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Abstract

Capsicum (pepper) is known for its poor seed germination, particularly in terms of seed
longevity, which is usually much shorter than other Solanaceaec. However, the
molecular mechanisms involved are mostly unknown in these species. The present
study examines the differences in seed longevity among Capsicum species and varietal
types. Feral or less domesticated species, such as C. chinense and particularly C.
frutescens, showed higher germination rates than the more domesticated C. annuum
after accelerated seed aging treatments. In addition, variability was detected in the
expression of genes involved the response to seed deterioration. The differences
observed in ASPGI expression led us to study the seed protein profile in dry and
germinating seeds. Seed storage protein mobilization during germination was faster in
seed aging-resistant genotypes. Similarly, the transcriptional change observed for the
orthologous gene of the trans-species regulator AtHB25, prompted us to study the
structure and molecular components of the seed coat in peppers. All the Capsicum
pepper accessions analyzed presented very lignified testa and we observed a positive
correlation between the amount of this polyphenolic compound and seed viability. Our
results provide essential information to explain the poor germination observed in pepper
seeds and provides an experimental framework for future improvements in this
important character.
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Introduction

Seeds are necessary for survival of spermatophytes since they are part of the
reproduction process of this clade. Germination will only occur when the environmental
conditions are optimal and thus the seed must sometimes remain viable for long periods
of time. However, this viability in not unlimited and the embryo may perish before
optimum conditions occur. The maximum time that a seed can remain viable is variable
among species and even between varieties. This parameter is also dependent on external
biotic and abiotic factors and it is named seed longevity (Rajjou and Debeaujon 2008;
Wang et al. 2018).

Seed longevity in the mostly widely employed and modern varieties of Capsicum
peppers, i.e. blocky and fleshy types, is known for its short duration. In fact, seeds from
this genus lose viability faster than other Solanaceae like tomatoes or eggplants, and
seedbanks and breeders usually need to renew accessions every 4-5 years (Adebisi and
Abdul-Rafiu, 2016; Priestly, 1986; Yildrim et al. 2020). Nevertheless, Capsicum
peppers are very diverse genetically and differences in germination parameters can be
found among varieties (Bosland and Votava, 2012; Yildirim et al. 2020).

In this regard, there are five cultivated species in the genus Capsicum and about 30 wild
species originating from America (Pereira-Dias et al. 2019). Within the domesticated
taxons, three species, namely C. annuum L. var. annuum, C. chinense Jacq. and C.
frutescens L. are included in the annuum botanical complex and are the most important
species deriving from America (DeWitt and Bosland, 2009, Pereira-Dias et al. 2019).
Furthermore, they represent a range of domestication levels and seed germination
capacity. Thus, C. annuum is the most economically important species and an intense
domestication and breeding effort has been made to adapt this species to a plethora of
agroclimatic conditions and culinary uses, due to its taste and flavour (Moreno-Peris et
al. 2020 and Rodriguez-Burruezo et al. 2010). By contrast, several authors consider C.
frutescens as a semi-domesticated taxon and, in fact, this genotype may grow in nature
without assistance from growers (Bosland and Votava, 2012). Finally, C. chinense can
be considered as an intermediate case, with many varietal types derived from
domestication and breeding, but to a lesser extent than C. annuum. Moreover, this
species displays reduced germination capacity (Bosland and Votava, 2012; Mavi, 2018;
Pereira-Dias et al. 2019; Russo 2012). Thus, the knowledge about the seed viability of
the different Capsicum species is limited and studies investigating the molecular
mechanisms involved are scarce.

Several mechanisms involved in seed longevity have been well-studied in model plants,
such as Arabidopsis thaliana. Two main strategies have been identified: protection and
repair. It has been demonstrated that DNA, lipid and protein repair systems are crucial.
For instance, it is known that the prevention of lipid oxidation increases seed viability,
as observed for the germination of seeds produced by mutant plants lacking the
homogentisate phytyl transferase (V7E2) gene, involved in tocopherol biosynthesis.
These plants display a reduction in the level of vitamin E and produce seeds with
reduced viability (Sattler et al. 2004). Another example is the L-isoaspartyl
methyltransferase (PIMT) protein, a repair enzyme that catalyses the conversion of L-
isoaspartyl residues, detrimental for protein folding and activity, to L-aspartyl forms.
PIMT1 over-accumulation increases both seed longevity and germination capacity (Ogé
et al. 2008).

Regarding protection, the seed coat is the first barrier against the adversities of the
environment (Mohamed-Yasseen et al. 1994). The testa isolates the embryo from many
types of stress, such as UV radiation, temperature, moisture, oxygen, attack by
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pathogens and predators, among others. Therefore, its structure and composition are key
factors in determining the longevity of the seed (Rajjou and Debeaujon, 2008). The seed
coat begins to form by the differentiation of ovule integuments in the early stages of
embryo development. At the end of seed maturation, the testa acquires the proper
consistency by accumulating biopolymers. The most important polymers found in the
testa are lignin, polysaccharides, suberin and cutin (Sano et al. 2016). Suberin is a lipid
polyester located on the external part of the seed coat in some species. It confers
impermeability and it has been demonstrated to play an important role in protecting the
embryo in Arabidopsis (Renard et al. 2020, 2021). The mucilage, missing in pepper, is a
viscous polysaccharide whose hygroscopic properties allow it to absorb and maintain
water around the seed, providing favorable conditions for germination. The cuticle is
associated with the endosperm in numerous species, where it regulates permeability to
external compounds and therefore affects seed viability (De Giorgi et al. 2015). Finally,
lignin is formed in the spaces between the cellulose microfibrils by the oxidative
coupling of free lignin monomers secreted directly into the plant cell wall. The
canonical monolignols are the non-methoxylated p-coumaryl alcohol, the
monomethoxylated coniferyl alcohol and the dimethoxylated sinapyl alcohol that form
H- (hydroxyphenyl), G- (guaicyl) and S- (syringyl) units in the lignin polymer,
respectively. However, seed coat lignins also include the non-canonical C- (caffeyl)
units which derive from an unusual monomer, caffeyl alcohol. Seed coat cells develop
heavily lignified secondary cell walls to reinforce the outer surface of the seed
mechanically and to make it impermeable to liquids and gasses (Barros et al. 2015).
Thus, a loss-of-function mutant in the Arabidopsis A1LACI5 gene, encoding a laccase
involved in seed lignin synthesis, presents higher seed coat permeability (Liang et al.
2006).

On the other hand, many transcription factors have been described to participate in the
regulation of the different developmental stages and layers of the testa (Haughn and
Chaudhury, 2005), but not many of them have been found to be involved in seed
longevity. AtHB2S5 is a member of the homeobox family and it is considered as a trans-
species regulator of seed viability through the regulation of the expression of both
gibberellin and lipid polyester biosynthesis enzymes (Bueso et al. 2014 and Renard et
al. 2021).

Finally, in addition to the protection and repair mechanisms, it has been reported that
the efficiency in seed protein storage mobilization is crucial for seed germination over
time. For instance, a positive correlation between the expression of the aspartic protease
ASPG1 gene and seed viability has been demonstrated (Shen et al. 2018).

This work explores the variability of the seed longevity among Capsicum peppers and,
to our knowledge, this is the first study aimed at analysing the genes and mechanisms
involved in this trait in Capsicum peppers, which is of paramount interest for plant
physiologists, geneticists, breeders and seedbank managers.

Materials and methods

Plant material and growth conditions

Nine accessions of different species from Capsicum genus were obtained from the
Capsicum breeding team of the Instituto Universitario de Conservacion y Mejora de la
Agrodiversidad Valenciana (Valencia, Spain). The C. annuum accessions were Bola,
Pasilla, Piquillo, Chile Serrano and California Wonder breeding line 286.12.1. The C.
chinense accessions were Habanero and Ecu-994. The C. baccatum accession was Bol-
58 and the C. frutescens accession was Bol-144. This collection encompassed a range of
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different geographical origins and morphological traits. In order to work with new and
standardized lots of seeds, plants from all the accessions were grown in greenhouses
throughout the experiment. To achieve this, seedlings were transplanted in the COMAV
greenhouses, located at the Campus de Vera of the Universitat Politécnica de Valéncia,
50-60 days after sowing. The cultivation was carried out in 10 L pots with coconut fibre
in the spring-summer season, since this period is the best weather for pepper growth and
reproduction for the Mediterranean climate (Nuez et al. 2003). In the greenhouse, the
temperature was about 18-30°C and plants grew under natural photoperiod. Plants were
pruned in four stems and supported with strings to facilitate the vertical growth. Drip
irrigation was applied every 8 hours for 3 min (4L/h) with 1 g/l of a commercial
fertiliser 15N-2,2P-24,9K (BASF, Barcelona, Spain) diluted in the water.

Accelerated aging treatment and germination studies

Seeds were harvested when the fruit was at the fully ripe stage, so the seeds of all
accessions were harvested at the same physiological maturity. The accelerated aging
treatment was performed with hydrated seeds and 100% relative humidity (RH)
atmosphere at 41°C during 48h. Seeds contained 0.05-0.8 g H,O/g dry weight before
treatment and 0.13-0.16 g H,O/g dry weight after treatment. After the treatment, seeds
were grown and germinated on Murashige and Skoog (MS) plates with 1% sucrose
(w/v), 10 mM MES and 1% agar. The pH was adjusted to 5.7 with Tris buffer (Renard
et al. 2020). All germination analyses were performed after 7 days of sowing with using
around 100 seeds per biological replicate. The experiments were repeated four times.

The results are the average of these four experiments with 100 seeds per line. A

Student’s t test was used to analyse the significant differences (P < 0.05).

