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Abstract

Seed longevity, or period that seeds remain viable, is important for biodiversity con-
servation, agriculture and economy. In addition, the study of this parameter could
ease the knowledge about molecular mechanisms common to all organisms to prevent
aging. One of the main strategies of seeds to reduce their aging consists to stop their
metabolism, through drying. Other molecular mechanisms to avoid damages are the
isolation from the environment with the seed coat, and the production of antioxidants
and other molecules to avoid oxidative damage, one of the main seed aging causes.
Repair mechanisms relieve part of the accumulated damage. The model plant Arabi-
dopsis thaliana provides the opportunity to carry out genomic studies for the research
of, in this case, seed longevity to discover determinant genetic factors and molecular
mechanisms. This will serve to better understand seed deterioration processes and it
will be key to increase seed longevity.

Using natural genotyped varieties of Arabidopsis thaliana and a genome-wide asso-
ciation study (GWAS) followed by reverse genetic studies, 14 new genes related to
seed longevity have been identified. They are related to embryo protection, oxidative
damage control, and seed coat permeability. Seed coat development is determined by
transcription factors. Mutant plants in some transcription factors involved in the seed
coat development present altered seed longevity. The over-expression of the transcrip-
tion factors AtHB25 and COGI1 resulted in seeds with increased longevity due to an
increased lipid polyester deposition. These lipid polyesters barriers are the cuticle,
formed by cutin, and the suberin layer. Both participate positively in the embryo pro-
tection from the external environment. Genomic studies of both transcription factors
have revealed that AtHB2S5 directly regulates biosynthetic enzymes of suberin and
cutin monomers, and COG1 regulates the expression of enzymes related to the polym-
erization of lipid polyesters and lignin.

The regulation involving AtHB25 is crucial due to the high conservation of genomic
sequences and functions of AtHB25 in angiosperms, and it seems to be involved in the
response to low temperatures. On the other hand, COG1, which is involved in light
perception, regulates part of the development of the external integument through its
regulation by AP2, a key factor in establishing the tissue identity of this seed coat in-
tegument, where suberin is located. AtHB25 and COG1 are involved in seed longevity
adaptation through environmental signals such as temperature and light, respectively,
regulating lipid polyesters deposition.



Resumen

La longevidad de las semillas, o el tiempo durante el cual permanecen las semillas
viables, es de gran importancia para la conservacion de la biodiversidad, la agricul-
tura y la economia. Ademas, el estudio de este pardmetro puede contribuir a conocer
mejor los mecanismos moleculares comunes a todos los organismos para prevenir el
envejecimiento. Una de las principales estrategias de las semillas para ralentizar su
envejecimiento consiste en detener su metabolismo, a través de su deshidratacion.
Otros mecanismos moleculares para evitar dafos son el aislamiento frente al entorno
a través de la cubierta de la semilla, y la produccién de antioxidantes y otras molécu-
las para evitar el dafio oxidativo, uno de los principales causantes del envejecimiento
de las semillas. Los mecanismos de reparacion mitigan parte del dafio acumulado. El
organismo modelo de plantas Arabidopsis thaliana brinda la oportunidad de la rea-
lizacion de estudios genodmicos para el estudio de, en este caso, la longevidad de las
semillas para descubrir nuevos factores genéticos y mecanismos moleculares determi-
nantes. Este conocimiento servira para entender mejor los procesos de deterioro de las
semillas y que también sera clave para aumentar la longevidad de estas.

Mediante el uso de variedades naturales genotipadas de Arabidopsis thaliana y un
estudio de asociacion del genoma conocido como GWAS, seguido de estudios de ge-
nética reversa, se han identificado 14 nuevos genes relacionados con la longevidad de
las semillas, relacionados con la proteccion del embridn, el control del dafio oxidativo,
y la permeabilidad de la cubierta de la semilla. El desarrollo de la cubierta de la semilla
estd determinado por factores de transcripcion. Plantas mutantes en diversos factores
de transcripcion involucrados en el desarrollo de la cubierta de la semilla presentan
una longevidad alterada. La sobreexpresion de los factores de transcripcion AtHB25
y COG1 provoca que las semillas presenten una mayor longevidad debido a una in-
crementada deposicion de poliésteres lipidicos. Estas barreras de poliésteres lipidicos
son la cuticula, formada por cutina, y la suberina. Ambas participan positivamente en
la proteccion del embrion frente al ambiente exterior. Estudios gendmicos de ambos
factores de transcripcion han demostrado que AtHB25 regula directamente a enzimas
biosintéticos de los mondémeros de suberina y cutina, y COG1 regula la expresion de
enzimas relacionados con la polimerizacion de poliésteres lipidicos y lignina.

La regulacion en la que participa AtHB25 es muy importante debido a la alta conser-
vacion de las secuencias gendmicas y funciones de AtHB25 en angiospermas, y pa-
rece involucrado en la respuesta a bajas temperaturas. Por otra parte, COG1, que esta
involucrado en la percepcion de luz, regula parte del desarrollo del tegumento externo
a través de la regulacion de AP2, un factor clave en el establecimiento de la identidad
de tejido de este tegumento de la cubierta de la semilla, donde se localiza la suberina.
AtHB25 y COGI estan involucrados en la adaptacion de la longevidad de la semilla a
través de sefiales ambientales como la temperatura y la luz, respectivamente, regulan-
do la deposicion de poliésteres lipidicos.



Resum

La longevitat de les llavors, o el temps que romanen les llavors viables, es de gran
importancia per la conservacié de la biodiversitat, 1’agricultura i ’economia. A més
a més, I’estudi d’aquest parametre pot contribuir a con¢ixer millor els mecanismes
moleculars comuns a tots els organismes per prevenir 1’envelliment. Una de les prin-
cipals estrategies de les llavors per retardar el seu envelliment consisteix detenir el
seu metabolisme, mitjancgant la seua deshidratacid. Altres mecanismes moleculars per
evitar danys son el seu aillament de I’entorn per mitjan de la coberta de la llavor, i la
produccid d’antioxidants i altres molécules per evitar el dany oxidatiu, un dels prin-
cipal causants del envelliment de les llavors. Els mecanismes de reparacié mitiguen
part del dany acumulat. L’organisme model Arabidopsis thaliana brinda la oportunitat
de la realitzaci6 d’estudis genomics per a I’estudi de, en aquest cas, la longevitat de
les llavors per descobrir nous factors genétics y mecanismes moleculars determinants.
Aquest coneixement servira per entendre millor els processos de deteriorament de les
llavor i sera clau per augmentar la longevitat d’aquestes.

Mitjancant 1’s de varietats naturals genotipades d’Arabidopsis thaliana i un estudi
d’associacio del genoma conegut com GWAS, seguits d’estudis de genética inversa,
s’han identificat 14 nous gens relacionats amb la longevitat de les llavors, relacionats
amb la protecci6 de I’embrid, el control del dany oxidatiu, i la permeabilitat de la co-
berta de la llavor. El desenvolupament de la coberta de la llavor esta determinada per
factors de transcripcid. Plantes mutants a diversos factors de transcripcid involucrats
al desenvolupament de la coberta de la llavor presenten una longevitat alterada. La so-
breexpressio dels factors de transcripcié AtHB25 1 COG1 provoca que les llavors pre-
senten una major longevitat degut a una deposicio de poliésters lipidics incrementada.
Aquestes barreres de poliésters lipidics son la cuticula, formada per cutina, 1 la suberi-
na. Ambdues participen positivament la proteccié de 1’embrid enfront de I’entorn ex-
terior. Estudis genomics d’ambdos factors de transcripcié han demostrat que AtHB25
directament regula a enzims biosintétics dels monomers de suberina i cutina, i COG1
regula enzims relacionats amb la polimeritzacio de poliesters lipidics i lignines.

La regulacio en la que participa AtHB25 es molt important degut a 1’alta conservacio
de les seqiiencies genomiques i funcions de AtHB25 en angiospermes, i parteix estar
involucrat en la resposta a baixes temperatures. Per altra banda, COG1, que esta invo-
lucrat en la percepci6 de la llum, regula part del desenvolupament del tegument extern
mitjancant la regulacio de AP2, un factor clau en I’establiment de la identitat de teixit
de aquest tegument de la coberta de la llavor, on es localitza la suberina. AtHB25 i
COG1 estan involucrats en 1’adaptacid de la longevitat de la llavor per mitjan de se-
nyals ambientals com la temperatura i la llum, respectivament, regulant la deposicio
de poliesters lipidics.
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1. Introduction and objectives

Aging in biological systems

Life is glorious, but not eternal. All organisms, from unicellular to more complex,
as plants and animals, age to death. The aging term refers to all changes produced in
organisms during their life span. This term includes all deleterious aging events that
drive organism to death in absence of other external factors such as disease, stress,
or physical damage. This process is named senescence (Dollemore, 2002; Kirkwood,
2005).

Biological immortality, defined as the absence of aging, does not exist. All cells and or-
ganisms age. However, aging velocity differs significantly between different organism
species and even some organisms are improperly considered as immortal. Commonly,
unicellular organisms are considered eternal organisms, as they divide by mitosis and
resulting cells can be considered as identical. However, studies in Escherichia coli, a
symmetrical-dividing bacterium, have reported that cell divisions are not equal and
aging damage accumulates mainly in the old cell, finally affecting to their reproductive
efficiency (Stewart et al., 2006). This fact demonstrates that aging also occurs in bac-
teria. On the other hand, cell aging damage can be reduced in multicellular organisms,
as they can renewal cells and regenerate tissues. In this way, tissue regeneration can
prolong individual organism live. In some organisms, as Hydra vulgaris, apparently
this prolongation is indefinite (Martinez, 1998). Other animal strategy to prolong life
indefinitely consists into trans-differentiate form adult to juveniles in solitary stage
observed in some jellyfishes, as Turritopsis dohrnii (Piraino et al., 1996). In contrast
to animals, plants, which have a more versatile tissue regeneration, present postem-
bryonic development and develop new tissues and organs during most of their live
(Perez-Garcia and Moreno-Risueno, 2018). Some plant species can apparently grow
indefinitely. This results in millenarian plant individuals, as estimated in some bristle-
cone pines (Schulman, 1958; Currey, 1965).

The biological reason of aging is still under discussion (da Costa et al., 2016). Pro-
gram theories suggest that individuals age due to an evolutionary benefit: life decays
to avoid competition with offspring. In this way, life would be limited in a genetically
programmed way. This effect has been observed in bacteria, yeast, plants and animals
(Long et al., 2005; Allocati et al., 2015: Woo et al., 2018). Genes affecting aging
have been described and common mechanisms are found among different organisms
(Johnson, 1990; Mattson, 2003). Programmed aging could be considered as develop-
ment growth continuation (Blagosklonny, 2013). On the other hand, damage theories
remark the absence of evolutionary selection after reproduction. Thereby, aging is
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caused due to the accumulation of imperfections in the metabolism and the failure on
maintenance systems. The oxidative damage is thought to be the major damaging re-
action (Harman, 1956). Reactive oxygen species (ROS) causes damages in biological
macromolecules such as DNA, proteins, and lipids (Dizdaroglu, 1992; Shah et al.,
2001; Mishra et al., 2011). These damages directly deteriorate organisms. The three
ROS main sources in living cells are the electron transport chains, the nicotinamide
adenine dinucleotide phosphate oxidases (NADPH oxidases) and the 5-lypoxigenase
(Novo and Parola, 2008). According to the damage theory, reducing the metabolism
and ROS damage may prolong organism life.

Aging and the different ways to cope aging are of special interest in research as a self-
ish attempt to prolong human life eternally. Thereby, aging research has been focused
on animal model organisms such as Caenorhabditis elegans, Drosophila melanogas-
ter and Mus musculus. These studies provide genetic evidence for both, damage and
programmed theories (Johnson, 1990; Orr and Sohal, 1994; Lithgow ef al., 1995), but
same strategies, as overexpression of antioxidant enzymes, do not extend life in all
organisms (Pérez et al., 2009). Nevertheless, both theories point to metabolism as the
main aging cause. Aging is the cost of living and metabolism reduction is an essential
strategy to enhance longevity.

Physical factors affecting longevity

The exposure of organisms to different physical factors alters metabolism rates and
causes direct physical damage. For example, internal organism temperature correlates
with the metabolism rate. Low temperatures generally prolong organism life-span.
In many poikilothermic organisms, moderate environmental changes in temperatures
have important effects in their longevity (Conti, 2008). Thermodynamically, low tem-
perature slows diffusion and thus, metabolism rate. Thereby, cell cycle division rates,
development and thus, aging, get slow down at lower temperatures (Keil ez al., 2015).
In the model organisms D. melanogaster and C. elegans it is well established that
their life span inversely correlates with temperatures (Miquel et al., 1976; Leiser et
al., 2011). This temperature effect has been also observed in mammals, although they
barely present internal temperature changes. However, mammalian hibernators can
drop their body temperature up to a 10%, without hypothermic damage (Carey et al.,
2003; Storey, 2010). This low temperature in addition to the prolonged fasting during
hibernation significantly increases their life-span through a reduction of their meta-
bolic rate, which leads to an important reduction in protein synthesis (Wu and Storey,
2016). In non-hibernator mammals, this temperature effect has been studied through
caloric restriction. Limiting calorie intake without causing malnutrition reduces slight-
ly but significantly the organism temperature in mammals (Duffy et al., 1989; Col-
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man et al., 2009; Soare et al., 2011). Caloric restriction is associated with metabolism
reduction. It decreases ROS production through the reduction of the mitochondrial
electron-chain reactions (Pamplona and Barja, 2006). Thereby, caloric restriction ex-
tend life in numerous organisms (Fontana and Partridge, 2015). It is one of the most
promising approaches to extend human life.

However, aging is not the only effect of temperature: very low temperatures are as-
sociated with severe enzyme inhibition preventing organism development, while ex-
tremely high temperatures produces protein denaturation and membrane dysfunction
due to an increased fluidity (Portner, 2002). If organism temperature decays below
zero degrees, water freezes, molecules stop diffusing, and thereby metabolism stops.
During the freezing process, cell cytoplasm gets more viscous and solutes concentrate
progressively damaging cells. This process is harmful to cells even though there are
some organisms that can tolerate it. Cryo-conservation has been widely used as a
process to preserve cells alive for long terms as aging events stops with metabolism.
Optimal freezing and unfreezing kinetics and cryo-potector molecules are needed to
rapidly vitrify water avoiding water-crystal formation damage in cellular components
and tissue structures (Glenister and Thornton, 2000). There are well-established pro-
tocols to cryoconserve microorganisms, such as bacteria and yeast, single cells like
human stem cells and gametes, and even some tissues (Baust et al., 2009). However,
it does not work in complex organisms, as damage is irreversible. In nature, contin-
uously frozen soils, also called permafrost, preserve ancient life forms. Permafrost
sediments are a repository of ancient organisms and ancient genetic resources. For
example, the maternal placental tissue of the plant Silene stenophylla recovered from
permafrost sediments dated between 30,000 and 32,000 years was able to regenerate a
viable plant (Yashina et al., 2012), demonstrating the value of permafrost in the pres-
ervation of ancient live forms, even for multicellular organisms.

Metabolism is also greatly reduced upon desiccation. Cellular media gets high viscous
and molecules diffuse very slow (Wood and Jenks, 2007). As in freezing processes,
during desiccation, water availability decays and solute concentration increases. How-
ever, water depletion is harmful and can be lethal. Intracellular water maintains the
structure of molecules and membranes. Upon desiccation macromolecules aggregate
and organelles disintegrates (Alpert, 2006). Life emerged and evolved initially in wa-
ter. Land areas presents lower and variable water availability, including dry periods.
Many life forms developed desiccation tolerance, defined as the ability to dry to equi-
librium with the ambient atmosphere and then recover to its normal moisture content
(Proctor and Pence, 2002). This tolerance permits tolerant organisms to survive in
absence of water. In addition, desiccation slows down and stops metabolism reactions,
permitting desiccation tolerant organisms to endure for long time with reduced aging
events. Several desiccation-tolerant-species can survive from years to decades (Alpert
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and Oliver, 2002; Guidetti and Jonsson, 2002). Desiccation tolerance of organisms
was crucial for land colonization as it allows them to survive until conditions are
favorable. For example, cyanobacteria, one of the most ancient organisms occupy
extreme niches that are inaccessible to other organisms as they can survive in adverse
physiological growth conditions due to their great adaptive abilities like desiccation
tolerance (Singh, 2018). Insects are also spread in a wide range of ecologically diverse
niches due to their variety of strategies to avoid desiccation damage (Chown and Nic-
olson, 2004). Plants had to acquire desiccation tolerance necessary for land coloniza-
tion (Oliver et al., 2000), but latter this tolerance was lost. Desiccation tolerant plants,
called resurrection plants, maintained this ability. Nevertheless, several plants develop
desiccation tolerant seeds, also called orthodox seeds. Similar genetic pathways con-
trol plant desiccation tolerance and seed maturation of orthodox seeds (Costa et al.,
2017). Contrarily to desiccation sensitive seeds (also called recalcitrant seeds), ortho-
dox seeds can dry until low moisture contents (5%) and even can tolerate freezing as
low water content avoids crystal formation and cellular damage. As other desiccation
tolerance organisms, orthodox seeds are small (Singh, 2018) and can survive longer
than recalcitrant seeds. The high-water content in recalcitrant seeds promotes micro-
bial contamination and a faster seed deterioration reducing their life span to months
(Berjak and Pammenter, 2008). On the other hand, orthodox-seed metabolism is high-
ly decreased, and they can last for years. Seed longevity, defined as period that seeds
remain viable, varies enormously depending the plant species (Walter et al., 2005)
and in some species they can last for hundreds or even more than thousands of years,
as described in Nelumbo nucifera and Phoenix dactylifera seeds (Shen-Miller et al.,
1995; Sallon et al., 2008).

Avoiding aging goes through avoiding oxygen damage. Oxygen is highly reactive and
as discussed above, is the main aging cause through ROS-induced damages in bio-
molecules. Nowadays, atmosphere contains about 21% of oxygen. However, initially
the atmosphere and oceans were largely or entirely anoxic (Holland, 2006). Photo-
synthesis emergence is responsible of this change (Pierson, 1994), and it shifted out
anaerobic life from the earth surface, as the oxygen molecule resulted toxic for it. In
response, oxygen-tolerant life emerged. One important advantage of oxygen is that
allows respiration in eukaryotic life forms, which is highly energy-efficient compared
with fermentation. On the other side, oxygen is highly reactive causing organism dam-
age and provoking aging, as discussed above. This controversial effect of oxygen,
essential but damaging, conforms the Oxygen Paradox (Ursini and Davies, 1995). The
oxygen damaging effect is widely known, and for example, oxygen-lacking modified
atmospheres are generally used in food industry to preserve aliments. This practice
avoids oxidation events such as lipid peroxidation. In addition, it prevents aerobic
microorganism growth and thus, food deterioration (Parry, 1993). In living organisms,
aging rates also increase with the oxygen concentration in the atmosphere. C. elegans
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life span decreases in a high-oxygen atmosphere and augments in low-oxygen atmo-
sphere, while aging goes oppositely (Honda et al., 1993).

Other physical factor that accelerates aging is the radiation. The harmful effect of UV
light is widely known. Highly energetic UV light directly damages DNA, creating
genetic mutations, while low energetic UV light influences ROS production (Shen and
Tower, 2019). However, UV light in moderate doses results in beneficial effects. Not
only UV lights affects aging, visible light has been also described to reduce life-span in
C. elegans and D. melanogaster (De Magalhaes Filho et al., 2018; Shen et al., 2019).
Visible light controls circadian rhythms, and thus metabolism. In addition, it creates
photooxidative stress along with protein unfolding not related with circadian clock
(De Magalhaes Filho ef al., 2018). Nevertheless, light effects on life are not always
deleterious: near far-red light provokes beneficial effects and delay aging in some
animal models (Shen and Tower, 2019). Moreover, phototrophs organisms, as plants,
need light for their development, and they develop photoprotective mechanisms to
reduce collateral light-induced damages (Pinnola and Bassi, 2018). Life depends on
light as the main source of energy through carbon fixation in photosynthesis.

Natural radioactivity, coming from radionuclides in the earth and cosmic radiation, is
an often-forgotten physical factor that affects aging. There are not many studies that
describe radioactive effect in longevity, but they are emerging (Al Attar et al., 2016;
Nyhan et al., 2018). Radioactivity has increased lastly through human activity and
resource exploitation. In addition, other physical factors have been altered by human
activity affecting organisms aging in different ways. One example is global warming.
In addition, the emergence of widespread plastics and chemicals, water and air con-
tamination, and natural ecosystem modifications among others, affects different life
processes and it could increase aging events (Li et al., 2018; Burraco et al., 2020).

Seed longevity

Dry seeds are an interesting source for longevity research as their aging events oc-
cur in low water-content conditions. Essential molecular mechanisms are conserved
among eukaryotes. Thus, seed longevity research can lead to the discovery of general
conserved-metabolic pathways that can provide general aging knowledge and new in-
sights for aging theories. As discussed above, seed longevity varies drastically among
different plant species, form months to thousands of years. Genetics and molecular
pathways determining seed development drive these seed longevity differences. More-
over, seed storage conditions affect seed deterioration. Dry seeds can resist a wide
range of conditions such as low and high temperatures and desiccation (Sano et al.,
2016). In this way, seeds not only are part of the reproductive mechanism of most
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plants, but they also present an important adaptive strategy. Seeds permit to interrupt
plant life cycle in adverse environmental conditions as seeds maintain life in a quies-
cent state until favorable conditions (Bewley, 1997; Bentsink and Koornneef, 2008).
This aspect has been crucial for land plant adaptation, as it permits plants species to
survive in each area even when plants cannot survive concrete environmental condi-
tions. Seeds are time-vectors of plant life. The evolutionary importance of seeds is
remarkable, as seed-producing plants constitute a major part of plant species in earth.
However, as it occurs in organisms, the exposure to damaging physical factors such
as high temperatures, high humidity, high oxygen pressure, UV light and radioactivity
increases aging events and decreases their longevity. Upon desiccation, embryo cyto-
plasm reduces its fluidity into a glass-viscosity state with a low moisture content (less
than 20%). The mobility of cellular components gets limited, and thus metabolic rate
gets reduced (Buitink and Leprince, 2008). Thereby, as metabolism aging-events are
slowed down, desiccation is crucial for seed longevity acquisition. High humidity and
high temperature are deleterious for seed storage (Figure 1) as they increase fluidity of
embryo cytoplasm reactivating aging events, such as ROS production (Walters, 1998).
Oxygen, light, and radioactivity directly produces damages in cellular structures and
ROS formation (Harrington, 1970; Groot ef al., 2012; Al Attar et al., 2016).

Seeds present a valuable resource for human alimentation. In several cases they are a
direct food resource, and in many other cases seed are crucial for plant propagation.
Highly germinating seeds, also called vigorous seeds, are necessary for agronomic
propagation. Obtaining vigorous seeds and preserving them properly is crucial for
agriculture and the associated economy. First symptoms of aged seeds are delayed
and poor seedling establishment. Finally, seed germination ability is lost. Seed aging
and germination loss do not occur simultaneously in all seeds from same seed lot
(Figure 1). In each seed batch, seed aging follows a probabilistic distribution due to
the random and progressive accumulation of aging events in the different seeds of the
batch. Germination ratios are used to test how seed lots have aged, and it is useful to
determine maximum crop germination to adjust crop yield. Other tests, as seed vigor
tests or artificial aging tests, are established for numerous species. Damaging physical
factors such as humidity and temperature are used to establish vigor and thus predict
aging behavior on different seed lots (ISTA, 2018).

