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Abstract
Alternative host plants are among the key factors influencing the spread of invasive pests because 

they are utilized as a food source and provide shelter in unfavorable conditions. The South 

American tomato pinworm (SATP), Tuta absoluta Meyrick (Lepidoptera: Gelechiidae), has a high 

behavioral and physiological plasticity enabling it to rapidly spread in several countries. Among 

the multiple strategies used by SATP in the invasion process is the use of alternative host plants 

including black nightshade (BNS), Solanum nigrum L. (Solanaceae), a perennial plant widely 

distributed across all habitats worldwide. Besides the life table and behavioral parameters of 

SATP on tomato, its survival and reproduction in low temperatures on alternative host plants 

should be assessed to evaluate the likely spread in temperate regions with harsh winters. In our 

study, comparing solanaceous species through generations, the primary difference was in the mean 

generation time with SATP reared on BNS, whereby it had a longer development time than larvae 

and pupae reared on tomato plants. Adults preferred tomato plants even if they had been reared as 

larvae on BNS. Exposure periods of 7, 14, and 21 days to 4 °C indicated that more than 50% of 

SATP pupae reared on BNS plants survived more than 14 days. The survival of SATP reared on 

tomato plants exceeded 21 days and after exposure to 4 °C, females reared on both plants 

remained fertile. The life table and behavioral parameters recorded demonstrated a significant 

potential of BNS to support the development of SATP, also at low temperature. Therefore, even 

with effective border surveillance and phytosanitation processes in place, invasion through an 

alternative host is possible and difficult to detect.

Abbreviated abstract

Tuta absoluta (Lepidoptera: Gelechiidae) is an oligophagous pest primarily of tomato plants. 

However, it can develop on black nightshade, Solanum nigrum (Solanaceae), an alternative host 

plant that occurs spontaneously in all continents. Age-stage life table analysis of T. absoluta 

revealed oviposition preference behavior of females. Additionally, the survival of pupae at low 

temperature (4 °C) indicated this pest feeds on both host plants and black nightshade has a high 

potential for T. absoluta development and reproduction.
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Introduction 
Invasive pests have a destructive impact on native biodiversity, increase the economic cost of food 

production, and directly influence human health (Pimentel et al., 2000). One of the factors 

influencing the success of invasive pests is closely related to their potential hosts (Worner et al., 

2013) and often commercial crops that are distributed worldwide. However, alternative host plants 

are neglected due to low or no commercial value even though they are ecologically invaluable for 

local biodiversity, beneficial organisms, and ecosystem services (Wratten et al., 2012; Parolin et 

al., 2014; Gurr et al., 2018; Hatt et al., 2019; Wang et al., 2020). In alternative host plants, 

multiple studies are aimed at understanding the biological and behavioral parameters of invasive 

pests. However, the survival and reproduction of invasive pests in response to abiotic factors 

outside their host range should be explored to increase knowledge of the mode and likelihood of 

invasion (Gutierrez et al., 2008).

The South American tomato pinworm, Tuta absoluta Meyrick (Lepidoptera: Gelechiidae) 

(SATP), is a major pest of tomatoes worldwide (Desneux et al., 2010, 2011; Biondi et al., 2018). 

This is due to its rapid spread resulting in increased tomato production costs and threats to 

ecological ecosystems in newly invaded areas (e.g., Asplen et al., 2015; Roques et al., 2016). 

There are considerable concerns regarding the rapid geographic expansion of SATP in the tomato-

growing regions due to their biological traits that hinder effective control (McNitt et al., 2019; 

Campos et al., 2021; Ponti et al., 2021). In addition to previously documented infected areas 

(Campos et al., 2017; Sankarganesh et al., 2017; Sylla et al., 2017; Han et al., 2018, 2019; 

Mansour et al., 2018; Sylla et al., 2019; Tabuloc et al., 2019; Verheggen & Fontus, 2019), SATP 

was recently reported in western China (Li et al., 2021), threatening local production and the 

export of fresh tomatoes to countries without SATP infestation (Xian et al., 2017; Han et al., 

2018).

Although SATP is an oligophagous insect, most studies have been conducted on tomato 

plants (Gharekhani & Salek-Ebrahimi, 2014; Rostami et al., 2017, 2020; Bacci et al., 2019). 

