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Unraveling the cryptic genetic variation and population structure of the citrus 

genotypes with unknown origin - Genetika, Vol 52, No.1, 291-309. 

The high diversity of Citrus genotypes can increase the probability of identifying new 

genetic makeups and even desirable traits. Hence, 76 genotypes with unknown origin 

and 34 known cultivars from several Citrus species were analyzed by SSR and AFLP 

markers. Overall, 326 alleles and 545 polymorphic bands were respectively scored for 

28 SSR loci and 25 AFLP primer-enzyme combinations. The results of various analyses 

accomplished with SSR markers were in agreement with AFLP. Accordingly, the true 

species of citron, mandarin, and pummelo were nested into separate groups. In the 

studied germplasm, we succeeded in tracking three cryptic origin genomes (2 in SSR 

and 1 in AFLP analysis) which were distinct from 3 true species, and, interestingly, they 

contributed to the genetic composition of some control cultivars. The results suggested 

that the interspecific hybridization and genetic introgression were the main determinants 

of the Citrus genotypes genetic composition. Hereupon, the share of citron in 36%, 

mandarin in 34%, and pummelo in 22% of selected accessions estimated more than 

50%. Despite the controversy about the origin of lemon and sour orange, the results of 

different grouping methods suggested that lemon had more affinity with lime, and the 

genetic contribution of mandarin in sour orange was stronger than that of pummelo.  

https://doi.org/10.2298/GENSR2001291A
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INTRODUCTION 

Citrus and its twenty-eight relatives belong to Rutaceae family and Aurantioideae 

subfamily (BARKLEY et al., 2006). The frequency of intra -and interspecific cross-compatibility, 

bud mutation, apomixis and cultivation history are among the main causes of diversity in this 

genus. In spite of not covering the coding regions of the genome and despite the high cost of 

designing the primers, microsatellite (Simple Sequence Repeat, SSR) marker was employed by 

many researchers because of its high polymorphism, ease of use, appropriate genomic 

distribution and co-dominant nature (OLLITRAULT et al., 2015). Despite the relative complexity 

of Amplified Fragment Length Polymorphism (AFLP) method, there are some features which 

have caused this marker to become a priority for some researchers in various genetic studies. 

These features include high repeatability, possibility of simultaneous analysis of several gene 

loci, not requiring basic genomic information for designing primers, and insensitivity to DNA 

pattern concentration (VOS et al., 1995). 

In addition to categorizing genotypes based on distance or similarity matrices which do 

not require a predefined structure (EVANNO et al., 2005), the population can be separated into 

sub-populations based on the genetic structure of the genotypes and the difference in allele’s 

frequency. Conventional methods for determining the population structure often employ 

different approaches, such as model-based algorithms (like STRUCTURE), and Bayesian 

analysis (FALUSH et al., 2003). In Iran, the most important source of Citrus germplasm is Ramsar 

Citrus and Subtropical Fruit Research Center. Due to the high diversity among Citrus genotypes, 

there is a probability of finding new genomic DNA and even desirable traits among the unknown 

biotypes. The main aim of the present study was to compare the efficiency and relationship of 

the co-dominant (SSR) and dominant (AFLP) markers in order to differentiate genotypes, 

analyze the population structure and estimate the genetic relationships between the control 

cultivars and the Citrus’ unknown biotypes.  

 

MATERIALS AND METHODS 

Plant Materials and DNA Extraction 

In the present study, 110 different genotypes were selected and evaluated. This accession 

included 76 unknown natural biotypes and 34 commercial and local Citrus cultivars (as control 

cultivars  ( chosen from Iran Citrus and Subtropical Fruit Research Center (lat. 36° 54′ 26 N′′, 

long. 50° 39′ 24′′E, alt. -2 m) (Table 1). A summary of the morphological characteristics was 

listed in Supplementary Table 1, which was evaluated and documented during two consecutive 

years (2016-2017). The extraction of genomic DNA from leaf samples was done by EDWARDS et 

al., (1991) with some modifications. The leaves were softened at room temperature, were ground 

to powder using liquid nitrogen, and resuspended in extraction buffer (250 mM NaCl , 0.5% 

SDS, 200 mM Tris-HCl (pH 7.5), 25 mM EDTA). The tubes be transferred in a water bath at 

60ºC for 30 min. Subsequently, the supernatant was extracted with chloroform: iso-amyl alcohol 

(24:1), accelerated in ethanol and resuspended in TE containing 10 mg/ml RNase. Finally, 

having applied spectrophotometry at 260 nm (Nano Drop 1000) and 0.8% Agarose Gel 
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Electrophoresis, the quality and quantity of the samples were standardized in order to perform 

PCR reactions. 

