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ABSTRACT

Some RNA silencing systems in plants, nematodes, and fungi show spreading of silencing along target sequences, termed
transitive silencing. Here, we address the question of whether endogenous targets can be silenced by a transitive silencing signal
in plants. In transgenic Arabidopsis thaliana plants that harbored a silencing-inducing locus and a transgenic chimeric primary
target, silencing of a secondary transgenic target occurred and the expression of the endogenous catalase genes was down-
regulated, coinciding with a knock-down phenotype. Strikingly, the efficiency of the catalase silencing appeared to be
correlated with the zygosity of the primary target locus and, to a lesser extent, with that of the silencing-inducing locus. These
data suggest that silencing of an endogene induced by transgenic secondary small interfering RNAs (siRNAs) might depend on
the amount of primary target transcripts that can act as template for the production of an efficient transitive silencing signal.
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INTRODUCTION

RNA silencing is a general term used for epigenetic
regulatory pathways in which small RNAs of 21-28
nucleotides (nt) mediate either transcriptional gene silenc-
ing by changes in chromatin state or post-transcriptional
gene silencing (PTGS) through target degradation or trans-
lational repression (for review, see Baulcombe 2004). Since
the accidental discovery that the introduction of a sense
overexpressing transgene can lead to cosuppression of both
the transgene and the endogene (Napoli et al. 1990), RNA
silencing has been widely used as a tool to down-regulate
gene expression. Transgenic RNAs are recruited in the
silencing pathway by the production of double-stranded
RNA (dsRNA), which is processed by an RNase III-like
enzyme (Dicer) into “small interfering” RNAs (siRNAs)
that mediate the degradation of target RNAs and possibly
also DNA methylation by RNA-induced silencing complex
(RISC)-like effector complexes (Mette et al. 1999; Hamilton
et al. 2002; Zilberman et al. 2003).

In plants, nematodes, and fungi, not only can trigger-
derived siRNAs be detected, but also siRNAs that corre-
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spond to regions upstream from the region targeted by the
dsRNA trigger. Moreover, in plants and fungi, siRNAs can
be found corresponding to the downstream region as well
(Sijen et al. 2001; Braunstein et al. 2002; Han and Grierson
2002; Klahre et al. 2002; Sanders et al. 2002; Vaistij et al.
2002; Nicolas et al. 2003; Van Houdt et al. 2003). Secondary
siRNAs have been shown to induce silencing of targets
without homology with the silencing inducer (for review,
see Bleys et al. 2006). This phenomenon, designated transi-
tive silencing, involves an amplification process catalyzed by
the RNA-dependent RNA polymerase RDR6 that synthe-
sizes dsSRNA by using target RNAs as template, either by
priming of primary siRNAs (Lipardi et al. 2001; Sijen et al.
2001) or by a primer-independent mechanism that starts at
the 3" end of the target RNAs (Schiebel et al. 1993; Vaistij
et al. 2002; Tang et al. 2003; Petersen and Albrechtsen 2005).

In Caenorhabditis elegans and Mucor circinelloides, transi-
tivity occurs along transcripts derived from both transgenes
and endogenes (Sijen et al. 2001; Alder et al. 2003; Nicolas
et al. 2003). In plants, transgenes and endogenes seem to
behave differently in relation to transitivity. Many studies
have demonstrated spreading of silencing along transgene
sequences, but failed to do so for endogenous transcripts
(Vaistij et al. 2002; Himber et al. 2003; Koscianska et al. 2005;
Miki et al. 2005; Petersen and Albrechtsen 2005). The ability
of endogenes to serve as template for the RDR6-mediated
production of secondary siRNAs has been described just
once (Sanders et al. 2002). Because all these transitivity
studies only investigated the ability of secondary siRNAs to
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induce silencing of transgenic secondary targets, it is not
known whether they can target plant endogenes as well.
Previously, we have established that in tobacco (Nicotiana
tabacum) a post-transcriptionally silenced inverted repeat
(IR) transgene locus (X) is able to silence a nonhomologous
transgene (Z), when a stepwise homology is created by
introducing a chimeric primary target (Y) with one region
homologous to the silencing inducer X and a second
upstream region homologous to the secondary target Z
(Van Houdt et al. 2003). A similar XYZ system has been
developed in Arabidopsis thaliana (L.) Heynh., allowing us
to demonstrate that a transitive silencing signal produced by
an amplification mechanism is able to trigger silencing of
endogenous targets, and that the efficiency of silencing
correlates with the zygosity of the primary target locus,
suggesting a connection with the transcript abundance.

