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Abstract 
Gamma irradiation mutagenesis is a technique commonly used to induce seedlessness in citrus 
fruits. We compared fruit quality traits of eight different seeded mandarin varieties within the 
Israeli citrus breeding collection with those of their corresponding gamma-irradiated low-seeded 
mutants. The mandarin varieties compared were: “Rishon” with “Kedem”; “Michal” with irradiated 
“Michal”; “Merav” with “Meravit”; “Vered” with “Vardit”; “Ora” with “Or”; “Murcott” with “Mor”; 
“Shani” with irradiated “Shani”; “King” with irradiated “King”. Mutational breeding by gamma ir-
radiation reduced average fruit seed number by 70% - 92%. Furthermore, mutational breeding by 
gamma irradiation delayed ripening of the early-season mandarin varieties “Rishon” and “Michal” 
by 8 - 13 days, but did not delay ripening of most mid- and late-season varieties. Gamma-irradia- 
tion mutagenesis also reduced fruit weight of seven of the eight tested low-seeded varieties by 6 - 
41 g per fruit. Gamma-irradiation mutagenesis had variable effects on biochemical composition 
and nutritional quality, in that some irradiated clones presented no changes whereas other had 
either higher or lower levels of juice total soluble solids, acidity, vitamin C and total antioxidant 
activity. Finally, sensory evaluations by a trained panel revealed that the flavor of most of the low- 
seeded, gamma-irradiated varieties was slightly or significantly preferable to that of unirradiated 
varieties. 
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1. Introduction 
During the last decade, there has been a continuous decrease in consumption and global marketing of difficult- 
to-peel citrus fruits, such as oranges and grapefruit, and this decrease has been accompanied by increased con-
sumption of and demand for fresh, easy-to-peel mandarins [1]. Nonetheless, citrus breeders are still working in-
tensively to further improve mandarin fruit quality, and provide consumers with new tasty, healthy, easy-peeling 
seedless fruits that are convenient to consume [2].  

To date, gamma-irradiation mutagenesis of bud wood has been the method most commonly used by citrus 
breeders worldwide to obtain seedless clones from commercial seeded varieties [3] [4]. For example, gamma- 
irradiation mutagenesis was previously applied in order to achieve new seedless varieties of orange, mandarin, 
grapefruit and lemon [5]-[9]. An alternative method to obtain seedless citrus fruit is by breeding triploid trees; 
however, this method presents several drawbacks, such as prolonged juvenility and trees with long thorns [10]. 
Unlike other mutagenesis methods, gamma irradiation at the doses used to induce seedlessness is a rather drastic 
procedure, which often results in induction of numerous recessive chromosomal aberrations and, therefore, it is 
very likely that it impacts the expression of many genes and thereby, in some cases, impairs fruit quality [3] [4]. 
Furthermore, no matter what method was used to create seedlessness, e.g. gamma irradiation or triploid breeding, 
it is known that seeds form an important source for production of certain plant growth regulators such as gibbe-
rellins, and, thus, induction of seedlessness may indirectly interfere with the normal hormonal balance within the 
fruit which may, in turn, affect overall fruit quality [11]. For example, it was reported that gibberellic acid pro-
duced by seeds of “Valencia” oranges was responsible for the regreening phenotype [12]. Furthermore, it is 
known that plant hormones, especially gibberellic acid, produced by the seeds are required to promote proper 
growth of grape berries [13]. It was also reported that seeded avocado fruit has a delayed-ripening phenotype as 
compared with seedless fruit—a phenomenon related to the effect of the avocado seed on the ethylene biosyn-
thesis and response pathways [14]. 

