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and genetically from their crop ancestors. In spite of the agronomic and eco-

remain understudied.
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Webb) in SE Iberia and evaluated the potential role of natural selection in this
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by directional selection on fruit and seed traits, potentially linked to defence
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1 | INTRODUCTION

The domestication of crops has been ongoing since the beginning
of the Holocene, determining the characteristics of cultivated plant
species. The transition towards domesticated breeds involved a
series of changes that resulted in phenotypes that could be easily
harvested (Allaby, 2014; Larson et al., 2014; Milla et al., 2015). For
example, in fruit crops, there have been changes in the relative size
of edible parts, which have increased in size and become more ac-
cessible (Browicz & Zohary, 1996; Zohary & Spiegel-Roy, 1975).

Crop domestication has been documented with detail at archae-
ological, botanical and genetic levels. This abundance of information
has shown that (a) it is not a linear process towards a domesticated
‘ideotype’, (b) it is not a distinct event but rather a gradient with an
indefinite beginning and no clear endpoint and (c) the transition
between wild and cultivated strains is not unidirectional and phe-
notypic changes can be reversible (Cornille et al., 2012; Dickmann
et al., 1994; Larson et al.,, 2014; Richardson & Rejmanek, 2011).
Therefore, domestication can only be fully comprehended consider-
ing its inverse process, that of de-domestication or naturalization of
cultivated breeds, and the role that it has played in the evolution of
cultivated varieties (i.e. cultigens; Gross et al., 2014; Wu et al., 2021).

However, the information available about crop naturalization is
very limited. Scientists have studied a small number of cases, such as
weeds that have emerged from the naturalization of specific cereal
cultigens (Gering et al., 2019; Wu et al., 2021). There has also been
interest in studying the process of gene flow between cultivated and
wild strains that can produce weeds that are difficult to eradicate
due to their similarity to cultivated breeds and can facilitate the
propagation of genetically modified (GM) plants (Ellstrand, 2018).
Nevertheless, the cases in which naturalized breeds do not pose
management challenges have been almost entirely unstudied, even
though they could be highly valuable for breeding purposes (Gering
etal., 2019; Wu et al., 2021).

Although incomplete, the evidence obtained suggests that nat-
uralization involves to some degree a reversion to the wild pheno-
type, even if it does not necessarily lead to changes in the same
genic regions. Research has also shown that naturalization can be
an extremely rapid process even though the genetic diversity of do-
mestic species tends to be significantly reduced relative to that of

4. Synthesis. Our findings indicate that almond naturalization is consistent with
strong directional selection on fruits and seeds, leading to smaller and more
toxic seeds encased in harder endocarps. Accordingly, we propose that ferali-
zation of this crop is, at least to some degree, driven by adaptive evolution of

dispersal and recruitment traits.

almond, crop domestication, cyanogenesis, endocarp resistance, naturalization, seed dispersal,

their direct wild ancestors (Gering et al., 2019; Zhang et al., 2017). As
a consequence, selection must draw from a comparatively restricted
genetic pool during feralization, providing an intriguing case study in
evolutionary ecology.

The rapid transition from the cultivated to the feral (wild) state is
conditioned by selection on pre-existing traits, which will ultimately
determine the phenotypic and genetic characteristics of naturalized
populations (Pannell et al., 2015). Since response to selection under
feralization depends on the standing diversity of the crop, it can be
expected to be proportional to the diversity harboured in the culti-
vated pool, which is highest in heterozygous and polymorphic crops
such as self-incompatible trees (Miller & Gross, 2011). In addition
to genetic limitations, ecological filters can also determine the out-
come of feralization events. Blackburn et al. (2011) defined natural-
ization as part of a continuum of multiple phases, each characterized
by specific selective pressures and distinct environmental factors.
Accordingly, an introduced plant species can only effectively col-
onize a new area if there is sufficient seed dispersal, germination,
and development of seedlings and juveniles (Blackburn et al., 2011,
Richardson et al., 2000). In other words, successful seed dispersal
and establishment constitute the first prerequisites for feralization.
Therefore, traits implicated in seed dispersal and germination are
likely to be under selection during naturalization.

The almond tree has been described as undergoing a process
of feralization in SE Spain (Balaguer-Romano et al., 2021; Homet-
Gutiérrez et al., 2015). Even though wild species closely related to
the almond (Prunus subgen. Amygdalus) are not found in this region,
the spontaneous recruitment of naturalized individuals near farms
is a frequent phenomenon (Homet-Gutiérrez et al., 2015; Ruiz de la
Torre, 2006). The establishment of these feral individuals of P. dulcis
is the result of direct feralization from cultivated groves (i.e. they
are endo-feral, sensu Ellstrand et al., 2010). Their presence near or
even inside orchards has been traditionally accepted to some ex-
tent, as they serve as pollen donors for the mostly self-incompatible
cultigens, as a source of rootstocks and as easily identifiable bound-
ary markers in land cultivated with other crops such as olive trees
(Ibancos Nufez & Rodriguez Franco, 2010; Rubio-Cabetas, 2016;
Ruiz de la Torre, 2006). In spite of this long history of tolerance of
occasional semi-wild individuals, dense, self-sustaining feral popu-
lations have only been described recently (Balaguer-Romano et al.,
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2021; Homet-Gutiérrez et al., 2015) and the ecological and evolu-
tionary dynamics associated with their emergence remain poorly
understood.

