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The germline genome of ciliates is extensively rearranged during the development of a new somatic
macronucleus from the germline micronucleus, after sexual events. In Paramecium tetraurelia, single-copy
internal eliminated sequences (IESs) are precisely excised from coding sequences and intergenic regions. For a
subset of IESs, introduction of the IES sequence into the maternal macronucleus specifically inhibits excision
of the homologous IES in the developing zygotic macronucleus, suggesting that epigenetic regulation of
excision involves a global comparison of germline and somatic genomes. ScanRNAs (scnRNAs) produced
during micronuclear meiosis by a developmentally regulated RNAi pathway have been proposed to mediate
this transnuclear cross-talk. In this study, microinjection experiments provide direct evidence that

25-nucleotide (nt) scnRNAs promote IES excision. We further show that noncoding RNAs are produced from
the somatic maternal genome, both during vegetative growth and during sexual events. Maternal inhibition of
IES excision is abolished when maternal somatic transcripts containing an IES are targeted for degradation by
a distinct RNAi pathway involving 23-nt siRNAs. The results strongly support a scnRNA/macronuclear RNA
scanning model in which a natural genomic subtraction, occurring during meiosis between deletion-inducing

scnRNAs and antagonistic transcripts from the maternal macronucleus, regulates rearrangements of the

zygotic genome.
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The increasing number of non-protein-coding RNAs de-
scribed has led to speculation that they might be as im-
portant as proteins in the regulation of vital cellular
functions. In eukaryotes, a variety of specialized RNAIi
pathways control gene expression at different levels, pro-
ducing short RNAs that mediate homology-dependent
mRNA degradation or translation inhibition, or that
regulate chromatin structure through the targeting of
epigenetic modifications to specific regions of the ge-
nome (Matzke and Birchler 2005; Zaratiegui et al. 2007).
In ciliates, a specific class of meiosis-specific short
RNAs appears to play a major role in the regulation of
the genome-wide rearrangements that occur during de-
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velopment (Mochizuki and Gorovsky 2004b; Yao and
Chao 2005).

These unicellular eukaryotes contain two functionally
distinct nuclei. The diploid germline micronuclei are
transcriptionally silent during vegetative growth and un-
dergo meiosis during sexual events. The highly polyploid
somatic macronucleus (~800n in Paramecium tetraure-
lia) is responsible for gene expression throughout the life
cycle. The maternal macronucleus is lost after sexual
events, while new micro- and macronuclei develop from
mitotic copies of the zygotic nucleus. During the devel-
opment of a new macronucleus, the diploid zygotic ge-
nome is endoreplicated and extensively rearranged (Yao
et al. 2002). In P. tetraurelia, ~50-60 chromosomes are
fragmented into ~200 shorter macronuclear molecules
healed by de novo telomere addition (Aury et al. 2006) as
a result of the imprecise elimination of germline-specific
regions containing repetitive sequences such as minisat-
ellites and transposons (Le Mouel et al. 2003). Moreover,
~60,000 short, noncoding internal eliminated sequences
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(IESs) are precisely excised from coding sequences and
intergenic regions (Klobutcher and Herrick 1997; Yao et
al. 2002). IESs all appear to be single-copy in the haploid
genome and are always flanked by two 5'-TA-3’ di-
nucleotides, one of which is retained at the macro-
nuclear junction after excision. They do not share any
other strictly conserved motifs, although a degenerate
consensus at their extremities (Klobutcher and Herrick
1995) seems to be of importance for the staggered double-
strand breaks that initiate IES excision (Gratias and Be-
termier 2003). The molecular mechanisms underlying
the specific recognition of such a large number of differ-
ent germline sequences remain poorly understood. In the
related ciliate, Tetrahymena thermophila, DNA elimi-
nation appears to depend on an RNAi pathway that pro-
duces a specific class of short RNAs, 27-30 nucleotides
(nt) in length, from the micronuclear genome during
meiosis (Mochizuki et al. 2002; Mochizuki and Gor-
ovsky 2004a, 2005; Malone et al. 2005; Lee and Collins
2006). These scanRNAs (scnRNAs) are believed to target
histone H3 K9 and K27 methylation on germline-specific
sequences during macronuclear development, modifica-
tions that appear to be necessary for DNA elimination
(Taverna et al. 2002; Liu et al. 2004, 2007; Malone et al.
2005; Mochizuki and Gorovsky 2005).

A large body of evidence has shown that genome rear-
rangement patterns are epigenetically regulated by the
maternal macronucleus through homology-dependent
effects in Paramecium (Meyer and Duharcourt 1996;
Meyer and Garnier 2002; Meyer and Chalker 2007). For
instance, transformation of the P. tetraurelia vegetative
macronucleus with an IES sequence can specifically in-
hibit the excision of the homologous IES in the new mac-
ronucleus of sexual progeny, after meiosis is induced in
the transformed clone (Duharcourt et al. 1995). Homol-
ogy-dependent maternal inhibition of excision was ob-
served for one-third of IESs tested, hereafter called ma-
ternally controlled IESs (mcIESs), and varies quantita-
tively among them (Duharcourt et al. 1998). In the most
efficient case, this effect results in the retention of the
IES sequence on 100% of macronuclear chromosome
copies, and the altered rearrangement program is mater-
nally inherited in subsequent sexual generations. This
gives rise to an epigenetically variant “IES*” cell line in
which one specific IES is never excised, although its
germline genome remains entirely wild type. This and
other observations suggest that epigenetic programming
of rearrangements involves a transnuclear comparison of
the zygotic genome to be rearranged with the previously
rearranged genome that is contained in the maternal
macronucleus, still present in the cytoplasm at that
stage. Very similar homology-dependent effects have
been shown to regulate DNA elimination in T. thermo-
phila (Chalker and Yao 1996; Yao et al. 2003; Howard-
Till and Yao 2006; Kowalczyk et al. 2006), and it has
been suggested that scnRNAs mediate the transnuclear
comparison of germline and somatic genomes (Mochi-
zuki et al. 2002; Mochizuki and Gorovsky 2004b).
ScnRNAs produced by meiotic micronuclei would first
be exported to the maternal macronucleus, where they
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would scan macronuclear DNA by pairing interactions.
Those unable to find homologous sequences would then
be specifically transported to the developing macro-
nucleus to target the deletion of germline-specific se-
quences. In P. tetraurelia, endogenous short RNAs, 25 nt
in length, are also specifically produced from the micro-
nuclear genome during meiosis and may play a similar
role since they appear to be required for a subset of rear-
rangements, including the excision of mcIESs (G. Lepere,
M. Nowacki, V. Serrano, J.-F. Gout, S. Duharcourt, and
E. Meyer, in prep.). To better account for all known ob-
servations, we and others have proposed an alternative
scanning model in which micronuclear scnRNAs are
compared with an RNA copy of the maternal somatic
genome rather than with DNA itself (Garnier et al. 2004,
Chalker et al. 2005).

