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Abstract

t Background and Aims This study presents the results of the first extensive sampling and
systematic genetic analysis of ancient chestnut trees in Italy and the Iberian Peninsula in order
to better understand the effect of grafting on the domestication process on chestnut from the
earliest origins of clonally propagated European chestnut trees (Castanea sativa Mill.) and to
investigate the impact of early selection and improvement process on the genetic diversity
retained.

t Methods We have evaluated 105 giant trees from Italy, Spain and Portugal. They were
compared with the EU database of chestnut cultivars (Pereira-Lorenzo et al., 2017) by using a
set of 24 SSRs. We have measured the circumference (girth) at the diameter at breast height
(dbh). Samples from both the canopy and the roots of each tree were analysed to distinguish
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which trees were self-rooted and which were grafted. Diversity was compared using standard
metrics and model-based approaches based on expected heterozygosity (He) at equilibrium.

T Key Results We could differentiate 91 new genotypes, from which only 9.6% matched known
chestnut cultivars. We found the first evidences of cultivation, meaning grafting to produce
“instant domestication” with unknown cultivars in Galicia and in the Douro Valley in trees of 14
m of perimeter (XV century) and in Basque Country (first report in that area) in a tree of 11.5 m
of circumference (XVI century). In Italy, cultivar ‘Marrone Fiorentino’ was found in some giant
trees between 8 and 9 m of perimeter (XVII-XVIII centuries) in Toscana and Umbria. Those
findings matched with written references in Portugal XVI century in Portugal (Fernandes, 2012)
and later on in the XVIII century in Spain (Sarmiento, 1986).

T Conclusions “Instant domestication” from wild could be dated after XV century and it was
related to the wild populations existing in the same areas where cultivars are being propagated,
without a different genetic structure for wild chestnut trees and with a high diversity maintained
through the initiation of domestication.

Key words: Castanea sativa, wild chestnut, traditional cultivars, microsatellite markers,
domestication, bottleneck.

Introduction

Large old trees are key structures that provide various ecological functions in many different
environments, having major influence on hydrological regimes, nutrient cycles and distribution
and abundance of populations of their own or other species (Lindenmayer et al. 2012).
Moreover, the studies on centennial trees can be useful for interpreting the history of the
species which is not only due to biological and environmental causes but also can be the result
of anthropogenic drivers. In this context studying the genetic variability of ancient trees of
domesticated species can give insights to reconstruct the domestication history of species.
Domestication is a conscious or unconscious sampling and selection of the wild to selective
propagate lineages with agronomical traits (Gross et al., 2014), which produces produces
bottlenecks, with alleles fixed or lost at chance with the result in genetic changes that can be
neutral or produce genetic and phenotypic differentiation of the crop from the wild relative,
different to the one produced by directed selection.

European chestnut (Castanea sativa Mill.) is present in southern Europe as wild and cultivated.
The first evidence of active chestnut cultivation is located in the eastern part of European range
(Anatolian Peninsula, Northeastern Greece and Southeastern Bulgaria) in the third millennium
before Christ (Conedera et al., 2004; Pereira-Lorenzo et al., 2012), being the Greeks first and the
Romans later who diffused the chestnut to the west (Conedera et al., 2004). In the Middle Ages
the cultivation of chestnut for timber and nut production was a common component of the
traditional farming system in the areas where it is cultivated nowadays. Like other perennial
crops, chestnut is clonally propagated, and many historical cultivars recorded in the literature
as early as the XVI century in Portugal (Fernandes, 2012) and in the XVIII century in Spain
(Sarmiento, 1986) still exist as orchard trees.



Giant trees can be a reservoir of genetic diversity as it was demonstrated in olive (Diez et al.,
2011), being some of them unknown traditional cultivars that remained uncharacterized, and
representing early stages in the cultivation processes, supporting the existence of several
multilocal selection events in olive as it was demonstrating previously on chestnut (Pereira-
Lorenzo et al., 2011).

This study presents the results of the first extensive sampling and systematic genetic analysis of
ancient chestnut trees in Italy and the Iberian Peninsula. In a previous study, most of the
cultivars from southern Europe (mostly Italy and Spain) were compared by using a common set
of SRRs to report the first European database (Pereira-Lorenzo et al., 2017) with two different
genetic backgrounds, one in Italy and a second one in the Iberian Peninsula. The main objective
of this study was to evaluate chestnut giant trees from Italy and the Iberian Peninsula and to
compare them with the genotypes of the European database in order to enhance our knowledge
about the cultivation process and the impact of the giant trees on the genetic diversity in the
European chestnut.

Material and Methods

Plant Material

We have collected a total of 102 giant trees; 84 from Spain, 16 from Italy and 2 from Portugal
(Table S1, Figure S1). Only for 3 Spanish and 1 Italian trees the morphometric measures are
notreported.

More than one sample was collected per tree, when it was possible, including at least one from
shoots and from sprouts at the base of the trunk, and one over 1.50 m of the ground, to evaluate
if they were grafted or not. For those giant trees with more than one trunk, each one was
sampled independently. A total of 238 samples were collected from giant trees (Table S1).

We measured the circumference (girth) at breast height (dbh) of 1.30m. The putative age of the
chestnut trees was estimated considering an annual slow ring growth of 0.4 cm (Fonti, 2002;
Fonti and Sell, 2003). This putative range of growth is in validate considering the measures of
the giant tree “Sietepernadas” which was planted in 1518 in Tenerife, Canary Islands(Pereira-
Lorenzo et al., 2009).

Methods

Genetic analyses

A set of 24 SSR markers developed in C. sativa (Buck et al., 2003; Marinoni et al., 2003; Gobbin
et al., 2007), or in Quercus (Steinkellner et al., 1997; Kampfer et al., 1998), were used for the
analysis (Table S2). Methods are described by Pereira-Lorenzo et al. (2017).

