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General introduction







|.ECOSYSTEM SERVICES PROVIDED BY BENEFICIAL INSECTS

Beneficial insects provide vital ecosystem services including pollination, biological
control of pests and weeds, nutrient cycling and providing food sources to higher trophic
levels in the food web (Resh and Cardé, 2009). These ecosystem services are of such
importance that their annual value has been estimated to be at least $57 billion, only in
the United States (Losey and Vaughan, 2006). Here, we will focus on two of the main

groups of beneficial insects: biological control agents of agricultural pests and pollinators.

Biological control is the use of a population of one living organism to reduce the
population of another organism (van Lenteren et al., 2017). Insects that are currently used
in biological control comprise parasitic wasps and predators. Biological control can be
subdivided in four categories. i) Natural biological control is an ecosystem service whereby
pest populations are reduced by naturally occurring beneficial organisms. Humans do
not interfere in this type of biological control. Nonetheless, this is the most valuable
type of biological control to agriculture in economic terms, with an annual estimated
value of $4.49 billion, or $417 per ha and year, only in the United States (Costanza et al.,
1998; Losey and Vaughan, 2006; van Lenteren et al., 2017). ii) Conservation biological
control consists of enhancing the performance of naturally occurring biological control
agents by conserving their resources and reducing the pesticide-induced mortality of
biological control agents (Holland et al., 2016; van Lenteren et al., 2017). iii) Classical
biological control consists of the introduction, in an area where a pest is invasive, of a
biological control agent collected from the area where the pest is native (van Lenteren et
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al., 2017). Classical biological control often results in enormous economic benefits due to
a permanent pest population reduction (Cock et al., 2010; van Lenteren et al., 2017). For
instance, the African citrus psyllid, Trioza erytreae (Del Guercio) (Hemiptera: Triozidae),
is a vector of the citrus greening or huanglongbing (HLB) disease. This pest has recently
invaded the Iberian Peninsula and Canary Islands. In order to reduce its population
levels, a classical biological control program has been successfully implemented with the
introduction of the South African parasitoid Tamarixia dryi (Waterson) (Hymenoptera:
Eulophidae) (Urbaneja-Bernat et al., 2020a, 2019). iv) Augmentative biological control
consists of mass-rearing and releasing large numbers of living organisms for pest control.
In 2015, augmentative biological control was applied on more than 30 million ha

worldwide with a market value of $1.7 billion (van Lenteren et al., 2017).

Pollination is the process by which flowering plants reproduce and develop
offspring (i.e. seeds). Insects, the main pollination vectors, are responsible of
the reproduction of 87% of plants worldwide (Ollerton et al., 2011) and 35% of
the global crop-based food production (Klein et al., 2007). The global economic
value of pollination from domesticated and wild animals has been estimated at
€153 billion (Gallai et al., 2009). The honeybee Apis mellifera L. (Hymenoptera:
Apidae) is the most versatile, ubiquitous and commonly used pollinator in
agriculture. Recent research estimated that honeybees increased fruit set in only
14% of the systems surveyed and they are responsible for 39% of the visits to crop
flowers (Garibaldi et al., 2013; Rader et al., 2015). However, the value of other
wild pollinators, including non-bee species, is key to maintain yields and enhance
fruit set in agriculture and sustain life on earth (Rader et al., 2015). Non-bee
insects such as dipterans, lepidopterans, coleopterans or non-bee hymenopterans
are also key pollinators with 38% of the visits to crop flowers. Among this non-bee
pollination group, flies of the family Syrphidae (commonly known as hoverflies)

are the most important pollinators.

Growing evidence of important declines in insect populations has caused great
concern among the scientific community (Biesmeijer et al., 2006; Dirzo et al,
2014; Goulson et al., 2008; Hallmann et al., 2017; Harvey et al., 2020; Potts et al.,
2010). Studies carried out in a rainforest of Puerto Rico (Lister and Garcia, 2018)
and European protected areas (Hallmann et al., 2017) showed insect biomass losses
of more than 75% between 1989 and 2016. Most studies have pointed out that the
main factors of insect decline are habitat degradation, scarcity of floral resources,
global pollution with insecticides, fertilizers or herbicides, the increasing number
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of invasive species, and climate change. However, the relative importance of each
factor that causes insect decline is still poorly understood. In addition, it is unknown
whether insect decline has negative effects on biological control and pollination
in agricultural lands. What is well known is that insecticides used to control pests
have negative effects on non-target living organisms via many different routes with
largely unknown effects (Frank and Tooker, 2020). This thesis aims to provide new
evidence on how insecticides reach non-target beneficial organisms through plant-
derived food sources, which will further help research institutes and environmental

protection agencies to carry out new studies that evaluate insect decline.
2. PLANT-DERIVED FOOD SOURCES FOR BENEFICIAL INSECTS

Many beneficial insect species, at least at some stage during their life cycle, feed on plant-
derived materials to meet their requirements for daily physical activities and metabolic
processes (Heimpel and Jervis, 2005; Nicolson et al., 2007). They feed: i) directly upon
plants, consuming fruits, nectar and extrafloral nectar, guttation, pollen, seeds, pearl
bodies, sap, epidermis, or trichomes (Heimpel and Jervis, 2005; Singh et al., 2021;
Urbaneja-Bernat et al., 2020b); and, indirectly, consuming honeydew excreted by several

groups of herbivorous insects (Heimpel and Jervis, 2005).

The carbohydrates and other nutrients in minor proportion obtained from nectar and
honeydew can enhance the longevity, fecundity (Berndt and Wratten, 2005), progeny
fitness (Amoros-Jiménez et al.,, 2014; Lundgren, 2009), and proportion of female
offspring (Berndt and Wratten, 2005; Heimpel and Lundgren, 2000) of beneficial
insects. Moreover, they may also affect other biological traits such as diapause and
quiescence (Michaud and Qureshi, 2006). Therefore, the scarcity or contamination
of these plant-derived food sources in agricultural lands have negative impacts on
pollination and biological control services provided by beneficial insects (Botias et al.,
2015; Gurr et al., 2017; Rundlof et al., 2015).

2.1. Main plant-derived food sources for beneficial insects in agroecosystems

In this thesis, I will focus on plant-derived food sources that are mainly composed
of carbohydrates. In agriculture, beneficial insects find carbohydrates mainly in fruit,
floral nectar, extrafloral nectar, guttation, or honeydew (Girolami et al., 2009; Heimpel
and Jervis, 2005; Lundgren, 2009; Wiéckers et al., 2008, 2005). These sources, however,
have a highly diverse nutritional quality, and their availability depends on the crop and
season (Figure 1).
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‘ MAIN PLANT-DERIVED FOOD SOURCES FOR INSECTS IN AGRICULTURE ‘

J e 3 3 4

HONEYDEW NECTAR EXTRAFLORAL NECTAR GUTTATION FRUIT
NUTRITIONAL Variable High High Variable High
QUALITY
SEASONAL High Low High Depends on Low
AVAILABILITY weather and soil
conditions
CROPS All crops All crops except cereals and Cotton,pumpkin, Cereals, tomato, Vegetables,
those harvested before zucchini, cassava, bean, cucumber, tobaco, fruits
flowering (broccoli, pea, almond, peach, berries, cotton
cauliflower, leafy greens, cherry, etc.
carrots, leeks, etc.)

Figure 1 | Summary of the main plant-derived food sources for beneficial insects in agriculture, their
nutritional quality for insects and seasonal availability, the main crops in which they are present. Data
obtained from: Girolami et al. (2009); Lundgren (2009); Tena et al. (2016); Urbaneja-Bernat et al. (2020);
Wickers et al. (2008).

2.1.1. Fruits

Fruits are a nutrient-rich food source for beneficial insects. However, fruits are scarce
in nature and inaccessible for many beneficial insects because: i) fruits have physical
barriers, such as skin, shells, waxes or trichomes that among other functions, obstructs
herbivores from feeding on the fruit (Fernandez et al., 2011); ii) fruits have low seasonal
availability; iii) most fruits are harvested before they are mature enough to become
accessible for beneficial insects; and iv) humans protect fruits against herbivorous pests
by using covers or applying insecticides that make this nutritious food inaccessible or
toxic for beneficial insects.

2.1.2. Floral nectar

Floral nectaries are structures used by the plant to accomplish pollination. For nectar
producing plants, the amount of nectar produced per flower can vary from less than 1 pl
to afew ml (Nicolson etal., 2007). The primary nutrients in floral nectar are carbohydrates
such as the sugars sucrose, glucose and fructose; although amino acids, lipids, enzymes
antibiotics, antioxidants or toxic compounds can also be present in low quantities in some
nectars (Lundgren, 2009; Nicolson et al., 2007). Generally, the nutritional quality of nectar
is high, and numerous sugar-feeding beneficial insects feed on nectar when it is available.
However, the mere presence of flowering plants is no guarantee of benefits to beneficial
insects (Gurr et al., 2017). Indeed, many factors including floral architecture, flowering
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period, floral area or flower color might limit the value of floral resources to beneficial
insects (Heimpel and Jervis, 2005). In most agroecosystems, floral nectar is scarce,
because: i) several crops including cereals, tomato, kiwi, grape vine, or some ornamental
flowers such as roses do not have nectar in their flowers, ii) numerous crops such as most
Brassica species, leeks, onions, carrots, plants, leeks, chard, spinaches, artichokes, etc. are
harvested before the flowering period, iii) nectar is limited to the brief flowering period
of the crop and therefore, it is ephemeral (Gurr et al., 2017; Lundgren, 2009; Wickers et
al., 2008), iv) droughts resulting from hot weather reduce the abundance of floral units
and the volume of nectar per plant (Phillips et al., 2018), and v) flowering nectar plants
along crop borders, ditches, and roadsides in conventional agricultural landscapes are

scarce or absent.
2.1.3. Extrafloral nectar

Extrafloral nectaries are sugar-secreting organs located in leaf laminae, petioles,
rachids, bracts, stipules, pedicels, etc. that appear in numerous plant species worldwide
(Lundgren, 2009; Rogers, 1985). The main role of extrafloral nectar is to attract plant-
protecting biological control agents and provide them with food in exchange for their
protection against herbivores (Choh and Takabayashi, 2006; Heil, 2015; Lundgren,
2009). Extrafloral nectar is mainly composed of mono- and di-saccharides, with glucose,
fructose and sucrose being the dominants (Baker et al., 1978). As occurs with floral
nectar, amino acids (Keeler, 1977), micronutrients and secondary chemicals are present
in extrafloral nectar at much lower concentrations than carbohydrates. Lipids are seldom
found (Caldwell and Gerhardt, 1986). Extrafloral nectar is available during most of the
season and has a great nutritional quality for biological control agents (Stapel et al., 1997).
However, most crops do not have extrafloral nectar. Indeed, only 300 plant species from
more than 40 families have extrafloral nectaries (Rogers, 1985), and from those, few are
crops (Figure 1).

2.1.4. Guttation

Plant guttation is composed of droplets secreted at the margins and tips of leaves
through the hydathodes (pores). Guttation contains sugars and proteins at very variable
concentrations (Goatley and Lewis, 1966; Grunwald et al., 2003; Komarnytsky et al.,
2000; Singh and Singh, 2013; Urbaneja-Bernat et al., 2020b). This exudation is controlled
by root pressure and is triggered by a combination of biotic (i.e. plant growth) and abiotic
(i.e. ambient and soil temperatures, relative humidity and solar radiation, wind, soil
moisture, soil nutrients, time of the day, etc.) factors that push up the plant assimilates
through the xylem vessels and the apoplastic area (Grunwald et al., 2003; Singh, 2016).
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Guttation has been described in cereals, tobacco, tomato, berries or cucumber (Singh,
2016; Urbaneja-Bernat et al., 2020b) and is limited by climatic conditions that favor the
exudations. For example, in nights where transpiration does not occur because stomata
are closed and soil moisture level is high, roots take up water and create a hydrostatic

pressure that forces guttation (Singh, 2016).
2.1.5.Honeydew

Honeydew is the excretion product of many hemipteran and few lepidopteran species
that feed on the plant vessels. In general, honeydew excreted by hemipterans of the
suborder Sternorrhyncha is rich in carbohydrates because they feed on the phloem,
which transports the elaborated nutrients throughout the plant (Bollard, 1960). In fact,
more than 80% of the honeydew dry weight can be composed of carbohydrates (Ewart
and Metcalf, 1956) with highly diverse sugar profiles (Tena et al., 2018). Honeydew can
contain a wide range of carbohydrates, that include those synthesized i) by the plant,
such as fructose, glucose, sucrose, or maltose, and ii) by the honeydew producer, such
as trehalose, erlose, melezitose, raffinose, stachyose, mannitol or sorbitol. (Tena et al.,
2013b; van Neerbos et al., 2020). Sternorrhyncha honeydew can also contain amino acids,
micronutrients, sterols, secondary plant metabolites and/or microorganisms (Leroy et al.,
2011; Lundgren, 2009; Shaaban et al., 2020; Wackers, 2000; Yao and Akimoto, 2001).

The Sternorrhyncha suborder comprises the superfamilies Phylloxeroidea [families:
Adelgidae and Phylloxeridae], Aphidoidea [family Aphididae (aphids)] (Figure 2),
Coccoidea [among other families: Coccidae (scales), Pseudococcidae (mealybugs),
Dactylopiidae (cochineals) Margaroridae (ground pearls), Kerridae (lac scales)],
Aleyrodoidea [family Aleyrodidae (whiteflies)] and Psylloidea [mainly families Psyllidae
(psyllids) and Tryozidae (triozids)] (Figure 3).

Honeydew excreted by hemipterans from the suborder Auchenorrhyncha has no
carbohydrates or only in very low concentrations, because they feed mostly on the xylem,
although they sometimes feed on the phloem (Lundgren, 2009; Oya, 1980). This suborder
includes the superfamilies Cercopoidea [family Cercopidae (froghoppers)], Membracoidea
[families Cicadellidae (leathoppers) and Membracidae (treehoppers)], Fulgoroidae
(families Flatidae, Delphacidae, Hypochthonellidae, Meenoplidae, Tettigometridae,
Cixiidae and Fulgoridae) (Figure 2). Similarly, lepidopterans from the families Lycaenidae
and Riodinidae excrete honeydew in the larval stage through specialized glands, called
Newcomer 's glands, that are sometimes low in carbohydrates but may contain substantial
quantities of amino acids (DeVries and Baker, 1989; Lundgren, 2009).
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Figure 2 | Aphis sp. with a honeydew drop (Photo credits: Angel Plata).

L y pr I
Hemi Lepidopterans

[ [ e J ]

—‘ Sternorrhyncha —( Sternorrhyncha

Phylloxeroidea: Cercopoidea: Papilionoidea:

* Adelgidae « Cercopidae (froghoppers) * Llycaenidae

* Phylloxeridae - * Riodinidae
Membracoidea:

Aphidoid * Cicadellidae (leafhoppers)

* Aphididae * Membracidae (treehoppers)

Coccoidea: Fulgoroidea:

* Coccidae (scales) * Flatidae

+  Pseudococcidae (mealybugs) * Delphacidae

+ Dactylopiidae (cochineals) * Hypochthonellidae

* Margaroridae (ground pearls) * Meenoplidae

+  Kerridae (lac scales) * Tettigometridae
« Cixiidae

Psylloidea: * Fulgoridae

e Psyllidae (psyllids)

* Tryozidae (triozids)

Aleyrodoidea:

* Aleyrodidae

Figure 3 | Different honeydew producers across the class Insecta. From Moreno Ramirez (2020), with
permission.
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Apart from the hemipteran species, the plant species, ant presence and hemipteran instar
can also affect the chemical composition and nutritional value of honeydew for beneficial
insects (Fischer and Shingleton, 2001; Tena et al., 2016; Yao and Akimoto, 2001). In
some cases, the carbohydrate profile of honeydew is of such quality that it can extend
the lifespan of honeydew-feeding biological control agents to the same extent as a high-
quality floral nectar (Rand and Waters, 2020). However, other honeydews do not extend
the lifespan of honeydew-feeding biological control agents because their carbohydrate
profile is poor (Tena et al., 2013a, 2013b).

Hemipterans feed on all crop species, making honeydew the most abundant and
accessible carbohydrate source for beneficial insects that feed on plant-derived food
sources in most agroecosystems. Unlike nectar, honeydew is present during most
of the growing season (Tena et al., 2016; Wickers et al., 2008). Indeed, this rich and
ubiquitous food source is exploited by many insects with different feeding styles. For
instance, many parasitic wasps, flies, ants, or predators rely on honeydew as a main
carbohydrate source (Fratoni et al., 2019; Hogervorst et al., 2007; Lundgren, 2009;
Rogers et al., 2007; Way, 1963). In addition, nectarivorous insects including bees,
solitary bees, bumblebees, butterflies and moths will accept honeydew as food when
encountered (Herrera, 1990; Konrad et al., 2009; Lundgren, 2009), especially during
periods when nectar is scarce (Cameron et al., 2019; Meiners et al., 2017). In addition,
some bee species are dependent on it as the main carbohydrate component of their diet
(Dos Santos et al., 2019).

Honeydew is not only an important food source for beneficial insects. Many biological
control agents such as parasitoids or predators use honeydew as an infochemical i.e.
kairomone, to locate their hosts and prey (Budenberg, 1992, 1990; Ide et al., 2007).
Interestingly, it has been found that host-associated bacteria emit specific volatiles that
act as effective attractants for biological control agents to locate their host or prey (Fand
et al,, 2020; Leroy et al., 2011).

3.USE OF INSECTICIDES WORLDWIDE

Pesticides have undoubtedly contributed to a substantial increase in global food
production (Silva et al., 2019). Indeed, the agricultural intensification that occurred
between 1955 and 2000, which led to yield increases, came hand in hand with a
>750% increase in pesticide production (Guedes et al., 2016; Stehle and Schulz, 2015).
Pesticides can be an important part of Integrated Pest Management (IPM) programs,
when they are applied only as the last resort to prevent pest population outbreaks
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that cause economic damage (Tooker and Pearsons, 2021). However, pesticide use
has shifted away from IPM programs towards preventative and prophylactic uses
such as seed coatings or transgenic traits. As a consequence, pesticides are now
applied in more crops and landscapes than at any time in history (Bernhardt et al.,
2017; Stehle and Schulz, 2015; Tooker and Pearsons, 2021). Agricultural landscapes
currently occupy ca. 40% of the world s total land surface (Foley et al., 2011; Stehle
and Schulz, 2015). This intensification is linked directly with the use of pesticides, in
which insecticides represent 7.5-10% of the global pesticide use (Zhang, 2018).

3.1. Physiochemical properties of insecticides

The physiochemical properties of insecticides directly influence their solubility, uptake
and mobility in the plant, which ultimately will affect the mode of application of each
insecticide. These properties are: octanol/water-partition coefficient (log Kow), and the
charge of their molecules at different pH, which is measured with the acid dissociation
constant (pKa) (Bromilow et al., 1990). These two properties are used to classify
insecticides according to their mobility in the plant (Figure 4).

Optimum phloem mobility

6
pKa
8
10 Phloem/xylem mobile Xyle'm' mobi!e' Non-Systemic insecticides
Systemic insecticides systemic insecticides
12
14
3 2 -1 0 1 2 3 4 5 6 7
Log Kow
Hydrophilic Lipophilic
Ceeeee——— CE—

Figure 4 | Expanded Bromilow model to predict the uptake and mobility of different active ingredients
of plant protection products (Obtained from Bromilow and Chamberlain, 1991).

3.1.1. Insecticide solubility and uptake

Lipophilic active-ingredient molecules (log Kow values higher than 3) resist solubility in water
(Teicher, 2017) (Figure 4). Therefore, to increase the solubility in water, lipophilic insecticides

21
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are typically mixed with other solvents or adjuvants. Furthermore, lipophilic insecticides are
rapidly retained by the biological membranes of insect or leaf tissues and do not penetrate
the biological membranes. These types of insecticides are classified as contact insecticides
(Teicher, 2017) (Figure 4). Contact insecticides are usually sprayed onto the foliage.

Instead, hydrophilic insecticides solubilize easily in aqueous spray solutions, but they
require the addition of surfactants in the mixture to facilitate the absorption across the
lipophilic biological membranes (Figure 4). These insecticides are classified as systemic
because once they are taken up by the plant they distribute to all plant tissues (Figure
4). Systemic insecticides tend to be hydrophilic to allow transportation and distribution
within the plant (hydrophilicity: log K < 0). However, having some non-aqueous
solubility (lipophilicity: log K > 0) can help the insecticide to permeate across biological

membranes (Teicher, 2017).
3.1.2. Mobility of systemic insecticides

Systemic insecticides can be transported via phloem (symplastic transport) and/or xylem
(apoplastic transport). The phloem mobility is bidirectional, downwards from existing
leaves to the roots and upwards to new flushes, whereas xylem mobility is unidirectional,

from roots to leaves.

Compared to contact insecticides, systemic insecticides were originally hailed as a perfect
approach to IPM programmes because they could be selective to herbivorous insects that
feed on treated plants. In this Thesis, I will focus on systemic insecticides, because their
use has increased over the last decades and the security concerning beneficial insects
should be re-evaluated (Krupke and Tooker, 2020).

3.2. Main groups of systemic insecticides

The Insecticide Resistant Action Committee (IRAC) classifies insecticides in
different groups according to their mode of action. Systemic insecticides include
many groups such as: carbamates, organophosphates, neonicotinoids; sulfoximines,
flonicamid, pyridine azomethine derivatives, tetronic and tetramic acid derivatives,
cyromazine, diacylhydrazines, phenyl-pyrazoles, methyl isothiocyanate generators,
or diamides. This Thesis focusses on neonicotinoids because they are the most widely
used insecticides worldwide, and on flonicamid and pymetrozine because their use is

recommended in IPM programs.

Neonicotinoids are systemic insecticides that bind to the acetylcholine site on the
nicotinic acetylcholine receptors (nAChRs), causing a range of symptoms from hyper-
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excitation to lethargy and paralysis (Insecticide Resistance Action Committee, 2020).
These systemic insecticides are globally most widely used (Simon-Delso et al., 2014)
because they can be applied against a broad range of insect pests in most crops and
ornamentals. Neonicotinoids are highly persistent, as they can remain for more than one
year in plant tissues (Byrne et al., 2014), and for more than ten years in the environment
(Humann-Guilleminot et al., 2019). Due to their persistence and negative effects on non-
target beneficial insects (Pisa et al., 2015), the European Union banned the neonicotinoids
imidacloprid, thiamethoxam and clothianidin for outdoor uses in 2019. This group of

insecticides is, however, still allowed in most countries.

Flonicamid and pymetrozine, are newer classes of insecticides than carbamates,
organophosphates and neonicotinoids. These insecticides are increasingly being used
in agriculture because they are selective to insect pests or/and are less persistent in the
environment than neonicotinoids (Harrewijn and Kayser, 1997; Liu et al., 2014; Morita
etal., 2007; Shen et al., 2009). Flonicamid and pymetrozine are applied against numerous
pests such as whiteflies, aphids, planthoppers or leathoppers (Belchim, 2020; Syngenta,
2020). The metabolites of flonicamid and pymetrozine can remain in citrus for more than

60 and 21 days respectively, after their application (Belchim, 2020; Syngenta, 2020).

4.EFFECTS OF SYSTEMIC INSECTICIDES ON BENEFICIAL INSECTS

Insecticides are produced to control insect pests but they can also kill beneficial insects.
In the last 30 years, the effects of insecticides on beneficial arthropods have been the
subject of a growing number of studies, and the potential negative effects have been

reviewed numerous times (Desneux et al., 2007).
4.1. Lethal and sublethal effects of insecticides on beneficial insects

Generally, the median lethal dose (LD, ) or lethal concentration (LC,) are used to
assess and compare the direct mortality caused by insecticides after the exposure to
insecticides (Desneux et al., 2007). Furthermore, those insecticides that do not induce
apparent mortality in beneficial insects, can cause physiological and behavioral effects on
individuals that survive the exposure to a pesticide. For instance, a plethora of sublethal
effects on the insect physiology such as an increase of offspring mortality, a reduction of
longevity, fecundity or fertility of adults, or an increase in male-to-female sex ratio may
occur. Furthermore, effects on the mobility, navigation and orientation, feeding behavior,
oviposition behavior, and learning performance often occur. Some of these detrimental

effects are summarized by Desneux et al. (2007).
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4.2. Routes of exposure to systemic insecticides for beneficial insects

In agro-ecosystems, beneficial insects can be exposed to systemic insecticides through

several routes of exposure.

4.2.1.Direct contact

The most obvious and well-known exposure is when insecticides reach beneficial insects
during their application. Insecticides can arrive via direct exposure of the insecticide,
or via droplets and dust particles derived from drift (Girolami et al., 2012; Martinou
et al., 2014; Nuyttens et al., 2013; Planes et al., 2013; Sgolastra et al., 2012; Thompson,
2001). For example, drift of insecticide-containing particles released during the sowing of
seeds coated with systemic insecticides can reach beneficial insects and some spring bee
losses have been attributed to this drift in corn fields (Girolami et al., 2012). Moreover,
beneficial insects can be harmed when they move on surfaces treated with insecticides
(i.e. plant surface, soil and/or water) (Krupke et al., 2012; Martinou et al., 2014). For
instance, some pollinator species are exposed to insecticides and harmed while nesting
in contaminated soils or when using contaminated mud to build their nests (Anderson
and Harmon-Threatt, 2019).

4.2.2. Feeding on treated prey and hosts

Biological control agents might be harmed when parasitic wasp larvae feed on their
contaminated hosts (Taylor et al., 2015), or when predators consume contaminated
prey (Yao et al., 2015). For instance, adults of the parasitic wasp Toxoneuron nigriceps
(Viereck) (Hymenoptera: Braconidae) parasitize fewer hosts and live shorter when they
have developed inside noctuid hosts fed on tobacco plants treated with imidacloprid than
when they have developed inside noctuid hosts fed on untreated tobacco plants (Taylor et
al., 2015). Also, larvae of the predator Cryptolaemus montrouzieri Mulsant (Coleoptera:
Coccinellidae) do not reach the adult stage when they feed on pyriproxyfen-treated prey
(Planes et al., 2013).

4.2.3. Feeding on plant tissue

Zoophytophagy is a type of omnivorous behavior that occurs when plant tissues are
consumed by primarily predaceous species to increase the fecundity, and to reduce
developmental time and cannibalism (Moser and Obrycki, 2009). For instance,
zoophytophagous biological control agents such as the mirids Macrolophus pygmaeus
(Rambur) and Nesidiocoris tenuis Reuter (Hemiptera: Miridae), the coccinellids
Coleomegilla maculate De Geer and Harmonia axarydis Pallas (Coleoptera: Coccinellidae),
and the phytoseiid mites Euseius stipulatus (Athias-Henriot) and Typhlodromalus aripo
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De Leon (Mesostigmata: Phytoseiidae) can be harmed while feeding on plant tissue that
contains insecticides (Martinou et al., 2014; Moser and Obrycki, 2009).

4.2.4. Feeding on plant-derived food sources

Systemic insecticides can reach plant-derived food sources such as fruits, nectar,
extrafloral nectar, guttation or pollen, which are some of the main food sources for
pollinators and biological control agents (Azpiazu et al., 2019; Dively and Kamel, 2012;
Girolami et al., 2009; Jones et al., 2020; Stoner and Eitzer, 2012). The translocation of
systemic insecticides to plant-derived food has been considered one of the main routes of
exposure to beneficial insects (Kyriakopoulou et al., 2017). While reaching plant-derived
food sources, insecticides can cause lethal and sublethal effects on biological control agents
(Krischik et al., 2007; Rogers et al., 2007; Stapel et al., 2000) and pollinators (Azpiazu et
al., 2019; Whitehorn et al., 2012). Furthermore, pollinators prefer food contaminated
with neonicotinoids when they have had prior access to contaminated food sources (Arce
et al., 2018; Kessler et al., 2015).

One of the most important modes of application of systemic insecticides is as seed
coating (seed treatment). This is the leading delivery method of some insecticides such
as neonicotinoids (Frank and Tooker, 2020; Matsuda et al., 2020). For example, the seeds
of over 50% of soybeans, 52-77% of cotton, and 79-100% of maize sown in the United
States were coated with neonicotinoids in 2011 (Douglas and Tooker, 2015; Hurley and
Mitchell, 2017). When a plant grows from a coated seed, systemic insecticides distribute
to all tissues including floral and extrafloral nectar, and insects that feed on these food
sources become exposed. Due to the negative impact on pollinators, this route of
exposure has been highlighted as one of the main causes of pollinator declines (RundI6f
etal., 2015; Woodcock et al., 2017, 2016). For this reason, the use of three neonicotinoids
(imidacloprid, thiamethoxam and clothianidin) was banned in the European Union for
outdoor uses (European Food Safety Authority, 2018, 2013a).

4.2.5. Honeydew

As plant-derived source, honeydew can contain plant secondary compounds that
are excreted by honeydew producers (Ziist and Agrawal, 2015). However, it has never
been investigated whether honeydew excreted by hemipterans feeding on insecticide-
treated plants contain insecticides and becomes toxic to those arthropods that feed on
it. This would represent a novel route of insecticide exposure for arthropods. This route
of exposure could arise when honeydew producers survive insecticide treatments and
excrete honeydew contaminated with insecticides. Such a route of insecticide exposure
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to beneficial insects could be very important because, unlike nectar, honeydew is highly
abundant and accessible in most agroecosystems.

5. OBJECTIVES

Honeydew is the most abundant and accessible sugar source for beneficial insects in
many agroecosystems. Despite its importance, this ubiquitous food source has been
neglected as a potential source of insecticide exposure to beneficial insects. Therefore,
the aim of this Thesis was to explore honeydew as a route of insecticide exposure for

beneficial insects addressing several questions:

* Goal I.Ishoneydewaroute of exposure to systemicinsecticides (neonicotinoids
and feed deterrents) for beneficial insects? (chapter 2 for neonicotinoid
insecticides and chapter 3 for feeding deterrent insecticides)

* Goal 2. Do neonicotinoids from coated seeds reach honeydew excreted by
aphids and if so, are they toxic to beneficial insects? (chapter 4)

* Goal 3. Can beneficial insects discriminate between honeydew contaminated
with neonicotinoids and uncontaminated honeydew? (chapter 5)

* Goal 4. What are the potential pathways of honeydew contamination? Which
hemipteran families are more likely to excrete contaminated honeydew? Which
insecticides are more likely to reach honeydew due to their physiochemical properties?

Are there crops in which honeydew is more likely to be contaminated? (chapter 6)

6.STUDY SYSTEM
6.1.Plant

For goals 1 and 3, I selected citrus as crop because it is one of the most important crops in
Spain and one of the main fruit crops cultivated globally. Citrus crops are being grown in
17.45% of the 55.4 Mhas that are used globally to grow citrus crops and other fruit crops
such as: apple, grape, mango, banana, plum, peach, nectarine, apricot, persimmon, kiwi,
melon, watermelon, strawberry or raspberry (FAOSTAT, 2021). Citrus crops harbour a
diverse and dynamic complex of hemipterans that excrete honeydew during most of the
growing season (Pekas et al., 2011; Tena et al., 2013a)

For goal 2, we used soybean because it is an herbaceous crop, typically grown in
monocultures, representing 8.67% of the worldwide agricultural area (FAOSTAT, 2021).
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6.2. Honeydew producer

For goals 1 and 3, I used the mealybug Planococcus citri (Risso) (Hemiptera:
Pseudococcidae) because it is a common pest in citrus-producing areas of the world
(Urbaneja et al., 2020), whose honeydew increases the longevity and fecundity of

beneficial insects (Tena et al., 2013a).