However, research has demonstrated the suitability of SATP to black nightshade (BNS), Solanum 

nigrum L. (Solanaceae) (Proffit et al., 2011; Bawin et al., 2015; Abbes et al., 2016; Arnó et al., 

2019; Idriss et al., 2020). Black nightshade plants can serve as a food source and shelter for SATP 

in seasonally unfavorable periods, remaining in the area for long periods. These plants are also 

considered a spontaneous growth non-crop plant, having widespread distribution on all continents 

(Edmonds & Chweya, 1997). Given their broad geographical distribution and suitability for A
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SATP, it becomes increasingly difficult to effectively control SATP and concerns regarding its 

infestation and subsequent control intensify. 

Life table parameters of insects play a significant role in ecology and integrated pest 

management (Price et al., 2011) and have become popular in entomological research since the 

introduction of demography for studies of insect populations in the early 1960s (Morris, 1959; 

Varley & Gradwell, 1970; Carey, 2001). These studies are useful for characterizing population 

dynamics and understanding the impact of abiotic and biotic factors on biological parameters 

(Carey, 2001; Pereyra & Sánchez, 2006; Gharekhani & Salek-Ebrahimi, 2014; Rostami et al., 

2017; Bacci et al., 2019). Traditional life tables neglect the role of males and their differentiation 

by stage (Leslie, 1945; Birch, 1948). However, age-stage two-sex life tables have been enhanced 

to incorporate the contribution of both genders and variable development rates among individuals 

(Zhang et al., 2019; Chi et al., 2020). In addition, life tables can be used to detect small variation 

among species of host plants and even among species in the same family, such as BNS and tomato 

plants (Bawin et al., 2016). 

The oviposition behavior of invasive pests on suitable host plants could also be used to 

determine the processes and success of biological invasions (Sylla et al., 2019). Some theories and 

hypotheses explain host plant choice in insects but the most common theory is the preference-

performance hypothesis (Jaenike, 1978; Mayhew, 1997; Desneux et al., 2009; Monticelli et al., 

2019). This hypothesis states that adult females will choose the most favorable host plant on 

which to oviposit because of the limited ability of immature stages to move between plants. This 

concept therefore assesses the performance of immature stages in terms of biological parameters 

(Mayhew, 1997). This contrasts with the controversial Hopkins’ host selection principle stating 

that regardless of host number in a species, female adults will always prefer to oviposit on the host 

species on which they developed as larvae and the first adult experience after the pupal stage 

(Hopkins, 1916; Jaenike, 1978; Prager et al., 2014). Previous studies have emphasized that SATP 

prefers to feed on tomato plants and typically neglects other solanaceous species (Proffit et al., 

2011; Caparros Megido et al., 2014; Ataide et al., 2017).

The success of an invasion goes beyond biological and behavioral parameters of invasive 

pests on suitable host plant. Besides the suitability of host plants for SATP, limiting temperatures 

for development should also be investigated to further understand the likelihood of geographic 

spread of this pest. Previous surveys have shown potential survival of SATP at temperatures 

below the threshold for development and facultative diapause induction on tomato plants (Van A
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Damme et al., 2015; Kahrer et al., 2019; Campos et al., 2021). However, no information is 

documented concerning survival below the temperature threshold of SATP development and its 

reproduction after exposure periods at low temperatures on BNS plants. As tomato and BNS 

plants are acceptable sources of food and shelter for SATP, the goals of this study were to assess 

(1) life table parameters on both solanaceous species, (2) oviposition preference on the host plants, 

and (3) pupal survival and adult reproduction after exposure periods of 7, 14, and 21 days to 4 °C.

Materials and methods 
Plant production

Black nightshade seeds were collected in July 2017 near the French National Research Institute 

for Agriculture, Food and the Environment (INRAe), Sophia-Antipolis, France. Pesticide-free 

BNS and tomato (cv. Marmande) plants were grown from seeds germinated in a climate chamber 

at 24  2 °C, 65  5% r.h., and L16:D8 photoperiod and used as hosts for SATP. After 

germination, BNS and tomato seedlings were planted in 320-ml plastic pots in a commercial 

organically fertilized soil (Tonusol, Nice, France) and transferred to a greenhouse at 20  2 °C and 

65  5 % r.h. The mean daytime global irradiance inside the greenhouse was maintained at 449.5 

W m-2 using shading as required. Plants were fertilized with a nutrient mineral solution developed 

by INRAe (NO3 = 1 mol m-3, H2PO4 = 0.21 mol m-3, SO4 = 0.055 mol m-3, K = 0.641 mol m-3, Ca 

= 0.215 mol m-3, Mg = 0.114 mol m-3, adjusted to pH 6.0  0.2 using 0.2 M aqueous solution of 

H2SO4) (Han et al., 2014).