 

Table 1   Plant materials used for SSR and AFLP analyses in the present study 

 
 

No. Accession 

code 

Scientific name Common 

name 

No. Access

ion 

code 

Scientific name Common name 

1-
75 

G1-G75 Citrus spp Unknown 93 G93 C. sinensis (L.) 
Osbeck 

Thomson navel 
orange 

76 G76 C. medica (L.) 

Osbeck 

citron 94 G94 C. sinensis (L.) 

Osbeck 

Siavaraz 2 (Bud 

mutation) 
77 G77 C. limon (L.) 

Burm. f. 

Eureka 

lemon 

95 G95 C. sinensis (L.) 

Osbeck 

Moallemkoh (Bud 

mutation) 

78 G78 C. grandis (L.) 
Osbeck 

pummelo 96 G96 C. unshiu Marcovitch satsuma mandarin 

79 G79 Citrus spp Unknown 97 G97 Minneola tangelo × 

C. clementina 

page mandarin 

80 G80 C. reshni Tanaka Cleopatra 98 G98 C. reticulata × C. 

sinensis 

Khorram 

81 G81 C. reticulata 
Blanco 

Dancy 
mandarin 

99 G99 C. sinensis (L.) 
Osbeck. 

Valencia orange 

82 G82 C. sinensis (L.) 

Osbeck 

Siavaraz 1 

(Bud 
mutation) 

100 G100 C. reticulata × C. 

sinensis 

Jahangir 

83 G83 C. myrtifolia (L.) 

Rafinesque 

Chinotto 101 G101 C. reticulata × C. 

sinensis 

Noshin 

84 G84 C. sinensis (L.) 

Osbeck 

Sanguine 102 G102 C. unshiu Marcovitch Okitsu 

85 G85 C. reticulate 
Blanco 

Shelmahale
h  (Natural 

hybrid) 

103 G103 Poncirus trifoliate 
(L.) Rafinesque 

trifoliate orange 

86 G86  C. aurantium L. sour orange 104 G104 C. reticulata × C. 

sinensis 

Shahin 

87 G87 C. limettioides 
Tanaka 

sweet lime 105 G105 C. clementina Tanaka Marisol clementine 

88 G88 C. reticulata 

Blanco 

Clementine  106 G106 C. paradisi × P. 
trifoliata 

citrumelo 

89 G89 C. sinensis (L.) 

Osbeck 

Sanguinella 107 G107 (C. paradisi × C. 

reticulata) × C. 

changsha 

Yashar 

90 G90 C. paradise 
Macfadyen 

Duncan 

grapefruit 

108 G108 C. latifolia (Yu. 

Tanaka) Tanaka 

Persian lime 

91 G91 C. paradise 
Macfadyen 

Marsh 
grapefruit 

109 G109 C. aurantifolia 
(Christm.) Swingle 

Mexican lime 

92 G92 C. sinensis (L.) 

Osbeck 

Gross 

sanguine 

110 G110 C. aurantium L. Off type sour 

orange 

Markers Analysis 

In order to SSR amplification, 35 primer pairs, for which appropriate allele quality and 

polymorphism were reported, were initially tested (NOVELLI et al., 2006; ROOSE, 2009). Primers 

with allele frequency under 0.05 and more than 14 % missing data were removed from analyses 

and, 28 primer pairs were finally selected (Table 2). The processes of replication reactions were 

http://www.citrusvariety.ucr.edu/citrus/okitsu.html
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performed as described by BARKLEY et al. (2006) with minor modifications. PCR reactions were 

performed in 10 µ reaction mixture containing 0.5 µM reverse and forward primers, 1.0 µ of 10X 

PCR buffer, 1.5 mM of MgCl2, 1 unit of Taq polymerase (Cinna gen, Iran), 25 ng of template 

DNA and 0.2 mM dNTPs. The PCR was performed in a PTC-200 Thermocycler (MJ Research, 

MA, USA). Initial denaturation at 95°C for 5 min followed by 38 cycles of 1 min denaturation at 

95 °C. The annealing temperatures were readjusted for each primer (45–65°C) for 30 s. Finally, 

an additional extension step was performed at 72ºC for 10 min. 