We have evaluated separately the crown and the shoots from the base of the trunk when it was
possible (Figure S2), finding two different situations: i) when they presented the same genotype,
they were considered as wild,; i) when they showed different genetic profiles, they were grafted
and we differentiated the cultivar (crown) from the base (rootstock). Those genotypes were



compared to the genotypes of the EU database of chestnut cultivars (Pereira-Lorenzo et al.,
2017).

A Bayesian analysis was performed with the STRUCTURE software (Pritchard et al., 2000) by
using the admixture model with unlinked loci and correlated allele frequencies as defined in
Pereira-Lorenzo et al. (2010) and Porras-Hurtado et al. (2013), recommending a minimum of 20
iterations to estimate the ancestry membership proportions of a population. We computed K =
1 to 15 unknown RPPs (reconstructed panmictic populations) of genotypes with the options use
popinfo = 0, popflag = 0, which considers that the sampled genotypes were of unidentified
origin, assigning them probabilistically to RPPs based on a g/ (probability of membership) of 80%,
while a lower probability meant an admixed genotype. The second order change of the
likelihood function divided by the standard deviation of the likelihood (AK) was also estimated
to find the best K value supported by the data (Evanno et al., 2005) by using Structure Harvester
(Earl and Vonholdt, 2012).

Measures of expected (He) and observed heterozygosity (Ho) were estimated by using GenAlEx
program (Peakall and Smouse, 2006) and inbreeding coefficient (Fis) (Weir and Cockerham,
1984) was calculated in the program GENODIVE (Meirmans and Van Tienderen, 2004). Measures
of allelic richness (the mean number of distinct alleles per locus in a standardized sample size,
Ar) were calculated using FSTAT (Goudet, 2001). Tests for recent bottlenecks, based on an excess
of heterozygotes compared with the expected frequency under equilibrium H.were conducted
in the program BOTTLENECK (Cornuet and Luikart, 1996), simulated using the recommended
two-phase model with 95% single-step mutations and 5% multiple-step mutations and a
variance among multiple steps of 15 ( (Piry et al., 1999).Sign test, standardized differences test
and Wilcoxon sign rank test were performed under three different mutation models, infinite
alleles model (IAM), stepwise mutation model (SMM), and two-phase model (TPM). 1AM
assumes that a mutation can involve any number of tandem repeats resulting in a new allele
state in a population. SMM considers that, by insertion or deletion, a mutation can result in a
change in one repeat unit, and implies that two alleles differing by one repeat are more closely
related than alleles that differ by many repeats. Both models of mutation (SMM and IAM) cannot
be appropriate for those loci. Therefore, there is and intermediate model between IAM and
SMM (Di Rienzo et al., 1994) called the TPM. Furthermore, a qualitative test of mode shift was
performed to evaluate the frequency distribution of alleles at different microsatellite loci using
Bottleneck program (Piry et al., 1999; Ganapathi et al., 2012).

Diversity through time, taking into account different perimeters of the giant trees, was
compared based on expected heterozygosity (He) at equilibrium as reported by Gross et al.
(2014). Giant trees were classified in groups according to the perimeter of the trunk: i) 11-22 m
(29 genotypes); ii) 8-10 m (39 genotypes); and iii) 4-7 m (30 genotypes). We have used the gene
diversity He from wild trees (checked as wild comparing the crown with the base of the trunk)
to compare with gene diversity He in RPPs and with different groups according to the perimeter
of the trunks, by determining the diversity retained in % (Gross et al., 2014).



Results

Based on the results obtained with 24 SSRs, we differentiated 102 genotypes in this study, 98 of
them corresponding to giant trees and 4 more without data of their perimeter (Tables 1 and S1).
11 genotypes (20 samples) from giant trees out of the 102 genotypes were coincident with 11
cultivars in the EU database. Therefore, we could differentiate 91 new genotypes in this study
(175 samples, Table S1) when we compared them with those 123 genotypes reported in the EU
database (without hybrids).

Diameters of the giant trees and grafting

Minimum perimeter recorded was 3.8 cm in the Basque Country (Spain) and the maximum were
respectively in Sicily (Italy) with 22.0 m for the well-known ‘Cento Cavalli’ (the total collar
circumference is 57.0 m) and close with 19.0 m in Avila (Spain) (Tables 1 and S1). The giant tree
‘Cento Cavalli’ was a unique genotype on the crown (three samples from the upper part of the
crown were tested and showed the same genotype though no shoots from the root could be
checked), and they are part from an existing base of 57.0 m of perimeter. The widest giant tree
in Spain is named ‘El Abuelo’ from El Tiemblo (Avila), with 19.0 m of perimeter and classified as
wild. Two trees with (13.9 and 14.4 m of perimeter), previously reported as ‘Amarelante’ and
‘Campano’ in the EU database of chestnut cultivars (Pereira-Lorenzo et al., 2017), were checked
with the shoots from the base of the trunk and they showed the same genotype than in the
crown.

We found 29 giant trees (72 samples) with a range of perimeter between 11 and 22 m whith an
average of 13.8m, 39 between (98 samples) 8 and 10 m (62 samples) with an average of 8.8m,
and 30 between 4 and 7 m with an average of 6.2m (Table 1). Among all these trees only nine
genotypes presented circumferences over 15 m, three from Italy and six from Spain.

Grafting was firstly found in one giant tree in southern Galicia with 14.8 m of perimeter. In
northern Portugal we found a grafted tree with a perimeter of 13.5 m (Table S1). Both of them
were unreported or unknown cultivars. In the Basque Country we have found an unknown
grafted cultivar in a giant tree of 11.5 m of perimeter, which crown samples had a different
genotypes than the samples of the base of the trunk; this unknown cultivar was found in two
more other trees from the Basque Country with 4.6 m of perimeter, both without shoots from
the base of the trunk. Six more Spanish giant trees were grafted, which were unidentified
cultivars; one from Castilla-Ledn, and five from Galicia.