Taking into account the morphological characteristics of the
almond, seed dispersal mechanisms are likely restricted to gravity
(barochory) and synzoochory. The latter is a dispersal strategy me-
diated by granivores that actively transport seeds and store them
(frequently underground) for later consumption (Gémez et al., 2019).
Previous results by our research team confirmed the role of ver-
tebrate vectors and synzoochory in the naturalization of almonds
(Balaguer-Romano et al., 2021). However, it is important to note that
in this process animal dispersers act primarily as seed predators.
Thus, species dispersed by synzoochory must ensure the survival
and germination of the seed, which might lead to the selection of
protective features such as the development of hard shells or tar-
geted toxicity (Garcia et al., 2005; Struempf et al., 1999; Vander Wall
& Beck, 2012).

Seed toxicity is considered an important trait for increasing seed
survival in the face of potential predation (Freeland & Janzen, 1974).
Seeds of Prunus spp. contain amygdalin, a highly toxic substance for
mammals, including humans. Amygdalin is a cyanogenic diglucoside
that is synthesized systemically from prunasin and accumulates in
the cotyledons of seeds. Once ingested, it is hydrolysed, releasing
glucose, benzaldehyde (responsible for the bitter taste) and hydro-
gen cyanide, a harmful substance that inhibits cellular respiration
(Sanchez-Pérez et al., 2012). The almond tree (P. dulcis) is the only
species of the genus cultivated for its ‘sweet’ seeds. In this species,
amygdalin production appears to be a Mendelian trait, controlled
by the Sweet kernel (Sk) gene. The sweet phenotype is produced by
the dominant form of this locus such that homozygous dominant
individuals (SkSk) and heterozygotes (Sksk) present this character-
istic (Heppner, 1923, 1926; Sanchez-Pérez et al., 2019). Since the
consumption of relatively small quantities of bitter almonds (as few
as a couple dozen) can be lethal (Ladizinsky, 1999), almond domes-
tication and cultivation is inextricably and exclusively linked to the
non-toxic (‘sweet’) genotypes (Browicz & Zohary, 1996; Delplancke
et al., 2013; Ladizinsky, 1999; Sanchez-Pérez et al., 2019). However,
the frequency of the dominant allele in wild populations must be
extremely low, to the point that it has never been found in a wild
individual (a puzzling problem that was termed the ‘riddle of almond
domestication’ by Ladizinsky, 1999) perhaps because toxic seeds are
strongly favoured by predator-mediated natural selection.

Beyond seed toxicity, predation resistance or predator deter-
rence might involve other protective traits, such as harder endo-
carps or shells that increase handling costs and promote caching
rather than immediate consumption and that deter animals that act
solely as seed predators (Garcia et al., 2005; Vander Wall, 2001,
2010). Simultaneously, selection might have favoured less attractive
kernels, with smaller sizes and/or lower nutritional value of the seed
(Gémez, 2004). However, it has also been argued that the evolution
of synzoochory depends on the production of large and nutritious

seeds that are desirable to granivores and stimulate caching (Vander

Wall, 2001, 2010) which suggests the existence of potentially con-
flicting selective pressures. Both seed size and kernel (endocarp) re-
sistance have been described as highly heritable in almond (Dicenta
et al., 1993; Spiegel-Roy & Kochba, 1981). In fact, both traits might
even be monogenic; endocarp resistance has been proposed to be
controlled by the gene D-Q (Sanchez-Pérez et al., 2007) while recent
genome-wide studies have identified a single marker with a signifi-
cant association with seed weight (Pavan et al., 2021). Given the high
heritability of these three traits (seed toxicity, kernel resistance and
seed weight) and the high diversity of cultivated populations (Socias
i Company & Felipe, 1992), a sufficiently strong selection during fe-
ralization might cause a shift in phenotypic means, even over a rela-
tively low number of generations.

In this study, we attempted to determine whether almond fe-
ralization involves phenotypic divergence in fruit and seed traits
between cultivated and naturalized populations and whether this
divergence might be indicative of natural selection. For this purpose,
we examined (a) whether naturalization implies genetic divergence
between cultivated and feral populations of P. dulcis in the Iberian
Peninsula; (b) the existence of quantifiable phenotypic differences
between cultivated and feral populations, particularly in fruit and
seed traits expected to be implicated in synzoochorous interactions,
and (c) to what extent phenotypic differences can be attributed to
direct selection on specific traits, namely kernel resistance, seed
toxicity and weight.

2 | MATERIALS AND METHODS

2.1 | Plant samples and study area

The data in this study were obtained between 2017 and 2018 from
a total of 39 populations (15 cultivated and 24 feral populations) in
southern Spain (see Supplementary Methods for details). We ap-
proximated the age of feral populations by comparing photogram-
metric images (Plan Nacional de Ortofotografia Aérea, 1956-2017,
National Geographic Institute of Spain, IGN) and setting as baseline
the earliest date when previous or coetaneous almond orchards
were observed in the area and land use was compatible with the
establishment of spontaneous woody vegetation (i.e. not occupied
by crops or other features such as roads; Table 1; Supplementary
Methods; Figure S1). We visited these populations during the pe-
riod of natural dispersal (which is also the harvest season) between
September and the beginning of October. In each population, we
randomly sampled between 10 and 12 reproductive individuals at
least 10 m apart. There were not enough reproductive trees in some
feral populations and, in these cases, we took samples from all of
the reproductive trees. From each tree, we randomly collected 25-
30 fruits around the perimeter of the crown (or all of the available
almonds in the case that the tree had <25 fruits). We also sampled
3-5 leaves from each individual and stored them in silica gel for later
DNA extraction (Table 1).
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TABLE 1 Populations included in this study and plant material collected in each case. The table includes the type (Cultivated/Orchard
vs. Feral), year when samples were taken, coordinates and number of trees sampled. It also indicates an estimated date of establishment
of each population, which was determined using aerial photographs, comparing the temporal sequence of pictures obtained from periodic
photogrammetric flights between the years 1945 and 2017 (see text for details)