In spite of the vast efforts invested in development of seedless mandarin varieties, not much is yet known re-
garding the effects of gamma-irradiation mutagenesis and/or lack of seeds on mandarin fruit quality. In previous 
studies, conducted in Spain, Bermejo et al. [15] [16] compared seed number, pollen viability and fruit quality 
traits of bud-irradiated “Moncada” and “Murcott” mandarin clones with those of unirradiated trees. They found 
that all irradiation-generated clones indeed had fewer seeds and reduced pollen germination rates, but irradiation 
also resulted in alterations in fruit weight, size and nutritional quality: some clones exhibited no changes in 
fruit-quality traits compared with the control fruit, whereas others showed significant differences in weight, size, 
ripening time and nutritional quality—either higher or lower than the controls. In other studies, conducted on 
Satsuma mandarins (Citrus unshiu) cv. “Miyagawa”, it was found that gamma irradiation of bud wood material 
resulted in mutants with varied levels of phenol, flavonoid and antioxidant activity [17] [18]. 

In order to investigate the effects of gamma-irradiation mutagenesis, when used to induce seedlessness, on the 
quality of mandarin fruits in a systematic and comprehensive manner, we compared the fruit-quality attributes of 
eight different seeded mandarin varieties within the Israeli citrus breeding collection with those of their corres-
ponding low-seeded gamma-irradiated mutants. The compared mandarin varieties were: “Rishon” with “Ke-
dem”; “Michal” with irradiated “Michal”; “Merav” with “Meravit”; “Vered” with “Vardit”; “Ora” with “Or”; 
“Murcott” with “Mor”; “Shani” with irradiated “Shani”; and “King” with irradiated “King” (Figure 1). The fruit 
quality traits evaluated were ripening time, seed number, fruit size and shape, peel thickness, ease of peeling and 
segmentation, color, total soluble solids (TSS), acidity and vitamin C levels, total antioxidant activity, and flavor 
preferences. 

2. Materials and Methods 
2.1. Plant Material 
Fruits of eight different mandarin varieties and their gamma-irradiated mutants were obtained from the Israeli 
citrus breeding collection at the Agricultural Research Organization, the Volcani Center, Bet Dagan, Israel. The 
gamma-irradiated clones were obtained by grafting buds that had been exposed to 2.75 - 6.5 krad of 60Co gamma 
irradiation at 13 Gy/min, onto “Troyer” citrange rootstock, as described previously [4]. The fruits of each variety 
were harvested at optimal maturity, as determined from a combination of maturity indices, including fruit size, 
peel color and appearance, and taste (i.e. loss of acidity), as well as the breeding team’s previous experience.  
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Figure 1. Photographs of eight different natural seeded mandarin varieties, compared 
with their corresponding gamma-irradiated low-seeded mutants.                    

 
The compared mandarin varieties were: “Rishon” with “Kedem”; “Michal” with irradiated “Michal”; “Merav” 
with “Meravit”; “Vered” with “Vardit”; “Ora” with “Or”; “Murcott” with “Mor”; “Shani” with irradiated “Sha-
ni”; and “King” with irradiated “King”.  

2.2. Fruit Weight, Shape, and Peel Thickness 
Fruit weight was measured with a semi-analytical balance (Citizen, Mumbai, India), and fruit height and diame-
ter were measured with millimetric calipers. Thicknesses of the albedo (the inner white part of the peel), flavedo 
(the outer colored part of the peel), and the total peel were measured with a Leica MZ FLIII stereomicroscope 
(Leitz, Wetzlar, Germany) with the NIS-Elements Imaging software. All data are means ± SE of 10 fruits. 

2.3. Seed Number and Peelability 
The number of seeds per fruit was evaluated after cutting the fruits in half and extracting the juice with a hand 
extractor. Ease of peeling and segmentation were evaluated subjectively on a scale of 1 (very difficult) to 5 (very 
easy) by three laboratory personnel. The presented data are means of 10 fruits. 

2.4. Color Measurement 
Peel color was measured with a CR-310 Chroma Meter (Minolta, Tokyo, Japan), and the results are expressed as 
hue angle (H˚), in which 0˚ represents red color, 45˚ orange, 90˚ yellow and 120˚ green. Data are means ± SE of 
10 fruits. 

