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Fig. 2.  Example of local ancestor allele dose estimation for a triploid accession. (A) Definition of non-overlapping windows of ten DNSPs for each ancestral 
taxon: w, window of ten DSNPs. (B) Number of reads of the considered ancestor allele/number of reads of the alternative allele. (C) Estimation of allelic dosage 
of each ancestor per window of ten DSNPs [each pair of dose hypotheses are compared by maximum likelihood (LOD) test; if, for a pair including the more prob-
able hypothesis, –3 < LOD < 3 → indeterminacy]. (D) Division of the chromosome into non-overlapping windows of 100 kb; the allelic dosage of this window 
is deduced from that of the ten DSNPs window that include the 100 kb window. (E) If the sum of allelic dosage of the four classes of DSNPs is different from the 
expected ploidy (here 3) → indeterminacy (grey). (F) Unphased karyotype automatic drawings. Blue, C. maxima; yellow, C. medica; green, C. micrantha; red, 

C. reticulata; grey, indeterminacy.
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‘King’ mandarin was particularly clear, a result consistent with 
those of Wu et  al. (2018). As proposed by Wu et  al. (2014) 
and adopted by Oueslati et  al. (2017), when examining the 
representative accessions, we considered that regions with low 
heterozygosity represent diploid segments which combine two 
haplotypes from the same species, while regions with high het-
erozygosity were considered to be hybrid segments combining 
two haplotypes from two different species. Thus, regions with 
heterozygosity values >0.2 were assumed to be introgressed 
and were removed.

The patterns of similarity between each accession and the 
centroid of the four horticultural groups were also examined. 
The regions with an increase in heterozygosity were associated 
with a decrease in similarity to their representative horticultural 
group and an increase in similarity to the horticultural group 
involved in the introgression. An example is given for chromo-
some 2 of the ‘King’ mandarin (Supplementary Data Fig. S4). 
A heterozygous introgression was clearly identified at the end 
of the chromosome. Heterozygosity increased with a decrease 
in similarity, starting at 25  Mb and continuing to the end of 
the chromosome. Similarity analysis was particularly useful to 
identify homozygous introgressions as described by Oueslati 
et al. (2017) for the ‘Ponkan’ variety. Indeed, respective similar-
ity with the reference taxa and the introgressed taxa decreased 
and increased abruptly. The search for introgressions, based on 
the patterns of heterozygosity and similarities with centroids of 
the horticultural groups, was systematically performed on the 
nine chromosomes of the 29 representative accessions.

Allelic frequencies of the ancestral taxa and the differentiation 
parameter (GST) were then re-estimated considering the intro-
gressed areas as missing data. All SNPs with GST >0.9 for one 
ancestral taxon compared with all others were considered as 
diagnostic of the taxon concerned. A total of 15 946 DSNPs of 
the four ancestral taxa distributed along the nine chromosomes 
(Table 3; Supplementary Data Table S2) were then identified. 
DSNPs of C. medica represented more than one-third (37.60%) 
of the total number of DSNPs. The low intraspecific heterozy-
gosity of C. medica described above explains the higher number 
of diagnostic SNPs in this taxon (5997), and the same is true for 
the C. micrantha taxon whose DSNPs represent 27.41 % of the 

total. Citrus reticulata and C. maxima are represented by 21.9 and 
13.09 %, respectively, of the total number of DSNPs. The distri-
bution of the 15 946 DSNPS along the nine chromosomes closely 
resembled the distribution of the whole set of polymorphisms 
and is closely linked with the distribution of the gene sequences 
(Supplementary Data Fig. S5). The selected DSNPs were used to 
decipher the phylogenomic mosaic structures of the 53 varieties.

Phylogenomic structure of modern varieties

Our main objective was to develop a pipeline for the analysis 
of GBS data which would make it possible to establish the phy-
logenomic karyotype in diploid, triploid and tetraploid germ-
plasm. For polyploid germplasm, this requires the ability to 
estimate allelic doses for heterozygous genotypes. Looking at 
individual SNP loci for the DSNPs of C. medica in the triploid 
‘Persian’ lime (Supplementary Data Fig. S6), the frequency of 
C. medica allele reads per locus did not display a clear bimodal 
distribution for heterozygous loci (Supplementary Data Fig. 
S6A) and, consequently, estimated allelic doses are subject 
to high uncertainty. When working with all reads of ten con-
secutive loci, the bimodal distribution of the C. medica allele 
frequency was much clearer (Supplementary Data Fig. S6B), 
enabling efficient estimation of the dose of C. medica (1/3 and 
2/3) in the genomic fragment corresponding to the ten markers 
considered. For the analysis of diploid and triploid Citrus germ-
plasm, we kept ten DSNPs per window as default to estimate 
the doses for each ancestral taxon.

Using the TraceAncestor tool that we developed, we inferred 
the unphased phylogenomic karyotypes of the 53 accessions 
(Fig. 7). The average phylogenomic contributions of C. reticu-
lata, C. maxima, C. medica and C. micrantha to the modern 
varieties are presented in Supplementary Data Text S2.

