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Simple Summary: Biological control (BC) is an effective way to regulate pest populations in hor-
ticultural crops, allowing the decrease of pesticide usage. On tomato, predatory insects like plant
bugs or mirids provide BC services against several insect pests. Native predators are adapted to
local conditions of climate and ecology and therefore may be well suited to provide BC services.
Dicyphus cerastii is a predatory mirid that is present in the Mediterranean region and occurs in tomato
greenhouses in Portugal. However, little is known about its contribution to BC in this crop. In
this study, we evaluated how prey consumption is affected by increasing prey abundance on four
different prey, in laboratory conditions. We found that the predator can increase its predation rate
until a maximum is reached and that prey characteristics like size and mobility can affect predation.
Dicyphus cerastii showed high predation rates for all prey species tested, allowing us to conclude that
this species is an interesting predator for BC in tomato crops.

Abstract: Dicyphine mirids are important biological control agents (BCAs) in horticultural crops.
Dicyphus cerastii Wagner can be found in protected tomato crops in Portugal, and has been observed
feeding on several tomato pests. However, the predation capacity of this species is poorly studied.
In order to investigate the predation capacity of D. cerastii, and how it is affected by prey size
and mobility, we evaluated the functional response (FR) and predation rate of female predators
on different densities of four prey species: Myzus persicae 1st instar nymphs (large mobile prey),
Bemisia tabaci 4th instar nymphs, Ephestia kuehniella eggs (large immobile prey) and Tuta absoluta eggs
(small immobile prey). Experiments were performed on tomato leaflets in Petri dish arenas for 24
h. Dicyphus cerastii exhibited type II FR for all prey tested. The predator effectively preyed upon all
prey, consuming an average of 88.8 B. tabaci nymphs, 134.4 E. kuehniella eggs, 37.3 M. persicae nymphs
and 172.3 T. absoluta eggs. Differences in the FR parameters, attack rate and handling time, suggested
that prey size and mobility affected predation capacity. Considering the very high predation rates
found for all prey species, D. cerastii proved to be an interesting candidate BCA for tomato crops.

Keywords: biological control; dicyphini; Bemisia tabaci; Ephestia kuehniella; Myzus persicae; Tuta
absoluta; protected crops; tomato

1. Introduction

Tomato is an economically important crop in the Mediterranean region, in both pro-
tected and open field conditions. It is affected by several pests such as aphids (Hemiptera:
Aphididae), leafminers (Diptera: Agromyzidae), mites (Acari: Tetranychidae and Erio-
phyidae), whiteflies (Hemiptera: Aleyrodidae), thrips (Thysanoptera), and with great
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importance, since its arrival in Spain in 2006, by Tuta absoluta (Meyrick) (Lepidoptera:
Gelechiidae) [1].

The biological control of pests has been used for a long time in tomato crops. For
instance, the whitefly parasitoid Encarsia formosa Gahan (Hymenoptera: Aphelinidae) is
mass-produced and released since the 1920s [2]. More recently, tomato crops have benefited
from the use of other biological control agents (BCAs) like dicyphine mirids (Heteroptera:
Miridae: Bryocorinae: Dicyphini). The wide use of dicyphines is due to the fact that some of
these species are zoophytophagous, which allows them to endure periods of prey scarcity
by feeding on host plants, and are particularly well adapted to plants with glandular
trichomes like tomato [3,4].

In the Mediterranean region, several dicyphine species in the genera Dicyphus, Macrolo-
phus, and Nesidiocoris naturally occur on tomato crops [5-8], and their role against pests is
widely recognized [5,9-11]. Nesidiocoris tenuis (Reuter) and Macrolophus pygmaeus (Rambur)
are currently mass-produced and commercialized for augmentation, whereas European
Dicyphus species provide biological control services, mostly through conservation strate-
gies [8,12]. Despite their importance and broad use, currently commercialized dicyphines
can present unfavorable aspects that limit their usefulness to biological control. Plant
feeding by Nesidiocoris tenuis, in particular, can cause severe damage to tomato [13-15],
while M. pygmaeus may take a long time to establish plentiful populations on crops [16,17].
Because of these limitations, it is important to evaluate other European dicyphines as
candidate BCAs of tomato pests, as is demonstrated by the increasing research interest in
species of the genus Dicyphus [18-21].

In Europe, the genus Dicyphus has 14 known species. Among them, Dicyphus cerastii
Wagner is distributed along the Mediterranean region [21-23] and, in Portugal, it is com-
monly found in low pesticide pressure tomato greenhouses [24-26]. Like other dicyphines,
D. cerastii can feed on different prey species and has been observed preying upon pests like
leafminers [24], whiteflies [25,26], T. absoluta [25], mealybugs (Hemiptera: Pseudococcidae)
and aphids [27]. However, the extent to which this predator contributes to biological
control on tomato crops is not fully understood, particularly on key indicators like prey
preference, predation rate, numerical and functional response.

