
487

Introduction

One of the factors that accounts for the wide geographi-
cal distribution of insects is their ability to survive under a 
wide range of environmental conditions. In particular, cold 
may represent an important environmental obstacle for 
ectothermic species in most temperate and arctic regions. 
Based on their responses to freezing, insects are commonly 
categorized as either freeze tolerant or freeze intolerant and 
the latter has several sub-divisions: opportunistic, chill-sus-
ceptible, chill-tolerant, freeze avoiding (Lee, 2010). Sever-
al temperature-associated factors condition the successful 
survival over winter of insects, among which are the lowest 
temperature experienced by them, daily thermal variations 
and cooling rates associated with these variations, duration 
of exposure to chilling temperatures and the possibility of 
acclimation to mild temperatures (from 0 to 5°C) (Kelty & 
Lee, 2001; Sung et al., 2003). Insects display marked hard-
ening and acclimation responses. The relationship between 
cold acclimation and cold tolerance is documented for dif-
ferent developmental stages of different arthropod species 
(Shintani & Ishikawa, 2007; Slabber et al., 2007; Zheng et 
al., 2011; Khodayari et al., 2012). In addition, even very 
short pre-exposures to cold may increase thermal tolerance 
in insects (Qiang et al., 2008; Ju et al., 2011; Zheng et al., 
2011). Finally, cross-tolerance is recorded in some insect 
species, suggesting that acclimation or hardening to one 
stress may also increase survival when subjected to other 
environmental stresses (Bubliy et al., 2012). For instance, 
in the sub-Antarctic caterpillar Pringleophaga marioni 
Viette, desiccation as well as high-temperature treatments 

result in an increase in survival when exposed to low tem-
peratures (Sinclair & Chown, 2003).

The duration of exposure to cold temperatures can great-
ly affect the survival of species due to the progressive loss 
of physiological homeostasis. Meanwhile, high mortality 
also occurs when organisms are exposed to abruptly de-
creasing temperatures (Terblanche et al., 2011). In this 
case, Rezende et al. (2011) and Santos et al. (2011) suggest 
that there are problems with assessing insect cold tolerance 
by slow thermal ramping as it increases the duration of ex-
posure to cold, and thus, mortality may be overestimated. 
Conversely, other studies document that ramping assays 
are valid and ecologically relevant for assessing insect 
thermal tolerance (Terblanche et al., 2011; Overgaard et 
al., 2012). Positive relationships between cooling rate and 
mortality in larval and adult stages are documented for sev-
eral insect species (Salt, 1966; Miller, 1978; Kelty & Lee, 
2001; Overgaard et al., 2012).

Insects that live in cold areas have developed a range of 
strategies such as cryoprotectant synthesis, membrane re-
structuring, up-regulation of stress-related genes (e.g. heat 
shock proteins), synthesis of antifreeze proteins and/or ice 
nucleating agents, inhibition of apoptotic cell death, Mito-
gen-activated protein (MAP) kinase signalling and calcium 
signalling (reviewed by Teets & Denlinger, 2013). 

The Potato Tuber moth (PTM), Phthorimaea operculella 
Zeller (Lepidoptera: Gelechiidae), is one of the most im-
portant potato pests because of its close relationship with 
this crop. PTM is a widespread pest of the Solanaceae in-
cluding crops and weeds, but specifically potato, Solanum 
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LT50 determination 
To determine the lower lethal temperature for 50% mortality 

(LT50) of each developmental stage, potatoes were cut open and 
larvae removed. Insects were placed individually into a 15 ml 
vials and put inside a programmable refrigerated test chamber, 
and the temperature lowered from 29°C to –5, –8, –13, –16, –20 
or –23 ± 0.5°C at a rate of 0.5°C.min–1. Five replicates, each con-
taining 10 specimens, were used for each experimental condition. 
The insects were kept for 2 h before the temperature was ramped 
up to 29°C at 0.5°C.min–1. After 24 h, live and dead insects were 
counted and insects showing no movement were considered to be 
dead. To assess survival of pupae, we used forceps to stimulate 
them, if they moved their abdomen they were considered to be 
live (Khani & Moharramipour, 2011). 

