RNA (mtRNA) processing has proven
to be very difficult, so far mainly genetic approaches
have been used to study such factors. For instance, two
3’ to 5’ exoribonucleases involved in the generation of
3’ ends (RNR1 and PNPase) have been characterized
by reverse-genetics approaches and, very recently, a
similar approach identified a protein required for
trans-splicing of nad1 transcripts in Arabidopsis (Arabi-
dopsis thaliana) mitochondria (Perrin et al., 2004a, 2004b;
Falcon de Longevialle et al., 2007). Forward-genetics
approaches have also been applied to identify genes for
nuclear-encoded restorers of fertility in several cyto-
plasmic male sterility (CMS) systems. The polypeptides
encoded by these genes are almost exclusively penta-
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tricopeptide repeat proteins. They are involved in the
modulation of the steady-state levels of respective
CMS-specific transcripts either by influencing RNA
stability or by endonucleolytic cleavage as, for instance,
in the Boro CMS system in rice (Oryza sativa; Bentolila
et al., 2002; Brown et al., 2003; Desloire et al., 2003;
Kazama and Toriyama, 2003; Koizuka et al., 2003; Wang
et al.,, 2006). However, these systems allow only the
study of proteins involved in the modulation of these
CMS-specific aberrant transcripts, whereas the normal
functions of these genes remain unclear.

To identify additional genes encoding components
of the plant mitochondrial processing machinery,
other approaches are required. One such alternative
line of investigation is map-based cloning exploiting
the natural genetic variation in Arabidopsis. This
method has been successfully applied to identify
genes involved in a number of physiological processes
(Shindo et al., 2007) and should also allow the iden-
tification of nuclear-encoded genes whose products
are involved in different processes of plant mitochon-
drial mRNA maturation (Koornneef et al.,, 2004;
Alonso-Blanco et al., 2005). In this respect, so far only
the RNA editing status of mitochondrial transcripts
have been analyzed in Columbia (Col) and Landsberg
erecta (Ler) revealing differences in the editing extent at
some sites (Bentolila et al., 2005, 2008).

To investigate whether the natural genetic variation
in different accessions of Arabidopsis also affects 5’
and 3’ end formation of mitochondrial steady-state
mRNAs, we analyzed transcripts of all mitochondrial
protein-coding genes in the accessions Col, C24, and
Ler in this respect. We describe here several mitochon-
drial mRNA-length polymorphisms, which are con-
sistently observed in all tissues investigated. This
strongly suggests that they are independent from
tissue-specific or developmental effects. The analysis
of reciprocal F; hybrids attributes the polymorphisms
either to nuclear-encoded loci or to differences in
mitochondrial DNAs (mtDNAs). This analysis is a
very promising prerequisite for the identification of
mitochondrial cis-elements and nuclear-encoded
trans-factors involved in 5’ end formation or mRNA
stability.

RESULTS

Comparative Analysis of Mitochondrial Transcripts in
Arabidopsis Accessions Col, Ler, and C24

As a prerequisite for the identification of mitochon-
drial cis-elements or nuclear-encoded trans-factors
involved in mitochondrial mRNA 5’ and 3’ end for-
mation, we systematically analyzed transcript termini
of all mitochondrial protein-coding genes in Arabi-
dopsis accessions Col, Ler, and C24. To this end, total
RNA was prepared from above-ground parts of 14- to
17-d-old seedlings and the 5’ and 3’ termini of mito-
chondrial mRNAs were investigated by circularized
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RNA-reverse transcription-PCR (CR-RT-PCR) analy-
ses with a set of primers successfully used for the
mapping of mitochondrial mRNA termini in an Arabi-
dopsis Col cell suspension culture (Forner et al., 2007).
To verify the genetic status of the seed material, the
genotype of these accessions was confirmed on the
basis of nuclear, as well as mitochondrial, genetic
markers (Supplemental Fig. S1; Jander et al.,, 2002;
Torjek et al., 2003; Forner et al., 2005).

CR-RT-PCR product patterns differing between the
accessions were found for transcripts from nad4, nad9,
ccmB, rpl5, cemC, atp6-2, and cox3 (Table I; Fig. 1). The
latter has been described previously and is thus not
included in this investigation (Forner et al., 2005). For
nad4 and ccmC, alternative products were obtained in
the different accessions: In C24 and Col, nad4 mRNA-
derived products of about 430 bp consistent with pre-
vious results are observed (Forner et al., 2007), whereas
in Ler a cDNA fragment of approximately 600 bp
indicates the presence of an alternative nad4 mRNA
end. In addition, a weak product of 470 bp is seen in Ler
and, to an even lesser extent, in Col and C24 (Fig. 1A).

Likewise, products of identical sizes of about 580 bp
were amplified from ccmC mRNAs for Col and Ler,
whereas in C24 a 100-bp shorter product was obtained
(Fig. 1E). For ccmB, two novel cDNA products were
found in Ler (320 and 350 bp, respectively) in addition
to the 260-bp product amplified from RNA of all three
accessions (Fig. 1C).

The investigation of nad9 mRNAs yielded a complex
picture. A CR-RT-PCR analysis with primers used in
the examination of total RNA from the Col cell sus-
pension culture repeatedly generated a weaker, but
more focused product, within the expected size range
in C24 in comparison to Col and Ler (data not shown).
Investigation of these transcripts with a different 5’
primer (Ppeg.e,:Atnad9-7), designed to generate smaller
cDNA fragments, and an inspection of the products on
high-resolution agarose gels, revealed a complex pat-
tern. In Col and Ler, products with a predominant size
of about 220 bp are seen (Fig. 1B). This CR-RT-PCR
product corresponds to the respective product ob-
tained with RNA from the Col tissue culture (Forner
et al., 2007). In C24 green tissue, this cDNA product is
undetectable. In addition, high-resolution agarose gels
now revealed a slightly longer cDNA product with a
size around 260 bp in all three accessions (Fig. 1B),
which indicates alternative 5’ or 3’ ends not resolved
in the previous mapping analysis (Forner et al., 2007).

