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Abstract

The objective of the study was to evaluate—as an alternative phytosanitary treatment—the effects of gamma irradiation of gravid spider mite females 
on the viabilities and durations of F1 eggs and deutonymphs. The study focused on Tetranychus urticae Koch, Tetranychus desertorum Banks and 
Oligonychus ilicis (McGregor) (Trombidiformes: Tetranychidae). Each mite species was identified under a stereomicroscope, and individual female 
mites of each species were each taken with a fine-tipped brush and transferred to a Petri dish—i.e., 1 female mite individualized per dish with 32 
dishes per species. Each dish with a Tetranychus spp. female was provided with a jack bean (Canavalia ensiformis [L.] DC) (Fabales: Fabaceae) leaf, 
and each dish with an O. ilicis female was provided with a coffee (Coffea arabica L.; Gentianales: Rubiaceae) leaf. Gravid female mites were irradiated 
in a Gammacell 220 cobalt-60 source—dose rate 0.486 kGy/h—with doses of 0 (control), 100, 200, 300, and 400 Gy with 32 replications per mite 
species. Evaluations were made every 24 h for 22 d after irradiation by counting the numbers of eggs, deutonymphs, and adults and by recording 
the mortality in each stage. Statistical analyses were done with generalized linear models with either the quasi-binomial distribution or the Gaussian 
distribution—as appropriate—for analyses of mortality rates and durations (d) of the F1 eggs and deutonymphs of the 3 mite species. A 3 × 5 facto-
rial experimental design was used in which factor A (3 levels) pertained to the species and factor B (5 levels) pertained to the 4 radiation doses plus 
the control. For Factor B polynomial regressions of dose rates on biological effects were used. The results showed progressive decreases in egg and 
deutonymph viabilities that were proportional with progressive increases in radiation doses. Against O. ilicis 200 Gy prevented all F1 neonates from 
developing beyond the first instar. Against T. urticae and T. desertorum 300 Gy prevented all F1 neonates from developing beyond the first instar. Ir-
radiation of gravid females caused the durations of the F1 egg stage and the F1 deutonymph stage to be prolonged.
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Resumen

El objetivo del estudio fue evaluar—como un tratamiento fitosanitario alternativo—el efecto de la irradiación gamma de hembras grávidas sobre la viabi-
lidad y la duración de los huevos y deutoninfas de la generación F1. El estudio se centró en Tetranychus urticae Koch, T. desertorum Banks y Oligonychus 
ilicis (McGregor) (Trombidiformes: Tetranychidae). Se identificó cada especie de ácaro bajo un microscopio estereoscópico y hembras individuales de cada 
especie fueron sacadas cada una con un pincel de punta fina y se transfirieron a una placa de Petri — un ácaro hembra individual por plato con 32 platos 
por especie. Se proporcionó cada plato con una hembra de Tetranychus spp. con una hoja de canavalia (Canavalia ensiformis [L.] DC) (Fabales: Fabaceae), y 
cada plato con una hembra de O. ilicis fue provisto con una hoja de café (Coffea arabica L.) (Gentianales: Rubiaceae). Se irradiaron las hembras grávidas en 
un fuente de Gammacell 220 de cobalto-60 — tasa de dosis 0,486 kGy /h — con dosis de 0 (control), 100, 200, 300, y 400 Gy con 32 repeticiones por especie 
de ácaro. Se realizaron las evaluaciones cada 24 h durante 22 d después de la irradiación contando el número de huevos, ninfas (deutoninfas), y adultos, y 
registrando la mortalidad en cada estadio. Se realizaron los análisis estadísticos mediante el uso de modelos lineales generalizados, ya sea con la distribución 
quasi-binomial o la distribución Gaussiana—como apropiado—para el análisis de la tasa de mortalidad y de la duración (d) de los huevos y deutoninfas de la 
F1 de las 3 especies de ácaros. Se utilizó un diseño experimental factorial 3 × 5 en la que el factor A (3 niveles) pertenecía a la especie y el factor B (5 niveles) 
se refería a las 4 dosis de radiación más el control. Para el Factor B, regresiones polinómicas de las tasas de dosis en los efectos biológicos fueron utilizados. 
Los resultados mostraron una disminución progresiva en la viabilidad de los huevos y las deutoninfas que fueron proporcionales con el aumento progresivo 
en las dosis de radiación. Contra O. ilicis, 200 Gy impidió el desarrollo de todas las larvas recién nacidas de la F1 más allá del primer estadio. Frente a T. urticae 
y T. desertorum, 300 Gy impidió el desarrollo de todas las larvas recién nacidas de F1 más allá del primer estadio. La irradiación de las hembras grávidas causó 
la prolongación de la duración de los estadios de huevos y deutoninfas de la F1.
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Brazil is one of the world’s 3 largest producers of fruits, with a pro-
duction that exceeds 40 million tonnes per yr, behind only India and 
China (SEAB 2016). However, the productivity, quality and profitability 
of those agricultural products depend largely on the damage caused 
by insects, mites, and pathogens and the costs of their control (Levine 
& D’Antonio 2003).

