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With confirmation of non-nutritive sugar, erythritol, having insecticidal properties to
Dipterans, this thesis research focuses on use of erythritol as a human-safe management tool for
small berry and cherry pest, Drosophila suzukii, commonly referred to as spotted-wing
drosophila. Drosophila suzukii is a destructive invasive fruit fly from Asia with an advantageous
ovipositor that allows females to lay eggs into ripening fruit. Current pest management involves
revolving insecticide application of various classes of insecticides despite the well-known
detrimental impacts to the environment, human health, and beneficial insects. This thesis covers
three main topics concerning use of erythritol when combined with sucrose and another sweet
non-nutritive sugar, sucralose. Erythritol has insecticidal properties to D. suzukii if they consume
a lethal dose, so our formulation uses 1.5 molar concentration and is combined with something
sweet to entice flies to feed a large amount. Testing sucralose is of particular interest because an
erythritol+sucralose combination would be completely non-nutritional to spotted-wing
drosophila, which consequently has potential to quicken mortality if flies are unable to use
sucralose for energy.

First, laboratory tests were performed directly comparing efficacy between
erythritol+sucrose and erythritol+sucralose formulations on D. suzukii feeding preference,
survival, and oviposition behavior. We found that erythritol combined with sucralose enhanced

feeding, quickened mortality, and reduced oviposition rates, in comparison to erythritol+sucrose



combination; thus, we suggest that sucralose could be a suitable, non-nutritional phagostimulant
and replace sucrose for our purposes. Second, we explored how D. suzukii metabolizes sucralose
as it is a chlorinated form of sucrose. We performed various physiological experiments to
investigate whether sucralose can be converted to a usable carbohydrate in the fly body or if it is
truly non-nutritive. Much like erythritol, sucralose consumption leads to starvation, heightened
pressure inside the body and desiccation that negatively effects fly survival. Through anthrone
and vanillin tests, we found that D. suzukii cannot convert sucralose to any usable bodily
carbohydrates or storage in lipids. Third, we conducted multi-year field trials to test performance
of our two erythritol formulations on blueberry cultivars and examined non-target impacts to
honeybee brood (Apis mellifera) and western yellow jacket (Vespula pensylvanica).

During both years of field trials, leaf damage was observed which could indicate that our
sprays are slightly phytotoxic to the various blueberry cultivars, although there was no detectable
negative impact of our sprays on blueberry fruit quality (firmness, size, penetration force to
pierce fruit epidermis and °Brix). Additionally, during field trials, yellow jacket visitation was
plentiful to both erythritol+sucrose and erythritol+sucralose sprayed bushes. Yellow jackets are
considered nuisance pests, thus we tested toxicity of these treatments by feeding these
compounds to adults in a feeding assay. Our results showed little to no toxicity of erythritol or
sucralose to yellow jackets. Honeybee visitation was scarce and similar among all treatments
which indicates that they are not lured towards the sweet sprays. Although there was minimal
visitation, the impacts of our erythritol treatments to honeybee brood was still of interest and this
was tested by directly dripping treatment solutions into larval brood cells and monitoring
mortality until completion of adult development. Our results showed that there is no detectable
difference in toxicity of both erythritol and sucralose to honeybee brood in comparison to control
(distilled water). Our formulations, erythritol+sucrose and erythritol+sucralose, kill and reduce
oviposition of spotted-wing drosophila efficiently in lab settings, but were inconclusive in field
settings because of low wild D. suzukii infestation rates and abnormally hot weather. This work
provides vital non-target information as both of our formulations cause negligible non-target

damage to blueberry fruit, yellow jackets, and honeybees.
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CHAPTER 1

General Introduction

Briana Price



1.1 INVASIVE DIPTERAN PESTS IN AGRICULTURE

The Food and Agriculture Organization (FAQO) of the United Nations estimates that
nearly 40% of global crops are damaged by insect pests and plant diseases each year, costing the
global economy around US$220 billion from plant disease damage and US$70 billion from
insect pests (FAO, 2015). There are two families of flies that are commonly referred to as fruit
flies. The first, belong to the Tephritidae family; a large portion of this group contains species
that are extremely destructive to a wide variety of commercially grown fruits, vegetables and
ornamental plants (USDA APHIS | Fruit Flies, 2020). The other family is Drosophilidae; only a
few species in this family are harmful to commercially-grown fruit such as Zaprinonus indianus
Gupta (Steck & Steck, 2005), Zaprionus tuberculatus Malloch (Raspi et al. 2014) and the focal
pest of this thesis work: Drosophila suzukii Matsumura (Bolda et al. 2010).

1.2 NATURAL HISTORY AND ECOLOGY OF SPOTTED-WING DROSOPHILA
Drosophila suzukii (Matsumura) (Diptera: Drosophilidae), also known as spotted-wing
drosophila (SWD), is a polyphagous vinegar fly that favors small fruits such as berries and
cherries. D. suzukii is native to Eastern Asia and was first observed in Japan in 1916, where it
was observed to inflict serious damage to the cherry industry (Kanzawa, 1939; Walsh et al.
2011). In the last decade, SWD has rapidly expanded its range via fruit importation (Cini et al.
2012) to North America, South America and Europe (Asplen et al. 2015, Depra et al. 2014) and
has become an extreme threat to the small berry industry in the United States; the estimated
economic impact in California, Oregon and Washington reaches US $511 million annually if
untreated (Bolda et al. 2010, Goodhue et al. 2011). This species has been documented in Hawaii
since 1980 without reports of any damage (Kaneshiro 1983, Nishida 1997, Beardsley et al. 1999,
O’Grady et al. 2002) and first observed in the North American continent on commercial
caneberry and strawberry fields in Watsonville, California in 2008 (Bolda et al. 2010). During
the time D. suzukii was first observed in North America, the only other drosophilid pest in the
Western U.S. was observed in 2006 — Zaprionus indianus — a pest to figs (Van der Linde et al.
2009). At first observation in North America, D. suzukii was mistakenly identified as D.
biarmipes (Hauser, 2011) but detriment to ripening crops was quickly recognized. D. suzukii is
unique as it lays eggs in developing or ripening fruit, unlike most drosophilids which lay eggs in

