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e Background and Aims Sunflower cultivars exhibit a wide range of oil content in the mature achene, but the
relationship between this and the dynamics of oil deposition in the achene during grain filling is not known.
Information on the progress, during the whole achene growth period, of the formation of oil bodies in the
components of the achene and its relationship with variations in final oil content is also lacking.

o Methods The biomass dynamics of achene components (pericarp, embryo, oil) in three cultivars of very different
final oil concentration (30-56 % oil) were studied. In parallel, anatomical sections were used to follow the formation
of oil and protein bodies in the embryo, and to observe pericarp anatomy.

e Key Results In all cultivars, oil bodies were first observed in the embryo 6—7 daa after anthesis (daa). The per-cell
number of oil bodies increased rapidly from 10-12 daa until 25-30 daa. Oil bodies were absent from the outer cell
layers of young fruit and from mature pericarps. In mature embryos, the proportion of cell cross-sectional area
occupied by protein bodies increased with decreasing embryo oil concentration. The sclerenchymatic layer of the
mature pericarp decreased in thickness and number of cell layers from the low-oil cultivar to the high-oil cultivar.
Different patterns of oil accumulation in the embryo across cultivars were also found, leading to variations in ripe
embryo oil concentration. In the high-oil cultivar, the end of oil deposition coincided with cessation of embryo
growth, while in the other two cultivars oil ceased to accumulate before the embryo achieved maximum weight.
e Conclusions Cultivar differences in mature achene oil concentration reflect variations in pericarp proportion and
thickness and mature embryo oil concentration. Cultivar differences in protein body proportion and embryo and

oil mass dynamics during achene growth underlie variations in embryo oil concentration.

Key words: Sunflower, oil body, lipid accumulation, protein body, pericarp.

INTRODUCTION

Oil concentration of the sunflower fruit (achene) at maturity
is known to vary among cultivars, and much effort by plant
breeders has been aimed at increasing the oil concentration
in mature achenes of modern oilseed cultivars (e.g. Lopez
Pereira et al., 2000; Leodn et al., 2003). Attempts have also
been made to identify the effects of factors such as radiation
(Dosio et al., 2000; Aguirrezabal et al., 2003), temperature
(Harris and Bojinger, 1980; Rondanini et al., 2003) and time
of sowing (de la Vega and Hall, 2002) on this trait. A limited
amount of attention has been paid to the dynamics of oil
deposition in the achene in individual cultivars throughout
the whole of the achene growth phase in single cultivars
(e.g. Villalobos et al., 1996). However, studies of particular
issues affecting final oil concentration (e.g. the formation of
oil and protein bodies, embryo/pericarp proportions, etc.)
have usually covered only part of the achene growth phase
in single cultivars or related only to the situation found in
the mature achene. Some work has been done on the
changes in achene histology during oil and protein body
formation (Tzen et al., 1993; Bolyakina and Raikhman,
1999), but again coverage of these processes during the
achene growth phase is only partial and cultivar differences
have usually not been an object of this research. Conse-
quently, although much is known about oil and protein
deposition in sunflower achenes at levels which range
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from the biochemical to gross achene morphology, and
about some of the factors which control achene final oil
concentration, there is only partial understanding of the
origin of cultivar differences. The work reported here
aimed at documenting the growth of achene components
(pericarp, embryo, oil) throughout the whole of the achene
growth phase in three cultivars with contrasting final achene
oil concentration and at providing a histological basis for the
observed changes in component mass.

Gross anatomy of the sunflower fruit, particularly the
pericarp, is relatively well known (Hanausek, 1902; Roth,
1977; Saenz, 1981; Percie Du Sert and Durrieu, 1988;
Denis et al., 1994; Lindstrom et al., 2000). Genetic factors
are important in determining the constitution of the peri-
carp, although environmental and management practices
also affect it (Baldini and Vannozzi, 1996). In a study of
27 different populations of sunflower, McWilliam and
English (1978) found that the embryo:achene ratio is a
good indicator of achene oil concentration, and changes in
embryo : pericarp ratios have been a feature of breeding
for modern oilseed sunflower -cultivars (Sadras and
Villalobos, 1994; Loépez Pereira et al., 2000). However,
it is not clear how these variations in mature achene
pericarp : embryo ratios between cultivars arise during
the growth of the achene, as dynamics of these compo-
nents of the achene have usually been studied in individ-
ual cultivars (e.g. Villalobos et al., 1996; Ploschuk and
Hall, 1997).

