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Introduction

Codling moth Cydia pomonella (L.) (Lepidoptera: Tor-

tricidae) is a widely distributed pest of apple, pear,

apricot, quince, walnut and peach in Armenia

(Sarkisyan and Azizyan 1983) and currently insecti-

cides are widely used to control this pest. However,

codling moth has already developed resistance to

many different insecticides (Valera et al. 1993;

Sauphanor et al. 1998; Bouvier et al. 2002; Charmillot

and Pasquier 2002) resulting in increased levels of

codling moth damage. Therefore, other methods

need to be considered (Azizyan et al. 2003; Ter-

Hovhannesyan and Azizyan 2005a) such as mating

disruption, insect growth regulators, granulosis virus,

cultural practices and the sterile insect technique

(SIT). The latter has been pioneered through a very

successful programme in British Columbia, Canada

(Dyck et al. 1993; Bloem 1997).

However, because Lepidoptera are more radiore-

sistant compared with other insects a sterilizing

dose of radiation reduces the ability of sterile

moths of most species to compete with wild moths

(North 1975; LaChance 1985). Inherited or F1 ste-

rility was discovered by Proverbs (1962) in the

codling moth and later in many lepidopteran spe-

cies (Carpenter and Cross 1989; Makee and Saour

1997; Carpenter et al. 2005) and its genetic basis

has been ascertained (Astaurov and Frolova 1935;

LaChance et al. 1970; North 1975; Anisimov et al.

1989; Marec et al. 1999). The phenomenon

exploits the differences in radiosensitivity between

female and male moths and relies on the use of a

relatively low radiation dose which results in full

sterility of female moths and partial sterility of

male moths (Knipling 1970; Bloem et al. 1999a).

Several field trials releasing partially sterile male

moths have demonstrated the potential of using F1
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Abstract

The purpose of this study was to analyse the radiosensitivity of codling

moth Cydia pomonella (L.) strains from different elevations, 850 and

2000 m above the sea level. The level of sterility of parental males

and inherited sterility of F1 males in the strain from the higher eleva-

tion at all radiation doses (80, 100 and 150 Gy) was significantly

lower, than in the strain from the lower elevation. The frequency of

chromosomal aberrations in the F1 generation in the strain from the

higher elevation was significantly lower at 80 and 150 Gy than that in

strain from the lower elevation. The average number of eupyrene

sperm in the F1 males descended from irradiated males was higher in

the strain from the higher elevation than in the strain from the lower

elevation. Inheritance of the resistance/susceptible to ionizing radiation

were examined by standard genetic cross-breeding analysis confirming

the polygenic nature of the differences in radiosensitivity. The implica-

tions of these findings for the implementation of area-wide integrated

pest management programmes that integrate the use of sterile insects

are discussed.
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sterility to control the codling moth (Charmillot

et al. 1976; Proverbs et al. 1978; Bloem et al.

1999b). Knipling (1970) developed a mathematical

model indicated that the release of partially sterile

insects offered greater suppressive potential than

the use of completely sterile insects. In addition,

the model showed that a programme which

releases partially sterile insects needs only a quar-

ter of released insects as compared with that

required when using fully sterile insects. In a dif-

ferent approach, the introduction in orchards of

diapausing F1 larvae, obtained from parental males

irradiated at a low dose (80–150 Gy), showed

potential as in this strategy the emergence of ster-

ile moths was synchronized with that of the natu-

ral population in spring (Charmillot et al. 1976;

Sarkisyan and Azizyan 1983). However, this strat-

egy entails the rearing of F1 larvae until the last

instar when diapause can be induced, which

would have serious cost implications for a large

programme.

The complex mountainous relief of Armenia and

large variations in elevation has created a great vari-

ety of different climatic zones, many of them colo-

nized by codling moth. In previous studies,

phenotypic and genetic differences between codling

moth populations inhabiting different geographical

zones and orchards with different host-plants

(Ter-Hovhannesyan and Azizyan 2003; Ter-Hovhan-

nesyan 2005b) were observed. Depending on the

elevation, codling moth may complete one (high

elevation) or three or four generations (in low

elevations) a year. When uncontrolled, the codling

moth is capable of annually destroying 90% or more

of an apple crop and 50–70% of other fruit crops in

low elevations and 30–40% in high elevations.