2.5. TSS, Acidity and Vitamin C 
TSS content in the juice was determined with a PAL-1 digital refractometer (Atago, Tokyo, Japan), and acidity 
percentages were measured by titration to pH 8.3 against 0.1 M NaOH, with a CH-9101 automatic titrator (Me-
trohm, Herisau, Switzerland). Each measurement included four replications, each of juice collected from three 
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different fruits, i.e. a total of 12 fruits per measurement. 
Vitamin C (ascorbic acid) content in the juice was determined by titration against 2,6-dichlorophenolindo- 

phenol, as described previously [19]. Ascorbic acid levels were determined by comparing the titration volumes 
of mandarin juices with those of 0.1% ascorbic acid (Sigma-Aldrich, St. Louis, MO, USA), and results are ex-
pressed as milligrams of ascorbic acid per 100 mL of juice. Each measurement included four replications, each 
of juice collected from three different fruits, i.e. a total of 12 fruits per measurement. 

2.6. Antioxidant Activity 
Total antioxidant activity was determined by using the ABTS*+ radical cation assay [20]. The reaction mixture 
included 1 mL of 75 µM K2O8S2 and 150 µM 2,2’-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS*+) 
dissolved in acetate buffer pH 4.3, and 10 µL of juice samples. The reaction mixtures were incubated for 15 min 
at room temperature. Afterwards, total antioxidant activities of juice samples were compared with that of a 1 
mM trolox solution by determining the extent of disappearance of the blue color according to comparison of the 
absorbance at 734 nm with that of a prepared blank. Trolox equivalent (TE) was calculated according to the fol-
lowing formula:  

TE value (mM) = (Abs sample – Abs blank)/(Abs standard – Abs blank).  
The results were expressed as Trolox Equivalent Antioxidant Capacity (TEAC), calculated as:  
TEAC (µM TE/g) = (TE × V) / (1000 × M),  

where V = sample volume and M = sample weight. 

2.7. Sensory Evaluations 
Fruit sensory quality was tested on the day of harvest. The fruits were peeled, and segments were separated, cut 
into halves and placed into covered glass cups. Each sample comprised a mixture of cut segments prepared from 
five different fruits. Fruit taste was evaluated by a trained panel consisting of 10 members—five males and five 
females, aged 25 to 62—who routinely perform taste tests of citrus fruits [21]. The samples were identified by 
means of randomly assigned three-digit codes, and panelists were requested to rate overall fruit flavor accepta-
bility on a scale of 1 to 9: 1 = very bad; 9 = excellent. 

2.8. Statistical Analysis 
One-way analysis of variance (ANOVA) and Student’s t-test comparisons of fruit from gamma-irradiated varie-
ties as compared to fruit of their corresponding unirradiated varieties were applied by means of the JMP statis-
tical software, version 7 (SAS Institute Inc., Cary, NC, USA), and the Microsoft Office Excel program.  

3. Results 
3.1. Effects of Gamma-Irradiation Mutagenesis on Ripening Time, Peel Thickness, Fruit 

Shape, Peelability and Segmentation 
Mutational breeding by gamma irradiation delayed ripening of the early-season mandarin varieties “Rishon” and 
“Michal”, harvested in October and November, by 8 and 13 days, respectively, but did not delay ripening of 
most mid- and late-season varieties (Table 1).  

In addition, exposure of bud wood to gamma irradiation had varied effects on peel thickness and fruit shape. 
For example, compared with peel of unirradiated fruits, the peel of “Kedem”, irradiated “Michal” and “Mor” 
was somewhat thicker, whereas that of “Or” and irradiated “King” was rather thinner. Similarly, as compared 
with the shape of control, unirradiated fruit, that of “Meravit” was someone rounder, whereas that of “Kedem” 
was rather flatter (Table 1). We did not detect any differences in ease of peeling and segmentation between 
mandarins from irradiated mutants and those from control trees. 