A particular polymorphism in mRNA termini is
observed for rpl5. Here, in all accessions investigated,
the same PCR products of 640 and 580 bp, respectively,
are observed (Fig. 1D). However, there are consistently
reproducible differences in the abundances of these
two cDNA products: Both are equally abundant in Ler,
but the longer cDNA is predominant in Col, whereas
the shorter amplification product is found to be dom-
inant in C24.

From transcripts of the atp6-2 gene, no PCR products
were obtained in Ler, indicating a complete absence of
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Table 1. Polymorphic mitochondrial transcript 5' ends detected in Arabidopsis ecotypes Col, C24, and Ler

The transcript termini identified in the CR-RT-PCR products shown in Figure 1 are listed. The most prominent transcript 5" ends are given in bold

numbers. Products indicating polymorphic ends have been cloned and sequenced (**), directly sequenced (*), or both (t). —, End not detectable.
Col C24 Ler
Gene
PCR Product 5’ End 3’ End PCR Product 5’ End 3’ End PCR Product 5’ End 3’ End
nad4 600 bp —390** +30 600 bp (—396**) +30 600 bp —390** +30
430 bp —228 +30 430 bp —228t +30 - - -
nad9 260 bp —243 +55 260 bp —243* +55 260 bp —243 +55
220 bp —202 +55 - - 220 bp —202 +55
ccmB (cchb2) - - - - - 350 bp —231* +80
- - - - - - 320 bp —200* +80
260 bp —140 +80 260 bp —-140 +80 260 bp —140 +80
rpl5-cob 640 bp —459 +58 640 bp —459 +58 640 bp —459 +58
580 bp —406 +58 580 bp —406 +58 580 bp —406 +58
ccmC (ccb3) 580 bp —484/2 —46 - - - 580 bp —484/2 —46
- - - 480 bp 391/0* —46 - - -
atp6-2 500 bp ~268 +45 500 bp —268 +45 - - -
300/280 bp —63/—44 +45 300/280 bp —63/—44 +45 - - -

this gene in this accession at least in the genomic
arrangement anticipated from the sequence of this
gene in C24 (Unseld et al., 1997). The atp6-2 pattern
observed in the Col cell suspension culture is identical
in green plants of both Col and C24 (Fig. 1F; Forner
et al., 2007).

For all other mitochondrial genes, no differences in
the CR-RT-PCR product patterns were observed be-
tween the three accessions (data not shown). In addi-
tion, no differences were found between the results
obtained from RNA isolated from green plants and the
CR-RT-PCR-based mapping data with RNA from Col
cell suspension culture, except for the above-described
nad9 (Forner et al., 2007). In a few instances, additional
PCR products were amplified from RNA from green
plants from all accessions. However, in all cases in-
vestigated, these turned out to be false positive prod-
ucts from other RNAs.

Natural Genetic Variation Affects mRNA 5’ Ends

To obtain detailed information about the observed
polymorphisms, the PCR products with sizes deviat-
ing from the Col tissue culture studies were directly
sequenced and/or sequenced after cloning (Forner
et al., 2007).

In Col and C24 plants, sequencing of the 430-bp PCR
products identifies main 5" ends of the nad4 mRNAs at
position —228, whereas in Ler the major 5 terminus of
this transcript maps to position —390 in the 600-bp
c¢DNA product (Table I; Supplemental Fig. S2). This
latter end is also present in Col and C24, but represents
an RNA of only minor abundance in these accessions.
Particularly in C24, the —390 end is only observed in a
CR-RT-PCR approach with nested primers located
upstream of the —228 end (Supplemental Fig. S3). In
contrast, the 5 mRNA end at position —228 is unde-
tectable in Ler, even in a CR-RT-PCR approach specif-
ically designed to detect this end (data not shown).
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This indicates a defect in the formation or stabilization
of the nad4 transcript with the —228 5’ end in Ler.
Sequencing of the 470-bp product present in all three
accessions revealed a 5’ end at position —269 (data not
shown).

Alternative ends are found for ccmC. In Col and Ler,
the previously observed product of about 600 bp indi-
cates the predominant mRNA to start 484/482 nucle-
otides upstream of the ATG codon (Forner et al., 2007).
In C24, sequencing of the specific 480-bp product
mapped the position of the 5" ends 390 and 391 nucle-
otides upstream of the ATG (Supplemental Fig. S2).

Sequence analysis of nad9 cDNA confirmed the
complex pattern indicated by the 260- and 220-bp
PCR products. A major 5 end is found at position
—243 and a cluster of 5" ends is present around position
—202, the latter being in accordance with previous
mapping results (Forner et al., 2007). In Col and Ler,
both 5’ ends are found, whereas in C24 the 5’ termini
around position —202 are not detectable. Thus, C24
contains only a single nad9 mRNA species witha 5’ end
at position —243. For transcripts of this gene, again the
genetic information to generate or stabilize certain
transcripts seems to be missing in one accession (C24).

For the ccmB mRNA, a common 5’ end at —140 is
present in the 260-bp cDNA fragment amplified in all
accessions investigated. Additional 5’ termini at —200
and —231 were identified in the 320- and 350-bp
products only in accession Ler (Supplemental Fig. S2).

