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Abstract The tomato potato psyllid Bactericera 
cockerelli (Sulcer) (Hemiptera: Triozidae) is a serious 
pest of several solanaceous crops in different parts 
of the world. We examined the biological control 
potential of the zoophytophagous bug Engytatus var-
ians (Distant) (Hemiptera: Miridae), in combination 
with the ectoparasitoid Tamarixia triozae (Burks) 
(Hymenoptera: Eulophidae) on B. cockerelli-infested 
pepper (Capsicum annuum L.) plants in cages under 
greenhouse conditions. A single release rate (one 
adult  per  plant) of either E. varians or T. triozae 

was used and the timing of predator releases varied 
(before or after pest establishment). The number of 
nymphs and adults of B. cockerelli or the number of 
mirids (nymphs plus adults) and parasitoids (pupae 
plus adults) was determined three or four weeks after 
release. Both E. varians and T. triozae successfully 
established on pepper plants and significantly reduced 
the pest population density (by 91 to 96% and by 84 
to 100% of nymphs and adults, respectively) when 
they were released separately or in combination, even 
when the predator was released before the establish-
ment of B. cockerelli. At the end of the experiment, 
the density of E. varians was between one and two 
individuals  per  leaf, whereas that of the parasitoid 
was between one and six individuals  per  leaf in the 
treatments in which each natural enemy was released. 
These results could contribute to the integrated pest 
management of B. cockerelli. However, further stud-
ies are needed to validate the impact of both natural 
enemies on the control of this pest at a larger scale.
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Introduction

The pepper (Capsicum annuum L.) has its center of 
origin, diversity, and domestication in Mexico (Luna-
Ruiz et  al. 2018). It is the seventh most consumed 
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vegetable worldwide (Omondi 2018). The global 
production of pepper is 41 million tons on 4.17 mil-
lion hectares of cultivated land (FAOSTAT 2021). 
Currently, Mexico is the world’s second main pepper 
producer with the majority of the production under 
field conditions all year round (3.09 million tons 
on ~ 148,000 hectares; SIAP 2021, 2022). The tomato 
potato psyllid Bactericera cockerelli (Sulcer) (Hemip-
tera: Triozidae), a severe invasive pest, has been one 
of the main limiting factors in pepper production and 
that of other solanaceous crops such as potato (Sola-
num tuberosum L.), tomato (Solanum lycopesicum 
L.), eggplant (Solanum melongena L.), and tamarillo 
(Solanum betaceum Cav.) (Liefting et al. 2008; Mun-
yaneza et al. 2009). This pest is native to Central and 
North America but in the last 20 years it has spread 
through the temperate areas and become established 
in the USA, Mexico, Ecuador, New Zealand, the Nor-
folk Island, and West Australia (Gill 2006; Teulon 
et al. 2009; Butler and Trumble 2012a; Castillo et al. 
2019; DPIRD 2021).

In addition to direct damage caused by phloem 
feeding, B. cockerelli is an efficient vector of differ-
ent plant pathogens in several crops. It transmits per-
manent yellowing in tomato (Munyaneza et al. 2009), 
purple tip in potato (Rubio-Covarrubias et al. 2006), 
and the phloem-limited bacterium Candidatus Liberi-
bacter solanacearum (CLso), which causes zebra 
chip disease in potatoes, tomato, and pepper (Hansen 
et al. 2008; Liefting et al. 2008; Camacho-Tapia et al. 
2011). Chemical control is mainly used against B. 
cockerelli, with up to 15–30 foliar applications of 
broad-spectrum synthetic insecticides on potatoes or 
tomatoes (Rubio-Covarrubias et al. 2006; Guenthner 
et al. 2012; Anderson et al. 2013). However, this con-
trol tactic has limited impact because of the insect’s 
capacity to develop resistance (Cerna et  al. 2013; 
Chávez et  al. 2015), the decline of natural enemy 
populations in frequently treated crops, and out-
breaks of secondary pests, among others (Cloyd and 
Bethke 2011; Pimentel and Burgess 2014). Therefore, 
it is necessary to identify alternatives for the control 
of B. cockerelli that are environmentally benign and 
that can be included in integrated pest management 
(IPM) programs. In this regard, biological pest con-
trol, through the use of predators and parasitoids, has 
attracted particular interest.

