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97 Abstract In-depth characterization of apple genetic resources is a prerequisite for genetic
improvement and for germplasm management. In this study, we fingerprinted a
very large French collection of 2163 accessions with 24 SSR markers in order
to evaluate its genetic diversity, population structure, and genetic
relationships, to link these features with cultivar selection date or usage (old or
modern, dessert, or cider cultivars), and to construct core collections. Most
markers were highly discriminating and powerful for varietal identification,
with a probability of identity P(ID) over the 21 retained SSR loci close to

10−28. Pairwise comparisons revealed 34 % redundancy and 18.5 % putative
triploids. The results showed that the germplasm is highly diverse with an
expected heterozygosity He of 0.82 and observed heterozygosity Ho of 0.83. A
Bayesian model-based clustering approach revealed a weak but significant
structure in three subgroups (FST = 0.014–0.048) corresponding, albeit
approximately, to the three subpopulations defined beforehand (Old Dessert,
Old Cider, and Modern Cultivars). Parentage analyses established already
known and yet unknown relationships, notably between old cultivars, with the
frequent occurrence of cultivars such as “ King of Pippin” and “ Calville Rouge
d’Hiver” as founders. Finally, core collections based on allelic diversity were
constructed. A large dessert core collection of 278 cultivars contained 90 % of
the total dessert allelic diversity, whereas a dessert subcore collection of 48
cultivars contained 71 % of diversity. For cider apples, a 48-cultivar core
collection contained 83 % of the total cider allelic diversity.

98 Keywords separated
by ' - '

Malus × domestica - SSR - Diversity - Genetic structure - Parentage analysis -
Core collection

99 Foot note
information

The online version of this article (doi:10.1007/s11105-015-0966-7) contains
supplementary material, which is available to authorized users.

Electronic supplementary material

ESM 1
List of the 2163 accessions considered in the present study with their accession
code (AcceNumber), name (AcceName), the name of the partner who furnished
the leaf sample, their accession usage (mainly Dessert or Cider apple) and
cultivar selection date (Old or Modern = before or after 1950), their ploidy
level determined according to the occurrences of three alleles per locus (see
text), their duplicate code according to the SSR profile (see text), their
subgroup assignment inferred by the STRUCTURE analysis with the highest
membership probability (qI), their group prior to the STRUCTURE analysis
(subpopulation: 1: Modern cultivars, 2: Old Cider cultivars, 3: Old Dessert
cultivars), their involvement in statistical analyses, and their selection in the
dessert and cider core collections (see text). (XLS 476 kb)
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13 Abstract In-depth characterization of apple genetic resources
14 is a prerequisite for genetic improvement and for germplasm
15 management. In this study, we fingerprinted a very large
16 French collection of 2163 accessions with 24 SSR markers
17 in order to evaluate its genetic diversity, population structure,
18 and genetic relationships, to link these features with cultivar
19 selection date or usage (old or modern, dessert, or cider culti-
20 vars), and to construct core collections. Most markers were
21 highly discriminating and powerful for varietal identification,
22 with a probability of identity P(ID) over the 21 retained SSR
23 loci close to 10−28. Pairwise comparisons revealed 34 % re-
24 dundancy and 18.5 % putative triploids. The results showed
25 that the germplasm is highly diverse with an expected hetero-
26 zygosity He of 0.82 and observed heterozygosity Ho of 0.83.
27 A Bayesian model-based clustering approach revealed a weak

28but significant structure in three subgroups (FST = 0.014–
290.048) corresponding, albeit approximately, to the three sub-
30populations defined beforehand (Old Dessert, Old Cider, and
31Modern Cultivars). Parentage analyses established already
32known and yet unknown relationships, notably between old
33cultivars, with the frequent occurrence of cultivars such as
34“King of Pippin” and “Calville Rouge d’Hiver” as founders.
35Finally, core collections based on allelic diversity were con-
36structed. A large dessert core collection of 278 cultivars
37contained 90 % of the total dessert allelic diversity, whereas
38a dessert subcore collection of 48 cultivars contained 71 % of
39diversity. For cider apples, a 48-cultivar core collection
40contained 83 % of the total cider allelic diversity.

41Keywords Malus × domestica . SSR . Diversity . Genetic
42structure . Parentage analysis . Core collection

43Introduction

44Apples (Malus × domesticaBorkh.) constitute the main fruit crop in
45temperate regions (Velasco et al. 2010).Very early on, apple cultivars
46were selected and multiplied using grafting. Until the beginning of
47the twentieth century, the vastmajority of these cultivarswere grown
48from “chance seedlings” with unknown parentage, and most of
49today’s well-known cultivars are still those chance seedlings discov-
50ered during the nineteenth century (“Jonathan,” “Cox’s Orange
51Pippin,” “Granny Smith,” “Red Delicious,” “Golden Delicious,”
52etc.) (Way et al. 1990). It was only in the second half of the twentieth
53century that cultivars from controlled hybridization such as “Idared,”
54“Elstar,” “Gala,” “Jonagold,” and “Cripps Pink” became fixtures on
55the apple market (Way et al. 1990). Most of these newly bred culti-
56vars were obtained from a reduced number of founders and from
57some mutants and thus exhibit a high level of relationship (Noiton

Electronic supplementary material The online version of this article
(doi:10.1007/s11105-015-0966-7) contains supplementary material,
which is available to authorized users.
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58 and Alspach 1996). As a consequence, despite the high genetic
59 diversity available, apple production worldwide is currently based
60 on a limited number of cultivars, leading to a dramatic loss of diver-
61 sity all over the world. For example, 70 % of the 2012 European
62 Union production was based on only ten varieties, and “Golden
63 Delicious” alone represented 35 % of the French production in
64 2011 (data fromWorld Apple and Pear Association, 2013). In view
65 of this situation, the preservation of apple genetic resources is essen-
66 tial to avoid the irretrievable loss of a high degree of diversity.
67 Genetic material must be included in a germplasm bank for its
68 conservation and further agronomical evaluation. The invaluable
69 work of conserving apple genetic resources in France is carried out
70 by many amateur associations and various governmental, regional,
71 and local authorities. All of the cultivars conserved on French terri-
72 tory constitute a valuable biodiversity resourcewith an important link
73 to inheritance.
74 Studying the genetic diversity of germplasm resources is
75 not only significant for the protection of species, but also
76 necessary for the development and utilization of germplasm
77 resources for crop improvement. There is a growing interest at
78 this time to understand the genetic bases of complex traits and
79 to discover new germplasm characteristics in order to better
80 take advantage of them for efficient breeding. Indeed, the
81 tremendous apple allelic diversity should be used to face
82 existing and future biotic and abiotic constraints with respect
83 to sustainable production in the context of global change
84 (Zeigler 2013). Furthermore, because the phenotypic descrip-
85 tion of the agronomic traits and the full genotyping of a large
86 apple collection are costly and time consuming, working on a
87 reduced germplasm collection is considered as a helpful mean
88 to better evaluate and use plant germplasm (Upadhyaya et al.
89 2010). The core collection concept, i.e., a representative sam-
90 ple of the whole collection minimizing repetitiveness and
91 maximizing genetic diversity, applied in many crop
92 genebanks, was first proposed by Frankel and Brown
93 (1984). Its use is recommended by the Global Plan of
94 Action for the Conservation and Sustainable Utilization of
95 Plant Genetic Resources for Food and Agriculture (FAO,
96 1996) as a way to improve the use of plant genetic resources.
97 Preliminary steps of genetic characterization and core col-
98 lection constitution will focus on estimating genetic diversity
99 and determining the genetic relationships among the germ-
100 plasm accessions. Molecular markers have become an effi-
101 cient way to address these issues by creating a fingerprint of
102 each individual tree. Among the molecular markers proposed
103 over the last 20 years, microsatellites or simple sequence re-
104 peat (SSR) markers are highly polymorphic, neutral, abun-
105 dant, reliably reproducible, codominant, and quite cheap ad-
106 vantages that make them relevant for plant genetic analyses.
107 SSRs have been successfully used to identify cultivars and
108 germplasm accessions in many fruits such as grape (Vitis
109 sp.) (Cipriani et al. 2010), sweet cherry (Mariette et al.
110 2010), citrus (Gulsen and Roose 2001), peach (Aranzana

111et al. 2010), and kiwifruit (Actinidia Lindl.) (Zhen et al.
1122004). These markers have proved advantageous for diversity
113studies on apple (Garkava-Gustavsson et al. 2008; Gasi et al.
1142010; Gross et al. 2014; Hokanson et al. 2001; Liang et al.
1152015; Moriya et al. 2011; Pereira-Lorenzo et al. 2008; Song
116et al. 2006; Urrestarazu et al. 2012; van Treuren et al. 2010),
117and several hundred SSR markers have been developed and
118genetically mapped across the 17 linkage groups of the apple
119genome (Gianfranceschi et al. 1998; Liebhard et al. 2002;
120Silfverberg-Dilworth et al. 2006).
121In this study, the analysis and quantification of the genetic
122diversity within 2163 accessions from the French apple germ-
123plasm were performed and allowed to check for possible re-
124dundancies and triploids. The population substructure of the
125entire collection was evaluated, and yet-unknown relation-
126ships have been inferred. Three core collections maximizing
127the genetic diversity both for dessert and cider apples have
128been established. The fine molecular characterization
129achieved will help to support conservation, management,
130and utilization of this large French germplasm which has nev-
131er been previously molecularly assessed.