Insect colonies

Two SATP colonies, one on tomato plants and the other on BNS, were established in the rearing 

room (3.0 × 1.5 × 2.5 m) using cages (55 × 75 × 80 cm), covered with a fine nylon mesh under 

controlled conditions (24  2 °C, 65  5 % r.h., and L16:D8 photoperiod) (Biondi et al., 2012). 

The initial SATP colony was established from ca. 190 individuals collected in tomato plants in 

July 2009 at the INRAe Campus, Alénya, France. The first SATP colony was reared on tomato 

plants for larval feeding, a shelter for pupae stages and a substrate for oviposition. A water-honey 

solution (50:50 vol/vol) was provided ad libitum for adults on a small cotton ball. The same 

methodology was used for the SATP colony reared on BNS. Establishment of the SATP colony on 

BNS occurred from 50 SATP pairs collected from the SATP colony reared on tomato plants. A
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Subsequently, these pairs were placed in cages with only BNS for oviposition. After the eggs 

hatched, larvae began to feed on BNS. Thus, this SATP colony received only BNS for larval 

feeding, a shelter for pupae, and substrate for female oviposition. As with the above methodology, 

a water-honey solution was provided ad libitum for adults. To maintain the two SATP colonies, 

BNS and tomato plants collected from the greenhouse were used, as described in the plant 

production subsection, and were separately placed inside cages with SATP adults serving as 

substrate for oviposition and food for first and second instars. Every 7 days thereafter, plants with 

SATP eggs were moved to a second cage and new plants were provided. Insects were maintained 

in three cages: (1) oviposition, first and second instars, (2) third and fourth instars and pupae, and 

(3) adults. The experiment started when the SATP colony reared on BNS plants was in the second 

generation and the SATP colony reared on tomato plants were in the ca. 90th generation. The 

colonies remained separated until the end of the experiments. 

Life table experiments

The life table parameters of the SATP on BNS and tomato plants were separately assessed during 

two consecutive generations (F1 and F2). BNS and tomato plants collected from the greenhouse 

were separately housed in four incubators (Aqualytic Liebherr model TC445 S; Tintometer, 

Dortmund, Germany) under controlled conditions at 24  1 °C, 65  5 % r.h., and L16:D8 

photoperiod. The total replications used in the experiment were 12 for BNS and 12 for tomato 

plants, and plants were used ca. 45 days after sowing (DAS). One plant leaf covered with a 

transparent cylindrical plastic box (10 cm diameter, 5 cm high) was considered a sample unit. 

Each plant received three transparent boxes representing 36 replicates for both BNS and tomato 

plants in completely randomized blocks design. The boxes were supported on the ground using a 

wooden stick to prevent leaves from breaking. Subsequently, three SATP neonates (<24 h old) 

were carefully placed with a fine paintbrush on a leaf inside of each transparent box. The box was 

sealed with a fine nylon mesh at the top to prevent larvae escaping and allow for ventilation. 

Larval stages of SATP were assessed daily until the pupal stage at which point the pupae were 

weighed. After adult emergence, 30 SATP pairs were transferred into a small plastic cage for 

mating (Biondi et al., 2012). These cages were maintained in the laboratory under controlled 

conditions at 24  2 °C, 65  5 % r.h., and L16:D8 photoperiod in a randomized design. The small 

plastic cages were composed of two plastic cups to assess daily female oviposition. The upper cup 

was 15 cm high with a volume of 700 ml and a 1-cm-diameter hole in the bottom to allow the A
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insertion of a leaf (BNS or tomato) allowing access to water in the second cup (11 cm high, 350 

ml). A fine nylon mesh was affixed to the top of the first plastic cup with a rubber band to allow 

ventilation and, as needed, was removed to assess the BNS and tomato leaves. After the 

assessment of oviposition, a new leaf was placed inside the small plastic cage as described above. 