© The Author 2006. Published by Oxford University Press on behalf of the Annals of Botany Company. All rights reserved.
For Permissions, please email: journals.permissions @oxfordjournals.org



1000

In sunflower, lipid accumulation rate in the embryo is low
in the days following anthesis, and later increases to a fairly
stable rate which is maintained until close to physiological
maturity (Villalobos et al., 1996; Connor and Hall, 1997,
Rondanini et al., 2003). Available biochemical evidence is
consistent with these observations. Thus, Garcés and
Mancha (1989) observed that the incorporation of radio-
active precursors into polar lipids (components of the cel-
lular membranes) predominated until 12 d after anthesis
(daa), preferential incorporation in triacylglycerol synthesis
taking place only from 12 to 25 daa. Reserve lipids in sun-
flower and other oilseeds are laid down in subcellular struc-
tures known as oil bodies, formed by a hydrophobic matrix
of triacylglycerols surrounded by a layer of phospholipids,
on which proteins called (oleosins and caleosins) are
deposited (Huang, 1992; Murphy, 2001). Oleosins and
the phospholipid layer confer stability to the oil bodies
and mantain them as separate entities. There has been con-
siderable interest in the ontogeny of oil bodies (Tzen et al.,
1993; Murphy, 2001). A recent study in sunflower
(Beaudoin et al., 1999) revealed that oleosins are synthe-
sized on endoplasmic reticulum-bound ribosomes and later
transferred to areas of the endoplasmic reticulum involved
in oil-body biosynthesis, and Mazhar et al. (1998) also
found that oleosin synthesis began in early stages of embryo
growth. Tzen et al. (1993) found average diameters of
between 0-65 and 2-0 wm for rape, mustard, cotton, linseed,
corn, peanuts and sesame seed oil bodies, and reported that
oil-body size in 11 more species (including sunflower) were
within this range. What is still lacking is a comparative
study of the dynamics of oil deposition in achene structures
across cultivars and the provision of histological informa-
tion on the connections between oil-body formation in
the various parts of the achene and overall progress of
oil deposition in the achene.

Besides oil, the embryo cells of sunflower contain protein
bodies as a reserve component (Vintéjoux, 1992; Shoar-
Ghafari and Vintéjoux, 1997; Bolyakina and Raikhman,
1999). Steer er al. (1984), Goffner et al. (1988) and
Ploschuk and Hall (1997) found that protein accumulation
in sunflower occurs at a greater rate during the first part of
the achene filling period. Achene oil and protein concen-
trations in the mature achene are often found to exhibit
negative associations (Blanchet and Merrien, 1982;
Connor and Sadras, 1992; Lépez Pereira et al., 2000).
Across cultivars, however, higher mature achene oil con-
centrations are only partially associated with reduced pro-
tein production; the increase in oil concentration at achene
maturity was somewhat more in proportion than the
decrease in protein concentration (Lopez Pereira et al.,
2000). The connections between oil body and protein
body density in embryo tissues of cultivars of differing
final oil concentration has not been explored.

Work reported in this paper aimed at studying the
dynamics of the mass of achene components (pericarp,
embryo, oil) in three sunflower cultivars differing in final
oil concentration. Highest growth rates for each achene
component are staggered in time and the pericarp ceases
to grow well before the other components achieve maxi-
mum mass (e.g. Villalobos et al., 1996). Consequently,
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particular attention was paid to the timing of initiation
and when the growth of each component ended, and to
the rate of growth of each component during its major
phase of growth. In parallel, the dynamics of oil-body
formation in the embryo were followed, the area of protein
bodies and oil bodies was compared in sections of embryo
tissues, and cultivar differences in pericarp histology were
documented.

MATERIALS AND METHODS

Crop management and treatments

Experiments were carried out using three commercial sun-
flower cultivars of contrasting mature achene oil concen-
tration (‘Dakar’, approx. 30 % oil; ‘11051°, approx. 44 %
oil; and ‘Prosol 35°, approx. 56 % oil) (Table 1). Seeds of
the first two cultivars were provided by Advanta Argentina,
and the last by Produsem SA, Pergamino Argentina. Crops
were hand sown on 17 November 1997 on a vertic argiudol
at the Facultad de Agronomia, Universidad de Buenos
Aires, using a fully randomized complete block design
with three replicates (3-5 m X 3-5 m plots). The plots
were totally surrounded by two border rows. Crop density
was 4-8 plants m~ 2, with 0-3 m between plants in the rows
and 0-7 m between rows. Nitrogen was applied as urea, at
50 kg ha™', 20 d after emergence. Insects were controlled
with carbofuran (5 L ha™" at 48 %) applied before sowing,
and plots were weeded manually until the canopy closed.
When rainfall was insufficient, irrigation was applied. Dur-
ing the achene filling period the mean daily temperature was
22-5 °C and mean daily global radiation 19-8 MJ m 2d ™.