Validation of the karyotypes inferred from GBS data

We compared karyotypes obtained from GBS data with 
those proposed by Wu et al. (2014, 2018) from WGS data 
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Fig. 6.  Distribution of the heterozygosity in mandarins, pummelos, citrons, papedas, all the diploid varieties, the ‘Seville’ sour orange and the ‘Rough’ lemon 
computed from the average values in successive windows of 100 polymorphic positions along the genome.
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Table 3.  Distribution of the 15 946 diagnostic SNPs (DSNPs) per taxon and per chromosome along the nine chromosomes

C. reticulata C. maxima C. medica C. micrantha Total

C1 404 274 604 430 1712
C2 429 257 826 555 2067
C3 593 328 1089 817 2827
C4 388 245 630 503 1766
C5 423 264 719 490 1896
C6 321 228 564 428 1541
C7 318 179 494 343 1334
C8 261 130 480 364 1235
C9 354 182 591 441 1568
Total 3491 2087 5997 4371 15 946
% 21.9 13.09 37.6 27.41 100

C1–C9, the nine chromosomes of the reference clementine genome (Wu et al., 2014); %, percentage of DSNPs for the taxon.

for four citrons (‘Buddha’s Hand’, ‘Corsican’, ‘Humpang’ 
and ‘Mac Veu de Montagne’), C.  micrantha, seven man-
darins (‘Ponkan’, ‘Owari Satsuma’, ‘King’, ‘Dancy’, 
‘Sunki’, ‘Cleopatra’ and ‘Willowleaf’), ‘Chandler’ pum-
melo, ‘Washington Navel’ sweet orange, ‘Seville’ sour 
orange, ‘Nules’ clementine, Marsh’ grapefruit, ‘Rough’ 
lemon, ‘Rangpur’ lime and ‘Eureka’ lemon. For example, 
Supplementary Data Fig. S7A shows the phylogenomic 
karyotypes of the ‘Washington Navel’ sweet orange and 
the ‘Owari Satsuma’ mandarin inferred from our GBS data 
and from WGS data (Wu et  al., 2014). As concluded by 
Wu et  al. (2018), the four citrons common to both studies 
and the two ‘small flower’ papeda were fully homozygous 
with C.  medica and C.  micrantha, respectively. Regarding 
‘Chandler’ pummelo, only a small genomic area considered 
by Wu et al. (2014, 2018) to be introgressed in heterozygo-
sity by C. reticulata on chromosome 2 (C2) coincided with 
an undetermined area in our karyotype generated from GBS 
data (Fig. 7A; Wu et al., 2018). For the rest of the genome, 
like Wu et al. (2014, 2018), we concluded homozygosity for 
C. maxima. For the representative mandarins, the karyotypes 
inferred from GBS data completely matched those inferred 
from WGS (Wu et  al., 2014, 2018) except for two small 
genomic regions. A  small C.  reticulata homozygous frag-
ment in the C6 of ‘Owari Satsuma’ mandarin and a small 
heterozygous introgression of C. maxima at the beginning of 
the C2 of ‘Willow leaf’ mandarin were not detected by the 
GBS analysis. Focusing on the areas determined in our GBS 
analysis, we detected no differences between our results for 
sweet orange, sour orange, clementine, grapefruit, lime and 
lemons common to both analyses (Fig. 7B, C) and those 
obtained by Wu et  al. (2018). Moreover, we checked the 
repeatability of the analysis through three experimental rep-
licates (three independent samples during preparation of the 
GBS library) of ‘Nules’ clementine. The determined areas 
of the three replicates displayed exactly the same pattern 
(Supplementary Data Fig. S7B). Overall, phylogenomic kar-
yotypes were successfully inferred from GBS data but with 
more undetermined regions than those inferred from WGS 
data. Given these positive results, we considered that our 
GBS workflow was validated and the karyotypes inferred for 
all the remaining varieties as a good approximation of the 
phylogenomic structure.

New karyotypes of diploid varieties

The analysis of the additional varieties representative of the 
four ancestral taxa revealed introgressions of C. maxima frag-
ments in all mandarins except ‘Shekwasha’ mandarin. It varied 
between 1.39 % for ‘Se Hui Gan’ mandarin to 4.41 % in ‘San 
Hu Hong Chu’ mandarin, with variable introgression posi-
tions in C2, C3, C4, C6, C8 and C9. ‘Shekwasha’ mandarin 
displayed a small introgression of C. micrantha in C3. In the 
case of pummelos, GBS data identified a small introgressed 
area by C. medica in the C7 of ‘Timor’ pummelo, while ‘Pink’, 
‘Tahitian’, ‘Kao Pan’ and ‘Deep red’ pummelos appeared fully 
homozygous for C. maxima (Fig. 7A). In the same way, the two 
C. medica not analysed in the study of Wu et al. (2018) (‘Etrog’ 
and ‘Poncire commun’ citrons) appeared fully homozygous for 
C. medica.

