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Sterols are essential molecules for multiple biological processes, including embryogenesis, cell elongation, and endocytosis. The
plant sterol biosynthetic pathway is unique in the involvement of two distinct sterol 4a-methyl oxidase (SMO) families, SMO1
and SMO2, which contain three and two isoforms, respectively, and are involved in sequential removal of the two methyl groups
at C-4. In this study, we characterized the biological functions of members of the SMO2 gene family. SMO2-1 was strongly
expressed in most tissues during Arabidopsis (Arabidopsis thaliana) development, whereas SMO2-2 showed a more specific
expression pattern. Although single smo2 mutants displayed no obvious phenotype, the smo2-1 smo2-2 double mutant was
embryonic lethal, and the smo2-1 smo2-2/+ mutant was dwarf, whereas the smo2-1/+ smo2-2 mutant exhibited a moderate
phenotype. The phenotypes of the smo2 mutants resembled those of auxin-defective mutants. Indeed, the expression of
DR5,,,:GFP, an auxin-responsive reporter, was reduced and abnormal in smo2-1 smo2-2 embryos. Furthermore, the expression
and subcellular localization of the PIN1 auxin efflux facilitator also were altered. Consistent with these observations, either the
exogenous application of auxin or endogenous auxin overproduction (YUCCA9 overexpression) partially rescued the sm02-1 smo2-2
embryonic lethality. Surprisingly, the dwarf phenotype of smo2-1 smo2-2/+ was completely rescued by YUCCA9 overexpression.
Gas chromatography-mass spectrometry analysis revealed a substantial accumulation of 4a-methylsterols, substrates of SMO2, in
smo2 heterozygous double mutants. Together, our data suggest that SMO2s are important for correct sterol composition and function
partially through effects on auxin accumulation, auxin response, and PIN1 expression to regulate Arabidopsis embryogenesis and

postembryonic development.

Sterols are isoprenoid-derived molecules that have
diverse and essential functions in eukaryotes. Sterols
are structural membrane components required for
proper membrane permeability, fluidity, and mem-
brane protein trafficking/localization. Silencing of the
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SQUALENE SYNTHASET gene compromised the resis-
tance of tobacco (Nicotiana tabacum) to bacterial patho-
gens because of increased membrane leakage (Wang
et al., 2012). Disturbed membrane sterol composition in
the Arabidopsis (Arabidopsis thaliana) cyclopropylsterol
isomerasel-1 (cpil-1) mutant affected the polar localiza-
tion of the PIN2 auxin efflux protein and the cell plate
distribution of KNOLLE syntaxin by inhibiting the
endocytosis of these proteins (Men et al., 2008; Boutté
et al., 2010). Moreover, sterol-enriched plasma membrane
microdomains (lipid rafts) have been proposed to act as
signaling platforms (Mongrand et al., 2004, 2010; Martin
et al., 2005).

Plant sterols are precursors for the biosynthesis of
brassinosteroids (BRs), a group of phytohormones that
are essential for plant growth and development. How-
ever, increasing evidence indicates that plant sterols per
se can act as signaling molecules. Plant sterol biosyn-
thetic mutants, such as smt1/cph, cpil-1, cyp51A2, fackel
(fk), and hyd1, could not be rescued by BR application
(Diener et al., 2000; Jang et al., 2000; Schrick et al., 2000,
2002; Souter et al., 2002; Willemsen et al., 2003; Kim et al.,
2005; Men et al., 2008). Sterols were found to have inti-
mate interactions with plant hormones, such as auxin and
ethylene. Polar auxin transport (PAT) or auxin response
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was hindered in sterol biosynthetic mutants (Willemsen
et al,, 2003; Men et al., 2008; Carland et al., 2010; Pullen
et al., 2010). Inhibition of ethylene biosynthesis or sig-
naling partially rescued fk, hyd1, and cyp51A2 mutants
(Kim et al., 2010; Pullen et al., 2010). Sterols also can
regulate the generation of reactive oxygen species, which
play important roles in plant growth and cell death (Posé
et al., 2009; Kim et al., 2010). A specific plant sterol bio-
synthetic intermediate (SBI) was speculated to have
signaling functions. Sterols, such as sitosterol and stig-
masterol, and SBISs, such as obtusifoliol, can regulate the
expression of genes involved in cell expansion and cell
division (He et al., 2003; O’Brien et al., 2005). An SBI,
4-carboxy-4-methyl-24-methylenecycloartanol (CMMC),
which is derived from the first C-4 demethylation re-
action, can inhibit PAT and can cause PAT-related phe-
notypes when applied to wild-type Arabidopsis plants
(Mialoundama et al., 2013).

Plant sterol biosynthesis differs from that in animals
and fungi in the removal of the two methyl groups at the
C-4 position (Benveniste, 2004; Rahier, 2011). Each C-4
demethylation reaction is performed with the sequential
participation of three enzymes, a sterol 4a-methyl ox-
idase (SMO), a 4a-carboxysterol-C-3-dehydrogenase/
C-4-decarboxylase (CSD), and a sterone ketoreductase,
which are tethered into a complex by the scaffold protein
ERG28 (Mo et al., 2002; Rahier, 2011). In animals and
fungi, the two C-4 demethylation reactions occur during
consecutive rounds of action and are catalyzed by the
same enzymes (Mo et al., 2002; Rahier, 2011). However,
in higher plants, the two C-4 demethylation reactions are
interrupted by several other steps (Supplemental Fig. S1;
Rahier, 2011), and two distinct families of SMO enzymes
(SMO1 and SMO2, containing three and two members,
respectively) are involved in the first and second C-4
demethylation steps (Darnet et al., 2001, Darnet and
Rahier, 2004). Members of the SMO1 and SMO2 protein
families share 32% and 29% sequence identity, respec-
tively, with the yeast (Saccharomyces cerevisiae) homolog
ERG25, but only SMO2 family proteins can complement
the yeast erg25 mutant (Darnet et al., 2001; Darnet and
Rahier, 2004). Virus-induced gene silencing (VIGS) in
tobacco showed that, after the silencing of SMO1, 44-
dimethyl-98,19-cyclopropylsterols were accumulated,
whereas after the silencing of SMO2, 4a-methyl-A’-
sterols were accumulated (Darnet and Rahier, 2004;
Rahier, 2011). These results suggest that the two SMO
family proteins perform specific C-4 demethylation,
with SMO1 participating in the first C-4a-methyl
group removal and SMO2 participating in the second
C-4 methyl group removal (Rahier, 2011). In yeast,
ERG25 was demonstrated to be essential because the
yeast erg25 mutant was lethal (Bard et al., 1996). In hu-
mans, SMO deficiency was reported to cause growth
delays during infancy (He et al., 2011). However, mu-
tants have not been characterized in either plant SMO
gene family, and the roles of SMOs in plant growth and
development remain unknown.

In this work, we investigated the developmental roles
of SMO2 family genes in Arabidopsis by analyzing their
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knockout mutants. Single null smmo2-1 and smo2-2 mutants
showed no obvious phenotype, but the smo2-1 smo2-2
double mutant was embryonic lethal. Moreover, the het-
erozygous smo2-1 smo2-2/+ double mutant displayed a
dwarf phenotype, whereas the smo2-1/+ smo2-2 mutant
was relatively normal. Our data indicate that the embryo-
genesis defects of the smo2-1 smo2-2 double mutant are
caused by perturbed PAT and auxin accumulation. We
further show that auxin application and crossing with
YUCCADY overexpression (YUC9 OE) plants partially
rescued the smo2-1 smo2-2 embryonic lethality. Moreover,
the dwarf phenotype of the heterozygous smo2-1 smo2-2/+
double mutant was fully rescued by YUC9 OE. Our re-
sults show that both smo2-1 smo2-2/+ and smo2-1/+ smo2-2
mutants accumulate 4a-methylsterols that are substrates
of SMO2. We conclude that SMO2s are essential for
Arabidopsis embryogenesis and postembryonic devel-
opment, and they function partially through auxin accu-
mulation, auxin response, and PIN1 expression by
modulating sterol composition.