Sampling protocol

Approximately 2 months after sowing (16 January 1998
for the low and high concentration cultivars, and 19 January
1998 for the medium oil cultivar), 40 plants per plot were
tagged at the start of anthesis of each plant. Twenty of these
plants were assigned to samplings for achene component
mass dynamics and achene histology, the remaining 20 to
samplings for achene oil concentration. To study growth in
mass of the pericarp and embryo, plants were sampled three
times a week over a period of 5 weeks, commencing 0 days
after anthesis (daa) for a total of 16 samplings. At each
sampling five fruits per plant from each of three plants
were taken from the outer region of the capitulum (first
four rings). Fruit were removed using fine forceps, taking
care not to damage the head. The same head was not sam-
pled more than five times and fruit was never taken from
areas close to a previous sample on the same head. Embryos
were manually separated from the surrounding ovary tissue
and the dry weight of embryos and pericarps determined. To
determine achene oil content dynamics, all fruit from the
outermost four rings of the head were collected from one
plant per replicate on the same dates as the samples used
for embryo and pericarp mass dynamics. Each plant was
sampled only once. Achenes were dried for at least 48 h at
60 °C, and achene oil percentage was determined on 10-g
subsamples of entire dried seeds using nuclear magnetic
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TABLE 1. Peripheral achene final mature dry weight in experiments conducted during the summers of 1994-95, 1996-97 and
1997-98 for three cultivars of sunflower differing in oil content at maturity

Mature achene dry weight (mg)

Mature achene oil concentration (%, d. wt basis)

Cultivar 1994-95 1996-97 1997-98 1994-95 1996-97 1997-98
‘Dakar’ 164-5 + 0-92% 134.3 + 1.35° 1585 + 053¢ [33-1 = 0-19%] [33-3 + 1.06%] 304 + 0-13°
‘11051’ 84.3 + 2.03° 93.5 + 1.56" 112 + 0-23° [44-9 = 0.71%] [42-7 = 0:93%] 44 + 0:38°
‘Prosol 35° 70.5 * 0.77* 89.5 + 0.75" 93.4 + 0.46° [44-7 + 0444 [50-5 = 1.43"] 55.8 + 0.22°

Values of the mature achene oil concentration shown in the last three columns were determined for achenes from all positions on the capitulum in 1994-95
and 1996-97 (values in square brackets) and from achenes from the peripheral position only in 1997-98. Values are means (n = 3) = s.e. and are derived from

bilinear functions fitted to experimental data.

Within each column, values followed by different letters are significantly (P < 0-05) different.

resonance (NMR) analysis. These data were used to calcu-
late embryo oil content and concentration (on a dry-weight
basis) using the equations:

achene weight (mg) x (% oil achene/100)

= oil content per embryo (mg) (1)

(oil content per embryo/embryo weight) x 100
= embryo oil concentration (%) (2)

All values for oil concentration in the whole achene or in the
embryo shown in this paper are on a dry-weight basis.

At 1,4-5,6-7, 8-9, 10-12, 14-15, 25-30 and 40-45 daa,
additional samples were taken for achene histology from
plants assigned to sampling for embryo and pericarp mass
dynamics. Particular care was taken to ensure that these
fruits were representative (in size and appearance) of the
achenes that formed part of the larger sample taken for
achene component mass dynamics. Groups of three periph-
eral flowers/developing fruits were sampled from three dif-
ferent plants at each sampling date. Embryo sections were
prepared for all samples starting with the 4-5 daa harvest,
and pericarp sections were prepared from samples harvested
1, 89 and 4045 daa.

During the summers of 1994-95 and 1996-97 experi-
ments similar to the one described above were conducted
at the same site using the same protocol with a single excep-
tion : achene oil contents were determined on samples made
up of all achenes on the capitulum instead of being restricted
to peripheral achenes only.

Estimation of duration and rates of growth of embryo,
pericarp and oil

Duration of, and rates of, mass increase for embryo,
pericarp and oil were estimated using the non-linear routine
of SYSTAT (Wilkinson, 1986) to fit bilinear regressions to
the data. This routine uses an optimization technique to
determine the breakpoint between linear sections, the
slope and intercept of an initial straight line defined by:
p = a; + bx for x < x¢; and of a second straight line defined
by: p = a, for x > xo; where p is the weight of pericarp,
embryo or o0il, a; and a, are the intercepts and b the slope.

x is expressed in units of daa and x, is the point of inter-
section between the two straight lines indicating the end
of the growth of the achene component. The duration of
achene component growth periods was defined as the
interval between anthesis of the flowers on the peripheral
portion of the head and x (pericarp); or the interval between
the intercept of the initial line on the time axis and x
(embryo). The intercepts on the time axis of the bilinear
functions were taken as the effective initiation of embryo or
oil deposition and the slopes of the initial time as the effec-
tive rates of growth of these achene components. Embryo
dry weight increase and oil deposition begin with some
delay in respect to anthesis, so values for the first three
samples (5, 8 and 10 daa) were not used when fitting bilinear
functions. Because durations and rates of achene component
growth can be affected by temperature, data were also
expressed on a thermal time basis with a base temperature
of —1 °C (Chimenti et al., 2001) and bi-linear functions
fitted to mass/thermal time relationships. Data for air tem-
peratures during the experiment were obtained from a stan-
dard meteorological station situated 500 m from the plots.