The functional response (FR) describes how the individual predation rate changes
with increasing prey availability and it is a major element when it comes to assessing
the predatory efficacy of a BCA [28]. Three types of FR were proposed by Holling [29]:
type I describes a linear increase of prey consumption with increasing prey density until a
maximum is reached, and is mostly associated to predators like filter feeders [30]; type II
expresses a negatively density-dependent relation in which the predation rate decreases
with increasing prey density and is represented by a hyperbolic curve; in type IIl FR, a
positively density-dependent is described, in which the predation rate first increases at
lower prey density and then decreases at higher prey density resulting in a sigmoidal curve.
Despite some records of type III FR [31-33], dicyphine predators are more commonly
reported to have type II FR [19,32-38].

Type I FR is associated with unstable predator—prey dynamics [39,40], since at lower
densities, there is a risk of prey extinction, as predators are able to consume most prey
available. Differently, at higher densities, predators may not consume enough prey, and
thus provide limited control over prey populations. This unstable dynamic leads to
associating predators exhibiting type II FR to inundative biological control programs for
direct pest population reduction [41], such as mirid releases in seasonal crops like tomato,
rather than long-term biological control.

Functional response type and its parameters, attack rate (1) and handling time (1), are
influenced by abiotic factors including spatial complexity [42] and temperature [33], and
also biotic factors like the presence of alternative prey [43], prey distribution [44], and prey
type and size [45].

The aim of this study was to further understand the predation capacity of D. cerastii,
by evaluating the influence of prey size and mobility on the shape and magnitude of its FR,
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and on predation rate. In laboratory bioassays, D. cerastii females were exposed to different
densities of immobile Bemisia tabaci (Gennadius) (Hemiptera: Aleyrodidae) nymphs and
T. absoluta eggs, given the economic importance of these species as pests [46,47]. We also
evaluated predation on, also immobile, Ephestia kuehniella Zeller (Lepidoptera: Pyralidae)
eggs, as these are widely used as factitious prey in mirid mass rearing. And finally,
predation was also evaluated for a mobile prey species, Myzus persicae (Sulzer) (Hemiptera:
Aphididae).

2. Materials and Methods
2.1. Insects
2.1.1. Predator

Dicyphus cerastii was originally collected from different geographical sites in Portugal.
Fataca, in the south (collected from Physalis peruviana and Pelargonium sp. in gardens),
Ferreira do Zézere in central Portugal (collected on P. peruviana and tomato in gardens),
Lisbon area (collected on tomato and P. peruviana in gardens), Mafra and Silveira in the
Oeste region (collected on tomato greenhouses), and Pévoa de Varzim in the north (collected
on tomato and tobacco in greenhouses). A mixed population colony was started from
these original populations, which is frequently refreshed with wild individuals, mainly
from the Oeste region. The insects used in these experiments came from this mixed
population rearing kept at Instituto Superior de Agronomia (ISA). Rearing was performed
in mesh cages 60 x 40 x 40 cm (Entosphinx, Pardubice, Czech Republic) set with tobacco
plants about 20 cm high. To obtain young adult females (aged between 2 and 8 days
after emergence) large nymphs were regularly collected from rearing cages and placed
in separate cages where they were allowed to reach adulthood. The adults emerging
from these cages were regularly removed and placed on a separate 35 x 35 x 35 cm
cage (Entosphinx, Pardubice, Czech Republic), with access to food on tomato plants cv
Montfavet (Vilmorin Iberica S.A., Alicante, Spain).

All rearing cages were kept at 25 & 2 °C, 50 &= 20% R.H. and 14 h photoperiod, and
fed a mix of eggs of Ephestia kuehniella Zeller (Lepidoptera: Pyralidae), and Artemia sp.
(Anostraca: Artemiidae) cysts (Entofood®, Koppert Biological Systems, Berkel en Rodenrijs,
The Netherlands) as factitious prey. Commercial bee pollen grains (Serramel®, Euromel
Apicultores, Penamacor, Portugal) were also provided ad libitum (sprinkled on the leaves).

2.1.2. Prey

All prey, with the exception of E. kuehniella, were reared at ISA’s Insectary, at room
temperature (25 £ 2 °C), 50 £ 20% R.H. and a 14 h photoperiod. Tuta absoluta was reared
from individuals collected in tomato crops from the Oeste and Alentejo regions in Portugal.
Rearing units consisted of 60 x 40 x 40 cm mesh cages (Entosphinx, Pardubice, Czech
Republic). In order to obtain T. absoluta eggs, a bouquet of fresh tomato leaves cv Montfavet
(Vilmorin Iberica S.A., Alicante, Spain) was placed in plastic cups (125 mL) with water.
Leaves were offered the day before bioassays to avoid egg hatching during the experimental
period. Using a thin brush, fresh T. absoluta eggs were carefully placed on tomato leaflets to
be used in experiments the same day.