Location Type N (leaf) N (fruits) Year Coordinates Altitude (m) Establishment

Alhama® Feral 121 122:3¢V 2018 37°01'27.0"N 880 After 2004
3°57'45.2"W

Alhama Cult. 121 8y 2018 37°01'24.7"N 870 After 1986
3°58'13.5"W.

Barranco de Viznar® Feral 121 1223¢ 2018 37°13'07.5"N 945 1973-1986
3°33'44.4"W

Barranco de Viznar® Cult. 12! P2SC 2018 37°13'05.5"N 945 1956-1976
3°33'48.7"W

El Burgo® Feral 6 7%V 2017 36°46'27.8"N 590 1998-2003
4°56'16.6"W

El Burgo Feral 2 53 2017 37°47'31.5"N 640 After 1980
4°39'21.4"W

El Burgo® Feral 0 123V 2017 36°48'57.4"N 590 After 2005
4°57'5.7" W

El Burgo® Cult. 0 4 2017 36°46'28.8"N 590 After 1956
4°56'23.0"W

El Burgo Cult. 0 43V 2017 37°47'31.5"N 640 After 1980
4°39'21.4"W

Campillos® Feral 12 10 2017 37°01'18.1"N 530 After 1986
4°56'29.9"W

Campo Camara>R Feral 12 12 2017 37°40'10.0"N 800 1986-1998
2°48'21.6"W

Carvajales? Feral 12 12 2017 37°10'44.6"N 480 After 1998
4°40'56.9"W

Cerro de San Miguel*"® Feral 121 823¢ 2017 37°11'38.3"N 903 1973-1986
3°34'56.4"W

Chirivel*® Feral 5t 323¢ 2018 37°35'06.9"N 1050 After 1986
2°15'25.2"W

Cubillas Feral 121 3 2017 37°16'37.4"N 650 1986-1998
3°39'46.5"W

Deifontes” Cult. 8! 3ZSCY 2017 37°19'18.1"N 1000 Before 1956
3°34'07.1"W

Deifontes Feral 9t 6>3V 2017 37°19'55.2"N 990 After 1980
3°33'21.7"W

Don Fadrique*R Feral 10 10 2017 37°54'06.8"N 1040 After 1956
2°25'41.5"W

Gor*R Feral 12 123V 2017 37°23'28.2"N 1200 1998-2003
3°01'07.2"W

Gor Cult. 0 53V 2017 37°23'24.9"N 1200 After 1973
3°01'08.2"W

Grazalema*® Feral 0 12 2017 36°45'25.7"N 850 After 1998
5°22'0.2"W

Guadix Feral 12! AR 2018 37°19'50.5"N 1175m After 1986
3°03'12.4"W

Guadix Cult. 121 1223¢ 2018 37°19'47.1"N 1175m After 1986
3°03'19.8"W

Haza del Lino Cult. 121 2SSy 2017 36°48'38.8"N 1200 After 1980
3°17'46.7"W

(Continues)
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TABLE 1 (Continued)

Location Type N (leaf) N (fruits)
Haza del Lino® Feral 111 92.3CU
OrceR Feral 6 63V
Orce Cult. 4 43V
Polopos” Cult. 121 1223V
Polopos>R Feral 121 1123¢V
Santa FeR Feral 12 123Y
Santa Fe Cult. 0 33U
Serrato® Feral 12 11
Serrato Cult. 0 3
Sierra MariaR Feral 71 72.3C
Sierra Maria Cult. 0 5

El Torcal Cult. 12 123Y

El Torcal Cult. 6 63Y

El Torcal® Feral 12 123Y
Vereda de la Estrella®® Feral 121 122:3¢CU

Year Coordinates Altitude (m) Establishment

2017 36°48'38.8"N 1220 After 1980
3°17'46.7"W

2017 37°42'58.3"N 1000 1973-1986
2°27'39.1"W

2017 37°42'58.3"N 1000 1973-1986
2°27'39.1"W

2017 36°47'51.8"N 750 After 1973
3°17'33.3"W

2017 36°47'51.8"N 750 After 1973
3°17'33.3"W

2017 37°09'44.4"N 610 After 1998
3°43'28.0"W

2017 37°09'44.4"N 610 After 1956
3°43'28.0"W

2017 36°52'55.1"N 650 After 1980
4°57'19.9"W

2017 36°52'55.1"N 650 After 1980
4°57'19.9"W

2017 37°42'05.6"N 1240 After 1973
2°11'03.0"W

2017 37°42'05.6"N 1240 After 1973
2°11'03.0"W

2017 37°00'15.1"N 590 Between
4°33'32.2"W 1973-1986

2017 37°00'14.4"N 650 After 1980
4°33'45.6"W

2017 37°00'12.8"N 590 After 1998
4°33'37.4"W

2017 37°07'41.2"N 1250 N/A
3°21'42.4"W

Uncluded in genetic studies (both SSR & SNP), 2Used for shell resistance analyses, 3Cyanogenesis (toxicity; C—colorimetric; U-—UPLC), AAbandoned
Orchards, SFeral populations on steep terrain (230% slope), "Feral populations on abandoned land or along roads or trails, *These feral populations

were adjacent to almond orchards that could not be sampled.

