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ABSTRACT Pinus pseudostrobus Lindl. is one of the most used conifer species in reforestation projects. However, it presents some
problems with the viability of its seeds. Although the usefulness of the radiostimulant effect of gamma rays in processes such as ger-
mination and growth of forest species has been demonstrated, there is no information available on this species. For this reason, it was
proposed to evaluate the “hormetic effects” of low doses (0.5, 1.5, 3.0, 5.0, and 7.5 Gy) of gamma rays (60Co Theratron 780E Unit)
on germination capacity, seedling growth, and chlorophyll content in this species. The results showed that all doses (0.5, 1.5, 3.0,
5.0, and 7.5 Gy) improved germination percentage, but not seedling growth. The highest germination percentage was recorded at
61.53 percent with the 0.5 Gy dose, while the gamma doses of 1.5 and 3.0 Gy ranked second with 53.84%. The height and diameter
of seedlings from 0, 0.5, 1.5, and 3.0 Gy irradiated seeds did not show significant differences. However, as the dose increases, the
stress generates a decrease in growth. The photosynthetic pigment content was lower at doses of 0.5 and 1.5 Gy (Ch a= 0.35, Ch
b =0.15, Ch a+b = 0.50, Car = 0.18). This study is important because it shows that the stimulatory effects of low gamma doses on

germination and seedling growth may not be the same.
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Introduction

Hormesis is a dose-response phenomenon in
which at low doses it induces a stimulatory effect
and at high doses it induces an inhibitory effect
(Vargas-Hernandez et al. 2017, Agathokleous and
Calabrese 2019). The “hormetic effect” provides
the first quantitative description of biological plas-
ticity at all levels of plant and animal organization
through adaptive responses to stressful conditions
(Calabrese and Mattson 2017, Agathokleous and Cal-
abrese 2019). These adaptive responses can be trig-
gered by exposing plants to low levels of biotic or
abiotic stresses that protect them through processes
that stimulate cellular defense mechanisms (Berry
IIT and Lopez-Martinez 2020).

Among physical and chemical methods to im-
prove germination effectiveness, stimulation with
radiation has shown positive effects on seed ger-
mination and seedling growth of several species
(Podleény et al. 2012). In plants, radiation stimula-
tion is a physical phenomenon based on the abili-
ty of cells to absorb and store energy (Pro$ba-Bi-
alczyk et al. 2013). The application of low doses of
gamma radiation can induce the phenomenon of
“hormesis,” which contributes to improved seed
germination and initial plant growth. Although lit-
tle is known about the basic mechanism of this
phenomenon, it has been suggested that there is a
link between hormesis and epigenetic alterations in
irradiated species that show an adaptive response

(Cedergreen 2008, Vergara et al. 2018, Agathokleous
and Calabrese 2019). In addition, other studies have
concluded that the biological effect of gamma radi-
ation is mainly due to the formation of free radicals
by hydrolysis of water, which may result in the mod-
ulation of an antioxidant system, accumulation of
phenolic compounds, and chlorophyll pigments (Wi
et al. 2007, Ashraf 2009).

Forest harvesting in Mexico is mainly based on
the use of natural forests with a great diversity of Pi-
nus and Quercus species (Sanchez-Gonzalez 2016).
Among the forest species of greatest economic in-
terest is P. pseudostrobus (Perry 1991, Ramirez-Her-
rera et al. 2005). It is used for lumber, sleepers, par-
ticleboard, packing cases, veneer and plywood, pulp
and paper, resin, handicrafts, joinery, and furniture
(Perry 1991, Sanchez-Gonzalez 2016).

Pinus pseudostrobus is widely distributed at an
altitude of 1,500-3,200 m a.s.l. and receives rainfall
of 1,000-1,500 mm, so this species is adapted to tem-
perate and semi-warm sub-humid climate conditions
(Gernandt and Pérez-de la Rosa 2014), which has
helped it to have an ecological association with var-
ious forest species (Sandoval-Garcia 2020). Because
of this, P pseudostrobus is one of the most propa-
gated species in Mexico for reforestation programs,
agroforestry, and commercial timber plantations
due to the quality of its wood and its rapid growth
(Sigala-Rodriguez et al. 2016, Flores Garcia et al.
2019), with an annual production of approximately
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19 million plants, cultivated in traditional (polyeth-
ylene bags) and technological (polystyrene trays)
systems (CONAFOR 2011). However, seedlings used
for this purpose can have a high mortality rate, ap-
parently due to poor seed handling in the nursery
(Bustamante-Garcia et al. 2012).