Bemisia tabaci individuals were originally collected on Gerbera sp. crops in Montijo,
Portugal. Colonies were kept in 60 x 40 x 40 cm mesh cages on cabbage Brassica oleracea L.
cv Acephala. Every two weeks, new plants were placed inside rearing cages. To prevent
the emergence of adults during the experimental period, only early 4th instar B. tabaci
nymphs [48] were used. For this, after selection under a stereoscopic microscope (SMZ-2B,
Nikon, Tokyo, Japan), nymphs were carefully detached and transferred onto tomato leaflets
using a small brush or needle, to be used in experiments the same day.

Myzus persicae individuals, collected from rose plants in Lisbon, were mixed with
others provided by Koppert Espafia SL. and were reared in 60 x 40 x 40 cm mesh cages
on pepper Capsicum annuum L. cv Piccante di Cayenna. Small nymphs (1st instar), were
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collected from pepper leaves with a fine brush and allowed to settle on tomato leaflets in
the day of experiments.

Defrosted E. kuehniella eggs were obtained from the commercial product Entofood®
(Koppert Biological Systems, Berkel en Rodenrijs, The Netherlands) and only intact, un-
damaged eggs, were selected and placed on the tomato leaflets using a brush.

In order to consider prey dimensions, prey mass was obtained by weighing three
groups of 50 individuals for each prey, using an AE200 scale (Mettler Toledo GmbH,
Greiffensee, Switzerland), with a precision of 0.1 g. Prey body size was obtained from
published literature.

2.2. Functional Response Bioassays

In this study, female predators were used, as predatory heteropteran females have to
mate and feed in order to mature and produce eggs [49], and their predation is often higher
than that of males [9,35]. Young D. cerastii females, between 2 and 8 days after emergence,
collected from the adult cage, were individually starved in 15 mL plastic vials capped
with moist cotton wool, for 24 h, at 25 & 2 °C, to reduce differences related to varying
hunger level.

Experimental arenas consisted of vertically inverted plastic Petri dishes (90 mm O,
15 mm high). A hole (5 mm @) was drilled on the top half of the dish and sealed with loose
cotton wool to allow ventilation during experiments. The Petri dish was lined with one
piece of filter paper (90 mm OJ) that was moistened with ca. 1 mL of water. This amount
of water allowed sufficient leaf turgor during experiments. One or two (in higher prey
densities) tomato leaflets cv Montfavet (Vilmorin Iberica S.A., Alicante, Spain) about 6-7 cm
in length, were placed at the center of the dish, abaxial side up. During the bioassays, the
arenas were sealed with Parafilm M®.

Each prey species was offered according to the densities in Table 1. Prey density was
determined by preliminary tests performed to assess the upper predation limit for each
prey, and to identify the signs of predation by mirids. Consumed prey was recognized as
fully sucked prey items, when the predator left only a transparent empty chorion, in the
case of eggs, or exoskeleton in the case of nymphs.

Table 1. Number of replicates for each prey density offered to Dicyphus cerastii females.

Prey Species Density
ySpP 5 10 20 30 50 100 150 200 300
Bemisia tabaci 20 20 20 20 20 17 17 17 -
Ephestia 20 20 20 20 21 17 15 15 15
kuehniella
Myzus persicae 20 20 20 20 20 15 - - -
Tuta absoluta 20 20 20 20 20 15 - 15 10

A single D. cerastii female was introduced into each arena and the number of consumed
prey was counted after 24 h, under a stereoscopic microscope at a magnification of 50 x.
Consumed prey was not replaced during the experiments. The bioassays were performed
in a climatic chamber (Fitoclima S600; Aralab, Rio de Mouro, Portugal) at 25 £ 1 °C,
60 £ 10% R.H., and a 14 h photoperiod.

2.3. Data Analysis

All FR data analyses were done in R [50] with the RStudio software [51] using the
package “FRAIR” [52]. First, data were visually inspected resulting in rejection of type
I functional response. In order to determine which functional response model (between
type I and III) best represented the data, we fitted candidate models applying the frair_fit
function that uses maximum likelihood estimation (with a binomial likelihood function) to
obtain parameter estimates of the non-linear models.



Insects 2021, 12, 530

50f15

For the type II functional response model, and considering that prey depletion oc-
curred during the experiment, Rogers” random predator equation [53] (Equation (1))
was used:

Ne = No(1 — exp(a(Neh —T))) M

where N, is the number of consumed prey, Ny is the original prey density, a is the attack
rate, /1 is handling time and T is experimental period (days).

For the type III functional response model, and also considering prey depletion, we
used the Hassel’s type III extension to Rogers’ random predator equation [54]. The number
of consumed prey (N,) follows the same relationship defined for Rogers’ type Il model,
but the attack rate (a) is assumed to vary with prey density in the following hyperbolic
function (Equation (2)):

a="bNy/(1+cNp) )

where b and ¢ are coefficients to be fitted and N is the original prey density.