For the secondary species, ‘Bouquetier de Nice’ sour orange 
displayed the same karyotype as ‘Seville’ sour orange with full 
C.  reticulata/C.  maxima heterozygosity. Examining the deter-
mined areas, ‘Valencia late’ sweet orange was found to be iden-
tical to ‘Washington navel’, displaying C. reticulata/C. maxima 
heterozygosity or C.  reticulata homozygosity all along the 
genome except on two fragments on C2 and C8, which appeared 
in C.  maxima homozygosity. In the same way, ‘Duncan’ and 
‘Star Ruby’ grapefruits were found to be identical to ‘Marsh’ 
(Fig. 7B). ‘Volkamer’ lemon appeared to be fully heterozy-
gous for C.  reticulata/C.  medica along the nine chromo-
somes, as previously observed for ‘Rangpur’ lime and ‘Rough’ 
lemon (Wu et al., 2018; this study). Karyotypes of ‘Palestine’ 
sweet lime, ‘Marrakech’ limonette, and ‘Meyer’ and ‘Lisbon’ 
lemons displayed interspecific heterozygous fragments of 
C. medica/C. reticulata and C. medica/C. maxima (Fig. 7B) as 
previously described for ‘Eureka’ lemon (Wu et al., 2018; our 
present results from GBS). Moreover ‘Lisbon’ and ‘Eureka’ lem-
ons were strictly identical in their determined areas. Bergamot 
displayed a much more complex admixture of C.  maxima, 
C. reticulata and C. medica genomes. Indeed, in addition to the 
C. medica/C. reticulata and C. medica/C. maxima heterozygo-
sity regions, we found fragments in C.  reticulata/C.  maxima 
heterozygosity, C. reticulata homozygosity (C7) and C. maxima 
homozygosity (C3, C4, C6 and C7). Referring to the hypoth-
esis that the bergamot comes from a hybridization between a 
sour orange and a lemon (Gallesio, 1811; Curk et al., 2016), we 
examined the ancestor allelic dosage of the 100 kb windows of 
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this variety and its assumed parents. A total of 99.12 % of them 
completely fit with the hypothesis, each parental gamete bringing 
the ancestor allelic doses observed in the bergamot. The remain-
ing 0.88 % corresponds to C. reticulata/C. maxima heterozygo-
sity regions located in the C1 and C6 undetermined in lemon. 
Considering this origin hypothesis and the haplotype structure 
of the parental genomes, we have been able to draw the ber-
gamot phased karyotype (Fig. 8; Supplementary Data Fig. S8). 
‘Alemow’ and ‘Nestour’ lime displayed C. micrantha/C. med-
ica heterozygosity for the nine chromosomes. It should be noted 
that ‘Alemow’ presented a relatively high proportion of undeter-
mined areas (39.46 %), probably due to a low sequencing cover-
age (65 % of missing data at the SNP level).

Karyotypes of polyploid varieties

The phylogenomic structures of ‘Tanepao’, ‘Coppenrhad’, 
‘Tahiti’ and ‘Persian’ triploid limes (Fig. 7C) and ‘Giant Key’ 
tetraploid lime were also inferred with the ‘TraceAncestor’ 
tool (Fig. 7D). ‘Tahiti’ and ‘Persian’ limes involving the 

contribution of the four basic taxa and, excluding undetermined 
areas, noticeably had the same phylogenomic karyotype. The 
quasi-systematic single dose of C.  micrantha, the frequent 
double dose of C. medica and the occurrence of a double dose 
of C. micrantha (C3 and C5) and a triple dose of C. medica 
(C5) on small fragments, while C.  reticulata and C.  maxima 
were found only in single doses, fit the hypothesis that these 
limes derive from the union of a diploid ovule of ‘Mexican’ 
lime (C. aurantiifolia = C. micrantha × C. medica) and hap-
loid pollen of lemon [C. limon = (C. maxima × C. reticulata) 
× C.  medica] as proposed by Curk et  al. (2016) and Rouiss 
et al. (2018). Therefore, following this hypothesis, we propose 
a phased karyotype identifying the haploid and diploid gametes 
from which this triploid lime originated (Fig. 8). For all the 
chromosomes, except C3 and C5, we observed a total restitu-
tion of the ‘Mexican’ lime-like parent by the diploid gamete. 
The representation of chromosomes 3 and 5 is just one of the 
different possibilities of C. medica and C. micrantha fragment 
phases in the diploid gamete. The interspecific recombination 
points in the diploid C. aurantiifolia and haploid C. limon gam-
etes were clearly identified (Fig. 7C).
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Fig. 7.  Unphased phylogenomic karyotypes of the 53 varieties of the study. (A) Karyotypes of the representative accessions of the four ancestral taxa. (B) 
Karyotypes of the secondary admixture species. (C) Karyotypes of the triploid hybrids. (D) Karyotype of the tetraploid hybrid lime. Red, C. reticulata; blue, 

C. maxima; yellow, C. medica; green, C. micrantha; grey, indeterminacy; black, separation between chromosomes.
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For determined areas, ‘Coppenrhad’ and ‘Tanepao’ limes 
displayed an identical pattern involving only C.  medica and 
C.  micrantha with single doses of C.  micrantha and double 
doses of C. medica all along the nine chromosomes.

For the tetraploid ‘Giant key’ lime, the phylogenomic 
analysis with ten DSNPs per window produced many unde-
termined regions (60.58 %), due to a relatively low coverage 
(Supplementary Data Fig. S1) and the higher difficulty to 

Pummelo
(Citrus maxima)

Mandarin
(Citrus reticulata)
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(Citrus medica)
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(Citrus micrantha)
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Fig. 8.  Phylogenetic origin and phased phylogenomic karyotypes of the sour orange (C. aurantium), the lemon (C. limon), the bergamot (C. bergamia) and the 
‘Tahiti’ lime (C. latifolia). Red, C. reticulata; blue, C. maxima; yellow, C. medica; green, C. micrantha; grey, indeterminacy. The grey arrows indicate the cross 

between species, and the coloured arrows indicate whether the species contributes with x or 2x gametes.
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distinguish 1/3, 2/2 and 3/1 doses for heterozygous genotypes. 
Therefore, we tested the inference with 20 and 30 DSNPs 
(Supplementary Data Fig. S9). The karyotype we obtained with 
30 DSNP windows allowed a better estimation of the allelic 
doses and was able to reduce the undetermined regions to only 
20 %.  It showed full C.  medica/C.  micrantha heterozygosity 
along the genome.