RESULTS AND DISCUSSION

Development of a transitive silencing system in
Arabidopsis

First, we checked whether a particular isolated IR transgene
locus X,y (P35S-nptll-3'chs; Fig. 1a) in Arabidopsis is able
to transmit its in trans silencing capacity to a primary target
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FIGURE 1. Schematic outline of the T-DNA constructs (drawn to
scale), present in locus X,,, primary targets Y; and Y;;, and secondary
target Z.. (a) Loci X5, Y7, and Z. used to assess transitive silencing of
transgenes in A. thaliana; (b) locus Y, used to assess transitive silencing
of endogenes. Silenced locus X,; contains two copies of the DEchs278
T-DNA that are arranged as an IR around the right border. Locus Z.
is a single-copy locus. The copy number of the Y; and Y;; lodi is
unknown. 3'chs, 3'-UTR of the chalcone synthase gene of Anthirrinum
majus; 3'g7, 3'-UTR of the Agrobacterium tumefaciens octopine T-DNA
gene 7; 3'nos, 3'-UTR of the nopaline synthase gene; bar, bialaphos
acetyltransferase-coding sequence conferring phosphinothricin resis-
tance; CAT2 800, last 800 nt of the A. thaliana CAT2 sequence; gus
c.s., gus-coding sequence; hpt, hygromycin phosphotransferase-coding
sequence; I, artificial intron; nptll c.s., neomycin phosphotransferase
1I-coding sequence; P35S, CaMV 35S promoter; Pros, nopaline synthase
promoter; Pss, promoter of the small subunit of ribulose-1,5-bisphos-
phate carboxylase; LB, left T-DNA border; RB, right T-DNA border.
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Y, (P35S-gus-npt3’chs), resulting in transitive silencing of
a secondary target transgene Z. (P35S-gus-npt3'nos), sim-
ilar to the transitive XYZ system in tobacco (Van Houdt
et al. 2003). For details of constructs, plant material,
and crosses, we refer to Materials and Methods. Genotype
and zygosity of the transgenic loci in the different Arabi-
dopsis plants were schematically annotated as follows:
slashes separate the loci X, Y, and Z; XX, YY, or ZZ
represent homozygosity for the respective loci; hyphens
indicate hemizygosity, double hyphens azygosity, and an
asterisk unknown zygosity with the locus either homo- or
hemizygous.

The occurrence of transitive silencing in X,,-/Y;-/Z.Z.
hybrid plants was analyzed through measurement of the
GUS activity, because both Y; and Z. encode a functional
B-glucuronidase (GUS) protein. A 130- to 140-fold re-
duction in GUS activity was observed in 11 X,,-/Y;-/Z.Z.
hybrid plants (Fig. 2a, A) compared to the progeny of the
parental plants (17 --/Y,;*/Z.Z. and 10 Xy, X,,/--/Z.Z.
plants; Fig. 2a, B and C, respectively). These data indicate
that not only in tobacco (Van Houdt et al. 2003), but also
in Arabidopsis, in trans-silenced Y transcripts can pro-
duce a transitive silencing signal leading to spreading of
silencing.

In C. elegans, transitive RNA interference (RNAi) is not
limited to transgenic targets (Sijen et al. 2001). In plants,
however, secondary siRNAs have been shown to target
transgenic and viral sequences (Sanders et al. 2002; Vaistij
et al. 2002; Van Houdt et al. 2003), but it has never been
investigated whether endogenous sequences can be silenced
by a transitive silencing signal. Therefore, we constructed
Y, (P35S-CAT2 800-npt3’chs; Fig. 1b), which harbors an
expression cassette with the last 800 nt of the CAT2-coding
sequence. The objective was to determine whether the CAT
genes in A. thaliana can be transitively silenced by com-
bining the X,; and Y, loci. The Arabidopsis catalase (CAT)
multigene family consists of three members (CAT1, CAT2,
and CAT3), with a nucleotide and amino acid sequence
identity of 70%-72% and 75%—84%, respectively (Frugoli
et al. 1996).