AFLP fingerprinting was done based on VOS et al. (1995) method with slight 

modification. Endonuclease enzymes of EcoRI and MseI and 25 primer-enzyme combinations 

were employed (Table 3). To this purpose, extracted DNA was digested at 37ºC for 180 min 

using restriction enzymes (2 μl of 10X Tango buffer, 2.5 U EcoRI; 2.5 U MseI, ~300 ng of 

genomic DNA, and dH2O up to a volume of 20 μl). A 5 µl ligation mixture (2.5 pmol EcoRI 

adaptor, 2.5 pmol MseI adaptor, 0.5 µl of 10X Tango buffer, 1 U T4 DNA ligase, 50 mM of 

ATP-Sodium salt and dH2O up to a volume of 5 µl) was added to the digested DNA and 

incubated for 60 min at 37°C and then by 120 min at 20ºC. DNA template was prepared by 

diluting ligation product with dH2O and the resulting digestion-ligation mixture (5:1). These 

mixtures were used as DNA template in a pre-amplification. Pre-amplification was performed in 

a final volume of 25μl containing 0.5mM of each primer, 200μM of each four dNTPs, 2.5µl of 

10X Taq buffer (containing MgCl2), 1 unit of Taq DNA polymerase and DNA template (6µl). 

PCR conditions consisted of 94°C for 4 min; 35 cycles of 94°C for 30s, 60°C for 30s, and 72°C 

for 1 min; and one final cycle of 72°C for 4 min. The pre-selective amplification product was 

diluted by adding 50 µl of dH2O to the 10 µl of it. These mixtures were used as DNA template 

in a selective amplification. This amplification was performed in DNA template (diluted pre-

selective amplification) 6 µl, 0.5 mM of each primers, 2.5µl of 10X Taq buffer (containing 

MgCl2), 200 μM of each four dNTPs, and 1 units of Taq DNA polymerase, in a final volume of 

25µl. PCR conditions consisted of 94°C for 3 min; 10 cycles of 94°C for 30s, 60°C for 30s, and 

72°C for 1 min (the annealing temperature was reduced every cycle by 1°C to 56°C); 26cycles of 

94°C for 30s, 56°C for 30s, and 72°C for 1 min; and one final cycle of 72°C for 5 min. 

The PCR products were differentiated by vertical electrophoresis in a 6% Polyacrylamide 

gel, and silver staining was used in order to observe and recording the bands (BASSAM et al., 

1991). Furthermore, the DNA ladders of 100 and 50 bp were used as criteria for SSR and AFLP 

analyses, respectively. 

 

Data Analysis 

Polymorphic banding patterns for SSR markers were scored by estimating the molecular 

weight of the alleles in comparison with the standard DNA. The scoring was also done based on 

the presence (one) and absence (zero) of bands in the row. For AFLP marker, a zero and one 

matrix were formed based on the absence of the band (zero) and the presence of band (one) 

within a range of 70 to 500 bp. In order to determine the differentiating power of markers, the 

Polymorphic Information Content (PIC) index was determined by means of Power Marker 

v.3.25 (LIU et al., 2005). Other statistics of genetic diversity such as the expected heterozygosity 

(He) (genetic diversity), Shannon index (I), Marker index (MI), Number of effective alleles (Ne),  
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and the Effective Multiplex Ratio index (EMR) were calculated using GenAlEx v.6.5 (PEAKALL 

et al., 2006) and PopGene v.1.32 (YEH et al., 1997). Forming similarity matrices, genotypes 

grouping, and measuring the matching level of matrices and the resulting dendrograms were 

done by different software such as GGT, v.2.0 (EXCOFFIER and HECKEL, 2006) and NTSYS-pc, 

v. 2.02 (ROHLF, 1990).  

 

Table 3.  Diversity statistics summary for 25 AFLP primer-enzyme combinations used in the present study. 

Total amplicons (N), Polymorphic amplicons (Na), Polymorphic Information Content (PIC), Marker 

Index(MI), Number of effective alleles (Ne), Shannon Index (I) and Effective Multiplex Ratio (EMR) 

