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Abstract Arabidopsis thaliana possesses three RpoT
genes which encode three different phage-type RNA
polymerases with yet unknown function in organelle
transcription: RpoTm and RpoTp, imported into
mitochondria and plastids, respectively, and RpoTmp,
co-targeted into both organelles. Expression of the RpoT
genes was analyzed by quantitative RT-PCR, histo-
chemical f-glucuronidase (GUS) assays and in situ
hybridization. Transcripts of all three RpoT genes
accumulated to very low amounts in all organs. Sur-
prisingly, RT-PCR revealed their highest levels in flower
tissues. RpoTm transcripts were the most abundant in all
organs, except mature leaves, in which RpoTp tran-
scripts showed the highest accumulation. In the devel-
oping seedling, RpoTm::GUS and RpoTmp::GUS
expression precedes that of RpoTp::GUS, the latter
showing up only 7 days after germination. The RpoTm
and RpoTmp promoters expressed GUS mainly in mer-
istematic and mitochondria-rich cells such as the distal
part of the root and companion cells flanking the
phloem, whereas RpoTp::GUS activity was found in
green tissues as the parenchyme cells of young leaves, the
primary cortex of the stem, and sepals of buds and
young flowers. Sites of GUS expression coincided spa-
tially with those of in situ hybridization. Our data
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demonstrate an overlapping expression pattern of
RpoTm and RpoTmp, and a completely differing pattern
of RpoTp expression. The results suggest that RpoTm
and RpoTmp recognize different types of mitochondrial
promoters. The plastid polymerase RpoTp might play a
major role in green tissue, i.e. in chloroplast transcrip-
tion, whilst the dual-targeted RpoTmp in plastids should
function mainly in the transcription of genes in non-
green types.

Keywords Arabidopsis - f-Glucuronidase - In-situ
hybridization - RNA polymerases - Tissue-specific
expression

Abbreviations GUS: f-Glucuronidase - NEP: Nuclear-
encoded plastid RNA polymerase - PEP: Plastid-
encoded plastid RNA polymerase - RpoT: Phage-type
RNA polymerase - RNAP: RNA polymerase

Introduction

Mitochondria and  plastids, acquired through
endosymbiosis from ancestral free-living cyanobacteria
and o-proteobacteria, respectively, possess their own
genomes and transcription systems. The RNA polyme-
rases (RNAPs) of the two extranuclear organelles fall into
two classes: one eubacterial-type multi-subunit enzyme
encoded by and active in plastids, and a single-subunit
core RNAP, related to RNAPs of bacteriophages T3 and
T7, found in both plant organelles (Weihe 2004). Thus,
plastids harbor at least two different types of RNAPs: the
plastid-encoded eubacterial-type plastid polymerase
(PEP), composed of four subunits (, 3, 5, f”) and one of
several nuclear-encoded sigma factors. A second plastid
RNAP which is nuclear-encoded (NEP) is represented by
one (monocots) or two (dicots) phage-type RNAPs
(for reviews see Hess and Borner 1999; Weihe 2004).
Isolation of the RpoT genes from Chenopodium album



(Weihe et al. 1997), Arabidopsis thaliana (Hedtke et al.
1997, 1999, 2000), maize (Young et al. 1998; Chang et al.
1999), wheat (Ikeda and Gray 1999), Nicotiana tabacum
(Hedtke et al. 2002), Nicotiana sylvestris (Kobayashi et al.
2001b, 2002; Hedtke et al. 2002), barley (Emanuel et al.
2004), and rice (Kusumi et al. 2004) and demonstration of
subcellular localization of their products has led to the
identification of the plant phage-type mitochondrial and
plastid RNA polymerases (RpoTm and RpoTp, respec-
tively). One RpoT gene (RpoTmp) found in Arabidopsis
and Nicotiana, but not in monocots, has been proposed to
encode a protein most probably targeted into both
mitochondria and plastids (Hedtke et al. 2000, 2002;
Kobayashi et al. 2001a;). Experimental evidence that
RpoTp is a catalytic subunit of plastid NEP comes from
the analysis of plastid transcription in tobacco and Ara-
bidopsis plants overexpressing N. sylvestris and A. thali-
ana RpoTp (Liere et al. 2004). Thus far, it is not
understood why transcription of dicot organelle ge-
nomes, both in mitochondria and plastids, requires two
phage-type polymerases, while in monocots only one
RpoT polymerase is engaged in the transcription of the
mitochondrial and plastid genome, respectively. It is also
unknown whether the two phage-type RNAPs in each
organelle (RpoTm and RpoTmp in mitochondria,
RpoTp and RpoTmp in plastids) fulfill distinct roles in
organelle transcription, e.g. have different preferences for
certain promoters or sequence motifs. Only recently,
analysis of an Arabidopsis activation-tagged T-DNA
insertion line has provided evidence for a specific role of
RpoTmp at least in plastid gene expression. The mutation
of the RpoTmp gene affected the light-induced accumu-
lation of several plastid mRNAs and proteins and
resulted in a lower photosynthetic efficiency. In contrast
to these alterations in plastid gene expression, no major
effect of the RpoTmp mutation on the accumulation of
examined mitochondrial gene transcripts and proteins
was observed (Baba et al. 2004). Overexpression of
RpoTp in tobacco has provided evidence for distinct
promoter specifity of RpoTp (Liere et al. 2004). No data
have been reported yet supporting distinct roles of the two
phage-type RNAPs, RpoTm and RpoTmp, in plastids
and mitochondria.

