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R:cent evidence indicates that the
stablishment of the haploid phase
of the plant life cycle requires epigenetic
mechanisms that control reproductive
cell fate. We previously showed that in
Arabidopsis thaliana (Arabidopsis) muta-
tions in ARGONAUTE9 (AGO9) result
in defective cell specification during
megasporogenesis. AGO9 preferentially
interacts with 24 nucleotide (nt) small
RNAs (sRNAs) derived from transpos-
able elements (TEs), and its sporophytic
activity is required to silence TEs in the
female gametophyte. Here we show that
AGO9 can bind in vitro to 24 nt sSRNAs
corresponding to Athila retrotransposons
expressed in the ovule prior to pollination.
We also show that AGO9 is necessary to
inactivate a significant proportion of long
terminal repeat retrotransposons (LTRs)
in the ovule, and that its predominant TE
targets are located in the pericentromeric
regions of all five chromosomes, suggest-
ing a link between the AGO9-dependent
sRNA pathway and heterochromatin
formation. Our extended results point
towards the existence of a tissue-specific
mechanism of sRNA-dependent TE

silencing in the ovule.

The life cycle of flowering plants alter-
nates between diploid (sporophytic) and
haploid (gametophytic) generations (or
phases) occurring in specialized reproduc-
tive organs. In most flowering plants, as in
the young ovule of Arabidopsis, a single
sub-epidermal cell differentiates into the
megaspore mother cell (MMC) before
entering meiosis and giving rise to a sin-
gle viable haploid product, the functional
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megaspore, that undergoes three rounds
of nuclear haploid divisions before dif-
ferentiating into the female gametophyte.
The establishment of the gametophytic
phase presents an opportunity for natu-
ral selection to act on the haploid plant
genome as an evolutionary driving force
that could be at the origin of epigenetic
mechanisms that ensure a tight regulation
of reproductive development.! Despite
this early-acting selective pressure, there
are numerous examples of developmental
alternatives that suggest a flexible regula-
tory control of gamete formation.?
ARGONAUTE (AGO) proteins inter-
act with a multitude of small non-coding
RNAs (sncRNAs), such as microRNAs
(miRNAs) and small interefering RNAs
(siRNAs) that are crucial to regulate devel-
opmental mechanisms across eukaryotes.
The epigenetic mechanisms that are con-
trolled by the AGO-sRNA interactions are
often dependent on the spatial and tem-
poral control of their transcription.’ We
recently showed that an ARGONAUTE
protein of Arabidopsis (AGO9) is an
important regulator of early cell specifi-
cation in the ovule. Heterozygous ago9/+
individuals show abnormal proliferation
of gamete precursor cells that are able to
divide and differentiate into functional
female gametophytes. AGO9 is prefer-
entially expressed in epidermal (L1) cells
of the ovule primordium and is absent
from the MMC, the meiotically derived
megaspores, or the developing female
gametophyte, indicating that it acts non-
autonomously to restrict MMC identity to
a single cell. We also identified a collection

of AGOY-interacting sRNAs in which
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Figure 1. Expression of AGO9-interacting sSRNAs and TEs in the ovule of Arabidopsis. (A) Selected AGO9 sRNA interactors are expressed in develop-
ing gynoecia prior to pollination. (1) molecular marker; (2) RNA from developing gynoecia. (B) Detection of a 24 nt sSRNA corresponding to an Athila TE
in AGO9 (abAGO9) immunoprecipitate; immunopurification with pre-immune serum (PIS) was used as negative control. A radiolabeled 24 nt RNA is
shown to indicate that comparable amounts of protein were used for RNA preparation. (C) Multiple TE members of Athila2, Atlantys2, AtCopia48, and
AtLINE are expressed in unpollinated ovules of homozygous ago9 individuals but not in wild-type unpollinated ovules. ACTIN2 (ACT2) RT-PCR amplifi-

a class that is 24 nt in length and corre-
sponds to TEs is largely predominant;
however, some other members of this
sRNA collection are 21 to 22 nt in length
and correspond to previously reported
miRNAs or siRNAs.*