For goal 2, I used the soybean aphid Aphis glycines Matsumura (Hemiptera: Aphididae)
because it is a common pest of soybean crops. In the USA, where it is an invasive species,
it is a dominant pest that can reduce yields by 2.4 billion dollars annually if left untreated
(Tilmon et al., 2011). Aphis glycines honeydew increases longevity of parasitic wasps
(Tena et al., 2018; Wyckhuys et al., 2008).

6.3. Systemic insecticides

I selected four systemic insecticides with three different modes of action.

For goals 1, 2 and 3, I selected neonicotinoid insecticides because they are the most
widely used insecticides against hemipteran pests (Frank and Tooker, 2020; Jeschke et
al., 2011). The neonicotinoids used were thiamethoxam and imidacloprid because they
use different translocation systems: via phloem and xylem, respectively (Jeschke et al.,
2011). Neonicotinoids were applied using the three most common modes of application:
soil drench and foliar spray in goal 1 and coated on seeds in goal 2 (Jeschke et al., 2011).

For goal 1, we also selected two phloem-transported feeding deterrent insecticides:
pymetrozine and flonicamid. These insecticides are applied against aphids and whiteflies
but mealybugs, which are concurrently infesting plants, are tolerant/resistant to these
insecticides. Therefore, mealybugs may excrete honeydew with insecticide at high

concentrations for long periods.

6.4. Beneficial insects

For goals 1 and 3, I selected two beneficial insects to test whether honeydew contaminated
with insecticides is toxic for them. First, we used the hoverfly Sphaerophoria rueppellii
(Wiedemann) (Diptera: Syrphidae) (Figure 5), because it i) is a pollinator (as adult) and
a predator (during larval stages) (Pekas et al., 2020), ii) is commercially available, and
iii) hoverflies are sensitive to insecticides (Vogel, 2017). Second, we selected the parasitic
wasp Anagyrus vladimiri (Girault) (Hymenoptera: Encyrtidae) because: i) it is the main

parasitic wasp of P. citri, ii) is commercially available, and iii) this species has been used to
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test whether neonicotinoids can reach parasitic wasps through extrafloral nectar (Krischik
et al., 2007). Both beneficial insects are expected to feed on honeydew excreted by P. citri.

Figure 5 | The hoverfly Sphaerophoria rueppellii feeding on honeydew (Photo credits: Angel Plata).

For goal 2, we selected the aphid-feeding predatory midge Aphidoletes aphidimyza
(Rondani) (Diptera: Cecidomyiidae) because: i) it uses honeydew as food source and
kairomone (Choi et al., 2004; Watanabe et al., 2014); and ii) is the most abundant
dipteran predator in soybean fields from north central USA (Kaiser et al., 2007).
We also selected the soybean aphid parasitic wasps Aphelinus glycinis Hopper and
Woolley (Hymenoptera: Aphelinidae) and Aphelinus certus Yasnosh (Hymenoptera:
Aphelinidae) because they are two of the main parasitic wasps of the soybean aphid
A. glycines in North America. The former parasitic wasp was purposefully introduced
in United States to control the soybean aphid (Hopper et al., 2017), whereas the latter
parasitic wasp was accidentally introduced and is now abundant throughout soybean
growing areas of North America (Frewin et al.,, 2010; Kaser and Heimpel, 2018;
Miksanek, 2020; Miksanek and Heimpel, 2019).
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7.THESIS OUTLINE

Chapter 2 addresses honeydew as a newly discovered route of insecticide exposure
to beneficial insects. For this, I first quantified the neonicotinoid concentration in the
hemipteran honeydew after a foliar- or soil-application of insecticides. Afterwards, I
carried out longevity bioassays to understand the toxicity of honeydew from mealybugs
feeding on trees treated with either thiamethoxam or imidacloprid, on two beneficial

insects: the parasitic wasp A. viadimiri and the hoverfly S. rueppellii.

Chapter 3 investigates whether apart from neonicotinoids, also systemic insecticides from
other groups can reach honeydew. For this, I carried out similar investigations as those of
chapter 2 but with the feeding-deterrent insecticides flonicamid and pymetrozine. These
insecticides are commonly used in IPM programs. First, I quantified the concentration
of flonicamid and pymetrozine in hemipteran honeydew. Second, I studied the toxicity
on beneficial insects by feeding S. rueppellii and A. vladimiri with honeydew excreted by
hemipterans feeding on trees treated with either pymetrozine or flonicamid. I collected
hemipteran honeydew in field conditions and analysed it to study whether this route

occurs in field conditions.

The research presented in Chapter 4 was conducted in Minnesota, one of the world’s
largest regions of soybean production. Here, I studied whether neonicotinoids
from coated seeds reach honeydew excreted by the soybean aphid A. glycines in a
soybean crop under field conditions. For this study, I infested soybean plants with
aphids and collected their honeydew one month after sowing the plants in the field.
This honeydew was analysed for neonicotinoid presence. Moreover, I offered aphid
honeydew collected 35-36 days after sowing the soybean plants to the predatory
midge A. aphidimyza and the parasitic wasps A. certus and A. glycinis to estimate the
toxicity of contaminated honeydew.

Chapter 5 tests whether beneficial insects can discriminate between honeydew
contaminated with neonicotinoids or uncontaminated honeydew. For this, I examined
in choice tests whether the parasitic wasp A. vladimiri and the hoverfly S. rueppellii could
discriminate between honeydew excreted by mealybugs feeding on plants treated with
imidacloprid or thiamethoxam (contaminated honeydew) and honeydew excreted by
mealybugs feeding on untreated plants (uncontaminated honeydew). This study was

carried out for beneficial insects with and without previous feeding experience.
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Chapter 6 explores the potential pathways in which honeydew might be contaminated
with insecticides. In detail, this perspective review hypothesizes: i) which hemipteran
families are more likely to excrete contaminated honeydew and ii) which systemic
insecticides are more likely to contaminate honeydew. Finally, we analyse several model
crops in Europe and/or the USA where contaminated honeydew could be problematic for

beneficial organisms that feed on this ubiquitous carbohydrate source.

Chapter 7 discusses the main contributions of my PhD to the field of insect ecotoxicology
and connects the results of each chapter aiming to highlight the main ecological
implications of this route of exposure. Furthermore, I explain how this thesis contributes

to science and society.
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ABSTRACT

Pest control in agriculture is mainly based on the application of insecticides, which
may impact non-target beneficial organisms leading to undesirable ecological
effects. Neonicotinoids are among the most widely used insecticides. However, they
have important negative side effects, especially for pollinators and other beneficial
insects feeding on nectar. Here, we identify a new, more accessible exposure route:
neonicotinoids reach and kill beneficial insects that feed on the most abundant
carbohydrate source for insects in agroecosystems, honeydew. Honeydew is the
excretion product of phloem-feeding hemipteran insects such as aphids, mealybugs,
whiteflies and psyllids. We allowed parasitic wasps and pollinating hoverflies to
feed on honeydew from hemipterans feeding on trees treated with thiamethoxam
or imidacloprid, the most commonly used neonicotinoids. LC-MS/MS analyses
demonstrated that both neonicotinoids were present in honeydew. Honeydew with
thiamethoxam was highly toxic to both species of beneficial insects, and honeydew
with imidacloprid was moderately toxic to hoverflies. Collectively, our data provide
strong evidence for honeydew as a novel route of insecticide exposure that may
cause acute or chronic deleterious effects on non-target organisms. This novel route
should be considered in future environmental risk assessments of neonicotinoid

applications.
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I.INTRODUCTION

Growing evidence of important declines in insect populations has caused great concern
because of the valuable ecosystem services that insects provide, such as pollination,
biological control, nutrient cycling, and providing food sources to higher trophic levels
in the food web (Dirzo et al., 2014; Goulson et al., 2008; Hallmann et al., 2017; Ollerton
et al., 2014; Potts et al., 2010; Sanchez-Bayo and Wyckhuys, 2019; Thomas et al., 2004).
Some of the suggested causes for the decline in insect populations are the loss of their
natural habitat, climate change and the widespread use of insecticides (Goulson et al.,
2008; Hallmann et al., 2017; Ollerton et al., 2014; Potts et al., 2010; Sanchez-Bayo and
Wyckhuys, 2019). Insecticide applications usually result in rapid mortality of the target
herbivore species. However, insecticides can also affect beneficial insects directly, as
well as indirectly through the food chain (Desneux et al., 2007; Stapel et al., 2000).
Neonicotinoids are among the most widely used and toxic insecticides, accounting
for more than 20% of the world’s insecticide market (Jeschke et al., 2011). In 2012,
they were used in important crops such as citrus, cotton, oilseed rape, soybean,
ornamentals, fruits, greenhouse vegetables, potato, rice, sunflower seed, or maize
(European Food Safety Authority, 2018). In that year, imidacloprid and thiamethoxam
accounted for the largest share of authorized insecticide use in Europe, with 30 and
25%, respectively (European Food Safety Authority, 2018). In Europe, 70% of the
neonicotinoid treatments were sprays, whereas less than 20% were seed treatments,
and the rest were other application methods such as drip irrigation (European Food
Safety Authority, 2018). In 2014, 33% of the 239,000 ha dedicated to citrus production
in California (USA) (Douglas and Tooker, 2015; Food Agriculture Organization of the
United Nations, 2013) was treated with soil or foliar applications of imidacloprid and
this insecticide remained in trees for more than one year (Byrne et al., 2014). These
neonicotinoid-treated trees can be infested by various species of phloem-feeding
insects that survive the treatment and excrete honeydew (Grafton-Cardwell, 1996;
Grafton-Cardwell et al., 2013).

In contrast to previous generations of insecticides, neonicotinoids act systemically
throughout the plant. Their use is questioned because of the impact on beneficial insects,
mainly bees (Goulson et al., 2008; Whitehorn et al., 2012). One of the best-known routes
of exposure of beneficial insects to neonicotinoids is through contaminated floral nectar
and pollen (Stapel et al., 2000; Whitehorn et al., 2012). Neonicotinoids reach these plant-
derived food sources at concentrations ranging from 0.7 to 39 pg/kg (Byrne et al., 2014;

Kessler et al., 2015; Whitehorn et al., 2012). Many insects are exposed to neonicotinoids
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when they feed on nectar and pollen during the flowering period of crops. However,
floral nectar and pollen are scarce and limited to only the brief flowering period in many
agroecosystems (Lundgren, 2009; Wickers et al., 2008).

Honeydew is the most important source of carbohydrates in many ecosystems,
especially in agricultural fields (Hogervorst et al., 2008; Lundgren, 2009; Tena et al.,
2016; Wickers et al., 2008). Honeydew is the sugar-rich excretion of phloem-feeding
insects such as aphids, whiteflies, mealybugs, coccids, and psyllids that feed on crops,
weeds, or the surrounding vegetation. This rich and ubiquitous food source is exploited
by many beneficial insects, including bees, ants, parasitic wasps and predators
(Lundgren, 2009; Tena et al., 2016), increasing their fitness by feeding on honeydew
(Lundgren, 2009; Tena et al., 2018, 2016, 2013a; Wickers et al., 2008). For instance, a
great number of ant species, which protect honeydew producers, feed on honeydew
and would not survive without it (Tena et al., 2016). Similarly, more than 50% of the
naturally occurring parasitic wasps collected in wheat fields and citrus orchards had
recently fed on honeydew (Hogervorst et al., 2007; Tena et al., 2013b). Most of these
parasitic wasps would die in less than two days without feeding on honeydew (Wackers
et al., 2008). Bees, as well as other pollinators, also feed on honeydew when nectar is
scarce (Konrad et al., 2009; Vosteen et al., 2016).

Because honeydew is produced by insects that feed on phloem, it can contain plant
secondary metabolites that are excreted by these phloem feeders (Ziist and Agrawal,
2015). Since neonicotinoids are transported through the phloem, honeydew may
be an important source of these insecticides in the environment. This, however, has
remained unexplored. Here, we investigated whether honeydew excreted by phloem-
feeding insects contains neonicotinoid residues that can affect insects feeding on it.
The presence of insecticide in honeydew would elucidate a novel route of insecticide
exposure to the many organisms that feed on honeydew. To this aim, the hoverfly
Sphaerophoria rueppellii, which is a pollinator in the adult stage and a predator in the
juvenile stage, and the hymenopteran parasitic wasp Anagyrus pseudococci were fed
ad libitum with honeydew excreted by Planococcus citri settled on one-year-old citrus
trees. Infested trees were treated with the neonicotinoids thiamethoxam (trade name
Actara 25WG) and imidacloprid (trade name Confidor 20LS) under two potential
scenarios. To test the most common mode of application, insecticides were applied via
the soil at the recommended concentrations. In a second scenario, insecticides were
applied as a foliar spray at 50% of the recommended concentrations to test the effects
when low doses of neonicotinoids reach honeydew producers. This second scenario
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represents exposure through i) insecticide drift to untreated plots, ii) partial exposure to
insecticide when a spray does not reach all parts of the plant due to incorrect insecticide
application or unfavorable climatic conditions, or iii) when neonicotinoids remain in
the plant for long periods at lower concentrations (Byrne et al., 2014; Rondeau et al.,
2015). Neonicotinoids can remain in plants for several months (Bonmatin et al., 2015;
Byrne et al.,, 2012) and even for more than one to three years after the application in
perennial crops such as citrus (Byrne et al.,, 2014; Cowles et al., 2006). During this
long period, hemipterans can feed on plants and excrete honeydew contaminated with
neonicotinoids at different concentrations that may cause lethal and sublethal effects
on beneficial insects. Moreover, a recent study has demonstrated that neonicotinoids
are present in lower than recommended rates in 93% of organic soils and crops, that
had not been treated with neonicotinoids for the last 10 years (Humann-Guilleminot
etal., 2019). The presence and concentration of imidacloprid and thiamethoxam in the
honeydew samples were further analysed for both soil and foliar-treated trees using
LC-MS/MS.

2. RESULTS AND DISCUSSION

2.1. Toxicity of honeydew for hoverflies

In soil-treated trees, 73.3 + 8.3% of the hoverflies died within three days of feeding on
honeydew excreted by mealybugs feeding on thiamethoxam-treated trees, 33.3 + 8.8% of
the hoverflies died in the imidacloprid treatment and 13.8 + 6.5% in the control treatment
(GLM based on binomial distribution, y*, = 23.86, P < 0.0001) (Figure 1A, left panel)
(SI Appendix). The corrected mortality was 69.1% for the hoverflies fed on honeydew
excreted by mealybugs feeding on thiamethoxam treated trees. The longevity of the
surviving hoverflies was assessed daily when they had continuous access to honeydew
of the different treatments. After these three days, longevity of hoverflies fed on control
honeydew (9.9 £ 0.9 days) or honeydew from mealybugs fed on imidacloprid-treated
trees (8.3 + 0.7 days) was similar (Cox’s Proportional Hazards: y*,, = 2.97, P = 0.085)
(Figure 2A, left panel).

In foliar-treated trees, all hoverflies died within three days of feeding on honeydew
excreted by mealybugs feeding on thiamethoxam-treated trees, 53.5 + 10% of the
hoverflies died in the imidacloprid treatment and only 10 + 6% in the control treatment
(GLM based on quasi-binomial distribution, F . g = 46.22, P < 0.0001) (Figure 1A,
right panel). The corrected mortality was 100% and 48.4% for the hoverflies fed on
honeydew excreted by mealybugs feeding on thiamethoxam and imidacloprid-treated
trees, respectively. After these three days, hoverflies that fed on honeydew excreted
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by mealybugs feeding on trees treated with imidacloprid (8.4 + 0.7 days) lived
significantly shorter than those fed on honeydew produced on control trees (11.3 +
0.6 days) (Cox’s Proportional Hazards: x* = 7.68, P = 0.0056) (Figure 2A, right panel).
The different translocation routes of the two insecticides in the plant might explain the
differential toxicity of honeydew excreted by mealybugs feeding on trees treated with
thiamethoxam or imidacloprid. Thiamethoxam is a phloem-transported insecticide
whereas imidacloprid is translocated mostly via xylem (Nauen et al., 2003; Weichel
and Nauen, 2004). Therefore, phloem feeders such as P, citri are more likely to excrete

thiamethoxam in their honeydew.
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Figure 1 | Mortality of beneficial insects fed on honeydew contaminated with neonicotinoid
insecticides. Mortality (mean + SE) of A) the pollinating hoverfly Sphaerophoria rueppellii and B) the
parasitic wasp Anagyrus pseudococci fed on honeydew of Planococcus citri feeding on water-treated
trees or on honeydew of P, citri feeding on soil- (left panels) or foliar-treated trees (right panels) with
the neonicotinoid insecticides imidacloprid or thiamethoxam. Mortality was assessed after feeding on
honeydew during 72 hours. Columns sharing the same letter are not significantly different from each
other (Bonferroni test, P < 0.05).
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Figure 2 | Survival of beneficial insects fed on honeydew contaminated with neonicotinoid insecticides.
Survival curves estimated by Kaplan-Meier of A) the pollinating hoverfly Sphaerophoria rueppellii, and
B), the parasitic wasp Anagyrus pseudococci fed on honeydew of Planococcus citri feeding on water-
treated trees or on honeydew of P. citri feeding on soil- (left panels) or foliar-treated trees (right panels)
with the neonicotinoid insecticides imidacloprid or thiamethoxam.

2.2. Toxicity of honeydew for parasitic wasps

In soil-treated trees, 64.4 + 7.2% of the parasitic wasps died within three days of feeding
on honeydew excreted by mealybugs that fed on trees treated with thiamethoxam,
whereas 20 + 5.7% died in the imidacloprid treatment. Mortality in the control was 15.6
+ 5.5% (GLM, based on binomial distribution, y 2 5= 31.87,P< 0.0001) (Figure 1B, left
panel). The corrected mortality was 59% the parasitic wasps fed on honeydew excreted
by mealybugs feeding on thiamethoxam treated trees. The longevity of the surviving
parasitic wasps was assessed daily while they had continuous access to honeydew of the
different treatments. After these three days, longevity of parasitic wasps fed on honeydew

from control trees (8.1 £ 0.5 days) or honeydew from mealybugs fed on imidacloprid
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(8.8 £ 0.6 days) or thiamethoxam-treated trees (6.33 + 0.95 days) was similar (Cox’s
Proportional Hazards: y* , = 4.48, P = 0.11) (Figure 2B, left panel).

In foliar-treated trees, 60.1 + 10.7% of the parasitic wasps died within three days of
feeding on honeydew excreted by mealybugs that fed on trees treated with thiamethoxam,
whereas only 7.1 + 1.5% died in the imidacloprid treatment. Mortality in the control
was 6.1 + 2.7% (GLM, based on quasi-binomial distribution, Fz, ,,=23.98, P < 0.0001)
(Figure 1B, right panel). The corrected mortality was 57.4% the parasitic wasps fed on
honeydew excreted by mealybugs feeding on thiamethoxam treated trees. After these
three days, parasitic wasps that fed on honeydew excreted by mealybugs feeding on
thiamethoxam-treated trees lived significantly shorter (7.8 + 0.5 days) than those fed
on control honeydew (12.1 + 0.4 days) or on honeydew of mealybugs that had fed on
imidacloprid-treated trees (11.4 + 0.4 days) (Cox’s Proportional Hazards: x*, = 43.06, P
< 0.0001) (Figure 2B, right panel). Longevity of parasitic wasps fed on control honeydew
or honeydew from mealybugs fed on imidacloprid-treated trees was similar (Figure 2B).
Both neonicotinoids resulted in higher mortality in the hoverfly than in the parasitic
wasp. This may be due to a greater feeding rate and/or a lower detoxification capacity of
the hoverfly. For example, bumblebees are more susceptible than honeybees to ingested
neonicotinoids because their feeding rate is greater (Cresswell et al., 2014). In our study,
we also observed qualitatively that the hoverflies ingested more honeydew than the

parasitic wasps.

2.3. Detection of neonicotinoids in honeydew

The presence and concentration of imidacloprid and thiamethoxam in the honeydew
samples were further analysed for both soil and foliar-treated trees using LC-MS/MS
(ST Appendix, Figure S1, Figure S2 and Figure S3). In soil-treated trees, thiamethoxam
was detected in mealybug-produced honeydew from 71.4 + 18.4% of the trees sampled
throughout the five days that the experiment lasted (Figure 3, and SI Appendix, Table
S4). These samples contained 18.3 + 7.6 nanogram of thiamethoxam / mL of honeydew
(ppb). Imidacloprid was detected in mealybug-produced honeydew from 42.9 *
20.2% of the trees sampled throughout the five days of the experiment. These samples
contained 15.6 + 1.4 nanogram of imidacloprid / mL of honeydew (ppb). Neither
thiamethoxam nor imidacloprid were detected in honeydew produced by mealybugs
feeding on water-treated trees (Fisher’s exact test, P = 0.031). In foliar-treated trees,
thiamethoxam was detected in mealybug-produced honeydew from 66.7 + 21.1% of

the trees sampled throughout the five days that the experiment lasted (Figure 3, and

SI Appendix, Table S5). Imidacloprid was detected in mealybug-produced honeydew




40

Chapter 2

from 71.4 £ 18.4% of the trees sampled throughout the five days of the experiment
(Figure 3, and SI Appendix, Table S5). These samples contained 68.1 + 11.6 nanogram
of imidacloprid / mL of honeydew (ppb). As in the previous experiment, neither
thiamethoxam nor imidacloprid were detected in honeydew samples collected from
control trees (Fisher’s exact test, P = 0.023).
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Figure 3 | Honeydew contaminated by neonicotinoid insecticides. Percentage (mean + SE) of
soil-treated trees (left panel) or foliar-treated trees (right panel) with Planococcus citri honeydew
contaminated by neonicotinoids. Neonicotinoids were detected using LC-MS/MS. Columns with
different letters are significantly different from each other (Fisher 's Exact Test, P < 0.05; number of trees
per treatment = 6-7).

Our results demonstrate that honeydew is a route of exposure to neonicotinoids for
beneficial insects. Honeydew contaminated with neonicotinoids may be present in
numerous ecosystems. These insecticides are used worldwide in many crops that,
concurrently, are infested by honeydew producers. Moreover, these insecticides even
occur in 93% of organic soils and crops, that had not been treated with neonicotinoids
for the last 10 years (Humann-Guilleminot, 2019). Our study focused on citrus trees.
As mentioned above, citrus is not the only crop in which neonicotinoids are routinely
applied. Forinstance,in2011,79-100% of corn and 34-44% of soybean seeds were treated
with neonicotinoids in the United States (35.1 and 32.5 million ha, respectively). These
crops are infested by phloem-feeding insects that continuously excrete honeydew when
they are resistant/tolerant to neonicotinoids or when neonicotinoid concentration
in the plant decreases and they can feed and develop at these lower concentrations
(Douglas and Tooker, 2015; Guedes et al., 2016).
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The high accessibility of honeydew excreted by numerous phloem-feeding insect species
throughout the year suggests that contaminated honeydew represents a highly toxic
carbohydrate source for beneficial arthropods (Lundgren, 2009; Tena et al., 2016; Wackers
et al., 2008). For example, predators (Hogervorst et al., 2008), ants (Tena et al., 2016),
pollinators such as honeybees, solitary bees, bumblebees (Konrad et al., 2009; Lundgren,
2009; Tena et al., 2016) and even vertebrates like birds (Clout and Gaze, 1984) have been
observed feeding on honeydew. Unavoidably, insecticides applied to control insect pests
may have repercussions on organisms at different trophic levels. Insecticides taken up by
lower trophic levels, i.e. herbivores, can cascade up to higher trophic levels of a food web.
In addition to the direct pathway of contamination through nectar, honeydew readily
drops from colonies and hence there is further potential for non-target soil-dwelling
organisms to be affected via this route.

3. CONCLUSION

Due to the negative effects of neonicotinoids on non-target organisms, especially
honeybees, the European Commission has recently banned the use of imidacloprid,
thiamethoxam and clothianidin in open agroecosystems in the member states after a
risk assessment report of the European Food Safety Authority (EFSA) (European Food
Safety Authority, 2018). As with the previous assessments, exposure of beneficial insects
to the substances was assessed via three routes: residues in bee pollen and nectar; dust
drift during the sowing/application of the treated seeds; and water consumption. These
decisions, however, did not consider that honeydew, which is more abundant than nectar,
could be an important additional route of insecticide exposure for beneficial insects,
including pollinators. This novel route of exposure is likely to affect a much wider range
of beneficial insects than contaminated nectar and, thus, should be included in future
environmental risk assessments.

4. MATERIALS AND METHODS

4.1. Insects and experimental conditions

The phloem-feeding herbivorous insect Planococcus citri was obtained from the State
Insectary of Valencia (Almassora, Spain), where it was reared on potato sprouts and
transported to the Instituto Valenciano de Investigaciones Agrarias (IVIA) (Moncada,
Spain) as crawlers (first nymphal instar). The parasitic wasp Anagyrus pseudococci and
the predator-pollinator Sphaerophoria rueppellii were obtained from the commercial
companies Koppert Biological Systems S.L (Aguilas, Spain) and Biobest Biological
Systems (Westerlo, Belgium), respectively. Pupae of both species were introduced into
wooden and glass rearing boxes (51x 51 x 41 cm) with holes in the wall that were
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covered with mesh. Rearing boxes were kept in the laboratory at room temperature until
adults emerged. Unfed newly emerged parasitic wasps and hoverflies were collected
daily between 9:00 and 11:00 AM and used in the experiments. All experiments were
carried out in different climatic chambers for each insect at 25 + 2 °C, 75 + 10% RH and
a photoperiod of 14:10h (L:D).

We selected hoverflies and parasitic wasps of honeydew-producing insects because it is
known that they feed on honeydew in the field and also use honeydew as cues to locate
their hosts (Calabuig et al., 2015; Franco et al., 2008; Hogervorst et al., 2007; Lee et al.,
2006; Steppuhn and Wickers, 2004; Tena et al., 2013b; Vosteen et al., 2016). Therefore,
they are extensively in contact with honeydew in the field. Moreover, we selected a
hoverfly because hoverflies represent one of the most important groups of pollinators
(Rader et al., 2015); some genera of hoverflies are also predators during their larval stage
(Jervis, 2005); and, finally, they are highly sensitive to insecticides and their populations
are in decline (Hallmann et al., 2017; Sanchez-Bayo, 2014). A parasitic wasp was selected
because these wasps represent one of the main groups of beneficial insects in agriculture
(Heimpel and Mills, 2017; Jervis, 2005; Wajnberg et al., 2008). One of the most important
examples of biological control in the world is based on Anagyrus parasitoids (Herren and
Neuenschwander, 1991; Wyckhuys et al., 2018; Zeddies et al., 2001).

4.2. Plant infestation and insecticide application

Twenty-seven and forty-five potted clementine trees cv. Clementina de Nules grafted on
‘Macrophyla’ (Citrus sinensis x Poncirus trifoliata) were reared and infested for the foliar
and soil insecticide applications, respectively. Trees were two-year-old and ~1m high and
they were maintained in a greenhouse at IVIA. The environmental conditions were 22
+5°C, 70 £ 20% RH and natural photoperiod (January-April). Clementine trees were
watered three times per week and were fertilized once per week with Sofertirrig® fertilizer
(18-18-18 N-P-K). They were infested with Planococcus citri crawlers on February 28",
2018, for the foliar insecticide application and January 22", 2017, for the soil insecticide
application. To infest them, 1.5 ml centrifuge tubes half-filled with P. citri crawlers were

placed on the crown of each plant.

The neonicotinoids used in this research were thiamethoxam (Thiamethoxam (25%),
Actara 25 WG, Syngenta) and imidacloprid (Imidacloprid (20%), Confidor 20 LS, Bayer).
Two potential scenarios were tested. First scenario: Insecticides were applied via the soil
at the recommended concentrations to test the most common mode of application (Boina
and Bloomquist, 2015; Cocuzza et al., 2017; Grafton-Cardwell et al., 2013; Qureshi et al.,
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2014). For this, we applied each insecticide solution or distilled water (control treatment)
to fifteen clementine plants per treatment directly on the soil on March 23. Neonicotinoids
were applied onto the soil at the dose recommended by the producer (Syngenta, 2019;
Bayer Crop Science, 2019). A concentration of 0.3 g of a.i. of thiamethoxam/ 1 L of
distilled water or 0.75 ml of imidacloprid / 1 L of distilled water was applied on fifteen
different plants per treatment. Untreated controls were watered using only distilled water.

We used different 0.5 L glass jars for each treatment to water plants.

Second scenario: Insecticides were applied as a foliar spray at 50% of the recommended
concentrations to test the effects when low doses of neonicotinoids reach honeydew
producers. For this, we applied each insecticide or distilled water (control treatment)
in separate chambers to nine clementine plants per treatment on April 19. Plants were
temporarily removed from the greenhouse in order to prevent spray drift and cross-
contamination of treatments. Neonicotinoids were applied onto the foliage at half the
dose recommended by the producer (Syngenta, 2019; Bayer Crop Science, 2019). A
concentration of 0.1 g of thiamethoxam / 1 L of distilled water and a concentration of
0.15 ml of imidacloprid / 1 L of distilled water were applied on nine different plants
per treatment. Untreated controls were sprayed using only distilled water. We used 2 L
manual sprayers and a separate sprayer was used for each insecticide and the control.
Insecticides were sprayed until run-off (200 ml). One hour after spraying, we returned

the trees to their previous positions in the greenhouse.

4.3. Honeydew collection

For soil application, we collected honeydew daily from March 24 (+1 days after treatment,
DAT) to March 29 (+5 DAT) by placing Parafilm® squares of 10 cm x 10cm below the
plant for 24 hours. The collected honeydew for each treatment was labelled and stored
at -20 °C in Petri dishes until they were used (Hogervorst et al., 2007). Honeydew was
labelled with information on treatment, tree number, and day of collection. The same

procedure was carried out for the foliar application experiment from April 20 to 25.

4.4. Amount of honeydew produced by the mealybugs and provided to the hoverflies

and parasitic wasps.

For the soil application experiment, the amount of honeydew produced by P. citri and the
honeydew provided to the beneficial insects, the hoverfly S. rueppellii and the parasitic wasp
A. pseudococci, was estimated. The amount of honeydew produced by P, citri per treatment
and per day (1, 3, 5 and 10 DAT) in each tree was assessed by counting, under a stereo
microscope, the total number of small (less than 150 um @), medium (between 150 and
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300 pm @) and large (more than 300 um @) honeydew droplets on three squares of 1 cm?
each, for three randomly collected 25 cm? Parafilm® pieces from the same tree and day. The
volume of each categorized droplet was estimated as (% x 7 x 1) x %2, where r is the radius
of the droplet. Subsequently, we estimated the total volume of honeydew for each 1 cm?

section by summing up the volume of all counted droplets (SI Appendix, Table S1).

To ensure that all insects received honeydew ad libitum in the toxicity assay, the amount of
honeydew provided was estimated. The mean volume of honeydew per cm? of Parafilm®
in each treatment was multiplied by the area of Parafilm® provided per day (SI Appendix,
Table S2). The corresponding honeydew-containing Parafilm® sections were placed in
the Petri dish or glass vials together with wet cotton wool. For all experiments, honeydew

was renewed daily to avoid crystallization (Hogervorst et al., 2007; Tena et al., 2013b 3).