132Materials and Methods

133Plant Material

134The germplasm included 2163 apple accessions: Old Dessert,
135Old Cider, and Modern Cultivars (containing only six modern
136cider cultivars, all others being dessert cultivars)—referred to
137below as “OD,” “OC,” and “MC.” Cultivars bred after 1950
138were considered as modern cultivars (MC). Among those
1392163 apple accessions, 1049 originated from the INRA col-
140lection. The others 1114 accessions were gathered from sev-
141eral associations of amateurs, botanical gardens, and regional
142or national repositories covering the French territory (Fig. 1).
143These additional accessions were also well-diversified, based
144on pomological knowledge, with minimum overlap with the
145INRA collection. Some accessions with the same name
146from different collections were also analyzed to confirm
147(or not) the cultivars identity. Eight control samples cor-
148responding to eight reference cultivars were included in
149this set (“Red Delicious,” “Fiesta,” “Worcester
150Pearmain,” “Prima,” “Michelin,” “Malling 9” (root-
151stock), “Malus floribunda #821,” and “Malus robusta
1525”), as recommended by the European Collaborative
153Programme for Crop Genetic Resources (ECPGR)
154Malus/Pyrus working group (http://www.ecpgr.cgiar.org/
155working-groups/maluspyrus/), to allow both internal
156harmonization of data and further comparisons of
157results with other studies. The complete list and status
158of the evaluated accessions is available in the Online
159Resource ESM 1.
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160 DNA Extraction and Quantification

161 Young leaf tissues (approximately 50 mg/sample) were col-
162 lected and stored at −80 °C before to be reduced to a fine
163 powder in liquid nitrogen by shaking using a Qiagen Tissue
164 Lyser device. Total genomic DNA was isolated using a
165 cetyltrimethylammonium bromide (CTAB) protocol accord-
166 ing to Aldrich and Cullis (1993) with minor modifications.
167 DNA samples extracted were quantified using a BMG
168 Fluostar™ Omega fluorescence plate reader after Hoechst la-
169 beling and then adjusted to 5 ng/μL.

170 SSR Fingerprinting

171 A set of 24 SSR primers developed by different groups
172 (Gianfranceschi et al. 1998; Guilford et al. 1997; Hokanson
173 et al. 1998; Liebhard et al. 2002; Silfverberg-Dilworth et al.
174 2006; Vinatzer et al. 2004) was used to genotype the 2163
175 accessions (Table 1). These SSRs are distributed over the 17
176 apple linkage groups, and 15 of them are included in a former
177 list of 17 SSR recommended by the ECPGR Malus/Pyrus
178 working group (Urrestarazu et al. 2012). Forward primers

179were labeled with four different fluorescent dyes (6-FAM,
180VIC, NED, or PET) in order to be combined into six different
181multiplexed (MP1–MP6) reactions (Table 1). Polymerase
182chain reactions (PCR) for the six multiplex PCRs were per-
183formed in a final volume of 11 μL using 10 ng of DNA
184template, 0.18 μM of each primer except for some markers
185as described in Table 1, and 1× PCRMaster mix of QIAGEN
186kit multiplex PCR (Qiagen, Hilden, Germany).
187PCR cycling conditions were as follows: preincubation for
18815min at 95 °C, followed by 34 cycles, each consisting of 30 s
189denaturing at 94 °C, 90 s at annealing temperature, and 60 s
190elongation at 72 °C, the last cycle ending with a final 15-min
191extension at 72 °C. The following annealing temperatures
192were applied: 55 °C for MP2 and MP6, and 57 °C for MP1,
193MP3, MP4, and MP5. Furthermore, the MP5 was amplified
194using an amplification program with, for the three first cycles,
195an annealing temperature reduced by 1 °C per cycle from 60 to
19657 °C. SSR amplification products were analyzed with an
197ABI3730 XL sequencing system (Applied Biosystems,
198Foster City, CA, USA).
199Fragment analysis and sizing were carried out using
200GeneMapper4.0 software (Applied Biosystems, Foster

Fig. 1 Geographic distribution of the collections analyzed in the present
study with indication of the sample sizes between brackets: 1, INRA
(1049); 2, Les Croqueurs de Pommes (335); 3, Conservatoire Végétal
Régional d’Aquitaine (196); 4, Centre Régional de Ressources
Génétiques du Nord-Pas-de-Calais (149); 5, Les Mordus de la Pomme
(134); 6, Confédération des Producteurs de Fruits d’Alsace (63); 7, I z’on
creuqué eun’ pomm’ (49); 8, Conservatoire des Espèces Fruitières et de

Vignes Anciennes (49); 9, Verger Conservatoire de Pétré (34); 10, Parc
Naturel Régional du Lubéron (29); 11, Jardin du Luxembourg (27); 12,
Fruits Oubliés Réseau (27); 13, Société Pomologique du Berry (22). The
INRA collection (1) is indicated in blue. The amateurs association “Les
Croqueurs de Pommes” (2) is largely distributed over the French territory
as visible with the 29 light-green dots
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201 City, CA, USA), and the individual fragments were
202 assigned as alleles. Chromatograms were independently
203 read by two operators. The eight reference cultivars
204 were used as control profiles.

205 Descriptive Statistics of Genetic Diversity

206 The genetic uniqueness of each accession was deter-
207 mined using pairwise comparison of locus profile re-
208 sults. Accessions were considered as duplicates when
209 they presented identical SSR fingerprints. An allelic dif-
210 ference was tolerated for a maximum of two SSR loci
211 assuming that some genotyping errors and/or spontane-
212 ous SSR mutations could occur. Redundant accession
213 profiles were further removed from the dataset to avoid
214 bias in genetic analyses. An accession was declared as a
215 putative triploid when at least three of the 24 SSR loci
216 were characterized with three distinct alleles.
217 Basic statistics were computed with the CERVUS
218 software package, version 3.0 (Kalinowski et al. 2007;
219 Marshall et al. 1998) (http://www.fieldgenetics.com), on
220 the unique diploid genotypes. For each SSR locus, the
221 number of alleles per locus (Ao) and the effective
222 number of alleles per locus (Ae= 1 /∑pi2, where pi is
223 the frequency of the ith allele) were identified. The
224 allelic frequencies made it possible to observe the
225 al le le dis t r ibut ion and to ident i fy rare al le les
226 (frequency <2 %). The observed (Ho) and expected
227 (He) heterozygosity, the significance of a deviation
228 from the Hardy-Weinberg equilibrium including a
229 Bonferroni correction, and the estimated frequency of
230 null alleles were also estimated using CERVUS soft-
231 ware. The polymorphic information content (PIC)
232 (Botstein et al. 1980) of each marker was determined
233 using the following equation:

PICi ¼ 1−
Xn

j¼1

pi j
2

234235
236

237 where pij is the frequency of the jth allele for marker i and
238 the summation extends over n alleles. A fixation index F was
239 calculated as follows: F=1−Ho/He (Prat et al. 2006).
240 The probability of identity P(ID) was calculated as follows
241 (Waits et al. 2001):

P IDð Þ ¼
X

p4i þ
XX�

2pip j

�
2

242243
244

245 where pi and pj are the frequencies of the ith and jth alleles
246 and i≠ j. A P(ID) among sibs P(ID)sib was also calculated (Evett
247 and Weir 1998). Finally, the ability of each marker to discrim-
248 inate two random cultivars was estimated with the “power of
249 discrimination” (PD) (Kloosterman et al. 1993).

250The genetic diversity of subgroups or core collections (see
251below) was compared to the genetic diversity of the initial
252population (dessert and cider) by considering the heterozygos-
253ity parameters (Ho and He) and the allelic richness calculated
254using a rarefaction framework with the program ADZE 1.0
255(Gross et al. 2014; Szpiech et al. 2008).