The sequences of the CR-RT-PCR products revealed
no alternative 3’ termini in any of these CR-RT-PCR
polymorphisms. Thus, all transcript-size polymor-
phisms arise from alternative 5’ ends. The results of
these analyses are summarized in Table L

Alternative 5’ Ends Are Found at Major Transcripts

To analyze the polymorphic ends by an independent
experimental approach and to see whether they are

Plant Physiol. Vol. 148, 2008
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nad9
C24 Col Ler M [bp]

260 _— - 242
220 — =190
P ona: Atnad9-1 (+198 to +179)

Pocreey | Prorny: Atnad9-7 (81 to -100) /
Atnad9-3 (-40 to -21)

rpl5-cob

Col c24 Ler M [bp]

Figure 1. CR-RT-PCR analysis of
mitochondrial mRNAs in different
Arabidopsis accessions. The tran-
scripts of all mitochondrial protein-
coding genes were analyzed by
CR-RT-PCR in the Arabidopsis ac-
cessions Col, C24, and Ler. PCR
products separated on agarose gels
are presented for those genes
(designations given above the gel
images) exhibiting transcript poly-
morphisms (A-F), except for cox3,
which was investigated previously
(Forner et al., 2005). Primers (P)
used for cDNA first-strand synthe-
sis (P.pna) @and PCR amplification
(Ppcrrev + Ppcriv)s respectively, and
their locations are given below the
images. The primer positions refer
to either the start (NATG, n = —1;
P.ona and Ppcgre,) OF the stop codon

350 — -
320 — - 331 640 750
e 55 550 — R
P_onai Atcch2-8 (+191 to +172) Pt AtrpIS-1 (+97 to 478)
Pocrrev | Prcriw: Ateccb2-6 (+10 to -11/ Pocrrev | Pocriw: Atrpl5-5 (+57 to +37) /
Atccb2-3 (-31 to -13) Atcob-3 (-63 to -44)
E ccmC F atp6-2
Col C24 Ler M [bp] C24 Col Ler M  [bp]

BEG 500 —
480 — - 500
300/ _
P_ona: Atccb3-5 (+199 to +180) 280

Prcrrev | Prcriw: Atccb3-1 (+55 to +36) |
Atcch3-4 (-81 to -62)

(TAAN, n = +1; Ppcgs)- PCR prod-
uct lengths are given to the left of
the gel images. M, Size marker.
Lengths of the marker fragments
are given (in bp) on the right-hand
a0 side.

- 250

P.pna: Atatp6-2-Sonde.A (+270 to +250)

Pocrrev ! Ppcraw: Atatp6-2.Mega.5’ (+85 to + 57) /
Atatp6.Mega.3’ (-103 to -75)

found at major abundant transcripts, the nad4 and
nad9 mRNAs were investigated by northern-blot and
primer extension analyses.

In total RNA preparations from Col and C24 seed-
lings, a nad4 probe detects a transcript of about 1,750
nucleotides as estimated in comparison to the cytoplas-
mic 185 rRNA (about 1,800 nucleotides) in the ethid-
ium bromide-stained gel (Fig. 2A; data not shown). A
larger nad4 mRNA of approximately 1,900 nucleotides
is detected in Ler total RNA. The sizes of the nad4
mRNA observed in the northern analysis are consis-
tent with the data obtained by the CR-RT-PCR analy-
ses (1,746 and 1,908 nucleotides).

The different nad4 mRNA 5’ ends were also ob-
served in a primer extension analysis of total RNA
from seedlings (Fig. 2B). In Col and C24, extension of
the primer Atnad4-2 yields a major cDNA of 350
nucleotides corresponding to the 5’ terminus 228 nu-
cleotides upstream of the translation start codon. In
Ler, the main extension product is 520 nucleotides and
detects the 5" mRNA end at —390. Longer expositions
of the primer extension products also revealed the
presence of the minor end at the —390 5’ end in Col,
whereas no signal corresponding to the —228 nad4
mRNA 5’ end is visible in Ler. Faint signals are
observed for the 5' terminus at position —269, con-
firming the CR-RT-PCR results (data not shown). In
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addition, a number of cDNAs with sizes around 460
nucleotides were seen in all accessions. Because we
never observed any corresponding CR-RT-PCR prod-
ucts, these were considered to be false positive signals
as frequently obtained in primer extension analyses by
spurious priming events.

In summary, the results of the northern, as well as of
the primer extension analyses, confirm the nad4
mRNA transcript polymorphism between accessions
Col/C24 and Ler with the absence of the —228 end in
Ler and the concomitant appearance of the 5’ terminus
at position —390. In addition, the transcript 5 end
polymorphism affects the abundant main steady-state
mRNA species of nad4 in the different accessions (Figs.
1A and 2, A and B).

For the nad9 transcripts, northern-blot analysis car-
ried out with total RNA preparations from cell suspen-
sion cultures of Col, C24, and Ler and an nad9-specific
probe spanning the complete reading frame revealed
two about equally abundant major transcript species
to be present in Col and Ler (Fig. 2C). The approximate
sizes of these mRNA species (900 and 850 nucleotides)
are in agreement with those calculated from the above-
described mapping data (871 and 830 nucleotides). As
expected from the CR-RT-PCR results, only the longer
nad9 transcripts are seen in the northern analysis of
C24 RNA. Thus, these two experimental approaches
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A Ler Col C24 [nt] B C24 Ler Col M [nf]
' - 517