DISCUSSION

The DSNP-based approach is powerful to decipher the admixture 
genomic structure in Citrus

Recent studies based on NGS (WGS and GBS) analysed the 
admixture of modern citrus varieties. They were based on the 
identification of diagnostic polymorphism (mainly SNPs) of 
the ancestral taxa considered. Wu et al. (2014) were the first 
to develop the DSNP approach to decipher the genomic struc-
tures of modern varieties originating from two ancestral taxa, 
C.  reticulata and C.  maxima, from WGS data. They used a 
small panel of mandarins (three varieties) and pummelos (two 
varieties), as representative of C. reticulata and C. maxima, to 
identify SNPs that distinguish these two ancestral taxa. The pat-
terns of heterozygosity and similarity to the other mandarins 
and pummelos were used to identify introgressed areas in the 
different varieties in the two panels. The study revealed unex-
pected C. maxima introgressions in ‘Ponkan’ and ‘Willowleaf’ 
mandarins which were previously believed to be pure repre-
sentatives of the C. reticulata taxon. The very large set of iden-
tified DSNPs was highly efficient to decipher the phylogenomic 
structures of clementine, sweet and sour oranges and ‘Afourer’ 
mandarin (W Murcott). Oueslati et  al. (2017) showed that a 
similar approach can be used with GBS data using the ApeKI 
restriction enzyme. They expanded the phylogenomic analysis 
to 55 citrus varieties composed of representatives of C. max-
ima and C. reticulata taxa and hybrids assumed to derive from 
the admixture of these two taxa (mandarins, tangors, tangelos, 
orangelos and grapefruits). From a larger panel of representa-
tive mandarins (11 varieties) and pummelos (six varieties), 
these authors identified a set of 11 133 diagnostic polymor-
phisms, mostly SNPs (89 %), with a very similar pattern of 
distribution along the genome to those of gene sequences. This 
allowed them to infer the phylogenomic karyotypes of all the 
accessions by analysing the relative proportion of diagnostic 
markers homozygous for C.  reticulata or C. maxima, or het-
erozygous in successive windows of 20 diagnostic markers.

Curk et al. (2015) were the first to publish sets of DSNPs for 
the four Citrus ancestral taxa. They identified 273 DSNPs from 
454 amplicon sequencing data of 57 gene fragments dispersed 
on the nine chromosomes. They then developed allele competi-
tive PCR markers (using KASPar technology) for 105 of these 
DSNPs and successfully analysed the interspecific origin of 
>200 Citrus accessions (Curk et al., 2015, 2016) and revealed 
systematic introgression of C.  maxima in edible mandarins. 
However, the low number of DSNPs used in these studies did 
not make it possible to infer the phylogenomic karyotypes of 
the analysed varieties.

Wu et al. (2018) mined DSNPs which differentiate three of 
the four basic taxa (C. maxima, C. medica and C. reticulata) 
using only two pure Chinese mandarins, two citrons and three 

pummelos. They identified a total of 588 583 DSNPs (169 
963 for C. reticulata, 116 803 for C. maxima and 301 817 for 
C. medica) and used them to decipher the phylogenomic karyo-
type of 47 Citrus varieties.

Whether the studies dealt with WGS (Wu et al., 2014, 2018), 
GBS (Oueslati et  al., 2017) or DSNP markers (Curk et  al., 
2015, 2016), the analyses have always identified C.  maxima 
introgressions in most cultivated mandarins. If the correspond-
ing sequences are taken into account when estimating the allelic 
frequencies of the ancestral taxa, this introduces a bias in the 
estimation of the diversity parameters (allelic frequencies of the 
ancestral taxa and GST) and hence in the detection of diagnostic 
polymorphisms of the four ancestral taxa. This is why Wu et al. 
(2018) drastically limited their representative panel to only two 
pure genetically close mandarins. However, such a small panel 
could result in considering specific SNPs of the considered acces-
sions as diagnostic of C.  reticulata, whereas in fact polymor-
phisms existed within the species. Therefore, for our analysis, 
we preferred to keep the panel of representatives of the ancestral 
taxa as large as possible and used 15 mandarins, six pummelos, 
six citrons and two ‘small flowered’ papeda as representative of 
C. reticulata, C. maxima, C. medica and C. micrantha, respec-
tively. Therefore, like Oueslati et al. (2017), we first identified 
introgression areas along the genome of the 29 representative 
accessions of the basic taxa according to the pattern along the 
genome of heterozygosity and to similarity with centroids of 
mandarins, pummelos, citrons and papedas. After removing the 
identified introgression regions, we computed the differentiation 
parameters again and filtered for polymorphic positions with 
GST >0.9. We selected 15 946 DSNPs and developed a pipeline 
to infer the phylogenomic structures of the 53 citrus accessions. 
Taking into account the difficulty involved in correctly estimat-
ing the allelic doses in triploid and tetraploid accessions at indi-
vidual SNP loci (McKinney et al., 2018; Bastien et al., 2018; 
our data) and according to our choice of using the same ana-
lytical approach for diploids, triploids and tetraploids, we based 
our pipeline on the relative number of reads of each ancestor in 
windows of ten DSNPs of the considered taxon (while Wu et al., 
2014, 2018 and Oueslati et al., 2017 performed their analysis in 
diploid accessions from genotyping data at individual loci) and 
on maximum likelihood analysis.

