Auxin regulates endosperm cellularization
in Arabidopsis
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The endosperm is an ephemeral tissue that nourishes the developing embryo, similar to the placenta in mammals. In
most angiosperms, endosperm development starts as a syncytium, in which nuclear divisions are not followed by
cytokinesis. The timing of endosperm cellularization largely varies between species, and the event triggering this
transition remains unknown. Here we show that increased auxin biosynthesis in the endosperm prevents its cellu-
larization, leading to seed arrest. Auxin-overproducing seeds phenocopy paternal-excess triploid seeds derived from
hybridizations of diploid maternal plants with tetraploid fathers. Concurrently, auxin-related genes are strongly
overexpressed in triploid seeds, correlating with increased auxin activity. Reducing auxin biosynthesis and signaling
reestablishes endosperm cellularization in triploid seeds and restores their viability, highlighting a causal role of
increased auxin in preventing endosperm cellularization. We propose that auxin determines the time of endosperm

cellularization, and thereby uncovered a central role of auxin in establishing hybridization barriers in plants.

[Keywords: auxin; cellularization; endosperm; hybridization barrier; seed development; triploid block]

Supplemental material is available for this article.

Received May 9, 2018; revised version accepted January 24, 2019.

In flowering plants, seed development is initiated by the
fertilization of two maternal gametes, egg cell and central
cell, by two paternal sperm cells (Dresselhaus et al. 2016).
This double-fertilization event originates two fertilization
products: the embryo, which will form a new plant, and
the endosperm, a nourishing tissue that ensures adequate
nutrient transfer from the mother plant to the developing
embryo (Bleckmann et al. 2014). The endosperm of most
angiosperms is a triploid tissue, derived after fertilization
of the diploid central cell. It thus contains two maternal
and one paternal (2M:1P) genome copies. In Arabidopsis,
like in most angiosperms, the endosperm initially devel-
ops as a syncytium, in which nuclear divisions are not fol-
lowed by cytokinesis (Li and Berger 2012). After a defined
number of nuclear divisions, the endosperm cellularizes
(Boisnard-Lorig et al. 2001); however, the pathways regu-
lating this transition remain unknown. The balance of
2M:1P genome copies in the endosperm is crucial for re-
productive success. Deviation from this ratio in response
to hybridizations of plants that differ in ploidy frequently
leads to unviable seeds, a phenomenon referred to as trip-
loid block (von Wangenheim 1962; Scott et al. 1998; Le-
blanc et al. 2002; Stoute et al. 2012; Sekine et al. 2013).
Importantly, interploidy hybridizations affect endosperm
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cellularization: Although maternal excess crosses (4x x
2x; by convention the maternal parent is always men-
tioned first) shift the cellularization to earlier timepoints,
paternal-excess hybridization (2x x 4x) causes a delay or
complete failure of endosperm cellularization (Scott
et al. 1998; Lafon-Placette and Kohler 2016). In Arabidop-
sis, the triploid (3x) embryos resulting from 2x x 4x crosses
are viable and produce healthy plants when transferred to
nutritive medium, revealing that failure of endosperm cel-
lularization impairs embryo viability (Hehenberger et al.
2012; Lafon-Placette and Kohler 2016). Mutations in the
paternally expressed imprinted genes (PEGs) ADMETOS
(ADM), SUVH7, PEG2, and PEG9 restore endosperm cel-
lularization and viability of paternal-excess 3x seeds (Kra-
dolfer et al. 2013b; Wolff et al. 2015; Jiang et al. 2017).

In this study we show that auxin activity is strongly in-
creased in paternal-excess 3x seeds and that the 3x seed
phenotype can be phenocopied by overproduction of auxin
in the endosperm of diploid seeds. Furthermore, we show
that down-regulating auxin biosynthesis or signaling can
partly restore 3x seed viability. Overall, our datalink auxin
activity with endosperm cellularization and show that in-
creased auxin activity in the endosperm establishes a post-
zygotic hybridization barrier in Arabidopsis.
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Results

Paternal-excess crosses lead to increased auxin activity
after fertilization

Triploid seed abortion in paternal-excess (2x x 4x) crosses
is characterized by the overproliferation of the endosperm,
which fails to cellularize (Scott et al. 1998), but the molec-
ular mechanisms that lead to this phenotype are yet to be
elucidated. To search for pathways potentially involved in
3x seed abortion, we compared gene expression data of
wild-type seeds at 6 d after pollination (DAP) with that of
wild-type maternal plants pollinated with pollen of omis-
sion of second division 1 (osd1)(d’Erfurth et al. 2009). Mu-
tants for osd1 form unreduced diploid gametes (2n) and
therefore can be used to mimic paternal-excess crosses
when used as a pollen donor to a wild-type mother (d’Er-
furth et al. 2009; Kradolfer et al. 2013a). We found genes in-
volved in auxin homeostasis to be significantly enriched
among those genes that were up-regulated in 3x seeds
(Table 1). In particular, genes involved in auxin biosynthe-
sis (TAA/TAR and YUCCA) (Cheng et al. 2007; Stepanova
et al. 2008), auxin transport (PIN and PGP-type) (Lin and