Currently, there are 41 species of arthropod natu-
ral enemies that have been reported to prey on B. 

cockerelli, of which ten are arachnids (Acari and 
Araneae) and 31 are insects from the orders Coleop-
tera, Dermaptera, Diptera, Hemiptera, Hymenoptera, 
Neuroptera, and Thysanoptera (Sarkar et  al. 2023a). 
However, only some of these have been evaluated 
for biological control purposes. In New Zealand and 
Australia, the use of coccinellids (O’Connell et  al. 
2012; Sarkar et  al. 2022) and phytoseiid mites (Xu 
and Zhang 2015) have been identified as promising 
alternatives for the control of this pest.

The zoophytophagous mirids Dicyphus hesperus 
Knight (Calvo et al. 2016, 2018a), Engytatus nicotia-
nae (Koningsberger) (Veronesi et al. 2021, 2022a, b), 
and Engytatus varians (Distant) (Pineda et  al. 2020, 
Mena-Muciño et  al. 2021) have also shown high 
potential against B. cockerelli. These species are gen-
eralist as they prey on several pests including white-
flies, thrips, pseudococcids or lepidopterans (Shipp 
and Wang 2006; Silva et al. 2016; Calvo et al. 2018a; 
Pineda et  al. 2020; Veronesi et  al. 2023). Engytatus 
varians was detected for the first time in Mexico in 
2014 feeding on nymphs of B. cockerelli on tomato 
plants (Martínez et  al. 2015). The rather wide prey 
spectrum of this mirid makes it an interesting candi-
date for use in IPM.

In Mexico, small-scale inundative release pro-
grams, or small caged experiments, have demon-
strated that E. varians can suppress populations of 
nymphs and adults of B. cockerelli under greenhouse 
conditions on tomato plants (Pérez-Aguilar et  al. 
2019). The successful establishment of predatory 
mirids, including E. varians, on greenhouse tomato 
crops have been, in part, due to the hirsute nature of 
these plants, which seem to offer more suitable con-
ditions for mirid development than glabrous plants 
(Perdikis and Lykouressis 2000; Sánchez et al. 2004; 
Orozco et al. 2012).

Two species of parasitoid of B. cockerelli have 
been identified: the ectoparasitoid Tamarixia trio-
zae (Burks) (Hymenoptera: Eulophidae) (Martínez 
et al. 2015) and the endoparasitoid Metaphycus psyl-
lidus Compere (Hymenoptera: Encyrtidae) (Jensen 
1957). The former species appears to be more effec-
tive than the latter. Tamarixia triozae is a synovigenic 
species that causes pest mortality by both parasit-
ism and host feeding (Morales et al. 2013; Martínez 
et  al. 2015). Under laboratory conditions, T. triozae 
caused between 40 and 100% of parasitism on dif-
ferent instars of B. cockerelli (Morales et  al. 2013; 
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Yang et al. 2015; Veronesi et  al. 2021). In the field, 
in Mexico, USA, and New Zealand, the parasitism of 
this psyllid by this parasitoid varied widely (between 
5 and 85%) on several solanaceous plants, with higher 
rates on pesticide-free crops (Bravo and López 2007; 
Butler and Trumble 2012b; Liu et al. 2012; Davidson 
et al. 2023).

To better understand the integration of these two 
types of natural enemies, we compared two different 
E. varians release timings (before or after B. cock-
erelli establishment) in combination with parasitism 
by T. triozae for control of this pest on a glabrous 
plant (pepper). We hypothesized that the combina-
tion of parasitism and an omnivorous predator would 
improve the biological control of this pest on pepper 
crop compared to each natural enemy alone.

Materials and methods

Insects and rearing

Bactericera cockerelli and E. varians were obtained 
from colonies maintained at the Instituto de Investi-
gaciones Agropecuarias y Forestales (IIAF), Uni-
versidad Michoacana de San Nicolás de Hidalgo 
(UMSNH), Mexico. Adults and nymphs of both 
species were reared on tomato plants (variety Río 
Grande) in frame boxes (50 × 50 × 50  cm) covered 
by a mesh screen. Eggs of the grain moth, Sitotroga 
cerealella (Olivier) (Lepidoptera: Gelechiidae) (Bio-
bich, Uruapan, Michoacán, Mexico), were deposited 
on tomato leaves as food for adults and nymphs of 
E. varians. A 5% (w/v) solution of sugar was also 
supplied to this predator in microcentrifuge tubes 
(1.5 ml) with a piece of cotton and replaced at 3-day 
intervals to prevent fungal growth. The entire rear-
ing process of B. cockerelli and E. varians was per-
formed at ∼ 25 °C and 56% RH, with a photoperiod 
of ∼ L:D  12:12. New tomato plants were supplied 
as needed. Adults of the parasitoid T. triozae were 
obtained from the suppliers of the commercial prod-
uct TETRAPAR (Koppert Biological Systems, El 
Marqués, Querétaro, Mexico).