RESULTS

SMO2-1 and SMO2-2 Have Different Expression Patterns,
and Their Encoded Proteins Localize to the
Endoplasmic Reticulum

An alignment of the SMO2-1 and SMO2-2 proteins
showed that they are highly similar, sharing 91% ami-
no acid sequence identity (Supplemental Fig. S2A).
The predicted topology of SMO2-1 and SMO2-2 also
shares high similarity (Supplemental Fig. S2, B and C).
To determine whether the expression patterns of the
SMO2-1 and SMO2-2 genes are different, we expressed
the GUS reporter gene under the control of SMO2-1 and
SMO2-2 genomic cis-regulatory sequences located up-
stream and downstream of their open reading frames
(ProSMO2-1:GUS and ProSMO2-2:GUS). Strong GUS
staining was observed in most tissues throughout the
ProSMO2-1:GUS transgenic plants (Fig. 1, A-K). In
roots, ProSMO2-1:GUS expression was detected in all
tissues at an exceptionally high level (Fig. 1, A-C). In
leaves, the GUS signal was strong in vascular tissues
and trichomes (Fig. 1D). In flowers, SMO2-1 was highly
expressed in sepals, stamen filaments, pollen grains,
and pistils, but it was barely detectable in petals (Fig. 1,
E and F). Siliques also were strongly stained at all stages
of development (Fig. 1G). ProSMO2-1:GUS was highly
expressed in both embryos and endosperms, and a high
expression level was maintained throughout embry-
onic development (Fig. 1, H-K). By contrast, SMO2-2
showed a restricted and weaker expression pattern.
In shoots, ProSMO2-2:GUS was expressed only in the
apical meristem (Fig. 1L). In roots, GUS activity was
detected only in adventitious root primordia, lateral
root primordia, and the root tip meristem (Fig. 1, M and
N). In flowers, SMO2-2 was expressed in vascular tis-
sues of sepals and petals as well as in stamen filaments
and pollen (Fig. 1, O and P). In young siliques, SMO2-2
expression was restricted to the style and silique
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Figure 1. Tissue-specific expression of ProSMO2-1:
GUS and ProSMO2-2:GUS. A to K, Expression of
ProSMO2-1:GUS, showing seedlings grown on Mura-
shige and Skoog (MS) medium in the dark (A) and in
light (B); root tip (C); rosette of a 2-week-old plant (D);
inflorescence (E) and flower (F); siliques at different
developmental stages (G); and ovule, seeds, and em-
bryos (H-K). L to Q, Expression of ProSMO2-2:GUS
showing the shoot apical meristem (L), adventitious
root primordia (arrowhead) and lateral root primordium
(arrow; M), and root tip (N) of 5-d-old seedlings; in-
florescence (O) and flower (P); and siliques at different
developmental stages (Q). Bars =1 mm (A, B, D, E, G,
O, and Q), 100 um (C, K, and N), 0.5 mm (F, L, M, and
P), and 50 um (H-)).

funiculus; in mature siliques, GUS activity was re-
stricted to the abscission zone (Fig. 1Q).

Because we did not detect ProSMO2-2:GUS expres-
sion in developing seeds, we used quantitative reverse
transcription (RT)-PCR to determine whether SMO2-2
is expressed during seed development. Consistent with
the seed expression of ProSMO2-1:GUS, SMO2-1 tran-
script levels were high at all seed developmental stages
and were highest in seeds containing embryos at tor-
pedo stage (Supplemental Fig. S3A). By contrast, SMO2-2
was expressed at very low levels in Arabidopsis seeds
at the early developmental stages; then, its expression
was increased in the late stages. SMO2-2 expression also
peaked in seeds containing embryos at the torpedo stage
(Supplemental Fig. S3A). We also analyzed the expres-
sion patterns of SMO?2 genes in Arabidopsis embryos
using publicly available transcriptome databases gener-
ated by the Raju Datla laboratory (Xiang et al., 2011). The
expression patterns of these genes in embryos were very
similar to the results we obtained in seeds, except that the
SMO2-2 expression levels in early-stage embryos were
not very low (compare Supplemental Fig. S3, B and A).
Together, these data indicate that both SMO2 genes are
expressed in embryos, with SMO2-2 expressed at lower
levels than SMO2-1.

To address the subcellular localization of SMO2 pro-
teins, we generated a translational fusion between the
SMO2 genomic sequences and the EGFP gene, and the
construct was driven by the native SMO2 genomic cis-
regulatory sequence (the same sequence used in the
transcriptional fusion with GUS). These ProSMO2:SMO2-
EGFP constructs were transformed into wild-type plants.
We analyzed T2 progeny from two different transgenic
lines for each construct by confocal laser microscopy and
found a similar reticulate pattern in these lines. To confirm
that SMO2-EGFP localizes to the endoplasmic reticulum
(ER), we performed immunolocalization on the roots of
these transgenic plants using an antibody against BiP (an
ER-intrinsic chaperone, used as an ER marker; Men et al.,
2008). The results showed that the SMO2-EGFP signal
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(Supplemental Fig. 54; shown in green) overlapped with
the immunoprocessed BiP signal (shown in red), sug-
gesting that SMO2 proteins are localized to the ER.

The smo2-1 smo2-2 Double Mutant Was Not Recovered,
and the smo02-1 smo2-2/+ Mutant Showed a
Dwarf Phenotype

To study the biological functions of the SMO2 genes,
transfer DNA (T-DNA) insertion alleles were isolated
for SMO2-1 within the first intron (SALK_105017, smo2-
1.1) and within the fifth exon (FLAG_522B02, smo2-1.2)
and for SMO2-2 within the first intron (SALK_030719,
smo2-2; Fig. 2A). RT-PCR analyses revealed that no
transcripts were detectable in the homozygous smo2-1.1,
smo2-1.2, and smo2-2 mutants (Fig. 2B), indicating that
these mutants were complete knockouts. We did not
observe abnormal phenotypes for these single mutants
except that their hypocotyls and root lengths were
slightly shorter than in the wild type (Supplemental Fig.
S5, A-E). These results implied that the SMO2-1 and
SMO2-2 genes are functionally redundant. Therefore, we
crossed smo2-1 and smo2-2 plants to generate double mu-
tants. Both smo2-1.1 and smo2-1.2 mutants were crossed
with smo2-2. However, no homozygous smo2-1 smo2-2
double mutant plants were recovered; only plants ho-
mozygous for one allele and heterozygous for the other
(smo2-1/+ smo2-2 and smo2-1 smo2-2/+) were obtained.

Compared with the wild type, smo2-1 smo2-2/+ seed-
lings had slightly shorter roots (Supplemental Fig.
S5F). The smo2-1 smo2-2/+ plants had dwarf and late-
flowering phenotypes, with small, round, dark green
leaves (Fig. 2, C-E). These phenotypes were similar to
those of sterol biosynthetic mutants, such as dwarf/
(dwf7)/stel, dwfb, and dwfl/diminuto (dim; Klahre et al.,
1998; Choe et al., 1999a, 1999b, 2000). However, unlike
the dwf7/stel, dwfb, and dwfl/dim mutants, the short-root
phenotype of the smo2-1 smo2-2/+ mutant could not be
rescued by BR (Supplemental Fig. S5G). Moreover, the
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Figure 2. Expression and phenotype analysis of T-DNA insertion
mutants for the SMO2-T and SMO2-2 genes. A, Schematic diagrams of
T-DNA insertion sites in smo2-1 and smo2-2 mutants. Black boxes in-
dicate exons; gray boxes indicate 5’ and 3’ untranslated regions; lines
indicate introns; and flags indicate T-DNA insertion sites. Arrows indi-
cate the positions of gene-specific primers used for PCR verification of
insertions. B, RT-PCR analysis of the expression levels of SMO2-1 and
SMO2-2 genes in the wild-type Columbia-0 (Col) and mutants. C,
Phenotypes of 5-week-old wild-type and smo2 single and double mu-
tant plants. Bar = 3 cm. D, Rosette diameter of 4-week-old plants. E,
Height of mature (9-week-old) plants. The data were derived from three
experiments and are presented as means * sp (n = 10 for each exper-
iment; *, P < 0.05; **, P< 0.01; and ***, P < 0.001 by Student’s t test).

smo2-1 smo2-2/+ mutant exhibited a high degree of
phenotypic variability (Supplemental Fig. SSH). Unlike
the smo2-1 smo2-2/+ mutant, smo2-1/+ smo2-2 showed
only a moderate phenotype, with slightly smaller ro-
settes, shorter plant height, and later flowering than the
wild type (Fig. 2, C-E).