While systematic data on the expression of the RpoT
genes during plant development and the specific role the
individual polymerases play in developmentally regu-
lated and tissue-specific transcription of the organelles is
lacking, a study of the expression of the two RpoT
polymerases in a barley leaf gradient has shown that the
developmental stage of the plastid in the leaves has a
strong impact on the expression and activity of the
organelle phage-type RNAPs and their target genes
(Emanuel et al. 2004). In a recent study, it was shown
that the NEP (RpoTp) enzyme level in maize leaves
decreases as plastids mature, while production of
mRNAs by NEP increases (Cahoon et al. 2004). Inter-
organellar cross-talk in the regulated expression of
the RpoT genes might play an important role in the
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concerted action of genes located within plastids, mito-
chondria and the nucleus of the plant cell. For dicoty-
ledonous plants, as Arabidopsis, which harbor a second
phage-type RNAP (RpoTmp) in both mitochondria and
plastids, no such data are available. To address these
questions, we have initiated an investigation of the cell-
and tissue-specific expression of the RpoT genes in
Arabidopsis development. The expression of the A¢R-
poTm, AtRpoTp and AtRpoTmp genes was studied by
quantitative real-time RT-PCR, histochemical f-glucu-
ronidase analysis and in situ hybridization. Here we
report remarkable changes in the expression and tran-
script accumulation of all three RpoT genes indicating
both distinct roles of the encoded RNA polymerases in
organelle transcription and developmental control of
their activity.

Materials and methods
Plant material and growth conditions

Arabidopsis thaliana (ecotype Columbia) seeds were
grown, after a 2-day 4°C vernalization treatment, on MS
medium at 20°C under a 8h/16h light/dark cycle. After
10 days the seedlings were transferred to soil and after
14 days the seedlings were exposed under a light regime
of 16h/8h light/dark. The intensity of light in all exper-
iments was 210 pmol photons s~ ' m™

Isolation of RNA and quantitative real-time RT-PCR

Total cellular RNA was extracted from 100 mg plant
tissue using TRIZOL (Invitrogen). After a wash step
with 70% EtOH, the RNA pellet was resuspended in
50 pl H>O, column-purified and DNase-treated using
the NucleoSpin RNA plant kit (Macherey-Nagel, Dii-
ren, Germany). The integrity of the eluted and quanti-
fied RNA was verified by agarose gel electrophoresis.
About 2 ng RNA were reverse transcribed using Om-
niscript reverse transcriptase (QIAGEN). RNA was
heated to 65°C for 5 min, followed by addition of
reaction buffer, 1 mM of each dANTP, 50 pmol of ran-
dom hexamer primers, 20 U RNase inhibitor (Fermen-
tas, St. Leon-Rot, Germany), 4 U reverse transcriptase
and water to a final volume of 20 pl. Reactions were
incubated at 37°C for 1 h. The enzyme was inactivated
at 93°C for 5 min. Quantitative PCR was carried out in
an Applied Biosystems GeneAmp 5700 sequence detec-
tion system using SYBR Green PCR core reagents
(Applied Biosystems). Each 25 pl reaction contained
1x buffer, 2 mM of each dNTP, 3 mM MgCl,, 0.25 U
AmpEraseUng, 0.625 U Amplitaq Gold DNA-poly-
merase, 45 pmol of each primer and different amounts
of cDNA as template, corresponding to 100 ng (RpoTm,
RpoTmp, RpoTp, rpoB, GAPDH) and 10 pg (/8S-
rRNA), of reverse transcribed total RNA.



1000

Primer pairs for quantitative real-time RT-PCR
were chosen to yield amplification products between 90
and 110 bp. The reactions were incubated for 2 min at
50°C, then for 10 min at 95°C, followed by 40 cycles
of 15 s at 95°C, 30 s at 60°C and 45 s at 72°C. After the
last cycle, the PCR products were subjected to heat
denaturation over a temperature gradient from 60 to
95°C at 0.03°C/s to check for the absence of non-specific
amplification products. To account for variability in the
initial RNA concentrations, all quantitations were nor-
malized to the amount of cytoplasmic /8S-rRNA or
GAPDH as internal standards by the ACt method
(27A¢T [ACt = Ct target — Ct endogenous reference]).
Two different preparations of cDNA were analyzed for
each gene to control the quality of total RNA and the
conversion efficiency of the reverse transcription reac-
tion. All quantitative real-time RT-PCRs were per-
formed in duplicates using two different dilutions from
two independent sets of cDNA syntheses. This was
repeated on two sets of independent RNA preparations
each, yielding 16 individual values for each RNA sample
altogether. Non-template control reactions were per-
formed for each pair of primers. Negative controls
(omitting reverse transcriptase) were included on all
samples to verify the complete removal of DNA. The
data were analyzed using PE GeneAmp 5700 SDS
software version 1.3 (Applied Biosystems) and plotted as
normalized reporter signal (Rn). Rn represents the level
of fluorescence detected during the PCR process after
subtraction of background noise versus cycle number. A
threshold was set manually to 0.8 in the upper third of
the linear phase of the amplification curve. The Ct value
(threshold cycle) indicated the cycle number when the
amount of amplified targets, i.e. the reporter fluores-
cence, reached the threshold.