Combinati

on code 

Primer- 

enzyme 

combination 

N Na 
Polymorphism 

Percentage (%) 
PIC MI Ne I EMR 

E1-M1 EACA+MCAC 21 19 90.48 0.498 9.46 1.675 0.586 17.19 

E2-M2 EAAC+MCAG 35 31 88.57 0.492 15.2 1.582 0.511 27.46 

E3-M3 EAAG+MCAA 27 24 88.89 0.461 11.0 1.477 0.498 21.33 

E4-M4 EACG+MCTT 30 27 90.00 0.465 12.5 1.490 0.505 24.30 

E5-M5 EACC+MCTG 23 19 82.61 0.464 8.83 1.493 0.488 15.70 

E6-M6 EATG+MAAC 17 14 82.35 0.469 6.56 1.500 0.500 11.53 

E7-M7 ECAA+MATG 22 20 90.91 0.476 9.53 1.527 0.521 18.18 

E8-M8 ECAG+MATG 25 22 88.00 0.463 10.2 1.485 0.499 19.36 

E9-M9 ECCG+MAAC 10 6 60.00 0.460 2.76 1.477 0.491 3.60 

E10-M10 ECAC+MAGA 13 10 76.92 0.490 4.90 1.593 0.530 7.69 

E11-M11 ECAC+MAAC 38 32 84.21 0.450 14.4 1.464 0.467 26.95 

E12-M12 ECAC+MAGT 36 29 80.56 0.481 13.9 1.556 0.527 23.36 

E13-M13 ECAC+MATG 25 19 76.00 0.451 8.58 1.462 0.464 14.44 

E14-M14 ECAG+MAGT 30 26 86.67 0.451 11.7 1.462 0.462 22.53 

E15-M15 ECAG+MAAC 18 11 61.11 0.452 4.97 1.447 0.450 6.72 

E16-M16 ECAG+MACA 32 28 87.50 0.442 12.3 1.439 0.455 24.50 

E17-M17 ECCG+MAGT 32 27 84.38 0.446 12.0 1.453 0.454 22.78 

E18-M18 ECCG+MATG 22 18 81.82 0.461 8.31 1.489 0.482 14.73 

E19-M19 ECCG+MAGA 31 27 87.10 0.466 12.5 1.495 0.488 23.52 

E20-M20 ECGC+MATG 15 12 80.00 0.478 5.74 1.524 0.491 9.60 

E21-M21 ECGC+MAAC 28 24 85.71 0.461 11.0 1.477 0.463 20.57 

E22-M22 ECGC+MAGA 19 15 78.95 0.432 6.48 1.428 0.412 11.84 

E23-M23 ECCA+MATG 27 22 81.48 0.453 9.97 1.465 0.468 17.93 

E24-M24 ECCA+MAAC 41 35 85.37 0.463 16.2 1.484 0.494 29.88 

E25-M25 ECCA+MAGA 32 28 87.50 0.458 12.8 1.476 0.444 24.50 

 

Total 

Mean 

64

9 545 2067.09 11.596 251.79 37.42 12.15 460.19 

25.

96 
21.76 82.68 0.463 10.10 

1.497 
0.486 

18.41 
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The groups were differentiated based on the maximum distance of branches’ integration point in 

the dendrogram. Principal component analysis (PCA) was done using NTSYS-pc v. 2.02. 

Population structure analysis was done based on Bayesian model and by using STRUCTURE 

2.3.4 (PRITCHARD et al., 2000) in order to confirm the groupings resulted from cluster analysis, 

identify the probable sub-populations (K) with distinct genetic structure and detect mixed 

genotypes in the germplasm collection. Considering the two to eight initial hypothetical sub-

populations and the five repetitions for each of them, the admixture model was employed with a 

burn-in period length of 500,000 and 500,000 MCMC (Markov Chain Monte Carlo) iterations in 

order to obtain maximum likelihood curve. The optimal K number was determined based on 

Delta K (EVANNO et al., 2005) and by means of STRUCTURE HARVESTER (EARL, 2012).  

 

 

RESULTS 

SSR-based analyses  

In the present research, 326 polymorphic alleles were scored with an average of 11.64 

alleles per locus, and the average number of heterozygotes was 69 genotypes (62.72%). The 

lowest and highest PIC were 0.31 for AGG9 and 0.92 for TAA41 primers, and the average was 

0.71. SSR markers with dinucleotide repeat unit had, in average, more polymorphic alleles than 

the trinucleotide repeat markers (14.6 and 10 alleles, respectively). The values of the calculated 

variation statistics for each pair of primers were given in Table 2. In total, considering the 

statistics of diversity, TAA41 and AC01 primers had the suitable potential to differentiate 

genotypes and, TC26, CT19 and CCSM18 primers were ranked lower in terms of importance 

(Table 2). Regarding the Nei similarity coefficient (Supplementary Table 2a) and the unweighted 

pair group method algorithm (UPGMA) with the highest cophenetic correlation coefficient (r = 

0.94), 110 accessions were grouped in four main clusters (A, B, C and D) with a within-group 

similarity coefficient of ≥ 0.36 (Fig. 1). Group A, with the highest number of genotypes, was 

divided into three sub-groups: A1, A2, and A3. All the control cultivars of sweet orange and 

mandarin were nested in this group. Pummelo (G78), grapefruit (G90 and G91) and sour orange 

(G86 G83, and G110) were placed in group B. In this study, citron and its hybrids 

(Supplementary Table 1) were placed in group C. 