For diploid accessions common to both studies, our GBS 
data produced highly similar results to those obtained from 
WGS data (Wu et al., 2014, 2018), apart from the undetermined 
genomic areas, which were more frequent for GBS data, due to 
a lower density of DSNPs.

Therefore, GBS combined with our analytic pipeline proves 
to be a powerful approach to correctly analyse the phylogenomic 
admixture of diploid, triploid and tetraploid citrus varieties along 
the genome at significantly lower cost than the WGS approach. 
The panel of DSNPs can be used as reference for further GBS 
analyses using the same protocol (ApeKI; selection base A) to 
decipher the phylogenomic karyotypes in large citrus popula-
tions (germplasm or recombining populations). It opens the way 
for genetic association studies, quantitaive trait locus (QTL) 
analyses and genomic selection based on phylogenomics.

We developed a generic pipeline to decipher admixture in 
diploid, triploid and tetraploid genomes from an unlimited 
number of ancestors, allowing the user to define the number of 
DSNPs per window for the analysis of the dose contributed by 
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each ancestor, the error rate considered for homozygous geno-
types, the threshold for the LOD test of the maximum likeli-
hood and the size of the window used to integrate information 
on the doses from the different ancestors to generate the phy-
logenomic karyotypes. This pipeline is available at http://gal-
axy.southgreen.fr/galaxy/ and should be useful for any species 
whose reproductive behaviour (vegetative propagation, prefer-
ential chromosome pairing associated with preferential disomic 
segregation) limited the number of interspecific recombinations 
after reticulation events and resulted in interspecific mosaics of 
large genomic fragments. It can also be used for the first gen-
erations of interspecific breeding schemes to identify interspe-
cific recombination points. The selection of the ApeKI enzyme 
results in a marker density closely linked with gene sequence 
density and, consequently, in high coverage of the high recom-
bining areas of the genome and low coverage of centromeric 
and paracentromeric areas with very low recombination rates 
(Aleza et al., 2015). This is a major advantage to trace inter-
specific recombination from GBS data efficiently. The main 
limitation of the approach is that it is based on the assump-
tion of conserved physical genomic structure among the con-
sidered ancestors. In citrus, the overall high level of syntheny 
and conserved collinearity of markers observed for the genetic 
maps of clementine, sweet orange and pummelo (Ollitrault 
et al., 2012a), sour orange, pummelo, Poncirus trifoliata and 
‘Fortune’ mandarin (Bernet et al., 2010), and sweet orange and 
Poncirus (Chen et al., 2008) justifies the use of the clementine 
reference genome as the genomic template to establish the phy-
logenomic karyotypes from either WGS data (Wu et al., 2014, 
2018) or GBS data (Oueslati et al., 2017; this study). For plants 
with known large structural variations, a specific approach will 
be needed to describe the phylogenomic structures correctly in 
the genomic areas concerned.

The phylogenetic structures of 48 diploid varieties were 
deciphered; 16 for the first time

The representative accessions of the four basic taxa.  We 
analysed 15 mandarins assumed to be good representatives 
of C. reticulata species. Twelve of them displayed C. maxima 
introgressions and one, ‘Shekwasha’ mandarin, has a small 
introgression of C.  micrantha. No C.  maxima introgressions 
were detected in ‘Shekwasha’, ‘Cleopatra’ and ‘Sunki’ man-
darins. Limited introgressions were identified in ‘Szibat’ 
mandarin (1.49 %), ‘Ladu’ mandarin (1.72 %), ‘Nan Feng Mi 
Chu’ mandarin (1.74 %) and ‘Se Hui Gan’ mandarin (1.39 %). 
‘Satsuma’ and ‘King’ mandarins were distinguished from all 
the other introgressed mandarins by their higher rate of C. max-
ima introgressions (22.6 and 19.5 %, respectively). Our results 
for newly studied varieties confirm that most edible mandarins 
are introgressed by C. maxima fragments as previously detected 
from WGS (Wu et al., 2014, 2018), 454 amplicon sequencing 
data (Curk et al., 2015) and GBS data (Oueslati et al., 2017). 
Wu et  al. (2018) showed that some Chinese mandarins were 
not introgressed, and proposed three types of mandarins. The 
first type corresponds to unintrogressed genomes; type II 
includes mandarins with limited early introgression of the same 
two C. maxima haplotypes; and type III comprises mandarins 

derived from type II after more recent additional C.  maxima 
introgression, probably resulting from hybridization with sweet 
orange. Based on our GBS analysis, ‘Szibat’, ‘Ladu’, ‘Nan 
Feng Mi Chu’ and ‘Se Hui Gan’ mandarins should be included 
in type II mandarins.

Despite the small C.  reticulata introgressions in two pum-
melos (Wu et  al., 2014, 2018; Oueslati et  al., 2017) and the 
C.  medica introgression in ‘Timor’ pummelo, our analysis 
confirms that modern pummelos can be considered as good 
representatives of the C. maxima species, as previously argued 
by several authors (Wu et al., 2014, 2018; Curk et al., 2015; 
Oueslati et al., 2017).

