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Abstract

Key message |n arboriculture, the number and diversity of pollen donors can have a major impact on fruit produc-
tion. We studied pollination insurance in hybrid chestnut orchards (C. sativa x C. crenata) provided by nearby wild
European chestnuts (C. sativa) in southwestern France. Most fruits were sired by hybrid pollenizers rather than by wild
chestnuts. When these hybrid pollenizers were too scarce, a frequent situation, pollen produced by wild chestnut
trees did not compensate for the lack of compatible pollen and fertilization rates and fruit production collapsed.

Context The demand for chestnuts has been increasing in recent years in many European countries, but fruit pro-
duction is not sufficient to meet this demand. Improving pollination service in chestnut orchards could increase fruit
production.

Aims Investigate pollination service in chestnut orchards. Evaluate the contribution to pollination of trees growing
in chestnut woods and forests.

Methods We investigated five orchards planted with hybrid chestnuts (C. sativax C. crenata) cultivars in southwest-
ern France. We combined fruit set data, which provide information about pollination rate, with genetic data, which
provide information about pollen origin. We used this information to estimate the contribution of nearby C. sativa
forest stands to the pollination of each orchard.

Results Pollination rates vary considerably, being fivefold higher in orchards comprising numerous pollen donors
than in monovarietal orchards. Because of asymmetric hybridization barriers between hybrid and purebred cultivars,
the surrounding chestnut forests provide very limited pollination insurance: less than 14% of the flowers in these
monovarietal orchards had been pollinated by forest trees.

Conclusion Because chestnut orchards are now increasingly relying on hybrid cultivars, surrounding wild European
chestnut trees are no longer a reliable pollen source. To achieve maximal fruit set, efforts must therefore concentrate
on orchard design, which should include enough cultivar diversity.

Keywords Fagaceae, Castanea sativa, Castanea crenata, Castanea mollissima, Eurojapanese hybrids, Pollination,
Pollenizers, Paternity analysis, Genetic structure analysis, Fruit set
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1 Introduction

Fruit production depends on effective pollination ser-
vices (Reilly et al. 2020). For entomophilous plants,
fruit production is negatively affected if pollinators
are rare or ineffective (pollinator limitation) and if
the quantity and quality of pollen produced are insuf-
ficient (pollenizer limitation) (Wilcock and Neiland
2002). For native cultivated plant species, two distinct
pollination services must therefore be considered: the
service provided by wild pollinators and the service
provided by wild pollenizers, both of which determine
to fruit production. The most straightforward way to
study pollenizer limitation is to use paternity analyses
to determine pollen origin. Combining these paternity
analyses with fruit set measurements should result in an
integrated view of pollination.

In arboriculture, the effect of pollenizer cultivar diver-
sity on orchard yield is an important issue. To investigate
this question, experiments involving manual applica-
tion of pollen to flowers have been used (e.g., Kron and
Husband 2006; Carisio et al. 2020). However, these
approaches are time-consuming and do not provide
information on the identity of pollen donors. Paternity
analysis represents a promising alternative. Researchers
increasingly use this method to explore the functioning
of orchards. Recent studies have focused on chestnut
(Nishio et al. 2019), avocado (Ying et al. 2009), clemen-
tine (Pons et al. 2011), crab-apple (Feurtey et al. 2017),
mango (Pérez et al. 2016), olive (Mookerjee et al. 2005;
Pinillos and Cuevas 2009; Shemer et al. 2014; Biton et al.
2020; Mariotti et al. 2021; Vuletin Selak et al. 2021), plum
(Meland et al. 2020), and sweet cherry (Guajardo et al.
2017). For instance, in olive, one of the most studied spe-
cies, Mookerjee et al. (2005) highlighted pollen exchanges
between different cultivars and identified those with the
highest male fecundity. In avocado, Ying et al. (2009)
estimated the importance of self-pollination. In apple,
Feurtey et al. (2017) estimated crop-to-wild gene flow.
In chestnut, Nishio et al. (2019) studied the relationship
between fruit production and distance between mother
and pollen donor trees.

However, all these paternity analyses share the same
limitations. First, it is generally impossible to genotype
all potential fathers. Consequently, only offspring whose
father can be unambiguously identified are informative.
This reduces the power of the analyses and can create
some biases. A solution would be to obtain additional
information on pollen origin, for example by taking
advantage of the genetic structure of the studied popu-
lation. A second limitation of these paternity analyses is
that we can study only successful pollination events, not
failed pollination events. Yet, in arboriculture, a major
objective is to understand the causes of pollination
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failures, such as lack of pollen or poor quality of pollen
received by stigmas. A solution to circumvent this prob-
lem would be to combine paternity analyses with fruit set
studies.