Table 1. Significantly enriched biological processes for genes
up-regulated at 6 DAP in 3x seeds (Lerxosdl cross) compared
with 2x seeds (Lerx Col cross) (logs fold change>1, P-value
<0.05)

Gene
ontology (GO) Number
term P-value of genes Description
GO:0009827 1.5x107* 25 Plant-type cell wall
modification
GO:0010167 1.0x1073 21 Response to nitrate
GO:0015698 1.6x1072 25 Inorganic anion
transport
GO:0006869 1.6x1073 20 Lipid transport
G0:0043086 43%x107° 13 Negative regulation
of catalytic
activity
GO:0010106 5.6x1073 13 Cellular response to
iron ion starvation
GO:0006760 59x1073 9 Folic acid-
containing
compound
metabolic process
GO0:0010252 6.5x1073 5 Auxin homeostasis
G0:0035295 9.2x1073 25 Tube development
GO:0006826 2.2x1072 12 Iron ion transport
G0:0014070 3.1x1072 13 Response to organic
cyclic compound
GO:0010583 3.1x1072 13 Response to
cyclopentenone
GO:0009739 3.4%x107% 14 Response to
gibberellin
G0:0043069 3.9%x107% 14 Negative regulation
of programed cell
death
GO:0015837 4.2x1072 20 Amine transport
GO0:0065008 43x1072 94 Regulation of

biological quality

Auxin regulates endosperm cellularization

Wang 2005; Ktecek et al. 2009), and auxin response factors
(ARFs) (Boer et al. 2014; Weijers and Wagner 2016) were
highly up-regulated in 3x seeds compared with 2x seeds
(Fig. 1A; Supplemental Fig. S1). Consistent with the tran-
scriptome data, we found a marked increase in the activity
of the auxin sensor DR5v2::VENUS (Liao et al. 2015) in 3x
seeds that was most prominent in the seed coat, suggesting
thatincreased auxin generated in the fertilization products
inresponse to 0sd1 pollination is rapidly transported to the
seed coat (Fig. 1B,C), in line with previous reports (Figuei-
redo et al. 2016). Indeed, genes coding for auxin biosynthe-
sis, as well as auxin signaling, are strongly up-regulated in
the endosperm of 3x seeds compared with that of 2x seeds
(Supplemental Fig. S2). These observations indicate that
paternal-excess crosses induce increased auxin production
and signaling in the endosperm of 3x seeds.

Overproduction of auxin in the endosperm phenocopies
paternal-excess triploid seeds

Based on the finding that auxin activity is increased in 3x
seeds, we addressed the question whether overproduction
of auxin is responsible for the endosperm developmental
defectsleading to 3x seed abortion. To test this hypothesis,
we raised transgenic plants overexpressing the bacterial
auxin biosynthesis gene Indole Acetimide Hydrolase
(IaaH) under the control of the early-endosperm specific
promoter DD25 (Tinland et al. 1991; Steffen et al. 2007).
The production of the active auxin indole 3-acetic acid
(IAA) by IaaH relies on the availability of indole 3-acet-
amide (IAM), which was previously shown to be present
in Arabidopsis (Pollmann et al. 2002; Sugawara et al.
2009). Furthermore, genes coding for IAM-synthetizing
enzymes are strongly expressed in the endosperm (Supple-
mental Fig. S3). Strikingly, out of 31 transgenic lines ex-
pressing DD25::laaH, all showed aborting seeds that
closely resembled paternal-excess 3x seeds by their dark
and shriveled appearance (Fig. 2A-C). In seven lines that
were analyzed in detail, we found that the frequency of ei-
ther partially or fully collapsed seeds ranged between 10%
and 40%, which largely corresponded with the rate of non-
germinating seeds (Supplemental Figs. S4, S5). Embryos of
DD25::IaaH-expressing lines were retarded in growth,
similar to 3x embryos (Fig. 2D-L). In both 3x seeds and
those expressing DD25::laaH, embryo development pro-
gressed up to the early heart stage without noticeable dif-
ferences compared with 2x wild-type seeds (5-DAP time
point) (Fig. 2). However, from 6 DAP onward, the embryos
of 3x and DD25::IaaH transgenic seeds were delayed in de-
velopment and did not progress beyond the torpedo stage
(Fig. 2D-L).

The endosperm of seeds derived from paternal-excess
crosses fails to cellularize (Scott et al. 1998); therefore,
we tested whether seeds expressing DD25::IaaH showed
a similar developmental defect (Fig. 2M-O; Supplemental
Fig. S6). Endosperm cellularization of 2x wild-type seeds
initiated around 5 DAP and was almost complete at 7
DAP (Supplemental Fig. S6). Consistent with previous re-
ports (Scott et al. 1998), in 3x seeds derived from paternal-
excess crosses, the endosperm failed to cellularize, and free
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Figure 1. Auxin is overproduced in 3x seeds. (A) Log,-fold ex-
pression change between 3x and 2x seeds of genes coding for aux-
in biosynthesis (green bars), signaling (orange bars), and transport
proteins (blue bars). (B,C) Auxin activity as measured by expres-
sion of DR5v2::VENUS in 2x (B) and 3x (C) seeds at 5 DAP. Pic-
tures show representative seeds of three independent siliques
per cross. Red staining is propidium iodide. Bars, 100 pnm.

endosperm nuclei could be seen surrounding the embryo.
Importantly, DD25::JaaH expression induced a similar
phenotype, and many seeds showed no signs of endosperm
cellularization even at 7 DAP (Supplemental Fig. S6).
These observations indicate that overproduction of auxin
in the endosperm is sufficient to impair its cellularization.