In our study, neither citrons nor ‘small flowered’ papedas 
displayed introgression areas. These results are in agreement 
with the conclusions drawn by Curk et al. (2015) and Wu et al. 
(2018). The analysed citrons and papedas therefore appear to 
be good representatives of the C. medica and C. micrantha spe-
cies, respectively. Our results reveal the high level of homozy-
gosity of citron accessions, including genomic areas with no 
revealed heterozygosity. Molecular marker studies (Barkley 
et al., 2006; Garcia-Lor et al., 2012; Luro et al., 2012; Curk 
et al., 2016) and WGS data (Wu et al., 2018) previously pro-
vided evidence for the low polymorphism of citrons and their 
high level of homozygosity. This can be linked with the cleis-
togamy of citron resulting in inbreeding and complete homozy-
gosity of certain genome areas.

Secondary diploid species. The phylogenomic structures of 
accessions resulting from interspecific C. reticulata/C. maxima 
admixture are in full agreement with previous results and with 
hypotheses on their origins (Nicolosi et  al., 2000; Ollitrault 
et al., 2012b; Curk et al., 2014; Wu et al., 2014, 2018; Oueslati 
et  al., 2017). Thus, grapefruits, which are hybrids between 
C.  maxima and sweet orange, display genome fragments 
in C.  reticulata/C.  maxima heterozygosity and C.  maxima 
homozygosity. We found identical GBS-derived phylogenomic 
karyotypes for the three grapefruits analysed (‘Marsh’, 
‘Duncan’ and ‘Star Ruby’) and that of ‘Marsh’ inferred from 
WGS (Wu et  al., 2014, 2018). This confirms that these dif-
ferent cultivars derived from a single hybrid ancestor with no 
further sexual recombination. Citrus maxima and C. reticulata 
contributed equally to sour orange structure, and our results 
reveal an identical phylogenomic karyotype for ‘Bouquetier de 
Nice’ and ‘Seville’ sour oranges. The two sweet orange culti-
vars analysed displayed the same karyotypes with C. reticulata 
homozygosity fragments as well as C. maxima homozygosity 
and C. reticulata/C. maxima heterozygosity, in complete agree-
ment with the study of ‘Washington Navel’ sweet orange by 
Wu et al. (2014). These results are evidence for the absence of 
sexual recombination during the diversification of these sweet 
oranges, whose polymorphisms are hypothesized to result from 
sporadic mutations, inheritable epigenetic changes and move-
ments of transposable elements, as demonstrated for the antho-
cyanin content of blood oranges (Butelli et al., 2012).

The karyotype analysis of acidic citrus (limes and lemons) 
of Wu et al. (2018) was limited to ‘Rangpur’ and ‘Mexican’ 
limes and ‘Eureka’ and ‘Rough’ lemons. We expanded the 
analysis to ‘Alemow’, ‘Nestour’ lime, ‘Lisbon’, ‘Meyer’ and 
‘Volkamer’ lemons, ‘Marrakech’ limonette and ‘Palestine’ 
sweet lime. ‘Rangpur’ lime, ‘Rough’ and ‘Volkamer’ 
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lemons displayed the same pattern, with equal contributions 
of C. reticulata and C. medica along the nine chromosomes. 
These results support the hypothesis that they both derive from 
direct C. reticulata × C. medica hybridization as proposed by 
Curk et al. (2016) and Wu et al. (2018) for ‘Rangpur’ lime 
and ‘Rough’ lemon. In both previous studies, the contribu-
tion of C. medica as male parent was proved by chloroplast 
phylogeny. Our results also agree with the cytogenetic studies 
of Carvalho et al. (2005) in which ‘Alemow’ and ‘Nestour’ 
lime displayed the same pattern with C.  micrantha/C.  med-
ica heterozygosity over all nine chromosomes, and confirm 
the hypothesis proposed by Curk et al. (2016), i.e. that these 
two acidic citrus resulted from direct hybridization between 
C.  micrantha and C.  medica. Using simple sequence repeat 
(SSR) markers in addition to DSNPs and cytoplasmic mark-
ers, Curk et al. (2016) also demonstrated that these two vari-
eties resulted from independent reticulation events and that 
citron was the male parent. The phylogenomic karyotypes we 
obtained for ‘Eureka’ and ‘Lisbon’ lemons were identical and 
in full agreement with that proposed for ‘Eureka’ lemon by 
Wu et al. (2018). Probably, ‘Meyer’ lemon, ‘Palestine’ sweet 
lime and ‘Marrakech’ limonette involve the same three spe-
cies C. maxima, C. reticulata and C. medica. Considering that 
C. medica is present as a single dose all over their genomes, 
we propose that they all result from hybridization between 
C. maxima/C. reticulata admixed genotypes and a C. medica. 
According to previous maternal phylogeny studies (Nicolosi 
et  al., 2000; Luro et  al., 2012; Carbonell-Caballero et  al., 
2015; Curk et al., 2016), C. medica is assumed to be the male 
parent in all cases. Previous molecular marker analyses of 
‘Lisbon’ and ‘Eureka’ type yellow lemons (Nicolosi et  al., 
2000; Curk et al., 2016) suggested that they resulted from a 
single direct hybridization event between sour orange and cit-
ron. The same conclusion was drawn recently for ‘Eureka’ 
lemon based on WGS data (Wu et al., 2018). According to a 
maternal phylogenomic study (Curk et al., 2016) and nuclear 
data (Curk et al., 2016; this study), the ‘Marrakech’ limonette 
is hypothesized to have the same phylogenetic origin but to 
derive from an independent interspecific hybridization event. 
Maternal phylogeny studies revealed that ‘Meyer’ lemon and 
‘Palestine’ sweet lime have the same cytoplasmic profile as 
sweet oranges and pummelos (Curk et al., 2016). However, 
their exact maternal parent remains to be determined.

