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Abstract

Tuta absoluta is a devastating invasive pest worldwide, causing severe damage to the global tomato industry. It has been 

recorded recently in the northwestern border areas of China, posing a significant threat to tomato production. It was presumed 

that the region’s winter-related low temperatures would avert the alien species from successfully overwintering. In this study, 

the supercooling capacity and low-temperature tolerance of this pest were examined under laboratory conditions and its 

overwintering potential in Xinjiang was estimated. The results showed that the lowest supercooling point was recorded in the 

adult stage (− 19.47 °C), while the highest (− 18.11 °C) was recorded in the pupal stage. The supercooling points of pupae 

and adults were not influenced by gender. The  Ltemp50 and  Ltemp90 of female and male adults were the lowest when exposed 

to cold for 2 h. However, when the duration of exposure extended from 4 to 10 h, the  Ltemp50 and  Ltemp90 of female and 

male pupae were the lowest. Comparison of the lowest  Ltemp50 and  Ltemp90 with temperatures in January indicated that T. 

absoluta might not be able to overwinter in most of the northern and central regions of Xinjiang. However, in the southern 

regions, the extremely low temperature was higher than the  Ltemp90, suggesting that T. absoluta has a higher overwintering 

potential in these regions. These results form a basis for predicting the dispersal potential and possible geographic range of 

this pest in Xinjiang. In addition, our findings provide guidance for the control of this pest by reducing overwintering shelters.

Keywords South American tomato pinworm · Supercooling points · 50% lethal temperature · 90% lethal temperature · 

Overwintering potential

Key message

• Tuta absoluta adults could tolerate short-term extremely 

low temperature stress, while pupae could tolerate long-

term low-temperature stress.

• The cold temperatures in northern and central Xinjiang 

have the potential to kill overwintering populations, 

while in southern parts, T. absoluta has the potential to 

successfully overwinter.

• The results form a basis for predicting the dispersal 

potential and possible geographic range of this pest in 

Xinjiang, and provide guidance for the control of this 

pest by reducing overwintering shelters.

Introduction

The South American tomato pinworm, Tuta absoluta 

(Meyrick) is one of the most devastating pests of solana-

ceous crops threatening the global tomato industry and has 

become an invasive pest around the world (Biondi et al. 

2018; Desneux et al. 2010). This pest could cause severe 

damage through larval mining and feeding of leaves, stems 

and tomato fruits, which could result in up to 80–100% 

Communicated by Nicolas Desneux.

 * Yao-bin Lu 

 luybcn@163.com

1 State Key Laboratory for Managing Biotic and Chemical 

Threats to the Quality and Safety of Agro-Products, 

Institute of Plant Protection and Microbiology, Zhejiang 

Academy of Agricultural Sciences, 198 Shiqiao Road, 

Hangzhou 310021, Zhejiang, China

2 Department of Plant Protection, Nanjing Agricultural 

University, Nanjing, China

3 Institute of Microbial Application, Xinjiang Academy 

of Agricultural Sciences, Urumqi, China

http://orcid.org/0000-0002-1849-7743
http://crossmark.crossref.org/dialog/?doi=10.1007/s10340-020-01301-y&domain=pdf


846 Journal of Pest Science (2021) 94:845–858

1 3

yield loss in tomato crops (Desneux et al. 2010). This pest 

is native to South America, and was first recorded in Spain 

in 2006, thereafter rapidly spreading throughout other Euro-

pean countries and the Mediterranean Basin (Desneux et al. 

2011). In 2008, T. absoluta was first reported in Africa and 

has now been reported in 41 of the 54 African countries 

(Mansour et al. 2018). Since the first report in Turkey in 

2009, this pest started invading Asia and now has been 

recorded in most Asian countries (Han et al. 2019a), includ-

ing many countries on the northwestern and southwestern 

border of China, e.g., Tajikistan, Kyrgyzstan, India, Nepal 

etc. (Campos et al. 2017; Saidov et al. 2018; Sankarganesh 

et al. 2017; Uulu et al. 2017). So far, it has been recorded 

in more than 90 countries and regions worldwide (Cam-

pos et al. 2017; Desneux et al. 2011; Uulu et al. 2017; Ver-

heggen and Fontus 2019). Seven out of the ten largest world 

tomato producers, namely India, Turkey, Egypt, Iran, Italy, 

Spain and Brazil have already recorded infestation by this 

pest (Campos et al. 2017; Desneux et al. 2011). China is 

the largest tomato producer in the world, accounting for 

32.6% in total tomato production and 21.2% in planting area 

(FAOSTAT 2017). Recently, T. absoluta has been found in 

the border area of Xinjiang (Zhang et al. 2019), which is 

the largest tomato production province in China. The wide 

distribution of this pest in the future may pose a significant 

threat to China’s tomato production.