Dynamics of oil-body formation

Freshly collected fruits were dissected and either whole
embryos or small cubical portions (sides 0-5-1 mm long)
were cut from the different embryo parts. Theses were
placed in 3% glutaraldehyde in phosphate buffer
(pH 7-2), dehydrated in an ascending series (70-95 %) of
ethanol concentrations and included in JB4 resin (Poly-
sciences Inc., Warrington, USA) for optical microscopy,
or in Spurr resin (Spurr, 1969) for electron microscopy,
following the standard methodology of O’Brien and
McCully (1981). Semi-thin (1 um) and ultra-thin (70—
80 A) sections were obtained with a Ultracut III Reichert
ultramicrotome (Reichert-Jung, Austria). Semi-thin sec-
tions of early (low lipid content in cells) samplings stained
best with 0-1 % Sudan black, and later (higher lipid content)
sections stained better with 0-5 % toluidine blue. Conse-
quently, staining procedures were adjusted according to
achene age. Sections were photographed with a Zeiss Axio-
plan (Oberkochen, Germany) optical microscope. Ultra-thin
sections were stained in uranile acetate and lead citrate
(Reynolds, 1963) and photographed with a Jeol JEM/
1200 EXII (Jeol, Japan) transmission electron microscope.
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Intra-embryo distribution and mean size of oil bodies
at 4045 daa

Cotyledons, shoot axis and radicle of mature embryos
were sectioned freehand approx. 25-30 um thick. The
sections were stained in 0-1 % aqueous nile blue and viewed
with a Zeiss fluorescence microscope (Axioplan,
Oberkochen, Germany) to record the distribution pattern
of oil bodies among the various parts of the embryo. To
determine oil body final size, the isolation procedure of
Tzen et al. (1993) was followed with slight modifications.
The tissue (2-5 g of cotyledon of mature embryos per 10 mL
grinding medium) was ground with a mortar at 20 °C in a
grinding medium containing 0-6 M sucrose, | mm EDTA,
10mM KCI, 1mm MgCl,, 2mm DTT and 0-5m Tricine
buffer adjusted to pH 7-5 with KOH. The homogenate
was filtered and a 7-5-mL portion of the filtrate was placed
in al5-mL centrifuge tube, and 7-5 mL of a flotation med-
ium (grinding medium containing 0-4 M instead of 0-6 M
sucrose) was layered on top. The tube was centrifuged at
11000 g for 30 min in a Sorvall RC5C ultracentrifuge. The
supernatant was collected and resuspended in 7-5 mL of
grinding medium containing an additional 7-5 mL 2 M
NaCl. The resuspended material was placed in a 15-mL
centrifuge tube, 7-5 mL of flotation medium (grinding med-
ium containing 7-5 mL 2 M NaCl and 0-25 m instead of 0-6 M
sucrose) was layered on top, and the tube was centrifuged at
11000 g for 30 min. The supernatant was collected, and the
oil bodies were stained with 0-1 % aqueous nile blue and
examined by fluorescence microscopy.

Distribution, size and relative importance of protein
bodies in the mature achene

Whole mature embryos harvested at 40-45daa were
embedded in paraffin and serially cut at 10-15 um with
a Minot-type rotary microtome. Sections were stained
with safranin-fast green (Johansen, 1940) to observe the
protein bodies. Photographs of selected embryo tissues
(mesophyll of cotyledon, and parenchyma of the shoot—
radicle axis) were taken with a Zeiss fluorescence micro-
scope. The photographs were digitized with a Hewlett
Packard Scan Jet 4c scanner, and images of at least ten
cells per tissue per cultivar were analysed with Image
Tool 1.28 for Windows (Wilcox et al., 1996) to determine
per-cell average sectional area of protein bodies, and whole
cell sectional area.

Pericarp structure

Thin slices (approx. 2 mm thick) were cut from the cen-
tral region of young developing fruits (1 daa and 8-9 daa)
and mature fruits (40-45 daa) of all three cultivars. Slices
were placed in 3 % glutaraldehyde in phosphate buffer (pH
7-2), dehydrated in an ascending series (70-95 %) of ethanol
concentrations, and included in Historesin (Leica) (young
fruits) or JB4 resin (Polysciences, Inc.) (mature fruits).
Semi-thin (1-3 um) sections were obtained with a Ultracut
IIT Reichert ultramicrotome and stained with 0-1 % cresyl
violet. In addition, portions of mature fruits of all three
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cultivars were embedded in paraffin and serially cut at
10-15 pwm with a Minot-type rotary microtome, and sections
were stained with safranin-fast green (Johansen, 1940) to
observe pericarp thickness. Two measurements of mature
pericarp thickness were made on each of five different sam-
ples per cultivar.

Statistical analyses

Standard analyses of variance were performed on the
data, and the Tukey test was used to determine significance
of differences between means (Steel and Torrie, 1980). In
the text, means are given * s.e.

RESULTS
Embryo structure and oil-body dynamics

At 5-6 daa embryo length was 0-5-0-8 mm in ‘11051 and
‘Prosol 35°, and 0-8—1 mm in ‘Dakar’, and the cotyledons
and the hypocotyl-radicle axis were already discernible.
Maximum embryo length was reached at 16-17daa,
ranging from 8-5-10 mm in ‘11051" and ‘Prosol 35°, and
13—16 mm in ‘Dakar’. Mature achene weights decreased in
the order ‘Dakar’ — ‘11051° — ‘Prosol 35°, while mature
achene oil concentration increased in the same order
(Table 1). At a very early growth stage (4-5 daa) cells in
all tissues were generally isodiametric and scarcely differ-
entiated, with a dense central nucleus and optically clear
cytoplasm (Fig. 1A). During the following 4 weeks cells
expanded and tissues attained moderate histological differ-
entiation. Cell walls remained thin and intercellular spaces
scarce, while large quantities of oil and reserve protein
accumulated in oil bodies and protein bodies.