Low doses of gamma radiation have shown stim-
ulatory effects in several forest and agricultural spe-
cies without causing genetic variation (Ramirez et al.
2008, Iglesias-Andreu et al. 2010, Gonzalez and Na-
kayama 2015). Although the molecular mechanisms
underlying the observed “radio-hormetic effect”; es-
pecially in the germination processes of forest spe-
cies, have not been clearly elucidated, its use in the
development of reforestation and restoration pro-
grams of forest species is of great interest. For these
reasons, the purpose of this research was to produce
a “hormetic effect” on the germination capacity and
growth of P. pseudostrobus seedlings for reforesta-
tion applications using low doses of gamma rays.

Materials and methods

For the development of the present study, 15-20
cones were collected from 20 “plus-trees” in a nat-
ural stand of P. pseudostrobus, which develops at
2,700 m a.s.L. in the locality of “El Aguaje” belonging
to the municipality of “Las Vigas de Ramirez”, in Ver-
acruz, Mexico (19° 38 north latitude and 97° 06’ west
longitude).

Forest owners and wood processing compa-
nies

To perform the low dose irradiation with gamma
rays, a total of 720 seeds were taken to be irradiated
with doses of 0, 0.5, 1.5, 3, 5, and 7.5 Gy, for 0, 0.81,
2.43, 4.86, 8.09, and 12.14 minutes, in the Theratron
780E Cobalt 60 Unit (photons with an energy of 1.25
MYV) of the “Centro Estatal de Cancerologia” in Xal-
apa, Veracruz, Mexico. The samples were placed at a
depth of 0.5 cm in a 30 x 30 cm field (Fig. 1). For each
dose, four replicates of 30 seeds each were used.

Figure 1 - Irradiation of P pseudostrobus seeds with gamma rays
in the Theratron 780E Cobalt 60 Unit. (Flores-Lopez 2021).

Germination and seedling emergence

The irradiated seeds and the control treatment
were sown under greenhouse conditions at the Ag-
ricultural Sciences Forest Nursery of the Universi-
dad Veracruzana. Irradiated seeds were sown in PVC
tubes 10 cm in diameter and 16 cm long (TB-310),
with a 3:1:1 substrate mixture of peat moss, vermic-
ulite, and agrolite (Green Forest Mexico) in a com-
pletely randomized design with four replications. A
total of 720 seeds were sown (120 seeds per treat-
ment).

Germinated seeds were recorded daily for 25
days. For each dose, germination capacity (GC) was
determined as the germination percentage at the end
of the trial. According to Kolotelo et al. (2001), the
maximum germination value was also determined as
the maximum value of the sum of the germination
percentage divided by the number of days. Accord-
ing to Juarez-Agis et al. (2006), germination energy
(GE) was also determined as the number of days on
which 50% germination is achieved.

Survivance and growth of seedlingsWood
quality

From each of the doses, 20 seedlings were ran-
domly selected to evaluate their growth in the nurs-
ery for 6 months. A randomized complete block de-
sign was used, with six treatments, four replications
(blocks), and five plants per experimental unit. A
Truper® digital vernier (mm) was used to measure
monthly survival (percent), total height (cm), and
basal diameter (root collar).

Content of photosynthetic pigments

To determine the photosynthetic pigment con-
tent, the methodology described by Porra et al
(1989) was followed. Plant material was used to
extract chlorophyll (Chl) a, b, a + b, and carotenes
(Car). For this purpose, 0.25 g of each seedling was
weighed and macerated in liquid nitrogen (N2) with
5 mL of acetone (80%). They were then centrifuged
for 12 minutes at 6,000 rpm in 15 mL polypropylene
tubes. The supernatant was finally transferred to
new polypropylene tubes for pigment readings in a
spectrophotometer (JENWAY, Staffs, UK). For chlo-
rophyll a (Chl a), the reading was taken at 663.6 nm,
for chlorophyll b (Chl b) at 646.6 nm, and for car-
otenes (Car) at 440.5 nm. Photosynthetic pigment
content was calculated using the following formulas:

Chla = [(12.25 x Asss - 2.25 x As15)] x V/100 x W (eq. 1)
Chl b = [(20.30 x Asss - 4.91 x Ase3)] x V/100 x W (eq.2)
Chla+b =[(7.34 x Asss + 17.76 X As15)] x V/100x (eq. 3)
Car = [(4.46 x A111-Chla + Chl b)] x V/100 x W (eq. 4)

Where: V is the total volume of acetone extract
(mL) and W is the fresh weight (g) of the sample.
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Statistical analysis

Statistical analysis of the data was performed
using STATGRAPHICS (version 16.17). To normal-
ize the distribution, germination capacity data were
previously transformed with the arcsine function of
the square root of p (= arcsine p) (Fienberg et al.
1970). Finally, mean comparisons were performed
with Tukey’s test (p < 0.05) for all variables evalu-
ated. The data was analyzed with regression analy-
sis to estimate the mean growth reduction (GR50)
of the variable hypocotyl length of P. pseudostrobus
seedlings. In addition, a linear correlation analysis (p
< 0.01) between radiation doses as an independent
variable (X) and hypocotyl length as a dependent
variable (Y) was performed to determine the mean
lethal dose (LD50) or mean reductive dose (GR50)
(Angeles-Espino et al. 2013).1

Results

Gamma ray effect on germination

The effects of different doses of gamma radia-
tion on the germination capacity (GC), germination
energy (GE), peak value (PV), and germination val-
ue (GV) of seeds can be seen in Table 1. The 0.5 Gy
dose presented the highest percentage of germina-
tion capacity (61.53%), and as the irradiation dose
increased, the germination capacity decreased.
However, no dose showed a lower percentage than
non-irradiated seeds.

from 26.92% on day 19 to 46.15% of germinated seeds
on day 20.

Figure 2 - Cumulative germination percentage curve of P. pseudo-
strobus seeds irradiated with various doses of gamma rays (0.0.5,
1.5,1.5,1.5, 3.0, 5.0, and 7.5 Gy).
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Survival and growth of seedlings

The percentage of seedling survival was evaluat-
ed for each dose used, and it was found that there
was no death of the 0.5 Gy and 5.0 Gy seedlings. The
opposite was found with doses of 0, 1.5, 3.0, and 7.0
Gy. However, this percentage was not less than 90%.
(Tab. 2).

Regarding growth, it was observed throughout
the evaluation period that the hypocotyl length of

Table 1 - Mean germination values were obtained from the use of different doses of gamma irradiation for P pseudostrobus seeds.

Dose (Gy) (%) Germination Germination Peak value Germination
Capacity (GC) Energy (GE) (% day™) Value (GV)

0 42.30+1.60* 18.45+0.87° 1.92+0.26° 3.25+0.0122
0.5 61.53+2.4° 17.00+0.87¢2 2.79+0.26° 6.88+0.012°
1.5 53.84+1.41¢ 18.00+0.87° 2.24+0.26° 4.83+0.012°
3 53.84+2.1¢ 19.92+0.87° 2.24+0.26° 4.83+0.012¢
5 50.00+2.1° 19.90+0.87° 2.17+0.260b° 4.34+0.012°
7.5 46.15+1.52° 19.15+0.87b° 1.92+0.26° 3.55+0.012°
Calabria 69,370 14 35 30

Values represent the mean + SE (Standard Error). Means with different letters represent different significances. (Tukey, p < 0.05).

The seeds irradiated with the doses of 0.5, 1.5,
3.0, and 7.5 Gy emerged 14 days after sowing at the
same time as the non-irradiated seeds. Those with
5.0 Gy initiated germination at 15 days. It can be ob-
served in the graph (Fig. 2) that the doses of 0.5 and
1.5 Gy presented a higher percentage of germinated
seeds as the days passed. In all the doses applied
(0.5, 1.5, 3.0, 5.0, 7.5), a steep curve was maintained
and stabilized until 22, 22, 24, 23, and 24 days, respec-
tively, resulting in the final germination percentage.
An increase in the percentage of germinated seeds
irradiated with a dose of 0.5 Gy. This increase ranged

Table 2 - Effect of gamma ray doses on survival and growth varia-
bles of P pseudostrobus seedlings.