Plant material and greenhouse

Pepper seeds (serrano type, variety Platino) were 
allowed to germinate in peat moss mixture 3 

(Sunshine®; Sun Gro Horticulture Distribution Inc., 
Agawam, MA, USA) in individual pots of 2.5  cm 
diameter. One month later, the plants were trans-
planted individually to polyethylene black plastic 
bags (20 cm diameter × 25 cm high) containing a 1:1 
mixture of a porous volcanic gravel known locally as 
tezontle (size of 2–5 mm) and humus-rich soil.

The experiment was carried out in a greenhouse 
(25  m long × 8  m wide) covered with polyethyl-
ene and anti-aphid screening located at the IIAF, 
UMSNH, Tarímbaro, Michoacán, Mexico. Fifteen 
experimental cages (2  m long × 1.6  m wide × 2.5  m 
high), made of plastic tubes and covered by a mesh 
screen to prevent the insects from escaping or enter-
ing, were used. After transplanting, conventional 
practices for greenhouse pepper cultivation were fol-
lowed and, in each experimental cage, pepper plants 
were tied-up by the main stem using polyethylene 
string. Through weekly pruning, secondary shoots 
and insect-free old leaves were removed. During the 
experiment, each pepper plant was fertilized every 
three or four days with 500 ml of a nutritive solution 
(Kelatex-Multi®, San Nicolás de Los Garza, Nuevo 
León, Mexico). No pesticides were applied during the 
experiment.

Experimental design

To determine the impact of E. varians and T. triozae 
in reducing B. cockerelli densities on pepper plants, 
we varied the timing of predator releases (before or 
after pest establishment). The following five treat-
ments were compared: (1) control, B. cockerelli only, 
(2) B. cockerelli + E. varians, (3) B. cockerelli + T. tri-
ozae, (4) E. varians + B. cockerelli, and (5) B. cocker-
elli + E. varians + T. triozae. Twenty days after trans-
planting (on May 08, 2019), five pepper plants were 
placed in two rows, each with three or two plants 
separated by 30 cm, inside each of the experimental 
cages (each cage was a replicate). Each treatment was 
replicated three times in a completely randomized 
design. Each cage could be accessed through an 
opening secured using Velcro strips (Velcro®; Grupo 
Parisina, Mexico City, Mexico). The release of E. 
varians before B. cockerelli establishment was based 
on studies with another mirid species: Nesidiocoris 
tenuis Reuter (Mirhosseini et  al. 2019). The estab-
lishment and colonization of this predator on tomato 
plants, prior to pest establishment, was improved by 
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providing it with alternative and complementary 
foods (i.e., eggs of Ephestia kuehniella Zeller [Lepi-
doptera: Pyralidae] and honey solution). As a sup-
plementary food, we used a sugar solution at 8.5% to 
increase the probability of E. varians establishment 
(Pérez-Aguilar et al. 2019).

The test initiated on May 15, 2019. On this date, all 
experimental cages were infested with eight B. cock-
erelli adults (four females + four males; ≤ five  days 
old) per plant, with exception of the treatment (4) E. 
varians + B. cockerelli in which five adults of E. vari-
ans (three females + two males) were released in each 
cage in the absence of the pest. On May 29, 2019, 
five adults of either E. varians or T. triozae (three 
females + two males) were released in the experimen-
tal cages of the treatments (2) B. cockerelli + E. var-
ians and (3) B. cockerelli + T. triozae. In treatment 
(5) B. cockerelli + E. varians + T. triozae, five adults 
of both E. varians and T. triozae (three females + two 
males of each species) were released. Finally, eight B. 
cockerelli adults per plant were released in the cages 
of treatment (4) E. varians + B. cockerelli.

