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APETALA2 (AP2) is best known for its role in the regulation of
flower meristem and flower organ identity and development in
Arabidopsis. We show here that AP2 also plays an important role
in determining seed size, seed weight, and the accumulation of
seed oil and protein. We demonstrate genetically that AP2 acts
through the maternal sporophyte and endosperm genomes to
control seed weight and seed yield. Thus, AP2 functions outside the
boundaries of flower meristem and flower organ development to
affect agronomically relevant traits in Arabidopsis.
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G enetic and molecular studies have revealed an evolutionar-
ily conserved network of regulatory genes that orchestrate
flower development in Arabidopsis and in other plant species.
Included in this core group of flower-promoting and floral organ
identity genes is the homeotic regulatory gene APETALA2
(AP2). AP2 is the founding member of a large family of
transcription factors in Arabidopsis characterized by the presence
of a 68-aa repeated domain referred to as the AP2 domain (1-7).
Loss of AP2 activity has been shown to effect qualitative and
quantitative changes not only in floral meristem and floral organ
identity and development (1, 8-11) but also in seed coat
development (1, 12, 13). Molecular studies have shown that the
ap2 flower phenotypes result in part as a consequence of ectopic
expression of the MADS domain containing transcription factor
AGAMOUS (AG) during flower development (14, 15), indicating
that one important function of AP2 is to negatively regulate AG
transcription.

In flower development, the expression of most of the core
regulatory genes is both temporally and spatially restricted to
developing flowers (14, 16-18). These include the MADS
domain-containing transcription factors AG, APETALAI (API),
PISTILLATA (PI), and APETALA3 (AP3). In contrast, AP2
transcripts have been detected at every stage of Arabidopsis
development and in virtually every organ type examined, includ-
ing young seedlings, vegetative leaf, stem and root, the inflo-
rescence meristem, all four types of floral organs, ovules, and
developing seeds and embryos (1, 19), suggesting that AP2 may
be active at other times in development. Recent studies, how-
ever, have shown that the detection of AP2 transcripts may not
be a sufficient indicator of AP2 activity. For example, AP2
activity can be controlled at the translational level by the
microRNA mil72 (20, 21) or subject to posttranslational mod-
ification by phosphorylation, similar to that observed for other
AP2 domain-containing proteins (ref. 22; R. Khush and J.K.O.,
unpublished data). We demonstrate here that 4AP2 has functions
outside the boundaries of floral meristem identity, floral organ
identity and the control of floral organ number. Our analysis of
AP2 activity and its effects on seed size and seed mass in mutant
and transgenic Arabidopsis identify AP2 as a significant player in
the control of seed mass and seed yield.

Materials and Methods

Plant Material and Growth Conditions. Arabidopsis thaliana Lands-
berg erecta (Ler), Columbia (Col), and Columbia C24 were used
as control seeds. ap2-1 and ap2-9 seeds (Ler) were provided by
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M. Koornneef (Wageninen University, Wageninen, The Neth-
erlands) and G. Drews (University of Utah, Salt Lake City),
respectively; ap2-3 and ap2-4 seeds (Ler) were provided by K.
Okada (Kyoto University, Kyoto); and ap2-5 and ap2-6 seeds
(Col) were provided by G. Haughn (University of British Co-
lumbia, Vancouver). ap2-10is in the C24 genetic background (1).
malesterilel (msl) seeds (Ler) were obtained from the Arabi-
dopsis Biological Resource Center (Columbus, OH). Plants were
grown in either a greenhouse or a growth chamber in a 1:1:1
mixture containing vermiculite, perlite, and peat moss. Plants
grown in the growth chamber were exposed to 8 h of darkness
and 16 h of light in a Conviron E15 chamber (Controlled
Environments, Asheville, NC) as described (23). Plants were
watered with a one-quarter strength Peter’s solution (Grace-
Sierra Co., Milpitas, CA). Mature brown seeds were harvested,
dried for 7 days at 25°C, and stratified for 7 days at 7°C before
being analyzed.