The present study was designed to test the involve-
ment of macronuclear transcripts in the scanning
mechanism. We show that noncoding RNAs are indeed
produced from the somatic maternal genome, both dur-
ing vegetative growth and during sexual events. Mater-
nal inhibition of IES excision is abolished when such
transcripts containing an IES sequence are targeted for
degradation by RNAi, which is mediated in P. tetraurelia
by 23-nt siRNAs. We further demonstrate by microin-
jection experiments that a 25-nt synthetic RNA duplex
mimicking the structure of scnRNAs actually promotes
IES excision. These data provide support for the
scnRNA/maternal RNA scanning model, suggesting
that epigenetic programming of IES excision is based
on a genomic subtraction between deletion-inducing
scnRNAs and protective noncoding transcripts from the
maternal somatic genome.

Results

Somatic and germline IES-containing transcripts

To test the possible role of maternal somatic transcripts
in IES excision inhibition, we first investigated tran-
scription of mcIES 51G4404 in an IES* cell line, which
reproducibly maintains this IES in the macronuclear ge-
nome (Duharcourt et al. 1995). The 222-base-pair (bp) IES
is located within the coding sequence of the micro-
nuclear G gene (Meyer and Keller 1996), a nonessential
surface antigen gene that belongs to a multigene family
showing mutually exclusive expression (Caron and
Meyer 1989). Large-scale cultures of the IES* cell line
and of a genetically identical IES™ cell line, in which the
IES is reproducibly excised from the macronuclear ge-
nome (Supplemental Fig. S1), were used to prepare total
RNA during vegetative growth and at different time
points throughout the sexual process of autogamy (self-
fertilization). Starvation induces meiosis of the micronu-
clei, and karyogamy gives rise to a diploid zygotic
nucleus that divides twice; two of the products differen-
tiate into new micronuclei and the other two into new
macronuclei. The maternal macronucleus becomes frag-
mented shortly after micronuclear meiosis but still con-
tributes ~80% of total RNA synthesis during the time



required for development of new macronuclei (Berger
1973). Progression through autogamy was monitored by
counting cells at different stages after DAPI staining (Fig.
1). Because cells enter autogamy from a fixed point of the
cell cycle (Berger 1986), a minimum asynchrony of 5-6 h
is observed between the first and the last cells to undergo
meiosis. Transcripts of the G gene could not be detected
on Northern blots (data not shown). In contrast, a probe
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Figure 1. RT-PCR detection of transcripts from both strands of
the G gene. The drawings at the top show that the IES* cell line
only differs from the genetically identical IES™ cell line by the
presence of the 222-bp IES 51G4404 (black box) within its mac-
ronuclear genome. (A) Northern blot of RNA extracted at dif-
ferent time points during vegetative growth (lanes 1,5), starva-
tion (lanes 2,6), and autogamy (lanes 3,4,7,8), hybridized with a
probe specific for the A surface antigen gene. The histograms
indicate, for each time point, the percentage of cells in each
cytological stage, as determined by DAPI staining. (B, C) Total
RNA was reverse-transcribed with strand-specific primers (ar-
rows) followed by PCR amplification (arrowheads). PCR prod-
ucts were detected by Southern blot analysis using internal PCR
fragments as probes. For each sample, the lane marked “-”
shows the control reaction without reverse transcriptase. Lanes
a and b are control PCR amplifications of I[ES* and IES™ genomic
DNAs, respectively. (B) Detection of sense (top panel) or anti-
sense (bottom panel) G-gene transcripts with RT primers lo-
cated within the macronuclear sequences flanking the IES. PCR
products corresponding to IES-retaining (501 bp) and IES-free
(279 bp) transcripts are indicated by symbols on the right. Lane
¢ shows positive controls for the RT reactions using either sense
(top panel) or antisense (bottom panel) in vitro transcripts.
(Lanes 1-5) The ladder of faint bands visible above the main
signal in the bottom panel is due to the presence of tandem
repeats in the central part of the G-gene coding sequence, so
that the RT primer matches at several positions spaced by 222
bp, upstream of the IES. (C) Detection of sense (top panel) or
antisense (bottom panel) G-gene transcripts with RT primers
located within the IES. Antisense and sense RT-PCR products
spanning the entire IES length are indicated by the black rect-
angles on the right.
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of the A surface antigen gene revealed abundant mRNAs
in all samples (Fig. 1A), indicating that both cultures
were expressing that antigen. The presence of low-level
G-gene transcripts was then tested by a strand-specific
RT-PCR assay, using primers located in the coding se-
quences flanking the IES to easily distinguish the PCR
products from IES-containing and IES-free transcripts.
Figure 1B shows that transcripts initiating outside the
IES sequence could be detected in all samples, both on
sense (top panel) and antisense (bottom panel) strands.
The sizes of the PCR products indicated that transcripts
from the IES* cell line contained the IES, whereas those
from the IES™ cell line did not, as confirmed by the clon-
ing and sequencing of nine IES* and 11 IES” cDNAs. We
conclude that the maternal macronuclear G gene is tran-
scribed at low levels on both strands, whether or not the
IES is excised.

To confirm these results, we used strand-specific RT-
PCR primers within the IES sequence. We detected IES
transcription at all stages of the life cycle in the IES* cell
line. Both sense and antisense transcripts spanning the
entire 222-bp IES were detected (Fig. 1C, lanes 5-8), as
confirmed by the sequencing of 16 independent cDNAs
(data not shown). Intron-like sequences of 31 and 24 nt,
typical of Paramecium introns (Aury et al. 2006), were
found to be spliced out of one sense and one antisense
molecule, respectively. In contrast, no transcription of
the IES was detected before autogamy in vegetative or
starved cells of the IES™ cell line (Fig. 1C, lanes 1,2),
although antisense transcripts spanning the entire IES
sequence appeared specifically during autogamy (Fig. 1C,
bottom panel, lanes 3,4). Sense transcripts could also be
detected in the same samples when a nested PCR was
performed (data not shown). The initial appearance of
these developmentally regulated transcripts coincides
with the formation of zygotic macronuclei, suggesting
they originate from the latter. However, a fraction of
them could possibly be produced by meiotic micronuclei
and represent scnRNA precursors.

Based on the comparison between the two cell lines,
we conclude that, during vegetative growth and starva-
tion, all detectable transcription of the IES and flanking
DNA in the IES* cell line occurs in the maternal mac-
ronucleus, whereas during autogamy, it very likely origi-
nates from both maternal and zygotic macronuclei.