In cages in which E. varians or T. triozae adults 
were released, two plastic cups (50  ml) containing 
40 ml of sugar solution (8.5% w/v) with a cotton wick 
were placed one day after the release as a food sup-
plement. The cups were placed at a height of 20 cm 
between the rows of pepper plants. The sugar solu-
tion was replaced every four days during the experi-
ment. The release of E. varians and T. triozae adults 
was performed on one occasion and never repeated. 
The number of E. varians individuals released was 
selected based on the study of Pérez-Aguilar et  al. 
(2019), who reported a good pest suppression of B. 
cockerelli. The release of T. triozae was established 
based on the study of Calvo et al. (2018b) and on the 
supplier’s recommendations for augmentative biocon-
trol of this pest with T. triozae (https:// www. koppe rt. 
mx/ tetra par/).

Sampling and evaluations

After B. cockerelli and E. varians release on week 
zero of the experiment, adults of these insects were 
left undisturbed for three or four weeks thereby 
allowing their population to establish, as in Veronesi 
et  al. (2022b). Therefore, the numbers of nymphs 
and adults of B. cockerelli were counted separately 
at three and four weeks after starting the experiment, 

respectively, and continued weekly until the 10th 
week. The numbers of mirids (nymphs and adults) 
and parasitoids (pupae [= mummified nymphs of B. 
cockerelli] and adults) were also counted at the same 
times, respectively. One mummified nymph of the 
host, with a coppery color, was considered as one 
pupa of T. triozae. The pest and natural enemies were 
counted on three leaves; each one from the upper, 
middle, and bottom third of each pepper plant in each 
treatment.

Climatic conditions

Temperature and RH in the experimental greenhouse 
were registered hourly during all tests using a data-
logger (Hobo®, model U10, Bourne, MA, USA), 
which was hung at a height of 1.5  m in the centre 
of the greenhouse. Daily temperature averaged at 
26.10 ± 0.24  °C, with the daily absolute maxima 
and minima during the experiment being 9.70 and 
47.19  °C, respectively. RH averaged 44.20 ± 1.67%, 
with absolute minimum and maximum of 9.42 and 
89.50%, respectively.

Data analysis

The count of individuals of B. cockerelli, E. var-
ians, and T. triozae was modeled using Generalized 
Linear Mixed Models (GLMM) assuming a negative 
binomial distribution and a  log link function (Gbur 
et al. 2012). The numbers of nymphs and adults of B. 
cockerelli per leaf were analyzed independently with 
a 5 × 8 and 5 × 7 factorial design, respectively, with 
the five treatments as a common factor and different 
evaluation weeks (time effect) (8 and 7 for nymphs 
and adults, respectively). For the analysis of the num-
ber of mirids (nymphs plus adults) and the parasitoids 
(pupae plus adults), experiments comprised a 3 × 7 
and 2 × 7 factorial design, respectively. In all cases, 
treatment and time were considered as fixed effect 
and plants within cage as a random effect. Because 
zero values were present in the data on the number 
of mirids, the analysis was conducted following x + 1 
transformation. An analysis by repeated-measures 
using the PROC GLIMMIX, with the LSMEANS test 
(P < 0.05) to separate means, was used for all analy-
ses. All statistical tests were performed using SAS/

https://www.koppert.mx/tetrapar/
https://www.koppert.mx/tetrapar/
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STAT (version 9.4; SAS Institute, Cary, NC, USA) 
and all data are expressed as the mean ± SE.

Results

Bactericera cockerelli population density

The mean numbers of B. cockerelli nymphs per leaf, 
from weeks 3–10, oscillated between 0.72 ± 0.38 and 
13.20 ± 3.28, 1.81 ± 0.64 and 11.20 ± 3.32, 1.46 ± 0.48 
and 8.20 ± 2.12, and 0.92 ± 0.35 and 11.66 ± 2.26 in 
the treatments of B. cockerelli + E. varians, B. cock-
erelli + T. triozae, E. varians + B. cockerelli, and 
B. cockerelli + E. varians + T. triozae, respectively 
(Fig.  1a). The treatment  (F4,516 = 61.38; P < 0.0001), 
the time  (F7,516 = 4.27; P = 0.0001), and the inter-
action between these two  factors  (F28,516 = 2.51; 
P < 0.0001), significantly affected the number of B. 
cockerelli nymphs  per  leaf. In all evaluation weeks, 
the mean number of B. cockerelli nymphs per leaf was 
significantly higher in the control compared with the 
remaining treatments, with exception of the 3rd week 
where there were no significant differences between 
the control and B. cockerelli + E. varians (P = 0.362; 
Fig. 1a). The latter treatment was significantly differ-
ent to B. cockerelli + T. triozae treatment (P = 0.003). 
In week 4, significant differences were only observed 
between E. varians + B. cockerelli and B. cocker-
elli + E. varians + T. triozae treatments (P = 0.048).