256Analysis of Genetic Structure

257Factorial correspondence analysis (FCA) was used to
258represent the genetic diversity of the unique diploid ge-
259notypes. GENETIX software, version 4.05.2 (Belkhir
260et al. 2004), was used to illustrate FCA results and to
261estimate the FST genetic differentiation indexes between
262groups. FST were computed either for the three a priori
263defined subpopulations (“OD,” “OC,” and “MC”) or for
264subgroups identified using STRUCTURE software (see
265below). The significance of FST was assessed by 10,000
266resamplings of the genotypic data.
267The genetic diversity structure of the unique genotypes
268was also investigated with an alternative approach using the
269Bayes i an mode l - ba sed c lus t e r i ng a lgo r i t hm of
270STRUCTURE software, version 2.3.3 (Pritchard et al.
2712000) (http://www.pritch.bsd.uchicago.edu). To analyze
272diploids and triploids together, we used the recessive allele
273approach (Pritchard et al. 2000; Urrestarazu et al. 2012). We
274used the LOCPRIOR model since we considered that, for
275our dataset, the available prior information concerning “us-
276age” (dessert or cider) and “cultivar selection date” (bred
277before or after 1950) of cultivars could be favorable for
278assisting the clustering. We also evaluated the potential ge-
279netic structure with LOCPRIOR model according the geo-
280graphic origins of the accessions, when accurately known.
281France was divided into six regions: the north, the north-
282west, the northeast, southwest, southeast, and center. The
283mean r value calculated by STRUCTURE in the
284LOCPRIOR model parameterizes the amount of informa-
285tion carried by the prior information. STRUCTUREwas run
286with different values of the number of clusters (K) varying
287from 1 to 10 under the admixture model for which the allelic
288frequencies were correlated. To verify the consistency of the
289results, we performed ten independent runs per K value with
290500,000 Markov chain Monte Carlo iterations after a burn-
291in of 200,000 steps. Kopt was inferred from the formula
292established by Evanno et al. (2005). For Kopt, individuals
293were assigned to a subgroup according to the probability of
294their membership in this subgroup. The graphical results
295were obtained by STRUCTURE HARVESTER (Earl and
296vonHoldt 2012) (ht tp: / / taylor0.biology.ucla .edu/
297s t ructureHarvester / ) . CLUMPP software, v.1.1.2
298(Jakobsson and Rosenberg 2007), was used to compute av-
299erage individual assignment probabilities (qI) over replicat-
300ed runs showing a similar mode. The graphical display of
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301 the STRUCTURE results was generated using DISTRUCT
302 software, version 1.1 (Rosenberg 2004) (http://www.
303 stanford.edu/group/rosenberglab/distruct.html). Genotypes
304 were assigned to the subgroup for which they had the
305 highest membership coefficient, considering strong
306 affinity when the assignment probability (qI) was ≥0.8
307 (Liang et al. 2015; Urrestarazu et al. 2012).

308 Parentage Analysis

309 Parentage analysis was conducted on unique diploid ge-
310 notypes with CERVUS software (Kalinowski et al.
311 2007; Marshall et al. 1998). The parameters of the sim-
312 ulated genotypes were the following: “offspring” 100,
313 000; “candidate parents” 2100; “prop. sampled” 0.3;
314 “prop. loci typed 0.8; and “prop. loci mistyped” 0.01.
315 In order to reveal only robust parentages, we limited the
316 study to the inferences of “two-parent offspring” rela-
317 tionships and did not consider inferences of “one-parent
318 offspring” relationships where the lacking parent offers
319 more flexibility but more fuzzy assignments as well.
320 Two criterions were considered to establish strict parent-
321 age relationships: a confidence level of the LOD score
322 and the Delta value both higher than 95 %. Finally, an
323 additional constraint was added to strengthen the results
324 by limiting the maximum number of tolerated loci mis-
325 matches to only two in an inferred two-parent offspring
326 trio (Salvi et al. 2014).

327 Core Collection Constitution

328 Three core collections were constructed with DARwin soft-
329 ware version 5.0.158 (Perrier et al. 2003; Perrier and
330 Jacquemoud-Collet 2006) (http://darwin.cirad.fr/darwin)
331 with the “max length sub tree” option for identifying the
332 most unstructured neighbor-joining tree with maximummain-
333 tenance of allelic diversity (Perrier and Jacquemoud-Collet
334 2006). The core collections were primarily designed for asso-
335 ciation genetics studies recently engaged in our laboratory.
336 Three criteria were taken into account in the accessions selec-
337 tion process: (i) putative triploids were excluded; (ii) for prac-
338 tical propagation reasons, the accessions were selected only
339 among the genotypes available within the INRA collection;
340 (iii) the size of each core collection was a priori fixed for
341 technical reasons and to allow further linkage disequilibrium
342 and genome-wide association studies. A core collection
343 containing 278 diploid dessert apple accessions was first
344 constructed. A nested subcore collection composed of
345 48 diploid dessert apple accessions was also selected.
346 Similarly, a small core collection of 48 diploid cider
347 apple accessions was constructed.

348Results

349Accession Identification

350Five of the 2163 accessions collected did not show any amplifi-
351cation and were discarded from the analysis. Among the 2158
352remaining accessions, pairwise comparison of all locus profiles
353revealed 373 groups of replicates (Online Resource ESM 1),
354leading to the removal of 737 redundant accessions for further
355analyses (34 % of redundancy). The number of accessions in
356each of these identical SSR profile groups varied from two to
35718 accessions. Among the 737 redundant accessions, 607 acces-
358sions presented a strict identical profile to their membership
359group, whereas 103 presented an allelic difference in one locus
360and 14 accessions in two loci. Moreover seven accessions
361showed a difference in three loci and two accessions in four loci.
362However, these three and four loci differences were observed for
363the same SSR markers in the same multiplexed PCR. Since a
364contamination problem could be suspected, they were
365finally discarded as redundant accessions. Following
366these observations, the apple germplasm dataset was re-
367duced to 1421 unique genotypes. Among these acces-
368s ions, 263 showed a putat ive tr iploid prof i le ,
369representing 18.5 % of the accessions. Interestingly,
370“OC” cultivars showed 18.2 % of putative triploids
371and “OD” 20.1 %, whereas “MC” consisted in only
3725.1 % of putative triploids.
373A preliminary FCA performed with GENETIX4.05.2 soft-
374ware revealed that several accessions were very far away from
375the global dot distribution and were considered as “extreme”
376genotypes (results not shown). These concerned: three
377Tunisian-related accessions: “Ajmi” (X2440), “Aziza”
378(X2941), and “Chahla” (X2940); three wild or ornamental apple
379genotypes: “Malus floribunda #821,” “Malus robusta 5,” and
380“Maypole” (X6027); a presumably Iranian accession: “Précoce
381deKaraj” (X0897); and a presumably Turkish accession: “Douce
382Rayotte” (X9253). These eight accessions as well as two root-
383stocks (“Malling 9” and “MM106”=“Malling-Merton 106”) or
384their redundant accessions (corresponding to grafting errors)
385were eliminated from the collection for further analysis. Finally,
386to avoid too many missing data, which could be problematic in
387various analyses, only accessions that amplified at least 17 of the
38824 SSR loci were conserved for genetic analysis (Online
389Resource ESM 1). The final dataset used for further analyses
390was then constituted of 1319 genotypes distributed as follows:
3911084 diploids (188 “OC,” 737 “OD,” and 159 “MC”) and 235
392putative triploids (42 “OC,” 185 “OD,” and 8 “MC”).