The oldest giant tree grafted with a known cultivar, the rare cv. ‘Lebre’ (Pereira-Lorenzo et al.,
2006, 2011), was found in Galicia with 11.2 m of perimeter. The cv. ‘Courela’ was found in a tree
with a 10.1 m of perimeter without shoots from the crown to check if it was grafted. ‘Rapada’
was also another reported cv. found in a grafted tree of 10 m of perimeter in Galicia, with
another unknown graft over the same rootstock. ‘Negral’, a relevant cultivar in Galicia, was
found in a grafted giant tree with 9.2 m of circumference. In Extremadura (central Iberian
Peninsula), we found cv. ‘Verata’ grafted in a tree with 8.2 m of perimeter. Some other reported
cultivars found were ‘Luguesa’ (7.0 m of perimeter), and ‘Parede’ (5.7 m of perimeter) in
northwestern Spain.



In Italy, the first cultivar found was ‘Marrone Fiorentino’ in a tree with 8.5 m of perimeter
without shoots from the base of the trunk to check if it was grafted and in three more grafted
trees with 8 m of perimeter, one out of them in Umbria with a base of 16.7 m.

A total of 55 giant trees were checked to be wild (same genotype from the base of the trunk and
the upper part). Wild giant trees have a perimeter varying from 3.8 to 19.0 m (9.3 m on average).
Cultivated giant trees (135) varied from 5.7 to 14.8 m (10.6 m on average). Finally, 27 giant trees
could not be checked with the sample from the base of the trunk (not sprouts).

Putative age of the giant trees

If we consider 0.40 cm of average growth for every tree, we have that the biggest chestnut tree
reported for chestnut (‘Cento Cavalli’) with 22.0 m of perimeter (same genotype than two more
other trunks from a crown of 57.0 m) was from 1141 (Tables 1 and S1). But if we reduced the
annual growth of the rings to a minimum of 0.15 cm, for example, the tree came from 252 BC.
Moreover, the crown is 57 m perimeter, which means that this Sicilian chestnut tree could have
more than 2000 years old for 0.4 cm, 6000 for 0.15 cm and over 9000 for 0.10 cm of the growth
of the annual rings, respectively.

First grafted giant trees with unknown cultivars had 14 m of circumference (one tree in Galicia
and a second one in the Douro Valley), which were from 1479 for an average of 0.40 cm of the
growth of the annual rings, and 584 from an average of 0.15 cm.

The first reported cultivar ‘Lebre’ was found in a grafted giant tree of 11.2 cm of perimeter and
it could be from 1570 for 0.40 cm as an average of the annual growth of the ring, and 828 for
0.15 cm. Moreover, ‘Rapada’ and ‘Coureld’, grafted on trees of 10 and 10.1 m of perimeter,
could be originated around 1600 considering 0.40 cm or in 944-955 for 0.15 cm. Consequently,
‘Negral’ could be dated on 1652 or 1945, respectively.

In Italy, ‘Marrone Fiorentino’ was found in a tree with a circumference of 8.5 cm, which
corresponded to 1662 for 0.4 cm and 1061.

Structure and geographical distribution of giant trees in southern

Europe

For the 98 genotypes differentiated among the giant trees, the most likely number of clusters
considering those 18 SSRs without null alleles (Figure S3, Table S1), according to the AK criterion
(Figure S3), gave the highest value for K= 2 and 3 and, in a second order, K = 5. For K =2, 52
genotypes only from the Iberian Peninsula were in RPP1, and 28 were in RPP2, including 12 from
Italy and 16 from Spain (Galicia, Castilla-Leon, Vasque Country and Andalusia). Finally, 18 more
genotypes were admixed. When K=3, two groups were distinguished in RPP1, one including cvs.
‘Parede’, ‘Lebre’ and ‘Rapada’, all of them from Galicia; and a second one grouping cvs.
‘Amarelante’ and ‘Verata from Galicia and Extremadura, respectively.

When we analysed the giant trees with the EU chestnut database (Pereira-Lorenzo et al., 2017),
with a total of 214 genotypes, the most likely number of clusters gave the highest value for K =
2 (Figure S3). Considering structure for K = 2, 144 genotypes were grouped with a g/ > 80%
(67.3%), two RPPs were thus identified, RRP1 grouping cultivars from the lberian Peninsula and



Canary Islands (90), and RPP2 those cultivars (54) from lItaly (28), Spain (22), France (4). There
were 70 admixed genotypes (Figure 1, Tables 1 and S1).

We also tested K = 4, in which Spanish cultivars were separated in three different groups (RPP13a,
b and c). This second level of sub-structure classified 106 genotypes (227 accessions) with a g/>
80% (50.0%) (Figure 1, Tables 1 and S1). RPP1a included mainly genotypes (24) from Central
Spain related to the most important cultivar in the Iberian Peninsula ‘Longal’ and the main
cultivar ‘Verata’ found in a giant tree of 8.2 m of perimeter. RPP1b related 22 genotypes from
northern Spain, mainly Asturias but also from Cantabria, Basque Country, Castilla-Leén and
Galicia, with the main cultivar ‘Parede’ found in a giant tree of 5.7 m of circumference. RPP1c
included genotypes (20) from Galicia (northwestern Spain), with the cultivars ‘Lebre' and
'Rapada’ found in two giant trees with 11 and 10 m of perimeter, respectively. RRP2 separated
Italian cultivars (25), 13 Spanish cultivars (one from the North, 5 from Extremadura and seven
from the South), and two French cultivars (‘Marron Comballe’ and ‘Camberoune’) with two
relevant cultivars found in giant trees, one ‘Marrone Fiorentino' Umbria (Italy) in a tree of 8.8 m
of perimeter and a second one 'Luguesa' from Galicia (Spain) in a tree of 7 m of perimeter.
Finally, a total of 70 genotypes were admixed when K = 2 and 108 when K = 4. Among the
admixed genotypes were found two cultivars in giant trees from Galicia (northwestern Spain),
‘Coureld’ in a giant tree of 10.1 m of perimeter, and a second one 'Negral' in a giant tree of 9.2
m of circumference. Most of the admixed trees were found in Spain (66 when K =2 and 98 when
K =4). Wild trees (confirmed the same genotype from the crown and the base of the trunk) were
distributed in every RPP and admixed (they were only from Spain for K = 2 and K = 4) (Figure 1,
Tables 1 and S1).