All wild-type (Fig. 2b, D) and parental plants (X,,X;,/--/
CATCAT and --/Y,,Y,;/CATCAT; Fig. 2b, B and C, re-
spectively) retained a normal CAT activity, whereas the
X51-/Y11-/CATCAT F1 hybrid plants (Fig. 2b, A; see
Materials and Methods) had an average total CAT activity
of 36%. This level of silencing corresponds with that
observed in the hairpin RNA (hpRNA)-silenced line
CAT2HP1 (Fig. 2b, E; 33% total CAT activity; Vandena-
beele et al. 2004), but is less strong than the reduction seen
in the CAT2HP2 line (Fig. 2b, F; 3% total CAT activity;
Vandenabeele et al. 2004).

To analyze the silencing at the RNA level, we performed
a quantitative real-time PCR with a CAT2-specific primer
pair (see Materials and Methods). Total RNA was prepared
from leaf material, and first-strand cDNA was generated
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FIGURE 2. Protein and RNA levels in F1 hybrid plants. (a) GUS
activity levels in protein extracts of leaf tissue harvested from trans-
genic Arabidopsis plants containing different combinations of loci X,;,
Y; and Z.. SD is given by error bars. A, X5,-/Y;-/ZZs B, --IY*IZZ
C, X3, Xy1/--1Z.Z s n, total number of plants tested; TSP, total soluble
protein. (b) Average total CAT activity in wild-type and transgenic
Arabidopsis plants containing different combinations of loci X,; and
Y,; or containing a CAT2 hairpin construct (Vandenabeele et al.
2004). CAT activity in protein extracts of leaf tissue was measured
with a spectrophotometric assay. The average total CAT activity of
the different transgenic plants is relative to the average CAT activity
of four wild-type (Col-0, D) plants, which is set at 100%. SD is
given by error bars. A, X;,,-/Y;,-/CATCAT; B, X,1X,1/--/CATCAT;
C, --/Y,,Y,1/CATCAT; D, Col-0; E, CAT2HP1; F, CAT2HP2; n, total
number of plants tested. (c) CAT2 mRNA abundancy. A quantitative
real-time PCR was performed using CAT2-specific primers to de-
termine the CAT2 RNA level relative to that in a wild-type back-
ground (100%). Al, A2, and A3, RNA levels in three X,;-/Y;;-/
CATCAT plants; B, RNA level in one X;;X,,/--/CATCAT plant; C,
RNA level in one --/Y;,Y,1/CATCAT plant; D, RNA levels in one
wild-type Col-0; E, RNA level in one CAT2HP1 plant; F, RNA level in
one CAT2HP2 plant.

with an oligo(dT),_ 13 primer. Figure 2c clearly shows
a two- to fivefold lower CAT?2 transcript level in X5,-/Y -/
CATCAT plants (A1, A2, and A3) than that of the wild-type
plant (D). The reduction was similar in the CAT2HP1 plant
(Fig. 2¢, E), but 20-fold lower in the CAT2HP2 plant
(Fig. 2¢, F). The parental plants (X,,X,,/--/CATCAT and
--/Y11Y11/CATCAT; Fig. 2¢, B and C, respectively) showed
a slight increase in the CAT2 RNA level. We can conclude
that an in trans-silenced transgenic primary target produces
transitive silencing signals that are able to down-regulate
the expression of endogenes. This capacity does not depend
on the potential of the primary target transcripts to be
translated into a functional protein, because the Y, con-
struct contains no translation start codon.