393Genetic Diversity of the Collection

394A preliminary analysis with CERVUS on the 1084 diploid ge-
395notypes highlighted that all the SSR loci amplified in this study
396were polymorphic. However, as presented in Table 2, three out of
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397 24 SSR loci showed an estimated frequency of null allele
398 Fnull>0.1 and a fixation index (F) value far from 0. It was then
399 decided to remove them for further analyses in order to avoid a
400 bias. The concerned SSR loci were NZ05g08, CH05d02, and
401 CH03e03. Furthermore, two of them exhibited a high level of
402 missing data (11.7 % for CH05d02 and 14.5 % for CH03e03).
403 Among the remaining 21 loci, 18 were in Hardy-Weinberg equi-
404 librium, whereas three were not (CH-Vf1, GD147, and
405 CH02c11). The results of basic statistics on the 1084 unique
406 diploid genotypes are presented in Table 2. SSR markers were
407 classified according their PD, which ranged from 0.88 to 0.98,
408 with a mean of 0.94. Four markers exhibited very high power of

409discrimination (CH02c06, CH02c11, CH04g07, and Hi07h02),
410whereas the three markers CH01h10, CH-Vf1, and Hi02c07
411were comparatively less powerful for genotype discrimination.
412The number of missing data ranged between 0.6 % for
413CH01h10, Hi02c07, and CH01f03b, and 5.6 % for locus CH-
414Vf1, with a mean of 2.0 % per locus. A total of 410 alleles was
415revealed by the set of 21 SSRmarkers, leading to amean number
416of alleles per locus of 19.5 (ranging from 11 for CH01f03b and
417Hi04a08, to 30 for CH03d12), whereas the mean effective num-
418ber of alleles/locus was 6.2 (range 3.5–10.0). A total of 228 rare
419alleles (frequency <2 %) were identified, representing 55.6 % of
420the global allelic diversity (410 alleles); 41 alleles (10 % of the

t2:1 Table 2 Genetic diversity parameters assessed for 24 SSR loci in the subset of 1084 unique diploid apple accessions of the French apple germplasm

t2:2 Locus N°obs Missing
data (%)

Ao Ae Rare alleles
(%)b

Ho He F= 1
− (Ho/He)

PD PIC HW F(null) P(ID)
unrelated

P(ID)sib

t2:3 CH-Vf1 1022 5.6 19 3.5 13 (68.4) 0.76 0.72 −0.050 0.88 0.68 *** −0.03 0.121 0.421

t2:4 CH01h10 1076 0.6 17 3.6 9 (52.9) 0.70 0.72 0.025 0.89 0.69 NS 0.01 0.111 0.420

t2:5 Hi02c07 1076 0.6 16 3.6 10 (62.5) 0.74 0.72 −0.017 0.89 0.69 NS −0.01 0.106 0.415

t2:6 GD12 1074 0.8 15 3.6 7 (46.7) 0.74 0.72 −0.019 0.90 0.70 NS −0.01 0.099 0.414

t2:7 CH04e05 1073 0.9 20 3.9 12 (60.0) 0.75 0.74 −0.016 0.91 0.71 NS −0.01 0.094 0.403

t2:8 CH01f03b 1077 0.6 11 4.2 4 (36.4) 0.78 0.76 −0.025 0.91 0.73 NS −0.01 0.091 0.393

t2:9 Hi04a08 1066 1.6 11 4.4 4 (36.4) 0.77 0.77 0.009 0.92 0.75 NS 0.01 0.079 0.384

t2:10 GD147 1072 1.0 16 5.0 8 (50.0) 0.80 0.80 0.000 0.94 0.78 * 0.00 0.065 0.366

t2:11 CH03d12 1043 3.7 30 5.7 22 (73.3) 0.83 0.83 −0.001 0.95 0.81 NS 0.00 0.046 0.349

t2:12 CH02d08 1073 0.9 20 6.2 11 (55.0) 0.84 0.84 −0.002 0.96 0.82 NS 0.00 0.043 0.341

t2:13 CH03d07 1044 3.6 25 6.3 16 (64.0) 0.86 0.84 −0.018 0.96 0.82 NS −0.01 0.043 0.340

t2:14 CH02c09 1064 1.8 14 6.6 6 (42.9) 0.84 0.85 0.012 0.96 0.83 NS 0.01 0.041 0.336

t2:15 CH01g05 1041 3.9 20 6.8 11 (55.0) 0.87 0.85 −0.014 0.96 0.84 NS −0.01 0.038 0.333

t2:16 CH04c07 1058 2.3 20 7.2 11 (55.0) 0.89 0.86 −0.036 0.97 0.85 NS −0.02 0.033 0.328

t2:17 CH05f06 1075 0.7 13 7.6 5 (38.5) 0.87 0.87 0.001 0.97 0.86 NS 0.00 0.031 0.324

t2:18 CH01f02 1075 0.7 24 8.0 15 (62.5) 0.89 0.88 −0.013 0.97 0.86 NS −0.01 0.028 0.319

t2:19 CH01h01 1071 1.1 22 8.4 13 (59.1) 0.88 0.88 0.001 0.97 0.87 NS 0.00 0.026 0.316

t2:20 Hi07h02 1028 5.1 24 8.6 13 (54.2) 0.89 0.88 −0.008 0.98 0.87 NS 0.00 0.024 0.314

t2:21 CH02c06 1052 2.9 28 8.7 17 (60.7) 0.87 0.89 0.018 0.98 0.88 NS 0.01 0.023 0.313

t2:22 CH04g07 1063 1.8 26 9.4 14 (53.8) 0.90 0.90 −0.008 0.98 0.89 NS 0.00 0.020 0.308

t2:23 CH02c11 1071 1.1 19 10.0 7 (36.8) 0.89 0.90 0.008 0.98 0.89 * 0.00 0.019 0.305

t2:24 Meana 1061.6 2 19.5 6.2 10.86 0.83 0.82 −0.01 0.94 0.80 0.00 1.3 10-28 3 10-10

t2:25 Total 410 131.2 228 (55.6)

t2:26 SSR with estimated frequency of null allele >0.1

t2:27 NZ05g08 1064 1.8 16 3.5 7 (43.7) 0.46 0.72 0.355 0.90 0.70 ND 0.22 0.10 0.42

t2:28 CH05d02 956 11.7 17 8.7 7 (41.1) 0.51 0.89 0.428 0.98 0.87 ND 0.27 0.02 0.31

t2:29 CH03e03 926 14.5 13 5.5 7 (53.8) 0.42 0.82 0.485 0.94 0.79 ND 0.32 0.06 0.36

Loci carrying null alleles at estimated frequencies >0.1 are listed at the bottom

*Significant at the 5 % level, **significant at the 1 % level, ***significant at the 0.1 % level

No
obs number of observed accessions (Ntotal = 1084), Ao number of alleles, Ae effective number of alleles, Ho observed heterozygosity, He expected

heterozygosity, F fixation index, PD power of discrimination, PIC polymorphic information content, HW exact test of departure from Hardy-Weinberg
equilibrium, NS not significant, ND not done, F(null) estimated frequency of null alleles, P(ID) probability of identity
a In the column “P(ID) unrelated” and “P(ID) sib,” the mean is substituted with cumulative P(ID), which is the product of the P(ID) of individual loci
b Rare alleles correspond to frequency <0.02
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421 total allelic diversity) out of this set were observed in only one
422 accession (“unique alleles”). The mean value for expected het-
423 erozygosity (He) was 0.82 (range 0.72–0.90), which was very
424 close to the value of 0.83 (range 0.70–0.90) for observed hetero-
425 zygosity (Ho). The mean PIC value was 0.80 (range 0.68–0.89).
426 The probability of identity P(ID) calculated for individual loci
427 ranged from 0.019 for the most discriminating locus CH02c11
428 to 0.121 for the least discriminating locus CH-Vf1. The cumula-
429 tive P(ID) over all 21 loci was 1.3×10

−28 for unrelated genotypes
430 and 3×10−10Q1 for full sibs.

431 Structure Identification

432 First, a FCAwas conducted with the 21 SSR data on the 1084
433 diploid genotypes by differentiating six geographic origins of
434 the accessions (north, northwest, northeast, southwest, south-
435 east, and center). No genetic trend could be highlighted (re-
436 sults not shown). The use of STRUCTURE software with
437 LOCPRIOR model according the same geographic origins
438 confirmed the absence of genetic differentiation at this geo-
439 graphic scale (results not shown). Second, a FCA was con-
440 ducted by differentiating three subpopulations beforehand:
441 “OD,” “OC,” and “MC.” “OD” dots covered almost the entire

442graph, whereas “MC” and “OC” were concentrated into two
443distinct groups on the FCA graph (Fig. 2), suggesting a weak
444structure. Inertia values were 1.69 and 1.46 % for coordinate
445axes 1 and 2 of the graph. Pairwise FST comparisons con-
446firmed a weak structure between these three subpopulations.
447The strongest FST values were observed between “MC” on
448one side and “OC” (0.048; pvalue = 0) or “OD” on the other
449side (0.031; pvalue =0). A lower FST value of 0.014 (pvalue = 0)
450was observed between “OC” and “OD.”
451Finally, the genetic structure of the 1319 unique dip-
452loid and triploid apple genotypes was also analyzed
453with the model-based clustering algorithm implemented
454in STRUCTURE software. The structure signal obtained
455by the STRUCTURE default mode was very weak (re-
456sults not shown), and the LOCPRIOR model was suc-
457cessfully used with a mean r value of 0.96, indicating
458that the prior information is informative. For all Kopt,
459memberships were consistent between all runs. The
460peak of ΔK for K= 3 corresponded to the presence of
461three main subgroups (Fig. 3). Divergence between the
462corresponding subgroups given by STRUCTURE results
463was evaluated by pairwise FST comparisons. A low
464structure was observed between subgroups 1 and 2

