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The Pex16p Homolog SSE1 and
Storage Organelle Formation in
Arabidopsis Seeds

Yun Lin,” Lin Sun,’ Long V. Nguyen,'} Richard A. Rachubinski,?
Howard M. Goodman’

Mature Arabidopsis seeds are enriched in storage proteins and lipids, but lack
starch. In the shrunken seed 1 (sse1) mutant, however, starch is favored over
proteins and lipids as the major storage compound. SSE1 has 26 percent identity
with Pex16p in Yarrowia lipolytica and complements pex76 mutants defective
in the formation of peroxisomes and the transportation of plasma membrane-
and cell wall-associated proteins. In Arabidopsis maturing seeds, SSE1 is re-
quired for protein and oil body biogenesis, both of which are endoplasmic
reticulum-dependent. Starch accumulation in sse7 suggests that starch for-
mation is a default storage deposition pathway.

To support young seedling growth flowering
plants deposit storage compounds (principally
composed of carbohydrates, proteins, and lipids)
in their seeds. Cereal plants deposit relatively
more carbohydrates, whereas legume seeds and
oilseeds contain relatively more proteins and
lipids, respectively (/). Understanding the mo-
lecular mechanisms underlying the cellular dif-
ferentiation programs involved in storage depo-
sition would allow better manipulation of seed
quality and the nutritional value of crop seeds.

In Arabidopsis, proteins and lipids are the
major reserves in mature seeds (2) (Fig. 1, A
and B). We have isolated a shrunken seed 1
(ssel) mutant that alters this seed storage pro-
file, accumulating starch over proteins and lip-
ids (Fig. 1, C and D). The cotyledon and the
hypocotyl cells of ssel contain no recognizable
protein bodies and few oil bodies. Starch gran-
ules, membrane stacks, vesicles, and vacuoles,
all of which are absent in wild-type cells, are
present in sse! cells, and the oil bodies in ssel
contain higher electron density substances than
the wild type. The ssel seeds shrink upon des-
iccation (a likely consequence of insufficient
deposition of storage molecules), whereas the
wild-type seeds are desiccation tolerant (Fig. 1,
E and F).

The ssel mutant was identified in a trans-
ferred DNA (T-DNA) transgenic line [T line
(3)] that exhibited the shrunken seed pheno-
type. Among the T2 seeds on the T1 plant (the
primary transgenic plant), 90% of the seeds
were shrunken and 10% were normally round-
ed. The shrunken seeds were not viable, and
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plants grown from the round seeds produced
~90% shrunken seeds. This pattern of inheri-
tance continued for generations after self-polli-
nation (4). However, after backcrossing the T2
line to wild-type plants, sse/ behaved as a
typical single-recessive Mendelian gene (5)
and, when the segregation patterns of F, fami-
lies were observed, ssel cosegregated with the
T-DNA (6). The SSEI gene and its cDNA were
cloned (7), and the sequences obtained were
used to design three primers for determining the
genotypes of shrunken and round seeds by sin-
gle-seed polymerase chain reaction (PCR) (&)
(Fig. 2A). Sixty-six percent (n = 6) of round F,
seeds were heterozygous and 33% were ho-
mozygous for the wild-type allgle, whereas
100% (n = 5) of shrunken F, seeds were
homozygous for the T-DNA insertion (Fig.

2B). T4 seeds were also analyzed. All round
seeds (n = 13) were heterozygous and all
shrunken seeds (n = 21) were homozygous for
the T-DNA insertion (Fig. 2C). Thus, sse/ is
recessive and in the self-pollinated T line, the
mutant allele is transmitted at a higher frequen-
cy than the wild-type allele (9).

The SSEI ¢cDNA (GenBank accession num-
ber AF085354) encodes a predicted protein of
367 amino acids (Fig. 3A). Expression of SSE/
c¢DNA in transgenic ssel plants (/0) comple-
ments the shrunken seed phenotype (Fig. 3B).
Similar to wild type, seeds are tolerant of des-
iccation and cells are filled with storage proteins
and lipids, but lack starch. The SSE1 sequence
showed similarity to Pex16p, a membrane-asso-
ciated protein required for the assembly and
proliferation of peroxisomes (/) and for the
trafficking of plasma membrane— and cell wall-
associated proteins (/2), in the yeast Y. lipoly-
tica (Fig. 3A). Pex16p is glycosylated and tran-
siently localized in the endoplasmic reticulum
(ER) (/3). Despite the limited amino acid se-
quence similarity (26% identity), the two pro-
teins have similar arrangements of their hydro-
phobic and hydrophilic regions (Fig. 3A). A
predicted glycosylation site was found in SSEI]
(Fig. 3A). SSE1 complements the growth of
pexl6 mutants on oleic acid as sole carbon
source (Fig. 3C), indicating restoration of per-
oxisomal function (/7). The restoration of lim-
ited growth of the disruption allele PI6KO-84
(11) indicates that SSE1 cannot fully replace
Pex16p in peroxisome formation, probably be-
cause of the functional difference (or differenc-
es) between the two proteins. In addition, SSE1
partially complemented the pex/6-/ mutant for
the dimorphic transition from yeast to the my-
celia form (Fig. 3D). Pex16p is normally re-

