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Seed size is important to crop domestication and natural selection
and is affected by the balance of maternal and paternal genomes
in endosperm. Endosperm, like placenta in mammals, provides re-
serves to the developing embryo. Interploidy crosses disrupt the
genome balance in endosperm and alter seed size. Specifically, pa-
ternal-excess crosses (2 × 4) delay endosperm cellularization (EC)
and produce larger seeds, whereas maternal-excess crosses (4 × 2)
promote precocious EC and produce smaller seeds. The mechanisms
for responding to the parental genome dosage imbalance and for
geneexpression changes in endospermareunknown. In plants, RNA
polymerase IV (PolIV or p4) encoded by NRPD1a is required for bio-
genesis of a major class of 24-nt small interfering RNAs (also known
as p4-siRNAs), which are predominately expressed in developing
endosperm. Here we show that p4-siRNA accumulation depends
on the maternal genome dosage, and maternal p4-siRNAs target
transposable elements (TEs) and TE-associated genes (TAGs) in
seeds. The p4-siRNAs correlate negatively with expression levels
of AGAMOUS-LIKE (AGL) genes in endosperm of interploidy crosses.
Moreover, disruption of maternal NRPD1a expression is associated
with p4-siRNA reduction and AGL up-regulation in endosperm of re-
ciprocal crosses. This is unique genetic evidence for maternal siRNAs
in response to parental genome imbalance and in control of trans-
posons and gene expression during endosperm development.
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Crop seeds provide nearly 70–80% of calories and 60–70% of
all proteins consumed by the human population (1). Endo-

sperm is the direct or indirect source for most of the nutritional
content of the seed, and it is similar to the placenta in mammals
(2), which is the source of nutrition for embryo development (3).
In angiosperms the endosperm is formed after pollination of

the egg by a male gamete (pollen) that contains two sperm nu-
clei. One sperm fertilizes the egg to form a zygote with a 1:1
maternal-to-paternal genome ratio (1m:1p), whereas the other
fertilizes two central cell nuclei to form an endosperm cell with
a 2:1 maternal-to-paternal genome ratio (2m:1p). In Arabidopsis
thaliana, increasing the paternal genome ratio (2m:2p) in en-
dosperm by pollinating a diploid “mother” with a tetraploid
“father” (2 × 4) delays endosperm cellularization (EC) and
produces larger seeds. In contrast, increasing the maternal ge-
nome ratio (4m:1p) in endosperm by pollinating a tetraploid
mother with a diploid father (4 × 2) leads to precocious EC and
smaller seeds (4, 5).
Transcription factors including AGAMOUS-LIKE proteins

(AGLs) affect endosperm development (6–9). AGLs are mem-
bers of the plant type I MADS domain subfamily (6), and it is
likely that they have a role in reproductive development because
they are expressed in female gametophyte or developing seeds (7).
Mutations in AGL62 lead to precocious EC and arrest of embryo
growth, suggesting a direct effect of AGL62 in endosperm de-
velopment (8).AGL36 is maternally imprinted and has a potential
role in endosperm development, although no obvious phenotype
is found in the agl36 mutant probably because of redundancy in

this subfamily (9). Moreover, up-regulation of AGL62 and
AGL90 is related to the postzygotic barrier between A. thaliana
and Arabidopsis arenosa, which is associated with endosperm
overproliferation and delayed development (10), similar to that in
paternal-excess interploidy crosses.
Mechanisms for responding to parental genome dosage and

for regulating AGL expression in endosperm are largely un-
known. The model of parental genome balance to explain this
effect requires a parent-of-origin–specific factor and a mecha-
nism for balancing the level of this factor relative to the other
parental genome. In principle, this parent-of-origin–specific
factor could involve imprinted genes, including MEA in A.
thaliana (11) and PEG1 and FIE101 in maize (12). However,
expression patterns of many imprinted genes are contradictory to
the predictions in interploidy crosses (5, 13). For example, ma-
ternally expressed genes including MEA, FWA, and FIS2 are up-
regulated in the paternal-excess endosperm, similar to that of
paternally expressed genes such as PHE1. It is therefore unlikely
that they are the parent-of-origin–specific factor.
An alternative mechanism could involve 24-nt small in-