Agronomically, seeds are also important for plant biodiversity conservation. Plant bio-
diversity is the genetic source for plant breeding. /n sifu biodiversity conservation
represents the best method to preserve life as it develops in its natural ecosystems.
However, extensive agriculture and human environmental impact often damage and
destroy different ecosystems, leading to the loss of biodiversity. Other alternative for
biodiversity conservation is ex situ conservation. For ex situ conservation seeds rep-
resent the best way to preserve plant ancestral cultivars and other wild plants species,
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Figure 1: The germination rate decays on time but it can be prolonged with optimal seed storage condi-
tions. Seed aging is progressive, and it can be measured through germination ratio. Small seedlings indi-
cate a delay of germination, present in aged seeds. Low temperature and low humidity during seed storage
allow seeds to endure longer time comparing with ambient seed storage. The same lot of Arabidopsis
thaliana (Col-0) seeds was stored at room temperature (20 - 25 °C) and ambient humidity (40% - 80%) for
12, 20, 26 and 30 months (up), and in a seed storage chamber at 10 °C and 16% relative humidity for 30
months (below). Stratified seeds were shown and grown in MS media for seven days.

as seeds require a reduced space for storage, reduced maintenance and, depending on
the species, they could last for years. A dry and cold ambient permits to maintain seeds
for years and even decades in seed banks (Vertucci and Roos, 1990, Figure 1). One of
the most famous seed banks is in Norway. Svalbard Global Seed Vault is the largest
seed bank in earth with more than a million different seed lots, maintained by different
national and international institutions (Westengen et al., 2013; Asdal and Guarino,
2018). Its location allows maintaining low temperatures in a highly efficient way, even
if the artificial cooling fails. It aims to ensure food safety through seed biodiversity
conservation of agronomic cultivars in case of global catastrophes. However, even if
seeds are stored at best conditions in seed banks, eventually seed-intrinsic senescence
events provoke seed aging and their germination ability decay. Plant growing for seed
regeneration is necessary every few years, depending on the plant species, to ensure
their bioconservation. In this way, other seed banks distributed around the world are
also necessary for food safety. They take part on seed conservation, regeneration, and
distribution (Westengen et al., 2013).
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The Arabidopsis seed - Structure and
development

Seeds (Figure 2a) are a complex specialized plant organ, with the function to maintain
the embryo alive and protected from detrimental environments until conditions are
favorable. The new individual develops from a single cell into an embryo that should
remain alive during seed storage to generate a new plant. Seed is not just the embryo
itself. In Angiosperms, two other different-origin tissues form the seed: the endosperm
and the surrounding maternal tissues (Sreenivasulu and Wobus, 2013) (Figure 2b).
These different seed compartments conforming the seed present different genomes.
Much of the seed complexity aims to prevent aging and deleterious events in seed em-
bryos. Seed development differs among different plant species and following remarks
are based in the model plant Arabidopsis thaliana, which is widely studied in plant
molecular biology.

After egg cell fertilization from, the diploid zygote cell starts dividing with a concrete
developmental pattern program and resulting cells undergo progressively differenti-
ation forming the different tissues. There are four described embryo developmental
stages: globular, heart, mid-torpedo, and bent cotyledon (Mayer et al., 1991). This
last stage can be already visualized at 7 days after pollination (DAP). Later, from 8
to 16 DAP, major storage reserves, as sugars, oils, storage proteins and RNA pools,
accumulates and embryo fills the seed sac (Focks and Benning, 1998). This period is
called seed filling and these reserves are crucial for seedling establishment and seed
vigor acquisition, and therefore seed longevity. During seed filling, embryo produces
chlorophyll (Puthur et al., 2013). The photosynthesis activity in embryo permits the
synthesis of the reserve biomolecules, and it is necessary for seed vigor and seed lon-
gevity (Allorent et al., 2015). In addition, the photosynthesis activity of silique walls
also participates in the seed filling process (Zhu et al., 2018). Finally, the embryo
development stops, and the maturation phase starts (up to 21 DAP). Seed maturation
consists of the acquisition of desiccation tolerance, the degradation of chlorophylls and
the transformation of chloroplast in storage plastids. In angiosperms, embryos of dif-
ferent plant species do no degrade the chlorophylls and remain green (chloroembryo-
phytes) while others, like Arabidopsis, do and become white (leucoembryophytes).
In the maturation period, dormancy and seed longevity are acquired (Goldberg ef al.,
1994; Smolikova, et al., 2017). Seed dormancy avoids premature germination of seeds
and depends on the plant species and on its environment adaptation. Dormancy is con-
trolled by environmental factors such as light, temperature and time of seed dry stor-
age (Bentsink and Koornneef, 2008). It is inversely correlated with seed longevity in
diverse Arabidopsis natural accessions or ecotypes and mutants (Nguyen ef al., 2012).
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Figure 2: The Arabidopsis seed. Col-0 wild-type seed analysis. (a) Dry seeds. Scale bar, | mm. (b) Tolu-
idine Blue staining of a developing seed section between mid-torpedo and bent cotyledon. Notice that
endosperm degrades around the embryo, endothelium already has proanthocyanidins (dark blue), and
outer integument cells, separated from inner integument by a thick cell wall, accumulate amyloplasts
(grey) and mucilage (purple). Scale bar, 200 pm. (c) Tetrazolium salt reduction assay (for 48h at 28 °C)
test seed coat permeability and/or viability. Notice that same seed-batch present slightly differences in
tetrazolium reduction rates, visualized through a reddish seed staining. Scale bar, | mm. (d): Developing
seed at day-after-pollination (DAP) 5 stained with vanillin to visualize proanthocyanidins (PAs) in the
endothelium. Scale bar, 200 um. (e) Lipid polyester dry seed staining with Sudan Red. Notice that two
lipidic layers can be observed: the suberin layer close to the seed coat epidermis; and the cutin layer, close
to the embryo. Scale bar, 200 pm. (f) Mucilage halo visualization in 30 minutes imbedded dry seed with
Ruthenium Red. Scale bar, 200 pm. (g) Scanning Electron Microscopy (SEM) of the seed surface. No-
tice the characteristic seed surface formed by columella structures. Scale bar, 100 um. (h) Transmission
Electron Microscopy (TEM) of a dry seed section. In the image, the endosperm (END, below) and the
seed coat (above) are shown, but not the embryo. Notice that endosperm cell has not collapsed as seed
coat cells, the endothelium (ETH) has breaks, below the endosperm there is the cutin layer (below the last
dark layer). The brown pigment layer (BPL) supposes big part of seed coat thick. The palisade layer (PL)
is composed by smaller cells with a lighter electron-transmission cell wall and they collapse and fold with
the adjacent palisade cell forming a sealed structure, and the columella cells (COL) present a characteristic
volcano shape. Finally, is remarkable that the darker areas (BPL) are within the two impermeable barriers,
the cutin and the suberin, and thus PA liberation stains only inner integument layers. Scale bar, 4 pm.
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Fertilization in Arabidopsis, as in other angiosperm plants, is in fact, a double fertiliza-
tion. The two sperm cells present in the pollen grain fertilize the egg cell to develop the
new individual, and the central cell (a diploid cell) leading to the endosperm, a triploid
tissue that envelops the seed embryo (Dresselhaus et al., 2016). The endosperm is a
nourishing tissue as it participates in the nutrient transfer from the mother plant into
the developing embryo (Bleckmann et al., 2014). Endosperm development and cell
proliferation are different from any other plant tissue. First, successions of nuclear
divisions without cytokinesis take place (Li and Berger, 2012). After a certain nuclear
division number, endosperm cellularizes (Boisnard-Lorig et al., 2001). Finally, endo-
sperm cells progressively undergo program cell death (PCD) while embryo absorbs
them for its growth (Sreenivasulu and Wobus, 2013) (Figure 2b). Only one cell layer
surrounds the embryo in the mature seed. Mature endosperm imposes a mechanical
resistance to radicle extrusion during germination; this resistance acts as a dormancy
barrier. Upon-germination the endosperm cell-wall softs in a genetically programed
way (Endo et al., 2012).

The outermost seed-tissue surrounding embryo and endosperm is called seed coat in
dicot plants, as Arabidopsis. Seed coat, with a protective role, origins from dipliod
ovule-integuments of the mother plant, so it is not a direct product of the polen grain
fertilization. Upon the fertilization hormonal signal, they start to differentiate coordi-
nately with the embryo (Bencivenga et al., 2011; Figueiredo et al., 2016) following a
complex and specialized genetic program. Five integument-cell layers form the seed
coat: three originate from the inner integument and two from the outer integument.
Each cell layer undergoes a concrete developmental program to get specialized and
synthesize their specific associated biomolecules (Haughn and Chaudhury, 2005). The
endothelium, the innermost seed coat layer, synthesize a cutin-based layer: the cuticle.
Cutin is a lipid polyester barrier formed by very long chain fatty acids. Cutin mono-
mers are deposited at outer side of the cell wall. There, cutin monomers crosslink
forming the impermeable cuticle layer bounded into the cell wall (Figure 2e). The cuti-
cle layer also presents polysaccharides and associated waxes. This layer is also present
in other plant organs such as leaves (Yeats and Rose, 2013). The cuticle avoids organ
fusion with the endosperm (Voisin et al., 2009) and allows seed coat and endosperm
slip during embryo growth (Coen ef al., 2019). After development, cuticle is involved
in seed longevity and dormancy because it prevents water embryo intake (De Giogi et
al., 2015). Moreover, cutin functions include mechanical reinforcement and UV light
protection. In addition to cutin, endothelial cells also produce condensed tannins or
proanthocyanidins (PAs) which derive from the flavonoid biosynthetic pathway. They
provide protection against fungal and insects (Dixon et al., 2005), protection against
oxidative stress through oxygen scavenging as they act as antioxidants (Bagchi et al.,
1997) and prevent light induced damage (Li et al., 1993). Colorless PAs are accu-
mulated in the immature seed during seed development (Figure 2d) and turn brown
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during seed desiccation and seed storage due to their oxidation (Debeaujon ef al.,
2001), providing the seed characteristic brown color. Endothelium breaks during de-
velopment by endosperm growth, releasing synthetized PAs (Ondzighi et al., 2008). In
mature seeds, PAs affect positively to dormancy probably through hormone regulation
(Debeaujon et al., 2000; Jia et al., 2012). From the endothelium grows the subepider-
mal layer, which may fill empty spaced between integuments (Coen et al., 2017). The
outer layer of the inner integument together with the subepidermal layer undergo PCD
and crush forming the brown pigment layer seen by transmission electron micros-
copy (Figure 2h, Beeckman et al., 2000), which seems important for seed thickness
(Nakaune et al., 2005). The outer integument is composed by two layers different in
shape and function; however, both initially accumulate starch granules in amyloplasts
that later are degraded (Windsor ef al., 2000). The inner layer of the outer integument
present smaller cell areas and increased cell number compared to the outermost or
epidermal seed-coat cell layer (Truernit and Haseloff, 2008). Thus, we call palisade
layer to this layer. The palisade layer cells present a cell wall thickening produced by
suberin deposition (Beeckman et al., 2000: Molina et al., 2008; Gou et al., 2017). Al-
iphatic monomers of suberin probably are produced from starch degradation, as they
are synthesized in plastids and mutants in starch degradation present deficient suberin
synthesis (Vishwanath et al., 2015; unpublished data). However, it is also possible
that starch degradation is also involved in the cell wall reinforcement of outer integ-
ument cells (Windsor ef al., 2000). Like cutin, suberin is a lipid polyester barrier, but
deposited between the cell wall and the plasma membrane. It presents a characteristic
lamellae disposition pattern visualized under electron microscopy, probably caused by
aliphatic-aromatic domains (Bernards, 1998; Gadini et al., 2006). Suberin produces
impermeable barriers from water and air (Figure 2c,e). When palisade cells collapse,
lateral cell walls fold by the compression creating the impermeable structure (Figure
2h). Gou et al. (2017) claimed to visualize the suberin lamellae, but the lamellae pat-
tern does not fit with the suberin model. Suberin function in dry seeds is directly linked
with seed permeability (Beisson et al., 2007; Yadav et al., 2014), and thus, dormancy
(Fediet al.,2017) and seed longevity (Bueso et al., 2016). Finally, seed coat epidermis
cells present a unique structure called the columella, a volcano-shaped structure (Fig-
ure 2g). These cells present reinforced radial and columella, but not outer, cell walls
and produce large quantities of a pectic polysaccharide, called the mucilage, from
accumulated starch granules (Windsor et al., 2000; Western et al., 2000). Mucilage is
highly hydrophilic, and, upon water seed-imbibition, it expands drastically breaking
the outer cell wall and forms a big halo around the seed (Figure 2f). The mucilage halo
results an important evolutionary trait, as it permits water retention for germination
avoiding drought stress (Yang et al., 2011). In addition, it might help seed dispersion
due to its sticky nature (Western, 2011). During seed maturation, all integuments pro-
gressively end up with a cell death program and collapse leading to a compacted and
reinforced cell tissue with all its associated biomolecules (Figure 2h).
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En}brvo molecula;‘ mechanisms pro-
moting seed longevity

Seeds possess molecular mechanisms to prevent embryo aging that act during seed
development, seed storage and seed germination. Embryo developmental mechanisms
allow acquisition of seed longevity during seed maturation through seed desiccation
tolerance. Seed storage mechanisms avoid ROS-induced aging events and during ger-
mination molecular mechanisms repair embryo damages (Figure 3). The seed coat
isolates the embryo form external damaging physical factors.

Maturation and seed desiccation tolerance

Several Arabidopsis mutants affected in seed longevity are developmental mutants
(Nguyen et al., 2012). Embryo development and maturation are essential for acquisi-
tion of seed longevity. Hormones, such as abscisic acid (ABA), gibberellins (GAs) and
auxins (IAA) play essentials roles in seed longevity establishment. ABA is responsi-
ble of seed desiccation tolerance, seed longevity acquisition and seed dormancy. The
ABA-insensitive abi3 mutant seed does not maturate properly: seeds do not degrade
chlorophyll, present a poor desiccation tolerance and seed longevity and show no dor-
mancy (Ooms ef al., 1993). ABI3 is the master regulator of seed maturation (Sano et
al., 2016). The transcription factor (TF) ABI3 controls important key aspects for the
embryo seed longevity such as chlorophyll degradation (Nakajima et al., 2012; Delmas
et al., 2013) and desiccation tolerance through aquaporins, raffinose family oligosac-
charides (RFOs), heat-sock proteins (HSPs) and late embryogenesis abundant proteins
(LEA) (Kotak, et al., 2007; Monke et al., 2012; Mao and Sun, 2015, Sengupta et al.,
2015; Leprince et al., 2017). Desiccation tolerance is one of the key aspects of the high
longevity of orthodox seeds, as dehydrated life forms endure longer. However, desic-
cation is harmful for biological molecular structures and components. The embryo of
orthodox seeds can tolerate desiccation thanks to their glassy-state cytoplasm, a highly
viscosity state that reduces cellular molecular-mobility and metabolisms. Sugar and
RFOs accumulation play a protective role avoiding water-crystal formation through
crystal matrix disruption (Koster and Leopold, 1988). The hydrophilic properties of
LEA proteins and their progressive folding during desiccation suggest that they partic-
ipate in the glassy state formation (Leprince ef al., 2017). They are also induced upon
plant desiccation and other stresses (Hong-Bo ef al., 2005). Indeed, in seed maturation
the main abundance of most LEA coincides with the final desiccation phase (Verdier et
al.,2013). The role of LEA proteins in seed longevity seems crucial through their con-
tribution to the desiccation tolerance. Nevertheless, direct confirmations are needed to
establish the relation of LEA and seed longevity. It has been shown that downregula-
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Figure 3: Schematic diagram of seed aging. Seed longevity is acquired during seed maturation through
different mechanisms that reduce ROS damage during dry seed storage. ROS damage is the result of
ROS accumulation and storage time. The progressive ROS accumulation during the storage depends on
environmental factors, and an extended ROS damage eventually causes seed death. However, part of this
damage can be repaired by embryo repair systems during seed rehydration and germination, but repair
systems may be insufficient upon prolonged ROS damage. Environmental factors that are negative for
seed longevity are linked with red arrows, seed molecular mechanism to avoid embryo damage, positive
for seed longevity are linked with green arrows and flat head arrows, and germination processes are indi-
cated with blue arrows. ROS: reactive oxygen species. RFOs: raffinose family oligosaccharides. HSPs:
heat shock proteins. LEA: late embryogenesis abundant proteins.
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tion of family members of group 2 LEA or dehydrins transcripts through interference
RNA diminish seed longevity (Hundermarkt ez al., 2011). Members belonging to other
LEA classes, in total 71 members in Arabidopsis classified in twelve groups (Jaspard
et al., 2012), have not demonstrated role in seed longevity. However, insights of their
contribution in the seed longevity trait have been found in other plant species (Sano
et al., 2016). Other important component for seed longevity are small HSPs as they
help to protect and fold proteins during seed desiccation and storage (Prieto-Dapena
et al.,2006). The sunflower transcription factor HaHSFA9, controlled by ABI3, drives
the expression of various small HSPs during seed development through the interac-
tion with the HSFs repressor -HalAA27, also repressed by auxins (Kotak et al., 2007,
Carranco et al., 2010). The HaHSFA9 has a positive role for seed longevity in tobacco
(Tejedor-Cano et al., 2010). Chlorophyll degradation, also controlled by ABI3, is an
important maturation process for acquisition of seed longevity to avoid light photore-
ception and, thus light-induced ROS damage from the chloroplast electron transport
chain (Nakajima et al., 2012).

ROS-damage control

The first mechanism to avoid embryo oxidative stress caused by ROS accumulation
is embryo desiccation. The seed final water content is reduced in relationship with
the environmental humidity. The optimum moisture level for reducing metabolism in
the glassy state in seed embryos coincides to the minimum water content permitted in
seeds (around 5%). To reach this optimum moisture content, environmental relative
humidity between 19 and 27% is required (Vertucci and Roos, 1990). Environments
with higher humidity and temperatures break the glassy state and increase cytoplasm
fluidity in seed embryos (rubbery cytoplasm). That is the case in most of land areas
in earth (70%-80% relative humidity (RH), except in dry land areas or high terrains)
(Dai, 2006). Thereby, seed aging in most natural environments occurs through activa-
tion of metabolism and ROS accumulation. Moreover, fluctuation in RH causes des-
iccation-dehydration cycles and enhance ROS accumulation affecting seed longevity.
This oxidative stress damage occurs also in hypoxic environments (Considine and
Foyer, 2014).

Embryo storage molecules, such as DNA, RNA pools, Seed Storage Proteins (SSPs),
oils and sugars are needed for plant establishment, but ROS accumulation causes
damage. Damages in DNA and genome integrity is directly related with seed aging
(Waterworth et al., 2015). Accumulation of seed DNA damages occurs even in the
absence of external damaging factors due to the inherent DNA instability (Lindahl,
1993). Indeed, genome integrity is a maker of seed quality (Navashin and Shkvar-
nikov, 1933). RNA degradation also correlates with seed aging (Fleming et al., 2019).
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Figure 4: Seed browning occurs during seed storage. Seeds of Arabidopsis thaliana (ecotype Col-0) col-
lected at different times (from left to right: freshly collected, two months old, two years old and four years
old representative seeds) were imaged. Seed browning is associated with progressive oxidation of proan-
thocyanidins (PAs), and seeds of mutant plants in the PAs biosynthetic pathway do not present this effect.

Although RNA can be synthesized from DNA, stored RNA pools are important for
germination, seed vigor and seed longevity as they drive first metabolic germination
processes (Sano et al., 2020). RFOs are important for the desiccation tolerance, as
commented above, but they also serve as energy source during germination thanks
to a rapid mobilization (Blochl et al., 2008). Decline of RFOs correlates with seed
aging (Bernal-Lugo and Leopold, 1992). Oxidative damage progressively produce
protein carbonylation during natural and artificial seed aging and these patterns can be
used as viability markers (Job et al., 2005; Rajjou et al., 2008; Cabiscol ef al., 2014).
Seed storage proteins (SSPs) are important for germination as a source of free amino
acids and energy necessary for seed germination. Proteases are synthesized during
seed maturation for a rapid SSPs degradation (Wang et al., 2014). The aspartyl-prote-
ase ASPG1 has an important role in early proteolytic activity with an important impact
in seed longevity (Shen et al., 2018). Lipid peroxidation also occurs during seed stor-
age and correlates with seed aging (Sung, 1996).

Embryos over-accumulate macromolecules to buffer ROS-induced damages. This al-
lows having non-damaged essential macromolecules. SSPs and RFOs are examples of
this passive ROS protection: they have a high affinity for ROS, they are very abundant
and mutant seeds in their metabolic genes present affected germination and higher
oxidative damage. For example, SSPs mutant seeds in 12S globulin genes are affected
in germination (Job et al., 2005; Nguyen et al., 2015). For RFOs, mutant seeds in the
gene GOLS?2, a galactinol synthase, present a diminished germination and higher oxi-
dative stress (Nishizawa et al., 2015; de Souza Vidigal et al., 2016).