Giant trees for the two main RPPs when K = 2 varied on perimeter from 4.0 to 15.9 m (average
9.3 m) for RPP1 (Iberian Peninsula), from 6.3 to 22 m (average 9.9 m) for RPP2 (mainly Italian
group) and 3.8 to 19.0 m (average 9.4 m) for admixed; with a minimum age for an annual growth
of the ring of 0.4 cm of the RPP1 in 1384, RPP2 in 1141 and 1260 for the admixed.

Giant trees for the four main RPPs when K = 4 varied on perimeter from 8.2 to 13.5 m (average
10.3 m) for RPP1a, from 4.6 to 12.5 m (average 8.2 m) for RPP1b, from 5.7 to 14.8 m (average
9.8 m) for RPP1c, from 6.3 to 22.0 m (average 9.3 m) for RPP2, and 3.8 to 20.0 m (average 9.6
m) for admixed; with a minimum age for an annual growth of the ring of 0.4 cm of the RPP1ain
1479, RPP1b in 1517, RPP1cin 1427, RPP2 in 1141 and 1220 for the admixed.

The results obtained with STRUCTURE for K = 2 were confirmed by the representation of PCoA
analysis and the Neighbor-joining (NJ) tree based on a genetic distance matrix using DARwin
6.0.010 software, similarly as it happened in a previous study of European chestnuts (Pereira-
Lorenzo et al., 2017) (Figure 2). Moreover, in this study it is noticed the fixation of genotypes by
grafting or “instant domestication” defined by Harris et al. (2002) in both RPPs from wild trees,
some of them of the same ages as the cultivars cultivated nowadays, such as “Lebre” with a
circumference of 11.2 m in RPP1 and ‘Marrone Fiorentino’ with 8.5 cm in RPP2.

Biggest giant grafted trees (unknown) with 14.8 m of circumference was one admixed from
Galicia, Spain, and one from the Douro Valley (Portugal) in RPP1 with 13.5 m. With 15 m and
over we found seven giant trees, one in RPP1 (Cantabria, Spain), four in RPP2 (three from Italy
in Sicily and Umbria and one from Andalucia, Spain) and two admixed (Castilla-Ledn, Spain).



Most of the admixed trees, including giant trees were in between RPP1 and RPP2 (Figure 2 AFC),
indicating they could be originated from both groups, considering the old introgressions of
Italian genotypes in the lberian Peninsula (22 Spanish genotypes were grouped in RPP2). In this
study, oldest giant trees admixed were found in Castilla-Ledn (15.4 and 19.0 m of perimeter).

The pairwise FST values among STRUCTURE clusters was 0.068 (P < 0.001) among the Iberian
Peninsula cultivar cluster (RPP1) and the Italian cultivar cluster (RPP2), 0.019 (P < 0.001)
between admixed cultivars and RPP1 and 0.027 (P < 0.001) between admixed cultivars and RPP2
(Table S3). At the substructure level, a maximum FST value of 0.153 (P < 0.001), was obtained
between RPP1c (north-western Spain, Galicia) and central-southern Spain (RPP1a); and lower
between northern Spain (RPP1b) and central-southern Spain (RPP1c) with 0.112 (P < 0.001); and
close to 0.103 (P < 0.001) between northern Spain (RPP1b) and Italy-France (RPP2). All RPPs
showed values with admixed of 0.05 and lower. The pairwise FST value between wild and
cultivated was of 0.008 (P < 0.001) (Table S4).

Chestnut diversity and domestication through time

We have used the gene diversity He = 0.685 from wild trees (checked as wild comparing the
crown with the base of the trunk, including rootstocks) to compare with gene diversity and, we
found out that RPP1 retained 94.5% of the diversity and RPP2 99.6% for K =2, with a 100.9% in
the admixed (Table 2). When K =4, a minimum of the 84.4% of the diversity retained was found
in RPP1b (‘Parede’ group), followed for the 100% in RPP1a (‘Verata’ group), 101.7% in RPP1c
(‘Lebre’ group), 102.6% for RPP2 (‘Marrone Fiorentino’ group), and with 97.8% in the admixed.

For ranges of perimeters, the biggest giant trees (11-22 m) retained 98.5% of the diversity, giant
trees between 8-10 m the 100.7%, the giant trees between 4-7 m the 97.1%, meanwhile those
chestnut trees without any information about the perimeter retained the 98.4%. Finally,
cultivated trees (we excluded those that could not be checked with the base of the trunk)
retained the 98.5% of the diversity respecting the wild chestnut trees.

Allelic richness showed a slightly different pattern, depending on the groups evaluated, with a
slight increase on the cultivated group respecting to the wild chestnut group, very stable average
number in the different groups of chestnut trees classified by the perimeter of the trunk.
Average was also stable for RPPs when K = 2 and 4 for 24 SSRs (all loci included) and lower in
RPP1 and higher in RPP2 for 18 SSRs (those without deviations due to null alleles).

In order to test the mutation drift equilibrium in RPPs for K = 2 and K =4, giant trees classified
for perimeters, and cultivated and wild chestnut trees using multilocus genotypic data, three
mutation models of microsatellite evolution were assumed, viz., IAM, TPM, and SMM (Table S5).
The results of sign test showed, in general, a higher number of loci with He excess only under
IAM, and the contrary for TPM and SMM. Thus, sign test revealed significant heterozygosity
excess (P<0.05) indicating the deviation of chestnut groups from mutation drift equilibrium
under IAM of microsatellite evolution. Standardized differences tests were performed by
comparing the calculated T2 statistics (the differences between observed and expected gene
diversities divided by standard deviation of the corresponding distributions of gene diversities),
which were, in general, significantly positive (P<0.01) under IAM and significantly negative in
chestnut giant trees classified by the perimeter and cultivated versus wild chestnut trees for
TPM and SMM. Finally, the one-tail Wilcoxon sign rank test for gene diversity excess revealed



significant deviation (P<0.01) of the different chestnut groups from mutation drift equilibrium
under IAM and never under TPM and SMM.