2.2 | Genetic characterization of neutral (SSR) and
functional (gene Sk) markers

We analysed the genetic structure of the populations using neutral
markers (SSRs) and a marker that determined the presence of amyg-
dalin in the seed (SNP of allele Sk, Sweet kernel). We extracted DNA
from leaves collected from 17 populations, 16 of which were also used
for the colorimetric quantification of cyanide content (5-6 individu-
als per population; Table 1) with the FavorPrep Plant Genomic DNA
Extraction Mini kit (FAVORGEN, Taiwan). We carried out SSR geno-
typing in the CRAG (Center of Agrigenomic Research, CSIC-IRTA-
UAB-UB) using the markers described in Sdnchez-Pérez et al. (2007;
Table S1). Genotyping via SNPs of the Sk gene was carried out in the
CEBAS-CSIC following the protocol described in Sdnchez-Pérez et al.
(2019). About 50 ng same DNA extracted for each of the samples
was used to amplify the Sk gene by PCR with the primers bHLH2F-
BamHI (CACCGCGGATCCGAATGGAAGAGATCATAGCCTCAT) and
bHLH2RXhol (GATCCACTCGAGCTAGTTGTACCACCTTTTTATAAT)

with the Phusion High-Fidelity polymerase (Thermo Scientific) with
the following conditions: 2 min at 98°C, 35 cycles of 20 s at 98°C,
20 s at 60°C and 1 min at 72°C, and one cycle of 5 min at 72°C. SNP
detection was performed by the 3500 Genetic Analyzer, Applied
Biosystems, by the use of the sequencing primer bHLH2_763F
(AAGAGGGTGATACAAAAGAAGC, with a Tm of 60°C), at the CAID
(University of Murcia).

2.3 | Phenotypic characterization

To study potential differences between cultivated and feral plants in
the characteristics of fruits and seeds, we analysed the size of ker-
nels (volume, in-shell [endocarp + seed] mass and seed mass), their
mechanical protection (thickness, density and resistance of the en-
docarps) and toxicity (amygdalin/cyanide content of seeds). For the
morphological measurements of the kernels, we used 2707 fruits,
pooled from all of the study populations. To measure endocarp
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resistance, we used 348 samples from a subset of 16 populations
(6 cultivated and 10 feral, Table 1), including 4-5 individuals per
population and 4-5 almonds per individual. For the quantification of
amygdalin content, we used 134 seeds from 30 populations (13 cul-
tivated and 17 feral), utilizing when possible the same seeds that had
been used in previous measurements. When the same seeds were
not available (e.g. because they were destroyed when cracking open
the endocarp or during kernel resistance measurements), we used
other almonds from the same tree if possible or the same population,
ensuring in every case a consistent level of diversity (at least 2-3
individuals per population, 2-3 almonds per individual).

2.3.1 | Morphology of the fruit and seed

We dried an aliquot derived from four to five almonds from each
individual (total n = 2707) at 50°C for 72 h. Once they were de-
hydrated, we took morphological measurements on the entire (in-
shell) almond (a: length, b: width, c: height and M: mass). Afterward,
we extracted the seeds from the endocarps and performed the
same measurements on them. To estimate the volume of the al-
monds, we approximated their shape as an ellipsoid (V = 4/3rabc).
We then estimated the density of the endocarp by dividing the
difference between the in-shell mass and the unshelled seed mass
M./
1). We estimated the thickness of the endocarp by

by the corresponding difference in volume (i.e. [M, .., -
[Vin-shell -V,

seed
halving the difference in height between the almond with and

seed

without a shell ([¢;, el ~ Cseeql/2). Based on the morphological re-
sults, we chose a subgroup of almonds that covered the gradient
of endocarp density to estimate resistance (Table 1). In total, we
subjected 348 almonds to endocarp-crushing experiments using a
hydraulic press (S.A.E. IBERTEST model 1BTH-2730) to quantify

cracking load.

2.3.2 | Cyanide content

To study almond toxicity, we used a modified extraction protocol
and spectrophotometer assessment of cyanide using picric acid as
an indicator reagent (Oshima et al., 2003; Supplementary Methods).
We quantified cyanide content of 10 feral and six cultivated popu-
lations, randomly choosing three almonds from three individuals in
each population (i.e. nine almonds per population, n = 134; Table 1).
We used liquid nitrogen to grind the almond seeds into a fine, ho-
mogeneous powder that we stored at -20°C. Then, digested the
almond samples with citric and tartaric acid. We quantified the
amount of liberated cyanide using paper strips stained with picric
acid. We washed the paper strips with ethanol and 24 h later, quan-
tified the optical density of the fluid (proportional to the cyanide
content) in a Tecan NanoQuant Infinite M200 spectrophotometer.
In parallel, and as a calibration method, we determined the amygda-
lin content of 82 almonds (50 cultivated, 32 feral; Table 1) through
ultra-performance liquid chromatography (UPLC) coupled to mass

spectrogrametry following the protocol established by Arrazola
et al. (2013) with a Waters Acquity UPLC system interfaced to a tri-
ple quadrupole mass spectrometer Xevo TQS (Waters). We carried
out these analyses at the University of Granada's Center of Scientific
Instrumentation (CIC-UGR).

