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Fruit development of two high oleic safflower (Carthamus tinctorius L.) cultivars

Desarrollo del fruto de dos cultivares de cartamo (Carthamus tinctorius 1..) alto oleico

Franchini MC!, AC Flemmer!, LI Lindstrom?!, MA David?, PA Fernandez®

Abstract. The purpose of this study was to describe fruit develop-
ment in two high oleic safflower (Carthamus tinctorius L.) cultivars
during four growing seasons. Pericarp histogenesis, and dynamics of
pericarp and seed dry weight and fruit water content were studied.
The dynamics of the pericarp and seed growth was similar between
cultivars and years. The pericarp completed its growth before the
seed. Pericarp potential size was already set at anthesis as no cell di-
vision was observed at this time. Maximum pericarp dry weight was
achieved 8 days after anthesis, when cell wall lignification concluded.
At this time, twinned prismatic simetric crystals had decreased in
number and size respect to those observed at anthesis. Physiologi-
cal maturity (maximum seed dry weight) was achieved between 17
and 25 days after anthesis. Similar pericarp growth rate and dura-
tion between cultivars and years were associated to similar maximum
pericarp dry weight (17 mg), except in 2012. In this year, the higher
maximum pericarp dry weight (20 mg) was only associated to a
higher fruit volume (50 uL). Maximum seed dry weight (22 mg) was
lower in CW88 OL than in CW99 OL, except in 2012. However,
seed growth rate and time of physiological maturity were similar be-
tween cultivars. Fruit water content at physiological maturity (39%)
was similar between cultivars. The recommended moisture (10-13%)
at harvesting was achieved around 33 days after anthesis. The timing
of the different morphological and histological events of safflower
fruit development presented in this work sets a not-yet-existent con-
ceptual framework, and constitutes an important tool for the inter-
pretation and comparison of the effects of genotype, environment
or agricultural management practices on crop yield and fruit quality.

Keywords: Carthamus tinctorius L.; Fruit development; Fruit wa-
ter content; Physiological maturity.

Resumen. El objetivo de este trabajo fue describir el desarrollo del
fruto de dos cultivares de cartamo (Carthamus tinctorius 1..) alto oleico
durante cuatro estaciones de crecimiento. Se estudié la histogénesis del
pericarpio, y la dindmica del peso seco del pericarpio y de la semilla y
del contenido de agua del fruto. La dindmica del crecimiento del peri-
carpio y de la semilla fue similar entre cultivares y afios. El pericarpio
completd su crecimiento antes que la semilla. El tamafio potencial del
pericarpio ya estaba fijado en antesis ya que en ese momento no se
observaron divisiones celulares. El méximo peso seco del pericarpio
se alcanzé 8 dias después de la antesis, momento en el que concluyé
la lignificacién de sus células. Al mismo tiempo, los pares de cristales
prismiticos y simétricos habian disminuido en nimero y tamafio res-
pecto de los observados en antesis. La madurez fisiolégica (mdximo
peso seco de la semilla) se alcanzé entre los 17 y 25 dfas después de la
antesis. La duracién y tasa de crecimiento del pericarpio similares entre
cultivares y afios estuvieron asociadas a un similar méximo peso seco
del pericarpio (17 mg), excepto en 2012. En este afio, el mayor méximo
peso seco del pericarpio (20 mg) estuvo tnicamente asociado al mayor
volumen del fruto (50 pL). El maximo peso seco de la semilla (22 mg)
fue menor en CW88 OL respecto de CW99 OL, excepto en 2012.
Sin embargo, la tasa de crecimiento de la semilla y el tiempo en que
se alcanz6 la madurez fisiolégica fueron similares entre cultivares. El
contenido de agua del fruto en madurez fisiolégica (39%) fue similar
entre cultivares. El porcentaje de humedad del fruto recomendado para
la cosecha (10-13%) se alcanzé alrededor de los 33 dias después de la
antesis. El momento en que ocurren los diferentes eventos morfolé-
gicos e histolégicos del desarrollo del fruto de cirtamo presentados
en este trabajo establece un marco conceptual inexistente, y constituye
una herramienta importante para la interpretacién y comparacién del
efecto del genotipo, el medio ambiente o las practicas de manejo del
cultivo sobre el rendimiento y la calidad del fruto de cdrtamo.