1,900 nt — - 1800 -
1,750 nt ™~ o .
- 396
350 - ' A - 350

Figure 2. Analyses of the nad4 and nad9 mRNA polymorphisms by independent experimental approaches. Primer extension and
northern-blot analyses were carried out to investigate whether the polymorphisms observed by CR-RT-PCR affect the major
transcripts. A, Northern-blot analysis of total RNA from seedlings with an nad4-specific probe covering positions +469 to +976
(approximately exon b) within the reading frame (positions are given with respect to the ATG, A = +1). The sizes of the major
mRNAs are indicated in the left margin. B, Primer extension analysis of nad4 mRNAs carried out on total RNA from seedlings
with oligonucleotide Atnad4-2 (+122-+103). Sizes of the extension products are indicated in the left margin. M, Size marker;
lengths of marker fragments are given in the right margin (in nucleotides [nt]). Sizes of the products are given in the left margin.
The products indicated by a question mark are of unknown origin because no corresponding CR-RT-PCR products were
obtained. C, Northern-blot analysis of total RNA from cell suspension cultures (5 ug each) with a probe comprising the complete
nad9 reading frame. The signals correspond to two mRNAs of approximately 900 and 850 nucleotides, respectively, in Col and
Ler. In C24, only the larger nad9 mRNA is found. Size markers are given (in nt). The approximate sizes of the mRNA species are

also given (in nt) in the left margin.

consistently indicate that the three accessions generate
the main nad9 mRNAs with a 5’ terminus at position
—243, whereas mRNAs with equally prominent 5’
ends around —202 are present only in Col and Ler and
absent from C24. In addition, these experiments show
that also in the Col (and Ler) cell suspension cultures
the major nad9 mRNAs with 5 ends at —243 are
present.

Taken together, these results demonstrate that the 5’
end polymorphisms observed in the CR-RT-PCR anal-
ysis affect the major nad4 and nad9 transcripts.

Transcript Analysis in Different Tissues and
Developmental Stages

The differing transcript patterns in seedlings cer-
tainly reflect genetic differences between the three
accessions. These might be attributed to accession-
specific distinct expression patterns (of individual
alleles, for instance) in certain tissues or developmen-
tal stages.

To evaluate this possibility, we investigated the
polymorphic transcript patterns in roots, flowers,
and rosette leaves from about 3-week-old plants
from Col, C24, and Ler, respectively. For all six mito-
chondrial genes, the CR-RT-PCR product patterns
obtained in the RNA preparations from the various
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tissues indicate that the transcript ends are identical
between these tissues and developmental stages (Figs.
1 and 3; Supplemental Fig. S4). Thus, the observed
mtRNA polymorphisms between the accessions are
not restricted to seedlings, but are also observed in
other tissues. These results imply that they can be
found throughout the entire plant and in all develop-
mental stages.

Inheritance of the Transcript Polymorphisms in
Reciprocal Crosses

The polymorphic transcript patterns could be
caused by differing mitochondrial sequences or by
differences in nuclear genes. In dicot plants, mtDNA is
generally transmitted maternally, whereas the nuclear
genome is inherited biparentally, with only rare ex-
ceptions from this rule having been reported recently
for tobacco (Nicotiana tabacum; Svab and Maliga, 2007).
Thus, the inheritance patterns of respective mRNAs in
F, offspring obtained after reciprocal crosses of the
analyzed accessions should allow discrimination,
whether a polymorphism is due to differences in the
mitochondrial or nuclear DNA. For this analysis, the
genotypes of the individual F; plants were inspected
by the analysis of appropriate nuclear as well as
mitochondrial genetic markers (Supplemental Fig. S1;

Plant Physiol. Vol. 148, 2008
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r 1 11

flower root flower root flower
41d 41d 26d 33d 26d

290 bp - -390 =

130 bp > -228 —

Col M [bp] M Ler C24
1 rosette rosette rosette
root leaves leaves leaves
33d 36d 22d 22d
=331 =
-242

- 190 =
- 147 =
-111=

P.ona: Atnad4-5 (+174 to +155), Ppcarey / Ppcri: Atnadd-15 (-191 to -207) / Atnadd-3 (-54 to -36)

Figure 3. Transcript ends in different tissues. CR-RT-PCR analyses of nad4 transcripts were carried out with total RNA from roots,
flowers, and rosette leaves, respectively. Ages at harvest times are given in days (d). Primer locations are given as in Figure 1. Sizes
of the PCR products (bp) and the position of corresponding 5’ transcript ends are indicated in the left margin. The lengths of the
size marker fragments (lanes M) are given between the gel images.

Jander et al., 2002; Torjek et al., 2003; Forner et al,,
2005).

For ccmC and atp6-2, the PCR product patterns and
thus the transcripts differ between the reciprocal hy-
brids. The C24-specific short cDNA fragment (280 bp)
indicative of the ccmC transcript with a 5 end at
—390/—-391 is only found in plants derived from
crossings with C24 as female parent. Vice versa, the
ccmC mRNAs with the further upstream-located 5’
terminus at —482/—484 indicated by the presence of
an approximately 370-bp PCR product are seen only in
F, plants with a Col or Ler female parent. This points to
a clear maternal inheritance of the length of the ccmC
transcript, as to be expected from a difference in the
mitochondrial genome (Fig. 4A). Likewise, the lack of
atp6-2 mRNA-derived PCR products is restricted to F;
plants originating from a Ler female parent, whereas in
F, offspring derived from crossings with C24 and Col
as maternal parent, the expected products are seen
(Fig. 4B). Thus, the ccmC and atp6-2 mRNA polymor-
phisms are maternally inherited attributing them to
differing cis-elements in the mtDNA (ccmC; see “Dis-
cussion”) or to the absence of the respective locus
(atp6-2). To test the presence of the atp6-2 gene, a
Southern-blot analysis of total DNA from the three ac-
cessions was performed. A probe representing atp6-2-
specific sequences hybridizes to a 1.6-kb fragment in
Col and in C24, which is expected from the mtDNA
sequence from C24 and the mtDNA copy sequence in
chromosome 2 of Col. No hybridization is seen in Ler.
Consistent with this result, a PCR analysis with oligo-
nucleotides annealing to the 5’ and 3’ extremities of
the atp6-2-specific part revealed the expected product
of 250 bp only in C24 and Col, but not in Ler (Supple-
mental Fig. S5). These data strongly suggest that the
atp6-2 gene in the version seen in C24 is not present
in Ler.