Plant Transformation. Wild-type Arabidopsis root explants were
transformed with Ti plasmid vectors pPW9, pPW14.4, and
pPW15 according to standard procedures (24). pPW9, pPW14.4,
and pPWI15 contain the 1.68-kb AP2 gene coding region (1)
cloned in a transcriptional fusion in the sense (pPW9) and
antisense (pPW14.4 and pPW15) orientations with the cauli-
flower mosaic virus 35S constitutive promoter. The Ti plasmid
vector used for these constructs pGSJ780A (Plant Genetic
Systems N.V., Ghent, Belgium) contains the plant selectable
marker gene neomycin phosphotransferase (NPTII) that confers
kanamycin resistance to transformed plant cells. Independently
transformed Arabidopsis lines were selected for kanamycin re-
sistance and the presence of flowers displaying the ap2 mutant
phenotype.

Seed Size and Seed Mass Analysis. Average seed mass was deter-
mined by weighing mature dry seeds in batches of 100. The
weights of at least five sample batches were measured for each
seed lot. Size distributions of wild-type and mutant seed popu-
lations were analyzed by separating batches of ~0.1-0.2 g of
seeds by using a series of fine wire sieves. Sieve mesh sizes 35, 40,
45, 50, 60, 70, and 80 (Fisher Scientific) with exclusion sizes of
500, 425, 355, 300, 250, 212, and 180 wm, respectively, were used
for each analysis. Seeds retained by each sieve were weighed by
using an analytical balance (Mettler-Toledo AG, Greifensee,
Switzerland) with mass expressed as a percent of the total weight
of the seed sample analyzed.

Transmission Electron Microscopy and Image Processing. Plastic sec-
tions of Arabidopsis seeds were generated as described by
Yadegari et al. (25) and were examined in a JEOL JEM-100B
transmission electron microscope operating with an accelerator
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voltage of 80 kV. All images were scanned and digitized by using
a Polaroid Sprintscan 35 or an AGFA Arcus II flatbed scanner
(AGFA Division, Miles). Contrast and brightness were adjusted
by using PHOTOSHOP 8.0 (Adobe Systems, Mountain View, CA).

Seed Yield Analysis. Plants were grown in the greenhouse in
individual 3.5-inch square pots filled to the top with a 1:1:1
mixture containing vermiculite, perlite, and peat moss. Plants
were bottom-watered with a one-quarter strength Peter’s solu-
tion. When the seedlings reached the four-leaf stage, each
seedling was fitted with an 11- X 11-inch “collar” consisting of
an inverted plastic humidity tray to catch all seeds released by
dehiscing siliques. All seeds from a single plant were harvested
when the plant was mature and the last siliques produced on the
inflorescence had elongated, turned brown, dried, and were
ready to dehisce. Mature plants were cut at the crown and
crushed by hand to release seeds from all remaining siliques.
These hand-harvested seeds were combined with those caught in
the humidity tray, sieved to remove plant debris, dried at 25°C
for 7 days, and weighed.

Determination of Seed Protein and Fatty Acid Content. Total seed
protein extracts were prepared as described (26). Protein con-
centrations were determined by using a colorimetric assay
(Bio-Rad). Total seed fatty acids from wild-type and mutant
Arabidopsis seeds produced and harvested under similar growth
conditions were extracted and converted to methyl esters by
using a 1:2 dilution of methanolic-3N HCL (Supelco) in absolute
methanol at 85°C for 16 h. The free fatty acid C15:0 (Sigma) was
used as an internal control to assess efficiency of extraction. Seed
fatty acid methyl esters were analyzed, and total seed fatty acid
composition was determined by gas chromatography with an
Omega Wax 250 column (Supelco) and a Sigma 300 gas chro-
matograph (PerkinElmer). Total fatty acid content was deter-
mined by comparing the estimated total fatty acid methyl ester
peak area to that of the C15:0 internal standard.

Results

APETALA2 Contributes to the Determination of Seed Weight and Seed
Size in Arabidopsis. Previous studies showed that ap2 mutant seeds
lack a distinctive seed coat epidermal cell structure called the
columella and are more irregular in shape than wild-type seeds
(1, 12, 13), indicating that AP2 is required for normal seed coat
development. We found that AP2 is also involved in seed mass
control. Table 1 shows that all seven ap2 mutants examined
produced seeds that displayed significant increases in average
seed mass, ranging from 27% to 104% greater than wild-type
controls. Seeds produced by the weak partial loss-of-function
mutants ap2-1 (27) and ap2-5 (10) showed the smallest gains in
average seed mass ranging from 27% to 39% greater than that
of parental wild-type Ler and Col, respectively (Table 1). In
contrast, seeds produced by the strong ap2 mutants ap2-4 (8),
ap2-6 (10), and ap2-10 (1) showed 69-104% gains in average
seed weight compared with wild type (Table 1).