3.2. Effects of Gamma-Irradiation Mutagenesis on Seed Number 
The photographs of all eight mandarin varieties show that gamma-irradiation mutagenesis remarkably reduced 
the numbers of seeds per fruit (Figure 1). Gamma irradiation mutagenesis of bud woods significantly reduced 
seed numbers in all seeded varieties, from as many as 19.6 and 21.3 seeds per fruit in unirradiated “Murcott”  
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Table 1. Effects of gamma-irradiation mutagenesis on ripening time, peel thickness, fruit shape, and ease of peeling and seg- 
mentation of eight different mandarin varieties.                                                                

Variety Harvest 
date 

Time from 
blooming (weeks) 

Peel thickness 
(mm) 

Fruit shape 
(height/diameter) 

Peelability  
(1 - 5)a 

Segmentation  
(1 - 5) a 

Rishon 23.10.12 29 2.48 0.85 3 3 

Kedem 1.11.12 30 3.47* 0.79* 3 3 

Michal 13.11.12 32 2.59 0.84 3 4 

Irradiated Michal 26.11.12 34 2.89* 0.86 3 4 

Merav 17.12.12 37 3.27 0.77 3 3 

Meravit 17.12.12 37 3.09 0.82* 3 3 

Vered 18.12.12 37 2.54 0.71 2 3 

Vardit 17.12.12 37 2.64 0.75 2 3 

Ora 16.1.13 41 4.83 0.74 4 4 

Or 24.1.13 42 3.36* 0.72 4 4 

Murcott 11.2.13 45 3.30 0.75 3 3 

Mor 11.2.13 45 3.52* 0.76 3 3 

Shani 19.2.13 46 2.64 0.83 3 3 

Irradiated Shani 19.2.13 46 2.70 0.85 3 3 

King 27.2.13 47 4.65 0.80 4 3 

Irradiated King 27.2.13 47 4.30* 0.79 4 3 

Data of peel thickness and fruit shape are means of10 measurements. Bold font and asterisks indicate significant difference at P ≤ 0.05 between fruits 
from gamma-irradiated and control trees. aData of ease of peeling and segmentation are means of three evaluators’ scores: 1 = very difficult, 5 = very 
easy. The upper variety in each pair is the natural seeded variety, and the lower one is the gamma-irradiated low-seeded mutant. 
 
and “King” mandarins, respectively, to as few as 0.5 seed per fruit in the irradiated “Vardit” (Figure 2). Overall, 
mutational breeding by gamma irradiation reduced the number of seeds per fruit in the various varieties by 70% 
- 92% (Figure 2). 

3.3. Effects of Gamma-Irradiation Mutagenesis on Fruit Color 
Evaluation of fruit peel color with a Minolta Chroma Meter revealed that gamma-irradiation mutagenesis of bud 
wood material significantly enhanced the color change of the early-season mandarin varieties—“Kedem” and 
irradiated “Michal”—as compared with that of the control, seeded fruits (Figure 3). The photographs show that 
the peel of irradiated “Kedem” was yellower than that of “Rishon”, and that of irradiated “Michal” was more 
orange than that of unirradiated “Michal” (Figure 3(a)). In contrast, the peel color of the late-season irradiated 
“King” variety was somewhat brighter and less orange than that of the control unirradiated “King” (Figure 3).  

3.4. Effects of Gamma-Irradiation Mutagenesis on Fruit Weight 
The average fruit weights of seven of the eight low-seeded irradiated mandarin varieties were significantly lower 
than those of varieties from control, unirradiated trees (Figure 4). The differences in fruit weight of these seven 
irradiated varieties ranged from just 6.5 g in irradiated “Michal” fruits to 40 - 41 g in “Kedem” and “Or” fruits 
(Figure 4). The average difference between the fruit weights of all these seven irradiated varieties and that of 
fruits from unirradiated trees was ~23 g (Figure 4). 

3.5. Effects of Gamma-Irradiation Mutagenesis on Biochemical Composition of Mandarin 
Juice 

Gamma irradiation of bud wood had varied effects on fruit biochemical and nutritional quality: some irradiated 
clones presented no differences in TSS, acidity and vitamin C levels and total antioxidant activity as compared  



L. Goldenberg et al. 
 

 
948 

 
(a) 

 
(b) 

Figure 2. Effects of gamma-irradiation mutagenesis on seed number of eight different 
mandarin varieties. Data are means ± SE of 10 fruits, and asterisks indicate significant 
difference at P ≤ 0.05 between fruits from gamma-irradiated and from control trees.     

