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Abstract

This work aimed to determine the harvesting time of pepper (Capsicum baccatum L.) seeds, cv. Dedo-de-mocga, based on
physiological markers and patterns of metabolite consumption and reserve deposition. Seeds were harvested at different maturation
stages from 10 to 90 days after anthesis and seed quality was assessed according to water content, dry weight, germinability,
electrolyte leakage, content of starch, neutral lipids, soluble proteins, total soluble sugars, non-reducing sugars, and total free amino
acids. Physiological maturity was reached at 40 days after anthesis, when seeds displayed maximal dry weight and 60% of water
loss; however, harvesting maturity was established 50 days after anthesis, taking into account maximal germinability, minimal
electrolyte leakage, reserve deposition, and non-reducing sugar accumulation. Our results show that biochemical markers are very
useful to characterize the developmental phases and harvesting maturity during C. baccatum seed formation.

Keywords: metabolite consumption; non-reducing sugar accumulation; pepper seed development; reserve deposition; seed
maturation.

Abbreviations: BOD_biochemical oxygen demand; BSA_bovine serum albumin; CV_coefficient of variation; DAA_days after
anthesis; DW_dry weight; ERI_emergence rate index; FW_fresh weight; GRI_germination rate index; LEA_late embryogenesis
abundant; NL_neutral lipids; NRS_non-reducing sugars; RFO_raffinose family oligosaccharides; ROS_reactive oxygen species;
SDS-PAGE_sodium dodecyl-sulphate polyacrylamide gel electrophoresis; SP_soluble proteins; SSP_seed storage proteins;
TFAA_total free amino acids; TSS_total soluble sugars.

Introduction

Seed development starts immediately after double aging and electrical conductivity (Samarah and Abu-Yahya,
fertilization in angiosperms. During histodifferentiation, cell 2008; Vidigal et al., 2011), fruit and seed color (Yang et al.,
division allows embryo development from the zygote and 2004). Recently, biochemical techniques have also been
endosperm formation from the primary endosperm cell. After employed to assess seed quality throughout late maturation, in
the establishment of apical-basal and radial patterns in the order to determine the activity of enzymes involved in cell
embryo, food reserves are synthesized and deposited into the respiration (Ramya et al., 2012) and reserve mobilization
storage tissues over the course of seed expansion. In (Oliveira et al., 2013). In spite of these efforts, seed quality and
orthodox seeds, desiccation tolerance is acquired during harvesting maturity during late seed development have been
maturation drying, which involves the accumulation of late poorly characterized in terms of metabolite consumption and
embryogenesis abundant (LEA) proteins and non-reducing reserve deposition. Thus, the aim of this work is to
sugars (Bewley et al.,, 2012). Physiological maturity is characterize seed quality and harvesting maturity during the
reached when the seed displays maximal dry weight development of Capsicum baccatum L. seeds by physiological
accumulation and considerable water loss. If maximal markers and biochemical techniques, assessing the patterns
germination capacity and vigor are also reached at of metabolite consumption and reserve deposition. The
physiological maturity, it is likely to carry out seed harvest results obtained by biochemical techniques are compared
(Patrick and Offler, 2001); thus, the investigation of seed with those determined by physiological markers in order to
maturation in crop species is fundamental to determine identify new markers for the determination of harvesting
harvesting maturity in order to avoid productivity losses due maturity during late seed maturation.

to seed deterioration in the field (Vidigal et al., 2011). In the

majority of studies on seed maturation, harvesting maturity Results and discussion

has been determined based on physiological markers,
including dry weight and water content (Eskandari, 2012),
germination percentage and emergence rate index (Ghassemi- In the course of C. baccatum seed development, changes in
Golezani and Hosseinzadeh-Mahootchy, 2009), accelerated fresh weight (FW), dry weight (DW), and humidity