To select the best model between type II and III FR, we followed the general approach
proposed by Okuyama [55] that suggests model selection by the application of a model
selection index. In our case, the fitted models were compared using the Akaike information
criterion (AIC), considering that the best model has the lowest AIC, and that a AAIC <2
between two fits indicates that both corresponding models fit the data well [56].

In addition to the AIC approach, we used the method proposed by Juliano [57]
to distinguish the overall shape of FR curves, using the frair_test function. This method
consists of fitting a polynomial logistic function of the proportion of prey consumed (N,/Ny)
(Equation (3)) that, at lower prey densities, is more suitable to detect slight differences in
curve shape between type II and IlI, than a non-linear curve [57].

Ne exp (Po + Pi Ny + P2N02) )
No  1+4exp (PO 4+ PNy + P2N02)

where N, is the number of prey consumed, Nj is the initial prey density, and Py, P1, and P,
are the constant, linear, and quadratic coefficients.

The sign and significance of these coefficients determine the type of functional re-
sponse: significant negative linear coefficient indicates a type II functional response (declin-
ing proportional prey consumption with increasing prey density), and significant positive
linear and negative quadratic coefficients suggest a type III functional response (initial
increase and subsequent decrease in proportional prey consumption) [52,57].

Finally, to compare the fitted coefficients, 95% confidence intervals (CIs) were gen-
erated by nonparametric bootstrapping using the frair_boot function; parameters with
non-overlapping 95% Cls are considered significantly different [52]. Functional response
curves were plotted with their respective 95% Cls using the drawpoly function.

In order to compare predation rates among the same prey density, we used the R
package “FSA” [58,59] to perform a Kruskall-Wallis test, followed by Dunn’s multiple
comparisons with p-values adjusted with the Holm method.

3. Results

Prey mass was directly related to its body size. Tuta absoluta eggs were the lightest
prey (Table 2) as, on average, each egg is 0.36 mm long and 0.22 mm in diameter [60]. The
remaining three prey species had similar masses (Table 2) and body sizes, as E. kuehniella
eggs are 0.58 mm long and 0.33 mm wide [61], Bemisia tabaci 4th instar nymphs are approx-
imately 0.63 mm long and 0.39 mm wide [62], and Myzus persicae 1st instar nymphs are
0.78 mm long and 0.33 mm wide [63].
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Table 2. Weight (mean =+ standard error) of groups of 50 prey individuals (Bemisia tabaci 4th instar
nymphs, Ephestia kuehniella eggs, Myzus persicae 1st instar nymphs or Tuta absoluta eggs).

Prey Species Weight (mg)
Bemisia tabaci 1.13 +0.03
Ephestia kuehniella 1.27 £ 0.03
Myzus persicae 1.33 £ 0.03
Tuta absoluta 0.67 £ 0.03

Dicyphus cerastii readily accepted all prey species tested. Average consumption in-
creased with prey availability, reaching a maximum of 88.8 B. tabaci 4th instar nymphs at a
density of 200, 134.4 E. kuchniella eggs at a density of 300, 37.3 M. persicae 1st instar nymphs
at a density of 100 and 172.3 T. absoluta eggs at a density of 200 (Table 3).

Table 3. Number (mean =+ standard error) of prey (Bemisia tabaci 4th instar nymphs, Ephestia kuehniella eggs, Myzus persicae
1st instar nymphs or Tuta absoluta eggs) consumed by Dicyphus cerastii females at each density in 24 h *.

Density
Prey
5 10 20 30 50 100 150 200 300
B. tabaci 5.0 & 0.0a 9.8 £0.1a 19.5+0.2a 29.3 £0.4a 448 £ 1.1a 775+ 2.6a 834+ 6.1a 88.8 +6.7a -
E. kuehniella 5.0 £ 0.0a 10.0 £ 0.0a 18.5 £ 0.8a 299+ 0.1a 47.9 £ 0.9ab 85.1 & 3.1ab 122.1 £5.0b 125.8 & 10.6b 134.4 £5.8a
M. persicae 49 £0.1a 8.8 + 0.3b 17.7 £ 0.4b 24.0 & 1.0b 34.0+2.1c 37.3+27c - - -
T. absoluta 5.0 £ 0.0a 9.9+ 0.1a 19.9 £ 0.1a 299 £0.1a 49.4 £ 0.4b 95.1 +1.8b - 172.3 £7.4c 171.4 £ 12.6b

* Means followed by the same letter within columns correspond to groups among which values are not significantly different for Dunn’s
multiple comparison test (Holm p > 0.05).