Fig. 2 Factorial correspondence analysis (FCA) of the 1084 unique
diploid genotypes with GENETIX4.05.2 software for 21 SSRs.
Assignment of genotypes to the Old Dessert, Old Cider, and Modern
Cultivars subpopulations are depicted with orange triangles, blue

squares, and purple triangles, respectively. Inertia values are 1.69 and
1.46 % for coordinate axes 1 and 2.Circles approximately group together
the three a priori subpopulations with the respective colors
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465 (FST = 0.040, pvalue = 0) and between subgroups 1 and 3
466 (FST = 0.026, pvalue = 0). FST was slightly higher between
467 subgroups 2 and 3 (FST = 0.060, pvalue = 0), leading up to
468 the conclusion that a moderate genetic differentiation
469 existed. Substructures were searched for in each of these
470 three STRUCTURE subgroups but the subsequent re-
471 sults did not provide additional relevant conclusions (re-
472 sults not shown).
473 When comparing the three STRUCTURE subgroups
474 with the three a priori “OD,” “OC,” and “MC” subpopu-
475 lations, it appears that the three subgroups highlighted by
476 STRUCTURE corresponded, albeit approximately, to the
477 three a priori subpopulations (Fig. 4). More precisely, the
478 assignment proportions of each a priori subpopulation
479 (“MC,” “OC,” “OD”) to these three STRUCTURE genet-
480 ic subgroups showed that 98 % of the “Modern Cultivars”
481 were assigned to subgroup 3, whereas 98 % of the “Old
482 Cider” cultivars were assigned to subgroup 1 (Table 3). In
483 contrast, the “Old Dessert” cultivars were more largely
484 distributed over the three subgroups, with a majority
485 (66 %) assigned to subgroup 1, which is the largest one
486 (Table 3). It is also worth mentioning that subgroup 2
487 contains fewer accessions than the other two, and that
488 97 % of these accessions are “OD.” The same trend was
489 observed when considering only accessions with a strong
490 assignment probability (qI ≥ 0.8; data not shown).
491 Consistently, most of the “MC” and “OC” cultivars were
492 clearly assigned to STRUCTURE subgroups with, respec-
493 tively, 92 and 93 % of the cultivars assigned with a prob-
494 ability ≥0.8, whereas only 42 % of “OD” cultivars showed
495 a strong assignment (results not shown).

496The genetic diversity of subgroups 2 and 3 was low-
497er than for subgroup 1 based on He (Table 4). When
498considering only diploid genotypes with a high member-
499ship probability (qI ≥ 0.8), He was only 87 % for sub-
500group 2 in comparison with subgroup 1. Many private
501alleles could be observed in each of the three subgroups
502especially for genotypes with high qI (Table 4). By
503scaling down to subgroup 2 size, allelic richness was
504similar in subgroups 1 and 2 but smaller (∼83 %) in
505subgroup 3 whatever all or high membership genotypes
506were considered (Table 4).

507Parentage Analysis

508Parent-offspring relationships in the 1084 unique diploid ge-
509notypes were explored by CERVUS software. A total of 46
510putative trios (offspring and two inferred parents) were iden-
511tified with high (95 %) confidence level consisting of 18
512Modern and 28 Old cultivars (Table 5). The two parents of
51314 Modern cultivars for which full parentage was already
514known were correctly inferred (e.g., “Alkmene”= “Doctor
515Oldenburg” × “Cox’s Orange Pippin”). For two additional
516Modern cultivars (“Judor” and “Cidor”) bred in the 1970s at
517INRA as juice and cider cultivars, the common known female
518parent (“DouceMoen”) was correctly inferred and the initially
519unknown male parents were newly postulated as “Rouge de
520Trèves” and “Doux Joseph” (respectively) known as “OC”
521cultivars that were planted in the same orchard where the open
522pollinated progeny of “Douce Moen”was collected for breed-
523ing purposes. The parentage of the last two Modern cultivars
524(“Nabella” and “Deltana”) was corrected since one of the al-
525ready known parents was correctly inferred but the other was
526not (Table 5, see “Discussion”). The two parents of the re-
527maining 28 Old cultivars were generally not known and thus
528newly inferred (Table 5). Accession “FRA1002,” erroneously
529referred to as “Herrgottsapfel,”was shown to exhibit the same
530SSR profile as “Astillisch” in another study (data not shown).
531Its paternity assignment fitted with the expected cross product
532from “Signe Tillish” × “Astracan rouge.”

533Core Collections

534Based on He, the set of 278 INRA accessions selected to
535generate the “Old Dessert” core collection (Online
536Resource ESM 1) exhibited a genetic diversity similar to
537the set of 737 unique diploid ‘OD’ genotypes (Table 6).
538The mean number of alleles of the ‘OD’ core collection
539(16.4) was kept at 90 % of that of the overall dessert
540collection (18.1). Moreover, the allele frequencies of the
541“OD” core collection were very highly correlated to those
542observed for the overall dessert collection (R2 = 0.99). For
543the nested sub-core collection of 48 dessert accessions,
544the mean number of alleles was lower (71 %) than in

Fig. 3 Determination of Kopt according to the Evanno et al. (2005)
method. The rate of change of the posterior probability of the data
given the number of sungroups is plotted against K. The first peak
(K= 3) corresponds to the optimum number of subgroups. Computation
was performed for the 1319 unique apple accessions genotyped with 21
SSR markers
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F545 the overall collection but He and the allelic richness

546 remained higher (Table 6). In the “Old Cider” core col-
547 lection of 48 INRA accessions (Online Resource ESM 1),
548 the mean number of alleles was reduced to 83 % when
549 compared to the overall set of 188 unique diploid “OC”
550 genotypes, but He and the allelic richness remained higher
551 (Table 6) with a very high correlation between allelic fre-
552 quencies of the core and initial collections (R2 = 0.94). In
553 all cases, allelic richness was much higher in core collec-
554 tions than in an average sample of the overall collection
555 of the same size (Table 6).

556 Discussion

557 Gene Pool Representativeness and Geographical
558 Structure

559 Numerous diversity studies have been performed on apple
560 germplasm (Garkava-Gustavsson et al. 2008; Gasi et al.
561 2010; Gross et al. 2014; Hokanson et al. 2001; Liang et al.
562 2015; Moriya et al. 2011; Pereira-Lorenzo et al. 2008; Song
563 et al. 2006; Urrestarazu et al. 2012; van Treuren et al. 2010)
564 but as far as we know, the present study is the largest one to be
565 performed so far at a national level with such a large number
566 of SSR markers. Apple genetic resources are conserved by
567 many very active structures in France (Fig. 1) and the coordi-
568 nation of this conservation network is entrusted to INRA.

569Thanks to this network that covers all of the major repositories
570and pomological societies, the representativeness of the germ-
571plasm studied was excellent at the national level (Fig. 1). A
572large majority of the accessions could be considered to be of
573French origin, although a significant part of the germplasm
574studied was composed of foreign cultivars. The proportion of
575foreign cultivars was tentatively estimated at 15–25% accord-
576ing to the different sources in the literature or to website re-
577sources and information derived from redundant accessions
578(data not shown), but it was extremely difficult to ensure such
579a value since many inconsistencies were observed over infor-
580mation sources and over duplicate groups affiliations.
581Moreover, geographic origin was not always documented
582and a typical French name of a so-called local cultivar could
583be attributed to an accession that was finally shown to be a
584duplicate of a well-known foreign cultivar. A similar situation
585was described both by Urrestarazu et al. (2012) and Liang
586et al. (2015) for Spanish and Italian accessions that finally
587turned out to be redundant with the well-known American
588cultivar “RomeBeauty.” Finally, most of the robustly assigned
589foreign cultivars analyzed in the present study came from
590European countries and Russia.
591In the same way, due to the lack of documentation
592about geographic origin and historical widespread ex-
593changes of apple cultivars over geographic regions, it
594was extremely difficult to know the real French region
595of origin of many accessions studied. It could explain
596that no clear relationship between the geographical

