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Determination of the effective radiation dose for mutation breeding
in purple carrot (Daucus carota L.) and possible variations formed
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Abstract

Background Plant breeding allows altering the genetic structure of plants to meet human needs. The use of radiation
technology for inducing mutations and -thereby- new phenotypic variants has become increasingly common as a tool for
developing new crops. The aim of this study was to determine the effective gamma irradiation dose for inducing mutations
in purple carrot.

Methods and results Increasing gamma radiation doses [0, 50, 100, 200, 300, 400, 500, and 600 Gy] were applied to purple
carrot seeds. The irradiated seeds were sown in pots and the emergence and survival rates of the seedlings were analyzed.
Considering plant emergence (%) as a response variable, the LDs, dose was 387.5 Gy. Analysis of root length, root width
(shoulder diameter) and plant height in control (0 Gy) and irradiated plants (50-600 Gy) revealed an inverse association
between these morphological traits and radiation dose. SRAP and ISSR markers were used to identify DNA polymorphisms
in irradiated and control plants. The range of amplicons per primer set revealed by ISSR and SRAP markers was 4-10 and
2-13, respectively. In the ISSR analysis of the irradiated carrots (for the 8 doses used), we obtained range values for the
average Nei’s gene diversity, Shannon’s information index, and polymorphism information content (PIC) of 0.13-0.25,
0.20-0.35, and 1.39-1.67, respectively, whereas in the SRAP analysis, the range values for these parameters were 0.15-0.25,
0.23-0.37, and 0.43-0.58, respectively. Cluster analysis revealed three main groups; (a) non-irradiated (control) plants, (b)
plants from the 600 Gy dose, and (c) a third group with two subgroups: one with individuals from the lowest irradiation
doses (50-200 Gy) and a second group with individuals from the highest irradiation doses (300-500 Gy).

Conclusions This is the first report on determining effective mutagen doses and genetic characterization of induced mutagen-
esis via gamma irradiation in purple carrot. ISSR and SRAP markers were successful in detecting variations among different
levels of mutagen doses.

Keywords Efficient mutagen dose - Purple carrot - Mutation - ISSR - SRAP

Introduction

Cultivated carrots (Daucus carota subsp. sativus)
(2n=2x=18) are the most important members of the Api-
aceae family in terms of their economic and nutritional
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content. Cultivated carrots are sub-classified into Eastern
and Western carrots, based on their root color and other
morphological and physiological features [1]. Most Eastern
carrots have branched anthocyanin-pigmented purple roots,
although some have yellow roots. Eastern carrots also have
more pubescent and slightly dissected leaves, and a tendency
for early flowering. On the other hand, Western carrots typi-
cally have unbranched carotenoid-pigmented orange, yellow,
red or white roots, with less pubescent and highly dissected
leaves, and a lower tendency for early flowering [2].

The Western orange carrots, which are nowadays grown
worldwide, represent a rich source of carotenoids, vitamins
and dietary fiber, and may contain high concentrations of the
provitamin A carotenoid f-carotene [3]. In addition, due to
increasing health awareness, purple carrots (Daucus carota
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ssp. sativus var. atrorubens Alef.) are becoming popular
because of their abundant phytonutrients and the antioxidant
and anti-inflammatory health-promoting effects associated
with anthocyanin consumption [4].

Purple carrots accumulate mainly cyanidin derivatives,
and they are particularly rich in acylated anthocyanins,
with acylated forms accounting for 49.6 to 99% of the total
anthocyanin content are used as food dyes because of their
chemical stability (reviewed by Cavagnaro and Iorizzo, [4]).
Because acylated anthocyanins are chemically more stable
than their non-acylated counterparts [5], the formers are
suitable natural food dyes. Thus, in addition to its health-
enhancing attributes, purple carrots also represent a valuable
source of anthocyanin-based dyes for the food industry.

The term ‘mutation breeding’ was first used by Freisle-
ben and Lein in [6] to describe the application of conscious
induction and development of mutant lines for product
development in plants. Plant breeders are still using classical
breeding methods for developing new varieties with superior
traits. However, the selection and breeding from existing
population reduces the number of gene variants. To avoid
this negative outcome, breeders may opt to use alternative
breeding strategies. Mutation breeding has become an alter-
native method for breeders because it provides the chance
to obtain new desirable traits that were not previously found
in nature or they were lost throughout evolution [7]. Muta-
tion breeding techniques are extensively applied in agricul-
ture in order to produce genetic diversity [8]. While new
genetic combinations from already existing parental genes
are produced by conventional breeding, mutation breeding
procedures cause new gene combinations with high mutation
frequency [8]. Artificially induced mutations can be gener-
ated by means of applying chemical, physical, or biologi-
cal mutagens to plant organs [7, 9]. The most widely used
mutagen in mutation breeding is gamma rays, mainly due its
relatively straight forward utilization, as compared to other
methods. Gamma ray-induced mutations (GRIM) have been
used in many species, including coriander [10], Withania
somnifera [11], tomato [12], Anthurium [13], mungbean [14,
15], eggplant [16], rice [17], potato [18], and carrot [19].