3 | DATA ANALYSIS

3.1 | Genetic differentiation

Genetic differences among populations and between cultivation
types were estimated with an analysis of the partition of molecular
variance (AMOVA) in neutral (SSR) markers of all sequenced popula-
tions and orchards. We also used these data to compute an overall
fixation index (Fst) and to construct a phylogenetic neighbour join-
ing tree using Nei's genetic distances among populations (Nei, 1972).
Population genetic analyses were performed with the packages
‘hierfstat’, ‘poppr’ and ‘vegan’ (Goudet, 2005; Kamvar et al., 2014;
Oksanen et al., 2019). Additionally, we used functional genetic data
(differences in the Sk allele) to estimate changes in cyanogenesis as-
sociated with feralization. We modelled the effect of population and
cultivation type on cyanogenesis with a GLM fitted to a binomial
negative distribution, including Sk genotype as a factor and cyanide
content as the response variable. We also used the functional ge-
netic data to determine whether there are differences in the distri-
bution of Sk genotypes between feral and cultivated populations. To
do this, we generated a contingency table showing genotype against
cultivation type and evaluated the correlation between the two vari-
ables with a chi-square test.

3.2 | Phenotypic differences

To determine whether the phenotypic differences among almond
populations were affected by cultivation type, we carried two sets
of analysis of variance for each of the seed and fruit traits. First, we
used all the data available to study the overall differences across
all feral and cultivated almonds. Then, we performed two sets of
similar analyses first using only the six paired populations included
in genetic studies and then limiting the sampling to the subset of
four populations that were identified as sister OTUs of their adja-
cent orchards in the phylogenetic tree. In these two last cases, we
compared only the three highly heritable traits that were also the
focus of our selection analyses (seed toxicity, endocarp resistance
and seed weight) using endocarp density as a proxy for resistance,
because we did not have resistance data available for all popu-
lations and both traits are strongly positively correlated (R = 0.7;
p-value = 2.2 x 1071, In these analyses, we used models with
two predictors: almond ‘type’ (feral or cultivated) and the popula-
tion of origin. In each case, we fit linear models that included only
‘type’ or both predictors, carrying out transformations to satisfy
the criteria of parametric modelling when necessary. Furthermore,
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we fit mixed models that considered population as a random fac-
tor, choosing the distribution function and the link function best
suited for each response variable using the functions ‘descdist’
and ‘fitdist’ in the packet ‘fitdistrplus’ in R (Delignette-Muller &
Dutang, 2015). In each case, we carried out preliminary explora-
tions of model fit comparing the difference between the residual
deviance and the residual degrees of freedom through a chi-
squared test and selected the model with the lowest AIC value.
When two models had comparable AIC values (six units or less)
we chose the simplest, less parameterized model, considering the
simplest model of all a uni-factorial linear model (the transforma-
tions applied to the data in each case and the models fitted are
indicated in Table S3).

3.3 | Pst-Fst comparison

We compared the degree of neutral genetic differentiation (es-
timated with SSR markers) to that of phenotypic differentiation
with the aim of detecting potential signals of selection in three
traits: seed weight, endocarp resistance and seed amygdalin con-
centration (cyanogenesis) which are expected to be responsive
to selection due to their high heritability (Dicenta et al., 1993;
Heppner, 1923, 1926; Spiegel-Roy & Kochba, 1981). To infer
whether phenotypic change is driven by selection rather than by
neutral dynamics, we compared the fixation index (Fst) derived
from neutral markers to Pst, an index that estimates proportion
of variation in a quantitative trait caused by genetic differences,
analogous to Qst. Fstis driven mostly by genetic drift and gene mi-
gration, while indexes such as Qst also incorporate the effects of
selective dynamics on the phenotype. Consequently, differences
between the two indices can be attributed to selection (Leinonen
et al., 2013). If Qst > Fst, genetic divergence in the trait exceeds
neutral expectations, which can be associated with directional se-
lection. If Qst = Fst, neutral divergence cannot be ruled out as the
cause of phenotypic divergence. Lastly, Qst < Fst can be taken as
indication that phenotypes are diverging less across populations
than expected under a neutral scenario, likely due to stabilizing
selection (Leinonen et al., 2008; Merild & Crnokrak, 2001). Since
studying quantitative genetic variance in reproductive traits of
wild (or feral) trees is very complex, we approximated Qst with the
index of phenotypic divergence across populations Pst (Brommer,
2011) calculated as:

2

C
Pst = —
cogp + 2h%cf,,

where o is the genetic variance between populations, o, is the
variance within populations, c is the proportion of variance due to
differences caused by additive genetic effects across populations
and h? is the narrow-sense heritability of the phenotypic charac-
ters being studied. In this index, the ratio ¢/h? measures the pro-
portion of phenotypic differences observed between populations

that can be attributed to additive genetic variance (Brommer,
2011; Leinonen et al., 2006). In general, an effect of selection can
be assumed whenever (a) Pst # Fst across a wide range of values
(e.g. consistently after a small value of ¢/h?); (b) Pst and Fst are
significantly different (non-overlapping 95% confidence intervals)
and (c) the confidence interval of Pst does not include the value
of Fst in the neutral scenario ¢ = h? (i.e. when the genetic archi-
tecture of the trait is the same between populations; Brommer,
2011). In the absence of reliable point estimates of c/h2, we cal-
culated the Pst values of each phenotypic trait for the interval
(0 < ¢/h? < 2) in increments of 0.1 in the package ‘Pstat’ (Blondeau
da Silva & Da Silva, 2018).