Construction of the RpoT-promoter-f-glucuronidase
gene fusions

Genomic fragments containing 930 or 1,983 bp
(RpoTm), 756 or 2,238 bp (RpoTmp) and 889, 2,025 or
3,420 bp (RpoTp) of the sequence upstream of the ATG
start codon were amplified by polymerase chain reac-
tion. DNA fragments were verified by sequencing and
introduced into the promoterless Agrobacterium binary
plasmid pGPTV-bar (Becker et al. 1992) via Hindlll/
Xbal restriction sites. The RpoT-pGPTV-bar constructs
were  transferred  into  Agrobacterium  strain
GV3101::pMP90 (C58).

Plant transformation

Arabidopsis wild type plants (ecotype Columbia, Col-O)
were transformed by means of the floral dipping method
(Clough and Bent 1998). Transformants were selected
on Murashige and Skoog (MS) medium containing
30 mg/l phosphinotricin, 5% sucrose and 0.8% agar.

The genomic integration of introduced RpoT-promotor-
gus fusions in T; transgenic plants was verified by
genomic PCR and Southern blot hybridization. For
each construct at least 12 independent transgenic plants
were assayed for fS-glucuronidase (GUS) activity at dif-
ferent developmental stages and in various tissue types.

Histochemical GUS assay

p-glucuronidase analyses were done on T; plants (ob-
tained by self-fertilization of the primary transformants)
and verified in the T, and T; generations. Plant tissue
samples were stained under vacuum with X-Gluc solu-
tion containing 1 mg/ml X-Gluc (5-bromo-4-chloro-3-
indolyl-f-glucuronide, Fermentas), 50 mM sodium
phosphate pH 7.0, 10 mM EDTA, 0.1% Triton X-100,
2 mM potassium ferrocyanide and 100 mg/ml chl-
oramphenicol (Jefferson et al. 1987a, b). All staining
reactions were incubated at 37°C for 12 h. GUS activity
was observed in transversal stem sections, prepared from
embedded or fresh material. Stained stems were cut into
approximately 1 cm long segments and fixed overnight
at 4°C in 50 mM sodium phosphate (pH 7.0) containing
2% glutaraldehyde. After being rinsed in 50 mM so-
dium phosphate (pH 7.0, 4°C) for 15 min, the tissue was
dehydrated in a graded ethanol series of 10, 20, 40, 60,
80, 90, 95, and 100% (v/v, 4°C) each for 10 min and
100% ethanol twice for 30 min. The tissue was infil-
trated with pure London Resin White (London Resin
Co. Ltd., London, UK) for 1 h, followed by one change
of LR White for 1 h and one change overnight. The stem
segments were placed into Gelantine Capsules (Plano)
and polymerized at 60°C for 24 h. Transverse sections
(14 pm) were cut with a microtome (Microm HM 355)
using 45° glass knives, mounted on slides, and covered
with Roti®-Histokit (Roth GmbH, Karlsruhe, Ger-
many). Sections were examined in a Zeiss microscope
(Axioskop 2 plus) by bright-field microscopy and pho-
tographed using the ColorView Soft Imaging System.
For hand-cut sections from fresh material, stem seg-
ments were first dehydrated as described above and then
rehydrated. The segments were fixed in 3% agarose and
cut with ethanol-washed razor blades. The cross sections
were observed by dark-field microscopy.

In situ hybridization

In situ hybridization of RpoT transcripts was performed
with Arabidopsis flowers and stem sections. Digoxigenin-
labeled sense and antisense RNA probes were synthe-
sized from RpoT cDNA using T7 polymerases according
to the instructions of the supplier (DIG RNA labeling
Kit, Roche, Mannheim, Germany).

Plant tissues were fixed, dehydrated, and embedded
in paraffin essentially as described by Drews et al. (1991),
(http://www.its.caltech.edu/~plantlab/protocols/insit-
u.html). Sections of Arabidopsis flowers, 6-8 pum thick,



were cut and mounted on poly-L-lysine coated slides
(Poly-Prep™ Slides, Sigma) and processed essentially as
described by Drews et al. (1991).

Tissue sections were covered with 100 ng of dena-
tured RNA probe in 60 pl hybridization solution (50%
formamide, 0.3 M NaCl, 10 mM Tris/HCIl pH 7.5, | mM
EDTA, 1x Denhardts solution, 10% dextran sulphate,
1 M DDT, 1.5 mg/ml yeast tRNA). Hybridization was
done in a humid chamber for 16 h at 53°C. Washing
steps were performed in 2x SSC, for 30 min, in 0.2x SSC
for 30 min at 56°C and for 10 min in 0.2x SSC at room
temperature. Immunological detection using antibodies
against digoxigenin coupled with alkaline phosphatase
and final staining procedure with NBT/BCIP was done
according to the supplier’s manual (Roche).