terfering (si)RNAs that are dependent on NRPD1a. The
NRPD1a protein is the largest subunit of RNA polymerase IV
(PolIV or p4), a homolog of DNA-dependent RNA polymerase
II (14–16), and p4-siRNAs in developing seed of A. thaliana are
predominately expressed from the maternal genome in endo-
sperm (14). Some 24-nt siRNAs are associated with target genes
in leaves of A. thaliana hybrids (17). Here we test the possibility
that maternally expressed p4-siRNAs are the factors sensitive to
the parental genome dosage and regulate AGL expression levels
in seeds through a mechanism in which, as in leaves of A.
thaliana hybrids (17), they silence gene expression.

Results
Parent-of-Origin Effects on Endosperm Size and siRNA Production in
Reciprocal Triploids. In A. thaliana, reciprocal interploidy crosses
between diploid (2×) and tetraploid (4×) plants produce variable
seed sizes in Col-0 or C24 ecotypes (Fig. 1A and Fig. S1A). These
plants contain the expected ploidy number of chromosomes (Fig.
1B). As reported previously (4), the paternal genome excess (2 ×
4) results in larger seeds, whereas the maternal genome excess
(4 × 2) leads to smaller seeds (Fig. 1C and Fig. S1 B and C). The
response to paternal genome excess in 2 × 4 crosses was de-
pendent on genotypes. Larger and normal seeds were produced
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in Ler and C24, whereas in Col the seeds were aborted during
seed coat development because the expression of TTG2 and
other genes was disrupted (18). However, during early seed de-
velopment the response to altered parental genome dosage is
consistent among all ecotypes tested. The endosperm size,
reflected in the seed size (4), was noticeably different in the
paternal- and maternal-excess seeds 5–6 d after pollination
(DAP) in Col-0 (Fig. 1D).
We manually dissected hundreds of seeds (containing endo-

sperm and embryo) out of siliques at 6 DAP of reciprocal crosses
(2 × 4 and 4 × 2) and their Col-0 parents, diploids (2 × 2) and
tetraploids (4 × 4). At this stage, expression of p4-siRNA is most
abundant in endosperm (14), and the seed size was obviously
different between reciprocal crosses (Fig. 1D). Eight small RNA
libraries were made from these immature seeds and from rosette
leaves in reciprocal crosses and their parents. A total of ∼80 mil-
lion small RNA reads were generated by Illumina sequencing, and
∼64 million reads (∼80%) were mapped (Tables S1 and S2). To
reduce ambiguity, only the reads that perfectly matched sequences
of the annotated genome (TAIR9) were normalized to reads per
10 million for further analysis. In seeds, the most abundant small
RNAs were 21- and 24-nt long, representing 20–29% and 37–53%
of total small RNAs (Fig. 2A). The proportions of 21-nt (18–23%)
and 24-nt (46–50%) small RNAs were similar in endosperm of
diploids (2 × 2) and tetraploids (4 × 4). However, the 24-nt siRNA
population was ∼9% lower in 2 × 4 (37%) than in 4 × 2 (46%)
seeds, but not in leaves (Fig. S1D). The 24-nt siRNA densities in
a 10-kp sliding window were significantly lower in 2 × 4 than in 4 ×
2 seeds (Wilcoxon paired ranks sum test, P= 0), whereas the 24-nt
siRNA density difference between 2 × 4 and 4 × 2 crosses in leaves
was insignificant (P = 0.2).