To test whether the phenotypes observedin DD25::laaH
lines are indeed caused by overproduction of auxin in the
endosperm, we crossed wild plants with pollen from
DD25::1aaH plants. Indeed, we observed the same seed
phenotypes when the transgene was inherited through pol-
len, confirming that endosperm-produced auxin is causal
to this phenotype and ruling out that the effect originates
inmaternal sporophyte tissues (Supplemental Fig. S4). Fur-
thermore, when crossing maternal plants expressing the
auxin reporter DR5v2::VENUS with pollen carrying the
DD25::IaaH transgene, we observed a significant increase
in VENUS fluorescence, similar to what is observed in pa-
ternal-excess crosses (Fig. 1B,C; Supplemental Fig. S4). To-
gether, we conclude that increased auxin production in the
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endosperm prevents endosperm cellularization, leading to
a phenocopy of paternal-excess 3x seeds.

PEGs and AGAMOUS-LIKE genes are partly deregulated
by auxin overproduction

Triploid paternal-excess seeds are characterized by a
strong deregulation of PEGs and genes coding for AGA-
MOUS-LIKE (AGL) MADS-box transcription factors (Eri-
lova et al. 2009; Kradolfer et al. 2013a). We tested
whether overproduction of auxin causes a transcriptional
phenocopy of 3x paternal-excess seeds by analyzing ex-
pression of PEGs and AGLs that were previously shown
to be strongly deregulated in 3x seeds (Kradolfer et al.
2013b; Wolff et al. 2015). Although PEGs ADM and
PEG9 were not significantly deregulated in seeds of
DD25::1aaH-expressing plants compared with 2x wild-
type seeds, PEG2 and the AGL genes PHE1, AGL62, and
AGL36 were expressed at significantly higher levels in
auxin-overproducing seeds (Fig. 3A-F). However, their lev-
el of deregulation remained substantially lower compared
with 3x seeds. To further explore the molecular bases of
seed abortion in auxin-overexpressing lines, we performed
RNAseq on 6-DAP seeds from lines expressing DD25::
IaaH and asked which genes were deregulated compared

Figure 2. Increased auxin in the endosperm prevents cellulariza-
tion. (A-C) Dry seed morphology of wild-type 2x (A), wild-type 3x
(B), and DD25::IaaH 2x seeds (C). Bars, 0.5 mm. (D-L) Clearings
of wild-type 2x (D-F), wild-type 3x (G-I), and DD25::IaaH 2x
seeds (J-L) from 5 to 7 DAP. Pictures show representative seeds
of three independent siliques per cross. Bars, 50 um. (M-O) Endo-
sperm cellularization as determined by Feulgen staining at 6 DAP
for 2x seeds (M), 3x seeds (N), and 2x seeds expressing DD25::
IaaH (O). Pictures show representative seeds of 10 independent
siliques per cross. Arrows indicate cellularized peripheral endo-
sperm, and arrowheads indicate free endosperm nuclei surround-
ing the embryo. Bars, 50 nm. (WT) Wild type.
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Figure 3. PEGs and AGL genes are not sub-
stantially deregulated in DD25::JaaH trans-
genic seeds. (A-F) Relative gene expression
in seeds at 6 DAP, as determined by RT-
qPCR, in 2x wild-type, 3x wild-type, and 2x
DD25::1aaH transgenic seeds of two indepen-
dent lines for ADM (A), PEG2 (B), PEG9 (C),
PHE1 (D), AGL62 (E), and AGL36 (F). Results
from a representative biological replicate are

shown. Three technical replicates were per-
formed; error bars, SD. Differences are signif-
icant for Student’s t-test for P<0.05 (*) or P<
0.001 (**). (WT) Wild-type. (G-J) Comparison
of genes deregulated at 6 DAP, as determined
by RNAseq, in 3x (WT x 0sd1) and 2x DD25::
IaaH seeds. (G,I) The Venn diagrams show
the overlap of genes that are commonly up-
regulated (G) or down-regulated (I) in 3x
and in 2x DD25::laaH seeds. Overlaps be-
tween deregulated genes are significantly
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with wild-type seeds. We then compared this list to that of
genes deregulated in 3x seeds (Schatlowski et al. 2014), and
observed that out of 1003 genes up-regulated in seeds ex-
pressing DD25::IaaH, compared with wild-type, 556 genes
(55%) were also up-regulated in 3x seeds (Fig. 3G,H).
Among these genes we observed an enrichment of gene on-
tology (GO) terms related to cell wall modification, tran-
scription, and hormone responses (Table 2). Genes
belonging to these GO categories were mainly expressed
in the endosperm (Supplemental Fig. S7), indicating that
the transcriptional deregulation observed in 3x seeds and
auxin-overproducing seeds is predominantly endosperm
based. Analysis of genes specifically up-regulated in 3x
0sd1 seeds revealed an enrichment in GO terms related
to cell wall modification and transcription (Supplemental
Table S1), similar to what is observed in genes commonly
up-regulated in 3x seeds and auxin-overproducing seeds
(Table 2). Interestingly, <20% of genes down-regulated in
DD25::1aaH seeds were commonly deregulated in 3x seeds