The results of fitting Rogers’ random predator equation (type II FR) and Hassel’s
extension for type Il are presented in Tables 4 and 5, respectively. The type II FR model,
showed lower AIC values than type III, for each of the four prey. However, AAIC values
indicate that both models could describe the data well (Table 6). The highest AAIC was
found for B. tabaci, and coherently, a plot of attack rate, as fitted by Hassel’s extension for
type Il FR, reveals that the attack rate of B. tabaci quickly tends to the asymptote of the
hyperbolic function (b/c) that is very close to the value of attack rate obtained from fitting
Rogers’ random predator equation (Figure 1, Table 4). In the remaining prey species (with
lower AAIC values), this tendency is also observed, although not as fast as in B. tabaci
(Figure 1). Despite this, the logistic regression of the proportion of prey consumed derived
significant linear coefficients for all prey species (Table 7), which indicates that a type II FR
should be preferable in our case, as presented in the fitted curves (Figure 2).

Table 4. Parameters a (attack rate) and  (handling time), standard error (S.E.) estimated by maximum
likelihood using Rogers’ random predator equation (Type II functional response) for Dicyphus cerastii
females feeding on different prey (Bemisia tabaci 4th instar nymphs, Ephestia kuehniella eggs, Myzus
persicae 1st instar nymphs or Tuta absoluta eggs).

Prey Parameter Estimate S.E. z* p-Value
Bermisia tabaci a 457 1.72 x 1071 26.49 <0.001
enista tabact h 9.60 x 1073 1.73 x 104 55.48 <0.001
Ephestia a 4.42 1.34 x 107! 32.90 <0.001
kuehniella h 6.06 x 1073 9.76 x 107° 62.06 <0.001
Myzus a 3.28 1.77 x 1071 18.57 <0.001
persicae h 213 %1072 7.66 x 107 27.73 <0.001
Tuta absolt a 5.93 211 x 1071 28.18 <0.001
Ut avsotuta h 443 %1073 771 x 1075 57.40 <0.001

* z-statistics value to the test of the parameter difference from zero and the corresponding p-value.
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Table 5. Parameters b and ¢, and & (handling time), and respective standard error (S.E.) estimated
by maximum likelihood using Hassel’s extension to Rogers’s random predator equation (Type III
functional response) for Dicyphus cerastii females feeding on different prey (Bemisia tabaci 4th instar
nymphs, Ephestia kuehniella eggs, Myzus persicae 1st instar nymphs or Tuta absoluta eggs).

Prey Parameter Estimate S.E. z* p-Value

b 801.24 4.89 x 10710 1.64 x 1012 <0.001

Bemisia tabaci c 175.45 223 x 1077 7.85 x 1010 <0.001

h 9.60 x 1073 131 x 1074 73.41 <0.001

Ehesti b 13.89 2.06 x 1072 675.55 <0.001

. ”hes‘. 11’; c 3.11 9.08 x 102 34.29 <0.001

uenmetia h 6.07 x 1073 9.77 x 1075 62.19 <0.001
Muzus b 3.25 3.86 8.40 x 1071 401 x 101
pe rys icae c 0.91 1.18 7.73 x 1071 440 x 1071

h 2.17 x 1072 9.65x1074 22.53 <0.001

b 428 414 x 1073 1033.38 <0.001

Tuta absoluta c 6.98 x 101 246 x 1072 28.38 <0.001

h 4.46 x 1073 7.68 x 1070 58.13 <0.001

* z-statistics value to the test of the parameter difference from zero and the corresponding p-value.

Table 6. Akaike information criterion (AIC) for the two candidate functional response models for
each prey (Bemisia tabaci 4th instar nymphs, Ephestia kuehniella eggs, Myzus persicae 1st instar nymphs
or Tuta absoluta eggs).

Prey Type II Type III *
Bemisia tabaci 1252.89 1254.89 (2.00)
Ephestia kuehniella 1844.38 1846.29 (1.92)
Myzus persicae 698.53 699.77 (1.25)
Tuta absoluta 1164.98 1165.90 (0.92)

* Values in brackets represent AAIC: difference between AIC value for the current model and the lowest AIC
value for each prey.

T e
I
s  \\4
S
s P
=
<
N_
— Bt
- — Ek
— Mp
o — — Ta
I | [ [ I
0 10 20 30 40

Initial density (No)

Figure 1. Attack rate as a function of initial prey density estimated by the Hassel’s extension for type
III functional response (Equation (2)) of Dicyphus cerastii females preying on Bemisia tabaci 4th instar
nymphs (Bt), Ephestia kuehniella eggs (Ek), Myzus persicae 1st instar nymphs (Mp) and Tuta absoluta
eggs (Ta). Dotted lines represent the asymptote of the hyperbolic function (b/c) for each prey.
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Table 7. Estimates and respective standard error (S.E.) of the linear coefficient of logistic regression
analysis of the proportion of prey (Bemisia tabaci 4th instar nymphs, Ephestia kuehniella eggs, Myzus
persicae 1st instar nymphs or Tuta absoluta eggs) consumed by Dicyphus cerastii females in 24 h.