Ploidy-Dependent siRNAs Are Derived from Transposable Elements
(TEs) and TE-Associated Genes (TAGs) in Endosperm. Average dis-
tributions of small RNAs were 16.9% in TEs, 19.5% in genes,
49.1% in intergenic regions (IGRs), and 14.4% in microRNAs
(miRNAs) and transacting siRNA (ta-siRNAs) (Fig. 2B). The
24-nt siRNAs were enriched in TEs and intergenic regions,
whereas 21-nt siRNAs were derived from miRNA and ta-siRNA
loci. Consistent with the reduction of 24-nt siRNAs in 2 × 4

seeds, there was a lower proportion of small RNA reads in TEs
(14%), genes (17%), and IGRs (45%) in 2 × 4 than in 4 × 2
seeds (19/21/54%).
In contrast, the fraction of miRNA and ta-siRNA reads was

higher in 2 × 4 (24%) than in 4 × 2 seeds (7%). Among the up-
regulated miRNAs and ta-siRNAs in 2 × 4 seeds, many were from
a few loci with abundant reads in seed (Fig. S2 A–E and Dataset
S1). Correspondingly we demonstrated that miR832 but not
miR172 and miR396 accumulated to higher levels in 2 × 4 seeds
than in the other samples (Fig. 2E). However, there was no cor-
relation between expression levels of miRNAs and ta-siRNAs and
their targets in 2 × 4 and 4 × 2 seeds (Fig. S2 F–I). A role for these
RNAs in seed development is not clear.
Interestingly, certain siRNA loci were markedly over- or un-

derrepresented in these samples. Among 3,901 annotated TE
genes, 24-nt siRNA densities in a 100-bp sliding window were 42%
lower in 2 × 4 than in 4 × 2 seeds (Fig. 2C and Fig. S1 E and F)

Fig. 1. Seed morphology and chromosome counts in interploidy crosses. (A)
Seed size andmorphology in diploids, tetraploids, and triploids (2 × 4 or 4 × 2)
in A. thaliana C24. m, maternal; p, paternal. By convention, the maternal
parent is listed first in a genetic cross. (B) Chromosome counts in diploid, trip-
loid, and tetraploid flowers in A. thaliana Col-0. (C) Seed weight in interploidy
crosses. (D) Developing seeds dissected at 3–7 d after pollination (DAP) in Col-0.

Fig. 2. Small RNA distribution in interploidy crosses. (A) Size distribution of
20–25 nt small RNA reads in Col-0 seeds of 2 × 2 (blue), 4 × 4 (green), 2 × 4
(cyan), and 4 × 2 (magenta). (B) Distribution of 20–25 nt small RNAs in genes,
TEs, miRNA, and ta-siRNA targets, and intergenic regions. (C and D) 24-nt
small RNA densities (100-bp sliding window) in 5′ upstream (2 kb), tran-
scribed, and 3′ downstream (2 kb) regions of TE genes in seeds (C) and leaves
(D). (E) Small RNA blot analysis of miR172, miR832, and miR396 in diploids,
triploids, and tetrpaloids at 6 DAP.
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(Wilcoxon paired ranks sum test, P = 0). The 24-nt siRNA den-
sities were 20% lower in tetraploids than in diploids (P = 0),
suggesting a dosage compensation mechanism for siRNA ex-
pression in seeds that are larger in tetraploids than in diploids.
Among 418 TE families each generating 100 or more unique 24-nt
siRNA reads, most siRNAs were expressed at significantly lower
levels in 2 × 4 than in 4 × 2 seeds (P = 0, Wilcoxon paired rank
sum test, Dataset S2). In contrast, 24-nt siRNA densities in leaves
did not show a significant difference between 2 × 4 and 4 × 2
crosses (Fig. 2D) (P = 0.7). The data suggest parent-of-origin
effects of siRNAs on TE genes in developing seeds.
Corresponding to siRNA accumulation in TE genes, there was