Temperature plays an important role in the life history, 

behavior, fitness and abundance of insects, as well as the 

successful colonization and dispersal of invasive insects 

(Renault et al. 2018; Umeda and Paine 2019; Wallner 1987). 

Extreme temperature could act as a barrier that limit dis-

persal and potential invasive range of non-native insects 

(Marini et al. 2011; Rassati et al. 2016; Umeda and Paine 

2019). Likewise, temperature significantly affects the popu-

lation dynamics and invasion success of T. absoluta (Kar-

adjova et al. 2013; Tonnang et al. 2015), although the pest 

can diapause (Campos et al. 2020). Based on its thermal 

requirement and stress factors, the potential distribution of 

T. absoluta could be predicted using models, e.g., CLIMEX 

(Santana et al. 2019). The spatio-temporal spread of this pest 

could also be predicted using more comprehensive models 

that account for biological, ecological and human factors, 

e.g., the multi-pathway propagation model (McNitt et al. 

2019). Nevertheless, as an invasive species, T. absoluta has 

an extremely strong adaptability to changing environments. 

It usually establishes and outbreaks in warm areas or sea-

sons, but could also establish in cold regions or seasons in 

protected fields. It has been reported that this species can 

survive temperatures slightly below zero degrees for a short 

period (Potting et al. 2013). For instance, half a given num-

ber of T. absoluta could stay alive for several weeks when 

exposed to 0 °C or 5 °C (Van Damme et al. 2015). When 

exposed to a stressful low temperature for 2 h, the lower 

lethal temperatures for adults ranged from − 1 to − 12 °C. 

This resulted into a 0–100% mortality, suggesting a high 

cold tolerance of this pest (Machekano et al. 2018).

It was assumed that the low temperatures during winter 

in newly invaded areas would prevent invasive species from 

successful overwintering (Kahrer et al. 2019). Xinjiang is 

one of the regions in China that suffer very harsh winter, 

with the lowest temperatures recorded between − 10 and 

− 30 °C (Hu 2014). Consequently, understanding the cold 

tolerance of T. absoluta is crucial for evaluating its disper-

sal potential in this province. Supercooling point (SCP), the 

temperature at which body fluids spontaneously freezes, is a 

commonly used index for evaluating cold tolerance in insects 

(Andreadis and Athanassiou 2017). The SCP represents the 

lowest lethal temperature for freeze-intolerant individuals. 

Along with the SCP, measurement of insect mortality at low 

temperature is another insect’s cold hardiness characteris-

tics. Supercooling point could be directly affected by several 

factors, including physiology, behavior, life stages and sex 

(Bastola and Davis 2018; Hemmati et al. 2014). The survival 

of insects under low-temperature stress also varies with their 

life stages, temperature and duration of exposure (Matsukura 

et al. 2014; Nedved et al. 1998). Van Damme et al. (2015) 

reported on the SCPs and low-temperature survival of T. 

absoluta in Belgium, in Western Europe. The results from 

this study showed that the SCPs of larvae, pupae and adults 

were − 18.2, − 16.7 and − 17.8 °C, respectively (Van Damme 

et al. 2015). The 50% lethal time  (Lt50) at 0 °C of larvae, 

pupae and adults was 11.1, 13.3 and 17.9 days, respectively, 

and the 90% lethal time  (Lt90) of the three stages was 23.4, 

25.7 and 30.3 days, respectively, while at 5 °C, the  Lt50 

of larvae, pupae and adults was 15.0, 12.4 and 27.2 days, 

respectively, and the  Lt90 of the three stages was 24.1, 21.6 

and 36.3 days, respectively (Van Damme et al. 2015). How-

ever, the survival of T. absoluta under temperatures below 

0 °C has not been studied. In another study, the maximum 

survival times (Kaplan–Meier,  Lt99.99) of T. absoluta pupae 

were determined at − 10, − 8, − 6, − 4, − 2, 0, + 2 and + 4 °C, 

but not for other life stages (Kahrer et al. 2019).

In this present study, the supercooling points of T. abso-

luta at different life stages were determined. Further, its 

survival rate at different life stages under different low tem-

peratures (− 15 to 5 °C) and durations of exposure (2–10 h) 

as well as its 50% lethal temperature  (Ltemp50) and 90% 

lethal temperature  (Ltemp90) were estimated in the labora-

tory. Finally, the overwintering potential of this invasive pest 

in different regions in Xinjiang was assessed by comparing 

the extremely low temperatures of these regions with the 

50% and 90% lethal temperature. The purpose of this study 

was to determine whether T. absoluta could effectively sur-

vive at low temperatures in the invaded areas. Information 

on the supercooling temperature of T. absoluta may help 
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to develop appropriate strategies for its control in tomato 

production areas.