The purpose of this study was to compare the radio-

sensitivity of codling moth populations originating

from low and high elevations.

Materials and Methods

Test insects

Codling moth strains originating from low (850 m,

Ararat plain, Artashat) and high (2000 m, Gegharku-

nik region, Sevan) elevations were used for the

experiments. Depending on the elevation of the

locality, the duration and character of the climatic

seasons are different. Artashat is a flat area, in the

southeast of Armenia. The climate here is dry, extre-

mely continental with a moderately cold winter.

Summers are long, dry and hot. The annual sum of

solar radiation is 145 kcal/cm2. The average annual

atmospheric temperature is 12.5�C and average

relative humidity is 57.2%. The minimum tempera-

ture is )21�C and maximum +40�C. Sevan is a trian-

gular basin, at the bottom of which lies Lake Sevan.

The climate is moderate, winters are cold and long,

with a stable snow cover. Summers are cool, short,

comparatively humid with frequent rain and thun-

derstorms. The annual sum of solar radiation is

160 kcal/cm2. The average annual atmospheric tem-

perature is 5.7�C and relative humidity is 70.0%.

The minimum temperature is )28�C and maximum

+34�C. The distance between two regions is more

than 150 km and there is probably no movement of

moths between them.

Wild diapausing insects (about 500 individuals/

strain) were collected in orchards using corrugated

cardboard trap bands beginning from 2001. Some of

the wild diapausing larvae was transferred to the

laboratory and were stored in a refrigerator at +5�C
until the following year. In spring, the emerged

moths were used to study radiation sensitivity, cytol-

ogy and sperm production in F1 males. The other

larvae (about 200 individuals/strain) were trans-

ferred to the alternative elevation and reared for

5 years (2002–2006) in field cages in orchards. Each

year 100 moths (50 male and 50 female) from each

strain, reared at the alternative elevation were tested

for radioresistance and to carry out inheritance

studies.

Strains collected and reared at different elevations

are given the following designation.

Strain

Origin

(elevation)

Reared at

(elevation)

Hh High High

Hl High Low

Ll Low Low

Lh Low High

Sterility determination

Codling moth males (2- to 3-day-old) from the Hh

and Ll strains were irradiated with doses of 80,

100 and 150 Gy in a 60Co irradiator (rate of dose

-1.2 Gy/s; temperature and humidity at irradiation

-25�C and 60% RH). Dose rates were determined

with Fricke dosimeters at the Institute of Physical

Investigation, NASRA in Ashtarak, 15 km from

Yerevan, and 40–60 km from experimental orch-

ards. Males from the P, F1 and F2 generations
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were crossed with untreated females in the labora-

tory and 50 individual pairs from each strain were

placed in plastic cups, where they were allowed to

mate and lay eggs (25–26�C, 60%RH and photope-

riod of 16L : 8D) until the female died. The steril-

ity (per cent sterile eggs) was recorded for all

crosses.

Cytogenetic analysis

Testes of 5th instar F1 larvae (50 individuals from

each strain) from irradiated males crossed with

untreated females from the Hh and Ll strains were

dissected. The preparations were stained with aceto-

orcein, sealed with clear nail polish and stored in a

covered container in the refrigerator until examined

for presence of chromosomal aberrations. Cytological

observations were carried out on the primary and

secondary spermatocytes during anaphase.

Estimation of sperm production of F1 males

To study sperm polymorphism, temporary aceto-

orcein stained samples of testes were prepared and

the number of fascicles of eupyrene and apyrene

sperm counted. This was carried out for both the Hh

and Lj strains following doses of 80 and 150 Gy (50

individuals from each strain).