Effect of ramping rates on cold hardiness
The effects of the cooling rate on the cold hardiness of the de-

velopmental stages (last instar larvae, prepupae and pupae) were 
examined (5 replicates of 10 insects for each thermal treatment 
and each developmental stage). Specimens were cooled from 
29°C to the LT50 values of each developmental stage by direct 
transfers, or by cooling at rates of 0.5, 0.1 or 0.05°C min–1. After 
a 2 h exposure to the LT50°C, insects were warmed up to 29°C at 
0.5°Cmin–1 and maintained at this temperature in an environmen-
tal chamber for 24 h before assessing their survival.

Cold acclimation capacities and cross-tolerance
Potatoes containing larvae of different developmental stages 

were placed at 0°C and 5°C for one week. The larvae were then 
separated and put into vials (5 replicates of 10 insects for each 
treatment) incubated inside a programmable refrigerated test 
chamber; the temperature of which was lowered from the ac-
climation temperature (5 or 0°C) to the LT50 at a rate of 0.5°C.
min–1. After a 2 h exposure at the LT50 temperature, insects were 
returned to 29°C at 0.5°Cmin–1 and maintained at this temperature 
for 24 h before assessing their survival.

The existence of cross-tolerance between heat and cold re-
sponses was determined using last instar larvae, prepupae and pu-
pae. The developmental stages were separated from potatoes and 
placed into vials (5 replicates of 10 insects for each thermal treat-
ment and for each developmental stage) and directly transferred 
to a refrigerated chamber set to 40°C. After a 2 h exposure to this 
temperature, the insects were cooled to LT50 at 0.5, 0.1 or 0.05°C/
min, or were directly transferred to LT50 (direct treatment). All of 
the samples were kept for 2 h at the LT50 before they were warmed 
up to 29°C at the same rate as they were cooled down. After 24 h, 
live or dead insects were assessed. All treatments are as illustrated 
in Fig. 1. 

Statistical analysis
To determine the LT50 value of the different developmental 

stages, binary logistic regressions were used to calculate the tem-
perature at which 50% mortality occurred (Saeidi et al., 2012). 

Mean SCPs and mortality of the different specimens under cold 
acclimation and different cooling rates were compared using a 
one-way analysis of variance (ANOVA), followed by Tukey’s test 
for multiple comparisons (P < 0.05). Data were initially normal-
ized (arcsine transformation) before subjecting them to ANOVA. 
Differences between treatments involving heat stress and cooling 
rate were compared using independent student’s t-tests. The re-
lationship between cooling rate and mortality rate was simulated 
using linear regression analysis (Pearson correlation).

tuberosum L. (Coll et al., 2000), and was introduced into 
Iran with infested potatoes in 1985. This species is now 
widely distributed in the temperate zone of Iran (Behdad, 
2002; Golizadeh & Zalucki, 2012). PTM is characterized 
by a high adaptability to daily and seasonal thermal vari-
ations and high reproductive potential (Briese, 1986; Her-
man et al., 2005). Early studies conducted by Langford 
in 1934 indicate that PTM can survive cold temperatures 
ranging from –11.6 to –6.6°C, but prolonged exposures to 
these temperatures are fatal for all developmental stages. 
Trivedi & Rajagopal (1992) found that pupae are the most 
tolerant to cold temperatures; however, Langford & Cory 
(1932) indicate that full-grown larvae appear to best able to 
survive exposure to low temperatures. Finally, Dŏgramaci 
et al. (2008) indicate that with the exception of the last 
(prepupal) instar larvae that are about to pupate and leave 
tubers before they freeze, most larvae remain inside tubers 
and thus are likely to be killed by frost during winter. 

In a recent study, Kroschel et al. (2013) report that PTM 
now occurs in cold regions, indicating that PTM is able to 
survive cold temperatures. However, previous authors that 
investigated PTM cold tolerance neglected the importance 
of cold acclimation, heat hardening and ramp rates on mor-
tality. 

In the present study, we first report the SCP and LT50 val-
ues of different developmental stages of PTM. We aimed 
to confirm that cold acclimation and heat hardening can 
enhance cold tolerance of 1st, last, prepupae and pupae of 
PTM and hypothesized that (1) there is a cross-tolerance 
between cold tolerance and heat hardening and (2) PTM  is 
a chill tolerant species that can survive exposures to ex-
tremely low temperatures (up to −25°C). Also, we report 
that the slower the ramping rate the lower the mortality. 