Results
Transcript accumulation using real-time RT-PCR

Previous analyses of mRNA accumulation by RNA gel
blot hybridization showed an extremely low abundance
of RpoT transcripts in mature leaves of Chenopodium
album and A. thaliana (Hedtke et al. 1997; Weihe et al.
1997). Therefore, to study the accumulation of mRNA
in different tissues and developmental stages, we
exploited the more sensitive and accurate method of
quantitative real-time RT-PCR. Tissue samples were
derived from Arabidopsis plants grown in soil over a
period of 9 weeks. RNA was isolated from flowers,
stems, rosette leaves, and roots. Total adult flowers were
used, considering developed sepals and differentiated
anthers as criteria for adult organs.

Comparison of different parts of the adult plant re-
vealed a remarkable high transcript accumulation in
total flower tissue relative to leaves, stems and roots
(Fig. 1a). The steady state level of all three RpoT tran-
scripts was 2.8-9 fold higher in total flower tissue com-
pared to leaves, stems and roots. The ratio between the
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three RpoT mRNAs was found to be similar in all tissues
investigated except leaf tissue. RpoTm showed the
highest abundance in flowers, stems and roots, whereas
the RpoTp mRNA was the most abundant in leaves,
accumulating to levels more than twice of RpoTm and
more than three times of RpoTmp.

In order to investigate developmental changes of the
RpoT transcript accumulation, mRNAs from leaves of
different ages were quantified. We compared cotyledons
of 7-days-old seedlings and leaves from 42-days-old
plants showing fully developed leaf rosettes. Quantifi-
cation of the steady state levels of RpoT transcripts re-
vealed a changing pattern of transcript accumulation of
the RpoT genes during the early phase of leaf develop-
ment (Fig. 1b): In cotyledons of 7-days-old plants,
RpoTm mRNA was the most abundant of the three
polymerases genes, accumulating 1.7 fold relative to
RpoTp and 1.8 fold relative to RpoTmp. During further
development, the total level of RpoTm transcripts in the
leaves declined to values of approximately 30% after 42
days of plant growth (Fig. 1b). Similarly, RpoTmp
transcript accumulation was also higher in cotyledons
and decreased to 37% in leaves of 42-days-old plants. In
contrast to RpoTm and RpoTmp transcripts, RpoTp
mRNA in the mature leaves accumulated to approxi-
mately the same level as in the cotyledons. Thus, RpoTp
is the most abundant of the three RpoT mRNAs in
mature leaves.

Tissue-specific RpoT expression during development
as revealed by GUS-staining

In order to study the expression pattern of the RpoT
genes during development of different tissues, 12 indi-
vidual RpoT::GUS plants of each transgenic line were
analyzed at 2, 4, 7 and 14 days after germination. In 2-
days-old seedlings, GUS staining was first observed for
RpoTm in the distal part of the root, i.e. the elongation
and differentiation zone (Fig. 2, al). No activity at this
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Fig. 1 a, b Analysis of RpoT transcript accumulation by quanti-
tative real-time RT-PCR. a RpoT genes were assayed for transcript
abundance in flower, stem, leaf and root tissue. Data were
normalized to the amount of cytosolic /8S-rRNA and expressed
as 274¢T (for details, see “Material and Methods’’). b Comparison

of cotyledons (7-days-old) and leaf tissue harvested at 42 days of
plant growth. The bars represent relative transcript abundance and
were calculated with GAPDH as endogenous reference. /w one
week, 6w six weeks
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stage was seen for RpoTmp and RpoTp (Fig. 2, a2, a3).
After 4 days, when the seedlings began to form primary
leaves, the strongest GUS staining was observed with the
RpoTm::GUS lines, showing up in apical meristem, in
the root tips and in the vascular tissue of the cotyledons
(Fig. 2, bl). RpoTmp::GUS plants were stained in the
root tips (Fig. 2, b2), while GUS activity in RpoTp::GUS
plants was still lacking (Fig. 2, b3). After 7 days, the
delayed RpoTmp activity showed up, in an identical
pattern to RpoTm::GUS plants, in the vascular tissue of
the cotyledons, in the root and, at the highest level, in
the primary leaves (Fig. 2, cl, c2). In the division zone of
the root, RpoTm::GUS and RpoTmp::GUS expression
was observed throughout further development of the
plants. The decline of cell division activity was accom-
panied by a fading of the GUS staining towards the
proximal parts of the root tips (see Fig. 2, dl1, d2).
Budding lateral roots were heavily stained in RpoTm::-
GUS and RpoTmp::GUS plants (Fig. 2, el, e2). At day 7,
the first, very weak staining of RpoTp::GUS appeared in
the primary leaves (Fig. 2, ¢3). This RpoTp activity,
confined to the leaves, became prominent only after 14
days (Fig. 2, £3). In contrast to RpoTm and RpoTmp
(Fig. 2, f1, £2), the RpoTp::GUS activity occurred mainly
in the non-vascular, photosynthetically active parenc-
hyme tissue of the primary leaf (Fig. 2, f3). The cotyle-
dons of the RpoTp::GUS plants showed no detectable
staining during the whole development. The intensity of
staining in RpoTm::GUS and RpoTmp::GUS plants in
the primary leaf tissue decreased during further devel-
opment and shifted towards the vascular system. Young
primary and young secondary leaves at 14 days were
intensely stained, while in the older primary leaves GUS
activity was restricted to the vascular system (Fig. 2, f1,
f2). Microscopic examination revealed that the GUS
activity occurred in the phloem (i.e. the companion cell
layer), rather than in the xylem (Fig. 3e).