Fig. 4 Proportions of ancestry of 1319 unique apple genotypes for K= 3
ancestral gene pools (“subgroups”) inferred with Structure2.3.3 software
(Pritchard et al. 2000). Each genotype is represented by a vertical bar
partitioned into K= 3 segments representing the amount of ancestry of

its genome in three subgroups. The a priori classification concerning their
usage (Dessert/Cider) and cultivar selection date (Old/Modern) is
indicated. The three subgroups are depicted using the following color
codes: yellow = subgroup 1; green = subgroup 2; pink = subgroup 3

t3:1 Table 3 Proportions of
membership of each pre-defined
subpopulation (Modern Cultivars,
Old Cider, Old Dessert) in each of
the three subgroups as inferred by
Structure2.3.3

t3:2 A priori population Subgroups inferred by Structure2.3.3 Number of individuals

t3:3 1 2 3

t3:4 Modern Cultivars 0.018 (3) 0.000 (0) 0.982 (164) 167

t3:5 Old Cider 0.983 (226) 0.017 (4) 0.000 (0) 230

t3:6 Old Dessert 0.664 (612) 0.151 (139) 0.185 (171) 922

t3:7 Number of individuals 841 143 335 1319

Numbers in brackets represent the number of individuals in each group
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597 origin and the genetic structure was found in the studied
598 French germplasm, as also reported by Cornille et al.
599 (2012). For example, an accession collected in the north
600 may actually have originated from another region be-
601 cause of unknown historical exchanges. Furthermore,
602 the redundancy rate between regions highlighted in this
603 study also reflects exchanges of plant material over geo-
604 graphic regions.

605 Choice of SSR Markers

606 Reliable and polymorphic SSR markers are essential to study
607 the genetic diversity and structure of such a germplasm. As
608 indicated, several apple diversity studies using SSR markers
609 have already been published. Unfortunately, many different
610 markers have been used with only limited occurrences of large
611 overlapping between studies involving a large number of
612 markers. This situation makes it difficult to accurately com-
613 pare diversity parameters over studies except for some param-
614 eters such as He, which summarizes the fundamental genetic
615 variation of a germplasm. Conversely, a more in-depth meta-
616 analysis could be performed to classify SSR markers accord-
617 ing to their PD or their PIC in order to mine the most infor-
618 mative ones over several germplasm collections. In the present
619 study, we used a set of 16 SSR markers previously recom-
620 mended by the ECPGR Malus/Pyrus working group
621 (Table 1), plus eight additional markers, in order to reach a
622 higher genome coverage for the genetic diversity and structure
623 analyses. This ECPGR set is highly recommended for all new
624 SSR diversity analyses since it will allow more accurate com-
625 parison of diversity and redundancy over germplasms world-
626 wide. Three SSR markers (NZ05g08, CH05d02, and
627 CH03e03) exhibited high frequencies of null alleles
628 (Fnull > 0.1) most probably overestimating the corresponding

629fixation indexes (F). They were discarded from further analy-
630ses as they may introduce a bias in both Hardy-Weinberg test
631computation and parentage analysis (Dakin and Avise 2004).
632It is noteworthy that NZ05g08 and CH05d02 both belong to
633the upper part of linkage group (LG) 4. The NZ05g08 marker
634was already identified as generating null alleles byUrrestarazu
635et al. (2012) and Pina et al. (2014) and should thus be replaced
636by another one in the ECPGR set.
637All of the other 21 SSR loci analyzed displayed a high level
638of polymorphismwith 11 to 30 alleles per locus and a mean of
63919.5 alleles per locus. This result reveals more alleles per locus
640than previously observed on apple by Gharghani et al. (2009),
641Liang et al. (2015), and Urrestarazu et al. (2012) which re-
642vealed 17, 16.8, and 16.7 alleles per locus, respectively. This
643difference could be attributed to the higher number of acces-
644sions observed in our study compared to others. The mean of
645effective alleles/locus (Ae) was 6.2. The difference between
646the allele number and the effective allele number can be ex-
647plained by the high number of loci showing rare alleles
648(55.6 % of the total allelic diversity) with low frequency
649(<2 %). Furthermore, 10 % of the total allelic diversity was
650present in only one accession. Such a level of rare or unique
651alleles indicates a substantial genetic diversity not used at this
652time for breeding. The level of rare alleles obtained in our
653study is comparable to that obtained by Urrestarazu et al.
654(2012) (63 %) in the Spanish apple germplasm.

655Redundancy and Triploidy Level in the French Apple
656Germplasm

657The extremely low probability (P(ID) = 1.3 × 10−28) of
658matching by chance any two genotypes at all 21 loci gave us
659great confidence in the ability of our SSR marker set to accu-
660rately detect duplicated accessions. About one third (34 %) of

t4:1 Table 4 Descriptive information for the three subgroups of diploid genotypes identified by Structure analysis

t4:2 Subgroup N Ho He Number of alleles Allelic richness

t4:3 Total Privatea Uniqueb Mean no. allele

t4:4 All diploid genotypes 1 655 0.83 0.81 384 79 46 18.3 12.8

t4:5 2 124 0.83 0.77 268 8 51 12.8 (12.8)

t4:6 3 305 0.80 0.78 287 10 39 13.7 10.6

t4:7 Genotypes with qI > 0.8 1 396 0.83 0.81 323 90 52 15.4 8.5

t4:8 2 34 0.81 0.71 180 15 48 8.6 (8.6)

t4:9 3 188 0.79 0.76 224 25 23 10.7 7.3

Information is detailed either for all diploid genotypes or for genotypes with a membership probability >0.8. Summary statistics include the sample size
(N), observed (Ho) and expected (He) heterozygosity, total, private, unique, average number of alleles per locus (mean no. allele). Allelic richness is
scaled to the smallest subgroup (subgroup 2, N= 124 for all diploid genotypes and N= 34 for genotypes with qI > 0.8). For this subgroup 2, the average
number of alleles is copied as the reference allelic richness (between brackets)
a Alleles detected only in that subgroup
bAlleles detected only in one accession
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661redundancy was detected in the present germplasm, which
662level reflects the traditional exchanges of plant material
663through grafting over geographic regions that occurred for a
664very long time, as underlined in other studies (Liang et al.
6652015; Pina et al. 2014). As an example, a redundancy case
666has been interestingly solved thanks to the expertise of a mem-
667ber of the association “Les Croqueurs de Pommes” who no-
668ticed that the accession “Belle Josephine de Brie” (FRA0824,
669from the “La Brie” region of France) was very similar to
670another accession known as “Marie-Louise” (FRA0932, from
671another French region, “Pays de Montbéliard,” located almost
672400 km apart). Both accessions were shown to be duplicates
673according to their SSR profile (Online Resource ESM 1),
674which was consistent both with their very similar pomological
675description and with their denomination since “Josephine”
676and “Marie-Louise”were the first names of the two successive
677wives of Napoleon. A high genetic level of redundancy be-
678tween accessions has already been observed within apple
679germplasms (Gross et al. 2012; Liang et al. 2015;
680Urrestarazu et al. 2012; van Treuren et al. 2010) and their
681identification is a preliminary step before undertaking a de-
682tailed genetic characterization of the germplasm. Furthermore,
683duplicate identification makes it possible to rationalize germ-
684plasm management. Accessions with the same name from
685different collections were mostly confirmed as duplicates.
686But, many errors were also highlighted which will necessitate
687further analysis. For duplicates with different names, further
688pomological and passport data analyses will also be necessary
689to check for true synonym status (when not already known), to
690identify interesting phenotypic mutations not accounted for
691with SSR markers (Gross et al. 2012; Liang et al. 2015), and
692to discard false synonymy resulting from grafting errors or
693erroneous former pomological identification. Cipriani et al.
694(2010) showed that many duplicates identified by SSR in
695grapevine are phenotypically well differentiated from each
696other for several traits, probably due to punctual genetic mu-
697tations, genomic structural variations or even epigenetic mod-
698ifications. For these reasons, accessions sharing the same SSR
699fingerprinting should be subjected to further morphological
700and agronomical evaluation before being considered as strict
701replicates and being eliminated from a collection. Finally, sev-
702eral cases of homonymy, i.e., accessions with the same name
703but different genetic profiles, were also highlighted (e.g.,
704“Double Bon Pommier” or “Api Double Rose”; Online
705Resource ESM 1). Some of them could have been
706checked with passport data to identify which of them
707were mislabeled within each pair and renamed as “un-
708known” in the collection. Grafting failures were espe-
709cially identified through duplicate status with known
710rootstocks (e.g., “MM106”). Others could not be differ-
711entiated with the available data and should be evaluated
712in the field in order to identify those that are inconsis-
713tent with the identity assigned to them.
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714 The average rate of putative triploid accessions found in our
715 germplasm was 18.5 %. It is noteworthy that Modern Cultivars
716 showed a much lower rate of putative triploids (∼5 %) com-
717 pared to Old Dessert (∼20 %) and Old Cider (∼18 %) cultivars.
718 This reflects that the empirical selection performed by farmers
719 and gardeners in the past (until 1950) has been more efficient
720 than modern selection for this characteristic, which is however
721 frequently linked to a larger fruit size. Other authors also found
722 even higher rates of triploids in their national or regional col-
723 lections: 28 % (Pereira-Lorenzo et al. 2007), 24 % (Urrestarazu
724 et al. 2012), and 21 % (van Treuren et al. 2010) of triploids.
725 Checking the triploid status of the postulated accessions by
726 flow cytometry should be performed in the near future for at
727 least a part of the French apple germplasm.