 

 
(a) 

 
(b) 

Figure 3. Effects of gamma-irradiation mutagenesis on peel colorat harvest of eight 
different mandarin varieties. Data are means ± SE of 10 fruits, and asterisks indicate 
significant difference at P ≤ 0.05 between fruits from gamma-irradiated and from con-
trol trees.                                                                 

“King”“Ora” “Or” Irradiated “King”

“Michal”“Rishon” “Kedem” Irradiated “Michal”
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Figure 4. Effects of gamma-irradiation mutagenesis on fruit weight of eight different man-
darin varieties. Data are means ± SE of 10 randomly chosen fruits, and asterisks indicate 
significant difference at P ≤ 0.05 between fruits from gamma-irradiated and from control 
trees.                                                                        

 
with fruits from unirradiated trees, whereas others showed significant differences in these parameters: either 
higher or lower than those of control fruits (Table 2). For example, juice TSS levels were significantly higher in 
“Kedem” and “Or”, but significantly lower in irradiated “Michal”, “Vardit” and irradiated “King” fruits, and 
juice acidity levels were significantly higher in “Kedem” but significantly lower in “Meravit”, “Vardit”, irra-
diated “Shani” and irradiated “King” fruits (Table 2). Vitamin C levels were significantly higher in “Kedem”, 
but significantly lower in irradiated “Michal”, “Meravit” and “Or” fruits (Table 2). Finally, total antioxidant ac-
tivity was significantly higher in “Kedem”, but significantly lower in “Meravit” fruits (Table 2). 

3.6. Effects of Gamma-Irradiation Mutagenesis on Flavor of Mandarin Fruits 
Fruit flavor is one of the most important quality parameters. With the aid of a trained sensory panel, highly ex-
perienced in tasting citrus fruits, it was found that the flavor of three irradiated varieties—“Kedem”, “Vardit” 
and irradiated “King”—was significantly preferable to the observed flavor of their corresponding unirradiated 
varieties, and the flavor of four other irradiated varieties—irradiated “Michal”, “Or”, “Mor” and irradiated 
“Shani”—was somewhat preferable to that of control unirradiated fruits (Figure 5). Thus, flavor acceptability of 
most irradiated mandarin varieties was somewhat preferable to that of fruit from control unirradiated trees 
(Figure 5). 

4. Discussion 
Gamma irradiation mutagenesis is a technique that is commonly used to induce seedlessness in citrus fruits. 
However, in spite of the great importance of this breeding procedure, the exact effects of gamma irradiation 
and/or lack of seeds on mandarin fruit quality has not yet been fully elucidated. In the present study we com-
pared the fruit quality traits of eight different seeded mandarin varieties with those of their corresponding 
low-seeded gamma irradiation-mutated progenies. It was found that gamma-irradiation mutagenesis caused a 
delay of 8 - 13 days in ripening of the early-season varieties “Kedem” and irradiated “Michal” (Table 1), there-
fore this procedure may be somewhat problematic for induction of seedlessness in early-season varieties, be-
cause they need to reach the market as early as possible (Table 1). The fact that the early-season “Kedem” and 
irradiated “Michal” varieties were harvested later than the unirradiated “Rishon” and “Michal” varieties, may 
help to explain why their color was more advanced, as they were exposed longer to autumnal low night temper-
atures, which stimulate color development (Figure 3). 