Prey Estimate S.E. VA p-Value
Bemisia tabaci —1.69 x 1072 449 x 1074 —37.73 <0.001
Ephestia ~1.12 x 102 245 x 104 4563 <0.001
kuehniella
Myzus persicae —2.84 x 1072 1.13 x 1073 —25.18 <0.001
Tuta absoluta —1.52x102 436 x 1074 —34.75 <0.001

* z-statistics value to the test of the parameter difference from zero and the corresponding p-value.
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Figure 2. Functional response curves of Dicyphus cerastii females when preying on Bemisia tabaci 4th
instar nymphs (A), Ephestia kuehniella eggs (B), Myzus persicae 1st instar nymphs (C) and Tuta absoluta
eggs (D). Dots represent the average consumption and bars the respective standard error. Shaded
areas represent bootstrapped 95% confidence intervals. Note that vertical and horizontal axis scales
are not the same among prey species.

Estimated parameters for the Rogers’ random equation (Table 4) reveal that attack
rate (a) was highest on T. absoluta eggs, followed by B. tabaci nymphs, E. kuehniella eggs and
M. persicae nymphs. Handling time (k) was highest on M. persicae nymphs, followed by B.
tabaci nymphs, E. kuehniella eggs, and T. absoluta eggs. From handling time, it was possible
to calculate the theoretical maximum predation rate (1/h), which was 225.9 T. absoluta eggs
day !, 165.1 E. kuehniella eggs day !, 104.2 B. tabaci nymphs day !, and 47.1 M. persicae
nymphs day~!. Fitting Hassel’s extension for type III also resulted in similar estimates for
handling time compared to type II (Table 5).

According to the bootstrapped 95% Cls of parameter estimates (Figure 3, Table S1),
attack rate did not differ between B. tabaci nymphs, E. kuehniella eggs and T. absoluta eggs as
the correspondent 95% Cls overlapped, and the attack rate of M. persicae only overlapped
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with that of E. kuehniella. Handling times were different for all prey, except for E. kuehniella
and T. absoluta eggs, in which 95% ClIs briefly meet at 0.005 (Table S1).

Attack rate Handling time
0,03

0,02
|

l b 0,01

Bt

Ek Mp Ta Bt Ek Mp Ta

Figure 3. Estimates of functional response parameters attack rate, and handling time for Dicyphus cerastii females feeding on

Bemisia tabaci 4th instar nymphs (Bt), Ephestia kuehniella eggs (Ek), Myzus persicae 1st instar nymphs (Mp) and Tuta absoluta

eggs (Ta). Error bars represent bootstrapped 95% confidence intervals (CIs). In each parameter, overlapping 95% Cls are

represented with the same letter. Note the different vertical axis scale.

4. Discussion

In this study, D. cerastii females were offered prey belonging to different species, with
different characteristics of mobility and size. We found that D. cerastii females were able to
consume the majority of prey individuals at lower densities, but predation rate decelerated
as prey density increased, thus showing a type II FR for all prey tested (Table 3, Figure 2).
This agrees with previous records of other dicyphine species feeding on E. kuchniella [34]
and T. absoluta eggs [19,32,34], whitefly nymphs [33,35,36] and aphids [37,38,64].

The FR parameters, attack rate (7) and handling time (%), determine the slope and
the height of the FR curve, respectively [65]. The attack rate is a measure of a predator’s
efficiency in finding prey at low prey densities, whereas handling time is defined as the time
a predator stops searching for prey after a capture [65]. In this study, prey mobility greater
than prey size may have negatively affected the predator’s efficiency at lower densities,
as the mobile prey, M. persicae, had the lowest attack rate and the values of 95% ClIs for
attack rate overlapped among immobile prey (E. kuehniella, B. tabaci, T. absoluta). However,
mobility could not explain why the attack rate of M. persicae marginally overlapped with
that of E. kuehniella (Figure 3, Table S1).

Prey size influences handling time, as bigger prey may require more time for ma-
nipulation and feeding [66]. Accordingly, the lowest handling time was found on the
smaller prey that we offered; T. absoluta eggs. Despite the size difference, and similarly
to attack rate, the 95% CI estimate for handling time of T. absoluta overlapped with that
of E. kuehniella (Figure 3, Table S1). However, even when 95% ClIs of parameter estimates
overlap, parameters may still combine to produce differences in predicted consumption
as a function of prey density [52], as was observed for these two prey species (Figure S1).
Handling time was different among B. tabaci, E. kuehniella and M. persicae, despite their
similarities in size and mass (Figure 3, Table S1). Other factors, besides prey size, can
determine the feeding capacity of a predator [45] and, in our case, prey mobility could also
explain the lower predation found on M. persicae nymphs. We observed that, at higher
densities, aphid dispersion in the arenas at the end of experiments was also higher. Even
though the majority was found on the leaflets, consumed aphids were found dispersed
throughout the arena at higher densities. In this case, predators could have spent more time
searching for prey compared to the other immobile prey offered. In addition to mobility,
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aphids can also present defense behaviors, such as exudate secretion, which can affect
predation [67] and thus increase predator handling time. Despite both being immobile
and size equivalent, E. kuehniella eggs and B. tabaci nymphs also had different maximum
predation rates. This could be due to other prey features, that may limit predatory capacity,
such as integument hardness [45], nutritional content [68] and prey digestion [69].