The smo2-1 smo2-2 Double Mutant Is Arrested Early
during Embryogenesis

Because no homozygous smo2-1 smo2-2 double mu-
tant plants were recovered, we examined siliques from
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both the smo2-1 smo2-2/+ and smo2-1/+ smo2-2 mutants.
Compared with the normal seed development of wild-
type plants, we observed white wrinkled seeds in both
smo2-1/+ smo2-2 and smo2-1 smo2-2/+ siliques (Fig. 3A).
This finding suggested that the smo2-1 smo2-2 double
mutant was embryonic lethal. Additionally, siliques
from smo2-1 smo2-2/+ plants were found to have ap-
proximately 49.4% undeveloped ovules compared with
less than 3.3% in wild-type, smo2-1, smo2-2, and smo2-1/+
smo2-2 siliques (means of five experiments, n = 289-617
for each experiment; Fig. 3, A and B). Consistently, ap-
proximately 57 seeds on average were identified in si-
liques of wild-type, smo2-1, smo2-2, and smo2-1/+ smo2-2
plants; however, the smo2-1 smo2-2/+ siliques contained
only approximately 24 seeds (Fig. 3C). These results
suggest that gametophytic development or transmission
is affected in the smo2-1 smo2-2/+ mutant. Self-fertilized
smo2-1/+ smo2-2 plants segregated approximately 2:1
for smo2-1/+ smo2-2 and SMO2-1 smo2-2 progeny
(424:221; P = 0.9088 by x* test). Similarly, self-fertilized
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Figure 3. Altered seed set in smo2-1/+ smo2-2 and smo2-1 smo2-2/+
mutants. A, Siliques 9 to 10 d after pollination from wild-type Colum-
bia-0 (Col), smo2-1, smo2-2, smo2-1/+ smo2-2, and smo2-1 smo2-2/+
plants. White arrowheads indicate aborted seeds, and orange arrow-
heads indicate undeveloped ovules. Bar = 500 um. B to D, Quantifi-
cation of unpollinated ovules and total and aborted seeds in siliques
from the wild type and smo2 single and double mutants. The data were
derived from five experiments and are presented as means * sp. For
each experiment, six to 10 siliques (289-617 seeds plus unpollinated
ovules) from five plants were examined. Significant differences were
analyzed using Student’s ttest (*, P < 0.05; **, P < 0.01; and ***, P <
0.001).
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smo2-1 smo2-2/+ plants segregated approximately 2:1 for
smo2-1 smo2-2/+ and smo2-1 SMO2-2 progeny (491:249;
P = 09989 by x* test). These results suggest that
gametophytic transmission of the smo2-1 smo2-2 double
mutation was not affected. Together, these data indi-
cate that gametophytic development was affected in
the smo2-1 smo2-2/+ plants. We subsequently deter-
mined the frequency of aborted seeds in smo2-1/+
smo2-2 and smo2-1 smo2-2/+ siliques. Approximately
20.6% (n = 2,772) of aborted seeds were observed in
siliques from smo2-1/+ smo2-2 plants, which was lower
than the expected 25% ratio for the smo2-1 smo2-2
double mutant, although not significantly different
(P = 0.252 by x” test; Fig. 3D). Although the smo2-1/+
smo2-2 mutant had no gametophytic defects, it is
possible that the double mutant gametophyte was less
competitive at fertilization, resulting in a slightly
lower segregation ratio for the smo2-1 smo2-2 embryos.
By contrast, the seed abortion rate in smo2-1 smo2-2/+
siliques deviated significantly from the expected 25%
ratio (34.9%; n = 1,098, P < 0.001 by X test; Fig. 3D).
This segregation ratio distortion was likely due to the
gametophytic defect of the smo2-1 smo2-2/+ mutant. To
confirm that the observed embryonic developmental
defects were caused by SMO?2 loss of function, we in-
troduced SMO2 genomic fragment-GFP translational
fusions (SMO2-1-EGFP and SMQO2-2-EGFP) into the
smo2-1 smo2-2/+ and smo2-1/+ smo2-2 mutants, respec-
tively. These transgenes rescued all the defects of the
smo2-1 smo2-2/+ and smo2-1/+ smo2-2 mutants, and smo2-1
smo2-2 double mutant plants with normal seed setting
were recovered (Supplemental Fig. 56).

To identify the stage at which smo2-1 smo2-2 embry-
onic development was arrested, we first analyzed
cleared seeds from mature wild-type, smo2-1 smo2-2/+,
and smo2-1/+ smo2-2 siliques. Compared with the ma-
ture wild-type embryos (Fig. 4A), the smo2-1 smo2-2
embryos were arrested at the globular to heart-like
stages (Fig. 4, B-H). These arrested embryos showed
patterning defects similar to those of the fk, hydl, and
smtl/cph mutants (Diener et al., 2000; Jang et al., 2000;
Schrick et al., 2000, 2002; Souter et al., 2002; Willemsen
et al., 2003) and did not develop the characteristic heart
shape (Supplemental Fig. S7A). Instead, the arrested
embryos exhibited an abnormal round shape without
cotyledon protrusion (Fig. 4, C and F), had one or more
cotyledon protrusions (Fig. 4D; Supplemental Fig. S7B),
or had two very small cotyledon protrusions (Fig. 4, G
and H). The statistical analysis indicated that in the
wild-type siliques, only 0.1% and 0.9% of seeds bore
embryos delayed at the heart and torpedo stages, re-
spectively (n = 1,631). In the smo2-1/+ smo2-2 siliques,
4.9% of seeds contained embryos arrested at the glob-
ular stage, 13.6% of seeds contained abnormal embryos,
and 3.1% and 6.9% of seeds contained embryos delayed
at the heart and torpedo stages, respectively (n = 1,561).
In the smo2-1 smo2-2/+ siliques, 10.6% of seeds con-
tained embryos arrested at the globular stage, 34% of
seeds contained abnormal embryos, and 6.3% and 9.1%
of seeds contained embryos delayed at the heart and
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Figure 4. Phenotypes of arrested smo2-1 smo2-2 double mutant em-
bryos. A to H, Differential interference contrast images of cleared seeds
obtained from mature siliques of wild-type plants (A), self-pollinated
smo2-1 smo2-2/+ plants (B-D), and self-pollinated smo2-1/+ smo2-2
plants (E-H). The smo2-1 smo2-2 double mutant embryos were
arrested at the late globular/transition developmental stages (B, C, E,
and F) and at the heart-like stage (D, G, and H). Bars = 50 um (A)
and 20 um (B-H). I, Embryonic stage quantification of wild-type
Columbia-0 (Col), smo2-1/+ smo2-2, and smo2-1 smo2-2/+ seeds from
siliques 12 d after pollination. Note that embryos displaying an abnormal
shape were counted as abnormal. In total, 1,631, 1,561, and 635 seeds
were scored for the wild type, smo2-1/+ smo2-2, and smo2-1 smo2-2/+,
respectively.

torpedo stages, respectively (n = 635; Fig. 41). The fre-
quency of defective embryos in the smo2-1/+ smo2-2
plants was close to 25%, the expected rate for the ho-
mozygous smo2-1 smo2-2 double mutant. However, for
smo2-1 smo2-2/+, the rate of defective embryos was
much higher than expected. This segregation ratio
distortion may have been due to the gametophytic de-
fect of the smo2-1 smo2-2/+ plants.

We then analyzed cleared seeds from siliques of the
smo2-1 smo2-2/+ and smo2-1/+ smo2-2 mutants at dif-
ferent developmental stages. Consistent with the above
observations, the segregated embryos of the sm02-1 smo2-2
double mutant grew more slowly than those of wild-
type or single mutant siblings, but most of them still
showed normal morphology until the late globular
stage (Supplemental Fig. S8, A-D). After the late glob-
ular stage, the smo2-1 smo2-2 double mutant embryos
arrested their development by failing to transition from
the triangular to the heart stage or from the heart to the
torpedo stage (Supplemental Fig. S8, E-]). This finding
is in agreement with the expression patterns of SMO2
genes during embryonic development (Fig. 1, I-K;
Supplemental Fig. S3). Together, these data indicate
that loss of function of both SMO2 genes delays
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embryonic development and impairs the embryonic pat-
terning and elongation processes.

