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ABSTRACT

Sterols are essential lipids for plant growth, and the sterol content is tightly regulated by a fail-safe system
consisting of two processes: 1) suppression of excess sterol production by a negative regulator of sterol
biosynthesis (HIGR STEROL ESTER 1, HISE1), and 2) conversion of excess sterols to sterol esters by
PHOSPHOLIPID STEROL ACYLTRANSFERASE 1 (PSATT1) in Arabidopsis thaliana. The hise1-3 psat1-2 double
mutant has a 1.5-fold higher sterol content in leaves than the wild type; this upregulates the expression of
stress-responsive genes, leading to disruption of cellular activities in leaves. However, the effects of excess
sterols on seeds are largely unknown. Here, we show that excess sterols cause multiple defects in seeds.
The seeds of hise1-3 psati1-2 plants had a higher sterol content than wild-type seeds and showed a deeper
color than wild-type seeds because of the accumulation of proanthocyanidin. The seed coat in the hise1-3
psat1-2 mutant was abnormally wrinkled. Seed coat formation is accompanied by cell death-mediated
shrinkage of the inner integument. In the hisel-3 psat1-2 mutant, transmission electron microscopy
showed that shrinkage of the integument was impaired, resulting in a thick seed coat and delayed seed
germination. Moreover, psat1-2 and hise1-3 psat1-2 seeds displayed defective imbibition. Taken together,
the results suggest that excess sterols impair proper seed coat formation, thereby inhibiting seed
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germination.

Sterols are essential lipids in plants that function as membrane
components and signaling molecules. Sterol production is
under strict regulation, as excess sterols are toxic to plants."”
We previously identified a negative regulator of sterol bio-
synthesis, HIGH STEROL ESTER 1 (HISEI; accession
At1g60995).> The rate-limiting sterol biosynthesis enzyme
3-hydroxy-3-methylglutaryl-CoA reductase (HMGR)® accu-
mulates in the leaves of the Arabidopsis thaliana hisel
mutant.’” HISE1 negatively regulates the protein levels of
HMGR to maintain sterol homeostasis.

PHOSPHOLIPID STEROL ACYL TRANSFERASE 1
(PSAT1; accession At1g04010) prevents the overaccumulation
of sterols by converting excess sterols into sterol esters, which
are then segregated into sterol ester (SE) bodies.” In previous
work from our group, we defined the system involving HISE1
and PSAT1 as a fail-safe regulatory mechanism that maintains
sterol homeostasis. Deletion of the genes encoding HISE1 and
PSAT1 causes a severe growth defect in Arabidopsis, suggest-
ing that this system is essential for plant growth.>* This growth
defect is associated with a 1.5-fold higher content of sterols in
hisel-3 psat1-2 leaves than in wild-type leaves.” Thus, the hisel-
3 psatl-2 double mutant could be used as a model for investi-
gating the effects of excess sterols on plant growth. In this
study, we focused on the phenotype of hisel-3 psatl-2 seeds
and showed that the combined deficiency of HISE1 and PSAT1
affects seed development.

We compared dry seeds of hisel-3 psatl-2 double mutants
with those of the wild type and hisel-3 and psatl-2 single
mutants (Figure la). Single mutant seeds were similar in
shape to wild-type seeds (Figure la-d). The major axis of
hisel-3 psatl-2 seeds was slightly longer than that of wild-
type and single mutant seeds (Figure 1d); however, the minor
axis (Figure 1b) and seed weight (Figure 1c) did not differ
between the wild type and hisel-3 psatl-2. These results sug-
gest that hisel-3 psatl-2 seeds were slightly longer than wild-
type and single mutant seeds. Furthermore, hisel-3 psatl-2
seeds were deeper in color than wild-type and single mutant
seeds (Figure la). In Arabidopsis, seed color is derived from
proanthocyanidins in the seed coat.” The proanthocyanidin
content of seeds was measured using a simple quantitation
method described previously.” The hisel-3 psatl-2 seeds con-
tained less acetone-soluble proanthocyanidins and more acet-
one-insoluble proanthocyanidins than wild-type seeds (Figure
le). The total proanthocyanidin content of hisel-3 psatl-2
seeds was higher than that of wild-type seeds (Figure le).
These results suggest that hyperaccumulation of proanthocya-
nidins in hisel-3 psatl-2 seeds was responsible for the deep
seed color. The sterol content of seeds was measured using
a colorimetric assay with a Cholesterol Quantitation Kit
(Sigma-Aldrich). Total lipids were extracted from seeds as
described previously.® The sterol content of hisel-3 psatl-2
seeds was 6-fold higher than that of wild-type and single
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Figure 1. The seeds of an Arabidopsis thaliana double mutant, hise1-3 psat1-2,
exhibit deeper color and higher contents of proanthocyanidins than those of the
wild type. (a) Photographs of dry seeds of the wild type, hisel-3, psati-2, and
hise1-3 psat1-2. (b, ¢) Average values of the major axis (b) and minor axis (c) of 15
seed grains of each genotype. Data represent the mean + standard deviation (SD;
n = 15). Different letters indicate significant differences (p < .05; Tukey’s test). (d)
Average dry weight of one seed grain. To measure seed weight, 150 seeds were
collected and weighed with an electronic balance. The weight of one seed was
calculated. Three biological replicates were performed. Data represent the mean
+ SD (n = 3). Different letters indicate significant differences (p < .05; Tukey’s test).
(e) Relative contents of acetone-soluble (soluble), acetone-insoluble (insoluble),
and total proanthocyanidins in wild-type and hisel-3 psatil-2 seeds in three
biological replicates. Data represent the mean + SD (n = 3). Asterisks indicate
significant differences between wild-type and hise1-3 psat1-2 seeds (p < .05; two-
tailed Student’s t-test). The relative total proanthocyanidin content was calculated
as follows: acetone-soluble proanthocyanidin content plus acetone-insoluble
proanthocyanidin content was defined as total proanthocyanidin content. The
relative total proanthocyanidin content of wild-type seeds was set at 1.0. (f)
Relative content of sterols in wild-type, hisel-3, psati-2, and hisel-3 psati1-2 dry
seeds. The sterol content of total lipid extracts from seeds was measured with
a Cholesterol Quantitation Kit (Sigma-Aldrich). In this experiment, cholesterol
esterase treatment was not performed. The relative content of sterols of wild-
type seeds was set at 1.0. Three biological replicates were performed. Data
represent the mean + SD (n = 3). Different letters indicate significant differences
(p < .05; Tukey’s test).