Furthermore, tests for mode shift in frequency distribution of different alleles, a qualitative
method for detection of genetic bottleneck, were performed for different RPPs, chestnut groups
classified by perimeters and cultivated vs. wild trees (Figure S4). In non bottlenecked
populations, a large proportion of rare alleles are expected, meanwhile in bottleneck events rare
alleles to become less abundant in the population than alleles with intermediate frequencies. In
such cases, the plotting of proportion of different alleles against allele frequency classes will
cause mode shift from the normal L-shaped distribution. In the present study, the normal L-
shaped distribution was present in RPPs for K =2 and K = 4, in groups of giant trees classified by
perimeters (meaning different times) and cultivated vs. wild trees, suggesting not bottleneck
events.

Discussion

When cultivation begun in chestnut culture

In this study, we could relate wild chestnut trees and cultivars in the same areas where they
were originated, and differently to olive (Diez et al., 2011), in which the origin of olive cultivars
is still uncertain. 135 ancient olive trees classified according to their trunk diameter between 0.6
m (1.9 m of perimeter) to a maximum of 2.72 m (8.5 m of perimeter) revealed 10 known cultivars
(9.6%), meanwhile in chestnut giant trees from 3.8 m to 22 m of perimeter we identified 11
cultivars (11.2%). Some unknown cultivars were found in olive giant trees as in our chestnut
study. The percentage of grafted trees was higher among the olive trees with the largest trunk
diameter, which suggests that this technique was used more frequently in the past to convert
pre-existing wild olives into cultivated ones. On chestnut, grafting is compulsory for propagating
cultivars due to the difficulty of self-rooting (Pereira-Lorenzo et al., 2012) and the biggest grafted
tree had 14.8 m of perimeter (year 1427), but the percentage of grafted trees varied from 38.5%
between 8-10m up to 50-52% for both 4-7 m and 11-22 m of perimeter, respectively. Even
though grafting, described as ‘instant domestication’, was developed 3800 years ago (Harris et
al., 2002), in our study it seems that it occurred in the XV century in the lberian Peninsula and in
the XVII century in Italy, which it does not match with the spread of the cultivation from the East
to the West, which can be due to the lost of many giant trees due to pest and diseases, which
firstly affect in the Eastern Europe (Pereira-Lorenzo et al., 2012). In other perennial crop tree as
apple, the first cultivars were cited in 1200s (Gross et al., 2014), but apple tree lifespan is not
long enough to certainly know if cultivars cited and that time correspond with genotype
conserved in germplasm banks. In olive, the existence of several multilocal selection events was
proposed based on molecular studies (Claros et al., 2000; Besnard et al., 2001), supported by
the huge diversity of different clonally propagated cultivars and the presence of the wild olive
the ancestor of the cultivated olive. On chestnut, locally selection of cultivars was found in the
Iberian Peninsula identifying the origin of the main cultivars (Pereira-Lorenzo et al., 2010, 2011).

The oldest chestnut tree in the world is the “Cento Cavalli” with a main trunk of 22 m of
perimeter over a crown of 57 m. Apart from this old tree, both main areas for chestnut culture,



Italy and the Iberian Peninsula, presented quite similar number of old trees less than 20 m of
circumference.

First evidences of grafting “instant domestication” (Zohary and Spiegel Roy 1975; Harris et al.,
2002) were found in Galicia and in the Douro Valley with two unknown cultivars in trees of 14
m of perimeter (1479) and in Basque Country, with an unknown cultivar grafted in a tree of 11.5
m of circumference (1558).

Reported cultivars in the EU chestnut database by Pereira-Lorenzo et al. (2017) were identified
in three giant trees from Galicia with with respectively 11, 10 and 9 m of perimeter. In Italy, first
reported cultivar ‘Marrone Fiorentino’ was found in a tree with 9 m.

Estimations of the ages for the giant trees considering 0.4 cm for annual growth of the rings
(Fonti, 2002; Fonti and Sell, 2003) fit with the well-known giant tree in Tenerife, Canary Islands,
supposedly planted at the beginning of the XVth century (Pereira-Lorenzo et al., 2009). In 1518
‘Adelantado’, Alonso Fernandez de Lugo wrote about the plantation of 3000 chestnut trees in
La Orotava. Considering the 0.4 cm, the oldest giant tree ‘Cento Cavalli’ in Sicily could be dated
in Xl century for the main trunk (22 m of perimeter). Following, grafting of unknown, or
unreported, cultivars were then dated on XV th century in Galicia and Douro Valley, and the first
reported grafted trees in Galician from XVI century onwards in Galicia and XVII century in
Umbria. Cultivated chestnut was reported firstly in Greece, introduced in Sicily to be spread later
in Italy, and progressively to the west (Conedera et al., 2004; Pereira-Lorenzo et al., 2012);
however, the oldest grafted trees survived in southwestern Europe, which cannot be explained
by the dynamics of the modern pests and diseases affecting chestnut groves in southern Europe.
Ink disease (Phytophthora spp.) was firstly reported in Portugal in 1838 (Vannini and Vettraino,
2001). Blight (Cryphonectria parasitica) was firstly observed in Europe in Genoa, Italy in 1938,
and it spread quickly through ltaly and other European countries (Robin and Heiniger, 2001),
and less so in southem UK, the Netherlands, central and southern Spain, and the Canary Islands.
In 2002, gall wasp Dryocosmus kuriphilus was reported for the first time in Europe in northwest
Italy (Pereira-Lorenzo et al., 2012).