It has been suggested that seed fill, and therefore seed weight,
is determined in part by the availability of assimilates to the
developing seed. If true, then a decrease in total seed number
may result in an increase in average seed weight. Because total
seed number depends on many factors, including fertility, and
because strong ap2 mutants are reduced in male fertility (1,
8-11) and total seed yield, we could not rule out the possibility
that the observed increase in ap2 seed weight was produced at
the expense of total seed number and yield. To test this
hypothesis, we assessed the extent to which male infertility can
affect Arabidopsis seed weight. msI flowers produce no seeds
unless hand pollinated with wild-type pollen (28, 29). We
therefore hand pollinated five flowers on five msI plants with
wild-type pollen and then determined the average weight of the
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Table 1. Genetic control of Arabidopsis seed weight

% increase over

Plant Average seed weight wild type
ap2-1 (Ler) 2.1(0.1) +27
2.2(0.1) +33
2.1(0.2) +31
2.8(0.2) +33
ap2-3 (Ler) 2.6 (0.1) +27
ap2-4 (Ler) 3.5(0.3) +69
3.5(0.2) +69
ap2-5 (Col) 2.9 (0.1) +39
ap2-6 (Col) 3.5(0.2) +69
ap2-9 (Ler) 2.9(0.1) +40
ap2-10 (C24) 3.7 (0.4) +79
3.9(0.3) +90
4.2 (0.5) +104
ms1 X Ler 29 +22
Col 1.8 (0.1)
2.1(0.1)
Ler 1.6 (0.1)
2.1(0.1)
2.3(0.1)
C24 2.0 (0.1)
2.3(0.1)

Average seed weight is given in mg per 100 seeds. Standard deviation
values are given in parentheses. Percent increases in seed weight were calcu-
lated based on comparison with that of wild-type seeds produced under
similar growth conditions.

seeds produced. Seeds resulting from this forced pollination
develop in a background of unfertilized ovules and therefore,
according to the hypothesis, should show an increase in average
seed weight. As predicted, the average weight of F; [ms]
(—=/—) X wild type] seeds was increased, but the average gain
was only 22% greater than that of wild-type seeds, far lower than
the 69-104% gains observed for severe ap2 mutants (Table 1).
Even weak ap2 mutants with good fertility and seed set such as
ap2-1 showed statistically higher increases in weight (27-31%)
(Table 1). Thus, although male infertility can enhance seed
weight slightly, it is not solely responsible for the dramatic
increase in seed weight displayed by weak or strong ap2 mutants.
Consistent with this result, Alonso-Blanco et al. (30) concluded
that reduced fertility does not dramatically impact Arabidopsis
seed size and weight.

We examined ap2 mutant seed size by fractionating seeds
produced by individual wild-type and mutant plants by using a
series of wire mesh screens. Fig. 1 shows that seeds produced by
a wild-type plant typically displayed a narrow range of exclusion
sizes compared with ap2 mutant seeds. For example, wild-type
Col seeds ranged in exclusion size from 250 um to 300 wm (Fig.
1A4), whereas wild-type Ler seeds showed a slightly broader
range of 212 um to 355 um (Fig. 1B). Both seed types have an
average exclusion size between 212 and 250 um (Fig. 1.4 and B).
In contrast, both ap2-6 (Col) (Fig. 1C) and ap2-9 (Ler) (Fig. 1D)
mutant seeds displayed a shift in range to larger exclusion sizes.
In the case of ap2-6, mutant seeds ranged in size from 250 um
to as high as 425 um (Fig. 1C). In addition, both ap2 mutant
seeds showed an increase in average exclusion size compared
with wild type. Taken together, these results demonstrate that
reducing AP2 gene activity consistently increases both seed size
and seed weight in Arabidopsis.