Influence of the zygosity of the silencing inducer and
the primary target on the efficiency of transitive
silencing of an endogene

To investigate the stability of endogene suppression via
a transitive signal and to determine whether the efficiency
of silencing is affected by the homozygous condition of
either the silencing-inducing locus X,; or the primary
target locus Y;;, seeds from a self-fertilized F1 hybrid plant
(X31-/Y11-/CATCAT) were grown on medium selective for
both X,; and Y;;. The two loci segregated independently,
and these F2 progeny plants were expected to have
genotypes X,1X51/Y11Y11/CATCAT, X51-/Y1,Y1,/CATCAT,
X1 X01/Y11-/CATCAT, or X,,-/Y1-/CATCAT at a 1:2:2:4
ratio. Thirty-six selected F2 progeny plants were analyzed
and ranked according to their total CAT activity (Fig. 3a).
Segregation analysis of the 36 plants showed a correlation
between the zygosity of loci X,; and Y, and the efficiency
of transitive CAT silencing. The eight plants exhibiting very
efficient silencing (<3% total CAT activity; Fig. 3a, A) were
all plants homozygous for locus Yy, (X5,X51/Y,Y1/CAT-
CAT and X,;-/Y,Y1/CATCAT), whereas the seven plants
with the lowest degree of reduction (between 42% and 59%
total CAT activity; Fig. 3a, C) were hemizygous for locus
Y11, but homozygous for locus X,; (X51X51/Y11-/CATCAT).
The 21 plants with intermediate silencing efficiencies
(between 13% and 34% total CAT activity; Fig. 3a, B) were
hemizygous for both loci (X,;-/Y;1-/CATCAT). These
results suggest that the zygosity of the primary target locus
Y, and to a lesser extent that of the silencing-inducing
locus X,; influence the efficiency of transitive silencing of
the CAT genes. We cannot exclude the possibility that some
of the observed CAT silencing results from the activation of
cosuppression induced by the sense construct Y;;, because
sense-induced PTGS can occur stochastically in trans-
formed plants. However, the Y;; locus did not induce
silencing in any of the 24 --/Y;,Y;;/CATCAT plants (Fig.
2b, G; Fig. 3a, D), making it is very likely that the efficient
silencing observed in X;,X,,/Y,Y,/CATCAT plants results
from transitive signals produced by Y;;.

The positive correlation between the silencing efficiency
and the zygosity of the primary target locus suggests that
the amount of primary transcripts serving as template for
RDR6 might determine the level of secondary siRNAs
produced, thus resulting in a certain degree of silencing
of the secondary target. Analyses in the transitive XYZ
system in tobacco have demonstrated that the accumula-
tion level of secondary siRNAs depends on the zygosity of
the primary target locus from which they are derived
(Garcia-Pérez et al. 2004). The negative correlation in
plants hemizygous for Y;; between the level of silencing
and the zygosity of locus X,; indicates that the primary
silencing signal also plays a role. Perhaps a higher dose of
primary siRNAs might be produced by locus X,; in the
homozygous condition, which could trigger a higher rate of
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FIGURE 3. Protein levels, siRNA accumulation, and RNA levels in
F2 progeny plants and parental plants. (a) Total CAT activity in
F2 progeny plants with segregating X,; and Y;; loci and parental - -/
Y11Y,1/CATCAT plants. The total CAT activity of the different
transgenic plants is relative to the average CAT activity of five wild-
type plants (100%; not shown). A, X5,-/Y,,Y,,/CATCAT and X;, X5,/
Y,,Y,\/CATCAT; B, X,,-/Y,,-/CATCAT; C, Xp1Xo1/Y,1-/CATCAT;
D, --/ Y,,Y11/CATCAT; n, total number of plants per group. (b)
Accumulation of CAT2-specific siRNAs in two silenced XX,/
Y1,Y,1/CATCAT plants (Al and A2) and absence of siRNAs in one
nonsilenced --/Y;;Y;1/CATCAT plant (B). Low molecular weight
RNA was extracted from leaves of 4-wk-old plants. RNA oligomers
of 21 nt and 24 nt were used as molecular markers. siRNAs were
detected with a hydrolyzed **P-labeled probe comprising 274 bp in
the 3’ end of the CAT2 sequence. With this probe it is impossible to
discriminate between siRNAs originating from the transgene Y;; or
from the endogenous sequences. The predominant ethidium bromide
(EtBr)-stained species in the low molecular weight RNA fraction are
shown as loading controls. (¢) CATI, CAT2, and CAT3 mRNA
abundancies. Quantitative real-time PCRs were performed with
gene-specific primers to determine the RNA levels of CATI (shaded
bars), CAT2 (black bars), and CAT3 (dotted bars) relative to those in
a wild-type background (100%). A, RNA levels in one X,;X51/Y1;Y11/
CATCAT plant; B1, B2, and B3, RNA levels in three X,;-/Y;;-/
CATCAT plants; C, RNA levels in one X3,X,,/Y;,-/CATCAT plant; D,
RNA levels in wild-type Col-0.