Behavioral assay

Female oviposition-preference of SATP on BNS and tomato plants was tested in cages (55 × 75 × 

80 cm) under laboratory-controlled conditions (24  2 °C, 65  5 % r.h., and L16:D8 

photoperiod). Black nightshade and tomato plants from the greenhouse (45 DAS), as described 

above, were used. Two BNS and tomato plants were placed diagonally in each corner of the cage 

with a total of 26 replicates in a completely randomized design. At each replicate of the 

oviposition-preference test, BNS and tomato plant positions were changed randomly to reduce any 

effect of position. Four SATP pairs (emergence <24 h ago) from the SATP colony reared on BNS 

plants were released inside the cage with both solanaceous species. The same methodology was 

performed with SATP adults from the colony reared on tomato. Thus, four SATP pairs (<24 h old) 

from the SATP colony reared on tomato were released inside the cage with solanaceous species to 

the oviposition-preference test. A water-honey solution (50:50 vol/vol) was provided ad libitum in 

a small cotton ball. The SATP pairs remained within a cage for 24 h. After this period, the SATP 

eggs were counted separately on each part (adaxial and abaxial leaf sides, petioles, and stems) of 

the BNS and tomato plants under a stereoscope microscope (10× magnification).

Exposure to 4 ºC

Larvae of SATP from colonies reared separately on BNS and tomato plants were allowed to 

develop to the pupal stage in the rearing room under controlled conditions (24  2 °C, 65  5 % 

r.h., and L16:D8 photoperiod). Ten SATP pupae (<24 h old), collected in SATP colonies reared 

separately on BNS and tomato plants, were placed separately inside a Petri dish (9 cm diameter 

1.5 cm high). Five Petri dishes, each containing 10 pupae from the SATP colony reared on BNS 

(total of 50 pupae) and tomato plants (50 pupae), were housed at 24  1 °C, 65  5 % r.h., and 

L16:D8 photoperiod, in a completely randomized design. The sensor (TFH 620; Ebro Electronic, 

Ingolstadt, Germany) was used to monitor temperature inside the incubator. A temperature of 4 °C 

inside the incubator was achieved over 3 days, reducing the temperature gradually from 24 to 4  A
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1 °C and maintaining the conditions of 65  5 % r.h., and L16:D8 h photoperiod. The pupae were 

exposed to this temperature for 7, 14, and 21 days. After each exposure period, the temperature 

was gradually increased over 3 days from 4 to 24  1 °C, maintaining the conditions of 65  5 % 

r.h., and L16:D8 photoperiod. Pupae were then placed under laboratory conditions at 24  1 °C, 65 

 5 % r.h., and L16:D8 photoperiod until adult emergence. The adults emerging were counted and 

adults with deformed wings were excluded from the analysis. After adult emergence, 20 SATP 

pairs were placed in a small plastic cage system, as described above, for mating. The small plastic 

cages were maintained in the laboratory at 24  2 °C, 65  5 % r.h., and L16:D8 photoperiod. The 

SATP eggs laid on BNS and tomato plants were counted in the first 3 days because peak SATP 

female oviposition occurs during the first 3 days after mating (Pereyra & Sánchez, 2006).

Statistical analysis

Life table analysis. The life-history data for SATP were analyzed using the age-stage, two-sex life 

table method (Chi et al., 2020). The net reproductive rate (R0), the mean duration of one 

generation (τ), intrinsic rate of increase (r), and finite rate of increase (λ) were calculated using the 

TWOSEX-MSChart procedure (Chi, 2019). The variances and standard errors of the life table 

parameters were estimated using 100 000 bootstrap samples (Efron & Tibshirani, 1986) and 

compared across BNS and tomato treatments. The age-stage survival rate (sxj), i.e., the probability 

that the insects survive to age x and in stage j, is calculated as

,sxj =
nxj

n01
  

where nxj is the number of insects alive at age x and stage j and n01 is the number of larvae used at 

the beginning of the life table study. The age-specific survival rate lx, the proportion surviving to 

age x, is calculated as

,lx = ∑m
j = 1sxj  

where m is the number of life stages. The age-stage specific fecundity fxj is the number of 

offspring produced by an individual at age x and stage j. Adult SATP females produce offspring at 

the seventh life stage, fx7, and the remaining fxj are all zero; fx7 is calculated as