Palabras clave: Carthamus tinctorius 1.; Desarrollo del fruto;
Contenido de agua del fruto; Madurez fisiolégica.
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INTRODUCTION

Safflower (Carthamus tinctorius 1..) is an annual oilseed
crop belonging to the Asteraceae family that has attracted
significant interest in the semiarid central region of Argentina
as an alternative crop in rotation with wheat. This is because of
its adaptation to dry climatic conditions (Weiss, 2000).

Safflower was traditionally grown to obtain its flowers as
a source of dye for coloring food and fabrics (Sujatha, 2008).
Today, it is mainly cultivated for its fruits, which are used for
extraction of high quality, edible and industrial oil (Knowles,
1989; Johnson et al., 2007). Safflower fruits are also used in
the birdseed market, especially for members of the parrot
family and pigeons in Canada, USA, France, Egypt and Japan
(Peterson, 1996).

The fruit (grain) consists of the pericarp (hull), which rep-
resents about 33-60% of its dry weight, and the seed (40-67%)
where the oil is synthesized and accumulated (Dajue & Miin-
del, 1996; Lyon et al., 2007). Traditional safflower oil contains
about 6-8% palmitic acid, 2-3% stearic acid, 16-20% oleic acid
and 71-75% linoleic acid. However, high oleic oil types that
contain more than 75% of oleic acid have been developed and
are widely used in North America (Velasco & Fernindez-
Martinez, 2001).

The weight and the structure of the safflower fruit affect both
crop yield and the efficiency of the industrial process for oil ex-
traction (Smith, 1996; Fernandez et al., 2012a). Fruit weight is
the last yield component to be fixed. The quality and cost of the
byproducts obtained from the oil extraction process depend on
the easiness with which the pericarp separates from the seed
(Fernandez et al., 2012a; Figueiredo et al., 2013), and this in
turn could be affected by pericarp structure (Denis et al., 1994).

Despite the importance of cereals and oilseeds as a hu-
man and animal food source, there is a scarcity of informa-
tion regarding the development of their fruit. In some grain
crops, pericarp growth ends when the seed is still very small,
so the degree of development attained by the pericarp could
limit further seed development. For example, ovary volume
and weight at anthesis affect the final seed or fruit weight in
wheat (Triticum aestivum L., Calderini et al., 2000; Lizana
et al., 2007; Ugarte et al., 2007), barley (Hordeum vulgare L.,
Scott et al., 1983), soybean (Glycine max (L.) Mill., Egli, 1998)
and sunflower (Helianthus annuus L., Lindstrom et al., 2006b;
Mantese et al., 2006). In safflower, only some of the devel-
opmental stages of the safflower pericarp (Ebert & Knowles,
1968; Franchini et al., 2012) and seed (Franchini et al., 2012)
have been described.

Defining the different stages of safflower pericarp develop-
ment would be an important contribution to studies aimed at
understanding the relationships and interactions between size
and anatomical structure of the pericarp in different geno-
types and environments, as well as their effect on final fruit
weight and quality.
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Seed development, from fertilization to the mature seed,
can be divided into three phases. Phase I begins with fertil-
ization and is characterized by a strong mitotic activity and
a slow increase of dry weight (Egli et al., 1981; Guldan &
Brun, 1985; Gao et al., 1992; Jones et al., 1996; Lindstrom et
al., 2006b). In phase II (i.e., the linear phase of seed growth)
the seed accumulates reserve materials such as fats and carbo-
hydrates. This gives an economic value to the seed. Phase III
begins when the accumulation of reserve materials declines
prior to stopping at physiological maturity (Egli, 1998). To
our knowledge, the dynamics of saflower seed dry weight has
not yet been studied.

Physiological maturity represents the end of seed growth
(maximum seed dry weight), hence the end of fruit growth
and yield processes. Knowledge of the time of physiological
maturity would allow to program harvest time to avoid seed
sprouting in the heads (Shakeri-Amoughin et al., 2012),
hail and insect damage (Miindel et al., 2004), and decisions
concerning weed control (Egli, 1998). Usually, physiologi-
cal maturity is estimated using indirect indicators based on
visual changes (1) in fruit characters or in the color of some
plant organs in soybean (e.g., the loss of green color from
pods: Tekrony et al., 1979), (2) of the receptacle color from
green to yellow in sunflower (Schneiter & Miller, 1981), or
(3) when plants are quite dry but not brittle, and the ca-
pitulum bracts became brown in safflower (Mundel et al.,
2004). Visual methods are subjective and can be affected by
environmental conditions as has been determined in soy-
bean (Gbikpi & Crookston, 1981), sunflower (Schneiter &
Miller, 1981) and maize (Zea mays L., Hunter et al., 1991).
Moreover, visual estimation of physiological maturity has
not been contrasted with the achievement of maximum fruit
dry weight in safflower.