Transcription of IESs and maternal regulation

Only two of the five G-gene IESs (IESs 51G2832 and
51G4404) are maternally controlled; excision of the
other three was shown to be insensitive to the presence
of homologous sequences in the maternal macronucleus
(Duharcourt et al. 1998). Indeed, when a cloned segment
of micronuclear DNA containing the entire G gene (Fig.
2A) was microinjected into the vegetative macronucleus
of an IES™ cell line, at about one copy per haploid ge-
nome, Southern blot analysis of post-autogamous prog-
eny showed that IESs 51G4404 and 51G2832 were main-
tained in 100% and 65% of macronuclear chromosome
copies (Fig. 2B), while other IESs were completely ex-
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Figure 2. Transcription of different IESs after transformation
of the macronucleus with the micronuclear G gene. (A) Maps of
the macronuclear G°* gene (51Gmac) and of the insert of phage
A51Gmic, carrying the micronuclear version of the G°! gene.
IESs are shown as black boxes in the micronuclear sequence.
The coding sequence is represented by a thick arrow in the
macronuclear sequence. Open boxes at the ends of the phage
inserts symbolize the vector arms. The positions and lengths of
probes a and b are shown. (P) Pstl. (B) Southern blot analysis of
the excision of IESs 51G4404 and 51G2832 in sexual progeny of
the clone transformed with A\51Gmic (Gmic). Total DNA from
post-autogamous samples was digested with Pstl. Because the
mic/mac ploidy ratio is ~1/250, only macronuclear DNA is vis-
ible. Lanes C are control DNA from untransformed cells. Sym-
bols on the right indicate the positions of IES-retaining and
IES-excised macronuclear fragments. The same blot was hybrid-
ized successively with probes a and b. (C) RT-PCR analysis of
G-gene transcripts. Total RNA samples were isolated from
A51Gmic-transformed (Gmic) and control (C) cells during veg-
etative growth (V) and during autogamy (A), and were then re-
verse-transcribed with random hexamers. Reverse transcriptase
was omitted (lanes marked “-") to control for the presence of
contaminating DNA. PCR amplification was performed with
primers on both sides of each IES. IES-containing and IES-free
PCR products (indicated by symbols on the right; 478 and 256
bp for 51G4404, 587 and 358 bp for 51G2832, and 220 and 168
bp for 51G1413, respectively) were detected on Southern blots
with internal probes. Lanes o and \ are PCR controls using no
DNA and A51Gmic DNA, respectively.

cised (data not shown). To determine whether this dif-
ference correlates with IES transcription in the maternal
macronucleus, total RNA was isolated from the trans-
formed clone and from an untransformed control during
vegetative growth and during autogamy. RNA samples
were reverse-transcribed with random hexamers and
PCR was performed with primers located on both sides
of each IES, within flanking sequences. This allowed the
simultaneous detection of transcripts from the endog-
enous G gene, which does not contain any IES, and of
IES-containing transcripts from the injected fragment.
For each of the five IESs, both IES-free and IES-contain-
ing transcripts were detected during vegetative growth
and autogamy of the transformed clone, as shown in Fig-
ure 2C for the two mcIESs and for the non-mcIES
51G1413. The incapacity of non-mclIESs to inhibit their
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own excision in sexual progeny is therefore not due to a
lack of maternal transcription.

IES inhibition is abolished in the IES* cell line upon
RNAi-mediated degradation of somatic IES-containing
transcripts

To test the possibility that maternal macronuclear
transcripts are nevertheless required for inhibition of
mclES excision, transcripts containing IES 51G4404
were targeted for degradation by RNAi in the IES* cell
line. We used the dsRNA feeding technique (Galvani and
Sperling 2002), which was shown to trigger efficient deg-
radation of mRNA both during vegetative growth and
during sexual events (Garnier et al. 2004; Nowacki et al.
2005). IES* cells, as well as control IES™ cells, were fed
Escherichia coli strains producing dsRNAs homologous
either to the IES sequence (ies feeding) or to the macro-
nuclear G-gene sequences flanking the IES (mac feeding),
both of which should target the same IES-containing
transcripts. Although mac and ies dsRNA feeding did not
cause visible phenotypes, a control feeding (nd7 feeding)
with dsRNA homologous to ND7, a gene required for
trichocyst discharge (Skouri and Cohen 1997), resulted
in a mutant phenotype (nondischarge) after four to six
divisions.

Autogamy was then induced by starving cells after ~12
divisions in the different feeding media. Post-autoga-
mous cells from each culture were grown on the normal
food bacterium Klebsiella, and the new macronuclear
genome was probed by Southern blot analysis of total
genomic DNA. Figure 3 shows that complete IES exci-
sion was observed in the sexual progeny of IES* cells fed
with mac or ies dsRNAs, but not in the progeny of cells
fed with control nd7 dsRNA or with Klebsiella. An
Asp718 restriction site, normally formed at the macro-
nuclear junction by excision of IES 51G4404, could be
recut in 100% of IES™ G-gene copies (data not shown).
Thus, RNAi-mediated targeting of IES-containing tran-
scripts leads to complete and precise excision in the new
macronuclear genome of sexual progeny, which strongly

IES- IES+
W K nd7 mac ies K nd7 mac ies
IES
probe a - - — -

mitochondrial
- - e e .
DNA .

Figure 3. Excision of IES 51G4404 in the IES™ cell line after
RNAI treatments. Genomic DNA from the sexual progeny of
cells grown before autogamy on Klebsiella (K) or dsRNA-pro-
ducing E. coli media (nd7, mac, and ies) was digested with PstI
and analyzed by Southern blotting. Lane W contains control
DNA from IES™ cells, mixed with a small amount of A51Gmic
prior to digestion with Pstl. The same blot was hybridized with
probe a (see the legend for Fig. 2) and with a probe for mitochon-
drial DNA as a loading control.



suggests that maternal macronuclear transcripts are re-
quired for the excision inhibition effect.

Timing of action of maternal macronuclear transcripts
in IES excision inhibition

To check the efficiency and specificity of RNAi, total
RNA samples from the different feeding cultures were
extracted at different time points, chosen to precede and
overlap the time window during which IES excision
takes place (as indicated by the detection of double-
strand breaks at IES ends by LM-PCR|) (data not shown).
NOWA 1/2 mRNAs, the earliest known markers of sex-
ual events, were not detected in vegetatively growing
cells but accumulated in the first autogamy time points
and throughout the time course; ND7 mRNA levels
were strongly reduced during vegetative growth and
throughout autogamy in the nd7 feeding culture, relative
to mac or ies feeding cultures (Fig. 4A). Both sense and
antisense 23-nt siRNAs accumulated during vegetative
growth and autogamy but were no longer seen in vegeta-
tively growing sexual progeny (Fig. 4B). Nd7, mac, and
ies siRNAs were specifically detected in the nd7, mac,
and ies feeding cultures, respectively (Supplemental Fig.
S2). In all autogamous samples, 25-nt scnRNAs were de-
tected with ies and nd7-specific probes (Supplemental
Fig. S2).