Chestnut is a suitable model for exploring these
issues. First, fruit set can easily be estimated in the fall
in this species, by taking advantage of the structure
of the infrutescences (the burrs). In each burr, filled
fruits correspond to successfully pollinated flowers
and empty fruits correspond to flowers that have not
received compatible pollen (e.g., Larue et al. 2021a,
2022). Second, in Europe, different chestnut gene
pools corresponding to different species and hybrids
are often present in the orchards and in the sur-
rounding landscape, so that even if the father cannot
be identified using paternity analyses, its taxonomic
identity can be inferred using the existing genetic
structure. In France and in much of southern Europe,
chestnut cultivation has experienced its golden age in
the early nineteenth century but has declined consid-
erably since that time, due in particular to two diseases
originating from Asia, ink disease and bark canker
(Pitte 1986). To identify tolerant chestnut genotypes,
interspecific crosses between the European chest-
nut and either the Japanese chestnut (C. crenata) or
the Chinese chestnut (C. mollissima) have been per-
formed. Among the offspring, interspecific cultivars
tolerant to ink disease have been selected (Gonthier
and Robin 2019; Larue et al. 2021b). In southwest-
ern France, orchards are now mostly composed of a
small number of hybrid cultivars between European
and Japanese chestnuts. In particular, two hybrid cul-
tivars have been massively planted for fruit produc-
tion: “Marigoule,” a C. crenata x C. sativa hybrid, and
“Bouche de Bétizac,” a C. sativax C. crenata hybrid.
Both are grafted on either “Marsol” or “Maraval,” two
C. crenatax C. sativa hybrid ink-resistant rootstocks
(Breisch 1995). However, hybridization barriers exist
between the different chestnut species (Larue et al.
2022). On Eurojapanese hybrid mother trees, Japa-
nese chestnut pollen is strongly favored: it is five times
more competitive than hybrid pollen. Instead, Euro-
pean chestnut pollen is disadvantaged: it is two times
less competitive than hybrid pollen (Larue et al. 2022).
In principle, European chestnut trees present in the
neighboring landscape, whether of cultivated origin or
growing naturally in nearby forests and woods, could
provide a form of pollination insurance for orchards
planted with too few or incompatible pollen-donor
cultivars. However, since pollen from a European
chestnut arriving on a female flower of a hybrid chest-
nut is disadvantaged, the expected pollination service
of these wild trees is unclear.
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Contrary to what was originally thought, chest-
nuts are not wind-pollinated: instead, they are entirely
dependent on wild insects for their pollination (Larue
et al. 2021a; Petit and Larue 2022). Moreover, they
are self-incompatible (Stout 1926; Xiong et al. 2019).
Hence, orchards should include several compatible pol-
lenizer cultivars (Breisch 1995), accounting for the fact
that not all cultivars produce pollen (Fig. 1). Astami-
nate cultivars lack stamens, brachystaminate cultivars
have stamens shorter than the perianth, mesostami-
nate cultivars have stamens as long as the perianth, and
longistaminate cultivars have stamens longer than the
perianth (Soylu 1992). Only longistaminate cultivars
and to a lesser extent mesostaminate cultivars produce
pollen, whereas astaminate and brachystaminate cul-
tivars can be considered as entirely or nearly entirely
male-sterile, as shown recently using paternity analyses
(Larue et al. 2022).

Here, we propose an original method combining
fruit set studies along with genetic structure analy-
ses and paternity analyses to investigate pollination
success in five production orchards made up of a
maximum of two fruit-producing hybrid chestnut cul-
tivars, a male-fertile and a male-sterile one. These five
orchards differ markedly in cultivar diversity and in
the presence or absence of neighboring chestnut forest
trees. We aim to (1) check if fruit set increases when
the number of potential pollen donors planted in the
orchard increases, (2) identify pollen sources, and (3)
quantify the role of orchard cultivar diversity and of
the presence of nearby chestnut forests for fruit set.

s ¢
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2 Material and methods

2.1 Study sites

To test the effects of orchard cultivar diversity on fruit
set (i.e., the percentage of female flowers giving a fruit),
we selected five production orchards in the south-
west of Dordogne, in southwestern France (Fig. 2). The
first orchard (A), with an area of 1.4 ha, is composed of
a single chestnut cultivar, “Marigoule,” and is isolated:
no chestnut forest is present within a radius of 5 km
(Table 1). According to the owner, there is no pollenizer
planted in the orchard (Fig. 3, top, left). The second
orchard (B) is composed of two plots with a total area of
9.2 ha (Table 1). A chestnut forest surrounds these two
plots (Fig. 3, top, right). According to the owner, all trees
belong to “Marigoule” cultivar, except for two unidenti-
fied chestnut trees. The third orchard (C) is composed
of two cultivars grown for fruit production, “Marigoule”
and “Bouche de Bétizac,” and covers 8.3 ha (Table 1).
This orchard is isolated (Fig. 3, middle, left). Accord-
ing to the owner, there are 13 different genotypes used
as pollen donors. However, they are quite small because
they were planted after the trees used for fruit produc-
tion and are represented by only a few ramets. Some of
these pollenizers are common Eurojapanese hybrid cul-
tivars (C. sativax C. crenata or the reciprocal cross)
described in Breisch (1995), while others originate from
crosses between C. mollissima and C. crenata. The fourth
orchard (D) covers 6.0 ha and is located in a chestnut for-
est (Table 1). The cultivars used for fruit production are
“Marigoule” and “Bouche de Bétizac” Several polleniz-
ers are present, mostly common Eurojapanese hybrid

Fig. 1 Male flowers of chestnut trees. A Male catkin of a male-sterile tree (astaminate variety): flowers are open, but most stamens are aborted
and do not produce pollen. B Male catkin of a male-fertile tree (longistaminate variety): stamens are present and are protruding; they produce

abundant fertile pollen
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Fig. 2 Location of the five chestnut production orchards studied
Table 1 Information about the sampled chestnut production orchards
Orchard name Location Area (ha) Cultivars of sampled mother trees # Genotypes® Chestnut
forests®

A Prigonrieux 14 Marigoule 1 No

B Siorac de Ribérac 9.2 Marigoule 3 Yes

C Saint Pierre d’Eyraud 83 Marigoule, Bouche de Bétizac 18 No

D Saint Felix de Villadeix 6 Marigoule, Bouche de Bétizac 10 Yes

E Douville 18 (0.89 Marigoule, Bouche de Bétizac 68 Yes

@ Number of different genotypes detected in the orchard (mother trees studied and all other detected flowering genotypes)

b Presence of chestnut forests around orchards

¢ Studied plot is a small part of the experimental orchards

cultivars (Fig. 3, middle, right). The last orchard (E) is a
plot of the experimental orchards of Invenio, a Research
and Experimental station on fruit trees and vegetables
located near Douville (Dordogne). Invenio experimen-
tal orchards cover 18 ha but the studied plot measures
only 0.8 ha (Table 1). It is composed of “Marigoule” and
“Bouche de Bétizac” cultivars and includes numerous
potential pollenizer trees belonging to C. sativa, C. cre-
nata, C. mollissima, and their hybrids. Moreover, a chest-
nut forest borders the orchard to the east (Fig. 3, bottom,
left).