Different modes of inheritance are observed for
nad4, nad9, ccmB, and rpl5. For these genes, the CR-
RT-PCR product patterns are identical between the
respective reciprocal F; hybrid plants. This strongly
suggests that the transcript polymorphisms of these
four mitochondrial genes are biparentally inherited,
which is typical for nuclear genes. For the nad4 (—228),
nad9 (—202), and ccmB (—200/ —231) transcript 5" ends,
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a dominant-recessive mode of inheritance of the pres-
ence or absence of these termini is observed (Fig. 4,
C-E). These ends are present in all F; plants derived
from crossings in which at least one of the parents
shows these termini independent of the gender. For
rpl5, the relative abundances of the two transcript
species are distinctively shifted toward the —406 end
dominating in all hybrids with a C24 parent and
toward the —459 terminus in the Col/Ler crosses
(Fig. 4F). Thus, the C24 allele seems to be dominant
over the Col and Ler alleles, whereas the Col allele
seems to be dominant over the respective gene version
in Ler.

Transcript End Analysis of Additional Accessions

To obtain first estimations as to whether these four
distinct nuclear-encoded transcript polymorphisms
might be assigned to one nuclear locus or to different
loci, the nad4, nad9, ccmB, and rpl5 transcript ends were
investigated in additional accessions (Table II).

In the additional accessions investigated, the nad4
—228 5’ end is not detectable in Calver, Dijon G, and
East Malling, whereas the ccmB 5’ termini at —200/
—231 are only observed in Dijon-1, Enkheim 1, and
Pitztal-2. In contrast, a more balanced distribution is
seen for the nad9 transcripts. The 5’ termini at —202 are
found in 11 accessions, but are not detectable in 16
others. For rpl5, the ratio of the —459 and the —406 5’
mRNA ends is approximately 1:1 in more than one-
half of the 23 accessions investigated for this trait. In
five accessions, the —459 end dominates, and in three
the —406 terminus is more abundant. Interestingly, the
latter accessions are those that lack the nad4 —228 5’
end. Because no correlation between the preference of
the rpl5 —406 and the absence of the nad4 —228 ends is
seen in C24 (nad4, —228; rpl5, —406 predominant) and
Ler (nad4, —390; rpl5, —406/—459 = 1:1), the nuclear
factors required for the accumulation of nad4 mRNAs
with the —228 5’ end and the preferential accumula-
tion of an rpl5 transcript with the —406 5’ terminus,
respectively, are probably not identical.

In summary, the uncorrelated distribution of the
individual polymorphic transcript patterns in the
various accessions suggests that the nuclear-encoded
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Figure 4. mRNA 5’ end polymor-
phism analysis in the offspring of
reciprocal crosses. The mode of
inheritance of the transcript 5’ ter-
mini polymorphisms was investi-
gated in F; plants derived from
reciprocal crosses between Col
and C24, Col and Ler, as well as
C24 and Ler. Total RNA from ro-
sette leaves (C) or from flowers (A,
B, D-F) was used in the CR-RT-PCR
analyses. For nad4 (C), two indi-
vidual plants (one and two) per
crossing were examined. Details
of the oligonucleotides used are
given in legends of Figures 1 and
3. M, Marker fragment sizes are
given on the right-hand side. Sizes
of the PCR products (bp) and the
position of corresponding 5' tran-
script ends are indicated in the left
margin.

A ccmC Col Col C24 C24 Ler Ler ©
X X X X X X =
[bp] M Ler C24 Col Ler Col C24 ©
104 — T - — 370 bp > -484/2
331 — [

— 280 bp > -391/0
P ona: Atcch3-5 (+199 to +180), Ppcree, ! Ppcriy: Atcch3-4 (81 to -62) | Atcch3-6 (-145 to -164)

B atp6-2 © Col Ler Col C24 Ler C24
X X X X X X
3 Ler Col C24 Ler C24 M [bp] Col M [bp]
500 bp > -268 — — 500/489 — 500/489
— 404 — 404
300/ 63 __ — 331 — ¥
280bp * -44 — 250/242 — 2601242

P.pna: Atatp6-5 (+105 to +86), Ppcgiey / Ppcriw: Atatp6-2.Mega.5° (+85 to + 57) / Atatp6.Mega.3* (-103 to -75)

C nad4 @ Ler Col Ler c24 Col Cc24
x x x x
el 024 C24
[bp]

290 bp > -390 — =
— 190
130 bp > -228 — — 11

Poonal Atnadd-5 (+174 to #155), Pocrrer | Ppcrey: Atnadd-15 (-191 to -207) / Atnad4-3 (-54 to -36)

D nad9 ¢ Col Ler Col C24 C24 Ler
Lox X X X X X
& Ler Col C24 Col Ler C24 M [bp]
260 bp > -243 — — 250242
220 bp > -202 — — 190
P_ona: Atnad9-1 (+198 to +179), Pocrrer | Pocrr: Atnad9-7 (-81 to -100) / Atnad9-3 (-40 to -21)
ccmB Q Col Ler Col C24 Ler C24
Q
3 Ler Col cz4 Ler c24 Col