Polyphenols, such as PAs, located in the seed coat, but also in embryo and endosperm,
are important for seed longevity as shown in diverse transparent testa (tt) mutants
(Debeaujon et al., 2000). The oxidation of seed coat PAs is clearly visible during early
seed storage in Arabidopsis seeds, as they gradually take their characteristic brown
color due to PAs oxidation. During long seed storage, seed browning continues, and
it can be used as a qualitative indicative of seed aging and oxidative damage (Figure
4). Presumably, PAs oxidation reduces ROS damage in the seed embryo. In addition,
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PAs also can act as a filter to UV light, avoid pathogen growth and herbivore dam-
age (Griffen et al., 2004; Barbehenn and Peter Constabel, 2011; Wang et al., 2017b).
Plants lacking biosynthetic enzymes involved in PAs synthesis present seeds whose
seed coats range from yellow to light brown colors, and in some cases, present a re-
duced seed longevity (Debeaujon et al., 2000). This visible phenotype allowed the
early characterization of mutant plants in this metabolic pathway and their genetic
regulators (Koornneef, 1990; Debeaujon et al., 2000; Debeaujon et al., 2001; Clerkx
et al., 2004; Pourcel et al., 2005). Other mutants in the biosynthesis and regulators
of seed coat PAs are banyuls (ban) transparent testa glabra mutants (#/gs), and tannin
deficient seed (tds) (Koornneef, 1990; Winkel-Shirley, 2001; Abrahams et al., 2002;
Dixon et al., 2005). Some proteins may actively oxidize PAs such as the laccase TT10
(Pourcel et al., 2007), other polyphenol oxidases, peroxidases and chitinases (Moise
et al., 2005; Pourcel et al., 2005). Low molecular weight antioxidants are part of the
passive protective systems. Tocopherol (Vitamin E) has a demonstrated direct effect
on seed longevity through the biosynthetic mutant vtel (Sattler ef al., 2004). Tocoph-
erols together with lipocalins protect lipids from peroxidation and thus, enhance seed
longevity (Havaux ef al., 2005; Boca et al., 2014). Other important antioxidants for
seed longevity are ascorbic acid (Vitamin C) and glutathione. Glutathione is highly
accumulated in seeds constituting the main passive antioxidant in seeds: its redox po-
tential can be used as a viability marker, whereas ascorbic acid is barely accumulated
in the seed embryo (Kranner ef al., 2006; Nagel ef al., 2015). Both, ascorbic acid,
and glutathione, can be directly oxidized by ROS, but there is also a tightly regulated
system to oxidize and reduce them for a precise redox control to reduce ROS damage

Figure 5: Fungi is growing in the seed coat surface of a three-year-old seed. Scanning electron micro-
scope (SEM) visualization of a three-year-old seed of Arabidopsis thaliana with a fungus growing in the
seed coat surface. Scale bar, 10 um.
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and seed deterioration: the ascorbate-glutathione-NADPH system (Foyer and Noctor,
2011). The ascorbate peroxidase enzyme oxides ascorbic acid with H,O, reduction
and detoxification and its overexpression increases oxidative stress tolerance, enhanc-
ing seed longevity and other stress resistance tolerance (Wang et al., 1999; Chen et
al., 2015; Chiang et al., 2017; Chen et al., 2019). The ascorbate can be regenerated
by monodehydroascorbate reductases, which regenerates ascorbate from NADPH and
by dehydroascorbate reductases (DHARs) reducing dehydroascorbate into ascorbate
with reduced glutathione, which is stored in seeds. Glutathione can be used by gluta-
thione peroxidases and glutathione S-transferase to eliminate H,O,, while glutathione
reductase regenerates glutathione from NADPH (Foyer and Noctor, 2011; Smirnoff,
2011; Rahantaniaina et al., 2017). Other enzymes involved in avoiding ROS damage
are superoxide dismutases (transform into O, and H,0,), catalases (detoxify H,O, into
H,O and O,), methionine sulfoxide reductase (repair methionine oxidized residues
in proteins), thioredoxins (reduce cysteine and cleavages disulfide bonds), peroxire-
doxins (detoxify ROS using electrons from thioredoxins) and glutaredoxins (reduce
dehydroascorbate, peroxiredoxins and methionine sulfoxide reductase) (Nakamura et
al., 1997; Bailly, 2004, Weissbach et al., 2005: Rouhier et al., 2008; Jeevan Kumar et
al., 2015). The effect of all these active ROS detoxification systems in seed longevity
is not completely characterized and further research is needed (Sano et al., 2016). In
addition, the aquaporins TIP3;1 and TIP3;2, regulated by ABI3, probably help to ROS
detoxification permitting H,O, transport (Mao and Sun, 2015). Although ROS-dam-
age has a negative impact on seed longevity, ROS constitute an important signal-
ing system for plant development and stress signaling. ROS signaling regulates the
hypersensitive response upon biotic stress, abiotic stress responses, hormone levels
and developmental processes including programmed cell death (Miller et al., 2008;
Suzuki et al., 2011; Marino et al., 2012). In seeds, ROS signaling controls embryo-
genesis, seed dormancy and germination modulating hormone levels, drives seed coat
and endosperm PCD and act as protection against pathogens (Murphy et al., 1998;
Balilly et al., 2008; EI-Maarouf-Bouteau and Bailly, 2008; Jeevan Kumar et al., 2015).
During seed storage, high humidity can lead to pathogen, such as fungi, growth in
seed tissues damaging the seed (Figure 5). Besides the putative biotic protection from
pathogens by PAs (Wang et al., 2017b), ROS production in the embryo can also inhibit
pathogen growth, and eventually might locally kill infected cells to control pathogen
infection (Jeevan Kumar et al., 2015). The importance of ROS signaling and ROS
pathogen control remarks that ROS-producing enzymes expressed during seed de-
velopment and seed storage, as different NADPH oxidases (also named RBOHs), are
important players in seed longevity mediating seed developmental and seed defense
processes. Nevertheless, ROS production directly damages the embryo and a tight
balance between seed longevity and biotic defense controls the seed survival.
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Embryo repair mechanisms

Different ROS-damages might be repaired enzymatically. Embryo repair mechanisms
mainly act during seed imbibition while metabolism reactivates. The observed de-
lay in germination in aged seeds probably is related to repair processes (Powell and
Matthews, 2012). Nevertheless, an extended and continued embryo ROS damage
in DNA, RNA, protein, and other macromolecules leads to embryo death (Sano et
al., 2016; Waterworth et al., 2019). Repair mechanisms are specific for each type of
macromolecules. Regarding DNA, guanine hydroxylation represents the major dam-
age. The base excision repair (BER) system can repair it. Two enzymes of the BER
system whose mutant plants exhibit reduced seed longevity are OGG1 and PARP3
(Bray and West, 2005; Biedermann et al., 2011; Chen ef al., 2012). The second char-
acteristic DNA damage is double strand breaks, which can be repaired by ligases,
and LIG4 and LIG6 have been demonstrated to have an impact on seed longevity
(Waterworth et al., 2010). Cell cycle control permits DNA reparation for a genome
integrity maintenance, controlled by the kinases ATM and ATR, activated by double
strand breaks. Both mutant seeds, atm and atr, present increased seed longevity and
an early germination after seed aging treatments, but atm seeds present also important
chromosomal abnormalities (Waterworth et al., 2016).

Methionine oxidation represents the major ROS-induced protein damage. This dam-
age can be repaired by the methionine sulfoxide reductase (Stadtman, 2006; Chatelain
et al., 2013). Other characteristic protein damage is the spontaneous covalent modi-
fication of asparaginyl residues, which causes protein denaturation. This damage can
be repaired by an L-Isoaspartyl O-methyltransferase (PIMT1), which has an evident
direct effect on seed longevity (Lowenson and Clarke, 1992; Mudgett et al., 1997,
Ogé et al. 2008). Finally, part of the protein repair systems involves heat-shock pro-
teins and chaperones to avoid protein miss-folding and permit protein renaturation.
The transcription factor HSFA9 regulating HSPs and the prolyl-isomerases ROF1 and
ROF2 have been described to participate in protein protection and folding system con-
tributing to seed longevity (Tejedor-Cano et al., 2010; Bissoli et al., 2012).

Regarding to embryo stored RNA it has not been reported any repair mechanisms with
a clear impact on seed longevity (Sano ef al., 2016). However, it is likely that stored
RNA pools attenuate the RNA damage, as the transcript abundance permits to main-
tain part of the RNA molecules undamaged for the rapid transcription needed during
germination. Arabidopsis accumulates more than 12000 different storage RNA tran-
scripts types during seed formation (Nakabayashi et al., 2005). Nevertheless, progres-
sive RNA damage reduces seed vigor until seed death (Fleming ef al., 2017). Longer
stored RN A molecules are more likely to be damaged than smaller ones (Sano et al.,
2020).
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Seed coat protects the seed embryo

All previous molecular mechanisms controlling seed longevity occur mainly in the
embryo. However, as commented above, seeds are formed by two other tissues, the
nourishing endosperm, and the protective seed coat. Indeed, the seed coat, originat-
ed from mother ovule integuments, constitute the first physical barrier, which aims,
among other functions, the protection of the embryo. The seed coat has an important
role in seed longevity as it protects the embryo and from physical and oxidative dam-
age preventing the entry of water and oxygen. The different seed coat components, the
cuticle, PAs, lignin-reinforced cell walls, and suberin, contribute to this protection (De
Giorgi et al., 2015).

Transcription factors determine seed coat

The genetic program of seed coat differentiation from ovule integuments is complex
and tightly regulated. The five layers forming the final seed coat must undergo through
different and precise genetic developmental programs to perform their function and
synthesize their specific components. This genetic program starts with floral identity
TFs that regulate ovule integuments differentiation. Although the complete regulatory
cascade of TFs and their interaction regulation are far to be known, several TFs have
been described to be involved in seed coat and seed longevity.

In Arabidopsis, BEL1 is required for ovule identity and interacts with AGAMOUS
(AG) and SEPALLATA3 (SEP3) in a ternary protein complex, required for proper
integument identity (Brambilla et al., 2007). These two TF also form ternary complex-
es with SEEDSTICK (STK), SHATTERPROOF1 (SHP1) and SHATTERPROOF2
(SHP2) (Brambilla et al., 2007) that determine redundantly the integument tissue
differentiation. AINTEGUMENTA (ANT) controls integument cellular prolifera-
tion (Klucher et al., 1996). ABERRANT TESTA SHAPE (ATS) is involved in the
integument separation and growth (McAbee et al., 2006) and INNER NO OUTER
(INO) together with SUPERMAN (SUP) are involved in the outer integument growth
(Gaiser et al., 1995). Later, upon fertilization, integuments follow different differenti-
ation stages regulated by several TFs (Haughn and Chaudhury, 2005; Arsovski et al.,
2010). The inner integument differentiation is regulated by TRANSPARENT TES-
TA16 (TT16/ABS) and STK (Coen et al., 2017). The outer integument differentiation
regulation probably goes thought APETALLA2 (AP2) and GORDITA (GOA) (Prasad
etal.,2010).

Mutants in these TFs show direct effects in seed development. For example, the ap?2
mutant, which also fails in petal differentiation, present an affected outer integument
differentiation. This effect produces an aberrant seed shape and seed coat, with no mu-
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cilage, no suberin, and a drastically reduced seed longevity (Leon-Kloosterziel et al.,
1994; Debeaujon et al., 2000). Mutant seeds #/6 fails in inner integument PA synthe-
sis and present altered seed size (Nesi ef al., 2002; Ehlers ef al., 2016). Seeds of goa
mutant present a rounder seed shape (Prasad et al., 2010). Seeds of strong ino mutants
fails in integuments growth, while sup seeds present an overdevelopment of the outer
integuments, as SUP is a negative regulator of INO (Meister et al., 2002; Gallagher
and Gasser, 2008). As the gene name indicates, ats seeds present aberrant seed coat
formation (McAbee et al., 2006). In some cases, single mutants do not show defects
in seed coat development, as there are other redundant TFs with overlapping functions
on integument development regulation. The effect of SHP1, SHP2 and STK in integ-
ument cell-identity regulation was observed only in the triple mutant shp i, shp2, stk
(Pinyopich et al., 2003), although individual mutants have alterations defects in fruit
opening (shpl and shp2) and seed abscission (stk).

Later, other TFs and protein complexes are involved in the regulation of the specif-
ic metabolic pathways of the different single-cell layer. MYB-bHLH—WDR protein
ternary complexes have been described to precisely regulate part of these metabolic
pathways. TT2-TT8/GL3/EGL3-TTG1 and MYB5-TT8-TTG1 complexes together
with TT1, TT16, TTG2 and STK control the expression of DFR, LDOX, TT19, TT12,
AHA10 and BAN, which are involved in seed PA biosynthesis (Xu et al., 2015). Op-
positely, MYB-bHLH-TTG1 complexes negative regulate cuticle biosynthetic genes
LACS3, FAR6, WSDI1, LTP5, LTP10, ABCG23 and LTP7, through the repressors
MYBL2, CPC, OFP18 and OFP18L (Li et al., 2020). In addition, TTG1 complexes
regulate jasmonic acid (JA), hormone involved in biotic and abiotic stress signaling,
seed dormancy and PAs synthesis; activating the JA biosynthetic genes LOX3, LOX4
and AOC3s (Wasternack and Feussner, 2018; Li et al., 2020).

Similar MYB-bHLH-WDR complexes participate in the epithelial layer differen-
tiation of the outer integument and mucilage formation. MYB5/MYB23/TT2-TT8/
EGL3-TTGl1, together with AP2, NARSI and NARS?2, initially regulate columel-
la cell differentiation (Golz et al., 2017). They control TTG2 and GL2 expression,
whose directly regulate mucilage biosynthetic genes such as GATLS, PRX36, MUM4,
PMEI6, and other TFs such as KNAT?7, involved in negative regulation of cell wall
lignification, directly affecting mucilage extrusion, together with MYB75 (Bharga-
va et al., 2013). In addition, MYB61 independently also regulates KNAT7 expres-
sion in epidermal seed coat cells (Romano ef al., 2012). Nevertheless, knowledge of
transcriptional control of seed suberin is not as complete. MYB107 is responsible of
direct activation of the suberin biosynthetic genes GPATS, FAR1, HHT and FACT
(Gou et al., 2017).

In our laboratory, two seed coat TFs have been isolated through an Arabidopsis acti-
vation-tagging mutant collection screening subjected to an artificial seed aging treat-
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ment (Bueso et al., 2014b; Bueso et al., 2016). Both isolated mutant lines, athb25-
1D and cogl-2D, overexpress the TFs AtHB25 and COGI1 respectively and present
similar phenotypes: enhanced seed longevity, reduced tetrazolium salt uptake and/
or reduction and maternal heritage. These findings suggested that the enhanced seed
longevity of both mutants was due to a seed coat effect, probably through a reduced
seed coat permeability (Bueso ef al., 2016). In addition, lipid polyester staining with
Sudan Red was more intense in mutant seeds compared to control seeds. The en-
hanced lipid polyester deposition must be responsible for the increased seed longevity
observed in these mutants, limiting the water and air penetration and thus, the oxygen
penetration, reducing the oxidative damage during seed storage and artificial aging
treatments (Bueso et al., 2016). These mutants also presented increased GAs levels in
seedlings and siliques, and increased expression levels of the GA biosynthetic gene
GA30X3. This hormonal effect might be involved in the regulation of their reinforced
seed coat, as the exogenous GAs application and the constitutive GA-signaling of the
quintuple DELLA mutant also enhances seed longevity (Bueso et al., 2014b). Never-
theless, transcriptomic analysis showed that both mutants, athb25-1D and cogl-2D,
overexpressed two biosynthetic enzymes, LACS9 and PRX25 which might be directly
involved in biosynthesis of lipid polyesters, suberin and cutin, responsible of the en-
hanced seed longevity (Bueso et al., 2016). In addition, SEP3 was also induced in both
activation-tagging mutants.

The endogenous role of AtHB25 and COG1 and their location in the TF regulatory
pathway of the seed coat is still unclear. The transcription factor regulatory pathway
regulating seed coat components is complex, and the list of TFs is still growing. How-
ever, the comprehension of these genetic determinants on seed coat together with the
regulation of their components is crucial to understand the regulation of seed coat
components during seed coat performance and, thus, the seed longevity associated
processes. Several works have grouped seed coat TFs in different levels of regulation
(depending if they regulate other TFs, directly biosynthetic enzymes, or both). For a
more compressive understanding see Gou et al., 2017 and Li et al., 2020. Neverthe-
less, the TF regulation network is more complex as there are diverse TFs that partic-
ipate in different pathways. In addition, the hierarchical order is not always evident,
there is gene redundancy, and the regulatory cascade is far to be completely revealed.

Seed coat lipid polyester barriers

The importance of seed coat lipid polyester barriers in seed longevity will be remarked
along this PhD thesis. Both lipid polyester barriers, the cuticle layer and the suberin
layer, controls the flux of gases, water, and solutes. As commented above, these bar-
riers limit atmospheric oxygen diffusion avoiding oxygen-derived ROS damage. This
effect is likely to extend seed viability.
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Both cutin and suberin are complex matrices composed by aliphatic monomers (fatty
acids, fatty alcohols, w-hydroxy fatty acids, a,o-dicarboxylic acids), aromatic mono-
mers (hydroxycinnamic acids (HCAs), such as ferulate) and glycerol, linked by es-
ter-bonds (Philippe et al., 2020). Generally, suberin has higher proportion of fatty
alcohols, hydroxycinnamic acids and glycerol (Pollard ef al., 2008). In addition, sub-
erin and cutin monomer composition also variates among different plants and tissues.

COL

SL
PL

BPL

ETH
CcL CWEE

END

Figure 6: Arabidopsis Col-0 seed coat visualized with the Transmission Electron Microscope (TEM). The
image is focused on the seed coat. The endosperm can be visualized below. Upper arrows and brackets
indicate the location of the suberin lamellae, formed by suberin deposited in the inner side of the palisade
cell wall. The lamellae pattern is barely visible (dark area). Nevertheless, in the intersection between two
collapsed palisade cells (where arrows and brackets indicate), both cell walls fold and permit a better
suberin lamellae visualization compared to other zones. Brackets show three areas where the lamellae
can be visualized. However, the suberin also must impermeabilize the whole cell wall as it is not stained
by proanthocyanidins (PAs). The arrow below points the cuticle layer. The cuticle layer is located below
the endothelium cell wall, visualized as a dark layer as it is impregnated by PAs. SL: Suberin layer, CL:
Cuticle layer, COL: columella cell, PL: palisade layer cell, BPL: brown pigment layer, CWE: endosperm
cell wall, ETH: endothelium, END: endosperm cell. Scale bar, 2 pm.
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Concretely, in seeds, cutin monomer composition is similar to suberin composition,
but suberin present higher loads of w-hydroxy fatty acids (C18:1, C18:2, C22 and
C24) a,m-dioic acids (C24 and C22), and ferulate. These differences were obtained
through an ap2 mutant seeds analysis, which fails in outer integument differentiation
and exhibits reduced suberin (Molina et al., 2008). Nevertheless, the main difference
between cuticle and suberin layers is not monomer composition, but their location
and their characteristic disposition pattern. Both layers are covalent bound to the plas-
ma membrane, but while suberin is in the plasma membrane face and forms a char-
acteristic lamellae pattern; the cuticle layer localizes in the outer cell wall face and
can present different deposition patterns (lamellae, reticulate, or amorphous) (Jeffree,
2007). The cuticle is not only formed by cutin, but also by waxes and polysaccharides,
forming a chemical gradient where the internal part contains cutin, waxes and polysac-
charides and the external part is formed only by cutin and waxes (Jeftfree, 2007, Bakan
and Marion, 2017). In Arabidopsis, cutin composition differs from other cuticles from
organisms such as tomato, which has standard cuticles. Arabidopsis cuticles mainly
contain dicarboxylic fatty acids and glycerol 3-phosphate, but not dihidroxy mono-
mers, resulting in fragile cuticle layers with a suberin-like monomer composition.
The Arabidopsis seed coat cuticle layer present amorphous deposition (Loubéry et al.,
2018), and it can be considered a protocuticle as it is not completely differentiated as
other cuticle layers.

The biosynthesis of main lipid polyester monomers of seed coat is schematized in the
Figure 7, and their abundance can be visualized in Figure 8. Fatty suberin and cutin
monomers derive from C16:0, C18:0 and C18:1 fatty acids. They are synthetized in
plastids and transported into the endoplasmic reticulum (ER) where undergo further
modifications (Li-Beisson et al., 2013). The fatty acid elongase (FAE) complex in-
volving the B-Ketoacyl-Coenzyme A (CoA) synthases enzymes (KCS) elongate them
into very long chain fatty acids (VLCFA). The KCS2 and KCS20 enzymes are in-
volved in suberin monomer elongation. KCS2, also named DAISY, elongates suberin
monomers at the seed coat chalaza-micropyle region (Franke et al., 2009; Lee et al.,
2009b). KCS10, also named FIDDLEHEAD, is involved in leaf cuticle formation
(Pruitt et al., 2000). Further studies are needed to establish the importance of VLCFA
with seed coat sealing and seed longevity.

Fatty acids are transformed into fatty alcohols by FATTY ACYL REDUCTASE (FAR)
genes. Suberin fatty alcohols are synthesized by FAR1, FAR4 and FARS enzymes
(Domergue et al., 2010). FARS is involved in C18:0-OH synthesis, FAR4 in C20:0-
OH and FAR1 in C22:0-OH (Vishwanath et al., 2013). In addition, double mutants,
but mainly triple mutant seeds farl far4 far5, present higher permeability to tetrazoli-
um salts, indicating an important role of fatty alcohols in seed coat sealing and embryo
impermeabilization. The tetrazolium salts assay assesses qualitatively the seed coat
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Figure 7: Lipid polyester monomer synthesis. Schematic representation of the synthesis of abundant lipid
polyester monomers detected in seeds in our analysis. The aliphatic monomers start synthesizing in plastid
through the Fatty Acid Synthesis complex (FAS) and then transported into the endoplasmic reticulum.
They may elongate by the Fatty Acid Elongate complex (FAE) for very long chain fatty acid (VLCFA)
synthesis. Modification of fatty acids (FA) by different enzymes transform them into primary alcohol
(PA) or fatty alcohols, m-hydroxy fatty acids (OHFA) and of o,o-dicarboxylic fatty acids (DCA). By
contrast, aromatic monomers of lipid polyesters, called hydroxycinnamic acids (HCA), are synthesized
in the cytosol. They come from the phenylpropanoid pathway. Finally, the glycerol 3-phosphate (G3P) is
synthesized from both, glycolysis intermediates and glycerol. The G3P is necessary for monomer polym-
erization, but it is removed. This figure is partially based in Vishwanath et al. (2015) and Philippe ef al.
(2020) lipid polyester schemes. Molecules names are in black. Enzymes demonstrated to participate in this
biosynthetic process are marked in green. When different enzymes from the same family are described
for a particular reaction, those with a demonstrated role in lipid polyester synthesis in the seed coat are
represented. Enzymes that present a direct effect on the synthesis, but they are not biochemically char-
acterized, or it is unclear if they participate in the process are in colored blue with a question mark. Red
brackets indicate similar molecules different in the length of the carbon chain, and green brackets indicate
C18 similar molecules with or without unsaturation.
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permeability of fresh seed lots. If the tetrazolium salt pass through the seed coat it is
reduced by the embryo to formazans, a coloured molecule easily visible (Figure 2c,
Debeaujon et al., 2000). However, a non-viable embryo cannot reduce tetrazolium
salts. Thus, this assay can be used to evaluate the viability of seed lots after storage.

The cytochrome P450 family of 86 members (CYP86) catalyses the w-hydrox-
ylation of fatty acids to form w-hydroxy fatty acids (OHFA), the precursor of
a,o-dicarboxylic fatty acids (DCAs) (Bak et al., 2011). Both are part of seed-coat lipid
polyesters (Figure 8). Members of the family have been related with cutin and suberin
monomer synthesis. In vitro and mutant plant analysis has shown that the CYP86A
clade, formed by 5 members, generally transform 16:0, 18:0 and 18:1 fatty acids into
o-hydroxy fatty and DCAs, while CYP86B (two members) clade would use VLCFA
C22 and C24 (Wellesen et al., 2001; Hofer et al., 2008; Molina et al., 2008; Com-
pagnon et al., 2009). The CYP86C clade, composed by four members, needs further
investigation, but they might act like the CYP86A clade (Kai et al., 2009; Bak et al.,
2011). Different members of the CYP86 family have been studied in cutin and suberin
monomer synthesis. CYP86B1 and CYP86A2 are involved in seed coat w-hydroxy
fatty acids and a,w-dicarboxylic fatty acids synthesis (Molina et al., 2008; Compag-
non et al., 2009). However, neither attl (cyp86a2) and ralphl (cyp86b1) mutant seeds

1.2 -

[a]

- -

'o.o]'

)

£ 0.8 |

-]

©

2 0.6 -

o

7]

3

(7]

2 0.4 -

]

>

]

:§-0.2

°

o 0 -

v v Vv Voo OoonNd OO O0QOeN YO OO 9lgo o
N o m|8 0SS NS OCHNKOSNLOCRHOS NS S &N
EOSATANANNAdAaIdNNNdTIdNNZIAN
AE 5558833805550
=} A NN TN

-
HCA FA DCA OHFA PA

Figure 8: Lipid polyester monomer composition of Arabidopsis Col-0 seeds. Mean values are shown in
uM g! delipidated dry weight (DW) =+ SE of three biological replicates. *Significantly differing from
controls (wild type) at p < 0.05 (Student’s ¢ test). HCA: hydroxycinnamic acids; FA: fatty acids; DCA:
a,o-dicarboxylic acids; OHFA: w-hydroxy fatty acids; PA: primary alcohols (fatty alcohols). Caffeate
values are obtained from Kosma et al. (2012) analysis. The rest of seed lipid-polyester monomer analysis
were conducted in collaboration with Isabel Molina.
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where notably more permeable to tetrazolium salts. These studies did no assessed the
seed longevity trait. Other CYP86 family members have not been described to deter-
mine seed coat properties: CYP86A1 is related to root suberin (Hofer et al., 2008),
CYP86A4 and CYP86A7 with petal cutin (Kannangara et al., 2007), and CYP86AS is
important for epidermis cuticle, as mutant plants lcr (cyp86a8) present organ fusions
and pleiotropic defects (Wellesen et al., 2001). However, the effect of these other
CYP86 family members have not been studied in seeds.

