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Abstract

Euphorbia fulgens is an ornamental species that, in Mexico, has little variability in the color of
flowers, so this work had as an objective to evaluate the effect of ®°Co gamma radiation on seeds
and morphological characteristics of adult plants, as well as to obtain mutants of different colors
in the flowers. Seeds were collected in communities of Oaxaca (MO0), irradiated at nine doses (50,
100, 150, 200, 250, 300, 450, 600, 750 Gy) and established under greenhouse until the adult stage
(M1), giving follow-up until the development of their offspring (M2). Emergence, survival and 27
morphological characteristics corresponding to vegetative and reproductive structures in both
generations were evaluated. The percentage of emergence and the number of plants that survived
decreased as the radiation dose increased. Radiation doses of 250 Gy or higher caused seed
germination percentages to be less than 50%. The treatments produced differences in the variables:
number of branches with inflorescences and color of petaliferous appendages. The dose of 300 Gy
generated branched individuals with different inflorescence color, although it affected survival.
The phenotypic distribution in progenitors and descendants was similar, showing differences in
number of cymes, number of cyathia and color of petaliferous appendages. Irradiation is a suitable
technique to generate variation in the color of the inflorescences in this species.
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Introduction

Induced mutagenesis is a technique by which 671 mutant varieties of ornamentals have been
generated, mostly corresponding to Chrysanthemum spp. (285 varieties), Rosa spp. (67 varieties),
Dahlia spp. (35 varieties), Alstroemeria spp. (35 varieties) and Streptocarpus spp. (30 varieties)
and were generated mainly in China, the Netherlands, Japan, India and Germany (FAO/IAEA,
2020). This technique has been widely used because most ornamental plants are vegetatively
propagated, allowing easy reproduction of mutants (Rangaiah, 2006; Yamaguchi, 2018), and is
justifiable when there is not enough natural variability, therefore, it is necessary to induce it to have
a wide range of individuals with desirable characteristics.

The advantages of this process are: the possibility of generating variability; the speed with which
an individual with desirable characters can be obtained, that is, it reduces the time compared to
traditional improvement (De la Cruz, 2010) and as they are not considered genetically modified
organisms (GMOs), this method is free of regulatory restrictions (Parry et al., 2009). The
disadvantages are: mutations occur unpredictably throughout the genome, occur at a point and it is
difficult to obtain a mutant with multiple desired characteristics, a large number of seeds or
vegetative parts are required for the effect of a mutagenic agent to be identified; it is difficult to
identify a small number of individuals with novel phenotypes within a large population and many
mutations do not have a detectable effect on plants (De la Cruz, 2010).

Induced mutations are those caused by exogenous agents called mutagens, which can be chemical
or physical; among the chemicals are ethyl methanesulfonate (EMS), dimethyl sulfate and diethyl
sulfate, methylnitrosourea (MNU) and ethylnitrosourea (ENU) (Oladosu et al., 2016) and among
the physical agents, we find x-rays, gamma rays (Jain, 2005; Yamaguchi et al., 2008), ultraviolet
light (Ahloowalia and Maluszynski, 2001) and carbon ions (Wu et al., 2009).

In ornamental plants, the most commonly used mutagens in improvement are the physical ones
(Jain, 2005; Wu et al., 2009; Yamaguchi, 2018; Yamaguchi et al., 2018; Hernandez-Mufioz et al.,
2019), since they can stimulate germination, accelerate the development of plants, favor resistance
to different types of stress, mainly diseases, and cause changes in the color, shape and size of
flowers (Maluszynski et al., 2001; Ahloowalia and Maluszynski, 2001; Chopra, 2005; Datta and
Teixeira, 2006). In species where no prior information is available, the first thing to do is a
radiosensitivity study, which consists of evaluating the sensitivity of cells, tissues, seeds and
vegetative structures to the mutagenic agent to determine the mean lethal dose. Radiosensitivity
varies according to species, ploidy level, degree of tissue differentiation and moisture content (De
la Cruz, 2010).