Orthologous gene identification and primer design

To identify orthologous pepper genes corresponding to Arabidopsis genes implicated in
seed longevity, we utilized Plaza by Ghent University. More specifically, we used the
Integrative Orthology Viewer (https://bioinformatics.psb.ugent.be/plaza). This software
selects the orthologous gene of a species after performing four tests, “Tree-based
ortholog”, “Orthologous gene family”, “Anchor point” and “Best-Hits-and-Inparalogs”
(Van Bel et al. 2018). As shown in Table 1, we identified 13 unique candidate orthologs
in Capsicum. However, ABI3, a gene essential for seed maturation, showed two
potential candidates in Capsicum. The genes analysed were: ABSCISIC ACID
INSENSITIVE 3 (ABI3), ABA INSENSITIVE 5 (ABI5), HOMEOBOX PROTEIN 25
(HB25), PROTEIN-L-ISOASPARTATE METHYLTRANSFERASE (PIMTI), SUCROSE
NONFERMENTING  I-RELATED  PROTEIN KINASE 2-6 (SnRK2.6), §-
OXOGUANINE-DNA GLYCOSYLASE 1 (OGGI), VITAMIN E DEFICIENT 1 (VTE]I),
VITAMIN E 2 (VTE2), LEAFY COTYLEDON 1 (LECI), LATE EMBRYOGENESIS
ABUNDANT 14 (LEAI14), ASPARTIC PROTEASE IN GUARD CELL 1 (ASPGI),
GALACTINOL SYNTHASE 2 (GOLS2) and FUSCA3 (FUS3). To design primers to
amplify the cDNA, we identified the sequences from orthologous genes in Capsicum
annuum, Solanum tuberosum and Solanum lycopersicum in Plaza as well. The genomic
information  of  Capsicum  chinense was found in Sol Genomics
(https://solgenomics.net/) doing a BLAST (Basic Local Alignment Tool). A BLAST
search was done for each exon using the exons of the orthologous C. annuum genes
previously found in Plaza. We performed the multiple alignment of the coding
sequences (CDS) using ClustalW (gap penalty=8) (https://www.genome.jp/tools-
bin/clustalw) to find the most conserved regions where primers were designed. As
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shown in Figure S1, primers were designed in the most conserved sequence of the gene
with no nucleotide changes, and when this was not possible, degenerate primers were
designed. Table S1 shows the direct and reverse primers designed for each gene. Before
carrying out a differential gene expression analysis, we checked the primer efficiency in
the three accessions and all were comprised between 96% and 120%. The R? value
ranged from 0.99 to 1.00.

Seed RNA extraction and RT-qPCR

The extraction of seed RNA was performed at a specific seed development stage:
advanced cotyledonary (Manzur et al. 2015). This stage was at 30 DAF (days after
fertilization) in the Piquillo accession and 25 DAF in Bol-144 and Ecu-994 accessions.
The method utilized is described in Ofiate-Sanchez and Vicente-Carbajosa (2008).
Subsequently, RNA was purified with the Nucleo spin kit (Macherey-Nagel). About

1000 ng RNA were reverse transcribed using the Maxima first-strand cDNA synthesis

kit for qRT-PCR (Thermo Fisher Scientific) according to the manufacturer's
instructions. Each reaction was performed in triplicate in a total volume of 20 pl.
gRT-PCR was performed using an Applied Biosystems 7500 Real-Time PCR System

(Thermo Fisher Scientific) with the 5 PyroTaq EvaGreen qPCR Mix Plus (ROX; Cultek
S.L.U., Madrid, Spain) according to the manufacturer's protocol. Data are the mean of
three biological samples and relative mRNA abundance was calculated using the
comparative ACt method described in Pfaffl (2001). The housekeeping gene utilized
was the pepper orthologue of the tomato Efl-alpha (Lopez-Gresa et al. 2017). Standard
curves were performed to calculate the efficiency of the reaction from a series of primer
dilutions and a mixture of cDNA from each accession. Four-point standard curves of a
dilution series (1:1, 1:5, 1:25 and 1:125) were utilized to calculate the R? value and
primer efficiency.

Protein extraction and SDS-PAGE

Proteins were extracted from dry seeds and seeds 6 days after imbibition (50 mg). Seeds
were frozen in liquid nitrogen in a mortar and were ground into powder with a pestle.
The powder was quickly and thoroughly suspended in 400 puL of PBS with the protease
inhibitor cocktail (cOmplete, Roche Ref. 04693159001). Following centrifugation for
15 min, the supernatant was transferred to a new tube and the protein content was
quantified using the Bradford method. Extracted proteins (20 pg) were resolved on a
12% SDS-PAGE gel. The gel was stained using Coomassie Blue R-250.

Histological staining

Seeds were hydrated and fixed in a solution of 2.5% paraformaldehyde and 0.5%
glutaraldehyde, as described by Karnovsky (1965). Before the infiltration in LR White,
the seeds were washed in phosphate buffer, post-fixed with 2% osmium, washed with
water and dehydrated using an ethanol series (30%, 50%, 70%, 90%). The infiltration
was carried out with mixes of 100% resin and ethanol (2 parts EtOH 90% + 1 part resin,
1 part EtOH 90% + 2 parts resin, 1 part EtOH + 2 parts resin). After complete
polymerization in capsules in the absence of oxygen at 55/60°C, LR White embedded
materials were sectioned with a Leica RM2125RTS microtome to obtain 4 um sections.
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Sections were stained with 0.1% toluidine blue O (w/v) in distilled water. Sections (16
pum of thickness) were generated with Microm HM 520 Cryostat and stained with
phloroglucinol (3% in ethanol) and mixed with one volume of HCI (37N).

Lignin quantification

Polyphenolic compounds were extracted from seeds of each accession (8 replicates)
with acetyl bromide, as described in Moreira-Vilar et al. (2014). Briefly, a protein-free
cell wall sample (20 mg) was digested with 25% acetyl bromide (v/v in glacial acetic
acid) and incubated at 70°C for 30 min. Then, the sample was quickly cooled in an ice
bath and mixed with 0.9 ml of 2 M NaOH, 0.1 ml of 5 M hydroxylamine-HCI, and 1
volume of glacial acetic acid. After centrifugation, the absorbance of the supernatant
was measured at 280 nm.

Tocopherol analysis

The quantification of endogenous levels of tocopherols in pepper seeds was performed
at the metabolomics facility of the Instituto de Biologia Molecular y Celular de Plantas
(UPV-CSIC, Valencia, Spain) as previously described by Stahl et al. (2019) with slight
modifications. Briefly, 50 mg of seeds per sample were homogenized with liquid
nitrogen and extracted in 1.4 mL 100% methanol supplemented with 1.4 pL of internal
standard (1 mg/ml nonadecanoic acid methylester in CHCIls3) for 15 min at 70 °C. The
extract was centrifuged for 10 minutes at 14000 rpm. The supernatant was transferred to
a glass vial and 1 ml of CHCl; and 1ml of water were added. The mixture was vortexed
for 15 seconds and centrifuged for 15 minutes at 14000 rpm. 600 pl of the lower
organic phase were dried in vacuum for 6-16 h. For derivatisation, dry residues were
redissolved in 70 pL MSTFA (N-methyl-N-[trimethylsilyl]trifluoroacetamide) with 6
uL of a retention time standard mixture (3.7% [w/v] mix of fatty acid methyl esters
ranging from 8 to 24C) and incubated for 30 minutes at 37 °C. Sample volumes of 2 pL
were injected in splitless mode in a 6890 N gas chromatograph (Agilent Technologies
Inc. Santa Clara, CA) coupled to a Pegasus 4D TOF mass spectrometer (LECO, St.
Joseph, MI). Gas chromatography @ was performed on a BPX35
(30 m x 0.32 mm x 0.25 um) column (SGE Analytical Science Pty Ltd., Australia) with
helium as the carrier gas at a constant flow of 2 ml/min. The liner was set at 230 °C.
The oven program was 85 °C for 2 min, 8 °C/min ramp until 360 °C. Mass spectra were
collected at 6.25 spectra s™! in the m/z range 35-900 and ionization energy of 70 eV.
Chromatograms and mass spectra were evaluated using the CHROMATOF program
(LECO, St. Joseph, MI). The absolute contents of the three tocopherols were calculated
using a commercially available tocopherol mix (Sigma ref. W530066).

Statistical analysis of the results

The mean and the standard error (SE) were calculated and differences of the means

were considered to be statistically significant when P<0.05 using a Student’s t test. All
the experiments were repeated at least three times.

Results
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The analysis of germination after accelerated aging treatments reveals variability
in seed longevity between Capsicum spp

Natural seed aging is a complex trait that requires years to evaluate. To facilitate the
study of this important trait, the scientific community has developed several artificial
and accelerated, but validated methods to mimic seed aging (Zinsmeister et al. 2020). In
the present study, we grew the Capsicum annuum accessions, Bola, Pasilla, Piquillo,
Chile Serrano and 286.12.1, the Capsicum chinense accessions, Habanero and Ecu-994,
the Capsicum frutescens Bol-144 and the Capsicum baccatum Bol-58 at the same time
and under the same conditions. Then, we collected the ripe fruits and the seeds were
dried following the standard procedures used at the COMAV-UPV seedbank for this
crop: 1 week at room temperature, followed by 1 week within a sealed glass can
together silica gel (to ensure the removal of any excess of moisture). These seeds were
subjected to an accelerated aging treatment (Renard et al. 2021) during 48 h and sown.
As shown in figure 1, the percentage of germination without treatment was higher than
80% in all the accessions, which confirms that all the accessions were grown under
optimal conditions and their seeds were well-dried and prepared, ensuring a reliable and
reproducible experiment. By contrast, the rate of germination after the treatment
revealed different responses to seed aging among accessions, from very sensitive to
very tolerant. Thus, the germination rate of most accessions after treatment was reduced
to 50%. However, Piquillo, the most sensitive accession, showed seed germination rates
of 15%, while the most tolerant were Ecu-994 (77% germination) and Bol-144 (72%
germination), whose seed germination was not affected by the accelerated aging
treatment.

RT-qPCR analysis shows differential expression in seed longevity genes among
Capsicum spp

We carried out a transcriptional analysis of genes putatively involved in seed longevity
in the pepper accessions Ecu-994 and Bol-144, since they were the most tolerant
accessions and in Piquillo, which is the most sensitive accession. RNA was extracted
from seeds in the advanced cotyledonary stage, when seeds begin maturation and
longevity is acquired (Verdier et al. 2013). In order to study the differences between the
three accessions regarding seed viability, we focused on those genes that are more
expressed in both tolerant accessions (Bol-144 and Ecu-994), as compared to the more
sensitive accession Piquillo (Figure 2). This differential pattern was observed for VTE2,
HB25, ASPGI, PIMT and LECI. Other genes that could contribute the resistance
phenotype of one of the accessions are GOLS?2, a galactinol synthase (2-fold increase in
Ecu-994) and ABI3 (CAN.G771.56), more highly expressed in Bol-144. However, for
the other ABI3 ortholog (CAN.G771.55), we could not detect the expression in any of
the accessions.