A more objective approach to determine physiological ma-
turity is establishing the fruit water content which coincides
with the maximum fruit dry weight (Gambin et al., 2007;
Rondanini et al., 2009). Fruit water content at physiological
maturity is about 38% in sunflower (Rondanini et al., 2007),
37% in wheat (Calderini et al., 2000), 35% in maize (Sala et
al., 2007) and 60% in soybean (Fraser et al., 1982). The re-
lationship between fruit dry weight and its water content
has only been studied in one safflower cultivar grown in Iran
(Shakeri-Amoughin et al., 2012). These authors reported that
fruit water content was about 13% at physiological maturity,
which is the moisture suitable for grain storage and commer-
cialization.

The purpose of this study was to describe pericarp
histogenesis, and the dynamics of pericarp and seed dry
weight and fruit water content in two high oleic safflower
cultivars. This information is essential to evaluate the ef-
fects of genotype, environment and agricultural practices
at different times of fruit ontogeny on crop yield and fruit

quality.
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MATERIALS AND METHODS

Experimental design and growing conditions. Two com-
mercial high oleic safflower cultivars (CW88 OL and CW99
OL) provided by Oleaginosa Moreno Hermanos S.A. and
developed by SeedTec, Woodland, California, were studied.
These cultivars are currently grown in the semiarid central
region of Argentina. Sowing was made during four growing
seasons on 19 August 2008 and 26 August 2010, 2011 and
2012 at the experimental field of the Agronomy Department-
UNSur, Bahia Blanca, Argentina (38° 45’ S; 62° 11" W). The
soil was a typical Ustipsamment (Soil Survey Staff, 1999).
Sowing was performed manually at 3-4 cm depth, with 35
cm row spacing and 10 cm between plants. The experimental
design was completely randomized with two replicates (plots)
per cultivar. The size of the plot was 5 to 10 rows width and 2
to 3 m long, depending on the year. Plant density was adjusted
to 36 plants/m?. Weeds were hand controlled. Total growing
season rainfall (July-January) was 176,170, 215 and 433 mm
in 2008, 2010, 2011 and 2012, respectively. Mean daily tem-
peratures from anthesis to harvest maturity were 23.1, 23.6,
22.4 and 22.5 °C during 2008, 2010, 2011 and 2012, respec-
tively.

Plant sampling and measurement. Each year, 60 to 110
plants were tagged at anthesis per cultivar per plot (BBCH
61, Flemmer et al., 2014). Anthesis was defined when at least
50% of the plant stand reached this growth stage. The main
capitulum of two of the tagged plants per cultivar per plot was
harvested every three to five days from anthesis to harvest ma-
turity (BBCH 97, Flemmer et al., 2014) and was immediately
placed in a portable refrigerator. Only saflower main capitu-
lum was sampled since we consider that the main capitulum
development is representative of the plant development as a
whole.

Pericarp histogenesis. To study pericarp histogenesis, fruits
of both cultivars of all harvested capitula were fixed in form-
aldehyde, from anthesis to harvest maturity during 2008.
Some of the fixed samples were embedded in paraffin and
processed according to conventional histological techniques
of cutting (12 pum) and staining (safranin-fast green; Ruzin,
1999) to obtain cross sections of the middle portion of the
fruits. Other samples were included in Spurr’s low viscocity
resin (Spurr, 1969), cut (1-3 pm) on a LKB ultramicrotome
and stained (toluidine blue; Ruzin, 1999). Pericarp hand cross
sections from the middle portion of the remaining fixed fruits
were also made to evaluate the evolution of pericarp thick-
ness and tissue lignification (number of sclerified strata) in
both cultivars. Presence of lignified tissues was detected by
phloroglucinol-HCl staining (Ruzzin, 1999).

Observations and measurements were made with a Nikon
Labophot-2 optical microscope equipped with a Nikon Cool-

pix 4500 camera and an ocular micrometer.

A preliminary description of the anatomical characteris-
tics of CW99 OL pericarp observed during 2008 was already
published (Franchini et al., 2012). Hence, in this work we
present pericarp anatomy of CW88 OL and those anatomical
characteristics of CW99 OL pericarp that provide new infor-
mation in addition to that previoulsy published.