We conducted RNA blot analysis to
confirm that selected AGOY-interacting
sRNAs corresponding to LTRs of the
Gypsy and Athila family, or to miR-
NAs such as miR167 and miR390,>¢ are
expressed in female tissue of Arabidopsis.
All four sRNAs tested were expressed in
gynoecia prior to fertilization (Fig. 1A).
To confirm that some of these previously
identified sSRNAs interact with AGO9, a
24 nt RNA oligonucleotide correspond-
ing to an Athila retrotransposon was
5'-end labeled and incubated with either
immunopurified AGOY protein, or the
pre-immune AGO9 serum as a negative
control. The reaction mixtures were sub-
sequently irradiated with UV and resolved
in SDS-PAGE. As shown in Figure 1B,
AGO9 showed a strong binding affinity for
the Athila-derived 24 nt sSRNA, biochemi-
cally confirming that previously identified
24 nt sRNAs derived from LTRs are inter-
actors of AGO9 in the developing ovule.

We have shown that TEs of the
Athila, Atlantys and LINE families that
were tagged by enhancer trap lines are
reactivated in the female gametophyte
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of heterozygous ago9/+ individuals.*
Additionally, it has been suggested that
retrotransposons are transcribed in the
vegetative cell of pollen to serve as a tem-
plate for the biogenesis of sSRNAs neces-
sary to silence equivalent TEs in sperm
cells” To determine if AGO9 is also
required for inactivating a larger fraction
of retrotrasposons of the Athila, Atlantys,
AtCopia and AtLine family, we assess the
overall expression of these families of TEs
in the ovule by conducting reverse tran-
scription PCR (RT-PCR) in mutant 2g0o9
and wild-type individuals, using primers
that allow the amplification of multiple
closely related member TEs in all four
families. These same members were previ-
ously shown to be active in the vegetative
nucleus of pollen but not in sperm cells.”
As shown in Figure 1C, all TE members
tested are not normally active in wild-type
ovules; however, in the absence of AGO9
activity, members in all four families are
reactivated, indicating that AGO9 is of
broad importance for ensuring TE silenc-
ing in the ovule. Because some AGO9
sRNA interactors are also expressed in
developing endosperm following double
fertilization,® our results suggest that some
of the sSRNAs that are abundantly detected
in the developing seed are of maternal ori-
gin and present in sporophytic cells before
fertilization.
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Large-scale  transcriptional — analy-
sis has revealed that a multitcude of
polymeraselV(pollV)-dependent sRNAs

are expressed in the developing seed spe-
cifically from maternal chromosomes.’
Using bioinformatic tools, we identified
the genomic location of all previously
reported SRNA members of the AGO9
interacting collection and compare them
to previously identified po/lV-dependent
sRNAs. Whereas most members do not
match previously identified po/lV-depen-
dent sRNAs, 13 members correspond to
locus 00687, a pollV-dependent region
rich in maternal sSRNAs abundantly pres-
ent in the endosperm. Strikingly, the vast
majority of TEs corresponding to AGO9
sRNA interactors map to centromeric
and pericentromeric regions in all five
Arabidopsis chromosomes (Fig. 2), sug-
gesting a link between AGO9 function
and heterochromatin formation.

Taken together, these results extend our
previous findings by demonstrating that
AGO9 plays a broad role in the inactiva-
tion of pericentromeric TEs in the ovule,
particularly LTR-retrotransposons of the
Gypsy and Athila families, a finding that
is in agreement with previous evidence
suggesting an important role for AGO
proteins that interact with 24 nt sRNAs
in silencing repetitive genomic regions

involved in heterochromatin formation.'®!
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Figure 2. Genomic location of TEs corresponding to AGO9 sRNA interactors. (A) The vast majority of known AGO9 sRNA interactors corresponding to
Athila or Gypsy TEs map to pericentromeric regions in all 5 Arabidopsis chromosomes (the length of the pericentromeric region is defined according

to Hosouchi et al.'®). Histograms show the total number of genomic Athila and Gypsy TEs (blue), and the total number of AGO9 interacting sRNAs that
correspond to Athila and Gypsy TEs (red) located within arbitrary genomic segments of 100 Kb, and this for all 5 chromosomes (Mb). The total number
of AGO9 interacting sRNAs corresponding to Athila and Gypsy TEs over the total number of AGO9 interacting sRNAs identified in each chromosome is
also indicated. (B) Detail of the pericentromeric region of Chromosome I.