GRIM produce genetic variations, and this is generally
associated with an increase in DNA polymorphisms [20].
DNA markers have been used for many applications in
genetic research, including the assessment of genetic stabil-
ity, characterization of genetic diversity, and linkage map-
ping, among others. In addition, DNA markers have been
used for screening and identification of mutant plants in
Jatropha curcas [20], soybean [21], maize [22], potato [18,
23], Curcuma alismatifolia Gagnep. [24], faba bean [25],
Acorus calamus L. [26], wheat [27], Sophpra davii [28], and
Helichrysum bracteatum [29].

To date, only two studies have applied GRIM in car-
rot plants [30, 31] but neither of these studies examined
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purple-rooted carrots, nor were the irradiated plants charac-
terized by molecular markers. The objectives of this study
were to investigate the effect of different doses of gamma
radiation on seed germination, seedlings survival, and mor-
phological traits of purple carrot plants, and to investigate
DNA polymorphisms in the irradiated and control (non-
treated) plants using ‘inter simple sequence repeat’ (ISSR)
and sequence-related amplified polymorphism (SRAP)
markers.

Materials and methods

Irradiation, and analysis of plant survival
and morphological traits

Seed lots of the purple carrot line (local seeds from Hatay)
were irradiated with O (control plants), 50, 100, 200, 300,
400, 500, or 600 Gy gamma radiation, using a °Co gamma
cell at the Atomic Energy Institution, Ankara, Turkey. In
order to determine survival rates, control and treated seeds
were sown in 11.5-L pots containing peat and perlite in a
1:1 ratio. For each irradiation treatment, 6 replicates of 10
seeds per replicate were used. The seedlings emergence was
monitored daily for 8 days after the emergence of the first
seedling. Data on seedling survival rate, expressed as per-
centage of the total seeds sown, and irradiation doses, were
used for linear regression analysis to determine the median
lethal dose (LDs;). Also, Pearson correlation analysis was
performed between radiation dose and survival rate of the
carrot seedlings.

Seeds from each irradiation treatment were sown in the
experimental field of the Alata Horticultural Research Insti-
tute (Mersin, Turkey), using three replicates (20 plants per
replicate) of plants per replicate according to the completely
randomized design. The resulting carrot plants were grown
—using conventional agricultural practices for the crop- for
five months, after which the following morphological traits
were analyzed: root length, root shoulder diameter and plant
height (from soil level to the tip of the longest leaf). The data
were analyzed using one-way ANOVA with SAS software
package. Comparison of means was carried out using Dun-
can’s multiple range test.

Molecular analysis
DNA isolation

Fresh young leaves of control and irradiated plants (12 indi-
viduals from each dose group) were collected and frozen
at— 80 °C until lyophilized and used for DNA isolation.
Total genomic DNA was isolated from lyophilized and
ground leaf tissue of individual plants following the CTAB
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protocol of Doyle and Doyle [32] with minor modifications
as incorporated by Boiteux et al. [33]. Purity and concentra-
tion of the DNA was determined with a NanoDrop spectro-
photometer (DeNovix DS-11 FX, USA), and aliquots of the
DNA samples were diluted to a final concentration of 25 ng
uL~! for further use in polymerase chain reaction (PCR)
assays and stored at—20 °C.

SRAP analysis

For PCR amplification, nine primer combinations derived
from five forward and eight reverse primers were used
(Table 1). The reaction mixture and protocols were as
described by Ferriol et al. [34] and Yildiz et al. [35]. Briefly,
PCR reactions were performed in 25 pl containing 25 ng of
genomic DNA, 1.5 mM MgCl,, 0.5 pM of primer, 0.2 mM
dNTPs, 10X Taq buffer, and 1 unit of Taq polymerase (Fer-
mentas, Thermo Fisher Scientific Inc, US). The amplifica-
tion protocol consisted of an initial denaturing step of 5 min
at 94 °C, followed by five cycles of three steps of 1 min
of denaturing at 94 °C, 1 min of annealing at 35 °C and
2 min of elongation at 72 °C. In the following 30 cycles
the annealing temperature was increased to 50 °C, with a
final extension step of 5 min at 72 °C. The amplicons were
size-separated by 3% (w v™') agarose gel electrophoresis in
0.5 X TAE buffer for 5 h and visualized with ethidium bro-
mide. A 100 bp ladder (Fermentas) was used as molecular
weight marker.