2.2 Fruit set estimation

Female inflorescences of chestnuts are typically com-
posed of three female flowers located side by side. The
inflorescence develops into an infrutescence called a
burr. In each burr, each of the three female flowers, if pol-
linated, develops into a nut (i.e., a fruit generally consist-
ing of a single seed contained in a pericarp of maternal
origin). If the flower is not pollinated, an empty fruit is

produced, i.e., only the pericarp is present (Larue 2021;
Larue and Petit 2022). To estimate pollination success of
the trees investigated, we did not follow the fate of indi-
vidual female flowers, a time-consuming approach, but
used instead simple measures of fruit set performed in
late summer. These measures have long been used to esti-
mate pollination service in chestnut orchards (Manino
et al. 1991; de Oliveira et al. 2001; reviewed in Larue
et al. 2021a). However, mechanisms unrelated to polli-
nation success can affect the proportion of empty burrs.
To correct for the bias resulting from excess or deficit
of empty burrs, for instance caused by premature abor-
tion of empty burrs in summer, we adjusted a binomial
zero-truncated distribution to the distribution of burrs
with one, two, or three developed fruits for each tree. We
showed previously that this procedure results in a more
accurate estimation of pollination success than that rely-
ing on all burrs, including empty ones (Larue 2021; Larue
et al. 2022; Larue and Petit 2022). In fall 2019, we selected
45 trees in the five studied orchards. These trees were
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Fig. 3 Aerial photographs of the five studied orchards. Orchard A is isolated. All trees belong to “Marigoule”cultivar. In Orchard B almost all trees
are “Marigoule” cultivar. This orchard is surrounded by a chestnut forest. Orchard Cis isolated almost all trees are “Marigoule”and “Bouche de Bétizac”
cultivars and pollinizer are rare and small in size. Orchard D is located in a chestnut forest. Majority of trees are “Marigoule”and “Bouche de Bétizac”
cultivars but numerous pollinizers are planted inside the orchard. Orchard E is one of the plots of Invenio experimental station which includes
numerous genotypes from the three chestnut species and their hybrids. Studied plot is the most eastern plot (blue) and is adjacent to a chestnut
forest. On each photograph, the scale (1:5000) is provided in the bottom left (each black or white bar corresponds to 100 m)

randomly selected, except in orchard E, in which trees
from the two cultivars are distributed in alternating rows.
In particular, “Bouche de Bétizac” trees were sampled in
a single row, next to the forest (Table 2). On all trees, we
randomly selected between 30 and 60 burrs. For each
burr, we counted developed and empty fruits. We aimed
to include a minimum of 20 burrs with at least one devel-
oped fruit, but this threshold was not always reached in
poorly pollinated orchards.

2.3 Plant material for DNA analyses

For genotyping, we randomly selected 10 developed
fruits per tree, except in Douville where we selected more
material: 20 fruits each “Bouche de Bétizac” ramet and
22-23 fruits for each “Marigoule” ramet (Table 2). We

also sampled one leaf on each mother tree and one leaf
on all distinct cultivars found in the orchard. Fruits and
leaves were stored at 2 °C until DNA isolation.

2.4 DNA isolation and genotyping

We isolated DNA from 50 mg of tissue using CTAB cus-
tom DNA isolation protocol for 96-well plate format with
2.4 M NaCl lysis buffer for fruits and 1.4 M NaCl lysis
buffer for leaves (Larue et al. 2021d). We checked the
quality of the DNA with a spectrophotometer Thermo
Scientific NanoDrop 8000. We characterized each sam-
ple at 79 SNP using Agena MassARRAY Platform (Larue
et al. 2021d) and checked the raw data using MassARRAY
Typer Analyzer 4.0.26.75 (Agena Biosciences) to exclude
loci with weak signal (i.e., too many missing values) or
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Table 2 Number of sampled and genotyped fruits
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Orchard name Mother cultivars

# Mother trees®

# Sampled fruits® # Genotyped fruits® %

Genotyped
fruits?
A Marigoule 5 50 40 0.80
B Marigoule 6 60 57 0.95
C Marigoule 5 50 44 0.88
D Marigoule 5 50 49 0.98
E Marigoule 8 180 168 093
C Bouche de Bétizac 6 60 51 0.85
D Bouche de Bétizac 5 51 43 0.84
E Bouche de Bétizac 5 100 95 0.95
Total 45 601 547 091

@ Number of mother trees sampled
b Number of fruits sampled
€ Number of fruits correctly genotyped and used for genetic analyses

d Percentage of sampled fruits correctly genotyped and used for genetic analyses

ambiguous signal (i.e., unclear cluster delimitation). We
then searched for null alleles using MISMATCHFINDER
(Larue et al. 2021d). We finally retained 65 SNP to per-
form the subsequent analyses.

2.5 Genetic structure and paternity analyses

We identified all samples having the same multilocus
genotype using “Multilocus Matches” function from
GENALEX 6.503 (Peakall and Smouse 2012) and care-
fully inspected the results manually. We kept only one
copy of each genotype for the remaining analyses. We
used the Bayesian clustering analysis software STRUCTU
RE (Pritchard et al. 2000) to assign each genet to a spe-
cies (Fernandez-Ldpez et al. 2021; Larue 2021). Chestnut
species are defined using reference genotypes of C. mol-
lissima, C. crenata, and C. sativa from the INRAE chest-
nut genetic collection of Bordeaux (Larue et al. 2021b,
Appendix 6.1: a). We then assigned all samples from the
five production orchards (adult trees and seeds) to the
three chestnut species and their hybrids (Appendix 6.1:
b). We had developed the molecular markers with the
goal to differentiate the different species of chestnuts and
their hybrids (Larue et al. 2021d). Therefore, variation of
admixture coefficients across runs was very small (results
not shown), and we kept only six iterations for the STRU
CTURE analyses.