J WT x 0sd1 DD25::laaH

higher than expected; hypergeometric distri-
bution, P<0.0001 (****). (H,]) Each line in
each plot indicates one gene that is deregulat-
ed in 3x seeds (left) and its corresponding ex-
pression in 2x seeds expressing DD25::laaH
(right).

log2FC
(vs. WT)

iz

NS

(Fig. 3L]). These results indicate that overproduction of
auxin in the endosperm leads to a partial molecular pheno-
copy of the transcriptome of 3x seeds but that several path-
ways are exclusively deregulated in a paternal-excess
situation. This is consistent with our qPCR analysis,
which showed that overproduction of auxin caused only
apartial deregulation of PEGs, compared with paternal-ex-
cess crosses (Fig. 3A-F). Together, these data suggest either
that auxin acts independently of the pathways previously
shown to affect 3x seed abortion (Kradolfer et al. 2013Db;
Wolff et al. 2015; Jiang et al. 2017) or, alternatively, that
auxin signaling is downstream from PEG and AGL func-
tions in the endosperm.

Decreased auxin biosynthesis and signaling suppress
triploid seed abortion

To address the question whether endosperm failure in 3x
paternal-excess seeds is because of overproduction of
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auxin, we analyzed whether mutants for either auxin bio-
synthesis (wei8 tarl tar2-1/+) (Stepanova et al. 2008) or
auxin signaling (axr1) (Dharmasiri et al. 2007) could sup-
press 3x seed abortion. We generated 4x wild-type and
wei8 tarl tar2/+ plants by colchicine treatment and used
these plants as a pollen donor in crosses with 2x wild-
type or wei8 tarl tar2/+ mutant maternal plants. In the
2x x 4x wild-type cross, ~70% of the seeds were fully col-
lapsed (Fig. 4A). In contrast, only 20% of 3x wei8 tarl
tar2/+ seeds were fully collapsed, and the germination
rate of mutant 3x seeds was nearly doubled compared
with that of the wild type (Fig. 4B), revealing that decreased
auxin biosynthesis can suppress 3x seed abortion. To sub-
stantiate these findings, we tested the effect of the auxin-
signaling-mutant axr1 in suppressing 3x seed abortion. Us-
ing the osd1 mutant as a pollen donor resulted in ~50% of
fully collapsed 3x seeds, whereas only 20% of 3x seeds were
fully collapsed when using the axr1 osd1 double mutant as
apollen donor (Fig. 4C). The axr1 3x seeds were phenotyp-
ically distinct from 2x wild-type seeds by having a box-
shaped phenotype (Supplemental Fig. S8); however, many
of these seeds were viable and germinated at a rate of
40% compared with 9% of 3x wild-type seeds (Fig. 4D-F).
These results show that decreased auxin signaling can sup-
press paternal-excess seed abortion. The fact that 2x axrl
seeds are largely viable, compared with only 80% viability
of 2x wei8 tarl tar2/+ seeds (Supplemental Fig. S8), likely
accounts for the decreased viability of 3x wei8 tarl tar2/+
seeds compared with 3x axrl (Fig. 4B,D). Given that 3x
seed abortion is characterized by a failure of the endosperm
to cellularize, we thus tested whether this process was re-
stored in the axrl mutant background (Supplemental Fig.
S9). Endosperm cellularization dynamics in 2x axr1 seeds
was similar to that of 2x wild-type seeds (Fig. 2; Supplemen-
tal Fig. S9), and the endosperm was almost fully cellular-
ized at 7 DAP. Although cellularization in 3x axr1 seeds
was delayed compared with 2x seeds, signs of endosperm
cellularization in this mutant were clearly visible at 7
DAP, as opposed to 3x wild-type seeds. We thus conclude
thatrescue of the 3x seed abortion by reduced auxin signal-
ing occurs by restoration of endosperm cellularization.

As discussed above, AGL genes and PEGSs are strongly
up-regulated in 3x seeds (Fig. 3A-F). We addressed the
question whether the rescue of 3x seeds by reduced auxin
signaling restored gene expression to wild-type levels.
Thus, we tested the expression of AGL genes and PEGs
in 2x and 3x wild-type and axr1 seeds. For all genes tested,
their expression remained significantly increased in 3x
axrl seeds and, with the exception of PEG2, was even
higher in 3x axr1 seeds than 3x wild-type seeds (Fig. 4G—
L). These data reveal that 3x seed rescue by decreased aux-
in signaling occurs independently of PEGs and AGLs, sup-
porting the notion that auxin acts either downstream
from or independently of those pathways during endo-
sperm development.