ISSR analysis

Five ISSR primers were used (Table 1). The amplification
reactions were performed as previously reported by Yildiz
et al. [36]. The reaction mixture (20 pl) contained 20 ng of
genomic DNA, 1.5 mM MgCl,, 0.2 mM of primer, 0.2 mM
dNTP, 10 x Taq buffer, 1 unit of Tag DNA polymerase
(Fermentas, Thermo Fisher Scientific Inc, US). The ISSR
PCR reactions were performed as follows: a first denaturing
cycle of 3 min at 94 °C, followed by 45 cycles of 30 s of

denaturing at 94 °C, 45 s of annealing temperature at 55 °C,
and 2 min of elongation at 72 °C, and a final extension cycle
of 5 min at 72 °C. PCR products were separated by 3% (w
v~1) agarose gel electrophoresis in 0.5 x TAE buffer, and
visualized with ethidium bromide. A 100 bp ladder (Fermen-
tas, Thermo Fisher Scientific Inc, US) was used as molecular
weight marker.

Data scoring and statistical analysis

For SRAP and ISSR marker data, only intense and legible
polymorphic bands were scored as present (1) or absent (0)
in all of the control and irradiated plants. For both marker
systems, the total number of amplified products, the num-
ber of polymorphic bands, polymorphism percentage, poly-
morphism information content (PIC), and genetic diversity
parameters were calculated independently for each gamma
ray dose group. The PIC values for dominant markers were
calculated according to De Riek et al. [37]. A dendrogram
based on Jaccard similarity coefficient was constructed using
UPGMA (Unweighted Pair Group Method with Arithmetic
Mean). Pop Gene v.1.32 software [38] was used to estimate
the polymorphic percentage, observed number of alleles
(Na), effective number of alleles (Ne), Nei’s [39] gene diver-
sity (h), Shannon’s information index (I).

Results

Significant effects (p <0.05) of radiation on plant emer-
gence, plant survival and morphological traits were found.
Treated seeds were evaluated for survivability from different
doses of gamma irradiations. Emergence of the seedlings
began within § to 9 days of sowing in the control and all the
irradiation treatments. Based on the seedlings emergence
rate (Table 2), an LD5, of 387.8 Gy was obtained (Fig. 1).
As shown in the regression equation presented in the graph,
for each unit of increase in gamma radiation intensity (1 Gy)
the plant survival rate decreased 0.113 times. This reduction

Table 1 Sequence-related amplified polymorphism (SRAP) and Inter simple sequence repeat (ISSR) primers sequences

SRAP Primers ISSR Primers

Forward primer Reverse primer Primer Sequence (5'-3")

Mel: TGAGTCCAAACCGGATA Eml: GACTGCGTACGAATTAAT 812 GAGAGAGAGAGAGAGAA
Me2: TGAGTCCAAACCGGAGC Em3: GACTGCGTACGAATTGAC ISSR-3 ACTGACTGACTGACTG
Me3: TGAGTCCAAACCGGAAT Em4: GACTGCGTACGAATTTGA ISSR-4 GACAGACAGACAGACA
Me5: TGAGTCCAAACCGGAAG Em7: GACTGCGTACGAATTGAG Sola-9 (AC)G

Mell: TGAGTCCAAACCGGACT Em9: GACTGCGTACGAATTTCA Sola-11 GAGCAACAACAACAACAA

Emi2: GACTGCGTACGAATTCAT
Eml15: GACTGCGTACGAATTCTT
Emi16: GACTGCGTACGAATTGAT
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Table 2 Effects of gamma