Physiological characterization of seed development
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percentage (Fig 1) followed the patterns previously described
for typical orthodox seeds (Bewley et al., 2012). The FW
content (Fig 1A) was adjusted to the fourth-order polynomial
model (R?=0.9309), increasing 52% from 10 to 50 days after
anthesis (DAA) and then diminishing 37% from 50 to 90
DAA. According to the fourth-order polynomial model
(R?=0.9784), the DW content (Fig 1B) increased 9-fold from
10 to 40 DAA and remained unchanged until the last harvest
(90 DAA). Concomitantly, the water content, expressed as
humidity percentage (Fig 1C), progressively decreased
during the experiment as described by the sixth-order
polynomial model (R?=0.9912); in fact, the humidity
percentage was 90% at the first harvest and diminished to
15% at the end of the experiment. It is widely accepted that
seeds reach physiological maturity when DW content is
maximal and the water content is considerably reduced
throughout the developmental process (Bewley et al., 2012).
Taking into account only these physiological markers, C.
baccatum seeds were physiologically mature at 40 DAA, as
DW accumulation was almost accomplished and water
content was only 30%. In agreement with these results,
physiological maturity based on DW accumulation was also
reached before seed desiccation has been completed in
Crotalaria pallida (Yang et al., 2004), chickpea (Samarah
and Abu-Yahya, 2008), and cowpea (Eskandari, 2012).

The germinability of C. baccatum seeds was evaluated during
the maturation process in terms of emergence percentage and
emergence rate index (ERI), which fitted to the fourth-order
(R?=0.9177) and the sixth-order polynomial models
(R?=0.9701), respectively (Fig 2A, B). Accordingly, seedling
emergence was not detected until 30 DAA (ERI=0.00),
increased from 39.5% (ERI=1.26) at 40 DAA to 73.5%
(ERI=2.76) at 50 DAA, and was not significantly altered
until the last harvest. Some studies have assessed emergence
percentage and ERI instead of germination percentage and
germination rate index (GRI) as markers to determine when
seeds become germinable. As in C. baccatum, seedling
emergence was also verified from 40 DAA in Capsicum
annuum (Vidigal et al., 2011) and cowpea (Eskandari, 2012).
The results obtained by the electrical conductivity test using
C. baccatum seeds harvested at different moments after
anthesis were adjusted to the fifth-order polynomial model
(R?=0.9843) (Fig 2C), and diminished 95% from 10 to 50
DAA and then remained almost unchanged until the end of the
experiment. The electrical conductivity of seed leachate has been
adequately employed as an indirect marker of seed vigour during
natural aging, given that electrolyte leakage indicates membrane
damage and consequent cell death (Bewley et al, 2012);
however, during early seed development, electrolyte leakage
may be related to the intense release of ions and amino acids in
the seed apoplast from the phloem of the mother plant (Patrick
and Offler, 2001). In this manner, membrane integrity was
mainly verified to C.baccatum seeds between 50 and 70 DAA.
Electrical conductivity measurements also progressively
declined at late seed development in faba bean (Ghassemi-
Golezani and Hosseinzadeh-Mahootchy, 2009), C. annuum
(Vidigal et al., 2011), and onion (Ramya et al., 2012)..

Deposition of food reserves

The variation of the neutral lipid (NL) content during C.
baccatum seed development was adjusted to the sixth-order
polynomial model (R?=0.7957) (Fig 3A). NL content
increased 14-fold between 10 and 30 DAA, diminished 78%
from 30 to 60 DAA, and doubled from 60 to 80 DAA. The
starch content showed the opposite trend as described by the
fifth-order polynomial model (R?=0.9458) (Fig 3B). Starch
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content decreased 67% at the first harvest until 30 DAA,
increased 23% from 30 to 60 DAA, and remained almost
unchanged until the end of the experiment. Consistent with
these results, it seems that starch played a part as a temporary
carbon storage during early seed development, probably
contributing to embryo formation and reserve biosynthesis,
as previously described in Arabidopsis thaliana (Baud et al.,
2002), Medicago truncatula (Djamel et al., 2005), and
soybean (Saldivar et al., 2011). In accordance with the sixth-
order polynomial model (R*=0.7897) (Fig 3C), the soluble
protein (SP) content in C. bacatum seeds increased 66% from
10 to 40 DAA and then remained almost unchanged until the
last harvest. Among this protein pool, SDS-PAGE profile
(Fig 4) revealed polypeptide bands showing molecular
weight of 79, 64, 48, 43, 38, 27, 25, and 12 kDa, which are
compatible with the chains of different seed storage proteins
(SSP). 7S (vicilin) and 11S (legumin) globulins were
previously identified in C. annuum cultivars by SDS-PAGE
(Vladova et al., 2000). It is reasonable that the 79- and 64-
kDa bands may be vicilin-like chains; the 48-, 43-, and 38-
kDa bands seem legumin-like acidic subunits; the 27- and 25-
kDa bands may correspond to legumin-like basic subunits;
and the 12-kDa band is compatible with a 2S albumin-like
chain (Bewley et al., 2012). The intensity of all of these
polypeptide bands increased progressively over the course of
pepper seed development and picked at 50 DAA (Fig. 4). In
addition, the legumin-like subunits were mainly accumulated,
as previously reported (Vladova et al., 2000).