4.5. Toxicity of honeydew excreted by mealybugs feeding on trees treated with

neonicotinoids as assessed for hoverflies and parasitic wasps

We fed the hoverfly S. rueppellii and the parasitic wasp A. pseudococci with honeydew
excreted by P, citri feeding on trees that had been treated with thiamethoxam, imidacloprid
or distilled water (control). For the hoverfly S. rueppellii, we confined 30 newly emerged
and unfed adults individually in 5.3-cm-diameter Petri dishes with 3-cm-diameter holes
covered with muslin mesh to allow ventilation. For the parasitic wasp A. pseudococci,
on the soil application, between 45 and 50 parasitic wasps per treatment were used and
placed individually in glass vials of 3 cm high and 0.8 cm diameter covered with wet
cotton wool. Instead, for the foliar application, groups of ten newly emerged and unfed
females per Petri dish were used. Ten replicates (each containing ten new parasitic wasps)

per treatment were carried out (100 individuals per treatment).

For the soil and foliar application experiments, Parafilm® pieces with honeydew of
each treatment were defrosted, observed under the stereo microscrope to check for
the presence of honeydew, and cut into pieces of different sizes to provide honeydew
ad libitum (ca. 4 cm? for the Petri dishes and 0.5 cm? for the glass vials). Petri dishes or
glass vials containing the different beneficial insects were kept in the climatic chambers
during 72 hours and afterwards mortality was assessed. Feeding beneficial insects with
contaminated honeydew in a no-choice situation represents the most common scenario
under field conditions because agriculture is based on large-scale uniformly-treated
monocultures where floral nectar is scarce, and is limited to only the brief flowering

period in flowering crops (Gurr et al., 2017).
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4.6. Effects of honeydew excreted by mealybugs feeding on trees treated with

neonicotinoids on hoverfly and parasitic wasp longevity

After 72 hours, surviving hoverflies and parasitic wasps of each replicate were placed
individually into new containers to study potential sublethal effects on longevity. The
surviving hoverflies were kept in the same Petri dishes used previously for the toxicity
study. For the soil application experiment, we analysed a total of 22 hoverflies fed on
honeydew from mealybugs feeding on untreated trees, and 20 individuals fed on
honeydew from mealybugs feeding on trees treated with imidacloprid. For the foliar
application, we analysed a total of 27 hoverflies fed on honeydew from mealybugs feeding
on untreated trees, and 13 fed on honeydew from mealybugs feeding on trees treated
with imidacloprid. This experiment was not carried out for thiamethoxam because most

individuals had died during the previous experiment.

For the parasitic wasp A. pseudococci in the soil application experiment, parasitic wasps
were kept in the same glass vials used for the toxicity assay. We analysed a total of 36
parasitic wasps fed on honeydew from mealybugs feeding on trees treated with distilled
water, 39 on honeydew from mealybugs feeding on trees treated with imidacloprid and
15 with thiamethoxam. For the foliar application experiment, between one and seven
surviving females per replicate were placed individually into glass vials (subreplicates).
Each surviving female was used as replicate because there were no significant differences
between replicates (females coming from the same Petri dish) in any treatment:
Survivorship of parasitic wasp females fed on honeydew excreted by mealybugs feeding
on trees treated with water (x*)= 10.1, P = 0.34); mealybugs feeding on trees treated with
imidacloprid (x?) = 13.53, P = 0.16) or thiamethoxam (x*, = 9.96, P = 0.19) (number of
individuals per replicate in SI Appendix, Table S3). Therefore, we analysed a total of 58
parasitic wasps fed on honeydew from mealybugs feeding on trees treated with distilled
water only, 55 on honeydew from mealybugs feeding on trees treated with imidacloprid
and 25 with thiamethoxam

Diets were provided ad libitum daily for each treatment and experiment on both beneficial
insects. We checked survival daily until all adults had died. Glass vials and Petri dishes

were kept in the climate chambers until all hoverflies and parasitic wasps had died.
4.7. Neonicotinoid detection in honeydew samples

After feeding the beneficial insects, the remaining honeydew for both insecticide
applications experiment was used to assess the presence of insecticide. For the soil-treated

trees, we analysed seven samples from each treatment as follows: control honeydew
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(excreted by mealybugs feeding on water-treated trees), samples of honeydew excreted by
mealybugs feeding on trees treated with imidacloprid, honeydew excreted by mealybugs
feeding on trees treated with thiamethoxam (SI Appendix, Table S4). For the foliar-
treated trees, we analysed eight samples of control honeydew (excreted by mealybugs
feeding on water-treated trees) coming from five trees and three days; 17 samples of
honeydew excreted by mealybugs feeding on trees treated with imidacloprid from seven
trees and five days and 14 of honeydew excreted by mealybugs feeding on trees treated
with thiamethoxam from six trees and five different days (SI Appendix,Table S5). Each
sample comprised the remaining honeydew for tree and day. The amount of honeydew
per sample was assessed as explained in the section “Amount of honeydew produced by
mealybugs and provided to the hoverflies and parasitic wasps”. Then, we extrapolated this

value to estimate the total volume of honeydew on the Parafilm® (25cm?).

4.7.1. Chemicals

High purity (98-99.9%) standards of desired insecticides, namely, imidacloprid, thiamethoxam
and its metabolite clothianidin were purchased from Sigma-Aldrich (Steinheim, Germany).
Individual standard solutions were prepared in methanol at a concentration of 1 g-L~
!. The working standard solution was prepared by mixing the appropriate amounts of
individual standard solutions and diluting with methanol to a final concentration of 0.5

mg-L~". All solutions were stored in 10 mL glass vials at 4 °C in the dark.

Ammonium formate and methanol (gradient grade for liquid chromatography) were
obtained from Sigma-Aldrich (Steinheim, Germany) and Panreac (Darmstadt, Germany),
respectively. High purity water was prepared using a Milli-Q water purification system
(Millipore, Milford, MA, USA). Ten millimolar ammonium formate solutions prepared
in both Milli-Q water and methanol were used as mobile phase in LC-MS/MS.

4.7.2. Insecticide extraction from honeydew

All droplets of honeydew from the same tree and day were dissolved in ‘Sample Diluent
Buffer’ (Imidacloprid ELISA, Microtiter Plate-kit, Abaraxis. Inc.) in case of foliar-treated
trees or in 50% methanol in case of soil-treated trees. One hundred microliters of diluent
solution were ejected on top of the Parafilm® piece containing the honeydew droplets.
The diluent solution and the honeydew droplets were stirred gently with the same pipette
to dissolve the honeydew and then draw into Eppendorf tubes. In the case of samples
dissolved with ‘Sample Diluent Buffer’, these 100 uL were mixed with 100 uL of methanol
and injected in the LC-MS/MS. The samples dissolved with 50% methanol were used
without further dilution to inject in the LC-MS/MS.
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4.7.3. Chemical analysis using Liquid Chromatography—Mass Spectrometry (LC-MS/MS)

The chromatographic instrument was an HP1200 series LC equipped with an automatic
injector, a degasser, a quaternary pump, and a column oven-combined with an Agilent
6410 triple quadrupole (QQQ) mass spectrometer with an electrospray ionization (ESI)
interface (Agilent Technologies, Waldbronn, Germany). Data were processed using a
MassHunter Workstation Software for qualitative and quantitative analysis (GL Sciences,
Tokio, Japan). The chromatographic column was a Luna C18 (15.0 cm x 0.21 cm) with a
3 um particle size (Phenomenex, Torrance, USA). The column temperature was kept at
30 °C and the volume injected was 5 pL. An isocratic binary mobile phase consisted of
10 mM ammonium formate: in Milli-Q water and in methanol (50:50, v/v) at flow rate of

0.3 mL-min~! was used.

The ESI ionization source parameters were drying gas (nitrogen) flow of 11 L min™! at
temperature of 300 °C, nebulizer pressure of 15 psi (1034.2 mbar) and capillarity voltage
of 4000 V. The triple quadrupole worked in Multiple Reaction Monitoring (MRM) with
both mass spectrometers at unit resolution and a dwell time of 10 ms and a cell accelerator
voltage of 7 eV. The particular conditions to determine each insecticide are specified in
SI Appendix, Table S6.

4.7.4. Method validation and quality control

The linearity of the MS/MS method was established with six calibration points, using
external standards over a concentration range of 1-250 ng-mL™" (equivalent to 2 -500 ng-g™*
in the extract). The peak area of target analytes was calculated using Mass Hunter software
(Agilent). Each point was obtained as the mean of three independent injections. The data
were fit to a linear least-squares regression curve with a 1/x weighting that was not forced
through the origin. The calibration curves were y = 359 x -42 for thiamethoxam, y = 129 x
+ 83 for imidacloprid and y = 132 x + 27 for clothianidin. All of them provided an r* > 0.99.

The sensitivity of the method was estimated by establishing the limits of detection
(LODs) and quantification (LOQs) using standard solutions prepared in spiked honey
samples that were free of insecticides. The LODs were established as the lowest insecticide
concentration whose qualified transition (SRM,) presented a signal-to-noise ratio (S/N)
>3. They were 0.05, 0.03 and 0.04 ng/mL of extract for thiamethoxam, imidacloprid and
clothianidin, respectively. The LOQs were determined also in pure solvent and in spiked
honey as the minimum detectable amount of analyte with S/N > 10 for the quantifier
(SRM,) transition. All the LOQs were verified spiking the samples and analysing them.
They were 0.15, 0.1 and 0.12 ng/mL of extract for thiamethoxam, imidacloprid and
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clothianidin, respectively. This level of sensitivity allowed the detection and quantification
of very low amount of insecticide in the extracts that might be coming from residual
contaminations from previous treatments of the trees used in the experiments. In case of
soil-treated trees, we have detected imidacloprid in some of the water-treated trees with
levels ranging from <LOQ to 0.5 ng mL™". Hence, and for the sake of accuracy, we have
subtracted 0.5 ng mL" to all imidacloprid values in this experiment (SI Appendix, Table
S4) (Calatayud-Vernich et al., 2016; Masia et al., 2013).

4.8. Statistical analysis

To analyse the mortality of the parasitic wasp and the hoverfly after feeding on honeydew
for three days, we used a generalized linear model with binomial distribution (soil
application) or quasi-binomial distribution (foliar application) of females after 72 hours
of feeding on honeydew. The mortality of the parasitic wasps in the foliar insecticide
application was calculated as the number of dead parasitic wasps divided by total number
of parasitic wasps per Petri dish. In both analyses, honeydew type was the explanatory
variable and mortality the dependent variable. A Bonferroni post-hoc test using
“multcomp” package enabled pairwise comparisons between honeydew treatments.
When significant differences between the control and the treated honeydews were found
(P < 0.05), mortality was corrected using the Abbott formula. The effect of the honeydew
treatments on the parasitic wasp or hoverfly survivorship was represented by Kaplan-
Meier survivorship curves and analysed by a log-rank test using the survival functions of
the “Survival” package. The percentage of trees in which neonicotinoids were detected in
the collected honeydew was analysed using a Fisher s exact test. All tests performed were

analysed using the computer programme R (version 3.3.2 for Macintosh).
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6. SUPPORTING INFORMATION

+ESIMRM Frag=80.0V CID@10.0 (256...

%102 :-ESI MRM Frag=78.0V CID@10.0 (292.... x10 2_ ;
1 1.754
Thiamethoxam 292 — 211 151 Imidacloprid 256 — 175
0.8 1.254
1_
06 075
0.4 M Al A 0.5
X102 +ESIMRM Frag=78.0V CID@10.0 (292... %102 +ESIMRM Frag=86.0V CID@?9.0 (250.0..
1 1
m 2 ©w
§ 25 Thiamethoxam 292 — 132 l ‘g - & Clothianidin 250 — 169
g 2 g5 |
2 2
i 1.5 i 1 \
0 1_ 12
g 5 A
8 0.5- 8 .51 J l“"».,-—m,‘.‘,\.M,,..wwh,—w.aw_‘,_g
x10 2 +ESIMRM Frag=80.0V CID@10.0 (256.... X102 +ESIMRM Frag=89.0V CID@?5.0 (250.0...
16 16
14 Imidacloprid 256 — 209 1.4 Clothianidin 250 — 132
1.2 1.2
1 14 &
0.8 0.8+
0.6 0.6 Jl \
0.4 ardalin st anasasd 044 =

05 1 15

5 2 25 3 35 4 05 1 15
Acquisit%on Time (:r;n?n)

5 2. 25_3 35 4

Acquisitzlon Time ?m‘rl’n)
Figure S1 | Extracted ion LC-MS/MS chromatogram of an analytical standard of thiamethoxam,
imidacloprid and clothianidin (metabolite of thiamethoxam) at 10 ng mL" ach. Each panel shows one
extracted ion chromatogram that means one precursor ion>product ion transition (two chromatograms
per compound).
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Figure S2 | Extracted LC-MS/MS chromatogram of a sample extract containing thiamethoxam at 2 ng
mL". Each panel shows one extracted ion chromatogram that means one precursor ion->product ion
transition (two chromatograms per compound) as in Figure S1. Here only the compounds that provide
a signal are labeled.




Neonicotinoids in excretion product of phloem-feeding insects kill beneficial insects 51

X101 +ESI MRM Frag=78.0V CID@10.0 (292... x10 1 +ES| MRM Frag=80.0V CID@10.0 (256...
4541 1 1 1
8
4.41 7 Imidacloprid 256—175
43 6
4.2 S l‘
" Nt
x10 1 TESI MRM Frag=78.0V CID@10.0 (292... 44 1 *ESI MRM Frag=86.0V CID@9.0 (250.0..
—_ 11 ~ 1 1
L 438 2
g E |
g 48 )
3 g6
8 44 B
0 ’ 12
= € 5
3 42 3 W NI' s I|l b
(&} : (&}
4
x10 1 *ESI MRM Frag=80.0V CID@10.0 (256... 44 1 *ESI MRM Frag=89.0V CID@5.0 (250.0..
65 1 1 5.241 1
5
6_
Imidacloprid 256—209 4.8
5.51
4.6
4.4
4.2
12 3 4 5 6_7 8 9 12 3 4 5 67 8 9
Acquisition Time (min) Acquisition Time (min)

Figure S3 | Extracted ion LC-MS/MS chromatogram of a sample extract containing Imidacloprid at 3
ng mL". Each panel shows one extracted ion chromatogram that means one precursor ion->product ion
transition (two chromatograms per compound) as in Figure S1. Here only the compounds that provide
a signal are labelled.
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Table S1 | Mean daily amount of honeydew (+ SE) produced by Planococcus citri throughout the

experiment.
Mean honeydew (ul) per cm?
Treatments
Day | Day 3 Day 5 Day 10 Mean days |-3
Control honeydew  0.16+0.04 0.19+005 017002  037=0.1 0.18 +0.01
Honeydew with 0.15+004 0.19+005 014+0.01 003+001  0.17+0.02
imidacloprid
Honeydew with 0.07+0.01 0.06+0.03 001+0.00 0002+001  0.065+0.01
thiamethoxam

Table S2 | Mean amount of honeydew (+ SE) provided to the hoverfly Sphaerophoria rueppellii and the
parasitic wasp Anagyrus pseudococci per day.

Number of Amount of
Mean .
. parafilm pieces honeydew
Beneficial honeydew . .
. Treatment provided to  provided to the
insect produced . )
. the beneficial beneficial
(ul/ cm?) . " . .
insect insect (ul)
Control honeydew 0.18 £0.01 3 2.10+0.18
Hoverfly Honeydew with imidacloprid 0.17 £0.02 3 2.04+0.29
Honeydew with thiamethoxam  0.065 + 0.01 7 1.82£0.23
Control honeydew 0.18 +£0.01 3 0.26 £ 0.02
azza;’smc Honeydew with imidacloprid ~ 0.17 + 0.02 3 0.25+0.03
Honeydew with thiamethoxam  0.065 + 0.01 6 0.20 £ 0.02

* Data obtained from Table S1.
**Area of the Parafilm® pieces provided to the hoverfly: 4 cm?. Area of the Parafilm® pieces provided to the hoverfly: 0.5 cm?*

*** Statistics (ANOVA) for hoverfly: F =1.55P=022

1,34

=1.58; P = 0.217; for parasitic wasp: F,

1,34
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Table S3 | Number of Anagyrus pseudococci used in the survival assay for each treatment and the initial
replicate from where they were used.

Treatment
Replicate Honeydew with Honeydew with
Control honeydew imidacloprid thiamethoxam
1 6 7 3
2 6 5 1
3 3 6 2
4 6 3 6
5 7 4 2
6 5 6 2
7 6 5 0
8 7 7 0
9 5 6 7
10 7 6 2
Total 58 55 25
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Table S4 | Neonicotinoid detection for each treatment, day and tree in the soil-treated trees.

Neonicotin.oid Honeydew Neonicoti'noic.i
e e Day after Tree Foncentratlon volume concentration in
treatment number  in the extract 3 honeydew volume
(ng mL") (mm’) (ng mL")

3 1 0 19.70 0

3 2 0 11.63 0

3 3 0 30.85 0
Water 3 4 0 8.64 0

3 5 0 7.46 0

3 6 0 10.66 0

3 7 0 10.04 0

3 1 1.6 24.04 13.31

3 2 0 15.43 0

3 3 0.75 9.82 15.26
Imidacloprid 3 4 0 24.98 0

3 5 1.29 14.19 18.17

3 6 0 12.17 0

3 7 0 2.97 0

3 1 0.56 4.18 26.76

3 2 0.18 0.83 43.11

3 3 0.1 4.08 4.89
Thiamethoxam 3 4 0.11 16.16 1.86

3 5 0 0.76 0

3 6 0 1.20 0

3 7 0.28 3.82 14.67
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Table S5 | Neonicotinoid detection for each treatment, day and tree in the foliar-treated trees.

Neonicotinoid

Neonicotinoid Honeydew .
concentration

Day after  Tree

Treatment concentration volume
treatment number 3 based on honeydew
(Ppb) (mm’) volume (ppb)
3 7 0 7.51 0
4 1 0 4.24 0
4 3 0 13.87 0
4 7 0 8.31 0
Water 4 9 0 8.94 0
5 1 0 5.17 0
5 4 0 10.75 0
5 6 0 1 0
1 1 1 2.64 75.76
1 2 LOQ 1.95 -
1 4 0 4 0
1 6 0 5.59 0
1 7 0 5.33 0
1 9 0 2.72 0
2 2 0 1.17 0
2 3 0 0.68 0
Imidacloprid 3 6 1.6 6.62 48.34
3 9 2 2.05 97.56
4 2 0 10.42 0
4 6 0 4.38 0
4 7 2.2 5.53 79.57
5 2 0 1.18 0
5 6 LOQ 7.31 -
5 7 1.1 10.14 21.70
5 7 LOQ 4.32 0
1 3 0 1.72 0
1 4 0 2.59 0
1 6 0 0.86 0
1 9 LOQ 4.91 -
2 2 1.8 1.24 290.32
2 3 0 2.37 0
. 2 4 LOQ 0.51 -
Thiamethoxam N 5 0 141 0
2 9 0 1.26 0
3 2 0 0.33 0
3 9 0 6.93 0
4 4 0 1.3 0
5 4 LOQ 1.22 -
5 6 LOQ 6.19 -

*LOQ: Limit of quantification
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Table S6 | LC-MS/MS retention time (TR), precursor ion - product ion transitions selected for selected
reaction monitoring (SRM), fragmentor (Frag) and collision energy (CE) used to determine each

insecticide.
. Frag CE « Frag  CE  SRM2/S
C d T SRMI SMR2
empoun R €V) (eV) @) (V) RMI%
Thiamethoxam 1.47 2925211 78 10 2925132 78 10 24.6
Imidacloprid 149 2565209 80 10 2565175 80 10 81.6
Clothianidin 152 2505169 86 5 2505132 86 9 60.7

*SMRI1: Precursor ion - product ion transitions used for quantitative purposes (calculation of peak area vs concentrations).

**SMR2: Precursor ion > product ion transitions used for quantitative purposes
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ABSTRACT

The use of some systemic insecticides has been banned in Europe because they
are toxic to beneficial insects when these feed on nectar. A recent study shows that
systemic insecticides can also kill beneficial insects when they feed on honeydew.
Honeydew is the sugar-rich excretion of hemipterans and is the most abundant
carbohydrate source for beneficial insects such as pollinators and biological control
agents in agroecosystems. Here, we investigated whether the toxicity of contaminated
honeydew depends on i) the hemipteran species that excretes the honeydew; ii) the
active ingredient, and iii) the beneficial insect that feeds on it. HPLC-MS/MS analyses
demonstrated that the systemic insecticides pymetrozine and flonicamid, which are
commonly used in Integrated Pest Management programs, were present in honeydew
excreted by the mealybug Planococcus citri. However, only pymetrozine was detected
in honeydew excreted by the whitefly Aleurothixus floccosus. Toxicological studies
demonstrated that honeydew excreted by mealybugs feeding on trees treated either
with flonicamid or pymetrozine increased the mortality of the hoverfly Sphaerophoria
rueppellii, but did not affect the parasitic wasp Anagyrus pseudococci. Honeydew
contaminated with flonicamid was more toxic for the hoverfly than that contaminated
with pymetrozine. Collectively, our data demonstrate that systemic insecticides
commonly used in IPM programs can contaminate honeydew and kill beneficial
insects that feed on it, with their toxicity being dependent on the active ingredient

and hemipteran species that excretes the honeydew.
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I.INTRODUCTION

Systemic insecticides are widely used to manage insect pests in agriculture. However,
these insecticides can impact non-target beneficial insects directly through contact when
they are sprayed in crops, and indirectly through the food chain via cascading effects
(Desneux et al., 2007; Kampfraath et al., 2017). One of the best-known routes of indirect
exposure of systemic insecticides to beneficial insects is through the contamination
of plant-derived food sources such as nectar and pollen (Bonmatin et al., 2015). For
instance, the most widely used systemic insecticides, i.e. neonicotinoids, are well-known
to reach these plant-derived food sources at concentrations ranging from 0.7 to 100 pg/
kg (Bonmatin et al., 2015; Whitehorn et al., 2012). A vast majority of beneficial insects,
which provide ecosystem services like pollination or pest control (Losey and Vaughan,
2006), are highly dependent on these plant-derived food sources to support their
daily physical activities and metabolic processes (Lundgren, 2009). As a consequence,
a plethora of beneficial insects are exposed to lethal or sublethal concentrations of
neonicotinoids when they feed on pollen and nectar. Their overuse has been considered
one of the main stressors implicated in the decline of some pollinators (Henry et al., 2012;
Sanchez-Bayo et al., 2017; Stapel et al., 2000; Tappert et al., 2017). For this reason, the
use of several neonicotinoids was banned in Europe (European Food Safety Authority,
2018). However, there are other systemic insecticides that are still widely used. For
example, the phloem-transported insecticides flonicamid and pymetrozine are applied
against numerous pests in many crops. These insecticides have different modes of action,
but ultimately both disrupt feeding and other behaviors in target insects (Belchim,
2020; Syngenta, 2020). Pymetrozine binds to and disrupts the gating properties of Nan-
Iav TRPV (Transient Receptor Potential Vanilloid) channel complexes in chordotonal
stretch receptor organs. It induces, among other, neural inhibition of feeding behavior
that eventually starves insects (Group 9B; Insecticide Resistance Action Committee,
2020). Flonicamid is also a modulator of the chordotonal organ function, but the specific
site(s) responsible for its biological activity is still unknown. It is believed that it disturbs
the insect feeding patterns (Group 29; Insecticide Resistance Action Committee, 2020).
Both pymetrozine and flonicamid are considered selective and less toxic to beneficial
insects than neonicotinoids. Therefore, they are recommended in different Integrated

Pest Management (IPM) programs (Jansen et al., 2011).

Many ecotoxicological studies have evaluated the toxicity of these IPM-recommended
insecticides on beneficial insects (Barbosa et al., 2018; Colomer et al., 2011; Jansen
et al., 2011; Joseph et al., 2011; Moens et al., 2011; Tran et al., 2004). However, none
of these studies have analysed a route of exposure that has been recently described,
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i.e. contaminated honeydew (Calvo-Agudo et al, 2019). Honeydew is the sugar-rich
excretion product of hemipteran phloem feeders such as aphids, coccids, whiteflies, and
psyllids that feed on crops, weeds or the surrounding natural vegetation (Heimpel and
Jervis, 2005; Wickers et al., 2005). Honeydew has typically been overlooked as a food
source for beneficial insects because it was considered a carbohydrate source of poorer
quality than nectar (Downes and Dahlem, 1987; Hagen, 1962; Lundgren, 2009; Wackers
et al., 2008). However, its quality as carbohydrate source for beneficial insects is variable
and, due to its high degree of accessibility and abundance, it is the main carbohydrate
source in most agroecosystems (Lundgren, 2009; Tena et al., 2016). In fact, honeydew is
exploited by many beneficial insects including bees, hoverflies, ants, parasitic wasps and
predators (Calabuig et al., 2015; Cameron et al., 2019; Hogervorst et al., 2007; Holldobler
and Wilson, 1990; Konrad et al., 2009; Lee et al., 2006; Tena et al., 2013b), likely because
honeydew is more abundant than nectar and pollen in many agroecosystems (Lundgren,
2009; Tena et al., 2016; Wickers et al., 2008).

It has been recently demonstrated that the systemic insecticides thiamethoxam,
imidacloprid and spirotetramat are detected in honeydew excreted by hemipterans
feeding on plants treated with these insecticides (Calvo-Agudo et al., 2019; Quesada
et al., 2020). Furthermore, honeydew excreted by mealybugs feeding on trees treated
with thiamethoxam or imidacloprid can be toxic for the pollinator and predator
hoverfly Sphaerophoria rueppellii (Wiedemann) (Diptera: Syrphidae) and the parasitic
wasp Anagyrus viadimiri (Girault) (Hymenoptera: Encyrtidae) (previously known
as A. pseudococci) (Calvo-Agudo et al., 2019). Here, we explored whether the IPM-
recommended insecticides pymetrozine and flonicamid: i) reach honeydew under
controlled and field conditions when hemipterans feed on treated plants; ii) have lethal
and/or sublethal effects on beneficial insects that feed on it; and iii) whether the excretion
of insecticides differs between hemipteran species.

2. MATERIALS AND METHODS
2.1.System

We selected citrus as crop because numerous honeydew-producing species feed on
citrus trees. Among the honeydew producers, the mealybug Planococcus citri (Risso)
(Hemiptera: Pseudococcidae) was selected because: it is common in many citrus
producing areas of the world although hardly ever reaching the economic injury level
(Urbaneja et al., 2020); it excretes honeydew that increases the longevity and fecundity
of beneficial insects (Tena et al., 2013a); and mealybugs are known to be tolerant to
the insecticides pymetrozine and flonicamid (El-Zahi et al., 2016; Rezk et al., 2019).
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As beneficial insects, we selected the hoverfly S. rueppellii and the parasitic wasp A.
vladimiri. Sphaerophoria rueppellii was selected because hoverflies are one of the most
important groups of pollinators (Rader et al., 2015), their larvae feed on aphids and
their populations are declining (Powney et al., 2019). Anagyrus vladimiri was selected
because parasitic wasps represent one of the main groups of biological control agents
in agriculture (Heimpel and Mills, 2017); it is the main biological control agent of P.
citri and the genus Anagyrus represents one of the most successful examples used in

biological control worldwide (Herren and Neuenschwander, 1991).
2.2.Insects and experimental conditions

The phloem-feeding herbivorous insect P. citri was obtained from the State Insectary of
Generalitat Valenciana (Almassora, Spain), where it was reared on potato sprouts and
transported to the Instituto Valenciano de Investigaciones Agrarias (IVIA) (Moncada,
Spain) as crawlers (first instar) (Planes et al., 2013). The parasitic wasp A. viadimiri
and the predator-pollinator S. rueppellii were obtained as pupae from the commercial
companies Koppert Biological Systems S.L (Aguilas, Spain) and Biobest Biological Systems
(Westerlo, Belgium), respectively. Pupae were introduced into wooden and glass rearing
boxes (51x 51 x 41 cm) with holes in the wall that were covered with anti-aphid mesh.
Rearing boxes were kept in the laboratory at room temperature until adults emerged.
Unfed newly emerged parasitic wasps and hoverflies were collected daily between 9:00
and 11:00 AM and used in the experiments. All experiments were carried out in different
climatic chambers for each insect species at 25 + 2 °C, 75 + 10% RH and a photoperiod
of 14:10 h (L:D).

2.3. Plant infestation and insecticide application

2.3.1.Under controlled conditions

Twenty-seven potted clementine trees cv. Clementina de Nules grafted on ‘Macrophyla’
(Citrus sinensis x Poncirus trifoliata) were grown in a greenhouse at IVIA until they
were one-year-old and ~1m high. The environmental conditions in the greenhouse
compartments were 22 = 5 °C, 70 + 20% RH and natural photoperiod (February-April
2017). Clementine trees were watered three times per week and fertilized once per week
with Sofertirrig® fertilizer (18-18-18 N-P-K). Plants were infested with P. citri crawlers on
March 7, 2017. To infest them, 1.5 mL centrifuge tubes half-filled with P. citri crawlers
were held on the crown of each plant (Calvo-Agudo et al,, 2019). On 26 April 2017, we
applied each insecticide or distilled water (control treatment) in separate chambers to
nine clementine plants per treatment that we temporally removed from the greenhouse
in order to prevent spray drift and cross-contamination of treatments. The insecticides
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used in this research were flonicamid [Flonicamid (50%), Teppeki WG, Belchim)] and
pymetrozine [(Pymetrozine (50%), Plenum WG, Syngenta)]. Insecticides were sprayed
at the dose recommended by the manufacturer. A concentration of 0.05 g of flonicamid
/ L of distilled water and a concentration of 0.4 g of pymetrozine / L of distilled water
were applied on nine different plants per treatment. Water-treated trees (controls) were
sprayed using only distilled water. We used 2 L manual sprayers and a different sprayer
was used for each insecticide and the control. Insecticides were sprayed until run-off (200
mL per tree). One hour after spraying, the trees were returned to their previous positions

in the greenhouse.

2.3.2. Under field conditions

Twelve 20-year-old untreated orange trees (Citrus sinensis) located at the Instituto
Valenciano de Investigaciones Agrarias (UTM: 39°35°16.4”N 0°23’54.2”W) were selected
and infested with P, citri crawlers on 20 August, 2018. Trees were approximately 2.5m high.
One twig per tree was infested. To infest the twigs, 1.5 mL centrifuge tubes half-filled with
P, citri crawlers were held on the twig and covered individually with sleeve bags made
from fine mesh organdy to allow ventilation and prevent P. citri crawlers from escaping.
Mealybugs were kept undisturbed within the sleeve bags for 21 days. On 11 September 2018,
we removed the exclusion bags and applied the insecticides flonicamid or pymetrozine or
distilled water as control treatment. At this period of the year, the whitefly Aleurothrixus
floccosus Maskell (Hemiptera: Aleyrodidae) had naturally infested all the selected trees. Two
whitefly colonies were selected per tree in order to determine the presence of insecticides
in A. floccosus honeydew. Whitefly colonies were settled on developed leaves and had more
than 100 nymphs of different instars. The insecticides flonicamid and pymetrozine were
applied onto the foliage at the dose recommended by the producer. Untreated controls
were sprayed using only distilled water. Insecticides were applied until run-off using a
wheelbarrow sprayer (Model ATASA MC-25) with a volume of about 5 L per tree.