We also examined the effects of dSRNA feeding on the
levels of G-gene transcripts (Fig. 4C; Supplemental Fig.
S3). Total RNA samples were reverse-transcribed and
PCR was performed with specific primers located on
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both sides of IES 51G4404, within flanking sequences
(Fig. 4C). In the control nd7 feeding, G-gene transcripts
could still be detected during vegetative growth and au-
togamy (Fig. 4C, lanes 1-5), as expected. In contrast,
these transcripts were degraded during vegetative growth
by complementary siRNAs: Indeed, they were no longer
detectable in IES™ cells fed with mac or ies dsRNAs (Fig.
4C, lanes 8,13) and in IES™ cells fed with mac dsRNAs
(Fig. 4C, lane 24), while IES-free G-gene transcripts could
still be detected in IES™ cells fed with ies siRNAs (Fig.
4C, lane 20). Surprisingly, however, in all cases, G-gene
transcripts reappeared during autogamy (Fig. 4C, lanes
9,10,14-17, 25,26) despite the continuous presence of ho-
mologous siRNAs. This stands in contrast to the con-
tinuous degradation of ND7 mRNAs by nd7 siRNAs
throughout autogamy (Fig. 4A). These RNAi-resistant
transcripts appear to originate from the maternal macro-
nucleus, since they contained the IES sequence in IES*
cells, but were IES-free in IES™ cells. IES-free transcripts
were also detected at late stages in IES™ cells fed with ies
dsRNAs (Fig. 4A, lanes 16,17), indicating that the G gene
is transcribed in the zygotic macronucleus soon after ex-
cision of the IES. IES-free zygotic transcripts do not share
homology with ies siRNAs but may be degraded by ho-
mologous mac siRNAs: Indeed, they were not detectable
at the same stage in IES* cells fed with mac dsRNAs (Fig.
4A, lane 10). Thus, although RNAI targeting of IES-con-
taining transcripts from the maternal macronucleus ef-
ficiently restores IES excision in the IES* cell line, effec-
tive degradation was observed only during vegetative
growth, suggesting that the maternal transcripts that ul-

Figure 4. RNAi-mediated degradation of G-gene tran-
scripts in the IES* and IES™ cell lines. Total RNA was
extracted from IES™ and IES™ cultures grown on dsRNA-
producing E. coli media during vegetative growth and at
different time points during mass autogamy or from
cultures of their sexual progeny. The histograms indi-
cate, for each time point, the percentage of cells in each
cytological stage. (A) Northern blot analysis of
NOWA1/2 expression and ND7 silencing in the IES*
cell line. The same blot was successively hybridized
with probes specific for the NOWA1/2 and ND7
mRNAs and, as a loading control, for the T1b mRNA,
which encodes a component of the secretory granules
(Madeddu et al. 1995). (B) Northern blot detection of
23-nt siRNAs induced by dsRNA feeding. Total RNA
samples were run on a 15% polyacrylamide-urea gel,
blotted, and hybridized with antisense (top panels) and
sense (middle panels) oligonucleotide probes and with a
75-nt tRNA probe as a loading control (bottom panels).
In vegetatively growing cultures, smears obscuring the
23-nt signal are due to the ongoing digestion of bacte-
rial transcripts from the feeding vectors. (C) RT-PCR
analysis of G-gene transcripts at different time points
after RNAI treatments. Total RNA was reverse-tran-
scribed with random hexamers (lanes marked “-" are

controls without reverse transcriptase), and PCR amplification was performed with primers on both sides of IES 51G4404, outside the
fragment used for mac feeding. PCR products from IES-containing (832 bp) and IES-free (610 bp) are indicated at the right of the top
panel. Total RNA was extracted from IES* and IES™ vegetative cultures grown on Klebsiella (K). (Bottom panel) As a control for RT,
specific primers on both sides of a 28-nt intron of the T1b gene were used for PCR amplification.
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timately result in excision inhibition are carried over
from vegetative growth or early meiotic stages, or exert
their action during these early steps. The latter possibil-
ity is consistent with their presumed role in sequestering
or degrading the homologous scnRNAs produced by mei-
otic micronuclei.

Microinjection of 23-nt and 25-nt RNA duplexes
into conjugating IES* cells triggers excision
at different stages

The 23-nt siRNAs produced by dsRNA feeding may trig-
ger IES excision by degrading early maternal macro-
nuclear transcripts, thereby freeing complementary
scnRNAs to target the IES in the developing macro-
nucleus. An alternative possibility is that the 23-nt
siRNAs, which persist in the cells throughout autogamy,
could themselves directly target IES excision in the de-
veloping macronucleus. However, while such a direct
role may explain the effect of siRNAs matching the
IES sequence, it cannot easily account for the effect of
siRNAs from flanking sequences, which is therefore best
explained by the degradation of maternal transcripts. To
gain further insight into the respective roles of siRNAs
and scnRNAs, we tested the capacity of 23-nt and 25-nt
synthetic RNA duplexes to promote excision in the IES*
cell line. Both types of duplexes matched the same in-
ternal region of IES 51G4404 and were designed to form
the typical 2-nt 3’ overhangs resulting from RNase III
cleavage, which was shown to be the structure of
scnRNA duplexes (G. Lepere, M. Nowacki, V. Serrano,
J.-F. Gout, S. Duharcourt, and E. Meyer, in prep.). Syn-
thetic RNA duplexes were microinjected into the cyto-
plasm of synchronized conjugating IES* cells at different
times: during meiosis of the micronuclei (starting 3 h
after the mixing of mating types), during mitotic divi-
sions of the zygotic nucleus (4.5-6.5 h) (Grandchamp and
Beisson 1981), and during development of new macronu-
clei, up to the peak of IES excision events (6.5-11 h) (Fig.
5; Betermier et al. 2000). The progeny of individual in-
jected cells were grown for ~12 divisions, and total DNA
was extracted and submitted to a PCR assay, yielding
501-bp and 279-bp products from IES-retaining and IES-
excised forms of the G gene, respectively (Fig. 5).