Seed storage protein mobilization is less efficient in the Piquillo accession.

The ASPGI gene encodes an aspartic protease that plays an important role in seed
dormancy, viability and germination. These proteases are responsible for the
mobilization of SSPs (seed storage proteins) to provide energy during the germination
process (Shen et al. 2018). According to the expression analysis, the ASPGI gene was
7.9 and 3.4 times more expressed in Bol-144 and Ecu-994, respectively, as compared to
Piquillo (Figure 2). These results prompted us to investigate the protein profiles of the
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selected accessions before and during germination. We extracted the proteins from dry
seeds and from seeds 6 days after imbibition (during the germination process). The dry
seed protein profile did not differ substantially between the accessions. However, after 6
days of imbibition, the Piquillo seeds, despite having started the process of germination,
did not efficiently degrade putative globulins (=35 kDa) or albumins (=20 kDa) (Tan-
Wilson and Wilson, 2012), in contrast to Bol-144 and Ecu-994, which degraded both
kinds of proteins (Figure 3).

Tocopherol accumulates in Bol-144

Tocopherols (vitamin E) are part of the battery of antioxidant molecules that plants have
available. Specifically, tocopherols are responsible for preventing oxidative damage to
lipids and are crucial for seed longevity in several species (Sattler et al. 2004, Hwang et
al. 2014 and Chen et al. 2016).

The amount of a, y and & tocopherols was analyzed in dry seeds in order to determine
whether the levels of this molecule are correlated with seed longevity among the
accessions. The results indicate that, despite the transcriptomic results, where we
observed that V'TE2 is more highly expressed in varieties with longer seed longevity
(Figure 2), Ecu-994 does not contain more tocopherols than Piquillo (Figure 4).
However, Bol-144 seeds accumulated more total tocopherols, accruing almost 700 pg/g
dw seed (Figure 4). Gamma tocopherol was the more abundant form in seeds in the
three accessions and specifically Bol-144 accumulated higher levels than Piquillo and
Ecu-994 (+200 pg/g dw and +300 pg/g dw, respectively) (Figure 4). These differences
could explain the longer viability of these seeds.

Histological analysis of seed coats shows differences in the levels and structure of
lignification among the accessions

The seed coat is a structure specialized in embryo protection and seed dispersal. The
accumulation of different biopolymers and their locations are specific for each species
and occasionally differences can be found even between cultivars, ecotypes or
accessions within the same species.

There are no reports in the literature characterizing the composition of the pepper seed
coat. Therefore, we performed thin histological sections that we stained with toluidine
blue to better visualize seed coat structures (Figure 5SA). We could recognize a cuticle
surrounding a thin endosperm. This cuticle was quite similar in the three accessions.
The outer integument includes an inner palisade layer. In the Piquillo accession, this
integument was much less lignified than in Bol-144 and Ecu-994. The Piquillo
accession also presented a subepidermal layer very characteristic of a well-organized
palisade. By contrast, in the less domesticated C. frutescens, the palisade layer was
thinner and was formed by only one row of cells. In addition, another lignified layer
was found between the palisade layer and the endosperm-surrounded cuticle in this
species (Figure 5A). Compared to C. annuum and C. frutescens, C. chinense Ecu-994
showed an intermediate structure and distribution of layers within its coat. The presence
of lignin was detected by staining with phloroglucinol (Figure 5B). In addition, the
determination of polyphenolics extracted from dry seeds using the acetyl bromide
method suggested that the amount of lignin in the domesticated species C.annuum is
lower than in C. frutescens and C. chinense (Figure 5C).

Discussion
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Both interspecific and intraspecific variability of seed longevity in crops is widespread,
but poorly studied. Species with seeds lacking mechanisms to tolerate desiccation and
storage at low temperatures are named recalcitrant and their seed longevity is very
short. In comparison, the longevity in orthodox seeds is longer in general. However,
there are important differences between some species, such as sunflower, chives and
lettuce with a P50 (half-viability period) lower than five years, whereas species like
maize germination is still over 80% after 12 years of storage (Nagel and Borner, 2009).
Capsicum peppers, especially C. annuum, is an economically important crop, although
its poor seed longevity is one of the drawbacks, in comparison to tomato plants. The
reason for this short viability is unknown, but it is likely a consequence of the
domestication syndrome (Ensslin et al. 2017) that may have fostered this negative trait,
since seed longevity was not the criteria for selection. Thus, in this particular case,
although domestication has improved traits in cultivated species, such as seed
germination and uniformity rates and the decrease of seed dormancy, it could be
detrimental for seed longevity. The results of our study support this hypothesis, since
accessions from species with historically less intensive breeding efforts, such as C.
frutescens and C. chinense, generate seeds with longer viability.

In order to generate a list of candidates for further functional analysis of the molecular
mechanism underlying these differences in seed longevity, we carried out gene
expression analyses in seeds. Very few molecular mechanisms controlling seed
longevity have been established in crops, thus we focused on those described in
Arabidopsis. We began with studies of the expression of homologs of Arabidopsis
genes known to play a role in seed longevity. Gene sequences are widely conserved
among the species in the Capsicum genus and, therefore, primers to amplify genes from
different species can be designed, as reported by Pereira-Dias et al. (2019). In this
regard, the final stage of the maturation process is crucial for seeds to acquire longevity
and, thus this stage was selected for the transcriptomic study. This stage is marked by
the accumulation of protective molecules, such as sugars and LEA proteins. Sugars
maintain the integrity of membranes and proteins during the formation of the glassy
state (Sano et al. 2016). For instance, galactinol is one of the few molecules whose role
in seed longevity has been demonstrated in multiple species like tomato, cabbage and
Arabidopsis (De Souza Vidigal et al. 2016). We observed a two-fold increase in the
expression of GOLS?2 during seed maturation in Ecu-994, suggesting that this accession
could accumulate more galactinol, thus providing one of the possible mechanisms to
preserve seed longevity in C. chinense. However, this may not be a general mechanism
in pepper species since, in C. frutescens Bol-144, the expression of this galactinol
synthase was similar to C. annuum Piquillo.

Vitamin E is another of the few molecules with a described function in seed longevity in
different species. One of the pioneering studies using molecular biology technics to
investigate seed longevity demonstrated that vitamin E is essential for this trait due to
its ability to reduce the oxidation of reserve lipids in Arabidopsis (Sattler et al. 2004). In
addition, three different studies concluded that tocopherols play an important role in
extending seed viability in rice (Chen et al. 2015, Hwang et al. 2014, Lee et al. 2020). In
our transcriptomic study, the expression of VTEI expression was similar in the three
accessions analysed. Although the VTE2 expression was two-fold higher in feral
species, compared to Piquillo (Figure 2), only Bol-144 accumulated more y-tocopherol
during seed maturation (Figure 4), suggesting that this antioxidant could be a specific
mechanism of C. frutescens to avoid lipid oxidation over time and such differences
could explain the longer viability of this genotype.
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As mentioned, a new mechanism to conserve seed viability has been recently described.
The mobilization of seed storage proteins is a crucial process for germination over time
and plants ensure their prompt availability by accumulating active proteases or their
mRNAs to ensure the availability of amino acids for fast protein synthesis (Bai et al.
2020 and Sano et al. 2015). These kinds of proteases that function by degrading seed
storage proteins are commonly cysteine proteases, but serine or aspartic
metalloproteases are also involved (Tan-Wilson and Wilson, 2012). ASPG1 was first
described to function in guard cells, but recently it has been demonstrated that this
aspartic protease is important for seed longevity (Shen et al. 2018). Thus, we checked
its expression in the selected accessions and we found that the expression was lower
during seed maturation in the sensitive accession in response to the accelerated aging
treatment when compared with the resistant accessions (Figure 2). In addition, we
observed a positive correlation between the expression of this protease and the
degradation of putative globulins and albumins during the germination of the selected
accessions (Figure 3). These results suggest that the C. frutescens Bol-144 and C.
chinense Ecu-994 accessions mobilize seed storage proteins more efficiently at the end
of dormancy and germination, which would provide them with an advantage during
germination, as they would be better able to cope with molecular deterioration that they
could undergo during storage. An open question to address is if this is a specific event
and whether it could be used as a marker to screen the viability of the seeds of other
species and genotypes of the Capsicum genus.

The role of the seed coat in preserving seed viability as a primary defense against
adverse environmental conditions has been described in multiple studies over the years.
These studies, however, addressed mainly basic aspects, such as color, thickness or
embryo position with respect to the seed coat. Currently, there is a lack of knowledge
regarding the relationship between the longevity of crop seeds, the compounds that form
the seed coat and the molecular mechanisms that are involved in their biosynthesis. In
one of the few studies reported to date, it was demonstrated that the transcription factor
AtHB25, a trans-species regulator of seed longevity, stimulates the accumulation of
different lipid polyester monomers in the seed cuticles of tomato and wheat, providing
seed coat impermeability (Renard et al. 2021).

Histological analysis of the seed coats in the pepper accessions did not display
differences in the endosperm-associated cuticle. However, C. annum presented lower
amount of lignin in the outer integument of the seed coat, as compared to feral species
(Figure 5). The role of lignin in seed longevity has been demonstrated in Arabidopsis
(Renard et al. 2020) and our study suggests that it could be an important factor in many
species, since this biopolymer is predominant in seed coats. This lignified layer could
hinder the diffusion between the environment and the embryo. These results could be
decisive, since they would establish that lignin accumulation in the pepper seed coat as
an important parameter to extend seed vigor and longevity in commercialized pepper
seeds.
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Figure legends

Figure 1. Pepper accessions present variability in germination after accelerated aging

treatment. Habanero, Pasilla, Bola, Ecu-994, 286.12.1, Piquillo, Chile Serrano Bol-58
and Bol-144 seeds were subjected to an accelerated aging treatment (100% relative
humidity (RH) atmosphere at 41°C during 48h) and sown on MS plates. The percentage
of germination was recorded after 7 days in both control (dark grey) and aged seeds
(light grey). The results are the average of four experiments with 100 seeds per line.
Error bars indicate the standard error and the asterisks indicate significant differences (P

< 0.05) compared to control germination from fresh seeds (Student’s t test).