RISC-mediated cleavage of Y;; templates. This hypothesis
is supported by the fact that a hairpin construct controlled
by the strong 35S promoter induces a stronger silencing
phenotype than the same construct controlled by the weak
nopaline synthase promoter (Chuang and Meyerowitz
2000). In this case, the production of more hpRNAs and
thus siRNAs leads to a more efficient degradation and
silencing of the endogenous target RNAs.
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We also looked at the accumulation of siRNAs that are
the key molecules of PTGS. An RNA gel blot with
a hydrolyzed **P-labeled probe comprising 274 bp in the
3" end of the CAT2 sequence revealed the presence of
CAT2-specific siRNAs in X3,X,1/Y,1Y,,/CATCAT (Fig. 3b,
Al and A2) plants, whereas in --/Y,Y;;/CATCAT plants
(Fig. 3b, B) no such molecules were detected.

To assess whether the most efficiently silenced X;;X,,/
Y1,1Y11/CATCAT progeny plants displayed the characteristic
CAT-deficient necrosis phenotype, we performed a high-light
(HL) treatment (see Materials and Methods). HL irradiation
induces photorespiration that leads to accumulation of H,0,
in CAT-deficient plants, followed by active cell death
(Chamnongpol et al. 1998; Dat et al. 2003; Vandenabeele
et al. 2004). All X,,X,1/Y,,Y;1/CATCAT progeny plants had
visible signs of cell death within 8 h of HL irradiation,
whereas wild-type control plants did not, even after 48 h of
HL (Fig. 4). In conclusion, transitive silencing elicits the same
knock-down phenotype as hairpin-induced silencing.

Differential susceptibility of different members of the
CAT gene family to transitive silencing signals

The Arabidopsis CAT2 gene targeted by the Y, construct is
part of a gene family. All three members are highly
expressed in inflorescences, but in leaves only the CAT2
and CAT3 genes are highly expressed (Frugoli et al. 1996).
With the CAT activity assay used above, it is not possible to
discriminate between the three CAT proteins, because the
total CAT activity is measured, implying that possible
differential silencing efficiencies of CATI, CAT2, and
CAT3 cannot be determined in this way. To assay to what
extent the three CAT genes were silenced in F2 progeny
plants, we performed a quantitative real-time PCR with
gene-specific primer pairs. In wild-type samples, the CATI

Wild-type

X, X, 1Y .Y [catcat

FIGURE 4. Phenotypes of wild-type and X,,X,,/Y,,Y,,/CATCAT
plants after exposition to high-light (HL) irradiation (1000 wmol m >
sec ). Cell death was visible in CAT-deficient X,1X51/Y ;Y ,1/CAT-
CAT plants within 8 h of HL irradiation, while in wild-type control
plants this phenotype did not occur, even not after 48 h of HL.
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and CAT3 mRNAs were ~500- to 600-fold and 20- to 25-
fold less abundant than those of CAT2, respectively (data
not shown).