mutant seeds (Figure 1f), suggesting that hisel-3 psatl-2 seeds
have excess amounts of sterols.

To investigate the structure of dry seeds in detail, we per-
formed scanning electron microscopy analysis. The seed coat
surface did not differ between the single mutants and the wild
type (Figure 2a). However, the seed coat of the hisel-3 psatl-2
double mutant had irregular formations compared with that of

the wild type (Figure 2a). The columella of the hisel-3 psatl-2
seed coat exhibited irregular wrinkles (Figure 2a). To examine
the seed coat cell layers, we performed transmission electron
microscopy analysis of dry seeds. In Arabidopsis, the seed coat
is composed of two cell layers in the outer integument (oil and
0i2) and three cell layers in the inner integument (ii1-3).”
Analysis of dry seeds showed that the wild-type and single
mutant seed coat cell layers were shrunken and forming
a thin pigment layer (Figure 2b). However, two cell layers in
the seed coat of hisel-3 psatl-2 were not shrunken (Figure 2b,
hisel-3 psatl-2). We concluded that the two cell layers corre-
sponded to the oil and iil layers. Analysis of intracellular
structures showed that in the hisel-3 psat1-2 mutant, the cells
of the oil and iil layers were irregular compared with those of
the perisperm-endosperm envelope (Figure 2¢). These results
suggest that the irregular formation of cell layers in the seed
coat of hisel-3 psat1-2 seeds results in a wrinkled surface of dry
seeds, and an excess of sterols may cause the abnormal devel-
opment of hisel-3 psatl-2 seeds.

To investigate the effects of excess sterol accumulation on
seed viability, we determined the germination rate of wild-type
and mutant seeds. The germination rate of wild-type and single
mutant seeds was 90% at 3 days after sowing and 100% at
10 days after sowing (Figure 3a), whereas that of hisel-3
psatl-2 seeds was <10% at 3 days after sowing and >90% at
10 days after sowing (Figure 3a). Thus, hisel-3 psatl-2 seeds
exhibited delayed germination.

Next, we investigated the imbibition ability of wild-type and
mutant seeds. Wild-type dry seeds initially floated on water,
and within 3 min, approximately 90% of seeds had imbibed
water and sunk to the bottom of the container (Figure 3b,c).
Similar to wild-type seeds, approximately 90% of hisel-3 seeds
rapidly sunk to the bottom of the container (Figure 3b,c),
suggesting that the imbibition ability of hisel-3 seeds was not
impaired. However, >70% of psat1-2 seeds and 99% of hisel-3
psatl-2 seeds floated on water (Figure 3b,c). The proportion of
imbibed hisel-3 psatl-2 seeds that remained on the surface of
the water did not differ between 3 min and 1 h after imbibition
(Figure 3c). These results indicate that the imbibition ability of
double mutant seeds was impaired.

To investigate the correlation between seed imbibition and
seed germination, psatl-2 seeds were divided into sunken and
floating seeds at 3 min after imbibition, and the germination
rates were measured. There was no difference between the ger-
mination rates of the sunken and floating seeds (Figure 3d),
suggesting that psatl-2 seeds with impaired imbibition retain
the capacity to germinate. When the hisel-3 psat1-2 seeds were
divided into sunken and floating seeds at 1 h after imbibition,
there was no difference in the germination rate between the two
groups (Figure 3e). This indicates that the delayed germination is
present to a similar extent in sunken hisel-3 psat1-2 seeds, which
have an intact imbibition ability, and in floating hisel-3 psatl-2
seeds. These results suggest that the germination delay of hisel-3
psatl-2 seeds is derived from the seed coat abnormality and not
from the impaired imbibition ability.