Type II FR is associated with unstable predator-prey dynamics [39,40]. However,
in more natural setups, predators displaying type II FR may be under the pressure of
stabilizing elements such as temperature [33], host plant species [70], presence of alternative
prey [43], prey distribution [44], prey species [71], prey size [72], and spatial complexity [42],
which may approach their predatory activity to a type III FR. In our case, although the
combination of the AIC method with the logistic regression indicated that a type II FR
model was preferable, the low AAIC between type II and III models suggests that the type
III model could also fit well, particularly on E. kuehniella, M. persicae and T. absoluta (Table 6,
Figure 1). This could mean that our setup may have hampered a more evident distinction
between type II and III FR, as either due to its small size, or low spatial complexity,
predators could have found prey unrealistically easily, particularly at low densities.

Although traditionally more associated to vertebrates, type III FR has been increas-
ingly reported for arthropods including dicyphine predators such as M. pygmaeus and
N. tenuis [31], Engytatus varians (Distant) and Macrolophus basicornis (Stal) females [32]
feeding on T. absoluta eggs, and for N. tenuis on B. tabaci [33]. In more natural setups,
like greenhouse crops, it is possible that the presence of stabilizing elements could drive
dicyphine predators to display an FR closer to type III. One of such effects could be that,
in more complex habitats, predation may be reduced at lower prey densities, since the
ability to find prey can be affected by the availability of refuge [42,73]. Additionally, hor-
ticultural crops are often colonized by different arthropods that may be preyed upon by
dicyphine predators. This abundance of alternative prey can also stabilize predator-prey
systems if the predator is able to switch between available prey [43], which dicyphines, in
general, do [74]. Furthermore, glandular trichome bearing plants, such as tomato, provide
abundant entrapped arthropod cadavers, which may serve as lower effort prey on which
these predators also feed [24]. Phytophagy may also stabilize predator-prey dynamics by
helping dicyphines avoid bottom-up effects of prey scarcity. However, this effect may be
more important on adult predators, as plant feeding alone may affect immature develop-
ment in some species [75,76]. Additionally, some plant resources may reduce excessive
top-down effects on prey and stabilize predator-prey dynamics, as was demonstrated for
M. pygmaeus, which reduced its predation rate on M. persicae when eggplant flowers or
pollen were available [77].

Functional response outcomes, although important in understanding predator—prey
dynamics, can be difficult to interpret, and mostly give a theoretical contribution to the
assessment of the biological control potential of a natural enemy. Predation rate, how-
ever, provides a concrete measure of the feeding capacity of a BCA and allows for direct
comparison with other predators.

We observed that, for all prey, Dicyphus cerastii females were highly voracious and
predation often started when Petri dishes were still being sealed. Dicyphus cerastii was able
to consume an average of 172.3 T. absoluta eggs, and we estimated a maximum predation
rate of 225.9 eggs day !. These are higher values than those found for similar sized
dicyphines like D. bolivari and D. errans that can feed on more than 130 T. absoluta eggs
when exposed to 350 prey items, but have estimated maximum predation rates of 188.52
and 197.24 eggs for D. bolivari and D. errans females, respectively [19]. Dicyphus cerastii also
showed higher predation than M. pygmaeus and N. tenuis which are reported to consume
approximately 50 T. absoluta eggs daily [78]. Our results also indicate higher predation
compared to neotropical mirid species: Tupiocoris cucurbitaceus (Spinola) could prey on an
average of 147.45 eggs day ! [79]; Campyloneuropsis infumatus (Carvalho), Engytatus varians
(Distant) and Macrolophus basicornis (Stal) females consumed an average of 51.0, 91.1 and
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100.8 T. absoluta eggs, respectively, although these experiments were carried on tomato
seedlings [32].

Predation on aphids was also high, as D. cerastii females could consume up to an
average of 37.3 M. persicae 1st instar nymphs day ! whereas D. tamaninii and M. pygmaeus
can feed on 22.8 and 21.7 1st instar nymphs of M. persicae, respectively [80]. D. cerastii
also surpassed T. cucurbitaceus that preyed on 19.75 M. persicae nymphs [79], although
these authors used mixed nymphal instars of the aphid (1st—3rd). In another study, D.
maroccanus (syn. D. bolivari [21]) and N. tenuis females only preyed on approximately 15
1st instar nymphs of M. persicae, whereas M. pygmaeus fed on roughly 10 [81]; however,
only 20 aphids were offered initially. Despite the previously mentioned lower predation
rates, in experiments with different aphid species, D. tamaninii females fed on 46.2 young
nymphs of Aphis gossypii Glover on cucumber, and 43.6 Macrosiphum euphorbiae (Thomas)
on tomato [38], which suggests that predation rate may depend on aphid species.