Fruit, pericarp and seed variables. Dynamics of pericarp,
and seed dry weight and fruit water content (FWC) were
studied in both cultivars from anthesis to harvest maturity
during the four years. As soon as possible, 10-20 fruits of all
harvested capitula were sealed into Petri dishes and, except
for 2008, fresh weight was determined. After that, the peri-
carp was separated from the seed, and both were dried for 72
h at 60 °C and thereafter weighed. The percentage of FWC
was then calculated on a fresh weight basis. In addition, the
volume of 15 to 20 mature fruits per cultivar and year (2010,
2011 and 2012) was determined at harvest maturity using the
water displacement method described by Wessel-Beaver et al.
(1984).

A preliminary description of the dynamics of pericarp and
seed dry weight of CW99 OL observed in 2008 and 2009
was already published (Franchini et al., 2012). We present
the results of dry weight dynamics and fruit water content of
CW388 OL, and those of CW99 OL, that provide new infor-
mation to that previously published.

Data analysis. Relationships between pericarp dry weight,
seed dry weight and pericarp thickness wersus days after an-
thesis (DAA) were assessed using a bi-linear broken-stick
function with an unknown breaking point (Di Rienzo et al.,
2009). The conditional model fitted was y = a + & *x (for x < ¢)
and y = & *¢ (for x > ¢) where y was the studied variable, x was
DAA, a was the intercept, 4 was the slope which estimates
the mean growth rate of the pericarp or the seed (mg/day),
and ¢ was the unknown breaking point (maximum value of
the studied variable). If necessary, first sampling dates were
not considered to evaluate the linear phase of growth and the
maximum value of the studied variables.

Dynamics of FWC was described by fitting third order
polynomials to the water content and DAA relationships dur-
ing the whole observation period.

Data from cultivars and years were subjected to analysis
of variance and mean differences were compared with the
test LSD (Least Significant Difference test, Di Rienzo et al.,
2009). Regression analyses were used to assess the degree of
association between variables.

RESULTS

Pericarp histogenesis. At anthesis (Fig. 1A), pericarp
transverse sections of CW88 OL showed an outer uniseriate
epidermis covered by a cuticle (Fig. 1D). Immediately below,
there were 8-10 strata of outer parenchymatic cells separated
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Fig. 1. External appearance of the main capitulum and pericarp transverse section of one of the fruits of the CW88 OL safflower cultivar
at anthesis (A, D), at maximum pericarp dry weight (B, E) and at harvest maturity (C, F) during 2008. e: epidermis, ip: inner parenchyma,
op: outer parenchyma, pl: phytomelanin layer, sc: secretory cells. Arrows in Fig. D indicate twinned prismatic simetric crystals. Scale
par; A-C = 10 mm; D-F = 40 pm.

Fig. 1. Apariencia externa del capitulo principal, y seccion transversal del pericarpio de uno de los frutos del cultivar de cartamo CW88 OL
en antesis (A, D), cuando el pericarpio alcanza su maximo peso seco (B, E) y en madurez de cosecha (C, F) durante 2008. e: epidermis, ip:
paréngquima interno, op: parénquima externo, pl: capa de fitomelanina, sc: células secretoras. Las flechas en la Fig. D sefialan los cristales
prisméaticos, simétricos y apareados. Escalas: A-C = 10 mm; D-F = 40 um.

Table 1. Pericarp variables of CW88 OL and CW99 OL safflower cultivars during four years.
Tabla 1. Variables del pericarpio de los cultivares de cartamo CW88 OL y CW9I9 OL evaluadas durante cuatro afos.

Growth rate (mg/day) Growth duration (day)
Thickness (pm) NSS CW88OL CW99OL CWS88OL CW99OL MDW (mg)

Year 2008 264.34 a 5.50a 2.58b 1.99 ab 559a 7.05a 15.62 a
2010 250.46 a 5.46 a 1.83 ab 2.79b 8.852a 6.14a 15.76 a
2011 229.42 a 5.39a 1.99 ab 2.38b 7.69 a 8.76 a 1719 a
2012 249.17 a 6.13a 2.40b 1.33a 8.60 a 15.40 b 19.54b
Source of variation
Year (Y) 3.42 ns 0.57 ns 0.94 ns 9.46 ** 10.32 **
Cultivar (C) 8.08 ns 0.40 ns 0.03 ns 0.72 ns 7.05 ns
YxC 2.34 ns 0.85 ns 4.68* 6.01* 2.80 ns

When Y x C interaction is non-significant (ns), mean values within a column followed by the same letter are similar (p>0.05). When Y x C interaction is
significant (* p<0.05,™ p<0.01), mean values within each variable followed by the same letter are similar (p>0.05). MDW: maximum dry weight, NSS: number
of sclerified strata.