. - C. Irradiation dose (Gy) N Seedling survival Root length? Root Plant
1r1Tad1at10n on rooF length, root rates* (%) Mean+SD (cm) Mean+SD width?® (cm) height® (cm)
width (shoulder diameter), plant Mean +SD Mean+SD
height and seedling survival _ —
rates 0 (control) 60 983+4.0a 18.7+0.3b 5.2+0.1 bc 56.7+£09b
50 60 8l.6+11.7a 213+04a 5.1+£0.2 ab 613+13a
100 60 85.0+138a 22.4+04a 55+0.1a 623+13a
200 60 81.6+223a 193+0.4b 4.7+0.21 cd 61.7+1.1a
300 43  383+14.7b 16.4+0.8 cd 47+03cd 55.0+1.6b
400 60 433+175b 17.6+0.5bcd 4.5+0.2d 509+09¢c
500 39 383+11.7b 16.0+0.5d 46+02cd 493+1.5cd
600 13 333+150b 18.1+1.1 bc 49+04cd 45.8+34d

*Experiment performed in pots

“Data derived from field-grown plants

Mean values followed by the same letter are not significantly different at 5% level. SD. Standard deviation
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Survival =94,147919 - 0,1138174 * Dose
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R? =085
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70 4
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——— Survival curve
Regression line

Fig.1 LDy, regression of gamma irradiation doses on purple carrot
(60 seeds were used for each dose)

was found to be statistically significant (p <0.05). A statisti-
cally significant Pearson correlation coefficient (r) value of
—0.922 (-92.2%) between radiation dose and survival rate
was found.

Generally, the seedling survival rates decreased with
increasing gamma irradiation doses (Table 2). The non-irra-
diated (control) treatment had the highest seedling survival
rate (98.3%), followed by 100 Gy (85%), 50 Gy (81.6%), and
200 Gy (81.6%). Seedling survival decreased to 33.3% at the
600 Gy dose, to 38.3% at the 500 and 300 Gy, and 43.3% at
400 Gy (Table 2). The survival rates of seedlings obtained
from seeds irradiated with 300-600 Gy were significantly
lower than the survival rates in the control and the lowest
irradiation (50-200 Gy) treatments (Table 2). No statistical
differences were found between the control group and the
lowest irradiation treatments.
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Root length (r= —0.35), root shoulder diameter
(r=—0.28), and plant height (r= —0.40) in control and irra-
diated plants were all negatively affected by gamma radia-
tion, especially at the highest doses applied (Table 2). Root
length varied from 15.9 cm (in the 500 Gy dose group) to
22.4 cm (100 Gy), whereas shoulder diameter ranged from
4.5 (400 Gy) to 5.1 cm (50 Gy), and plant height from 45.8
(600 Gy) to 62.3 cm (100 Gy).

SRAP and ISSR-based marker analysis were performed
to evaluate variation at the DNA level in irradiated and
control plants (Figure S1, S2). A total of 100 bands were
obtained using four ISSR primers and nine SRAP primer
combinations, of which 84 (84%) were polymorphic (data
not shown).

The four ISSR primers yielded a total of 35 bands, of
which 28 were polymorphic between at least two of the 96
individuals irradiated with eight different doses of gamma
rays. In general, mean percent polymorphism decreased with
increasing irradiation doses (r=—0.88) and varied from
72.5% (at 100 Gy) to 52.1% (at 600 Gy) (Table 3). PIC val-
ues followed the same general trend (r= —0.85), and ranged
from 0.51, in the non-irradiated individuals, to 0.38, in the
highest irradiation dose (600 Gy). These data indicate that
less DNA polymorphism was found at these four ISSR loci
at higher irradiation doses.

Analysis of individual markers revealed that primer
ISSR3 yielded the highest number of bands (10 bands) in
individuals irradiated with 50 and 100 Gy, while the low-
est number of bands (4 bands) was found at 600 Gy using
primer Solall. Among the treatments, the average poly-
morphic bands ranged from 3.5 (600 Gy dose group) to 6
(100 Gy dose group). The percentage of polymorphism was
ranged from 0 to 100%. ISSR4 (at 0 Gy, 50 Gy, 100 Gy and
300 Gy doses) showed 100% polymorphism while Sola 11
(at 600 Gy dose) produced only monomorphic bands. Per-
centage of polymorphic loci for 0, 100, 200, 300, 400, 500
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Table 3 ISSR primers, irradiation doses, number of amplified products, polymorphic bands, polymorphism percentage, and estimates of vari-
ability (PIC, n,, n., h and I) across 96 individuals of purple carrots population