Dicyphus cerastii females could prey upon an average of 88.8 B. tabaci 4th instar nymphs
when 200 individuals were offered, which is a much higher predation rate than that found
for most other dicyphine species. Dicyphus tamaninii is reported to prey on an average
of 12 B. tabaci 4th instar nymphs day !, whereas M. pygmaeus could consume 5 [82].
Tupiocoris cucurbitaceus females can prey on an average of 38.2 B. tabaci nymphs (3rd—4th
instar) [79], and N. tenuis on up to 42.1 and 45.1 B. tabaci 4th instars day ! at 25 °C and 35°C
respectively [33]. Finally, in a study with the greenhouse whitefly Trialeurodes vaporariorum
(Westwood), D. errans females were reported to have an estimated maximum predation
rate of 114 4th instar prey [36], which is similar to what we found here for D. cerastii on B.
tabaci (104.2 nymphs day ).

The predation rate on E. kuehniella eggs is important for mass rearing dicyphine
predators, as it is widely used as factitious prey. We found that D. cerastii females fed on an
average of 134.4 E. kuehniella eggs which agrees with the predation rate previously reported
for D. hesperus that can consume approximately 139 E. kuehniella eggs in 24h [83]. A lower
predation has been reported for N. tenuis, which is able to consume 58 E. kuehniella eggs
day 1! [84].

As mentioned above, our setup may have been too simple, as Petri dishes represent
very simplified versions of what predators may encounter in nature. In the future, FR
should be evaluated under more complex arenas, with multiple prey in order to assess the
effect of stabilizing elements like spatial complexity and prey switching.

Besides FR and predation rate, there are other factors that may be important to address
in future research regarding D. cerastii. Among these, the numerical response, or how
the predator population changes with prey density [28], is of major importance to fully
understand the potential of D. cerastii to regulate pests. In the case of type II predators,
population size is crucial for the success of biological control, particularly at higher prey
densities, when individual predation capacity may be limited. Moreover, numerical re-
sponse is influenced by biological parameters that drive population dynamics such as
reproductive and developmental thermal thresholds, and further information about these
parameters is required for D. cerastii. Prey suitability also impacts predator populations,
since different prey may have distinct impact on predator performance, as shown for M.
pygmaeus [85,86] and N. tenuis [86] females that have lower fertility when feeding on T. ab-
soluta eggs compared to those of E. kuehniella. Determining prey preference is also essential
in the case of generalist predators like dicyphines, which may disperse their predation
through prey switching behavior [74]. Therefore, an insight into predator preferences may
help to understand and predict the efficacy of D. cerastii in multiple prey situations. Di-
cyphines can also present cannibalistic and intraguild predatory interactions [87,88]. Both
these direct, and indirect interactions such as competitive displacement [31], may also affect
the success of biological control programs with these predators. Finally, it is important to
note that despite their services as BCAs, dicyphines can also damage crops through plant
feeding [13-15], and the severity of plant damage is related to mirid species [14]. So far,
the phytophagy of D. cerastii has been studied on tomato plantlets, on which it produced
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necrotic spots on leaves [25]. Therefore, a larger assessment on the impact of phytophagy
of this species should also be considered in the future.

5. Conclusions

This work presents the first data on the functional response and predation rate of
D. cerastii on four different prey species. Dicyphus cerastii exhibited type II FR for all
prey tested. There were differences in the FR parameters, attack rate and handling time,
suggesting that prey characteristics such as size and mobility, had an impact on predation
capacity. Overall, D. cerastii was quite voracious, as higher predation rates were found for
all prey compared to other predatory mirids, suggesting that this species may be relevant
among dicyphine BCAs. Although our experiments were carried in small arenas, these
results provide a valuable insight into the predatory capacity of D. cerastii on different prey,
particularly on important tomato pests like T. absoluta and B. tabaci, encouraging further
research on the BCA potential of this predator.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/insects12060530/s1, Table S1: Parameters a (attack rate) and & (handling time), standard
error (S.E.) and respective bootstrapped 95% confidence intervals estimated by Rogers’s random
predator equation (Type II functional response) for Dicyphus cerastii females feeding on different
prey species (Bemisia tabaci 4th instar nymphs, Ephestia kuehniella eggs, Myzus persicae 1st instar
nymphs or Tuta absoluta eggs); Figure S1: Functional response curves of Dicyphus cerastii females
when preying on Ephestia kuehniella eggs (Ek) and Tuta absoluta eggs (Ta). Black dots represent the
average consumption and bars the respective standard error. Shaded areas represent bootstrapped
95% confidence intervals.
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