The smo2-1 smo2-2 Double Mutant Is Defective in
Endosperm Development

We also noticed that endosperm development was
abnormal in seeds segregated from sm02-1 smo2-2/+ and
smo2-1/+ smo2-2 siliques. In wild-type siliques, most
seeds had properly proliferating endosperm nuclei,
which were round and surrounded by a dense cytoplasm
(Fig. 5, A-D; Table I). However, in the smo2-1 smo2-2/+
siliques, approximately 47% of seeds had defects in en-
dosperm development. There were five types of seeds in
the smo2-1 smo2-2/+ siliques at the early developmental
stage. Type I seeds were as normal as wild-type seeds
(approximately 53%; Supplemental Fig. S9, A and E). In
type II seeds, although the embryo was normal, the en-
dosperm proliferation was delayed, and fewer larger
endosperm nuclei were observed (approximately 13%;
Fig. 5, E and F; Table I; Supplemental Fig. S9, B and F). In
type III seeds, both embryonic and endosperm develop-
ment was delayed (approximately 28%; Supplemental
Fig. 59, C and G). In type IV seeds, the endosperm nuclei
were not round but showed a triangular shape, and
the surrounding cytoplasm was not as dense as in the
wild type but appeared collapsed and dotted instead
(Fig. 5, G and H), suggesting that they were degenerating
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(approximately 11%). Type V seeds were embryoless
(approximately 5%; Fig. 5I; Supplemental Fig. 59, D and
H). In the smo2-1/+ smo2-2 seeds, the endosperm defects
were similar to those of the smo2-1 smo2-2/+ mutant, ex-
cept that there were substantially fewer embryoless seeds
(approximately 1%) and a more prominent endosperm
nuclear degeneration defect (approximately 32%; Fig. 5,
J-L). These data indicate that the Arabidopsis SMO2
family is essential for endosperm nuclear proliferation
and viability.

The Auxin Response and PIN1 Auxin Efflux Facilitator
Expression Are Impaired in smo2-1 smo2-2 Embryos

The patterning defects of the smo2-1 smo2-2 double
mutant embryos suggest inappropriate auxin distribu-
tion. To address this possibility, we crossed DR5,,,:GFP
(an auxin-responsive reporter whose expression corre-
lates with high free auxin levels; Friml et al., 2003) into
the heterozygous smo2-1/+ smo2-2 and smo2-1 smo2-2/+
mutants and analyzed the GFP signals in the segre-
gating smo2-1 smo2-2 double mutant embryos. In
triangular-stage wild-type embryos, the strongest sig-
nal of DR5,,:GFP was observed in the uppermost sus-
pensor cell (hypophysis), and a strong signal also was
detected in the two emerging cotyledon primordia (Fig.
6A). In heart-stage wild-type embryos, DR5,,;GFP ex-
pression was readily detected in the hypophysis, cotyledon

Figure 5. Endosperm development is defective in
smo2-1 smo2-2 embryo sacs. A to D, Wild-type seeds
with normal proliferating endosperm nuclei in a one-
cell embryo (A), four-cell embryo (B), eight-cell embryo
(C), and globular embryo (D). E and F, smo2-1 smo2-2/+
seeds contain fewer and larger endosperm nuclei at the
one-cell (E) and four-cell (F) embryo stages. G and H,
smo2-1 smo2-2/+ seeds containing an eight-cell embryo
and degenerating endosperm nuclei. Note that the en-
dosperm nuclei are collapsed and dotted, rather than
round. I, smo2-1 smo2-2/+ seeds containing pro-
liferating endosperm nuclei but no embryo. J to L,
smo2-1/+ smo2-2 mutant seeds containing a two-
cell embryo and degenerating endosperm nuclei (J)
and a globular-stage embryo and degenerating en-
dosperm nuclei (K and L). Three experiments were
performed, and seven to 10 siliques were observed
for each genotype in each experiment. Bars = 50 um.
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Table 1. Endosperm nuclear proliferation in early developmental stage ovules

Siliques at 1 to 3 DPA were collected from wild-type, smo2-1 smo2-2/+, and smo2-1/+ smo2-2 plants
and dissected. Seeds were cleared using chloral hydrate solution, and endosperm nuclei were scored
using a differential interference contrast microscope. One to nine seeds from three to six siliques were

examined. ND, Not determined.

Embryonic Developmental Stage

Genotype
1 Cell 2 Cell 4 Cell 16 Cell 32 Cell
Wild type 26.1 = 1.6 45 + 2.1 73.8 £ 15.9 95.7 = 8.7 129.8 £ 10
smo2-1 smo2-2° 14.5 £ 0.7 23.8 £ 6.2 373 £18.4 34.8 =19 49
smo2-1 smo2-2° ND ND 34 =37 38.1 = 9.7 46.4 = 11

4smo2-1 smo2-2 double mutant seeds segregated from smo2-1 smo2-2/+ siliques.

bsmo2-1 smo2-2

double mutant seeds segregated from smo2-1/+ smo2-2 siliques.

primordial tips, and prevascular cells (Fig. 6, B and C).
Compared with the wild type, smo2-1 smo2-2 embryos
displayed weak and abnormal DR5,,:GFP expression
(Fig. 6, D-F), suggesting reduced free auxin levels and
abnormal auxin distribution. At the triangular stage, very
weak DR5,, :GFEP activity was observed in the hypophy-
sis, and the auxin maxima indicated by DR5,,,:GFP cor-
responding to the two emerging cotyledon primordia was
absent (Fig. 6D). At the heart stage, the DR5,, :GFP signal
in the hypophysis and the cotyledon primordia was either
absent or very weak (Fig. 6, E and F). Sometimes, only one
cotyledon primordium showed a DR5,,:GFP signal (Fig.
6E), which may have caused asymmetric cotyledon
growth (Supplemental Fig. S7, B and D). At the late
heart-like stage, polar auxin distribution at the coty-
ledons disappeared; instead, the DRS5,,,:GFP signal
was evenly distributed throughout the entire proto-
derm (Fig. 6F).

The correct establishment and maintenance of auxin
maxima in Arabidopsis embryos rely on the polar lo-
calization of the PIN1 auxin efflux facilitator. Changes in
the sterol component of the plasma membrane can lead
to the incorrect localization of PIN proteins (Willemsen
etal., 2003; Men et al., 2008). VIGS silencing of the SMO2
genes altered the quantitative and qualitative sterol
profiles of the infected plants (Darnet and Rahier, 2004).
Therefore, we speculated that loss of function of SMO2-1
and SMO2-2 might affect the correct localization of
PIN1. To investigate this possibility, we examined PIN1-
GFP (Benkova et al., 2003) expression in the double
mutant embryos. In wild-type embryos, a strong PIN1-
GEFP signal was observed at the tip of the developing

Figure 6. Expression of DR5,,,:GFP during embryo-
genesis. A to C, DR5,,:GFP distribution in wild-type
embryos at the triangular stage (A), early heart stage
(B), and late heart stage (C). D to F, DR5,,,:GFP dis-
tribution in embryos dissected from smo2-1 smo2-2/+
siliques at the triangular stage (D), early heart stage (E),
and late heart-like stage (F). Bars = 25 um (A and C-E)

and 10 wm (B and F).
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cotyledons and the vascular initials (Fig. 7, A-C). How-
ever, in the segregated smo2-1 smo2-2 embryos, only a
very weak PIN1-GFP signal was detected at the tip of the
cotyledons (Fig. 7D) and abnormal distribution of PIN1
was observed (Fig. 7E). With a polar plasma membrane
localization in the wild-type embryos (Fig. 7C), PIN1-
GFP was internalized to the cytosol in the sm02-1 smo2-2
embryos (Fig. 7F), suggesting that the smo2-1 smo2-2
embryos were defective in the polar localization of PIN1.
Taken together, these data indicate that reduced or ab-
sent auxin maxima and defective PIN1 expression/
localization coincide with the developmental defects of
the smo2-1 smo2-2 embryos.

Exogenous Application of Auxin Partially Rescued smo2-1
smo2-2 Embryonic Lethality and the Root Growth Defects
of the smo2-1 smo2-2/+ Mutant

The data described above demonstrated that re-
duced auxin levels and abnormal auxin distribution
and transport were correlated with the smo2-1 smo2-2
embryonic patterning and elongation defects, and
auxin is known to be essential for embryonic pat-
tern formation and cell expansion (Friml et al., 2003).
Therefore, we wondered whether auxin could rescue
the smo2-1 smo2-2 embryonic patterning defects. We
performed auxin application on pistils of smo2-1/+
smo2-2 and smo2-1 smo2-2/+ plants and examined the
embryos 10 d later. Compared with the mock treatment,
1-naphthaleneacetic acid (NAA) application significantly
reduced the embryo abortion rate of both the smo2-1/+
smo2-2 and smo2-1 smo2-2/+ plants (Fig. 8), indicating
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that auxin application partially rescued the smo2-1 smo2-2
embryonic lethality.
We also examined DR5,,,:GFP expression in the

smo2-1 smo2-2/+ roots. Compared with the wild type,

smo2-1 smo2-2/+ roots showed a weak DR5,, :GFP sig-
nal (Fig. 9, A-D). Therefore, we also examined the effect
of auxin on root growth in the smo2-1 smo2-2/+ mutant.
When grown on MS medium with 50 nm indole-3-acetic
acid (IAA), wild-type root growth was inhibited. How-
ever, this concentration of IAA promoted the growth of
the smo2-1 smo2-2/+ mutant root (Fig. 9E), suggesting
that, similar to the smo2-1 smo2-2 embryonic lethality, the
root growth defects of the smo2-1 smo2-2/+ mutant also
were due to an auxin defect.