The transcript levels of CAT1, CAT2, and CAT3 in leaf
tissue of F2 progeny plants relative to those of a wild-type
plant are given in Figure 3c. In this graph, the mRNA
abundancies of CATI, CAT2, and CAT3 in the wild-type
plant (Fig. 3¢, D) are all three set at 100%. The CAT2 RNA
level was sevenfold reduced in a X,;X,,/Y1Y1//CATCAT
sample (Fig. 3c, A), 2.3-fold in three X,,-/Y;,-/CATCAT
samples (Fig. 3c, Bl, B2, B3), and not significantly in
a X1 X51/Y11-/CATCAT sample (Fig. 3¢, C), indicating that
the reduction in CAT2 RNA levels also correlated with the
zygosity of loci X,; and Y;;. The transcript levels of CAT3
seemed to be reduced to the same extent as those of CAT2.
This observation is very intriguing, because a sevenfold
reduction in CAT2 RNAs in the X,;X,,/YY1//CATCAT
sample results in a residual CAT2 RNA level that is higher
than the nonsilenced CAT3 steady-state RNA level. Still, the
CAT3 RNAs are targeted for degradation to the same degree
as those of CAT2, depending on the zygosity of both loci X,,
and Y,;. We cannot explain this result, but it shows that there
are factors other than just the RNA abundance that determine
the susceptibility of particular transcripts for siRNA-mediated
turnover, for instance, the spatial and temporal gene expres-
sion patterns. Similarly, Kerschen et al. (2004) found that
25 different endogenous target sequences possess an inherent
degree of susceptibility to RNA silencing induced by hairpin
constructs, which was independent from the gene expression
levels.

The degree of reduction in CAT2 and CAT3 RNAs is
consistent with the dosage dependency observed at the protein
level. However, the reduction at the RNA level is not as
pronounced as that at the protein level; for instance, in X,,X,,/
Y11Y11/CATCAT plants the CAT2 and CAT3 RNA levels are
reduced to sevenfold, whereas the total CAT activity is reduced
to 44-fold. This supports previous data (Van Houdt et al
1997) and implies that the silencing signal can also act at the
translational level, either because the detected mRNAs might
not be translatable anymore (e.g., no 5’ cap structure) or might
be sequestered in cytoplasmic processing bodies (P-bodies)
that are found in yeast and mammalian cells (Rossi 2005).

In contrast to CAT2 and CAT3, the CATI mRNA
abundance is not significantly reduced in plants that are
hemizygous for locus Y;; (Fig. 3¢, B1,B2,B3), but it is in Yy,
homozygous plants (Fig. 3¢, A). This difference in suscepti-
bility to silencing between CATI and CAT3 is most probably
not the consequence of a different degree in homology,
because both the sequence identity of the CATI and CAT3
genes with the Y;; transcript (78% and 75%, respectively) as
well as the number of stretches of at least 21 nt with full
complementarity are very similar. One of the contributing
factors might be the different accumulation levels of the
CATI and CATS3 genes, the former being about 25-fold less
abundant than the latter.

Conclusions

We demonstrate that secondary siRNAs originating from
a transgenic primary target are able to down-regulate the
expression of the endogenous CAT gene family in
A. thaliana, resulting in a knock-down phenotype. Our
experimental setup suggests that the expression of genes in
gene families is determined by a subtle equilibrium between
the gene expression level and the amount of siRNAs
and could reflect an epigenetic gene regulation mechanism
mediated by endogenous small RNAs.