In seed-propagated plants, mutagenized populations are generated by exposure of seeds (MO0)
to the mutagen, the obtaining of autogamous or allogamous plants (M1) that will give rise to
seeds (M2). Since mutations are usually a recessive event, it is recommended to perform
selection in the M2 generation, in which mutations in recessive homozygous condition become
evident (Chikelu, 2013). M2 plants continue their development and M3 seeds are obtained, at
this stage, the population is still segregating and not all M3 plants will carry the mutations
identified in M2.
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The mutagenized population can fix a mutation until the M6 generation, generating almost
homozygous material, although in the process up to half of the mutations present in M1 disappear
(Parry et al., 2009; Ukai and Nakagawa, 2011).

In Mexico, experiments where it has been determined that ®°Co gamma radiation stimulates
germination in seeds of Laelia autumnalis (Lex.) Lindl. have been carried out (Herndndez-Mufioz
etal., 2017). In tuberose (Polianthes tuberosa L.), its effect on tubers and plants has been evaluated
in vitro (Estrada-Basaldua et al., 2011), in chrysanthemum (Dendranthema grandiflorum (Ramat.)
Kitam.), mutants with slow-developing, dwarfs and mottled-leaved genotypes were produced
(Castillo-Martinez et al., 2015), while by irradiating bulbs of Tigridia pavonia (L. f.) DC., it was
possible to modify the color of the flower (Diaz-Lo6pez et al., 2003).

In sunflower (Helianthus annuus L.) and roselle (Hibiscus sabdariffa L.), gamma radiation
influenced seed germination (Diaz-L6pez et al., 2017), a similar behavior in cape gooseberry
(Physalis peruviana L.) for seed germination and plant height, as well as yield components
(Antunez et al., 2020a, b) and finally, in poinsettia (Euphorbia pulcherrima Willd. ex Klotzsch), it
influenced emergence, seed characteristics and morphological parameters in adult plants (Canul-
Ku et al., 2012), with the poinsettia variety Juanita being registered in 2016 as a pot flower obtained
by mutagenesis (Canul-Ku et al., 2019).

Euphorbia fulgens is a species that is marketed as an ornamental in Europe and other countries,
mainly as a cut flower, although it is also offered as a potted plant. Its common name is scarlet
plume, and it is considered a short-day plant. Various cultivars with different colors of
inflorescences: orange, pink, red, white, salmon, peach and yellow, are marketed; while the color
of the leaves can be green, dark red or purple.

In Mexico, where it originates, in wild populations only inflorescences with shades ranging from
orange to red are found (Pérez-Nicolas et al., 2021). So, it is possible that such varieties originated
through induced mutagenesis. Thus, the ‘Albora’ variety was developed in the Netherlands by X-
ray (40Gy) irradiation of cuttings, was officially approved in 1976 and its main improved attribute
is the color of the inflorescences (FAO/IAEA, 2020). Considering the above, the objective of this
research was to evaluate the effect of ®°Co gamma radiation on seeds and detect changes in
morphological characteristics of adult plants of E. fulgens in the M1 and M2 generations to obtain
mutants with different color of petaliferous appendages.

Materials and methods

The experiment was carried out in a glass greenhouse located at the Chapingo Autonomous
University, which is located at 19° 20’ north latitude and 98° 53” west longitude, at 2 240 m
altitude. The temperature and relative humidity were recorded with a HOBO® U12-012 data logger
(Onset Computer Corporation, Massachusetts, USA), the average temperature varied between 16
and 24 °C and the relative humidity between 38 and 68%. In April 2018, Euphorbia fulgens fruits
were collected at two sites in the state of Oaxaca, site 1 is located in San Jerénimo Coatlan and site
2 in Santiago Jamiltepec.
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The fruits were placed in brown paper bags until they dried and released their seeds. The seeds
were deposited in glassine bags and kept at room temperature; 200 seeds were chosen from each
site, which were distributed in 10 bags containing 20 seeds each (M0). On May 4 of the same year,
the seeds were irradiated in a Transelektro irradiator (LGI-01, manufactured in Hungary) with a
source of ®°Co, located at the National Institute for Nuclear Research (ININ, for its acronym in
Spanish). Nine doses of radiation with gammas of ¢°Co (50, 100, 150, 200, 250, 300, 450, 600, 750
Gy) plus the control without irradiation were established, having 40 seeds per treatment.