To determine the cellular basis for the difference in seed size
between wild-type and ap2 mutant seeds, we examined cotyle-
don cell size in mature ap2-9 and Ler seeds by transmission
electron microscopy. Fig. 2 shows that ap2-9 cotyledon cells are
larger than those of wild type. Similar results were obtained for
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Fig.1. ap2seedsare larger in size than wild-type seeds. Preweighed batches
of wild-type Col (A), Ler (B), and ap2-6 (Col) (C) and ap2-9 (Ler) (D) mutant
seeds from single plants were passed through a series of wire sieves of
decreasing mesh size (in um) as described in Materials and Methods. ap2-6 (10)
andap2-9(11) are severe ap2 mutants. Boxes designate the percent total seeds
by weight retained by each sieve.

ap2-6 (data not shown). We conclude that the increase in seed
size and seed weight observed for ap2 seeds are due in part to
an increase in embryo cell size.

AP2 Activity Can Be Manipulated to Control Seed Mass in Transgenic
Arabidopsis Plants. We used antisense and sense cosuppression
strategies to suppress AP2 activity in planta to test whether seed
mass could be manipulated in transgenic wild-type Arabidopsis
plants. Nine independent lines of transgenic plants containing a
chimeric AP2 antisense gene construct and eight lines containing
an AP2 sense gene construct tested positive for kanamycin
resistance and the presence of one or more copies of T-DNA
(data not shown). Seven of the nine AP2 antisense and two of the
eight sense cosuppression lines produced ap2-like flowers and
seeds that were significantly larger when compared with seeds
produced by control transgenic plants. Table 2 shows that the
gains in seed weight ranged from 22% for antisense line PW15-2
(C24) to 89% for PW15-3 (C24) compared with controls.
Increased seed weight was observed for Ty, T, and T5 generation
seeds (Table 2), indicating that the seed size phenotypes are
heritable. Similarly, seeds produced by the two AP2 sense
cosuppression mutant lines PW9-1 (Ler) and PW9-1 (C24)
showed gains in seed weight that ranged from 26% and 86%
higher than that of control transgenic seeds, respectively (Table
2). Together, these results demonstrate that AP2 gene sequences

Fig. 2. The ap2 mutation affects embryo cell size in Arabidopsis. Transmis-
sion electron micrographs of mature ap2-9 (A) and Ler (B) Arabidopsis seeds
show cotyledon cell size and morphology. ap2-9 represents a severe loss-of-
function mutant in the Ler background (11). Images were taken at the same
magnification. (Bar: 12 uM.)

Jofuku et al.

Table 2. Suppression of AP2 activity in transgenic Arabidopsis
plants results in increased seed mass

% increase over
wild type

Average

Transgenic line seed weight

AP2 antisense lines
PW14.4-1 (C24) (T41-15) 3.1 +35

PW14.4-1 (C24) (T4-15) T3 seeds 3.4(0.3) +47
PW15-1 (C24) T, seeds 3.6 (0.1) +76
PW15-2 (C24) (T4-2) 2.6 (0.1) +25
PW15-2 (C24) (T4-7) 2.5(0.2) +22
PW15-3 (C24) T, seeds 3.9 (0.1) +89
PW15-1 (Ler) T4 seeds 2.4 (0.1) +42
PW15-2 (Ler) (T4-3) 2.8 (0.0) +33
PW15-2 (Ler) (T1-17) 2.7 (0.0) +28
AP2 cosuppression lines
PW9-1 (C24) T, seeds 3.8 (0.0) +86
PW9-1 (Ler) (T4-19) 2.7 (0.2) +26
PW9-1 (Ler) (T41-24) 2.7 (0.1) +26
pGSJ780A vector control lines
PW3-1 (C24) T, seeds 2.2 (0.1) +9
PW3-2 (C24) T, seeds 2.3 (0.0) +13
PW3-1 (Ler) T, seeds 2.3(0.1) +7
PW3-2 (Ler) (T1-4) 2.4(0.2) +12
PW3-2 (Ler) (T4-6) 2.3 (0.0) +9
PW3-2 (Ler) (T+1-8) 2.1 (0.0) -0.5

Transgenic lines were in the C24 or Landsberg erecta (Ler) backgrounds.
Average seed weight reflects that of T, seeds produced by a single kanamycin-
resistant Tq transgenic plant unless otherwise stated. Standard deviation
values are given in parentheses. Percent increases in seed weight were calcu-
lated based on comparison to that of wild-type seeds produced under similar
growth conditions.

can be used to genetically engineer significant increases in
Arabidopsis seed weight.