2.4. Honeydew collection

2.4.1.Under controlled conditions

We collected fresh honeydew from the mealybug P. citri daily from 27 April 2017 (+1 day
after treatment, DAT) to 2 May 2017 (+5DAT), by placing Parafilm® squares of 5 cm x 5
cm below the infested leaf during 24 hours. The collected honeydew for each treatment
was labelled and stored at -20 °C in Petri dishes until samples were chemically analysed
using HPLC-MS/MS or used in toxicity bioassays (Calvo-Agudo et al., 2019; Hogervorst
et al., 2007; Tena et al., 2013b). The number of replicates per treatment, day and tree are
provided in Tables 1 and 2.
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2.4.2. Under field conditions

Honeydew samples from the mealybug P, citri and the whitefly A. floccosus were collected
on 14 September 2018 (+2DAT). Fresh honeydew was collected over a 24-h period by
holding 10 cm wide and 17 cm long plastic punnets below each hemipteran colony. Within
the punnets, two pieces of Parafilm® were placed to collect the honeydew. To exclude
ants from the samples, we used a wire coated with Tangle-trap (Tangle-foot; Biagro,
Valencia, Spain) to hold the punnets. The collected honeydew for each treatment was
labelled and stored at -20 °C in Petri dishes until they were used in the chemical analysis
(Hogervorst et al., 2007; Tena et al., 2013b). Honeydew was labelled with information on
the corresponding honeydew producer species, treatment, and tree number. The number

of replicates per treatment, day and tree are provided in Tables 3 and 4.
2.5. Chemical analysis of honeydew samples

The presence and concentration of flonicamid and pymetrozine in the honeydew
samples from both assays were further analysed using HPLC-MS/MS. Under controlled
conditions, we collected honeydew samples excreted by the mealybug P, citri between +2
DAT and +5DAT. We used nine samples of honeydew excreted by mealybugs feeding on
water-treated trees derived from six different trees; twelve samples of honeydew excreted
by mealybugs feeding on trees treated with flonicamid derived from six trees; and fifteen
samples of honeydew excreted by mealybugs feeding on trees treated with pymetrozine

derived from nine trees (replicates per treatment and trees are provided in Tables 1 and 2).

Under field conditions, we collected honeydew samples excreted by the mealybug P, citri
and the whitefly A. floccosus +2DAT. In total, after discarding some samples because of
the small amount of honeydew collected, we analysed six samples of honeydew excreted
by mealybugs feeding on water-treated trees derived from three trees; four samples of
honeydew excreted by mealybugs feeding on trees treated with flonicamid from three
trees; and seven samples of honeydew excreted by mealybugs feeding on trees treated with
pymetrozine from four trees (replicates per treatment and trees are provided in Tables 3
and 4). For A. floccosus, we analysed eight samples of honeydew excreted by mealybugs
feeding on water-treated trees derived from five trees; six samples of honeydew excreted
by mealybugs feeding on trees treated with flonicamid from three trees and six samples of
honeydew excreted by mealybugs feeding on trees treated with pymetrozine from three
trees (Tables 3 and 4).

The numbers of honeydew droplets excreted by P. citri and A. floccosus were estimated
following the methodology described by Calvo-Agudo et al., (2019).
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2.5.1. Insecticide extraction from honeydew

All honeydew droplets from the same honeydew producer species, same tree and day
were dissolved in 200 uL of 50% methanol. This diluent solution was deposited on top of
the Parafilm® piece containing the honeydew droplets. The solution and the honeydew
droplets were stirred gently with the same pipette to dissolve the honeydew and then
filtered using acrodisc syringe filters of 13 mm with 0.2 um PTFE (Pall Corporation, New
York, USA). Samples were drawn into 250 uL propylene inserts (Agilent technologies)
and subsequently frozen at -20 °C for HPLC-MS/MS analysis.

2.6. Chemical analysis using HPLC-MS/MS

The HPLC-MS/MS analysis was performed by using an infinity Ultra-High-performance
Liquid Chromatography 1260 system coupled to Triple Quad Mass Spectrometry 6410
from Agilent Technologies (Santa Clara, CA, USA).

The chromatographic separation was obtained using a Luna® C18 - 3um column (100 A,
150 x 2.1 mm; Phenomenex, Torrance, CA, USA). The analytical column temperature
was kept at 25 °C and the volume injected was 5 pL. The mobile phases were (A) Milli-Q
water and (B) methanol, both with a 0.1% of formic acid. Working in isocratic conditions
with an 80% of A and a 20% of B. The flow rate was 0.3 mL min™.

The ionization source was working in positive ionization mode (ESI+) with the following
parameters: drying gas (nitrogen) flow of 11 L min™ at 300 °C, nebulizer pressure of
30 psi and capillarity voltage of 4000 V. The Triple Quadrupole HPLC worked in SRM
(selected reaction monitoring) mode. The MS/MS transitions were three for pymetrozine

and two for flonicamid, as reported in detail in Table S1.
2.6.1. Method validation and quality control.

The calibration curve of the MS/MS analysis was performed using external standards
dissolved in methanol, a concentration range of 2.5 to 25 ng mL™! (six points) achieved
by weighted least squares linear regression model (1/x?). Each curve was obtained by two
independent injections. The calibration curves have coefficients of determination (R?) >
0.99. The chromatograms were acquired and processed by Qualitative and Quantitative
Mass Hunter Analysis software (Version 10.0) supplied by Agilent Technologies.
Figures S1-S4 show several chromatograms that illustrate the method’s performance.
The limit of quantification (LOQ) and the limit of detection (LOD) were established as
minimum concentrations of the analyte that can be the detected in spiked samples with
S/N (signal-to-noise), for the quantifier transition, > 3 for LOD and >10 for LOQ (with
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the other transitions visible). LOD values were 0.007 ng g'for flonicamid, 0.660 ng g
for pymetrozine and LOQ values were 0.020 ng g for flonicamid and 2.000 ng g for

pymetrozine.
2.7. Mortality of beneficial insects

Anagyrus viadimiri and S. rueppellii were fed on honeydew excreted by P. citri feeding on
trees that had been sprayed three days before with flonicamid, pymetrozine or distilled
water (control) under controlled conditions. For S. rueppellii, we individually confined
newly emerged and unfed adults in 5.3-cm-diameter Petri dishes with 3-cm-diameter
holes covered with muslin mesh to allow ventilation. Thirty replicates per treatment were
carried out (Calvo-Agudo et al., 2019). For A. vladimiri, we used groups of ten newly
emerged and unfed females. These females were grouped in 5.3-cm-diameter Petri dishes
with 3-cm-diameter holes covered with muslin mesh to allow ventilation. Ten replicates
per treatment were carried out (100 individuals per treatment). Parafilm® pieces with
honeydew of each treatment were defrosted and observed under the binocular to check
for the presence of honeydew. Honeydew was administered ad libitum and renewed daily
to avoid crystallization (Hogervorst et al., 2007). To ensure that honeydew had been
provided ad libitum, the presence of honeydew on the Parafilm® removed was checked
after the renewal to assess that not all honeydew had been consumed. A piece of wet
cotton wool was also placed and renewed daily to provide sufficient moisture. Petri dishes
containing the beneficial insects were kept undisturbed in the climatic chambers for 72

hours and afterwards mortality was assessed.

2.8. Sublethal effects on beneficial insects

2.8.1. Parasitic wasp longevity

After 72 hours, between one and seven surviving females per replicate of the mortality
experiment explained above were placed individually into glass vials (subreplicates) of
3 cm high and 0.8 cm diameter covered with wet cotton wool (number of individuals
per replicate in Table S2). Parafilm® pieces with honeydew of each treatment were:
defrosted, checked for the presence of honeydew; cut into pieces of different sizes (ca.
1.5-3 cm? depending on the quantity of honeydew on each piece of Parafilm®) to provide
honeydew ad libitum (Calvo-Agudo et al., 2019); and placed in the glass vials. Diets were
administered daily for each treatment and survival was checked. Glass vials with parasitic
wasps were kept in a climate chamber until all individuals had died. Each surviving female
was used as replicate because there were no significant differences between replicates
(females coming from the same Petri dish) in any treatment. Therefore, we analysed 58
parasitic wasp individuals fed on honeydew from mealybugs feeding on trees treated
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with distilled water only, 56 on honeydew from mealybugs feeding on trees treated with
flonicamid and 52 with pymetrozine.

2.8.2. Parasitism and encapsulation

After 72 hours, two or three surviving females per replicate were individually placed
in 5.3-cm-diameter Petri dishes (subreplicates) with 3-cm-diameter holes covered
with muslin mesh to allow ventilation (number of individuals per replicate in Table
S3). Parafilm® pieces with honeydew of each treatment were: defrosted; checked for
the presence of honeydew; cut into pieces of different sizes (ca. 1.5-3cm?) to provide
honeydew ad libitum (Calvo-Agudo et al., 2019); and placed in the Petri dishes. Petri
dishes also contained a piece of wet cotton wool, one A. vladimiri male previously fed
on honey to allow mating and five third-instar P. citri hosts settled on a green bean. One
day later, parasitic wasps were removed and the Petri dishes were kept in the climatic
chamber for seven days. Then, the number of mummified (successful parasitism), dead
and live mealybugs were counted. Live mealybugs were dissected on a drop of deionized
water using entomological needles and scalpels under a stereo microscope to check
for encapsulated eggs. We analysed the number of parasitized mealybugs (mummified
and alive with encapsulated eggs) and encapsulation for: 27 parasitic wasp individuals
fed on honeydew from mealybugs feeding on trees treated with distilled water only, 26
on honeydew from mealybugs feeding on trees treated with flonicamid and 27 with

pymetrozine.

2.9. Data analysis

To analyse the mortality of the parasitic wasp and the hoverfly after feeding on honeydew
for three days (lethal effect), we used a generalized linear model with quasi-binomial
distribution. The mortality of the parasitic wasps was calculated as the number of dead
parasitic wasps divided by total number of parasitic wasps per Petri dish. In both analyses,
honeydew type was the explanatory variable and mortality the dependent variable. A
Bonferroni post-hoc test using the “multcomp” package enabled pairwise comparisons

between honeydew treatments.

We used different approaches to analyse sublethal effects of both insecticides present
in the honeydew on the parasitic wasp: survivorship, number of parasitized mealybugs
and encapsulation rate. The effect of the honeydew treatments on the survival of the
parasitic wasp was represented by Kaplan-Meier survivorship curves and analysed by a
Cox’s Proportional Hazards model using the survival functions of the “survival” package.
For this, we first checked that there were no significant differences between replicates
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(females coming from the same Petri dish used in mortality assays) in any treatment
using Cox’s Proportional Hazards models [Survivorship of parasitic wasp females fed
on honeydew excreted by mealybugs feeding on trees treated with: water (x*)= 10.44, P
= 0.3), flonicamid (x?,= 14.76, P = 0.1) or pymetrozine (x*,= 10.1, P = 0.3) (number of
individuals per replicate in Table S2)]. Then, we used each female as replicate. Parasitism
was calculated by summing the number of successfully parasitized hosts, dead hosts with
encapsulated eggs and alive hosts with encapsulated eggs divided by the total number of
hosts:
number of successfully parasitized hosts +

dead hosts with encapsulated eggs +
alive hosts with encapsulated eggs

Parasitism =
Total number of hosts

Encapsulation was calculated by summing the number of dead hosts with encapsulated

eggs and live hosts with encapsulated eggs and divided by the number of parasitized

hosts:
number of dead hosts with encapsulated eggs +

Encapsulation = live hosts with encapsulated eggs

Number of parasitized hosts

Both sublethal effects were then statistically analysed using a generalized linear mixed
model with treatment as explanatory factor and replicate (parasitic wasps from the same
Petri dish) as random factor using the “glmer” package. We assumed Poisson and binomial
distributions for the number of eggs parasitized and encapsulation rates, respectively. All

tests performed were analysed using R (version 3.3.2 for Mackintosh).

3.RESULTS

3.1. Detection and quantification of insecticides under controlled conditions

Under controlled conditions, flonicamid was detected in mealybug-produced honeydew
from five out of the six trees treated with this insecticide and in 69.2% of the samples
from these six trees (Table 1). These contaminated samples contained 215.8 + 52.3 ng of
flonicamid/mL of honeydew (ppb). No flonicamid was detected in honeydew produced

by mealybugs feeding on water-treated trees.

Pymetrozine was detected in mealybug-produced honeydew from six out of the nine
trees treated with this insecticide and in 60% of the samples from these nine trees (Table
2). These contaminated samples contained 37 + 12.1 ng of pymetrozine/mL of honeydew
(ppb). Pymetrozine was detected in one sample out of the nine samples analysed from
the six control trees at a concentration of 56 ng of pymetrozine/mL of honeydew (ppb).
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Table 1 | Insecticide detection and quantification on honeydew excreted by the mealybug Planococcus
citri feeding on water-treated trees or trees treated with flonicamid between +2 DAT and +5 DAT, under
controlled conditions.

Number of samples  Number of samples Mean concentration

Treatment Tree per tree between in which flonicamid  of flonicamid in the
+2DAT and +5DAT was detected tree (ppb)”
1 2 0 0
2 1 0 0
3 1 0 0
Control
4 2 0 0
5 1 0 0
6 2 0 0
1 2 1 64.7 £ 64.7
2 3 3 3559 +110.3
. . 3 4 3 95.1 £50.2
Flonicamid
4 2 1 29.5+29.5
5 1 1 270
6 1 0 0

*calculated as the mean + SE concentration for each tree.

Table 2 | Insecticide detection and quantification on honeydew excreted by the mealybug Planococcus
citri feeding on water-treated trees or trees treated with pymetrozine between +2 DAT and +5 DAT,
under controlled conditions.

Number of samples ~ Number of samples  Mean concentration

Treatment Tree per tree between  in which pymetrozine of pymetrozine in
+2DAT and +5DAT was detected the tree (ppb)”

1 2 1 28 +28

2 1 0 0
Control ] ! 0 0

4 2 0 0

5 1 0 0

6 2 0 0

1 3 2 10.6 +7.1

2 2 0 0

3 2 2 33.5+0.5

4 1 1 6.1
Pymetrozine 5 1 1 33

6 2 2 64.5+29.5

7 1 0 0

8 2 0 0

9 1 1 1.4

* calculated as the average concentration for each tree.
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3.2.Detection and quantification of insecticides in honeydew excreted by two species

of honeydew producers under field conditions.

Two days after insecticide application in the field, flonicamid was detected in mealybug-
produced honeydew from two out of the three trees treated (Table 3). These contaminated
samples contained 30.1 *+ 5.6 ng of flonicamid/mL of honeydew (ppb). In contrast, no

flonicamid was detected in honeydew excreted by the whitefly A. floccosus.

Table 3 | Insecticide detection and quantification of honeydew excreted by the mealybug Planococcus
citri and the whitefly Aleurothrixus floccosus feeding on water-treated trees or trees treated with
flonicamid under field conditions.

Honeydew . . .
Y Treatment Tree Concentration of flonicamid +2DAT (ppb)
producer
1 0
Control 2 0
) 3 0
Planococcus citri
1 35.7
Flonicamid 2 24.5
3 0
1 0
2 0
Control
3 0
Aleurothrixus
floccosus 4 0
1 0
Flonicamid 2 0
3 0

Two days after insecticide application in the field, pymetrozine was detected in
mealybug-produced honeydew from three out of the four trees treated (Table
4). These contaminated samples contained 93.6 + 50.3 ng of pymetrozine /mL of
honeydew (ppb). Pymetrozine was also detected in whitefly-produced honeydew
from all trees treated with this insecticide (Table 4). These contaminated samples
contained 118.4 + 48.4 ng of pymetrozine /mL of honeydew (ppb). Pymetrozine was
detected in one tree out of the four control trees at a concentration of 9.7 ng of

pymetrozine/mL of honeydew (ppb).
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Table 4 | Insecticide detection and quantification of honeydew excreted by the mealybug Planococcus
citri and the whitefly Aleurothrixus floccosus feeding on water-treated trees or trees treated with
pymetrozine under field conditions.

Honeydew . .
Y Treatment Tree  Concentration of pymetrozine +2DAT (ppb)
producer
1 0
Control 2 0
3 0
Planococcus citri 1 0
, 2 20.1
Pymetrozine
3 189.8
4 70.7
1 0
2 0
Control
Al hri. ) 0
i ;
1 27.2
Pymetrozine 2 192.2
3 135.7

3.3. Mortality of beneficial insects.

All S. rueppellii hoverflies survived after three days feeding on honeydew excreted by
mealybugs feeding on water-treated trees. In contrast, 56 + 10% of the hoverflies died
in the flonicamid treatment and 22.2 + 8% in the pymetrozine treatment. Mortality
siginficantly differed among the three treatments (GLM based on binomial distribution,
X,5=7217,P< 0.015) (Figure 1.a).

Mortality of the parasitic wasp A. vladimiri was similar when it fed on honeydew excreted
by mealybugs feeding on water-treated trees (6.1 £ 2.7%), trees treated with flonicamid
(11 £+ 4.8%) or pymetrozine (14 + 3.4%) (GLM based on quasi-binomial distribution, F,
=1.21, P=0.31) (Figure 1.b).

,27

3.4. Sublethal effects on parasitic wasps.

The longevity of the surviving parasitic wasps was similar when feeding on honeydew excreted
by mealybugs feeding on water-treated trees (9.7 + 0.4 days), trees treated with flonicamid (8.7
+0.4) or pymetrozine (9 + 0.4) (Cox’s Proportional Hazards: x*, = 1.97, P = 0.37) (Figure 2).

After feeding on honeydew for three days, parasitic wasps that fed on honeydew excreted
by mealybugs feeding on trees treated with distilled water parasitized the same number
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of hosts (3.17 + 0.27 parasitized mealybugs) as those fed on honeydew excreted by
mealybugs feeding on trees treated with flonicamid (2.98 + 0.18 parasitized mealybugs)
or pymetrozine (3.47 + 0.25 parasitized mealybugs) (GLMM based on Poisson, x*,= 1.25,
P =0.54). Among the parasitized hosts, the percentage of encapsulated eggs was similar
for the three treatments (water: 52.6 + 5.1%; flonicamid: 52.8 + 10.1%; pymetrozine: 55.7
+ 3.9%; GLMM based on binomial, x*,= 0.04, P = 0.98).

a 70 4 b 30 -
— 60 - S
g z
> 1 =
g 0 E 20
£ ]
g 40 A £
b Q.
> 30 - 8
E ; 10 4
3 20 2
T 2
10 4 ©
o
a
0 T T 1 0 T T 1
Water  Pymetrozine Flonicamid Water Flonicamid Pymetrozine
Source of honeydew Source of honeydew

Figure 1 | Mortality (mean + SE) of a) the parasitic wasp Anagyrus viadimiri (N = 10 replicates of
10 females each per treatment) and b) the hoverfly Sphaerophoria rueppellii (N = 30 replicates per
treatment) fed on honeydew of Planococcus citri feeding on water-treated trees or on honeydew of P. citri
feeding on trees treated with the insecticides flonicamid or pymetrozine. Mortality was assessed after
feeding on honeydew for 72 hours. Columns with different letters are significantly different from each
other (GLM with quasibinomial distribution followed by a Bonferroni test, P < 0.05).

100
|

— Water
""" Flonicamide
Pymetrozine

80
I

Parasitic wasp survival (%)

Days

Figure 2 | Survival curve (mean + SE) estimated by Kaplan-Meier of the parasitic wasp Anagyrus
Vladlmlrl (NHoneydew: 58’ NHnneydew with flonicamid :56’ NHoneydew with pymetrozine = 52) fed on hOneydeW Of

Planococcus citri feeding on water-treated trees or on honeydew of P. citri feeding on trees treated with
the insecticides flonicamid or pymetrozine.
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4.DISCUSSION

Our results demonstrate that IPM-recommended insecticides, such as flonicamid and
pymetrozine, reach honeydew at concentrations that can be toxic to beneficial insects.
These insecticides were selected because they are phloem-transported and are applied
in many crops including fruit trees, cereals, potatoes or vegetables to control numerous
pests such as whiteflies, aphids, planthoppers or leathoppers (Belchim, 2020; Syngenta,
2020). Flonicamid and pymetrozine are commonly foliar- or soil-applied. Here, we
selected and tested the foliar application of both insecticides because it is the most
common mode of application in citrus crops, as well as in other crops (Colomer et al.,
2011; Qureshi et al., 2014). When sprayed, insecticides might reach honeydew through
three different pathways: i) by contact with the honeydew producer - insecticides can be
directly absorbed by the body of honeydew producers while it is sprayed, and honeydew
producers excrete the insecticide via their honeydews; ii) through the plant - after spraying,
systemic insecticides are translocated to all parts of the plant, the honeydew producer
feeds on the plant and excretes the insecticide via its honeydew, and iii) insecticides
can directly contaminate honeydew already present in crop. The third pathway can be
excluded in our study because we did not collect honeydew just after the application. The
collection started 48 hours after the insecticide application and the honeydew collected
was excreted during the next 24 hours. The other two contamination routes cannot
be differentiated and might occur simultaneously because both insecticides can act by

contact and ingestion (Belchim, 2020; Syngenta, 2020).

Flonicamid and pymetrozine were detected in ca. 60-70% of the honeydew samples
collected from the mealybug P. citri under controlled and field conditions. These results
demonstrated that these insecticides are excreted by the mealybug under different
conditions and at different times after their applications. In the field, where we collected
honeydew excreted by the mealybug P. citri and the whitefly A. floccosus, flonicamid
was detected in samples of honeydew excreted by the mealybug but not by the whitefly.
This difference between hemipteran species might be explained by the different feeding
behavior of honeydew producers and the physiochemical properties of flonicamid.
Whiteflies such as A. floccosus feed mostly on plant phloem and stylets occasionally
penetrate the xylem (Lei et al., 1997), whereas mealybugs such as P, citri feed frequently
on both phloem and xylem (Obok et al., 2018). Therefore, A. floccosus is, compared to P.
citri, less likely to excrete insecticides that move through the xylem. At 20°C, flonicamid
can move through xylem but, contrary to pymetrozine, does not have optimal phloem
mobility and is less retained in the phloem sieve tubes (University of Herthfordshire,
2020; Bromilow et al., 1990). Overall, these results show that the presence and toxicity
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of insecticides via honeydew can vary not only among insecticides but also among
honeydew-producing species. Therefore, further research that evaluates the presence
of insecticides in honeydew should also take the honeydew-producing species into
consideration.

Among honeydew-producing species, those that are tolerant or resistant to insecticides
might excrete honeydew for a longer period of time. In our experiments, we used P.
citri because it is tolerant to the insecticides pymetrozine and flonicamid (El-Zahi et al.,
2016; Rezk et al,, 2019). Since this mealybug is tolerant to these insecticides, it might
excrete contaminated honeydew from a few days after the treatment, as occurred in our
experiments, until these insecticides or their metabolites are completely degraded in
the plant. The metabolites of flonicamid and pymetrozine can remain in citrus for more
than 60 and 21 days after their application (Belchim, 2020; Syngenta, 2020). There are
many other honeydew-producing species that are tolerant or resistant to insecticides. For
example, the silverfleaf whitefly Bemisia tabaci (Gennadius) (Hemiptera: Aleyrodidae)
and the green peach aphid Myzus persicae (Sulzer) (Hemiptera: Aphididae) feed on
hundreds of plant species of more than forty families (Brown et al., 1995; Holman, 2009)
and have developed resistance to more than 40 and 70 active ingredients, respectively (van
Leeuwen et al.,, 2010), including pymetrozine (Gorman et al., 2010; Qiong et al., 2012).
Therefore, the route of exposure described here, where tolerant/resistant hemipterans

excrete contaminated honeydew, can be common in numerous crops.

The mortality of the hoverfly S. rueppellii was higher when it fed on honeydew
contaminated by flonicamid than pymetrozine. However, honeydew contaminated with
these insecticides was harmless to the parasitic wasp A. viadimiri. The hoverfly was also
more susceptible than the parasitic wasp in our previous study with neonicotinoids
(Calvo-Agudo et al., 2019). This difference between the two beneficial insects is likely
because hoverflies are more sensitive to insecticides than parasitoids (Calvo-Agudo et al.,
2019; Hallmann et al., 2017; Sanchez-Bayo, 2014), have a greater feeding rate (Cresswell et
al., 2014), and/or a lower detoxification capacity (Manjon et al., 2018). Some studies have
demonstrated lethal effect of flonicamid and pymetrozine, as well as a range of sublethal
effects including a change in the feeding behavior, developmental period of nympbhs,
adult longevity, and fecundity of beneficial insects when these had been in contact with
the insecticide residue (Jansen et al., 2011; Joseph et al., 2011; Moens et al., 2011). For
instance, flonicamid increases the mortality of the parasitic wasp Aphidius rhopalosiphi
(DeStefani-Perez) (Hymenoptera: Braconidae) (Jansen et al., 2011) and affects the
reproductive performance (egg hatching and viable eggs per female) of the hoverfly
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Episyrphus balteatus (De Geer) (Diptera: Syrphidae) (Moens etal.,2011). Similarly, several
studies have reported lethal and sublethal effects of pymetrozine. The parasitic wasp A.
rhopalosiphi tends to die after contacting treated glass plates during 48 hours (Jansen et
al., 2011) and the mortality of immature individuals of the hoverfly E. balteatus was also
affected (Jansen et al., 2011). Sublethal effects include effects on Aphidius ervi Haliday
(Hymenoptera: Braconidae) pre-imaginal development inside contaminated hosts
(Joseph et al., 2011); male-biased sex ratio in A. ervi (Joseph et al., 2011); reduced host
feeding in Neochrysocharis formosa (Westwood) (Hymenoptera: Eulophidae) (Tran et al.,
2004); lower predation rate in Tenuisvalvae notata (Mulsant) (Coleoptera: Coccinellidae)
larvae (Barbosa et al,, 2018); or inability to discriminate between contaminated or
uncontaminated hosts (Joseph et al., 2011). Most studies for both insecticides, however,
did only consider toxicity through direct application or contact with residues. Only
few studies took into account oral exposure through contaminated prey for predators
(Colomer et al., 2011) or contaminated hosts for immature parasitoids (Joseph et al.,
2011), but none explored the potential toxicity of contaminated carbohydrate sources such
as floral and extrafloral nectar and honeydew. Therefore, to the best of our knowledge,
this is the first study that considers oral toxicity of these insecticides in a carbohydrate
source, although both insecticides are present not only in honeydew (presented here) but
also in nectar and pollen (Azpiazu, 2020; Kyriakopoulou et al., 2017). Further studies
should evaluate potential sublethal effects of pymetrozine and flonicamid on hoverflies
when they feed on contaminated honeydew. In our study, flonicamid was more toxic than
pymetrozine but these results are based on the lethal effects of these insecticides on S.
rueppellii. As explained above, both insecticides can cause other detrimental effects that
should be explored to evaluate the toxicity of these insecticides when hoverflies feed on

carbohydrate sources contaminated with insecticides.
5. CONCLUSION

This study demonstrates that IPM-recommended insecticides such as pymetrozine and
flonicamid may be present in honeydew excreted by hemipterans that are feeding on
treated trees. We also show, for the first time, that the presence of insecticides in hemipteran
honeydew depends on the hemipteran species. The results presented here, together with
those of Calvo-Agudo et al. (2019) and Quesada et al. (2020) indicate that honeydew
contaminated with insecticides can occur in many different agroecosystems. This route
of exposure has been demonstrated for three species of honeydew producers belonging
to three different families, five systemic insecticides with four different modes of action
and translocation routes, and two plant species. Moreover, our results also suggest that

honeydew-producing species that are tolerant or resistant to insecticides might excrete
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contaminated honeydew for longer periods. Therefore, contaminated honeydew is likely
to affect a much wider range of beneficial insects than contaminated nectar and, thus,
should be included in future environmental risk assessments.
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Figure S2 | LC-MS/MS chromatogram of an analytical standard is reported. It shows all multiple
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transitions (precursor ion - product ion transition) at 0.31 ng mL" in the final extract.
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Figure $4 | LC-MS/MS chromatograms of flonicamid in real sample is reported. It shows all multiple
transitions (precursor ion - product ion transition) at 4.30 ng mL" in the final extract.
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Table S1 | HPLC/MS-MS parameters, correlation coeflicients (R?), limit of detection (LOD) and limit
of quantification (LOQ) of flonicamid and pymetrozine.

Compound Name

Flonicamid Pymetrozine
Rt (min) 6.45 1.31
Frag (V) 136 121
SRM1 230 >203 218 > 105
SRM2 230 > 150 218 >78
SRM3 / 218> 51
CE,/CE,/CE, (V) 17/25 17/61/61
Ratio % (+SD) 8.1 (1) 0.2 (£0.1)
(SRM1-SRM2)
R? 0.99 0.99
LOD (ng g") 0.020 0.007
LOQ (ngg?) 2.000 0.660

Table S2 | Number of Anagyrus viadimiri used in the survival assay for each treatment and the initial
replicate from where they were used.

Treatment
Replicate Control Honeydew with  Honeydew with
honeydew flonicamid pymetrozine

1 6 5 5

2 6 6 4

3 3 5 6

4 6 4 4

5 7 7 6

6 5 7 7

7 6 6 5

8 7 3 7

9 5 6 4

10 7 7 10

Total 58 56 52
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Table S3 | Number of Anagyrus viadimiri used in the parasitism and encapsulation assay for each
treatment and the initial replicate from where they were used.

Treatment
Replicate Control Honeydew with  Honeydew with
honeydew flonicamid pymetrozine
1 3 3 3
2 3 3 3
3 3 3 3
4 3 3 3
5 3 3 3
6 2 2 2
7 2 2 2
8 2 2 2
9 3 3 3
10 3 2 3
Total 27 26 27
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ABSTRACT

Seed coating (‘seed treatment’) is the leading delivery method of neonicotinoid
insecticides in major crops such as soybean, wheat, cotton and maize. However,
this prophylactic use of neonicotinoids is widely discussed from the standpoint of
environmental costs. Growing soybean plants from neonicotinoid-coated seeds in
field, we demonstrate that soybean aphids (Aphis glycines) survived the treatment, and
excreted honeydew containing neonicotinoids. Biochemical analyses demonstrated
that honeydew excreted by the soybean aphid contained substantial concentrations of
neonicotinoids even one month after sowing of the crop. Consuming this honeydew
reduced the longevity of two biological control agents of the soybean aphid, the
predatory midge Aphidoletes aphidimyza and the parasitic wasp Aphelinus certus.
These results have important environmental and economic implications because
honeydew is the main carbohydrate source for many beneficial insects in agricultural

landscapes.
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I.INTRODUCTION

Seed coating (‘seed treatment’) is theleading delivery method of neonicotinoid insecticides
(Frank and Tooker, 2020; Matsuda et al., 2020). Seeds coated with neonicotinoids have
been routinely used for major crops such as soybean, wheat, cotton and maize. For
example, the seeds of over 50% of soybeans, 52-77% of cotton, and 79-100% of maize
sown in the United States were coated with neonicotinoids in 2011 (Douglas and Tooker,
2015; Hurley and Mitchell, 2017), although they increased yield in less than 5% of the
cases (Labrie et al., 2020). Seeds coated with neonicotinoids have been extensively used
over the last decades because they can be applied against a broad spectrum of insect
pests at the beginning of the cropping cycle without the economic costs of spraying
(Matsuda et al., 2020). However, evidence is growing for a causal link between the use of
neonicotinoids and decreases in biomass and biodiversity of beneficial insects, including
pollinators and biological control agents that regulate agricultural pests (Goulson,
2013; Krupke and Tooker, 2020; Woodcock et al., 2017). Neonicotinoids from coated
seeds contaminate floral and extrafloral nectar because these pesticides are taken up
systemically by the growing plant and distributed to all tissues (Goulson, 2013; Rundléf
etal., 2015; Whitehorn et al., 2012). Many beneficial insects therefore become exposed to
neonicotinoids when they feed on contaminated nectar and pollen (Krischik et al., 2007;
Rundlof et al., 2015).