Table 1 summarizes the results obtained in two sepa-
rate experiments after injection of the 23-nt and 25-nt
synthetic RNA duplexes. Twenty-four percent (22 out of
90) of cells injected with the 23-nt synthetic RNA duplex
gave rise to progeny showing some excision of the IES in
the new macronucleus. In contrast, only 4% (two out of
54) of the progeny of cells injected with a control syn-
thetic RNA duplex homologous to the ND7 gene showed
some IES excision, which represents the rate of sponta-
neous reversion to excision of conjugating IES* cells un-
der the experimental conditions used. Figure 5A shows
the results obtained for 24 representative clones after
injection of the 23-nt synthetic IES duplex at different
times. In most of the clones showing detectable excision,
the effect was only partial and the new macronucleus
still contained a large fraction of G-gene copies retaining
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Figure 5. Microinjection of synthetic short RNA duplexes re-
stores IES excision. The drawings at the top show a schematic
representation of the timing of nuclear and molecular events
associated with conjugation. The events start with mixing cells
of complementary mating types, and the approximate time pe-
riods for several of these are indicated. Above is shown that
scnRNAs are produced during micronuclear meiosis (G. Lepére,
M. Nowacki, V. Serrano, J.-F. Gout, S. Duharcourt, and E.
Meyer, in prep.) and the period when IES excision within the
zygotic macronucleus takes place (Betermier et al. 2000). Pro-
gressive degradation of the maternal macronucleus starts
shortly after meiosis of the micronuclei and the resulting frag-
ments persist within the cytoplasm throughout the whole pe-
riod of formation of the new zygotic macronucleus. Twenty-
three-nucleotide (A) and 25-nt (B) synthetic RNA duplexes with
2-nt 3’ overhangs, both matching the same internal sequence of
IES 51G4404, were microinjected into IES* mating cells at dif-
ferent times after the mixing of mating types, as indicated
above. IES-containing and IES-excised macronuclear G-gene
copies were amplified by the same PCR from total DNA ex-
tracted from cultured individual progeny of injected mating
pairs (lanes 1-24 for A, and lanes 1-25 for B), from IES™ cells
(lane a), and from the progeny of an uninjected pair (lane b).
Lane o is a negative control with no DNA. Symbols on the right
indicate the positions of IES-containing (501 bp) and IES-free
(279 bp) PCR products. PCR products were visualized by ethid-
ium bromide staining. The size marker (M) in the right-most
lane is a 1-kb DNA ladder (Invitrogen).

the IES. Interestingly, the effect strongly depended on
the time of injection. Mating cells injected during meio-
sis gave a higher fraction of IES-excised progeny (62.5%,
15 out of 24) than those injected at later time points
(13%, seven out of 54). Thus, the 23-nt synthetic IES
duplex can lead to complete excision when injected dur-
ing micronuclear meiosis, but has little or no effect
when injected at times closer to the period of IES exci-
sion, suggesting that 23-nt siRNAs trigger excision in an
indirect manner.

Injection of the 25-nt synthetic IES duplex gave differ-
ent results. A much larger fraction of injected cells gave
rise to progeny showing excision in the new macro-
nucleus (75%, 34 out of 45) (Table 1). The difference was
particularly striking when duplexes were injected at
middle to late stages (4.5-11 h): Seventy-two percent (28
out of 39) of progeny showed excision, versus 13% (seven
out of 54) for the 23-nt synthetic duplex. Furthermore, in
almost all cases, excision induced by the 25-nt synthetic



Table 1. Frequencies of IES excision after microinjection of
short synthetic RNA duplexes into conjugating IES* cells

Injection IES excision®

time

(hr)® Control duplex®  23-nt duplex®  25-nt duplex®
3-4.5 1/8 0.12 15/24 0.625 6/6 1
4.5-6.5 0/12 0 2/19 0.10 11/14 0.78
6.5-11 1/34 0.03 5/35 0.14 17/25 0.68
Total 2/54 0.04 22/90 0.24 34/45 0.75

2IES excision was analyzed by PCR amplification of total DNA
extracted from progeny of individual injected cells. The table
gives the numbers and frequencies of injected cells giving rise to
progeny showing detectable excision for each injection experi-
ment.

bSexually reactive IES* cells of complementary mating types
were mixed at t = 0 and conjugating cells or exconjugants were
injected at the indicated times.

°The 23-nt and 25-nt synthetic RNA duplexes matched the
same internal sequence in IES 51G4404. The control duplex is a
25-nt synthetic duplex matching the unrelated ND7 gene.

duplex was complete and occurred in 100% of G-gene
copies in the new macronucleus, as shown in Figure 5B
for a representative sample of 25 clones. Thus, in con-
trast to the 23-nt synthetic duplex, the 25-nt synthetic
duplex efficiently restores IES excision in the IES* cell
line whether it is injected before or during the period of
IES excision, suggesting that 25-nt scnRNAs target IES
excision in a more direct manner. In all cases, the 279-bp
PCR fragment could be recut by Asp718 (data not
shown), demonstrating that IES excision triggered by
both types of RNA duplexes was precise at the nucleo-
tide level.

Discussion

Evidence for noncoding transcripts of the maternal
macronuclear genome during vegetative growth
and sexual events

We identified low-abundance transcripts of the G surface
antigen gene that can be detected by RT-PCR both dur-
ing vegetative growth and during sexual events. These
transcripts appear to be non-protein-coding RNAs, be-
cause (1) Northern blot analyses indicated that the cell
cultures used were expressing the A surface antigen, and
only one surface antigen mRNA is normally found in
vegetative clones as a consequence of the mutually ex-
clusive expression of these genes (Caron and Meyer
1989), and (2) both strands of the G-gene coding sequence
are transcribed at similar levels, as shown by strand-spe-
cific RT-PCR (Fig. 1). We show that G-gene transcripts
from the IES™ cell line contain IES 51G4404, while those
from the IES™ cell line do not. Since these two lines have
the same micronuclear genome and differ only by the
presence or absence of the IES in the macronuclear ge-
nome, we conclude that the transcripts originate from
the macronucleus. When the micronuclear version of the
G gene is introduced into the macronucleus, transcripts

Maternal transcripts in IES excision

can be detected for each of the five IESs in the coding
sequence (Fig. 2). Low-level noncoding transcripts are
not limited to the G gene, since RT-PCR products can
also be amplified from several intergenic regions of the
macronuclear genome, including the region upstream of
the transcription start site of the A gene (data not
shown). Furthermore, it was shown previously that even
a bacterial plasmid can be transcribed when introduced
into the macronucleus (Galvani and Sperling 2001), sug-
gesting a promiscuous transcription that does not re-
quire specific promoter sequences.

