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Abstract

Seeds show important variation as plant regenerative units among species, but their evolution-
ary co-variations with other plant characteristics are still poorly understood. Whilst a positive
association of seed mass with genome size (GS) and life forms has already been documented, a
broad-scale quantification of their evolutionary correlation and adaptive selection has never
been conducted. Here, we tested for correlated evolution of seed mass and GS towards distinct
selective regimes related to life form in angiosperms. In particular, we tested the hypothesis
that the selection toward lighter seeds and smaller genomes is stronger for annual plants,
ensuring high regenerative potential. Using multivariate evolutionary models over a dataset
containing 3242 species, we showed an overall positive correlated evolution of seed mass
and GS deviating from a pure drift process. Instead, evolutionary changes in seed and genome
sizes were driven by adaptive selection towards optimal values differing among life forms.
Specifically, the evolutionary optima towards which the seed and genome sizes evolve show
a covariation toward small values in annuals, intermediate values in perennial herbs and a
trade-off between seed mass and GS in woody plants. Moreover, the evolutionary correlation
between seed mass and GS is strongest in annuals as an adaption to complete their life cycle in
a short time window, when environmental conditions are favourable for regeneration and
development to maturity. The asymmetry in the correlated evolution acting on seed and gen-
ome sizes due to life form could explain how life-history traits interplay with functional traits
and how plants have evolved diverse successful life-history strategies.

Introduction

One of the main reasons for the evolutionary success of flowering plants is the vast diversity of
their seed morphology and functions (Eriksson et al., 2000; Linkies et al., 2010; Baskin and
Baskin, 2014). This diversity in seed forms and functions is accompanied by a high variability
in seed mass, a trait that is central to many features in plant ecology and evolution (Moles
et al., 2005; Sims, 2013; Igea et al., 2017). Seed mass is indeed a trait associated with other vege-
tative, physiological and reproductive traits, linked to critical stages of a plant’s life history,
including seed/fruit production (Bolmgren and Eriksson, 2010), dispersal (Howe and
Smallwood, 1982; Chen et al., 2020), persistence (Thompson et al., 1993; Long et al.,, 2015;
Gioria et al,, 2020), germination (Baskin and Baskin, 2014) and seedling establishment
(Moles and Westoby, 2004). Nevertheless, whilst seed mass has been found to be associated
with other plant traits, the evolutionary co-variations of plant traits with seed mass are still
not sufficiently understood. Thus, it is difficult to evaluate the consistency of functional traits’
relations and to disentangle them from traits’ evolutionary histories. For example, a generally
positive correlation between seed mass and genome size (GS) across Spermatophytes has been
shown, but this relationship is absent across Angiosperms (Beaulieu et al., 2007), possibly
because it is mediated by other ecological and functional constraints (Price, 1988; Vesely
et al.,, 2012; Shao et al., 2021).

A dependence of seed mass on GS (i.e. the total amount of DNA in an unreplicated gametic
nucleus, also known as a 1C value; Faizullah et al., 2021) has long been sought (Beaulieu et al.,
2007). This dependence is likely driven by scaling relationships between GS and cell size and
the number of cells in a tissue (Knight and Beaulieu, 2008). Indeed, whilst GS is highly variable
across angiosperms (Pellicer et al., 2018; Pellicer and Leitch, 2020), there is strong evidence
that it may act as a phenotypic trait, setting a lower limit on cell size, correlated with both
cell division and tissue growth rate (Bennett, 1987; Knight and Beaulieu, 2008; Simova and
Herben, 2012). On the other hand, cell size and cell cycle times are correlated with a number
of plant functional traits (including specific leaf area and xylem diameter; Faizullah et al.,
2021). In turn, natural selection acting on plant traits may also impact GS evolution, altogether
leading to a correlation between GS and plant traits (Knight and Beaulieu, 2008). This may
explain how GS, irrespectively of genic content, can impact species abundance, growth and fitness
(Price, 1988; Carta and Peruzzi, 2016; Simonin and Roddy, 2018; Faizullah et al., 2021).
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Nevertheless, the relationship between GS and other plant traits
decreases at higher ‘phenotypic scales’ (Knight and Beaulieu,
2008). Indeed, variation in seed mass is only marginally affected
by changes in GS (Shao et al., 2021). The relation between GS
and seed mass is a complex, non-linear association. Rather, GS
is related to other life-history traits (including life forms;
Stebbins, 1938; Bennett, 1972; Bainard et al,, 2012; Shao et al,
2021) that are also shown to be important in the evolution of
seed mass (Eriksson et al., 2000; Moles et al., 2005).