In Portugal we found the oldest written reference of chestnut cultivar in 1531-1532 (Fernandes,
2012) naming cv. ‘Longal’ and ‘Reborda’. ‘Longal’ is the main cultivar in the Iberian Peninsula
(Pereira-Lorenzo et al., 2011) spread as a clone from southern Galicia and northern Portugal to
Extremadura in central Spain, and further in Castilla-Ledn (Avila) surrounding the Sierra de
Gredos.

Grafted giant tree with cultivar ‘Rapada’ from Galicia (10 m of perimeter and dated in 1618) was
firstly cited in between 1746-1775 in Galicia (Sarmiento, 1986), with some other cultivars such
as ‘Parede’.

In Canary Islands, the presence of the first chestnut tree was in 1518 (Pereira-Lorenzo et al.,
2009) but not grafted. In Basque Country, cultivars were described by Elorrieta (1949) and in this
work we found an unknown in a giant tree of 11.5 m of perimeter (1558).

In Italy, cultivar ‘Marrone Fiorentino’ was found in some giant trees between 8 and 9 m of
perimeter (between 1650 and 1700) in Toscana and Umbria. The use of ‘Marrone’ referred to



the best quality of chestnut cultivars was explained by Breviglieri (1955) in the “Squeda
Castagnografica” as a word evolved from the latin “maro”, introduced in France in XVI century.

Structure and geographical distribution of giant trees

The biggest old European chestnut was found out in Sicily as expected. In the Iberian Peninsula
the second biggest trunk was found in Central Spain (19 m of circumference). However,
evidences of the oldest grafted trees were found in the Iberian Peninsula against previous
references indicating that cultivation was introduced from Greece into Sicily and later on in the
rest of Italy (Conedera et al., 2004; Pereira-Lorenzo et al., 2012).

Both main groups of cultivars, one located in the Iberian Peninsula and a second one in Italy
were originated from different wild populations since we found some wild trees grouped in each
RPP, indicating a different genetic background from which each RPP evolved. The Italian group
(RPP2) presented some genotypes in the Iberian Peninsula, even some wild giant trees up to 9
m, indicating an earlier introduction from Italy in Spain, mainly in Andalucia and Extremadura,
but also in Castilla-Ledn and Galicia, with the cultivar ‘Luguesa’ belonged to this RPP2 and found
in a giant tree of 7 m of perimeter.

More difficult is to explain admixed trees, because some of them up to 20 m of perimeter (when
K = 4) could hardly be originated by the hybridisation of both main RPPs. However, some of
those admixed genotypes (when K =2 and K = 4) were not clustered in a different RPP, indicating
a different origin or, more likely, an independent population, from which some cultivars were
also selected in Spain later on than in RPP1 and earlier than in RPP2. On the other hand, many
ancient chestnut trees could be already dead because of the many threatens of this species
(Pereira-Lorenzo et al., 2012). Genetic differentiation between all RPPs and admixed were low,
which could support the early hybridisation between the Italian RPP with the Iberian group.

In a similar study on olive giant trees, genetic structure for K = 2 differentiated wild trees from
cultivated (Diez et al. 2011). In our results wild could not be separeted from cultivated, which
could indicate a more recent grafting “instant domestication” on chestnut from wild, even
though evidences found on chestnut giant trees of cultivars grafted were older than in olive
according to the size of the trees, 8.5 m of perimeter on olive versus 14.8 m on chestnut. The
very low Fst value between wild and cultivated chestnut trees also confirmed the genetic
closeness.

Chestnut diversity and effect of the domestication through time

Here, we discuss domestication and improvement bottlenecks in cultivated chestnut and the
comparison of improvement bottlenecks across annual and perennial fruit crops, considering
the oldest wild population detected by SSRs in this study to be compared with those cultivated
cultivars in southern Europe. He is an useful measure because it incorporates the number and
frequency of the alleles within a population (Gross et al., 2014); therefore, it reflects how likely
it is for an allele to be lost from a population) and because it is a standard measure that can be
compared across studies, mostly in perennial crops that are non-model systems, with less
population level data.



Even though the higher He values can be due to high mutation rates at SSR loci that allow crops
to regain diversity through the generation of novel or homoplasious alleles, the more severe
values in annuals than in perennials, suggests that the trend is robust regardless of the
measurement (Gross et al., 2014). Simulations of He based on allelic frequencies can also be
used to detect recent genetic bottlenecks, indicated by an excess of heterozygotes compared
with the simulated equilibrium expectations, as a result of a sudden decrease in allelic diversity
that has not yet stabilized in the genotypes of individuals in the population (Cornuet and Luikart,
1996 ; Piry et al., 1999).

As it happened in other perennial crop trees such as apple, Malus X domestica, treated as a
species group, retained 95.1% of the diversity present in M. sieversii (wild ancestor) based on
the 9-SSR data set, and 96.7% based on the 19-SSR data set, as calculated from H e (Gross et al.,
2014), similar to the 98.5 % of the diversity present in the cultivated chestnut group vs. the wild
trees.

Both 18-SSR and the 24-SSR data set showed a significant excess of heterozygotes compared
with the equilibrium expectation for the IAM mutation model of microsatellite evolution, but
not for TPM, and SMM. Only when we evaluated giant trees classified by the perimeters of the
trees, the three mutation models were significant. For any given data set, IAM predicts lower
equilibrium gene diversity than TPM and SMM, and hence, it is more likely to indicate significant
heterozygosity excess. Furthermore, the test for mode shift in frequency distribution of different
alleles was performed in the different chestnut groups, a qualitative method for detection of
genetic bottleneck, showing a the normal L-shaped distribution in all groups, even for those by
the perimeter of the trunk. Therefore, if there was a genetic bottleneck in the past it was mild
as happened on apple tree crop (Gross et al., 2014), explained by the high diversity maintained
through the initiation of domestication, providing a broad genetic base for the development of
new cultivars, leading to a mild improvement bottleneck.