Endogenous Auxin Overproduction Partially Rescued
smo2-1 smo2-2 Embryonic Lethality and Fully Rescued
smo2-1 smo2-2/+ Mutant Phenotypes

Previous studies in Arabidopsis have indicated that
YUCY OE contributes to the overproduction of free [AA
(Hentrich et al., 2013). To examine the effects of endog-
enously overproduced auxin on smo2 double mutants,
we crossed YUC9 OE transgenic plants with smo2-1/+
smo2-2 and smo2-1 smo2-2/+ mutants. To our surprise,
the dwarf phenotype of the smo2-1 smo2-2/+ heterozy-
gous double mutant was fully rescued by YUC9 OE (Fig.
9, F-H). Because root growth is sensitive to auxin levels,
the YUCY OE seedlings had very short roots with long
root hairs (Supplemental Fig. S10). However, the roots of
both the smo2-1/+ smo2-2 YUCY OE and smo2-1 smo2-2/+
YUC9 OE seedlings were markedly longer than those of
YUCY OE itself (Supplemental Fig. S10). These results
suggest that loss of function of SMO2s in Arabidopsis
reduces auxin levels in the root, which is consistent with
the weak DR5,,:GFP signal detected in these mutants
(Figs. 6 and 9, A-D).

To explore whether endogenous auxin overproduc-
tion could rescue smo2-1 smo2-2 embryonic lethality, we
examined siliques from both smo2-1 smo2-2/+ YUC9 OE
and smo2-1/+ smo2-2 YUC9 OE plants. Compared with
an average of approximately 27 seeds in siliques of the
smo2-1 smo2-2/+ mutant, there were approximately
32 seeds in siliques of the smo02-1 smo2-2/+ mutant when
the YUC9 gene was overexpressed (Supplemental Fig.
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Figure 7. Expression of PINT-GFP during embryo-
genesis. A and B, PIN1-GFP distribution in wild-type
embryos at the heart stage (A) and the torpedo stage
(B). C, Higher magnification image of the boxed re-
gion in B. D and E, PIN1-GFP distribution in embryos
dissected from smo2-1/+ smo2-2 siliques at the heart
stage (D) and the late heart-like stage (E). F, Higher
magnification image of the boxed region in E. Bars =
10 um (A, C, and F) and 25 um (B, D, and E).

S11A). Although the embryonic-lethal phenotype of the
smo2-1 smo2-2 double mutant was not fully rescued,
YUC9 OE significantly reduced the embryo abortion
rate of both the smo2-1/+ smo2-2 and smo2-1 smo2-2/+
plants (Supplemental Fig. S11, B and C). These data
indicate that endogenous auxin overproduction also
partially rescued the smo2-1 smo2-2 embryonic lethality.

smo2-1/+ smo2-2 and smo2-1 smo2-2/+ Mutants
Accumulate the 4a-Methylsterols 24-Ethylidene Lophenol
and 24-Ethyl Lophenol

To determine whether sterol profiles were affected in
the smo2-1/+ smo2-2 and smo2-1 smo2-2/+ mutants, we
analyzed the sterol composition in roots and shoots of
8-d-old wild-type, smo2-1/+ smo2-2, and smo2-1 smo2-2/+
seedlings. Our results indicated that the total quantity
of the pool constituted by the different sterols was not
altered significantly in either the roots or shoots of the
smo2-1/+ smo2-2 and smo2-1 smo2-2/+ mutants com-
pared with the wild type (Fig. 10, A and B). However,
the sterol compositions in both the roots and shoots of
the smo2-1/+ smo2-2 and smo2-1 smo2-2/+ mutants were
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Figure 8. NAA partially rescues smo2-1 smo2-2 embryonic lethality.
Average results of three experiments are shown. For each experiment,
pistils of 10 opening flowers from five plants of each genotype were
either treated with 300 um NAA or underwent mock treatment, and
embryos were scored 10 d after application. Note that embryos dis-
playing an abnormal shape were counted as abnormal. Bars represent
means * sp. Bars in each column with different letters differ signifi-
cantly (Student’s t test, P < 0.05). Col, Wild-type Columbia-0.
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Figure 9. Exogenously applied auxin and
endogenous auxin overproduction rescue
smo2-1 smo2-2/+ mutant phenotypes. A
and B, DR5,,,:GFP expression in wild-type
(A) and smo2-1 smo2-2/+ (B) seedling root
tips grown on MS plates without IAA. C
and D, DR5,,:GFP expression in wild-
type (O) and smo2-1 smo2-2/+ (D) seed-
ling root tips grown on MS plates with
the addition of 50 nm IAA. Bar =50 um.
E, Root lengths of 6-d-old wild-type
Columbia-0 (Col), smo2-1/+ smo2-2, and

m

SmMo2-1(+8mo2-2 smo2-1 smo2-2/+

-

YUCQ\DE Yucs of

YUC90E
Ship21/8 smo2:2, satb2-1isrmio2-2/+

smo2-1 smo2-2/+ seedlings grown on ei-
ther MS plates (—IAA) or MS plus 50 nm
IAA plates (+1AA); n=32 to 60. Asterisks
indicate significant differences (Stu-
dent’s t test, P < 0.01). Note that the
application of 50 nm IAA promoted
smo2-1 smo2-2/+ root growth but
inhibited wild-type and smo2-1/+ smo2-
2 root growth. F, Rosette phenotypes of Col

Root length (mm)

m

3 c¢cm. G, Quantification of rosette di-
ameter of 4-week-old plants. Bars in
each column with different letters differ
significantly (Student’s t test, P < 0.05).
H, Height of mature plants. *, P < 0.05;
and **, P < 0.01 (Student’s t test). The
data presented in G and H represent
means * sp of three experiments; n=10
for each experiment.
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profoundly altered. We found that the amounts of the
bulk sterols, including B-sitosterol and stigmasterol,
varied according to mutants and organs. In smo2-1/+
smo2-2 and smo2-1 smo2-2/+ mutant roots, there was
no decrease in sitosterol, although there was a decrease
in stigmasterol in the smo2-1/+ smo2-2 mutant (Fig.
10QC). In shoots, there was a decrease in sitosterol, but
not stigmasterol, in the smo2-1 smo2-2/+ mutant (Fig.
10D). We also detected cholest-5-en-24-one in roots,
and there was a decrease in this sterol in both the
smo2-1/+ smo2-2 and smo2-1 smo2-2/+ mutants (Fig. 10C).
These results indicate that the quantity of bulk sterols is
decreased in the smo2-1/+ smo2-2 and smo2-1 smo2-2/+
mutants but that, depending on the organs (roots and
shoots), the shuffling toward one or the other bulk sterol
might be different. More strikingly, we measured an
accumulation of the 4a-methylsterols 24-ethylidene
lophenol and 24-ethyl lophenol in both roots and shoots
of the smo2-1/+ smo2-2 and smo2-1 smo2-2/+ mutants com-
pared with the wild type (Fig. 10, C and D; Supplemental
Fig. S12). Given that the total quantity of sterols is not
modified in the smo2-1/+ smo2-2 and smo2-1 smo2-2/+
mutants, we could conclude that the accumulation of
4a-methylsterols in these mutants represent around
20% of the total quantity of sterols found compared
with the wild type (Fig. 10, E and F). These sterols are
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substrates for the SMO2 enzyme (Supplemental Fig.
S1) and were not detected in wild-type samples under
our experimental conditions. Furthermore, 24-ethyl
lophenol was accumulated to a lesser extent than 24-
ethylidene lophenol in both the smo2-1/+ smo2-2 and
smo2-1 smo2-2/+ mutants (Fig. 10, C and D; Supplemental
Fig. 512). This result likely reflects the substrate prefer-
ence of SMO2 enzymes. These results also indicate that
the accumulation of both 24-ethylidene lophenol and 24-
ethyl lophenol varied according to organs. The roots of
smo2-1/+ smo2-2 and smo2-1 smo2-2/+ mutants contained
higher quantities than the shoots (Fig. 10, C and D;
Supplemental Fig. 512). These variations in substrate ac-
cumulation were likely due to the different expression
patterns of the SMO2-1 and SMO2-2 genes in roots and
shoots (Fig. 1).