Inheritance of the resistance/sensitivity to radiation

The diapausing larvae of both strains, after transfer

to the alternative elevation were reared in field

netting cages (100 · 50 · 50 cm) in orchards for

5 years. The moths mated in plastic cages for egg

laying. Hatched larvae were put on immature

apples and diapausing larvae were collected for

rearing the following year. All stages of codling

moth were reared in field netting cages for the

5 years. The P and F1 fertility were measured each

year following irradiation of parental males with

100 Gy (50 individuals from each strain) and

paired with females from the same strain.

Genetic analysis

Inheritance of radiosensitivity was examined by

standard crosses using reciprocal mating between Hh

and Ll strains. Virgin Hh and Ll adults were recipro-

cally crossed (Ll female · Hh male) and (Hh fema-

le · Ll male) to produce the F1 hybrids, LlHh and

HhLl respectively. LlHh F1 males were backcrossed

to Hh and Ll parental strains.

Data analysis

The statistical parameters (M) mean � SE, standard

deviation and coefficient of variation (CV) were cal-

culated using standard formulae (Fedorov 1967).

Inter-group differences (t) and number of degrees of

freedom (ń) were evaluated using equations

t ¼ M1 �M2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SE2

1 þ SE2
2

q ð1Þ

�n ¼ nA1 þ nA2 � 2; ð2Þ

where n, number replicates of each value. Signifi-

cance of differences (P) was calculated according to

Fedorov (1967) where the relationship between t, ń

and P is defined.

Results

Effect of gamma radiation on males from Hh and Ll

strains

Increasing doses of gamma radiation significantly

reduced codling moth fertility in both strains when

treated (T) males (80, 100 and 150 Gy) were mated

with untreated (N) females (fig. 1). The per cent of

sterility of the Hh males was significantly lower than

the Ll males for the three doses tested, 21.2 � 2.7%

vs. 48.9 � 5.5% (t = 4.5, ń = 45, P < 0.01); 39.7 �
2.3% vs. 53.8 � 4.1% (t = 3.08, ń = 52, P < 0.01)

and 41.4 � 5.1% vs. 79.9 � 3.7% (t = 6.1, ń = 45,

P < 0.01), for 80, 100 and 150 Gy, respectively.

The same pattern was observed for the sterility in

the F1 males (fig. 2), 56.3 � 4.5% vs. 94.6 � 2.2%
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Fig. 1 Sterility of irradiated codling moth males mated with untreated

females in strains from high and low elevations.
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(t = 7.66, ń = 69, P < 0.01); 63.8 � 3.4% vs.

95.4 � 1.4% (t = 8.61, ń = 65, P < 0.01) and

95.1 � 2.1% vs. 99.8 � 0.6% (t = 2.1, ń = 72,

P < 0.01) for 80, 100 and 150 Gy, respectively.

Chromosomal aberrations in F1 males from irradiated

parental male

The frequency of chromosomal aberrations increased

according to the dose of radiation (80 Gy vs.

150 Gy) in both strains. However, the per cent of

chromosomal aberrations was significantly lower in

the Hh strain than in the Ll strain (5.3% vs. 7.4%,

t = 4.2, ń = 77, P < 0.01 and 7.8% vs. 13.9%,

t = 2.6, ń = 89, P < 0.02) for 80 and 150 Gy, respec-

tively (table 1).

The estimation of sperm production of F1 males from

irradiated parent

The average number of eupyrene fascicles in F1

males decreased with an increase in dose of the

parental male (table 1) but with a higher number in

the Hh strain as compared with the Ll strain

58.1 � 4.3 vs. 38.5 � 5.2 (t = 2.9, ń = 82, P < 0.02)

and 39.7 � 4.8, vs. 27.3 � 3.9 (t = 2.6, ń = 79,

P < 0.02) for 80 Gy and 150 Gy, respectively.