Dose Hypocotyl length Stem diameter Survival
(Gy) (cm) (mm) (%)
0 15.85 + 0.54° 1.95 + 0.63° 90
0.5 15.76 + 0.54° 1.47+ 0.63% 100
1.5 15.73 £ 0.54% 1.99+ 0.63° 90
3 15.71 + 0.54% 1.91+ 0.63° 95
5 14.66 + 0.54% 1.90 + 0.63° 100
7.5 14.33 + 0.54% 1.84 + 0.63° 90

Values represent the mean = SE (Standard Error). Means with different
letters represent different significances. (Tukey, p < 0.05).
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Figure 3 - Effect of gamma ray doses in P. pseudostrobus seedlings. a) Effect on hypocotyl length. b) Effect on the hypocotyl diameter.
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seedlings of non-irradiated seeds was greater than
that of irradiated seeds. However, there was a great-
er significant difference with the 5.0 y 7.0 Gy dose
because these seedlings presented a smaller height
(Fig. 3a), and the 0.5 Gy dose had the smallest mean
stem diameter (Fig. 3b).

Determination of GR,,

The linear regression model showed the best fit
to explain the effect of doses on the hypocotyl length
data of P. pseudostrobus seedlings. The mean growth
reduction dose (GR,)) for the hypocotyl length of
seedlings was 2.9 Gy (Fig. 4).

Figure 4 - Effect of gamma radiation on the hypocotyl length of
Ppseudostrobus seedlings.
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In addition, a negative (-0.94232) and highly signi-
ficant (p<0.0001) correlation was obtained between
Co,, doses and hypocotyl length, indicating that ra-
diation altered normal seedling development as the
dose increased.

Content of photosynthetic pigments

Statistically significant differences (p<0.05) were
found between the different doses of gamma rays
evaluated. At the 3.0 and 5.0 Gy doses, the lowest
values were obtained for the variables evaluated
(chlorophyll a, chlorophyll b, chlorophyll a + b, and
carotenoids). On the other hand, between the doses
of 0.5, 1.5, 7.5, and 0 Gy, there were no significant dif-
ferences (p < 0.05), the seedlings from non-irradiated
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seeds presenting the highest values in all the evalua-
ted variables (chlorophyll a, chlorophyll b, chloro-
phyll a + b, and carotenoids) (Fig. 5).

Figure 5 - Effect of different gamma ray doses on the photosynthe-
tic pigment content of P pseudostrobus seedlings. Bars represent
the average value of pigmentation content per dose; correspon-
ding error bars (+/-ES) are shown. Bars with different letters repre-
sent different mean values according to Tukey (p < 0.05).

0.7

o
o

C
I b bf be

c
a a be
be be I I
a a
b b
.2 | I | i | i ‘ | |I | |
: I I I
0 I
0 0.5 1.5 3 5 75

Doses (Gy)

=3
o

I
IS

mChla
m Chlb

o
w

Chla+Chlb

<)

W Car

Pigment cntent (mg/g)