AP2 Controls Arabidopsis Seed Mass in Part Through the Maternal
Sporophytic and Endosperm Genomes. As in all angiosperms, seed
development in Arabidopsis depends on the interaction between
the triploid endosperm and the diploid sporophytic and embry-
onic genomes to orchestrate morphogenesis and the deposition
of seed reserves in the developing seed (31). Previously, we and
others (1, 12, 13) showed that AP2 functions through the
sporophytic genome to regulate seed coat development. We
carried out reciprocal crosses by using ap2-10 and wild-type
plants to determine whether AP2 functions through the sporo-
phytic genome to control seed mass. Table 3 shows that ap2-10
(+/-) seeds produced by ap2 mutant flowers pollinated with
wild-type pollen were larger by weight than wild-type seeds but
still smaller than ap2-10 (—/—) seeds produced by mutant
flowers pollinated with ap2 pollen. As expected, seeds produced
by an ap2 mother, regardless of the genotype of the pollen donor,
displayed the distinctive ap2 seed coat phenotype (data not
shown; refs. 1, 12, 13). In contrast, ap2-10 (+/—) seeds produced
by wild-type flowers pollinated with ap2-10 pollen were com-
parable in weight to wild-type seeds (Table 3) and had normal
seed coats (data not shown). Together, these results suggest that
AP2 controls seed mass in part through its activity in the
maternal sporophyte and endosperm and not in the embryo.
To further test the genetic contribution of AP2 activity in the
maternal sporophyte and endosperm, we generated seeds with
ap2 mutant endosperm (—/—/—) by crossing ap2-10 (+/-)
flowers with ap2-10 mutant pollen. If AP2 activity in the
endosperm is required for seed mass control, then the prediction
is that 50% of the seeds produced from this cross will be similar
in mass to those produced by a homozygous ap2 mutant. Table
3 shows that the average weight of seeds produced by this cross
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Table 3. Genetic control of seed mass and yield by AP2

Parental

genotypes Fy seed genotype Average seed mass
Q 3 SP EN EM Fq F Average F; seed yield
- —/- /- —/=/- —/- 4.75 (0.07) ND ND
—/- +/+ -/ =]+ —/+ 3.65(0.14)  2.84(0.21) 2.70 (0.35)
+/+ -/- +/+ +/+/— +/- 2.60 (0.04) ND ND
+/+ +/+ +/+ +/+/+ +/+ 2.30 (0.10) 2.46 (0.15) 2.00 (0.22)
+/- -/= +/- +/+/— +/- 3.13(0.12) ND ND

S o

+/+  AS/AS  +/+  +/+/AS  +/AS  3.50(0.26) ND ND

The + and — designations indicate the presence of the wild-type AP2 and the recessive mutant ap2-70 alleles,
respectively. AS indicates the AP2 antisense transgene in pollen donor PW15-3 (C24) that confers an ap2 seed size
phenotype as described in Table 2. Standard deviation values are shown in parentheses. Seed mass is given in units
of mg per 100 seeds. Seed yield is the average weight (g) of the total number of F, seeds produced per plant for
WT (n = 7) and ap2-10 (+/-) (n = 9) Fy plants. SP, EN, and EM refer to the maternal sporophyte, endosperm, and

embryo genotypes, respectively. ND, not determined.

was intermediate between that observed for seeds produced by
a homozygous ap2-10 mutant and by a wild-type plant. However,
these seeds did not segregate as predicted for ap2-70 mutant seed
size when assayed by microscopic and seed sieve analyses (data
not shown). We conclude that AP2 activity in the maternal
sporophyte is critical for the control of Arabidopsis seed mass.

To definitively test for AP2 seed mass control activity in the
endosperm, we generated seeds by crossing wild-type flowers
with pollen containing a 35S-4P2 antisense transgene [PW15-3
(C24); Table 2]. We reasoned that the transgene would suppress
AP2 gene activity in the endosperm and embryo of the devel-
oping seeds but not in the maternal sporophyte. Table 3 shows
that the seeds produced by this cross were significantly greater
in weight than control seeds (Table 3), but less than those
produced by ap2 mutants grown under similar conditions. Be-
cause AP2 activity in the embryo does not appear to be critical
for seed size control (Table 3), these results indicate that AP2
activity in the endosperm is also critical for the control of seed
mass. Taken together, these studies demonstrate that AP2
functions in at least two of the three genomes necessary for
Arabidopsis seed production.