The existence of phytosanitary problems—which entail various 
threats to production, productivity, commercialization and access to 
export markets—explains and justifies the great national and interna-
tional efforts underway to modernize agriculture with the imperatives 
of combating pests, diseases and weeds, as well as increasing levels 
and quality of production (Barros et al. 2009).

In Brazil, various species of insects and mites have direct (i.e., loss-
es of quantity and quality) and indirect impacts (i.e., low prices for 
agricultural products in the world markets). Pimentel et al. (2005) esti-
mated losses of more than 100 billion US dollars to crops and pastures 
in several countries caused by alien invasive species. The distribution 
of these losses is variable, because the socioeconomic differences of 
the country, deficiencies in available scientific information, and tech-
niques to estimate the potential economic impacts of these pests are 
limited (Bento 1999), with reports existing only for a small number of 
species (Vilela et al. 2001).

Brazil is increasing its exports every yr, aiming to enlarge even more 
the external market. Producers and exporters are looking for measures 
to increase the safety and shelf life of fruits. Among the phytosani-
tary treatments used are chemical methods; however, a major chemi-
cal tool, fumigation with methyl bromide—a substance that destroys 
the stratospheric ozone layer—has been removed from the market in 
developed countries and now is being removed from the market in 
developing countries (UNEP 2006). Due to these problems, irradiation 
is rapidly becoming an alternative quarantine treatment for the control 
of plant pests—just as with food preservation where this alternative 
method is already being used with success.

Indeed, phytosanitary irradiation has been used successfully for the 
control of insects infesting perishable commodities (Arthur et al. 2012; 
Hallman 2011). But the phytosanitary irradiation of mites (Arachnida: 
Acari: Trombidiformes) of agricultural importance has been little stud-
ied. These pests attack almost every type of crop in Brazil, including 
mango, strawberry, citrus, lychee, cucumber, and eggplant, among 
others. Studies on the phytosanitary irradiation of mites are justified 
by the fact that the Order Trombidiformes includes a large number of 
species that cause losses of many millions of US dollars every yr, and 
whose combat requires the use of acaricides for phytosanitary pest 
control (Flechtmann 1979).

The life stages of spider mites (Tetranychidae) consist of the egg, 
larva, protonymph, deutonymph and adult. The mode of reproduction 
of spider mites is arrhenotoky in which fertilized eggs develop into 
females and non-fertilized eggs into males. Spider mite eggs tend to 
hatch 2–3 d after being laid, and may become sexually mature adults 
in another 5–6 d. One female may lay up to 20 eggs per d and live for 
2–4 wk laying several hundred eggs.

The objective of this paper was to evaluate the effects of gamma 
radiation on Tetranychus urticae Koch, T. desertorum Banks, and Oli-
gonychus ilicis (McGregor) (Trombidiformes: Tetranychidae) in order 
to determine if irradiation may be used as an effective phytosanitary 
treatment.

Materials and Methods

The research was performed in the Laboratório de Radiobiologia e 
Ambiente, Centro de Energia Nuclear na Agricultura (CENA/USP), na Uni-

versidade de São Paulo, Piracicaba - SP. The research was performed in 
2 stages. In the first stage, tests were made to determine minimum and 
maximum lethal doses of eggs oviposited by irradiated females, as well 
as to assess the subsequent effects in the F1 generation on the egg and 
deutonymph stages of each mite species. In the second stage the effects 
of irradiating gravid females on the F1 eggs and deutonymphs were stud-
ied. The final step was to estimate the reproductively sterilizing dose of 
gamma radiation for each of the 3 species, which entailed the evaluation 
of the viability of F1 eggs oviposited by irradiated female mites.