IES excision is restored in the progeny of IES" cells
upon RNAi-mediated degradation of somatic
IES-retaining transcripts

Using the feeding technique for RNAi, we show that
targeting the macronuclear transcripts containing IES
51G4404 in the IES" cell line results in the complete and
precise excision of the IES in the new somatic genome of
sexual progeny. In this technique, the bacterial dsRNAs
ingested by Paramecium cells are processed into 23-nt
siRNAs that target the post-transcriptional degradation
of homologous RNAs (Galvani and Sperling 2002; Gar-
nier et al. 2004; Nowacki et al. 2005). Although we can-
not formally exclude the possibility that 23-nt siRNAs
matching the IES directly target excision in the zygotic
macronucleus, our results fully support an alternative
explanation. Importantly, efficient IES excision was in-
duced not only by dsRNAs corresponding to the se-
quence of the IES itself but also by dsRNAs containing
only its flanking coding sequences, while dsRNAs from
the unrelated ND7 gene had no effect. Northern blot
analyses showed that the processing of flanking-se-
quence dsRNAs did not result in detectable production
of siRNAs outside the fragment used for dSsSRNA produc-
tion—i.e., from the IES sequence—or in any obvious
change in the amount of IES-specific scnRNAs (Supple-
mental Fig. S2).

Since flanking-sequence siRNAs cannot trigger exci-
sion of the zygotic IES through a direct recognition of the
IES sequence, their effect is likely the result of degrada-
tion of macronuclear transcripts containing the IES and
flanking sequences. These transcripts, which are effi-
ciently degraded during vegetative growth by both types
of G-gene siRNAs (Fig. 4C), thus appear to be required to
mediate the inhibitory effect of the maternal macro-
nucleus in the IES™ cell line.

IES-containing transcripts from the maternal
macronuclear genome likely act during meiosis
to inhibit IES excision later in development

RT-PCR analyses of samples taken at different time
points during mass autogamies revealed that siRNA-me-
diated degradation of maternal noncoding transcripts is
effective only during vegetative growth, as RNAi-resis-
tant transcripts reappeared during autogamy in the IES*
and IES™ cell lines. This is clearly in contrast with the
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continuous depletion of ND7 mRNAs during autogamy
(Fig. 4A), and with the previously reported efficiency of
the feeding technique in degrading mRNAs from the
NOWA1 gene, which is specifically expressed during
sexual events (Nowacki et al. 2005). Developmental
regulation of the cellular localization of the noncoding
RNAs and/or their association with specific RNA-bind-
ing proteins may explain how those RNAs produced dur-
ing autogamy could escape degradation by the RN Ai ma-
chinery.

RNAi-resistant transcripts that reappear during au-
togamy of the IES* cell line are unable to mediate exci-
sion inhibition. This may be because they are produced
too late to completely sequester or degrade IES-specific
scnRNAs before zygotic macronuclei are formed. That
the maternal IES-containing transcripts need to be
present at early stages is also supported by the effects of
23-nt synthetic siRNAs matching the IES sequence,
which can induce IES excision only if they are microin-
jected during meiosis into conjugating IES* cells; i.e., ~7
h before excision actually occurs, but not later. Simi-
larly, the production of 23- to 24-nt siRNAs from a hair-
pin construct driven by an inducible promoter in T. ther-
mophila was shown to target elimination of the homolo-
gous locus during macronuclear development; induction
was much more efficient at the earliest stages of conju-
gation, well before genome rearrangements, suggesting
that a similar indirect mechanism may be at work (How-
ard-Till and Yao 2006). The requirement of IES-contain-
ing maternal macronuclear transcripts at early stages
does not support the idea that they could inhibit excision
by directly pairing with the IES sequence in the devel-
oping macronucleus, and fits better a role in the scan-
ning mechanism, which could be to filter the pool of
scnRNAs produced by the micronucleus during meiosis
(Fig. 6).

Direct role of scnRNAs in IES excision

The scanning model assumes that the molecules that
ultimately target DNA elimination in the developing
macronucleus are the meiosis-specific scnRNAs. This
model was initially based on indirect evidence estab-
lished in T. thermophila: The knockout of Dicer-like
(DCL1) or Argonaute/Piwi (TWI1) genes was shown to
cause defects both in the accumulation of 27- to 30-nt
scnRNAs and in DNA elimination during macronuclear
development (Mochizuki et al. 2002; Mochizuki and
Gorovsky 2004a, 2005; Malone et al. 2005). In P. tetrau-
relia, the 25-nt scnRNAs are likely to be functionally
equivalent to the T. thermophila 27- to 30-nt scnRNAs
(G. Lepere, M. Nowacki, V. Serrano, J.-F. Gout, S. Du-
harcourt, and E. Meyer, in prep.). The microinjection
into conjugating IES* cells of a 25-nt synthetic RNA du-
plex matching the IES sequence, with 2-nt 3’ overhangs
mimicking the structure of scnRNA duplexes, provides
direct evidence for the capacity of scnRNAs to target
deletions. Indeed, the 25-nt synthetic duplex is not only
more efficient in triggering IES excision than the 23-nt
synthetic duplex matching the same sequence, but also,
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Figure 6. The maternal scnRNA/macronuclear RNA scanning
model. (1) During vegetative growth, nongenic transcription of
all or most of the macronuclear genome occurs on both strands.
(2) Upon initiating meiosis, short double-stranded scnRNAs
from the micronuclear genome are produced by an RNAi-de-
pendent pathway. (3) ScnRNAs scan the maternal macronuclear
genome by base-pairing with noncoding macronuclear tran-
scripts either in the maternal macronucleus or in the cyto-
plasm, during meiosis or soon after. (4) ScnRNAs that pair with
homologous macronuclear transcripts are sequestered or de-
stroyed, while micronuclear-specific scnRNAs pair with ho-
mologous nascent transcripts in the zygotic macronucleus and
target IES excision.

and more importantly, is able to do so at all stages tested.
At early meiotic stages, the large number of molecules
injected can be expected to override the inhibitory effect
of the low-abundance, IES-containing transcripts from
the maternal macronucleus. When injected at later
stages, after the presumed period of scanning of maternal
transcripts and closer to the actual time of IES excision,
the fact that the 25-nt synthetic duplex can still promote
excision, whereas the 23-nt synthetic duplex cannot,
strongly suggests that scnRNAs directly recognize germ-
line-specific sequences in the developing macronucleus.