GS and seed mass show significant phylogenetic clustering
(Carta et al., 2020; Shao et al., 2021) and a life-form-dependent
distribution in GS and seed mass has been documented
(Bennett, 1972; Moles et al., 2005; Shao et al, 2021).
Accordingly, it is expected that annual herbaceous plants have
lighter seeds and smaller genomes that enable rapid germination,
exploitation of unpredictable habitats and completion of their life
cycle before the end of the growing season (Stebbins, 1938; Grant,
1958; Harper, 1977; Baskin and Baskin, 2014). Woody angios-
perms are not temporally limited like annuals, although some
structural restrictions may exist regarding cell size, such as
xylem diameter, with a negative effect on GS (Knight and
Beaulieu, 2008). On the other hand, woody plants usually exhibit
a higher investment in reserve and defence tissues in dispersal
units (Moles et al., 2005). Moreover, woody plants take many
years to reach reproductive maturity (Verdd, 2002), providing
fewer opportunities to accumulate changes in GS (Beaulieu
et al., 2010). In short, woody and tall plants can have either
large or small seeds, but smaller plants, be they annual or peren-
nial, can only have relatively small seeds (Moles et al., 2005).
Whilst perennial herbs usually have lighter seeds compared to
woody plants, there is no obvious reason for them to be strongly
limited in terms of GS (Leitch and Bennett, 2007). Rather,
because of the positive relationship between generation time
and GS, plants with larger genomes are usually perennials
(Knight et al., 2005) and are also thought to exhibit ecological
constraints associated with larger GS (e.g. under-represented in
extreme environments; Knight et al., 2005). Altogether, it seems
that differing GS and seed mass relations among life forms can
be responsible for the absence of a direct relationship across
angiosperms (Shao et al, 2021). However, to date, these
hypotheses have not been supported by comparative studies of
the correlated evolution of GS and seed mass using adaptive
models.

Here, we used a macroevolutionary approach to formally test
for correlated evolution of seed mass and GS towards distinct evo-
lutionary optima according to different selective regimes related to
life form in angiosperms. We applied two main classes of evolu-
tionary models (Hansen, 1997): the Brownian motion (BM: sto-
chastic evolution of continuously valued traits through time)
and the Ornstein—Uhlenbeck (OU) process (adaptive evolution
of traits toward optimal values). Specifically, by applying multi-
variate models of adaptive evolution (Clavel et al, 2015) on
data from 3242 species, we tested to what extent seed mass and
GS are adaptations to plant life form. If seed mass and GS are
highly adaptive traits, the OU models of trait evolution (model-
ling selection toward different optima according to different life
forms) should outperform a pure drift trait evolution as described
by BM models. Moreover, according to the expectations reported
above, we should find both optimal seed mass and GS to be low in
annuals, while a large evolutionary optimum in seed mass and a
low optimum in GS are expected for woody plants. This predic-
tion will be also evaluated by looking at the phenotypic
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evolutionary correlation between traits inferred from multivariate
comparative models as this is also suggestive of different con-
straints acting within life forms.

Materials and methods
Data source

Seed mass data were extracted from the Seed Information
Database (Royal Botanic Gardens Kew, 2022) and from TRY v5
(https://www.try-db.org; Kattge et al., 2020). Seed mass data
were combined with GS data (1C, prime estimates) taken from
the Plant DNA C-values database (https:/cvalues.science.kew.
org/search/angiosperm, release 7.1, May 2020; Pellicer and
Leitch, 2020). We also considered the monoploid GS (1Cx), cal-
culated by dividing the 1C value by the ploidy level, allowing us
to test for evolutionary covariation between both 1C DNA and
1Cx DNA content with seed mass. By repeating the analysis for
both 1C and 1Cx, we could evaluate the effect of bulk genome
content over the basal monoploid GS (the latter is much more
associated with both meiosis and cell cycle duration; Beaulieu
et al., 2007). Moreover, as 1C evolution is largely affected by dis-
crete transitions of ploidy level (e.g. polyploidization often fol-
lowed by diploidization; Carta et al, 2020), while the
comparative adaptive models available model GS as a continuous
quantitative process, it is important to use both 1C and 1Cx (the
latter is much less influenced by discrete transitions; Beaulieu
et al,, 2007) to test for GS-dependent relationships. We finally
gathered 3242 and 2095 taxa, respectively, for 1C and 1Cx.