,fx7 =
Ex

nx7
  

where Ex is the total number of eggs produced by all females (nx7) at age x. The age-specific 

fecundity (mx), i.e., the age-specific fecundity of individuals at age x, is calculated asA
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.mx = (∑m
j = 1sxjfxj) (∑m

j = 1sxj)
The age-specific net maternity (lxmx) is the total number of offspring produced at age x, taking 

into account the survival rate (lx). The mean generation time (T) was estimated as T = lnR0/r. The 

intrinsic rate of increase (r) was estimated by the equation  (Goodman, ∑ ∞
x = 0e ―r(x + 1)lxmx = 1

1982). 

Behavioral assay. The normality and homoscedasticity assumptions of the number of SATP eggs 

oviposited on separate parts of the plant (adaxial and abaxial sides of the leaves, stem, and petiole) 

were verified by the Kolmogorov–Smirnov test. Female oviposition-preference on adaxial and 

abaxial leaf sides, stem and petiole of BNS and tomato plants were then compared using a paired 

t-test. 

Exposure to 4 ºC. After each exposure period of 7, 14, and 21 days to 4 °C, the survival of SATP 

pupae was analyzed by linear regression. The regression model selected was supported by the 

adjusted R2 and the regression model with the highest adjusted R2 was used as it had greater 

explanatory power for the data. Female oviposition was adjusted in a nonlinear polynomial 

regression of the third order for both solanaceous species. The regression model selected for 

oviposition data was supported by the adjusted R2. All statistical analyses were performed using 

SAS University Edition and figures were obtained using SigmaPlot v.14.

Results
Transgenerational life table experiment 

The net reproductive rates (R0) of SATP on BNS and tomato plants were similar between 

generations within and between solanaceous species (Table 1). On tomato, the intrinsic rate of 

increase (0.099 day-1) and finite rate of increase (1.14 day-1) were both lower in generation F1 than 

in F2 (0.135 and 1.10 day-1, respectively; Table 1). Furthermore, the mean generation time was 

lower in generation F2 than F1 (28.54 vs. 30.62 days; Table 1). 

In SATP reared on BNS plants, the gross reproductive rate (118.2 vs. 61.3 offspring per 

individual) and fecundity (151.6 vs. 107.7 eggs per female) were higher in generation F1 

compared to F2, whereas in generation F2 compared to F1 the mean generation time (31.61 vs. A
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28.4 days) and longevity (32.19 vs. 25.1 days) were higher (Table 1).

Mean generation time in generation F1 from SATP reared on tomato plants was higher 

than when reared on BNS (30.6 vs. 28.4 days). In generation F2, SATP reared on tomato plants 

had a lower mean generation time than when reared on BNS (28.6 vs. 31.6 days; Table 1). 

Overall, the duration of egg and adult stages of SATP did not differ between generations 

within solanaceous species, nor between solanaceous species within generations (Table 2). The 

mean development time of SATP reared on BNS plants was higher in generation F1 than in 

generation F2 to the first (3.6 vs. 2.9 days), second (3.4 vs. 2.5 days), and third (3.6 vs. 2.4 days) 

instars. The mean development time of fourth instars was lower in generation F1 than in F2 (3.4 

vs. 3.9 days). Duration of the pupal stages was similar in generations F1 and F2 (Table 2). When 

SATP was reared on tomato plants, the mean duration of the first instar (1.8 vs. 3.3 days) and the 

pupal stage (8.3 vs. 9.8 days) was shorter in generation F1 than in F2, whereas the fourth instar 

lasted longer in generation F1 than in F2 (4.6 vs. 3.1 days); duration of the second and third instars 

did not differ between generations (Table 2). 

Significant differences in mean development time were found between host plants; in 

generation F2 stage duration was longer for SATP reared on BNS plants than for SATP reared on 

tomato plants, whereas in F1 stage duration was shorter for SATP reared on BNS plants than for 

SATP reared on tomato plants (the only exception were the first instars, which lasted significantly 

shorter on tomato in the F1 generation) (Table 2). The age-stage specific survival rates (sxj) of 

SATP on BNS and tomato plants in generations F1 and F2 are illustrated in Figure 1.