In evaluating the genetic relationship by means of PCA, which was a complement to 

cluster analysis, the first three components (23.09%, 9.76%, and 8.92%, respectively) justified 

41.77% of the total variation and all the 110 genotypes were divided into four specific groups 

(Fig. 2). Calculating ΔK curve clearly showed a maximum value of K = 6 (Fig. 3). Accordingly, 

18 genotypes belonged to the first group with unknown genetic origin, 12 genotypes belonged to 

the second group (mandarin), 32 genotypes belonged to the third group (citron), 2 genotypes 

belonged to the fourth group (trifoliate orange), 3 genotypes belonged to the fifth group with 

unknown genetic origin and 7 genotypes belonged to the sixth group (pummelo). Out of the 110 

accessions, 36 genotypes were considered as mixed genotypes with a membership percentage of 

less than 0.7 (Fig. 4). In SSR Bayesian analysis, the first and fifth groups had genetic 

combinations with cryptic origin, whose control cultivars were not among the studied 

population. In addition, to the unknown biotypes, both genomes with cryptic origin were shared 

with different ratios in the genetic makeup of some control cultivars, including sweet lime (G87), 
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Mexican lime (G108), Persian lime (G109), Chinotto (G83), Off type sour orange (G110), and 

Marisol clementine (G105) (Fig. 4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.   UPGMA tree of 110 accessions of citrus genotypes (Table 1) using SSR markers 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.   Principal component analysis (PCA) of 110 accessions of Citrus genotypes (Table 1) using SSR 

markers 
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Fig. 3   Bilateral charts of changes in ΔK values based on K amounts by STRUCTURE HARVESTER 

(EARL 2012) for determination of the number of sub-populations in 110 citrus genomes studied with 

SSR markers (K=6) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4   Genetic relatedness of 110 citrus genotypes with SSR markers by the structure analysis based on 

Bayesian model (K=6). Numbers on the y-axis indicate the membership coefficient and on the x-axis 

indicate the accessions code (Table 1). Each color represents a sub-group (red: genome of unknown 

origin, green: mandarin group, blue: citron group, yellow: poncirus group, purple: genome of 

unknown origin and pyramidal: pummelo group)  
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AFLP-based Analyses  

76 unknown biotypes with 34 control genotypes of Citrus, whose genetic relationships 

were primarily determined by SSR markers, were re-evaluated using AFLP markers. Out of 25 

AFLP primer-enzyme combinations, 649 bands were read in total, which 545 of which were 

polymorphic. The average of PIC was more than 0.4 for all the primer-enzyme combinations. 

The average of PIC was equal to 0.46. The diversity statistics calculated for each primer-enzyme 

combination were shown in Table 3. In order to determine the genetic relationships of 110 

accessions, Jaccard similarity coefficient (Supplementary Table 2b) and Neighbor Joining (NJ) 

algorithm were employed. High cophenetic correlation coefficient (r = 0.93) confirmed that the 

algorithm was properly selected. Accordingly, the resulting dendrogram was divided into five 

main groups (A, B, C, D, and E), with an intra-group similarity coefficient of ≥ 0.65, and the 

unknown biotypes were nested in different groups (Fig. 5). Performing PCA based on the data 

resulted from AFLP data, helped to identify five distinct groups (Fig. 6). The first three 

components justified 56.27% of the total variation among the accessions under study. The 

contributions of PC1, PC2, and PC3 were calculated to be 30.32%, 18.90% and 7.04%, 

respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5   Neighbor Joining tree of 110 accessions of citrus genotypes (Table 1) using AFLP markers 
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Fig. 6    Principal component analysis (PCA) of 110 accessions of Citrus genotypes (Table 1) using AFLP 

markers 

 

 

Fig. 7    Bilateral charts of changes in ΔK values based on K amounts by STRUCTURE HARVESTER 

(EARL 2012) for determination of the number of sub-populations in 110 Citrus genomes studied with 

AFLP markers (K=4( 
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Regarding the highest value of ΔK, the germplasm collection studied was attributed to four 

groups (K=4) in terms of the difference in allelic frequency (Fig. 7). Accordingly, 13 accessions 

were placed in the first group (a group with unknown genetic origin), 15 accessions were nested 

in the second group (pummelo group), 32 accessions were set in the third group (citron group), 

and 20 accessions were placed in the fourth group (mandarin group). The contributions of the 

unknown biotypes were respectively 100%, 86%, 90% and 25%, in each group. 30 genotypes 

with a membership percentage of less than 0.7 showed a mixed structure. In AFLP Bayesian 

clustering, the genome with cryptic origin made to different contributions to the genetic makeup 

of 78% of the unknown biotypes and 29% of the control cultivars. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8   Genetic relatedness of 110 citrus genotypes with AFLP markers by the structure analysis based on 

Bayesian model (K=4). Numbers on the y-axis indicate the membership coefficient and on the x-axis 

indicate the accessions code (Table 1). Each color represents a subgroup (red: genome of unknown 

origin, green: pummelo group, blue: citron group, yellow: mandarin group) 