Fig. 1. Abnormal storage deposition
and the shrunken phenotype of sse7
seeds. Transmission electron micro-
graph (27) of a representative cell
from the wild-type cotyledon (A) or
hypocotyl (B) and the sse7 cotyledon
(C) or hypocotyl (D). Wild-type cells
are filled with numerous oil bodies
(OB) and a few large protein bodies
(PB). sse? cells contain few oil bodies
and additional structures such as
starch granules (St), vacuoles (Vc),
stacks of membranes (M), and vesicles
(Vs). Wild-type C24 (E) and sse? (F)
seeds. Bar, 3.1 uM (A to D).
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quired for mycelia phase—specific cell surface
protein transport.

Peroxisomes are not generally found in dry
seeds (/4) (Fig. 1). Protein and oil bodies are
the most abundant organelles in mature Arabi-
dopsis seeds, and the formation of both is ER-
dependent (2, 15, 16). By analogy to the func-
tion of Pex16p in peroxisome assembly and cell
surface protein transport, SSE1 could partici-
pate in oil body formation and storage protein
delivery. The vesicles and stacks of membranes
in the ssel cells (Fig. 1D) resemble the subcel-
lular structures in the pex/6-1 mutant of Y.
lipolytica (11). The similarities between oil
body and peroxisome biogenesis are consistent
with their related functions in germinating seed-
lings of fat-metabolizing plants, where oil bod-
ies are broken down by glyoxysomes (/4).

SSE1 gene expression was analyzed by com-
petitive reverse transcription—polymerase chain
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reaction (RT-PCR) (Fig. 4). The amount of
SSE1 mRNA is reflected in the target-to-com-
petitor cDNA ratio (/7). SSE! steady-state
mRNA level in the siliques increases during
seed maturation to a maximum in mature 19-
and 21-day-old brown siliques. The level of
mRNA is also high in cotyledons of germinating
seedlings and flowers, but low in expanding
leaves and roots. Glyoxysomes are assembled in
germinating seedlings (/4); therefore, SSEL1 is
likely to be required in this process. The low
expression in expanding leaves, where leaf per-
oxisomes are formed, may be due to low per-
oxisome abundance. Alternatively, SSE1 may
not normally be involved in peroxisome and
glyoxysome formation; rather, expression in
germinating seedlings may be required for
maintenance of the remaining oil bodies. The
high expression levels in flowers suggests addi-
tional functions of SSE1, possibly the formation

of oil body-like organelles in tapetum and pol-
len (16).

Efficient use of limited amounts of assimi-
lates for seed storage deposition requires coor-
dinated metabolic pathways and organelle as-
sembly. In ssel mature embryos, cotyledon and
hypocotyl cells accumulate excess starch (Fig.
1). The functional similarity of SSE1 and
Pex16p argues against SSE1 being a direct in-
hibitor of starch synthesis; rather, it implies that
protein and oil body proliferation repress starch
accumulation. Starch accumulation may also be
a secondary effect of the /ec mutations (/8).
Consistent with the observations in Arabidopsis,
simultaneous reduction in storage proteins and
increase in starch content were also observed in
a soybean shriveled seed mutant (/9). Thus, in
at least some species of flowering plants, starch
accumulation maybe a default storage deposi-
tion pathway during seed development.

Fig. 2. Genotype de- A antE B C

termination by single- - F2 Seeds T4 Seeds

seed PCR. (A) PCR dia- = S F

gram. Primers A and B g B

amplify a 0.9-kb frag- 0.1 kb 2 R ARARARRRS S S S S e € s R WT b
ment from the wild- A > |-

type SSET allele. Prim- o A~ SSE1 .

ers C and B amplify a =

1.6-kb fragment from 0.53 kb 023kD

the T-DNA interrupted

sse1 allele. (B) Single-seed PCR of round (R) and shrunken (S) seeds in a

F. population derived from a backcross between a T2 and a wild-type

plant. (C) Representative single-seed PCR results
seed is also shown.

of round (n =13) and shrunken (n =

SSE1 MEA QWV WS EYVQS ANGLTWL 31
Pex16p MTDKLVEVMQKKKSAPQTWLDSIPKFLVERAs1cTreFrirrveyvEl S0
SSE1 KJSAS! PRVT NFAGIFTTINEH! i T R R e GHVG 69
Pexl6p R@NDV: TATLY W SNVLGLYHDT) R MSPNA.AAVYﬁ N'RYT 100
SSE1 PSLSH]. PLLIAIL A HFY Y T M 115
PGXJ.GP D“FIK KGYK SRAVTFV! G ENG NAR I I 150
*