MATERIALS AND METHODS

Constructs

The T-DNA-derived plant transformation vector pDEchs287 (referred
to as P35S-nptll-3'chs) carried a neomycin phosphotransferase II
(nptll) gene (conferring kanamycin resistance) fused to the 3'-
untranslated region (UTR) of the Antirrhinum majus chalcone
synthase gene (3'chs, 287 nt) and transcribed from the cauliflower
mosaic virus 35S promoter (P35S) toward the right T-DNA border.
After floral dip transformation with the DEchs287 T-DNA, plants
were obtained harboring the IR locus X;; (see below; Fig. 1a). The T-
DNA vector pPs35SGUSnpt3’chs (referred to as P35S-gus-npt3’ chs)
contained two chimeric genes between the T-DNA borders: the
bialaphos acetyltransferase-coding (bar) sequence conferring phosphi-
nothricin resistance, fused to the 3'-UTR of the Agrobacterium
tumefaciens octopine T-DNA gene 7 (3'¢7) and under the control
of the promoter of the small subunit of ribulose-1,5-bisphosphate
carboxylase (Pss) and a P35S-driven gus transgene fused to the last 122
nt of the nptll gene and the A. majus chs terminator sequence
(npt3’ chs). After floral dip transformation with the Ps35SGUSnpt3’chs
T-DNA, plants were obtained harboring the single locus Y, (Fig. 1a).
A high-throughput Gateway vector, pPs35SGW+npt3’chs, was con-
structed by inserting the reading frame A (rfA) sequence (1700 nt
EcoRV fragment of the vector pGemGWTrfA; Karimi et al. 2002) into
the vector pPs35Snpt3’chs (cut with Pacl and blunted with T4-DNA
polymerase). The orientation of the inserted 7fA fragment was checked
by sequencing. The T-DNA vector pPs35SCAT800npt3’chs (referred
to as P35S-CAT2 800-npt3’chs) was obtained through an LR clonase
reaction between the vector pPs35SGW-npt3’chs and the entry clone
pENTR3'CAT800 (obtained by a BP clonase reaction between
pDONR and an attB-flanked PCR product containing the last 800
nt of the A. thaliana CAT2-coding sequence). After floral dip
transformation with the Ps35SCAT800npt3’chs T-DNA, plants har-
boring the single locus Y;; were obtained (see below; Fig. 1b). The T-
DNA H610 (H T-DNA in De Buck et al. 1998, 2001) contained a gus
gene fused to the 3’-UTR of the nopaline synthase gene (3'#nos) under
control of P35S and the hygromycin acetyl transferase (hpt) gene
conferring resistance to hygromycin. Plants homozygous for the Z.
locus (Fig. 1a) with a single copy of the T-DNA H610, were already
available. All the T-DNA vectors were inserted into the Agrobacterium
tumefaciens strain C58CIRif* (pMPY0).

Plant material, crosses, and high-light treatment
All transformants were obtained via the floral dip procedure,

performed as described by Clough and Bent (1998). Either
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wild-type A. thaliana (L.) Heyhn. (ecotype Columbia) or transgenic
plants homozygous for the Z. locus (--/--/Z.Z. plants) containing
a single copy of the T-DNA H610, were used for the dipping
experiments. Seeds of the dipped plants were harvested and sown
on K1 medium supplemented with kanamycin (50 mg L") for
selection of the DEchs287 T-DNA or phosphinothricin (10 mg L™")
for selection of Ps35SGUSnpt3’chs and Ps35SCAT800npt3’chs.
To obtain plants with a candidate X locus, --/--/Z.Z. plants were
supertransformed with the DEchs287 T-DNA. Primary trans-
formants (X-/--/Z.Z.) were retained with low amounts of the
NPTII protein, indicative of silencing of the nptII gene(s) in the
X locus, and with a high GUS activity, excluding transcriptional
silencing of the gus gene in locus Z. because of 35S promoter
homology. These plants were screened for harboring a single locus
and were further characterized through DNA gel blot analysis to
determine the T-DNA integration pattern. Because the efficient in
trans-silencing locus X in the tobacco XYZ system contained an IR
about the right T-DNA border (Van Houdt et al. 2003), a super-
transformant with the T-DNAs in an IR configuration (locus X;;,
Fig. 1a), namely X,,-/--/Z.Z, was chosen for further handling. To
obtain X,,-/--/-- plants, seeds from a self-fertilized X,,-/--/Z-
plant (obtained after crossing X,;-/--/Z.Z. with a --/Y-/-- plant,
not discussed here) were sown on K1 medium supplemented with
kanamycin. The presence of locus Z. was checked through a callus
induction test on hygromycin-containing (20 mg L™') medium.
Only one plant out of 52 kanamycin-resistant plants was hygrom-
ycin sensitive, suggesting that locus X,; and locus Z. were genet-
ically linked. To obtain candidate Y; and Y;; plants, --/--/Z.Z.
plants were supertransformed with the Ps35SGUSnpt3’chs
T-DNA, and wild-type plants were dipped with A. tumefaciens
containing the T-DNA Ps35SCAT800npt3’chs, respectively. Fluo-
rometric GUS assays and CAT activity assays were performed to
select primary transformants with highly expressed Y transgenes,
excluding silencing of the gus transgene of Z. or cosuppression of
the endogenous CAT genes. Via segregation analysis we ensured the
presence of single loci, leading to the selection of transformants
--IY~1ZZ. (Ps35SGUSnpt3'chs) and --/Y;,-/-- (Ps35SCAT
800npt3’chs). Transitive silencing was studied by crossing progeny
plants of X,1X,1-/--/Z.Z. with those of --/Y,-/Z.Z. and --/Y;-/--.
The resulting hybrid seeds were grown on medium selective for the
presence of X,; and Y; or Y;;. After 2 wk;, all plants were transferred
to soil and grown under a light regime of 16 h day/8 h night, at
21°C. For high-light (HL) treatment, 4-wk-old plants were exposed
to continuous HL irradiation (~1000 pwmol photons m 2 sec V).

