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Biological control is a key component of Integrated Pest Management (IPM) programs aimed at meeting yield and environmental goals of agriculture. In the search for effective natural enemies against the globally invasive tomato pest Phthorimaea absoluta, we evaluated the biological traits of the Neotropical mirid Campyloneuropsis cincticornis. Through laboratory bioassays, we assessed: (1) predation rates of different developmental stages of C. cincticornis on P. absoluta eggs and larvae; (2) oviposition behavior on two host plants—Solanum sisymbriifolium (sticky nightshade) and S. lycopersicum (tomato), and (3) development time on both plants. Older nymphs and adult females consumed more P. absoluta eggs and all stages (except first-instar nymphs) were able to feed on larvae, including those concealed inside leaf mines. Oviposition was markedly higher on S. sisymbriifolium, suggesting a strong preference likely shaped by offspring performance. C. cincticornis egg development time did not differ between host plants, whereas nymphal development was significantly faster on S. sisymbriifolium. These findings position C. cincticornis as a promising candidate for both augmentative and conservation biological control of P. absoluta, particularly in systems where native solanaceous vegetation is present.
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Introduction

Modern agriculture requires knowledge and technologies aligned with economic and environmental objectives for sustainable food production (Robertson and Swinton, 2005). Particularly for crop protection, biological control is an important component of Integrated Pest Management (IPM) against key agricultural pests. The implementation of biological control strategies requires fundamental understanding of the biology, ecology, and behavior of a set of natural enemies of the pest. This knowledge is essential to make decisions regarding their use and/or conservation aiming to reduce pest populations to economically tolerable levels (Bueno, 2009; Jacas and Urbaneja, 2008; van Driesche et al., 2008).

The study on predatory mirid bugs as biocontrol agents has increased in the last decades since they have shown effectiveness on controlling horticultural insect pests (van Lenteren et al., 2018; Snyder, 2019). As polyphagous predators, they contribute to ecosystem stability by preying on a wide range of pest species such as aphids, whiteflies, lepidopteran eggs and larvae (Bueno et al., 2012; Calvo et al., 2012; Mollá et al., 2014; López et al., 2019; Pérez-Hedo et al., 2021; Burla et al., 2022; Montiel Cáceres et al., 2024). Globally, around 150 commercial biocontrol agents are currently registered, with mirid bugs (Hemiptera: Heteroptera) ranking among the most widely used. Approximately 20 mirid species are commercially available, with others under evaluation, primarily for use in greenhouse IPM programs (van Lenteren, 2012; van Lenteren et al., 2018, 2020).

Tomato production in Argentina is a significant agricultural activity, with an average cultivated area of approximately 17,000 hectares and an annual yield of around 1 million tons, where both open-field and greenhouse cultivation are practiced. Approximately 70% of the production is destined for fresh consumption, while the remaining 30% is processed for industrial use. This sector contributes to the national economy, creates rural jobs, and aids regional development (Secretaría de Agricultura, Ganadería y Pesca, Argentina, 2023). The South American tomato pinworm, Phthorimaea absoluta (Meyrick) (Lepidoptera: Gelechiidae) is the most relevant pest of tomato production worldwide. Females oviposit on leaves, and after hatching, larvae mine into plant tissues, causing severe damage and can reach up to 100% yield loss. Notably, larvae can exit old mines to construct new ones, temporarily exposing themselves and creating an opportunity for predation (Desneux et al., 2010). To achieve P. absoluta control, multiple IPM techniques including biological control are required (Desneux et al., 2022). Among biocontrol agents, zoophytophagous mirid bugs are commonly used against this pest. In Europe, Macrolophus pygmaeus Wagner and Nesidiocoris tenuis (Reuter) are widely used to suppress lepidopteran egg populations (Belda et al., 2010; Mollá et al., 2014; Urbaneja et al., 2009; Yiacoumi et al., 2024). Besides, predation capacity of Dicyphus bolivari Lindberg and D. errans (Wolff) on P. absoluta eggs and larvae has been evaluated (Ingegno et al., 2013, 2019). In South America, the native region of P. absoluta, Bueno et al. (2012) tested the predation capacity of the mirids Campyloneuropsis infumatus (Carvalho), Engytatus varians (Distant) and Macrolophus basicornis (Stål) on P. absoluta eggs and larvae inside mines, by drilling the plant tissues. Similar studies were conducted with the mirid Tupiocoris cucurbitaceus (Spinola) (López et al., 2012, 2019; Burla et al., 2022; Montiel Cáceres et al., 2024). Overall, evaluations of different mirid species have shown that all can prey on P. absoluta eggs and first-instar larvae, with adult females typically exhibiting higher consumption rates. At least four species are being commercialized in Europe and Latin America as biocontrol products (Table 1).