That same day, the irradiated seeds (M1) were sown under a completely random design in expanded
polystyrene trays of 200 cavities, using peat/perlite (50:50 v/v) as a substrate. The M1 plants at the
stage of first pair of opposite true leaves (late May, early June) were transplanted into pots of 11 x
11 x 15 cm, using peat/expanded perlite/vermiculite (40:30:30 v/v/v) as substrate. At this stage,
starter fertilizer Ultrasol® N15-P30-K15+M. E. AQTEX, 0.5 g L, was added to the irrigation
water every eight days. At the end of July, August and September, multipurpose Ultrasol® N18-
P18-K18 + M. E. AQTEX, 1 g L%, was applied every eight days.

In early October of the same year, the plants were switched to 25 x 25 cm black polyethylene bags
that contained substrate of oak leaf soil/coconut fiber/vermicompost/black soil/pine bark
(30:30:20:10:10). Preventive applications with fungicides were made to avoid the appearance of
fungi with Benomyl, 1.5 g L*; to avoid the appearance of black fly, Bifenthrin, 1.5 ml L, was
used, alternating with Cypermethrin, additionally, blue and yellow chromatic traps were placed.
However, the pest that appeared was the red spider mite (Tetranychus urticae), so it was controlled
with Abamectin 1.5 ml L and Bacillus thuringiensis 0.5 g L. Weed control was performed
manually.

In the M1 generation, the percentage of emergence and the number of plants that survived to the
adult stage with two to three fruits developed were recorded. In this phenological stage, there was
an M1 population of 137 plants and 27 variables were recorded in all of them; a tape measure was
used to measure plant height (cm) and by means of a ruler, the following variables were measured:
petiole length (cm), blade length (cm) and blade width (cm).

These data were used to calculate the ratio between blade width and blade length (cm) and the ratio
between petiole length and blade length (cm). The number of branches with cyathia, the number of
cymes and the number of hermaphrodite cyathia were also counted, the following was measured:
internode length (cm), inflorescence length (cm), length of the longest cyme (cm), length of
internodes in the inflorescence (cm), peduncle length (cm), involucre length (cm), petaliferous
appendage length (cm), petaliferous appendage width (cm), pedicel length (cm), ovary length (cm),
style length (cm), stamen length (cm), fruit length (cm) and fruit diameter (cm), which was
measured with a Pretul® vernier.

Finally, the following variables were recorded based on the guide for varieties of E. fulgens of the
International Union for the Protection of New Varieties of Plants (UPOV, 1988): the color of the
petaliferous appendages, the color of the blades of the upper third of the part with cymes (red or
green), the intensity of the red color in the same blades, as well as the color of the blades in the
lower third of the part with cymes (red or green) for which the color charts of The Royal
Horticultural Society (2001) were used.
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Subsequently, at the end of December 2018 and at the beginning of January 2019 and given that
this species is allogamous (Pérez-Nicolas, 2020), random crosses were carried out to guarantee the
production of seeds, between individuals obtained from the M1 Generation; then in March and
April 2019, the fruits were harvested, the seeds were sown on May 12, 2019, and their development
was followed until the adult stage (M2 Generation). It should be noted that both the sowing and
the development of the plants was carried out under the same conditions as the previous cycle (M1
generation).

In the M2 generation, the percentage of emergence and the number of plants that survived to the
adult stage with two to three fruits developed were recorded. In this phenological stage, the
characterization of 48 adult plants was carried out during the last week of November, when most
of the plants were flowering.