Pupal weights in generation F1 of SATP females reared on BNS (5.0 mg) and tomato 

plants (4.7 mg) were higher than pupal weight of the males reared on BNS (3.6 mg) and tomato 

plants (3.9 mg) (Figure 2A). In generation F2, only the pupal weight of females (5.4 mg) was 

higher than that of males reared on BNS (3.8 mg) (Figure 2B). Between generations of SATP 

reared on BNS plants, male pupae from F1 and F2 weighed less than F2 female pupae (Figure 

2C). The same pattern was found between generations for SATP reared on tomato plants (Figure 

2D).

Behavioral assay

Adult SATP reared on BNS deposited more eggs on the abaxial and adaxial sides of tomato leaves 

than on the abaxial and adaxial parts of BNS (Figure 3A). Adult moths reared on tomato laid more 

eggs on the adaxial side of tomato leaves than on the adaxial side of BNS leaves; on the abaxial A
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leaf sides the egg numbers did not differ between plant species (Figure 3B). Only a few eggs were 

laid on the petiole or the stem, and these numbers did not differ between plant species (Figure 3). 

Exposure to 4 ºC

The survival of SATP on BNS and tomato plants after exposure for 7, 14, or 21 days to 4 C were 

analyzed by linear regression (Figure 4). Survival on BNS declined more rapidly than on tomato. 

After 21 days at 4 C, almost no moths survived on BNS, whereas survival on tomato plants was 

>70% (Figure 4).

SATP females reared on BNS surviving at 4 C for 14 days remained fertile – they still laid 

eggs (Figure 5). Likewise, after exposure for 21 days to 4 C, females reared on tomato plants had 

remained fertile (Figure 5).

Discussion 
Most studies examining demographic parameters of SATP have not found differences between 

BNS and tomato plants (Abbes et al., 2016; Arnó et al., 2019) and even when natural enemies 

were added to the system, no differences in SATP development rates were observed (Ingegno et 

al., 2017). However, our study investigated life table parameters of SATP reared separately on 

BNS and tomato plants through two generations. Interestingly, we revealed that the potential of 

SATP development on BNS plants was reduced through generations. The average offspring 

number produced per individual during their lifetime, i.e., the gross reproductive rate, was reduced 

together with fertility and increased longevity of the SATP. Even with the reduction shown in 

SATP life table parameters on BNS plants, this was not different from the tomato plants except for 

mean generation time. An in-depth examination of mean generation time revealed differences in 

larvae and pupal stages between the two host plants. A shorter generation time could be a 

physiological strategy acquired in the natural selection process over time, mainly by larvae 

feeding on tomato plants to reduce SATP exposure time to natural mortality factors (Bacci et al., 

2019) such as natural enemies and abiotic factors (Biondi et al., 2018). 

There are exceptional cases where herbivorous insects experience a faster development on 

plants of unsuitable food quality (Han et al., 2016). More typical is the rapid development of 

herbivorous insects in relation to high (suitable) food quality for larvae (Awmack & Leather, 

2002; Greenberg et al., 2002; Pereyra & Sánchez, 2006; Knolhoff & Heckel, 2014). This suggests A
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differences in the available nutritional quality and/or production of plant metabolites that can 

impair the development and reproduction of SATP (Bawin et al., 2015, 2016). We revealed that 

pupal weight for SATP reared on BNS and tomato plants was similar, although females were 

heavier than males. Therefore, BNS plants have a high potential for supporting the development 

and reproduction of SATP to a similar level as its primary host. 

Invasive herbivores exhibit behavioral and physiological phenotypic plasticity to overcome 

intra- and interspecific differences in plant quality, thereby exploring and adapting to new host 

plant species (Agrawal, 2001; Ghalambor et al., 2007; Knolhoff & Heckel, 2014; Bawin et al., 

2015). The challenges are particularly significant for female insects because preference for high-

quality hosts is critical when larvae have low mobility (Thompson, 1988; Craig & Itami, 2008). 