In all older plants (>4 weeks), containing the
RpoTm::GUS and RpoTmp::GUS constructs, GUS
activity decreased further in mesophyll cells. GUS was
preferentially expressed, beside the vascular bundle
tissue, in newly formed organs or tissues (Fig. 3, al,
a2, d, e, f). In Arabidopsis, epidermal cells of the fully
differentiated stem are able to develop into new organs
like stipules. These re-embryonalized meristematic
cells, developing into stipules, showed a high GUS
activity in RpoTm and RpoTmp plants during the ini-
tial phase of development, while adult stipules were
only faintly stained (Fig. 3, al, a2). Microscopic
examination revealed a clear difference between pro-
nounced staining of the meristematic cells of the stip-
ule and the unstained cells of the stem (Fig. 3, a2b). In
contrast, RpoTp::GUS activity was not observed in
meristematic tissues of the stem, but showed up in
young stipules in a pattern similar to that observed in
young leaves of the seedling and the rosette of older
plants (Fig. 3, a3).

A change of RpoTm- and RpoTmp-driven GUS
activity was also detected in developing leaf trichomes

consisting of single cells. As an example, Fig. 3d shows a
remarkably high GUS expression during the early stage
of development of trichomes. In fully expanded tric-
homes, no GUS activity was detectable (Fig. 3d).

The stems of the RpoT::GUS plants showed varying
staining intensities during different phases of develop-
ment (Figs. 3, bl-3, cl1-3, 4 al-3). The high GUS
expression observed in RpoTm::GUS and RpoTmp::GUS
plants in the middle part of stems of young florescences
was fading during later developmental stages. Thus,
GUS staining was only faint in older stems of adult
flowers (Fig. 4, al-2). Microscopic examination of
transversal sections in young stems revealed that stain-
ing occurred in the phloem, predominantly in the com-
panion cells, in the epidermal cell layer and the primary
cortex (shown for an RpoTmp::GUS plant, Fig. 3, b2).
In stem sections of older florescences and siliques, which
externally showed no GUS staining, RpoTm and
RpoTmp::GUS activity was detected in microscopic
sections, exclusively in the vascular bundle tissue (shown
for an RpoTm::GUS plant, Fig. 3, bl). For analysis of
later stages of stem development, transversal sections of
the primary sprout were examined. These sections
showed RpoTm and RpoTmp::GUS activity in the
phloem (Fig. 3, cl, c¢2). In plants which contained at
least four copies of RpoTm::GUS and RpoTmp::GUS,
stomata in the epidermis of stems were stained as well
(shown for RpoTm::GUS plants in Fig. 3, bl).

A completely different pattern of GUS expression
was observed in stems of RpoTp::GUS plants. Young
stems, underneath the primordia and buds, showed a
much weaker expression than older stems from adult
flowers and siliques (Fig. 4, a3). In transversal sections,
GUS staining could be attributed to the primary cortex
(Fig. 3, b3, c3).

GUS staining was as well detected in flowers (Fig. 4).
RpoT::GUS expression was found to be high in flower
tissues, with clear differences between RpoTm and
RpoTmp on the one hand, and RpoTp on the other.
RpoTm and RpoTmp promoter-dependent GUS activity
exhibited a similar spatio-temporal pattern, with the
highest activity showing up in the primordia of buds
(Fig. 4, al, a2). With the formation of the flower organs,
the intensity of GUS staining in buds was fading, and
promoter activity occurred preferentially in the vascular
system of the stamen, petals and sepals. Anthers, in the
case of RpoTm and RpoTmp, showed GUS staining in
the tapetum exclusively in developing flower buds
(Fig. 4d). A strongly developmentally dependent
expression of GUS in RpoTm::GUS and RpoTmp::GUS
plants was observed in the carpels. In buds, high GUS
activity was confined to the stigmatic papillae (Fig. 4b).
After pollination (siphonogamy), the pollen tubes be-
came intensely stained (Fig. 4¢), and finally, during the
later phase of flower development, GUS activity was
spread over the whole carpel (see Fig. 4b, e, f). The
carpel of adult flowers and siliques exhibited RpoTm::
GUS and RpoTmp::GUS activity in the vascular tissue
feeding the embryos (Fig. 4e, f). Furthermore, a strong
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Fig. 2 a—f p-Glucuronidase staining of seedlings of A. thaliana
transformed with RpoT-promoter::GUS fusion constructs. Histo-
chemical localization of RpoTm-(al—f1), RpoTmp-(a2—£2), RpoTp-
(a3—13) promoter::GUS activity was analyzed at different develop-

mental stages. Seedlings were analyzed at ages of: 2 days (al-3),
4 days (b1-3), 7 days, cotyledons (c¢1-3), 7 days (root tips, d1-3),
7 days (developing lateral roots, el-3), and 14 days after
germination (f1-3)
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Fig. 3 a—f f-Glucuronidase
staining of vegetative organs of
A. thaliana transformed with
RpoT-promoter::GUS fusion
constructs: RpoTm::GUS (al-
cl), RpoTmp::GUS (a2—c2, d—f),
RpoTp::GUS (a3—c3).