In week 5, the treatment B. cockerelli + T. triozae 
was significantly different compared with the follow-
ing three treatments (P ≤ 0.053 in all cases): B. cock-
erelli + E. varians, E. varians + B. cockerelli, and B. 
cockerelli + E. varians + T. triozae. No significant dif-
ferences were observed in the number of B. cocker-
elli nymphs per leaf from weeks 6 to 10 among treat-
ments where E. varians and T. triozae were released 
(P ≥ 0.158 in all cases).

From weeks 4–10, the mean numbers of B. 
cockerelli adults  per  leaf oscillated between 
0.60 ± 0.32 and 1.66 ± 0.42, < 0.1 ±  < 0.1 and 
1.26 ± 0.33, < 0.1 ±  < 0.1 and 0.60 ± 0.25, and 
0.33 ± 0.15 and 1.33 ± 0.59 in the treatments B. 
cockerelli + E. varians, B. cockerelli + T. triozae, E. 
varians + B. cockerelli, and B. cockerelli + E. var-
ians + T. triozae, respectively (Fig. 1b). The treatment 
 (F4,446 = 27.00; P < 0.0001) and the interaction treat-
ment × time  (F24,446 = 2.00; P = 0.003), significantly 

affected the number of B. cockerelli adults  per  leaf, 
but not the time factor  (F6,446 = 1.80; P = 0.097). Dur-
ing all evaluation weeks, the number of B. cockerelli 
adults per leaf in the control (range from 1.0 ± 0.48 to 
6.0 ± 2.44) was significantly higher than that recorded 
in the rest of the treatments (P ≤ 0.020 in all cases). 
The following two exceptions were observed: (1) 
between the control and B. cockerelli + E. varians 
treatments (P = 0.324) in the 5th week; and (2) among 
any of the treatments, including the control (P ≥ 0.360 
in all cases) in the 7th week.

In week 4, significant differences were only 
observed between B. cockerelli + E. varians and E. 
varians + B. cockerelli treatments (P = 0.022). No sig-
nificant differences were observed in the number of 
B. cockerelli adults per leaf in the weeks 6, 8, 9, and 
10 in the treatments where E. varians or T. triozae 
where released (P ≥ 0.083 in all cases, Fig. 1b).

Engytatus varians and T. triozae populations density

From weeks 3–10 of the experiment, the mean 
numbers of E. varians  per  leaf oscillated between 
0.20 ± 0.14 and 0.90 ± 0.30, < 0.1 ±  < 0.1 and 
1.30 ± 0.47, and < 0.1 ±  < 0.1 and 0.71 ± 0.26 in 
the treatments of B. cockerelli + E. varians, E. var-
ians + B. cockerelli, and B. cockerelli + E. varians + T. 
triozae, respectively (Fig. 2a). The number of E. var-
ians  per  leaf was significantly affected by the time 
 (F6,273 = 3.15; P = 0.005), but not by the treatment 
factor  (F2,273 = 2.33; P = 0.099) or by the interaction 
between these two factors  (F12,273 = 1.44; P = 0.148).

In week 7 there was a significant difference 
between E. varians + B. cockerelli and the other two 
treatments involving the predator (B. cockerelli + E.
varians [P = 0.001] and B. cockerelli + E. varians + T. 
triozae [P = 0.006]). In week 9, a significant dif-
ference between B. cockerelli + E.varians and E. 
varians + B. cockerelli treatments (P = 0.054) was 
observed.