We also confirmed that some of the 24 nt
AGO? interactors are dependent on polIV
for their transcription. Interestingly, some
of them are expressed in the ovule prior to
pollination, indicating that their detection
in the developing endosperm could be the
result of their movement from sporophytic
maternal cells into the developing endo-
sperm, rather than from their uniparental
transcription following fertilization of the
central cell.'”? Our results also extend recent
findings showing that 24 nt sRNAs can
move from the vegetative cell cytoplasm to
the sperm cells and silence TEs, a mech-
anism that is likely to be controlled by a
similar silencing pathway to the one pre-
vailing in the ovule. Although the molecu-
lar mechanisms that control this silencing
route remain to be elucidated, it is clear
that the functional characterization of the
ARGONAUTE9-dependent pathway will
open new possibilities to understand and
manipulate the epigenetic control of game-
togenesis in plants.

Methods

Plant material and growth conditions.
Seeds from Arabidopsis thaliana ecotype
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Columbia (Col-0) were surface-sterilized
by washing three times with 100% etha-
nol and plated on Murashige and Skoog
(MS) medium. MS plates containing
seeds were placed in full darkness for
three d at 4°C, and subsequently ger-
minated in a growth chamber at 22°C
under a 16 h light/8 h dark photoperiod,
transferred to soil, and grown in the
greenhouse under long day 16 h light/8
h dark controlled conditions.
Small RNA northern blot
UV-crosslinking assay. Northern blot
analysis with enriched small RNAs was
performed as described,” with some
modifications. The sRNA fraction was
purified from more than 2,000 gynoecia
using the mirVana miRNA isolation kit
(Ambion) in accordance with manufac-
turer’s instructions. The sRNA fraction
was electrophoretically separated on a
12.5% 19:1 acrylamide:bisacrylamide gel
with 1x TBE-7 M Urea and visualized by
SYBR-gold (Invitrogen) staining, before
being transferred to Hybond NX mem-
branes (GE/Amersham) in 1x TBE at 10
V for 1 h. Membranes were crosslinked
with  1-Ethyl-3-(3  dimethylaminopro-
pyl) carbodiimide (EDC, Sigma) before

and
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pre-hybridization in northernMax buffer
(Ambion) at 55°C for 1 h. Oligonucleotides
(20 pmol) were labelled with [y-**P]
ATP and T4 polynucleotide
(Invitrogen). Hybridization of labeled

kinase

oligonucleotides occurred overnight in
northernMax buffer at 55°C. Membranes
were washed twice in 2x SSC, 0.1% SDS
at 55°C, and exposed to phosphor-storage
screens.  Oligonucleotide sequences are
5'-AGAACAAGG ATG TTG AAG AAG
GCT-3' for Athila sSRNA, 5-AGT GAC
TAG ACA AGG GAA ACG ACT-3' for
Gypsy, 5-GGC GCT ATC CCT CCT
GAG CTT-3' for miR390 and 5-TAG
ATC ATG CTG GCA GCT TCA-3' for
miR167. The UV-crosslinking assay was
performed as described Mi et al." For this
assay we use an RNA oligo provided by
Exiqon (5-AGA ACA AGG AUG UUG
AAG AAG GCU-3").

RT-PCR. Total RNA was extracted
from unpollinated mature ovules prior
using TRIzol (Invitrogen), and 1 ug was
used to synthesize first-strand cDNA
by using 20mer-oligodTs (Sigma), 0.25
mM dNTPs and SuperScript III Reverse
Transcriptase (Invitrogen), and incubat-
ing at 42°C for 2 h. Primer sequence and
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PCR conditions were according to Slotkin
et al” ACTIN2 mRNA was used as a
control.

Bioinformatic analysis. Annotation
of sSRNAs was performed using genomic
information from TAIRY and the location
of small RNA in all five chromosomes
of Arabidopsis was generated using Per/
Circos® and Chromosome Map Tool (www.
arabidopsis.org/).
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