The phylogenomic structure of bergamot also displays the 
admixture of the same three ancestral taxa, but the karyotype 
appears to be much more complex than that of the lemons, 
sweet lime and limonette discussed above. Many researchers 
have attempted to identify the origin of bergamot. In 1811, 
Gallesio proposed that it derives from a sour orange × lemon 
parentage. Several other origins have also been proposed, as 
reviewed and tested by Curk et al. (2016) in a nuclear and cyto-
plasmic marker study. Their results supported that proposed by 
Gallesio (1811). Our comparison of the karyotypes of bergamot 
and the karyotypes of sour orange and yellow lemons (‘Eureka’ 
and ‘Lisbon’) totally fits with the hypothesis that bergamot 
results from hybridization between a sour orange and a yellow 
lemon. It was therefore possible to draw a phased karyotype of 
the bergamot distinguishing the gamete originating from lemon 
and that originating from sour orange.

Considering their modern distribution, it is probable that ber-
gamot and ‘Marrakech’ limonette resulted from hybridization 
that occurred in the Mediterranean Basin, where the presence 
of citrons dates from the second century BC and the introduc-
tion of sour orange dates to the Arab era in the seventh century 
(Webber et al., 1967; Swingle and Reece, 1967; Nicolosi et al., 
2005). This confirms the importance of this region as a second-
ary area of citrus diversification.

The phylogenomic karyotype of triploid and tetraploid limes were 
deciphered

Leaving aside the undetermined regions, our phylogenomic 
inference resulted in identical structures for ‘Tahiti’ and 
‘Persian’ limes, with a contribution of the four ancestral taxa. As 
reported in Curk et al. (2016), our results also revealed single or 
double doses of C. medica and C. micrantha, while C. maxima 
and C.  reticulata contributed no dose or a single dose along 
the genome. Curk et al. (2016) proposed that this type of lime 
resulted from the fusion of a haploid lemon ovule and a diploid 
pollen of a diploid ‘Mexican’-like lime. Our analysis of the four 
ancestor doses all along the genome perfectly fits this hypoth-
esis at the nuclear level. The diploid gamete of ‘Mexican’ lime 
type restituted 84.65 % of the parental interspecific heterozy-
gosity and displayed only 2.47 and 0.80 % of C. micrantha and 
C. medica homozygote fragments, respectively. This high level 
of heterozygosity restitution and the heterozygosity for the cen-
tromeric areas of the nine chromosomes preclude the hypoth-
esis of an unreduced gamete from a diploid ‘Mexican’ lime 
resulting from second division restitution (SDR) of the meio-
sis. They suggest that the diploid gamete comes from a dou-
bled diploid parent with a preferential disomic segregation, or 
from first division restitution (FDR) of a diploid parent. Indeed, 
SDR 2n gametes contain sister chromatids and are homozygous 
from the centromere until the first crossing-over, while, under 
FDR, 2n gametes contain two non-sister chromatids allowing 
the entire conservation of parental heterozygosity from the cen-
tromere until the first crossing-over (Park et al., 2007; Ollitrault 
et al., 2008; Peloquin et al., 2008; Cuenca et al., 2011; Storme 
and Geelen, 2013); as a consequence, FDR gametes transmit 
70–80 % of the parental heterozygosity, whereas this is only 
about 30–40 % for SDR (Barone et  al., 1995; Douches and 
Mass, 1998; Dewitte et al., 2012; Aleza et al., 2016).

Molecular marker inheritance proved that doubled diploid 
‘Mexican’ lime had preferential disomic inheritance with 90.2 
% of heterozygosity restitution on average (Rouiss et al., 2018). 
Therefore, the phylogenomic karyotype of ‘Tahiti’ lime fits 
well with the interploid (diploid citron × tetraploid lime) ori-
gin hypothesis proposed by Rouiss et al. (2018). However, the 
unreduced FDR gamete hypothesis cannot be totally ruled out. 
Indeed, the FDR mechanism has been recently described at the 
origin of 2n pollen in citrus (Rouiss et al., 2017), and it can also 
result in a very high level of heterozygosity restitution.

‘Tanepao’ and ‘Coppenrhad’ limes presented identical pat-
terns with single doses of C. micrantha and double doses of 
C. medica all along the nine chromosomes. Rouiss et al. (2018) 
observed that the preferential disomic inheritance of the dou-
bled diploid ‘Mexican’ lime resulted in the production of 7 % 
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of gametes with full interspecific heterozygosity. Therefore, 
an interploid backcross hybridization of a doubled diploid 
‘Mexican’ lime type with a diploid citron may be at the origin of 
these limes, as proposed by Curk et al. (2016) and Rouiss et al. 
(2018). However, FDR coupled with asynapsis of ‘Mexican’ 
lime, which is dependent on low temperatures (Iwamasa and 
Iwasaki, 1963), could also produce fully heterozygous diploid 
gametes from a diploid ‘Mexican’ lime parent. Therefore, fer-
tilization of an FDR ovule of ‘Mexican’ lime type by a haploid 
pollen of citron cannot be eliminated.