Cuando la interacciéon Y x C es no significativa (ns), los valores promedio dentro de una columna seguidos por la misma letra son similares (p>0,05). Cuando la interaccién Y x C
es significativa (* p<0,05, ™ p<0,01), los valores promedio dentro de cada variable seguidos por la misma letra son similares (p>0,05). MDW: méximo peso seco, NSS: nimero de
estratos esclerificados.
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Fig. 2. Scanning electron microscope image of CW88 OL peri-
carp at anthesis showing twinned prismatic simetric crystals (c) in
the outer parenchyma. Each arrow indicates the shared surface for
each crystal pair. Scale bar = 10 um.

Fig. 2. Imagen de microscopia electronica de barrido del pericarpio de
CW88 OL en antesis mostrando los cristales prismaticos, simétricos y
apareados (c) en el parénguima externo. La flecha sefala la superficie
en comun a cada par de cristales. Escala = 10 um.

from the inner parenchyma (5-6 strata) by 4-5 strata of se-
cretory cells (Fig. 1D). At this time, no dividing cells were
observed in the pericarp. Twinned prismatic simetric crystals
which shared a basal plane face were observed in many of the
parenchymatic cells of the CW88 OL and CW99 OL peri-
carps (Figs. 1D and 2). These crystals, identified by rotation
between crossed polarizers, were birefringent.

Dynamics of pericarp thickness was similar (p>0.25) be-
tween cultivars during 2008. Maximum pericarp thickness
was achieved at 7 and 8 DAA being 250 pm + 10.53 and 246
pm * 12.81 in CW88 OL and CW99 OL, respectively. At
this time, the phytomelanin layer was discontinuous in both
cultivars. At 8 DAA (Fig 1B), lignification of the pericarp
cells of CW88 OL was complete including all cells of the
inner parenchyma and 4-8 layers of cells of the outer paren-
chyma (Fig. 1E). By the time lignification was complete, the
phytomelanin layer was continuous and the number and size
of the crystals had decreased considerably in both cultivars;
it was difficult to observe them in detail by light microsco-
py (Fig. 1E). Pericarp thickness and anatomical structure of
CW88 OL did not change between 8 DAA (Fig. 1E) and
harvest maturity (Fig. 1C and F). At harvest maturity, peri-
carp thickness and number of sclerified strata of the outer pa-
renchyma were similar between cultivars and years (Table 1).
Mean final pericarp thickness and number of sclerified strata
in the outer parenchyma, averaged over the four years, were
231 pm + 8.09 and 6 + 0.40 in CW88 OL, and 265 pum * 6.59
and 6 + 0.14 in CW99 OL, respectively.
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Fig. 3. Dynamics of the pericarp (®) and seed (O) dry weights
(mg) of the CW88 OL and CW99 OL safflower cultivars during
2011. DAA: days after anthesis.
Fig. 3. Dinamica del peso seco (mg) del pericarpio (®) y de la semilla
(O) de los cultivares de cartamo CW88 OL y CW99 OL durante 2011,
DAA: dias después de la antesis.

Pericarp and seed variables. Dynamics of pericarp and
seed dry weight showed a similar pattern for both culti-
vars and years, with the pericarp reaching its maximum dry
weight before the seed (Fig. 3).

Pericarp growth rate and duration were similar between
years and cultivars except in 2012 (Table 1). The highest peri-
carp growth duration was observed in CW99 OL in 2012,
and it was associated with one of the lowest pericarp growth
rates. Consistently, a negative relationship was found between
pericarp growth rate and growth duration (R? = 0.67; p<0.01).
Maximum pericarp dry weight was similar between cultivars:
itwas 15.77 mg + 0.87 in CW88 OL, and 18.28 mg + 0.57 in
CW99 OL. Comparing years, the highest maximum pericarp
dry weight was observed in 2012 (Table 1).