South American tomato pinworm larvae are confined to the host plant on which eggs were laid 

due to the limited mobility of first and second instars (Galdino et al., 2015). In our study, SATP 

females had a preference to oviposit on tomato plants regardless of whether the adult was 

previously reared on BNS or tomato plant and preferably laid eggs on adaxial leaf parts of the 

tomato plants. Considering the preference-performance hypothesis, oviposition preference may 

also be related to the place and number of eggs laid on a specific part of the host plant. 

The selection of high-quality hosts is linked with oviposition behavior of females producing 

clusters of eggs (Mangel, 1987; Hopper, 1999; Galdino et al., 2015). An incorrect decision by 

females could have fatal consequences, whereas the laying of single eggs will be more akin to a 

risk-spreading strategy. Although SATP females preferentially oviposited on tomato adaxial leaf 

parts, a risk-spreading strategy should be considered as it is an invasive species with high 

phenotypic plasticity. Our results are in agreement with a meta-analysis examining oviposition 

preference in lepidopteran females that showed most offspring were more likely to survive on 

plant types preferred by ovipositing females (Gripenberg et al., 2010). The biological and 

behavioral parameter results of SATP therefore contribute to the preference-performance 

hypothesis. Alternatively, the most common explanation is the ‘mother knows best’ principle 

(Valladares & Lawton, 1991; Mayhew, 1997; García-Robledo & Horvitz, 2012; Pan et al., 2019) 

and these results refute Hopkins’ host selection principle (Hopkins, 1916).

During adverse weather conditions (for instance during winter), abiotic factors are 

unfavorable and tomato plants become scarce forcing SATP to adopt diverse strategies to survive 

(Nyamukondiwa et al., 2013; Van Damme et al., 2015; Machekano et al., 2018; Cherif et al., 

2019; Kahrer et al., 2019; Tarusikirwa et al., 2020; Campos et al., 2021). These strategies have A
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been extensively studied, including facultative diapause and survival of pupae in temperatures 

below critical thresholds for SATP development (Van Damme et al., 2015; Kahrer et al., 2019; 

Campos et al., 2021). Prior studies have not provided information on the survival of SATP at 4 C 

for various exposure periods on alternative host plants. BNS is a global weed that has adapted to a 

broad range of environmental conditions (Edmonds & Chweya, 1997) and several studies have 

indicated the high potential of BNS for SATP development and reproduction. Our results revealed 

that BNS plants are a source of food and shelter, and importantly >50% of SATP pupae survived 

14 days below the temperature threshold for development (L = 7.39 C; Campos et al., 2021). Not 

only did long exposure periods allow for female survival but those individuals were capable of 

successful oviposition. Besides facultative diapause of SATP fed on tomato plants (Campos et al., 

2021), these pests rapidly spread through trade in vegetables (McNitt et al., 2019). 

The survival and reproduction after exposure at low temperature may explain their rapid 

spread in many countries, including most recently in regions of China (Li et al., 2021). Even with 

effective surveillance mechanisms and phytosanitary expertise to intercept infested vegetables, 

ever-growing tourism and increasing intra-continental trade enhance the likelihood of rapid range 

expansion through alternative hosts. The study of invasive pests in spontaneous alternative plants 

(by using tools such as life table and behavioral parameters) is therefore critical, including their 

tolerance for exposure to extreme temperatures. Such research should be prioritized to enable a 

better understanding of the mode of spread of pests and their invasion into new areas. Knowledge 

of movement pathways of SATP on host plants is fundamental in reducing the likelihood of their 

introduction into new environments and provides insights into forecasting trends and identifying 

the most suitable management options.

Conclusions

The net reproductive rates were similar between generations of SATP within tomato and BNS, and 

between the plant species within generations. Through two generations, there was a difference in 

the life table parameters of SATP reared on BNS in the mean generation time, gross reproductive 

rate, fecundity and longevity, and SATP reared on tomato plants differed in intrinsic rate of 

increase, finite rate of increase, and mean generation time. In the comparison between plant 

species, only mean generation time differed in the two generations. A closer investigation through 

life table analysis on the age-stage of SATP indicated that larval and pupal stages reared on BNS 

had longer mean development times than those reared on tomato plants. Furthermore, as expected, A
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females were heavier than males regardless of the plant species or generation. Both SATP females 

reared separately on BNS or tomato plants had an oviposition preference for the adaxial side of 

tomato leaves. At 4 °C, >50% of SATP pupae reared on BNS plants survived >14 days whereas 

the pupal stage reared on tomato plants survived >21 days. Following exposure at 4 °C, females 

reared on BNS and tomato plants remained fertile. 
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Figure captions

Figure 1 Survival rate (sxj) of Tuta absoluta at each stage – egg, larvae (instars 1-4), pupae and 

adults (female and male) – on black nightshade and tomato in generations F1 and F2.