Materials and methods

Insects

Larvae of T. absoluta were collected from a tomato field in 

Anbanbage Village, Chabuchal Xibo Autonomous County, 

Ili Kazakh Autonomous Prefecture, Xinjiang Uygur Autono-

mous Region (81° 12′ 11.01″ E, 43° 49′ 40.00″ N), in July 

2018. The insects were reared on potted tomato plants (Vari-

ety “Money maker”) kept in cages.

Supercooling point determination

The supercooling points (SCPs) of different life stages of T. 

absoluta (larvae, pupae and adults) were determined. Third 

instar larvae were directly collected from the colony. Pupae 

were obtained by separately rearing larvae in Petri dishes 

until pupation. Adults were obtained by rearing pupae until 

eclosion. The influence of gender on the SCPs was assessed 

using female and male pupae, as well as female and male 

adults. Gender of pupae and adults was determined under the 

microscope following the features described by Genç (2016).

The SCPs of individuals at different stages and gender 

were measured as described by Hou et al. (2009a). Indi-

vidual of a given life stage was placed in l ml pipette tip 

and fixed with cotton wool. A copper constant thermocouple 

was attached to the surface of each individual and linked to 

an automatic temperature recorder (Jiangsu Senyi economic 

development Co. Ltd, Jiangsu, China). The thermocouple, 

together with the insect, was placed into a freezer (DW-

40L188, Qingdao Medical and Laboratory Products Co., 

Ltd, Shandong) that was cooled gradually at a rate of 1 °C/

min. The SCP was determined as the temperature recorded 

by the thermocouple just before an exothermic event caused 

by the release of the latent heat of crystallization (Costanzo 

et al. 1997). Totally 38 third instar larvae, 72 pupae (35 

females and 37 males) and 41 adults (17 females and 24 

males) were tested.

Effect of low temperature and exposure duration 
on the survival of T. absoluta

Third instar larvae, female pupae, male pupae, female adults, 

and male adults were exposed to 5, 0, − 5, − 10 and − 15 °C for 

2, 4, 6, 8 and 10 h. The combination of each temperature and 

duration of exposure was treated as one treatment. There were 

5 replicates for each treatment, with 10 individuals in each 

replicate. After exposure, individuals were transferred into a 

climate chamber at 25 ± 1 °C under a LD 16: 8 h photocycle 

and 65–75% relative humidity and new tomato leaves were 

provided. Survival of larvae and adults were checked after 

24 h, and the survival rate was calculated. Survival of pupae 

was checked everyday for eclosion until 10 days after treat-

ment. The 50% lethal temperature  (Ltemp50) and 90% lethal 

temperature  (Ltemp90) of different stages at different durations 

of exposure were calculated. The relationship of survival with 

duration of exposure and temperature was regressed.

Overwintering potential of T. absoluta in different 
regions in Xinjiang

January is the coldest month in Xinjiang, with the lowest mean 

daily minimum temperature and extremely low temperature all 

year round (Table 1). To estimate whether T. absoluta could 

overwinter in Xinjiang, the extremely low temperature as well 

as the mean daily minimum temperature in January in 2017, 

2018 and 2019 from 12 regions of Xinjiang (including Urum-

chi, Atltay, Tacheng, Yining, Changji, Kumul, Turpan, Korla, 

Hetian, Aksu, Kashgar and Artux) were compared with the 

 Ltemp50 and  Ltemp90 calculated above.

Data analyses

All data analyses were performed in SPSS (SPSS Inc., 2007, 

Chicago, IL). SCPs were compared among different life stages 

using one-way analysis of variance (ANOVA) (P < 0.05). 

Means were compared using LSD multiple comparison test. 

SCPs of different gender were compared by Student’s t test 

(P < 0.05).

The 50% lethal temperature  (Ltemp50) and 90% lethal tem-

perature  (Ltemp90) at different durations of exposure were 

calculated using Probit analysis.

The relationship of survival with duration of exposure and 

temperature was regressed by the following logistic equation 

in OriginPro:

where S is survival rate, t is exposure duration (h), T is tem-

perature exposed (°C), and a, b and c are constant param-

eters (Nedved et al. 1998). c is an estimate of the upper limit 

of cold injury zone (ULCIZ). The ratio −a/b is the sum of 

injurious temperature (SIT, degree/h) (Wang et al. 2012).