Mean seed mass and GS were calculated for each species, while
within-species variation was not estimated separately for each spe-
cies, because within-species samples were limited to only a few
samples. Evolutionary models are particularly affected by meas-
urement error (Silvestro et al., 2015). Hence, we estimated the
pooled variance across the species and used it, weighted by sample
size, to estimate the sampling variance of the individual species
(see Garamszegi, 2014). All data were log;, transformed
(Beaulieu et al., 2012).

A phylogenetic tree was compiled by pruning from the GBMB
mega-tree (GenBank taxa with a backbone provided by Magallon
et al,, 2015) of seed plants (Smith and Brown, 2018), the 3242
angiosperm species present in our dataset. As a measure of the
phylogenetic signal, we applied Pagel’s A (Pagel, 1999). A signifi-
cant phylogenetic signal of trait states on the phylogenetic tree
occurs when A >0, meaning taxa are more similar than expected
by chance.

Models of trait evolution

To determine the evolutionary correlations and whether the evo-
lution of seed mass and GS differed among the three life forms
(representing the selective regimes), different multivariate models
of trait evolution were fitted (Table 1). Two main classes of evo-
lutionary models were applied: the BM and the OU process mod-
els. BM models estimate the stochastic evolution of a continuously
valued trait through time (controlled by the drift rate parameter
7). They can approximate various scenarios of phenotypic evolu-
tion such as drift (Felsenstein, 1988; Hansen, 1997; O’Meara et al.,
2006). In contrast, the OU models estimate trait selection toward
a common optimal value and add to the BM model a parameter o
that determines the strength of selection toward an optimal trait 6
(Hansen, 1997; Butler and King, 2004; Beaulieu et al., 2012).
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Table 1. Performance of the multivariate evolutionary models fitted on seed mass and GS (1C or 1Cx) in angiosperms

A. Carta et al.

AlCc Implications for traits
Models logLik Parameters AlCc weight Description association
Seed mass - 1C BM1 —6169.95 5 12349.91 0 Single-rate BM model No association between seed
(3242 species) mass, 1C and life forms
BMM —5751.20 11 11524.45 0 Multirate BM model, which Association between seed
allows o to differ among mass, 1C and life forms under
lineages with different states a ‘random-walk’
for each discrete character co-evolutionary scenario
(life forms)
ou1 —4991.23 8 9998.47 0 OU model with a single No association between seed
optimum mass, 1C and life forms
OUM —4848.61 12 9721.27 1 OU model allowing distinct 6 Association between seed
for each discrete character mass, 1C and life forms under
(life forms) an adaptive co-evolutionary
scenario
Seed mass - 1Cx BM1 —3374.04 5} 6758.08 0 Single-rate BM model No association between seed
(2095 species) mass, 1Cx and life forms
BMM —2858.81 11 5739.68 0 Multirate BM model, which Association between seed
allows &2 to differ among mass, 1Cx and life forms
lineages with different states under a ‘random-walk’
for each discrete character co-evolutionary scenario
(life forms)
ou1l —2861.96 8 5739.96 0 OU model with a single No association between seed
optimum mass, 1Cx and life forms
OuM —2795.42 12 5614.92 1 OU model allowing distinct 6 Association between seed

for each discrete character
(life forms)

mass, 1Cx and life forms
under an adaptive

co-evolutionary scenario

The best-fitting model, based on Akaike weights, was the OUM, which estimated a separate 6 (evolutionary optimum) for each life form. o® represents the evolutionary drift rate (rate of

stochastic motion)
Abbreviations: BM, Brownian motion models; OU, Ornstein-Uhlenbeck models.

For each main class of evolutionary models (BM and OU), we
fitted two versions, for a total of four different models (Table 1):
for BM models, we fitted a model with one drift rate for the
whole tree (BM1) and a model with one drift rate per life-form
regime (BMM). We also fitted different variants of the OU
models (Beaulieu et al., 2012): with a single optimum 6 (OU1)
or with a different optimum for each life form (OUM). In all
cases, the starting value was assumed to be distributed according
to the stationary distribution of the OU process (Clavel et al,
2015). All analyses were carried out in R (R Development
Core Team, 2020), using the mvMORPH package (Clavel et al.,
2015).