primers Dose (Gy) Total amplified Polymorphic ~ Percent Polymor-  PIC n, n, h 1
bands bands phism (%)
ISSR3 0 7 5 71.4 0.67 1.5 1.28 0.17 0.26
50 10 8 80 0.66 1.8 1.48 0.29 0.44
100 10 9 90 0.62 1.9 1.55 0.33 0.49
200 7 6 85.7 0.62 1.6 1.34 0.2 0.30
300 5 4 80 0.58 1.4 1.32 0.18 0.25
400 9 7 717 0.58 1.7 1.39 0.23 0.35
500 9 8 88.8 0.59 1.8 1.45 0.27 0.40
600 6 5 83.3 0.79 1.5 1.28 0.17 0.25
ISSR4 0 7 7 100 0.63 1.78 1.54 0.32 0.46
50 8 8 100 0.67 1.89 1.61 0.35 0.51
100 7 7 100 0.57 1.78 1.50 0.29 0.44
200 7 5 71.4 0.36 1.56 1.25 0.15 0.24
300 7 7 100 0.54 1.78 1.23 0.17 0.29
400 8 7 87.5 0.47 1.78 1.45 0.26 0.39
500 8 7 87.5 0.64 1.78 1.42 0.27 0.41
600 8 6 75 0.45 1.67 1.39 0.23 0.34
Sola9 0 7 4 57.1 0.30 1.5 1.27 0.18 0.27
50 7 3 42.8 0.21 1.38 1.25 0.14 0.21
100 8 3 37.5 0.28 1.38 1.17 0.12 0.18
200 8 5 62.5 0.33 1.63 1.29 0.19 0.30
300 7 2 28.5 0.22 1.25 1.23 0.12 0.17
400 8 3 37.5 0.27 1.38 1.07 0.06 0.11
500 7 2 28,5 0,22 1,25 1,22 0,12 0,16
600 6 3 50 0,27 1,38 1,24 0,15 0,22
Solall 0 6 3 50 0.45 1.38 1.17 0.10 0.16
50 7 4 57.1 0.39 1.5 1.24 0.16 0.25
100 8 5 62.5 0.47 1.63 1.45 0.25 0.37
200 7 4 57.1 0.48 1.5 1.34 0.19 0.28
300 7 3 42.8 0.31 1.38 1.33 0.17 0.25
400 8 4 50 0.34 1.5 1.33 0.19 0.29
500 8 4 50 0.34 1.5 1.29 0.17 0.26
600 4 0 0 0 1 1 0 0
Total 0 27 19
50 32 23
100 33 24
200 29 20
300 26 16
400 33 21
500 32 21
600 24 14
Mean 0 6.75 4.75 69.6 0.51 1.54+0.2 1.32+0.2 0.19+0.1 0.29+0.1
50 8 5.75 69.9 0.48 1.64+0.2 1.39+0.2 0.24+0.1 0.35+0.1
100 8.25 6 72.5 0.48 1.67+0.2 1.42+0.2 0.25+0.1 0.37+0.1
200 7.25 5 69.2 0.45 1.57+0.1 1.31+0.0 0.18+0.0 0.28+0.0
300 6.5 4 62.9 0.41 1.45+0.2 1.28+0.1 0.16+0.0 0.24+0.1
400 8.25 5.25 63.2 0.41 1.59+0.2 1.31+0.2 0.19+0.2 0.29+0.1
500 8 5.25 63.7 0.45 1.58+0.3 1.34+0.1 0.21+0.1 0.31+0.1
600 6 35 52.1 0.38 1.39+0.3 1.23+0.2 0.13+0.1 0.20+0.1

PIC Polymorphism Information Content, n, observed number of alleles, n, effective number of alleles, 4 Nei’s gene diversity, / Shannon’s infor-
mation index
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and 600 Gy individual plants were 69.6%, 69.9%, 72.5%,
69.2%, 62.9%, 63.2%, 63.7%, and 52.1%, respectively
(Table 3).

SRAP analysis with nine primer combinations yielded a
total of 65 bands of which 56 were polymorphic across 96
carrot individuals exposed to eight irradiation doses (data
not shown). SRAP analysis also indicated that irradation
modified the level of DNA polymorphism. Similar to ISSR
analysis, increasing irradiation doses reduced mean percent
polymorphism (r= —0.81), mean PIC values (r= —0.84)
and mean n, values (r= —0.72) (Table 4).