S(t, T) =
e

a+bt(T−c)

1 + ea+bt(T−c)
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Table 1  Weather information of 12 regions of Xinjiang from 2017 to 2018

Region Temperature (°C) 2017

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Urumchi MDTmax  − 8 − 4 2 15 24 29 32 28 22 13 5 − 4

MDTmin − 15 − 12 − 5 6 13 19 22 18 12 3 − 2 − 10

EThigh − 1 2 20 24 34 34 39 36 31 24 18 1

ETlow − 20 − 16 − 11 − 2 2 11 17 13 1 − 3 − 7 − 13

Altay MDTmax − 9 − 5 − 1 15 23 28 30 27 20 12 3 − 6

MDTmin − 20 − 17 − 12 4 10 16 16 13 6 1 − 8 − 16

EThigh − 2 1 12 23 32 35 37 32 30 20 17 − 1

ETlow − 27 − 25 − 18 − 4 − 3 10 12 8 − 4 − 8 − 16 − 20

Tacheng MDTmax − 3 1 5 0 25 30 33 29 23 14 8 0

MDTmin − 13 − 10 − 5 − 2 11 16 18 14 8 1 − 3 − 10

EThigh 1 7 17 27 31 37 35 34 33 21 22 4

ETlow − 19 − 19 − 9 − 3 1 10 15 9 − 2 − 5 − 9 − 18

Yining MDTmax 0 2 10 17 26 29 34 30 26 18 11 1

MDTmin − 13 − 9 − 1 6 12 17 19 15 10 2 − 1 − 7

EThigh 5 9 25 27 34 35 39 36 33 24 25 7

ETlow − 20 − 18 − 6 − 1 3 11 16 9 1 − 2 − 6 − 15

Changji MDTmax − 10 − 5 3 19 28 33 35 35 26 16 7 − 4

MDTmin − 16 − 13 − 5 8 15 21 24 24 13 4 − 1 − 9

EThigh − 5 0 18 27 37 38 41 39 34 23 20 1

ETlow − 21 − 18 − 11 0 6 13 20 14 3 − 3 − 7 − 14

Kumul MDTmax − 3 7 15 23 30 35 37 34 29 19 9 0

MDTmin − 15 − 7 0 8 13 19 21 17 11 2 − 5 − 13

EThigh 2 12 23 29 36 39 41 39 34 25 20 5

ETlow − 20 − 13 − 5 2 3 13 18 11 3 − 3 − 10 − 15

Turpan MDTmax 0 9 19 27 35 40 43 39 34 22 12 0

MDTmin − 7 0 7 15 22 27 31 27 22 11 2 − 7

EThigh 5 15 27 33 43 44 47 44 39 25 20 5

ETlow − 10 − 3 4 10 11 20 27 21 13 5 − 4 − 10

Korla MDTmax − 1 7 15 22 29 32 35 31 28 19 11 2

MDTmin − 9 − 2 5 11 17 22 24 21 16 6 − 1 − 7

EThigh 4 12 23 27 34 37 40 35 32 23 19 6

ETlow − 13 − 6 0 3 7 13 20 14 10 1 − 6 − 9

Hetian MDTmax 1 7 15 23 30 32 31 30 28 21 13 3

MDTmin − 7 − 1 5 12 17 20 21 19 17 8 2 − 6

EThigh 5 13 24 31 34 36 38 35 33 25 22 8

ETlow − 11 − 4 0 5 9 15 17 14 13 4 − 5 − 8

Aksu MDTmax 0 6 14 22 29 32 33 29 28 19 12 1

MDTmin − 13 − 5 2 10 14 18 20 17 14 5 − 1 − 9

EThigh 5 11 21 28 34 37 39 35 31 23 19 5

ETlow − 17 − 9 − 4 5 4 10 16 13 9 2 − 7 − 12

Kashgar MDTmax − 2 5 5 22 30 32 32 29 28 20 12 2

MDTmin − 12 − 2 − 2 10 16 19 21 18 14 7 0 − 7

EThigh 4 11 21 29 34 37 38 34 32 25 21 10

ETlow − 18 − 6 − 2 3 8 14 17 12 10 2 − 5 − 11

Artux MDTmax 0 5 13 23 30 33 33 30 28 20 13 2

MDTmin − 9 − 1 5 11 18 20 21 18 16 8 1 − 6

EThigh 5 15 22 28 34 37 39 35 33 26 21 5

ETlow − 16 − 5 0 5 8 13 18 13 10 3 − 4 − 9
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Table 1  (continued)

Region Temperature (°C) 2018

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Urumchi MDTmax − 12 − 4 12 16 21 29 30 29 20 13 0 − 9