also an effect of siRNAs on TAGs. We mapped genomic coor-
dinates of 31,189 TEs and TE fragments onto transcribed regions
and 2-kb regions upstream and downstream of 27,379 protein-
coding genes (TAIR9). We found that 12,676 protein-coding genes
(∼46%) contained at least one TE or TE fragment (Fig. 3A and
Dataset S3). Among them, ∼19% contained TEs in the 5′ upstream
(∼2 kb), ∼13% in the 3′ downstream (∼2 kb), ∼12% in both up-
stream and downstream, and ∼2% in the transcribed regions. In-
terestingly, siRNA densities in 5′ and 3′ regions of TAGs were
significantly lower in 2× 4 than in 4× 2 seeds (Fig. 3B,P=2.20E-16,
Wilcoxon paired rank sum test), but not in leaves (Fig. 3C,P=0.04).
Does the reduction of siRNAs in 2 × 4 relative to 4 × 2 seeds

affect gene expression in endosperm? To address this question we
first used publishedmicroarray data in reciprocal 2 × 4 and 4 × 2 or
2 × 6 and 6 × 2 crosses in young siliques (5), and we identified 9,742

TAGs and 13,029 non-TAGs on the array data. There were 151
TAGs that were differentially expressed between 4 × 2 and 2 × 4
siliques and, of those, 83%were more abundant in 2 × 4 than in 4 ×
2 crosses. In contrast, of 90 non-TAGs, only 67% were more
abundant in the 2 × 4 cross (χ2 = 19.13, P= 1.2 × 10−5) (Fig. 3D).
The same trend was observed in reciprocal tetraploids (2 × 6 and
6 × 2) between diploid and hexaploid lines (χ2 = 17.37, P = 3.1 ×
10−5) (Fig. 3E). These data indicated a tendency of increased ex-
pression ofTAGs in siliques of paternal-excess crosses. TheseTAGs
could be expressed in endosperm together with the maternally
expressed p4-siRNAs (14), and their up-regulation in the paternal-
excess crosses could be due to the reduced level of these siRNAs.
In our second approach to address the possibility that maternal

p4-siRNAs are mediators of silencing in the endosperm, we
exploited previous analysis that had identified endosperm-pre-
ferred early seed stage (EP-ESS, also known as (aka) endosperm
transcription factor, ETF) genes and silique tissue-preferred early
seed stage (OST-ESS, aka silique transcription factor, STF) genes
(5, 19, 20). The ETF and STF genes included 779 and 448 genes,
respectively. Of the ETF genes, 60 were up-regulated, and 2 were
repressed in 2 × 4 seeds relative to 4 × 2 seeds (Fig. S3A and B). In
contrast, only 4 STF genes were up-regulated and 1 was repressed
in 2 × 4 seeds. Similar results were obtained from interploidy
crosses between 2 × 6 and 6 × 2. Overall, the differentially
expressed genes in interploidy crosses were enriched in gene
ontology groups of hydrolase, receptor binding, and transcription
factor activities (Fig. S3C).

Fig. 3. Distribution of TE-associated genes
(TAGs) and parent-of-origin effects of siRNAs on
TAG expression in reciprocal interploidy crosses.
(A) Proportions of TAGs and locations of TEs
(triangles) in coding sequences (gray box) and
within 2 kb up or downstream of 5′ and 3′
regions (extended lines) in A. thaliana Col-0. (B
and C) Small RNA densities (100-bp sliding
window) in 5′ upstream (2 kb), transcribed, and
3′ downstream (2 kb) regions of TAGs and non-
TAGs in seeds (B) and leaves (C). (D and E)
Percentage of up-regulated (red) and down-
regulated (blue) TAGs or non-TAGs in 2 × 4 vs.
4 × 2 crosses (D) and in 2 × 6 vs. 6 × 2 crosses (E).
(F and G) Heat maps of gene expression changes
in endosperm transcription factor (EFT) genes
(n = 27) (F) and silique transcription factor (STF)
genes (n = 25) (G) in two replicated experiments
(Reps. 1 and 2); color bar indicates up (red) and
down (green) regulation; black dots indicate
up-regulated genes at statistically significant
levels between 2 × 4 and 4 × 2 endosperm.