Together, our data suggest that the cause of the smo2-1
smo2-2/+ mutant dwarf phenotype may have been the
accumulation of 24-ethylidene lophenol and 24-ethyl
lophenol (which may be deleterious to Arabidopsis) or
the decrease of bulk sterols. In an attempt to identify
a possible role of 24-ethylidene lophenol and 24-ethyl
lophenol, we tested the effects of 24-ethylidene lophenol
(BioBioPha) on wild-type and YUC9 OE seedlings. We
found that 24-ethylidene lophenol neither inhibited root
elongation in the wild-type seedlings nor suppressed the
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Figure 10. Sterol contents of wild-type
Columbia-0 (Col), smo2-1/+ smo2-2, and
smo2-1smo2-2/+seedlings. Samples were
prepared from roots and shoots of 8-d-old
seedlings grown on one-half-strength MS
and 1% Suc plates and were analyzed by
gas chromatography-mass spectrometry
(GC-MS). A and B, Total sterol contents in
roots (A) and shoots (B). C and D, Com-
position analysis of sterols found in roots
(C) and shoots (D). E and F, Percentage of
bulk sterols and 4a-methylsterols in the
total pool of root (E) and shoot (F) sterols.
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short-root phenotype of the YUC9 OE seedlings
(Supplemental Fig. S13). However, it is difficult to draw
conclusions based on these experiments, since we do not
know whether Arabidopsis seedlings have integrated
the 24-ethylidene lophenol in their membranes. Because
we were unable to obtain 24-ethyl lophenol, we could
not test its effects on Arabidopsis growth. In any case,
modification of the sterol composition observed in smo2-1/+
smo2-2 and smo2-1 smo2-2/+ mutants is probably re-
sponsible for the observed phenotype, because the
proper membrane sterol composition has already been
shown to be essential for correct PIN auxin efflux facili-
tator positioning and auxin-dependent developmental

Plant Physiol. Vol. 171, 2016

The data represent means of four inde-
pendent experiments, and error bars indi-
cate sp. Statistically significant changes
are indicated by asterisks (P < 0.05
by Student’s t test). FW, Fresh weight.
Sitosterol-like 1 and 2 are likely a- and
y-sitosterol.
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processes (Souter et al., 2002; Willemsen et al., 2003;
Men et al., 2008; Pullen et al., 2010).

DISCUSSION

SMO2-1 and SMO2-2 Play Unequally Redundant Roles in
Plant Development

SMO2-1 and SMO2-2 share 91% amino acid sequence
identity, and both can rescue the yeast erg25 mutant
(Darnet et al., 2001; Darnet and Rahier, 2004), suggest-
ing that they exert similar functions in yeast. Consis-
tently, we observed no obvious phenotype in single
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homozygous smo2-1 or smo2-2 mutants, but the smo2-1
smo2-2 double mutant was embryonic lethal, indi-
cating that SMO2-1 and SMO2-2 share essential but
redundant functions in Arabidopsis. Our study also
revealed unequally redundant roles for SMO2-1 and
SMO2-2 in plant development. The smo2-1/+ smo2-2
mutant showed moderate phenotypes in vegetative
tissues and displayed no fertility defect, whereas the
smo2-1 smo2-2/+ mutant was dwarf and had gameto-
phytic defects. These observations indicate that, in the
absence of SMO2-2, a single copy of SMO2-1 is sufficient
for vegetative growth and gametogenesis, whereas a
single copy of SMO2-2 is insufficient in the absence of
SMO2-1. This unequal redundancy may be due to the
differences in the expression patterns and transcriptional
levels between SMO2-1 and SMO2-2. SMO2-1 is broadly
expressed at high levels, whereas the expression of
SMO2-2 is lower and restricted (Fig. 1).

SMO2s Are Essential for Embryogenesis

Although previous studies clearly revealed that
SMO2s function biochemically as 4a-methyl-A-sterol-
4a-methyl oxidases (Darnet et al., 2001; Darnet and
Rahier, 2004), the physiological functions of SMO2s
remain elusive. Silencing of SMO2s in Nicotiana ben-
thamiana using the VIGS approach profoundly altered
the sterol profiles of the infected plants but caused no
phenotype (Darnet and Rahier, 2004). This result may
have occurred because the expression level of the SMO2
genes had not been reduced sufficiently. Small inter-
fering RNA-mediated gene-silencing methods, such as
VIGS, may not be efficient in knocking down sterol
biosynthesis pathway genes, because a previous study
found that intact sterol biosynthesis is required for the
activity of plant small interfering RNAs (Brodersen
et al., 2012). A recent study of CYCLOARTENOL
SYNTHASE (CAS) also found that the expression of the
CAS gene was only moderately reduced (approxi-
mately 35%) by the use of artificial microRNA (Gas-
Pascual et al, 2015). In this respect, SMO2 gene
knockout mutants should provide important clues to
elucidate the developmental roles of SMO2s. In this
study, we isolated two smo2-1 T-DNA insertion mutant
alleles and one smo2-2 T-DNA insertion allele. We
found that single smo2 mutants displayed no obvious
phenotypic defects (Fig. 2; Supplemental Fig. S5), but
the smo2-1 smo2-2 double mutant was embryonic lethal
(Figs. 3 and 4) and the smo2-1 smo2-2/+ heterozygous
double mutant was dwarf (Fig. 2). The development of
smo2-1 smo2-2 double mutant embryos was arrested
during the transition from the globular to the heart
stage or from the heart to the torpedo stage (Fig. 4;
Supplemental Fig. S8), indicating that SMO2s are es-
sential for embryonic development and patterning.
Consistent with their roles in embryogenesis, both
SMO?2 genes are expressed in embryos, with SMO2-2
expressed at lower levels than SMO2-1 (Fig. 1, I-K;
Supplemental Fig. S3).
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Previous studies in Arabidopsis indicated that mu-
tations of genes in early sterol biosynthetic steps (i.e.
upstream of HYDRA1, which encodes a sterol C-8,7-
isomerase) produced embryonic defects, whereas
downstream mutations did not (Clouse, 2002; Souter
et al.,, 2002). Downstream mutants, such as dwf7/stel,
dwfb, and dwfl/dim, displayed phenotypes similar to
BR-deficient mutants and could be rescued by BR ap-
plication (Klahre et al., 1998; Choe et al., 1999a, 1999b,
2000). By contrast, upstream mutants, such as smt1/cph,
fk, and hydl, could not be rescued by either end-
pathway regular sterols or BR (Diener et al., 2000;
Jang et al., 2000; Schrick et al., 2000, 2002; Souter et al.,
2002). These data suggest that a steroid molecule, rather
than BR, is required for embryogenesis, and this yet-
unidentified sterol could be an SBI derived from one
of the biosynthetic steps between HYDRA1 and DWF?7.
Based on our studies, we propose that, if a steroid
molecule is required for embryogenesis, it may be an
SBI derived from the SMO2-catalyzed reaction (Fig. 11).
The following lines of evidence support our specula-
tion. First, our data showed that loss of function of both
SMO2s, which catalyze the reaction step immedi-
ately after HYDRA1 (Supplemental Fig. S1), also
caused embryonic defects. Furthermore, the pheno-
types of smo2-1 smo2-2 double mutant embryos (Fig.
4; Supplemental Figs. S7 and S8) were very similar to
those of the fk, hydl, and smt1/cph mutants (Diener
etal., 2000; Jang et al., 2000; Schrick et al., 2000, 2002;
Souter et al., 2002). Second, a previous study showed
that loss of function of both Arabidopsis CSDs, which
are directly downstream of SMO2 (Supplemental Fig.
S1), caused no phenotype. However, overexpression
of either CSD caused growth defects (Kim et al.,
2012). Because CSDs catalyze the decarboxylation of
SMO?2 products (4a-carboxysterols), overexpression
of CSDs may cause a reduction in these molecules,
leading to growth defects. Third, CMMC, which is the
product of SMO1, has been demonstrated to inhibit
PAT when applied to wild-type Arabidopsis plants
(Mialoundama et al., 2013). Notably, SMO2 and
SMOL1 both belong to the sterol C-4 demethylase
multienzyme complex, which catalyzes the removal
of C-4 methyl groups (Rahier, 2011), and smo2-1 smo2-2
double mutant embryos had auxin-related pattern-
ing defects. Therefore, it is plausible that one of the
SMO2 products may similarly affect PAT and cause
PAT-related embryonic patterning defects. Future
studies will focus on identifying the specific SMO2-
related SBI and evaluating its activities. However, we
cannot exclude the possibility that the accumulation of
24-ethylidene lophenol and/or 24-ethyl lophenol was
deleterious to Arabidopsis embryos, although we dem-
onstrated that 24-ethylidene lophenol was not deleteri-
ous to Arabidopsis seedlings. It is also possible that the
embryogenesis defects of these upstream sterol mutants
are due to a basic requirement for wild-type membrane
sterol composition for proper PIN auxin efflux facilitator
positioning and auxin-dependent gene expression. Sev-
eral reports have emphasized the importance of correct
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Figure 11. Model of the functions of SMO2 proteins in Arabidopsis
embryonic and postembryonic development. The SMO2-1 and SMO2-2
enzymes catalyze the conversion of 4a-methylsterols (mainly 24-
ethylidene lophenol and 24-ethyl lophenol) to 4a-caboxysterols, which
are further converted into membrane sterols. Normal membrane sterol
composition is required for correct PINT auxin efflux facilitator posi-
tioning and PINT-dependent auxin gradient formation, which are es-
sential for embryonic and postembryonic development. It is also possible
that 4a-caboxysterols are needed for PINT localization and embryonic
development and that 24-ethylidene lophenol and 24-ethyl lophenol are
deleterious to Arabidopsis embryos.