MDTmin − 19 − 13 2 6 10 19 20 19 10 4 − 8 − 16

EThigh − 6 9 26 29 32 34 37 35 27 25 8 2

ETlow − 28 − 22 − 7 − 2 2 13 16 11 5 − 5 − 14 − 20

Altay MDTmax − 15 − 7 7 17 18 30 28 28 20 13 − 3 − 10

MDTmin − 27 − 18 − 3 6 6 16 15 14 6 1 − 12 − 21

EThigh − 4 3 18 27 31 34 33 33 28 24 5 − 2

ETlow − 36 − 24 − 22 − 7 − 2 9 11 8 − 1 − 7 − 25 − 28

Tacheng MDTmax − 8 0 10 18 21 31 31 29 22 15 1 − 5

MDTmin − 19 − 11 1 6 8 16 17 15 7 2 − 9 − 15

EThigh 5 7 19 29 31 35 35 35 29 27 8 3

ETlow − 30 − 17 − 11 − 4 2 9 12 11 0 − 3 − 22 − 21

Yining MDTmax − 6 1 16 22 26 30 31 32 26 18 5 1

MDTmin − 16 − 9 3 7 11 17 17 18 10 4 − 5 − 8

EThigh 4 13 26 31 33 35 37 37 32 28 13 8

ETlow − 26 − 15 − 4 − 4 4 12 14 13 7 − 7 − 14 − 14

Changji MDTmax − 14 − 5 13 20 24 32 33 32 23 16 2 − 9

MDTmin − 21 − 14 3 6 10 18 19 18 8 1 − 11 − 22

EThigh − 7 4 26 33 36 36 39 38 30 27 9 − 3

ETlow − 27 − 24 − 6 − 2 4 13 15 9 3 − 5 − 21 − 30

Kumul MDTmax − 5 3 19 23 29 35 35 35 26 20 6 − 5

MDTmin − 17 − 12 3 7 12 21 20 19 8 2 − 7 − 18

EThigh 0 13 26 31 34 38 41 39 32 28 17 − 1

ETlow − 20 − 19 − 4 − 4 5 15 16 12 3 − 2 − 12 − 22

Turpan MDTmax − 3 7 22 28 34 40 41 40 31 23 9 − 3

MDTmin − 11 − 4 11 15 21 28 29 28 19 11 0 − 11

EThigh 1 17 30 37 38 43 46 44 36 31 17 2

ETlow − 14 − 11 4 7 14 22 24 20 13 5 − 5 − 13

Korla MDTmax − 3 4 19 23 28 32 33 33 26 20 8 − 3

MDTmin − 10 − 6 7 11 14 21 21 20 13 2 − 4 − 15

EThigh 4 15 26 32 34 35 38 37 30 25 17 3

ETlow − 15 − 14 1 5 7 16 16 14 4 − 3 − 10 − 18

Hetian MDTmax 1 7 21 24 27 30 32 31 26 21 11 1

MDTmin − 8 − 4 9 12 15 20 22 20 16 7 1 − 7

EThigh 11 18 27 30 35 36 39 37 31 27 18 13

ETlow − 13 − 11 5 7 11 16 16 15 10 2 − 3 − 11

Aksu MDTmax − 2 4 18 23 26 30 32 31 25 20 8 − 1

MDTmin − 13 − 7 5 10 13 17 19 18 12 4 − 3 − 12

EThigh 4 14 24 30 34 33 37 36 31 25 18 5

ETlow − 15 − 13 0 6 7 14 15 11 7 0 − 6 − 17

Kashgar MDTmax − 1 4 20 23 27 31 34 31 26 20 9 0

MDTmin − 10 − 6 6 11 14 18 20 20 14 5 − 1 − 10

EThigh 8 16 25 30 34 34 39 35 33 26 17 13

ETlow − 15 − 13 0 7 7 16 16 15 8 − 2 − 5 − 13

Artux MDTmax 0 4 19 24 27 32 34 32 26 20 10 1

MDTmin − 9 − 5 7 12 16 19 22 20 14 5 0 − 8

EThigh 8 16 25 30 34 36 39 36 33 26 18 13

ETlow − 15 − 12 2 7 12 17 16 14 8 0 − 3 − 11

MDTmax, the mean of daily maximum temperature;  MDTmin, the mean of daily minimum temperature;  EThigh, the extremely high temperature; 

 ETlow, the extremely low temperature
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Results

The effect of life stages and gender 
on the supercooling points of T. absoluta

SCPs were significantly different among the differ-

ent life stages of T. absoluta (F2, 148 = 3.078, P = 0.049; 

Fig. 1). The lowest SCP among the different life stages 

was recorded in adults (− 19.47 °C), while the highest 

(− 18.11 °C) was recorded in the pupal stage (Fig. 1). The 

SCP of larvae (− 18.42 °C) was not significantly different 

from pupae (− 18.11 °C) (Fig. 1). The SCPs were not 

influenced by gender (Fig. 2a, b), as there were no differ-

ences between female and male pupae (t = 1.594, df = 70, 

P = 0.116), as well as between female and male adults 

(t = − 1.172, df = 39, P = 0.248).

The  Ltemp50 and  Ltemp90 of different life stages 
of T. absoluta at different durations of exposure

The  Ltemp50 and  Ltemp90 of larvae exposed for 2 h was 

− 9.43 °C and − 22.95 °C, respectively (Fig. 3a, b). The 

 Ltemp50 and  Ltemp90 of larvae increased sharply when the 

Fig. 1  The supercooling points of Tuta absoluta at different life stages

Fig. 2  The supercooling points of pupae (a) and adults (b) at different gender
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Fig. 3  The  Ltemp50 (a) and  Ltemp90 (b) of different life stages at different cold exposure durations
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duration of exposure extended to 4 h  (Ltemp50: − 4.75 °C; 

 Ltemp90: − 14.05 °C) (Fig. 3a, b). When they were exposed 

for 6, 8 and 10  h, the  Ltemp50 and  Ltemp90 of larvae 

remained stable  (Ltemp50: ranged from − 3.29 to − 3.53 °C; 

 Ltemp90: ranged from − 10.57 to − 11.37 °C) (Fig. 3a, b).