The HOTHEAD (HTH) is involved in the synthesis of cutin DCAs. The cuticle of
hth mutants present reduced DCAs and increased o-hydroxy fatty acids (Kurdyukov
et al., 2006b). Although its molecular reaction is not characterized, it might be in-
volved in DCA biosynthesis from ®-hydroxy fatty acids. However, the reduction of
w-hydroxy fatty acids into DCAs is an expected secondary reaction (Bak et al., 2011).
Its expression in seeds might uncover a role for the embryo cuticle formation (Kurdyu-
kov et al., 2006b).

CYP77A clade members CYP77A4 and CYP77A6 oxidize cutin monomers in the
midchain. CYP77A4 uses unsaturated fatty acids to add epoxide groups (Sauveplane
et al., 2009) and controls embryo patterning. However, it is not expressed in the seed
coat during seed development and thus is unlikely to have an important role in seed
coat cutin biosynthesis (Kawade et al., 2018). CYP77A6 performs midchain hydrox-
ylation w-hydroxy fatty acids of cutin monomers after CYP86 reactions and has a de-
terminant role in flower cutin monomers (Li-Beisson et al., 2009). CYP77A6 products
can be used by the EPOXIDE HYDROLASEI1 (EH1), a cytosolic epoxide hydrolase
involved in the synthesis of poly-hydroxylated cutin monomers (Fich, et al., 2016).
Mutant seeds e/ present an increased permeability (Pineau ef al., 2017), suggesting
an importance of poly-hydroxylated cutin in seed coat sealing, and the involvement
of CYP77A6 or another CYP77 family member in the EH1 seed coat cutin precursor
synthesis.

Long-chain acyl-CoA synthetases (LACS) catalyze the synthesis of acyl-CoA interme-
diates. Although several members are important for oil biosynthesis in seed embryos,
few of them have reported roles in lipid polyester biosynthesis. LACS1, LACS2 and
LACS4 participate in cutin monomer biosynthesis (Lii ez al., 2009; Zhao et al., 2019).
They add CoA to a broad range of long-chain lipid-polyester precursors, such as fatty
acids, o-hydroxy fatty acids and DCAs, activating all these suberin and cutin mono-
mers (Schnurr ef al., 2004). Then, the CoA is removed in successive reactions (Figure
9). In addition, LACS activity is also needed for monomer trafficking (Philippe ef al.,
2020). The LACS2 enzyme has an important role in the biosynthesis of lipid polyester
barriers of the seed coat, and mutant lacs2 seeds present an affected seed germination
upon an artificial seed aging treatment (De Giorgi et al., 2015). In leaves, lacs2 mutant
plants present a strong reduction of DCAs (Bessire ef al., 2007). This indicates that
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Figure 9: Lipid polyester intermediates synthesis. Schematic representation of the synthesis of lipid poly-
ester intermediates which are not detected in out lipid polyester analysis. In the cytosol the hydroxycin-
namic acids (HCA) are ester bound to OH groups of fatty alcohols or primary alcohols (PA) or hydroxy
fatty acids (OHFA) and their derivates as 2-MAG or sn-2 LPA (see below). In the endoplasmic reticulum
fatty acids (FA), hydroxy fatty acids (OHFA) and dicarboxylic acids (DCA) are activated with the Coen-
zyme A (CoA) forming fatty-acyl CoA which is then conjugated with glycerol 3-phosphate (G3P) produc-
ing sn-2 LPA and 2-MAG intermediates, used in suberin and cutin synthesis, respectively. The addition of
Coenzyme A remains unclear if it is produced during monomer synthesis, or during intermediate synthe-
sis, or even both. CoA addition has been demonstrated to be important during fatty acid synthesis, but also
after in cutin and suberin monomer synthesis. It may be also important to monomer trafficking. This figure
is partially based in Vishwanath et al. (2015) and Philippe et al. (2020) lipid polyester schemes. Mole-
cules names are in black. Enzymes demonstrated to participate in this biosynthetic process are marked in
green. When different enzymes from the same family are described for a particular reaction, those with a
demonstrated role in lipid polyester synthesis in the seed coat are represented. Enzymes that present a di-
rect effect on the synthesis, but they are not biochemically characterized, or it is unclear if they participate
in the process are in colored blue with a question mark. Red brackets indicate similar molecules different
in the length of the carbon chain, terminal group and/or glycerol backbone presence, and green brackets
indicate C18 similar molecules with or without unsaturation.
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LACS?2 is important for DCA synthesis, probably acting after CYP86 w-hydroxylation
reaction, but the concrete reaction order has not been completely elucidated (Pollard
et al., 2008). The role of LACS enzymes in monomer trafficking might involve also
other members of the family, as LACS2 is localized in the endoplasmic reticulum
(Weng et al., 2010, Philippe et al., 2020). In the embryo, LACS activity also must be
important, as some simple, double and triple /acs mutant seeds present an aberrant
testa shape phenotype and this effect may be caused by defects in storage of oil accu-
mulation in seed embryos (Schnurr et al., 2004; Zhao et al., 2019), probably affecting
also seed longevity.

The glycerol 3-phosphate (G3P), one of the main components of lipid polyesters, is
added to aliphatic monomers by GLYCEROL-3-PHOSPHATE SN-2-ACYLTRANS-
FERASES (GPAT) enzymes. The addition to the acyl group in the carbon 2 of the
glycerol molecule (sn-2 position) is characteristic of suberin and cutin precursors, in
contrast to de novo synthesis of membrane and storage lipids, where the acyl group
is added in the carbon 1 (sn-I position) (Murata and Tasaka, 1997; Wendel et al.,
2009; Yang et al., 2010). The biosynthetic enzymes GPAT1, GPAT4, GPATS, GPAT6,
GPAT7 and GPATS have mainly sn-2 acyltransferase activity, although they also pres-
ent little sn-1 activity (Yang et al., 2010; Yang et al., 2012). The in vitro activities of
GPAT2 and GPAT3 remain uncharacterized, but they are predicted to be localized
in the mitochondria together with GPAT1 (Zheng et al., 2003; Beisson et al., 2007).
The GPAT4, GPAT6 and GPATS8 add the G3P in cutin monomers of leaves (GPAT4
and GPAT8) and flowers (GPAT6) (Li et al., 2007; Li-Beisson et al., 2009) and pres-
ent phosphatase activity producing monoacylglycerol (2-MAG) products (Yang et al.,
2010; Yang et al., 2012). The double mutant gpat4 gpat8 have reduced seed longevity
upon accelerated aging treatments (De Giorgi et al., 2015) indicating an important
role in seed cuticle biosynthesis. By contrast, GPATS and GPAT7 lack the phospha-
tase activity and produce 2-MAG-3-phosphate, also named sn-2 lysophosphatidic acid
(sn-2 LPA), monomers (Yang et al., 2010; Yang et al., 2012), which are considered
the suberin building blocks. Probably, one important difference between suberin and
cutin monomer biosynthesis regards this phosphate extra in the suberin monomers
(Figure 9, Philippe et al., 2020). Perhaps the different deposition pattern depends on
this extra phosphate. GPAT7 has important functions in wounding-induced suberin
(Yang et al., 2012). GPATS is the only GPAT enzyme directly involved in seed coat
suberin synthesis, with a drastic effect in the seed coat impermeability (Beisson et al.,
2007). Mutant gpat5 seeds present one of the strongest seed coat permeability defects
in tetrazolium salt uptake, comparable to the myb107 (Beisson et al., 2007, Gou et al.,
2017), and it is used as negative control of seed coat suberin in seed coat permeability
studies (Compagnon et al., 2009; Vishwanath et al., 2013; Fedi et al., 2017). This fact
remarks the importance of glycerol 3-phosphate in seed suberin impermeabilization.
However, direct studies of the effect of glycerol and its metabolism regarding lipid
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polyester synthesis are still missing.

Contrary to aliphatic monomers of cutin and suberin that are synthesized in the ER, the
aromatic monomers are synthesized in the cytosol. They are formed form hydroxycin-
namic acid, which derives from the phenylpropanoid pathway (Bernards et al., 1995).
Few members of the BAHD acyltransferase family ester-bond hydroxycinnamic acids
and aliphatic monomers (and intermediates) that present OH groups, producing al-
kyl hydroxycinnamates (AHCs) (Figure 9) (D’Auria, 2006; Vishwanath et al., 2015;
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Figure 10: Hypothetical (a) suberin and (b) cutin polymerization synthesis schemes in the seed coat.
Partially based in Fich ef al. (2016) and Domergue and Kosma (2017) schemes and current views of
lipid polyester structures. Suberin and cutin monomers and intermediates are transported through ABCG
membrane transporters. While suberin deposition in the seed coat occurs in the inner side of the cell wall
of palisade cells, the cutin monomers are transported through the hydrophilic cell wall of endothelium
cells. This transport may occur by phase separation and/or by LPTG transport. Suberin is polymerized by
ester bonds by unknown enzymes, probably involving peroxidases (PRX). It is proposed that the suberin
lamellae pattern is caused by the distribution of aromatic and aliphatic components. The cutin polymeriza-
tion, also by ester bonds, is produced by CUS1 and CUS2 and probably BDG1. Both impermeable layers
limit proanthocyanidin (PA) diffusion. PA-stained areas constitute the brown pigment layer, visualized
as electron dense zones with the transmission electron microscope. PAs liberation occurs during seed
coat collapse, after lipid polyester deposition, however it is represented in the scheme with grey colors
for an easier structure identification. The cuticle layer is attached to the endosperm cell wall. Molecule
group names are in black. Enzymes demonstrated to participate in this biosynthetic process are marked in
green. When different enzymes from the same family are described for a particular reaction, those with a
demonstrated role in lipid polyester synthesis in the seed coat are represented. Enzymes that present a di-
rect effect on the synthesis, but they are not biochemically characterized, or it is unclear if they participate
in the process are in colored blue with a question mark. Grey colors represent the transmission electron
microscope visualization. Grey bars represent both lipid polyester barriers: the suberin lamellae and the
amorphous cuticle deposition.
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Domergue and Kosma, 2017). Ferulate, the major hydroxycinnamic acid, is ester-bond
into suberin monomers (®w-hydroxy acids and fatty alcohols) by the ALIPHATIC SU-
BERIN FERULOYL TRANSFERASE (ASFT) forming alkyl ferulates. Mutant asft
seeds completely lack ferulate in their lipid polyester, but the rest of monomer com-
ponents remain unaltered (Molina et al., 2009). Mutant seeds of asft plants present
increased seed coat permeability (Gou ef al., 2017). ASFT, also named HHT, can use
p-coumaroyl-CoA as substrate, but with lower specificity compared to feruloyl-CoA
(Gou et al., 2009). This may explain the coumarates monomers seen in the seed coat
lipid polyester analysis (Figure 8). Nevertheless, it is plausible that another enzyme
catalyzes the biosynthesis of alkyl coumarates (Vishwanath et al., 2015). The FATTY
ALCOHOL:CAFFEOYL-CoA CAFFEOYL TRANSFERASE (FACT) is expressed
in the seed coat palisade layer and it is responsible of the esterification caffeotyl-CoA
into suberin aliphatic monomers producing alkyl caffeates (Kosma et al., 2012). Mu-
tant fact seeds present high reduction in seed-suberin caffeate content. The higher
hydroxycinnamic acids present in suberin monomers has been suggested as respon-
sible of the characteristic lamellae deposition pattern of suberin by the succession of
phenolic domains and aliphatic components (Bernards, 1998; Gadini et al., 2006).
However, a direct reduction of phenolic compounds does not alter the suberin lamellae
structure in roots, as in mutant asft plants (Molina et al., 2009). Therefore, the cause
of suberin lamellae structure remains an open question. In cutin biosynthesis, DEFI-
CIENT IN CUTIN FERULATE (DCF) conducts the feruloylation of w-hydroxy fatty
acids (Rautengarten et al., 2012), like ASFT in suberin. The DEFECTIVE IN CUTIC-
ULAR RIDGES (DCR) may use 2-MAG to form cutin precursors prior to their extru-
sion, as it is a BAHD acyltransferase, and their mutant plants present altered cuticle
formation and defect in seed coat epidermis and mucilage (Panikashvili et al., 2009).
This defect leads to a reduced seed longevity in drc seeds (De Giorgi et al., 2015).
However, the DCR molecular mechanism is still not characterized. Other important
enzymes involved in the synthesis of this lipid polyester aromatic compounds and
their involvement in seed coat lipid polyester proprieties have yet to be characterized
(Philippe et al., 2020).

ATP-BINDING CASSETTE (ABC) are transmembrane transporters directly ener-
gized by ATP that transport complex organic molecules (Do et al., 2018). Different
members of the subfamily G (ABCGQG) transport the different suberin and cutin mono-
mers across the plasma membrane (Figure 10). The ABCG2, ABCG6 and ABCG20
transport suberin monomers, and the triple mutant abcg2 abcg6 abcg20 present a
drastic reduction of suberin monomers in seeds, but not in roots, probably due to
an increase-seed suberin monomer synthesis compensatory effect in roots but not in
seeds (Yadav et al., 2014). The triple mutant, but also the double abcg? abcg2() and
the strong abcg2() mutant awakel, show a drastic seed permeability increase simi-
lar to gpat5 mutant seeds, remarking the importance of these ABCG transporters in
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seed coat suberin biosynthesis (Yadav ef al., 2014; Fedi et al., 2017). The ABCG11,
ABCGI13 and ABCG32 are involved in 2-MAG cutin monomer transport into the ap-
oplast and they are well-characterized in flower and leaves cuticle formation (Pighin
et al., 2004; Bird et al., 2007; Takeda et al., 2014; Fabre et al., 2016; Do et al., 2018),
but their role is not molecular characterized in seed cuticle formation. In addition to
plasma membrane extrusion, cutin monomers (and associated waxes) pass through the
cell wall for their deposition. Cell wall hydrophilic properties difficult this transport.
Although simple diffusion may occur through aliphatic aggregation and phase sepa-
ration, GLYCOSYLPHOSPHATIDYLINOSITOL-ANCHORED LIPID TRANSFER
PROTEINS (LPTG) are proposed to be involved in cell wall cuticular wax transport.
LPTGI1, LPTG2 might be involved in this speculative transport (Fich ef al., 2016), as
mutant /ptg] and Iptg2 plants present a reduced cutin deposition and altered cuticular
structure (Lee ef al., 2009a; Kim et al., 2012). They are expressed in the seed coats, as
in other cuticle forming tissues. Hereby, they could have important roles in seed coat
cuticle sealing. Recently, LPTG15 has been characterized in VLCFA suberin mono-
mer transport for seed coat suberin formation. Although authors claim that this gene
is important for seed coat suberin sealing, mutant /ptg/5 seeds are barely affected in
permeability compared to wild type seeds (Lee and Shu, 2018). On the other hand,
suberin monomers do not pass through the cell wall, as suberin depositions occurs in
the inner part of the polysaccharide cell wall next to the plasma membrane.

Finally, the last lipid-polyester biosynthesis step is the in situ monomer assembly.
Some enzymes have been suggested to be involved in cutin polymerization. The
CUTIN SYNTHASE 1 (CUSI/LTL1) polymerize 2-MAG cutin precursors through
transesterification of end-chain and mild-chain hydroxyl groups (Yeats et al., 2012;
Philippe et al., 2016). In Arabidopsis, CUS2 is involved in petal cuticle formation.
Nevertheless, both CUS1 and CUS2 are expressed in siliques and might have a role in
seed coat cuticle synthesis (Hong et al., 2017). However, other family members may
have important roles. In addition, BODYGUARD1 (BDG1) might thus be involved
in the extracellular polymerization of Arabidopsis C18 unsaturated cutin precursors
(Jakobson et al., 2016). BDGI belongs to the hydrolase gene family, but its molecular
function in cutin monomer polymerization and/or organizing the cuticle formation
is yet unknown (Kurdyukov et al., 2006a; De Giorgi et al., 2015). BDGI1 has an im-
portant role in cutin biosynthesis as mutant bdg/ plants are dwarf and present fused
organs and cuticle defects (Kurdyukov et al., 2006a; Chassot et al., 2007). Mutant
bdgl seeds present endospermic cuticle alterations and alterations in seed coat per-
meability (De Giorgi et al., 2015). In addition, other enzymes might be involved in
cutin and suberin polymerization. For example, peroxidases are postulated to have a
role in cell wall polyphenolic assembly of suberin (Bernards et al., 2004). Peroxidases
can generate phenolic radicals that form lignin polymers spontaneously (Lewis and
Yamamoto, 1990), and similarly might act in suberin phenolic monomer cell-wall
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polymerization. Little evidence supports this idea, a tomato peroxidase directly affects
suberin and lignin (Quiroga et al., 2000). However, further investigation is needed to
support this idea.

In summary, the lipid polyester biosynthetic pathway is characterized partially. In ad-
dition, seed coat polyesters are not the principal tissue of research of these biosyn-
thetic pathways. Epithelial and petal cuticles and root suberin are in the main research
focus. Nevertheless, different lipid polyester biosynthetic enzymes exhibit seed coat
phenotypes indicating an important role of them in seed coat sealing and impermeabi-
lization, a characteristic that seems important to seed longevity. Biosynthetic cuticle
mutant seeds lacs2, dcr, bdgl and gpat4 gpat8 present reduced seed deterioration
upon accelerated aging tests (De Giorgi ef al., 2015). On the other hand, biosynthetic
suberin mutant seeds gpat5, abcg?2 abcg6 abcg20, farl far4 far5, ehl and with minor
impact /ptgl5, present increased seed coat permeability (Beisson ef al., 2007; Vish-
wanath et al., 2013; Yadav et al., 2014; Pineau et al., 2017), but their effect in seed
longevity has not been yet determined.

As commented above, the transcription factor MYB107 is the only TF described to
regulate seed coat suberin biosynthesis, and their mutant seed present a similar seed
permeability phenotype like suberin biosynthetic mutants (Gou et al., 2017). Never-
theless, cutin regulatory TFs in seed coat have not been described in Arabidopsis. The
only TF described to regulate seed coat cuticles is the Medicago KNOX4 TF (Chai
et al., 2016). In addition, other MYB transcription factors, MYB16 and MYB106,
have been described to regulate cuticle formation, affecting directly different cuticle
biosynthetic genes such as LACS2, CYP86A44, CYP7746, KCS10/FDH (Oshima and
Mitsuda, 2013; Oshima et al., 2013), and thus, they might have a role in seed coat
cuticle development in a similar regulatory pathway than MYB107. Other Arabidop-
sis cuticle regulatory TFs are described: SHN1, SHN2, SHN3, CD2 and ANL?2 are
positive regulators, while CFL1 and NFXL2 are negative regulators (Fich ef al., 2016;
Philippe et al., 2020). It is only a matter of time before more TF regulating seed coat
lipid polyesters are described.

Environmental adaptation of seed
longevity

Seed longevity varies among different species and within the same species. Plant ad-
aptation to ecological niches is, in part, due to genetic changes, acquired through mu-
tation and selection. This constitutes the molecular bases of ecotypes, which are differ-
ent individual groups of the species adapted to different environments. Seed longevity
is an important trait for plant adaptation and survival, but there are other important
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seed traits, such as seed dormancy, seed production, seed dispersal and biotic defense.
Seed performance is the balance of these traits. Part of plant adaptation to their niches
regards in the seed performance to ensure their reproduction and survival (Clerkx et
al., 2004a; Bentsink et al., 2010). Thus, seed longevity is not in all cases the most de-
terminant seed trait and plants might adapt with reduced seed longevity. Variation in
seed longevity among different ecotypes is present in Arabidopsis, and some reduced
seed longevity ecotypes present and increased seed dormancy (Nguyen ef al., 2012;
Mondoni et al., 2014; Nagel et al., 2015).

However, seed longevity is not only genetically, but also environmentally determined.
Optimal mother-plant growth conditions are crucial for the seed longevity acquisition
and pronounced biotic and abiotic stresses are detrimental. However, in some cases
they might be beneficial. For example, a pronounced drought stress is deleterious for
seed development if seeds stop developing, but it might be beneficial for seed matu-
ration, as seed may reduce their moisture content at lower levels (Zinsmeister et al.,
2020). Nutrient availability is also important for seed longevity and lower nutrient
supply negatively impacts seed longevity (He et al., 2014; Zinsmeister et al., 2020).
However, plants grown with lower iron availability produced seeds with an increased
seed longevity (Murgia ef al., 2015). Virus infection might affect seed longevity, either
enhancing or reducing it (Bueso et al., 2017), probably by hormonal alterations, and
genetic pathways controlling both, seed longevity and biotic defense pathways, which
share common molecular components (Righetti et al., 2015), probably providing a
balance between biotic defense and seed longevity.

Environmental cues, such as temperature and light, are perceived by the mother plant
and the embryo and determine the seed performance. Both, warm temperature, and
high light intensity are positive for seed longevity as demonstrated in different studies
(He et al.,2014; Mondoni et al., 2014; Nagel et al., 2015). This adaptive effect on seed
longevity might be determinant in plant adaptation to dry climates. Plants naturally
from cold wet forests have lower seed longevity than plants living in hotter and dryer
areas, which usually present an increased seed longevity (Probert et al., 2009; Mondo-
ni et al., 2014). In contrast, seed dormancy determination behaves oppositely to seed
longevity plasticity (He et al., 2014) and this permits plant species adaptation in spe-
cific niches (Bewley, 1997; Donohue et al., 2005). This effect might be explained with
warmer and cooler geographic areas: in cold wet areas, seed deterioration is more un-
likely to occur than seed premature germination while in hot dry areas, seed longevity
1s a more important trait for seed survival than avoiding premature germination. Light
incidence and intensity are also different in each geographical area: higher light inten-
sity usually correlates with tropical areas, while low light intensity with polar-close
areas. For instance, the ratio of red/far red light determine seed longevity (Contreras
et al., 2009), and mutants affected in light perception showed altered seed longevity,
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caused by differences in seed coat lipid polyesters (Bueso ef al., 2016). In addition,
mutants affected in seed coat lipid polyesters present altered seed dormancy (Chai et
al., 2016; Fedi et al., 2017), establishing these lipid polyesters in the environmental
control of seed aging and seed dormancy, probably by limiting the embryo interaction
with the environment.