Table 1 | A review of prey consumption rates of mirid species evaluated as biocontrol agents of Phthorimaea absoluta at similar conditions.
	Species
	Daily consumption rate per stage/sex evaluated
	Damage on tomato leaf
	References



	Campiloneuropsis infumatus
	Adult female: 39 eggs
Adult male: 13.3 eggs
	yes
	Castañé et al. (2011), van Lenteren et al. (2019)


	Dicyphus bolivari
	Adult female: 126 eggs
Adult female: 2.1 larvae(a)
5th nymphal stage: ≈ 60 eggs
	yes
	Castañé et al. (2011), Ingegno et al. (2019)


	Dicyphus cerastii
	Adult female: 171.4 eggs
	not evaluated
	Abraços-Duarte et al. (2021)


	Dicyphus errans
	Adult female: 114 eggs; 1.0.6 larvae(a)
Adult male: 8.6 eggs; 1.3 L1
	yes
	Ingegno et al. (2013), Castañé et al. (2011)


	Dortus primarius
	Adult female: 128 eggs
5th nymphal stage: 114 eggs
	not evaluated
	Varshney & Budhlakoti (2025)


	Engytatus varians
	Adult female: 49 eggs
Adult male: 17.3 eggs
	yes
	van Lenteren et al. (2019), Bueno et al. (2012)


	Macrolophus basicornis (c)
	Adult female:35.4 eggs
Adult male: 11.2 eggs
	yes
	van Lenteren et al. (2019), Bueno et al. (2012)


	Macrolophus pygmaeus (c)
	Spanish population
Adult female: ca. 60 eggs
Adult male: ca. 20 eggs
Adults of both sexes: 1.8 L1; 1 L2; 0.5 L3; 0.5 L4
Azorean population
Adult female: 45.50 eggs
Portugal mainland population
Adult female: 35.90 eggs
	yes
	Urbaneja et al. (2009)
Borges et al. (2024)


	Nesidiocoris tenuis (c)
	Adult female: ca. 60 eggs
Adult male: ca. 40 eggs
Adults of both sexes: 2.4 L1; 1 L2; and 0.5 L3 and L4
	yes
	Urbaneja et al. (2009)


	Tupiocoris cucurbitaceus (c)
	Early nymphs: 26.8 eggs; Late nymphs: 72 eggs
Adult male: 64 eggs
Adult female: 147.4 eggs
Early nymphs: 3.3 early larvae(b); Late nymphs: 4.6 early larvae(b)
Adult male: 1.9 early larvae(b)
Adult female: 3.6 early larvae(b)
Did not feed on late larvae (L3-L4)
	not evaluated
	López et al. (2019); Montiel Cáceres et al. (2024)





(a) P. absoluta larval stages not specified.

(b) P. absoluta L1-L2 larval instars.

(c) Commercially available.



The evaluation of biocontrol agents involves a multi-stage process, including laboratory and field experiments to select promising candidates for application in cropping systems. Factors such as prey type, prey developmental stage, and predator sex can influence predation behavior (Coll and Guershon, 2002). For example, it has been observed that T. cucurbitaceus females consume a greater number of P. absoluta eggs and small larvae than nymphs and adult males (López et al., 2019). Moreover, the successful establishment and persistence of mirids in crop systems not only requires the presence of suitable prey but also depends critically on the availability of appropriate host plants for egg-laying (Lundgren et al., 2008). The establishment and reproduction of the natural enemies of pests in a crop strongly depends on the morphological and nutritional characteristics of the plant (Coll and Ridgway, 1995), which directly influence female oviposition behavior and the success of the offspring. In this context, the availability of oviposition sites within the crop or in the surrounding plants may be crucial to the success of both augmentative and conservation biological control strategies.

In Argentina, the augmentative release of T. cucurbitaceus has gained attention as a promising strategy for controlling P. absoluta eggs and immatures, as well as whiteflies (Hemiptera: Aleyrodidae), particularly in greenhouse crops (Polack et al., 2017). Recent field surveys have revealed that another mirid species, Campyloneuropsis cincticornis (Stål) (Hemiptera: Miridae) (Figure 1), is frequently found in horticultural farms, closely associated with tomato crops Solanum lycopersicum L. (Solanales: Solanaceae) and wild solanaceous plants, especially the sticky nightshade, Solanum sisymbriifolium Lam. (Solanales: Solanaceae) (Montiel Cáceres et al., 2023; Sola S.A., personal observation). This mirid has been reported as a zoophytophagous species inhabiting natural areas in various regions of Argentina and Brazil associated with other solanaceus plant species such as tobacco Nicotiana tabacum L., the black nightshade Solanum atriplicifolium G. Mey. and S. sisymbriifolium plants (Nogueira et al., 2019; Melo et al., 2024, 2025 https://biodar.unlp.edu.ar/cimicomorpha/es/info/21122.html). Due to its widespread presence and its association with solanaceous hosts in the main horticultural area located in northern Buenos Aires province (Carpintero et al., 2014; Montiel Cáceres et al., 2023), a better understanding of its biology is needed to assess its potential as a biological control agent, either through conservation or augmentative release strategies. To date, no studies have evaluated the predatory behavior of C. cincticornis on P. absoluta. Therefore, the present work represents the first report assessing its potential as a biological control agent against this key pest. Specifically, the objectives of this study were to evaluate: (1) the consumption rate of C. cincticornis on P. absoluta eggs and larvae, (2) the oviposition behavior of the predator on S. sisymbriifolium and tomato, and (3) its development time on both solanaceous plant species.