320/350 bp > -200/-231 — — 331 — 331
260 bp > -140 — _
250/242 a2

P.ona: Atccb2-8 (#191 to +172), Ppcgrey ! Ppcraw: Atccb2-3 (+#10 to -11) / Atccb2-6 (-32 to -14)

F rpi5 Q C24 Col Ler C24 Ler Col
X X X X X X
d Col Ler Col Ler C24 M [bp] c2a M [bp]
470 bp > 459 — — S — 5001489
410 bp > -406 — — 404 — g

P.ona: Atrpl5-1 (+97 to +78), Pocrrey ! Pecrr: Atrpl5-7 (-156 to -186) / Atcob-5 (-103 to -73)

polymorphisms of the different mitochondrial tran-
scripts can presumably be attributed to different loci
rather than to different alleles of a single gene or locus.

DISCUSSION

Transcript End Polymorphisms in Different
Arabidopsis Accessions

The systematic analysis of mitochondrial mRNAs in
three Arabidopsis accessions revealed transcript poly-
morphisms for seven genes. The distinct transcripts
found for cox3 had been analyzed in a separate report
and were found to correlate with differences in the
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mtDNAs of the investigated accessions (Forner et al.,
2005). The analysis of the atp6-2 and ccmC polymor-
phisms in F, plants from respective crossings now also
strongly suggests these polymorphisms to be caused
by variations in the mtDNA (Fig. 4, A and B). The
observed CR-RT-PCR product pattern obtained from
atp6-2 transcripts as well as the inspection of the
mtDNA by southern hybridization and PCR consis-
tently suggests that the atp6-2 gene is completely
absent from Ler or differs substantially from its form
in C24 (Supplemental Fig. S5).

The generation of the alternative ccmC 5 ends
indicates that the 5’ end region of this gene varies in
the investigated accessions. A comparison of the
mtDNA sequence from C24 and the mtDNA copy in
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Table II. Distribution of nad4 (—228), nad9 (—202), ccmB (—200/—231), and rpl5 (—459:—406)

5’ ends in different Arabidopsis accessions

nad4 —228: —, Absence of the —228 5’ end and the presence of a major end at —390; +, these
accessions have a major nad4 mRNA 5’ end at position —228. However, in these accessions the nad4
mRNAs with a =390 5’ end are also present in minor amounts. nad9 —202: —, Absence of the =5’ ends
around position —202 and presence of the —243 5’ terminus; +, presence of both nad9 5’ ends. ccmB: +
and — refer to the presence or absence of 5" ends at positions —200 and —231. All other 5’ ends are found
to be identical in all accessions investigated. rpl/5: Preferential or equal abundance of rp/5 mRNA 5’ ends
is given (—459 or —406, 1:1 for equal abundance). nd, Not determined; *, an extra PCR product has been

obtained, but not yet further investigated.

Accession nad4, —228 nad9, —202 ccmB, —200/-231 rpl5, —459:—406
C24 + - — —406
Col + + - —459
Ler - + + 1:1
Bay-0 + - - 1:1
BI-1 + - — —459
Bla-10 + - - 1:1
Calver — - — —406
Can-0 + + - —459
Co nd - — nd
Cvi + + - 1:1
Dijon-1 + - + 1:1
Dijon G - + - —406
Ei + + - 1:1
East Malling - - - —406
Enkheim 1 + - + —459
Est + + - 1:1
Kas-1 + + - 1:1
Kondara + + — 1:1
La-1 + - + nd
Mt-0 + — 1:1
Nd + + — 1:1
No-0 + — nd
Oy-1 + nd
Pitztal-2 + - + 1:1
Sha + + - 1:1
Sorbo + + — 1:1
Su-0 nd nd - nd
Tsu-1 + + - —459
Van-0 + - —* 1:1
Ws + - - —459
Yo-0 + - - 1:1

chromosome 2 of Col revealed that the sequences
immediately surrounding the —484/2 and 391/0 ccmC
5" ends are identical. However, a further upstream
sequence stretch from positions —509 to —595 shows
substantial differences between C24 and Col most
likely also reflecting differences between the mtDNA
of both accessions as seen for cox3 (Forner et al., 2005).
The influence of these upstream sequences on the
occurrence of the different ends remains as yet un-
known, especially because the novel C24-specific ccmC
5" end (—390/ —391) is located directly downstream of
a sequence that shows similarity to previously char-
acterized promoter elements (Hoffmann and Binder,
2002; Kiihn et al., 2005). Alternatively, this end might
be generated posttranscriptionally.

The other 5’ end polymorphisms identified in this
study all originate from differences between the re-
spective nuclear genomes. Sequences of mtDNA (ob-
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tained from amplification of the respective regions)
and cDNA surrounding the polymorphic ends of nad4
in Ler and nad9 in Col did not reveal any differences,
whereas a single nucleotide exchange is observed 497
nucleotides upstream of the ATG of the ccmB gene in
Ler (data not shown). In addition, the comparison of
the mtDNA sequence from C24 and the mtDNA copy
in chromosome 2 of Col at the rpl5 5’ ends revealed
only one additional nucleotide in Col 486 nucleotides
upstream of the 5" end located at position —459. For
the mRNAs of these mitochondrial genes, most likely
nuclear-encoded trans-factors are involved, the spe-
cific roles of the proteins responsible for the nad4, nad9,
ccmB, and rpl5 mRNA polymorphisms presently re-
maining open. In theory, there are three potential
functions. First, transcription initiation might be af-
fected by the malfunction of a specific transcription
factor. Second, 5’ end processing may be impaired, for
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instance, by the restricted function of a processing factor.
Third, the stability of certain mRNA species might be
influenced. In the latter case, either increased or de-
creased stability could be the dominant trait. For nad9,
any of three scenarios can explain the lack of the short
mRNA in C24. However, because there is no promoter
motif present at the 5’ terminus of this mRNA, it seems
rather unlikely that the absence of the short 7ad9 mRNA
is due to a failure of transcription initiation.