The same patterns were also observed for the  Ltemp50 

and  Ltemp90 of female and male adults. When female adults 

were exposed for 2 h, the  Ltemp50 and  Ltemp90 were − 13.47 

and − 33.44 °C, respectively (Fig. 3a, b). However, when 

they were exposed for 4, 6, 8 and 10 h, the  Ltemp50 and 

 Ltemp90 significantly increased.  Ltemp50 ranged from − 3.60 

to − 4.31 °C, and  Ltemp90 ranged from − 8.41 to − 10.04 °C 

(Fig. 3a, b). When male adults were exposed for 2 h, the 

 Ltemp50 and  Ltemp90 were − 10.87 and − 36.86 °C, respec-

tively (Fig. 3a, b). However, when they were exposed for 

4, 6, 8 and 10 h, the  Ltemp50 and  Ltemp90 significantly 

increased, ranging from − 2.76 to − 3.38  °C and from 

− 10.62 to − 11.88 °C, respectively (Fig. 3a, b).

By contrast, the  Ltemp50 and  Ltemp90 of female and male 

pupae stayed relatively stable, with slight increase when the 

exposure duration was extended (Fig. 3a, b). For female 

pupae, the  Ltemp50 ranged from − 9.93 to − 8.92 °C, and the 

 Ltemp90 ranged from − 17.56 to − 15.96 °C (Fig. 3a, b). For 

male pupae, the  Ltemp50 ranged from − 9.79 to − 6.40 °C, 

and the  Ltemp90 ranged from − 20.81 to − 15.51 °C (Fig. 3a, 

b).

The lowest  Ltemp50 and  Ltemp90 were recorded in female 

and male adults when they were exposed for 2 h. However, 

the lowest  Ltemp50 and  Ltemp90 were recorded in female 

and male pupae when they were exposed to cold for 4–10 h.

Relationship of temperature and cold exposure 
duration with T. absoluta survival at different life 
stages

The survival curves of larvae, female pupae, male pupae, 

female adults and male adults successfully fitted a logistic 

equation (P < 0.0001) (Table 2, Fig. 4). Their adjusted R2 

ranged from 0.696 to 0.849. The female and male pupae had 

lower ULCIZ (− 9.90 and − 7.39 °C) compared with larvae, 

female adults and male adults (− 4.70, − 3.79 and − 4.94 °C, 

respectively). The SIT of larvae, female pupae, male pupae, 

female adults and male adults were − 8.98, − 2.56, − 8.88, 

− 10.72 and − 4.66 h/degree, respectively.

Overwintering potential of T. absoluta in different 
regions from Xinjiang

Because the lowest  Ltemp50 and  Ltemp90 were recorded in 

female and male pupae, they were selected to estimate the 

overwintering potential.

The extremely low temperatures in 6 regions from the 

north and central part of Xinjiang (Urumchi, Altay, Tacheng, 

Yining, Changji and Kumul) in 2017, 2018 and 2019 were 

lower than the  Ltemp90 (Fig. 5a). This suggested that over 

90% of T. absoluta could be killed by extremely low temper-

atures in these regions. However, for the rest of the regions, 

mostly from the southern part of Xinjiang, the extremely 

low temperatures were higher than the  Ltemp90 but lower 

than the  Ltemp50 (Fig. 5a), suggesting that more than half 

of a given population of T. absoluta could not survive dur-

ing the winter.

Except for Altay, the average daily minimum tempera-

tures in January from 11 regions were above the  Ltemp90 

but lower than the  Ltemp50 (Fig. 5b). However, exposure 

for 4 h to the lowest  Ltemp50 (− 9.61 °C) as used here could 

result in a 50% mortality. Continuous exposure to low tem-

peratures throughout one month could cause even more than 

50% mortality for overwintering T. absoluta.

Discussion

The results in our study showed that the SCP of pupae 

(− 18.11 °C) was the highest among different life stages, 

which is consistent with the results obtained from the study 

on the Belgian population (Van Damme et al. 2015). How-

ever, the SCPs of larvae, pupae and adults (− 18.42, − 18.11 

and − 19.47 °C) in our study were slightly lower than those 

done on the Belgian population, which were − 18.20, − 16.70 

and − 17.80 °C for larvae, pupae and adults, respectively. 