Purebred individuals have expected admixture lev-
els of 0 and 1, F1 hybrids of 0.5, and backcrosses of 0.25
and 0.75, so midpoint values of 0.125 and 0.875 are con-
sidered optimal to distinguish between purebreds and
backcrosses, and midpoint values of 0.375 and 0.625 to
distinguish between hybrids and backcrosses (Guichoux

et al. 2013). We distinguished three types of seeds, not-
ing that all seeds studied are necessarily the offspring
of Eurojapanese hybrid mother trees (i.e., mothers with
expected C. sativa and C. crenata ancestries of 0.5). The
first group is made of seeds with a C. mollissima pater-
nal contribution. If the father is a pure C. mollissima, the
seed will have an admixture value of 0.5 for C. mollis-
sima. If the father is a F1 hybrid involving C. mollissima,
the seed will have an admixture value of 0.25 for C. mol-
lissima. To distinguish between seeds sired by C. mollis-
sima purebreds or hybrids (expected admixture values
for the C. mollissima gene pool>0.25) and seeds sired by
trees that do not have C. mollissima ancestry (expected
admixture value of 0.0), the optimal threshold is 0.125.
For this first group, characterized by a C. mollissima
ancestry >0.125, we did not attempt to perform paternity
analyses to identify the cultivar of the pollen donor due
to limited power.

The second group corresponds to seeds with a C. sativa
father, i.e., to backcrosses with an expected C. sativa
ancestry of 0.75. If the father is a C. sativax C. crenata
hybrid, the seed (an F2) will have a C. sativa ancestry of
0.5. The optimal threshold to distinguish between seeds
sired by pure C. sativa (first-generation backcross) and
those sired by F1 hybrids (F2) is a C. sativa ancestry of
0.625. This second group therefore consists of all seeds
with a C. sativa ancestry>0.625 and a C. mollissima
ancestry <0.125.

The third group includes all remaining seeds sired
either by a C. crenata purebred (expected ancestry of
0.75 for C. crenata and 0.25 for C. sativa) or by a C.
sativax C. crenata hybrid (expected ancestry of 0.5
for C. crenata and 0.5 for C. sativa). This third group



Larue and Petit Annals of Forest Science (2023) 80:37

therefore consists of all seeds with a C. sativa ances-
try <0.625 and a C. mollissima ancestry < 0.125.

For paternity analyses, we included as candidate
fathers all adult genotypes identified in the five orchards
as well as a list of genotypes of traditional and mod-
ern chestnut cultivars known to be widely cultivated
in the region. We performed two categorical paternity
analyses using the software CERVUS (Kalinowski et al.
2007). The first was for seeds presumed to have been
sired by C. sativa and the second for seeds presumed
to have been sired by a tree with some C. crenata back-
ground. For the first paternity analysis, we used as
background frequencies the allelic frequencies of the
unique genotypes of C. sativa. We list the parameters
used for genotype simulation in Appendix 6.2: a. We
did not allow selfing in the simulations as we were look-
ing for crosses between hybrid mother trees and pure
C. sativa. For the second paternity analysis, we calcu-
lated allelic frequencies using the unique genotypes of
C. crenata and of Eurojapanese hybrids. We provide
parameters for genotype simulation in Appendix 6.2: b.
Mother trees are Eurojapanese hybrids and the father
can be a Eurojapanese hybrid so we allowed self-ferti-
lization. We calculated confidence intervals using LOD
and delta LOD with a relaxed level of 95% and a strict
level of 99%.

100-
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2.6 GIS analyses

We performed all spatial analyses with QGIS software
(QGIS Development Team 2022). Satellite photographs
used for map background come from IGN BD ORTHO.
Georeferencing system used in these analyses is Lambert 93.

2.7 Statistical analyses

We performed all statistical analyses with R software
(v3.6.6; R Core Team 2013). We calculated the corrected
fruit set with basic functions implemented in R and pro-
duced the illustrations with the ggplot2 (v3,6,3; Wick-
ham 2016), ggthemes (v4.2.4; Arnold 2016), and cowplot
(v1.1.1; Wilke 2020) packages.

3 Results

3.1 Fruitset

Fruit set data are provided in Larue (2022). For “Bouche
de Bétizac” trees, fruit set was 63% in orchard C, 84% in
orchard D, and 95% in orchard E (Fig. 4). For “Marigoule”
trees, fruit set was 11% in orchard A, 21% in orchard B,
21% in orchard C, 39% in orchard D, and 48% in orchard
E (Fig. 4). Fruit sets of the two cultivars in the same
orchard greatly differed. Average fruit set of “Bouche de
Bétizac” was 80% compared to only 38% for Marigoule.
The difference between the two cultivars was particularly
marked in the less well-pollinated orchard (C).

Betizac

E C D E

Orchards

Fig. 4 Fruit set of studied orchards: “Marigoule” cultivar is in red and “Bouche de Bétizac"is in green
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3.2 Genotyping success and genetic data curation
Genotyping results show that all sampled adult trees
belong to the expected cultivar, “Marigoule” or “Bouche
de Bétizac” We assigned the genotyped adult trees to the
different chestnut species and hybrids with the software
STRUCTURE. We successfully genotyped 547 of the 601
fruits collected (91%) at more than 33 SNPs, allowing an
even representation of all orchards and providing enough
genetic power for our objectives (Table 2).