Inheritance of resistance to radiation

The sensitivity to radiation of the two strains reared at

the alternative elevation did not change over time

(fig. 3), indicating true genetic differences between

the strains. The relationship of the level of inherited

F1 sterility also did not change with time. The per cent

of sterility and inherited sterility in the Hl strain was

significantly lower than in the Lh males after 5 years

of rearing in the new conditions 41.1% vs. 57.2%

(t = 5.95, ń = 38, P < 0.01) and 66.6% vs. 87.2%

(t = 5.1, ń = 45, P < 0.01).

Inheritance of the radioresistance was examined

by standard genetic analysis. F1 males from both

reciprocal crosses showed an intermediate level of

resistance suggesting a polygenic effect. The per cent

of sterility for both types of F1 male was significantly

different (46.8 � 2.4%, t = 8.1, ń = 73, P < 0.01;

51.1 � 3.7%, t = 4.9, ń = 65, P < 0.01) from Ll

strain (71.3 � 1.8%) (table 2). In the F2 following

inbreeding there appeared to be an increase in the

level of sterility but there was no segregation of phe-

notypes, again suggesting a polygenic effect. The per

cent of sterility in F2 was significantly lower (53.5 �
4.3%, t = 3.8, ń = 80, P < 0.01; 55.6 � 4.9%,

t = 3.0, ń = 75, P < 0.01) than in the Ll strain. There

was also an increase in the variation (CV %) of the

response to radiation in the F2 generation. Following

Table 1 Frequency of chromosomal aberrations (CA) and number of

eupyrene fascicles (EF) in F1 males from irradiated males and

untreated females in Hh and Ll strains

Strain

% CA (mean � SE) No. EF (mean � SE)

80 Gy 150 Gy 80 Gy 150 Gy

Hh 5.3 � 0.42 a 7.8 � 1.05 a 58.1 � 4.3 a 39.7 � 4.8 a

Ll 7.4 � 0.31 b 13.9 � 2.1 b 38.5 � 5.2 b 27.3 � 3.9 b

Means � SE by the letter within a column for each treatment are

significantly different between Hh and Ll strains (P < 0.05).
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Fig. 3 Parental and F1 sterility following irradiation of parental males

(100 Gy) from two strains (Hl and Lh) reared at the alternative eleva-

tion (2002–2006).

0

20

40

60

80

100

120

80 Gy 100 Gy 150 Gy

S
te

ri
lit

y 
(%

)
Hh
Ll

Fig. 2 Inherited sterility of F1 males from of irradiated parental males

in codling moth strains from high and low elevations.
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the F1(Ll · Hh) · Ll backcross there was a small

increase in the level of sterility (60.1 � 5.4%) in

comparison with parental Hh strains (51.2 � 4.8%)

as a result of introgression of genetic material from

the Ll strain (table 2). However, the per cent sterility

in both backcross males was significantly lower

(t = 2.0, ń = 75, P < 0.05; t = 3.9, ń = 87, P < 0.01)

than in the Ll strain.

Discussion

The significant differences in radiation sensitivity

between two strains of the codling moth coming

from different geographical areas and different eleva-

tions have important implications for the develop-

ment of an inherited sterility approach to control

this pest. They also raise important questions as to

what is the cause of these differences and whether

this is a more general phenomenon than is usually

accepted. The fact that the strain differences were

maintained after 5 years of rearing at the alternative

elevation is indicative of the stability of the pheno-

type and hence the genotype. There appear to be

real genetic differences in the response to radiation

of these two strains and the crossing experiments

indicate a polygenic basis for this difference. The per

cent of sterility of parental males and inherited ste-

rility of F1 males in the strain from the higher eleva-

tion was significantly lower at all radiation doses

(80, 100 and 150 Gy) than in the males from the

lower elevation.

In the tobacco budworm Heliothis virescens (F.)