728 Genetic Diversity and Structure Observed in the French Apple
729 Germplasm

730 As expected, because apple is a self-incompatible cross-polli-
731 nation species, both observed and expected heterozygosity
732 values were high regardless of the SSR marker, suggesting
733 that the collection was highly diverse. In comparison with
734 other studies, the mean He=0.82 observed in our study was
735 similar to those reported on apple by Urrestarazu et al. (2012)
736 (He=0.82), Larsen et al. (2006) (He=0.78), Gasi et al. (2010)
737 (He = 0.78), Pereira-Lorenzo et al. (2007) (He = 0.80),
738 Gharghani et al. (2009) (He = 0.83), Liang et al. (2015)
739 (He=0.83), and Coart et al. (2003) (He=0.72 for wild apple
740 populations and 0.77 for ornamental apple populations).
741 Conversely, He was only 0.44 for grape (Cipriani et al.
742 2010), 0.69 for cacao (Motilal et al. 2009) and 0.04 for a
743 self-pollinating species such as rice (Faivre-Rampant et al.
744 2011). The difference with the mean observed heterozygosity
745 (Ho= 0.79) could be partly explained because genotypes
746 showing a single peak at a given locus were considered as
747 homozygous, leading to an underestimation of heterozygosity
748 for loci with null alleles that occur at high frequency (Liang

749et al. 2015). Analysis of the global structuration over acces-
750sions showed that two types of weak but significant structures
751could be observed. On one hand, an a priori structure was
752found between “OD,” “OC,” and “MC.” The highest FST val-
753ue (0.048) was observed between “MC” and “OC,” whereas
754the smallest one (0.014) was observed between “OD” and
755“OC.” These results logically reveal that the “MC” group
756derives from founders that are not all fully and equally
757represented in the old cultivars subpopulations, thus
758generating a switch in allelic representation between modern
759and old subpopulations. The results are also consistent with
760the very weak differentiation between dessert and cider
761apples, as already shown by Cornille et al. (2012) on a partial-
762ly redundant set of accessions. A recent study by our group
763also underlined the difficulties in finding loci involved in the
764dessert vs. cider differentiation at the genome level
765(Leforestier et al. 2015).
766On the other hand, the use of STRUCTURE software
767showed that the French apple germplasm also had a significant
768structure between three subgroups, with FST values ranging
769from 0.026 to 0.060. It is noteworthy that these subgroups
770identified by STRUCTURE corresponded, albeit approximate-
771ly, to the 3 a priori “OD,” “OC,” and “MC” subpopulations.
772However, it could be highlighted that “OC” and “MC” were
773mostly shared in separate subgroups 1 and 3 (respectively)
774identified by STRUCTURE and with a strong assignment
775probability, whereas “OD” was found in the three subgroups
776with a lower assignment probability. Coherently, all major
777founders of modern cultivars were assigned to subgroup 3 with
778high membership probabilities (qI≥0.8 or close to 0.8). This
779was especially the case for “Golden Delicious,” “McIntosh,”
780“Jonathan,” “Delicious,” “Cox’s Orange Pippin,” “Rome
781Beauty,” “James Grieve,” “Worcester Pearmain,” and
782“Granny Smith,” each of these founding cultivars belonging
783to the “OD” subpopulation (Online Resource ESM 1). Many
784other well-known international cultivars were assigned to
785sugroup 3, such as “Reinette Dorée de Blenheim” (syn.

t6:1 Table 6 Descriptive information
for the overall sets of unique
diploid old dessert or cider apple
cultivars and for the core
collections defined in both sets

t6:2 Population N Ho He Mean no. alleles Allelic richness

t6:3 N= 278 N = 48

t6:4 Overall unique diploid Old
Dessert cvrs

737 0.78 0.81 18.1 14.5 9.8

t6:5 Core collection CC-dessert-278 278 0.77 0.81 16.4 (16.4) 9.9

t6:6 Core Collection CC-dessert-48 48 0.74 0.84 12.9 (12.9)

t6:7 Overall unique diploid Old
Cider cvrs

188 0.78 0.81 13.5 9.5

t6:8 Core collection CC-cider-48 48 0.76 0.83 11.2 (11.2)

Summary statistics include the sample size (N), observed (Ho) and expected (He) heterozygosity, average number
of alleles/locus (mean no. alleles), and allelic richness. First, allelic richness is scaled toN = 278 for comparing the
overall dessert collection to the CC-dessert-278 for which the average number of alleles is copied as the reference
allelic richness (between brackets). Second, it is scaled to N = 48 for comparing: (i) the overall dessert collection
and the CC-dessert-278 to the CC-dessert-48, and (ii) the overall cider collection to the CC-cider-48 278 for
which the average number of alleles is copied as the reference allelic richness (between brackets)
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786 “Blenheim Reinette”), “Borowitsky” (syn. “Charlamowsky” or
787 “Duchesse of Oldenburg”), “Grand Alexandre” (syn.
788 “Alexander” or “Aporta”), “Reine des Reinettes” (syn. “King
789 of Pippins”), “Transparente Blanche/Jaune” (syn. “White/
790 Yellow Transparente” or “Papirovka”), “Dülmener
791 Rosenapfel,” “Winter Banana,” “Lady Hamilton” (Online
792 Resource ESM 1). Conversely, subgroup 2 was almost only
793 gathering accessions with typical French names. This subgroup
794 also seemed to gather more cultivars from south of France
795 (especially from “Parc Naturel Régional du Lubéron” [10],
796 “Fruits Oubliés Réseau” [12], “Conservatoire des Espèces
797 Fruitières et de Vignes Anciennes” [8], and “Conservatoire
798 Végétal Régional d’Aquitaine” [3]; Fig. 1) whereas the collec-
799 tions from the north and northwest of France hardly contained
800 accessions assigned to this subgroup (e.g., “Centre Régional de
801 Ressources Génétiques du Nord-Pas-de-Calais” [4],
802 “Confédération des Producteurs de Fruits d’Alsace” [6], “I
803 z’on creuqué eun’ pomm’” [7], “Les Mordus de la Pomme”
804 [5], “Verger Conservatoire de Pétré” [9], or western sections of
805 “Les Croqueurs de Pommes” [2]). Based on the allelic richness
806 parameter, this subgroup 2 was as diverse as subgroup 1 but
807 more diverse than subgroup 3. For subgroup 1, the large con-
808 tribution of cider accessions with high membership probability
809 may indicate that these accessions share a common genetic
810 basis with the dessert accessions assigned to this subgroup,
811 especially those with high membership probability. When fo-
812 cusing on accessions with qI≥0.8 in subgroup 1, a large pro-
813 portion of dessert accessions came from collections from north
814 and west of France (e.g., “Centre Régional de Ressources
815 Génétiques du Nord-Pas-de-Calais,” “I z’on creuqué eun’
816 pomm’,” “LesMordus de la Pomme”), as did many of the cider
817 accessions belonging to this subgroup.
818 All the FST observed were low or moderate, indicating a
819 weak differentiation among subgroups. Generally, these low
820 or moderate differentiations are expected for out-crossing spe-
821 cies like apple tree and fit with the large gene flow observed
822 both within domesticated apple population and between do-
823 mesticated and wild apple populations, as described by
824 Cornille et al. (2012). The FST values obtained in the present
825 study are consistent with those observed on other apple
826 germplasms. Gharghani et al. (2009) obtained a FST of 0.087
827 between subpopulations of Iranian apple germplasm; Pereira-
828 Lorenzo et al. (2007) observed an FST of 0.058 between
829 nonnative and local apple cultivars; Richards et al. (2009)
830 observed a mean FST=0.05 between sites for apples; Coart
831 et al. (2003) observed an FST of 0.011 between wild and do-
832 mesticated apples populations and 0.060 between wild and
833 ornamental apples populations.