3.3 Structure analyses

We assigned the father of the 547 genotyped seeds to the
three categories (C. mollissima or its hybrids, C. sativa,
and C. crenata or Eurojapanese hybrids) using the thresh-
olds described in the “Material and methods” section
(Table 3). All corresponding data are provided in Larue
(2022). A total of 284 seeds had been sired by a C. cre-
nata tree or by a hybrid tree involving C. crenata (52%),
204 by a C. sativa tree (40%) and 59 by a C. mollissima (or
hybrid C. mollissima) tree (8%). For the “Marigoule” cul-
tivar in orchards A and B, the large majority of fruits had
a C. sativa father: 73% in orchard A and 74% in orchard
B. In the other three orchards, the majority of “Marig-
oule” fruits had a C. crenata or a Eurojapanese hybrid
father: 41% in orchard C, 51% in orchard D, and 49% in
orchard E. For the “Bouche de Bétizac” cultivar, most
fruits had a C. crenata or a Eurojapanese hybrid father:
86% in orchards C and D and 61% in orchard E. Very
few seeds had a father with C. mollissima ancestry: less
than 2% for “Bouche de Bétizac” offspring and less than
4% for “Marigoule” offspring. The only exception was for
orchards C and E planted with some C. mollissima trees.

Table 3 Results of STRUCTURE analysis
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However, even in these orchards, the proportion of seeds
with C. mollissima ancestry remained small.

3.4 Paternity analyses

All files used for these analyses are from Larue (2022),
and we provide details of paternity analysis for seeds
sired by C. sativa trees and for seeds sired by C. cre-
nata or by Eurojapanese trees in Appendices 6.3 and
6.4. We identified the father for only 6% (13 out of 204)
of the seeds sired by C. sativa and for as much as 93%
(263 out of 284) of the seeds sired by C. crenata or by
Eurojapanese hybrids (Tables 4 and 5). This means that
the C. sativa fathers generally do not match with cul-
tivars used as reference, even though we included all
widely cultivated cultivars in the region (Table 4). For
seeds sired by C. crenata or by Eurojapanese hybrids,
we could distinguish two cases. In orchards that include
several pollen donors, namely orchard C (for “Bouche
de Bétizac”), orchard D, and orchard E, most identi-
fied fathers originate from the orchard (Table 5). In
poorly pollinated orchards, i.e., orchards A, B, and C
(for “Marigoule”), the few identified fathers were either
generally “Marigoule” itself (selfed seeds) or rootstock
cultivars (Table 5).

When “Bouche de Bétizac” and “Marigoule” culti-
vars co-occur in an orchard, their mutual siring success
was very contrasted: “Bouche de Bétizac,” a brachys-
taminate cultivar, sired only two fruits on “Marigoule,”
i.e,<1% of the genotyped seeds, while “Marigoule,” a
longistaminate cultivar, sired 66 fruits on “Bouche de
Bétizac,” i.e., 50% of the genotyped seeds (Table 5).

Orchard Mother #M? #sP #C-SC Total % M % S° % C-scf
A Marigoule 2 29 9 40 0.05 0.73 0.23
B Marigoule 4 42 11 57 0.07 0.74 0.19
C Marigoule 12 14 18 44 0.27 032 0.41
D Marigoule 0 24 25 49 0.00 049 0.51
= Marigoule 37 49 82 168 220 0.29 0.49
@ Bouche de Bétizac 2 5 44 51 0.04 0.10 0.86
D Bouche de Bétizac 0 6 37 43 0.00 0.14 0.86
E Bouche de Bétizac 2 35 58 95 0.02 037 061
Total 59 204 284 547 0.08¢ 0409 0.529

@ Number of fruits sired by C. mollissima trees

b Number of fruits sired by C. sativa trees

€ Number of fruits sired by C. crenata or Eurojapanese hybrid trees

d Percentage of fruits sired by C. mollissima trees

€ Percentage of fruits sired by C. sativa trees

f Percentage of fruits sired by C. crenata or Eurojapanese hybrid trees

9 Mean percentage
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Table 4 Summary of the results of the paternity analysis for seeds sired by C sativa trees

Orchard Variety Total® #° %< Out-orchard? In-orchard®
@ Bouche de Bétizac 5 0 0%
D Bouche de Bétizac 6 1 17% 1
E Bouche de Bétizac 35 3 9% 1 2
A Marigoule 29 0 0%
B Marigoule 42 2 5% 2
C Marigoule 14 1 7% 1
D Marigoule 24 2 8% 2
E Marigoule 49 4 8%
Total 204 13 6% 7

? Number of genotyped seeds

b Number of seeds with a unique father

¢ Percentage of seeds with a unique father

9 Number of seed:s sired by trees located outside the studied orchard

€ Number of seeds sired by trees located inside the studied orchard

Table 5 Summary of the results of the paternity analysis for seeds sired by Eurojapanese hybrid trees and by C. crenata trees

Orchard Variety Total® #° %°  Out-orchard® In-orchard® % orchard® Marigoule Bouche  Rootstock’ Other
thizac"

C Bouche de Bétizac 44 42 95% 3 39 93% 28 1 10 0

D Bouche de Bétizac 37 36 97% 1 35 97% 24 0 4 7

E Bouche de Bétizac 58 54 93% 0 54 100% 14 1 4 35

A Marigoule 9 7 78% 2 5 71% 4 0 1 0

B Marigoule 1 10 91% 7 3 30% 1 0 2

C Marigoule 18 15 83% 4 Il 73% 4 0 4

D Marigoule 25 25 100% 3 22 88% 0 0 6 16

E Marigoule 82 74 90% 3 71 96% 2 2 24 43
Total 284 263 93% 23 240 91% 77 4 55 104

Bold: self-pollinated seeds

2 Number of genotyped seeds

b Number of seeds with a unique father

¢ Percentage of seeds with a unique father

9 Number of seeds sired by trees located outside the studied orchard
€ Number of seeds sired by trees located inside the studied orchard

f Percentage of seeds sired by trees located inside the orchard

9 Number of seeds sired by “Marigoule”

P Number of seeds sired by “Bouche de Bétizac”

"Number of seeds sired by rootstock cultivars: “Marsol” and “Maraval”
I Number of seeds sired by other cultivars located inside the orchard

Self-pollinated seeds were more frequent on “Marig-
oule” than on “Bouche de Bétizac”: 11 of the 145 seeds
collected on “Marigoule” were self-pollinated (i.e., 8%)
while only two of the 132 seeds collected on “Bouche de
Bétizac” were self-pollinated (i.e., 2%) (Table 5). Self-
pollinated seeds of “Marigoule” were mostly present in
orchards A, B, and C, the poorly pollinated orchards.