Figure 2 Mean (+ SD) pupal weight (mg) of female and male Tuta absoluta larvae reared on black 

nightshade (BNS) and/or tomato for generations F1 and F2. Larvae were reared on the two plants 

separately in the (A) F1 and (B) F2, or for both generations on either (C) black nightshade or (D) 

tomato. Means within a panel capped with different letters are significantly different (Tukey’s test: 

P<0.05).

Figure 3 Mean (+ SD) number of eggs laid by Tuta absoluta on parts – leaves (adaxial and 

abaxial), petiole, and stem – of black nightshade (BNS) and tomato. Moth adults had either been 

reared on (A) BNS or (B) tomato plants. Asterisks indicate significant preference for tomato 

(paired t-test: P<0.05).A
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Figure 4 Survival (%) of Tuta absoluta pupae on black nightshade and tomato after exposure for 

7, 14, and 21 days to 4 °C. 

Figure 5 Oviposition (no. eggs/3 days) of Tuta absoluta females on black nightshade and tomato 

after exposure for 7, 14, and 21 days to 4 °C. 
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Table 1 Mean (± SE) life table parameters of Tuta absoluta on Solanum nigrum and S. 

lycopersicum in generations F1 and F2
Parameters Generation Solanum nigrum Solanum lycopersicum

F1 37.889  11.279 20.472  8.841Net reproductive rate, R0 (offspring/individual)

F2 38.889  9.718 47.167  11.265

F1 0.128  0.012 0.0986  0.017bIntrinsic rate of increase, r (day-1)

F2 0.116  0.009 0.1350  0.010a

F1 1.136  0.014 1.1036  0.018aFinite rate of increase,  (day-1)

F2 1.123  0.010 1.1445  0.011b

F1 28.399  0.882aB 30.6230  0.430aAMean generation time,  T (days)

F2 31.606  0.317bA 28.5430  0.745bB

F1 118.150  22.781a 70.520  23.372Gross reproductive rate, GRR 

(offspring/individual) F2 61.310  13.356b 89.960 16.457

F1 151.560  11.466a 147.400  22.109aFecundity, F (eggs/female)

F2 107.690  12.943b 121.290  14.491a

F1 25.110  2.066a 25.690  2.043Longevity (days)

F2 32.190  2.222b 28.970  1.671

Means within a row followed by different uppercase letters, and within a column followed by 

different lowercase letters, are significantly different (paired bootstrap test based on the 

confidence interval of differences of 100,000 replicates: P<0.05).
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Table 2 Mean ( SE) development time (days) in each Tuta absoluta stage on Solanum nigrum 

and S. lycopersicum in generations F1 and F2

Tuta absoluta stages Generation Solanum nigrum Solanum lycopersicum

F1 5.44  0.08 5.47  0.08Eggs

F2 5.41  0.08 5.44  0.08

F1 2.87  0.18aA 1.75  0.08aBFirst instar (L1)

F2 3.55  0.10b 3.30  0.15b

F1 2.50  0.30aA 3.22 ± 0.15BSecond instar (L2)

F2 3.44  0.10bA 2.96  0.10B

F1 2.38  0.11aA 3.09  0.06BThird instar (L3)

F2 3.60  0.10b 3.30  0.12

F1 3.88  0.17aA 4.62  0.34aBFourth instar (L4)

F2 3.43  0.10bA 3.09  0.06bB

F1 9.91  0.35 9.81  0.41aPupae

F2 10.21  0.26A 8.28  0.38bB

F1 14.58  1.58 14.27  2.23Adults

F2 12.17  0.73 10.28  1.02

Means within a row followed by different uppercase letters, and within a column followed by 

different lowercase letters, are significantly different (paired bootstrap test based on the 

confidence interval of differences of 100 000 replicates: P<0.05). 
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