The genetic relationships among the non-irradiated and
irradiated purple carrot individuals were depicted by cluster
analysis using Jaccard’s genetic similarity coefficients based
on marker data from the ISSR and SRAP analyses combined
(Fig. 2). The dendrogram revealed three distinct clusters;
(a) the non-irradiated (control) group, (b) a group with the
highest irradiation dose (600 Gy), and (c) a third group with
two subgroups; one with individuals from the lowest irradia-
tion doses (50-200 Gy) and a second group with individu-
als from the highest irradiation doses (300-500 Gy). The
dendrogram showed individuals from the highest irradia-
tion dose (600 Gy) closer to the non-irradiated plants, and
these two groups separated from the rest of the irradiated
treatments.

Discussion

In mutation breeding, determining the optimal dose of a
mutagen is an important prerequisite for achieving high
mutation rates with fewer plant deaths, a desired outcome
when trying to maximize the probabilities of rapidly attain-
ing new phenotypic variants [39]. In the present study,
survival rates decreased with increasing gamma ray doses.
Reason of this decrease in the survival rate was reported
by Dhakshanamoorthy et al. [20] as possibility influencing
meristematic tissues of seeds by mutagen. Also, it can be
considered that high level of mutagen doses cause damage in
the cell, including chromosomal alteration. As comparison
with our results, the LD5, for GRIM in other species was
found to be 345-423 Gy [41] and 288.4-354.8 Gy [42] in
rice, 985-1363 Gy in desert shrub [40], 20 Gy in palm [43],
140 Gy in pepper [44], and 149-620 Gy in cowpea [45]. The
results of the study will be useful for establishing the appro-
priate gamma radiation dose for mutation breeding in carrot.

Low dose of mutations can stimulate [20] or reduce [10]
the germination of irradiated seeds comparing to unirradi-
ated seeds. But generally increasing mutation doses has a
reducing effect. In the present study, the germination rates
of irradiated with lowest doses (50, 100, 200 Gy) and control
group were not different significantly. However high irradia-
tion doses caused negative effect of germination rates. These

@ Springer

results are in accordance with those obtained by Al-Safadi
and Simon [30], who reported a strong negative correlation
(r=-0.98) between dose and survival of carrot plants after
seed irradiation.

Reduction of the plant height may be due to the fact that
ionizing radiation generally affects cell division, thereby
inhibiting or delaying the plant’s growth [46]. However,
in the present study, the low-level doses of gamma irradia-
tion (50-100 Gy) produced plants with statistically larger
values for all three of these morphometric traits, suggest-
ing that such low level of irradiation promoted -rather than
inhibited- plant growth. In agreement with these results,
Al-Safadi and Simon [30] reported that carrot seeds irradi-
ated with low doses of gamma rays produced plants with
20% and 35% higher plant size and root weight than control
plants, respectively. Also, another study by Bovi et al. [31]
reported that carrot seeds of the orange-rooted cultivar ‘Bra-
silia’ exposed to 2.5 and 10.0 Gy of gamma rays produced
root weight 6.0% and 1.6% more than the non-irradiated
controls, respectively.

Conventional methods to determine mutant lines are
influenced by external factors and less reproducible. How-
ever, molecular techniques are more safety and reproducible
to confirm mutant lines [28]. Hence in the study, in addi-
tion to the morphometric analyses, ISSR and SRAP markers
were used to detect polymorphism between different levels
of irradiation doses due to mutation treatment. ISSR markers
were favored to determine mutants before for many species;
Glycine max L. [21], Curcuma alismatifolia [24], Vicia faba
[25], Triticum aestivum L. [27], Sophora davidii [28], Heli-
chrysum bracteatum L. [29] and Lilium longiflorum [47].
Polymorphism values obtained from ISSR analyses were
varied between different levels of irradiation doses. These
results suggest that irradiation modified the level of DNA
polymorphism and ISSR markers provide relatively high dis-
criminative power among individuals exposed to different
levels of irradiation, in agreement with results from previous
studies in other species [24, 28, 29, 47].

In both ISSR and SRAP analyzes, the lowest total number
of bands per primer was obtained at 600 Gy dose. This sug-
gests that the treatments of high gamma irradiation would
result in DNA damage in carrot plant cells. The loss of nor-
mal bands (disappearance of bands) maybe related to events
such as DNA damage (e.g., single, and double-strand breaks,
modified bases), DNA—protein cross links, point mutation,
and/or complex chromosomal rearrangements induced by
gamma radiation [19]. In this study, the highest mean num-
ber of bands was obtained at 100 Gy and 400 Gy doses.
New PCR amplification products may be generated in some
oligonucleotide priming sites as a result of mutations (new
annealing events), large deletions (approximation of the pre-
existing annealing site) and/or homologous recombination
[48]. The disappearance of bands or addition of extra bands
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Table 4 SRAP primers, irradiation doses, number of amplified products, polymorphic bands, polymorphism percentage, and estimates of vari-
ability (PIC, n,, n., / and I) across 96 individuals of purple carrots population