<)
[

Discussion

Radiation accelerates the germination of diffe-
rent types of seeds when they are dormant or un-
der stressful conditions that delay or prevent their
germination (Ramirez et al. 2006). In recent years, it
has been shown that the physiological effects caused
by ionizing radiation on plants were first observed
in germination and seedling growth (Ramirez et al.
2006, Antunez-Ocampo et al. 2017). In the present
study, it was determined that irradiation doses ap-
plied to seeds (0.5, 1.5, 3.0, 5.0, 5.0, and 7.5 Gy) were
effective in increasing the germination percentage
with respect to non-irradiated seeds (0 Gy). Howe-
ver, as the doses increased, the germination percen-
tage decreased. These results agree with those de-
scribed by Gutiérrez-Caro et al. (2021), who mention
that applying doses higher than 10 Gy to Eucalyptus
nitens H. Deane & Maiden does not show significant
differences in the germination percentage with re-
spect to the non-irradiated control. In another stu-
dy by Zanzibar and Sudrajat (2016) in which gamma
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radiation was used on Magnolia champaca L. with
doses of 0. 5, 10, 15, 20, 40, 60, 80, and 100 Gy, it was
concluded that the dose that had a greater effect on
germination was 10 Gy (34.1% increase to the con-
trol), and for the mean germination time and ger-
mination value, an increase was observed up to the
dose of 15 Gy, and then as the dose increased, these
decreased. On the other hand, Avendafo-Arrazate
et al. (2021) irradiated seeds of Coffea arabica L.
with Co,, at doses of 0, 10, 50, 100, 200, and 300 Gy,
showing that all the doses used generated a reduc-
tion in the germination percentage. Akshatha and
Chandrashekar (2014) mention that low doses of ra-
diation activate metabolic processes that accelerate
seed germination. This is because radiation causes
de-differentiation, which affects protein synthesis,
hormone balance, gas exchange, and enzyme activity
(Akshatha and Chandrashekar 2014, Alvarez-Holguin
2018). However, several authors mention that even
when the theory explains the effect of irradiation on
the speed of emergence and growth, there are cases
in which the opposite effect is present because the
biological effect of ionizing radiation depends on the
type of radiation, the absorbed dose, and the genot-
ype (De Micco et al. 2010, Anttinez-Ocampo 2017).

Regarding our results on height and diameter
growth, it was found that all the doses applied ge-
nerate a growth reduction effect, since if the dose
increases, these variables decrease. This agrees with
the results obtained by Thapa (2004) in Pinus kesiya
D. Don and Pinus wallichiana and by Iglesias-An-
dreu et al. (2010) on Abies religiosa (Kunth) Schltd.
et Cham., who showed that if the radiation dose is
increased, the height variable decreases. Beyaz et
al. (2016) irradiated seeds of Lathyrus chrysanthus
Boiss. at different doses (0, 50, 100, 150, 200, and
250 Gy) of gamma rays, showing that seeds irradia-
ted with the dose of 150 Gy had increased seedling
and root length. However, at higher doses of 150 Gy,
stress was evident and significant decreases were
observed in all parameters evaluated. On the other
hand, Akshatha et al. (2013) observed in Termina-
lia arjuna Roxb. that the dose of 25 Gy generated a
greater stimulatory effect on the height and roots of
their seedlings with respect to the control. Fonseca
et al. (2012) mentioned that low-dose radiation ap-
plications favor various species where free radicals,
ions, and excited molecules formed by their effects
contribute to greater efficiency in the utilization of
biochemical-metabolic pathways, which is reflected
in plant growth and development.

The survival of seedlings from irradiated seeds is
an important factor to consider when determining
the use of a dose in an organism or part of it. In the
present investigation, GR,, was determined with an
average of 2.9 Gy. A linear regression analysis was
performed on the height variable, which was the
best fit (highest R, value). According to Jahan et al.
(2020), GR,, allows breeders to evaluate mutagenic
efficacy in relation to mutagen-induced biological da-
mage. However, there are few studies in which doses
lower than 10 Gy have been used, so a comparison
with other species cannot be made.

Finally, the results of photosynthetic pigment
content (Chlorophyll a, Chlorophyll b, Chlorophyll
a + b, carotenes) showed that the highest values of
photosynthetic content were obtained in the control.
However, there were no significant differences with
the 0.5 Gy dose, which was the dose that caused the
greatest stimulation of germination.

Conclusions

The above results corroborate that plant radio-
sensitivity varies as a function of the absorbed ir-
radiation doses. The absorbed radiation doses (0.5,
1.5, 3.0, 5.0, and 7.5) had a “hormetic effect” on ger-
mination capacity, higher than that of non-irradiated
seeds. However, as the irradiation dose increases,
the germination capacity decreases.

The doses evaluated did not generate a “hormetic
effect” on the height and diameter of seedlings of ir-
radiated seeds with respect to non-irradiated seeds.
However, if the objective is to increase germination
capacity, these doses do not have an inhibitory effect
on seedling growth. On the other hand, pigment con-
tent is lower at low doses and higher at high doses.

The use of gamma ray irradiation technology at
low doses could be used to improve the germination
and quality of Ppseudostrobus seeds and produce
healthy seedlings.
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