This might result from cold acclimation effects. It has been 

reported that acclimation at low temperatures could improve 

the supercooling ability of insects (Andreadis et al. 2005, 

Table 2  Estimated parameters 

from the regression of 

relationship of survival with 

cold exposure duration and 

temperature

Parameters Larvae Female pupae Male pupae Female adults Male adults

a 0.743 ± 0.221 0.927 ± 0.297 0.460 ± 0.223 0.684 ± 0.207 0.272 ± 0.209

b 0.083 ± 0.009 0.362 ± 0.110 0.052 ± 0.006 0.064 ± 0.007 0.058 ± 0.007

c − 4.700 ± 0.454 − 9.904 ± 0.117 − 7.394 ± 0.807 − 3.786 ± 0.577 − 4.941 ± 0.651

− a/b − 8.976 − 2.562 − 8.881 − 10.719 − 4.664

Reduced χ2 0.026 0.019 0.037 0.029 0.033

Adjusted R2 0.805 0.849 0.696 0.810 0.739

P < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001
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2014; Zheng et al. 2011). The Belgian populations, which 

were mainly from the Mediterranean area where this pest 

first entered Europe (Desneux et al. 2010), did not experi-

ence very harsh winter. However, the population in our study 

might be from the Central Asian region bordering Xinjiang. 

Before entering Xinjiang, this pest may have already expe-

rienced cold acclimation, which resulted in the development 

of its greater supercooling ability. The low SCPs found in T. 

absoluta from both Xinjiang and Belgium might suggest that 

this pest has diapause potential. However, no reproductive 

Fig. 4  Surface (3D) plots of survival depend on duration and temperature of cold exposure for Tuta absoluta at different life stages. a Larvae; b 

female pupae; c male pupae; d female adults; e male adults
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diapause under short-day conditions has been confirmed in 

the Belgian population (Van Damme et al. 2015). Therefore, 

the diapause responses of T. absoluta in Xinjiang should be 

further investigated.

In many previous published reports, the difference in 

SCPs among life stages has also been found in several lepi-

dopterous species (Aryal and Jung 2018; Hemmati et al. 

2014; Park et al. 2017; Zheng et al. 2011). However, the 

lowest supercooling points reported varied with different 

life stages. For example, in some species, The lowest SCP 

was recorded in the egg or larval stage compared to later 

stages (Aryal and Jung 2018; Park et al. 2017). However, 

in T. absoluta, the lowest supercooling point was recorded 

in adults and the highest in pupae. Supercooling point is 

affected by several factors, including feeding status, contact 

with moisture, water content, body size and accumulation 

of cryoprotectants (Sømme 1982; Xu et al. 2011). The accu-

mulation of cryoprotectants including glycerol and other 

polyols is closely related to cold tolerance in insects (Danks 

2000; Williams et al. 2002). However, water content and 

body size had complicated effects on supercooling points 

as it showed different patterns among species (Atapour and 

Moharramipour 2009; Hou et al. 2009b; Xu et al. 2011). 

Further studies are needed to explore the possible reasons 

for the differences in supercooling point among different 

stages in T. absoluta.

Besides the SCPs, the survival of T. absoluta at differ-

ent life stages also showed a significant difference. During 

exposure to short-time low temperature (2 h), female and 

male adults recorded extremely low  Ltemp90, below − 30 °C. 

This is consistent with the lowest SCP in adults stage 

reported in our study as well as in a previous study (Van 

Damme et al. 2015). These results indicated that female and 

male adults could tolerate short-term extremely low tem-

perature stress. However, the lethal temperature of adults 

predicted in our study was much lower than that reported by 

Machekano et al. (2018), who reported of 100% mortality 

when adults were exposed to − 12 °C for 2 h. This may be 

attributed to their use of a geographically different popula-

tion from Southern Africa (Machekano et al. 2018). When 

the exposure time was extended, the  Ltemp90 of female and 

male adults increased to around − 10 °C and changed slightly 

when the exposure time was further extended. A similar pat-

tern was also found for the  Ltemp90 of larvae. When the 

exposure duration extended to 4 h or longer, the  Ltemp90 

of larvae and adults was further above their supercooling 

points. This suggested that the cold tolerance of larvae and 

adults of T. absoluta should be classified as a chill-tolerant 

strategy (Andreadis and Athanassiou 2017; Bale 1996). By 

contrast, the  Ltemp90 of pupae was relatively stable at dif-

ferent durations of exposure to low temperature, all slightly 

above the supercooling point of pupae (− 18.11 °C), which 

suggested that the cold tolerance of T. absoluta pupae was 

freeze intolerance or avoidance (Andreadis and Athanassiou 

2017). When the exposure duration was longer than 4 h, the 

pupal stage recorded the lowest  Ltemp90 compared to the 

other life stages, indicating a higher cold tolerance capacity 

of pupae during long-term low temperature stress. This is 

consistent with the results reported by Kahrer et al. (2019), 

who found that T. absoluta pupae were the most frost-resist-

ant compared to other developmental stages of the species 

at − 4 °C. However, results from Van Damme et al. (2015) 

showed that adults had the highest cold tolerance compared 

to larvae and pupae at 5 °C, but the survival was not signifi-

cantly influenced by its developmental stage at 0 °C.