The mean numbers of pupae plus adults of T. 
triozae  per  leaf varied between 0.80 ± 0.60 and 
6.53 ± 2.16 and 1.13 ± 0.68 and 2.40 ± 0.71 from 
week 4 to the end of the experiment in the treatments 
comprising B. cockerelli + T. triozae and B. cocker-
elli + E. varians + T. triozae, respectively (Fig.  2b). 
The number of pupae plus adults of T. triozae per leaf 
was only significantly affected by the treatment factor 
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Fig. 1  Density (mean number of individuals per leaf ± SE) of 
B. cockerelli nymphs (a) and adults (b). The black solid arrow 
indicates the infestation of B. cockerelli in all treatments, with 
the exception to E. varians + B. cockerelli treatment, where the 
predator was first released. The black broken arrow indicates 
the release of E. varians and T. triozae in B. cockerelli + T. 

triozae, B. cockerelli + E. varians, and B. cockerelli + E. var-
ians + T. triozae treatments, as well as the infestation of B. 
cockerelli in the E. varians + B. cockerelli treatment. Bars 
within each evaluation week followed by the same letter do not 
differ significantly (LSMEANS test, P < 0.05)
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in the week 6  (F1,174 = 9.88; P = 0.002). No significant 
differences were observed either in the time factor 
 (F6,174 = 1.35; P = 0.238) or in the interaction treat-
ment × time  (F6,174 = 1.83; P = 0.095).

Discussion

Zoophytophagous mirids have had a successful his-
tory of use for almost the last 25 years in Europe, both 
in conservation and augmentative biological control 
programs against arthropod pests in greenhouses. 
Following the success of predatory mirids in the 
Mediterranean area (Calvo et  al. 2012; Pérez-Hedo 
et  al. 2021), expectations that mirids can contribute 
to the control of horticultural pests in the Americas 
have increased (Calvo et  al. 2016, 2018b; van Len-
teren et al. 2018; Pérez-Aguilar et al. 2019). However, 
studies have been performed on tomato crops. To our 
knowledge, there is no information available on the 
use of E. varians and T. triozae for the control of B. 
cockerelli on pepper plants. In the present study, both 
natural enemies established well under greenhouse 
conditions.

In general, E. varians reduced the population of 
nymphs and adults of B. cockerelli during all weeks 
of experiment and at the end of experiment this 
reduction was between 84 and 96% when the preda-
tor was released before or after pest establishment. 
Although this is the first study reporting the capac-
ity of E. varians to predate B. cockerelli on pep-
per plants under greenhouse conditions, it was not 
the first of its kind. On tomato plants, this mirid 
reduced the population of B. cockerelli up to ∼ 80 
and ∼ 90% with release rates of one and four indi-
viduals  per  plant, respectively (Pérez-Aguilar et  al. 
2019). Similarly, E. nicotianae reduced the popula-
tion of eggs and nymphs of B. cockerelli by ~ 75% 
following the release of eight adults (four male and 
four female) per tomato plant (Veronesi et  al. 2021, 
2022a). Moreover, the mirid D. hesperus suppressed 
B. cockerelli adults and nymphs by ~ 90% when 
released at a rate of one individual  per  plant in a 
tomato greenhouse (Calvo et al. 2016). It is important 
to point out that the release rates of the natural enemy 
as well as the pest infestation method were different 
in the studies of Calvo et  al. (2016), Veronesi et  al. 
(2021, 2022a) and ours. We obtained pepper plants 
that were more heavily infested with a single release 

of eight B. cockerelli adults  per  plant that those in 
the previous studies. Veronesi et  al. (2021) released 
weekly only two adults  per  plant during three con-
secutive weeks, whereas releases of between 0.1 
and 0.2 adults per plant during the 14th weeks were 
done by Calvo et  al. (2016). Therefore, our preda-
tor E. varians exhibited a higher predation rate than 
E. nicotianae and D. hesperus for the control of B. 
cockerelli because it was able to control its popula-
tion following the release of just one adult per plant. 
However, it is important to consider that, although E. 
varians  caused high predation at a low release rate, 
the producing and application costs of this predator 
must be estimated to determine if its mass release is 
affordable for growers.

In the present study, we observed a decline in the 
pepper plants of the controls (release of B. cocker-
elli alone), compared to those that received E. var-
ians and T. triozae, in the last three weeks of the 
experiment. Plants with natural enemies had a more 
intense green color, were taller, and had more and 
larger leaves than those of the controls, in which the 
leaves were yellowing and covered with honeydew. 
Although not quantified, we assume that this was due 
to a reduced chlorophyll and dry matter of the pepper 
plants. Similarly, Sarkar et  al. (2023b) reported that 
the quantity of chlorophyll and dry matter was higher 
in tomato plants on which the lady beetle Hippoda-
mia variegata (Goeze) (Coleoptera: Coccinellidae) 
was released to control B. cockerelli compared to 
plants on which the pest was released without the 
predator. This is due, presumably, to the direct impact 
of feeding by this pest, which is consistent with the 
high number of adults recorded in our study (between 
20 and 30 per leaf, in weeks 8–10 of the experiment).