Each species was assigned to a life form (annual, perennial
herb, woody) based on TRY v5 (https:/www.try-db.org; Kattge
et al., 2020), the Plant DNA C-values database (Pellicer and
Leitch, 2019) and on the woodiness database (FitzJohn et al.,
2014). Internal branches were assigned to each discrete category
(annual, perennial herb, woody) using stochastic character map-
ping. The best transition model was first selected by comparing
the AICc of three models fitted with the R package ape (Paradis
et al, 2008): the EqualRate (ER; AICc=4372), Symmetric
(SYM; AICc=3961) and All Rates Different (ARD; AICc=
3782) were fitted to reconstruct ancestral states in life forms.
We then generated 100 stochastic maps (R package phytools;
Revell, 2012), based on the best transition model (ARD), assum-
ing different transition rates between character states. We used
stochastic maps in order to consider the effect of uncertainty in
the evolutionary history of selective regimes on the tree.
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The reliability of the parameter estimates returned by the mod-
els was evaluated by checking that the eigenvalues of the Hessian
were positive (Clavel et al., 2015). The AIC weight (w;), represent-
ing the relative likelihood that model i is the best-fitting model
given a set of models (Burnham and Anderson, 2002), was calcu-
lated for all models.

Results
Mean seed mass and GS values in life forms

Mean seed mass observed in the dataset was 15.09 mg (11.80-20.00,
95%CI) for annual herbs, 21.80 mg (0.16-43.50, 95%CI) for peren-
nial herbs and 1001.25 mg (16.24-1986.27, 95%CI) for woody
plants. Mean GS (1C) observed in the dataset was 2.67 pg
(2.42-2.92, 95%CI) for annual herbs, 5.01 pg (4.61-5.42, 95%CI)
for perennial herbs and 1.79 pg (1.50-2.06, 95%CI) for woody plants.
Mean monoploid GS (1Cx) observed in the dataset was 2.25 pg
(2.05-2.44, 95%CI) for annual herbs, 4.81 pg (4.30-5.32, 95%CI)
for perennial herbs and 1.51 pg (1.29-1.73, 95%CI) for woody plants.

Phylogenetic signal

A significant phylogenetic signal was observed in both traits with
A=0.96 (0.95-0.97, 95%CI) for seed mass, A =0.92 (0.91-0.93,
95%CI) for 1C and A=0.97 (0.97-0.98, 95%CI) for 1Cx. This
indicates that closely related species have very similar seed mass
and GS.
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Table 2. Model parameters for the multivariate OUM model, which was the model that received the highest AICc weight (Table 1)

Phylogenetic Stationary
Trait 6 annuals 6 perennials 6 woody o 62 half-life variance
log;o(seed mass) —0.019 0.357 1.611 2.852 6.433 0.247 0.092
[~0.082,0.05] [0.327,0.383] [1.582,1.644] [2.83,2.873] (6.424,6.445) [0.246,0.249] [0.091,0.094]
log;0(1C GS) 0.028 0.38 0.018 22.59 10.984 0.031 0.247
[0.02,0.038] [0.374,0.384] [0.015,0.02] [22.398,22.813] [10.919,11.063] [0.03,0.031] [0.246,0.248]
log10(1Cx GS) —0.035 0.222 —0.071 8.904 4.026 0.077 0.235
[~0.059,—0.014] [0.21,0.233] [~0.076,—0.068] [8.819,9.021] [4.01,4.042] [0.076,0.078] [0.233,0.236]

Estimated values of the parameters 6 (evolutionary optimum), o. (selective pull), 6 (rate of stochastic motion), phylogenetic half-life (t12=In(2)/a) and stationary variance (vy=02/2a) are
shown. Parameter estimates are reported as median across 100 stochastic maps; numbers in brackets indicate the 25% and the 75% quantiles.