[image: Two macro images of insects on leaves. The left image shows an insect with a brown patterned body and transparent wings. The right image displays a green insect with long legs and a slender body. Both are on a green leaf background.]
Figure 1 | (a) Dorsal view of an adult of Campyloneuropsis cincticornis. (b) A nymph feeding on a Phthorimaea absoluta larva.





Methodology




Source of S. lycopersicum and S. sisymbriifolium plants and insects

Insects used in the experiments were obtained from colonies maintained at CEPAVE (CONICET-UNLP-CICPBA). Colonies were initially established with individuals collected from various horticultural sites in the peri-urban horticultural belt of La Plata, Buenos Aires Province, Argentina (34°54’29’’S, 58°02’25’’W). Tomato plants, S. lycopersicum var. ‘Platense’, used for insect rearing and experimental trials were obtained from a commercial nursery (Babyplant SRL) and the Gorina Experimental Station (MDA, Buenos Aires province, Argentina). Seedlings were transplanted into black plastic pots filled with a perlite-soil substrate and kept pest-free inside voile mesh cages without insecticide treatments. Plants were grown in 3-liter plastic pots with peat and perlite and fertilized every 15 days with 1.5 mg per plant of Nitrofoska foliar (PS COMPO: www.compo-expert.com, Santiago, Chile) and maintained in the greenhouse at CEPAVE (24 ± 3 °C, 65 ± 10% RH, and 14:10 (L:D) h photoperiod) during approximately 60 days until they reached the appropriate size for use (4–5 fully expanded leaves).

The P. absoluta colony was reared on tomato plants within voile cages (30 × 30 × 60 cm) under controlled environmental conditions (25 ± 2 °C, 70 ± 10% RH, 14:10 h light:dark photoperiod) in a walking room chamber. Individuals of C. cincticornis were collected from S. sisymbriifolium plants in horticultural fields and maintained in voile cages (30 × 30 × 60 cm) under the same environmental conditions. Eggs of Ephestia kuehniella Zeller (Lepidoptera: Pyralidae), obtained from a commercial supplier (Brometán SRL, Burzaco, Argentina), were used as food. Tomato cuttings placed in water-filled vials were also provided to C. cincticornis colonies for oviposition. Colonies were checked and replenished every 48 hours.

To obtain adults of standardized age, newly emerged C. cincticornis were individually placed in large plastic containers covered with voile, each containing a tomato stem in water and a paper strip with E. kuehniella eggs. Containers were labeled with the adult emergence date and monitored daily until the individuals reached 7 days of age, at which point they were used in experiments.





C. cincticornis consumption assay

We assessed the predation rate of C. cincticornis on P. absoluta eggs and early instar larvae (L1–L2), both inside and outside the leaf mines. Each experimental unit consisted of a Petri dish (9 cm diameter × 2 cm height) containing a tomato leaflet with prey corresponding to each treatment. A single predator individual was then introduced according to the assigned treatment. Trials were conducted for all nymphal instars (N1 to N5) and for 7-day-old adult females and males of the predator. When eggs were offered as prey, the number of eggs per treatment was 15, 25, 45, 80, 100, and 200 for N1 through N5 and adults, respectively. For larval predation assays, L1-L2 larval instars of P. absoluta were used because, due to their size, most mirids are unable to prey on the later instars (L3–L4) (López et al., 2019). Five larvae located inside or outside the mines, depending on the treatment, were offered to each predator stage of C. cincticornis. In the treatment with larvae outside the mines, the time the larvae were exposed, that is, the time it took them to enter a leaf and become concealed, was recorded. Control treatments (with prey but no predators) were included to account for natural mortality. Predation rates were corrected using Abbott’s formula (Abbott, 1925). Prey densities were determined through preliminary trials to estimate the maximum consumption levels, and in all cases, prey numbers exceeded the maximum consumption observed in these preliminary tests. Each treatment was replicated between 15–20 times. Experiments were conducted under controlled conditions (25 ± 2 °C, 70 ± 10% RH, 14:10 h light:dark photoperiod). After 24 h, the number of prey consumed was recorded. No prey mortality was observed in the control treatments.