Hormones are important signaling molecules that control the balance between plant
stress defense and plant growth through environmental cues for the sessile plant ad-
aptation. They have been crucial for plant land adaptation, as they emerged in this
period (Wang et al., 2015). In addition, hormones have also an important adaptive
role in seeds. One important, well-studied role is their involvement in the tight con-
trol between seed longevity and seed dormancy controlled by GAs and ABA. The
antagonistic role of GAs and ABA has been studied in different plant developmental
processes and environmental responses (Liu and Hou, 2018). In seeds, the hormonal
balance between GAs and ABA controls seed development, dormancy, and germina-
tion (North et al., 2010). During seed development and embryogenesis GAs levels are
high while ABA levels are low. GAs are required for the formation of the seed coat
(Kim et al., 2005), and GAs content correlates positively with seed longevity (Bueso
et al., 2014b). Later, during seed maturation, GAs levels decay and ABA accumulates
(Yamaguchi et al., 2007). ABA accumulation in seeds leads to seed maturation events
driven by ABI3 necessary for seed longevity acquisition and prevent seed germina-
tion, as discussed above (Nonogaki, 2014). During germination, ABA levels drop, and
GA levels rise permitting germination events and seedling establishment. However,
if conditions are not favorable, ABA levels are maintained by ABIS5, a ABI3-down-
stream TF that regulates the inhibition of germination controlling the abundance ABA
receptors in a feed-back regulation (Lopez-Molina et al., 2002; Zhao et al., 2020). In
addition, in humid seeds ABIS can reactivate late embryo maturation events, to permit
de novo seed desiccation, and further seed storage. Seed stratification and seed storage
promote GAs, dormancy break and seed germination (Finch-Savage and Leubner-
Metzger, 2006). These perceived cues avoid seed germination before cold periods
and ensure a sufficient storage time before seed germination. Light perception, an
important germination cue, also contribute to regulation of GAs levels (Hedden and
Thomas, 2012).

On the other hand, adverse environmental conditions repress GAs and thus germina-
tion. ABA, known as the stress hormone, avoids germination until optimal conditions.
ABA levels determine seed maturation events and prepare seeds for water-loss. As
discussed above, ABA determines seed longevity acquisition through the accumula-
tion of sugars, RFOs, LEA proteins and HSPs (Kotak et al., 2007; Monke et al., 2012;
Sengupta et al., 2015; Leprince et al., 2017). In addition, ABA controls chlorophyll
degradation to avoid light induced ROS damage upon storage (Nakajima et al., 2012;
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Delmas et al., 2013) and embryo dehydration and ROS movement through aquaporins
(Mao and Sun, 2015). Moreover, part of the plant ABA-induced developmental pro-
gram concerns apoplastic lipid production (Leide et al., 2012), which protects plant
tissues from external physical, chemical and biological factors (Kolattukudy, 2001). It
protects from freezing, osmotic, salt, oxidative, wounding, and biotic stresses through
the permeability regulation of both water and mineral uptake (Franich et al., 1983;
Griffith et al., 1985; Kolattukudy and Espelie, 1989; Baxter et al., 2009). During seed
maturation, ABA also controls seed coat lipid polyester production (Beisson et al.,
2007; Lashbrooke et al., 2016; Gou et al., 2017). Abiotic stress could enhance lipid
polyester deposition. Salt induces root suberin deposition (Vishal et al., 2019) and
cold induces lipid polyester deposition in the seed coat (Fedi ef al., 2017). On the other
hand, exogenous GAs and constitutive GAs signaling of quintuple DELLA mutant en-
hances seed longevity (Bueso et al., 2014b). Maybe, the GAs effect in seed longevity
regards to the seed development phase and not in the seed maturation phase, due to the
antagonistic roles of ABA and GAs. The overexpressing mutants athb25-1D and cog!-
2D present a higher GAs content, produced by the GAs biosynthetic gene GA30X3,
and an enhanced seed deterioration resistance through the development of a reinforced
seed coat (Bueso et al., 2016). GAs are essential seed coat development (Kim et al.,
2005) and GAs overaccumulation must improve seed coat. This GAs regulation might
be determined by environmental factors. In addition, the »s//-1/D mutant is deficient
in ABA response and presents extended longevity. This mutant overexpresses RSLI,
which target to degradation the ABA receptors PYL4 and PYRI1. Probably the extend-
ed longevity of this mutant is due to an increase of GAs response (Bueso et al., 2014a;
Bueso et al., 2014c¢). Thus, ABA and GAs signaling pathways and their interplay are
important during seed development for seed longevity acquisition.

Auxin signaling has also an important role in seed longevity during seed maturation,
and exogenous auxin treatment enhances seed longevity (Pellizzaro et al., 2020).
However, auxin biosynthetic mutants present enhanced seed longevity and auxin
downregulates the seed longevity positive TF HSFA9 (Carranco et al., 2010). The
involvement of other hormones in seed longevity must be further investigated. For
example, mutants in jasmonic acid and ethylene signaling (jar! and efr/ mutants) pre-
sented an enhanced seed longevity (Clerkx et al., 2004b). Probably, these traditionally
associated biotic stress hormones negatively affect seed longevity to enhance biotic
defenses, for example through ROS production (Jeevan Kumar et al., 2015). The ab-
sence of their signaling pathways should reinforce seed longevity, perhaps through a
reduced ROS production. Common regulators of seed longevity and biotic defense
have been described (Righetti ez al., 2015) which may regulate this aspect. In the seed
coat, the TF TTGI, involved in PAs synthesis and seed dormancy, also regulates JA.
Probably this regulation takes part of the environmental determining performance of
seed coat (Wasternack and Feussner, 2018; Li ef al., 2020).

- 45 .



How to study the seed longevity trait

Aging events during seed dry storage occurs slowly, and seed deterioration, depend-
ing on the species, lasts from months to decades. To avoid long aging periods and go
on with the research, artificial aging methods have been developed. Those use high
temperatures, high humidity and/or high oxygen pressure to damage seed lots and sim-
ulate long storage periods. The correlation between artificial methods and dry storage
or natural aging has been widely validated (Demir and Mavi, 2008; Rajjou et al., 2008;
Bueso et al., 2014b; Fenollosa et al., 2020). However, the different environments of
seed aging treatments affect differently the seed machinery to prevent aging. There-
fore, the choice of the aging treatment may determine the genetic findings of seed lon-
gevity studies (Hay et al., 2019). In this thesis, we use three different artificial aging
methods to speed up the seed deterioration: the accelerated aging treatment (AAT), the
controlled deterioration treatment (CDT) and the elevated partial pressure of oxygen
treatment (EPPO). AAT consists in warm water imbibition (39-41 °C) for 24-48 hours
(Bueso et al., 2014b; Prieto-Dapena et al., 2006). The CDT, avoids water imbibition,
but uses a highly humid atmosphere (75% RH) and high temperature (37 °C) aging
seeds during for 15 days (Basak et al., 2006, International Seed Testing Association,
2018; Hay et al., 2019). EPPO, however, occurs at ambient temperature (20-25 °C)
where seed age for five months in a five-bar oxygen chamber with 40% RH (Groot et
al., 2012).

In addition, seed dry storage under ambient storage, or natural aging treatment (NAT),
corroborates the results when it has been possible and confirms the seed longevity
differences observed. In our laboratory conditions dry seed storage at ambient con-
ditions (20-25 °C) occurs at 40-60% RH. As commented, for an optimal seed storage
the optimal RH is between 19 and 27% (Vertucci and Roos, 1990). Thus, in our NAT
conditions aging events are more likely occurring in a rubbery cytoplasm rather than
in glassy cytoplasm (Walters et al., 2010). However, we use optimal storage condi-
tions to maintain seeds alive for longer periods (10 °C and 10% RH). It is important to
grow plants simultaneously to avoid growth dependent seed longevity effects, and to
include biological replicas. In addition, independently grown seed lots should be used
to ensure the consistence of the observed seed-longevity effects. All seed lots need to
develop and dry under optimal conditions, but short storage periods may affect the
behavior among the different aging treatments. Thus, perfect reproducibility of ger-
mination ratios in concrete aging conditions is not always possible (Hay et al., 2019).
Due to this effect is mandatory to have control seeds in the assay, preferably from a
representative wild-type plant. In Arabidopsis, the reference ecotype Col-0 is widely
used for genetic and mutant analysis. NAT is more reproducible due to its slower aging
events. Within two years, Col-0 seed germination in our NAT conditions germinate
around 50%. In addition, as aging events are progressive, seed germination can be as-
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Figure 11: Natural seed aging treatment (NAT) for 0, 12, 20 and 26 months of Arabidopsis thaliana Col-0
seeds and the estimated probit curve with the calculated P50 value. The probit curve was calculated with
the dcr package (Tausch et al., 2019).

sessed at different time-points. These data usually fit a probit curve (Ellis and Roberts,
1980). From this analysis, the P50 value (time at which seeds should germinate 50%)
can be estimated as standard indicative of the seed longevity inherent of the studied
seed lot (Figure 11). Nevertheless, differences between cultivars and/or mutant vari-
ants present a maximum-difference time on which differences are clearly visible. For
variants with decreased seed longevity, shorter storage times and/or weaker seed aging
treatments might light up the seed longevity differences with control seeds, while in
lines with enhanced seed longevity longer times and/or strong aging treatments are
needed.

Genomic molecular techniques

The emergence of new generation sequencing (NGS) techniques has permitted the
genome sequencing of thousands of organisms, including plants and different cultivars
or ecotypes within a particular specie. Full-sequence information of organisms permits
comparative genomic studies, such as evolutionary studies or sequence conservation.
Genes are usually conserved due to their importance in different molecular process-
es. However, gene duplication allows gene differentiation and neofunctionalization
and, thus sequence divergence (Zhang, 2003), forming gene families. Genes with the
higher sequence similarity within species are called orthologous genes (Fitch, 1970),
which should have similar functions among different species. As main molecular pro-
cesses are similar in different species, the use of model organisms is widely extended
in all molecular biology fields. In molecular plant biology, the model organism is Ara-
bidopsis thaliana, which presents several advantages such as low genome complexity,
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short life period and little growth requirements and it is a self-pollination specie with
an important seed production. In addition to these advantages, the extended study on
the model organism permits a better characterization of common molecular processes.
Then, thanks to these genomic resources, this knowledge can be corroborated and
transferred onto other species with agronomical relevance.

In addition, whole-sequence analysis allows genotype-phenotype association studies.
The Genome-Wide Association Study (GWAS) is based on the statistical associa-
tion of single-nucleotide polymorphisms (SNPs) with a particular phenotype among
different individuals (cultivars or ecotypes in plants). GWAS is a powerful assay to
analyze polygenic traits (Atwell ef al., 2010; Korte and Farlow, 2013). Arabidopsis
is a worldwide-distributed species, adapted to different niches, and presents enough
genomic variance for the GWAS study. More than a thousand different ecotypes have
been microarray genotyped and/or full sequenced (Horton et al., 2012; 1001 Genomes
Consortium, 2016). GWAS genotype-phenotype association point to causal loci that
may be involved in the trait of study, which may be part of the cause of the observed
natural variation between accessions, even if they contribute with a little phenotypic
effect (Curlis et al., 2017). However, this statistical study based in large-scale datasets
need empirical validation due to the high rate of false positives obtained (Ioannidis et
al.,2009; Korte and Farlow, 2013). Arabidopsis thaliana is an excellent specie for Ge-
nome Wide Association Studies as it is a plant with a simple well-annotated genome
through numerous molecular studies and present a wide range of natural variation.
Moreover, Arabidopsis is a self-pollination specie, permitting the diverse ecotypes
to be maintained as inbred lines (Atwell et al., 2010; Horton et al., 2012; Korte and
Farlow, 2013). The availability of different large collections of Arabidopsis mutant
lines, such as T-DNA insertion lines (O’Malley and Ecker, 2010), permits a rapid em-
pirical validation of GWAS candidates. In addition, mutant collections, such as acti-
vation tagging collections with randomly genomic-distributed insertions, have permit-
ted to screen different mutant phenotypes and to determine efficiently gene functions
(Gou and Li, 2012). For instance, the mutants athb25-1D and cogl-2D were obtained
through an activation tag mutant screening from W. Sheible and C. Sommerville col-
lection (Bueso et al., 2014b; Bueso et al., 2016).

NGS also allows to determine gene expression profiles among different tissues, de-
velopmental stages, stress conditions and different mutant individuals through whole
transcriptome analysis (RNA-seq), a more precise method comparing to microarray
studies (Wang et al., 2009). The differences in gene expression determine a big part
of the molecular regulation as it is a crucial step in protein synthesis, and it is tightly
regulated by diverse processes. The chromatin structure and DNA packing is regulated
by histones, DNA methylation and non-coding RNAs (Holoch and Moazed, 2015). TF
regulation controls the expression of genes through the binding to close regulatory se-
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quences (Latchman, 1993). RNA degradation is determined by RNA sequence, RNA
structure and interaction with proteins. This allows the control of RNA renewal for
a more precise gene expression regulation (Nakaminami ef al., 2012). As explained
above, TF regulation is determinant in seed development, as they are key factors in-
volved in tissue identity of embryo, endosperm, and seed coat, and they promote seed
longevity acquisition through different mechanisms. Transcriptome analysis shows
differential expressed genes that might be directly or indirectly regulated by TFs when
using mutant lines in the TF of study, such as overexpression lines or knock-out (KO)
lines. TFs work in cascades of regulation: TFs regulate the expression of other TFs
in a complex regulatory network (Jothi et al., 2009). In addition, protein-protein in-
teraction between TFs is important in gene expression regulation (Latchman, 1993).
This complex TF regulation results in expression changes of hundreds and even thou-
sands of genes, which may lead to big phenotypic effects. RNA-seq provide direct
information on these changes. However, downstream analysis of large differentially
expressed gene lists generated by RNA-seq analysis is complicated. Categorical en-
richment analysis of differentially expressed genes and other gene relations might help
to determine the effect of the TF of study.

Nevertheless, with RNA-seq studies is not possible to know the direct targets of the
TF of study. Other techniques are used for this purpose. The Chromatin Immunopre-
cipitation (ChIP) followed by NGS (ChIP-seq) is a complex technique that allows
to determine the direct target of TFs, but also other protein-DNA interaction such as
histone-DNA interaction. ChIP-seq consists of covalent-crosslinking the DNA and
interacting proteins, breaking the DNA into short length fragments, purification of
the protein (and the bound DNA) with a specific antibody, reverse-crosslinking the
DNA-protein interaction and purifying the DNA (Kuo and Allis, 1999). Purified DNA
is sequenced and compared to a non-enriched sample, which might be identical pro-
cessed sample with no antibody. This allows to obtain enriched DNA fragments that
correspond to genomic areas where the protein interacts with the DNA (Kaufmann et
al., 2010). These regions, in the case of TFs, are normally regulatory regions that usu-
ally are close to the transcription start site (TSS) of the TF-regulated gene. However,
other regions (downstream gene regions or even intergenic regions) are also enriched.
Motif enrichment analysis can be assessed to determine the DNA motif recognized
by the TF. Other motifs, not recognized by the TF might light up with this approach,
because of the presence of an interacting TF co-immunoprecipitated with the TF of
study (Li et al., 2016). Analysis of gene expression is crucial to confirm the regulation
of the putative target gene by the TF, and to determine is the TF is a positive or a neg-
ative regulator of that gene. This analysis can be assessed by RNA-seq or qRT-PCR to
dissect the transcriptional regulatory networks (Muhammad et al., 2020).

The study of up-stream regulators of TFs is different. Techniques such as yeast-one-
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hybrid (Y1H) can be used to determine the activation of putative regulatory sequenc-
es by TFs in the heterologous system of the yeast Saccharomyces cerevisiae. For a
genomic approach, this assay can be performed with a library of TFs to screen the ones
activating the selected regulatory sequence. The study of protein-protein interactions
can be assessed with complementary assays, which consist of covalent linking by ge-
netic engineering both proteins to complementary fragments of a reporter protein. The
yeast-two-hybrid (Y2H) is the most popular assay, and it can be performed as a library
screen like the Y1H. Other techniques are also used for protein-protein interaction
studies, as Split-Tpr (similar to Y2H but more suitable for TFs) or BiFC (reconstitute
the Green Fluorescent Protein and permit to detect the interaction in plants).

Objectives

The main objective of this PhD thesis is the study and characterization of new mo-
lecular mechanisms affecting seed longevity using genomic molecular techniques in
the model plant Arabidopsis thaliana. For this purpose, two main approaches have
been used. The first approach is to find new factors involved in seed longevity through
natural variation of this trait among Arabidopsis ecotypes. Natural variation is an im-
portant source of variability and might be used to identify molecular mechanisms and
genes involved in the trait of interest in a way that might not be possible with other
techniques, such as screening of mutant collections. Different aging treatments would
be used to identify SNPs associated with seed longevity, and nearby genes that might
have a role in this trait. Mutant analysis in those genes might reveal important roles
of some of these genes in the seed longevity trait. Confirmed genes would be further
characterized as far as possible.

The second main approach to characterize new molecular mechanisms of seed lon-
gevity consists on further investigate the regulatory role of AtHB25 and COG1, two
TFs that confers extended seed longevity in the overexpression lines athb25-1D and
cogl-2D (Bueso et al., 2014b; Bueso et al. 2016). Both mutant lines were isolated in
the laboratory of Ramoén Serrano by Eduardo Bueso and colleagues through an AAT
screening using an activating-tag collection. The increased seed longevity observed
in both mutants depends on the seed coat, as demonstrated by the maternal heritance,
and the lipid polyesters barriers, suberin and cutin, might have an important role on
this extended seed longevity. Further characterization of these TFs goes through the
genomic techniques ChIP-seq and RNA-seq. Lipid polyester biosynthetic enzymes
might be regulated by them, explaining the observed phenotypes. In addition, promot-
er expression analysis with reporter genes and seed analysis techniques will be used to
determine the endogenous role of AtHB25 and COGl1 in seed coat development and
seed longevity.
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Chapter 1

Plant, Cell & Environment (2020) 43:2523-2539 DOI: 10.1111/pce.13822
Identification ofnovel seed longevity genesrelated
to oxidative stress and seed coat by genome-wide
association studies and reverse genetics

Joan Renard, Regina Nifioles, Irene Martinez-Almonacid, Beatriz Gayubas, Rubén
Mateos-Fernandez, Gaetano Bissoli, Eduardo Bueso, Ramén Serrano” and José
Gadea”

Instituto de Biologia Molecular y Celular de Plantas (IBMCP), Universitat Politécnica de
Valéncia-C.S.1.C., Camino de Vera, 46022, Valéncia, Spain

*corresponding authors (e-mail: jgadeav@ibmep.upv.es and rserrano@ibmep.upv.es)

Abstract

Seed longevity is a polygenic trait of relevance for agriculture and for understanding
the effect of environment on the aging of biological systems. In order to identify nov-
el longevity genes, we have phenotyped the natural variation of 270 ecotypes of the
model plant Arabidopsis thaliana for natural aging and for three accelerated aging
methods. Genome-wide analysis, using publicly available single-nucleotide polymor-
phisms (SNPs) data sets, identified multiple genomic regions associated with variation
in seed longevity. Reverse genetics of twenty candidate genes in Columbia ecotype
resulted in seven genes positive for seed longevity (PSAD1, SSLEA, SSTPR, DHARI,
CYP86A8, MYB47 and SPCH) and five negative ones (RBOHD, RBOHE, RBOHF,
KNAT7 and SEP3). In this uniform genetic background, natural and accelerated aging
methods provided similar results for seed-longevity in knock-out mutants. The NA-
DPH oxidases (RBOHs), the dehydroascorbate reductase (DHART1) and the photosys-
tem I subunit (PSADT1) highlight the important role of oxidative stress on seed aging.
The cytochrome P-450 hydroxylase CYP86AS and the transcription factors MYB47,
KNAT7 and SEP3 support the protecting role of the seed coat during seed aging.
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Introduction

Imperfections of metabolism result in accumulation of deleterious and damaged mol-
ecules that age cells and organisms (Gladyshev, 2014; Lopez-Otin et al., 2016). Ac-
cording to the oxidative stress theory of aging, a major metabolic reaction contributing
to aging is the production of reactive oxygen species (ROS) (Harman, 1956). Current
views (Lopez-Otin et al., 2016) consider that aging is controlled by metabolism in a
more general way than just ROS production. However, it has been argued that oxi-
dative stress contributes to all the metabolic and genomic alterations associated with
aging (Schmidlin et al., 2019).

One model for the study of biological aging is the seed of vascular plants. Aging is
slowed down in desiccated forms of organisms, where metabolism is reduced because
of high viscosity and slow diffusion inside cells. Accordingly, desiccation is the mech-
anism developed by many life forms to decrease metabolism and endure for long times
(Wood and Jenks, 2007). Most organisms die upon desiccation and therefore acquisi-
tion of desiccation tolerance is a prerequisite for this longevity mechanism. In the case
of plants, it has been suggested that the evolution of desiccation tolerance was a crucial
step in the colonization of land by primitive plants living in fresh water (Oliver et al.,
2000). Nowadays, very few plants (the so called resurrection plants) are desiccation
tolerant in their vegetative form. However, orthodox seeds are tolerant to desiccation,
a feature acquired during their late maturation phase. This tolerance results from the
accumulation of osmolytes (sucrose and raffinose family oligosaccharides, RFO), late
embryogenesis abundant proteins (LEA) and small heat shock proteins (Sano et al.,
2016; Leprince et al., 2017). Under these conditions, cytoplasm enters an immobilized
glassy state that protects macromolecules and cellular membranes during desiccation
(Hoekstra et al., 2001; Ballesteros and Walters, 2011; Sano ef al., 2016; Leprince et
al., 2017). This desiccated state of seeds permits to keep the plant alive for long peri-
ods of time, until environmental conditions are favourable. However, dry seeds also
experience deterioration and aging and it has been proposed that oxidative damage is
a major cause reducing longevity in this system (Harman and Mattick, 1976; Bailly,
2004; Sano et al., 2016; Nagel et al., 2019).

High temperature and humidity are deleterious for seeds because they break the glassy
state and promote metabolism, and therefore ROS and cellular damage. Equilibrating
mature seeds between 19 and 27% relative environmental humidity (0.04-0.06 ¢ H,O
/ g dry weight in seeds) provides the optimum moisture level for reducing metabolism
and maintaining seed longevity during long-term storage (Vertucci and Roos, 1990).
Seed deterioration occurs under ambient storage or natural conditions (about 20-25 °C,
40-60 % relative humidity (RH), 0.08-0.10 g H,O / g dry weight), where dried seeds
still exhibit some metabolism.
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Analysis of Quantitative Trait Loci (QTLs) has demonstrated the polygenic nature of
seed longevity in different plants such as rice (Jiang et al., 2011), wheat (Landjeva et
al., 2010), lettuce (Schwember et al., 2010), tobacco (Agacka-Motdoch et al., 2015)
and barley (Nagel et al., 2016). Several genes important for seed longevity in the mod-
el plant Arabidopsis thaliana have been identified by reverse genetics and compiled
by Sano et al. (2016). They refer to three biological functions: anti-oxidative defence,
repair of damaged proteins and nucleic acids, and development of seed coat. Some
important aspects that need to be clarified include the nature of the ROS producing
systems and of antioxidant defences during seed storage, the protective mechanisms
of the seed coat and the complete gene networks controlling seed longevity. Many an-
tioxidant defences such as enzymes and chemicals have been proposed to participate
in seed longevity but only vitamin E (tocopherol) has been demonstrated to be import-
ant by mutant studies (Sattler et al., 2004). Also, the seed coat has been proposed to
be important, specially the endothelium flavonoids (proanthocyanidins; Clerkx et al.
2004b) and the palisade suberin (Bueso et al., 2014b; Bueso et al., 2016, Renard et al.,
2020a) but the transcription factors and enzymes involved in the development of this
structure (Haughn and Chaudhury, 2005) are not completely known.