al-3 developing stipules on a
primary sprout, arrows depict
meristematic tissue of stipules,
the insert a2b shows a
magnification of a stipule.
b1-3 cross sections of stems
(paraffin embedded, 10 pm-
thick slices), ¢1-3 cross sections
of primary sprouts (agarose
embedded, ca. 100 um-thick
slices), d developing trichomes
of a primary leaf pair,

e vascular bundle tissue of a

7 days old cotyledon, f vascular
bundle tissue of an adult leaf.
¢ Cotyledon, p phloem, x
xylem, arrows stipule

GUS activity in RpoTm and RpoTmp plants was ob-
served in the abscission zone of aging florescences
(Fig. 4g). The pattern of RpoTp::GUS expression in
florescences differed substantially from that of RpoTm
and RpoTmp. RpoTp::GUS staining was observed
exclusively in green tissue, i.e. sepals, stipules and stems
(Fig. 4, a3, h, 1). Sepals of buds were stained most in-
tensely, and in fully expanded flowers staining decreased
(Fig. 4, a3).

Table 1 summarizes the spatio-temporal distribution
of RpoT promoter-driven GUS activity during the
development of transgenic Arabidopsis plants. Semi-
quantitative indication of staining intensities reveals the
principal similar expression pattern between RpoTm
and RpoTmp on the one hand, and the completely
different staing in the case of RpoTp::GUS plants on
the other.

In situ hybridization studies

In situ hybridization was employed to assay tissue-spe-
cific accumulation of endogenous RpoT mRNA. Tissue
sections were hybridized with antisense and sense strand
digoxigenin-labeled RNA probes derived from the 5" end
of the coding region (exon 1) of the RpoT genes. Exon 1
exhibits no significant DNA sequence similarity between

the three RpoT genes. Figure 5 shows representative
results of these experiments. In general, the signals ob-
tained were relatively weak, essentially detectable only in
flower tissue and transversal sections of the stem.

Very early stages of flower development showed high
in situ hybridization signals of all three RpoT genes in
the primordia of buds (Fig. 5, al-3). In the first visible
flower structures, the sepal primordia, relatively high
hybridization signals of all three RpoT probes were ob-
tained (not shown). In later phases of development,
hybridization in the green tissue, i.e. the sepals, showed
up only in the case of RpoTp, whereas RpoTm and
RpoTmp transcripts were localized to the vascular bun-
dle tissue, confirming the GUS staining data (Fig. 5, al-
3, c1-3). During early phases of development a relatively
high transcript accumulation of the RpoT genes was also
observed in the primordia of the carpel and the anthers
(Fig. 5, al-3). RpoTp hybridization decreased as buds
developed into adult flowers and was no longer detect-
able in flowering florescences, while RpoTm and
RpoTmp transcripts showed up during the whole flower
development (Fig. 5, c1-3). RpoTm and RpoTmp tran-
script accumulation in anthers was clearly dependent
upon the developmental stage: whereas the primordia of
anthers showed strong hybridization signals spread over
the whole tissue (Fig. 5, al, a2), transcript accumulation
in buds was confined to the tapetum as shown for
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Fig. 4 a-h f-Glucuronidase staining of floral organs of A. thaliana
transformed with RpoT-promoter::GUS fusion constructs. Com-
parison of inflorescenses of RpoTm::GUS (al), RpoTmp::GUS (a2)
and RpoTp::GUS plants (a3). RpoTm::GUS (b, ¢) and RpoTmp::-
GUS (d—-g) plants showing similar expression patterns in flower
organs: b stigmatic papillae of a bud and a whole stained carpel of

RpoTmp in Fig. 5e. Thereafter, transcript levels declined
in the degenerating tapetum and occurred exclusively in
the vascular tissue of stems of anthers (Fig. 5, cl, c2).
RpoTm and RpoTmp transcripts were detected in the
vascular system of sepals and petals, as well as the stems
of anthers (Fig. 5, cl, ¢2). In contrast, the RpoTp probe
showed a diffuse distribution over the sepal tissue, with
no preference for the vascular tissues (Fig. 5, ¢3). In
petals, no hybridization signals were detected with
RpoTp as probe. In later stages of development, when
the flower starts to wither, expression of RpoTm and
RpoTmp occurred in the abscission zone (Fig. 5g), cor-
responding with the data obtained by the GUS analyses.

Striking differences in the differential transcript
accumulation of the three RpoT genes, which once more
confirmed the promoter GUS activity studies, were ob-
served in stem tissue sections. In transversal sections,
RpoTm and RpoTmp transcripts were detected exclu-
sively in the vascular tissue. The signals could be local-

an adult flower, ¢ pollen tube (siphonogamy), d tapetum of an
anther of a bud, e carpel of an adult flower, f carpel of an adult
flower (paraffin embedded, 15 um-thick slice), g abscission layer of
a withered flower. RpoTp::GUS plants exhibiting high GUS activity
in stems (a3), sepals of a bud (h), sepals of a bud, paraffin
embedded, 15 um-thick slice (i)

ized to the phloem-surrounding companion cells
(Fig. 5, d1, d2, f), whereas RpoTp hybridization signals
were found exclusively in the primary cortex (Fig. 5, d3).