membrane sterol composition for PIN polar localization
and auxin signaling (Jang et al., 2000; Schrick et al., 2000,
2002; Souter et al., 2002; Willemsen et al., 2003; Men et al.,
2008). However, the results from the cpil-1 mutant do
not support this view. Although sterol composition was
profoundly altered in the cpil-1 mutant, cpil-1 embryos
displayed no obvious defect (Men et al., 2008).

SMO2s Are Required for Endosperm Development

Plant sterols play important roles in reproductive
developmental processes such as embryogenesis and
male fertility (Clouse, 2002; Schaller, 2003; Suzuki et al.,
2004, 2009). However, it has not been shown that sterols
are required for endosperm development. In this study,
we found that endosperm nuclear proliferation was
defective in smo2-1 smo2-2 double mutant seeds. Com-
pared with the wild type, there were significantly fewer
endosperm nuclei in the smo02-1 smo2-2 double mutant
early-developing seeds (Fig. 5; Table I), indicating that
SMO2s are required for endosperm nuclear divi-
sion. Consistent with these observations, SMO2-1 was
expressed in the endosperm at high levels (Fig. 1). Al-
though previous studies did not observe endosperm
developmental defects in upstream sterol mutants,
they found cell division defects in embryos and roots
(Schrick et al., 2000; Souter et al., 2002; Carland et al.,
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2010). Detailed analyses of endosperm development in
those upstream mutants will clarify whether the en-
dosperm nuclear proliferation defects are specific to the
smo2-1 smo2-2 double mutant.

SMO2s Function Partially through Effects on Auxin
Accumulation and PIN1 Expression

Previous studies have shown profound interactions
between sterols and the auxin pathway. On the one
hand, the expression of sterol biosynthetic pathway
genes such as FK was up-regulated by auxin (He et al.,
2003), concentrations of the major plant sterols were
significantly reduced in the axr1-12 auxin signaling
mutant (Pan et al., 2009), and sterol mutants such as fk
and copl displayed altered responses to auxin (Souter
et al., 2002; Carland et al., 2010). On the other hand,
sterols were required for auxin signaling and polar
transportation. The polar localization of auxin efflux
carriers such as PIN1, PIN2, and PIN3 was impeded in
sterol biosynthetic mutants, including smtl, cpil-1,
hyd1, and fk (Willemsen et al., 2003; Men et al., 2008;
Pullen et al., 2010). Further analysis showed that sterol-
dependent endocytosis was required for the post-
cytokinetic establishment of PIN2 polarity (Men et al.,
2008). Additionally, sterols were found to be essential
for auxin-inhibited PIN2 protein endocytosis (Pan et al.,
2009; Carland et al., 2010). A previous study found that
sterols also are required for the trans-Golgi network-
to-plasma membrane trafficking of the ATP-binding
cassette B19 auxin transporter (Yang et al., 2013). How-
ever, it remains unknown whether a specific sterol
molecule contributes to these functions. A recent study
found that CMMC, an SBI derived from the first C-4
demethylation step, was accumulated in erg28 mutants;
CMMC can inhibit PAT when applied to wild-type
Arabidopsis plants (Mialoundama et al., 2013). How-
ever, CMMC was not detectable in wild-type plants,
and its role in plants is unclear. Our results showed that
loss of function of both SMO2 proteins, which catalyze
the second C-4 demethylation step, caused embryonic
defects characteristic of auxin-deficient mutants (Fig. 4;
Supplemental Figs. S7 and S8); auxin responses and
PIN1 expression were indeed abnormal in sm02-1 smo2-2
embryos (Figs. 6 and 7).

In agreement with these observations, the embryonic-
lethal phenotype of smo2-1 smo2-2 double mutants was
partially rescued by either exogenously applied auxin
or endogenously overproduced auxin (YUC9 OE; Fig. 8;
Supplemental Fig. S11). Moreover, the developmental
defects of the smo2-1 smo2-2/+ heterozygous double
mutant were completely rescued by YUC9 OE (Fig. 9,
F-H). On the other hand, the short-root phenotype of
YUCY9 OE seedlings was suppressed by the smo2-1/+
smo2-2 and smo2-1 smo2-2/+ mutations (Supplemental
Fig. S10). A sterol analysis showed that the sterol
composition, rather than the sterol quantity, was al-
tered in the smo2 heterozygous double mutants, with
the major characteristic being an accumulation by 20%,
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compared with the wild type, of the 4a-methylsterols
24-ethylidene lophenol and 24-ethyl lophenol, which
are substrates of the SMO2 enzyme. We further dem-
onstrated that 24-ethylidene lophenol, the major sub-
strate of SMO2 (Supplemental Fig. 512), had no effects
on the root growth of either wild-type or YUC9 OE
seedlings (Supplemental Fig. S13). However, this last
result has to be considered with caution, due to the
absence of evidence regarding whether 24-ethylidene
lophenol was effectively integrated in membranes of
Arabidopsis cells. From our results, it could equally
be that the diminution of bulk sterols (decreases of
B-sitosterol in shoots of the smo2-1 smo2-2/+ mutant and
stigmasterol in roots of the smo2-1/+ smo2-2 mutant)
caused the observed phenotypes. Although we cannot
distinguish whether the accumulation of 4a-methyl-
sterol precursors or the decrease of bulk sterols causes
the phenotype, it appears clear that sterol composition
rather than sterol quantity is responsible for the phe-
notype, since we did not detect any modification of
global sterol quantity in our mutants. Hence, our study
specifically indicates that the balance between bulk
sterols and 4a-methylsterol precursors, for the same
quantity of sterols, is critical for plant development.

In summary, we demonstrated that SMO2 family genes
are essential for Arabidopsis embryogenesis and post-
embryonic development. Our data reveal that SMO2s are
important for correct sterol composition, but not quantity,
and function partially through effects on auxin accumu-
lation, auxin response, and PIN1 expression to regulate
embryonic and postembryonic development.

MATERIALS AND METHODS
Plant Material and Growth Conditions

Arabidopsis (Arabidopsis thaliana) plants were grown either on MS medium
or in soil in a greenhouse with a 16-h-light/8-h-dark cycle at 22°C. Prior to in
vitro culture, seeds were surface sterilized for 5 min in 70% (v/v) ethanol and
for 10 min in 1% (v/v) Clorox bleach before being washed three times with
sterile water. The T-DNA insertion lines SALK 105017 (smo2-1.1) and
SALK_030719 (smo2-2) were obtained from the Nottingham Arabidopsis Stock
Centre, and FLAG_522B02 (smo2-1.2) was obtained from the Versailles Arabi-
dopsis Stock Center. The DR5,,,:GFP (Friml et al., 2003) and PINI-GFP (Ben-
kova et al., 2003) lines were crossed with the sno2 single and double mutants.

Chemicals

NAA, TAA, and 24-epibrassinolide were obtained from Sigma-Aldrich.
Commercial 24-ethylidene lophenol, known as citrostadienol, was purchased
from BioBioPha.

Plasmid Construction and Plant Transformation

To create the ProSMO2-1:GUS and ProSMO2-2:GUS constructs, 742 bp of
DNA upstream of the Arabidopsis SMO2-1 gene start codon and 992 bp of DNA
upstream of the SMO2-2 gene start codon were PCR amplified and inserted into
pGreenlI0229-GUS (Men et al., 2008) upstream of the GUS gene. Then, 1,117 bp
of DNA downstream of the SMO2-1 stop codon and 642 bp of DNA down-
stream of the SMO2-2 stop codon were PCR amplified and cloned into the
above constructed vectors downstream of the GUS gene.