MITE SOURCE, REARING, AND PREPARATION

The mite cultures used in this research were obtained from colo-
nies maintained in the laboratory for more than 3 yr in the Departa-
mento de Acarologia, Escola Superior de Agricultura “Luiz de Queiroz” 
(ESALQ / USP), Piracicaba-SP and Instituto Biológico de Campinas (IB), 
Campinas-SP.

The colonies of T. urticae, T. desertorum, and O. ilicis were placed 
in plastic trays measuring 40 × 27 × 11 cm surrounded by hydrophobic 
cotton and entomological glue (Stickem®) to prevent possible escape 
of mites. Thereafter, individuals of each species were placed in sepa-
rate 1.5 × 1.5 × 1.5 m wooden cages covered with organdy fabric and 
maintained in a greenhouse. The 2 Tetranychus species were provided 
with jack bean (C. ensiformis) plants, and O. ilicis was provided with 
coffee (C. arabica) leaves.

Plants materials infested with mites were used to obtain gravid adult 
females. Thereafter, each species of mite was identified under a ste-
reomicroscope and a single female mite was transferred with a fine tip 
brush to a Petri plate (a total of 32 plates) containing either a jack bean 
leaf for each of the 2 Tetranychus species and a coffee leaf for O. ilicis.

IRRADIATION PROCESS

After oviposition by each of the gravid Tetranychus spp. females, 
the eggs were transferred to Petri dishes with jack bean leaves. 
The sex of the mites was determined after they had developed into 
deutonymphs. After the female deutonymphs had developed into 
adults the latter were mated in single pair matings. Subsequently these 
gravid females were irradiated.

For irradiation a Gammacell-220 cobalt-60 irradiator with a dose 
rate 0.486 kGy/h was used. Dosimetry was done with radiochromic 
film (Gammachrome with a dose range of 0.1–3 kGy). The readings 
were made with a spectrophotometer (Genesys 20). The certificate 
of dosimetry was made by the Institute for Energy and Nuclear Re-
search–IPEN. The traceability of measurement of dose was maintained 
by comparison with the international service assurance dose offered 
by the International Atomic Energy Agency in Vienna, Austria.

Each Petri dish to be irradiated contained 1 gravid female. The Petri 
dishes—arranged in stacks of 5—were centralized inside the irradiator to 
maximize dose uniformity. Six dosimeters were positioned as follows: 1 
on top of the stack, 1 at the bottom of the stack and 4 equally-spaced at 
lateral positions. The uncertainty in each Petri dish was ± 1.6%. The varia-
tion of measured doses was of ± 1.5% in the Gammacell-220 source. 
Each species of mite was irradiated at doses of 0 (control), 100, 200, 
300, and 400 Gy, with a total of 32 gravid females per replicate and 3 
replicates of each treatment, i.e., 96 females per treatment.

SAMPLE EVALUATION AND STATISTICAL ANALYSES

After irradiation, the Petri dishes were placed in a climatic chamber 
with a temperature of 25 ± 5 °C and RH of 70 ± 5%. Every 24 h for a pe-
riod of 22 d after irradiation the numbers of eggs, nymphs and adults, 
and adult mortality were recorded.
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A 3 × 5 factorial experimental design was used in which factor A (3 
levels) pertained to the species and factor B (5 levels) pertained to the 
4 radiation doses plus the control. For Factor B polynomial regressions 
of dose rates on biological effects were used. The analyses were con-
ducted using EXCEL 2010® and the Statistical Analysis System® (SAS), 
version 9.3 (SAS Institute 2016).

Results

PERCENT VIABILITY F1 EGGS AND DURATIONS OF LIFE STAGES

The interactions between the mite species and irradiation doses 
(Table 1) were highly significant (P < 0.001). Irradiation of females of 
all 3 species of mites with progressively greater doses induced pro-
gressively greater durations (d) in the period of maturation of the F1 
eggs (Table 1) and progressively decreased the percent viability of eggs 
(Figs. 1, 2 and 3) of the 3 species of mites.