Oviposition assay

The oviposition capacity of C. cincticornis was tested on tomato and S. sisymbriifolium plants in a non-choice experiment. The experimental unit consisted of one plant in a pot, enclosed in a voile cage (30 × 30 × 60 cm), each containing one male and one female adult between 7 and 9 days old. A strip of paper with E. kuehniella eggs was also provided as food. For tomato treatments, individual plants (~20 cm tall, with 4–5 fully expanded leaves) were used as oviposition substrates. After 48 hours, the adult pair was removed, and plants were monitored daily for nymph emergence over 20 days. For S. sisymbriifolium, fresh stems were collected from the field, as this plant species is difficult to maintain under greenhouse conditions. Stems (with at least two leaves, no flowers) were selected to reduce wilting. As most stems carried insects, they were immersed in water for 15 minutes to eliminate any residents. After drying, stems were placed in the same cage setup used for tomatoes. Because the egg incubation period for C. cincticornis was unknown, but ranges from 8 to 19 days in the related T. cucurbitaceus, any nymphs emerging within the first 8 days after oviposition were removed and excluded from analysis. Only nymphs emerging after day 8 were counted. Daily inspections continued for 20 days under controlled environmental conditions (25 ± 2 °C, 70 ± 10% RH, 14:10 h light:dark photoperiod).





C. cincticornis developmental time assay

A no-choice experiment was conducted to evaluate the effect of host plant species (S. lycopersicum and S. sisymbriifolium) on the egg hatching time and nymphal development duration of C. cincticornis. For each plant species, individual potted plants were placed in voile cages (30 × 30 × 60 cm) and used as experimental units that were maintained under the same controlled environmental conditions described above.

One mated pair of adult C. cincticornis (1♀:1♂) was introduced onto each plant and allowed to oviposit for 48 hours. After this period, the adults were carefully removed to ensure that only a single cohort of eggs remained on each plant. Plants were then monitored daily to record the timing of egg hatching. After hatching, groups of five first-instar nymphs (NI) that emerged on the same day were placed together on the same plant and tracked to determine the duration of nymphal development until adult emergence. Observations were conducted daily, and the developmental time (in days) was recorded for each individual from the emergence of the first to the last adult. As adults emerged, they were immediately removed from the experimental unit to prevent interference with remaining nymphs and to accurately track individual development times. Both adult females during the oviposition period and nymphs throughout their development were provided with E. kuehniella eggs ad libitum as a food source. A total of 17 replicates were performed using S. sisymbriifolium and 8 replicates with tomato. Separate datasets were generated for egg development time and nymphal development time.





Statistical analysis




C. cincticornis consumption assay

Predation across developmental stages was analyzed using GLMs with binomial error distribution and a logit link function. The response variable in all models was the number of prey consumed and not consumed, specified as a two-column matrix. Egg predation was analyzed separately for nymphal instars and for adults (males and females). Nymphal instar or adult sex was used as the explanatory variable. Post hoc pairwise comparisons among instars or sexes were performed using Tukey’s Honestly Significant Difference (HSD) test. The predation of P. absoluta larvae located inside the mine was analyzed using a binomial GLM, with either nymphal instar (from NII to NV) or adult sex (male or female) as the predictor variable. First-instar nymphs (NI) were excluded from this analysis because they did not consume any larvae. The second instar (NII) was used as the reference category for nymphs. A separate binomial GLM was used to evaluate the predation of larvae outside the leaf mine. The model structure was the same as for the previous analysis, with nymphal instar or adult sex as the explanatory variable. Again, first-instar nymphs (NI) were excluded due to absence of predation. To assess the effect of larval location on predation probability, we conducted a third set of binomial GLMs in which larval position (inside vs. outside the mine) was included as the explanatory variable. Separate models were run for nymphal instars and for adults.





Oviposition assay

The number of emerging nymphs was analyzed using a GLM with a negative binomial distribution to account for overdispersion. Plant species was the explanatory variable.





C. cincticornis developmental time assay

To examine the effect of host plant species on the predatory development, generalized linear models (GLMs) assuming a Poisson distribution with a log-link function were fitted. Two models were run: one for egg hatching time and one for nymphal development (NI to adult). In both cases, host plant species were used as the predictor.