Figure 2. Gene expression analysis during seed maturation stages of C. Annuum orthologs

involved in seed longevity . Gene expression analysis of GOLS2, ABI3
(CAN.G771.56), VTEI, VTEZ, PIMTI, OGGI, LECI, LEAI14, ASPGI, SnRK2.6 and
FUS3 in maturing seeds. Expression values are relative to the housekeeping gene EF1a
and normalized to Piquillo. Results are the average of the analysis of three biological
samples. Error bars indicate the standard error and the asterisks indicate significant
differences (P < 0.05) compared to control germination from fresh seeds (Student’s t

test).

Figure 3. Seed storage protein degradation during germination. SDS-PAGE gel

electrophoresis of proteins extracted from seeds of the different accessions and stained
with Coomassie Blue. In the left panel, the protein profile from dry seeds is shown. In
the right panel, the protein profile from seeds after 6 days of imbibition is shown.

Results are representative of 4 experiments. DAI (days after imbibition).

Figure 4. Tocopherol content in dry seeds. Gamma, alpha and delta tocopherols were

analysed by gas chromatography and are expressed as pg/g seed dry weight. Results are

the average of four determinations from different biological replicates seed extracts.
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Error bars indicate the standard error and the asterisks indicate significant differences (P
< 0.05) as comparted to the Tocopherol content in the Piquillo samples (Student’s t
test).

oNOYTULT D WN =

Figure 5. Analysis of seed coat sections and determination polyphenolic compounds.

12 (A) Representative thin sections (4 Ppm) of seeds using Leica RM2125RTS and focused
14 on the seed coat. Sections were stained with 0.1% toluidine blue (10 replicates). Left
panel: Piquillo, middle panel: Bol-144 and right panel: Ecu-994. Red arrows indicate
17 the outer integument. Bars, 50 pm. (B) Representative seed sections (16 pm) focused on
19 the seed coat and stained with phloroglucinol from 10 biological replicates. Left panel:
20 Piquillo, middle panel: Bol-144 and right panel: Ecu-994. Bars, 100 pm. (C) The
22 absorbance (in units of the measured peak area) of polyphenolic compounds was
24 measured at 280 nm after the extraction using the acetyl bromide method. The results
are the average of 10 samples. Error bars indicate the standard error and the asterisks
27 indicate significant differences *, P < 0.05, ** P < 0.01 compared to the Piquillo
29 samples (Student’s t test). EP (epidermis), PL (palisade layer), CL (cuticle), EN
(endosperm), EM (embryo).
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Abstract

Capsicum (pepper) is known for its poor seed germination, particularly in terms of seed
longevity, which is usually much shorter than other Solanaceac. However, the
molecular mechanisms involved are mostly unknown in these species. The present
study examines the differences in seed longevity among Capsicum species and varietal
types. Feral or less domesticated species, such as C. chinense and particularly C.
frutescens, showed higher germination rates than the more domesticated C. annuum
after accelerated seed aging treatments. In addition, variability was detected in the
expression of genes involved inthe-major—conserved-meolecular-mechanisms—usedthe
response to eepe—with—seed deterioration. The differences observed in ASPGI
expression led us to study the seed protein profile in dry and germinating seeds. Seed
storage protein mobilization during germination was faster in seed aging-resistant
genotypes. Similarly, the transcriptional change observed for the orthologous gene of
the trans-species regulator AtHB25, prompted us to study the structure and molecular
components of the seed coat in peppers. All the Capsicum pepper materialsaccessions
analyzed presented very lignified testa and we observed a positive correlation between
the amount of this polyphenolic compound and seed viability. Our results provide
essential information to explain the poor germination observed in pepper seeds and
provides an experimental framework for future improvements in this important
character.
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Introduction

Seeds are necessary for survival of spermatophytes since they are part of the
reproduction process of this clade. Germination will only occur when the environmental
conditions are optimal and thus the seed must sometimes remain viable for long periods
of time. However, this viability in not unlimited and the embryo perishesmay perish
before theseoptimum conditions arriveoccur. The maximum time that a seed can remain
viable is variable among species and even between varieties. This parameter is also
dependent on external biotic and abiotic factors and it is named seed longevity (Rajjou
and Debeaujon 2008; Wang et al. 2018).

Seed longevity enin the mostly widely employed and modern varieties of Capsicum
peppers, i.e. blocky and fleshy types, is known for its short duration. In fact, seeds from
this genus lose viability faster than other Solanaceae like tomatoes or eggplants, and
seedbanks and breeders usually need to renew accessions every 4-5 years (Adebisi and
Abdul-Rafiu, 2016; Priestly, 1986; Yildrim et al. 2020). Nevertheless, Capsicum
peppers are very diverse genetically and differences amengvarieties-ean-befoundforin
germination parameters can be found among varieties (Bosland and Votava, 2012;
Yildirim et al. 2020).

In this regard, eriginatingfrom-Amertea—there are five cultivated species in the genus
Capsicum and about 30 wild species_originating from America (Pereira-Dias et al.
2019). Within the domesticated taxons, three species, namely C. annuum L. var.
annuum, C. chinense Jacq. and C. frutescens L. wtegrateare included in the annuum
botanical complex and are the most important eresspecies deriving from America
(DeWitt and Bosland, 2009, Pereira-Dias et al. 2019). Furthermore, they represent a
range of domestication levels and seed germination vigeurcapacity. Thus, C. annuum is
the most economically the-mest-important species and an intense domestication and
breeding effort has been made for—adaptationto adapt this species to a plethora of
agroclimatic conditions and culinary uses, based-en—theirdue to its taste and flavour
(Moreno-Peris et al. 2020- and Rodriguez-Burruezo et al. 2010). By contrast, several
authors consider C. frutescens as a semi-domesticated taxon and, in fact, this genotype
may grow in nature without assistance from growers (Bosland and Votava, 2012).
Finally, C. chinense can be considered as an intermediate case, with many varietal types
derived from domestication and breeding, but to a lesser extent than C. annuum-and.
Moreover, this species displays reduced germination wigewrcapacity (Bosland and
Votava, 2012; Mavi, 2018; Pereira-Dias et al. 2019; Russo 2012). Thus, the knowledge
about the seed viability of the different speetes—in-Capsicum species is limited and the
laek—ef-studies investigating the molecular mechanisms involved is—even—seareerare
scarce.

Several mechanisms involved in seed longevity have been well-studied in model plants,
such as Arabidopsis thaliana. Two main strategies have been identified: protection and
repair. It has been demonstrated that DNA, lipid and protein repair systems are crucial.
For instance, it is known that the prevention of lipid oxidation increases seed viability,
as observed for the germination of seeds produced by mutant plants lacking the
homogentisate phytyl transferase (V7TE2) gene, involved in tocopherol biosynthesis.
These plants display a reduction in the level of vitamin E and produce seeds with
reduced viability (Sattler et al. 2004). Another example is the L-isoaspartyl
methyltransferase (PIMT) protein, a repair enzyme that catalyses the conversion of L-
isoaspartyl residues, detrimental for protein folding and activity, to L-aspartyl forms.
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PIMT1 over-accumulation increases both seed longevity and germination
wvigewrcapacity (Ogé et al. 2008).

Regarding protection, the seed coat is the first barrier against the adversities of the
environment (Mohamed-Yasseen et al. 1994). The testa isolates the embryo from many
stressestypes of stress, such as UV radiation, temperature, moisture, oxygen, attack by
pathogens and predators, among others. Therefore, its structure and composition are key
factors in determining the longevity of the seed (Rajjou and Debeaujon, 2008). The seed
coat begins to form by the differentiation of ovule integuments in the early stages of
embryo development. At the end of seed maturation, the testa acquires the proper
consistency by accumulating biopolymers. The most important polymers found in the
testa are lignin, polysaccharides, suberin and cutin (Sano et al. 2016). Suberin is a lipid
polyester located on the external part of the seed coat in some species. It confers
impermeability and it has been demonstrated to play an important role in protecting the
embryo in Arabidopsis (Renard et al. 2020, 2021). The mucilage, missing in pepper, is a
viscous polysaccharide whose hygroscopic properties allow it to absorb and maintain
water around the seed, providing favorable conditions for germination. The
eutienlecuticle is associated tewith the endosperm in numerous species, where it
regulates permeability to external compounds and therefore affects seed viability (De
Giorgi et al. 2015). Finally, lignin is formed in the spaces between the cellulose
microfibrils by the oxidative coupling of free lignin monomers secreted directly into the
plant cell wall. The canonical monolignols are the non-methoxylated p-coumaryl
alcohol, the monomethoxylated coniferyl alcohol and the dimethoxylated sinapyl
alcohol that form H- (hydroxyphenyl), G- (guaicyl) and S- (syringyl) units in the lignin
polymer, respectively. However, seed coat lignins also include the non-canonical C-
(caffeyl) units which derive from an unusual monomer, caffeyl alcohol. Seed coat cells
develop heavily lignified secondary cell walls to reinforce the outer surface of the seed
mechanically and to make it impermeable to liquids and gasses (Barros et al. 2015).
Thus, a loss-of-function mutant in the Arabidopsis AtLACI5 gene, encoding a laccase
involved in seed lignin synthesis, presents higher seed coat permeability (Liang et al.
2000).

On the other hand, many transcription factors have been described to participate in the
regulation of the different developmental stages and layers of the testa (Haughn and
Chaudhury, 2005), but not many of them have been found to be involved in seed
longevity. AtHB2S5 is a member of the homeobox family and it is considered as a trans-
species regulator of seed viability through the regulation of the expression of both
gibberellin and lipid polyester biosynthesis enzymes (Bueso et al. 2014 and Renard et
al. 2021).

Finally, in addition to the protection and repair mechanisms, it has been reported that
the efficiency in seed protein storage mobilization is crucial for seed germination over
time. For instance, a positive correlation between the expression of the aspartic protease
ASPGI gene and seed viability has been demonstrated (Shen et al. 2018).