4 | RESULTS

4.1 | Genetic analyses

The Analyses of Molecular Variance (AMOVA) of neutral (SSR)
markers showed significant differences between cultivation types
and across populations within each type. Also, the amount of ge-
netic variance explained by cultivation type differed significantly
across locations as indicated by the interaction term (Table S2).
Differences between types accounted for a much smaller propor-
tion of the variance than differences among populations within
each type (R? = 0.02 vs. 0.29). Local variation in the influence of
type (i.e. the type x population interaction term) had also a rela-
tively small explanatory power (R? = 0.08). These results seem to
indicate that the genetic variation depends more on stochastic
variability among populations than on the degree of cultivation.
The component that accounted for the most genetic variation were
the differences among individuals in each population (R? = 0.60)
which is congruent with high intrapopulational genetic diversity
(Table S2). Genetic distances among populations also corroborate
a limited amount of differentiation between cultivated and feral
populations. Of the six pairs analysed, four were recovered as sis-
ter OTUs (Figure 1).

In contrast to the pattern observed in neutral markers, the
functional marker associated with toxicity (SNPs of the Sk al-
lele) clearly diverged with feralization. The frequency of differ-
ent alleles varied significantly between types (X?[2, 95] = 10.671,
p < 0.01). These differences were due to the increased frequency
of homozygous dominants Sk/Sk (associated with the non-toxic
‘sweet’ phenotype) in cultigens and an increased frequency of
heterozygous and homozygous recessive individuals in feral pop-
ulations (Figure 2). These differences were correlated with dif-
ferences in cyanide content, which were significantly different
between homozygotes (sk/sk vs. Sk/Sk) and between heterozy-
gotes and dominant homozygotes (i.e. Sk/sk and Sk/Sk, p < 0.0001
in both cases), but not between heterozygotes and recessive ho-
mozygotes (p = 0.063, Figure 2). In other words, the changes in
allele frequencies between types are concomitant with the phe-
notypic differentiation in toxicity.
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4.2 | Phenotypic differences between
cultivated and feral almond populations

All feral populations were relatively young. Only in two cases (Don
Fadrique and Vereda de la Estrella), we were unable to ascertain that the
population was not established after 1956. Most of them (17 out of 24
feral populations) appeared to have been established in the last 40 years
(after 1980) and eight were clearly established within the last 25 years
(i.e. after 1998; Table 1). This short time span does not seem to have hin-
dered phenotypic differentiation, and we found significant differences
between cultivated and feral populations in total (in-shell) weight and
volume, endocarp resistance and density, and in all sets of comparisons.
Seed weight differed significantly between types when considering all
populations and in the case of the six populations used in the genetic
characterizations. However, it did not differ significantly between types
when we limited the analyses to the four populations and orchards
that were identified as sister groups in the phylogenetic tree (Table S3;
Figure 3). Although in all cases there was also a significant effect of the
population and, therefore, differences within each type should not be

Genotype

o
™

25
1

Sk/sk Sk/Sk Crop Feral

Population type

disregarded, consistent trends were apparent. Feral almonds had lower
weight and volume both in-shell and as naked seeds and endocarps with
higher density and resistance. Toxicity differences between cultivation
types were also highly significant. The average cyanide content was very

significantly higher in feral almonds (Figure 3; Table S3).

4.3 | Inference of natural selection in feral almonds
Pst versus Fst comparisons indicated that the phenotypic divergence
observed is consistent with the effects of directional selection. The
average Fst obtained for neutral markers was 0.128 (95% CI 0.114 -
0.140). This value was clearly lower than Pst for any ¢/h? > 0.2 in the
three traits analysed (endocarp resistance, seed weight and toxicity).
Moreover, in two of the traits (endocarp resistance and seed weight)
Pst = Fst only for c/h? = O (Figure 4). In other words, the additive
genetic effects across populations should be <20% of the additive
genetic effects within populations for Pst < Fst. Furthermore, the
Pst confidence intervals for the neutral hypothesis ¢ = h? obtained
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by bootstrapping were clearly higher than Fst in all three traits, es-
pecially in the case of seed weight (PstEndocarp Resistance = 0-668 [95%
Cl = 0.587-0.793]; Pstsecq weign: = 0-948 [95% Cl = 0.943-0.956];
Pstcyanide content = 0-463 [95% Cl = 0.403-0.727]; Figure 4).

5 | DISCUSSION

According to our genetic analyses, neutral divergence between culti-
vated and feral populations is relatively limited. Conversely, feralization
involves significant functional differentiation. Results demonstrate
clear phenotypic divergence in several fruit and seed traits. These
phenotypic shifts may have taken place over the span of few (likely
<4) generations. The contrast between genomic and phenotypic di-
vergence supports the presence of strong directional selection acting

on certain fruit and/or seed traits during almond naturalization.
5.1 | Genetic diversity and structure of almond
populations in SE Spain

The limited genetic differentiation in neutral markers (SSR) between
cultivated and feral populations stands out against the marked

differentiation in the frequency of the (functional) Sk allele observed
between types. Neutral genetic diversity was high at both inter- and
intra-populational levels, which is consistent with the reproductive
characteristics of the almond (self-incompatible and insect pollinated;
Hamrick & Godt, 1996; Tamura et al., 2000). We found that these
differences between and within populations are highly significant and
account for the majority of observed genetic variance. On the other
hand, differences between domesticated and feral types, albeit sig-
nificant, were much lower. Conversely, the allelic frequencies of the
dominant and recessive alleles of the seed toxicity marker (Sk) dif-
fered significantly between types. Orchards had a much lower propor-
tion of recessive homozygotes (the putatively cyanogenic genotypes;
Heppner, 1923, 1926; Sanchez-Pérez et al., 2008) and heterozygotes
than their feral counterparts. The contrast between neutral and func-
tional differentiation seems to indicate that naturalization involves
a process of strong selection on at least certain seed traits (Messer
etal., 2016).