Arecentstudy under controlled conditions identified a route of exposure of neonicotinoids
to beneficial insects that can be more influential than nectar in extensive monocultures
(Calvo-Agudo et al., 2019). In these landscapes, honeydew is often the main carbohydrate
source for biological control agents because nectar is limited to the brief flowering period
ofthe crop or to the presence of wild flowers or weeds growing in field margins (Lundgren,
2009; Tena et al., 2016). Honeydew is a nutritious and ubiquitous carbohydrate source
excreted by hemipteran phloem-feeding insects such as aphids, whiteflies, mealybugs,
coccids, and psyllids that feed on crops. Under controlled conditions, plants sprayed or
watered with systemic insecticides including neonicotinoids can support hemipterans
that survive the treatment and excrete contaminated honeydew that is toxic for biological
control agents and pollinators (Calvo-Agudo et al., 2019). However, it remains unexplored
whether this route of exposure is present in crops grown from neonicotinoid-coated seeds,
which represents the main use of neonicotinoids worldwide, and thus has the potential
to affect biological control agents at a large-scale worldwide'. In the United States alone,
the ecosystem services provided by biological control agents have been conservatively

estimated to be 4.5 billion dollars per year (Losey and Vaughan, 2006).
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Soybeans represent a major crop in the United States, with more than 35 million
hectares planted in 2018 (FAOSTAT, 2021), and an estimated 85% or more of it is
sown with seeds coated with neonicotinoids combined with fungicides (Hurley and
Mitchell, 2017). Neonicotinoid seed treatments are often combined with fungicides,
which can synergize the toxic effect of the neonicotinoids in nectar on beneficial insects
(Sgolastra et al., 2017). The main target pest of soybean grown from insecticide-coated
seeds in the North-Central United States and Eastern Canada is the soybean aphid,
Aphis glycines Matsumura (Hemiptera: Aphididae), an invasive pest first documented
in North America in 2000 (Ragsdale et al., 2011). However, the usefulness of these
seed treatments in controlling soybean aphid has been questioned (Krupke et al., 2017;
Mourtzinis et al., 2019). The protection period of coated seeds lasts approximately
3-4 weeks after planting (Krupke et al., 2017; Mourtzinis et al., 2019; Seagraves and
Lundgren, 2012), but the active ingredient remains in the plant for a longer period at
lower concentrations (Krupke et al., 2017; Magalhaes et al., 2009). During this period of
insecticide degradation, many aphids survive these sublethal concentrations (Krupke
et al., 2017; Magalhaes et al., 2009; Mccornack and Ragsdale, 2006) and might excrete

honeydew contaminated with neonicotinoids that harm biological control agents.

Soybean aphid honeydew represents the main carbohydrate source for many beneficial
insects in soybean fields (Dieckhoff et al., 2014; Heimpel et al., 2004; Lee et al., 2006) and
increases their fitness when they feed on it (Dieckhoft et al., 2014; Lee et al., 2006; Tena et
al.,, 2018; Wyckhuys et al., 2008). Two groups of biological control agents that commonly
feed on honeydew are predators and parasitic wasps of aphids. The aphid-feeding predatory
midge Aphidoletes aphidimyza Rondani (Diptera: Cecidomyiidae) is the most abundant
dipteran predator in soybean fields and uses honeydew as food source and kairomone
(Boulanger et al., 2019; Kaiser et al., 2007). The parasitic wasp Aphelinus glycinis Hopper
and Woolley (Hymenoptera: Aphelinidae) was purposefully introduced in United
States to control the soybean aphid (Hopper et al., 2017), and Aphelinus certus Yasnosh
(Hymenoptera: Aphelinidae) was accidentally introduced and is now abundant throughout
soybean growing areas of North America (Frewin et al., 2010; Kaser and Heimpel, 2018;
Miksanek, 2020; Miksanek and Heimpel, 2019). Importantly, Frewin et al. (2014) showed
that A. certus is susceptible to the neonicotinoids thiamethoxam and imidacloprid presented
as soybean seed treatments in laboratory studies, and suggested that such seed treatments

may limit the effectiveness of this parasitoid as a biological control agent of soybean aphid.

Here, we aimed i) to determine whether the neonicotinoid thiamethoxam from coated
seeds reaches honeydew excreted by the soybean aphid Aphis glycines in a soybean crop;
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ii) to evaluate the toxicity for three species of biological control agents of honeydew
obtained from plants whose seeds had been coated with neonicotinoids; and iii) to
determine whether the use of fungicides in coated seeds synergizes the toxic effects of

neonicotinoids via honeydew.

2. MATERIALS AND METHODS

2.1.Insect colonies

The soybean aphid was reared under laboratory conditions at the University of Minnesota
on soybean plants grown from uncoated seeds following the methodology of Desneux et al.
(2009) and this colony was used to rear the parasitic wasps A. certus and A. glycinis. Parasitic
wasp colonies were maintained by placing approximately twenty individual parasitic wasps
onto two soybean plants infested with aphids inside plexiglass rearing cages (30 x 35 x
40 cm) with ventilation provided by three 10 cm diameter holes that were covered with
fine mesh. Parasitic wasp colonies were initiated weekly to provide sufficient females for
the entire experiment. Parasitized aphids containing pupae (‘mummies’) of either parasitic
wasp species were placed individually into glass vials (3 cm long x 0.8 cm diameter) plugged
with cotton. Mummies were checked daily for emergence between 9:00 and 11:00 am and

were sexed after emergence. Newly emerged females were used for the experiments.

The predatory midge was obtained from Koppert Biological Systems. Pupae were
introduced into rearing cages of the type described above and kept in climatic chambers
until emergence. All insects were kept separately by species in growth chambers at 25°C,
65% R.H. and 16:8 h L:D.

2.2. Study site and experimental design

The experiment was conducted at the University of Minnesota Agricultural Experiment
Station, Saint Paul, U.S.A, between June and August 2019. The field experiment consisted
of 24 soybean plots in a grid of 6 plots by 4 plots that were sown on June 19, 2019. Each
plot was 2.5 x 2.5 m, and consisted of four soybean rows planted at a density of 35.6
seeds per m* (355,831 seeds per ha). Rows within each plot were separated by 0.76 m
and plots were separated by 7.25 m. Buckwheat was planted and mown weekly between
plots. Soybean and corn seeds coated with neonicotinoids were sowed in the same field

the previous year, 2018.

We used a randomized complete block design of three different treatments each with
eight replicates. Soybean seeds of the variety S14-B2X (Syngenta Crop Protection,
USA) were uncoated or coated with either the insecticide thiamethoxam (Cruiser
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5FS°®, Syngenta) at a concentration of 0.0756 mg active ingredient per seed, or with the
insecticide thiamethoxam in addition to the fungicides sedaxane, mefenoxam (also
called R-metalaxyl), and fludioxonil (CruiserMaxx Vibrance®, Syngenta) at a combined
concentration of 0.0945 mg per seed for all active ingredients per seed, of which 0.0756

mg was thiamethoxam.

2.3. Plant infestation

Soybean plants were infested with the soybean aphid on July 16,2019 (27 days after sowing,
DAS). For this, we placed infested leaves from a laboratory colony with approximately 50
A. glycines of different instars on approximately ten plants per plot. Two plants per plot
that were infested in this way were subsequently covered with exclusion cages to protect
the infested leaves from natural enemies (Kaser and Heimpel, 2018). Exclusion cages
consisted of a wire frame cage of 85 cm tall, and 35 cm x 35 cm square and were covered

with a fine mesh (240 pm x 240 um gaps).
2.4. Honeydew collection

Honeydew was collected in two temporal replicates. The first temporal replicate comprised
honeydew collected on the following days: July 19, 2019 (+ 30 DAS), and every day from
July 23 (+34 DAS) until July 26 (+37 DAS) inclusive. The second temporal replicate
consisted of honeydew collected every day from July 30 (+41 DAS) to August 1 (+43
DAS) inclusive. To collect honeydew, Parafilm® squares of 10 cm x 10 cm were placed
singly inside 14-cm Petri dishes inside the exclusion cage, and the cover of the Petri dish
was modified with a fine mesh for ventilation (Figure S1). A soybean leaf infested with
50-100 soybean aphids was inserted into the dish with the petiole passing through a hole
in the side of the Petri dish in such a way that the infested leaf was suspended above
the Parafilm® (Figure S1). The Parafilm® squares were left inside the Petri dishes in this
manner for 24 hours and stored at -20 °C until the honeydew was used in the bioassays
described below.

2.5. Concentration of thiamethoxam in honeydew

We first estimated the amount of honeydew (i.e. the number of droplets) excreted by
soybean aphids feeding on soybean plants following the methodology of Calvo-Agudo
et al. (2019). The amount of honeydew produced by the soybean aphid per treatment,
time replicate and plot was assessed by counting the total number of small (less than
150 pm @), medium (between 150 and 300 pm @), and large (more than 300 um @)
honeydew droplets on each Parafilm® piece under a stereo microscope. The volume of
each categorized droplet was estimated as (% X m x r*) x %, where r is the radius of
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the droplet (Table S1). To ensure sufficient honeydew volume, we combined samples
collected +30 DAS and +37 DAS for the first time replicate. For the second, we combined
samples collected +41 DAS and +42 DAS. In total, we used honeydew samples from three
treatments, seven to eight plots per treatment and from two time replicates to assess the

presence of insecticide in the honeydew samples.

All droplets of honeydew from the same time replicate and plot were dissolved in
‘Sample Diluent Buffer’ (Imidacloprid ELISA, Microtiter Plate-kit, Abaraxis. Inc.,
Spain). Two hundred microliters of ‘Sample Diluent Buffer’ solution were pipetted onto
the Parafilm® piece containing the honeydew droplets. The diluent solution and the
honeydew droplets were stirred gently to dissolve the honeydew and then transferred

into microcentrifuge tubes.

The presence and concentration of thiamethoxam in honeydew samples was estimated
using an enzyme-linked immunosorbent assay for imidacloprid (ELISA-Imidacloprid,
Microtiter Plate; Abraxis). This assay, although designed to detect imidacloprid, also
detects clothianidin with 121 % cross-reactivity, according to the manufacturer’s
specifications. Given that thiamethoxam is quickly metabolized to clothianidin in plants
and insects and that the latter is the responsible for the insecticidal activity (Nauen
et al., 2003; Tomizawa and Casida, 2005), we measured the presence and quantity of
clothianidin in our samples as a proxy of that of thiamethoxam. All quantities were
corrected considering the 121% cross-reactivity of clothianidin. This method allowed
the quantification of very low amounts of insecticide, including potential residual
contaminations from previous treatments in the experimental field (Masia et al., 2013).
In our assays, we detected the chemical in the samples coming from control treatments
(average 0.13 ng mL"; see Results). Hence, for the sake of accuracy, we corrected the
values of all treatments by subtracting the average detection from the controls (Calvo-
Agudo et al., 2019; Masia et al., 2013). Negative values after the correction were converted
to zero (Calvo-Agudo et al., 2019; Masia et al., 2013).

2.6. Effect of honeydew on beneficial insects

To determine the effects of seed treatments on the beneficial insects’ longevity, we
fed adults of the predatory midge and parasitoids of genus Aphelinus with honeydew
excreted by the soybean aphid that had fed on plants whose seeds had been untreated
or coated either with thiamethoxam or with thiamethoxam and fungicides. For the
predatory midge, we confined between 40 and 42 newly emerged and unfed female adults

individually in 6.1 cm high and 2.8 cm diameter vials covered with damp cotton for each
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of the three treatments for a total of 122 individuals. For the parasitic wasps, we placed
between 38 and 41 newly emerged unfed females individually into 3 cm high and 0.8 cm
diameter glass vials covered with damp cotton for each of the treatments for a total of
116 A. certus and 123 A. glycinis individuals. Honeydew from each plot was used to feed

between two and eight individuals of each species.

Parafilm® pieces with honeydew of each treatment were thawed, observed under a
stereo microscope to check for the presence of honeydew and cut into pieces of different
sizes to provide honeydew ad libitum (this was at least 10-15 and 25-30 droplets of
different sizes for both parasitic wasp species and predator, respectively). Honeydew
was renewed daily to avoid crystallization (Hogervorst et al., 2007). To confirm that all
insects had received honeydew ad libitum, the presence of honeydew on the Parafilm®
piece was checked again when it was replaced. If there was no honeydew remaining on
the Parafilm®, the replicate was censored. Vials were kept in climatic chambers until
the insects died and mortality was tabulated daily. The individuals from each treatment
were fed on honeydew from six to eight plots of their corresponding treatments

depending on the amount of honeydew available.

Climatic conditions for the predatory midge were 25°C, 80% relative humidity (RH) and
16:8 h light:dark (L:D) and for A. certus and A. glycinis were 22°C, 80% relative humidity
(RH) and 16:8 h light:dark (L:D)

2.7. Statistical analysis

To analyse the difference in the concentration of thiamethoxam in the honeydew
samples, we used a generalized linear mixed model with gamma distribution. The field
plot was included as a random factor and treatment and time replicate as fixed factors.
Non-significant factors were excluded from the final model. A Tukey post hoc test using
the “Ismeans” package in R enabled pairwise comparisons between the concentrations
found in the honeydew treatments. The toxicity of each honeydew treatment on the
beneficial insect’s survivorship was represented by Kaplan-Meier survivorship curves and
analysed by a Cox’s Proportional Hazards for the predatory midge using the survival
functions of the “Survival” package in R and by a log-rank test for both parasitic wasps.
We censored those beneficial insects that escaped, died for other reasons, or had finished
all the honeydew administered in one day (honeydew not ad libitum). For the predatory
midge, we censored eighteen females out of 122 that escaped or died for other reasons
and eleven out of 122 because they ran out of food during the trial. For A. certus, we
censored nineteen females out of 116 that escaped or died for other reasons and five
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because honeydew had not been administered ad libitum. For A. glycinis, we censored 20
females out of 123 that escaped or died for other reasons and two because honeydew had
run out during the trial. All tests performed were analysed using the computer program
R (version 3.3.2 for Macintosh).

3.RESULTS

3.1. Detection and quantification of neonicotinoids in aphid honeydew

The concentration of clothianidin, the derivate metabolite of thiamethoxam responsible
for the insecticidal activity (Nauen et al., 2003; Tomizawa and Casida, 2005), was 9 to 11
times higher in honeydew excreted by aphids feeding on soybean plants whose seeds were
coated either with thiamethoxam (46.76 + 27.17 ppb) or thiamethoxam and fungicides
(36.98 + 8.66 ppb) than in honeydew from untreated plants (3.8 = 2.37 ppb) (GLMM,
x°,=13.57, P = 0.001; Figure 1 and Table S1). These concentrations of clothianidin were
similar when they were collected 30-37 or 40-43 days after sowing the soybean (GLMM;
days after treatment: y° = 1.18, P = 0.27) with no significant interaction between treatment
and days after treatment (y°, = 4.92, P = 0.08).
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Figure 1 | Neonicotinoid concentration in honeydew samples. Concentration (mean + SE) of
clothianidin in honeydew excreted by Aphis glycines feeding on plants whose seeds were uncoated
or had been coated either with thiamethoxam only or thiamethoxam and fungicides. Columns with
different letters are significantly different from each other (GLMM, based on gamma distribution, P <
0.01; number of plots per treatment = 14 to 16).
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3.2. Longevity of beneficial insects

The longevity of female predatory midges that fed on honeydew produced by aphids
feeding either on plants from seeds coated with thiamethoxam only or thiamethoxam
plus fungicides was significantly shorter (median values 7 and 10 days, respectively) than
of those fed on honeydew produced by aphids on untreated plants (median: 14 days)
(Cox’s Proportional Hazards = 12.69, P = 0.002) (Fig 2).
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Figure 2 | Survival curves of the predatory midge Aphidoletes aphidimyza. Female midges were fed on
honeydew excreted by soybean aphids feeding on plants whose seeds were uncoated or coated either
with thiamethoxam only or thiamethoxam and fungicides.

The longevity of female A. certus parasitoids feeding on honeydew produced by aphids
feeding on plants whose seeds had been coated with thiamethoxam only or with
thiamethoxam plus fungicides was also significantly shorter (median: 12 and 14 days
respectively) than that of females fed on honeydew produced by aphids feeding on
untreated plants (median: 17 days) (Log-rank Test=7.3, P=0.03) (Figure 3). The longevity
of A. glycinis females was not statistically different between the three honeydew types
(median longevities were 18, 16 and 13 days, respectively for females fed on honeydew
excreted by aphids feeding on untreated plants, plants whose seeds were treated with
thiamethoxam only or with thiamethoxam and fungicides; Log-rank Test = 3.9, P = 0.1)
(Figure 4).
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Figure 3 | Survival curves of the parasitic wasp Aphelinus certus. Female wasps were fed on honeydew
excreted by the soybean aphids feeding on plants whose seeds were uncoated or coated either with
thiamethoxam only or thiamethoxam and fungicides.
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Figure 4 | Survival curves of the parasitic wasp Aphelinus glycinis. Female wasps were fed on honeydew
excreted by the soybean aphids feeding on plants whose seeds were uncoated or coated either with
thiamethoxam only or thiamethoxam and fungicides.
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4.DISCUSSION

Our results demonstrate, for the first time, that neonicotinoids reach honeydew at
concentrations that harm biological control agents when plants are grown from soybean
seeds coated with neonicotinoids. The soybean aphid excreted honeydew contaminated
with ~35-45 ppb of clothianidin when feeding on soybean plants that had been sown 30-43
days previously. We measured the concentration of clothianidin instead of thiamethoxam
because the latter is quickly metabolized to clothianidin in plants and insects (Nauen
et al.,, 2003; Tomizawa and Casida, 2005), but some concentration of thiamethoxam
might have remained in the plant after 30 days. Therefore, the total concentration of
neonicotinoids might be higher than the reported here. In other crops, neonicotinoids
derived from coated seeds have been detected in other plant-derived carbohydrate
sources such as nectar, extrafloral nectar, or guttation fluids at concentrations as high
as 1-8.6 ppb, 1-122 ppb, and 10 ppm, respectively (Girolami et al., 2009; Goulson, 2013;
Jones et al., 2020; Rundlof et al., 2015). However, these carbohydrate sources are absent
in soybean agricultural landscapes where honeydew is the main, or only, carbohydrate
source for biological control agents (Dieckhoff et al., 2014; Lee et al., 2006) and other

beneficial insects.

We also detected low levels of clothianidin in honeydew excreted by aphids feeding
on soybean plants from untreated seeds. This result might be explained by two non-
exclusive reasons. First, plants might have absorbed residues from previous planting
years as it was suggested by Krupke et al. (2017). In our study, soybean and corn seeds
coated with neonicotinoids were sowed in some portions of the same field the previous
year, 2018. Second, rainwater might have transported neonicotinoids from adjacent plots.
Neonicotinoids are water soluble and plants take up only 2-20% of the neonicotinoid
treatment with the remainder leaching into waterways (Sanchez-Bayo, 2014). In our
study, it rained in 15 of the 31 days between sowing and honeydew collection (from
June 19 until July 19, 2019) (US Climate Data, 2019). These rains caused intermittent
runoff and, while we separated plots by 7 meters, neonicotinoids might have moved from
treated to untreated plots. However, this second reason seems less plausible because the

field was flat and the soil sandy.

Honeydew contaminated with clothianidin from treated seeds reduced the longevity of
two of the main biological control agents of the soybean aphid, the predatory midge and
the parasitic wasp A. certus, when compared to the honeydew associated with non-treated
seeds. Therefore, in this proof-of-concept study, we have demonstrated, for the first time,

that neonicotinoids from coated seeds can reach honeydew and harm biological control
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agents. Further research will be necessary to evaluate the effects ofhoneydew contaminated
with neonicotinoids derived from coated seeds on the disruption of biological control
under field conditions. This research is likely unfeasible because many parameters of the
biological control agents might be affected by neonicotinoids, e.g. immature parasitoids
developing in contaminated hosts, contaminated prey for predators, biological control
agents searching on plant surfaces contaminated with neonicotinoid dust particles,
contaminated nectar from adjacent plants (Goulson, 2013; Krupke et al., 2012). On the
other hand, honeydew excreted by aphids feeding on soybean plants from coated seeds
did not result toxic to the parasitic wasp A. glycinis but reduced the longevity of A. certus.
Previous studies have demonstrated that the toxicity of thiamethoxam is species-specific

in parasitic wasps, even within the same genus (Cheng et al., 2018).

The three fungicides (fludioxonil, mefenoxam and sedaxane,) used in the seed treatment
did not synergize the toxicity of thiamethoxam. Fludioxonil is a phenylpyrrole fungicide
used against a broad-spectrum of early-season pathogens that has limited systemic
properties (Camargo, 2016). Therefore, it was not expected to contaminate honeydew.
Instead, sedaxane and mefenoxam are systemic fungicides from the pyrazoles and
phenylamides groups, respectively. Mefenoxam is one of the most commonly used
products in soybean targeting Pythium spp., Phytophthora spp. and other plant pathogens
of the order Peronosporales (Monkiedje et al., 2007), while sedaxane has a broader
spectrum of activity (Zeun et al., 2013). To the best of our knowledge, only one study has
evaluated the toxicity of mefenoxam and thiamethoxam on beneficial insects (Camargo,
2016). This study found no adverse effects on worker honey bees mortality and biological
control agents when mefenoxam was administered alone via oral and contact exposure.
In contrast, when mefenoxam was combined with thiamethoxam, unclear effects on
honeybee mortality and no adverse effects for biological control agents were observed
(Camargo, 2016).

5. CONCLUSIONS

This study demonstrates that the soybean aphid survives the seed-coated treatment and
excretes honeydew that contains neonicotinoids derived from coated seeds. As explained
in the introduction, soybean is not the only crop, whose seeds are commonly coated
with neonicotinoids, and support a diverse group of aphids and other hemipterans that
are resistant to neonicotinoids or tolerant to concentrations that degrade over time (De
Ribeiro et al., 2018; van Leeuwen et al, 2010). These hemipterans likely also excrete
honeydew contaminated with neonicotinoids rendering the honeydew toxic for biological
control agents. Therefore, the prophylactic use of seeds coated with neonicotinoids may
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disrupt biological control through contaminated honeydew, increasing both the costs
for growers and the environmental impacts of these major crops. Further studies are

necessary to corroborate our results in other major crops.

Nowadays, only the European Union (which represents less than 4% of the global
agricultural land) has banned the application of neonicotinoids after a risk assessment
report carried out by the European Food Safety Authority. This risk assessment, as well as
others carried out by other environmental agencies, did not consider honeydew as route
of exposure to beneficial insects. This route is especially relevant because environmental
agencies are now evaluating the use of neonicotinoid coated-seeds in crops that are
harvested before the flowering period, without considering that these plants can hold
phloem-feeding herbivores that excrete contaminated honeydew as we demonstrate here
under field conditions. Therefore, honeydew should be included in future environmental
risk assessments as a route of exposure to neonicotinoids applied as seed coating.
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7.SUPPORTING INFORMATION

Table S1 | Clothianidin detection in honeydew for each treatment, day and plot.

Neonicotinoid

) Days Neonicotinoid Honeydew concentration
Treatment Tlme after Plot concentration volume based on
replicate sowing number (ppb) (mm?3) honeydew
volume (ppb)
30 & 37 1 0 0.41 0.00
30 & 37 2 0 0.66 0.00
30 & 37 3 0 0.42 0.00
30 & 37 4 0.022 0.65 6.98
! 30 & 37 5 0 0.41 0.00
30 & 37 6 0 0.12 0.00
30 & 37 7 0.0033 0.66 1.01
Uncoated 30 & 37 8 0 0.58 0.00
seeds 41 & 42 1 0.13 0.68 37.65
41 & 42 2 0 0.43 0.00
41 & 42 3 0 0.27 0.00
) 41 & 42 4 0 0.27 0.00
41 & 42 5 0 0.45 0.00
41 & 42 6 0.015 0.27 10.87
41 & 42 7 0.0005 0.70 0.16
41 & 42 8 0.14 1.42 20.27
30 & 37 1 0.27 0.47 116.73
30 & 37 2 0.002 0.23 1.57
30 & 37 3 0.02 0.70 5.29
1 30 & 37 4 0.24 0.20 238.54
30 & 37 6 0.20 0.66 61.73
30 & 37 7 0.06 0.15 75.95
Seeds 30 & 37 8 0.07 0.33 41.20
coated with
thiamethoxam 41 & 42 1 0.08 0.35 47.13
41 & 42 2 0 0.35 0.00
41 & 42 3 0.03 0.43 13.85
2 41 & 42 5 0.09 0.35 53.21
41 & 42 6 0 0.40 0.00
41 & 42 7 0 0.35 0.00
41 & 42 8 0 0.84 0.00
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Table S1 | Continuation.

Neonicotinoid

: Days Neonicotinoid Honeydew concentration
Time Plot .
Treatment . after concentration volume based on
replicate nu 3
(ppb) (mm?) honeydew
volume (ppb)
30 & 37 1 0.22 0.44 102.53
30 & 37 2 0.04 0.25 28.93
30 & 37 3 0.09 0.28 61.78
. 30 & 37 4 0.06 0.34 36.69
30 & 37 5 0.02 0.39 8.18
30 & 37 6 0.06 0.19 66.85
Seeds 30 & 37 7 0.06 0.29 41.67
coated with 30 & 37 8 0.03 0.19 28.10
thiamethoxam
and three 41 & 42 1 0.07 0.44 31.63
fungicides 41 & 42 2 0.23 0.40 115.26
41 & 42 3 0 0.45 0.00
) 41 & 42 4 0 0.42 0.00
41 & 42 5 0.01 0.23 10.27
41 & 42 6 0.09 0.29 63.20
41 & 42 7 0.17 0.39 88.82
41 & 42 8 0.13 0.41 64.90
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Petri dish lid with mesh-covered hole _—

Soybean leaf infested with 50-100 Aphis glycines ~——

c
Petri dish base with parafilm and hole to insert _— —
the infested leaf =

Figure S1 | Honeydew collection in exclusion Petri dish. Parafilm® squares of 10 cm x 10 cm were placed
inside 14-cm Petri dishes modified with a mesh-covered hole in the lid and a hole in the lateral wall.
One aphid infested soybean leaf was inserted through the lateral hole of the Petri dish. The entire Petri
dish was supported in place so the infested leaf was suspended above the Parafilm® to collect honeydew.

—
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Beneficial insects do not avoid feeding on
honeydew contaminated with neonicotinoids and
may even prefer feeding on it

MiGUEL CALVO-AGUDO, MARCEL DICKE, ALEJANDRO TENA







ABSTRACT

Imidacloprid and thiamethoxam are neonicotinoids toxic for beneficial insects that feed
on plant-derived food sources rich in carbohydrates (i.e. nectar, guttation or honeydew)
contaminated with these insecticides. Several studies have demonstrated that beneficial
insects cannot discriminate between carbohydrate food sources uncontaminated and
contaminated with neonicotinoids. However, this has never been tested for honeydew,
the main carbohydrate food source in many agricultural landscapes. To address this, we
examined whether the parasitic wasp Anagyrus vladimiri and the hoverfly Sphaerophoria
rueppellii, with and without feeding experience, discriminate between honeydew
excreted by hemipterans feeding on plants treated with imidacloprid or thiamethoxam
(contaminated honeydew) and honeydew excreted by hemipterans feeding on untreated
plants (uncontaminated honeydew). The hoverfly did not discriminate between honeydew
excreted by hemipterans feeding on trees treated with thiamethoxam and on untreated
trees, independent of its feeding experience and active ingredient. The parasitic wasp
discriminated between honeydew excreted by hemipterans feeding on trees treated with
thiamethoxam and honeydew derived from hemipterans feeding on untreated trees, when
wasps had no feeding experience or had previously fed on honeydew with thiamethoxam.
Contrary to expectations, wasps preferred to feed on honeydew excreted by hemipterans
feeding on trees treated with thiamethoxam. These results have profound implications
because honeydew is highly abundant and accessible for a plethora of beneficial insects in
most agricultural landscapes and they either cannot discriminate or even prefer to feed on
honeydew contaminated with thiamethoxam, which is one the most toxic neonicotinoids

for beneficial insects.
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I.INTRODUCTION

Neonicotinoid insecticides have been extensively used over the last decades because
they affect a broad-spectrum of insect pests and appear to have low toxicity to
vertebrates (but see the negative effects on birds, mammals, fish, crustaceans, molluscs,
annelids and microorganism in Goulson, 2013; Gunstone et al., 2021; Hallmann et al.,
2014; Li et al., 2020; Yu et al., 2020). Neonicotinoids move systemically within plants,
and hence can be applied using a variety of methods such as foliar sprays, soil drenches,
soil granular applications, adding to irrigation systems, injection directly into trees,
or by coating the seeds (Jeschke et al., 2011). Once neonicotinoids reach a plant, they
are transported systemically to all plant tissues including nectar and pollen, and many
beneficial insects i.e. pollinators and biological control agents, that feed on it are
harmed (Whitehorn et al., 2012).

Due to their high toxicity for pollinators, the neonicotinoids imidacloprid, thiamethoxam
and clothianidin were banned from open field crops in Europe, but this prohibition
has been continuously challenged. One important argument against this ban was that
some pollinators such as flies or beetles are repelled by neonicotinoid insecticides at
field concentrations (Easton and Goulson, 2013). However, several laboratory studies
demonstrated later that bumblebees and honeybees do not avoid feeding on food
contaminated with neonicotinoids, even at high concentrations that reduce their survival
(Arce et al., 2018; Kessler et al., 2015). Even more, these pollinators acquire a preference
for neonicotinoid-treated food over time (Arce et al., 2018; Kessler et al., 2015). Probably,
the preference for a contaminated food source arises from the pharmacological action of
neonicotinoids on nicotinic acetylcholine receptors, by affecting the neural mechanisms
required for learning and memory (Kessler et al., 2015; Stanley et al., 2015; Tasman et
al., 2021).