The tetraploid ‘Giant key’ lime displayed a full heterozygous 
pattern with a double dose of C. medica and a double dose of 
C. micrantha along its genome. In a molecular marker study, 
Curk et al. (2016) obtained identical patterns for ‘Giant key’ and 
‘Mexican’ limes. They suggested that ‘Giant key’ lime emerged 
from the natural duplication of chromosomes of a ‘Mexican’ 
lime type which derives from a C. micrantha × C. medica natu-
ral hybridization. Our results agree with these conclusions. To 
limit the undetermined area for ‘Giant Key’ lime, we had to per-
form the likelihood analysis in windows of 30 DSNPs. This was 
required by the low coverage of this accession and also because 
more reads are necessary to conclude significantly between 
hypotheses of a 1/3, 2/2 and 3/1 ratio for heterozygous loci in 
tetraploids than a single homozygous/heterozygous distinction 
in diploid or 1/2 vs. 2/1 discrimination in triploids.

Conclusion

Genotyping by sequencing, using the ApeKI restriction 
enzyme, to focus on gene areas, and a selective base (A), to 
improve the depth of the analysis, was successfully applied to 
diploid, triploid and tetraploid citrus. The analysis of 29 repre-
sentative accessions of the four citrus ancestral taxa allowed us to 
identify 15 946 DSNPs among 43 598 mined SNPs. The generic 
pipeline developed to infer phylogenomic karyotypes is based on 
the relative number of reads of ancestral and alternative alleles 
at DSNP loci. For each ancestral taxon, maximum likelihood 
tests were performed to infer doses of ancestral taxa in succes-
sive windows of ten DSNPs of the taxa considered. This approach 
provided results which closely resembled previously published 
results from WGS data. It revealed the phylogenomic structure 
for new diploid species and cultivars including direct interspecific 
hybrids such as C.  limonia, ‘Volkamer’ lemon (C.  reticulata × 
C. medica), C. macrophylla ‘Alemow’ and C. excelsa ‘Nestour’ 
lime (C. micrantha × C. medica), but also more complex struc-
tures involving three ancestors such as C.  limetta ‘Marrakech’ 
limonette [(C. maxima × C. reticulata) × C. medica; sour orange 
× citron], C. limettiodes Tan. ‘Palestine’ Sweet lime and C. meyeri 
[(C. maxima × C. reticulata) × C. medica] or C. bergamia berga-
mot [(C. maxima × C. reticulata) × C. medica) × (C. maxima × 
C. reticulata); lemon × sour orange]. The phylogenomic karyo-
types of triploid limes were also revealed, confirming the highly 
complex structure of ‘Tahiti’ and ‘Persian’ limes involving the 
four ancestral taxa [(C. maxima × C. reticulata) × C. medica) × 
(C. micrantha × C. medica); lemon haploid ovule × ‘Mexican’ 
lime-like diploid pollen], and are in agreement with the probable 
origin of ‘Tanepao’ and ‘Coppenrhad’ limes from the interploidy 
backcross [(C. micrantha × C. medica) × C. medica; ‘Mexican’ 
lime-like diploid ovule × citron haploid pollen]. The GBS 

approach and analytical pipeline combined with the reference 
DSNP matrix will be useful for any study of germplasm and 
hybrids resulting from breeding within the Citrus genus. The 
workflow implemented for mosaic genome analysis is available 
online and can also be used for other species with unlimited 
numbers of identified ancestral taxa, for diploid, triploid and 
tetraploid accessions. Considering the density of DSNPs along 
the genome revealed by GBS, it will probably be particularly 
useful for any species whose reproductive behaviour has lim-
ited the number of interspecific recombinations after reticulation 
events and resulted in interspecific mosaics of large genomic frag-
ments. It can also be used to localize interspecific recombining 
points in the first generations of interspecific breeding schemes.

SUPPLEMENTARY DATA

Supplementary data are available online at https://academic.
oup.com/aob and consist of the following. Text S1: maximum 
likelihood test for diploid, triploid and tetraploid individu-
als. Text S2: average phylogenomic contribution of the four 
ancestral taxa to the modern varieties. Figure S1: number of 
reads per accession. Figure S2: distribution of missing data 
among markers and individuals. Figure S3: distribution of 
the number of reads per marker along the nine chromosomes. 
Figure S4: identification of the interspecific introgressions in 
representative accessions of the ancestral taxa: example of 
the chromosome 2 of ‘King’ mandarin. Figure S5: distribu-
tion along the nine chromosomes of DSNPs, the whole set of 
diallelic SNPs and gene sequences. Figure S6: estimation of 
C. medica allele doses in triploid ‘Persian’ lime. Figure S7: 
validation of the GBS approach. Figure S8: phased karyotype 
of the bergamot based on the gametes of the lemon and the 
sour orange. Figure S9: the inferred karyotypes of the ‘Giant 
key’ lime. Table S1: plant material. Table S2: list of the 15 
946 diagnostic markers, specifying their genomic position, 
their reference and alternative alleles, the ancestral taxon 
they are diagnostic for and the gene name where they are 
located if available.
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