(Lepidoptera: Noctuidae) even larger differences in

the response to radiation were demonstrated

between a long established laboratory colony and

one that had only been in the laboratory for three to

seven generations (Proshold and Bartell 1972). How-

ever, in this case following reciprocal crosses

between irradiated males and non-irradiated females

it was evident that the origin of the female deter-

mined the difference in egg hatch and not the origin

of the irradiated male. The authors had no explana-

tion for this. In Drosophila much work has been car-

ried out on the response of different strains to

radiation (Parsons et al. 1969) and one study

showed that a strain originating from a region of

high natural radiation was significantly more radia-

tion resistant to the induction of dominant lethal

mutations than a strain from a region with a much

lower background radiation (Cordeiro et al. 1973).

Adaptation of a natural population of Chironomids

to chronic low-level radiation has also been reported

(Blaylock 1965, 1966), as well as cytogenetic

changes and morphological deformities of Chirono-

mid populations subsequent to the Chernobyl

nuclear disaster (Michailova and Petrova 1994;

Williams et al. 2001).

In the present study, as well as the differences in

dominant lethal induction frequency, the radiation

resistant strain also had significantly fewer chromo-

somal aberrations in the F1 generation. The inci-

dence of visible chromosomal aberrations in F1

larvae is dose dependent, and the frequency gets

progressively lower in subsequent generations

(North 1975; Anisimov et al. 1989; Marec and Mir-

chi 1990; Carpenter 1991). Our results confirm that

chromosomal aberrations form the genetic basis of

inherited sterility (Tothova and Marec 2001) and

their level is reduced with an increase in radioresis-

tance. The data also showed that the average num-

ber of eupyrene fascicles in the F1 was higher in the

resistant strain than in the susceptible strain. Sperm

polymorphism is typical of Lepidoptera (Sado 1963;

Friedlander and Benz 1981) and the primary sper-

matocytes can be differentiated into apyrene and

eupyrene sperm fascicles. However, only eupyrene

sperm can take part in egg fertilization (LaChance

1974; North 1975). It therefore appears that all three

responses to irradiation, sterility, chromosome aber-

rations and amount of eupyrene sperm in the F1

moths are all correlated with a particular strain.

These strain differences have so far not been

reported for coding moth studies in other parts of

the world. However, this may be due to the fact that

Table 2 Sterility of irradiated (150 Gy) codling moth males mated

with untreated females in codling moth strains from high and low ele-

vations and their hybrids and backcrossed progeny

Strain and crossing

(female · male)

% Sterility

n Mean � SE CV %

Ll 47 71.3 � 1.83 a 17.5

Hh 35 43.1 � 1.6 b 22.9

Hh · Ll

F1 28 46.8 � 2.4 a 28.2

F2 35 53.5 � 4.3 b 47.5

Ll · Hh

F1 20 51.1 � 3.7 a 32.2

F2 30 55.6 � 4.9 b 47.8

Backcross

F1(Ll · Hh) · Ll 30 60.1 � 5.4 a 49.9

F1(Ll · Hh) · Hh 42 51.2 � 4.8 b 47.8

Means � SE (percentage of sterility) followed by the letter within

column significantly higher in the Ll strain than in the Hh strain and in

all crossing and backcrossing with Hh strain (P < 0.05).
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Armenia is fairly close to the geographic origin of

the species and hence is expected to show more var-

iation than other populations elsewhere which were

possibly founded by a relatively few individuals.

From a practical standpoint and if codling moth

populations from these two regions are to be

included in a single control programme then

obviously the more radiation sensitive population

should be colonized and used to develop the radia-

tion protocol. In this way somatic damage will be

minimized. The data should also alert managers of

new SIT programmes to assess the radiation sensitiv-

ity of their release strain even if radiation protocols

for the same species have already been developed

elsewhere.

The differences in response to radiation reported

here for two strains of codling moth are somewhat

unexpected and the causes are unknown. It will be

important to see if there are other critical differences

between the two strains for example in their response

to pheromones, their mass rearing characteristics and

their response to diapause induction, etc. From the

data so far, it does not appear that there are significant

mating incompatibilities between the two strains. In

conclusion, codling moth in Armenia seems to be a

variable species with a high adaptive capacity to

respond to local environmental conditions which can

impact on its response to radiation.
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