This work explores the variability of the seed longevity among Capsicum peppers and,
to our knowledge, this is the first werkstudy aimed at elueidatinganalysing the basis-of
seed-ongevitygenes and mechanisms involved in this trait in Capsicum peppers-en-the
moleewlartevel, which is of paramount interest for plant physiologists, geneticists,
breeders and seedbank managers.

Materials and methods

Plant material and growth conditions
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Nine accessions of different species from Capsicum genus were obtained from the
Capsicum breeding team of the Instituto Universitario de Conservacion y Mejora de la
Agrodiversidad Valenciana (Valencia, Spain). The C. annuum accessions were Bola,
Pasilla, Piquillo, Chile Serrano and ealiferniaCalifornia Wonder breeding line 286.12.1.
The C. chinense accessions were Habanero and Ecu-994. The C. baccatum accession
was Bol-58 and the C. frutescens accession was Bol-144. This collection encompassed a
range of different geographical origins and morphological traits. In order to work with
new and standardized lots of seeds, plants from all the accessions were grown in
greenhouses alengthroughout the experiment. To achieve thatthis, seedlings were
transplanted tein the COMAV greenhouses, located at the Campus de Vera of the
Universitat Politécnica de Valéncia, 50-60 days after sowing. The cultivation was
carried out in 10 L pots with coconut fibre in the spring-summer season, since this
period is the best weather for pepper growth and reproduction underfor the
Mediterranean climate (Nuez et al. 2003). In the greenhouse, the temperature was about
18-30°C and plants grew under natural photoperiod. Plants were pruned in four stems
and supported with strings to make-easterfacilitate the vertical growth. Drip irrigation
was applied every 8 hours for 3 min (4L/h) with 1 g/ of a commercial fertiliser 15N-
2,2P-24,9K (BASF, Barcelona, Spain) diluted in the water.

Accelerated aging treatment and germination studies

Seeds were harvested when the fruit was at the fully ripe stage, so the seeds of all
accessions were harvested at the same physiological maturity. The accelerated aging
treatment was performed with hydrated seeds and 100% relative humidity (RH)
atmosphere at 41°C during 48h. Seeds contained 0.05-0.8 g H,O/g dry weight before
treatment and 0.13-0.16 g H,O/g dry weight after treatment. After the treatment, seeds
were grown and germinated on Murashige and Skoog (MS) plates with 1% sucrose +%;
MES;(w/v), 10 mM MES and 1% agar-and. The pH was adjusted pH-to 5;.7 with Tris
buffer (Renard et al. 2020). All germination analyses were performed after 7 days of
sowing with feur—repheates—using around 100 seeds per biological replicate. The

experiments were repeated four times. The results are the average of these four

experiments with 100 seeds per line. A Student’s t test was used to analyse the

significant differences (P < 0.05).

Orthologous gene identification and primer design

To identify orthologous genes—in—pepper_genes corresponding to Arabidopsis genes
implicated in seed longevity, we utilized Plaza by Ghent University;. More specifically,
we used the Integrative Orthology Viewer (https://bioinformatics.psb.ugent.be/plaza).

This software selects the orthologous gene of a species after performing four tests,

(3

Tree-based ortholog”, “Orthologous gene family”, “Anchor point” and “Best-Hits-and-
Inparalogs” (Van Bel et al. 2018). As shown in Table 1. we identified 13 unique
candidate orthologs in Capsicum. However, ABI3, a gene essential for seed maturation,

showed two potential candidates in Capsicum. Fhose-genes—wererABI3ABLHB25;
P -SHRN 2 606G G AT EL A TE2 - LECH - LEAHA - ASPOGH - GOLS2-and-FES3 The

genes analysed were: ABSCISIC ACID INSENSITIVE 3 (ABI13), ABA INSENSITIVE 5
(ABI15), HOMEOBOX PROTEIN 25 (HB25), PROTEIN-L-ISOASPARTATE
METHYLTRANSFERASE (PIMTI), SUCROSE NONFERMENTING 1-RELATED
PROTEIN KINASE 2-6 (SnRK2.6), 8-OXOGUANINE-DNA GLYCOSYLASE 1 (OGG1),
VITAMIN E DEFICIENT 1 (VIEI), VITAMIN E 2 (VTE2), LEAFY COTYLEDON 1
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(LECI), LATE EMBRYOGENESIS ABUNDANT 14 (LEA14), ASPARTIC PROTEASE
IN GUARD CELL 1 (ASPG1), GALACTINOL SYNTHASE 2 (GOLS2) and FUSCA3
(FUS3). To design primers to amplify the cDNA, we identified the sequences from
orthologous genes in Capsicum annuum, Solanum tuberosum and Solanum
lycopersicum in Plaza as well. The genomic information of CapasiewmCapsicum
chinense was found in Sol Genomics (https://solgenomics.net/) doing a BLAST (Basic
Local Alignment Tool). A BLAST search was done for each exon using the exons of
the E—annwnm-orthologous C. annuum genes previously found in Plaza. We performed
the multiple alignment of the coding sequences (CDS) using ClustalW (gap penalty=8)
(https://www.genome.jp/tools-bin/clustalw) to find the most conserved regions where
primers were designed._ As shown in Figure S1, primers were designed in the most
conserved sequence of the gene with no nucleotide changes, and when this was not
possible, degenerate primers were designed. Table S1 shows the direct and reverse
primers designed for each gene. Before carrying out a differential gene expression

analysis, we checked the primer efficiency in the three accessions and all were
comprised between 96% and 120%. The R? value ranged from 0.99 to 1.00.

Seed RNA extraction and RT-qPCR

The extraction of seed RNA was performed at a specific seed development stage:
advanced cotyledonary (Manzur et al. 2015). This stage was at 30 DAF (days after
fertilization) in the Piquillo accession and 25 DAF in Bol-144 and Ecu-994 accessions.
The method utilized is described in Ofiate-Sanchez and Vicente-Carbajosa (2008).
Subsequently, RNA was purified with the Nucleo spin kit (Macherey-Nagel). About

1000 ng RNA were reverse transcribed using the Maxima first-strand cDNA synthesis
kit for RF-gPERqRT-PCR (Thermo Fisher Scientific) according to the manufacturer's

instructions. Each reaction was performed in triplicate in a total volume of 20 pl.
qRT-PCR was performed using an Applied Biosystems 7500 Real-Time PCR System

(Thermo Fisher Scientific) with the 5 PyroTaq EvaGreen qPCR Mix Plus (ROX; Cultek
S.L.U., Madrid, Spain) according to the manufacturer's protocol. Data are the mean of
three biological samples and relative mRNA abundance was calculated using the
comparative ACt method described in Pfaffl (2001). The housekeeping gene utilized
was the pepper erthelogousorthologue of the tomato EftalphaEfl-alpha (Lopez-Gresa
et al. 2017). Standard curves were performed to calculate the efficiency of the reaction
from a series of primer dilutions and a mixture of cDNA from each accession. Four-
point standard curves of a dilution series (1:1, 1:5, 1:25 and 1:125) were utilized to
calculate the R? value and primer efficiency.

Protein extraction and SDS-PAGE

Proteins were extracted from dry seeds and seeds 6 days after imbibition (50 mg). Seeds
were frozen in liquid nitrogen in a mortar and were ground into powder with a pestle.
Quieldy-theThe powder was weH-quickly and thoroughly suspended in 400 pL of PBS
andwith the protease inhibitor cocktail (cOmplete, Roche Ref. 04693159001).
Following centrifugation for 15 min, the supernatant was-pipetted transferred to a new
tube and the protein content was quantified using the Bradford method. Extracted
proteins (20 pg) were resolved on a 12% SDS-PAGE gel. The gel was stained using
Coomassie Blue R-250.
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Histological staining

Seeds were hydrated and fixed in a solution of 2.5% paraformaldehyde 2-5%-and 0.5%
glutaraldehyde-0-5%selution;—proteceol, as described by Karnovsky (1965). Before the
infiltration in LR White, the seeds were washed in phosphate buffer, post-fixed with 2%
osmium—2%;, washed with water and dehydrated threughusing an ethanol series (30%,
50%, 70%, 90%). The infiltration was carried out with mixes of 100% resin—+80% and
ethanol (2 parts EtOH 90% + 1 part resin, 1 part EtOH 90% + 2 parts resin, 1 part EtOH
+ 2 parts resin). After complete polymerization in capsules in the absence of oxygen at
55/60°C, LR White embedded materials arewere sectioned with a Leica RM2125RTS
microtome to obtain thind pum sections-ef-4—pm—of-thickness—Thin-seetions. Sections
were stained with 0.1% (wAA-toluidine blue O (w/v) in distilled water. Sections (16 pm
of thickness) were generated with Microm HM 520 Cryostat and stained with
phloroglucinol (3% in ethanol) and mixmixed with one volume of HCI1 (37N).

Lignin quantification

Polyphenolic compounds were extracted from seeds of each accession (8 replicates)
with acetyl bromide, as described in Moreira-Vilar et al. (2014). Briefly, a protein-free
cell wall sample (20 mg) was digested with 25% acetyl bromide (v/v in glacial acetic
acid) and incubated at 70°C for 30 min. Then, the sample was quickly cooled in an ice
bath; and mixed with 0.9 ml of 2 M NaOH, 0.1 ml of 5 M hydroxylamine-HCI, and 1
volume of glacial acetic acid. After centrifugation, the absorbance of the supernatant
was measured at 280 nm.