In the present work, we took advantage of natural variation in seed longevity between
accessions (ecotypes) of Arabidopsis thaliana with well-characterized genomes to
perform a Genome Wide Association Study (GWANS) of this trait. GWAS analysis is a
powerful tool to dissect polygenic traits (Atwell et al., 2010; Korte and Farlow, 2013)
and Arabidopsis 1s an excellent organism for this purpose (Horton et al., 2012; Weigel,
2012). GWAS consists on the association of the molecular genetic information (Single
Nucleotide Polymorphisms, SNPs) with the observed variation in a given trait through
statistical computation. These associations point to causal loci that may be involved in
the trait and may explain part of the natural variation between accessions (Curtin et al.,
2017). However, for each candidate gene in these loci empirical validation is required
due to the high number of false positives with this genomic approach (Ioannidis et al.,
2009; Korte and Farlow, 2013). Arabidopsis is the most studied plant species at the
molecular level and a large collection of sequence-indexed T-DNA insertion mutants
is available (O’Malley and Ecker, 2010). This valuable resource allows validation of
GWAS candidate genes by testing the phenotype of the corresponding loss-of-func-
tion mutants in the same cultivar background.

As the study of seed longevity under natural, ambient storage conditions requires long
times for aging, several accelerated aging procedures have been utilized in this field.
The quickest is the accelerated aging test (AAT), which consists in a high temperature
treatment of water imbibed seeds during days (Prieto-Dapena et al., 2006; Bueso et
al., 2014D). In the controlled deterioration test (CDT) aging of dry seeds occurs in
weeks with a high humidity and high temperature atmosphere. Finally, to target the
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oxygen-produced damage, there is the elevated partial pressure of oxygen test (EPPO),
in which dry seeds are stored for months in a low humidity and high-pressured oxy-
gen atmosphere (ISTA, 2018; Hay et al., 2019; Groot ef al., 2012). Although in some
studies with few genotypes there is a similar behaviour in both natural and artificial
aging (Rajjou et al., 2008; Bueso et al., 2014b), each aging procedure might affect
different physiological and molecular aspects of the seed deterioration-resistance trait.
Accordingly, to increase the list of candidate genes, we have performed natural aging
and different artificial aging treatments.

Our results suggest that the different tests used to evaluate seed longevity are high-
lighting different aspects of the machinery deployed by the seed to avoid deteriora-
tion. However, when seed longevity was determined in mutants from the same genetic
background, natural and artificial aging procedures gave similar results. Validation
of candidate genes resulted in several novel participants in seed longevity such as
ROS-producing NADPH oxidases (RBOHs), antioxidant dehydroascorbate reductase
and, related to seed coat development, a P450 cytochrome hydroxylase and several
transcription factors (TFs).

Results
CDT correlates best with natural aging

To elucidate new genetic components involved in seed longevity, a core-set of 360
Arabidopsis ecotypes was obtained from NASC to perform GWAS. All accessions
were grown on soil under long-day conditions, and mature seeds where collected from
all accessions that were able to flower and develop seeds in a time-window not wider
than 160 days. 270 natural accessions were selected for aging treatments after the
control (non-aged) germination test. Four different aging methods were performed:
Natural Aging Treatment (NAT) and three artificial aging treatments (AAT, CDT and
EPPO). Aged-seeds germination data were corrected using control germination data
(Supplemental data 1). A wide range of variability was observed among all the acces-
sions in each of the different assays (Figure 12a-d). The accession Col-0 (Columbia),
used as reference to set up all treatments, varied from 40% to 60% of germination in
all treatments.

To estimate how each artificial aging treatment resembles natural aging, Spearman
correlations were calculated (Figure 13). CDT is the artificial aging treatment correlat-
ing best with NAT (r, = 0.68), followed by EPPO (r, = 0.47). AAT does not correlate
with NAT in this study (r, = 0.11). AAT is the quickest (days) artificial aging method
used and at variance with other treatments, it involves immersion of seeds into water.
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Figure 12: Arabidopsis ecotypes present a wide range of variability in seed deterioration resistance
among all four aging treatments. (a) Histogram distribution of 270 ecotypes after NAT. (b) AAT histo-
gram. (¢):CDT histogram. (d) EPPO histogram. Germination data of each treatment is corrected by control
germination of each ecotype. Histograms represent the number of ecotypes (y-axis) in the indicated range
of germination (x-axis). The bar in light grey corresponds to the range including the reference accession
Col-0.experiments with 100 seeds per line. Non-treated seed from all lines germinated more than 99%
after 3 days. The error bars denote standard errors. *, p < 0.05.
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Figure 13: CDT correlates better to NAT. Dispersion plots of EPPO, CDT and AAT (y-axis) and NAT
(x-axis). Regression lines are plotted and Spearman correlations are indicated for each artificial aging
correlation with NAT.
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Table 1: Correlation indexes of different phenotypic traits with seed longevity determined with different
aging treatments (NAT, AAT, CDT and EPPO).

NAT AAT CDT EPPO Ecotypes Reference

Plant life span | -0.35  -0.33  -0.30 -0.22 270 Seed collection time

Days to flower | -028  -035  -0.29 -0.31 71 Grimm et al. (2017)

Rossete leaves number | -0.40  -037  -0.36 -0.32 71 Grimm et al. (2017)

Fe content in leaves | -0.32 0.14 -0.44 -0.30 51 Atwell et al. (2010)
Latitude at collection point | -0.11 0.00 0.03 0.10 256 Horton et al. (2012)
Seed dormancy | 0.09 -0.28 0.00 -0.09 48 Atwell et al. (2010)
Anthocyanin content | 0.13 -0.01 -0.07 -0.09 83 Atwell et al. (2010)

Indicated correlation indexes correspond to Spearman correlations. Ecotypes column refers to the number of coin-
ciding ecotypes in the correlations. Blood letters indicate correlation indexes above 0.3 and below -0.3. Correlated
phenotypes are listed in the Supplemental data 2. Upper part: correlated traits. Down part: non-correlated traits.

We next calculated correlations with public datasets and ecotype collection data. Al-
though the coincident ecotypes with our collection was small in most cases (48-83
ecotypes), an inverse correlation between seed longevity and flowering time, rosette
leave number and plant life span could be observed (Table 1). These three traits are
linked and suggest the importance of early flowering for seed longevity. There is also
an inverse correlation of iron content in leaves with NAT, CDT and EPPO. No cor-
relation was found with seed dormancy, latitude of collection point or anthocyanin
content, among others. The complete list of correlated phenotypes with at least one
seed aging treatment is in Supplemental data 2.

The different seed aging treatments highlight multiple
genomic areas and candidate genes.

The corrected germination data obtained after each aging treatment (Supplemental
data 1) was used to perform four different GWAS analysis, one for each seed ag-
ing treatment. Results can be visualized at https://gwas.gmi.oeaw.ac.at/#/study/5406/
overview. We established a relaxed p value (< 10°) threshold to consider putative
longevity-related genomic areas (Figure 14). Genes enclosed within the 1.5 Kb-region
spanning significant SNPs were listed (Supplemental data 3). Natural aging (NAT)
highlighted 99 genes, the AAT treatment, 280 genes, the CDT, 130 genes and the
EPPO, 337 genes. We further filtered for candidate genes following three criteria: (a)
biological function based on the state-of-knowledge (Sano et al., 2016); (b) gene ex-
pression during seed development (Le et al., 2010); and (c) distance to highly scored
SNPs. Occasionally, a few genes with p value slightly above 10 were considered for
reverse genetic analysis. In some cases, gene family members from candidate genes
were also selected. For validation and further experiments, double and triple mutants
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Figure 14: Different seed longevity GWAS highlight different and similar genomic areas. (a) NAT-GWAS
Manbhattan plot. (b) AAT-GWAS Manhattan plot. (c) CDT-GWAS Manbhattan plot. (d) EPPO-GWAS
Manhattan plot. Dashed lines indicate the threshold significance (p < 10%). In black, SNPs showing p <
10 that are at less than 1.5 Kb distance of genes used for reverse genetics.
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were obtained. Table 2 shows the list of candidate genes selected for reverse genetic
analysis in this study.

Table 2: Highlighted genes used for reverse genetics analysis.

GWAS Score AGI Gene alias
EPPO, CDT 8.51 AT4G02750 SSTPR
EPPO, AAT, CDT | 8.24 AT4G02770 PSADI
CDT 8.14 AT1G62990 KNAT7
EPPO, CDT 7.49 AT1G19570 DHARI
AAT, EPPO, CDT | 6.99 AT1IG18710 MYB47
NAT 6.26 AT5G15800 SEPI
AAT 5.63 AT5G53210 SPCH
EPPO 5.54 AT5G23190 CYP86BI
AAT 5.28 AT5G47910 RBOHD
EPPO, AAT 4.85 AT1G19230 RBOHE
EPPO 4.75 AT4G00360 CYP86A42
AAT 4.41 AT3G17520 SSLEA

GWAS column: aging treatments where the indicated genes appeared at less than 1.5 Kb distance of SNPs with p
value < 10*%; Score column or —log(p value): score of most significant SNP close to the indicated gene in first-listed
GWAS; AGI column: Arabidopsis gene identifier; Gene alias: gene name used in this paper. Lower part of table
correspond to genes whose SNPs were not significant in GWAS (score between 4 and 5) but were used for reverse

genetics.

T-DNA insertion mutants identify novel genes involved in
seed longevity

Three different seed lots of two different plant generations from every mutant line
were aged with two artificial treatments (AAT and CDT; Table 3) and with natural con-
ditions (NAT). Figure 16 describes three seed aging sensitive mutants: a Late Embryo-
genesis Abundant (LEA) protein (AT3G17520), a subunit of Photosystem I (PSAD1),
and a tetratricopeptide repeat (TPR) protein (AT4G02750). The LEA and TPR genes
were named SSLEA and SSTPR, with S§ meaning Seed Storability. PSAD1 and SSTPR
were highlighted by two and three artificial aging treatments, respectively (Table 2).
After 18 months of natural aging, all three mutant seeds present a drastic reduction of
germination. PSADI and LEA are expressed in mature embryos, while SSTPR is ex-
pressed in developing embryos (Figure 15). As indicated in Table 3, mutants in these
three genes also exhibited reduced seed longevity with two artificial aging treatments
(AAT and CDT). Mutant sstpr seeds present an increased tetrazolium reduction (Fig-
ure 17) indicating greater seed coat permeability.
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Figure 15: In silico expression analysis of PSAD1, SSTPR and SSLEA during seed development based in
Le et al. (2010) data. Images were obtained with the eFP browser (Winter ef al., 2007).
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Figure 16: Seeds of psadl, sslea and sstrp mutant exhibit reduced seed longevity. Seed lots were stored
for 18 months under natural conditions (see Materials and Methods) and sown on MS plates. Above: The
percentage of germination was recorded after one week. The results are the average of three experiments
with 50 seeds per line. Bars indicate standard errors. Not-aged seeds from all lines germinated more than
95%. *Significantly differing from wild type seeds at p < 0.05 (Student’s # test). ** Significantly differing
from wild type seeds at p < 0.01 (Student’s ¢ test). Below: representative images.
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Table 3: Schematic results of aging treatments (NAT, AAT and CDT) of loss-of-function mutants psad!,
sslea, sstpr in Col-0 background

Mutant line NAT AAT CDT
psadl Susceptible** Susceptible* Susceptible®*
sslea Susceptible®* Susceptible* Susceptible*
sstpr Susceptible** Susceptible* Susceptible*

Reduced seed germination (Susceptible), in comparison to Col-0 seeds. *Significantly differing from wild type
seeds at p < 0.05 (Student’s ¢ test). **Significantly differing from wild type seeds at p <0.01 (Student’s ¢ test).

Col-0 sstpr

Figure 17: Mutant seeds of sstpr present an increased tetrazolium reduction rate, and thus putatively an
increased seed coat permeability, compared to Col-0 seeds. Tetrazolium salt assay performed for 24 h at
28°C. Scale bar: 2mm.

ROS accumulation by NADPH oxidases (RBOHs) is detri-
mental for seed longevity

Interestingly, two RBOHs genes, RBOHD (AT5G47910) and RBOHE (AT1G19230)
were highlighted after AAT and EPPO treatments, respectively. RBOHs are trans-
membrane NADPH oxidases important for ROS production. They produce superoxide
anion (O,), rapidly transformed to H,O,, and play important roles in biotic and abiotic
stresses (Chang et al., 2016; Qu et al., 2017). We decided to study them given the im-
portance of ROS in seed aging (Bailly, 2004; Sano et al., 2016). There are ten RBOH
genes in Arabidopsis named from A to J. Only three of them are abundantly expressed
during seed development according to Le et al. (2010): RBOHE and RBOHF, mainly
in the seed coat, and ROBHD, in the endosperm (Figure 18). Seeds of rbohd, rbohe
and rbohf mutant plants exhibited increased longevity and the double mutant rbohd,f
has even more seed longevity (Figure 19). RBOH-mutant seeds showed no significant
seed coat alterations (Figure 20). As indicated in Table 4, these four mutants also ex-

hibited increased seed longevity with two artificial aging treatments (AAT and CDT).
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Figure 18: In silico expression analysis of RBOHD, RBOHE and RBOHF during seed development based
in Le et al. (2010) data. Images were obtained with the eFP browser (Winter et al., 2007).
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Figure 19: Seeds of rbohd, rbohe, rbohf and double mutant rbohd,f exhibit increased seed longevity. Seed
lots were stored for 24 months and sown on MS plates. Above: The percentage of germination was record-
ed after one week. The results are the average of three experiments with 50 seeds per line. Bars indicate
standard errors. Not-aged seeds from all lines germinated more than 97%. *Significantly differing from
wild type seeds at p < 0.05 (Student’s ¢ test). **Significantly differing from wild type seeds at p < 0.01
(Student’s ¢ test). Below: representative images.
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Table 4: Schematic results of aging treatments (NAT, AAT and CDT) of loss-of-function mutants rbokd,
rbohe, rbohf and double mutant rbohd,f in Col-0 background.

Mutant line NAT AAT CDT
rbohd Resistant* Resistant* Resistant*
rbohe Resistant* Resistant* Resistant™*
rbohf Resistant™ Resistant™ Resistant™

rbohd,f Resistant™* n.s. Resistant™*

Increased seed germination (Resistant), in comparison to Col-0 seeds. *Significantly differing from wild type seeds
at p <0.05 (Student’s ¢ test). **Significantly differing from wild type seeds at p < 0.01 (Student’s ¢ test). n.s.: non
significant.
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Figure 20: Seed permeability and lipid polyester staining showed no significant differences in rbohd,
rbohe, rbohf and double mutant rbohd, f mutant seeds. (a) Tetrazolium salt reduction assay for 24 h. Seeds
of rbohd mutant are lightly more permeable than Col-0 seeds, while rbohf seed are lightly less permeable.
However, there is not observed an overall behavior in all rboh mutant seeds. Scale bars: 2mm. (b) Sudan
Red staining did not show differences in lipid polyesters barriers that could explain their enhanced seed
longevity. Scale bars: 200 um.

DHARI1 ROS-detoxification system is important for seed
longevity

The DHARI (AT1G19570) gene was highlighted after the EPPO and CDT treatments.
DHARSs are glutathione-dependent dehydroascorbate reductases involved in ROS de-
toxification. They catalyse the regeneration of ascorbate oxidized during detoxification
of H,O, by ascorbate peroxidase (Foyer and Noctor, 2011; Smirnoff, 2011). Given the
importance of ROS in seed longevity we decided to study the implication of this gene.
Three functional isoforms are described in Arabidopsis (Dixon et al., 2002; Dixon and
Edwards, 2010). We tested all three single mutants and the triple mutant dharl,2,3
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Figure 21: In silico expression analysis of DHARI, DHAR?2 and DHAR3 during seed development based
in Le ef al. (2010) data. Images were obtained with the eFP browser (Winter et al., 2007).
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Figure 22: Seeds of dharl and triple mutant dharl,2,3 present a reduced seed longevity, but dhar2 and
dhar3 seeds no phenotype. Seed lots were stored for 12 months and sown on MS plates. Above: The per-
centage of germination was recorded after one week. The results are the average of three experiments with
50 seeds per line. Bars indicate standard errors. Not-aged seeds from all lines germinated more than 99%.
*Significantly differing from wild type seeds at p < 0.05 (Student’s ¢ test). Below: representative images.
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Table 5: Schematic results of aging treatments (NAT, AAT and CDT) of loss-of-function mutants dharl,
dahr2, dhar3 and the triple mutant dhari,2,3 in Col-0 background.

Mutant line NAT AAT CDT
dharl Susceptible** Susceptible* Susceptible®*
dhar?2 n.s. n.s. n.s.
dhar3 n.s. n.s. Susceptible®*

dharl,2,3 Susceptible* Susceptible* Susceptible*

Reduced seed germination (Susceptible), in comparison to Col-0 seeds. *Significantly differing from wild type
seeds at p <0.05 (Student’s ¢ test). **Significantly differing from wild type seeds at p <0.01 (Student’s 7 test). n.s.:
non significant.

to clarify if there is a major player contributing to seed longevity.After one year of
NAT treatment, dharl seeds already lost part of their germination ability, while dhar2
and dhar3 mutant seeds did not. The triple mutant dharl,2,3 exhibited the same seed
longevity reduction as the single dharl mutant, indicating that other isoforms are not
needed for seed longevity (Figure 22). According to Le et al. (2010) dataset, DHARI
is the most abundantly expressed DHAR isoform during seed development and in
mature seed (Figure 21). This expression pattern is consistent with our natural aging
results. As indicated in Table 5, dharl and dharl, 2,3 mutants also exhibited reduced
seed longevity with both artificial aging treatments (AAT and CDT).

CYP86AS i1s involved in synthesis of seed lipid-polyesters
needed for seed longevity

GWAS highlights genomic areas causing the observed natural variation of traits (Cur-
tin et al., 2017). Natural variation, however, may affect less to major player genes due
to their important physiological role. Here we present the example of a gene family,
whose two members where highlighted after the aging treatments, although a third
member resulted to be more important for seed longevity in a mutant background.
After the EPPO treatment, CYP86A42 (AT4G00360) and CYP86B1 (AT5G23190) were
highlighted. They are related to suberin and cutin biosynthesis (Bak et al., 2011),
lipid polymers involved in seed permeability and recent results suggest an important
role in seed longevity (Renard, 2020a). We obtained T-DNA mutant lines affecting
members of the CYP86 family abundantly expressed in seeds accordingly to Le et al.
(2010) data (Figure 23): CYP86A1 (AT5G58860), CYP86A2 (AT4G00360), CYP86A8
(AT2G45970), CYPS86B1 (AT5G23190), CYP86B2 (AT5G08250) and CYP86CI
(AT1G24540). A T-DNA insertion line close to CYP86C3 was not available. After one
year of seed dry storage, only seeds of cyp86a8 showed a drastic reduction in their
germination (Figure 24a), also observed during AAT and CDT treatments (Table 6).
Interestingly, cyp86a8 seeds are notably different to wild type: they were smaller and
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Figure 23: In silico expression analysis
of the CYP86 gene family during seed
development based in Le et al. (2010)
data. Images were obtained with the eFP
browser (Winter et al., 2007).
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rounder, they present a reduced lipid polyester staining (Figure 24b) and they are more
permeable due to the higher rate of tetrazolium reduction (Figure 24c).

(a) Natural seed aging (12 months)
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Figure 24: Reduced seed longevity of mutant cyp86a8 correlates with reduced lipid polyester barriers.
(a) Seeds of cyp86a8 present a drastically reduced seed longevity, while seeds of mutant plants in other
family members have no phenotype. Seed lots were stored for 12 months and sown on MS plates. Left:
The percentage of germination was recorded after one week. Results are the average of three experiments
with 50 seeds per line. Bars indicate standard errors. Not-aged seeds from all lines germinated more than
95%. **Significantly differing from wild type seeds at p <0.01 (Student’s # test). Right: representative im-
ages of Col-0 (up) and cyp86a8 (down) germination. (b) Mutant cyp86a8 seeds present a reduced suberin
layer and a rounder shape. Representative image of Sudan Red staining of Col-0 (left) and cyp86a8 (right)
seeds. Scale bars: 200 um. (c) Mutant seeds of cyp86a8 are more permeable than Col-0 seeds. Tetrazolium
reduction assay (24 h) in Col-0 (left) and cyp86a8 (right) seeds. Scale bars: 2 mm.
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Table 6: Schematic results of aging treatments (NAT, AAT and CDT) of loss-of-function mutants of
different cyp86 family members in Col-0 background.

Mutant line NAT AAT CcDT
cyp8b6al n.s. n.s. n.s.
cyp8b6a? n.s. n.s. n.s.
cyp86a8 Susceptible** Susceptible®* Susceptible*
cyp86bl n.s. n.s. n.s.
cyp86b2 n.s. n.s. n.s.
cyp86cl n.s. Susceptible* n.s.

Reduced seed germination (Susceptible), in comparison to Col-0 seeds. *Significantly differing from wild type
seeds at p < 0.05 (Student’s 7 test). **Significantly differing from wild type seeds at p < 0.01 (Student’s # test). n.s.:
non significant.

TF's expressed .in seed coat and endosperm are important
for seed longevity

Transcription factors (TFs) are essential for seed coat differentiation. We found some
transcription factors expressed in seed coat and endosperm (Figure 25, Le et al., 2010)
among our candidate gene list. SEP/ (AT5G15800), highlighted after natural aging,
KNAT7 (AT1G62990) highlighted in the CDT treatment, SPCH (AT5G53210), high-
lighted in the AAT, and MYB47 (AT1G18710), highlighted in all three artificial aging
treatments.

Seeds of myb47 and spch showed an important reduction of seed longevity, while seed
longevity of knat7 and sep3 (but not of sepl,2,4) was increased (Figure 26a). Simi-
lar behaviour was observed in artificial aging tests (Table 7). Here, a candidate gene
(SEPI) was again not the member of the gene family with the strongest seed-pheno-
type (this was sep3). As those TFs were expressed in the seed coat (Figure 25), we
performed a tetrazolium assay to assess their seed coat permeability (Figure 26b).
Seeds of myb47 and sepl,2,4 do no present significant differences to Col-0 seeds.
Interestingly, spch and knat7 seeds present enhanced and reduced tetrazolium salt re-
duction respectively, in correlation with their seed longevity phenotype (Figure 27a
for knat7 seeds). Surprisingly, sep3 seeds present a high reduction to tetrazolium salts.
Seed coat assays to visualize proanthocyanidins (PAs), the mucilage halo, the suberin
layer, and seed size were performed. Differences were observed only in sep3 and knat7
seeds. As described, knat7 mutant seeds present less mucilage extrusion (Romano et
al., 2012), and sep3 seeds exhibit a similar feature (Figure 28). Seed size is reduced
in knat7 seeds (Figure 27b, ¢) and sep3 seeds presented a rounder shape (Figure 26b,
Figure 28).
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Figure 25: In silico expression analysis of MYB47, SPCH, KNAT7 and the SEPALLATA gene family
during seed development based in Le et al. (2010) data. Images were obtained with the eFP browser (Win-
ter et al., 2007). Pale red boxes indicate those genes with reduced seed-development expression

SEP4
AT2G03710

MYB47 1s expressed in the seed coat and it is a positive
regulator of seed longevity

To further investigate the MYB47 mechanism, we developed Arabidopsis transgenic
lines. Confocal imaging of proMYB47::GFP plants locates the expression of MYB47

in the seed coat during seed development. More precisely, GFP expression was visu-
alized during first days of seed development in the seed coat, and in latter days, it was
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Figure 26: Mutants of different TFs exhibit differences in seed longevity and seed coat permeability. (a)
Seeds of spch and myb47 have reduced seed longevity; seeds of knat7 and sep3 have increased seed lon-
gevity, but triple mutant sep/,2,4 has no phenotype. Seed lots were stored for 24 months and sown on MS
plates. Above: The percentage of germination was recorded after one week. The results are the average
of three experiments with 50 seeds per line. Bars indicate standard errors. Not-aged seeds from all lines
germinated more than 97%. **Significantly differing from wild type seeds at p < 0.01 (Student’s ¢ test).
Below: representative images. (b) Mutant seeds of spch and sep3 are more permeable and knat7 seeds are
less permeable than Col-0 seeds. Tetrazolium reduction assay (24 h) in myb47, spch, Col-0, knat7 and sep3
seeds. Scale bars: 2 mm.