It has been recently demonstrated that insecticides can also reach honeydew excreted
by hemipterans that feed on plants treated with systemic insecticides, including
neonicotinoids (Calvo-Agudo et al,, 2021, 2020, 2019; Quesada et al., 2020). This
contaminated honeydew can be toxic for several beneficial insect species (Calvo-Agudo et
al,, 2021, 2020, 2019). Compared to nectar, honeydew is the primary carbohydrate source
throughout the year for biological control agents (Hogervorst et al., 2007; Lee et al., 2006;
Lundgren, 2009; Luquet et al., 2021; Tena et al., 2016, 2013b; Wackers et al., 2008), and most
pollinators feed on it when nectar is scarce in many agricultural ecosystems (Cameron et
al., 2019; Meiners et al., 2017). However, it remains unexplored whether beneficial insects

can discriminate between honeydew with or without neonicotinoids. Neonicotinoids
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might affect the chemical composition and infochemicals of honeydew. If these changes
occur, beneficial insects might discriminate between contaminated and uncontaminated
honeydew. Discrimination between food sources in insects may depend on the feeding
experience because some insects have advanced learning abilities (Arce et al., 2018;
Loukola et al., 2017). Therefore, feeding experience might affect the ability of beneficial

insects to discriminate and avoid honeydew contaminated with neonicotinoids.

Here, we aimed to test whether beneficial insects without feeding experience can
discriminate between honeydew excreted by hemipterans feeding on plants treated
with the neonicotinoids imidacloprid or thiamethoxam (contaminated honeydew)
and honeydew excreted by hemipterans feeding on untreated plants (uncontaminated
honeydew). We also investigated whether feeding experience on neonicotinoid-
containing food affects the discrimination between contaminated and uncontaminated
honeydew. We expected that beneficial insects would be able to discriminate between
uncontaminated and contaminated honeydew, and this discrimination to be dependent
on their feeding experience. For these aims, beneficial insects were exposed to choice
tests with two types of honeydew and a choice was recorded when the beneficial insect

started to feed on one type of honeydew.

System

We selected citrus as the crop because it is one of the main fruit crops cultivated worldwide
being grown on 17.59% of the global area used for fruit crops (FAOSTAT, 2021). Citrus
crops have a diverse and dynamic complex of hemipterans that excrete honeydew
during most of the growing season (Pekas et al., 2011; Tena et al., 2013a). Furthermore,
neonicotinoids are applied against a diverse range of pest species (GIP Citricos, 2021;
Insecticide Resistance Action Committee, 2020; Monzo and Stansly, 2017), and due to
their high persistence, neonicotinoids can remain in citrus trees for more than one year
(Byrne etal., 2014). The mealybug Planococcus citri (Risso) (Hemiptera: Pseudococcidae)
was used because it is a common pest in citrus-producing areas of the world (Urbaneja
et al., 2020), whose honeydew increases the longevity and fecundity of beneficial insects
(Tena et al., 2013a). As beneficial insects, we selected the parasitic wasp Anagyrus
vladimiri (Girault) (Hymenoptera: Encyrtidae) (previously known as A. pseudococci),
and the hoverfly Sphaerophoria rueppellii (Wiedemann) (Diptera: Syrphidae). Anagyrus
vladimiri is the main biological control agent of P. citri. Sphaerophoria rueppellii was
selected because hoverflies represent one of the most important groups of pollinators
(Rader et al., 2015), their larvae feed on aphids whereas adults feed on honeydew and
nectar, and their populations are declining (Powney et al., 2019).
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2. MATERIALS AND METHODS

2.1. Plant infestation and insecticide application

The mealybug Planococcus citri was provided by the State Insectary of Generalitat
Valenciana (Almassora, Spain), where it was reared on potato sprouts and transported to
the Instituto Valenciano de Investigaciones Agrarias (IVIA) (Moncada, Spain) as crawlers
(first instar) (Planes et al., 2013).

Forty-five potted clementine trees cv. Clementina de Nules grafted on ‘Macrophyla’
(Citrus sinensis x Poncirus trifoliata) were grown in a greenhouse at IVIA until they
were one-year-old and ~Im high. The environmental conditions in the greenhouse
compartments were 22 = 5 °C, 70 = 20% RH and the natural photoperiod (February-
April 2019). Clementine trees were watered twice per week and fertilized once per week
with Sofertirrig® fertilizer (18-18-18 N-P-K). Plants were infested with P, citri crawlers
on February 13 and March 12, 2019. To infest them, 1.5 mL centrifuge tubes half-filled
with P, citri crawlers were held on the crown of each plant following the methodology
of Calvo-Agudo et al. (2019). On April 6, 2019, we applied each insecticide or distilled
water (control treatment) directly onto the soil. The neonicotinoids used in this research
were thiamethoxam [Thiamethoxam (25%), Actara 25 WG, Syngenta] and imidacloprid
[Imidacloprid (20%), Confidor 20 LS, Bayer]. A concentration of 0.15 g of active
ingredient of thiamethoxam/0.5 L of distilled water was applied on 20 different plants.
A concentration of 0.375 mL of imidacloprid/0.5 L in distilled water was applied on 15
different plants. For the controls, 0.5 L of distilled water was applied on 15 different plants.

2.2. Honeydew collection

We collected fresh honeydew from the mealybug P, citri daily from April 8, 2019 (+2 days
after treatment, DAT) to April 10, 2019 (+4 DAT), by placing Parafilm® squares of 5 cm x
5 cm below the infested leaf during 24 hours. The collected honeydew for each treatment
was labelled and stored at -20 °C in Petri dishes until samples were used in the bioassays
(Calvo-Agudo et al., 2019; 2020; Hogervorst et al., 2007; Tena et al., 2013b).

2.3. Beneficial insects

The parasitic wasp A. vladimiri and the predator-pollinator hoverfly S. rueppellii were
obtained as pupae from the commercial companies Koppert Biological Systems S.L
(Aguilas, Spain) and Biobest Biological Systems (Westerlo, Belgium), respectively. Pupae
were introduced into fine-mesh rearing cages (21x 21 x 21 cm), which were kept in the
laboratory at room temperature until adults emerged. Once emerged, both beneficial
insects were kept in climatic chambers at 25 + 2 °C, 75 £ 10% RH and a photoperiod
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of 14:10 h (L:D). For assays of the parasitic wasps, only females were used. Females and
males of S. rueppellii could not be sexed and, therefore, both sexes were used in the assays.

2.4.Arena

The arena consisted of a 140 mm x 15 mm glass Petri dish with two Parafilm® pieces
containing honeydew of different treatments (Table 1). Parafilm® pieces were placed in
opposite extremes of the Petri dish. In order to standardize the amount of honeydew
offered in each treatment, Parafilm® pieces containing honeydew were observed under
the binocular, and cut into pieces of 3.5 £ 0.5 cm? with 25 + 5 droplets of honeydew. We
selected Parafilm® pieces containing honeydew that had been collected from 7-10 trees
per treatment at +3 DAT for the parasitic wasp A. viadimiri and the other 7-10 trees
per treatment at +4 DAT for the hoverfly S. rueppellii. A piece of wet cotton wool was
also placed in the centre of the Petri dish to avoid the crystallization of honeydew, and
was removed just before the beginning of the choice test (Tena et al., 2013a). Beneficial
insects were subsequently placed in the centre of the Petri dish. A cylinder-shaped filter
paper of 10cm high was used to enclose the Petri dish, and a cold light was held on top
of the Petri dish to illuminate the arena. Petri dishes and Parafilm® pieces with honeydew
were renewed for each replicate and individual beneficial insects were tested only once.
The position of the pieces of Parafilm® with the honeydew was reversed after every
observation. Petri dishes were washed with acetone to avoid contamination from previous
replicates. All experiments were conducted inside an airflow cabinet to homogenize the

light conditions.
2.5. Choice tests

We conducted two-choice tests to investigate whether beneficial insects with different
feeding experience can discriminate between honeydew excreted by mealybugs feeding
on untreated trees and trees treated with neonicotinoids (imidacloprid or thiamethoxam):
i) no feeding experience; ii) feeding experience on honeydew excreted by mealybugs
feeding on untreated trees; iii) feeding experience on honeydew excreted by mealybugs
feeding on untreated trees (Table 1). A choice was recorded when the beneficial insect
started to feed on one of the two types of honeydew. Each replicate lasted until beneficial
insects made a choice or 20 minutes. Beneficial insects that did not make a choice
within 20 min were recorded as no-choice and excluded from the statistical analyses;
these numbers are provided in the figures. All choice tests were carried out until 29-31

beneficial insects responded. Tests were carried out between 10:00 and 15:00 at 22 + 2°C.
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2.5.1. No feeding experience

This experiment was carried out with the parasitic wasp A. vladimiri. Newly-emerged
(less than 16 hours old) female wasps were starved for 24 hours in rearing cages (21x 21 x
21 cm). Water was provided with wet cotton wool. One day later, wasps were individually
placed in glass vials of 3 cm high and 0.8 cm diameter covered with wet cotton wool during
30 minutes. Subsequently, females were individually introduced in the arena to carry out
two-choice tests between: a) honeydew excreted by mealybugs feeding on untreated trees
or trees treated with thiamethoxam; and b) honeydew excreted by mealybugs feeding on

untreated trees or trees treated with imidacloprid (Table 1).
This assay could not be carried out for the hoverfly S. rueppellii because it only responds to
carbohydrate sources after feeding on it (i.e. it needs feeding experience with carbohydrate

sources) (Clem et al., 2020 and Supporting information).

Table 1 | Summary of all treatments conducted in the choice test experiment

Beneficial insect  Status before the experiment  Honeydew treatments in choice test

Untreated vs thiamethoxam

Unfed
Untreated vs imidacloprid
Fed on honeydew excreted Untreated vs thiamethoxam
by mealybugs feeding on
Anagyrus untreated trees Untreated vs imidacloprid
vladimiri Fed on honeydew excreted by
mealybugs feeding on trees treated Untreated vs imidacloprid
with imidacloprid
Fed on honeydew excreted by
mealybugs feeding on trees treated Untreated vs thiamethoxam
with imidacloprid
Fed on honeydew excreted Untreated vs thiamethoxam
by mealybugs feeding on
untreated trees Untreated vs imidacloprid
Sphaerophoria Fed on honeydew excreted by
P p . mealybugs feeding on trees treated Untreated vs imidacloprid
rueppellii

with imidacloprid

Fed on honeydew excreted by
mealybugs feeding on trees treated Untreated vs thiamethoxam
with imidacloprid
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2.5.2. Feeding experience on honeydew excreted by mealybugs feeding on untreated trees

Both beneficial insect species (0-16 hours since emergence) were fed on honeydew
excreted by mealybugs feeding on untreated trees during 24 hours in separate rearing
cages (21x 21 x 21 cm). This honeydew was collected at +2 DAT, and was provided ad
libitum on several Parafilm® pieces of 25cm?* during 24 hours and wet cotton wool was
introduced in the rearing cage. Afterwards, honeydew was removed and the beneficial
insects were starved for 24 hours and subsequently individualized during 30 minutes in

glass vials of 3 cm high and 0.8 cm diameter (Table 1).

2.5.3. Feeding experience on honeydew excreted by mealybugs feeding on trees treated with

either thiamethoxam or imidacloprid

Both beneficial insect species (0-16 hours since emergence) were fed on honeydew excreted
by mealybugs feeding on trees treated with thiamethoxam or imidacloprid during 24
hours in separate rearing cages (21x 21 x 21 cm). This honeydew was collected at +2 DAT,
and was provided ad libitum on several Parafilm® pieces of 25cm? during 24 hours and wet
cotton wool was introduced in the rearing cage. Afterwards, honeydew was removed and
the beneficial insects were starved for 24 hours and subsequently individualized during 30

minutes in glass vials of 3 cm high and 0.8 cm diameter (Table 1).
2.5.4. Statistical analysis

The choices for each beneficial insect between honeydew excreted by mealybugs
feeding on untreated trees or trees treated with either thiamethoxam or imidacloprid
were analysed using a two-sided binomial test. This was done to investigate whether the
distribution of beneficial insects differed from 50:50. Beneficial insects that did not make
a choice within the 20 min exposure period were excluded from the statistical analyses.
In total, 52 out of 235 (22.6%) of the parasitic wasps, and 14 out of 134 (10.4%) of the
hoverflies did not make a choice.

3.RESULTS
3.1. Response of A. vladimiri to honeydew excreted by mealybugs feeding on trees

treated with thiamethoxam.

In two-choice tests, A. viadimiri parasitic wasps without feeding experience discriminated
between honeydew excreted by mealybugs feeding on trees treated with thiamethoxam
and on untreated trees. They preferred to feed on honeydew excreted by mealybugs
feeding on trees treated with thiamethoxam (binomial test, P = 0.002) (Figure 1a). The
same preference was observed when the parasitic wasps had fed on honeydew excreted
by mealybugs feeding on trees treated with thiamethoxam (binomial test, P = 0.0005)
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a Honeydew excreted by Honeydew excreted by
mealybugs feeding on mealybugs feeding on trees
untreated trees treated with thiamethoxam
38(29) | o | Unfed

| | Fed on honeydew excreted by mealybugs feeding
43(31) i on untreated trees

| e | Fed on honeydew excreted by mealybugs feeding
39(29) on thiamethoxam

100 50 0 50 100

% of responsive Anagyrus viadimiri

b Honeydew excreted by Honeydew excreted by
mealybugs feeding on mealybugs feeding on trees
untreated trees treated with imidacloprid
37(31) | ns | Unfed

| Fed on honeydew excreted by mealybugs feeding

37(33) | s on untreated trees
Fed on honeydew excreted by mealybugs feeding
5Go | ns | on imidacloprid
100 50 0 50 100

% of responsive Anagyrus vladimiri

Figure 1 | Behavioural responses of Anagyrus viadimiri parasitic wasps towards honeydew excreted by
mealybugs feeding on untreated plants or plants treated with (a) thiamethoxam or (b) imidacloprid.
Parasitic wasps had been subjected to three different feeding experiences: unfed, fed on honeydew
excreted by mealybugs feeding on untreated trees, or fed on honeydew excreted by mealybugs feeding on
trees treated with the corresponding neonicotinoid: thiamethoxam or imidacloprid. Data represent the
percentage of parasitic wasps that chose for either of the two honeydew types in choice tests. A selection
was annotated when the beneficial insect started to feed on one type of honeydew. The number of tested
and responsive (in parentheses) parasitic wasps is given for each test. Asterisks indicate a significant
difference within a choice test: *** P < 0.001; ** P < 0.01; “ns” indicates non-significant (binomial test).
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(Figure 1a). In contrast, A. vladimiri parasitic wasps that had been fed on honeydew
excreted by mealybugs feeding on untreated trees did not discriminate between either
type of honeydew (binomial test, P = 0.72) (Figure 1la).

3.2 Response of A. vladimiri to honeydew excreted by mealybugs feeding on trees

treated with imidacloprid

In two-choice tests between honeydew excreted by mealybugs feeding on untreated trees
and trees treated with imidacloprid, A. viadimiri parasitic wasps did not discriminate
between either type of honeydew, independent of their feeding experience (binomial
tests: no feeding experience: P = 0.15; feeding experience on honeydew excreted by
mealybugs feeding on untreated trees: P = 0.73; feeding experience on honeydew excreted

by mealybugs feeding on trees treated with imidacloprid: P = 0.85) (Figure 1b).

3.3. Response of S. rueppellii to honeydew excreted by mealybugs feeding on trees

treated with thiamethoxam.

In two-choice tests between honeydew excreted by mealybugs feeding on untreated
trees and trees treated with thiamethoxam, S. rueppellii hoverflies did not discriminate
between either type of honeydew, independent of their feeding experience (binomial
tests: feeding experience on honeydew excreted by mealybugs feeding on untreated trees:
P = 1; feeding experience on honeydew excreted by mealybugs feeding on trees treated
with thiamethoxam: P = 0.72) (Figure 2a).

3.4. Response of S. rueppellii to honeydew excreted by mealybugs feeding on trees

treated with imidacloprid.

In two-choice tests between honeydew excreted by mealybugs feeding on untreated trees
and trees treated with imidacloprid, S. rueppellii hoverflies did not discriminate between
either type of honeydew, independent of their feeding experience (binomial tests, feeding
experience on honeydew excreted by mealybugs feeding on untreated trees: P = 0.20;
feeding experience on honeydew excreted by mealybugs feeding on trees treated with
imidacloprid: P = 0.061) (Figure 2b).

4. DISCUSSION

Our results show, for the first time, that a beneficial insect without previous feeding
experience preferred to feed on plant-derived food sources contaminated with the
neonicotinoid thiamethoxam. The parasitic wasp A. vladimiri preferred honeydew
excreted by mealybugs feeding on trees treated with thiamethoxam over honeydew from
mealybugs feeding on untreated trees, when wasps had no previous feeding experience.
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a Honeydew excreted by Honeydew excreted by
mealybugs feeding on | mealybugs feeding on trees
untreated trees treated with thiamethoxam

Fed on honeydew excreted by mealybugs feeding
31(30) 115 on untreated trees

Fed on honeydew excreted by mealybugs feeding
36(31) [ on thiamethoxam

100 50 0 50 100
% of responsive Sphaerophoria rueppellii
b Honeydew excreted by Honeydew excreted by

mealybugs feedingon  mealybugs feeding on trees
untreated trees treated with imidacloprid

Fed on honeydew excreted by mealybugs feeding
32(30) 1S on untreated trees

Fed on honeydew excreted by mealybugs feeding
35(29) ns on imidacloprid

100 50 0 50 100

% of responsive Sphaerophoria rueppellii

Figure 2 | Behavioural responses of Sphaerophoria rueppellii hoverflies towards honeydew excreted by
mealybugs feeding on untreated plants or plants treated with (a) thiamethoxam or (b) imidacloprid.
Hoverflies had been subjected to two different feeding experiences: fed on honeydew excreted by
mealybugs feeding on untreated trees, or fed on honeydew excreted by mealybugs feeding on trees
treated with the corresponding neonicotinoid: thiamethoxam or imidacloprid. Data represent the
percentage of hoverflies that chose for either of the two honeydew types in choice tests. A selection
was annotated when the beneficial insect started to feed on one type of honeydew. The number of
tested and responsive (in parentheses) hoverflies is given for each test. “ns” indicates non-significant
(binomial test).
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Moreover, wasps also preferred to feed on honeydew contaminated with thiamethoxam
when they had previously fed on it. Bumblebees and honeybees also prefer to feed on
sugars contaminated with neonicotinoids once they have fed on it (Arce et al., 2018;
Kessler et al., 2015). Further research is necessary to determine why A. viadimiri was able
to discriminate and prefer to feed on honeydew contaminated with thiamethoxam. One
hypothesis could be that honeydew excreted by mealybugs feeding on treated trees emitted
different infochemicals or higher concentrations of infochemicals than uncontaminated
honeydew and that this resulted in attraction of the wasps. A recent study has shown that
the parasitic wasp Anagyrus dactylopii (Howard) (Hymenoptera: Encyrtidae) is attracted
by infochemicals emitted by bacteria present in honeydew excreted by the mealybugs
Maconellicoccus hirsutus (Green) (Hemiptera: Pseudococcidae) and Nipaecoccus viridis
(Newstead) (Hemiptera: Pseudococcidae) (Fand et al.,, 2020). If microorganisms are
responsible for the results obtained in the present study, the insecticide treatment might
have affected them directly or indirectly through the mealybug (i.e. treated mealybug
changed the chemical composition of honeydew). Previous studies have shown that
neonicotinoids change the bacterial community in the soil (Yu et al., 2020). However, to
the best of our knowledge, the effect of neonicotinoids has never been evaluated for the

microorganisms that are associated with honeydew and the emission of infochemicals.

Our study also demonstrates that the parasitic wasp A. viadimiri and the predator-
pollinator S. rueppellii did not discriminate between honeydew excreted by mealybugs
feeding on untreated trees and trees treated with the neonicotinoid imidacloprid. In
addition, the hoverfly did not discriminate between honeydew excreted by mealybugs
feeding on untreated trees and trees treated with thiamethoxam, which is highly toxic for
it (Calvo et al., 2019). Therefore, the beneficial insects tested here did not discriminate or,
when they did, they preferred to feed on honeydew contaminated with thiamethoxam.
In other words, and contrary to our expectations, beneficial insects did not reject to feed
on honeydew contaminated with neonicotinoids. These results could have important
implications because honeydew-feeding beneficial insects might find honeydew with
or without neonicotinoids even within the same plant. In previous studies, we have
found honeydew with and without systemic insecticides in samples from the same plant
(see Supporting information in Calvo-Agudo et al., 2020). This is likely because the
translocation of systemic insecticides can vary among different leaves within the same

plant or plant organs (Nauen et al., 2003; Weichel and Nauen, 2004).

Neonicotinoids are highly persistent in plants, water and soil. In fact, they have been
detected in fields in which neonicotinoids have not been applied for more than ten years
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(Humann-Guilleminot et al., 2019). Under this scenario, it would be beneficial for insects
to discriminate and avoid food sources contaminated with neonicotinoids. However, our
results with parasitic wasps and hoverflies and the previous studies with honeybees and
bumblebees show thatbeneficial insects donotavoid feeding on food sources contaminated
with neonicotinoids even when they have also access to uncontaminated food sources
(Arce et al., 2018; Kessler et al., 2015). These results have profound implications because
honeydew and nectar are the main carbohydrate sources in agricultural lands (Lundgren,
2009; Tena et al., 2016; Wickers et al., 2008). Therefore, these results support the decision
of the European Union to ban the neonicotinoids imidacloprid, thiamethoxam and
clothianidin for outdoor uses (European Commission, 2020), and to include honeydew

as a route of insecticide exposure in environmental risk assessments.
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Beneficial insects do not avoid feeding on honeydew contaminated with neonicotinoids

6. SUPPORTING INFORMATION
6.1. Effect of feeding status on Sphaerophoria rueppellii

Previous studies have shown that hoverflies respond to carbohydrate sources only after
feeding on them (Clem et al., 2020). For this reason, we tested whether the feeding status
affected the response of the hoverfly S. rueppellii to honeydew.

To obtain hoverflies without feeding experience, newly emerged hoverflies (0-16 hours
since emergence) with only access to water were kept during 24 hours in rearing cages
(21x 21 x 21 cm) with wet cotton wool. Subsequently, unfed hoverflies were individualized

during 30 minutes in glass vials of 3 cm high and 0.8 cm diameter.

To obtain hoverflies that had fed on honeydew, newly emerged hoverflies (0-16 hours
since emergence) with only access to water were fed on honeydew excreted by mealybugs
feeding on untreated trees during 24 hours in rearing cages (21x 21 x 21 cm). This
honeydew was provided ad libitum on several Parafilm® pieces of 25cm? during 24
hours and wet cotton wool was introduced in the rearing cage. Afterwards, honeydew
was removed and hoverflies were starved for 24 hours and subsequently individualized

during 30 minutes in glass vials of 3 cm high and 0.8 cm diameter.

These two groups of hoverflies were tested in two-choice tests following the same
methodology explained in the Material and Methods. Here, hoverflies could choose
between one piece of Parafilm® with honeydew of mealybugs feeding on untreated trees

and another piece of Parafilm® without food.

Only two of the 15 unfed hoverflies without feeding experience responded but they
selected the piece of Parafilm® without honeydew. Therefore, none fed on honeydew. On
contrary, 14 out of the 14 hoverflies with feeding experience (fed on honeydew during 24
hours followed by 24 hours of starvation) responded and 12 of these 14 (85.7%) fed on

honeydew.
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Insecticide-contaminated honeydew:
risks for beneficial insects in agriculture
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ABSTRACT

Honeydew is the sugar-rich excretion of phloem-feeding hemipteran insects such as
aphids, mealybugs, whiteflies, and psyllids, and can be a main carbohydrate source
for beneficial insects in agricultural landscapes. Recent research has revealed that
water-soluble, systemic insecticides contaminate honeydew excreted by hemipterans
that feed on plants treated with these insecticides. Furthermore, this contaminated
honeydew can be toxic to beneficial insects, such as pollinators and biological control
agents that feed on it. This route of exposure has now been demonstrated in three crop
species, for five systemic insecticides and four hemipteran species, and therefore, we
expect this route to be widely available in many agroecosystems. In this perspective
paper, we highlight the importance of this route of exposure by exploring: i) potential
pathways through which honeydew might be contaminated with insecticides; ii)
hemipteran families that are more likely to excrete contaminated honeydew; and
iii) systemic insecticides with different modes of action that might contaminate
honeydew through the plant. Finally, we analyse several model scenarios in Europe
and/or the U.S. where contaminated honeydew could be problematic for beneficial
organisms that feed on this ubiquitous carbohydrate source. Overall, this review aims
to open a new area of research in the field of ecotoxicology, to shed light on potential
undescribed causes of insect declines in agricultural areas, and advocates for this

route of exposure to be included in future environmental risk assessments.
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I.INTRODUCTION

Honeydew is the sugar excretion product of hemipterans, such as aphids, coccids,
whiteflies, and psyllids, that feed on plants. This sugar source is exploited by many
beneficial insects including bees, hoverflies, ants, parasitic wasps and predators
(Calabuig et al., 2015; Cameron et al., 2019; Hogervorst et al., 2007; Holldobler et al.,
1990; Konrad et al., 2009; Lee et al., 2006; Meiners et al., 2017; Tena et al., 2013b).
Compared to other carbohydrate sources present in agricultural lands and some forests,
honeydew is highly accessible and can be abundant in nearly all crops and seasons
(Lundgren, 2009). Notably, it was recently demonstrated that honeydew can contain
insecticides that can negatively influence beneficial insect species (Calvo-Agudo et
al., 2021, 2020, 2019). More specifically, it was shown that hemipterans feeding on
plants treated with systemic insecticides (i.e., water-soluble insecticides that can move
within plant vascular tissue) excreted honeydew laden with the active ingredient of the
insecticides or its metabolites, and the honeydew was toxic to insects that consume it
(Calvo-Agudo et al., 2021, 2020, 2019; Quesada et al., 2020).

Honeydew as route of exposure to water-soluble insecticides has now been demonstrated
for four species of honeydew producers belonging to four different families of hemipterans,
five systemic insecticides with four different modes of action and translocation routes,
and three plant species (Calvo-Agudo et al., 2020, 2019; Quesada et al., 2020). This route
of exposure, therefore, is likely to be abundant in agroecosystems where water-soluble and
systemic insecticides are used. The aim of this perspective paper is to discuss the relative
importance of this new pathway. For this, we i) review/identify the potential pathways
in which honeydew can be contaminated with insecticides. We then ii) discuss which
hemipteran families are more likely to excrete contaminated honeydew and; iii) provide
a list of systemic insecticides with different modes of action that might contaminate
honeydew. Finally, we iv) select several scenarios (model crop species and hemipterans)
for which honeydew could be problematic for beneficial organisms. The crop species
were selected because they have high economic importance in Europe and/or the United
States (U.S.), are commonly treated with systemic insecticides, and honeydew can be the

main carbohydrate source for beneficial insects in fields of these crops.

2. HOW CAN SYSTEMIC INSECTICIDES REACH HONEYDEW?

Broadly, water-soluble systemic insecticides might reach honeydew through three

different pathways (Figure 1):
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Foliar-application of systemic insecticide Soil-application of systemic insecticide

Legend:

% Honeydew producer 1 . o
7 Direct contamination of excreted honeydew and honeydew excreted on a plant surface
I Uncontaminated honeydew . . . L
2 | Through insect body, then reach insect excretion organs and it is excreted
I Contaminated honeydew

z| Through feeding on plants treated with systemic insecticides
Honeydew excreted before insecticide application

Honeydew excreted after feeding on treated trees

Figure 1 | Three pathways in which honeydew can be contaminated with insecticides.

Direct contamination of honeydew. This occurs when honeydew is already present in
crops before the insecticide is sprayed or when honeydew is excreted on a plant surface

contaminated with insecticides (Figure 1).

Through honeydew producers: insecticides can be directly absorbed into the body of
honeydew producers while being sprayed, and honeydew producers might excrete the

insecticide via their honeydew (Figure 1).

Through plants and honeydew producers: systemic insecticides are translocated to all
parts of the plant, and honeydew producers that feed on treated plants can excrete
the insecticide via their honeydew (Calvo-Agudo et al., 2019) (Figure 1). Systemic
insecticides are applied using at least four techniques: sprayed, water system, injected
in plant (mostly in tree crops) or as seed coats. When systemic insecticides are sprayed,
all three pathways of exposure are likely to happen. In contrast, if systemic insecticides
are applied in the water system (Calvo-Agudo et al., 2020), injected in the trunks or
used as seed coats (Calvo-Agudo et al., 2021), only this third pathway can occur. Within
this third pathway, systemic insecticides might reach honeydew under six possible

scenarios (Figure 2):
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a) Non resistant / tolerant b) Non resistant / tolerant hemipterans®

hemipterans*

Target crop plams+

¢) Resistant / tolerant hemipterans
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> d) Non resistant / tolerant hemipterans*
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f) Resistant / tolerant hemipterans

Adjacent non-target plants
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Figure 2 | Five proposed scenarios through which plant-incorporated insecticides can reach honeydew
excreted by hemipterans. The width of triangles and rhombus represents insecticide concentration in
plants (green) and honeydew (orange) after an insecticide treatment (red arrow). *Resistant / tolerant
hemipterans can occur here too.

2.1. Through hemipterans that feed on treated crop plants

2.1.1. Non-tolerant/non-resistant hemipterans excrete contaminated honeydew before they die

Non-tolerant/non-resistanthoneydew producersareable to excrete contaminated honeydew
during short periods of time, before they die as a consequence of the ingested insecticide
(Figure 2a). This scenario might occur from a few hours after the insecticide application
until hemipterans die due to the treatment. For instance, the mealybug Planococcus citri
(Risso) (Hemiptera: Pseudococcidae) and the soft scale Toumeyella pini (King) (Hemiptera:
Coccidae) excrete honeydew contaminated with systemic insecticides up to five to eight
days after treatment (Supporting information in Calvo-Agudo et al.,, 2019; Quesada et
al., 2020). The period in which these non-tolerant/non-resistant honeydew producers are
excreting honeydew is likely to depend on the mode of action of the insecticide, mode of

application, plant species, and honeydew producer species (Calvo-Agudo et al., 2020).

2.1.2. Non-tolerant/non-resistant hemipterans excrete contaminated honeydew once insecticide

concentration decreases in the plant

Non-tolerant/non-resistant hemipterans might also recolonize insecticide treated plants
after insecticide concentration has decreased to levels in which they can survive on the
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host plant (Figure 2b). We expect this scenario to be widely abundant because current
agriculture is dominated by extensive monoculture crops whose seeds are commonly
coated with systemic insecticides. The seeds of cereals, soybean, cotton, sunflower or
rapeseed are coated with neonicotinoids everywhere except in Europe, which represents
less than 4% of the world agricultural landscape (Worldbank, 2020). The protection
period of systemic insecticides applied on seeds is limited; therefore, plants become
infested with honeydew producers when insecticide concentration decreases and excrete
contaminated honeydew (Calvo-Agudo et al., 2021). The same scenario might occur
when the insecticides are sprayed or applied in the soil or injected on the trunk and
the honeydew producers can tolerate low concentrations. In addition to the decrease
in insecticide concentration in the plant with time, this second scenario could arise
when systemic insecticides are sprayed, but the target plant receives lower volumes of

insecticides due to incorrect insecticide application or unfavorable weather conditions.