Metabolite profile during seed development

The content of total soluble sugars (TSS) (Fig 5A) and total
free amino acids (TFAA) (Fig 5C) was abruptly decreased
during C. baccatum seed development, as shown by the third-
order (R?=0.9369) and the fifth-order polynomial models
(R?=0.9852), respectively. Since the first harvest until 30
DAA, the TSS and TFAA content reduced by 80 and 60%,
respectively. After this period, a gradual decrease was
observed in the content of both metabolites, reaching less
than 5% of the initial amounts. As expected, the TSS and
TFAA content decreased in parallel with the accumulation of
NL (Fig 3A) and SP (Fig 3C), indicating the involvement of
these metabolites as precursors of carbon and nitrogen
reserves, respectively. In 4. thaliana (Baud et al., 2002) and
M. truncatula (Djamel et al., 2005), the decline in hexose
pool also correlated with oil deposition as well as amino acid
consumption took place when SSP were synthesized. The
variation of the non-reducing sugar (NRS) content along C.
baccatum seed development fitted to the fifth-order
polynomial model (R?=0.8617) (Fig 5B). Accordingly, the
NRS content increased 5-fold between 10 and 60 DAA and
then reduced 40% until the last harvest. As NRS picked at 60
DAA, following NL (Fig 3A) and TSS consumption (Fig
5A), it is possible that NL and TSS fueled early seed
development and were partially interconverted to NRS. It is
well established that NRS, including sucrose and raffinose
family oligosaccharides (RFO), are accumulated during
maturation drying and play a part in desiccation tolerance.
According to the water-substitution hypothesis, NRS may
bind to hydrophilic head groups of membrane lipids,
replacing water and stabilizing cell membranes as seeds
undergo desiccation (Bewley et al., 2012).

of

Physiological and biochemical characterization

developmental phases

Although it is difficult to define precisely when each phase
took place throughout C. baccatum seed development, the
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Fig 1. Fresh weight (A), dry weight (B), and humidity
percentage (C) during seed development in pepper
(Capsicum baccatum L.), cv. Dedo-de-moga. Dots represent
individual observations in the regression analysis; adjusted to

the most appropriate model.

biochemical markers assessed in this work provide some
clues.

From 10 to 20 DAA, seeds showed low DW content (Fig 1B)
and high humidity (Fig 1C), were poor in lipid and protein
reserves (Fig 3A and C), rich in metabolites (Fig 5A and C),
and unable to germinate (Fig 2A), characterizing
histodifferentiation. Reserve deposition was intensified
between 20 and 50 DAA, as a parallel increase in DW (Fig
1B), NL, starch, and SP (Fig 3) content was associated with a
drastic decrease in humidity (Fig 1C). Since 50 DAA, seeds
progressively lost water (Fig 1C), were able to germinate
(Fig 2A), and accumulated NRS (Fig 5B), evidencing
maturation drying. In A. thaliana (Baud et al., 2002), M.
truncatula (Djamel et al., 2005) and Vicia faba (Patrick and
Stoddard, 2010), similar biochemical markers were also
utilized to characterize the different phases of seed
development.
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Fig 2. Emergence percentage (A), emergence rate index (B),
and electrical conductivity (C) during seed development in
pepper (Capsicum baccatum L.), cv. Dedo-de-moca. Dots

represent individual observations in the regression analysis;
adjusted to the most appropriate model.