Based on the results of the M1 generation, it was determined to measure the 17 variables in all
individuals of the M2 generation: plant height with a tape measure; stem diameter with a Pretul®
vernier, and with a ruler, petiole length, blade length, blade width, internode length, inflorescence
length, length of the longest cyme, length of internodes in the inflorescence, peduncle length (cm),
involucre length (cm), petaliferous appendage length (cm) and petaliferous appendage width (cm).
The leaves before the inflorescence, number of cymes and the number of cyathia were counted.
Finally, the color of petaliferous appendages was taken with the color charts of The Royal
Horticultural Society (2001).

In both generations, the vegetative variables were taken in the second third of the plant of three
leaves and three internodes and the reproductive structures of the second third of the inflorescence
of three cymes and of three cyathia.

To evaluate the M1 generation, an analysis of variance (Anova) was performed between the
different treatments (0, 50, 100, 200 and 300 Gy) and when statistical differences between
treatments were detected, Tukey’s mean comparison test (p< 0.05) was applied, using the Infostat
statistical package version 2020 (Di Rienzo et al. 2008). To evaluate the phenotypic characteristics
in the M1 and M2 generations, 13 variables were considered, and a descriptive statistical analysis
was made through frequency tables and graphs in Excel.

Results and discussion

In the M1 generation, at both collection sites, the control treatment (without radiation) showed
the highest percentage of emergence, which decreased as the radiation dose increased. A simple
linear regression model per collection site was calculated between the radiation dose and the
percentage of emergence, which explained 86% of the observed behavior. At site 1, for each
Gray of ®°Co radiation, the emergence decreased by 0.08%, while at site 2, it decreased by
0.03% (Figure 1).

The percentage of emergence for the control at site 1 was 80%, while at site 2, it was 55%. At both
sites, from 250 Gy, between 55% and 56% of the plants died before reaching the adult stage. At
the highest doses (450, 600 and 750 Gy), one to three seedlings emerged, most of them had
hypocotyls and cotyledons that were deformed and without chlorophyll. At doses of 750 Gy, an
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individual from each site survived, so it was not possible to calculate the mean lethal dose;
however, considering the regression curves for both sites, LDsg can be estimated at 275.41 Gy, for
site 1, and at 401 Gy, for site 2.
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Figure 1. Percentage of emergence of seedlings and survival of plants of E. fulgens, from seeds
irradiated with °Co gamma rays, from two collection sites in Mexico. A) site 1; and B)
site 2.

Plants that survived the highest doses had malformations in leaves and inflorescences (Figure 1).
The results obtained in the present study coincide with Diaz-Lo6pez et al. (2017), who, in roselle
and sunflower, when increasing the radiation dose, obtained lower germination percentages
compared to the control, in the same way, Canul-Ku et al. (2012), in poinsettia, obtained lower
percentages of emergence when increasing the radiation dose.

The survival of plants shown at high doses of radiation in this work can be explained by the fact
that the seeds that underwent irradiation come from wild plants, which have greater plasticity to
adapt to sudden changes in their habitat compared to cultivated species.

In the M1 generation, the emergence for both collection sites occurred 15 days after sowing, in a
total of seven weeks, while in the M2 generation, the emergence occurred seven days after sowing,
in a total of six weeks (Figure 2), so there was a decrease in the time of emergence under the same
cultivation conditions.
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Figure 2. Emergence of seedlings of E. fulgens in the M1 generation and M2 generation.

The analysis of variance showed no significant differences between treatments for most of the
variables considered for both vegetative and reproductive structures. In the number of branches
with flowers, the 300 Gy treatment was significantly different from the 200 Gy treatment, while
the rest of the treatments did not produce significant differences. For the variable color of the
petaliferous appendages, the 300 Gy treatment was significantly different from the control and the
50 Gy and 100 Gy treatments (Table 1). However, in works with irradiated seeds of wild poinsettia,
it has been possible to detect immediate effects, finding significant differences in seven
characteristics, among them, plant height and cyathium diameter (Canul-Ku et al., 2012).

Table 1. Morphometric variables in plants of Euphorbia fulgens (M1) at different doses of °Co
gamma radiation.