Tocopherol analysis

The quantification of endogenous levels of tocopherols in pepper seeds was performed
at the metabolomics facility of the Instituto de Biologia Molecular y Celular de Plantas
(UPV-CSIC, Valencia, Spain) as previously described by Stahl et al. (2019) with-the
slight modifications. Briefly, 50 mg of seeds per sample were homogenized with liquid
nitrogen and extracted in 1.4 mL 100% methanol supplemented with 1.4 pL of internal
standard (1 mg/ml nonadecanoic acid methylester in CHCI;) for 15 min at 70 °C. The
extract was centrifuged for 10 minutes at 14000 rpm. The supernatant was transferred to
a glass vial and 1 ml of CHCl; and 1ml of water were added. The mixture was vortexed
for 15 seconds and centrifuged for 15 minutes at 14000 rpm. 600 pl of the lower
organic phase were dried in vacuum for 6-16 h. For derivatisation, dry residues were
redissolved in 70 pL. MSTFA (N-methyl-N-[trimethylsilyl]trifluoroacetamide) with 6
uL of a retention time standard mixture (3.7% [w/v] mix of fatty acid methyl esters
ranging from 8 to 24C) and incubated for 30 minutes at 37 °C. Sample volumes of 2 pL
were injected in splitless mode in a 6890 N gas chromatograph (Agilent Technologies
Inc. Santa Clara, CA) coupled to a Pegasus 4D TOF mass spectrometer (LECO, St.
Joseph, MI). Gas chromatography was performed on a BPX35
(30 m % 0.32 mm x 0.25 um) column (SGE Analytical Science Pty Ltd., Australia) with
helium as the carrier gas at a constant flow of 2 ml/min. The liner was set at 230 °C.
The oven program was 85 °C for 2 min, 8 °C/min ramp until 360 °C. Mass spectra were
collected at 6.25 spectra s™! in the m/z range 35-900 and ionization energy of 70 eV.
Chromatograms and mass spectra were evaluated using the CHROMATOF program
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(LECO, St. Joseph, MI). The absolute contents of the feurthree tocopherols were
calculated using a commercially available tocopherol mix (Sigma ref. W530066).

Statistical analysis of the results

The mean and the standard error (SE) were calculated and differences of the means

were considered to be statistically significant when P<0.05 using a Student’s t test. All
the experiments were repeated at least three times.

Results

The analysis of germination after accelerated aging treatments reveals variability
in seed longevity between Capsicum spp

Natural seed aging is a complex trait that requires years to evaluate. To facilitate the
study of this important trait, the scientific community has developed several artificial
and accelerated, but validated methods to mimic seed aging (Zinsmeister et al. 2020). In
the present study, we grew the Capsicum annuum aeeesionsaccessions, Bola, Pasilla,
Piquillo, Chile Serrano and 286.12.1, the Capsicum chinense aeeestonsaccessions,
Habanero and Ecu-994, the Capsicum frutescens Bol-144 and the Capsicum baccatum
Bol-58 at the same time and under the same conditions. Then, we collected the ripe
fruits and the seeds were dried following the standard procedures used at the COMAV-
UPYV seedbank for this crop: 1 week at room temperature, followed by 1 week within a
sealed glass can together silica gel (to ensure the removal of any excess of moisture).
These seeds were subjected to an accelerated ageingaging treatment (Renard et al. 2021)
during 48 h and sown. As shown in figure 1, the percentage of germination without
treatment was higher than 80% in all the accessions, which confirms that all the
accessions were grown under optimal conditions and their seeds were well-dried and
prepared, ensuring a reliable and reproducible experiment. By contrast, the rate of
germination after the treatment revealed different responses to seed ageirgaging among
accessions, from very sensitive to very tolerant. Thus, the germination rate of most
accessions after treatment was reduced to 50%. However, Piquillo, the most sensitive
accession, showed seed germination rates of 15%, while the most tolerant were Ecu-994
(77% germination) and Bol-144; (72% germination), whose seed germination was not

affected by the accelerated ageingaging treatment.
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RT-qPCR analysis shows differential expression in seed longevity genes
betweenamong Capsicum spp

We carried out a transcriptional analysis of genes putatively involved in seed longevity
in the three-pepper accessions: Ecu-994 and Bol-144, since they were the most tolerant
accessions and in Piquillo, which is the most sensitive accession. RNA was extracted
from seeds in the advanced cotyledonary stage, when seeds begin maturation; and
longevity is acquired (Verdier et al. 2013). The-mest-interesting results-were-In order to
study the differences between the three accessions regarding seed viability, we focused
on those ebtained-from-genes that are more-highly expressed in both tolerant accessions
(Bol-144 and Ecu-994), as compared to the more sensitive accession Piquillo;—which

belongs-to-the-more-domesticated-C—annuunm (Figure 2). This differential pattern was
observed for VTE2, HB25, ASPGI PIMT and LEC]—a—&&nse%rp&e&aJ—&etwater—e#ge&es

H&P&d—&—Z—O@S}— Other genes that could speetﬁe&l—lfyu@epl-ai-ﬂcontrlbute the resmtance
phenotype of one of the accessions are GOLS?2, a galactinol synthase (2-fold increase in

Ecu-994) and ABI3 (CAN.G771.56), more highly expressed in Bol-144. However, for
the other ABI3 ortholog (CAN.G771.55), we could not detect the expression in any of
the accessions.

Seed storage protein mobilization is less efficient in the Piquillo accession.

The ASPGI gene encodes an aspartic protease that plays an important role in seed
dormancy, viability and germination. These proteases are responsible for the
mobilization of SSPs (seed storage proteins) to provide energy during the germination
process (Shen et al. 2018). According to the expression analysis, the ASPGI gene was
7.9 and 3.4 times more expressed in Bol-144 and Ecu-994, respectively, as compared to
Piquillo (Figure 2). These results prompted us to investigate the protein profiles of the
selected accessions before and during germination. We extracted the proteins from dry
seeds and from 6-seeds_6 days after imbibition (during the germination process). The
dry seed protein profile did not differ substantially between the accessions. However,
after 6 days of imbibition, the Piquillo seeds, despite having started the process of
germination, did not efficiently degrade putative globulins (=35 kDa) or albumins (=20
kDa) (Tan-Wilson and Wilson, 2012), in contrast to Bol-144 and Ecu-994, which

degraded both klnds of protems (Flgure 3)
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Tocopherol aceumulationaccumulates in Bol-144-could—be—importantforlonger
Lviabili

Tocopherols (vitamin E) are part of the battery of antioxidant molecules that plants have
available. Specifically, tocopherols are responsible for preventing oxidative damage to
lipids and are crucial for seed longevity in several species (Sattler et al. 2004, Hwang et
al. 2014 and Chen et al. 2016).

The amount of a, y and & tocopherols was analyzed in dry seeds in order to determine
whether the levels of this molecule are correlated with seed longevity among the
accessions. The results indicate that, despite the transcriptomic results, where we
observed that V'TE2 is more highly expressed in varieties with longer seed longevity
(Figure 2), Ecu-994 does not contain more tocopherols than Piquillo-_(Figure 4).
However, Bol-144 seeds accumulated more total tocopherols, accruing almost 700 pg/g
dw seed: (Figure 4). Gamma tocopherol was the more abundant form in seeds in the
three accessions and specifically Bol-144 accumulated higher levels than Piquillo and
Ecu-994 (+200 pg/g dw and +300 pg/g dw, respectivelyy—Sueh) (Figure 4). These
differences could explain the longer viability of these seeds-(Figure-4)—.

Histological analysis of seed coats shows differences in the levels and structure of
lignification among the accessions

The seed coat is a structure specialized in embryo protection and seed dispersal. The
accumulation of different biopolymers and their locations are specific for each species
and occasionally differences can be found even between cultivars, ecotypes or
accessions within the same species.

There are no reports in the literature characterlzlng the compos1t10n of the pepper seed

eeat—sfer&eturesTherefore we performed thin h1st010glca1 sectlons that we stalned w1th
toluidine blue- to better visualize seed coat structures (Figure 5A). We could recognize

a cuticle surrounding a thin endosperm. This cuticle was quite similar in the three
accessions. The outer integument includes an inner palisade layer. In the Piquillo
presented-a-seed-eeat-accession, this integument was much less lignified than in Bol-
144 and Ecu-994-and-a-. The Piquillo accession also presented a subepidermal layer
very characteristic of a well-organized palisade. By contrast, in the less domesticated C.
frutescens, the palisade layer was thinner and was formed by only one row of cells. In
addition, another lignified layer was found between the palisade layer and the

endosperm-surrounded cuticle in this species—Fhis-extralayercould-hinder-the-diffusion
between—the-environment-and-the-embryo(Figure 56— (Figure 5A). Compared to C.

annuum and C. frutescens, C. chinense Ecu-994 showed an intermediate structure and
distribution of layers enwithin its coat. The presence of lignin was detected by staining
with phloroglucinol (Figure 5B). In addition, the determination of polyphenolics
extracted from dry seeds using the acetyl bromide method suggested that the amount of

Page 26 of 42



Page 27 of 42

oNOYTULT D WN =

Physiologia Plantarum

lienin in the domesticated species C.annuum is lower than in C. frutescens and C.
chinense (Figure 5C).

Discussion

Both interspecific and intraspecific variability of seed longevity in crops is widespread,
but poorly studied. Species with seeds lacking mechanisms to tolerate desiccation and
storage at low temperatures are named recalcitrant and their seed longevity is very
short. In comparison, the longevity in orthodox seeds is longer in general. However,
there are important differences between some species, such as sunflower, chives and
lettuce with a P50 (half-viability period) lower than five years, whereas species like
maize #-which-after12-years-of-storage-germination is still over 80% after 12 years of
storage (Nagel and Borner, 2009). Capsicum peppers, especially C. annuum, is an
economically important crop, although its poor seed longevity is one of the drawbacks,
in comparison to tomato plants. The reason for this short viability is unknown, but it is
likely a consequence of the domestication syndrome (Ensslin et al. 2017) that may have
fostered this negative trait, since seed longevity was not the criteria for selection. Thus,
in this particular case, although domestication has improved traits in cultivated species,
such as seed germination and uniformity rates and the decrease of seed dormancy, it
could be detrimental for seed longevity. The results of our study support this
hypothesis, since accessions from species with historically less intensive breeding
efforts:, such as C. frutescens and C. chinense, generate seeds with longer viability.
The-next-question—we—wantedIn order to address—wasgenerate a list of candidates for
further functional analysis of the molecular mechanism underlying these differences in
seed longevity, we carried out gene expression analyses in seeds. Very few molecular
mechanisms controlling seed longevity have been established in crops, thus we focused
mon those described in Arabidopsis. We began with studies of the expression of
homologs of Arabidopsis genes known to play a role in seed longevity. Open-reading
framesGene sequences are widely conserved among the species in the Capsicum genus
and, therefore, primers to amplify genes from different species can be designed, as
reported by Pereira-Dias et al. (2019). In this regard, the final stage of the maturation
process is crucial for seeds to acquire longevity and, thus this stage was selected for the
transcriptomic study. This stage is marked by the accumulation of protective molecules,
such as sugars and LEA proteins. Sugars maintain the integrity of membranes and
proteins during the formation of the glassy state (Sano et al. 2016). For instance,
galactinol is one of the few molecules whose role in seed longevity has been
demonstrated in multiple species like tomato, cabbage and Arabidopsis (De Souza
Vidigal et al. 2016). We observed a two-fold increase in the expression of GOLS?2
during seed maturation in Ecu-994, suggesting that this accession could accumulate
more galactinol, thus providing one of the possible mechanisms to preserve seed
longevity in C. chinense. However, this may not be a general mechanism in pepper
species since, in C. frutescens Bol-144, the expression of this galactinol synthase was
similar to C. annuum Piquillo.