According to our results, it is reasonable to propose that C.
baccatum seeds reached physiological maturity at 40 DAA,
but harvesting maturity was established at 50 DAA, when
maximal germinability (Fig 2A) and minimal electrolyte
leakage (Fig 2C) were accompanied by reserve deposition
(Fig 3) and NRS accumulation (Fig 5B). Using this approach,
biochemical markers were very helpful to characterize the
developmental phases and harvesting maturity during C.
baccatum seed formation.

Materials and Methods
Plant materials

Pepper (Capsicum baccatum L.) seeds, cv. Dedo-de-moga, were
utilized in this study.
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Fig 3. Content of neutral lipids (A), starch (B), and soluble
proteins (C) during seed development in pepper (Capsicum
baccatum L.), cv. Dedo-de-moga. Dots represent individual
observations in the regression analysis; adjusted to the most
appropriate model.

This genotype was chosen as an experimental model as it is
mainly cultivated and consumed in Brazil in comparison with
other cultivars of the Capsicum genus. Moreover, C. baccatum,
cv. Dedo-de-moga, also shows high economical relevance in
Brazil in terms of family-based farming and integration between
small farmers and industry (Carvalho et al., 2009). Plants were
cultivated in an ultisol at the experimental field of Universidade
Federal Rural do Semi-Arido, Mossoré, RN, Brazil (5°11"South
37°20" West) from January to October 2012. Soil analysis
revealed the following characteristics: pH (water)=6.40; P=324.8
mg.dm?; K=111.3 mg.dm? Ca=4.30 cmol.dm?; Na=24.0
mg.dm®, and Mg=0.80 cmol.dm™®. Seeds were sown in a nursery
and seedlings were transferred to the experimental field when
they displayed four to six leaves or 150 mm of height according
to Ozores-Hampton et al. (2000). Seedlings were planted in a
1.0 x 0.6 m disposal, irrigated by drip system, and cultivated as
described by Bowen and Frey (2002). Flowers were marked at
anthesis and fruits were harvested from 10 to 90 DAA. Seeds
were removed manually from fruits and washed in running
water. Samples utilized for physiological determination were
dried at room temperature for 24 h and those employed for
biochemical determination were frozen and maintained at -20
°C.

Physiological determinations

Eight samples of 100 seeds were immediately removed from
fresh fruits and weighed to determine FW.

1013

66 >
55>

45>
30>

21>

14>

Fig 4. SDS-PAGE profile of seed soluble proteins from pepper
(Capsicum baccatum L.), cv. Dedo-de-moga, during seed
development. SP were extracted with 100 mM Tris-HCI buffer
pH 7.0 containing 500 mM NaCl and 2 mM 2-mercaptoethanol,
separated in 12% (w/v) polyacrylamide gels and stained with
0.1% (w/v) Coomassie Brilliant Blue R-250 in 40% (v/v)
methanol and 10% (v/v) acetic acid. Molecular mass is indicated
in kDa. 7S are vicilin-like chains, 11S are legumin-like chains,
composed by acidic (a) and basic (b) subunits, and 2S are
putative albumin bands.

These samples were dried at 105+3 °C for 24 h and weighed
again to assess DW. Water content was then calculated and
expressed as humidity percentage, in accordance with the
Brazilian Seed Analysis Rules (Brasil, 2009). Seeds submitted to
emergence tests were previously treated with Thiram fungicide
in the proportion of 3 g of product per 1 kg of seeds. Four
samples of 25 seeds were sown in coconut fibre, moisturized
with distilled water, and maintained at a greenhouse for 30 days.
Samples were irrigated and observed daily; the number of
normal seedlings was recorded. At the end of the experiments,
emergence percentage was assessed and emergence rate index
(ERI) was calculated as described by Maguire (1962).

In order to perform the electrical conductivity tests, four samples
of 50 seeds were immersed in 25 mL of distilled water and
maintained at a Biochemical Oxygen Demand (BOD) incubator
at 25 °C for 24 h (Vidigal et al., 2011). Following, the electrical
conciucltivity of the solution was assessed and expressed as US
cm-g.