In this study, the hisel-3 psat1-2 double mutant showed severe
defects in seed coat formation, seed germination, and seed imbi-
bition. Microarray data (DART, http://dandelion.liveholonics.
com/dart/index.php; EXPRESSION ATLAS OF ARABIDOPSIS
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Figure 2. Seeds of the double mutant hisel-3 psat1-2 have an abnormal seed coat. (a) Scanning electron micrographs of the surface of wild-type, hise1-3, psat1-2, and
hise1-3 psat1-2 seeds. Six seed grains of each genotype were inspected with similar results. co, columella. (b) Transmission electron micrographs of the seed coat of wild-
type, hise1-3, psat1-2, and hise1-3 psat1-2 seeds. co, columella; pe, perisperm endosperm; sc, seed coat; i1, inner integument 1; i1, outer integument 1. (c) Transmission
electron micrographs of the seed coat of hise1-3 psat1-2 seeds at high magnification. The left panel is the same cell as that of Figure 2(b) (hise1-3 psati-2). co, columella;

ii1, inner integument 1; oi1, outer integument 1.

DEVELOPMENT) indicated that HISEI and PSATI genes are
expressed during seed development. These results support the
hyperaccumulation of sterols in hisel-3 psatl-2 seeds. The present
results provide novel insights into the effects of excess sterols on
seed physiology, suggesting that excess sterols cause irregular
formation of the seed coat (Figure 2), which leads to delayed
germination (Figure 3a). Excess sterols may also affect seed imbi-
bition, although this effect does not directly influence seed germi-
nation. Overall, the present results suggest that excess sterols
reduce the germination ability of dry seeds.

Programmed cell death causes cell shrinkage in seed coat
layers.® A previous study in A. thaliana showed that a member
of the Vacuolar Processing Enzyme (VPE) family, §VPE, which
is expressed in ii2 and ii3, is involved in programmed cell death
in these two layers.” A SVPE deficient mutant shows delayed
programmed cell death in ii2 and ii3.” Compared with the wild
type, hisel-3 psatl-2 seeds showed cell shrinkage in 0i2, ii2, and
ii3, but not in oil and iil. This suggests that VPE is functional
in hisel-3 psatl-2 seeds and mediates cell death in ii2 and ii3.

However, excess sterols in hisel-3 psatl-2 seeds may inhibit
programmed cell death in oil and iil layers in a OVPE-
independent manner. Excess sterols disturb cellular activity in
leaves and roots.* Therefore, it is possible that the excess sterols
affect cellular activity in the double mutant, thereby altering the
programmed cell death process. This abnormality may inhibit
cell shrinkage in the hisel-3 psatl-2 seed coat. We suggest that
the sterol content is regulated to induce programmed cell death
appropriately in the seed coat. In addition, cells in the iil layer of
the seed coat are involved in proanthocyanidin accumulation.®
This finding together with the present results suggest that the
deep coloration and proanthocyanidin hyperaccumulation in
hisel-3 psatl-2 seeds are caused by a deficiency in cell shrinkage
in the iil layer of the hisel-3 psatl-2 seed coat.
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Figure 3. Seeds of psat1-2 and hise1-3 psat1-2 exhibit defective seed imbibition.
(a) Rates of seed germination at 3, 5, 7, and 10 days after sowing. Data represent
the mean £ SD of three biological replicates (n = 3). Different letters indicate
significant differences (p < .05; Tukey's test). (b) A photograph showing seed
imbibition at 3 min after imbibition. Arrowheads indicate un-imbibed seeds,
which remained floating. Arrows indicate imbibed seeds that sunk to the bottom
of the microtubes. (c) Rates of sunken seeds of wild-type, hisel-3, psati-2, and
hise1-3 psat1-2 at 3 min after imbibition, and rates of sunken seeds of hisel-3
psat1-2 at 1 h after imbibition. Data indicate the mean + SD of three biological
replicates (n = 3). Different letters indicate significant differences (p < .05; Tukey's
test). (d) Germination rates of sunken and floating seeds of psat7-2 at 3 and 5 days
after sowing. Seeds of the psat1-2 mutant were divided into sunken and floating
groups at 3 min after imbibition, and the germination rates were measured. Three
biological replicates were performed. Data represent the mean + SD (n = 3).
Different letters indicate significant differences (p < .05; Tukey's test). (e)
Germination rates of sunken and floating seeds of hisel-3 psat1-2 at 3 and
5 days after sowing. Seeds of the hise1-3 psat1-2 double mutant were divided
into sunken and floating groups at 1 h after imbibition, and the germination rates
were measured. Three biological replicates were performed. Data represent the
mean + SD (n = 3). Different letters indicate significant differences (p < .05;
Tukey's test).
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