The two cultivars usually used as rootstocks, “Mar-
sol” and “Maraval,” sired 55 of the 263 genotyped seeds,
i.e., 21% of the total (Table 5). Whether they had been
planted voluntarily as pollen donors (in orchards D and
E), or whether they developed following graft failure,
as must have happened in orchards A, B, and C, they
turned out to be efficient pollenizers. In poorly pollinated
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orchards, they increased pollen donor diversity and sired
relatively many fruits: for “Marigoule,” 14% in orchard A,
20% in orchard B, and 27% in orchard C. For “Bouche de
Bétizac” in orchard C, these two cultivars sired 24% of
the genotyped seeds (Table 5).

3.5 Pollination success

By coupling fruit set estimates, which provide informa-
tion on fertilization probability, and genetic analyses,
which provide information about the identity of the
trees that pollinate the female flowers, a more complete
understanding of pollination services can be achieved
(Fig. 5). Female flowers aborted at very different rates in
the two cultivars: abortion rate ranged from 48 to 90%
in “Marigoule” and from 5 to 33% in “Bouche de Béti-
zac”” This abortion rate was particularly high for fruits of
“Marigoule” in orchards A, B, and C (respectively 90, 80,
and 67%). In these three orchards, few suitable polleniz-
ers were present for “Marigoule” mothers. In particular,
C. crenata or Eurojapanese pollenizer trees were nearly
completely absent and sired very few seeds (only 1% in
orchards A and B, and 8% in orchard C). This propor-
tion was much higher in the two other orchards (19%
in orchard D and 22% in orchard E) (Table 6). For the
“Bouche de Bétizac” cultivar, most female flowers were
fertilized by C. crenata or by Eurojapanese hybrid trees
planted in the orchard: 52% in orchard C, 69% in orchard
D, and 54% in orchard E (Table 6). For both “Bouche de

Marigoule

% of female flowers
3

o- —--
A B C

Orchard

100-
| II
25-

D E
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Bétizac” and “Marigoule” cultivars, C. sativa trees sired
only a small fraction of the female flowers (7-35%), even
in the absence of other types of pollenizers, and most of
the corresponding pollen donors did not belong to any
traditional C. sativa cultivar (Table 4).

4 Discussion

The approach used, combining fruit set measurements,
genetic assignment, and paternity analyses, allowed a
detailed study of orchard pollination. To the best of our
knowledge, this is the first time that genetic analyses are
combined with fruit set measurements to investigate fruit
tree production. Our study, although based on a few (but
contrasted) orchards, resulted in a detailed understand-
ing of the factors that limit fruit production. In particular,
we could show that cultivar diversity has a major impact
on fruit production: orchards with numerous pollenizers
had a fivefold higher fruit set compared with monovari-
etal orchards.

Fruit set of “Bouche de Bétizac,” a male-sterile cultivar,
was much higher than that of “Marigoule,” a male-fertile
cultivar, confirming earlier results showing that male
sterility greatly increases fruit set (Larue et al. 2022).
Male-fertile trees produce large amounts of pollen. Due
to late-acting self-incompatibility, this abundant pollen
results in female flower abortion caused by ovule degen-
eration following penetration by self-pollen tubes (Bar-
rett et al. 1996). Male-sterile trees have therefore a strong

Betizac

e D E

Modality

B Aborted
Mollissima
Sativa

M ccs

Fig. 5 Abortion probability of female flowers and identification of father species of seeds collected in the eight studied cases. Fruits sired by C.

crenata or by Eurojapanese trees are noted “CCS”
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Table 6 Relative frequency of seeds sired by trees of different origins

Orchard Variety % abort? % MP %S¢ % wild s¢ % CCS® % CCS
orchardf

A Marigoule 90 1 7 7 2 1

B Marigoule 80 1 15 14 4 1

C Marigoule 67 9 11 10 14 8

D Marigoule 57 0 21 19 22 19

E Marigoule 48 1 15 14 25 22

C Bouche de Bétizac 33 3 7 7 58 52

D Bouche de Bétizac 15 0 12 10 73 69

E Bouche de Bétizac 5 2 35 32 58 54

2 Percentage of aborted female flowers

b percentage of fruits sired by C. mollissima trees or interspecific hybrids with C. mollissima

¢ Percentage of fruits sired by traditional C. sativa cultivars

9 Percentage of fruits sired by C. sativa trees whose genotypes do not match with any known variety

€ Percentage of fruits sired by C. crenata or Eurojapanese hybrid trees

f Percentage of fruits sired by C. crenata or Eurojapanese hybrid trees present inside the studied orchards

advantage, resulting in much higher fruit sets (Larue et al.
2022; Larue and Petit 2022). Interestingly, in Europe, a
substantial number of modern and traditional cultivars
are male-sterile (Pereira-Lorenzo et al. 2006; Furones-
Pérez and Fernandez-Lopez 2009; Martin et al. 2017).
As shown here, these so-called male-sterile cultivars do
sire a few fruits and are therefore not totally male-sterile,
confirming earlier results obtained in a previous large-
scale paternity analysis (Larue et al. 2022). This finding of
partial fertility of male-sterile cultivars is in line with the
current understanding of the nature of male sterility in
fruit trees (Xu et al. 2022).