In all three cultivars the dynamics of oil-body formation
and distribution among embryo tissues were similar. The
first oil bodies (up to ten per cell transection) appeared in the
cotyledons at 67 daa as relatively uniform globular bodies
approx. 2-3 um in diameter, adjacent to the cell wall but
distinctly separated from each other (Fig. 1B). At 8-9daa
oil-body number per cell had increased (Fig. 1C-D). Oil
bodies appeared simultaneously in the epidermis and meso-
phyll of the cotyledons (Fig. 1D). At 10-12 daa (Fig.1E) and
14-15 daa (Fig. 1F) oil bodies (15-20 per cell transection)
occupied much of the periphery of the cell and started
appearing in the centre (Fig. 1F) of the cell. At 25-
30daa there were 30-35 oil bodies per transection, and
oil bodies occupied most of the cell transection (Fig. 2A).
There was no detectable difference in oil body number per
cell transection between samples taken at 25-30 daa and at
40-45 daa (Fig. 2B-D).

In the mature embryos (40—45 daa) the nucleus, the oil
bodies and the protein bodies were the most conspicuous
cell components (Fig. 2B-D). The oil bodies in most cells
were tightly packed and became somewhat polygonal
because of compression, but their individuality was still
preserved (Fig. 2E, F). Oil bodies were present in the epi-
dermis and mesophyll of the cotyledons, and in the epider-
mis, cortex and central cylinder of the hypocotyl-radicle
axis of mature embryos of all three cultivars (data not
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FiG. 1. Transections of sunflower cotyledons at early developmental
stages: (A) ‘Prosol 35’ at 4-5 daa—cells show meristematic features
throughout the tissue; (B) ‘Prosol 35° at 67 daa—oil bodies become visible;
(C)and (D) ‘Dakar’ and ‘11051”, respectively—at 8-9 daa oil bodies occupy
only the cell periphery; (E) and (F) ‘Prosol 35" at 10—12 daa and 14—15 daa,
respectively. Fixation with 3 % glutaraldehyde, included in JB4 resin and
stained with Sudan black 0-1 %. n, Nucleus; o, oil body; p, protein body.
Scale bars = 10 um.

shown), with apparently similar abundance in all tissues. Oil
bodies isolated from embryos of the three cultivars had
similar shapes and diameters ranging from 1 to 4pum.
Mean oil-body diameter tended to increase in the sequence
low-oil to medium-oil to high-oil cultivar (1-96 = 0-16 um,
2-13 £ 0-18 um and 2-5 = 0-3 um, respectively) but these

1003

differences were not statistically significant. The diameters
of isolated oil bodies were consistent with those observed
in cotyledon sections of the three cultivars.

Protein bodies

Protein bodies became visible at 8-9 daa as numerous,
small unstained bodies which contrasted with the moder-
ately stained cytoplasm and the Sudan-black dark-stained
oil bodies (Fig. 1C, D). At embryo maturity, toluidine blue-
stained protein bodies were easily distinguishable as large,
dark, approximately globular structures with irregular con-
tours due to pressure from oil bodies (Fig. 2B-2F). In ultra-
thin sections protein bodies showed many electron-clear
globoids (Fig. 2B-2F). Protein bodies appeared to be less
abundant in mature embryos of the high-oil than in the low-
oil cultivar (cf. Fig. 2B with Fig. 2C). The average areas
occupied by protein bodies in the whole cell sections of the
mature embryo were 3-72 * 1.16 um? cell”', 2.81 =
1-06 um? cell™" and 2-86 *+ 1-45 um?® cell”’, equivalent
to 35-8% = 1.94, 23-6% = 1-38 and 249% = 1.23 of
the whole cell area, in the low-, medium- and high-oil
cultivars, respectively. These differences in percentage of
cell area occupied by protein bodies were statistically
significant (P < 0-05).

Pericarp anatomy

Transections of very young developing fruits (1 daa,
Fig. 3A; 8-9daa, Fig. 3B) showed no traces of oil bodies
at any pericarp layer. Sections of mature achenes (Fig. 3C—
E) showed several layers (epidermis, hypodermis, black
layer or pigmented cells, sclerenchymatic tissue and
parenchymatic tissue, the latter adjacent to the seed), but
oil bodies were not present in any of these cell types. The
sclerenchymatic layer was noticeable due to the massive
amount of thick-walled cells, distributed in discrete areas
separated by thin parenchymatic radii. The thickness of
secondary walls decreased towards the pericarp interior
(best seen in Fig. 3D and E). The average thickness of
the sclerenchymatic layer decreased from the low-oil cul-
tivar to the medium- and high- oil cultivars (62-3 = 0-35 um,
34-1 = 0-3 pm and 239 = 0-5 um, respectively). These
values reflected differences in the number of cell layers,
which was higher in the low-oil cultivar (18-6 * 0.2,
Fig. 3C) than in the medium-oil (11-6 = 0.3, Fig. 4D)
and in the high-oil cultivars (6-8 = 0-1, Fig. 4E). The dif-
ferences among cultivars for pericarp thickness and number
of cell layers were highly significant (P < 0-01).