Primers Doses (Gy) Total ampli- Polymor- Percent Poly- PIC n, n, h 1
fied bands phic bands  morphism (%)
Me2 X Em1 0 6 4 66.6 0.61 1.44 1.26 0.15 0.23
50 8 6 75 0.53 1.67 1.39 0.22 0.34
100 7 5 71.4 0.59 1.56 1.38 0.22 0.32
200 8 5 62.5 0.53 1.56 1.31 0.19 0.29
300 4 2 50 0.45 1.22 1.15 0.08 0.13
400 8 6 75 0.59 1.67 1.34 0.21 0.32
500 7 5 71.4 0.53 1.56 1.29 0.18 0.27
600 5 3 60 0.53 1.33 1.22 0.12 0.18
Me2 X Em9 0 6 4 66.6 0.60 1.57 1.39 0.23 0.33
50 7 5 71.4 0.47 1.71 1.48 0.28 0.42
100 7 4 57.1 0.43 1.57 1.43 0.24 0.35
200 7 5 71.4 0.51 1.71 1.22 0.16 0.27
300 6 4 66.6 0.51 1.57 1.16 0.12 0.20
400 7 4 57.1 0.46 1.57 1.34 0.21 0.32
500 5 2 40 0.26 1.29 1.26 0.13 0.19
600 4 1 25 0.21 1.14 1.13 0.07 0.09
Me2 X Em12 0 6 4 66.6 0.36 1.71 1.48 0.28 0.40
50 6 3 50 0.31 1.57 1.49 0.26 0.37
100 6 3 50 0.28 1.57 1.36 0.21 0.32
200 6 4 66.6 0.42 1.71 1.53 0.29 0.42
300 6 3 50 0.34 1.57 1.51 0.27 0.38
400 6 4 66.6 0.29 1.71 1.42 0.25 0.38
500 6 4 66.6 0.37 1.71 1.58 0.31 0.44
600 6 3 50 0.31 1.57 1.38 0.22 0.32
Me5 X Em15 0 4 3 75 0.68 1.75 1.48 0.27 0.4
50 4 3 75 0.34 1.75 1.44 0.26 0.39
100 4 3 75 0.32 1.75 1.38 0.23 0.35
200 4 3 75 0.30 1.75 1.29 0.19 0.30
300 4 1 25 0.22 1.25 1.2 0.11 0.16
400 4 1 25 0.21 1.25 1.24 0.12 0.17
500 4 1 25 0.20 1.25 1.25 0.12 0.17
600 4 1 25 0.24 1.25 1.12 0.08 0.13
Me2 X Em16 0 9 7 77.7 0.68 1.54 1.29 0.17 0.26
50 12 11 91.6 0.60 1.85 1.47 0.28 0.42
100 13 9 69.2 0.59 1.69 1.49 0.28 0.40
200 11 10 90.9 0.55 1.77 1.40 0.25 0.38
300 12 9 75 0.69 1.69 1.28 0.19 0.29
400 13 9 69.2 0.61 1.69 1.39 0.24 0.36
500 12 8 66.6 0.56 1.62 1.42 0.24 0.35
600 10 7 70 0.66 1.53 1.29 0.18 0.28
Me3 X Em7 0 6 5 83.3 0.43 1.71 1.34 0.21 0.33
50 7 5 71.4 0.39 1.71 1.25 0.18 0.29
100 7 5 71.4 0.35 1.71 1.39 0.23 0.35
200 6 5 83.3 0.44 1.71 1.38 0.22 0.34
300 7 5 71.4 0.43 1.71 1.39 0.25 0.38
400 7 5 71.4 0.38 1.71 1.28 0.19 0.31
500 6 5 83.3 0.51 1.71 1.43 0.24 0.37
600 5 4 80 0.39 1.57 1.39 0.22 0.32
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Table 4 (continued)