Vitamin E is another of the few molecules with a described function in seed longevity in
different species. One of the pioneering studies using molecular biology technics to
investigate seed longevity demonstrated that vitamin E is essential for this trait due to
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its ability to reduce the oxidation of reserve lipids in Arabidopsis (Sattler et al. 2004). In
addition, three different studies concluded that tocopherols play an important role in
extending seed viability in rice (Chen et al. 2015, Hwang et al. 2014, Lee et al. 2020). In
our transcriptomic study, the expression of VTEI expression was similar in the three
accessions analysed. Although the VTE2 expression was two-fold higher in feral
species, compared to Piquillo (Figure 2), only Bol-144 accumulated more y-tocopherol
during seed maturation (Figure 4), suggesting that this antioxidant could be a specific
mechanism of C. frutescens to avoid lipid oxidation over time-_and such differences
could explain the longer viability of this genotype.

As mentioned, a new mechanism to conserve seed viability has been recently described.
The mobilization of seed storage proteins is a crucial process for germination over time
and plants ensure their prompt availability by accumulating active proteases or their
mRNAs to ensure the availability of amino acids for fast protein synthesis (Bai et al.
2020 and Sano et al. 2015). These kinds of proteases that function by degrading seed
storage proteins are commonly cysteine proteases, but serine or aspartic
metalloproteases are also involved (Tan-Wilson and Wilson, 2012). ASPG1 was first
described to function in guard cells, but recently it has been demonstrated that this
aspartic protease is important for seed longevity (Shen et al. 2018). Thus, we checked
its expression in the selected accessions and we found that this—gene-the expression was
repressedlower during seed maturation in the sensitive accession in response to the
accelerated aging treatment when compared with the resistant accessions (Figure 2). In
addition, we observed a positive correlation between the expression of this protease and
the degradation of putative globulins and albumins during the germination of the
selected accessions (Figure 3). These results suggest that the C. frutescens Bol-144 and
C. chinense Ecu-994 accessions mobilize seed storage proteins more efficiently at the

end of dormancy and germination, which would provide them with an advantage during

germination, as they would be better able to cope with molecular deterioration that they
could undergo during storage. An open question to address is if this is a specific event

and whether it could be used as a marker to screen the viability of the seeds of other
species and genotypes of the Capsicum genus.

The role of the seed coat in preserving seed viability as a primary defense against
adverse environmental conditions has been described in multiple studies over the years.
These artielesstudies, however, addressed mainly basic aspects, such as color, thickness
or embryo position with respect to the seed coat. NewadaysCurrently, there is a lack of
knowledge regarding the relationship between the longevity of crop seeds, the
compounds that form the seed coat and the molecular meehanismmechanisms that are
involved in their biosynthesis. In one of the few studies reported to date, it was
demonstrated that the transcription factor AtHB25, a trans-species regulator of seed
longevity, stimulates the accumulation of different lipid polyester monomers in the seed
cuticles of tomato and wheat, providing seed coat impermeability (Renard et al. 2021).
Histological analysis of the seed coats in the pepper accessions did not display
differences in the endosperm-associated cuticle. However, C. annum presented a-thinner
layerand-lower amount of lignin in the outer integument of the seed coat, as compared
to feral species (Figure 5). The role of lignin in seed longevity has been demonstrated in
Arabidopsis (Renard et al. 2020) and thisour study suggests that it could be an
important factor in many species, since this biopolymer is predominant in seed coats.
This lignified layer could hinder the diffusion between the environment and the embryo.
These results could be decisive, since they would establish the—basesthat lignin
accumulation in the pepper seed coat as an important parameter to selve-the-germination
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problems—presented-by-the-extend seed vigor and longevity in commercialized pepper

seeds.

Author contributions

EB and ARB conceived the project, supervised the experiments and wrote the article.
RS, AF, MAN and LY advised on the experiments.

GB, MB, JR and IMA performed most of the experiments.

EMP grew the plants and checked the maturation stage of the seeds and embryos.

AE performed tocopherol determinations.

Acknowledgements

We want to thank Marisol Gascon of the microscope service at the IBMCP. This work
has been partially financed by the project PID2019-110221RR-C32, FEDER/ERDF
funds.

References

Adebisi MA, Abdul-Rafiu AM (2016) Storage life of cayenne pepper (Capsicum frutescens)
seeds following three drying methods. Seed Technology 37(1): 33-42

Bai B, van der Horst S, Cordewener JHG, America TAHP, Hanson J, Bentsink L (2020)
Seed-Stored mRNAs that Are Specifically Associated to Monosomes Are
Translationally Regulated during Germination. Plant Physiol 182: 378-392

Barros J, Serk H, Granlund I, Pesquet E (2015) The cell biology of lignification in higher
plants. Ann Bot 115: 1053-1074

Bosland PW, Votava EJ (2012) Peppers vegetable and spice capsicums. CABI, Wallingford

Bueso E, Munoz-Bertomeu J, Campos F, Brunaud V, Martinez L, Sayas E, Ballester P,
Yenush L, Serrano R (2014) ARABIDOPSIS THALIANA HOMEOBOX?25 Uncovers a
Role for Gibberellins in Seed Longevity. PLANT PHYSIOLOGY 164: 999-1010



oNOYTULT D WN =

Physiologia Plantarum

Chen D, Li Y, Fang T, Shi X, Chen X (2016) Specific roles of tocopherols and tocotrienols
in seed longevity and germination tolerance to abiotic stress in transgenic rice. Plant Sci

244:31-39

De Giorgi J, Piskurewicz U, Loubery S, Utz-Pugin A, Bailly C, Méene-Saffrané L, Lopez-
Molina L (2015) An Endosperm-Associated Cuticle Is Required for Arabidopsis Seed
Viability, Dormancy and Early Control of Germination. PLOS Genetics 11: 1005708

De Souza Vidigal D, Willems L, van Arkel J, Dekkers BJIW, Hilhorst HWM, Bentsink L
(2016) Galactinol as marker for seed longevity. Plant Science 246: 112—-118

DeWitt D, Bosland PW (2009) The complete chile pepper book: a gardener’s guide to

choosing, growing, preserving, and cooking. Timber Press, Portland

Ensslin A, Van de Vyver A, Vanderborght T, Godefroid S (2017) Ex situ cultivation entails
high risk of seed dormancy loss on short-lived wild plant species. Journal of Applied
Ecology 55: 1145-1154

Haughn G, Chaudhury A (2005) Genetic analysis of seed coat development in Arabidopsis.
Trends in Plant Science 10: 472-477

Hwang JE, Ahn J-W, Kwon S-J, Kim J-B, Kim SH, Kang S-Y, Kim DS (2014) Selection and
molecular characterization of a high tocopherol accumulation rice mutant line induced

by gamma irradiation. Mol Biol Rep 41: 7671-7681

Karnovsky M J. (1965) A formaldehyde-glutaraldehyde fixative of high osmolality for use in
electron microscopy. J. Cell Biology. 27:137-8A, 1965.

Lee J-S, Kwak J, Hay FR (2020) Genetic markers associated with seed longevity and vitamin
E in diverse Aus rice varieties. Seed Sci Res 30: 133-141

Lgvdal T, Lillo C (2009) Reference gene selection for quantitative real-time PCR
normalization in tomato subjected to nitrogen, cold, and light stress. Anal Biochem 387:
238-242

Page 30 of 42



Page 31 of 42 Physiologia Plantarum

oNOYTULT D WN =

Liang M, Davis E, Gardner D, Cai X, Wu Y (2006) Involvement of AtLACIS in lignin
synthesis in seeds and in root elongation of Arabidopsis. Planta 224: 1185-1196

Lopez-Gresa MP, Lison P, Campos L, Rodrigo I, Rambla JL, Granell A, Conejero V, Bellés
JM (2017) A Non-targeted Metabolomics Approach Unravels the VOCs Associated

with the Tomato Immune Response against Pseudomonas syringae. Front Plant Sci 8:

1188

Manzur JP, Fita A, Prohens J, Rodriguez-Burruezo A (2015) Successful wide hybridization
and introgression breeding in a diverse set of common peppers (Capsicum annuuimn)
using different cultivated aji (C. baccatum) accessions as donor parents. PLoS ONE
10(12): e0144142

Mavi K (2018) Evaluation of organic priming to improve the emergence performance of

domesticated Capsicum species. Seed Science and Technology 46: 131-137

Mohamed-Yasseen Y, Barringer SA, Splittstoesser WE, Costanza S (1994) The role of seed
coats in seed viability. Bot Rev 60: 426-439

Moreira-Vilar FC, Siqueira-Soares R de C, Finger-Teixeira A, Oliveira DM de, Ferro AP, da
Rocha GJ, Ferrarese M de LL, dos Santos WD, Ferrarese-Filho O (2014) The Acetyl
Bromide Method Is Faster, Simpler and Presents Best Recovery of Lignin in Different
Herbaceous Tissues than Klason and Thioglycolic Acid Methods. PLoS ONE O:
e110000

Moreno-Peris E, Cortés-Olmos C, Diez-Diaz M, Gonzdlez-Mas MC, de Luis-Margarit A,
Fita A, Rodriguez-Burruezo A (2020) Hybridization in peppers (Capsicum spp.) to
improve the volatile composition in fully ripe fruits: the effects of parent combinations

and fruit tissues. Agronomy 10: 751

Nagel M, Borner A (2010) The longevity of crop seeds stored under ambient conditions.
Seed Sci Res 20: 1-12



oNOYTULT D WN =

Physiologia Plantarum

Nuez F, Gil-Ortega R, Costa J (2003) El Cultivo de Pimientos, Chiles y Ajies. Ed. Mundi-
Prensa. Madrid, Spain

Ogé L, Bourdais G, Bove J, Collet B, Godin B, Granier F, Boutin J-P, Job D, Jullien M,
Grappin P (2008) Protein Repair 1-Isoaspartyl Methyltransferasel Is Involved in Both
Seed Longevity and Germination Vigor in Arabidopsis. The Plant Cell 20: 3022-3037

Onate-Sanchez L, Vicente-Carbajosa J (2008) DNA-free RNA isolation protocols for
Arabidopsis thaliana, including seeds and siliques. BMC Research Notes 1: 93

Pereira-Dias L, Vilanova S, Fita A, Prohens J, Rodriguez-Burruezo A (2019) Genetic
diversity, population structure, and relationships in a collection of pepper (Capsicum

spp.) landraces from the Spanish centre of diversity revealed by genotyping-by-
sequencing (GBS). Hortic Res 6: 54

Pfaffl MW (2001) A new mathematical model for relative quantification in real-time RT-
PCR. Nucleic Acids Research 29: 45e¢—445

Priestley DA (1986) Seed ageing. Cornell University Press, New York, NY.