2.1.3.Tolerant/resistant hemipterans excrete contaminated honeydew while feeding on treated

plants until the insecticide is completely degraded

Another common scenario is when honeydew producers are resistant or tolerant to the
active ingredient (Figure 2c). This scenario is likely to occur when the tolerant/resistant
honeydew producer is not the target species of the insecticide application or when the
target species has developed resistance. As one example of tolerant species, mealybugs
are tolerant to the active ingredients flonicamid and pymetrozine (Barbosa et al., 2018;
El-Zahi et al., 2016; Nagrare et al., 2016; Rezk et al., 2019) that are selectively used in
numerous crops against aphids (Belchim, 2020; Syngenta, 2020). Aphids coexist with
mealybugs in citrus, where these active ingredients are applied. The mealybug P. citri
excretes contaminated honeydew when citrus trees are sprayed with either flonicamid
or pymetrozine (Calvo-Agudo et al, 2020). Honeydew contaminated with these
insecticides harmed the hoverfly Sphaerophoria rueppellii (Wiedemann) (Diptera:
Syrphidae). Excretion of contaminated honeydew by resistant hemipteran species has yet
to be demonstrated; nevertheless, this scenario appears to be plausible because key pest
species such as, silverfleaf whitefly Bemisia tabaci (Gennadius) (Hemiptera: Aleyrodidae)
and green peach aphid Myzus persicae (Sulzer) (Hemiptera: Aphididae), have developed
resistance to more than 40 and 70 active ingredients, respectively, some of which can run
systemically in plants (van Leeuwen et al., 2010). To our knowledge, at least 24 species of
hemipterans that excrete honeydew are tolerant or have the potential to develop resistance
to different systemic insecticides (Table S2). It is important to highlight that tolerant/
resistant hemipterans can excrete contaminated honeydew from a few hours after the
treatment until these insecticides or their metabolites are completely degraded in the
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plant. Therefore, we expect that tolerant/resistant hemipterans excrete contaminated
honeydew for a longer period of time than non-tolerant or non/resistant hemipteran
species (Figure 2).

2.2. Through hemipterans that feed on non-target plants

Degradation of pesticides involves many abiotic (i.e. environmental conditions, chemical
and photochemical reactions) and biotic factors (such as microorganisms, animals or
plants) that determine its persistency in the environment (Boxall et al., 2004; Fenner
et al,, 2013). Systemic insecticides can persist in the environment from days until a few
decades (Goulson, 2013; Humann-Guilleminot et al., 2019). For instance, the half-life
(DT,,) in soil, i.e. time taken for the concentration to decrease to half, of clothianidin
is 148-6931 days (Rexrode et al., 2003). However, half-lives are not the only important
parameter to be considered, because very low concentrations of active ingredients or
metabolites may be harmful for non-target organisms (Desneux et al., 2007; van den
Brink et al., 2016).

Before systemic insecticides degrade, they can be transported to adjacent crops, co-
occurring weeds, field side vegetation, or adjacent habitats or ecosystems by movement in
water or insecticide drift (Goulson, 2013; Greatti et al., 2006; Hladik et al., 2014; Krupke
et al., 2012; Pearsons et al., 2021; Tsvetkov et al., 2017) (Figure 2d, e, f). During these
movements, systemic insecticides can reach non-target plants, even at concentrations
exceeding those of the treated crop (Botias et al., 2015). Once insecticides have been
absorbed by non-target plants, they can be ingested and excreted by hemipterans, as
explained in the previous pathways for target plants (Figure 2a, b, ¢).

3. WHAT HEMIPTERAN SPECIES ARE MORE LIKELY TO EXCRETE
CONTAMINATED HONEYDEW?

The feeding behaviour of hemipterans might also affect excretion of contaminated
honeydew. For instance, whiteflies feed mostly on plant phloem (Lei et al., 1997); therefore,
they will rarely excrete honeydew contaminated with insecticides that move through the
xylem (Bromilow et al., 1990). On the other hand, mealybugs, aphids and psyllids feed
frequently on both phloem and xylem and they might excrete insecticides that move
through both vessels (Cen et al., 2011; Obok et al., 2018; Spiller et al., 1990). Under field
conditions, mealybugs and whiteflies excreted the systemic insecticide pymetrozine,
which moves through the xylem and phloem, but only mealybugs excreted flonicamid,

an insecticide that moves through the xylem (Figure 3; Calvo-Agudo et al. 2020).




Insecticide-contaminated honeydew: risks for beneficial insects in agriculture

0
2
. Tc
4 Optimum phloem -
mobility py Cy
6
pKa
8 . A Il il - .
Phloem/xylem mobile P Xy em moblie‘ Non-Systemic insecticides
10 Systemic insecticides systemic insecticides
Fl c Sp Cn
12 Ca
Dn Cr
14
-3 -2 -1 0 1 2 3 4 5 6 7
Log Kow
Ch Th Im Ti
No pKa Di Dt Az Dc Be Fi
values Va
Met Me Da Al Co Et Ma
Su Fu Ep

Figure 3 | Systemic behavior of systemic insecticides. Adapted from Bromilow etal. (1990) and University
of Hertfordshire (2021). Yellow boxes represent insecticides that have missing pKa values or that the
pKa cannot be dissociated. Ac = Acetamiprid, Al = Aldicarb, Ap = Acephate, Az = Azametiphos, Be =
Benzoximate, Ca = Carbaryl, Ch = Cartap hydrochloride, Cl = Clothianidin, Cn = Chlorantraniliprole,
Co = Carbofuran, Cr = Chromafenozide, Cy = Cyromazine, Da= Dazomet, Dc = Dichlorvos, Di =
Dicrotophos, Dn = Dinotefuran, Dt = Dimethoate, Ep= Ethiprole, Et = ethiofencarb, Fi = Fipronil, Fl
= Flonicamid, Fu = Flupyradifuron, Im = Imidacloprid, Mt = Methamidophos, Ma = Malathion, Me =
Methomyl, Ni = Nitenpyran, Ox = Oxamyl, Pi = Pirimicarb, Py = Pymetrozine, Sp = Spirotetramat, Su =
Sulfoxaflor, Th = Thiamethoxam, Ti = Thiacloprid, Tc = Thiocyclam, Va = Vamidothion.

4. WHAT SYSTEMIC INSECTICIDES ARE MORE LIKELY TO CONTAMINATE

HONEYDEW?

Following the previous example, it should be evident that translocation properties of
systemic insecticides will also affect honeydew contamination. These properties include
the water solubility, the capacity of insecticides to dissolve in lipophilic solutions (non-
aqueous), measured as the octanol/water-partition coefficient (log K ), and the charge of
their molecules at different pHs, measured as the dissociation constant (pKa) (Bromilow
et al., 1990). These properties are used to classify insecticides according to their
mobility in plants (Figure 3). Here, we summarize some of the main groups of systemic
insecticides that are more likely to contaminate honeydew according to: the different
pathways explained previously (Figure 2), their mobility in phloem and xylem (Figure
3), and their persistence in the environment. These insecticides comprise the following
groups: i) neonicotinoids; ii) sulfoximines (mostly the active ingredient sulfoxaflor); iii)

flonicamid; iv) pyridine azomethine derivatives (pymetrozine), v) tetronic and tetramic
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acid derivatives (spirotetramat); vi) carbamates; vii) organophosphates. Other groups such
as cyromazine, diacylhydrazines (chromafenozide), phenyl-pyrazoles (fipronil), methyl
isothiocyanate generators (dazomet), and diamides (chlorantraniliprole, cyclaniliprole
and cyantraniliprole) are also likely to contaminate honeydew, but have been excluded
from this review because we found little published information on them. Moreover, it is
important to highlight that mobility of insecticides in plants can increase with the use of
certain copolymers, as occurs with the insecticide fipronil (Bonmatin et al., 2015), that

has not been considered here.
4.1. Neonicotinoids and sulfoximines

Neonicotinoids and sulfoximines are systemic insecticides that bind to the acetylcholine
site on the nicotinic acetylcholine receptors (nAChRs), causing a range of symptoms
from hyper-excitation to lethargy and paralysis (Insecticide Resistance Action
Committee, 2020). Neonicotinoid insecticides have been extensively used over the
last decades because they were considered economic, highly effective against a broad-
spectrum of insect pests, toxic only for insects (but see that their accumulation has toxic
effect on birds: Hallmann et al., 2014; Li et al., 2020), and can be applied in different
modes: foliar spray, soil drench, soil granules, injected into irrigation systems, injected
directly into trees, or coated on seeds (Jeschke et al., 2011). However, neonicotinoids can
be highly persistent in water, plants and soils, where they can remain for years (Table
S1) (Byrne et al., 2014; Humann-Guilleminot et al., 2019), and can be highly toxic to
beneficial insects, especially pollinators (Pisa et al., 2015). Due to their high persistence
and toxicity to beneficial insects, the European Union banned use of the neonicotinoids
thiamethoxam, imidacloprid and clothianidin in outdoor crops in 2018. These three
insecticides are, however, allowed in most countries outside of Europe. Therefore, we
expect neonicotinoids to reach non-target insects when they feed on honeydew that has
been contaminated with these three neonicotinoids (Figure 2).

The sulfoximine sulfoxaflor is a systemic insecticide used against hemipterans in a wide
variety of crop species (Abdourahime et al., 2019). Sulfoxaflor, like neonicotinoid-based
insecticides, is highly soluble in water and can be transported around plant tissues
following foliar or seed applications (Siviter et al., 2018). Compared to neonicotinoids,
however, it appears to have a relatively short half-life in soil (~2.2 d) and plant tissues (~9
d) (EPA, 2016), diminishing the period in which honeydew can become contaminated
(Table S1) (European Food Safety Authority, 2014). Nevertheless, a risk assessment by
the European Food Safety Authority (EFSA) indicated high acute oral risks to pollinators
(Abdourahime et al., 2019; European Food Safety Authority, 2014); therefore, we expect
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scenarios of honeydew contamination and toxicity similar to neonicotinoids but during

shorter periods of time.
4.2. Flonicamid and pyridine azomethine derivatives

Flonicamid and pyridine azomethine derivatives such as pymetrozine are systemic
insecticides with different modes of action, but ultimately both disrupt feeding and
other behaviors in target insects (Belchim, 2020; Syngenta, 2020). Both insecticides can
be soil or foliar applied against numerous pests such as whiteflies, aphids, planthoppers
or leathoppers (Belchim, 2020; Syngenta, 2020), but, most mealybug and psyllid species
survive exposure to these insecticides (El-Zahi et al., 2016; Qureshi et al., 2014; Rezk et
al., 2019). Flonicamid and pymetrozine have high water solubility but their persistence
in soil and plants is unclear (Table S1). For instance, flonicamid has under laboratory
conditions a soil half-life of 1.1 d (University of Herthfordshire, 2021), but 2.04 -14.2
d in the field (Liu et al., 2014; Wang et al., 2018). In plants, residues of flonicamid or
its metabolites can be found in plants 6-21 d after application (Liu et al., 2014; Wang
et al., 2018). Tolerant mealybugs and psyllids might, therefore, excrete contaminated
honeydew up to 21 d post-application (Figure 2 b,d). Compared to neonicotinoids,
flonicamid and pymetrozine are less toxic to beneficial insects (Calvo-Agudo et al.,
2020, 2019).

4.3. Tetramic and tetronic acids

The tetramic-acid derivative spirotetramat inhibits lipid biosynthesis, leading to insect
death (Insecticide Resistance Action Committee, 2020). Spirotetramat can be soil or
foliar applied against scales, mealybugs, aphids, whiteflies, mites or thrips (Bayer Crop
Science, 2020), and has medium mobility in soil, and a very short soil half-life (0.19 d)
(Table S1). However, some of its metabolites such as spirotetramat-enol or spirotetramat-
ketohydroxy, exhibit higher mobility and persistence in soil (European Food Safety
Authority, 2013b). For instance, the metabolite spirotetramat-ketohydroxy has a half-life
of 1.5-14.2 d in soil. Spirotetramat and its metabolites can remain in plants for nearly 30
d at low concentrations (Chen et al., 2016). When applied, spirotetramat can be excreted
through non-resistant/tolerant hemipteran honeydew during short periods of time at
high concentrations (Figure 3a). For example, T. pini excretes honeydew contaminated
with spirotetramat during at least 8 d after treatment, before they die from ingesting the
insecticide (Figure 3a; Quesada et al., 2020). In addition, tolerant/resistant hemipterans,
such as B. tabaci (Bielza et al., 2019), might excrete spirotetramat or its metabolites in
their honeydew for long periods of time until the insecticide is degraded (Figure 3b,d).
Compared to neonicotinoids, spirotetramat is less toxic for parasitic wasps, predators and

127




128

Chapter 6

pollinators (Calvo-Agudo et al., 2019; European Food Safety Authority, 2013b; Planes et
al., 2013; Vanaclocha et al., 2013)

4.4. Carbamates and organophosphates

Carbamates (CMs) and organophosphates (OPs) contain insecticides that inhibit
acetylcholinesterase (AChE), causing hyperexcitation in insects, and some active
ingredients within these two groups are systemic (Insecticide Resistance Action
Committee, 2020). CMs and OPs are toxic to a broad range of insects (Chowdhury et
al., 2012; DiBartolomeis et al., 2019; Donley, 2019; Gupta et al., 2017), and their use has
decreased because of their negative effects on invertebrates, birds, fish and mammals
(Eddleston et al., 2008). OPs and CMs were routinely applied between 1960 and 2000
and, as a consequence, many hemipterans have developed resistance/tolerance to several
active ingredients (Table S2). Most systemic OPs and CMs are highly soluble in water and
their persistence in soil and plants varies from low to medium (Table S1). For instance,
the CMs pirimicarb and dimethoate can remain in plants for 31 and 38 days, respectively
(Szeto et al., 1985). In general, OPs and CMs are highly toxic to many beneficial insects
(Mommaerts and Smagghe, 2011). Pirimicarb and dimethoate are particularly likely to
contaminate honeydew. Pirimicarb was found in more than 50% of the samples of surface
water (Natale et al., 2018; Struger et al., 2016; Table S1), and many aphids have developed
resistance to it (Table S2). Similarly, dimethoate is a common pesticide applied in US fields
(van Scoy et al., 2016). More than 816 tons of dimethoate are applied annually mostly in
wheat, cotton, corn and alfalfa. A study conducted on the surface water from California
detected dimethoate in 9% of the samples analysed, with a highest concentration of
11.5 ppb (van Scoy et al., 2016). Furthermore, many hemipteran species have developed
resistance to it (Table S2). We therefore expect ample risks for beneficial insects to be
exposed to these active ingredients when feeding on honeydew from hemipterans on
treated plants.

5. POTENTIAL CROPS IN WHICH HONEYDEW CAN BE CONTAMINATED
WITH SYSTEMIC INSECTICIDES.

In 2018, the global total cropland area was more than 1430 Mhas (FAOSTAT, 2021). In
Europe and the U.S., cropland area is about 184 Mhas (12.9% of the total cropland surface)
and 101 Mhas (7.1%), respectively, and these areas contain several crop species in which
honeydew is likely the main carbohydrate source for beneficial insects. We review these
scenarios to emphasize the risk posed by insecticide-contaminated honeydew (Figure
4). The examples reviewed here can be extrapolated to other regions, crop species,
hemipteran species, and insecticides.
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Figure 4 | Potential crops where honeydew contaminated with systemic insecticides might be the most
common scenario of exposure to beneficial insects.

5.1. Extensive crops

The cereals wheat, maize, rice, barley, rice, sorghum, rye, oat, millet, and triticale occupy
nearly 50.5% of the worldwide harvested area (723 Mhas). In Europe and the U.S., these
crops represent 61.7% (53.9 Mhas) and 29.1% (53.7 Mhas) of the total agricultural land,
respectively (Figure 4). Cereals do not produce nectar, but guttation drops may appear
in some humid and windless days (Shawki et al., 2018; Urbaneja-Bernat et al., 2020b).
These crops, however, can be infested with many hempiterans that may provide honeydew
during the growing season to beneficial insects; these hemipterans include aphid species
[E.g. Schizaphis graminum (Rondani), Diuraphis noxia (Kurdjumov), Sitobion avenae
(Fabricius), Rophalosiphum maidis (Fitch), R. padi (Linnaeus), A. fabae Scop, M. persicae,
Metopolophium dirhodum (WIKk.), root-aphids such as Tetraneura nigriabdominalis (Sasaki)
(Hemiptera: Pseudococcidae)] and mealybugs [Brevannia rehi (Lindinger) (Hempitera:
Aphididae)]. Therefore, depending on the surrounding landscapes, honeydew might
represent a main sugar source for beneficial insects in these agroecosystems. In fact,
59% of the parasitic wasps and 44% of the hoverflies collected in spring wheat fields
had recently fed on honeydew, and 55% of the parasitic wasps from winter wheat fields
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had fed on honeydew (Hogervorst et al., 2007). Furthermore, parasitic wasps captured
in wheat fields throughout the season can be found to have recently fed on honeydew
(Luquet et al., 2021). In Europe, aphids can be treated with systemic insecticides, including
acetamiprid, sulfoximines, spirotetramat, and flonicamid. In the U.S., this list includes
several organophosphates, carbamates, phenylpyrazoles, and neonicotinoids (Insecticide
Resistance Action Committee, 2020). When systemic insecticides are sprayed and aphids
are not resistant, they can excrete honeydew during short periods until they die from the
insecticide (Figure 2a). However, when seeds are coated with neonicotinoids (Figure 2b),
or aphids develop resistance to the insecticide (Figure 2c), the time frame in which they can

excrete honeydew with insecticides is likely to be longer.

Seeds of other herbaceous crop species, such as cotton, rapeseed or soybean, are commonly
coated with neonicotinoids, such as imidacloprid, thiamethoxam or clothianidin. This is
the leading delivery method of neonicotinoids throughout the world (Bonmatin et al.,
2015). In fact, in the U.S, more than 50% of soybeans and 52-77% of cotton, and 79-100%
of maize hectares were sown with seeds coated with neonicotinoids in 2011 (Douglas and
Tooker, 2015) and these amounts appear to continue to increase (Mourtzinis et al., 2019;
Tooker et al.,, 2017). For soybeans grown from seeds coated with thiamethoxam, the
soybean aphid Aphis glycines Matsumura (Hemiptera: Aphididae) can colonize plants 25
days after sowing and excrete honeydew containing clothianidin, the derivate metabolite
of thiamethoxam, until at least 42 days after sowing (Calvo-Agudo et al., 2021). Honeydew
is a common food source for parasitoids in soybean fields (Lee et al., 2006), so it seems
likely that honeydew contaminated with neonicotinoids will be problematic for resident
natural enemies, consistent with previous research that showed that natural enemies of
the soybean aphid were susceptible to neonicotinoid-contaminated honeydew (Calvo-
Agudo et al,, 2021).

Cotton is an example in which three plant-derived sugar sources for beneficial insects
may be simultaneously contaminated. Extrafloral nectar is the main food source because
it has great nutritional quality and is available throughout the growing season, but it can
be tainted with neonicotinoids (Jones et al., 2020). In addition, honeydew excreted by the
cotton aphid Aphis gossypii Glover (Hemiptera: Aphididae) is also highly abundant during
five months, and can be present at lower quantities during the rest of the season (University
of California, 2020). Our research suggests that honeydew from A. gossypii is likely to be
contaminated by neonicotinoids coated on seeds, or perhaps other applications later in the
season. Floral nectar is the least abundant carbohydrate source because it is available during
four to six weeks of the growing period , but it can be contaminated by systemic insecticides
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(Jiang et al., 2018). Contamination of honeydew, however, has been neglected although it is
a main food source for beneficial insects in cotton fields (Hagenbucher et al., 2014).

5.2. Fruit crops

Citrus, grapes and olives are key crops of southern European and U.S. agriculture. For
instance, citrus crops occupy 17.45% of the global area that is used for fruit crop species of
the worldwide harvested area (9.67 Mhas). In Europe and the U.S., this crop represent 0.52
Mhas and 0.28 Mhas, respectively (FAOSTAT, 2021). The brief flowering period only lasts
for two/three months (Figure 4), and permanent ground covers that provide additional
nectar are scarce (Gomez et al., 2018; Tena et al., 2013b). In contrast, a diverse and dynamic
complex of hemipterans feed on citrus and can excrete large amounts of honeydew
throughout the year (Pekas et al., 2011; Tena et al., 2013a). In Mediterranean citriculture,
there are numerous naturally controlled hemipterans that are often considered secondary
pests and rarely need to be controlled chemically (Urbaneja et al., 2020). For instance, aphids
[A. spiraecola Patch and A. gossypii (Hemiptera: Aphididae)] are highly abundant early in
spring, coccids [Coccus hesperidum L. and Saissetia oleae Olivier (Hemiptera: Coccidae)]
and pseudococcids [P, citri] are dominant at the end of the spring and during summer, and
whiteflies [Aleurothrixus floccosus (Maskell) (Hemiptera: Aleyrodidae)] can be present on
tender leaves in autumn (Pekas et al., 2011). Hence, honeydew is a commonly available
food source for beneficial insects, including parasitic wasps of non-honeydew-producing
herbivores in these agroecosystems (Calabuig et al., 2015; Tena et al., 2013b). Aphids or
whiteflies can be treated with systemic insecticides such as sulfoxaflor, spirotetramat,
acetamiprid or flonicamid when they exceed the economic injury level (GIP Citricos, 2021,
Insecticide Resistance Action Committee, 2020). While aphids or whiteflies can excrete
these insecticides via honeydew during short periods of time (Figure 2a) (unless they
develop resistance, Figure 2¢), tolerant hemipterans such as P, citri can excrete contaminated
honeydew for longer periods of time (Figure 2c) (Calvo-Agudo et al., 2020).

In the citrus industry in Florida (U.S.), numerous broad-spectrum systemic insecticides
such as organophosphates, carbamates, neonicotinoids, sulfoximines or spirotetramat
are applied to control the Asian citrus psyllid, Diaphorina citri Kuwayama (Hemiptera:
Liviidae) (Qureshi et al., 2014). This psyllid, which excretes honeydew (Ammar et al.,
2013), is a vector of the “Candidatus Liberibacter” pathogen that is responsible for
causing ‘huanglongbing’ (HLB) disease. Diaphorina citri colonizes citrus trees during
the flushing periods of spring, summer and fall (Qureshi et al., 2014). Citrus growers
tend to apply insecticides ca. twelve times per year against D. citri (Monzo and Stansly,
2017), mostly of systemic insecticides (Insecticide Resistance Action Committee, 2020).
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Some of these insecticides, such as neonicotinoids, can remain in citrus trees for more
than one year (Byrne et al., 2014) and hence, while feeding on treated plants, numerous

hemipterans can excrete honeydew that contains one or several systemic insecticides.
5.3. Horticultural crops

Brassicas such as cauliflower, broccoli, cabbage or kale represent 3.8 Mhas worldwide. In
Europe and the U.S,, these crops are grown in 278,234 has and 86,194 has, respectively
(FAOSTAT, 2021). These crops are harvested before they flower; therefore, depending
on the surrounding landscape, beneficial insects active in these crops may encounter the
honeydew excreted by aphids or whiteflies during the whole cropping period. In fact, 80%
of Cotesia glomerata (L.) (Hymenoptera: Braconidae) and 55% of Microplitis mediator
(Haliday) (Hymenoptera: Braconidae) parasitic wasps collected in cabbage fields had
recently fed on honeydew, whereas only 16% of the C. glomerata collected in cabbage
fields with flowering borders had exclusively fed on nectar (Wickers and Steppuhn 2003).
Planting seeds coated with neonicotinoids in brassica crops has been discussed in Europe
because brassicas are harvested before the flowering period and therefore, these crops
do not pose any risk to pollinators via nectar (European Food Safety Authority, 2013a).
However, once they are tolerant to insecticide concentrations aphids and whiteflies can
colonize seed-coated Brassica plants at any plant growth stage and are likely to produce
insecticide-contaminated honeydew. The same situation might occur with fipronil. This
phenyl-pyrazole was initially not considered a systemic insecticide, but some uptake
by plants occurs (European Food Safety Authority, 2013c), especially if commercial
formulations contain additional substances that alter the systemic properties (Bonmatin
etal., 2015; Dieckmann et al., 2010b, 2010c, 2010a). It has been recently demonstrated that
fipronil has sublethal effects on herbivorous insects that feed on brassicas grown from coated
seeds (Gols et al., 2020). Therefore, it might be also excreted by hemipterans. Fipronil is
currently not allowed to be used in Europe. In the U.S., however, fipronil is allowed for use
on potatoes, although its applications are limited because of the potential environmental
hazards (Knodel and Shrestha, 2018; Tingle et al, 2003). Horticultural crops such as
tomatoes, cucumbers, eggplants, zucchini, etc. are important crops in the U.S. and Europe.
For example, tomatoes are planted on 0.49 Mhas worldwide. In Europe and U.S., this crop
is planted on 239,724 has and 130,270 has, respectively (FAOSTAT, 2021). Tomato flowers
do not contain nectar and thus, honeydew might be an important carbohydrate source for
beneficial insects foraging in tomato fields (Figure 5). In Europe, one of the most common
systemic insecticides is chlorantraniliprole, which is used against the key pest Tuta absoluta
(Meyrick) (Lepidoptera: Gelechiidae) (Biondi et al., 2018). Other systemic insecticides such
as spirotetramat, sulfoxaflor, flonicamid or acetamiprid are used against whiteflies [ B. tabaci
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and Trialeurodes vaporariorum (Westwood) (Hemiptera: Aleyrodidae)] and/or aphids [A.
gossypii or Macrosiphum euphorbiae (Thomas) (Hemiptera: Aphididae)] (Castaié et al.,
2020) (Insecticide Resistance Action Committee, 2020). In addition, the neonicotinoids
imidacloprid, clothianidin and thiamethoxam can be used under greenhouse conditions
(European Commission, 2018) against the above mentioned pests. In the U.S., similar
insecticides are allowed as are pymetrozine, organophosphates or carbamates (Donley,
2019). As a result, we expect hemipterans in tomatoes to excrete honeydew contaminated
with neonicotinoids, sulfoximines, spirotetramat, flonicamid, pymetrozine, CMs, or OPs
for at least short periods of time (Figure 2a, d). In addition, whiteflies and aphids, which are
tolerant to chlorantraniliprole (Barrania and Abou-Taleb, 2014), might excrete honeydew

with chlorantraniliprole until residues degrade in the plant (Figure 2c,e).
6. CONCLUSION

This article shows how beneficial insects such as pollinators and biological control agents
can be exposed to contaminated honeydew. Other plant-derived food sources such
as nectar, extrafloral nectar or guttation are important routes of insecticide exposure,
but their availability is restricted to brief flowering periods (i.e. nectar), a few crop
plant species (i.e., those with extrafloral nectaries), or specific climatic conditions (i.e.,
guttation). In contrast, honeydew can be available during most of the growing season
and for many crop species. Here, we first presented several pathways through which
systemic insecticides might reach honeydew. Among hemipteran families, mealybugs,
aphids and psyllids may excrete honeydew contaminated with systemic insecticides
more often than whiteflies because the former families feed on both phloem and xylem.
Among the insecticide groups, we suggest that neonicotinoids are the most likely to reach
honeydew and negatively affect beneficial insects due to their high persistence in soil,
water and plants, their high water solubility and high toxicity. Other insecticides that
have lower persistence or toxicity, such as flonicamid or spirotetramat, are less likely to
affect beneficial insects via honeydew. We then highlighted some valuable crop species for
Europe and U.S. that are commonly infested with hemipterans and treated with different
active ingredients, but it must be noted that many other crop species in other parts of
the world may be infested with hemipteran species. In this sense, this perspective paper
generates many questions in the field of ecotoxicology that will need to be answered in
the coming years about the scope of the risk and the ubiquity of exposure to beneficial
insect species. Another important aim of this perspective paper is to broadcast this route
of exposure to environmental protection agencies and integrated pest management

programs that include use of systemic insecticides.
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Chapter 7

General discussion







In agriculture, beneficial insects find carbohydrates mainly in floral and extrafloral nectar,
guttation, fruit, or honeydew (Heimpel and Jervis, 2005; Lundgren, 2009; Urbaneja-
Bernat et al., 2020; Wackers et al., 2008, 2005). As explained extensively in this thesis,
many of these carbohydrate sources are scarce in most agricultural landscapes. Nectar,
for instance, is limited to the brief flowering period of the crop (if present), and to the
blooming period of farmland flowers that appear along crop borders. Instead, honeydew
is a ubiquitous carbohydrate source that is present during most of the growing season
in many crops (Tena et al., 2016; Wackers et al., 2008). It is well-known that beneficial
insects feed on honeydew, either as a common food source as occurs with various species
of parasitic wasps, predatory midges, and pollinators (Calabuig et al., 2015; Fratoni et
al., 2019; Herrera, 1990; Hogervorst et al., 2007; Konrad et al., 2009; Lee et al., 2006;
Lundgren, 2009; Luquet et al., 2021; Rogers et al., 2007; Tena et al., 2013a, 2016; Way,
1963), or as a substitute of nectar when the latter is scarce (Cameron et al., 2019; Konrad
et al., 2009; Meiners et al., 2017).

Systemic insecticides are widely used to manage insect pests in agriculture. However,
one disadvantage of using systemic insecticides is that plant-derived carbohydrate
sources are usually contaminated via many different routes as explained in chapter 1
(section 4.2), and sugar-feeding beneficial insects are exposed to them (Goulson, 2013;
Whitehorn et al., 2012; Woodcock et al., 2017). In this PhD project, I have discovered that
the main carbohydrate in agriculture, honeydew, may be a frequent route of insecticide
exposure that harms beneficial insects that feed on it. This has been demonstrated
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after studying: i) two crop species: citrus and soybean; ii) three honeydew-producing
species from three different families: mealybugs, whiteflies and aphids; iii) four systemic
insecticides: imidacloprid, thiamethoxam, flonicamid and pymetrozine, iv) three modes
of application of systemic insecticides: foliar application, soil drench and seed coatings,
and v) the toxicity of contaminated honeydew for five beneficial insect species: three
parasitic wasps, a predatory midge, and a pollinator and predatory hoverfly (chapters 2,
3 and 4). In chapter 5, I have found that beneficial insects may not discriminate between
honeydew contaminated with insecticides or uncontaminated honeydew. Finally, in
chapter 6, I have opened this new area of research in ecotoxicology to research institutes
and environmental protection agencies that can further study this route of exposure by
exploring: i) potential pathways through which honeydew might be contaminated with
insecticides, ii) which systemic insecticides that are more likely to reach honeydew, iii)
which hemipteran species are more likely to excrete contaminated honeydew, and iv)
some model scenarios in Europe and/or the U.S. where contaminated honeydew could
be problematic for beneficial insects.