Lu et al. PNAS | April 3, 2012 | vol. 109 | no. 14 | 5531

PL
A
N
T
BI
O
LO

G
Y

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1203094109/-/DCSupplemental/sd02.xls
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1203094109/-/DCSupplemental/sd03.xls
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1203094109/-/DCSupplemental/pnas.201203094SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1203094109/-/DCSupplemental/pnas.201203094SI.pdf?targetid=nameddest=SF3


These data indicate that up-regulation of ETF genes is cor-
related positively with increased paternal genome dosage and
negatively with increased maternal genome dosage (hyper-
geometric test, P = 0). Moreover, among 27 ETF genes that are
validated as regulators of endosperm development (19), the
majority were up-regulated in 2 × 4 seeds in two biological
replicates (Fig. 3F and Dataset S4). No obvious trend was found
among 25 STF genes (Fig. 3G). Remarkably, 20 of 27 (∼74%)
ETF genes are TAGs, and they generated siRNAs. In compari-
son, of all other genes, only ∼46% are TAGs that generate
siRNA (P= 0.0001). Up-regulation of these ETF genes may play
a role in overproliferation of endosperm in the paternal-excess
triploids (4, 5).

Maternal siRNAs Regulate AGAMOUS-LIKE (AGL) Gene Expression.
The ETFs include a large family of AGLs that are members of
the plant type I MADS domain subfamily (6). Many AGLs are
expressed in female gametophyte or developing seeds and play
a role in reproductive development (7). Indeed, most AGLs were
highly induced in seeds 3–8 d after pollination (Fig. S4).
We next tested whether p4-siRNAs are associated with ex-

pression of AGLs. Thirteen of 61 (∼21%) type I genes and 5 of 45
(∼11%) type II genes, respectively, contained 10 or more nor-
malized p4-siRNA reads in upstream, transcribed, and down-
stream regions (Table S3). All type I genes that generated siRNAs
belong to Mα, Mγ, and Mδ subgroups (Fig. S5) that are expressed
predominately in developing endosperm. The Mβ-type genes are
mostly expressed in female gametophyte (7), and none of them
was found to be associated with p4-siRNAs. Type II genes such as
AGL42 are expressed in vegetative tissues and during floral
transition (21).
Interestingly, the expression levels of all 13 siRNA-containing

AGLs were higher in 2 × 4 than in 4 × 2 seeds (Fig. 4 A–G and

Fig. S6), as observed in siliques (5). The transcript levels of these
AGLs were inversely correlated with siRNA levels that were lower
in 2 × 4 than in 4 × 2 seeds (R2 = 0.67, P = 0.025) (Fig. S3D).
We also tested the expression of additional ETF genes in-

cluding six known imprinted genes and four candidate imprinted
genes (Dataset S4), many of which overlapped with TEs that
generated 24-nt siRNAs in 5′ or 3′ regions. Some without obvious
TEs generated 24-nt siRNAs from their 5′ upstream regions,
suggesting presence of TE fragments or repeats that have not
been annotated. The expression levels of these genes were higher
in 2 × 4 than in 4 × 2 seeds but not obviously correlated with
siRNA densities, with one exception. FWA is an imprinted gene in
endosperm (22). The maternally expressed FWA was up-regu-
lated in paternal-excess seeds (2 × 4) (Fig. 4H), which correlated
with lower siRNA densities in endosperm in 2 × 4 than in 4 × 2.