 

 

DISCUSSION 

The present study has created the opportunity to identifying the cryptic origin genomes 

and confirm the validity of results in detecting the difference of genetic nature of unknown 

biotypes, in addition to compare the ability of two markers in discovering polymorphism to 

detect the diversity between the tested accessions. Structure analyses exhibited an admixture 

between the known cultivars and natural biotypes with cryptic origin. These results indicated that 

hybridization and introgression were important factors which could give rise to unknown 

genotypes. 
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SSR and AFLP Polymorphism 

In the present study, the calculated statistics confirmed the proper efficiency of SSR and 

AFLP markers in detecting genetic diversity (Table 4). Due to the genetic characteristics of the 

population under study, the co-dominant nature of SSR marker made it possible to detect a large 

number of alleles for each locus, which was effective in estimating the expected heterozygosity 

(He). Accordingly CAC15, TAA15, and CAC19 primers made the highest contribution to the 

heterozygosity of the genotypes (Table 2). The high relative average of polymorphic alleles 

(11.6) indicated the proper selection of SSR primers and the high genetic diversity among the 

tested accessions. In various researches, this average value was reported to be between 4 and 16 

alleles (PANG et al., 2007). The high level of PIC for AFLP primer combinations could be 

attributed to the high efficiency of the selected enzyme-primer combinations in the accessions’ 

differentiation, high genetic diversity, and presence of genotypes with hybrid origin among the 

evaluated samples. It can be deduced from Table 4 that the highest level of Marker index (MI) 

was recorded for AFLP (10.10). This result showed that the total number of bands had a more 

effective role in calculating MI, in comparison with PIC and the percentage of polymorphic 

alleles. This indicated the potential of AFLP markers for producing more bands. Although the 

number of SSR bands was lower than that of AFLP, most of the SSR bands were polymorphic, 

and thus, the average percentage of polymorphism for SSR was higher than that of AFLP (Table 

4). These high ratios of polymorphism in SSR could be related to the polymerase slippage during 

DNA replication process, which results in a change in the number of repetitive sequences of 

SSR. 

 

Table 4   Summery of diversity statistics and comparison of the gathered information from SSR and AFLP 

markers 

Index 

Marker 

SSR AFLP 

Number of primer pairs 
28 25 

Total number of alleles/ amplicons 
331 649 

Number of polymorphic alleles/ amplicons (Na) 326 545 

Means of polymorphism percentage (%) 
97.5 82.68 

Means of polymorphic information content PIC) 0.71 0.46 

Means of Shannon Index (I) 
1.74 0.48 

Means of  marker Index (MI) 
8.78 10.10 

Means of number of effective alleles (Ne) 4.93 1.49 

Means of effective multiplex ratio (EMR) 11.48 18.41 
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Genetic Diversity and Structure 

In general, the determined genetic relationships in the present study were very close to the 

results of previous studies (PANG et al., 2007). When interpreting the results, it was deduced that 

SSR markers had an appropriate distinctive nature in the studies on Citrus genotypes’ genetic 

diversity. The Mantel test was applied in order to determine the matching value of the 

genotypes’ grouping into two dendrograms derived from SSR and AFLP markers, and 

cophenetic correlation coefficient was obtained (r=0.40). The correlation coefficient of less than 

0.5 could be due to the two markers’ different nature, different polymorphism identification 

mechanism, and even their different number of primers. On the other hand, because of the 

possible existence of SSR sequences in AFLP’s amplified fragments, there was the possibility 

that a mixture of dominant and co-dominant markers existed in the AFLP method, and thus, the 

adaptation of the two markers’ results could partly be related to this issue. In the present 

research, the existence of unknown genotypes and control cultivars in one group was used as a 

criterion for determining the genetic relationships. All the sweet orange and mandarin control 

cultivars were grouped in one cluster, which indicated high genetic relationships between the 

two species. Sweet orange is a hybrid from the two true mandarin and pummelo species, and in 

the present study, it was placed in mandarin group and showed distances to pummelo cluster. 

This result was compatible with the reports of some Citrus phylogenetic studies (OLLITRAULT et 

al., 2010). Placing Satsuma mandarin (G96) and Clementine mandarin (G88) in two separate 

groups was also reported in other studies (BARKLEY et al., 2006). Despite the significant 

contribution of citron in the emergence of lemons (MOORE, 2001), there is a controversy among 

researchers regarding the second parent (lime or sour orange) (CURK et al., 2016). According to 

SSR data, the genetic similarity of the Eureka lemon to the lime group and sour orange were 

respectively 0.44 and 0.33, which added to the probability of the lime parenting in the lemon 

formation. The sour orange genotypes, based on AFLP data, showed less affinity with the 

pummelo group and were separately placed in cluster B (Fig. 5). Determining the genetic 

relationship between sour orange and other true species of Citrus has always been controversial, 

and in phylogenetic studies, this has been reported in mandarin or pummelo groups (BARKLEY et 

al., 2006; OLLITRAULT et al., 2010).  