Conclusions

We found the first evidences of cultivation in 20 (20.4%) giant trees (11 known and 9 unknown
cultivars), meaning grafting to produce “instant domestication” in Galicia with unreported
cultivarsin a tree of 15 m of perimeter (1427), in the Douro Valley on a tree of 14 m of perimeter
(1479) and in the Basque Country, with an unknown cultivar grafted in a tree of 11.5 m of
circumference (1558). In Italy, cultivar ‘Marrone Fiorentino’ was found in some giant trees
between 8 and 9 m of perimeter (between 1650 and 1700) in Toscana and Umbria. The reason
why oldest evidences were found in western Europe instead in Italy could be related with the
dynamics of gall wasp and blight (but not the ink disease) from the East to the West, which could
produce the lost of many giant trees in those areas. Moreover, the existence of ancient trees in
the lberian Peninsula grouped in the Italian group gives evidence of an early introduction of
Italian chestnuts in the Iberian Peninsula, which hybridised producing the admixed group.

“Instant domestication” (grafted giant trees) from wild (non-grafted giant trees) was a relatively
recent event in the same areas where cultivars are being propagated, without a different genetic
structure for wild chestnut trees since we found grafted and non-grafted giant trees in the same
RPP. The high diversity maintained through the initiation of cultivation provided a broad genetic



base for the development of new cultivars, and that diversity was maintained by grafting in a
high number of cultivars, which retained most of the diversity from wild. Promoting the use of
that clonal diversity, so as the diversity conserved in the giant trees, must be a priority in order
to maintain genetic variability of the orchards and, in general, of chestnut in Europe.
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Table 1. Classification of 214 genotypes (440 accessions) of Castanea sativa by structure (Pritchard et al., 2000) using 18 SSR loci in K =2 and K =4 reconstructed populations, perimeter of the trunks and estimated
age for an annual growth of the ring of 0.4 cm and cultivated versus wild trees.

RPP ql? N° (% N° (%) No. Mini  Maxi Avera Mini Maxi Avera Num Num Main cultivars found in giant trees Origen of  Number of trees
respecting to of of mum  mum ge mum mum geage berof berof (perimeters in brackets) the (% respecting to
the total 214) sample giant perim perim perim ageof ageof ofthe cultiv unkn genotypes  the total in the
of genotypes S trees eter of eterof eterof the the group  ars own (number group) not

the the the group group foran refer cvs. in grafted (checked
group group group foran foran annua redin brackets) as wild
annua annual | the comparing the
| growt growt EU crown with the
growt  hof hof datab base of the trunk,
h of the the ase including
the ringof ring (Pere rootstocks)
ring 0.4cm of ira-
of 0.4cm  Lore
0.4cm nzo et
al.,
2017)
Giant trees
groups per
perimeter of
the trunk
11-22m 29 (13.6) 72 29 108 2200 138 1141 1586 1468 4 5 Amarelante', 'Lebre’ Italy (3), 14 (51.7): Beira
(16.4) Portugal Valente (1),
(1), Spain  Cantabria (3),
(26) Castilla-Leon (4),
Galicia (5)
8-10 m 39 (18.2) 98 39 75 10.45 8.8 1600 1718 1663 5 3 Marrone Fiorentino', 'Courela’, 'Negral', Italy (5), 24 (38): Cantabria
(22.3) 'Rapada’, 'Verata' Spain (34) (1), Castilla-Leon

(2), Extremadura
(12), Galicia (4),
Pais Vasco (3),

Umbria (2)
4-7 30 (14.0) 62 30 38 747 62 1719 1865 1771 2 1 Luguesa', 'Parede’ Italy (7), 15 (50):Umbria
(14.1) Spain (23) (1), Cantabria (1),

Castilla-Leon (5),
Extremadura (1),
Galicia (1), Pais
Vasco (4),
Toscana (1)



Genotypes
without
information
about the
perimeter
AtK=2
RPP1 >0.
8
RPP2 >0.
8
Admixed <0.
8
AtK=4
RPPla >0.
8
RPP1b >0.
8

116 (54.2)

90 (42.1)

54 (25.2)

70 (32.7)

24 (11.2)

22 (10.3)

209
(47.5)

171
(38.9)

141
(32.0)

128
(29.1)

41(9.3)

42 (9.5)

39

26

33

11

6.3

3.8

8.2

4.6

15.9

22

19.0

135

12.5

9.3

9.9

9.4

10.3

8.2

1384

1141

1260

1479

1517

1847

1678

1865

1688

1833

1646

1620

1643

1607

1691

114

55

29

39

18

9

10

2

2 All the other cultivars from the EU database
(Pereira-Lorenzo et al., 2017)

Da Lebre' (11 m), 'Rapada’ (10 m), 'Verata' (8

m)

Marrone Fiorentino' (8.8 m), 'Luguesa’ (7 m)

Coureld' (10.1 m), 'Negral' (9.2 m), 'Parede’ (6

m)

Verata' (8.2 m)

Parede' (5.7 m)

France (4),
Italy (16),
Portugal
(2), Spain
(94)

Portugal
(3), Spain
@7

France (4),
Italy (28),
Spain (22)

Italy (3),
Portugal
(1), Spain
(66)

Andalucia
(2), Canary
Islands (4),
Castilla-
Leon (3),
Extremadu
ra (6),
Galicia (7),
Portugal
@
Asturias
(12),
Castilla-
Leon (1),
Cantabria
(2), Galicia
(1), Pais
Vasco (6)

2: Castilla-Leon
(2

14: Cantabria (4),
Castilla-Leon (1),
Extremadura (1),
Galicia (1),
Galicia (2), Pais
Vasco (5)

11: Castilla-Leon
(1), Extremadura
(8), Toscana (1),
Umbria (1)

Only considered
those admixed for
K=2andK=4
(14): Castilla-Ledn
(9), Extremadura
(3), Galicia (1),
Pais Vasco (1)

2: Galicia (2)

9: Castilla-Leon
(1), Cantabria (2),
Galicia (1), Pais
Vasco (5)