Rajjou L, Debeaujon I (2008) Seed longevity: Survival and maintenance of high germination

ability of dry seeds. Comptes Rendus Biologies 331: 796-805

Renard J, Martinez-Almonacid I, Sonntag A, Molina I, Moya-Cuevas J, Bissoli G,
Muioz-Bertomeu J, Faus I, Nifioles R, Shigeto J, Tsutsumi Y, Gadea J, Serrano R,
Bueso E (2020) PRX2 and PRXZ25 , peroxidases regulated by COGI, are involved in
seed longevity in Arabidopsis. Plant, Cell & Environment 43: 315-326

Renard J, Martinez-Almonacid I, Queralta Castillo I, Sonntag A, Hashim A, Bissoli G,
Campos L, Muioz-Bertomeu J, Nifioles R, Roach T, Sanchez-Le6n S, Ozuna CV,
Gadea J, Lison P, Kranner I, Barro F, Serrano R, Molina I, Bueso E (2021) Apoplastic
lipid barriers regulated by conserved homeobox transcription factors extend seed

longevity in multiple plant species. New Phytol nph.17399

Page 32 of 42



Page 33 of 42 Physiologia Plantarum

oNOYTULT D WN =

Rodriguez-Burruezo A, Kollmannsberger H, Gonzalez-Mas MC, Nitz S, Fernando N (2010)
HS-SPME comparative analysis of genotypic diversity in the volatile fraction and
aroma-contributing compounds of Capsicum fruits from the annuum-chinense-

frutescens complex. J Agric Food Chem 58: 4388-4400

Russo, V.M. (2012). Peppers. Botany, Production and Uses, CABI Publishing, UK

Sano N, Ono H, Murata K, Yamada T, Hirasawa T, Kanekatsu M (2015) Accumulation of
long-lived mRNAs associated with germination in embryos during seed development of

rice. Journal of Experimental Botany 66: 4035-4046

Sano N, Rajjou L, North HM, Debeaujon I, Marion-Poll A, Seo M (2016) Staying Alive:
Molecular Aspects of Seed Longevity. Plant and Cell Physiology 57: 660-674

Sattler SE (2004) Vitamin E Is Essential for Seed Longevity and for Preventing Lipid
Peroxidation during Germination. THE PLANT CELL ONLINE 16: 1419-1432

Shen W, Yao X, Ye T, Ma S, Liu X, Yin X, Wu Y (2018) Arabidopsis Aspartic Protease
ASPGI Affects Seed Dormancy, Seed Longevity and Seed Germination. Plant and Cell
Physiology doi.org/10.1093/pcp/pcy070

Tan-Wilson AL, Wilson KA (2012) Mobilization of seed protein reserves. Physiologia
Plantarum 145: 140-153

Van Bel M, Diels T, Vancaester E, Kreft L, Botzki A, Vande Peer Y, Coppens F,
Vandepoele K (2018) PLAZA 4.0: an integrative resource for functional, evolutionary
and comparative plant genomics. Nucleic Acids Research 46: D1190-D1196

Verdier J, Lalanne D, Pelletier S, Torres-Jerez I, Righetti K, Bandyopadhyay K, Leprince O,
Chatelain E, Vu BL, Gouzy J, Gamas P, Udvardi MK, Buitink J (2013) A Regulatory
Network-Based Approach Dissects Late Maturation Processes Related to the
Acquisition of Desiccation Tolerance and Longevity of Medicago truncatula Seeds.

Plant Physiology 163: 757-774


https://doi.org/10.1093/pcp/pcy070

oNOYTULT D WN =

Physiologia Plantarum

Wang W, He A, Peng S, Huang J, Cui K, Nie L (2018) The Effect of Storage Condition and

Duration on the Deterioration of Primed Rice Seeds. Front Plant Sci 9: 172

Yang X, Baskin JM, Baskin CC, Huang Z (2012) More than just a coating: Ecological
importance, taxonomic occurrence and phylogenetic relationships of seed coat

mucilage. Perspectives in Plant Ecology, Evolution and Systematics 14: 434-442

Yildirim KC, Ozden E, Gokdas Z, Demir I (2020) Longevity of organic pepper (Capsicum
annuum L.) seeds. Notulae Botanicae Horti Agrobotanici Cluj-Napoca 48:1483-1494

Zinsmeister J, Leprince O, Buitink J (2020) Molecular and environmental factors regulating

seed longevity. Biochemical Journal 477: 305-323

Figure legends

Figure 1. Pepper accessions present highvariability in germination—variability after
accelerated aging treatment. Habanero, Pasilla, Bola, Ecu-994, 286.12.1, Piquillo, Chile

Serrano Bol-58 and Bol-144 seeds were subjected to an accelerated aging treatment

(100% relative humidity (RH) atmosphere at 41°C during 48h) and sown on MS plates.

The percentage of germination was recorded after 7 days in both control (dark grey) and
aged seeds (light grey). The results are the average of threefour experiments with 100
seeds per line. Error bars derete—SE—*-indicate the standard error and the asterisks

indicate significant differences (P < 0.05:) compared to control germination from fresh

seeds (Student’s t test).

Figure 2. Gene expression analysis ef-seedlongevity-invelvedorthologs—inC—Annuum

during seed maturation stagestages of C. Annuum orthologs involved in seed longevity .
Gene expression analysis of GOLS2, ABI3 (CAN.G771.56), VTEI, VTE2, PIMTI,
OGGl, LECI, LEAI4, ASPGI, SnRK2.6 and FUS3 in maturing seeds. Expression

values are relative to the housekeeping gene EF1a and normalized to Piquillo. Results
arc the average of three—determinations—The—error-bars—denote-SE—=-P-<0.05:the

analysis of three biological samples. Error bars indicate the standard error and the

asterisks indicate significant differences (P < 0.05) compared to control germination

from fresh seeds (Student’s t test).
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Figure 3. Seed storage protein degradation during germination. SDS-PAGE gel
electrophoresis of seedproteins extracted proteins-from_seeds of the different accessions
and stained with Coomassie Blue. Onln the left panel, the protein profile from dry
seeds—On _is shown. In the right panel, the protein profile from seeds after 6 days of
imbibition_is shown. Results are representative of 4 experiments. DAI (days after

imbibition).

Figure 4. Tocopherol content in dry seeds. Gamma, alpha and delta tocopherols were
analysed by gas chromatography and are expressed as ug/g seed dry weight—seed.
Results are the average of four determinations—Fhe from different biological replicates

seed extracts. Error bars indicate the standard error bars-denote-SE—%,-and the asterisks

indicate significant differences (P < 0.05-) as comparted to the Tocopherol content in

the Piquillo samples (Student’s t test).

Figure 5. StainedAnalysis of seed coat sections and determination polyphenolic compounds

(A) Representative thin sections (4 Pm) of seeds using L.eica RM2125RTS and focused on

the seed coat. Sections were stained with 0.1% toluidine blue (10 replicates). Left panel:

Piquillo, middle panel: Bol-144 and right panel: Ecu-994. seed—sectionRed arrows

indicate the outer integument. Bars, 50 ym. (B) Representative seed sections (16 jm)

focused inon the seed coat and stained with phloroglucinol from 10 biological

replicates. Left panel: Piquillo, middle panel: Bol-144 and right panel: Ecu-994. Bars,
100 pm. B)Polyphenoliccompounds—(C) The absorbance (in units of the measured

peak area) of polyphenolic compounds was measured at 280 nm after the extraction

withusing the acetyl bromide method. The results are the average of 10 samples.
FheError bars indicate the standard error bars—denete—SE-and the asterisks indicate

significant differences *, P < 0.05, **, P < 0.01-+(E6)Representativeseed-thin—-section

411 a¥a a RN/ [ nd fo n - the ceed a o on aro ned
H a a d at: W a

0 1% toluidine blue- compared to the Piquillo samples (Student’s t test). EP (epidermis),
PL (palisade layer), CL (cuticle), EN (endosperm), EM (embryo).-0-—replicatesy—Left
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Table 1. Seed longevity orthologous genes in C. annuum. To identify orthologous
genes in pepper corresponding to Arabidopsis genes implicated in seed longevity, we
utilized Plaza by Ghent University, specifically, the Integrative Orthology Viewer
(https://bioinformatics.psb.ugent.be/plaza).

Arabidopsis thaliana

Capsicum annuum

AT2G36270 (ABI5)
AT3G24650 (ABI3)
AT5G65410 (AtHB25)
AT3G48330 (PIMT1)
AT4G33950 (SnRK2.6)
AT1G21710 (0GG1)
AT4G32770 (VTE1)
AT2G18950 (VTE2)
AT1G01470 (LEA14)
AT3G18490 (ASPG1)
AT1G56600 (GOLS2)
AT1G21970 (LEC1)
AT3G26790 (FUS3)

CAN.G397.17
CAN.G771.55 / CAN.G771.56
CAN.G358.72
CAN.G126.92
CAN.G836.53
CAN.G1391.3
CAN.G21.50
CAN.G33.20
CAN.G78.132
CAN.G587.80
CAN.G358.49
CAN.G1156.20
CAN.G473.153
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