Expression of p4-siRNAs and AGLs in Interploidy Crosses Is Dependent
on PolIV. Biogenesis of p4-siRNAs is, by definition, dependent on
RNA polymerase IV (PolIV), a homolog of RNA polymerase II
(14–16). NRPD1a encodes the largest subunit of PolIV. Absence
of maternal NRPD1a reduces or eliminates 24-nt siRNA expres-
sion in endosperm (14). To test the effects of NRPD1a on AGL
expression, we crossed a diploid nrpd1a (2nrpd1a) mutant (14)
with diploid (2×) and tetraploid (4×) wild-type plants in Col-0.
NRPD1a expression was lower in 2nrpd1aX4 and 2nrpd1aX2
seeds than in corresponding reciprocal hybrids (Fig. 5A). A pre-
viously reported p4-siRNA, siR02 (14), was undetectable in
2nrpd1aX4 and 2nrpdl1aX2 seeds (Fig. 5E).
Absence of maternal NRPD1a transcripts in these mutant

crosses was associated with up-regulation of 11 AGLs including
AGL40,AGL62, andAGL91, which were two- to threefold higher
in 2nrpd1ax4 than in 2 × 4, as well as in 2nrpd1aX2 seeds than in
2 × 2nrpdl1a (Fig. 5 B–D and Fig. S7 A–C). Up-regulation of

Fig. 4. Maternal siRNAs are associated with
expression of AGL genes and FWA. (A–H) siRNA
hotspots (Left) and qRT-PCR analysis (Right) of
AGL28 (A), AGL36 (B), AGL40 (C), AGL62 (D),
AGL87 (E), AGL90 (F), AGL91 (G), and FWA (H)
in 2 × 4 and 4 × 2 triploids and their parents
(2 × 2 and 4 × 4). Diff., siRNA differences be-
tween 4 × 2 and 2 × 4; positive, Above the line;
negative, Below the line; gray box, gene; black
box, transposon. Genomic coordinates are
shown Above each diagram, and SEs were cal-
culated from three biological replicates.
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AGL91 and AGL40 in 2nrpd1aX4 and 2nrpdl1aX2 seeds corre-
lated with down-regulation of p4-siRNAs (Fig. 5E, Right and Fig.
S7D). The p4-siRNAs associated with AGL91 were present in
seeds but not in siliques from which the seeds were removed (Fig.
5E, Left). A lower amount of 21-nt siRNAs was also associated
with AGL91. The data indicate a link of maternal nrpd1a re-
pression with reduction of maternal siRNAs and up-regulation
of AGLs.

Discussion
Our data collectively suggest a uniquemodel that explains the role
for PolIV-dependent maternal siRNAs in AGL expression and
endosperm development (Fig. 5F). Proper seed development

requires an endosperm balance number of 2m:1p in diploids (2 ×
2) (2, 4). In the maternal-excess endosperm (4 × 2, 4m:1p), ma-
ternal p4-siRNA expression levels increase, and p4-siRNA-asso-
ciated AGLs are repressed, causing precocious cellularization of
endosperm and development of smaller seeds. In contrast, in the
paternal-excess endosperm (2 × 4, 2m:2p) a low abundance of
maternal and p4-siRNAs leads to up-regulation of AGLs, pro-
moting endosperm nuclear proliferation and enlarging seeds.
Genome-wide demethylation in endosperm (23, 24) is pre-

dicted to produce p4-siRNAs that are dependent on maternal
genome dosage. During endosperm development, these maternal
p4-siRNAsmay directly silenceAGL targets and TEs, as observed
in this study or indirectly through a mechanism of RNA-directed
DNA methylation (25, 26). It is unclear whether these maternal
siRNAs present in endosperm affect TEs and gene expression in
embryos. Movement of 21-nt siRNAs is predicted in vegetative
and sperm nuclei of pollen (27). Alternatively, some of these
maternal siRNAs, most likely 21-nt siRNAs (Table S3), may
participate in the posttranscriptional silencing pathway and trig-
ger the secondary siRNA cascades through a ta-siRNA–like
mechanism (28, 29). Indeed, AGL91, AGL40, and AGL36 had
a significantly high probability (P < 0.01) of generating 21-nt
phased siRNAs (Table S3) (28).
The endosperm and seed size is critical to the fitness of plants.