Triploid seeds show increased auxin activity in the spor-
ophyte tissues (Fig. 1B,C), which is consistent with previ-
ous observations that auxin produced in the endosperm
is transported to the developing seed coat (Figueiredo
et al. 2016). One possible scenario is that increased seed
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coat expansion, because of enhanced auxin activity, pre-
vents endosperm cellularization in 3x seeds. To test this
hypothesis, we crossed maternal plants mutant for axr1l
with pollen mutant for osd1. In this cross, the endosperm
is genotypically wild type, whereas the seed coat is im-
paired in auxin signaling. Nevertheless, we did not observe
an increase in seed viability compared with a wild-type x
osd1 cross (Supplemental Fig. S8). Accordingly, we did
not observe arescue of 3x seed abortion in crosses of mater-
nal kluh (klu) mutants to an osdl pollen donor (Sup-
plemental Fig. S8). KLU codes for a cytochrome P450
monooxygenase, and the klu mutation causes reduced
seed coat growth (Adamski et al. 2009). Thus, these obser-
vations indicate that decreasing seed coat expansion is not
sufficient to rescue 3x seed abortion and restore endo-
sperm cellularization. However, we did observe a small
but significant rescue of 3x-like seed abortion when cross-
ing maternal plants mutant for either AXR1 or KLU to a
DD25::IaaH pollen donor (Supplemental Fig. S8). We
thus tested whether overproducing auxin specifically in
the seed coat would cause a phenocopy of the 3x seed phe-
notype. For this, we developed transgenic lines overex-
pressing the auxin biosynthesis gene YUC6 under the
seed coat-specific promoter KLU (Adamski et al. 2009). In-
deed, auxin overproduction in the seed coat was sufficient
to recapitulate a 3x-like seed abortion (Supplemental Fig.
S10). This suggests that the increased auxin activity in
the seed coat of 3x seeds is one of the components of the
triploid seed phenotype but that additional factors acting
in the endosperm likely contribute to abortion of 3x seeds.

Auxin activity is necessary for endosperm proliferation
(Figueiredo et al. 2015). Thus, we hypothesized that 3x
seed abortion could be caused by auxin-induced overpro-
liferation of the endosperm and, consequently, its failure
to cellularize. Therefore, we tested whether the mini-
seed3 (mini3) mutation, which reduces endosperm prolif-
eration (Luo et al. 2005), was sufficient to rescue the 3x
seed abortion phenotype. However, we did not observe in-
creased survival of mini3 3x seeds compared with 3x wild-
type seeds (Supplemental Fig. S8). This indicates that
reducing the endosperm rate of proliferation by itself is
not sufficient to rescue the 3x seed abortion phenotype.

Altogether, our data reveal that the effect of auxin in the
seed coat is sufficient to phenocopy a 3x seed but that the
phenotype of 3x seeds is likely a result of the joint dereg-
ulation of molecular pathways both at the sporophytic
and at the zygotic level.

Down-regulation of auxin biosynthesis and signaling
genes coincides with endosperm cellularization

The observation that overproduction of auxin prevents en-
dosperm cellularization suggests that auxin levels have to
decrease below a certain threshold in order for the endo-
sperm to cellularize. To test this hypothesis, we analyzed
the expression of auxin biosynthesis, transport, and signal-
ing genes in the micropylar and chalazal domains of the en-
dosperm. Endosperm cellularization is initiated in the
micropylar domain of the endosperm at around the heart
stage of embryo development, whereas cellularization in
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Table 2. Significantly enriched biological processes for genes
commonly up-regulated in 3x seeds (Lerxosdl cross) and in
DD25::IaaH 2x seeds, at 6 DAP (logs fold change > 1, P-value <
0.05)

Number
GO term P-value of genes Description
G0:0044364 4.35x107%° 77 Disruption of cells of
other organisms
GO0:0050832 2.34x107% 80 Defense response to
fungus
GO0:0009607 2.63x107*° 94 Response to biotic
stimulus
G0:0006952 9.32x107'8 96 Defense response
GO0:0009605 1.31x1071° 103 Response to external
stimulus
GO:0051704 9.30x 1074 100 Multiorganism
process
G0:0005975 1.31x107¢ 51 Carbohydrate
metabolic process
GO0:0043086 1.59x107° 13 Negative regulation of
catalytic activity
GO:0090057 1.43x107° 4 Root radial pattern
formation
GO0:0030163 1.40x107* 32 Protein catabolic
process
GO0:0046654 3.56x107* 4 Tetrahydrofolate
biosynthetic
process
GO0:0009251 1.00x 1072 5 Glucan catabolic
process
GO0:0042547 1.00x1072 4 Cell wall modification
involved in
multidimensional
cell growth
G0:0045944 1.00x1072 10 Positive regulation of
transcription from
RNA polymerase II
promoter
GO0:0010098 1.00x 1072 4 Suspensor
development
GO0:0006575 1.00x 1072 8 Cellular modified
amino acid
metabolic process
GO0:0031329 1.00x 10792 6 Regulation of cellular
catabolic process
GO0:0009894 1.00x 1072 6 Regulation of
catabolic process
GO0:0009686 1.00x 1072 4 Gibberellin
biosynthetic
process
GO0:0009956 1.00x 107> 4 Radial pattern
formation