ap2 Can Increase Seed Weight Without a Compensatory Decrease in
Total Seed Yield. To test whether increased seed weight negatively
affects total seed yield, we took advantage of the fact that AP2
controls seed mass in part through the sporophytic and en-
dosperm genomes (Table 3) and compared average seed weight
and total seed yield for ap2-10 (+/—) and control plants. As
shown previously, F; [ap2-10 (—/—) X C24 (+/+)] seeds
displayed increased seed weight (Table 3). These seeds were
germinated, and the resulting plants were found to be fully
fertile; they produced F; seeds that were larger than those of wild

type by 15% (P < 0.01) and produced 35% more seed by weight
per plant than wild-type C24 (P < 0.01) (Table 3). These results
suggest that AP2 controls both seed mass and total seed yield in
Arabidopsis.

Increase in ap2 Seed Weight Is Due in Part to Increases in Total Seed
Protein and Oil Contents. We extracted total protein from wild-
type and ap2 mutant seeds to determine whether increases in ap2
seed mass are due in part to increases in seed reserves. Table 4
shows that total ap2 mutant seed protein content increased by
13-78% when compared with wild type. In addition, the spec-
trum of soluble proteins extracted from mature wild-type and
ap2 mutant seeds under denaturing conditions were qualitatively
indistinguishable, with no detectable difference in the relative
representation of the two major classes of Arabidopsis seed
storage proteins, the 12S cruciferins (32, 33) or the 2S albumins
(ref. 34 and data not shown). Similar results were obtained by
using wild-type and ap2 seed protein extracts generated by
aqueous salt extraction procedures (data not shown). Taken
together, these results indicate that the observed increases in
seed protein content in ap2 mutant seeds are not due to selective
increases in seed storage protein reserves.

We also compared total seed fatty acid content and compo-
sition in wild-type and ap2 mutant seeds. Like its close relative
oilseed rape (Brassica napus), Arabidopsis seeds produce a small
number of fatty acid species that collectively represent as much
as 80% of the total seed fatty acids (35-37). These fatty acids
include palmitic (C16:0), stearic (C18:0), oleic (C18:1), linoleic
(C18:2), linolenic (C18:3), eicosenoic (C20:1), and erucic
(C22:1) acids. Table 4 shows that there is ~680-730 ng of these
fatty acid species per 100 Arabidopsis wild-type seeds. In con-
trast, ap2 mutant seeds as well as seeds produced by ap2-10

Table 4. Genetic control of total seed protein and fatty acid contents in Arabidopsis by AP2

Total protein, ug Total FA, ng per

% FA methylesters (area % by GC)

Genotype per 100 seeds 100 seeds 16:0 18:0 18:1 18:2 18:3 20:0 20:1 22:0 22:1 24:0
ap2-4 729 (107) (+33%) 910 (70) (+25%) 6.6 3.7 16.5 26.9 23.7 2.8 19.6 >0.5 >0.5 2.8
Ler 545 (22) 730 (20) 6.0 4.1 22.7 26.7 17.4 2.2 19.3 >0.5 >0.5 1.6
ap2-5 617 (24) (+13%) 920 (70) (+35%) 6.9 4.1 14.8 30.7 20.8 2.2 17.0 >0.4 >0.4 2.2
Col 548 (42) 680 (70) 8.1 4.0 13.6 33.7 20.9 2.1 16.6 >0.5 >0.5 1.4
ap2-10 836 (15) (+78%) 1450 (90) (+113%) 7.9 4.6 121 25.2 24.3 3.3 19.5 >0.4 >0.4 2.5
ap2-10(+/-) ND 870 (70) (+32%) 7.0 5.2 15.1 26.5 23.2 3.1 18.2 >0.5 >0.4 1.8
24 469 (19) 680 (10) 8.0 5.7 15.1 26.5 22,5 3.0 17.6 >0.5 >0.5 1.6