Table 7: Schematic results of aging treatments (NAT, AAT and CDT) of loss-of-function myb47, spch,
knat7, sep3 mutants and the triple mutnat sep/,2,4 in Col-0

Mutant line NAT AAT DT
myb47 Susceptible** Susceptible* Susceptible*
spch Susceptible** Susceptible* Susceptible*
knat7 Resistant™** Resistant* Resistant*
sep3 Resistant™** Resistant™** Resistant™**
sepl,2,4 n.s. Resistant™* n.s.

Reduced seed germination (Susceptible) and increased seed germination (Resistant), in comparison to Col-0 seeds.
*Significantly differing from wild type seeds at p <0.05 (Student’s ¢ test). **Significantly differing from wild type
seeds at p < 0.01 (Student’s # test). n.s.: non significant.
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Figure 27: Seeds of knat7 seeds are less permeable and smaller than Col-0 seeds. (a) Tetrazolium salt
reduction assay for 24h and 48h at 28°C. Scale bars: 2mm. (b) Seed size analysis. Average measure of
projected seed surface of 100 dry seeds. Size analysis was measured with Fiji program. Bars indicate
standard errors. *Significantly differing from average wild type seed size at p<0.05 (Student’s #-test). (c)
Representative images. Scale bars: 200 um.

Col-0 myb47 spch knat7 sep3

(a)

(b))

(c)

Figure 28: Seed coat analysis in seeds of TF mutants of PAs, mucilage halo and lipid polyesters barriers.
(a) Vanillin staining in 5 days-after-pollination developing seeds showed no differences in PAs. Little dif-
ferences observed are related to little differences in pollination times, observed also in same silique seeds.
Representative mutant sep3 seed show a rounder shape and a fissure, but there are not highly significant
differences in PAs in mutant seeds. Scale bars: 100 pm. (b) Ruthenium red mucilage staining to visualize
the mucilage halo. Differences are observed in knat7 and sep3 seeds. As published, knat7 present a re-
duced halo. Here we can observe a bigger halo compared to previous reports, probably due to an increased
incubation time, permitting more mucilage extrusion. Seeds of sep3 mutant present a drastically reduction
of mucilage. Scale bars: 200 um. (c) Sudan Red staining did not show differences in lipid polyesters bar-
riers that could explain their different seed longevity. Scale bars: 200 pm.
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Figure 29: MYBA47 is a positive TF gene for seed longevity and it is expressed in the chalaza during seed
development. (a) MYB47 expression during seed development is localized initially at the seed coat (left,
DAP3) and later in the chalaza (right, DAP7). Confocal imageing of developing seeds of proMYB47::G-
FPplants. Scale bar: 100 um. (b) Seeds of three independent lines over-expressing MYB47 are more resis-
tant to accelerated aging treatments CDT (dark bars) and AAT (light bars). The percentage of germination
was recorded after one week. The results are the average of three experiments with 50 seeds per line. Bars
indicate standard errors. Not-aged seeds from all lines germinated more than 99%. *Significant differenc-
es from wild type seeds at p < 0.05 (Student’s ¢ test). **Significantly differing from wild type seeds at p
< 0.01 (Student’s ¢ test). (c) qRT-PCR gene expression analysis of MYB47 in 7 days-old seedlings from
myb47 mutant and three MYB47 over-expressing lines. Expression values are relative to housekeeping
gene PP2AA3 and the resulting ratios are normalized to wild type, taken as 1. Results are the average of
three determinations with bars corresponding to standard errors.

- 73 -



myb47 Col-0 MYB47 OE1 MYB47 OE2 MIYB47 OE3

(b)

(c)

Figure 30: Different dosses of MYB47 do no produced changes in seed coat lipid polyester barriers, PAs
or mucilage halo that could explain the different seed longevity observed among different MYB47 mutants.
(a): Sudan Red staining did not show differences in lipid polyesters barriers that could explain their differ-
ent seed longevity. Scale bars: 200 um. (b): Vanillin staining in 5 days-after-pollination developing seeds
showed no differences in PAs. Scale bars: 100 um. (c): Ruthenium red mucilage staining to visualize the
mucilage halo and there are not significant differences. Scale bars: 200 um.

localized at the chalaza (Figure 29a). This expression pattern fits with Le ez al. (2010)
data (Figure 25).

Over-expression of MYB47 driven by the UBQ10 promoter conferred resistance to
AAT and CDT treatments compared to wild-type plants in three independent lines,
highlighting the importance of MYB47 in seed longevity as a positive regulator (Fig-
ure 29b). Expression analysis in seedlings demonstrates differences in MYB47 gene
expression among different over-expressing lines. The myb47 mutant has 30-fold re-
duction of MYB47 gene expression, while over-expression lines increased MYB47 ex-
pression 35 and 60-fold compared to wild-type plants (Figure 29¢). Although MYB47
expression is located in seed coat during seed development, we did not observe signif-
icant differences in seed coat component abundance (mucilage, PAs, or lipid polyester
barriers) among over-expressing lines, compared to Col-0 (Figure 30).

Discussion

Many of the genes required for seed longevity are still unknown. In this work we have
utilized a combination of GWAS, rational filtering and reverse genetics in Arabidopsis
thaliana Col-0 to identify twelve novel genes involved in this trait. Seven are positive
for longevity (PSADI1, SSLEA, SSTPR, DHARI, CYP86A48, MYB47 and SPCH) as
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their knock-out mutants have less seed longevity than their corresponding wild type.
Five are negative ones (RBOHD, RBOHE, RBOHF, KNAT7 and SEP3) as their knock-
out mutants have more seed longevity than their corresponding wild type. These re-
sults contribute to the understanding of this polygenic trait.

Our data demonstrates a wide variation in seed longevity among Arabidopsis ecotypes
(Figure 12). Correlations between artificial and natural aging treatments indicate that,
with exception of the AAT case, CDT and EPPO are valuable treatments to test seed
longevity (Figure 13). Bueso ef al. (2014) reported a good correlation between AAT
and NAT. However, their plant material consisted of mutant lines in the same Ara-
bidopsis background. In our case, each ecotype presents a different background ge-
nome, affecting the expression of multiple genetic components, probably causing this
miss-correlation. In our T-DNA mutant approach, lines have the same genetic back-
ground (Col-0) and behave similarly with natural, AAT and CDT aging procedures
(Table 3, Table 4, Table 5, Table 6 and Table 7), as in Bueso ef al. (2014) experiments.

One important aspect observed in natural variation of seed longevity is that it inverse-
ly correlates with plant life span, flowering time and rosette leave number (Table 1).
These phenotypes are linked, as rosette leave number increases as flowering delays,
and plant life span is dependent on flowering time to ensure plant reproduction. Flow-
ering initiates the developmental program of tissues that will develop into seeds. In
some way, the rapid flowering initiation signals must be important for seed develop-
ment and seed longevity acquisition, although the connection is not straightforward.
There are no previous reports concerning this trait association. No correlation with
ecotype latitude-collection point discards an effect of temperature or photoperiod on
adaptation of seed-longevity. The negative correlation found between seed longevi-
ty and iron content has been already suggested (Murgia et al., 2015). It is plausible
that high amounts of iron drives oxidative stress during seed storage. Seed dormancy,
described to be inversely correlated with seed longevity (Nguyen et al., 2012), was
neither correlated with our longevity data, according to our data. Anthocyanin content
influences PAs deposition in seed coats, a component putatively implicated in seed
longevity (Debeaujon et al., 2000) but was not correlated.

New mechanisms regulating seed longevity

The AAT treatment highlighted a LEA protein (AT3G17520) that we named SSLEA
after the observed reduced seed storability of the mutant. There are 71 putative LEA
proteins in Arabidopsis and their functions are usually associated with desiccation
tolerance. A link between seed longevity and LEA proteins has been proposed based
on the RNA interference targeting of LEA14 of Arabidopsis resulting in decreased
seed longevity (Hundertmarkt ef al., 2011). This LEA protein belongs to group 2 (de-

- 75 .



hydrins) and SSLEA belongs to group 6 according to Jaspard et al. (2012). Dry seeds
of the sslea mutant are able to germinate completely after ripening, but germination
ability decays rapidly in months. This fact discards that ss/lea mutant seeds cannot
cope with desiccation.

The EPPO treatment highlighted a tetratricopeptide-repeat (TPR) protein (AT4G02750)
that we named SSTPR after the reduced seed storability of the mutant. These mutant
seeds exhibit a high permeability by the tetrazolium test. SSTPR belongs to the TPR-
PTR (tetratricopeptide-pentatricopeptide) family of repeat domain proteins (Sharma
and Pandey, 2016). Not much is known about this TPR protein, or other family mem-
bers. PTRs are described to play constitutive and essential roles in mitochondria and
chloroplasts, probably binding to RNA (Lurin et al., 2004). Indeed, SSTPR protein is
sublocalized in the mitochondria according to Hooper ef al. (2017).

ROS generation and detoxification are important in seed
longevity

All three artificial aging treatments highlighted genes involved in the ROS metabo-
lism and detoxification. It has been widely accepted that this oxidative damage is one
of the major causes of seed aging. This ROS negative effect has been remarked by
the ROS-producing enzymes RBOHD, RBOHE and RBHOF, the ROS detoxification
system involving DHAR1 and the photosystem I subunit PSAD1. ROS signalling is
essential for diverse cellular processes and developmental programs. It is involved in
the fine-tuning of the hypersensitive response (HR) upon pathogen infection, abiotic
stress signalling and in hormone and developmental signalling, including programmed
cell death (PCD) (Miller et al., 2008; Suzuki et al., 2011; Marino et al., 2012). In
seeds, ROS are required for embryogenesis, programmed cell death of the seed coat
and endosperm and during seed germination, and act as protection against pathogens
(Murphy et al., 1998; Bailly et al., 2008; Jeevan Kumar et al., 2015). Here we pres-
ent evidence that RBOH-produced ROS are a major cause of deterioration during
aging. The enhanced seed longevity of RBOH mutants could indicate RBOH-ROS
activity through seed storage. RBOHE and RBOHF are expressed in the seed coat
and RBOHD in the endosperm and embryo (Figure 18), pointing to a role during cell
death of these tissues. Plants express these proteins in mature seeds because ROS are
needed for maturation of the seed coat and for defence against pathogen attack (Jeevan
Kumar et al., 2015).

A ROS-detoxification system has been highlighted by means of the DHARI gene.
DHARs are glutathione-dependent dehydroascorbate reductases. They catalyse the
regeneration of ascorbate oxidized during detoxification of H,O, by ascorbate perox-
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idase (Foyer and Noctor, 2011; Smirnoff, 2011). This model is supported by the high
oxidation of glutathione in the triple mutant dharl,2,3 (Rahantaniaina et al., 2017)
and the use of glutathione redox equilibrium as a seed viability marker (Kranner et al.,
2006). Over-expression of ascorbate peroxidases leads to resistance to oxidative stress
(Wang et al., 1999), highlighting the importance of this ROS-detoxification system.
We observed that plants lacking DHARI, but not DHAR2 or DHAR3, presented less
seed longevity, probably because less ROS detoxification. This is consistent with their
expression profiles, with DHAR1 being the most expressed isoform in seed embryo
(Le et al., 2010).

Another highlighted ROS-related protein is the Photosystem I subunit D1 or PSADI
(AT4G02770). It participates in the stability of this photosystem (Ihnatowicz et al.,
2004). This hydrophilic protein is exposed in the stroma and interacts directly with
ferredoxin in the electron transport chain (Andersen et al., 1992; Merati and Zanetti,
1987; Zilber and Malkin, 1988). Although there is a homologue gene in Arabidopsis
(PSAD2), PASDI loss of function leads to growth defect due to a deficient photosyn-
thesis, indicating that PSAD? is not completely redundant to PSADI. Mutant psadl
plants are pale-green and dwarf, and they have an increased photosensitivity and al-
tered redox state of the stroma (Haldrup ef al., 2003). The double mutant psadl psad?
is not viable (Ihnatowicz et al., 2004). The importance of PSAD]1 in seed longevity
points to its role in photosynthesis and the imbalance of photosystems in the mutant
plant. An imbalance of photosystems leads to increased ROS production (Pinnola and
Bassi, 2018) and this may explain the reduced seed longevity phenotype. PSAD1 tran-
scripts are highly expressed at the embryo in latter stages of seed development accord-
ing to Le et al. (2010) data (Figure 15). Chlorophyll develops during embryo devel-
opment for proper seed filling (Ruuska et al., 2002; Goffman et al., 2005) and latter
disappears for seed storage avoiding light-induced ROS accumulation (Nakajima et
al.,2012). However, we cannot discard that no direct correlation may exist and that the
seed longevity phenotype of psadl seeds is due to seed developmental problems due
to the strong pale and dwarf phenotype observed in the mutant plant.

Lipid polyester barriers prevents embryo aging

The physical protection by seed coat, through lipids polyester barriers, has been high-
lighted in our study by two members of the CYP86 family. The CYP86 family be-
longs to the Cytochrome P450 superfamily, with 244 members in Arabidopsis and is
involved in numerous metabolic pathways in all organisms (Mansuy, 1998; Nelson,
1999). Members of CYP86 gene family catalyse the m-hydroxylation of fatty acids
(Benveniste et al., 1998; Wellesen et al., 2001; Duan and Schuler, 2005), and mutant
plants in different CYP86 members show a reduction in ®-hydroxy fatty acids and

.77 -



a,0-dicarboxylic fatty acids (Hofer et al., 2008; Compagnon et al., 2009; Kai ef al.,
2009). CYP86 enzymes participate in the synthesis of lipid-polyester barriers, such as
cutin and suberin (Watson et al., 2001; Compagnon et al., 2009; Kannangara et al.,
2007). Recent studies point to an important role of these lipid polyester barriers in seed
longevity and tetrazolium impermeability (Beisson et al., 2007; Yadav et al., 2014;
Bueso et al., 2016; Renard et al., 2020a).

The drastic reduction of seed longevity, the high tetrazolium reduction rate and the
lighter Sudan Red staining suggest that cyp86a8 seeds are more permeable due to a
reduced suberin and/or cutin layer. With this analysis, we can conclude that CYP86AS
is probably the major cytochrome P-450 of the CYP86 family producing the m-hy-
droxylation for seed lipid-polyester synthesis necessary for seed longevity. However,
CYP86AS is also important for diverse developmental and signalling processes as
described by Wellesen et al. (2001), and we cannot discard that these processes are
affecting also seed development.

TF's modulate seed longevity in different ways

The first physical barrier to protect the seed embryo is the seed coat, which requires a
precise developmental program of its cell layers. Floral identity TFs regulate the ovule
integuments that will develop into the seed coat. Many TFs and different protein-pro-
tein interactions important for seed coat development have been described (Sano et
al.,2016; Golz et al., 2018). However, the complete TF cascade is far to be complete-
ly known. Here we demonstrate the implication of four TFs in the seed development

transcriptional programme whose mutant lines present seeds with altered seed longev-
ity: SEP3, SPCH, KNAT7 and MYB47.

SEP3 is part of the SEPALLATA (SEP) gene family, formed by four MAD-box TFs
(Pelaz et al., 2000). They interact with other MAD-box proteins to determine flower-
ing and ovule development (Favaro et al., 2003; Hugouvieux ef al., 2018). They are
not completely redundant as they differ in DNA-binding patterns (Jetha et al., 2014;
Soza et al., 2016). SEP1 was highlighted in our analysis, but we found SEP3 to be de-
terminant, due to the enhanced seed longevity and seed coat phenotype of sep3 mutant
seeds. The different seed shape and size and the reduced mucilage halo of sep3 seeds
suggest that SEP3 has a role in seed coat development. The SEP3 seed-coat expression
pattern during seed development (Le ef al., 2010) supports this idea. The results of the
tetrazolium reduction by sep3 seeds is intriguing. Normally tetrazolium salts reduction
is related with a higher seed coat permeability, which is inversely correlated to seed
longevity (Debeaujon et al., 2000). Mutant seeds of two SEP3 interactors present sim-
ilar trait effects: stk seeds present a round shape as sep3 seeds do (Mizzotti et al., 2014)
and 1t16 seeds present high tetrazolium reduction rate (Debeaujon et al., 2000). Both
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are involved in inner integument regulation and seed shape (Coen et al., 2017). An
explanation could be that sep3 seed coat is physically different, perhaps softer. Internal
embryo pressure would be responsible for this round shape. Pressure may be stronger
during seed development and during water imbibition (producing seed coat fissures),
but no significant in the dry stage. This would explain the miss-correlation between
tetrazolium reduction and their enhanced seed longevity in the dry state.

SPCH is a well-described basic helix-loop-helix (PHLH) TF involved in stomatal lin-
eage determination during the asymmetrical division of future guard cells (MacAlister
et al., 2007). Mutant plants have no stomata at all. They have been widely studied for
stomata formation but not in relation with seed development and longevity. We found
that seed longevity of spch mutant seeds was reduced. Tetrazolium assay in spch seeds
showed enhanced permeability (Figure 26b), indicating a putative function in seed
development.

KNAT?7 is a Homeobox-TF and seeds of the knat7 mutant are more tolerant to seed
aging, are notably smaller and present decreased tetrazolium reduction (Figure 27).
knat7 mutant seeds have been described to have affected epidermis cells responsible
for mucilage secretion (Romano et al., 2012). The expression pattern is at seed coat
during last maturation stages (Figure 25). Recent studies propose that KNAT7 inhibits
cell wall formation by regulating lignin synthesis through interaction with BHL6 and
MYB?75 (Bhargava et al., 2013; Liu et al., 2014). Cell wall deposition is an important
aspect of seed coat development and seed longevity and the absence of this TF must
improve it.

MYB47 is the only TF not previously described in other works. It belongs to R2-R3
MYB transcription factor family formed by 126 members involved in the regulation of
diverse metabolic pathways, including PAs, suberin and cuticle biosynthesis (Dubos et
al., 2010). MYB47 was highlighted after the three artificial treatments (AAT, CDT and
EPPO) and mutant seeds present reduced seed longevity. Over-expression plants had
enhanced seed longevity, confirmed with artificial aging treatments (Figure 29b). This
corroborates its positive effect in seed longevity. GFP promoter-driven expression lo-
cates MYB47 expression in the seed coat during seed development, coinciding with
published expression dataset (Figure 25). Nevertheless, we did not find differences in
mucilage, lipid polyester staining or PAs deposition in the knock out mutant or in the
over-expression mutants (Figure 30). Thus, MYB47 participates in an important seed
coat mechanism contributing to seed longevity, not related with seed coat components
such as PAs, mucilage or lipid polyester barriers, pointing to a new unknown protect-
ing mechanism of the seed coat which remains unclear.

We have provided insights of the participation of four TFs in the seed longevity trait.
Observed seed phenotypes suggest a role of this four seed TFs in seed coat develop-
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ment. However, further study is necessary to complete the understanding of these TF
and their role in the TF cascade regulating seed development. Seed RNA-seq analysis
of these mutants might provide us new players and new molecular mechanisms in-
volved in seed longevity.

Concluding remarks

Our work demonstrates the power of combining GWAS and reverse genetics to identi-
fy novel seed longevity genes. We have described 12 novel genes involved in seed lon-
gevity. They were found by GWAS and validated by T-DNA insertion mutants. These
genes are coding for seed coat TFs, ROS-producing enzymes, a ROS-detoxification
enzyme, a mature seed protein, a photosystem component, a cytochrome P-450 and
a scaffolding protein. More candidate genes remain to be validated in future studies,
increasing the list of genes involved in this highly polygenic trait.

- 80 -



Chapter 2

New Phytologist (2021) 231:679-694 DOI: 10.1111/nph.17399
Apoplastic lipid barriers regulated by conserved
homeobox transcription factors extend seed
longevity in multiple plant species

Joan Renard!, Irene Martinez-Almonacid', Indira Queralta Castillo?, Annika Son-
ntag?, Aseel Hashim?, Gaetano Bissoli!, Laura Campos!, Jestis Mufioz-Bertomeu!,
Regina Nifoles!, Thomas Roach?, Susana Sanchez-Leon*, Carmen V. Ozuna, José
Gadea!, Purificacion Lison'!, Ilse Kranner?®, Francisco Barro*, Ramon Serrano!, Isabel

Molina? and Eduardo Bueso'".

'Instituto de Biologia Molecular y Celular de Plantas, Universitat Politécnica de Valéncia-Consejo
Superior de Investigaciones Cientificas, Camino de Vera, 46022 Valencia, Spain

2 Department of Biology, Algoma University, 1520 Queen Street East, Sault Ste Marie, ON, P6A
2G4, Canada
3Institute of Botany, Functional Plant Biology, University of Innsbruck, Innsbruck, A-6020 Austria

‘Department of Plant Breeding, Institute for Sustainable Agriculture (IAS-CSIC), 14004 Cérdoba,
Spain
*corresponding author (e-mail: edbuero@ibmep.upv.es)

Abstract

® (Cutin and suberin are lipid polyesters deposited in specific apoplastic compart-
ments. Their fundamental roles in plant biology include controlling the move-
ment of gases, water and solutes, and conferring pathogen resistance. Both cutin
and suberin have been shown to be present in the Arabidopsis seed coat where
they regulate seed dormancy and longevity.

® In this study, we use accelerated and natural aging seed assays, glutathione re-
dox potential measures, optical and transmission electron microscopy and gas
chromatography-mass spectrometry to demonstrate that increasing the accumu-
lation of lipid polyesters in the seed coat is the mechanism by which the AtHB25
transcription factor regulates seed permeability and longevity.

® Chromatin immunoprecipitation during seed maturation revealed that the lipid
polyester biosynthetic gene LACS?2 (long-chain acyl-CoA synthetase 2) is a di-
rect AtHB25 binding target. Gene transfer of this transcription factor to wheat
and tomato demonstrates the importance of apoplastic lipid polyesters for the
maintenance of seed viability.