Tetranychus urticae

Gamma irradiation of gravid females prolonged the time to egg 
hatch of F1 eggs by 1.2 d at 100 Gy and by 8.9 d at 200 Gy compared to 
the control, but the time to hatching did not differ statistically between 
the 100 Gy treatment and the control (Table 1). F1 eggs oviposited by 
females irradiated with the intermediate dose of 200 Gy remained in 
the egg stage for a significantly longer duration than those either in the 
100 Gy treatment or the control. When females were irradiated with 
either 300 or 400 Gy, the lifespans of the neonates were very brief and 
they did not develop into deutonymphs (Table 1). Thus irradiation of 
gravid females caused both a reduction in the viability of the F1 eggs 
(Fig. 1) and a prolongation in the duration of the F1 egg stage.

Also in the case of deutonymphs that developed from the F1 eggs 
of irradiated females, the duration of the deutonymph stage was pro-
longed. The increased durations (d) of the deutonymphal stage in the 
100 and 200 Gy treatments differed significantly from the control. Only 
37.5% of the F1 deutonymphs in the 100 Gy treatment survived and less 
than 1% survived in the 200 Gy treatment, while in the 300 and 400 Gy 
treatments none of the F1 protonymphs developed into deutonymphs 
(Table 2).

Tetranychus desertorum

Irradiation of gravid females of the red spider mite, T. desertorum, 
caused the viability of their F1 eggs to be reduced to a lesser extent with 
each the 4 doses than that of the F1 eggs of T. urticae at corresponding 

doses (Figs. 2 and 3). In the 100 and 200 Gy treatments, the durations 
of the F1 egg stage were almost 2-fold and 3-fold longer, respectively, 
than the control, and these differences were significant. When females 
were irradiated with either 300 or 400 Gy, the lifespans of the F1 neo-
nates were very brief—i.e., 1.7 and 0.9 d, respectively—and they did 
not develop into deutonymphs (Table 1). Thus irradiation of gravid fe-
males caused both a reduction in the viability of the F1 eggs (Fig. 2) and 
a prolongation of the F1 egg stage.

Also in the case of T. desertorum deutonymphs that developed 
from the F1 eggs of irradiated females, the duration of the deutonymph 
stage was prolonged. Only 22.4% of the F1 deutonymphs in the 100 Gy 
treatment survived, while in the 200, 300 and 400 Gy treatments all F1 
deutonymphs died (Table 3).

Oligonychus ilicis

Gamma irradiation of gravid females prolonged the time until hatch-
ing of F1 eggs, so that in the 100 Gy treatment the duration of the F1 
egg stage was greatly extended from 3.98 d in the control to 7.50 d, 
i.e., a difference of 3.52 d (Table 1). However, in treatments with larger 
doses the durations of the F1 egg stage were progressively shortened 
with increasing doses—i.e., 2.0, 1.0 and 0.4 d with 200, 300 and 400 
Gy, respectively—and they did not develop into deutonymphs (Table 1). 
Based on these effects, O. ilicis was more radiosensitive than the other 2 
species as no viable deutonymphs were produced at > 200 Gy (Table 4).

When gravid O. ilicis females were irradiated with 100 Gy, the vi-
ability of the F1 eggs was closer to the control (Fig. 3) than were the vi-
abilities of F1 eggs of T. urticae (Fig. 1) and T. desertorum (Fig. 2) females 
also irradiated with 100 Gy to their controls, but the differences were 
not significant.

Also in the case of O. ilicis deutonymphs that developed from the F1 
eggs of irradiated females, the duration of the deutonymph stage was 
prolonged. The increased durations (d) of the deutonymphal stage in 
the 100 and 200 Gy treatments differed significantly from the control. 
Only 16.7% of F1 deutonymphs in the 100 Gy treatment survived, yet—
unexpectedly—28.8% survived in the 200 Gy treatment, while in the 
300 and 400 Gy treatments all F1 deutonymphs died (Table 4).

Discussion

GAMMA RADIATION EFFECTS ON THE BIOLOGY OF THE MITES

From the results obtained in the current study, T. desertorum, T. ur-
ticae and O. ilicis showed generally similar responses to radiation, with 

Table 1. Mean (± SE) duration of the egg stage in the F1 generation when the P generation gravid females of each of 3 species of mites were irradiated with doses 
ranging between 100–400 Gy of gamma radiation.