Pericarp and embryo growth and oil deposition

The growth patterns of achene components (pericarp,
embryo, oil) were broadly similar across the three cultivars,
with the pericarp growing first and rapid increases of
embryo and oil mass taking place later, and the pericarp
ceasing to grow before the embryo and oil components had
reached their maximum values (Fig. 4). The detail of these
patterns, however, varied greatly between cultivars
(Tables 2-4). Differences in initial mass and effective
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F16.2. Transections of sunflower cotyledons at late developmental stages: (A) ‘Prosol 25’ at 30 daa—the number of oil bodies increases considerably and the

light intercellular areas correspond to the cytoplasm and protein bodies (fixation with 3 % glutaraldehyde, inclusion in JB4 resin and coloration with Sudan

black 0-1 %); (B), (C) and (D) 40—45 daa (‘Dakar’, *11051” and ‘Prosol 35°, respectively)—the protein bodies are stained dark, oil bodies are lighter due to the

staining used (0-5 % toluidine blue) (fixation with glutaraldehyde 3 %, inclusion in JB4 resin. (E) and (F) Ultra-thin sections showing ultrastructural details of

the cotyledon at 40-45 daa (‘Dakar’ and ‘Prosol 35”, respectively). Note the protein bodies, the compression of the oil bodies and the reduced area occupied by

other cytoplasm fractions. Fixed with glutaraldehyde 3 %, inclusion in Spurr resin and stained with uranile acetate and lead citrate. g, Globoids; o, oil body;
p, protein body. Scale bars: A-D = 10um; E and F = 2 um.

rates and durations of growth of the pericarp were the
basis for very different final pericarp weights across
cultivars (Table 2 and Fig. 4). The effective durations of
embryo growth did not differ among cultivars, but embryos
of ‘Dakar’ grew faster than those of the remaining two

cultivars (Table 3). Embryo weights at the first harvest at
which this component could be distinguished (5 daa) were
5-3 20-31,3-4 = 0-24 and 3-5 * 0-33 mg for low-, mid- and
high-oil cultivars, respectively. The outcome of these dif-
ferences in initial mass and rate of growth was that mature
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F1G.3. Transections of sunflower pericarp: (A and B) early developmental stages of ‘Prosol 35°. (C), (D) and (E) mature pericarp (‘Dakar’, ‘11051° and

‘Prosol 35°, respectively). Note differences in thickness of sclerenchymatic tissue between cultivars. Fixation with 3 % glutaraldehyde, inclusion in JB4

resin and stained with 0-1 % cresyl violet. e, Epidermis; h, hypodermis; pa, parenchyma; s, sclerenchyma. Scale bars: A and B = 10 um; C = 100 um;
D and E =45 um.

embryo weights decreased from the low oil cultivar to the
high oil one, although the range between the largest and
smallest embryos was much more restricted than for the
corresponding pericarps. There was some indication that
initiation of rapid embryo growth lagged further behind
anthesis in the mid- and high-oil cultivars with respect to
the low-oil one (Table 3). However, the overall duration of
achene growth (i.e. time until effective initiation of embryo
growth + effective duration of embryo growth) was very

similar between cultivars, unlike what was found for the
pericarps (Fig. 4 and Table 2). Consequently, the final
proportion of embryo in the achene differed widely across
cultivars (Fig. 4 and Table 3).