For nad4 mRNA 5' ends, a complex picture is
observed. It seems clear that essential genetic infor-
mation for the occurrence of a stable nad4 mRNA with
the —228 5’ terminus is missing in Ler. In turn, a
slightly longer mRNA species with a further up-
stream-located end (—390) accumulates to substantial
levels in this accession. Minor amounts of this latter
RNA are also detectable in Col and C24. In addition, a
minor 5’ end at —269 detectable in all three accessions
is increased in Ler. Although we cannot definitely
exclude disturbed transcription initiation, this seems
to be unlikely for two reasons: There is no promoter
motif present at the —228 5’ end of the short nad4
mRNA and abolished transcription initiation at —228
cannot reasonably explain the concomitant increase of
the long nad4 transcript. Likewise, altered stability
seems unlikely because this would require two paral-
lel processes, the destabilization of the short RNA and
an enhanced stability of the long nad4 mRNA with the
—390 5’ end. The variable amounts of the large nad4
mRNA with the —390 5’ end rather suggest that this
RNA species is an intermediate RNA, which is pro-
cessed toward the (final) nad4 mRNA with the —228 5’
end. In Col, a large portion of this intermediate RNA
species with the —390 5’ end is converted to RNA
molecules with the —228 5’ end. In C24, this process-
ing is almost complete and the intermediate RNA with
the —390 5’ end is only detectable in a nested CR-RT-
PCR approach. These quantitative differences are con-
firmed by the results of the primer extension analysis
(Fig. 2B; data not shown). Thus, there are a defect allele
in Ler and alleles of different strength for the genera-
tion of the short nad4 mRNA in Col and C24. This
observation is in line with an impaired 5’ end pro-
cessing at position —228 in Ler.

Alleles of different strength might also explain the
polymorphism of rpl5 mRNAs. In all Arabidopsis ac-
cessions, RNAs with two different 5’ ends (—459 and
—406) are present, but in different relative quantities
(Fig. 1D). In Col, the gene encoding a factor required for
the accumulation of the short RNA seems to be encoded
by a weak allele, so only a small amount of this mRNA
is present. In contrast, in C24, the short mRNA dom-
inates, suggesting that there is a strong allele present in
this accession. The strength of the allele encoding the
respective protein in Ler seems to be intermediate.
Interestingly, the amount of the long rpl5 mRNA with
the —459 end is inverse proportional to the accumula-
tion of the short end. This suggests that the short
mRNA is processed from the long RNA or that both
mRNAs derive from the same precursor RNA.
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With the ccmB 5’ ends, several explanations are
possible for the observed pattern. It is possible that Ler
contains a weak allele encoding a protein required for
the generation of the ccmB RNA with the —140 5’
terminus. This low-level processing leads indirectly to
the accumulation of the longer mRNAs with ends at
—200 and —231, respectively, although there seems to
be no clear concomitant decrease of the ccmB mRNA
with the —140 5" end (Fig. 1C). In addition, one would
expect a recessive inheritance of the appearance of the
Ler-specific transcripts. However, the analysis of the F,
hybrids suggests a dominant inheritance of the pres-
ence of these transcripts, which is consistent with the
assumption that there is additional genetic informa-
tion for the ccmB mRNA with ends at positions —200
and —231 present in Ler (Fig. 4E). This, in turn, might
be explained by defect alleles present in Col and C24
or by a gain-of-function mutation in Ler. This gain of
function may involve a de novo mutation of a tran-
scription factor, a processing factor, or a stability factor
with a new function probably without disabling the
old intrinsic function.

Natural Genetic Variation: A Promising Tool to
Investigate Mitochondrial mRNA Processing

Despite intensive research over several decades,
most of the cis- and trans-components required for
the generation of mature 5’ and 3’ ends and/or the
stability of mitochondrial mRNAs of higher plants are
still unknown. Many mRNA termini have been mapped
(Kiihn et al., 2005; Forner et al., 2007), but, apart from a
few exceptions, neither the cis-acting sequence elements
nor the trans-factors required for the generation of these
ends have as yet been identified (Hoffmann et al., 2001;
Gagliardi and Binder, 2007). Because biochemical ap-
proaches are very difficult or even impossible, mainly
genetic approaches have been applied to study com-
ponents of RNA maturation. Map-based cloning using
natural genetic variation might be an alternative ap-
proach to identify nuclear-encoded genes required for
the maturation of normal mRNAs. The potential of
this technique has been amply demonstrated for other
traits (Koornneef et al., 2004; Alonso-Blanco et al., 2005).
Now the characterization of mitochondrial mRNA
phenotype variation reported here provides the basis
to apply this method to identify the nuclear genes re-
quired for the accession-specific accumulation or ab-
sence of at least certain nad4, nad9, rpl5, and ccmB RNA
species. As indicated by the distinct occurrence of the
mRNA polymorphisms in more than 20 accessions
(Table II), it is very likely that this approach may lead
to four different nuclear genes encoding proteins
operating in mtRNA metabolism.