Dose (Gy)
Tetranychus urticae

Duration (d)
Tetranychus desertorum

Duration (d)
Oligonychus ilicis

Duration (d)

0 (Control) 3.9 ± 0.2 3.98 ± 0.3 3.98 ± 0.3
100 5.1 ± 0.3 7.5 ± 0.7 7.5 ± 0.5
200 12.8 ± 0.4 11.4 ± 0.8 2.0 ± 0.4 b

300 1.8 ± 0.5b 1.7 ± 0.4 b 1.0 ± 0.4 b

400 0.9 ± 0.3b 0.9 ± 0.2 b 0.4 ± 0.1 b

Fa 63.2 58.0 53.2
P Value < 0.001 < 0.001 < 0.001

R² = 0.519 R² = 0.627 R² = 0.594

aRegression models: for T. urticae, y = −0.0002x2 + 0.055x + 3.583; for T. desertorum, y = −0.0002x2 + 0.060x + 4.217; and for O. ilicis, y = −3E−05x2 – 0.003x + 5.18, where the dependent 
variable, y, is the duration of the egg stage, the independent variable, x, is the radiation dose and 3E is the model error term of the linear regression.

bNeonates that hatched from the eggs did not survive beyond first instar.



 Machi et al.: Effect of gamma irradiation of tetranychid females on F1 eggs and deutonymphs	 189

a decrease in oviposition and an increase in duration of stadia of the 
life stages proportional to the radiation dose. Regarding viability of the 
3 species, progressively increasing doses of radiation applied to gravid 
females were associated with progressive reductions in the viability of 
their F1 eggs. Comparing egg viability of non-irradiated to irradiated 
mites of the 3 species, an average of 78.5% viability occurred in the non-
irradiated control treatment, 69.3% in the 100 Gy treatment and 49.4% 
in the 200 Gy treatment. At doses greater than 200 Gy egg viability of 
irradiated female mites decreased to less than 50% (Figs. 1, 2 and 3).

Ignatowicz & Banasik-Solgala (1999) also observed in eggs ovi-
posited by irradiated tetranychid females a decreased hatchability 
at a dose of 100 Gy and eggs not viable at doses between 200–400 
Gy. Other studies on the viability of eggs oviposited by irradiated fe-
males, such as Lester & Petry (1995), showed that T. urticae females 
irradiated with 350 Gy produced only fully sterile eggs. In our case, 
we irradiated gravid O. ilicis females and found that none of the re-
sulting F1 neonates survived—hence complete sterility—at 200 Gy, 
while in the cases of irradiated T. urticae and T. desertorum females 
none of the resulting F1 neonates survived—hence complete steril-
ity—at 300 Gy. However, Majumder et al. (1996) observed that even 
though 5,000 Gy did not prevent egg production by irradiated Oligo-
nychus biharensis (Hirst) females, 300 Gy was sufficient to cause all 
oviposited eggs to be sterile. In our study it was also observed that 
the age of the eggs was an important factor in relation to gamma 
radiation effects, while in older eggs there was an increase in the 
hatchability in comparison to eggs of younger age. In our experiment 
at a dose of 100 Gy in T. urticae the eclosion was 10.6% in 1–2 d-old 

eggs, 49.7% at 3–4 d-old and 99.7% in eggs older than 4 d; eggs more 
than 5 d-old hatched at doses up to 400 Gy. These observations are 
similar to Sulaiman et al. (2004), who noted in a mite from the same 
family (Tetranychus piercei McGregor) that in 1–2 d old eggs eclosion 
was zero at 150 Gy, while in 3–d old eggs eclosion was 41.3% and 
99.0% for 4–d old eggs. Eggs older than 4 d hatched even at a dose 
of 600 Gy.

Goodwin & Wellham (1990) studied the effects of 300 Gy on T. ur-
ticae mites and noticed that after 24 h following irradiation the hatch-
ability of eggs diminished in comparison with the control. According 
to Ignatowicz (1997), the sensitivity of insects and mites to irradiation 
varies according to the stage of development. This varies in different 
species, even within the same family, but in general juvenile stages 
have greater radiosensitivity because of intensive cell division in these 
stages.