An interesting discovery emerging from the present study is that in seven of the eight tested mandarin varie-
ties, fruits of gamma-irradiated mutants that contained fewer seeds than their unirradiated counterparts were also 
somewhat smaller, by an average of ~23 g per fruit (Figure 4). In light of this finding, citrus breeders must pay 
special attention to the effect of mutational breeding on fruit weight, and try to select for irradiation low-seeded  
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Table 2. Effects of gamma-irradiation mutagenesis on TSS, acidity and vitamin C levels and total antioxidant activity of 
eight different mandarin varieties.                                                                           

Variety TSS 
(%) 

Acid 
(%) Ripening ratio Vitamin C 

(mg/100mL) 
TEAC (µM 

TE/g) 

Rishon 10.23 0.77 13.27 35.84 2.03 

Kedem 11.12* 1.06* 10.66* 44.94* 3.49* 

Michal 13.03 0.63 20.82 33.11 3.48 

Irradiated Michal 11.77* 0.57 20.95 30.41* 3.29* 

Merav 12.23 1.17 10.46 51.18 3.39 

Meravit 12.15 1.00* 12.15* 40.75* 3.03* 

Vered 13.60 2.02 6.75 57.92 3.46 

Vardit 12.30* 1.39* 8.90* 54.71 3.51 

Ora 12.88 0.84 15.37 27.49 1.78 

Or 12.73 0.78 16.29 20.73* 1.01* 

Murcott 13.10 1.26 10.40 30.64 1.89 

Mor 15.05* 1.23 12.33* 31.20 1.97 

Shani 14.20 1.41 10.05 28.77 2.13 

Irradiated Shani 14.58 1.05* 14.10* 29.68 1.96 

King 12.90 1.92 6.76 22.35 1.67 

Irradiated King 11.72* 1.58* 7.57 23.35 1.47 

Data are means off our replications, each of juice collected from three different fruits. Bold font and asterisks indicate significant difference at P ≤ 
0.05 between fruits from gamma-irradiated and control trees. The upper variety in each pair is the natural seeded variety, and the lower one is the 
gamma-irradiated low-seeded mutant. 
 

 
Figure 5. Effects of gamma-irradiation mutagenesis on the flavor of eight different man-
darin varieties. Data are means ± SE of 10 testers’, and flavor ratings were given on a 
scale of 1 to 9: 1 = very bad; 9 = excellent. Asterisks indicate significant difference at P ≤ 
0.05 between fruits from gamma-irradiated and from control trees.                     

 
varieties that sustain minimal harmful effects on fruit weight. This effect of gamma irradiation on fruit weight is 
especially important with regard to small mandarins, as any further decrease in their weight would be proble-
matical. We do not know for sure why fruits from irradiated trees were smaller, but it is reasonable to assume 
that the reduction in seed number resulted in reduced production of gibberellic acid and, perhaps, also of other 
growth regulators that are required to promote normal fruit growth [13]. In addition, the reduction in seed num-
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bers also directly contributes to the overall decrease in fruit weight. 
Regarding the possible effects of gamma-irradiation mutagenesis on biochemical composition and nutritional 

quality of mandarin fruits, our findings are in agreement with those of previous studies by Bermejo et al. [15] 
[16] and Kim et al. [17] [18], which reported that gamma-irradiation mutagenesis had varied effects on fruit in-
ternal quality parameters. Our present results indicate that gamma irradiation had varied effects on TSS, acidity 
and vitamin C levels, without any particular trend of enhancing or impairing nutritional quality. Thus, citrus 
breeders must be aware of this finding, and as suggested previously [15] [16], to select appropriate seedless va-
rieties with equal or, perhaps, higher nutritional quality (Table 2). 

Interestingly, we found that gamma-irradiation mutagenesis somewhat improved fruit flavor preference of 
seven of the eight tested mandarin varieties (Figure 5). Again, we do not know exactly how this treatment im-
proved fruit flavor, but we hypothesize that because the fruits were somewhat smaller, perhaps their flavor and 
aroma were perceived as slightly more concentrated and intense. 

5. Conclusion 
Overall, we conclude that gamma-irradiation mutagenesis is an efficient procedure for induction of seedlessness 
in citrus fruits. Nevertheless, special attention must be paid to its possible effects of delayed ripening, decreased 
fruit weight, and varied effects on biochemical composition and nutritional quality. Thus, citrus breeders must 
select seedless varieties carefully to achieve minimal negative effects, and perhaps even positive effects on fla-
vor and nutritional quality [15] [16]. 
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