GO terms that are similar to those enriched for genes exclu-
sively up-regulated in 3x seeds (Supplemental Table S1) are
marked in bold.

the chalazal domain occurs later when the embryo has
reached the torpedo stage (Mansfield and Briarty 1990). In-
deed, the expression level of the PEGs YUC10 and TAR1
was significantly lower in the micropylar endosperm of
heart-stage 2x embryos, compared with earlier timepoints
(Fig. 5A; Supplemental Fig. S11), consistent with the initi-
ation of cellularization in 2x seeds. The same expression
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pattern was observed for genes coding for YUCI11, for
PGP and PIN-type transporters, and for several ARFs
(Fig. 5A; Supplemental Fig. S11). This was further con-
firmed by reduced activity of the fluorescent markers
YUCI10::YUC10:GFP (Robert et al. 2013) and PGP10::
GFP (Figueiredo et al. 2016) at the timing of cellularization
(Supplemental Fig. S11). Down-regulation of auxin-related
genes was substantially less pronounced in the chalazal
endosperm domain, correlating with its delayed cellulari-
zation (Fig. 5A). Furthermore, in 3x seeds, in which the en-
dosperm fails to cellularize, there was a strong increase in
expression of several auxin-related genes (Fig. 5B). Coin-
ciding with rescued endosperm cellularization in 3x adm
seeds (Kradolfer et al. 2013b), expression of auxin-related
genes became down-regulated (Fig. 5B). Together, we con-
clude that increased auxin activity prevents endosperm
cellularization, revealing a central regulatory role of auxin
in the transition from the syncytial to the cellularized en-
dosperm state.

Discussion

In many plant species, crosses between individuals of dif-
ferent ploidies have long been known to result in abortion
of the progeny because of failure of endosperm cellulariza-
tion, a critical process in seed development (Scott et al.
1998; Sekine et al. 2013; Lafon-Placette and Kohler
2016). Nevertheless, the molecular mechanisms underly-
ing this developmental transition have remained elusive.
Here we show that increased production of the plant hor-
mone auxin prevents endosperm cellularization in 3x
seeds of Arabidopsis thaliana. Thus, we propose, in addi-
tion to its known role to initiate endosperm development
and seed coat formation (Figueiredo et al. 2015, 2016), that
auxin levels need to be tightly controlled at later stages of
seed development to allow the endosperm to cellularize.
This hypothesis is strongly supported by our findings
that overproduction of auxin prevents endosperm cellula-
rization in 2x seeds and that down-regulation of auxin
activity in 3x seeds restores cellularization and, conse-
quently, seed viability. Importantly, the auxin-induced en-
dosperm phenotype is characteristic of paternal-excess
crosses, leading to uncellularized inviable seeds (Scott
et al. 1998; Sekine et al. 2013). Auxin biosynthesis genes
YUC10 and TAR1 are imprinted and paternally expressed
in the endosperm (Hsieh et al. 2011; Wolff et al. 2011; Fi-
gueiredo et al. 2015). Like many other PEGs, YUC10 and
TAR]1 are up-regulated in the endosperm of 3x seeds (Wolff
et al. 2015), likely causing increased auxin biosynthesis.
The observed strong increase of ARF expression may be a
consequence of a positive feedback loop, similar to the
self-sustained activation of the ARF MONOPTEROS dur-
ing early embryogenesis (Lau et al. 2011). ARFs are tran-
scription factors that regulate the expression of auxin-
responsive genes (Li et al. 2016; Weijers and Wagner
2016) and thus are able to amplify the response to in-
creased auxin levels in the endosperm. The overexpression
of ARFs in the endosperm, together with the increased
auxin activity in the seed coat of 3x seeds, suggests that
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the triploid seed phenotype is because of a combined ac-
tion of zygotic and sporophytic factors. This is in line
with our observations that reducing endosperm prolifera-
tion or seed coat expansion, by themselves, is not suffi-
cient to rescue the 3x seed abortion. This was only
achieved by blocking auxin activity concomitantly in
the sporophyte and in the fertilization products.

Our data suggest that increased auxin activity in the en-
dosperm is likely downstream from or independent of
AGLs and the known suppressors of 3x seed abortion
ADM, PEG2, and PEGY (Kradolfer et al. 2013b; Wolff
et al. 2015). This conclusion is based on the fact that in-
creased auxin could induce a 3x seed-like phenotype with-
out causing increased suppressor gene expression.
Furthermore, reduced auxin signaling in axrI could sup-
press 3x seed abortion despite high expression levels of
ADM, PEG2, and PEG9. Consistent with auxin acting
downstream from ADM, most auxin-related genes being
up-regulated in 3x seeds became repressed in 3x adm
seeds. We propose that endosperm cellularization can
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only take place when auxin levels are below a certain
threshold. If this threshold is not reached, like in 3x seeds,
the endosperm will fail to cellularize and the seed aborts.
Interestingly, endosperm cellularization in maize occurs
at around 3 DAP, clearly before the increase of auxin levels
ataround 9 DAP (Lur and Setter 1993). The increase in aux-
in levels coincides with the onset of endoreduplication and
cellular differentiation in the endosperm, whereas prolif-
eration rates decrease. It therefore seems unlikely that
endosperm cellularization failure in 3x seeds is a conse-
quence of auxin-induced nuclear overproliferation but
that nuclear proliferation and endosperm cellularization
are mechanistically unlinked. This is consistent with
data showing that both processes can be uncoupled in re-
sponse to interspecies hybridization in rice (Ishikawa
et al. 2011) and also with our data showing that the mini3
mutation that, despite impairing endosperm proliferation,
does not rescue 3x seed abortion. Auxin is well known to
induce changes in cell wall mechanical properties and
cell wall synthesis. Auxin-induced organ outgrowth
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requires demethylesterification of pectin, which causes
cell wall loosening (Braybrook and Peaucelle 2013). Auxin
could have a similarrole in the endosperm and, by inducing
demethylesterification and pectin degradation, inhibits
endosperm cellularization. We recently found increased
demethylesterification activity in the endosperm of 3x
seeds, adding support to this idea (Wolff et al. 2015).