Seed growth rate and time of physiological maturity were
similar between cultivars: they were 1.48 mg/day + 0.16 and
21 days = 1.56 in CW88 OL, and 1.86 mg/day + 0.21 and 21
days + 1.11 in CW99 OL, respectively. These variables were
only affected by years (Table 2). Except in 2012, maximum
seed dry weight was lower in CW88 OL than in CW99 OL

PYTON ISSN 0031 9457 (2014) 83: 379-388
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(Table 2). Averaged over cultivars, physiological maturity
(PM) was delayed from three to six days in 2008 and 2012
with respect to the other years, and this was associated with
one of the lowest seed growth rates. As it was observed for
the pericarp, a negative relationship was found between seed
growth rate and time of PM (R? = 0.70; p<0.01). When the
fruit reached PM, around 70% of the bracts of the main ca-
pitulum had turned yellow.

Fruit variables. FWC dropped slowly at first and then
more rapidly, from anthesis to harvest maturity for both culti-
vars and years (Fig. 4). FWC at anthesis and at the time when

the pericarp achieved its maximum dry weight were 77.21% 90 CW99 OL
+ 0.87 and 70.09% + 1.41 in CW88 OL, and 76.63% + 0.65 80 1
and 67.45% = 2.99 in CW99 OL, respectively (Table 3). At 707
anthesis, FWC was 4% higher (p<0.05) in 2012 than in the g 607
other years. At PM, no differences were detected in FWC QE) 501
between years and cultivars; the exception was CW99 OL 40
which showed a higher FWC at PM in 2012 than in 2011 301
(Table 3). Recommended moisture level of the fruit at har- 201
vesting (12%) was achieved around 27 DAA in both cultivars 100 ]

in 2011 (Fig. 4), and 37 DAA in 2012 (data not shown). Har-
vest moisture level could not be determined in 2010: plants
had to be harvested earlier to avoid fruit germination in the
plant due to significant rainfall. At harvest maturity, all bracts
of the main capitulum had turned yellow (Fig. 1C).
Averaged over years, fruit volume was 15% higher in
CW99 OL (47.25 pL = 2.62) (Table 3). Comparing years,
fruit volume was 19 to 27% higher in 2012 than in the other
years. In general, higher fruit volume was associated with
higher maximum pericarp dry weight (Table 1 and 3).

90 -
30 MPDW

CW88 OL

FWC (%)

0 5 10 15 20 25 30 35
DAA

Fig. 4. Dynamics of the fruit water content (FWC, %) of the CW88 OL
and CW99 OL safflower cultivars during 2011. DAA: days after anthe-
sis, MPDW: maximum pericarp dry weight, PM: physiological maturity.
Fig. 4. Dinamica del contenido de agua del fruto (FWC, %) de los
cultivares de cartamo CW88 OL y CW99 OL durante 2011. DAA: dias
después de la antesis, MPDW: maximo peso seco del pericarpio, PM:
madurez fisioldgica.

Table 2. Seed variables of CW88 OL and CW99 OL safflower cultivars during four years.
Tabla 2. Variables de la semilla de los cultivares de céartamo CW88 OL y CW99 OL evaluadas durante cuatro afos.

MDW (mg)
Growth rate (mg/day) PM (day) CW88 OL CW99 OL
Year 2008 121a 24.50 ¢ 21.44b 24.26 cd
2010 2.24b 16.52 a 17.11a 22.41 be
2011 1.63 ab 19.74b 17.30 a 26.71d
2012 1.61ab 2320 ¢ 24.69 cd 23.12 bc
Source of variation

Year (Y) 445* 15.04 ** 9.41 ™

Cultivar (C) 5.48 ns 0.15 ns 3.01 ns

YxC 0.64 ns 2.24 ns 16.05 *

When Y x C interaction is non-significant (ns), mean values within a column followed by the same letter are similar (p>0.05). When Y x C interaction is
significant (* p<0.05,™ p<0.01), mean values within each variable followed by the same letter are similar (p>0.05). MDW: maximum dry weight, PM: physi-

ological maturity.
Cuando la interaccién Y x C es no significativa (ns), los valores promedio dentro de una columna seguidos por la misma letra son similares (p>0,05). Cuando la interaccién Y x C es
significativa (* p<0,05, ™ p<0,01), los valores promedio dentro de cada variable seguidos por la misma letra son similares (p>0,05). MDW: miximo peso seco, PM: madurez fisiolégica.
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Table 3. Fruit variables of CW88 OL and CW99 OL safflower cultivars during four years.
Tabla 3. Variables del fruto de los cultivares de cartamo CW88 OL y CW99 OL evaluadas durante cuatro arios.
FWC (%)
at PM
at Anthesis at MPDW CWS88 OL CW99 OL Volume (pL)
Year 2008 -—- - -—- - -—
2010 76.14 a 7193 a 47.11b 38.41 ab 42.30a
2011 75.69 a 69.57 aa 38.34 ab 2933 a 39.60 a
2012 78.94b 64.82 34.52 ab 46.81b 50.36 b
Source of variation
Year (Y) 7.86* 2.78 ns 2.88 ns 7.35*
Cultivar (C) 1.88 ns 0.38 ns 0.07 ns 57.31*
YxC 0.34 ns 2.90 ns 493* 0.12 ns