For all analyses, we calculated odds ratios (ORs) by exponentiating the estimated regression coefficients (log-odds) from the GLMs using the formula OR = e^β. These ORs represent the change in odds of a successful predation event relative to the reference level. An OR > 1 indicates a higher likelihood of predation, while an OR < 1 indicates a reduced likelihood compared to the baseline. All analyses were conducted in R (v.12.0) software using the glm function from the stats package (R Core Team, 2024). Model fit was assessed using the Akaike Information Criterion (AIC).







Results




Consumption assay




Eggs

A significant effect of nymphal instar on egg consumption was detected (LR χ² = 170.88; df = 4; p < 0.001; Figure 2A). Compared to first-instar nymphs (NI), instars NIII (β = 0.99 ± 0.19; z = 5.14; p < 0.001), NIV (β = 0.92 ± 0.19; z = 4.91; p < 0.001), and NV (β = 1.45 ± 0.18; z = 7.91; p < 0.001) showed significantly higher probabilities of egg consumption. The difference between NI and NII was not statistically significant (p = 0.236). Odds ratios indicated that NIII, NIV, and NV were 2.7, 2.5, and 4.3 times more likely to consume eggs than NI, respectively. Pairwise comparisons confirmed significant differences between most instars, except between NIII and NIV (p = 0.925).

[image: Bar charts showing egg consumption by *C. cincticornis* at various developmental stages. Chart A shows consumption increasing from NI to NV stages, peaking at NV. Chart B compares males and females, with females consuming more eggs. Error bars indicate variability.]
Figure 2 | Mean number (± SE) of Phthorimaea absoluta eggs consumed by (A) different nymphal instars and (B) adult males and females of Campyloneuripsis cincticornis, provided in tomato leaves during 24 h. Different lowercase letters indicate significant differences according to the Tukey’s HSD test at α = 0.05.

In adults, sex significantly affected predation success (LR χ² = 128.4; df = 1; p < 0.001; Figure 2B). Females exhibited a higher predation rate than males (β = 0.76 ± 0.07; z = 11.21; p < 0.001), with an odds ratio of approximately 2.13, indicating that females were more than twice as likely to consume eggs.





Larvae inside the mine

First-instar nymphs (NI) did not consume any larvae. The model results indicated a trend toward increased predation success with advancing nymphal instar, although differences were not statistically significant at the 0.05 level (LR χ² = 6.46; df = 3; p = 0.09; Figure 3A). Predation probability was highest for fifth-instar nymphs (β = 1.86 ± 1.09; z = 1.70; p = 0.08) and fourth instars (β = 2.03 ± 1.08; z = 1.88; p = 0.06), compared to second instars. Compared to second-instar nymphs (NII), third instars (NIII) were approximately 3.08 times more likely to consume a P. absoluta larva, while fourth (NIV) and fifth instars (NV) were 7.62 and 6.44 times more likely to do so, respectively. Although these differences did not reach conventional levels of statistical significance, the magnitude of the odds ratios suggests a biologically relevant increase in predatory efficiency with nymphal instar.

[image: Bar charts compare larval consumption in different stages of *C. cincticornis*. Chart A shows larvae consumption from stages NI to NV, indicating higher consumption outside mines (orange) than inside (green). Chart B shows consumption differences between males and females, also favoring outside mines. Images depict an insect on a plant labeled as “Larvae inside the mine” and another alone labeled “Larvae outside the mine.]
Figure 3 | Mean number (± SE) of Phthorimaea absoluta larvae inside and outside tomato leaf mines consumed by (A) different nymphal instars and (B) adult males and females of Campyloneuropsis cincticornis during 24 h. Different uppercase letters indicate a statistically significant difference in the mean consumption of larvae inside the mines according to the Tukey’s HSD test at α = 0.05. Conversely, different lowercase letters denote a statistically significant difference in the mean consumption of larvae outside the mines (Tukey’s HSD test at α = 0.05).

In adults, the model indicated no significant difference in the number of larvae consumed between sexes (β = –0.25 ± 0.50 SE; z = –0.50; p = 0.62; Figure 3B). The mean number of larvae consumed by females was approximately 0.45, and males consumed on average 22% fewer larvae; however, this difference was not statistically significant.





Larvae outside the mine

The model detected a statistically significant effect of nymphal instar on predation success (LR χ² = 9.15; df = 3; p = 0.027). Compared to second-instar nymphs (NII), instars NIII and NIV showed significantly greater probabilities of predation, with log-odds estimates (± SE) of 1.26 ± 0.54 (p = 0.02) and 1.41 ± 0.54 (p = 0.009), respectively. Fifth-instar nymphs (NV) also exhibited a positive effect, but this was only marginally significant (β = 1.00 ± 0.56; p = 0.071). This corresponds to a ~3.5, 4.11 and 2.73-fold increase in the odds of predation NIII, NIV and NV, respectively, relative to NII.