Discussion

The tissue- and organ-specific expression of the RpoT
genes encoding mitochondrial and plastid RNA
polymerases during the development of Arabidopsis
plants was examined through detection of mRNA
steady-state levels by in situ hybridization, by their
quantification using real-time RT-PCR, and by intro-
ducing promoter::GUS constructs into A. thaliana and
analyzing the GUS activity in several independent
transformants. In general, we observed striking differ-
ences between the spatio-temporal expression of
RpoTm and RpoTmp on the one hand, and RpoTp on
the other. Our results indicate that the expression of
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Fig. 5 a—g In-situ hybridization
of RpoT genes in developing
flowers of A. thaliana. DIG-
labeled antisense and sense
RNA probes of RpoTm (al—
d1), RpoTmp (a2—d2, e, f, g) and
RpoTp (a3—d3) were hybridized
to longitudinal sections of
flowers at different
developmental stages, and to
stems. al-3 Umbel, antisense
RNA probe, b1-3 umbel, sense
probe, ¢1-3 cross section of
flowers, antisense probe, d1-3
Transversal slices of stems,
antisense probe, e anthere with
tapetum, RpoTmp antisense
probe, f detail of a cross section
of a stem showing vascular
bundle tissue, RpoTmp
antisense probe, g abscission
layer of a withered flower,
RpoTmp antisense probe. X
Xylem, p phloem

all RpoT genes is under developmental control. During extension and division zone of the root tips was ob-
the first days of plant development, a pronounced served. Active mitochondrial biogenesis has been
RpoTm- and RpoTm-mediated GUS activity in the shown to occur in root apical meristem of Arabidopsis



and other species (Kuroiwa et al. 1992; Fujie et al.
1993). The analysis of expression of mitochondrial
transcripts (Li et al. 1996) and nuclear transcripts
encoding mitochondrial proteins (Ribichich et al. 2001;
Elorza et al. 2004) showed that transcript levels cor-
related with cell division activity in roots, which is in
agreement with high GUS activity driven by the pro-
moters of the mitochondrial RNA polymerases,
RpoTm and RpoTmp, found in the meristematic zone
of Arabidopsis root tips. The developing seedlings
showed a high RpoTm and RpoTmp promoter-medi-
ated GUS activity also in the shoot apical system,
vascular bundle tissue, developing trichomes and lat-
eral root tips. The only difference was that GUS
staining was lower for RpoTmp, compared to RpoTm,
during the first days of plant development. This is in
agreement with the data of RpoT mRNA steady state
levels, obtained by quantitative real-time RT-PCR.
With the completion of the organs, transcript accu-
mulation of RpoTm and RpoTmp generally declined. A
developmental regulation of mitochondrial gene
expression was also reported for primary leaves of
wheat, in which an about fivefold to tenfold decrease
of the copy number of mitochondrial genes per cell
from the meristematic basal section upwards to the
mature part of the leaf was observed. The abundance
of the corresponding transcripts was found to decrease
gene-specifically between 2.5- and 20-fold (Topping
and Leaver 1990; Emanuel et al. 2004).

Adult transgenic RpoTm::GUS and RpoTmp::GUS
plants showed a strong GUS staining in the vascular
tissue, specifically in the companion cells flanking the
phloem. Companion cells contain a high number of
mitochondria, reflecting the high energetic requirement
in these cells. RpoTm encodes a mitochondrial RNAP,
whereas RpoTmp specifies a polymerase dually targeted
to both mitochondria and plastids. Our results are in
favour of an essential role of mitochondria during an-
ther development, as revealed by studies of cytoplas-
matic male sterility (for review, see Touzet and Budar
2004). Active biogenesis of mitochondria has been
shown to occur in meiotic and tapetal cells during early
anther development in maize, where numbers of mito-
chondria increase 20- to 40-fold (Lee and Warmke
1979). The observed high expression of RpoTm- and
RpoTmp-mediated GUS activity in inflorescences, as
compared to mature leaves, is consistent with the high
number of mitochondria in flower tissues (Huang et al.
1994). In later stages of development, GUS activity was
confined to the vascular bundle tissue and the abcission
zone.

Taken together, our data indicate nearly identical
patterns of expression for RpoTm and RpoTmp. Tran-
script accumulation as well as GUS activity (see Table 1
for a summary) were prominent mostly in meristemactic
and young tissue with high mitochondrial acitivity. The
only difference observed was that RpoTm-driven GUS
activity appeared earlier than that of RpoTmp, what
might be due to the limits of detection of the applied
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Table 1 RpoT promoter-mediated GUS activity during the devel-
opment of transgenic Arabidopsis plants

Organ/Tissue Age RpoTm::GUS RpoTmp::GUS RpoTp::GUS

Root tip 2 days + + + + —

4 days + + + ++ —

7 days + + + ++ + -

14 days + + + ++ + —
Leaf vein 4 days + + + -

7 days + + ++ —

14 days + + ++ —
Primary leaf 7 days + + + + + +

14 days + + ++ +
Sepal Adult + + ++ +
Carpel Adult +++ ++ + —
Stamen Adult ++ ++ —
Petal Adult + + -
Stem Adult ++ + + ++
Leaf Adult — — +/+ +
Stipule Adult +++ ++ + —

GUS staining is indicated semiquantitavely as high (+ + +),
medium (+ +), low (+), not detected (-)

methods, since transcript accumulation detected by real-
time RT-PCR was higher for RpoTm than for RpoTmp
in all tissues.