The exact mechanisms of this recognition and of the
recruitment of the excision machinery are not yet clear.
Base-pairing could occur between scnRNAs and target
DNA, or between scnRNAs and nascent transcripts, as
has been proposed to explain the targeting of heterochro-
matin formation in Schizosaccharomyces pombe
(Buhler et al. 2006). It is tempting to imagine that similar
pairing interactions between scnRNAs and nascent tran-
scripts occur first in the maternal macronucleus, leading
to the sequestration or degradation of paired scnRNAs,
and later in the developing macronucleus, but with a
different outcome: Paired scnRNAs would then be a sig-
nal for epigenetic modifications of germline-limited se-
quences. In Tetrahymena, scnRNAs appear to direct
chromatin modifications on homologous germline se-



quences during macronuclear development (Taverna et
al. 2002; Liu et al. 2004, 2007; Malone et al. 2005; Mo-
chizuki and Gorovsky 2005). Paramecium scnRNAs
may operate through a similar mechanism, although the
short lengths of most IESs, which cannot accommodate
even a single nucleosome, would suggest more precisely
localized modifications, such as the methylation or
other modification of specific nucleotides.

The maternal scnRNA/macronuclear RNA scanning
model

Taken together, the results presented here support a
modified version of the scanning model, in which the
scnRNAs would scan the maternal macronuclear ge-
nome Dby base-pairing with noncoding macronuclear
transcripts. For each genomic sequence, the outcome of
scanning would thus depend on the relative cellular con-
centration of two types of maternal RNA molecules with
antagonistic functions. In the IES* cell line, scnRNAs
matching the IES would be titrated by the macronucleus-
derived transcripts containing the IES and would thus no
longer be available to target IES excision. We have shown
previously that, for a given IES copy number in the ma-
ternal macronucleus, the probability of inhibition varies
greatly between different IESs, suggesting differences in
some intrinsic properties of these elements (Duharcourt
et al. 1998). The maternal transcription level and/or the
stability of IES-containing transcripts may, at least in
part, determine the characteristic inhibition efficiency of
each IES. The recognition of non-mc-IESs may not de-
pend on scnRNAs or may involve other RNA molecules
that are not selected by scanning maternal macronuclear
transcripts. Indeed, we showed that transcription of non-
mc-IESs introduced into the maternal macronucleus
does not inhibit excision in the developing macro-
nucleus.

Whether the scanning process occurs in the cytoplasm
or in the macronucleus is unknown. It may be that the
macronucleus-derived transcripts never leave the mac-
ronucleus and thus serve as a molecular sponge, absorb-
ing the scnRNAs with which they interact (Chalker
et al. 2005). In Tetrahymena, the localization of the
scnRNA-associated protein Twilp, first in the maternal
macronucleus and then in the developing macronucleus,
has led to the proposal that scanning occurs within the
maternal macronucleus and that the selected scnRNAs
are then actively transported to the zygotic macro-
nucleus (Mochizuki and Gorovsky 2004b). The Parame-
cium RNA-binding NOWA1/2 proteins, which are re-
quired for the excision of maternally regulated IESs, are
massively transferred from the maternal to the zygotic
macronucleus and are possibly involved both in the pair-
ing and in the transport of scnRNAs (Nowacki et al.
2005).

The basic mechanism of the scnRNA/macronuclear
RNA scanning model may account for all known epige-
netic effects on genome rearrangements in Paramecium
and Tetrahymena, including the maternal inheritance of
macronuclear gene deletions and the induction of such
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deletions by siRNAs (Garnier et al. 2004). In essence,
this mechanism is similar to the “target mimicry”
mechanism described in Arabidopsis thaliana, in which
a noncoding transcript with imperfect complementarity
sequesters one miRNA away from its more complemen-
tary target mRNA (Franco-Zorrilla et al. 2007). In the
two ciliates, however, genome-wide RNA mimics (the
maternal macronuclear transcripts) are identical in se-
quence to the targets (zygotic transcripts) but are pro-
duced at an earlier developmental stage and in a different
nucleus. The temporal and spatial distribution of mim-
ics and targets would be at the basis of the scnRNA-
mediated natural genomic subtraction. Maternal macro-
nuclear transcripts also appear to regulate developmen-
tal genome rearrangements in the very distant ciliate
Oxytricha trifallax, but in a fundamentally different
manner, acting as templates that guide the developmen-
tal “unscrambling” of micronuclear genes (Nowacki et
al. 2008). Unscrambling is not known to occur in Para-
mecium or Tetrahymena, and in the case of maternal
inhibition of IES excision, there is experimental evi-
dence in Paramecium that maternal transcripts do not
act as templates guiding excision or local synthesis of
DNA (Duharcourt et al. 1995). The present results high-
light the diversity of homology-dependent mechanisms
through which maternal noncoding transcripts regulate
zygotic genome rearrangements in ciliates and may per-
haps mediate epigenetic regulation of the zygotic ge-
nome in other eukaryotes.

Materials and methods

Paramecium strains, cultivation, and autogamy

All experiments were carried out with the entirely homozygous
strain 51. The IES* cell line was obtained after transformation of
vegetative macronucleus with plasmid p851 (Duharcourt et al.
1995) and selection of the sexual progenies in which IES
51G4404 was present in 100% of the macronuclear chromo-
somes. Cells were grown in wheat grass powder (WGP) (Pines
International) infusion medium bacterized the day before use
with Klebsiella pneumoniae, unless otherwise stated, and
supplemented with 0.8 mg/mL B-sitosterol (Merck). Cultiva-
tion and autogamy were carried out at 27°C as described previ-
ously (Duharcourt et al. 1998).

Feeding experiments

The plasmids used in the feeding experiments were obtained by
subcloning the PstI-Sacl restriction fragment from plasmid
p629 for the mac feeding and HindIII-Asp718 restriction frag-
ment from plasmid pIES for the ies feeding (Duharcourt et al.
1995) into the feeding vector and E. coli strain described in
Galvani and Sperling (2002). The nd7 feeding vector was the
same as in Garnier et al. (2004).

Feeding media were prepared by inoculating precultures of
the appropriate feeding strains into WGP Paramecium medium
containing ampicillin at 0.1 mg/mL and growing them over-
night with shaking at 37°C. On the next day, the culture was
diluted fourfold into the same medium. After 30 min at 37°C,
IPTG was added at a final concentration of 0.4 mM to induce
the synthesis of dsSRNA, and the culture was incubated for 3 h
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at 37°C. The medium was cooled down at 27°C and supple-
mented with 0.8 mg/mL B-sitosterol just before use.

Microinjections

For DNA injection, Paramecium cells from a single caryonidal
clone were microinjected in Volvic mineral water (Volvic), con-
taining 0.2% bovine serum albumin (BSA), under an oil film
(Nujol), while they were visualized in a phase-contrast inverted
microscope (Axiovert 35M, Zeiss). CsCl-purified A phage DNA
was cut on either side of the insert for A\Gmic, and restriction
digests were phenol-extracted, filtered on 0.22-pm pore-size Ul-
trafree-MC filter (Millipore), and precipitated with ethanol. Ap-
proximately 5 pL of a 5 mg/mL solution in water was delivered
into the macronucleus. Injected DNA molecules replicate au-
tonomously at stable copy numbers in the vegetative macro-
nucleus.