Biochemical quantifications

The content of NL was determined by gravimetry. Samples of
200 mg of dry seeds were macerated for 5 min and NL were
extracted with 8 mL of n-hexane at 60 °C over 5 h. The
supernatants were transferred to plastic tubes whose mass was
previously determined. After evaporation of n-hexane at 80 °C,
the NL content was determined as the difference between initial
and final mass of the tubes and expressed as mg g* DW. For SP
extraction, samples of 200 mg of fresh seeds were macerated
with 1.5 mL of 100 mM Tris-HCI buffer pH 7.0 containing 500
mM NaCl and 2 mM 2-mercaptoethanol for 5 min. After
centrifugation at 10,000 xg for 10 min, the supernatants were
collected and the pellets were re-extracted twice with 1 mL of
extraction buffer. The supernatants were combined to yield a 3.5
mL protein extract per sample.
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Fig 5. Content of total soluble sugars (A), non-reducing sugars
(B), and total free amino acids (C) during seed development in
pepper (Capsicum baccatum L.), cv. Dedo-de-moga. Dots
represent individual observations in the regression analysis;
adjusted to the most appropriate model.

SP content was determined by the Bradford (1976) assay using
bovine serum albumin (BSA) as standard and expressed as mg g’
! DW. The SP extracts were submitted to sodium dodecyl-
sulphate polyacrylamide gel electrophoresis (SDS-PAGE) using
2-mercaptoethanol according to Laemmli (1970). Then, SP were
separated in 12% (w/v) polyacrylamide gels under 200 V and 50
mA for 80 min. Gels were stained with 0.1% (w/v) Coomassie
Brilliant Blue R-250 in 40% (v/v) methanol and 10% (v/v) acetic
acid during 30 min, washed with 40% (v/v) methanol and 10%
(v/v) acetic, and digitalized using an image capture system.

TSS, NRS, and TFAA were extracted from 200 mg of fresh
seeds that were cut into 2x2 mm fragments, transferred to 5 mL
of 80% (v/v) ethanol in glass tubes, and incubated at 60 °C for
30 min. The supernatants were collected and the pellets were re-
extracted with 5 mL of 80% (v/v) ethanol under the same
conditions; a 10 mL extract was obtained per sample and the
pellets were stored to determination of starch. TSS content was
quantified according to the Dubois et al. (1956) method
employing a D-glucose standard curve. NRS determination was
carried out as described by Van Handel (1968) utilizing the
anthrone reagent (Morris, 1948; Yemm and Willis, 1954) and a
sucrose standard curve. TFAA content was determined by the
ninhydrin assay (Peoples et al. 1989) using L-glutamine as
standard. All metabolites were expressed as mg g™ DW.

To assess the content of starch, the pellets obtained from the
extraction of low molecular weight soluble compounds (TSS,
NRS, and TFAA) were macerated with 1.5 mL of 30% (v/v)
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HCIO, during 5 min. After centrifugation at 10,000 xg for 10
min, the supernatants were collected and the pellets were re-
extracted twice with 1 mL of 30% (v/v) HCIO,. The supernatants
were then combined to yield a 3.5 mL starch extract. Starch
content was determined as described by McCready et al. (1950)
utilizing D-glucose as standard and expressed as mg g DW.

Experimental design and statistical analysis

Samples were harvested randomly in five replicates for each
determination procedure. Results of dependent variables were
analyzed through linear regression fitting the data to polynomial
models (first to sixth orders) sequentially. As recommended by
Littell et al. (1991), we adopted the following criteria for
selecting the best model: type | sum of squares and the
probability value for the F test associated with this sum of
squares; the coefficient of multiple determination (R?> and
adjusted R® for degrees of freedom) and the coefficient of
variation (CV). All statistical analyses were performed using R
version 2.13.0 software (R Development Core Team, 2011).

Conclusions

C. baccatum seeds, cv. Dedo-de-moga, reach physiological
maturity at 40 DAA based on maximal DW accumulation and
60% of water loss; however, harvesting maturity is established at
50 DAA considering maximal germinability, minimal electrolyte
leakage, reserve deposition, and NRS accumulation.
Biochemical markers, including reserve and metabolite content,
are helpful to characterize the developmental phases and
harvesting maturity during C. baccatum seed formation.
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