Alteration in seed size is a manifestation of parental genome
conflict in plants (2). Our model is consistent with that feature of
parental genome conflict because the p4-siRNAs and their AGL
transcription factor targets are all expressed in the endosperm.
Endosperm is a triploid that contains two maternal (central cell)
and one paternal (sperm) genomes. During the evolution of
angiosperms, these maternal p4-siRNAs are responsive to pa-
rental genome dosage and regulate expression of genes such as
AGLs, which are important to metabolism and nourishing func-
tion of maternal tissues (2, 3). We predict that these maternal p4-
siRNAs also serve as the factor for balancing and recognizing
heterologous maternal and parental genomes in hybrids (30). The
p4-siRNAs would allow the differentiation between paternal and
maternal alleles, which could relieve the repressive maternal
effects on the hybrids resulting from the parental genome im-
balance and conflict in gametogenesis, fertilization, and early
zygotic development (30, 31). The imbalance between the ma-
ternal siRNAs and their target genes in endosperm could lead to
endosperm failure, a common syndrome observed in many in-
terspecific hybrids, but the embryos are viable and can be rescued
to regenerate plants under tissue culture conditions (32). These
predicted effects could be readily tested in the hybrids within and
between species.

Materials and Methods
Plant Materials and Growth Conditions. Diploids (2n = 2x = 10) and tetraploids
(2n = 4x = 20) of A. thaliana Col-0, C24, and Ler ecotypes were grown under
16-h light at 22 °C and 8-h darkness at 20 °C. Reciprocal interploidy crosses
were made by pollinating diploid flowers with tetraploid pollens (2 × 4) or
tetraploid flowers with diploid pollens (4 × 2) 24 h after manual emascula-
tion. Diploid and tetraploid flowers were manually self-pollinated to serve
as balanced dosage controls. Seeds were manually dissected from the si-
liques at 3, 4, 5, 6, and 7 DAP to eliminate maternal tissue contamination.
Small RNA library construction and gene expression assays were performed
using the seeds dissected at 6 DAP. Rosette leaves of F1 and their parents
were collected before bolting for small RNA and gene expression studies.

Chromosome Counts. A published protocol was adopted (33). In brief, young
floral buds were fixed in Carnoy’s fixative (ethanol:glacial acetic acid, 3:1) and
digested with pectolytic enzyme mixture (0.3% (wt/vol) cellulase, 0.3% (wt/
vol) pectolyase, and 0.3% (wt/vol) cytohelicase (all from Sigma in citrate
buffer) at 37 °C for 5 h. Flower buds were then homogenized and spread on
a glass slide by repeatedly adding 60% acetic acid and Carnoy’s fixative. The
chromosome spread was stained with 4′,6-diamidino-2-phenylindole (Sigma)
and examined under a wide-field florescent microscope (Axiovert 200 M; Carl
Zeiss). Three flower buds were examined per plant.

Fig. 5. siRNA production and AGL expression are dependent on RNA
polymerase IV (NRPD1A) in endosperm and a model for endosperm de-
velopment in interploidy crosses. (A) qRT-PCR analysis (relative expression
levels, REL) of NRPD1a expression in endosperm of interploidy crosses. (B–D)
qRT-PCR analyses of AGL62 (B), AGL91 (C), and AGL40 (D) expression (n = 3
biological replicates). (E) Small RNA blot analysis of p4-siRNA (siR02), AGL40-
siRNA, and AGL91-siRNA in endosperm of interploidy crosses (n = 2 bi-
ological replicates). (Left) AGL91-siRNAs were present in seeds but not in
siliques. miR166 was used as a control. (F) Model for the role of maternal
siRNA-mediated AGL expression in endosperm and seed development (see
text for explanation). Multiple dots and an elongated black rod in each di-
agram represent the endosperm and embryo cells, respectively.
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Small RNA Library Construction. Total RNA was extracted from seeds and
leaves using Plant RNA reagent (Invitrogen) and subjected to electrophoresis
in a 15% urea-polyacrylamide gel. The small RNA fraction (18–30 nt) was
recovered from the gel. The small RNAs were ligated to 5′ and 3′ RNA oligo
adapters (Table S4) and reverse transcribed to produce first strand cDNAs,
which were amplified by PCR and sequenced by Illumina Genome Analyzer
II. Small RNA data are deposited in short read archives (http://www.ncbi.nlm.
nih.gov/sra) (GSE25280).