SSE1 ALFRNSGKMALOGGE FINEEKDSNQSESQNRAGNS JRNLGPHEE 165
PCXISD YHLGSTL P Y PDREVTGELLETICRDE LDIEK 197
SSEl I NQNHHN' NLE MSALSSFGQNARTT STPGWSRRIQHQQA 215
Pexl6ép MMDPQWEMIy IPEIAPTNVEGYLLMW. . ...... KVLRSED 237
SSEl PMIKEj RTHS!L GALFAIG! LFIRKYG 264
Pexlé6p YNLLS ............. VA CLLFRQH 274
SRl e e VDTACMGLLANSKW]GERSKiVEFSG 209 D
Pex16p VPASTKSKFPFLNSP IEABSREMMGS. . . JLLRQRSGKTP 321
SSE1  PEKJ. LIWALY@MIDPFFTK K#E JSOKK] 347
Pexlsp TAL NLLGWWAF IGE Y QA L VAR' 371
SSEl EKy¥ GAQSH YISGS 367

Pexlép ALI Y - LFDj3 FTASTL 391

Fig. 3. SSE1 amino acid sequence analysis and SSE7

the Arabidopsis sse1 and Y. lipolytica pex16 mutants. (A) Alignment of

SSE1 and Pex16p. Dots indicate gaps. Identical
Hydrophobic (single line) and hydrophilic (double

proteins are underlined {22). The predicted glycosylation site of SSE1 is
indicated with an asterisk. Single-letter abbreviations for the amino acid

residues are as follows: A, Ala; C, Cys; D, Asp; E, Glu;

I, lle; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R,

¥

complementation of

residues are boxed.
line) regions for both

F, Phe; G, Gly; H, His;

Arg; S, Ser; T, Thr; V,  strain E122.

21) T4 seeds. A control reaction from a wild-type (WT)

SSE7in
pex16-1

Val; W, Trp; and Y, Tyr. (B) sse? seeds complemented by the SSE7
transgene (70). (C) SSET complementation of pex16 mutants pex16-1
and P16KO-8A (11) for growth on oleic acid as sole carbon source (23).
E122 is the wild-type strain. (D) SSET complementation of pex16-1
mutant for the dimorphic transition from yeast to mycelia form. Cells
were grown at 30°C in YND liquid medium (77). The SSE7 transformant
underwent dimorphic transition at a lower frequency than the wild-type
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Fig. 4. Competitive RT-
PCR analyses of SSET ex-
pression profiles. RNA

was isolated from flow-
ers before (B), on the

Flower
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Silique

day of (0), or 1 day af- ftipeasy Sian g

ter pollination (1); from
siliques 3 to 21 days
after pollination; from

cotyledons of 2-day-
old seedlings; and from
expanding rosette leaves and roots. An equal amount of competitor cDNA template was included in
each reaction. The SSET target ( T)-to-competitor (C) cDNA ratios reflect the relative expression
levels of the SSET gene (7).
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Regulation of Maternal Behavior
and Offspring Growth by
Paternally Expressed Peg3
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Imprinted genes display parent-of-origin—dependent monoallelic expression
that apparently regulates complex mammalian traits, including growth and
behavior. The Peg3 gene is expressed in embryos and the adult brain from the
paternal allele only. A mutation in the Peg3 gene resulted in growth retardation,
as well as a striking impairment of maternal behavior that frequently resulted
in death of the offspring. This result may be partly due to defective neuronal
connectivity, as well as reduced oxytocin neurons in the hypothalamus, because
mutant mothers were deficient in milk ejection. This study provides further
insights on the evolution of epigenetic regulation of imprinted gene dosage in
modulating mammalian growth and behavior.

Maternal and paternal genomes contribute
unequally to development (/) through the
monoallelic expression of imprinted genes
that affect embryonic and placental develop-
ment, as well as behavior in mice (2). It is

possible that complex behavioral output of

the central nervous system (CNS) might be a

common function of a disparate group of

neurally expressed imprinted genes such as
Mest and Peg3. In this context, we showed

previously that parthenogenetic (PG: dupli-
cated maternal genome) and androgenetic
(AG: duplicated paternal genome) cells con-
tribute unequally to the formation of the CNS

in

chimeric mice (3). PG cells contribute

more to the cortex and striatum, whereas AG
cells contribute to the hypothalamus. The
imprinted gene Mest of paternal origin is
expressed in the hypothalamus and functions
in regulating growth and maternal behavior
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