In striking contrast, GUS expression under the con-
trol of the RpoTp promoter was only detected in green,
photosynthetically active tissues of leaves, stems and
flowers. Examination of the putative RpoT promoter
sequences (2,000 nucleotides upstream the start codon)
in silico by scanning against a database of plant cis-
acting regulatory DNA elements (http://www.dna.af-
frc.gojp/PLACE/) did not reveal any general similarity
between the three genes. In particular, RpoTm and
RpoTmp sequences were not more closely related to each
other than to RpoTp (results not shown). To relate the
striking similarity of RpoTm and RpoTmp::GUS and the
completely different RpoTp::GUS expression to individ-
ual DNA sequences or motifs, detailed experimental
studies of the promoter sequences will be necessary.

Results almost identical to those of the GUS assays
were obtained by in situ hybridization. From compar-
ison with the RT-PCR data it is evident that only those
tissues could be stained for GUS activity and by in situ
hybridization, that exhibited the highest expression
levels. Roots, for example, clearly accumulated RpoTp
transcripts (as detected by RT-PCR), but neither GUS
staining nor in situ hybridization gave positive results.
In general, similar expression patterns are revealed
when comparing the GUS expression as described in
the present study, and comprehensive microarray data
resumed at the Arabidopsis microarray database
(http://www.genevestigator.ethz.ch). In a recent study,
mRNA levels in different root tissues were analyzed
using expression profiling on Arabidopsis microarrays
(Birnbaum and Benfey 2004), where transcript accu-
mulation of the RpoT genes showed a similar pattern
as obtained in our study by real-time RT-PCR. On
average (over different cell layers of the root tips)
RpoTm exhibited the highest accumulation, and
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RpoTmp the lowest. As in our RT-PCR studies, RpoTp
expression was well detected in the root cells. The
discrepancy between data obtained by different meth-
ods might be explained by the fact that RpoTp tran-
scripts accumulate to moderate levels in all or most
root cells, summing up to an amount easily detectable
by RT-PCR and expression profiling using micro-
arrays, but not seen by detecting GUS activity. Dif-
ferent  transcript  stability as a  result of
posttranscriptional regulation as well as translational
control might contribute to certain inconsistencies in
the results, since GUS expression reflects transcrip-
tional activity of the RpoT promoters as well as the
stability of the GUS mRNA and protein, whilst the
other methods used in this study measure RpoT tran-
script accumulation. Since we have obtained identical
results independent of promoter length (for constructs
used, see Materials and Methods), the shortest version
of the respective promoter should contain all the cis
elements needed for tissue- and developmental state-
specific expression as observed during this study. The
expression of GUS activity in the transgenic plants
correlated well with the steady-state level of the specific
mRNAs as revealed by real-time RT-PCR and in situ
hybridization. Therefore, we are confident that the
GUS activity observed reflects the expression pattern
of the RpoT genes. To rule out an influence of GUS-
mRNA stability and GUS enzyme activity on these
data, immunodetection of the RpoT polymerases using
specific antibodies would be necessary.

According to data with constructs consisting of the
RpoTmp transit sequence fused to GFP, RpoTmp is
dually targeted to both mitochondria and plastids in
Arabidopsis and Nicotiana (Hedtke et al. 2000, 2002;
Kobayashi et al. 2001a). Thus, in mitochondria two
phage-type polymerases are supposed to be involved in
transcription, RpoTm and RpoTmp. This has recently
been questioned by the observation that constructs
containing the RpoT-5’UTR in addition to the putative
transit sequence seem to target RpoTmp only to mito-
chondria, at least in leaves (Kabeya and Sato 2005). The
completely overlapping expression patterns of the
RpoTm and RpoTmp would suggest (though in the ab-
sence of data on the respective protein levels this remains
speculation) that the two polymerases have similar levels
of activity at the same developmental stages and in all
tissues. Our data, supporting a function of RpoTmp in
mitochondria rather than in chloroplasts, are in conflict
with a recent study of an RpoTmp null mutant, in which
severe effects on plastid, but not on mitochondrial
transcription were demonstrated (Baba et al. 2004). If
RpoTmp indeed has an impact onto plastid gene
expression, then our data would suggest that the two
nuclear-encoded plastid polymerases, RpoTmp and
RpoTp [representing together the NEP activity, (Liere
et al. 2004)] play their specific roles in the plastids of
different tissues: RpoTmp preferentially in non-green,
and RpoTp in photosynthetically active green tissues.
Pronounced expression of RpoTp occurred in green

tissue of young leaves and cell types rich in chloroplasts
(parenchyme cells). It should be emphasized in this
context that RpoTp transcripts are also present in non-
green roots, and RpoTmp transcripts were found in
green leaves. Yet, the RpoTp gene showed a delayed
expression, coinciding with the development of photo-
synthetic competence, suggesting that RpoTp, like the
plastid-encoded PEP, has to play its major role in pho-
tosynthetically active cells.
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