Maturation of 5’ Ends of Mitochondrial mRNAs

Apart from atp6-2, all polymorphisms observed
affect mitochondrial transcripts with different 5’ ter-
mini, these polymorphisms being due to differences in
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mitochondrial or nuclear DNA. No alternative 3’ end
has been found so far. The reason for this bias is
presently unknown, but there are several explana-
tions. The number of accessions investigated might be
too small. However, because it is broad enough to
uncover several polymorphic 5’ ends, 3’ end poly-
morphisms must be at least comparatively rare. An-
other explanation could be that there are relatively few
factors involved in the generation of many or all
mature 3’ ends. Consequently, lack or constricted
function of one of these few factors might have fatal
consequences for the generation of mature RNAs of
several mitochondrial genes and thus for the plant.
This would prevent an easy manifestation of respec-
tive variants in the gene pool.

In turn, there might be many specific factors for the
accumulation of transcripts with different 5’ termini,
most of which may be needed only for the mRNA
maturation of a single gene. The accumulation of a
major transcript with a variant 5’ end seems to have no
consequences for the fitness of a plant, indicating that
the mitochondrial translation machinery exhibits
enough flexibility to translate such transcripts. Alter-
natively, plants are able to tolerate reduced accumu-
lation of one such protein or even the complete loss of
this protein (Gutierres et al., 1997; Perales et al., 2005).
This line of argument, however, then raises the ques-
tion of why there is 5’ processing at all in plant
mitochondria. Because correct 5’ processing (of at least
some mRNAs) might not be a prerequisite for trans-
lation, this process probably does not have an essential
regulatory function. The 5’ end processing systems in
the long term more likely ensure that translatable
mRNAs are created from large untranslatable precur-
sor RNAs. This seems to be particularly important
when considering the structural flexibility of the plant
mitochondrial genome, which generates new DNA
configurations by recombination (Mackenzie, 2007;
Kubo and Newton, 2008). These may lead to the
transcription of novel longer and untranslatable pri-
mary RNAs, which then need to be converted to
mRNA molecules accessible for mitochondrial ribo-
somes. The data reported here provide a promising
platform to systematically investigate 5’ processing, to
identify the cis- and trans-factors involved, and to
elucidate its biological significance.

MATERIALS AND METHODS
Plant Material, Plant Cultivation, and RNA Isolation

Arabidopsis (Arabidopsis thaliana) plants from different accessions were
raised in a growth chamber at 21°C, 50% relative humidity, and a light flux of
80 to 160 umol m > s™! under a 16-h-light/8-h-dark regime. Plants were
grown on soil composed of 80% (v/v) Fruhstorfer Erde SoMi 537 Traysubstrat
(Hawita Gruppe), 20% (v/v) vermiculite grain size 2 to 3 mm (Isola-
Mineralwolle-Werke), and 1.5 g/L Osmocote Exact Mini fertilizer (Scotts
Deutschland). The green parts of seedlings were harvested after 14 to 17 d.
Flowers and roots were taken at various time points, but not before 21 d after
sowing. Leaves were taken from 21-d-old plants, unless stated otherwise.
Leaves from F; plants were harvested from 3- to 4-week-old plants.
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The Arabidopsis cell suspension cultures were grown in the dark at 23°C
on a shaker (120 rpm). The C24 and the Col cell suspension cultures have been
described previously (Forner et al., 2005), whereas the Ler culture was freshly
established. Cells were harvested 24 h after transfer to fresh medium.

Plant material was immediately shock frozen in liquid nitrogen after
harvesting. Subsequently, approximately 100 mg were ground by mortar and
pestle and used for isolation of total RNA with the RNeasy plant mini kit
following the manufacturer’s instructions (Qiagen).

CR-RT-PCR Analysis

CR-RT-PCR analysis was carried out as described previously with the
established primer pairs unless stated otherwise (Forner et al., 2007).

Genotyping

PCR to verify the hybrid status of the F, plants was carried out with GoTaq
Flexi DNA polymerase under conditions recommended by the manufacturer
(Promega). Templates were either residual DNA in total RNA preparations or
total DNA prepared from the same plant material with the DNeasy plant mini
kit (Qiagen) according to the instructions given in the manual. Approximately
1/30 of the RNA and 1/200 to 1/10 of the DNA preparations, respectively,
was used per amplification reaction under standard conditions (Sambrook
and Russel, 2001). The primer pairs used are detailed in the figure legends.
Each PCR reaction—including the CR-RT-PCRs—consisted of 35 cycles.

Miscellaneous Methods

Sequencing of PCR products was done commercially (4base Lab). The
resulting sequences were analyzed using the BLAST tools at the National
Center for Biotechnology Information server (McGinnis and Madden, 2004).

Southern-blot and primer extension analyses, as well as basic methods
of molecular biology, were carried out according to standard protocols
(Sambrook and Russel, 2001).

Northern-blot experiments were carried out using RNA denatured by
glyoxal separated on agarose gels and blotted onto Duralon-UV or Hybond-
XL membranes (Stratagene). Probes were radioactively labeled with the
Rediprime II random-prime DNA labeling system (GE Healthcare). Signals
were visualized by exposition to x-ray films.

Agarose gels were photographed with a GeneFlash gel documentation
system (Syngene).

Supplemental Data
The following materials are available in the online version of this article.
Supplemental Figure S1. Genotypes of accessions and respective F, plants.

Supplemental Figure S2. Sequence analysis of polymorphic CR-RT-PCR
products.

Supplemental Figure S3. CR-RT-PCR analysis of the nad4-390 5' end.

Supplemental Figure S4. CR-RT-PCR analysis of RNA from different
tissues.

Supplemental Figure S5. Analysis of the atp6-2 gene.
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