The density of E. varians nymphs + adults ranged 
from one to two per leaf during the period of the 
experiment in the three treatments in which the pred-
ator was present (B. cockerelli + E. varians, E. var-
ians + B. cockerelli, and B. cockerelli + E. varians + T. 
triozae). The successful of establishment of E. vari-
ans under the conditions of our experiment was likely 
due to food availability and the optimal conditions for 
development of both prey and predator (Pineda et al. 
2016). When D. hesperus was released after establish-
ment of B. cockerelli on greenhouse tomato plants, 
the number of nymphs plus adults was up to 1.7 indi-
viduals per leaf in spring–summer but it was only 0.4 
individuals  per  leaf in autumn–winter (Calvo et  al. 
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2016). The low number of individuals of D. hespe-
rus recorded in the experiment in autumn–winter was 
presumably due the lower temperatures. However, 

this density was sufficient to provide a high degree of 
pest suppression.
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Due the zoophytophagous habit of mirid preda-
tors, these insects can cause plant damage when 
prey are scarce (Silva et al. 2016). To avoid this, the 
use of supplementary foods such as E. kuehniella 
eggs (Calvo et  al. 2016, 2018a, b) or Artemia sp. 
cysts (Alonso 2015) have been successfully used to 
increase the probability of establishment of the preda-
tor population. When a sugar solution at 8.5% was 
supplied, E. varians achieved rapid establishment on 
tomato plants under greenhouse conditions, reach-
ing one and 1.4 nymphs  per  leaf and one and two 
adults per  leaf following the release of one and four 
adults  per  tomato plant, respectively (Pérez-Aguilar 
et  al. 2019). Sugar and moth/shrimp eggs provide 
different types of nutrients, as the former is a carbo-
hydrates source, and the latter are protein sources. 
According to our results, this sugar solution could 
be used as supplementary food because it is cheaper 
(US$1.25 per kg) than E. kuehniella eggs (US$400 
per kg; Urbaneja-Bernat et  al. 2015) or Artemia sp. 
cysts (US$250 per kg; Alonso 2015). However, fur-
ther research is needed to determine the cost–benefit 
and how this could be translated from caged condi-
tions to commercial greenhouses.

When T. triozae was released alone, it reduced the 
density of nymphs and adults of B. cockerelli by 91 
and 100%, respectively, by the end of the experiment. 
The only study in which the effect of the release of 
this parasitoid alone has been assessed under green-
house conditions on this pest is that of Veronesi et al. 
(2021). These authors reported that this parasitoid did 
not reduce the population of B. cockerelli after three 
and six weeks after its release, although, after three 
weeks, the density of nymphs was reduced by 79%.

Intragremial interactions can be used in the context 
of IPM as they significantly impact on the reduction 

of insect pest populations. The present study repre-
sents the first report of the interaction between the 
predator E. varians and the parasitoid T. triozae that 
exploit the same food source. In this regard, the com-
bined release of both natural enemies reduced the 
density of nymphs and adults of B. cockerelli by 95 
and 92%, respectively, at the end of experiment. The 
release of one adult of D. hesperus  per  plant + one 
pupa of T. triozae per tomato plant reduced the den-
sity of nymphs and adults of B. cockerelli by ∼ 70 
and ∼ 85%, respectively (Calvo et  al. 2018b). Simi-
larly, the configuration of E. nicotianae + T. triozae 
reduced the population of eggs, nymphs, and adults 
of B. cockerelli by ∼ 71, 65, and 78%, respectively, 
when the predator and parasitoid were released on a 
weekly basis and twice, respectively, across all the 
experiment (Veronesi et  al. 2022b). We assume that 
the high reduction in the pest population recorded by 
Calvo et al. (2018b), Veronesi et  al. (2022b), and in 
the present study was due to predation by E. varians, 
E. nicotianae, or D. hesperus, which did not inter-
fere with the feeding habits of the parasitoid and vice 
versa. Supporting this, Ramírez-Ahuja et  al. (2017) 
demonstrated that there was no intragremial competi-
tion between D. hesperus and the parasitoid T. triozae 
on B. cockerelli nymphs under laboratory conditions. 
In this case, the predator preferred to feed on second 
and third instars of the pest, whereas the parasitoid 
preferred to parasitize fourth and fifth instars. This 
was also demonstrated in choice and non-choice trials 
using E. varians and T. triozae against B. cockerelli 
(Mena-Muciño et al. 2021; Morales-Alonso, personal 
communication) or by Veronesi et  al. (2021, 2022a) 
in the complex E. nicotianae-T. triozae-B. cockerelli.