Trifoliate orange (G103) is a deciduous genotype. It is expected that this genotype be 

differentiated from other groups because it has both different morphological characteristics and 

flowering time asymmetry compared with other Citrus species. In cluster analyses, except for 

citrumelo, none of the accessions was placed in the groups of trifoliate orange. It can be 

concluded that, in the present study, trifoliate orange did not have a direct role in the grouping of 

unknown biotypes. Accordingly, in BARKLEY et al., (2006), trifoliate orange genome had the 

least amount of mixing- in with other accessions, and a few polymorphisms were reported for it. 

According to Bayesian cluster, the contribution of the genomes with cryptic origin was 

differentiable from other genetic combinations. For example, sour orange cultivars (G83, G86, 

G110), showed a mixed pattern includes of unknown genomes in the SSR model-based 

clustering (Fig. 4). Furthermore, although the unknown biotypes G18, G44, G6, G2, G4, G51, 

G67, G45, G49, G47, G59, G11, G57, G29, G68, and G15 include more genetic makeup of the 

citron genome, but they have a different contribution from the genetic structure of other groups 

(Fig. 4).  
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In the model-based analysis, the level of genetic admixture in the grouping of accessions 

could be one of the reasons why the results did not completely match the results of other cluster 

analyses. In cluster analysis, after the formation of similarity matrix, certain algorithms are used 

for grouping. However, in Bayesian cluster method, groups of accessions are formed based on 

the allele frequency in several genetic loci. Considering the fact that Bayesian method, in 

contrast to cluster analysis, considers the origin of genotypes, in the present study was one of the 

benefits of the model-based analysis, which also complemented the data related to other 

grouping methods.  

 

The Signature of Interspecific Hybridization and Introgression 

Comparing different grouping methods showed that, consistent with previous findings 

(CURK et al., 2015), pummelo (C. maxima), mandarin (C. reticulate), and citron (C. medica), 

were placed in separate groups of three true species of Citrus (primitive species). There was a 

very complicated relationship among these species and, through interspecific hybridization and 

sharing different genomic fragments, each of them made its own contribution to the genetic 

makeup of secondary species such as sweet orange, grapefruit, sour orange, lemon and lime. On 

the other hand, this issue, along with other factors affecting diversity such as recombination, the 

occurrence of post-transcriptional mutations, and cytoplasmic inheritance added to the 

importance of accuracy and delicacy in determining the kinship relationships of unknown Citrus 

genotypes. Similar to the results of cluster analysis, the act of unifying the unknown biotypes 

G22, G24, G52, G25 with grapefruit (G90 and G91) and pummelo (G78), confirmed the 

assumption of the existence of common genetic background between these genotypes and the 

gene flow to the unknown biotypes during natural interspecific hybridization. Grapefruit is a 

hybrid that is resulted from a back-cross between sweet orange and pummelo. In the present 

research, the existence of a greater share of pummelo in the genomic makeup of grapefruit was 

confirmed. According to the results, it can be suggested that the occurrence of several 

introgression and significant cross-compatibility caused a variety of genomic compounds in the 

population structure.  

In the model-based analysis, it was observed that some of the genotypes which were that 

categorized into the same group had different ratios of other species’ genome structure in their 

genetic makeup. Accordingly, the results of SSR population structure showed that some 

unknown biotypes, such as G51, G6, and G2, mixed genotypes consisted of more than three 

different genomes. Also, among the control cultivars, two natural biotypes, i.e. Siavaraz 1 (G94) 

and Moallemkoh (G95), showed a genetic composition of respectively three and four various 

genomes. Moreover, in AFLP Bayesian cluster, G54, G10, G36, G34, and G31 biotypes (despite 

having a combination of other groups’ genetic makeup) were specifically placed in group 2. This 

was due to the greater genetic contribution of pummelo. It was suggested that sweet orange and 

sour orange play the important role of direct parents in the formation of some Citrus hybrids (LI 

et al., 2010). On the other hand, these species inherited part of their genome from mandarin, so it 

was expected to observe the wide distribution of mandarin genomes in other Citrus cultivars as 

an outcome of interspecific crosses and the results of the present research confirmed this 

assumption (Fig. 8). Furthermore, the contribution of mandarin’s genome to the genetic structure 

formation of sour orange was greater than that of pummelo. The present study showed that in 
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55% of accessions, the contribution of the citron genome was more than 10%. It expressed the 

importance of this species in the interspecific hybridization and introgression of many genotypes 

of Citrus genus. Several researches confirmed the role of interspecific hybridization and the 

presence of mandarin and pummelo genomes in the genetic makeup of sweet orange (FEDERICI et 

al., 1998). Nonetheless, different results were reported about the genetic contribution of each 

genome (XU et al., 2013; VELASCO et al., 2014). For instance, using AFLP marker, the genetic 

contribution of mandarin and pummelo in Sanguinella cultivar (G89) was estimated to be 0.72 

and 0.27, respectively. Moreover, in Valencia orange (G99), these genetic contributions were 