RPP1c >0. 20(9.3) 34 (7.7) 8 5.7 14.8 9.8 1427 1788 1627 15 Da Lebre' (11 m), 'Rapada’ (10 m) Asturias 3: Castilla-Leon
8 ), (1), Galicia (2)
Castilla-
Leon (1),
Galicia
(16)
RPP2 >0. 40 (18.7) 109 20,0 6.3 22,0 9.3 1141 1678 1645 21 Marrone Fiorentino' (8.8 m), 'Luguesa’ (7 m)  France (2), 9: Umbria (3),
8 (24.8) Italy (25), Toscana (1),
Andalucia  Extremadura (5)
™,
Extremadu
ra (5),
Galicia (1)
Admixed <0. 108 (50.5) 214 51,0 3.8 20,0 9.7 1220 1865 1631 60 Coureld' (10.1 m), 'Negral' (9.2 m) France (2), Only considered
8 (48.6) Italy (6), those admixed for
Portugal K=2andK=4
(2), Spain  (14): Castilla-Ledn
(98) (9), Extremadura
(3), Galicia (1),
Pais Vasco (1)
Cultivated 132 (61.7) 283 20 5.7 14.8 10.6 1427 1788 1595 17 All cultivars from the EU database (Pereira-
(64.3) Lorenzo et al., 2017) and 9 unknown cvs. not
cited before but checked to be grafted
Wild 55 (25.7) 118 53 38 19 9.3 1260 1865 1646 55: Toscana (1),
(checked as (26.8) Umbria (4),
wild Cantabria (5),
comparing Castilla-Leon (14),
the crown Extremadura (13),
with the Galicia (10), Pais
base of the Vasco (8)
trunk,
including
rootstocks)

Probability of membership to an
RPP when gl > 80%



Table 2. Number of alleles, average allele number, He , Ho , allelic richness ( Ar) with sample sizes used in Ar calculations, and FIS values for 18 SSRs
(without null alleles) and 24 SSRs evaluated in this study.

18 SSRs 24 SSRs
RPP qld N° (%) N°(%) No.of Averag Ho He Ar Fis % N. Ho He Ar Fis %
of of giant e Retain alleles Retain
genotyp accessio trees numbe ed of ed of
es ns r of the the
alleles diversi diversi
per ty ty
locus respec respec
ting to ting to
the the
wild wild
trees trees
maximum sample sizeis2x AtK =2
the N value).
RPP1  >0.8 90 171 39 6.2 0.621 0.648 57 -0.037 ** 94.5 144 05 05 6.1 0.08 ** 92.0
(42.1) (38.9) 91 96 3
RPP2  >0.8 54 141 26 8.3 0.704 0.682 8.3 0.04 * 99.6 190 0.6 06 6.0 005 ** 106.1
(25.2) (32.0) 20 88 5
Admixe <0.8 70 128 33 7.3 0.684 0.692 7.0 -0.003 ns 100.9 170 0.6 06 6.0 0.04 ** 1005
d (32.7) (29.1) 38 51 1
AtK=4
RPPla >0.8 24 41 (9.3) 8 47 0.685 0.570 45 -0.18 ***  100.0 109 06 05 22 - ** 84.5
(11.2) 34 48 013 *
6
RPP1b >0.8 22 42 (9.5) 11 4.1 0.569 0578 4.0 0.008 ns 84.4 97 05 05 22 0.03 ns 81.7
(10.3) 22 30 8
RPP1c >0.8 20(9.3) 34(7.7) 8 4.3 0.697 0590 43 -0.156 ***  101.7 97 06 05 22 - ** 84.9
38 50 013 *
3
RPP2  >0.8 40 109 20,0 7.9 0.703 0.703 6.6 0.013 ns 102.6 181 06 06 27 0.09 ** 106.3
(18.7) (24.8) 35 89 2 =
Admixe <0.8 108 214 51,0 7.5 0.669 0.670 54 0.003 ** 97.8 176 06 06 25 0.04 ** 98.8
d (50.5) (48.6) 15 40 4 >



Giant

trees
groups
per
diamete
r of the
trunk
29 72 (16.4) 6.2 0.628 0.675 6.2 0.087 *** 98.5 146 05 0.6 49 0.12 ** 99.1
11-22 m (13.6) 77 42 2 *
39 98 (22.3) 6.8 0.692 0.690 6.4 0.01 ns 100.7 158 06 06 5.1 005 * 1011
8-10 m (18.2) 28 55
30 62 (14.1) 6.4 0.648 0.665 6.4 0.043 * 97.1 148 06 0.6 4.9 0.06 ** 97.7
4-7 (14.0) 00 33 9
Genotyp 116 209 8.2 0.680 0.674 6.4 -0.005 ns 98.4 187 06 06 5.0 005 ** 1004
es (54.2) (47.5) 21 50 1 *
without
informat
ion
about
the
perimete
r
Cultivat 132 283 20 8.4 0.679 0,674 7.2 -0.002 ns 98.5 06 06 55 004 ** 1004
ed (61.7) (64.3) 191 22 50 07 8 *
Wild 55 118 53 6.9 0.665 0,685 6.8 0.038 * 162 06 0.6 5.4 0.07 **
(checke (25.7) (26.8) 03 48 87 8 *
das
wild
compari
ng the
crown
with the
base of
the
trunk)

aProbability of membership to an RPP

when gl > 80%






Figure 1. Classification of 214 European chestnut genotypes including 98 corresponding to giant trees
(perimeter of the trunk in m in the upper part of the figure) in reconstructred populations (RPPs) when
K =2 (in the middle) and 4 and 8 (in the bottom) based on data of 18 SSR loci.




Figure 2. Neighbor-Joining Trees (left) and principal coordinates analysis (PCoA, right)
using 18 SSRs in the set of 214 European chestnut genotypes showing structure (K = 2).
In red, Italian (1) and French (F) genotypes; in green genotypes from the Iberian
Peninsula; and in black, admixed genotypes. Numbers are the perimeters of the giant

chestnut trees in m.

Factorial analysis: (Axes 1/2)