RNA injection into conjugating cells was performed follow-
ing the method for DNA injection. Conjugation was initiated by
mixing sexually reactive cells from complementary mating
types. At 2 h after mixing, pairs firmly engaged in conjugation
were manually transferred to depressions filled with exhausted
medium. Pairs separated at 6 h 30 min after mixing. We typi-
cally injected into the cytoplasm of one cell in each pair. The
injected pairs or exconjugants were transferred to individual
depressions filled with exhausted medium for 24 h, and were
then grown in normal Klebsiella medium for 3 d before a small
amount of DNA was extracted using the Nucleospin kit (Ma-
cherey-Nagel). DNA was analyzed by PCR to assay the presence
of the IES in the macronuclear genome. The viability of injected
pairs with 23- or 25-nt synthetic RNA duplexes matching the
same internal sequence in IES 51G4404 was the same as that of
uninjected pairs or pairs injected with the control duplex
matching the unrelated ND7 gene.

RNA duplexes were formed by mixing equal amounts of the
complementary oligonucleotides; the denaturating and cooling
steps were 5 min at 95°C, 10 sec at 70°C, and a slow decrease to
4°C at a rate of 1°C per minute. The final RNA concentrations
were 80 pmol/uL. The sequences of the synthetic RNA duplexes
injected were the following: 23-nt IES 51G4404, 5'P-UU
CAAGAAUUAGAAAUCUAUUCA-3'/5'P-AAUAGAUUUCT
AAUUCUUGAAAU-3'; 25-nt IES 51G4404, 5'P-UUUCAA
GAAUUAGAAAUCUAUUCAG-3'/5'P-GAAUAGAUUUCUA
AUUCUUGAAAUA-3’; 25-nt ND7, 5'P-UUGAUGAAUUCG
CAAAGAAUAAAGA-3'/5'P-UUUAUUCUUUGCGAAUUCA
UCAAUA -3'.

DNA and RNA extraction

One-hundred-milliliter to 400-mL cultures of exponentially
growing cells at 1000 cells per milliliter or of autogamous cells
at 3000 cells per milliliter were centrifuged. For DNA extrac-
tion, cell pellets were washed in 10 mM Tris-HCI (pH 7.0),
resuspended in 1 vol of the same buffer, and quickly added to 4
vol of lysis solution (0.44 M EDTA at pH 9.0, 1% SDS, 0.5%
N-laurylsarcosine [Sigma], 1 mg/mL proteinase K [Merck]). The
lysates were incubated overnight at 55°C, gently extracted with
phenol, and dialyzed twice against TE (10 mM Tris-HCI, 1 mM
EDTA at pH 8.0) containing 20% ethanol and once against TE.
RNA was extracted from unwashed cell pellets with the TRIzol
(Invitrogen) procedure, modified by the addition of glass beads.

Southern and Northern blots

DNA and RNA electrophoreses were carried out according to
standard procedures (Sambrook and Russell 2001). Genomic
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DNA (1-2 pg), or RT-PCR products were transferred from aga-
rose gels to Hybond N* membranes (Amersham) in 0.4 N NaOH
after depurination in 0.25 N HCI. For agarose Northern, total
RNA (20 pg) was separated on 1% agarose gel in Tris Borate
EDTA, transferred to Hybond N* membrane in 20x SSC buffer,
and UV cross-linked. For short RNA Northerns, total RNA (20
pg) was separated on 15% polyacrylamide-urea gels (Long
Ranger, BioWhittaker Molecular Applications), transferred to
Hybond N* under vacuum in 20x SSC, and UV cross-linked.
Hybridization was carried out in 7% SDS, 0.5 M sodium phos-
phate, 1% BSA, and 1 mM EDTA (pH 7.2) at 60°C decreasing to
30°C for oligonucleotide probes.

Double-stranded probes were labeled by random priming with
[«-32P]dATP (3000 Ci/mmol; Amersham). Oligonucleotide
probes were labeled with [y-*?P]JATP (5000 Ci/mmol; Amer-
sham) and T4 polynucleotide kinase. Membranes were then
washed for at least 30 min in 0.2x SSC, 0.1% SDS at 55°C-60°C
(or 2x SSC, 0.1% SDS at room temperature for short RNA
Northern blots) prior to image plate exposure.

The NOWA 1/2 probe corresponds to an 856-bp PCR frag-
ment covering nucleotides 2401-3256 of accession number
AJ876761; the ND7 probe corresponds to an 873-bp fragment
covering nucleotides 461-1333 of accession number Y07803;
and the T1b probe corresponds to a 258-bp fragment covering
nucleotides 892-1149 of accession number U47115. The tRNA
and mitochondrial DNA probes are available upon request.

RT-PCR

Before RT reactions, total RNA (4 ug) was treated with DNasel
(Fermentas) either for 2 h when RNA was reverse-transcribed
with random hexamers or overnight at 37°C for gene-specific
reverse transcription. DNasel was inactivated by addition of
EDTA to 2.5 mM and incubation for 10 min at 65°C. Of the
treated RNA, 0.5 pg was reversed-transcribed using random
hexamers (225 ng) with SuperScript II reverse transcriptase (In-
vitrogen) according to the supplier’s instructions. For strand-
specific RT-PCR, a linker sequence, LK 5'-CGACTGGAGCA
CGAGGACACTGA-3’, was attached to the 5’ end of a primer
specific for each strand (Cho et al. 2005), and 2 pmol of this
chimeric oligonucleotide was used to prime RT of 1 ng of the
treated RNA. One-twentieth of these reactions was used as a
template for PCR amplification. PCR amplifications were per-
formed in 25 pL of 1x DyNAzyme buffer, with 10 pmol of each
primer, 5 nmol of each deoxynucleoside triphosphate (ANTP),
and 1 U of DyNAzyme II DNA polymerase (Finnzymes). The
standard program was run on an Eppendorf thermal cycler: 2
min at 94°C, 30 cycles of 30 sec at 94°C, 30 sec at the appro-
priate annealing temperature, and 1 min at 72°C, followed by a
final step of 5 min at 72°C. In strand-specific RT-PCR, the LK
sequence alone was used as a primer with a gene-specific primer
for PCR reactions. The sequences of oligonucleotides used for
RT and PCR are available upon request. RT-PCR products were
cloned into the TOPO-TA vector (Invitrogen).
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