5.2 | Origin of feral almond populations

Most feral almond populations were reckoned to be relatively
young. According to photogrammetric data, the majority of
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populations (17 out of 24) did not exist 40 years ago. Consequently,
divergence must have occurred over very few generations, prob-
ably <4 (assuming an average of 10 years from seed to seed, rather
fast for trees; Petit & Hampe, 2006). It is unclear why feral (wild)
almond populations have not been scientifically described until
recently, in spite of the fact that feral trees are relatively frequent
in SE Iberia and that natural populations could be a potentially im-
portant genetic resource for a valuable crop (Gering et al., 2019).
A possible explanation, supported by the young age of our studied
populations, is that these groves were not so common historically
and represent a relatively novel feature. A series of coincidental
conditions occur presently that may be facilitating the feraliza-
tion of almonds. The surface covered by almond orchards has
been spreading over the last decades in Spain (from ~564,000 ha
in 1980 to >657,000 ha in 2018; MAPAMA, 2019). However, this
increase in the total area occupied by P. dulcis comprises two con-
current but clearly different phenomena. New plantations tend to
be located in highly productive, irrigated areas, while mountain
and marginal orchards (almond has traditionally been cultivated on
marginal soils of hillslopes; van Wesemael et al., 2006) have been
abandoned at a steep pace, but are still standing in many cases
(MAPAMA, 2019). The combination of increased gene and prop-
agule pools and areas available to colonization might have cre-
ated the perfect conditions for the spread of almonds into natural

communities.

5.3 | Phenotypic divergence in the
naturalization of the almond tree: morphological and
biochemical traits

In spite of the lack of genetic differentiation between cultivated and
feral P. dulcis populations and the recent origin of the later, our re-
sults demonstrated significant phenotypic differences between the
two types. Some of these differences might be plastic, driven by
ecological conditions and crop management practices like pruning
and fertilization. Also, variation among populations of each type was
significant, which might indicate that phenotypic patterns ultimately
depend on local conditions, not only on whether almonds come from
orchards or natural populations. Nevertheless, we observed signifi-
cant and consistent divergence in traits that are highly heritable and
with a very narrow genetic basis. Variation in kernel density/resist-
ance and seed toxicity and weight are likely to be higher among than
within genotypes (Pavan et al., 2021; Sanchez-Pérez et al., 2007,
2019).

Selection under cultivation has led to a wide range of almond
endocarp resistance (hardness), from paper-thin to stone-hard va-
rieties (Fornés-Comas et al., 2019). Our results are consistent with
this variability; we measured cultivated almonds with cracking loads
ranging from approximately 70 N to 1700 N, comparable to those
observed in feral almonds. However, average resistance in the latter

was significantly higher. We also observed significant differences
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in the volume and mass of almonds in-shell. Almonds produced by
feral trees had a lower volume although this did not correlate with
a smaller in-shell weight, which was in fact slightly higher for feral
almonds. Paradoxically, these same almonds tended to have lighter
seeds than their cultivated counterparts. These differences were
likely caused by a higher proportion of endocarp (i.e. shell). In other
words, feral almond trees produced smaller kernels and seeds, but
denser, more resistant endocarps. It is possible that these changes
are a consequence of predator-induced selection, and that more
compact, harder shells provide defence against post-dispersal
predation (Fornés-Comas et al., 2019; Vander Wall & Beck, 2012;
Vander Wall et al., 2019).

Predators/dispersers might also be fostering a reduction of seed
size in feral almonds. However, the adaptive value of this trait and,
therefore, the extent of the selective pressures acting on it may be
highly variable depending on local conditions. Since they can imply a
larger reward for the animal, larger, heavier seeds might be favoured
and more likely to be dispersed and cached. However, survival
after dispersal is not guaranteed (Gomez et al., 2019; Schupp et al.,
2019) as cached seeds with larger nutritional might be consumed
first (Gomez, 2004; Kuprewicz & Garcia-Robledo, 2019; Perea et al.,
2016). Moreover, there are numerous examples of smaller seeds or
intermediate sized seeds being preferentially dispersed and cached
(Gomez et al., 2019; Schupp et al., 2019). In addition, survival in
caches can be greater for smaller seeds, for larger seeds, or be unaf-
fected by seed size (Schupp et al., 2019). Furthermore, it is important
to consider that the evolution of seed size is ultimately the net result
of interactions between various selective factors, the relative im-
portance of which can vary depending on local conditions (Kitajima
& Fenner, 2000; Lazaro & Traveset, 2009; Schupp et al., 2019). In
the case of the almond, one element that is likely to influence local
outcomes is the genetic makeup of the local (cultivated) almond
population, which might lead to differences in seed size among feral
stands. According to our results, population differences within types
are highly significant in every case, while differences among types
were only apparent when considering a large sample. Our interpre-
tation is that, even though selection may favour a general reduction
in seed size under natural conditions, the enormous genetic variation
for seed size among almond cultigens coupled with heterogeneity in
local selective dynamics can result in complex patterns.