Material and Methods

Insects
100 adults of Phthorimaea operculella were originally col-

lected from potato farms in Ardabil province (24°38´N, 29°48´E, 
North Western part of Iran) in September 2011. Insects were 
maintained and reproduced for 6 months in a cage consisting of a 
clear cubic plexiglass container (100 × 50 × 40 cm) with one side 
removed and replaced by fine mesh gauze. The cages were kept 
under controlled conditions (29 ± 1°C, 70 ± 5% RH and 16L : 8D). 
The insects were grown on potato cultivar Agria.

Determination of supercooling points
The supercooling points of developmental stages (n = 20–25 

individual for each stage including 1st instar, last instar larvae, 
prepupae and pupae) were recorded using a thermocouple (NiCr-
Ni probe) connected to an automatic temperature recorder, Testo 
177-T4 (Testo, Germany), so that the temperature could be re-
corded every 30 s. The data were then read using Comsoft 3 Soft-
ware. The specimens were attached to the thermocouple by adhe-
sive tape and placed inside a programmable refrigerated chamber. 
The temperature was lowered from 30 to –30°C at a rate of 0.5°C.
min–1. The temperature at which an abrupt temperature increase 
occurred, which corresponds to the liberation of the latent heat of 
freezing, is the SCP (Khani & Moharramipour, 2011). After this 
measurement, all individuals were returned to 30°C and further 
assessed for survival after 24 h.
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Results

Supercooling points and LT50

SCP values of the different developmental stages dif-
fered significantly (P ≤ 0.001; F3,76: 5.93), with the first 
instar exhibiting the lowest SCP value and the last instar 
larvae the highest (Table 1). Cold acclimation (one-week at 
0 or 5°C) had no effect on SCPs of last instar larvae, (F2,61 
= 0.774; P = 0.46), prepupae (F2,57 = 1.32; P = 0.273) and 
pupae (F2,57 = 2.63; P = 0.08) (Table 1). 

The LT50 values of 1st and last instar larvae, prepupae 
and pupae were –15.5°C [95% confidence limits (95% 
CL): –15.7, 15.1°C], –12.4°C (95% CL: –12.6, –11.9°C), 
–17.9°C (95% CL: –18.1, –17.5°C) and –16.0°C (95% CL: 
–16.0, –16.1°C), respectively. The higher thermal toler-
ance of prepupae was confirmed by their greater ability to 
survive exposures to –20°C, with survival as high as 41%, 
whereas none of the other stages survived at this tempera-
ture (Fig. 2).

Cold acclimation capacities
Cold acclimation for one week at 0 and 5°C significantly 

decreased the mortality of 1st instar larvae (F2, 12 = 13.23; P 
< 0.01), prepupae (F2,12 = 8.04; P < 0.001) and pupae (F2,12 
= 15.57; P < 0.001) cooled down to LT50. The mortality 
of first instar larvae decreased from 46% in the control to 
20% and 26% at 5 and 0°C, respectively (F2, 12 = 13.23; P 
< 0.01). No significant difference was recorded between 
the survival of acclimated and non-acclimated last instar 
larvae (F2, 12 = 2.64; P = 0.112, Fig. 3). 
Effect of the cooling rate on the cold hardiness of the 
developmental stages

The slowest cooling rate resulted in the lowest mortality: 
fewer first instar larvae cooled at a rate of 0.05 and 0.1°C.
min–1 died than when cooled at 0.5°C.min–1 or directly 
transferred to LT50 (F3,16 = 46.54; P < 0.01).Similar results 
were recorded for last instar larvae (F3,16 = 27.89; P < 0.01, 
prepupae (F3,16 = 22.15; P < 0.01) and pupae (F3,16 = 8.81; P 
< 0.01) (Table 2).