Ducoff (1972) noted that ionizing radiation is responsible for break-
ing chemical bonds in DNA and other biomolecules such as carbohy-
drates, sugars, proteins and lipids that cause cell disorganization thus 
damaging their normal functioning in the bodies of irradiated insects.

According to Sakurai (2000) gamma irradiation also influences insect 
feeding, causing a breakdown in somatic cells such as the epithelial tis-
sue present in the insect gut, preventing food absorption after irradia-
tion resulting in starvation. Cork (1957), Riemann (1967) and Le Gall & 
Ardaillou (2009) reported that irradiation causes premature aging of 
insect cells and causes slower cellular regeneration, which could lead 
to enhanced oviposition in irradiated insects and mites as a response to 
reduced nutrition. Reproduction is an immediate response to maintain 

Table 2. Effect of gamma irradiation of Tetranychus urticae gravid females on 
the mean (± SE) percent survival of their F1 deutonymph progeny and the dura-
tion (d) of the deutonymph stadium. The females were irradiated with various 
doses in the range, 100–400 Gy.

Dose (Gy) Survival (%) Duration (d)

0 (Control) 76.6 ± 0.6 4.0 ± 0.3
100 37.5 ± 0.2 5.6 ± 0.2
200 0.92 ± 0.3 7.3 ± 0.1
300 0.0 —
400 0.0 —

F a 68.1 54.7
P Value < 0.001 < 0.001

R2 = 0.953 R2 = 0.999

aRegression models for irradiated T. urticae nymphs. The percent survival, y = 0.0004x2 − 
0.2711x + 81.289, where x is the radiation dose. Also the duration (d) of the deutonymphal 
stage, y = −0.3786x + 76.24, where x is the radiation dose.

Fig. 3. Linear regression of the percent viability of Oligonychus ilicis eggs with 
irradiation doses in the range of 100–400 Gy.

Fig. 1. Linear regression of the percent viability of Tetranychus urticae eggs 
with irradiation doses in the range of 100–400 Gy.

Fig. 2. Linear regression of the percent viability of Tetranychus desertorum 
eggs with irradiation doses in the range of 100–400 Gy.
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the species. This hypothesis is reinforced by some insect and mite spe-
cies that are r-strategists, prioritizing reproduction as a way to generate 
offspring instead of storing the energy for its own survival (Force 1975).

The dose of 200 Gy was sterilizing for O. ilicis and 300 Gy for T. 
urticae and T. desertorum. The doses obtained in our study were lower 
than currently specified for phytosanitary treatment in Australia and 
New Zealand (Hallman et al. 2016).
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Table 3. Effect of gamma irradiation of Tetranychus desertorum gravid females 
on the mean (± SE) percent survival of their F1 deutonymph progeny and the 
duration (d) of the deutonymph stadium. The females were irradiated with vari-
ous doses in the range, 100–400 Gy.

Dose (Gy) Survival (%) Duration (d)

0 (Control) 73.4 ± 0.6 3.6 ± 0.1
100 22.4 ± 0.4 4.6 ± 0.2
200 0.0 —
300 0.0 —
400 0.0 —

F a 63.5 54.1
P Value < 0.001 < 0.001

R2 = 0.9794 R2 = 0.975

aRegression models for irradiated T. desertorum nymphs. The percent survival, y = 
−0.124x + 81.708, where x is the radiation dose. Also the duration (d) of the deutonymphal 
stage, y = 0.0083x + 5.84, where x is the radiation dose.

Table 4. Effect of gamma irradiation of Oligonychus ilicis gravid females on the 
mean (± SE) percent survival of their F1 deutonymph progeny and the duration 
(d) of the deutonymph stadium. The females were irradiated with various doses 
in the range, 100–400 Gy.

Dose (Gy) Survival (%) Duration (d)

100 16.7 ± 0.4 5.6 ± 0.2
200 28.8 ± 0.2 7.3 ± 0.1
300 0.0 —
400 0.0 —
Control 79.3 ± 0.2 4.0 ± 0.3

F a 64.2 54.7
P Value < 0.001 < 0.001

R2 = 0.6348 R2 = 0.987

aRegression models for irradiated O. ilicis nymphs. The percent, y = −0.0781x + 74.54, 
where x is the radiation dose. Also the duration (d) of the deutonymphal stage, y = −0.5092x 
+ 73.48, where x is the radiation dose.