Relative to adults, the model did not reveal a significant effect of sex on larval consumption (LR χ² = 1.46; df = 1; p = 0.23), and no meaningful difference in predation probability was detected between males and females. The effect of being male (β = −0.42 ± 0.35; z = −1.20; p = 0.23) suggested that males were about 34% less likely to consume larvae than females, although this difference was not statistically supported.





Consumption inside versus outside the mines

The mean exposure time of larvae, i.e., until leaf penetration and protection, was 165 ± 8.2 minutes. The model showed a statistically significant effect of larval position on the probability of predation by nymphal instars (LR χ² = 21.61; df = 1; p < 0.001). Predation probability was significantly higher when larvae were outside the leaf mine compared to when they were inside. Specifically, the odds of predation increased by 1.27 units for larvae located outside the mine (β = 1.27 ± 0.29; z = 4.34; p < 0.001). This corresponds to an approximate 3.56-fold increase in the odds of predation outside the mine, relative to inside.

In relation to adults, the analysis revealed a highly significant effect of position on predation probability (LR χ² = 37.80; df = 1; p < 0.001). Larvae positioned outside the mine were significantly more likely to be preyed upon compared to those located inside. The odds of predation increased by 1.86 units when larvae were outside the mine (β = 1.86 ± 0.33; z = 5.76; p < 0.001), corresponding to an approximate 6.42-fold increase in the odds of predation.






Oviposition assay

The number of emerged nymphs of C. cincticornis differed significantly between plant species (LR χ² = 19.82; df = 1; p < 0.001). Females laid significantly more eggs on S. sisymbriifolium than on tomato plants. Specifically, the estimated rate of nymph emergence on this noncrop solanaceous was 7.36 times higher than on tomato (β = 1.99 ± 0.46; z = 4.38; p < 0.0001), suggesting a strong oviposition preference under no-choice conditions (Figure 4).

[image: Bar graph comparing the number of emerged nymphs on two host plants: S. lycopersicum and S. sisymbriifolium. S. lycopersicum has fewer nymphs (labeled b) than S. sisymbriifolium (labeled a). Includes illustrations of the plants and insects above each bar.]
Figure 4 | Mean number (± SE) of emerged nymphs from Solanum lycopersicum and S. sisymbriifolium host plants, after allowing females to oviposit for 48 h. Different lowercase letters indicate significant differences according to the Tukey’s HSD test at α = 0.05.





Developmental time

The host plant species had no significant effect on the egg development time of C. cincticornis (χ² = 0.24; df = 1; p = 0.62). Although the coefficient for the S. sisymbriifolium treatment was positive (β = 0.06 ± 0.13; z = 0.49; p = 0.62), it was not statistically significant, indicating similar egg development durations on both plant species (Figure 5). In contrast, the host plant had a significant effect on the nymphal development time of C. cincticornis (χ² = 14.63; df = 1; p < 0.001). Individuals reared on S. sisymbriifolium developed significantly faster than those reared on tomato (Figure 5). The estimated coefficient was negative and significant (β = –0.38 ± 0.10; z = –3.88; p < 0.001), suggesting a 31.6% reduction in development time on S. sisymbriifolium relative to tomato.

[image: Bar chart showing developmental time of insects on two host plants: S. lycopersicum and S. sisymbriifolium. Each bar is divided into egg stage (orange) and nymphal stage (green). S. lycopersicum has a taller bar, indicating longer developmental time compared to S. sisymbriifolium. Illustrations of the plants and insects accompany the chart.]
Figure 5 | Egg and nymphal development times (days) of Campyloneuropsis cincticornis on Solanum lycopersicum and S. sisymbriifolium plants. Bars represent means ± SE. Similar lowercase letters indicate no statistically significant difference between egg developmental time according to the Tukey’s HSD test at α = 0.05. Conversely, different uppercase letters show a statistically significant difference between nymphal developmental time (Tukey’s HSD test at α = 0.05).






Discussion

This study is the first to evaluate the biology and predatory behavior of C. cincticornis against P. absoluta in laboratory conditions, providing novel insights into its potential as a biological control agent. Campyloneuropsis cincticornis showed the ability to feed on both eggs and larvae of P. absoluta, both inside and outside leaf mines, although its efficiency varied depending on the predator’s developmental stage, the type of prey, and its location.