Variable 0 Gy 50Gy 100Gy 150Gy 200Gy 300Gy
Height 101.88a 102.97a 92.05a 98.34a 100.31a 98.54a
Petiole length 3.1a 2.73a 2.87a 3.la 3.2l1a  3.05a
Blade length 7.86a 7.92a 7.49a 7.86a 8.12a 7.65a
Blade width 2.36a 2.3a 2.29a 235a 24la 2.27a
Blade width/blade length 0.3a 0.3a 0.31a 0.3a 0.30a 0.3a
Petiole length/blade length 0.4a 0.35a 0.38a 0.39a 0.39 0.4a
Internode length 1.57a 156a 1.76a 1.63a 157a 1.54a
Number of branches with lab lab lab 0.94ab 0.89b 1.21a
inflorescences
Inflorescence length 27.5a 20.99a 20.43a 20.06a 21.08a 27.27a
Number of cymes 16.2a 12.6a 12.6a 12.06a 12.67a 16.56a
Length of the longest cyme 5.43a 526a 4.79a 4.78a 4.43a 5.2a

475



Rev. Mex. Cienc. Agric. vol. 13 num.3 April 01 - May 15, 2022

Variable 0 Gy 50Gy 100Gy 150Gy 200Gy 300Gy

Number of cyathia 72.85a 58.67a 67.25a 53.06a 62.83a 7.64a

Length of internodes in the 1.09a 097a 1.07a 096a 1.02a 1.20a
inflorescence

Peduncle length 1.12a 122a 113a 114a 096a 1.19a

Involucre length 0.31a 0.31a 0.3la 0.28a 0.27a 0.3a

Petaliferous appendage length 0.53a 0.53a 054a 05la 0.48a 0.56a

Petaliferous appendage width 0.49a 0.49a 052a 046a 0.44a 0.51a

Pedicel length 0.85a 0.83a 0.8la 0.79a 0.72a 0.79a

Style length 0.3a 0.29a 0.3a 0.28a 0.27a 0.3a

Ovary length 0.11a 0.17a 0.12a 0.l1a 0.09a 0.1a

Stamen length 0.65a 0.62a 0.63a 059a 0.58a 0.66a

Fruit length 0.47a 0.23a 0.46a 0.36a 0.37a 0.39%

Fruit diameter 0.44a 0.21a 042a 0.34a 0.34a 0.36a

Number of fruits 2.6a 2a 29a 156a 2.28a 3.43a

Number of seeds 4.75a 2.44a 44a 213a 4.28a 4.64a

Color of petaliferous appendages 1.55b 1.33b  1.20b 1.69ab 1.78ab 2.57a

Intensity of the color of the leaf blade  1.3a 1.11a 152 1252 123a 1l2la
in the upper third of the inflorescence

abe= doses with different letters in the direction of the row are statistically different (p< 0.05).

In the M1 generation, of 400 established seeds that correspond to site one and site two, 34.25%
survived, of these plants 296 M1 seeds were obtained, of which 16.21% survived, which
correspond to the M2 generation, since most were not viable. In both generations, similar
characteristics were obtained in vegetative structures (Figure 3). The variable height in the
progenitors (M1) ranged between 35 and 165 cm, the interval with the highest frequency was 100
to 116 cm, while in the offspring (M2), it ranged from 50 to 168 cm, and most were in the range of
101-134 cm. The petiole length in the M1 progenitors ranged from 1 to 6 cm, the interval with the
highest number of plants was 2.2 to 2.7 cm, in the progeny, M2, from 1.7 to 4.6 cm, most of the
plants were in the range of 2.5-2.9 cm (Figure 3).

The blade length in the M1 generation was between 4.2 and 10.4 cm, the interval with the
highest frequency was 7.3 to 8 cm and in the M2 generation, from 6.1 to 9.7 cm, where the
interval with the highest number of plants was 7.3 to 7.9 cm. The blade width from 0.7 to 3.9
cm, the interval with the highest frequency was 2.6 to 2.9 cm and in the offspring, it ranged
from 1 to 4 cm, the interval with the highest number of plants was 2 to 2.4 cm. The internode
length from 0.6 to 3.1 cm, the interval with the highest number of plants was 1.3 to 1.6 cm, and
in the offspring from 1.1 to 3.7 cm and the interval with the highest number of plants was 1.9
to 2.2 cm (Figure 3).
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Figure 3. Distribution of morphological characteristics of vegetative structures in E. fulgens.