Final oil mass per embryo was rather similar across cul-
tivars, although in the high-oil cultivar it was significantly
higher than the other two (Table 4). Cultivar ranking for
rates of oil deposition during the effective growth period for
this variable was similar to that found for embryo growth
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rates. However, the effective duration of achene oil mass
increase was significantly (P < 0-05) greater in ‘Prosol 35’
(Table 4), in contrast to the effective duration of embryo
growth which was similar across cultivars (Table 3). An
important consequence of this was that embryo oil concen-
tration (%) actually fell during the last phase of achene
filling in the low- and medium-oil cultivars (Fig. 5). In
the high-oil cultivar, embryo oil concentration (%)
remained stable in the middle third of the oil deposition
phase, but rose again in the final phase of oil deposition
(Fig. 5). These interactions between the patterns of growth
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of embryo and oil masses outweighed the effects of later
initiation of the effective period of oil deposition in the mid-
and high-oil cultivars and determined quite large differ-
ences in embryo final oil concentration (%) (Table 4).
Results for the experiments conducted in 1995-96 and
1996-97 were broadly consistent, for peripheral achenes
of all three cultivars, with those presented here (Fig. 4)
for patterns of growth of the pericarp, the embryo and
the whole achene, and for cultivar rankings for mature ach-
ene weight, mature achene oil concentration and mature
embryo oil concentration (data not shown). Achene oil con-
tent in these early experiments was determined on samples
drawn from all achene positions on the head, rather than on
peripheral achenes only as in present results, hence patterns
of oil mass per achene dynamics are not comparable to
present data. Anthesis (and, consequently, the start of oil
deposition in the achene) progresses from the periphery to
the centre of the head over a period of 5-7 d. Consequently,
mean oil content per achene in samples drawn from all
positions of the head continues to increase over a longer
period than that found in peripheral achenes only. In spite of
this effect, ‘apparent’ relative peripheral embryo oil con-
centration (i.e., that estimated using oil content values mea-
sured on achenes from all positions) fell during the final
stages of achene filling in ‘Dakar’ in both early experiments,
and in one out of two years in ‘11051° (Mantese, 1998),
exhibiting an effect similar to that seen in Fig. 5 for these
two cultivars. This result indicates that the fall in embryo oil
concentration shown in Fig. 5 for ‘Dakar’ and ‘11051” is a
consistent feature of these cultivars that is stable across
years.

Figure 6 illustrates the contrasting patterns of relative
embryo oil concentration dynamics in the three cultivars
using data normalized to remove the effect of cultivar dif-
ferences in embryo oil concentration. The dynamics of rel-
ative embryo oil content may be of agronomic interest,
particularly when crops are exposed to stresses which
may curtail achene filling.

DISCUSSION

The present temporally and histologically referenced study
of oil accumulation in the sunflower achene across cultivars
of very different final oil concentration has produced some
results that are consistent with studies using mature achenes
or those based on a single cultivar. It has also served to
highlight the pitfalls inherent in extrapolating results
obtained in a single cultivar to others.

The lag between anthesis and the appearance of the first
oil bodies in the embryo cells at 67 daa is consistent with
both the present observations (e.g. Fig. 4) and those of
others (e.g. Villalobos et al., 1996) on the dynamics of
oil deposition in sunflower achenes. They are also consistent
with biochemical evidence (Garcés and Mancha, 1989) that
lipid synthesis early in achene filling (up to 12daa) is
associated more with cell membranes than with the depo-
sition of reserve triacylgycerols. In sunflower, all cell types
in the embryo formed oil bodies, including the epidermal
cells. Oil-body diameters, measured in both isolated oil
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TABLE 2. Dynamics of the growth of pericarp in the three cultivars of sunflower differing in oil content at maturity

Pericarp weight (mg)

Duration of growth

Growth rate

Cultivar Initial (0 daa) Final daa °Cd mgd! mg (°Cd) !

‘Dakar’ 4.9 + 0-90* 727 * 1.12° 18:6 = 0-21° [429-2 + 8.7% 37 = 0.07° [0-16 = 0-002°]

‘11051° 30 + 0-62° 407 = 0.71° 154 + 0-35° [352:4 * 7.9°] 2.7 = 011° [0-10 * 0-002°]

‘Prosol 35° 2.7 + 0-66° 260 + 0-08° 13.7 + 0-29¢ (3234 + 849 1.8 = 0-06° [0-07 * 0-003]
Data in square brackets are values of duration and rates on a thermal time basis (base temperature = —1 °C).

Values are means (n = 3) * s.e. and are derived from bilinear functions fitted to experimental data.
Within each column, values followed by different letters are significantly (P < 0-05) different.

bodies and in cell sections, were slightly larger (range 1-96—
2-5 um) than the upper limit (2 um) of the range found by
Tzen et al. (1993) in their survey of 18 species (including
sunflower) and the 0-5-2-0 um range suggested by Murphy
(2001) for orthodox seeds. No evidence was found for
changes in oil-body size in different tissues of the embryo,
unlike maize in which oil bodies from the scutellum are
larger than those from the embryonic axis (Trelease, 1969).
The appearance of the first oil bodies in sunflower embryos
takes place fairly early during achene filling, earlier than the
2 weeks after anthesis reported for rapeseed (Murphy,
1990). However, this species difference may be more appar-
ent than real in ontogenic terms, as achene-filling takes
place in rapeseed over a longer period of time. There has
been some uncertainty about the presence, or otherwise, of
reserve lipids in the pericarp of the sunflower achene. It was
not possible to find any indication of oil bodies in sections
taken from pericarp samples harvested up to 8-9 daa or in
those from mature achenes. Harris et al. (1978) assumed
3% lipids in pericarps, presumably associated with cell
membranes. However, even if this were a reasonable
assumption when applied to the early stages of achene
growth, it is unlikely to remain so throughout achene filling.
While sections of pericarp from very young achenes showed
nucleated cells and cytoplasm (Fig. 3A, B), both of these
cell components were absent in sections taken from mature
pericarp. An additional issue here is that the proportion of
sclerenchyma (with presumably low membrane: wall
ratios) in the pericarp increases rapidly after 8-9 daa, and
in some cultivars more than others. Although this whole
issue could do with more attention, the available informa-
tion suggests that any lipids extracted from the pericarp are
associated with membranes, and the contribution of these
lipids to oil extracted using solvents is likely to lose impor-
tance as achene growth progresses. Results presented here
(Figs 4-6) are based on the assumption that all lipids are
located in the embryo, but it should be noted that other
assumptions (e.g. a constant 2 % of pericarp mass assigned
to lipids, or 2 % until 12 daa followed by a linear decrease to
0% at physiological maturity) does not alter the temporal
patterns or the differences between cultivars shown in these
figures.