Fig. 1. Experimental protocols for heat stress treatments of the 
different developmental stages starting from 29°C and then in-
creasing up to 40°C directly (2 h), then cooling down to LT50: 
(A) direct transfer to LT50 for 2 h; (B) cooling rate of 0.5°C.min–1; 
(C) cooling rate of 0.1°C.min–1, (D) cooling rate of 0.05°C.min–1 
and (E) control. The LT50 values used for 1st and last instar lar-
vae, prepupae and pupae were –15.5, –12.4, –17.9 and –16.0°C, 
respectively.
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There was a positive correlation between cooling rate 
and mortality in all developmental stages except the pupal 
stage (1st instar larvae: r = 0.83, P = 0.001; last instar lar-
vae: r = 0.66, P = 0.006; prepupae: r = 0.62, P = 0.014 and 
pupae: r = 0.28, P = 0.30).
Cross-tolerance between heat hardening and cold 
tolerance

There is a cross-tolerance between heat hardening and 
cold tolerance in this pest. When insects were held at 40°C 
for 2 h, the mortality of all developmental stages decreased 
significantly when exposed to subzero temperatures (their 
LT50). In addition, cold hardiness was enhanced by a slow 
cooling rate. When insects were transferred from 29°C 
to LT50 directly, the first instar larvae suffered the highest 
mortality. As shown in Fig. 4, no significant differences 
were detected between heat stress treatment and control by 
cooling rates of 0.1 and 0.05°C.min–1. Compared with the 
controls mortality was significantly higher when cooling 
rate was 0.5°C.min–1. In the last instar larvae, differences 
between heat stress treatments and control was much great-
er than in all other stages. In all treatments except cooling 
rate of 0.05°C.min–1, heat stress enhanced cold hardiness of 
last instar larvae. The lowest mortality was recorded for the 
prepupal stage in heat stress conditions. There were sig-
nificant differences between heat stress and control treat-
ments. Significant decrease in mortality was recorded also 
in the pupal stage.

Discussion

Our studies showed that the SCPs of last instar larvae, 
prepupae and pupa were much higher than those of first 
instar larvae (–21°C) and eggs (–25.8°C, unpubl. data). 
As these results are similar to those of previous studies on 
other insects, this may be attributed to the small size of 
eggs and first instar larvae (Denlinger & Lee, 1998; Zheng 
et al., 2011), which usually have an elevated supercooling 
capacity (Angell, 1982; Somme, 1982). SCP and LT50 val-
ues of last instar larvae were higher than those of all other 
stages. A possible explanation of this might be that the last 
instar larvae are a feeding stage. It is well known from a 
range of species that gut contents act as an ice nucleating 
agent, which can increase the SCP values (Lee et al., 1996; 
Chown & Nicolson, 2004). In addition, Boardman et al. 
(2012) demonstrate that fasting larvae of Thaumatotibia 
leucotreta (Meyrick) are more tolerant than those that are 
fed.

Concerning the supercooling ability of PTM, no signifi-
cant differences were recorded when last instar larvae, pre-
pupae and pupae of PTM were acclimated at 0 and 5°C for 
one week. The absence of a beneficial effect of acclimation 
on SCP, which increased survival at non-freezing tempera-
tures, is not uncommon. It is reported that the accumula-
tion of polyols with a cryoprotective role may not affect 
the SCP value (Kostal et al., 2001). These findings accord 
with those of several other studies done on Specicrypto-
pygus anarcticus Willem (Cannon, 1988), Diatraea gran-
diosella Dyar (Popham et al., 1991) and Lobesia botrana 
Denis & Schiffermuller (Andreadis et al., 2005), which do 

Table 1. Effects of cold acclimation on supercooling point (SCP) of the different developmental stages of PTM.

Treatment
Mean SCP ± SE (°C)1

1st instar larvae Last instar larvae Prepupae Pupae
Control –21.8 ± 0.84a  –16.9 ± 1.08c  –18.9 ± 0.68b –18.0 ± 0.81b

CA5 ND –16.1 ± 1.01 –18.5 ± 0.78 –18.2 ± 0.84
CA0 ND –15.4 ± 0.92 –19.8 ± 0.49 –19.2 ± 1.20
F-value F2,61 = 0.774 F2,57 = 1.32 F2,57 = 2.63
P-value 0.46 0.27 0.08
CA5 – Cold acclimation at 5°C for 1 week; CA0 – Cold acclimation at 0°C for 1 week. 1 There were no significant differences for any 
of the developmental stages in the different thermal treatments (P > 0.05) but the values did differ significantly from that of the control 
SCP in all developmental stages (F3,76: 5.93; P ≤ 0.001). ND – Not detected.