Comparison of the lowest  Ltemp50 and  Ltemp90 with 

temperatures in January indicated that T. absoluta could not 

overwinter in most of the northern and central regions of 

Xinjiang. The extremely low temperature could kill more 

than 90% of overwintering individuals. In addition, the mini-

mum temperature in January in these regions was continu-

ously low. Continuous cold shocks could cause even more 

mortality (Rivers 2008). However, in the southern regions, 

the extremely low temperature was higher than the  Ltemp90, 

suggesting that T. absoluta has higher overwintering poten-

tial in these regions. However, overwinter of pest in the field 

might be affected by many other factors, including humid-

ity, soil temperature and planting patterns. In the field, T. 

absoluta usually overwinters under the surface litter or in 

Fig. 5  The low temperature of different regions of Xinjiang in Janu-

ary from 2017 to 2019. a The extremely low temperature in January; 

b the mean of daily minimum temperature in January
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the soil, where temperatures are higher compared to air 

temperatures (Guo et al. 2019), and likewise the soil and 

residual host plants in early winter which are usually covered 

by snow (Han et al. 2018). Greenhouses or plastic houses 

also provide shelters for overwintering individuals (Han 

et al. 2019a). Consequently, the survival of overwintering 

individuals should be higher than what we estimated. This 

speculation is corroborated by the presence of this pest in 

Belgium in February (Van Damme et al. 2015) and high 

population density of this pest in open fields in Tajikistan 

and Uzbekistan (Han et al. 2018). Since T. absoluta has a 

high reproductive capacity, even 10% of surviving individu-

als have the potential to cause severe damage in the next 

growing season (Van Damme et al. 2015). Studies on the 

survival of T. absoluta under field conditions are needed to 

further understand the overwintering and dispersal potential 

in Xinjiang.

Due to the high invasion capacity of T. absoluta, prepara-

tions must be made for the potential spread of this pest in 

Xinjiang or across China in the near future (Han et al. 2019a, 

2018). Currently, various control methods have been used to 

manage T. absoluta in its native range and invaded countries. 

Chemical control is the primary tool to manage T. absoluta 

in newly invaded areas, which could prevent further spread 

of this pest. However, due to the reported resistance in T. 

absoluta to many chemical classes of insecticides (Guedes 

et al. 2019), IPM strategy including other environmentally 

friendly methods should be adopted. Pheromone based mass 

trapping and mating disruption have proven to be effective 

control measures in areas with low population densities 

(Aksoy and Kovanci 2016; Cocco et al. 2013). The proper 

use of biological control agents (e.g., predator Nesidiocoris 

tenuis, trichogrammatid wasps, Bacillus thuringiensis) could 

also help suppress T. absoluta populations (Arnó et al. 2018; 

Chailleux et al. 2012; González-Cabrera et al. 2011; Mirhos-

seini et al. 2019). The use of inherent or enhanced resistance 

in plants, such as resistant host plant cultivars (Cherif et al. 

2019), botanical extracts (Soares et al. 2019), transgenic 

resistant plants (Selale et al. 2017) and enhanced plant resist-

ance via manipulation of soil abiotic factors (e.g., bottom-up 

effects) (Blazheyski et al. 2018; Han et al. 2019b), is another 

promising management strategy for reducing damage by this 

pest. Novel management technologies, such as RNA inter-

ference (RNAi) (Majidiani et al. 2019) and sterile insect 

technique (SIT) (Cagnotti et al. 2012, 2016; Paladino et al. 

2016), have been explored recently, which could be consid-

ered in the further management of T. absoluta.

In conclusion, this study is the first to investigate the 

cold tolerance of T. absoluta in Xinjiang in China. Our 

results showed that the population we used in this study had 

extremely high cold tolerance capacity. Adults could toler-

ate short-term extremely low temperature, while pupae were 

more tolerable to long-term exposure of low-temperature 

stress. The cold temperatures in northern and central Xin-

jiang have the potential to kill overwintering populations 

of T. absoluta, while in southern parts, T. absoluta has the 

potential to successfully overwinter. This information forms 

a basis for predicting the dispersal potential and possible 

geographic range of this pest in Xinjiang. Our findings also 

provide guidance for the control of this pest. In northern and 

central Xinjiang, where extreme low temperature could kill 

overwintering T. absoluta, reducing overwintering shelters 

could be an effective agronomic control method. For exam-

ple, removing surface litter after growing season and open-

ing the empty greenhouses and plastic tubes during winter 

could increase the exposure of overwintering individuals to 

cold temperature and thus reduce the survival of overwinter-

ing population.
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