When Y x C interaction is non significant (ns), mean values within a column followed by the same letter are similar (p>0.05). When Y x C interaction is sig-
nificant (* p<0.05,™ p<0.01), mean values within each variable followed by the same letter are similar (p>0.05). FWC: fruit water content, MPDW: maximum

pericarp dry weight, PM: physiological maturity.

Cuando la interaccién Y x C es no significativa (ns), los valores promedio dentro de una columna seguidos por la misma letra son similares (p>0,05). Cuando la interaccién Y x C
es significativa (* p<0,05, ** p<0,01), los valores promedio dentro de cada variable seguidos por la misma letra son similares (p>0,05). FWC: contenido de agua del fruto, MPDW:

méximo peso seco del pericarpio, PM: madurez fisiolégica.

DISCUSSION

Until now, studies of the histogenic development of the
safflower pericarp have been reported in some cultivars (Ebert
& Knowles, 1968; Franchini et al., 2012). The results reported
here provide the first complete description of the safflower
fruit development relating pericarp histogenesis and thick-
ness, fruit dry weight and water content dynamics from an-
thesis to harvest maturity. In particular, our work provides
the first report regarding the evolution of safflower pericarp
thickness.

In general, our results in CW88 OL pericarp histogenesis
during 2008 were similar to those in (1) a safflower normal
line (Ebert & Knowles, 1968) and (2) CW99 OL safflower
cultivar (Franchini et al., 2012). CW88 OL pericarp potential
size was already fixed at anthesis, as no more cell divisions
were observed in the ovary wall, and pericarp lignification was
complete at 8 DAA.

'The pericarp could play a critical role in the control of final
seed size. In sunflower, the growing seed can compress the in-
ner parenchymatic tissue of the pericarp reducing its thickness
almost by 50% at PM (Lindstrom et al., 2007). Conversely, we
observed that the inner parenchyma was completely lignified
and this tissue could not be compressed by the developing
seed in the safflower pericarp. According to this, maximum
pericarp thickness was achieved at the same time second-
ary cell wall lignification was completed in CW88 OL and
CW99 OL. These results lead us to suggest the hypothesis

that the available space for the maximum development of the
embryo (embryo potential size) is set when pericarp lignifica-
tion ends.

A phytomelanin layer was observed in the pericarps of the
CW388 OL and CW99 OL safflower cultivars as it was stated
by Ebert & Knowles (1968) in other safflower lines. Roth
(1977) reported that in safflower, the phytomelanin layer was
originated by lysis of the walls of the secretory cells. Other-
wise, this layer would be secreted to the esquizogenic space
generated between the hypodermis and the sclerenchyma in
sunflower (Hanasusek, 1902 cited by Roth, 1977; Pandey &
Dhakal, 2001). It is well known the defense role of the phy-
tomelanin layer in protecting the seed from (1) predation, pri-
marily by insects, and (2) extreme environmental conditions
(Pandey & Dhakal, 2001).

We observed twinned prismatic crystals in the parenchy-
matic tissue of the pericarp of CW88 OL and CW99 OL at
anthesis. These crystals were birefringent and similar to one
of the calcium oxalate crystals described by Dormer (1961) in
the ovary wall of safflower, suggesting that they could be cal-
cium oxalate crystals. The occurrence of calcium oxalate crys-
tals in Asteraceae has been reported by Zarembo and Boyko
(2008). Accumulation of calcium in the cell wall of young
cells could interfere with the normal process of cell expan-
sion. Thus, the presence of calcium oxalate crystals in young
cells may serve as a calcium sink to reduce apoplastic calcium
concentration (Franceschi & Nakata, 2005). In soybean seeds,
calcium oxalate crystals increased in number from fertilization
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until 16 days later. From this moment onwards, they started
to decrease up to seed maturation (Ilarslan et al., 1997). These
authors hypothesized that as seeds complete maturation, there
is a lowering of the pH inside the cell that could cause crystal
disruption and liberation of calcium and oxalate. The same
process may explain the decrease in the number and size of
safflower pericarp crystals by 8-9 DAA when cell wall lignifi-
cation was complete. Our results constitute the first reference
about the dynamics of the pericarp crystals in safflower.