To generate the SMO2-1-EGFP and SMO2-2-EGFP constructs, the EGFP
coding sequence was inserted into the pGreenII0229 vector (from the John Innes
Centre; http://www.pgreen.ac.uk). Then, genomic sequences including the
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5’ promoter, exons, and introns were amplified. The sequence lengths were
2,863 bp for SMO2-1 (nucleotides —742 to 2,121 from ATG) and 3,021 bp for
SMO2-2 (nucleotides —992 to 2,039 from ATG). The PCR products were cloned
into the pGreenll0229-EGFP construct. Finally, the terminator sequences, 1,117
bp of sequence downstream of the SMO2-1 stop codon and 642 bp of sequence
downstream of the SMO2-2 stop codon, also were cloned into the above con-
structed pSMO2-1-EGFP and pSMO2-2-EGFP, respectively. The primer se-
quences are listed in Supplemental Table S1.

All of the constructed vectors were introduced into Agrobacterium tumefaciens
strain C58C1 (pMP90/pJIC Sa-Rep) and transformed into Columbia-0 plants by
the floral dip method (Clough and Bent, 1998). Transgenic plants were selected
by spraying with 0.001% (v/v) Basta and PCR amplification. Analyses were
performed on segregating T2 or homozygous T3 lines from several independent
transformants.

Histology and Microscopy

Seeds were cleared for visualization using a clearing solution of 8:3:1 chloral
hydrate:distilled water:glycerol as described by Men et al. (2008). Then, the
seeds were placed on a glass slide in a drop of clearing solution and were
covered with a coverslip. Observations were performed with an Olympus BX63
microscope under differential interference contrast.

GUS Histochemical Staining

GUS activity was analyzed by staining various tissues of ProSMO2-1:GUS
transgenic plants for 4 h and staining tissues of ProSMO2-2:GUS plants for 36 h
at37°C in staining solution (1.5 mg mL ™! 5-bromo-4-chloro-3-indolyl-8-p-GlcA,
50 mm sodium phosphate buffer, pH 7, 0.1% (v/v) Triton X-100, 0.5 mm
potassium ferricyanide, and 0.5 mm potassium ferrocyanide). Ten independent
transgenic lines were analyzed, and they all showed similar patterns. Samples
were examined using a Leica M165FC dissection microscope and an Olympus
BX63 microscope.

Immunocytochemistry and Confocal Laser
Scanning Microscopy

Whole-mount immunofluorescence was performed on roots of 5-d-old
ProSMO2-1:SMO2-1-EGFP and ProSMO2-2:SMO2-2-EGFP transgenic plants
as described previously (Men et al., 2008). Two different transgenic lines for
each construct were used, and the immunolocalization experiments were per-
formed in two independent sessions, each involving 10 to 15 roots. A mouse
monoclonal anti-BiP (an ER-intrinsic chaperone used as an ER marker) anti-
body (Enzo Life Sciences) was used at a 1:1,000 dilution. A donkey anti-mouse
tetramethylrhodamine-coupled secondary antibody (Jackson ImmunoResearch)
was used at a 1:200 dilution.

Fluorescence Detection of Embryos

Wild-type and mutant embryos expressing PINI-GFP or DR5rev:GFP were
dissected from seeds at different developmental stages and mounted in an 8%
(v/v) glycerol solution. Signals were detected by confocal laser scanning mi-
croscopy (Leica TCS SP5).

RT-PCR

For RT-PCR of SMO2-1 and SMO2-2 loss-of-function mutants, total RNA
was extracted from 6-d-old seedlings using Trizol reagent. Total RNA (1 ug)
was digested with RNase-free DNase (TaKaRa) and was reverse transcribed
using EasyScript First-Strand cDNA Synthesis SuperMix (TransGen Biotech). A
1-uL aliquot of the synthesized complementary DNA was used as a template
for PCR. The ACTIN2 gene was used as an internal control for equal loading.
The primer sequences are listed in Supplemental Table S1.

Auxin Application

To examine the effects of auxin on smo02-1 smo2-2 embryonic development,
opening flowers were dipped in a 300 um NAA solution for a few seconds,
and embryos were scored 10 d after treatment. To examine the effect of auxin
on root growth, wild-type and mutant seeds were germinated on plates
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containing MS medium supplemented with 50 nm IAA and were cultured for
5 d; then, the root length was scored. IAA and NAA were first dissolved in
70% (v/v) ethanol. A mock treatment was performed using either distilled
water or MS medium supplemented with an equal volume of 70% (v/v)
ethanol.

Sterol Measurements

For sterol characterization, Arabidopsis roots and cotyledons were scaled
and ground in a Potter-Elvehjem glass device in 2 mL of chloroform:methanol
(2:1; implemented with the standard 25 ug of a-cholestanol in 2 mL) for 2 h at
room temperature. The lipid extract was then washed with 1 mL of 0.9% (w/v)
NaCl, shaken vigorously, and centrifuged at 700g for 5 min at room tempera-
ture. The organic (lower) phase was harvested and evaporated. Then, saponi-
fication was performed on the lipid extract by incubating it with 1 mL of
99% (v/v) ethanol and 100 uL of 11 N~ KOH for 1 h at 80°C. After incubation,
1 mL of 99% (v/v) hexane and 2 mL of water were added. After vigorous
shaking and centrifugation at 700g for 5 min at room temperature, the upper
phase was harvested, placed in a new tube, and buffered with 1 mL of 100 mm
Tris, 0.09% (w/v) NaCl, pH 8, with HCL. After evaporation, the sterols were
incubated with 200 uL of N,O-bis(trimethylsilyl) trifluoroacetamide (BSTFA) +
1% (v/v) trimethyl chlorosilane (TMCS) at 110°C for 20 min. After evaporation,
the sterols were resuspended in 100 uL of 99% (v/v) hexane and analyzed using
GC-MS. The fragmentation spectrum of 24-ethylidene lophenol was charac-
terized by injecting commercially available 24-ethylidene lophenol (BioBioPha)
into the GC-MS device. For 24-ethylidene lophenol, the main mass-to-charge
ratio peaks (after BSTFA + TMCS treatment) were at 357 and 400. Concerning
24-ethyl lophenol, its mass was identified (after BSTFA + TMCS treatment) at
500, which correspond to its real mass (427) plus a trimethylsilyl (73). The
fragmentation spectrum of 24-ethyl lophenol gave two main mass-to-charge
ratio peaks at 269 and 500, which correspond to what was published before
(Darnet and Rahier, 2004).

Sequence data from this article can be found in the GenBank/EMBL or
Arabidopsis Genome Initiative data libraries under the following accession
numbers: SMO2-1 (AT1G07420) and SMO2-2 (AT2G29390). T-DNA insertions
in the SMO2-1 gene were sno02-1.1 (SALK_105017) and smo2-1.2 (FLAG_522B02)
and in the SMO2-2 gene was smo2-2 (SALK_030719).

Supplemental Data

The following supplemental materials are available.
Supplemental Figure S1. Sterol biosynthetic pathway in higher plants.

Supplemental Figure S2. Sequence alignment and protein topology of
SMO2 proteins.

Supplemental Figure S3. Relative transcript levels of the SMO2-1 and
SMO2-2 genes in developing Arabidopsis seeds and embryos.

Supplemental Figure S4. ER localization of the SMO2-1 and SMO2-2
proteins.

Supplemental Figure S5. Phenotypes of smo2 mutants.

Supplemental Figure S6. smo2-1/+ smo2-2 and smo2-1 smo2-2/+ comple-
mentation experiments.

Supplemental Figure S7. Embryos of smo2-1 smo2-2/+ plants have different
cotyledon sizes.

Supplemental Figure S8. Embryonic development of smo2-1 smo2-2/+
mutants.

Supplemental Figure S9. Embryonic and endosperm defects of smo2-1
smo2-2/+ seeds.

Supplemental Figure S10. smo02-1/+ smo2-2 and smo2-1 smo2-2/+ mutants
suppressed the short-root phenotype of YUC9 OE seedlings.

Supplemental Figure S11. YUC9 OE partially rescues smo2-1 smo2-2 em-
bryonic lethality.

Supplemental Figure S12. Accumulation of SMO2 substrates in smo2-1/+
smo2-2 and smo2-1 smo2-2/+ mutants.
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Supplemental Figure S13. The SMO2 substrate 24-ethylidene lophenol has
no effect on root growth of either wild-type or YUC9 OE seedlings.

Supplemental Table S1. Primers used in this study.
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