Primers Doses (Gy) Total ampli- Polymor- Percent Poly- PIC n, n, h 1
fied bands phic bands  morphism (%)
Mell XEm4 0 6 83.3 0.71 1.83 1.39 0.25 0.39
50 5 4 80 0.57 1.67 1.42 0.25 0.38
100 6 5 83.3 0.69 1.83 1.36 0.24 0.38
200 5 4 80 0.72 1.67 1.5 0.28 0.41
300 6 5 83.3 0.75 1.83 1.45 0.27 0.42
400 6 5 83.3 0.67 1.83 1.59 0.34 0.49
500 5 4 80 0.59 1.67 1.42 0.24 0.36
600 4 3 75 0.48 1.5 1.28 0.17 0.25
Mel X Em3 0 2 1 50 0.44 1.17 1.13 0.07 0.11
50 4 3 75 0.68 1.5 1.23 0.13 0.21
100 5 4 80 0.69 1.67 1.36 0.23 0.35
200 5 4 80 0.68 1.67 1.45 0.25 0.37
300 3 2 66.6 0.58 1.33 1.19 0.11 0.16
400 4 3 75 0.53 1.5 1.29 0.18 0.27
500 4 3 75 0.68 1.5 1.32 0.19 0.28
600 3 2 66.6 0.38 1.33 1.27 0.15 0.21
Me3 X Em1 0 5 5 100 0.67 1.71 1.48 0.28 0.41
50 6 6 100 0.78 1.86 1.61 0.34 0.49
100 5 5 100 0.75 1.71 1.53 0.29 0.43
200 5 5 100 0.73 1.71 1.58 0.31 0.45
300 6 6 100 0.69 1.86 1.47 0.28 0.42
400 5 5 100 0.70 1.71 1.43 0.26 0.38
500 7 7 100 0.83 2 1.68 0.38 0.56
600 3 3 100 0.65 1.43 1.27 0.16 0.24
Total 0 50 38
50 59 46
100 60 43
200 57 45
300 54 37
400 60 42
500 56 39
600 44 27
Mean 0 5.8 42 74.4 0.58 1.61+0.2 1.36+0.1 0.21+0.1 0.32+0.1
50 6.5 5.1 76.6 0.52 1.70+0.1 1.42+0.1 0.25+0.1 0.37+0.1
100 6.7 4.8 73.1 0.52 1.67+0.1 1.41+0.1 0.24+0.0 0.36+0.0
200 6.3 5 78.9 0.54 1.70+0.1 1.41+0.1 0.24+0.1 0.36+0.1
300 6 4.1 65.3 0.52 1.56+0.2 1.31+0.1 0.19+0.1 0.28+0.1
400 6.7 4.7 69.2 0.49 1.63+0.2 1.37+0.1 0.22+0.1 0.33+0.1
500 6.2 4.3 67.6 0.50 1.59+0.2 1.41+0.2 0.23+0.1 0.33+0.1
600 4.9 3 61.3 0.43 1.41+£0.2 1.26+0.1 0.15+£0.2 0.23+0.1

PIC Polymorphism Information Content, n, observed number of alleles, n, effective number of alleles, & Nei’s gene diversity, / Shannon’s infor-

mation index

may result in polymorphic DNA patterns in the irradiated

plants [20].

The dendrogram demonstrating the relationships among
the non-irradiated and irradiated purple carrot individuals

@ Springer

grouped depending on dose level of mutation separated
groups as non-irradiated, 600 Gy dose and other doses. The
genetic similarity coefficient of individuals in different level
of doses ranged from 0.5361 to 0.6385 calculating from both
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Fig.2 Dendrogram of gamma irradiated purple carrot plants based
on ISSR and SRAP combined by UPGMA algorithm using Jaccard’s
similarity coefficient

ISSR and SRAP marker data. These values of genetic simi-
larity coefficient suggest that genetic discrimination among
different dose levels in our study is stronger than those
reported by Wang [28] 0.6885-0.7884 and El-Khateeb [29]
0.77-0.97. According to these results, it is confirmed that
gamma ray irradiation is an effective tool to create variations
in purple carrot and ISSR and SRAP markers are utilizable
to detect these variations.

Conclusions

In mutation breeding studies, determining the optimal dose
of a mutagen is important to develop lines with the desired
agronomic traits. For this reason, we were applied gamma
radiation doses range of 50- 600 Gy to purple carrot seeds.
Considering plant emergence (%) as a response variable,
the LDs, dose was found 387.5 Gy. This study revealed that
exposure of purple carrot seeds at 100 Gy is best for root
length, root width and plant height among the doses studied.
This is the first report on the use of SRAP and ISSR mark-
ers characterization of induced mutagenesis through gamma
irradiation in purple carrots. Our results indicate that ISSR
and SRAP markers were successful in the detecting DNA
polymorphism among the non-irradiated and irradiated pur-
ple carrot individuals.
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