Dynamics of pericarp dry weight was similar between cul-
tivars and years, and to the one described by other authors in
safflower (Franchini et al., 2012) and in sunflower (Connor
& Hall, 1997; Mantese et al., 2006; Rondanini et al., 2006;
Lindstrom, 2012). Pericarp weight of a dry fruit is mainly
composed by secondary cell walls (Roth, 1977; Lindstrém,
2012). In agreement with this, safflower maximum pericarp
dry weight was achieved at the same time lignification was
completed. Maximum pericarp dry weight was mainly associ-
ated to fruit volume (Lindstrom et al., 2006b).

Final seed weight can be described as a function of the rate
and duration of dry weight accumulation (Egli, 1998). In our
work, differences in maximum seed dry weight between culti-
vars were not explained by time of PM (duration). Although
no significant differences were detected (p=0.10) between cul-
tivars, seed growth rates were 26% higher in CW99 OL than
in the other cultivar. In turn, differences in seed growth rates
could be associated to the number of cells fixed in the seed as
it was observed by Lindstrém et al. (2006b) in sunflower.

Safflower seed growth rates (mean=1.8 mg/day) was within
the values observed in cereals (1.7 to 2.4 mg/day, Egli, 1998)
and in two sunflower hybrids (1.1-2.1 mg/day, Lindstrom et
al., 2006b). In other sunflower cultivars, Mantese et al. (2006)
observed higher values of seed growth rate (1.8 to 3.7 mg/day).
Also, the number of days between anthesis and PM was similar
to that observed by Koutroubas & Papakosta (2010) in other
safflower cultivars grown under mediterranean environments.

FWC at PM depends on the species. For example, FWC at
PM is 21% in castor bean (Ricinus communis L., Vallejos et al.,
2011), 60% in soybean (Fraser et al., 1982), 38% in sunflower
(Rondanini et al., 2007) and 37% in wheat (Calderini et al.,
2000). In safHower, we observed that mean FWC at PM was
39% + 2.24. At this time, 70% of capitulum bracts were yellow.
This stage corresponds to BBCH 87 (Flemmer et al., 2014).
Shakeri-Amoughin et al. (2012) observed that saflower fruits
reached PM 42 days after flowering with 13% moisture. It is
surprising that they have observed that PM is achieved with
the FWC recommended for harvest. In soybean (Fraser et al.,
1982) and sunflower (Rondanini et al., 2007), FWC at PM
appears to be constant across genotypes. This should be veri-
fied in other safflower genotypes, besides those studied here,
to develop a predictive model of the time when PM is reached
based on the moisture content of the fruits as in sunflower

(Rondanini et al., 2007).
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Safflower pericarp water content is the dominant component
of fruit water dynamics since 75% of the whole-fruit water is
contained within the pericarp when the fruit reaches its maxi-
mum water content (David, ML.A, personal communication).
Similar results were observed in sunflower (Rondanini et al.,
2009). Considering that the water in the pericarp would be lo-
cated in the protoplast of living cells, and that the parenchyma-
tous tissue of safflower pericarp is located beneath the epidermis,
drying of safflower fruits at the field would be faster than that
in sunflower, where the arrangement of the parenchymatic and
the lignified tissues is reversed (Lindstrom et al., 2006a). Hence,
safflower fruit would continue to lose water from the time it is
harvested at the field (10-13% of FWC) until it is received in
the laboratory (5-7% of FWC; Fernandez et al., 2012b).

CONCLUSIONS

The safflower fruit development presented here provides
novel information about pericarp histogenesis, and the dy-
namics of pericarp and seed dry weight, pericarp thickness
and fruit water content. This information can be used to evalu-
ate and understand how genotype, environment (temperature,
solar radiation, water availability) or agricultural management
practices (crop density, sowing date) could affect safflower
fruit weight and morphology as well as pericarp anatomy, pa-
rameters directly associated with crop yield and fruit quality.

The description of fruit drying in both studied cultivars
would allow farmers to determine the right time for harvest-
ing once PM (39% of FWC) is reached. Therefore, farmers
will be able to avoid environmental conditions that could
cause yield losses. A chemical herbicide application could be
necessary before the harvest to desiccate those parts of the
plant which were still green. This herbicide would also con-
tribute to reach the FWC suitable for grain storage.
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