The efficiency of P. absoluta egg predation by C. cincticornis increased significantly with nymphal development, with late instars (NIII–NV) consuming more eggs than early ones (NI–NII). This trend aligns with findings for other zoophytophagous mirids such as T. cucurbitaceus, where later instars also showed higher feeding activity (López et al., 2019). Adults, particularly females, were more effective predators than nymphs, likely due to higher energetic demands associated with reproduction (Calvo et al., 2012). When comparing the egg predation rates of C. cincticornis with those reported for other mirid species (Table 1), a wide variability is evident. Some species, such as D. bolivari and D. errans, show very high rates (over 100 eggs/day; Ingegno et al., 2019), while M. basicornis and E. varians also exceed 90 eggs/day (Bueno et al., 2012; van Lenteren et al., 2016). In contrast, C. cincticornis showed lower rates, comparable to C. infumatus (~51 eggs/day), and within the range reported for N. tenuis and M. pygmaeus (20–60 eggs/day) (Urbaneja et al., 2009). These interspecific differences may be attributed to distinct taxonomy, ecological niches, predator morphology, feeding behavior, or methodological differences between studies (Ingegno et al., 2013; van Lenteren et al., 2018). Therefore, the developmental stage is a key factor when considering this predatory species for biological control programs.

In contrast, larval predation showed a more complex pattern. While consumption of larvae inside mines was low—suggesting mechanical difficulty in accessing protected prey—significant predation was recorded on larvae exposed outside mines. Later nymphal instars of C. cincticornis are significantly more effective predators of P. absoluta larvae outside the mine compared to early nymphal instars. This supports the potential use of older nymphs in augmentative biological control programs, especially for targeting mobile or more exposed prey stages. Among adults, both males and females exhibited similar efficiency in preying on exposed larvae, with no significant differences under the conditions tested. In relation to larval consumption rates of C. cincticornis adults, our results were notably lower compared to those reported for other mirid predators, as females and males of D. errans preying on an average of 2.40 ± 0.54 and 1.30 ± 0.29 larvae (Ingegno et al., 2013). These findings are ecologically relevant, as P. absoluta exhibits a mining habit that complicates control efforts, especially during larval stages protected within plant tissues (Desneux et al., 2010). However, since larvae often leave mines to create new ones, they become temporarily exposed, providing a window during which C. cincticornis could act as an effective natural enemy. This reinforces its potential role as a complementary agent within IPM strategies.

Notably, our oviposition assays revealed a preference of C. cincticornis for S. sisymbriifolium under no-choice conditions, suggesting that this wild solanaceous species, that is part of the spontaneous vegetation commonly found in farms within the study area (Salas Gervassio et al., 2016), may offer favorable traits for oviposition. This result aligns with our field observations of the predominance of C. cincticornis on this plant (Montiel Cáceres et al., 2023) and highlights the importance of non-cultivated plants as a favorable reproductive substrate, which has practical implications for the development of conservation strategies aimed at improving the early establishment and persistence of mirid populations in crop systems. However, it is noteworthy that C. cincticornis also accepted the tomato plant as a suitable oviposition substrate; so it is plausible that C. cincticornis individuals may disperse from S. sisymbriifolium into tomato crops in search of prey. The ability to oviposit directly on the tomato plant may facilitate the establishment and persistence of C. cincticornis within the crop, particularly in scenarios where preferred oviposition hosts are scarce or absent. For example, the ability of D. errans to colonize tomato crops early in the season in Italy has been reported, when the European black nightshade Solanum nigrum L., one of the mirid’s hosts, is present in the environment (Ingegno et al., 2019). The same has been reported for M. pygmaeus (Ferracini et al., 2012; Lykouressis et al., 2000; Perdikis et al., 2008). Thus, predators that can move through different types of vegetation can play a strategic role in pest control throughout the crop cycle. Incorporating reservoir plants such as S. sisymbriifolium along field margins could significantly contribute to the successful implementation of IPM programs that include native mirid species. In addition, attraction of crop and noncrop plant species to predatory mirid bugs involving volatile cues is being studied to better understand the foraging behavior and prey detection (Adams et al., 2023; S.A. Sola unpublished data).