Bioinformatic Analysis. Short reads (40 nt) were parsed to remove 3′ adapters
and mapped to A. thaliana genome (TAIR9, June 2009 release) using CASHX
(http://asrp.cgrb.oregonstate.edu/db/download.html) (34). To reduce ambi-
guity, only the perfectly matched reads were used for further analysis. The
sequences from chloroplast andmitochondrial and structural noncoding RNAs
including ribosomal RNAs, transfer RNAs, snoRNAs, and snRNAswere excluded
from the analysis. Small RNA reads were normalized by library size and num-
ber of hits to the genome using the same weight for each matched locus.

Protein coding genes with adjacent TEs were identified by overlapping
genomic coordinates of TEs and TE fragments with those of protein-coding
genes using a Python script. Natural antisense gene pairs were defined as two
loci overlappingwith eachother in theopposite direction.miRNAand ta-siRNA
targets were downloaded from The Arabidopsis Small RNA Project (ASRP)
database (http://carringtonlab.org/resources) (35). GOSlim terms were down-
loaded from http://www.arabidopsis.org/tools/bulk/go/index.jsp. The signifi-
cance of enrichment was tested using hypergeometric test and Bonferroni
multiple-testing correction (36) (P = 0.01).

Microarray Analysis. The design and analysis of microarray datasets on
interploidy crosses were described (5). Normalized data for 2 × 4, 4 × 2, 2 × 6,
and 6 × 2 five-DAP siliques (two replicates; Affymetrix) were downloaded
from Gene Expression Omnibus (GSE20007). All statistic analyses were per-
formed using R (http://www.r-project.org). Gene expression changes were
estimated on the basis of a t test between reciprocal crosses 2 × 4 vs. 4 × 2

and 2 × 6 vs. 6 × 2, respectively. Probe sets were called differentially
expressed when P ≤ 0.01 and log-twofold change ≥2.

Quantitative RT-PCR Analysis. Total RNA was extracted from leaves and dis-
sected seeds using Plant RNA reagent (Invitrogen) and treated with DNaseI
(Promega). First-strand cDNA was synthesized using SuperScriptIII reverse
transcriptase (Invitrogen). Primer sequences are listed in Table S5. Actin 2
(ACT2) was used as the internal control. qRT-PCR is performed using Applied
Biosystems 7500 Real-Time PCR Systems (ABI).

Small RNA Blot Analysis. Small RNA (<200 nt) was enriched from 50 μg total
RNA using mirVana miRNA purification kit (Ambion). Small RNA was sepa-
rated on a 15%denaturing 19:1 acrylamide:bisacrylamide gel with 1X TBE and
7 M urea and transferred to HybondN+ membrane (GE/Amersham). Oligonu-
cleotides were end labeledwith [γ-32P]ATP and T4 polynucleotide kinase (New
England Biolabs) and hybridized with themembrane in Church’s buffer (37) at
37 °C overnight. A mixture of oligonucleotides corresponding to the most
abundant siRNAs from each AGL locus in the sequencing libraries was used as
the probe to detect AGL-related siRNAs. The blots were washed twice in 2×
SSC, 0.1% SDS at 50 °C before exposure to phosphor storage screens. Probe
sequences are listed in Table S6.
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