In conclusion, we have shown that auxin regulates en-
dosperm cellularization in Arabidopsis. Increased auxin
levels in 3x seeds negatively interfere with endosperm cel-
lularization, uncovering a central role of auxin in estab-
lishing hybridization barriers by changing the timing of
endosperm cellularization.

Materials and methods

Plant material, growth conditions, and treatments

The A. thalianamutant and reporter lines used were described pre-
viously: wei8-1/— tarl/— tar2-1/+ and wei8-1/— tarl/- tar2-2/+
(Stepanova et al. 2008), axr1-12/+ (Dharmasiri et al. 2007),
osd1-1 (d’Erfurth et al. 2009), 0sd1-3 (Heyman et al. 2011), and
klu-4 (Adamski et al. 2009).

Seeds were sterilized in 5% commercial bleach and 0.01%
Tween-20 for 10 min and washed three times in sterile ddH,.
O. Sterile seeds were plated on one-half MS-medium (0.43%
MS-salts, 0.8% Bacto agar, 0.19% MES hydrate, and 1% sucrose;
when necessary, the medium was supplemented with the appro-
priate antibiotics) and stratified in the dark for 48 h at 4°C. Plates
were then transferred to a growth chamber (16 h light/8 h dark;
110 pmol/s/m?; 21°C; 70% humidity). After 10-d seedlings were
transferred to soil and grown in a growth chamber (16 h light/8
h dark; 110 pmol/s/m?; 21°C; 70% humidity).

Tetraploid plants were generated by treating 2-wk-old seedlings
with 7 puL of 0.25% colchicine. Treated plants were grown to ma-
turity and scored for alterations in pollen size. Seeds of plants

showing enlarged pollen grains were collected, and the ploidy of
the subsequent generation was determined in a Cyflow ploidy an-
alyzer, using the Cystain UV precise P kit (Sysmex).

Transcriptome analysis

To determine changes in gene expression for lines expressing
DD25::1aaH, we extracted total RNA from 6-DAP wild-type
and DD25::IaaH seeds, using the MagJET plant RNA purification
kit (Thermo Fisher Scientific). We then purified messenger RNA
using the NEBNext poly(A) mRNA magnetic isolation module
and used this RNA to prepare sequencing libraries with the NEB-
Next ultra IT library preparation kit for Illumina. Three biological
replicates for each sample were submitted for Illumina HiSeq
125-bp paired-end sequencing. Mapping was performed according
to the method of Moreno-Romero et al. (2016), and differentially
regulated genes across the three replicates were detected using
DESeq (v1.12.0) (Anders and Huber 2010) as implemented in R
(version 3.3.2) (R Development Core Team 2016). The transcrip-
tome sequencing data set of DD25::IaaH seeds has been submit-
ted to the National Center for Biotechnology Information’s Gene
Expression Omnibus repository (http://www.ncbi.nlm.nih.gov/
geo) and is available under accession number GSE124108. Analy-
sis of deregulated genes in 3x seeds was performed using previous-
ly published RN Aseq data (Schatlowski et al. 2014). We generated
lists of overexpressed genes in 3x seeds and DD25::IaaH seeds by
filtering all genes with log, fold change>1 and P-value<0.05.
These lists were then used to determine enriched GO terms. Sig-
nificantly enriched biological processes were identified with
AtCOECIS (Vandepoele et al. 2009) and further summarized us-
ing REVIGO (Supek et al. 2011).

To assess the individual behavior of auxin-related genes in 3x
seeds, genes involved in biosynthesis, signaling, and transport
of auxin were selected among the gene expression data produced
by Schatlowski et al. (2014), and their log, fold change (3x seeds
vs. 2x seeds) values were plotted. Endosperm-specific expression
of these genes was assessed using the transcriptome data of isolat-
ed endosperm from 3x and 2x seeds (Martinez et al. 2018).
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To evaluate expression changes of auxin-related genes through-
out endosperm development, we used published transcriptome
data (Belmonte et al. 2013). Only auxin-related genes that were
expressed at the preglobular stage, in a given endosperm domain,
were considered for further analysis. Gene expression values in
each endosperm domain and for each time point were then nor-
malized to the preglobular stage and subsequently log trans-
formed. To determine how the expression of these genes is
affected in 3x seeds, in which endosperm cellularization is re-
stored, we used previously published transcriptome data of seeds
corresponding to the cross Ler x osd1 adm-2 (Wolff et al. 2015).