As mentioned above, the establishment and reproduction of mirid predators in a crop depends on the characteristics of the plant, which directly influences the oviposition of females and the success of the offspring. In relation to the number of eggs laid by C. cincticornis females on the evaluated host plants, we recorded a lower oviposition rate compared with the values reported for other mirid predators such as M. basicornis, E. varians, and C. infumatus on tomato, which ranged from 4 to 5 eggs per female per day (Silva et al., 2016). These differences may reflect species-specific reproductive strategies and physiological traits, as fecundity and fertility can vary considerably among zoophytophagous mirids (Castañé et al., 2004; Perdikis et al., 2011). Furthermore, methodological factors—such as the limited duration of the oviposition assay, prey availability, or the indirect count for the impossibility to detect eggs due to their endophytic nature—may also have contributed to the lower observed values. Given that C. cincticornis is a less-studied neotropical predator, further targeted studies are needed to comprehensively evaluate its reproductive potential under different conditions. In relation to offspring performance, our results showed that host plant species had no significant effect on the egg development time of C. cincticornis, indicating that both host plants provide similarly suitable conditions for embryonic development. However, nymphal development was significantly faster on S. sisymbriifolium, underscoring the role of host plant identity in shaping predator performance and may have implications for the population growth of C. cincticornis in diverse cropping systems. Compared to other neotropical mirids studied, such as C. infumatus (16.2 days), E. varians (17.4 days), and M. basicornis (18.6 days) fed with a mix of P. absoluta eggs and larva (Silva et al., 2016), C. cincticornis demonstrated comparable or even shorter development times when reared on S. sisymbriifolium. These values are also in line with those reported for the European species M. pygmaeus fed on E. kuehniella (Vandekerkhove and De Clercq, 2010), and notably shorter than those of D. errans reared on P. absoluta eggs (~24 days) and on E. kuehniella eggs (~20 days) (Ingegno et al., 2013). As previously noted for other zoophytophagous mirids, developmental times can vary substantially depending on diet and host plant quality, with unsuitable substrates often resulting in delayed development or high nymphal mortality (Gillespie and Mcgregor, 2000; Perdikis and Lykouressis, 2000). In our case, the differences in nymph developmental time observed between host plants could be attributed to the nutritional contribution of plant fluids. Due to the zoophytophagous habit of C. cincticornis, it is possible that S. sisymbriifolium provides some nutrients that enhance the developmental performance of this predator. Our results highlight the potential of S. sisymbriifolium not only as a favorable oviposition substrate but also as a host plant that enhances nymphal performance in C. cincticornis.

Mirid species such as M. pygmaeus and N. tenuis have been successfully incorporated into IPM programs in Europe for the control of P. absoluta, demonstrating the potential of mirids as key biocontrol agents in solanaceous crops (Belda et al., 2010; Mollá et al., 2011; Urbaneja et al., 2012). In Argentina, T. cucurbitaceus has shown comparable potential and is now being commercialized for IPM programs (López et al., 2019). Our findings indicate that C. cincticornis also possesses strong predatory capacity against P. absoluta, positioning it as a promising native candidate for biological control. Its ability to oviposit not only on tomato but primarily on S. sisymbriifolium, a non-cultivated solanaceous plant, reinforces its potential for their use mainly in conservation biological control strategies, where the availability of suitable non-crop hosts is crucial for sustaining predator populations. However, it should be noted that laboratory results may not fully reflect the complexity of field conditions, where factors such as climate, crop architecture, diverse prey communities, and intraguild interactions can influence predator performance. Therefore, field-based studies are necessary to validate its effectiveness before considering practical implementation (Desneux et al., 2022).

The suitability of S. sisymbriifolium as a host for both mirid species—C. cincticornis and T. cucurbitaceus— suggests its potential role as a reservoir plant, facilitating the early establishment and persistence of beneficial mirid populations in and around tomato fields. This strategy has been adopted in several countries, where alternative host plants have been shown to facilitate early colonization and the continued presence of predators throughout the crop cycles enhancing biological control outcomes (Ferracini et al., 2012; Ingegno et al., 2019; Burla et al., 2022). In this context, the incorporation of native plants such as S. sisymbriifolium into IPM strategies may serve a dual function: enhancing predator retention and preserving native biodiversity.

Within an IPM program for P. absoluta in Argentina, in addition to the use of insecticides, several bio-inputs are available, including formulations based on the bacterium Bacillus thuringiensis Berliner (Greco et al., 2020), pheromone-based monitoring tools (Triple T®, WayneAgro, CABA, Argentina), and biological control using the predatory mirid T. cucurbitaceus (López et al., 2019). Besides, semi-field releases of the endoparasitoid Pseudapanteles dignus (Muesebeck) (Hymenoptera: Braconidae) which have shown promising results (Salas Gervassio et al., manuscript submitted). In this context, the use of the mirid C. cincticornis must be compatible with other control techniques. In relation to biocontrol, understanding the interference interactions between C. cincticornis and other natural enemies is crucial for its effective incorporation into IPM programs. Some of these interactions have already been studied. For instance, positive results have been reported regarding the compatibility between T. cucurbitaceus and P. dignus (Sola et al., in press), and preliminary findings on intraguild predation between T. cucurbitaceus and C. cincticornis suggest no negative interactions between these species (J.N. Peñalba, unpublished data). In addition, ongoing experiments are evaluating intraguild predation of C. cincticornis on P. dignus. Altogether, these insights will be key to incorporating C. cincticornis into IPM programs for P. absoluta. Further studies under field conditions are essential to assess its efficacy, potential intraguild interactions, prey specificity, and possible phytophagous effects on tomato plants.
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