1.04 pg 1.06 pg 2.4 pg
---- 40.87 mg
30.00 A
o
© 10.00 1
o
w
o
o
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o
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& { : -~ 2.27mg
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1.004 /&&¢90 e 0.95 mg
.&E Annuals
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0.30 ;
§ . Q Woody plants
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1C genome size (pg) [log10 scale]

Fig. 1. Evolutionary optima (6) estimated from the multivariate OUM model. 8 values are the estimated trait optima towards which 1C GS (pg) and seed mass (mg)
evolve under different selective regimes (life forms): annuals (yellow), perennial herbs (green) and woody plants (brown). The dashed lines represent the median 6
for each category. Each dot as well as the probability density distributions of optimal GS and seed mass were generated by running the analyses on 100 stochastic
maps representing the effect of the uncertainty in reconstructing the ancestral states of life-form regimes and mapping them on the phylogenetic tree.
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Table 3. Evolutionary correlations (r) between seed mass and GS (1C and 1Cx)

Seed mass-1C evolutionary  Seed mass-1Cx evolutionary

Model correlation correlation

Overall 0.118 [0.111,0.125] 0.009 [0.001,0.017]
Annuals 0.537 [0.528,0.547] 0.232 [0.191,0.273]
Perennials 0.127 [0.123,0.13] 0.127 [0.107,0.146]

Woody plants 0.148 [0.143,0.153] 0.046 [0.039,0.052]

Estimates are reported as mean across 100 stochastic maps; numbers in brackets indicate
the 25% and the 75% quantiles

The multivariate analyses supported OUM as the best-fitting
model for both seed mass-1C GS and seed mass-1Cx GS (AICc
weight = 1; Table 1). This model suggests that the seed mass
and GS have different evolutionary optima (0) for the three life
forms and that there is an evolutionary force that maintains
seed mass and GS closer to these evolutionary optima than
would be expected under a pure drift scenario (BM model).

The estimated parameters as medians across 100 stochastic maps
are reported in Table 2. The evolutionary optimal seed mass towards
which species evolved was higher for woody plants (back-transformed
median = 40.87 mg) than in perennial (back-transformed median =
227 mg) and annual herbs (back-transformed median = 0.95 mg).
However, the estimated optimal seed mass values for perennials
and annuals are partially overlapping (Fig. 1) because estimated
optimum values for annuals are less identifiable. The optimum
GS (1C) is instead highest in perennial herbs (back-transformed
median = 2.4 pg) and lowest in woody plants (back-transformed
median = 1.04 pg), albeit largely overlapping with annuals (back-
transformed median = 1.06 pg; Fig. 1).

The phylogenetic half-life t;,, is longer for seed mass as com-
pared with GS; accordingly, the selection strength estimate (o) is
much higher in GS (Table 2) suggesting that GS changes towards
the respective optima should happen more rapidly than seed mass
changes when shifting from one life form to another. However,
the estimated stationary variance and the stochasticity component
(6®) for GS were higher as compared with that of seed mass
(Table 2), also indicating stronger random changes in GS.

The overall evolutionary correlation (r) between seed mass and
1C GS was moderate (0.12) while the one between seed mass and
1Cx GS was low (0.01). The evolutionary correlation was instead
stronger within life forms, particularly in annual plants (0.54;
Table 3).

Using multivariate evolutionary models on data from 3242 spe-
cies, we showed an overall positive correlated evolution of seed
mass and GS, deviating from a pure drift process. As we will out-
line below, there is strong evidence that evolutionary changes in
seed and genome sizes were driven by adaptive selection towards
optimal values differing among life forms. Specifically, evolution-
ary correlation is strongest in annual plants, suggesting that the
two traits are tightly adaptively related in this group of plants,
likely ensuring high regenerative potential.

The evolutionary optima towards which seed mass and GS
evolve show a covariation toward small values in annuals, inter-
mediate values in perennial herbs and a trade-off between seed
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mass and GS in woody plants. These results confirm our expecta-
tions and should be interpreted as functionally linked with differ-
ent net effects on fitness (Laughlin et al., 2020) among life forms
(Moles et al., 2005; Vesely et al., 2012; Shao et al., 2021) which
occupy different positions in the plant life spectrum (Diaz
et al., 2016; Laughlin et al,, 2020).