NPTII and GUS quantification

Proteins were extracted from two rosette leaves harvested 6 wk
after sowing and frozen in liquid nitrogen. The protein concen-
trations, NPTII concentrations, and GUS activities were deter-
mined as described previously (Breyne et al. 1993; Van Houdt
et al. 1997).

Catalase activity assay

Protein extracts were prepared by grinding two rosette leaves,
frozen in liquid nitrogen, in 120 pL extraction buffer (60 mM
Tris-HCI at pH 6.9, 1 mM phenylmethylsulfonylfluoride, 10 mM
dithiothreitol, 20% glycerol). The homogenate was centrifuged
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(15,000g) twice at 4°C for 10 min to remove insoluble material.
The supernatant was used for spectrophotometric catalase analysis
according to Clare et al. (1984) after determining the total amount
of soluble protein with the BioRad Protein Assay (Bradford 1976)
with bovine serum albumin as a standard.

Quantitative real-time PCR analysis

For the quantification of CATI, CAT2, and CAT3 transcript levels
by real-time PCR, total RNA from leaf material of 5-wk-old plants
was prepared with TRIzol Reagent (Invitrogen). For each sample,
1 pg of DNase-treated total RNA was reverse-transcribed with the
SuperScript First-Strand Synthesis System for RT-PCR (Invitro-
gen) according to the instruction manual. First-strand cDNA was
generated with an oligo(dT),, ;5 primer. Of the first-strand
c¢DNA, 0.2 pL was used as a template in a subsequent quantitative
PCR using the gPCR™ Core Kit for SYBR® Green I (Eurogentec).
The transcripts were amplified with gene-specific primers: 5'-
TGCTCCTCTTACGGTTTGGTTTC-3" and 5'-ACCCTTCTTTA
AGCGTTTCATTGTC-3" for CATI (Atlg20630); 5'-GCTGG
CAAGCCGTCTGAAC-3" and 5'-AGCACAGAAGATCCACAT
GATGAAG-3" for CAT2 (At4g35090); 5'-GGCCAATCTCCATA
TAAGCTCAGT-3" and 5-GGATTTAACGACCAAGCGATGAT
AG-3' for CAT3 (At1g20620); 5'-AACTTGTGCTCATCTGCCAT
TAGG-3" and 5'-TGATTCTGCGGAAACACCACTTTAG-3" for
actin2 (At3g60830).

Small-RNA analysis

Small RNAs were detected as described by Van Houdt et al.
(2003), with minor changes. Low molecular weight RNA (35 pg)
was loaded on the gel, as well as 21-nt and 24-nt RNA oligomers
as size controls. The probe, a PCR fragment of 274 bp amplified
with the primers 5-CCGGTTAATTAAATGCTGAGAAGTATC
CAACT-3’ and 5'- CCGGTTAATTAACGGCTTGCCAGCTTCT
GTCC-3', was labeled with [a->*P]dCTP using the Rediprime II
random prime labeling system (GE-Healthcare) according to
the manufacturer’s instructions. After removal of unincorpo-
rated [a-*?P]dCTPs with the Bio-Spin p30 Column (Bio-Rad
Laboratories), the probe was hydrolyzed into fragments of ~50
nt. Hybridization and washes were performed as described at
50°C. Labeled membranes were exposed to a PhosphorImager
screen (GE-Healthcare). Predominantly ethidium bromide-
stained species of low molecular weight RNA, separated by
agarose gel electrophoresis (1 pg per lane) were used as loading
controls.
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