In this chapter, I discuss and connect the results of each chapter aiming to highlight
the ecological and agricultural implications of this newly described route of insecticide
exposure to beneficial insects. In detail, I address three major topics in which this route
of exposure could be relevant nowadays: i) Invasive pests as honeydew producers; ii)
New frameworks for environmental risk assessment; iii) Contaminated honeydew as a
contributor to global insect decline. I end this general discussion with some concluding

remarks on how this thesis contributes to society and science.
I.INVASIVE PESTS AS HONEYDEW PRODUCERS

Due to globalization, arthropod pests are increasingly invading new regions worldwide
(Seebens et al., 2017). Many of these species, such as the soybean aphid Aphis glycines
Matsumura (Hemiptera: Aphididae) that was used in chapter 4, excrete honeydew. As
an example, the European and Mediterranean Plant Protection Organization (EPPO) has
listed 39 invasive honeydew-producing species that may arrive soon or have recently
arrived in Europe (Table 1). This list does not include unknown invasive pest species.
For instance, in the last 15 years, 11 pests invaded Spanish citrus orchards, of which
five excrete honeydew (personal observation of Alejandro Tena). Only one species
of the five honeydew producing species, Trioza erytreae (Del Guercio) (Hemiptera:
Triozidae), was included in the EPPO lists (Table 1). These invasive and honeydew-
producing pests are generally treated with systemic insecticides until biological control
strategies can be established (Frank and Tooker, 2020; GIP Citricos, 2021; Monzo and
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Stansly, 2017). For example, the mealybug Delottococcus aberiae De Lotto (Hemiptera:
Pseudococcidae), which has recently invaded the Mediterranean citrus area (Beltra
et al., 2015), is treated with systemic insecticides such as sulfoxaflor, acetamiprid and
spirotetramat (GIP Citricos, 2021). Similarly, in the U.S., neonicotinoids are commonly
applied against the Asian citrus psyllid Diaphorina citri Kuwayama (Hemiptera: Liviidae)
in citrus, the soybean aphid in soybean or the polyphagous pest Lycorma deliculata
(White) (Hemiptera: Fulgoridae) (Frank and Tooker, 2020; Leach et al., 2019; Monzo
and Stansly, 2017). Therefore, applications with systemic insecticides and excretion of
honeydew contaminated with these insecticides are likely to increase with the continuing
introductions of exotic and invasive pest species in the coming years (Frank and Tooker,
2020). This thesis contributes to the understanding of how insecticide applications can
indirectly impact beneficial insects when invasive species excrete honeydew contaminated
with insecticides (chapter 4). Therefore, new strategies to control invasive pests while
reducing the application of systemic insecticides are needed.

l1.1.A roadmap to reduce the use of systemic insecticides on invasive species

When pests invade new areas, they arrive without their biological control agents that
naturally control their populations in their country of origin (DeBach and Rosen, 1974).
Therefore, chemical control, generally based on systemic insecticides, is used to manage
invasive pest populations. At this point, alternative tools to reduce the number of invasive

pest species and systemic insecticide applications are needed.

First, preventive measures need to be reinforced to avoid new invasive pests. For instance,
national plant protection organizations (NPPO) of each importing and exporting
country need to standardize protocols in order to prevent the introduction of invasive
species. For instance, cold treatments or modified atmospheres are generally applied on
the food containers during the transport to the importing country (Food and Agriculture
Organization of the United Nations, 2018). However, some NPPO of importing countries
do not receive the data to check whether the food containers travelled under the standard
conditions established for the correct implementation of the treatment (Food Agriculture
Organization, 2018).

Second, authorities should facilitate classical biological control programs because it
is more economic than chemical control, and often it results in enormous economic
benefits due to a permanent pest population reduction or eradication (Cock et al., 2010;
van Lenteren et al., 2017). Over the past 120 years, introductions of more than 2,000 non-
native control agents in 196 countries or islands have been made with remarkably few
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environmental problems (Bale et al., 2008; Heimpel and Mills, 2017). Several constraints
affect the implementation of classical biological control programs. The biology and
biological control agents of the invasive pests are sometimes unknown and it takes
time to gain sufficient knowledge to set up a classical biological control strategy. This
is because some invasive pest species come from developing countries where the new
invasive species does not have pest status and its biology and biological control agents are
unknown. Establishing collaborations to study the biology of pests and their biological
control agents with the countries of origin may ameliorate the speed of classical biological

control programs.

Another constraint for the establishment of classical biological control is to comply with
the requirements of the Nagoya Protocol. This protocol was created in 2014 with the
objective of access and equitable sharing of benefits arising from the utilization of genetic
resources, hence contributing to the conservation and sustainable use of biodiversity. The
Nagoya Protocol aimed to create legal certainties and transparencies for both providers
and users of genetic resources. To comply with the Nagoya Protocol, researchers who
carry out classical biological control programs need to seek permissions to access the
genetic resources at the planning stage, before collecting the biological control agents in
the country of origin (Smith et al., 2018a). Nevertheless, obtaining these permissions is
complicated, not transparent, and the information varies from one country to another.
For all the above, facilitating the bureaucracy and creating common legislative framework
among countries would reduce the amount of time and money invested in trying to
understand how to import the natural enemies of the invasive pest (Smith et al., 2018b).
This would facilitate biological control programs and reduce the amount of insecticides

applied in agricultural lands.

Third, the application of the systems approaches within IPM frameworks may be key
to control the establishment and spread of invasive species (Food and Agriculture
Organization of the United Nations, 2017). Systems approaches integrate a set of tools
to manage the risk of pests, thus providing an alternative to single measures and they
might avoid the overuse of chemical control. At the pre-planning stage, one tool that
may reduce the use of systemic insecticides to manage invasive pests is the use of host-
plant resistant varieties (Heimpel et al., 2013). For instance, some soybean varieties
that are resistant to the soybean aphid A. glycines have shown great potential to reduce
insecticide use (Heimpel et al., 2013; Ragsdale et al., 2011). Moreover, the addition of
flowering plants with high nectar content and diverse flowering periods in field margins
and/or cover crops may enhance the efficacy of biological control agents by increasing
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their longevity and reproductive performance (Heimpel and Jervis, 2005; Landis et al.,
2000). Other tools, such as the use of pheromones, have been implemented successfully
for some invasive species. For instance, the sex pheromone of the invasive mealybug D.
aberiae has been synthesized recently (Vacas et al., 2019), and may have great potential to

reduce the populations of this mealybug.
2. NEW FRAMEWORKS FOR ENVIRONMENTAL RISK ASSESSMENTS

Environmental agencies such as the European Food Safety Authority (EFSA) and the
U.S. Environmental Protection Agency (EPA) periodically carry out risk assessments
to evaluate the safety of active ingredients. Risk assessments comprise Human and
Ecological evaluations. Here, I will focus on environmental risk assessments (ERA)
because the center of attention of this thesis is on the impact of honeydew on beneficial
insects. ERA are necessary for making legal decisions regarding the usage of insecticides,
both new and existing. One part of the current ERA is focused on evaluating the route of
contamination of plant-derived food sources such as nectar, extrafloral nectar, or pollen
(Gierer et al., 2019; Sanchez-Bayo and Goka, 2014). This thesis, in particular chapters
2, 3 and 4, provides information on a plant-derived food source, honeydew, which
should be included in future ERA because it is a common food source in agroecosystems
and forests (Calabuig et al., 2015; de-Miguel et al., 2014; Hogervorst et al., 2007; Lee et
al., 2006; Luquet et al., 2021; Tena et al., 2013a; Ulgentﬁrk et al., 2020) and it may be
contaminated with systemic insecticides. In the following section, I explain why the safety
of neonicotinoids and other insecticides with other mode of action than neonicotinoids
should be reconsidered in future ERA. I also explain the importance of including more
species in ERA than just a few surrogate species, i.e. non-target species representative for
trophic levels in general (Hilbeck et al., 2011; Sanchez Bayo and Tennekes, 2017).

2.1. Neonicotinoids

Neonicotinoids have received most of the attention of this thesis because they are
among the most widely used and toxic insecticides, accounting for more than 20% of
the world’s insecticide market in 2008 (Jeschke et al., 2011). Furthermore, the use of
neonicotinoids is increasing, despite the scientific evidences of environmental harms
demonstrated in literature (Douglas and Tooker, 2015; Tooker and Pearsons, 2021).
Chapter 2 demonstrates, for the first time, that honeydew is a route of neonicotinoid
exposure that harms beneficial insects that feed on it. Furthermore, chapter 4 shows that
neonicotinoids reach honeydew excreted by aphids that are feeding on soybean plants

whose seeds had been coated with neonicotinoids.
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Neonicotinoid seed coatings are the leading delivery method of neonicotinoid applications
(Douglas and Tooker, 2015; Jeschke et al., 2011). However, this application method does
not always provide economic benefits to farmers in the form of yield improvements
(Bredeson and Lundgren, 2015; Labrie et al., 2020; Mourtzinis et al., 2019; Smith et al.,
2020). For instance, two studies conducted in Canada found that neonicotinoids had the
potential to protect soybean and corn yields in only less than 8% of the cases (Labrie et al.,
2020; Smith et al., 2020). Even though yields rarely increase when using seed treatments,
the use of neonicotinoids is now being reviewed by some environmental protection
agencies. In the U.S., the EPA has recently scheduled a re-evaluation of neonicotinoid
pesticides for 2022 (Environmental Protection Agency, 2021). In the European Union
and UK, environmental agencies are also re-evaluating the use of neonicotinoid-coated
seeds in crops that are harvested before the flowering period such as beets (European
Commission, 2021; Government UK, 2021). Current evaluations have not considered
that these plants can hold hemipterans that excrete contaminated honeydew during long
periods, which can harm biological control agents. By including honeydew in future
neonicotinoid ERA, environmental agencies will gain knowledge on the negative effects

of insecticides on beneficial insects and the ecosystem services they provide.
2.2. Systemic insecticides with other modes of action than neonicotinoids.

A victory for conservation of biodiversity was thought when neonicotinoids were
banned in Europe (Siviter and Muth, 2020). However, these restrictions to neonicotinoid
applications will only benefit biodiversity if newer classes of insecticides are not toxic
to non-target insect species. The toxic effects of other systemic insecticides such as
pymetrozine, flonicamid, sulfoxaflor, flupyradifurone or spirotetramat have been less
explored than that of neonicotinoids. Therefore, the goal of chapter 3 was to study
whether non-neonicotinoids systemic insecticides reach honeydew and harm beneficial
insects. We used flonicamid and pymetrozine because they are selective to whiteflies,
aphids, planthoppers or leathoppers but mealybugs are tolerant to them (El-Zahi et al.,
2016; Rezk et al., 2019). Furthermore, in chapter 3, it was demonstrated that honeydew
contaminated with flonicamid or pymetrozine is toxic for one of the two species
of beneficial insect tested. For these reasons, honeydew should be included in next
insecticide evaluations of all systemic insecticides taking into consideration the species
of beneficial insects that they can reach. In these evaluations, all pathways of exposure
should be contemplated (see point 2: “How can systemic insecticides reach honeydew”
in chapter 6).
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2.3. Mix of stressors or combination of pesticides

Beneficial insects face many different stresses caused directly or indirectly by humans
that include pesticides, climate change, pathogens, and habitat loss that causes depletion
of their nutritional resources and nesting sites. Interaction between multiple stressors can
exacerbate negative effects of pesticides (Ricupero et al., 2020; Siviter and Muth, 2020).
For instance, the toxic effect of insecticides can be synergized when beneficial insects
face hazardous temperatures (Ricupero et al., 2020). In addition, residues from multiple
pesticides can be found in agroecosystems and plant-derived food sources (Azpiazu et
al., 2019; David et al., 2016; Tosi and Nieh, 2019; Zioga et al., 2020).

Some fungicides can increase the toxicity of insecticides (Azpiazu et al., 2019; Sgolastra
et al., 2017; Tosi and Nieh, 2019; Willow et al., 2019). One of the aims of chapter 4 was
to determine whether honeydew excreted by aphids feeding on plants grown from
seeds coated with a mix of fungicides and neonicotinoids was more toxic for beneficial
insects than seeds coated only with neonicotinoids. In our study, honeydew derived
from seeds coated with fungicides and neonicotinoids did not reduce the longevity of
beneficial insects more than that of seeds coated only with neonicotinoids. However,
other studies have demonstrated that the toxic effect of neonicotinoids is synergized by
other fungicides than those used in chapter 4, such as tebuconazole (Willow et al., 2019)
or propiconazole (Sgolastra et al., 2017; Tosi and Nieh, 2019). The differences in toxicities
recorded in chapter 4 and those recorded in other studies may be attributed to the different
physiochemical properties or mode of action of each active ingredient; mefenoxam is
highly mobile in plants and soils, but has a low persistence in the environment that may
make it safe to be used in IPM-programs (Camargo et al., 2019). Instead, tebuconazole
and propiconazole have optimal translocation properties and high persistence in soil,
water and plants. Therefore, it is likely that it reaches honeydew and synergize the toxic
effect of neonicotinoids (Sgolastra et al., 2017; Willow et al., 2019).

In chapter 4, I aimed to explore other combinations of insecticides in seed coatings, but I
could not do it because the experiments with the three treatments tested were already big
for one person. For instance, soybean seeds may contain the insecticides thiamethoxam
and abamectin, and two of the fungicides tested in chapter 4 (Avicta Complete Beans/,
Syngenta). These seeds could have resulted in higher toxicity for beneficial insects than
the seed coatings used in chapter 4 because abamectin can possibly reach hemipteran
honeydew in addition to thiamethoxam. Abamectin has limited translocation properties
(Dembilio et al., 2015; University of Herthfordshire, 2021) and hence, it is likely that it
only reaches the first trifoliate leaves when plants are at their early developmental stages.
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In chapter 4, I collected honeydew contaminated with thiamethoxam when aphids were
feeding on the first, second and third trifoliate leaves (V1-V3). Therefore, the limited
systemic properties of abamectin could be enough to arrive to these trifoliate leaves and
reach honeydew, as occurs with thiamethoxam. This honeydew may result more harmful
for beneficial insects than the honeydew collected from aphids feeding on plants coated

with thiamethoxam.

Some insecticides are highly persistent in soil, water and plants and highly mobile in
water (see Table S2 in chapter 6 for properties). In some cases, they can be retained in
soil for more than 10 years at low concentrations (Humann-Guilleminot et al., 2019),
and may reach honeydew through many different pathways (See Table 5 in chapter 6),
as they also reach nectar and pollen (Zioga et al., 2020). Low concentrations of an active
ingredient may not be lethal for beneficial insects, but if they accumulate in the insect
body, or they are combined with other active ingredients, they may harm them (Desneux
et al., 2007; Goulson, 2013). Therefore, assessing the risk of different combinations of
active ingredients that can be commonly found in agricultural landscapes is needed in
future ERA.

2.4. Number of species tested in ecotoxicological studies

One of the main limitations of current ERA is that the entire framework is based on
the acute toxicity of a few surrogate species. For instance, the honeybee Apis mellifera
L. (Hymenoptera: Apidae) is the main insect species used in current ERA (Banks et al.,
2014; Sanchez-Bayo and Goka, 2014). However, using one or few surrogate species to
predict the fate of many species is widely variable (Banks et al., 2014). Also, the selection
of organisms that should be included in each environmental test should be done on
criteria including likeliness of being exposed and ecological importance of the species
(Hilbeck et al., 2011). As an example, wild bee species and non-bee insects in ERA
should be mandatory (Siviter and Muth, 2020) as they are often present in agricultural
fields, and they are key to maintain yields of many crops by making 61% of the visits
to crop flowers and sustaining life on Earth (Rader et al., 2015). In chapters 2 and 3, I
used hoverflies because they are the most important non-bee pollinators (Rader et al.,
2015). Sphaerophoria rueppellii (Wiedemann) (Diptera: Syrphidae) was evaluated in this
Thesis because it is commonly found in the Mediterranean basin (Jiménez, 2013) and it
is highly sensitive to insecticides (Abd-Ella, 2015; Jansen, 2000; Jansen et al., 2011; Moens
et al., 2011). During the experiments of my thesis, I wanted to evaluate the toxicity of
insecticides in honeydew using other pollinator species such as solitary bees or butterflies.
I finally discarded this option because of the limited amount of honeydew and time to
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rear other species than those included in this thesis. With the honeydew that I collected, I
could only evaluate the toxicity on three species and conduct chemical analyses to assess
presence of insecticides and quantify their concentrations. Therefore, the toxic effects
demonstrated for the hoverfly in chapter 2 and 3 should be complemented with further

studies on other pollinator species, likely from other insect orders.

Furthermore, biological control agents are rarely included in ERA (Sanchez Bayo and
Tennekes, 2017; Siviter and Muth, 2020). As for most pollinators, the ability to predict the
fate of biological control agents in ERA depends exclusively on a simplistic extrapolation
of data from the effects on acute toxicity on the honeybee (Banks et al., 2014). In chapters
2 and 4, I showed that honeydew contaminated with thiamethoxam was harmful for
the parasitic wasps A. vladimiri and A. certus. These two parasitic wasps can be found
commonly in citrus and soybean fields, respectively, they have a high ecological
importance (Kaser and Heimpel, 2018; Noyes, 2021), but parasitic wasps have not been
included in the ERA of neonicotinoids.

2.5. Environmental fate of insecticides

In addition to the evaluation of the toxicological profile of insecticides on non-target
species, risk assessments study how insecticides move in the environment, and how they
degrade in soil, water, light or within the plant. Chapter 5 aims to explore the routes of
honeydew contamination, thus facilitating environmental protection agencies to regulate
the use of pesticides according to their solubility in water and their persistence in the

environment.

3. CONTAMINATED HONEYDEW AS A CONTRIBUTOR TO GLOBAL INSECT
DECLINE

Insects are declining (Basset and Lamarre, 2019; Biesmeijer et al., 2006; Dirzo et al,
2014; Hallmann et al,, 2021, 2017; Lister and Garcia, 2018). A growing number of studies
provide evidence of declines in insect biomass and diversity across all functional groups
i.e. herbivores, detritivores, biological control agents or pollinators (Harvey et al., 2020).
The most important factors involving insect losses are habitat loss and fragmentation,
invasive species and pathogens, climate change, and the use of pesticides such as those
used in this thesis (Basset and Lamarre, 2019). However, the relative importance of
each factor is still unknown. In this section, I will focus on how honeydew can play a
role in insect decline when it is contaminated with insecticides. Honeydew is a hidden
driver of direct and indirect interactions among insects (Moreno Ramirez, 2020), that
indirectly impacts the population dynamics of herbivores, biological control agents,
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ants, and pollinators throughout different interactions such as mutualism, competition,
commensalism, parasitism or predation (Moreno Ramirez, 2020; Tena et al, 2016).
If honeydew is contaminated with insecticides as shown in chapters 2, 3 and 4, these
interactions can be disrupted, thus altering trophic chains and ultimately, contributing

to a decline of those insects that feed on contaminated honeydew (Kehoe et al., 2020).
3.1. Honeydew mediating insect decline in agricultural landscapes

With the intensification of modern agriculture to increase food production, more
than six million tons of pesticides are applied every year, of which 600,000 tons are
insecticides (Bernhardt et al., 2017; Zhang, 2018). A large amount of these insecticide
applications corresponds to systemic insecticides, which are often highly toxic to non-
target insects. As an example, from summer 2010 to fall 2013, 31 insecticide applications
were applied against the Asian citrus psyllid, D. citri in Florida (U.S.) (Monzo and Stansly,
2017). From these 31 applications, thirteen corresponded to systemic insecticides that
included carbamates, organophosphates, neonicotinoids or tetronic and tetramic acid
derivatives. Several hemipteran species may concurrently inhabit citrus orchards (Tena
et al., 2013b) and excrete the systemic insecticides when the latter are applied against D.
citri. In this scenario, honeydew-feeding insects can be exposed to one or more systemic
insecticides applied to the target crop plant (See Figure 2 a, b, ¢ in chapter 6), or to
adjacent non-target plants (See Figure 2 d, e, f, in chapter 6). For instance, 70-100% of
the hoverflies, and 60-65% of the parasitic wasps died when they were fed on honeydew
excreted by mealybugs feeding on soil- or foliar-treated trees with thiamethoxam
(chapter 2). Similarly, 22 and 56% of the hoverflies died when they were fed on honeydew
contaminated with pymetrozine and flonicamid, respectively (chapter 3). Therefore,
honeydew contaminated with insecticides may be directly correlated with insect decline
in those species that feed on honeydew.

The European environmental protection agencies are re-evaluating the use of
neonicotinoid-coated seeds for emergency authorizations in beet crops (Syngenta’s
Cruiser SB) (European Commission, 2021; Government UK, 2021), a scenario that is
likely to have negative effects on insect biomass and biodiversity (European Commission,
2021; Government UK, 2021). Beets are harvested before the flowering period and thereby;,
the risk for beneficial insects that will feed on nectar of beet plants has been categorized
as acceptably low (Government UK, 2021). However, a higher risk might be expected
when water-soluble neonicotinoids move to the nectar of flowering plants in and around
the crop. To minimize this risk, the UK authorities, in accordance to the applicants, has
recommended: i) herbicide programs to avoid flowering weeds surrounding treated
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beet crops; and ii) to ensure that no flowering crops are planted for a period of more
than 22 months (or 32 months if this crop is oilseed rape) (Government UK, 2021). The
application of these recommendations would turn huge surfaces of agricultural land
(beets were planted in108,000 hectare only in UK in 2019 according to FAOSTAT) into
inhospitable areas for biological control agents and pollinators. In these agroecosystems,
which would be depleted of nectar, beneficial insects would have to rely on honeydew
excreted by aphids left as its main carbohydrate source. As I have demonstrated in chapter
4 for soybean, honeydew excreted by aphids feeding on beets grown from coated-seeds
may be contaminated with neonicotinoids and be toxic for biological control agents, thus

contributing to insect decline.
3.2. Honeydew mediating insect decline in non-agricultural habitats

Water-soluble systemic insecticides are transported from agricultural lands to adjacent
habitats or ecosystems by movement in water or by insecticide drift (Greatti et al., 2006;
Krupke et al., 2012; Pearsons et al., 2021; Tsvetkov et al., 2017). For instance, a study
detected imidacloprid in 90% of the water samples collected from agricultural regions
of California (Starner and Goh, 2012). In 20% of the cases, concentrations exceeded
the U.S. EPA chronic invertebrate Aquatic Life Benchmarks of 1.05 pg/L. Similarly,
the carbamate pirimicarb was found in more than 50% of the samples of surface water
investigated in Ontario, Canada (Natale et al., 2018; Struger et al., 2016). Through
water, systemic insecticides reach habitats such as nature reserves, abandoned areas, or
forests (Frank and Tooker, 2020; Goulson, 2013). In this scenario, the insecticides can
be absorbed by plants and ingested and excreted by hemipterans (See Figure 2 d, e, f
in chapter 6). In the literature, we can find an example in which a forestry hemipteran
pest, the striped pine scale Toumeyella pini (King) (Hemiptera: Coccidae), can excrete
spirotetramat and imidacloprid when feeding on plants that contain those insecticides
(Quesada et al., 2020). Furthermore, one of the most important undesirable effects of
systemic insecticides on beneficial insects can be explained by their physiochemical
properties. Persistent insecticides such as neonicotinoids can remain in the soil and plant
for years at low concentrations (Byrne et al.,, 2014; Humann-Guilleminot et al., 2019).
Some hemipterans may tolerate low insecticide concentrations in the plant and traces
of insecticides may travel unnoticed to the honeydew (chapter 6). This honeydew with
insecticides might cause a range of sublethal effects to numerous insect species through
accumulation (Goulson, 2013). If we extrapolate the results obtained in this thesis, with
the high-water solubility, mobility and persistence of some insecticides, the results may
partly explain why honeydew contaminated with insecticides may be another factor
contributing to insect decline.
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4. CONCLUDING REMARKS ON HOW THIS THESIS CONTRIBUTES TO
SCIENCE AND SOCIETY

Modernagriculturerelies heavily on the use of pesticides againstinvasive and cosmopolitan
pests (Frank and Tooker, 2020; Sanchez-Bayo et al., 2013). Some pesticides are highly
persistent and move through the water and as dust particles to other environments,
reaching beneficial insects throughout different routes of exposure (Frank and Tooker,
2020; Goulson, 2013). This thesis contributes to science by discovering a new route of
insecticide exposure that has never been included in ERA. In most agroecosystems, this
route may be more accessible for some beneficial insects than the well-studied route of
floral nectar. This new route has been proven for different: i) crop species, ii) hemipteran
species, iii) active ingredients, iv) modes of application, and v) beneficial insect species.
In addition, I have opened this area of research to other scientists and environmental
protection agencies by studying the pathways of exposure through which honeydew
might be contaminated with insecticides and the systemic insecticides that may reach
honeydew more frequently. The results of this thesis may help further understanding of
the effects of systemic insecticides on nature. For instance, honeydew could be included in
the Worldwide Integrated Assessment on the risks of Systemic Pesticides to Biodiversity
and Ecosystems (WIA) that has recently reviewed the risks of systemic insecticides (van
Lexmond et al.,, 2015). In fact, this route, which was neglected in the WIA, could help
having a more complete view of the effects of systemic insecticides on insect decline.

Science brings knowledge to society. By including honeydew in future environmental
evaluations of insecticides, society may benefit of more sustainable agricultural policies

that may allow us to produce food without compromising future generations.
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Summary







A myriad of beneficial insects such as pollinators and biological control agents need
carbohydrates to meet their requirements for daily physical activities and metabolic
processes. In agricultural lands, beneficial insects find carbohydrates mainly in nectar
and honeydew. Nectar, the sugar produced by flowering plants to attract pollinators
and thus accomplish reproduction, is often scarce in most agroecosystems because it
is limited to the brief flowering period of the crop (if present). In addition, nectar is
available in the spontaneous presence of flowering plants that appear along crop borders,
ditches and roadsides, but these plants are often removed to avoid competition with the
crop. Honeydew, the excretion product of many hemipterans such as aphids, whiteflies,
coccids, mealybugs or psyllids, is on the contrary, highly abundant and accessible in
agricultural lands throughout the year. For this reason, many beneficial insects rely on
honeydew as a main carbohydrate source and some others feed on it in periods when
nectar is scarce.

The use of systemic insecticides has been considered an excellent option for integrated
pest management programs because once applied, they move systemically to all plant
tissues, harming only herbivores that feed on the plant. Nevertheless, some systemic
insecticides can reach plant-derived food sources such as nectar or pollen, and many
insects that feed on them are exposed. Most environmental risk assessments have
considered nectar and pollen as key routes of exposure to evaluate the ecological
safety of systemic insecticides. The aim of my PhD thesis was to explore whether

honeydew is a route of systemic insecticide exposure for beneficial insects. This route

201




202

of exposure could be more impactful than the route of nectar because honeydew is

ubiquitous in agroecosystems.

Neonicotinoids are the most widely used and toxic systemic insecticides. These
insecticides are used in many crops against a broad-spectrum of insect pests, but
they have been banned in Europe due to their toxic effect on pollinators. In chapter
2, I investigated whether honeydew excreted by mealybugs feeding on treated-trees
contained neonicotinoids that could harm insects feeding on it. In this chapter, I
applied the neonicotinoids thiamethoxam and imidacloprid into the soil of citrus plants
infested with the mealybug Planococcus citri (Risso) (Hemiptera: Pseudococcidae) at the
recommended doses to test one of the most common modes of applications. Additionally,
I sprayed the neonicotinoids onto the leaves at half of the recommended dose to simulate
other potential scenarios in which low doses of neonicotinoids can reach hemipterans.
For both experiments, I collected honeydew from mealybugs feeding on trees treated with
neonicotinoids during five days after the treatment and chemical analysis and bioassays
were carried out with this honeydew. Imidacloprid and thiamethoxam were commonly
present in the hemipteran honeydew at concentrations higher than those found in nectar.
Furthermore, I carried out bioassays to study the toxicity of contaminated honeydew for
beneficial organisms. Honeydew contaminated with neonicotinoids was harmful to the
hoverfly Spaherophoria rueppellii (Wiedemann) (Diptera: Syrphidae) and the parasitic
wasp Anagyrus vladimiri (Girault) (Hymenoptera: Encyrtidae). These results demonstrate

that honeydew is a route of exposure to neonicotinoids for beneficial insects.

Recently, the European Commission banned the use of neonicotinoids in outdoor crops
due to their high toxicity on non-target organisms and their high persistence in soil,
water and plants. As a consequence, the use of neonicotinoids has been substituted by
other less persistent insecticides such as flonicamid or pymetrozine. In other countries,
these insecticides are recommended in IPM programs because they are considered
selective and less toxic to beneficial insects than neonicotinoids. In chapter 3, I explored
whether flonicamid and pymetrozine can reach honeydew excreted by the mealybug P
citri feeding on treated plants. We detected both systemic insecticides in the mealybug
honeydew. Moreover, honeydew with flonicamid or pymetrozine was moderately toxic
to S. rueppellii and harmless to A. vladimiri. The results of this chapter are important
because pymetrozine and flonicamid are toxic to aphids and whiteflies, but mealybugs are
tolerant to these insecticides, and may excrete honeydew contaminated with flonicamid

or pymetrozine until the insecticide is degraded in the plant. Therefore, we expected
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that tolerant mealybugs excrete honeydew contaminated with flonicamid or pymetrozine
during long periods when they are applied against whiteflies or aphids.

Seed coating is the leading delivery method of neonicotinoid insecticides in major
crops such as soybean, wheat, cotton or maize. The protection period of coated seeds
lasts approximately 3-4 weeks after planting, but the active ingredient remains in the
plant for a long periods at low concentrations. Hemipterans colonize plants and may
excrete honeydew with insecticides. In chapter 4, I demonstrate for the first time that
neonicotinoids from soybean coated seeds reach honeydew excreted by the soybean
aphid Aphis glycines Matsumura (Hemiptera: Aphididae) 30-40 days after sowing
the seeds. This contaminated honeydew reduced the longevity of the biological
control agents of the soybean aphid, the predatory midge Aphidoletes aphidimyza
Rondani (Diptera: Cecidomyiidae) and the parasitic wasp Aphelinus certus Yanosh
(Hymenoptera: Aphelinidae). The results of this chapter are important because
environmental agencies are now evaluating the use of neonicotinoid-coated seeds
and the data show that they should consider that these plants can hold hemipterans

that excrete contaminated honeydew.

Several studies have demonstrated that beneficial insects do not discriminate between
food sources uncontaminated and contaminated with neonicotinoids. In fact, it has
been shown that some pollinator species prefer food with neonicotinoids. However,
this has never been demonstrated for using honeydew as food source. In chapter 5, I
carried out behavioral assays to study whether the parasitic wasp A. vladimiri and the
hoverfly S. rueppellii can discriminate between uncontaminated honeydew or honeydew
contaminated with either imidacloprid or thiamethoxam. Hoverflies did not discriminate
between honeydew contaminated with insecticides or uncontaminated honeydew.
Instead, parasitic wasps discriminated between uncontaminated honeydew or honeydew
with thiamethoxam, but they preferred the contaminated food source. The results of this
chapter may have important consequences because in the previous chapters, we collected
uncontaminated honeydew and honeydew contaminated with systemic insecticides in

samples from the same plant and day.

In chapter 6, I review in a perspective paper the importance of honeydew as a route
of insecticide exposure to beneficial insects. First, I explored the potential pathways
through which honeydew might be contaminated with insecticides; Second, I describe
the hemipteran families that are more likely to excrete contaminated honeydew due
to their different feeding behaviour. Third, I evaluate the systemic insecticides that are
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more likely to contaminate honeydew due to their physicochemical properties. Finally,
analyse several model crops where contaminated honeydew can be highly accessible for

beneficial organisms and commonly contaminated with systemic insecticides.

In conclusion, my thesis describes a new route that is highly common, in which beneficial
insects can be harmed by insecticides. In this thesis, I demonstrate that this route of
exposure has different degrees of toxicity on beneficial insects that depend on: i) the
active ingredient; ii) the mode of application of the insecticide; iii) the hemipteran species
that excrete the honeydews; iv) the plant species; and v) the beneficial insect species tested.
Therefore, this route of exposure is variable and complex and further studies are needed.
In addition, I recommend including honeydew in environmental risk assessments, as it is

likely to affect a wider range of beneficial insects than the route of contaminated nectar.
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