Standard deviation values are given in parentheses, and percent increases with respect to wild-type controls are shown. FA, fatty acids; ND, not determined.
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(+/-) plants showed increases in fatty acid content of 25-113%
when compared with wild type, increases that are roughly
proportional to the observed increases in ap2 seed weight and
total seed protein content (Tables 1 and 4 and data not shown).
In addition, we detected no statistically relevant differences in
fatty acid composition between wild-type and ap2 mutant seeds
with some notable exceptions. For example, Table 4 shows that
ap2 mutant seeds showed a 37-57% increase in the levels of
lignoceric acid (C24:0) when compared with that in parental
wild-type seeds. In the case of ap2-4 and ap2-10 seeds, these
observed increases were accompanied by compensatory 27%
and 20% decreases in oleic acid (C18:1) levels, respectively
(Table 4). We conclude that reducing AP2 gene activity increases
both seed size and contents, and consequently seed yield,
without substantial changes in seed protein and fatty acid
composition.

Discussion

In many plant species, seed size and seed mass have been
implicated as important determinants in seedling survival and
vigor upon germination (38). Field studies have shown that large
seeds can confer enhanced seedling establishment and survival
(39-42), increased tolerance to flooding (43), and tolerance to
insect predation (44, 45). Because of the advantages associated
with larger seeds and because of the potential of increasing total
seed yield through seed size, it is of agronomic importance to
identify the genes involved in the determination of seed size and
seed mass. We demonstrate here that AP2 plays an important
role in the control of seed mass and seed yield in Arabidopsis. The
loss of ap2 activity resulted in seed mass increases as much as
100% greater than that of wild-type seeds (Table 1). The
increases in seed mass observed for ap2 mutant seeds are not
solely due to the homeotic nature and reduced fertility of ap2
flowers because the mass of seeds produced by severe ap2
mutants like ap2-10 greatly surpassed that observed for seeds
produced by ms! mutant plants (Table 1).

How does AP2 carry out its functions to affect seed size,
embryo size, seed weight, and the accumulation of seed reserves?
Our conclusion that AP2 is acting in the maternal sporophyte
and endosperm (Table 3) is supported by RNA gel blot and
RT-PCR analyses that show that AP2 is expressed in all vege-
tative organs examined and in the developing seed (1, 19). The
data presented here also suggest that 4P2 activity affects source—
sink relations. Consistent with this hypothesis, Ohto et al. (46)
have shown that ap2 mutants are altered in sucrose sensing,
flowering time, leaf number, and soluble sucrose metabolism in
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developing seeds. Genetic and physiological studies suggest that
AP2 acts in part by suppressing gibberellin signaling to ensure
uniformity of flower development against normal physiological
fluxes (23). Gibberellins are plant growth regulators that have
been shown to promote flowering, seed development, and
growth in Arabidopsis and in many other plant systems (47, 48).
Our observation that ap2 seeds are consistently more heteroge-
neous in size whereas wild-type seeds are consistently uniform
(Fig. 1) suggests that AP2 could play a similar role in the
maintenance of seed size uniformity. Although we show here
that the major effect of ap2 on mature seeds is increased cell size
(Fig. 2), Ohto et al. (46) have recently shown that ap2 also
increases embryo cell number. Consistent with these data, the
data of Alonso-Blanco et al. (30) show that at least 11 seed size
and seed weight quantitative trait loci contribute to seed size
variation in Arabidopsis by affecting both cell number and cell
size, with one major quantitative trait locus mapping to the
region of chromosome IV that contains AP2. We propose that
AP2 may negatively affect the ability of gibberellins to regulate
metabolism in both source and sink tissues and in so doing, affect
cell size and cell number during seed growth.

Efforts to increase agronomic traits like seed protein or seed
oil content in Brassica, soybean, and other seed crops have shown
that changes in total seed protein levels are often inversely
proportional to changes in seed oil levels in the presence of a
fixed supply of assimilates (49-51). That is, total seed protein or
total seed oil levels per seed can increase but usually at the
expense of the other. In contrast, we observed that seed weight
increases were accompanied by increases in both total seed
protein and total seed oil contents (Tables 1 and 4). To date the
potential impact of homeotic genes like ap2 on agronomic traits
like seed weight, seed yield, and seed composition have received
little attention from traditional plant breeding efforts because of
their strong negative effects on fertility, plant growth, and
development. The discovery that such traits can be enhanced in
Arabidopsis by a genetic reduction in AP2 copy number may be
a useful strategy for identifying new yield-limiting genes in
Arabidopsis for analysis in crop plants.
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