Cyanide content of feral almonds was much higher than that of
the kernels collected in orchards and correlated with the increase
in the frequency of the recessive allele sk. However, cyanide con-
tent did not behave as a simple Mendelian character and exhibited
continuous values, ranging from dominant homozygotes that con-
tain undetectable amounts to sk/sk almonds that have up to 5 mg/g.
Heterozygotes (Sk/sk) in particular seem to produce highly variable
amounts of cyanide. Although cultivated almonds are all sweet
(Ladizinsky, 1999), many of them are heterozygotes. Moreover, re-
cessive homozygotes can be found in cultivated orchards, used as
‘wildtype’ rootstocks, which occasionally flower and bear fruit, par-
ticularly in old and abandoned (or semi-abandoned) orchards (Rubio-
Cabetas, 2016) which can foster the appearance of cyanogenic

genotypes in naturalized populations. These might be recessive
homozygotes sk/sk but also, according to our results, occasionally
heterozygotes.

The increase in toxicity associated with feralization might be
adaptive at different stages. First, toxicity could favour dispersal
and decrease post-dispersal predation, either of the seeds or seed-
lings (Beckman et al., 2019; Sdnchez-Pérez et al., 2008). Additionally,
bitter genotypes might use amygdalin as a source of nitrogen during
the initial phases of growth (Gleadow & Woodrow, 2002; Sanchez-
Pérez et al., 2008). With the available data, we cannot determine
whether the preponderance of cyanogenic individuals in naturalized
populations is due to processes that take place during the seed stage
or later on.

5.4 | Feralization and phenotypic evolution
in almond

Our comparisons of neutral (Fst) and quantitative (Pst) genetic
differentiation support the idea that directional selection acts on
at least three traits during feralization: endocarp resistance, and
seed weight and toxicity. The estimated values of genetic differ-
entiation (Pst) for these three traits were notably higher than the
average value observed in neutral markers (Fst), independently of
interpopulational genetic variation and heritability (as estimated
by varying values of c¢/h?). Although we cannot precisely quan-
tify the variance caused by environmental differences between
individuals and populations, these three traits are highly herit-
able (i.e. they have very high h?). Two of them—endocarp density
and toxicity—are considered monogenic (Dicenta et al.,, 1993;
Sanchez-Pérez et al., 2007; Spiegel-Roy & Kochba, 1981) while re-
cent results by Pavan et al. (2021) indicate that seed weight also
has a very narrow genetic basis. However, given the wide genetic
diversity across populations and the high genetic and phenotypic
diversity of cultivated almonds (Fornés-Comas et al., 2019; Halasz
et al., 2019; Socias i Company & Felipe, 1992), genetic variance for
all traits (i.e. the parameter c) is also expected to be significant. We
detected a large proportion of heterozygotes for cyanide content
in cultivated populations, and as mentioned above, kernel density/
resistance and seed weight varied significantly across popula-
tions independent of type. Therefore, it seems reasonable to as-
sume that the actual ratio of intra- and inter-population genetic
variances c/h? is relatively high (i.e. ~1) or at least clearly differ-
ent from zero. Under these circumstances, the most parsimoni-
ous explanation for the differences we observed in these traits
are processes of directional selection (Brommer, 2011). However,
we believe that further investigations are necessary to prove the
existence of these selective dynamics. More exhaustive genetic
analyses, including genomic data from multiple individuals and
populations, will be needed to corroborate whether feralization
entails selective sweeps on specific genetic regions.

In light of the results described here, it is also unavoidable to
wonder what role dispersers are playing in this process. Synzoochory
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strikes a delicate balance between mutualism and antagonism, since
the animals that act as seed dispersers are, simultaneously, seed
predators (Gémez et al., 2019). It is possible that the traits under
selection in feral populations involve a compromise between ensur-
ing seed dispersal and survival (Fricke & Wright, 2016; Patton et al.,
1997; Vander Wall & Beck, 2012). However, at this stage, we lack
evidence of the mechanisms driving this selective process.

Further research is also necessary to clarify the potential role
of pre-existing isolated feral trees in the emergence of the novel,
phenotypically different populations. Our sampling prioritized nat-
uralized populations in abandoned areas near cultivated almond
orchards, which were predicted to be the most probable source of
pollen and seeds. Our genetic results showed that although this was
indeed a plausible scenario in most cases, it did not fit the results for
(at least) two of the pairs of orchard-feral populations considered.
This indicates that the feral genomes might have a strong imprint
from other sources. It is possible that selection during feralization
may have been facilitated by admixture with pre-existing semi-wild
individuals. These have been traditionally tolerated and even occa-
sionally planted along field edges for different purposes (Ibancos
Nunez & Rodriguez Franco, 2010; Ruiz de la Torre, 2006). Future
studies could elucidate the relative contribution of these marginal
trees to the evolution during naturalization of almonds.

6 | CONCLUSIONS

The results of this study reveal a pattern of genetic and phenotypic
divergence in feral almond populations. This divergence is consistent
with an evolutionary process potentially mediated by biotic dispersal
agents. Our findings appear to indicate that during naturalization in
the Iberian Peninsula, the fruits and seeds of Prunus dulcis are under
strong directional selection that favours smaller and more toxic

seeds encased in harder endocarps.
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