Protein bodies also appeared in embryo cells early
(8-9daa) during embryo growth, which is consistent with
observations by Goffner et al. (1988) and Mazhar et al.
(1998) about deposition of reserve proteins in sunflower

embryos. The present data also show that the proportion
of mature embryo cell sectional area occupied by protein
bodies was significantly greater in the low-oil cultivar than
in the other two, at least partially consistent with the often
noted trade-off between achene oil and protein concentra-
tions (Blanchet and Merrien, 1982; Connor and Sadras,
1992; Lopez Pereira et al., 2000). Interestingly, however,
the proportions of embryo cell cross-sectional areas taken
up by protein bodies was similar between the mid- and high
oil embryos, in spite of the much greater embryo oil con-
centration of the latter cultivar.

The order in which rapid growth of the components
(pericarp, embryo and oil) of the achene initiated and ceased
was broadly similar, across all three cultivars, to those
observed in previous studies using single -cultivars
(e.g. Villalobos et al., 1996; Rondanini et al., 2003). How-
ever, it is also clear that the origins of cultivar differences
in mature achene oil concentration are complex and
strongly linked to the patterns of growth of each component
and its interactions with the remaining ones. Importantly,
this study has demonstrated that variations in initial size and
rate and duration of growth of the pericarp can impact
strongly on the proportion of the embryo in the achene
and, following on from that, mature achene oil concentra-
tion. Equally, the data also show that although the propor-
tion of embryo in the achene is an important source of
cultivar differences in final achene oil concentration, culti-
var differences in embryo oil concentration also contribute
to this effect. Finally the degree of synchrony between
cessation of growth of the whole embryo and of oil has
been shown to be a factor in altering final oil concentration
of the embryo and achenes (Figs 5 and 6), in addition to
differences in rates and durations of oil deposition and
embryo growth (Tables 3 and 4). When only the final oil
concentration of the achene is considered, interactions of the
type shown in this work are masked. Taken as a whole, the
present information also fills the previously existing void
about the anatomical bases of observations derived exclu-
sively from mature achenes (Percie Du Sert and Durrieu,
1988; Shoar-Ghafari and Vintéjoux, 1997; Bolyakina and
Raikhman, 1999). Some interest has been shown in the
patterns of gene expression at the start of achene growth
(Mazhar et al., 1998); present results suggest that attention
also needs to be paid to the switching off of genes close to
the end of achene filling and the factors which may control
the latter.
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Data in Tables 3 and 4 show that oil weight per embryo
was fairly stable across the three cultivars, and that
increases in the percentages of oil concentration in the
embryo were associated with decreases in embryo weight.
Two of the avenues for increased achene oil concentration
through breeding therefore appear to be reduction in peri-
carp weight (Table 2) and reduction in embryo weight
(Table 4), both of which lead to a smaller achene. In an
analysis of changes in the attributes of sunflower oilseed
cultivars released by breeders to farmers in Argentina over
the period 1930-95 Lépez Pereira et al. (1999) showed that
this trend did, in fact, occur. Further exploitation of these
two avenues could be limited if yield component compen-
sations between achene weight and achene number (Lopez
Pereira et al., 1999) were insufficient to maintain (or
increase) yield potential. Not much is known of the genetic
bases of biomass (e.g. Jofuku et al., 2005) or oil yield in
sunflower or other species. Ledn et al. (2003) isolated eight
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quantitative trait loci (QTLs) for grain oil concentration
(one with a large effect), and Laurie et al. (2004) report
a discouragingly large number (>50) of QTLs for oil con-
centration in maize kernels none of which had major effects.
Notwithstanding this last result [the oil content of the maize
kernel is likely to be a more complex system than a sun-
flower achene in which, unlike maize, there is essentially no
(non-oil containing) endosperm in the mature grain], further
work aimed in this direction is required. Some of the fea-
tures of oil accumulation in the sunflower achene revealed
in the present work may provide part of the framework
needed for this purpose.

The differences, among cultivars, of the dynamics of
embryo oil concentrations (Figs 5 and 6) close to the end
of achene filling may help to explain some genotype X
environment interactions for achene oil concentration that
can arise in breeders’ multiple environment field trials when
some, but not all, of a set of trials are exposed to terminal
stresses. Terminal stress can shorten grain-filling duration,
and this could alter genotype rankings for oil content if
continuing growth of the embryo biomass after reaching
its maximum oil content were also curtailed.
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