It has been reported that the combination of E. 
varians + T. triozae could increase the effect of bio-
logical control of B. cockerelli (Mena-Muciño et  al. 
2021). However, in the present study, the combined 
release of both natural enemies did not show signifi-
cant differences in the reduction of the pest popula-
tion compared with the release of either the predator 
or parasitoid alone. For this reason, the combined 
release of E. varians and T. triozae would not be rec-
ommendable because it would increase production 
costs. On the other hand, E. varians prefers to feed 
on second and third nymphal instars of B. cockerelli 
while T. triozae kill first and second nymphal instars 
of the same host on which they feed (Martínez et al. 
2015; Rojas et  al. 2015). Therefore, further studies 

Fig. 2  Density (mean number of individuals per leaf ± SE) of 
E. varians (nymphs and adults) (a) and T. triozae (pupae and 
adults) (b). The black solid arrow indicates the infestation of B. 
cockerelli in B. cockerelli + E. varians, B. cockerelli + T. trio-
zae, and B. cockerelli + E. varians + T. triozae treatments, as 
well as the release of E. varians adults in the E. varians + B. 
cockerelli treatment. The black broken arrow indicates the 
release of E. varians and T. triozae adults, alone or in com-
bination, in the B. cockerelli + E. varians, B. cockerelli + T. 
triozae, and B. cockerelli + E. varians + T. triozae treatments, 
as well as the infestation of B. cockerelli in the E. varians + B. 
cockerelli treatment. Bars within each evaluation week fol-
lowed by the same letter do not differ significantly (LSMEANS 
test, P < 0.05)

◂



48 A. O. Guzmán-Pedraza et al.

1 3
Vol:. (1234567890)

are needed to assess whether these behaviors repre-
sent a source of competition between these natural 
enemies. This information could be important for the 
development of strategies that optimize the augmen-
tative biological control of B. cockerelli using these 
two natural enemies.

Similar to our results, the combined release of the 
mirid E. nicotianae together with T. triozae did not 
result in a significant increase in the biological con-
trol of eggs, nymphs, and adults of B. cockerelli com-
pared to each natural enemy alone (Veronesi et  al. 
2021). These authors demonstrated that the pest was 
better controlled, at least in the nymphal stage, when 
the parasitoid was released alone. These authors con-
cluded that this was probably because the pest popu-
lation was already too high before the introduction of 
the natural enemies three weeks after pest infestation. 
In another study, the tomato leaf miner Tuta absoluta 
(Meyrick) (Lepidoptera: Gelechiidae) was better con-
trolled when N. tenuis was released alone, rather than 
in combination with the parasitoid Trichogramma 
brassicae Bezdenko (Hymenotera: Trichogrammati-
dae) (Mirhosseini et al. 2019). A possible explanation 
is that this predator can detect and avoid feeding on 
parasitized eggs of T. absoluta (Cabello et  al. 2015) 
and this feeding behavior may change towards her-
bivory when released in combination with T. brassi-
cae (Mirhosseini et al. 2019).

In conclusion, the hypothesis that the combination 
of E. varians and T. triozae would improve the bio-
logical control of B. cockerelli compared to each nat-
ural enemy alone is rejected. In this study, we dem-
onstrated that E. varians caused a higher predation 
at a low release rate, which could be very important 
for mass rearing or commercial releases. In addition, 
we observed that both E. varians and T. triozae can 
survive on pepper on a B. cockerelli and sugar-based 
diet. However, to validate the impact of these natural 
enemies on the control of this pest, more studies are 
needed in a larger experimental area to determine the 
effects of repetitive releases, as employed for other 
mirid-parasitoid complexes (Cabello et  al. 2015; 
Mirhosseini et  al. 2019). The developmental rate of 
E. varians on pepper plants without prey and its cli-
matic preferences also should be studied before this 
predator can be recommended as a biological control 
agent for B. cockerelli on this crop.
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