Estimated optimum seed mass values for annuals partially
overlap with optimum values estimated for perennial herbs.
Indeed, the selective pull (o) was lower for seed mass and the
phylogenetic half-life (corresponding to the time required for
the expected phenotype to move half-way toward the optimal
shape from its ancestral state; Hansen, 1997) was longer as com-
pared to GS, suggesting a stronger degree of phylogenetic con-
straint in the evolution of seed mass. Whilst the shorter
phylogenetic half-life and stronger selective pull for GS can
imply a strong selective pressure, the stationary variance (a meas-
ure of the relative influence of stochastic factors in the adaptive
process) is also large, thus rapid changes in genome sizes may
also occur as a consequence of other factors like unmeasured
selective forces and genetic drift. In summary, it appears that
the evolution of seed mass and GS follow a concerted evolutionary
scenario mediated by life form, but it also seems that seed mass
exhibits greater phylogenetic inertia compared to GS; the latter
appearing much more labile. The evolutionary lability found
here, particularly applies to 1C GS, likely as a consequence of
rapid ploidy changes that occurred along lineages (Carta et al.,
2020). Nevertheless, the shorter phylogenetic half-life and the
stronger selective pull in 1Cx compared to seed mass, still high-
lights a role of the basal monoploid genome quantity, irrespective
of the ploidy level, in driving the observed patterns. Taken
together, this empirical evidence helps understanding correlations
between GS and plant traits. Nevertheless, more research is
needed to separate the effects of GS from other factors influencing
plant growth and fitness.

The current implementation does not allow the estimation of
regime-specific selective pull (o) and drift rate (6®) under the
multivariate OUM model (Clavel et al., 2015), unlike the univari-
ate framework (Beaulieu et al., 2012). Nevertheless, our results
already suggest the occurrence of different degrees of selection
in different life forms. Indeed, whilst the overall evolutionary cor-
relation between seed mass and GS was weak, the evolutionary
correlation was stronger within life forms, particularly in annual
plants, suggesting that the two traits are tightly adaptively related
at the seed level in this functional group of plants. This could be
to ensure life cycle completion within a restricted growing season
(Stebbins, 1938; Grant, 1958; Harper, 1977; Baskin and Baskin,
2014), with a corresponding positive net effect on fitness
(Laughlin et al., 2020). In contrast, the evolutionary correlation
between seed mass and GS was weaker in woody plants.
Different reasons could be considered to explain this weaker cor-
relation. First, it should be noted that the larger seed mass opti-
mum found in woody plants is not a direct consequence of
woodiness itself, but is likely to reflect the positive association
with plant height (Moles et al., 2005). Then, we should consider
that the positive effects of possessing larger seeds are not neces-
sarily linked to the net effect on fitness, while the small GS,
which is directly associated with vessel diameter, may have
much more impact on demographic rate (such as survival or
reproduction; Adler et al., 2014; Laughlin et al., 2020). In add-
ition, although we found that GS is generally under selective con-
straints, life-history specific constraints are also present. For
example, in woody plants, these constraints likely reflect the
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longer generation times that characterize them (Beaulieu et al.,
2010), providing fewer opportunities for changes in GS to occur
per unit of time. Altogether, the weak evolutionary correlation
between seed mass and GS in woody plants points toward a mis-
match between the effects of seed mass and GS among develop-
mental stages, with seed mass that is an important trait early in
the life cycles, while specifically for woody plants GS is a major
constraint at later stages (xylem diameter restrictions with nega-
tive effects on GS; Knight and Beaulieu, 2008).

We conclude that the evolutionary correlation between seed
mass and GS is present but weaker than previously thought
because this relation is strongly mediated by plant life forms.
The asymmetry in the correlated evolution acting on seed and
genome sizes due to life form could explain how life-history traits
interplay with functional trait and how plants have evolved
diverse successful life-history strategies, under prevailing environ-
mental conditions (Adler et al,, 2014; Liu et al., 2017; Lundgren
and Das Marais, 2020).

The findings of this work can help to predict the functional
responses of plant traits and their prevalence in response to cur-
rent and future climate change (Baskin and Baskin, 2022; Carta
et al., 2022). Moreover, understanding how life-history and func-
tional seed traits interplay may support the potential domestica-
tion process of yet to be explored wild plants, unlocking their
potential economic, nutritional, medicinal and cultural value
(Mattana et al., 2022). However, because the relationship between
GS and other plant traits increases at lower phenotypic scales and
the strength of such relations varies between cell types and develop-
mental stages (Knight and Beaulieu, 2008), future studies relating
GS and seed traits should be encouraged, especially concerning
seed functional traits directly linked to cell cycles and/or cell expan-
sions like embryo growth and germination (Astuti et al., 2020).
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