0.45 and 0.53 (Fig. 8). However, using SSR marker, mandarin and pummelo genomes made 

relatively equal contribution to the structural composition of Sanguinella (G89) (0.47 and 0.49, 

respectively). In addition, in Valencia orange (G99), the contribution of mandarin’s genetic 

makeup (0.59) was estimated to be twice more than that of pummelo (0.29) (Fig. 4). As was 

previously reported for this cultivar, the contribution of mandarin and pummelo in the genetic 

makeup of Valencia orange could be attributed to sweet orange’s interspecific origin (XU et al., 

2013). 

Having conducted the present research, it was realized that, through interspecific 

hybridization, the citron genome had a contribution of more than 50% in 35 accessions of the 

unknown biotypes. It can confirm the important role of this species in the emergence of other  

 

Citrus genotypes  

Based on Bayesian clustering, most of the tested mandarins had a contribution of 

pummelo’s genetic makeup in their genome. This finding confirmed the results of the studies 

which had previously reported the occurrence of introgression with pummelo for mandarin 

cultivars (OUESLATI et al., 2017). Using both markers, the contribution of pummelo in the 

genetic structural composition of Cleopatra (G80) was estimated to be lower than that of other 

mandarin cultivars (less than 1%). Conversely, using SSR and AFLP markers showed that 

Satsuma mandarin (G96) had the highest genomic contribution of pummelo among other 

mandarin control cultivars (48% and 36%, respectively). Accordingly, in a research using SNP 

marker, no introgression was observed for Cleopatra and the highest introgression of pummelo in 

mandarin cultivars was reported for Satsuma mandarin (CURK et al., 2015).  

 

CONCLUSIONS 

Genotyping of multiple accessions from several congeneric species of Citrus using SSR 

and AFLP markers revealed extensive variation both within and among species. Having 

evaluated the level of genetic similarity and the contribution of common genetic makeup, it was 

possible to identify the cryptic genetic variation contribution and gain useful information on the 

genetic nature of the unknown biotypes under study. It was suggested that the population 

structure of the germplasm under study consist of at least seven different genomes. The citron 

genomic contribution was estimated to be more than 50% in 36% of the studied accessions. 

Furthermore, the genetic contribution of mandarin and pummelo was estimated to be more than 

50% in, respectively, 34% and 22% of the studied accessions. Due to their high genetic 

variations, these biotypes are a natural gene bank. Given these biotypes’ genetic affinity and 

potential, they can be used for different breeding purposes.  
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Izvod 

Veliki diverzitet  genotipova citrusa može povećati verovatnoću identifikovanja novih genetskih 

sastava i poželjnih osobina. Tako je  76 genotipova nepoznatog porekla i 34 poznatih sorata iz 

nekoliko vrsta citrusa analizirano pomoću SSR i AFLP markera. Sveukupno je zabeleženo 326 

alela i 545 polimorfnih traka za 28 SSR lokusa i 25 AFLP prajmer-enzim  kombinacija. Rezultati 

različitih analiza obavljenih SSR markerima bili su u saglasnosti sa AFLP-om. Shodno tome, 

prave vrste citrusa, mandarina i pomela  grupisane su u odvojene grupe. U proučenoj 

germplazmi uspeli smo da pronađemo tri genoma nepoznatog porekla (2 u SSR i 1 u AFLP 

analizi) koja su bila različita od tri prave vrste i, što je zanimljivo, doprineli su genetskoj 

kompoziciji  nekih kontrolnih sorti. Rezultati ukazuju da su interspecifična hibridizacija i 

genetska introgresija glavne odrednice genetskog sastava genotipova citrusa. Pored toga, udeo 

citrusa od 36%, mandarine od 34% i pomela od 22% u odabranim uzorcima  procenjuje se na 

više od 50%. Uprkos kontroverzama o poreklu limuna i kisele pomorandže, rezultati različitih 

metoda grupisanja sugerisali su da limun ima više srodnosti sa limetom, a genetski doprinos 

mandarine u kiseloj pomorandži je veći nego pomela. 
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