Expression profiles for genes belonging to GO categories en-
riched among commonly up-regulated genes in 3x seeds and
DD25::1aaH seeds were derived from published data (Belmonte
et al. 2013). A gene was considered to be expressed in the endo-
sperm if expression could be detected in at least one endosperm
domain within a given time point.

Cloning and generation of transgenic plants

To clone the promoter of DD25 (Steffen et al. 2007), wild-type Col-
0 genomic DNA was used as a template. The amplified fragment
was purified from the gel, recombined into the donor vector
pDONR221, and sequenced. The insert was excised using the re-
striction sites Sacl and Spel introduced in the primer adaptors and
used to replace the CaM V35 promoter in the vector pPB7WG2 (Kar-
imi et al. 2002). The IaaH coding sequence was then recombined
from an entry vector into pB7WG2, downstream from the DD25
promoter, forming the DD25:laaH construct. To clone the
KLU::YUC6 construct, both the promoter of KLU and the coding
sequence of YUC6 were amplified from Col-0 genomic DNA. The
amplified fragments were purified, recombined into the donor
vector pPDONR221, and sequenced. The KLU insert was excised
from pDONR221 using the restriction sites Sacl and Nhel intro-
duced in the primer adaptors and used to replace the CaMV35 pro-
moter in the vector pPB7WG2 (Karimi et al. 2002). The YUC6
coding region was then recombined from an entry vector into
pB7WG2, downstream from the KLU promoter, forming the
KLU:YUCG6 construct. Gateway cloning was performed accord-
ing to the manufacturer’s instructions (Life Technologies). All
primer sequences can be found in Supplemental Table S2.

The constructs were transformed into Agrobacterium tumefa-
ciens strain GV3101, and Arabidopsis plants were transformed
using the floral dip method (Clough and Bent 1998). Transform-
ants were selected with the appropriate antibiotics.

Histological and fluorescence analyses

For clearing of ovules and seeds, the whole pistils/siliques were
fixed with EtOH:acetic acid (9:1), washed for 10 min in 90%
EtOH and 10 min in 70% EtOH and cleared overnight in chloral-
hydrate solution (66.7% [w/w] chloralhydrate, 8.3% [w/w]
glycerol). The ovules/seeds were observed under differential inter-
ference contrast (DIC) optics using a Zeiss Axioplan or Axioscope
Al microscopes. Images were recorded using a Leica DFC295
camera with a 0.63x optical adapter.

For fluorescence analysis, seeds were mounted in 7% glucose.
Where indicated, 0.1 mg/mL propidium iodide (PI) was used. Sam-
ples were analyzed under confocal microscopy on a Zeiss 780 in-
verted Axio observer with a supersensitive GaASp detector with
the following settings (in nanometers; excitation [ex]| and emis-
sion [em]): GFP, ex 488 and em 499-525; PI, ex 488/514 and
em 635-719; YFP (VENUS), ex 514 and em 499-552 for DR5v2.
Images were acquired, analyzed, and exported using Zeiss ZEN
software.
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For Feulgen staining of seeds, whole siliques were fixed in eth-
anol:acetic acid (3:1) overnight. The samples were washed three
times for 15 min in water, followed by 1-h incubation in freshly
prepared 5 N HCI, and were washed again three times for 15
min in water. Staining was performed for 4 h in Schiff reagent, fol-
lowed by three 15-min washes in cold water and a series of 10-min
washes in a series of ethanol dilutions (10%, 30%, and 50%). The
samples were then incubated in 70% ethanol overnight, which
was followed by a 10-min wash in 95% ethanol and 1 h in
99.5% ethanol. Embedding of the seeds was performed in a dilu-
tion series of ethanol:LR White resin (1:3, 1:2, 1:1,and 2:1) for 1 h
each. The samples were then incubated overnight in LR White
resin, mounted in LR White plus accelerator, and baked overnight
at 60°C for polymerization. The seeds were imaged in a Zeiss
multiphoton LSM 710 NLO with excitation at 800 nm and emis-
sion between 565-610 nm. The images were treated using the
ZEN software.

RT-qPCR analyses

For the determination of gene expression of PEGs and AGLs, 10
whole siliques were collected for each cross and frozen in liquid
nitrogen. All samples were collected in duplicate. Total RNA
was extracted using the MagJET plant RNA purification kit
(Thermo Fisher Scientific), and 200 ng of total RNA were used
to synthesize cDNA using the RevertAid first strand cDNA syn-
thesis kit (Thermo Fisher Scientific) using an oligo dT primer.
Maxima SYBR green PCR master mix (Thermo Fisher Scientific)
was used to perform the qPCR in a CFX Connect system (Bio-
Rad). The primers used for the RT-qPCR are described in Supple-
mental Table S2. PP2A was used as the reference gene. Relative
quantification of gene expression was performed as described
(Pfaffl 2001).
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