Fig. 3. Effects of cold acclimation at 5 and 0°C for one week 
on mortality of 1st and final instar larvae, prepupae and pupae of 
Phthorimaea operculella. Values (mean ± SE) followed by the 
same letters are not significantly different (Tukey’s test, P < 0.05). 

Fig. 2. Percentage mortality of 1st and last instars larvae, pre-
pupae and pupae of Phthorimaea operculella at different subzero 
temperatures after a cooling rate of 0.5°C.min–1 and an exposure 
of 2 h. 
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not record changes in SCP values when these arthropods 
were cold acclimated. It is known that low temperatures 
(0 to 5°C) may trigger the production and accumulation 
of cryoprotectant substances (Baust, 1973; Li et al., 2002; 
Ishiguro et al., 2007). Although we have no biochemical 
data for PTM, in other species, (Khani et al., 2007; Atapour 
et al., 2011) the enhanced survival at subzero temperatures 
are due to many factors such as increase in hemolymph 
osmolarity by partial dehydration, changes in membrane 
composition to adjust fluidity, the absence of potential ice-
nucleating agents or the accumulation of cryoprotectants 
and other antifreeze elements, or both (Somme, 1982; Lee 
et al., 1996).

Langford (1934) report that PTM survive temperatures 
ranging from –6.6 to –11.6°C, but prolonged exposure to 
these temperatures are apparently lethal for all develop-
ment stages. Our findings indicate that prepupae are more 

tolerant than other stages, which is consistent with the re-
sults of Trivedi & Rajagopal (1992). Indeed, in our study, 
all first instar larvae, last instar larvae and pupae died at 
–20°C, but 41% of the prepupae survived at this tempera-
ture.

Our results indicate that none of the stages could toler-
ate subzero temperatures below their SCPs. According to 
Bale’s classification (1996), species with low SCPs (typi-
cally –20 to –30°C) and a high level of cold tolerance are 
freeze-intolerant, characterized by high mortalities when 
exposed to temperatures above their SCPs. Thus, it can be 
concluded that PTM exhibits freeze intolerance according 
to Bale’s classification and may be a chill tolerant insect. 

It is well known that organisms increase their survival 
and resistance to extreme temperatures after prior exposure 
to non-lethal low or high temperatures (Hoffmann, 1995; 
Wang et al., 2010). Our results indicate that acclimation 

Table 2. Effect of cooling rate on cold tolerance of developmental stages of PTM.

Cooling rate
(°C.min-1)

% mortality ± SE
1st instar larvae Last instar larvae Prepupae Pupae

Direct1 68.0 ± 2.0a 70.0 ± 3.1a 60.0 ± 4.4a 58.0 ± 2.0a

0.52 46.0 ± 2.4b 48.0 ± 2.0b 44.0 ± 2.4ab 40.0 ± 3.1ab

0.1 30.0 ± 3.0c 40.0 ± 3.1b 38.0 ± 3.7b 34.0 ± 3.2b

0.05 24.0 ± 2.4c 28.0 ± 3.7c 18.0 ± 3.7c 30.0 ± 5.4b

F2,12 46.54 27.89 22.15 8.81
P-value < 0.001 < 0.001 < 0.01 < 0.01
1 From 29°C to LT50 directly and held for 2 h. 2 From 29°C to LT50 of different developmental stages with different rates then, held at 
LT50 for 2 h. Then, they were warmed up to 29°C. Numbers of dead and live insects were assessed after 24 h. Means followed by the 
same letters within a column are not significantly different (Tukey’s test, P < 0.05).

Fig. 4. Effect of heat stress and cooling rate on the mortality (± SE) of 1st and final instar larvae, prepupae and pupae of Phthorimaea 
operculella. Heat stress: held at 40°C for 2 h; Control: from 29°C to LT50 with cooling rate of 0.5°C.min–1. (See details in Fig. 1.)
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at 0 and 5°C for one week decreased mortality of all the 
developmental stages of PTM. Further studies should de-
termine if acclimated specimens of the PTM have higher 
levels of low molecular weight polyols, sugars or amino 
acids; glycerol, sorbitol, trehalose, sucrose, proline and 
alanine are the most commonly reported in several other 
insect species (Storey & Storey, 1988). 