In the three orchards where male-sterile and male-
fertile cultivars co-occur, the male-fertile cultivar pol-
linated most of the fruits of the male-sterile cultivar.
In contrast, the male-sterile cultivar pollinated only a
few seeds of the male-fertile cultivar, resulting in highly
asymmetric pollen exchange and fruit sets. In orchard
C, “Marigoule” trees experienced a very high abortion
rate (67%) despite the presence of several hybrid pol-
lenizers. However, these pollen donors had been planted
several years after the establishment of the orchard.
Therefore, they still produce limited amounts of pol-
len, resulting in reduced pollination service. This shows
that, to ensure high fruit set in chestnut orchards, it is
preferable to introduce from the outset several pollen
donors.

C. sativa chestnut forests were present in the vicinity
of three of the five studied orchards (orchards B, D, and
E). Pollination insurance conferred by these trees was
rather low: there were 14% of female flowers pollinated

by pollen of C. sativa in orchard B, 15% in orchard D,
and 23% in orchard E, despite the large number of wild
chestnut trees present in the vicinity. In orchard E, C.
sativa pollen sired nearly 32% of the fruits harvested on
“Bouche de Bétizac” trees, while in orchards C and D, it
sired less than 10% of the fruits. We think that this dif-
ference is caused by the configuration of the plots: in
orchard E, all trees had been sampled in a single row bor-
dering the forest. In the two other orchards, studied trees
are located throughout the orchard and are therefore typ-
ically distant from nearby chestnut woods by several tens
of meters.

We explain the low pollination insurance provided
by forest trees by the existence of interspecific barriers
(Larue et al. 2022). When the mother tree is a Euro-
japanese hybrid, C. sativa or C. mollissima pollen are
counter-selected compared to pollen from hybrid trees
(Larue et al. 2022). In addition, C. sativa cultivars and
forest trees bloom several days later than Eurojapanese
chestnut trees (Larue et al. 2021c). Thus, despite their
abundance, C. sativa trees from nearby forests do not
sire many fruits on hybrid cultivars. In contrast, the
few hybrids planted in orchards sire the majority of the
fruits.

Since chestnut production in southwestern France
is mostly based on interspecific chestnut hybrid culti-
vars (Breisch 1995), pollination insurance provided by
populations of local spontaneous European chestnuts
is low. In principle, in the future, the ecosystem ser-
vice provided by wild pollinators could also decrease if
self-compatible cultivars were used (Sdez et al. 2020).
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Currently, no self-compatible chestnut cultivar is avail-
able on the market, but attempts to breed partially
self-compatible cultivars exist. Thus, two fundamen-
tal ecosystem services, wild pollenizers and wild pol-
linators, might become obsolete with the selection of
new chestnut cultivars. This is a trend that deserves to
be better documented. An early example of this trend
is provided by grapevine, which was initially dioecious
and pollinated by insects, and became hermaphroditic
and self-fertile following domestication (Zito et al.
2018). This illustrates a rarely emphasized difficulty with
the ecosystem service concept: the service itself may
become obsolete because of breeding efforts. Develop-
ing agroecology will require addressing this reality and
reorienting research and development.

5 Conclusion and perspectives

In principle, chestnut orchards can benefit from two
pollination services. First, wild pollinators can act as
pollen vectors. Second, wild chestnut trees can act as
pollenizers. Pollination insurance provided by native
forests is now quite low in southwestern France due
to the increased reliance on Eurojapanese interspe-
cific hybrid cultivars that are genetically isolated by
crossing barriers from European chestnut. Conse-
quently, in production orchards composed solely of
hybrid cultivars, within orchard cultivar diversity is
required. Adding new pollenizers in extant orchards
implies either grafting or planting new cultivars or
allowing rootstocks to grow into trees. To avoid such
long and expensive catch-up phases, it is crucial to
better design new orchards from the outset for effec-
tive pollination.

Appendix

A. Structure Parameters

An initial analysis was performed to assign fruit
from the three orchards to the different chestnut spe-
cies. Rather than using the default alpha value calcu-
lated with all samples which is a source of inaccuracy
(Ferndndez-Lopez et al. 2021), we calculate an average
alpha with only the reference genotypes. This alpha
coefficient corresponds to the value with which the
Markov chain starts in the STRUCTURE software. We
set K from 3 to 3 performed 6 Monte Carlo chains of
100,000 repetitions after a burn-in period of 50,000
repetitions and computed mean ALPHA value which
is estimated at 0.0286. A first dataset is used to calcu-
late alpha: this file gathers the 64 well-known genotypes
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belonging to the pure species of the INRAE collection
typed with 65 SNPs (Larue et al. 2021c).

Then each genotype is associated with a species: in
the “putative population” column C. crenata is coded 1
C. mollissima is coded 2 and C. sativa is coded 3. These
genotypes are used as a reference to define the spe-
cies: allelic frequencies are calculated only with these
64 reference genotypes and each genotyped sample
from the five studied orchards is assigned to one of the
three chestnut species. A second data file is used and it
contains the 64 pure species genotypes of the INRAE
collection as well as the trees and fruits genotyped in
production orchards typed with 65 SNPs. New sam-
ples from unknown species are coded 4 for the column
“putative population” For the column "POPFLAG", the
reference samples are coded 1 while samples from the
five studied orchards are coded 0. Then the software
will define the species with the known samples (Puta-
tive POPFLOG = 1 and Putative population =1/2/3)
and will assign the samples of unknown origin (POP-
FLOG = 0 and Putative population =4) to the three
chestnut species. This second analysis was performed
with the default parameters of STRUCTURE except
for the Ancestry model where we defined the alpha
value of the admixture model thanks to the analysis
performed with the 64 reference genotypes (alpha =
0.03). In the advanced parameters, we specify that only
the individuals with POPFLAG = 1 are used to cal-
culate the allelic frequencies of the different species.
The value of K was set to three and three Monte Carlo
chains of 100,000 repetitions after a burn-in period
of 50,000 repetitions were run. Since the results were
very close, the results of the run with the highest likeli-
hood are used for this first exploratory analysis.

a) Structure analysis 1

Parameters set:

Running Length

Length of Burnin Period: 50000

Number of MCMC Reps after Burnin: 100000

Ancestry Model Info

Use Admixture Model

* Infer Alpha

* Initial Value of ALPHA (Dirichlet Parameter for
Degree of Admixture): 1.0

* Use Same Alpha for all Populations

* Use a Uniform Prior for Alpha

** Maximum Value for Alpha: 10.0

** SD of Proposal for Updating Alpha: 0.025
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Frequency Model Info
Allele Frequencies are Correlated among Pops
* Assume Different Values of Fst for Different
Subpopulations
* Prior Mean of Fst for Pops: 0.01
* Prior SD of Fst for Pops: 0.05
* Use Constant Lambda (Allele Frequencies Parameter)
* Value of Lambda: 1.0
Advanced Options
Estimate the Probability of the Data Under the Model
Frequency of Metropolis update for Q: 10
Run parameters:
Start Job
Set K from 3 to 3
Number of Iterations: 6

b) Structure analysis 2

Parameters set:

Running Length

Length of Burnin Period: 50000

Number of MCMC Reps after Burnin: 100000

Ancestry Model Info

Use Prior Population Information to Assist Clustering

* GENSBACK =2

* MIGRPRIOR = 0.05

* For Individuals without population information data use
Admixture Model

** Use Constant Alpha Value

** Value of Alpha (Dirichlet Parameter for Defree of
Admixture): 0.03

Frequency Model Info

Allele Frequencies are Correlated among Pops

* Assume Different Values of Fst for Different Subpopulations

* Prior Mean of Fst for Pops: 0.01

* Prior SD of Fst for Pops: 0.05

* Use Constant Lambda (Allele Frequencies Parameter)

* Value of Lambda: 1.0

Advanced Options

Update Allele Frequencies using Individuals with

POPFLAG=1 ONLY

Estimate the Probability of the Data Under the Model

Frequency of Metropolis update for Q: 10

Run parameters:

Start Job

Set K from 3 to 3

Number of Iterations: 6
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B. Parameters used in paternity analysis with CERVUS
a) Seeds with C. sativa fathers

1. Allelic frequencies calculated with the 56 C. sativa
unique genotypes
2. Simulation for paternity analyses:

— 100 000 offspring

— Candidate fathers = 56 / Pop. Sampled = 0.20

— SNP: Prop. loci typed = 0.95 / Prop. loci
mistyped = 0.03

— Confidence = Delta

— Confidence levels = Relaxed = 95% / Strict = 99%

— Min loci typed = 34

— Tests for self-fertilisation not allow

3. Genotypes: 56 C. sativa and 253 seeds
— Paternity analysis: identify the most-likely parent

b) Seeds with C. crenata or Eurojapanese fathers

1) Allelic frequencies calculated with the 4 C. crenata
and 13 Eurojapanese unique genotypes
2) Simulation for paternity analyses:

— 100 000 offspring

— Candidate fathers = 17 / Pop. Sampled = 0.80

— SNP: Prop. loci typed = 0.95 / Prop. loci
mistyped = 0.03

— Confidence = Delta

— Confidence levels = Relaxed = 95% / Strict = 99%

— Min loci typed = 34

— Tests for self-fertilisation allow

3) Genotypes: 4 C. crenata 13 Eurojapanese and 337
seeds

— DPaternity analysis: identify the most-likely parent

Mother trees are Eurojapanese hybrids. For the first
analysis only with seeds whose father is a C. sativa, we
exclude their genotypes from allelic frequencies file and
we don't test self-fertilization because fathers are C. sativa
genotypes not Eurojapanese. For the second analysis only
with seeds whose father is C. crenata or Eurojapanese;
mother genotypes are included in allelic frequencies
file because they are interspecific hybrids, and we allow
self-fertilization.
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C. Results of paternity analysis on seeds sired by C. sativa trees.
Orchard A B C D E
Name Marigoule Marigoule B](;lé:i};zge Marigoule B](;lé:i};fe Marigoule B](_;,l:':(t:i};fe Marigoule Total
05_Bouche Rouge 1 0 0 1
07 _Comballe 456 1 1
09_Imperiale 0 1 1
16 _Marron_Chevanceaux_ 144 1 1
17_Marron_Goujounac 0 1 1
Le chataignier 0 1 1
Cassagnole 1 0 0 1
Sauvage Marron 0 1 1
Pelon fin 1 0 0 1
Bourriquette 1 0 0 1
Negriére 1 0 1
Sauvage Jacquard 1 0 2
Nb ID 0 2 0 1 1 2 3 4 13
Total 29 42 5 14 6 24 35 49 204
Percent ID 0% 5% 0% 7% 17% 8% 9% 8% 6%
Bold and red: cultivars planted in orchards
D. Results of paternity analysis on seeds sired by Eurojapanese hybrids and by C. crenata trees
Orchard A B C D E
Name Marigoule Marigoule Bg%fi};zje Marigoule Bglé:i};zge Marigoule Bgé:i};fe Marigoule Total
14 Marigoule 4 1 28 4 24 0 14 2 77
18 Marsol 9 3 1 2 2 13 30
22 Précoce Migoule 5 13 5 6 29
28 Maraval 1 2 1 1 3 4 2 11 25
Vignols 1 2 1 6 12 22
06_Bournette 0 3 2 3 4 7 19
Marlhac 4 1 2 5 3 15
Pollifer 12 2 14
Le Japonais 1 2 2 1 5 11
13_Maridonne 1 6 7
04_Bouche de Bétizac 1 0 0 0 1 2 4
11_Ipharra 565* 1 1 2 4
Ca 102 x Ca 602 1 1 2 4
11_Ipharra_564* 1 1
Ca 04* 1 1
Nb ID 7 10 42 15 36 25 54 74 263
Total 9 11 44 18 37 25 58 82 284
Percent ID 78% 91% 95% 83% 97% 100% 93% 90% 93%

Bold and red: cultivars planted in orchards
*C. crenata cultivars
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