834 Parentage Analysis Within the French Apple Germplasm

835 The initially known parentage of 18 Modern cultivars
836 was correctly inferred in all cases for at least one of

837the two parents, and in 77 % of the cases for the two
838parents. These expected results served as control and
839validated the parentage assignment obtained with the
840CERVUS software (Kalinowski et al. 2007; Marshall
841et al. 1998), indicating that the number and informative-
842ness of SSR markers were sufficient. Furthermore, some
843inconsistencies with the expected parentage of two
844Modern cultivars could be documented. “Nabella,” bred
845at the Research Institute of Pomology, Holovousy,
846Czech Republic, as “Nonnetit” (synonym = “Mother ap-
847ple”) × “Starking Delicious” (Blazek et al. 1995;
848Fischer et al. 2004), should be corrected as “Nonnetit
849= Mother apple = La Paix” × “James Grieve.”
850Interestingly, the inferred female parent, “La Paix,” is
851identif ied as a putat ive synonym of “Nonett i”
852(=FRA0918, collected by Croqueurs de Pommes de
853Lorraine), which is most probably a typing error of
854“Nonnetit.” Also, Deltana, bred by the Delbard nurser-
855ies, Malicorne, France, as [“Golden Delicious” × “Grive
856Rouge”] × “Florina” was corrected as “Granny Smith”
857× “Florina.”
858Several interesting features could be observed such as the
859rather frequent occurrence of some cultivars as parents of old
860cultivars (4 × “King of Pippin” = “Reine des Reinettes,” 4 ×
861“Calville Rouge d’Hiver”), or the geographic convergence of
862parentage (e.g., “Ognon” and “Vernajoux” are both described
863as traditionally grown in the French “Haute-Vienne” department;
864“Verollot” and “Nez de Chat” are two cider cultivars from the
865“Pays d’Othe,” another French region). Complete paternity as-
866signment of some well-known old cultivars was proposed, in-
867cluding “Calville Rouge du Mont Dore,” inferred as a cross
868between the Ukrainian cultivar “Alexander/Grand Alexandre”
869and the French cultivar “Calville Rouge d’Hiver.” The German
870cultivar “Dülmener Rosenapfel”was inferred as a cross between
871“Reinette de Caux” (also known as “DutchMignonne” since it is
872thought to come from the Netherlands) and “Petite Madeleine”
873(with “St Jacques” and “Bouchon” as identified duplicates). It is
874thus not a seedling from “Gravenstein,” as frequently reported.
875Another German cultivar “Bittenfelder Sämling”was also shown
876to result from a cross involving “Reinette de Caux/Dutch
877Mignonne.” Intriguingly, “Reinette de Caux” was also indicated
878as a putative parent of the famous triploid Dutch cultivar “Belle
879de Boskoop” by Ramos-Cabrer et al. (2007). Interestingly, two
880“Rose” cultivars both originally from Switzerland (“Rose de
881Berne” and “Rose d’Ajoie Blaser”) were inferred as full-sibs
882from the same cross between “Pomme Raisin” (synonym of
883“Sauergrauech”) and “Calville Rouge d’Hiver.” From a practical
884point of view, identifying cultivars that are frequently inferred as
885parents of other cultivars may indicate their particular interest as
886progenitors for new breeding purposes. Especially, they could be
887preferred for the purpose of using old germplasm to enlarge the
888genetic base of modern breeding programs. However, some pre-
889liminary evaluation is necessary since it may also be the case that
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890 the higher frequency of parentage would reflect a higher frequen-
891 cy of geographic distribution of these particular cultivars in
892 France in the past. Moreover, the empirical breeding goals of
893 farmers and gardeners one or several centuries agomay be some-
894 what divergent from the present breeding goals of modern breed-
895 ing programs. Finally, by combining this study with other germ-
896 plasm analyses performes in other European countries (e.g.,
897 (Liang et al. 2015; Urrestarazu et al. 2012; van Treuren et al.
898 2010), more complete European-wide multi-generation pedigree
899 networks could be searched for in our germplasm, as was done
900 on old grapevine cultivars by Lacombe et al. (2013) or on recent
901 apple cultivars with known pedigrees by Salvi et al. (2014).

902 Definition of INRA Diploid Core Collections
903 for Association Genetics Studies

904 Three core collections were defined based on genetic di-
905 versity. Additional phenotypic information was not enough
906 available to help building the core collections despite it can
907 help to optimize further screening and analyses of
908 agronomical traits (Nicolaï et al. 2013). In grapevine,
909 Emanuelli et al. (2013) compared a phenotypic and a ge-
910 netic core collection. They showed that the latter retained
911 more genetic diversity while maintaining a similar pheno-
912 typic variability. In the present study, the core collections
913 were based only on the SSR allelic diversity and should
914 thus maximize the genetic variation. The results showed
915 that only a small number of accessions is needed to retain
916 the most frequent alleles since up to 71 % of the observed
917 alleles were represented with only 48 conserved accessions
918 of the dessert sub-core collection. The high level of hetero-
919 zygosity in apple is the major factor contributing to the
920 capture of a large part of the genetic diversity with such a
921 small number of individuals.
922 These core collections are already used for various goals as
923 exemplified by the study of the differentiation between dessert
924 and cider apples (Leforestier et al. 2015). The dessert apple
925 core collection is also currently being phenotyped for various
926 agronomical traits and SNP genotyped within the framework
927 of the European project FruitBreedomics (Laurens et al.
928 2010). These data will thus make it possible to perform
929 genome-wide association studies to decipher the genetic ar-
930 chitecture of important traits such as fruit quality and biotic or
931 abiotic stress resistance.

932 Conclusion

933 This study is the largest one ever to be performed at the
934 national level with such a large number of SSR markers.
935 The representativeness of the French apple germplasm
936 was excellent thanks to the strong involvement of all the
937 major repositories and pomological societies. As already

938shown in various other studies, the genetic diversity is es-
939pecially large in domesticated apple, which exhibits a high
940level of heterozygosity. SSR marker data helped to identify
941a large number of redundancies (“duplicates”) both within
942and between collections, information that is extremely use-
943ful for curating the germplasm. Additional phenotypic and
944passport data checking is now necessary to solve pending
945identification questions. The overall diversity structure was
946shown to be rather weak and partially coincided with the
947cultivar selection date and the usage of the cultivars.
948Several unknown parentages were inferred, underlying the
949unaware preference of particular genotypes as parents of old
950cultivars during the empirical selection process performed
951in the past. Finally, core collections were established that
952will be used for further research projects aimed at gaining
953insight into genetic and functional bases of major
954agronomical traits in apple. To conclude, we highly recom-
955mend the use of the 16 SSRs proposed by the Malus/Pyrus
956ECPGR group for any future apple fingerprinting studies
957since it will allow the allelic adjustment of SSR data over
958countries, thus empowering future worldwide analyses and
959comparisons.
960In the “Cultivar Usage” column, the asterisk (*) indi-
961cates an accession initially classified as Cider (resp.
962Dessert) that has finally been considered as Dessert (resp.
963Cider) in the statistical analyses because of more consistent
964information derived from its duplicate(s). In addition, sev-
965en accessions of the Dessert core collection (“CC-dessert-
966278” in the column “Core Collection”) identified by
967“Cider!” were initially considered as Dessert cultivars but
968finally corrected as Cider cultivars thanks to additional
969information from partners; since the core collection was
970already vegetatively propagated and genotyped for further
971association studies, they were maintained in the Dessert
972core collection for contingency reasons.
973In the “Old/Modern” column, the asterisk (*) indicates an
974accession initially classified as Old (resp. Modern) that has
975finally been considered as Modern (resp. Old) in the statistical
976analyses because of more consistent information derived from
977its duplicate(s).
978In the “Subgroup” column, a bold number indicates
979that the highest subgroup membership probability (qI) is
980greater than 0.8.
981In the “Analyzed/Excluded” column,

982– A indicates an accession that has been considered in the
983statistical analyses.
984– E indicates an accession that has been excluded
985from the statistical analyses (mostly because anoth-
986er duplicated accession has been retained; in that
987case, the subgroup membership and the qI proba-
988bility has been imputed according to the analyzed
989duplicate accession).
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990 – E (SSR) indicates an accession that has been excluded
991 from the statistical analyses because of an exceedingly
992 low number of SSR marker data (<17 SSR).
993 – E (Ext.) indicates an accession that has been excluded
994 from the statistical analyses because of its extreme situa-
995 tion in a preliminary FCA.
996 – E (Rs) indicates an accession that has been exclud-
997 ed from the statistical analyses because of its root-
998 stock status identified using the SSR profile (gen-
999 erally MM106 instead of the expected accession).
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