Several other studies have revealed a tight negative re-
lationship between mortality and cooling rate (Kelty & 
Lee, 1999; Powell & Bale, 2004; Terblanche et al., 2011; 
Overgaard et al., 2012). The use of thermal ramping was 
recently criticised by Rezende et al. (2011) and Santos et 
al. (2011), who argue that estimates of thermo-tolerance 
obtained from ramping procedures confounds the simulta-
neous (and unwanted) effect of starvation and dehydration 
stress. These authors emphasize that slow thermal ramping 
is problematic as it increases the length of time organisms 
are exposed to cold temperatures. The models presented 
by Rezende et al. (2011) and Santos et al. (2011) therefore 
predict that water loss and energy expenditure affect the 
‘‘true’’ thermal tolerance of the insects. However the con-
clusions of Rezende et al. (2011) and Santos et al. (2011) 
are challenged by Terblanche et al. (2011) and Overgaard 
et al. (2012) in a comprehensive review. They conclude 
that ramping assays are valid and ecologically relevant 
procedures to assess thermal tolerance of D. melanogaster 
and similar small-sized arthropods. Finally, gradual expo-
sure to increasing or decreasing temperatures allows the 
development of physiological mechanisms (water loss, 
starvation and effect of energy expenditure) that enhance 
cold survival (Overgaard et al., 2011). Conversely, these 
physiological adjustments occur too slowly to affect the 
outcome when animals are exposed abruptly to extreme 
temperatures (Terblanche et al., 2011).

Variations in cooling rates can affect insects’ thermal 
limits (Terblanche et al., 2011), as slow ramping reduces 
the risk of cold shock and may enable physiological adjust-
ments during changes in experimental conditions. In addi-
tion to high mortality, low temperature can also cause cold 
injury, which is comprised of non-freezing and freezing in-
juries (Lee, 2010). Non-freezing injury usually is divided 
into two categories: (1) direct chilling injury (Quinn, 1985) 
and (2) indirect chilling injury (Morris & Watson, 1984). 
High mortality in the direct treatment may be due to direct 
chilling injury. 

When all developmental stages of PTM were kept at 
40°C for 2 h, mortality decreased significantly. Acclima-
tion or hardening to one stress in arthropods can confer 
increased resistance to other stresses, the so-called cross-
tolerance (Bubliy et al., 2012). Our findings indicate that 
there is cross-tolerance between heat hardening and cold 
tolerance. Sinclair & Chown (2003) indicate that in P. 
marioni, desiccation as well as high-temperature treat-
ments result in an increase in larval survival at low tem-
peratures. Conversely, Bubliy et al. (2012) report that heat 
hardening has no effect on cold tolerance of Drosophilla 
melanogaster. A possible explanation for a decrease in 
mortality after heat hardening is that organisms exposed to 

high temperatures usually loose water and this can result in 
osmotic stress at the cellular level. Desiccation, extracel-
lular freezing, chilling and cryoprotective dehydration all 
decrease the volume of haemolymph and thus contribute to 
an increase in haemolymph osmolarity. 

Another possible explanation for this is that, reduction in 
mortality might be due to synthesis of heat shock proteins 
in P. operculella. When organisms are exposed to a variety 
of stresses such as heat, cold, toxic gases and various sub-
stances, they synthesize a small set of proteins called heat 
shock proteins (HSPs), which are able to increase cold har-
diness of animals (Sorensen et al., 2003). It is known that 
HSP can increase cold hardiness in many insects (Chen et 
al., 1987; Denlinger et al., 1991; Krebs & Feder, 1998).

Our results confirm that P. operculella is a freezing in-
tolerant species and that cold acclimation increases the 
level of cold hardiness of this species. Slow cooling rate 
and heat stress had significant effects on the cold hardi-
ness of all developmental stages. As this insect can tolerate 
subzero temperatures near to its SCPs, it can be classified 
as a chill tolerant insect. Our findings indicate that PTM 
has the potential to establish in regions with severe winters. 
Further investigations are needed to study the physiologi-
cal mechanisms such as the actual roles of sugar, polyols 
and heat shock proteins.
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