In the variables of reproductive structures, we found variation between progenitors and offspring,
with fewer cymes in progenitors, but a greater number of cyathia with respect to the offspring
(Figure 4). The inflorescence length in the M1 generation ranged from 3 to 67 cm, with most in the
range of 19-26 cm and in the M2 generation from 9.5 to 32.5 cm, the interval with the highest
number of plants is 19.4 to 22.6 cm. The length of the longest cyme in progenitors was from 1.9 to
11.6 cm and most were in the range of 3.1-4.2 cm and in their offspring, it was from 2.9 to 7.2 cm,
and most were in the range of 3.6-4.2 cm. In the M1 generation, there were from 3 to 36 cymes,
but most were in the range of 8-12 cymes, in the M2 generation, from 6 to 30 cymes and most were
in the range of 14-17 cymes (Figure 4).
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Figure 4. Distribution of morphological characteristics of reproductive structures in E. fulgens.

The length of internodes in the inflorescence in the progenitors was between 0.2 to 2.5 cm and
most were in the range of 9.9-1.1 cm and in the offspring, it was from 0.8 to 1.9 cm, and most were
from 9.9 to 1.3 cm. The number of cyathia counted in each plant of the M1 generation was from 7
to 216, most were from 59 to 84 cyathia. In the M2 generation, it was from 19 to 131 and most had
from 35 to 66 cyathia. The length of the petaliferous appendage in the M1 generation was from 0.4
to 0.7 but most were 0.5 and, in their offspring, it was from 0.3 to 0.8 and most were from 0.4 to
0.5 (Figure 4). The width of the petaliferous appendage in progenitors was from 0.3 to 0.7 and most
were 0.5, while in their offspring, it was from 0.3 to 0.7 and most in the range of 0.4-0.5 cm.
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Regarding the variable color, in the progenitors, there were 8 different colors, with Orange Red
Group N30 A being the most common, while in the offspring, there were 13 different colors, the
most common was the same color as the progenitors (Figure 5 and 6).
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Figure 5. Distribution of the trait color in the M1 and M2 generations of E. fulgens.

Figure 6. Inflorescences of E. fulgens in greenhouse cultivation. A. M1 generation. B. M2 generation.
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In a previous study where morphological characteristics of individuals from wild populations and
from a first cycle of cultivation of plants obtained from unirradiated seeds were evaluated, the
variable color did not show significant differences (Pérez-Nicolas et al., 2021). Although using a
radiation dose of 300 Gy, it was possible to obtain mutants with different color of petaliferous
appendages, which was one of the main objectives of the present study, the survival of the plants
was low and there were malformations because the damage caused by radiation to the genetic
material is greater, so it is convenient to conduct experiments with 100 Gy or less, since these doses
did not affect the survival of the plants.

In addition, it is recommended to use more seeds in doses that led to coloration changes,
considering that the induced mutation rate is around 1x10* (De la Cruz, 2010). However, as it is a
microendemic species of restricted distribution, it would be best to irradiate cuttings at low doses,
which could be obtained from the materials generated in this work and thus not have to extract
material from wild populations and cause alteration.

Conclusions

At the radiation doses used in this work, 50-750Gy, total lethality was not reached. Based on the
radiosensitivity curves obtained, LDsg is estimated at 275 Gy for site 1 and 401 Gy for site 2. The
doses applied influenced the percentage of emergence and survival of the plants, but there was no
effect on most of the morphometric variables evaluated, only on the number of branches with
flowers and the color of the petaliferous appendages. Radiation influenced the variation of the color
of inflorescences since the M1 generation, and this was greater in the M2 generation. In relation to
the generations of mutagenesis, the phenotypic characteristics in the progenitors (M1) were similar
to those shown by their offspring (M2) under the same cultivation conditions, highlighting that in
the M2 generation there was greater color variation.
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