® QOur work establishes AtHB25 as a trans-species regulator of seed longevity and
has identified the deposition of apoplastic lipid barriers as a key parameter to
improve seed longevity in multiple plant species.
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Introduction

The main role of plant lipid polyesters is to contribute to the formation of a protective
barrier against external physical, chemical and biological factors (Kolattukudy, 2001).
This enclosure could be used by the plant to prevent water loss or gas diffusion. For
instance, cuticles of the pericarp of Solanum lycopersicum (tomato) and Capsicum an-
nuum comprise the main diffusion barrier for oxygen (Lendzian, 1982). In the organs
of many plants, cell wall suberization is a common strategy to restore diffusion resis-
tance after wounding. Thus, during wound-healing, suberin can be deposited in tubers,
but also on fruits and leaves (Kolattukudy and Espelie, 1989). The protective role of
suberin from freezing damage has been tested in different species, including Secale
cereale (Griffith et al., 1985), and many reports have described the importance of cutin
and suberin to prevent biotic stress (Franich ef al., 1983). An important function of
these polymers is to seal off specific plant tissues; for example, suberization of the root
endodermis participates in the regulation of both water and mineral uptake (Baxter et
al., 2009). Finally, ultrastructural studies indicate that suberin and cutin are deposited
in seeds of many species (Kolattukudy and Espelie, 1989). In Citrus paradise, detailed
examination showed that an amorphous cuticle layer encircles the entire seed except
in the chalazal region (Espelie ef al., 1980). It has also been reported that 98% of the
total amount of monomers found in the inner bran of white Triticum aestivum (wheat)
caryopses were indicative of the presence of cutin, representing almost 0.5% of the
dry weight of caryopses (Matzke and Riederer, 1990). Finally, seed permeability in
Glycine max depends on the composition of the outermost cuticle (Shao et al., 2007).

In Arabidopsis thaliana seeds, both barriers are found; suberin monomers are prefer-
entially associated with the outer integument (Molina et al., 2008), while a cuticle lay-
er synthesized by the seed coat inner integument is found covering the outer face of the
endosperm cells in mature seeds (De Giorgi et al., 2015). Apoplastic lipid polymers
have been proposed to modulate seed dormancy and viability. For instance, Arabidop-
sis mutant seeds deficient in cutin biosynthesis display decreased seed dormancy and
viability levels (De Giorgi ef al., 2015). In Medicago truncatula, KNOX4, a transcrip-
tion factor that controls CYP86A, a gene associated with cutin biosynthesis, regulates
seed dormancy (Chai ef al., 2016). Furthermore, analysis of the abcg2() mutant pro-
vided evidence that suberin composition affects seed dormancy (Fedi et al., 2017) and
mutations in key genes required for suberin and lignin polyphenolic accumulation in
seeds demonstrated that these barriers are crucial to modulate seed longevity (Renard
et al., 2020a). Lastly, the importance of the suberin accumulation in palisade layer
to cope with osmotic, salt and oxidative stress is also well described (Beisson ef al.,
2007; Lashbrooke et al., 2016; Gou et al., 2017).

Although cutin and suberin present differences in their location and deposition pat-
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tern, the monomers and enzymes participating in their biosynthesis are similar and
it has been clearly established that both polyesters contain unsubstituted fatty acids,
w-hydroxy fatty acids, a,w-dicarboxylic acids, glycerol and phenolic compounds. It
has also been reported that fatty acid oxidases and acyltransferases play central roles
in the biosynthesis of both types of polymers (Pollard et al., 2008). However, we do
not yet have a full understanding of their biosynthesis, structure and functions because
of the complexity of these polyesters, their intractability in organic solvents and their
variability between species and even within organs of the same species.

Relatively few enzymes have been described to play an important role in the bio-
synthesis of cutin in seeds. Among them are LACS2, a long-chain acyl-CoA synthe-
tase, that catalyzes the synthesis of acyl-CoA intermediates (Schnurr et al., 2004) and
BDGI, an extracellular enzyme thought to be involved in polymerizing or organizing
the cuticle at the cell wall (Kurdyukov et al., 2006; De Giorgi et al., 2015). In addition,
the acyltransferase DCR is required for incorporation of 9(10),16-dihydroxy-hexade-
canoic acid into seed coat cutin (Panikashvili ez al., 2009). Finally, ATT1/CYP86A2 is
a crucial o-hydroxylase required for the production of C18 unsaturated a,w-dicarbox-
ylic fatty acids (Molina ef al., 2008).

Several seed suberin biosynthetic enzymes have been described. GPATS, glycer-
ol-3-phosphate acyltransferase 5, is involved in the synthesis of acylglycerol and gpat5
mutants display a strong reduction in 22:0/24:0 fatty acid and their derivatives (Beis-
son et al., 2007), whereas aliphatic suberin feruloyl transferase (ASFT) /hydroxy-
cinnamoyl-CoA:m-hydroxyacid O-hydroxycinnamoyltransferase (HHT) catalyzes the
incorporation of ferulic acid into the polyesters (Molina et al., 2009; Gou et al., 2009).
Analysis of the double and triple mutants lacking the FATTY ACYL REDUCTAS
genes, FARI, FAR4 and FARS5 demonstrated the important role of these enzymes in
seed suberin fatty alcohol accumulation and seed coat permeability (Vishwanath et
al.,2013). 3-Ketoacyl-CoA synthase 2 (KCS2/DAISY) is involved in the biosynthesis
of VLCFA (very long chain fatty acids) suberin monomers at the chalaza-micropyle
region (Franke et al., 2009). And finally, the role of the very long chain fatty hydroxy-
lase CYP86BI has also been described. This gene is highly expressed in the seed coat
and is critical for the production of C22- and C24-hydroxyacids and o,®-dicarboxylic
acids (Compagnon et al., 2009; Molina et al., 2009).

The expression of specific transcription factors that mediate the timely expression of
these biosynthetic genes is essential to properly develop the seed coat. MYB107 and
MYB9 control the expression of several acyltransferases, hydroxylases, reductases
and elongases (Lashbrooke ef al., 2016; Gou et al., 2017). On the other hand, COGI,
a transcription factor whose expression is seed coat specific, regulates the polymeriza-
tion of polyphenolic compounds through the activation of peroxidase genes (Renard
et al., 2020a).
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Arabidopsis HOMEOBOX25 (AtHB25) has been described as a transcription factor
that regulates seed longevity by mediating structural modifications in the Arabidopsis
seed coat (Bueso et al., 2014b). Open questions remained about the compounds that
confer this resistance to seed aging in plants overexpressing AtHB25 and which genes
are directly regulated by this TF. Plants harbouring a gain-of-function mutation in
AtHB2S5 (athb25-1D) present improved seed viability that correlates with an increase
in GAs and ABA levels during silique formation (Bueso et al., 2016). GAs are re-
quired for normal formation of the Arabidopsis seed coat (Kim et al., 2005) and ABA
is known to regulate apoplastic lipid production in several species as Solanum lyco-
persicum (Leide et al., 2012). In the present study, we demonstrate that the AtHB25
transcription factor regulates specific genes involved in lipid polyester synthesis. In
addition, we show that this conserved transcription factor regulates the accumulation
of these biopolymers not only in Arabidopsis, but also in tomato and wheat seeds.
Thus, our work defines a molecular mechanism involving AtHB25-mediated apoplas-
tic lipid barrier deposition that directly impacts seed longevity in Arabidopsis, wheat
and tomato.

Results

AtHB25 is expressed during the seed development and
regulates seed oxidation, permeability and longevity

Gain of function mutants of TF AtHB25 (athb25-1D) are resistant to natural and ac-
celerated seed aging treatments. However, loss-of-function mutants of this TF are not
more sensitive than wild type to accelerated treatments. The role of AtHB25 in coping
with seed deterioration is partially redundant with AtHB22, as demonstrated by the
sensitivity of athb22 athb25 double mutants to artificial seed aging treatments (Bueso
et al.,2014b). In order to confirm that the biological function of AtHB22 and AtHB25
is to regulate seed longevity under natural conditions, we carried out an experiment
in which seeds were stored for 12, 20 and 26 months at 20-25 °C and 40-60% RH and
sown on MS medium. Germination data were fitted to sigmoidal curves to estimate
P50 (Zinsmeister et al., 2016), which indicates the time at which the loss of seed vi-
ability during storage is reduced to 50%. For athb25-1D plants, germination after 26
months of storage was higher than 60%, while the viability of wild type and the loss-
of-function double mutant was significantly lower (P50 of 22.8 = 4.6 and 15.9 £ 3.8
months, respectively) (Figure 31a).

Oxidative stress has been proposed to be the main cause of seed deterioration during
aging (Balilly et al., 2008). In order to study whether the regulation of seed aging by
AtHB25 depends on the permeability or/and the detrimental effects of oxygen expo-
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Figure 31: AtHB25 is expressed in seed coat and regulates longevity, oxidation and permeability in Ara-
bidopsis thaliana seeds. (a) Seeds from the athb25-1D mutant, wild type (WT) and the athb22 athb25
double mutant were subjected to natural aging for 12, 20 and 26 months and sown on MS plates. The
percentage of germination was recorded after seven days. The results are the average of three experi-
ments with 100 seeds per line. Fitted probit and P50 value curve was calculated with the drc R package.
Red dashed lines indicate estimated P50 values. Representative pictures of the germination are at the
right of each graph. (b) Effects of accelerated aging on glutathione half-cell reduction potential increase
(AE o6 . yosr) 1N seeds of athb25-1D, WT and athb22 athb25. The results are the average of four ex-
periments with 20 mg per replicate. Darker bar colours represent higher seed oxidation. (c¢) Seed coat
permeability test of athb25-1D, WT and athb22 athb25 double mutant seeds, and representative stained
seed images. The error bars denote standard errors. *, p <0.05. (d) GUS staining of proAtHB25::GUS: G-
FP in developing seeds at different stages (from up to down: globular cotyledon, bent cotyledon, early
maturation and middle maturation). Magnifications are shown at the right side. Red arrows indicate the
GUS signal and the identified tissue. Bars, 100um. (e) Representative image of GFP-fluorescence in 10
DAP developing seeds of different independent proAtHB25::GUS:GFP Arabidopsis lines. The image
was obtained with confocal laser scanning microscopy using the lambda scan mode and linear unmixing
mode to separate the GFP channel from seed coat autofluorescence in the red channel. In the bright field
image, it can be appreciated that the seed coat is broken, marked with a red arrow. This fracture allows the
visualization of the GFP signal in inner cell layers, although it is also present in the outer integument with
lower intensity. The outer integument presents a strong autofluorescence, presumably due to cell differen-
tiation and increased lignification. Bars, 50 um. emb: embryo ii: inner integument, PL: palisade layer, CO:
epidermis columella cells. Arrows indicate signal in PL.
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sure, an alternative artificial assay to accelerate deterioration was performed. Seeds
were subjected to high-pressure oxygen storage (0.5 MPa) for five months and sown
on MS plates (Renard et al., 2020a). Again, athb25-1D presented resistance display-
ing a germination rate 50% higher than the WT control, while the athb22 athb25 mu-
tant was sensitive to this treatment and no seeds germinated (Figure 32). In addition,
we used the redox state of glutathione as a marker for seed viability after a controlled
deterioration treatment (Kocsy et al., 2015). After this accelerated aging procedure,
athb22 athb25 seeds presented the most pronounced oxidative shift of the glutathione
redox potential (E .. . ,.qy)> indicating that this mutant coped a higher level of oxi-
dative stress during aging. In contrast, the glutathione redox potential of athb25-1D
seeds shifted less than that of wild-type controls, showing a reduction of cellular oxi-
dation during aging (Figure 31b).

In previous studies, we determined that the mechanism by which AtHB25 regulates
seed longevity has a maternal origin, as expected if it depends on changes in the seed
coat (Bueso et al., 2014b). One important function of the seed coat is to limit the diffu-
sion between the embryo and the surrounding environment. To quantify the seed coat
permeability of these mutants, we measured tetrazolium salt uptake using the triph-
enyltetrazolium reduction method (Debeaujon et al., 2000; Molina et al., 2008). As
shown in Figure 31c, the AtHB25 overexpression line accumulated lower levels of red
formazans as compared to the wild type control. In contrast, the athb22 athb25 seed
extract presented an intense red color, suggesting increased seed coat permeability.

To determine the spatial-temporal expression of AtHB25 during seed coat develop-
ment, we generated transgenic plants expressing the green fluorescent (GFP) and the
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Figure 32: AtHB25 regulates germination after high-pressure oxygen storage. Arabidopsis seeds from
athb25-1D mutant, wild type (WT) and athb22 athb25 double mutant were subjected to high-pres-
sure oxygen storage (0.5 MPa) for five months and sown on MS plates. The percentage of germination
was recorded after seven days. The results are the average of four experiments with 100 seeds per line.
Non-treated seed from all lines germinated more than 99% after 3 days. The error bars denote standard
errors. *, p <0.05.
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beta-glucoronidase (GUS) proteins under the control of the AtHB25 promoter. The
expression of AtHB25 was detected in the inner integument during the embryogenesis
coinciding in space and time with the endosperm-associated cuticle formation (Figure
31d). During the maturation stage, GUS staining was also observed in palisade layer
where the suberin is accumulated (Figure 31d). Finally, a specific GFP signal was ob-
served at the beginning of the maturation in the inner integument and in the palisade
layer (Figure 31e).

AtHB?25 regulates lipid polyester accumulation in the Ara-
bidopsis testa

AtHB2S5 regulates mucilage synthesis (Bueso et al., 2014b), however mum?2, a loss-
of-function mutant in the biosynthesis of this pectinaceous compound did not show
alterations in germination after accelerated aging treatments (Figure 33). Therefore,
the mechanism by which AtHB25 confers tolerance to seed aging should involve ad-
ditional processes. It has been previously shown that lipid polyesters and cell wall
polyphenolics (suberin and lignin) are crucial to extend seed longevity (De Giorgi et
al., 2015; Renard et al., 2020a). We studied lipid polyester accumulation in the seed
coat of athb25-1D and athb22 athb25 mutants. Seeds were delipidated and stained
with Sudan Red 7B, a lipophilic dye that is used for staining polyesters of Arabidopsis
seed coats after removing free fatty acids (Beisson et al., 2007). Seed coat staining was
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Figure 33: Mucilage production in seed coat epidermal layer is not regulating seed longevity. Arabidopsis
seeds from wild type (WT), MUCILAGE MODIFIED 2 mutant (mum?2) and overexpression of MUCI-
LAGE MODIFIED 2 line (35S::MUM?) were subjected to accelerated aging treatment for 24 h and sown
on MS plates. The percentage of germination was recorded after seven days. The results are the average
of four experiments with 100 seeds per line. Non-treated seeds from all lines germinated more 99% after
three days. The error bars denote standard errors. *, p < 0.05. Bars are red colored with different intensities
qualitatively according to mucilage abundance of each line.
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Figure 34: AtHB25 regulates lipid polyester deposition in Arabidopsis thaliana seed coat. (a) Sudan Red
7B staining of a representative athb25-1D, wild type (WT) and athb22 athb25 seed (above). Bars, 100
um. Detail of Sudan Red 7B staining in seed coat of the corresponding seeds (below). Bars, 50 pm. (b)
Transmission Electron Microscope (TEM) of a WT mature seed ultrathin section. The black box indi-
cates the seed coat and endosperm location, where next images are focused. Bar, 100 pm. (c) Schematic
representation of the seed coat visualization under the TEM. On the left side, the seed coat (SC) and the
endosperm (END) are identified. On the right side the different cell layers and components of the seed coat
and endosperm are indicated. CO: columella cell; PL: palisade layer, BPL: brown pigment layer, TCW:
tannic cell wall or endothelium cell wall, CL; cuticle layer and CWE: cell wall of the endosperm; dMU:
dehydrated mucilage, and SL: suberin layer. The SL and CL are in purple to indicate that they constitute
the two lipid polyester layers, stained by Sudan Red. (d) TEM observation of a representative seed coat
of the athb25-1D, WT and athb22 athb25. Black boxes indicate the location area of next figures focusing
in the suberin layer (above) and cuticle layer (below). The different components from the schematic seed
coat representation can be easily identified in these pictures. Mucilage, however, is not present as it was
released during seed rehydration prior to the ultrathin sectioning. Bars, 2 um. (e) Detail of suberin layer
associated to palisade layer. Bars, 100 nm. Brackets indicate the suberin layer thickness. (f) Detail of
cuticle layer. Bars, 100 nm. Brackets indicate the cuticle layer thickness. (g) Thickness measurement of
the suberin layer and (h) cuticle layer of athb25-1D, WT and athb22 athb25 seed coat sections. Different
sections were used for the analysis and the measurement was performed with the Image J program. The
error bars denote standard errors. *, p <0.05.
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reduced in athb22 athb25 seeds, whereas the seed coat of the aging-tolerant athb25-
1D mutant presented more intense staining than wild type seeds (Figure 34a). To bet-
ter characterize the seed coat of these mutants, we generated histological sections of
siliques in the maturation stage. After Sudan Black staining, athb25-1D histological
sections showed a thicker seed coat that accumulated more stain (Figure 35).

Next, we observed histological sections of dry seeds (Figure 34b) using optical and
transmission electron microscopy (TEM). Seeds were fixed and included in resin, then
were ultrasectioned and examined with a JEM-1010. As expected, we could observe
the structures previously reported in the literature. The epidermal cells of the mature
seed coat are represented by the mucilage and the columella, a thick cellulose-rich
cell wall with a shape similar to a volcano. Beneath the epidermis lies the palisade
layer where the suberin is deposited. The more internal layer is formed by three fused
inner integuments (Haughn and Chaudhury, 2005). A cuticle, synthesized by the inner
integument endothelium during development, covers the endosperm outer surface at
maturity (De Giorgi et al., 2015; Figure 34c). TEM analysis revealed epidermal cells
with larger columellas (Figure 34d) and the typical lamellation of the suberin layer as-
sociated with the palisade layer was more evident in AtHB25 gain-of-function mutants
(Figure 34e and g). In addition, the thickness of the cuticle depended on the AtHB25
expression level (Figure 34f and h), supporting the role of this TF in the lipid polyester
deposition of both barriers in the seed coat.

athb25-1D WT athb22 athb25

Figure 35: Central transversal sections in maturing developing seeds of athb25-1D mutant, WT and athb22
athb25 double mutant stained with Black Sudan (above). Bars, 100 pm. Detail of Black Sudan staining in
seed coat of the corresponding seeds (below). Bars, 25 pm. Arrows indicate thickness of stained seed coat.
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To determine if changes in lipid staining intensity and the morphologies observed by
electron microscopy correlate with changes in composition, we performed a chemical
analysis of seed coat lipid polyesters. Lipid polyester monomers were released by
chemical depolymerization of the cell wall-enriched residues remaining after thor-
ough solvent extraction of seeds (Molina et al., 2006). Gas chromatography-mass
spectrometry (GC-MS) analysis of the extracted monomers revealed significant dif-
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Figure 36: Lipid polyester composition in athb25-1D, WT and athb22 athb25 Arabidopsis thaliana seeds.
(a) Seed lipid polyester monomer composition of the athb25-1D, wild type (WT) and athb22 athb25
seeds. (b) Total lipid polyester distribution grouped by monomer class. (c) Total lipid polyester monomer
content. Mean values of three biological replicates are shown in pmols g delipidated dry residue (DW).
The error bars denote standard errors. *, p < 0.05. HCA: hydroxycinnamic acids; FA: fatty acids; DCA:
a,o-dicarboxylic acids; OHFA: w-hydroxy fatty acids; PA: primary fatty alcohols.
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ferences in the loads of specific monomers in the mutants as compared to wild type
seeds (Figure 36a). Seeds overexpressing AtHB25 showed increased loads of ferulate,
18:2, 18:1 and 22:0 a,w-dicarboxylic acids (DCAs), all the 18C w-hydroxy fatty acids
(OHFA), 20:0 primary fatty alcohol (PA) and 22:0 1,®-diol. Conversely, the athb22
athb25 double mutant presented significant reductions in the loads of all DCA mono-
mers (Figure 36a). When the total amount of identified monomers were grouped and
summed according to monomer class, it was evident that main group regulated by
AtHB25 is DCAs, as athb25-1D seeds present a 20% increase and athb22 athb25
seeds show a 40% reduction, as compared with wild type seeds (Figure 36b). Seed
coats of the gain-of-function mutant had an approximately one umol g' higher con-
tent of these compounds than wild type seed coats, while the loss-of-function double
mutant presented a reduction of about one umol g of these lipids than control seeds
(Figure 36¢). Collectively, these observations suggest that AtHB25 regulates the accu-
mulation of lipid polyesters in the seed coat.

Genome-wide identification of in vivo AtHB25 binding
sites

To elucidate the molecular mechanism of AtHB25-mediated seed longevity improve-
ment, we determined which genes are direct targets of this transcription factor. To define
the global in vivo binding sites of AtHB25 during seed maturation stage, we performed
a ChIP-seq analysis in athb22 athb25 seeds transformed with the proUBQ10::AtH-
B25:3xHA construct. Resulting sequences are deposited in GEO (GSE154886) (Edgar
et al.,2002). Libraries of two ChIP replicas had 2.7 and 3.7 million Arabidopsis reads,
respectively and the control with no antibody had 2.9 million reads. The Model-based
Analysis of ChIP-seq (MACS2) program (Zhang et al., 2008) was used to identify 175
enriched regions using a false discovery cut-off of 0.05. CLC Genomics Workbench
(CLC Bio, Aarhus, Denmark) was used to check normal and equitable distribution
of reads and 146 peaks were identified as AtHB25 binding sites during seed matura-
tion (Supplemental data 4). Peak Annotation and Visualization (PAVIS) detected 119
AtHB25 binding sites (81.5%) in upstream regions (2000 bp from transcription start
site (TSS) plus 5'UTR), 14 biding sites (9.6%) in downstream regions (1000 bp from
transcription termination site (TTS) plus 3"UTR) and only 13 biding sites (8.9%) in
different regions (Figure 37a and b). Significantly, 90% of the AtHB25 binding sites
found in upstream regions were located in 5"UTRs or within 1000 bp from transcrip-
tional start sites (Figure 37a).

The genes putatively associated with AtHB25 binding sites (located within 3000 bp
from binding sites) are shown in Supplemental data 5. A Gene Ontology (GO) anal-
ysis of these genes was performed using agriGO (Tian ef al., 2017) and were classi-
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Figure 37: AtHB25 chromatin immunoprecipitation analysis in Arabidopsis thaliana maturing seeds.
(a) Histogram of Transcription Start Site (TSS) distances from AtHB25 binding regions. TSS distances
were calculated with the PAVIS suggested target gene. (b) Genomic location of AtHB25 binding regions
respectively to PAVIS suggested gene. Upstream (2000 bp from TSS plus 5"UTR); Downstream (1000 bp
from Transcription Termination Site (TTS) plus 3"UTR) and other (rest of regions in genome including in-
trons, exons and intergenic regions). Colours in the histogram correspond to regions in the graph. (c) Most
enriched motif in AtHB25 binding region displayed after de novo motif finding analysis. This analysis
was performed in 200 bp from AtHB25 genomic binding sites. Best match was AtHB25-DAP-Seq motif,
present in 82.88% of AtHB25 binding sites. (d) Percentage of peaks containing the indicated number of
the AtHB25-DAP-Seq motives. Peaks containing more than one motif are also included in bars of minor
numbers. (e) Above, ChIP AtHB25 read coverage in LACS2 and NHOI. The figure was obtained with
CLC Genomics Workbench program, TAIR10 genes and BAM files resulting from both Antibody samples
(repl and rep2) and the No-Antibody control (no Ab). The representative gene model is illustrated with the
arrow tip at 3’ end of the gene and boxes to represent exons. Orange boxes indicate the peak area obtained
in the MACS2 analysis. Bar, 1 Kilobase (Kb). Below, quantitative PCR in AtHB25 form an independent
ChIP experiment performed in maturing siliques. Purple boxes indicate the regions amplified by PCR.
Peak regions are linked with orange arrows and gene regions, used as negative control, are l