rotten or fallen fruit. Since its arrival into North America, extensive research has been conducted



to understand its biology, physiology and most effective control methods because of the
damaging impact on the small-fruit industry (Hamby et al. 2016). The common name, spotted-
wing drosophila, refers to the single black spot present on both apical wings of mature males
(Hauser, 2011). SWD is successful in invading a wide range of host fruits because of its
morphologically advantageous female anatomy, the serrated ovipositor.

The serrated ovipositor allows easy puncture into ripe tough-skinned fruits (Atallah et al.
2014). In contrast, other Drosophila spp. with smaller, dull ovipositors restrict them to decaying
or overripe fruits as hosts (Kenis et al. 2016). According to Atallah et al. (2014), D. suzukii’s
closest relatives are Drosophila subpulchrella, Drosophila biarmipes and Drosophila mimetica.
A figure from their paper (right) shows their model of the ovipositor evolution D. suzukii has
established: enlarged, pigmented bristles, a sharper — Ly
ovipositor tip, increased length to width ratio and _— =

ability to puncture tougher fruit skin such as grapes.

Although D. subpulchrella has similar enlarged o

ovipositor bristles they are less successful in laying ——
eggs through tough fruit skin and D. suzukii has a

D. mimetica

longer ovipositor (Atallah et al. 2014). Green et al. | —
Figure 6 from Atallah et al. (2014). A model of

(2019) SUQQeStS the Ionger Iength of D. suzukii ovipositor evolution. The phylogeny is based on
ovipositor in comparison to D. melanogaster is due previous work (Prud’homme et al. 2006, Barmina
] ] . and Kopp 2007) and only the topology is shown.
to a combination of expanded aplcal cells and Lettering is used to indicate the timing of specific
improved anisotropic rearrangements of the cells in evolutionary changes. (a) Increase in ovipositor area.
. (b) Evolution of modified (enlarged, pigmented)
the tissue. ovipositor bristles. (c) Evolution of a sharper
After the OVipOSitOI’ punctures through ovipositor tip. (d) Evolution of the ability to

. . ] ] . puncture the skin of raspberries and cherries. ()
ripening berry Skln, an egg 1s dep03|ted and dEVE|0pS Evolution of a distal bulb. (f) Evolution of a

in 1-3 days After the egg matures. larvae develop streamlined ovipositor (increased length to width
. . ratio). (g) Evolution of the ability to puncture the
through three instars, usually taking 3-13 days skin of grapes. Scale bars, 50 pm.

(Kanzawa 1939, rev by. Cini et al. 2012), using the

internal fruit pulp as nutrition (Depra et al. 2014). The pupation period can last from 4-42 days
depending on temperature and humidity (Tochen et al. 2014). While SWD does pupate within
the fruit, it oftentimes exits fruit as wandering larvae, and pupates in the soil (Woltz & Lee,

2017). Adults live, on average, 20-56 days allowing for prolific reproduction (Tochen et al.



2014). Overwintering adults are known to survive more than 200 days (Poyet et al. 2015). It is
estimated that over a few months, a single female can produce three-thousand offspring
(Sampson et al. 2019). This pest is difficult to contain as an estimated ~13 generations can
prosper with successful migrations to multiple hosts (Tochen et al. 2014). SWD uses visual,
mechanical and odor cues to detect a suitable host (Cloonan et al. 2018). Cranberries do not
attract D. suzukii and have been observed as unsuitable for oviposition given its thick fruit skin,
though in a laboratory study SWD successfully laid and developed in wounded cranberries
(Steffan et al. 2013). Since this pest has no natural enemies in the North America and has a
specialized ovipositor and olfactory system, it has a unique biological niche and ability to use
multiple host plant genera.

Along with utilizing a wide variety of small berries as hosts, SWD is known to use non-
crop wild and ornamental plants as means of shelter or food source. D. suzukii has the ability to
utilize plants from more than 19 host plant families, such as the genera Cornus, Prunus, Rubus
and Sambucus (Kenis et al. 2016). Tochen et al. (2016) conducted an experiment with cherry
blossoms to investigate feeding ecology with surrounding floral resources. Their results showed
SWD live longer when given access to cherry blossom, indicating that the nectar (containing
sucrose, fructose, and glucose) could be a useful nutrition source on and off-season (Lee et al.
2015). Surrounding wild vegetation in a crop system may harbor overwintering and early-season
populations of SWD, so research into managing those areas is also being examined (Lee et al.
2015).

To better understand SWD nutritional physiology, carbohydrate assays can measure
energetic reserves in insects manipulated under different conditions and give insight on behavior
such as reproduction and flight (reviewed by Lee 2019). Carbohydrates are required for SWD
adult survival and egg production, while protein is required for maturation (Plantamp et al.
2017). According to Plantamp et al. (2017) SWD is more likely to oviposit in healthy, ripe fruit
but prefer feed on damaged fruit where carbohydrate content may be higher. With a heavily fruit-
based diet, protein intake is limited; Bing et al. (2018) suggests that microbes eaten while
consuming fruit play a key role in providing enough protein required for healthy egg and larval
development. Adults of D. suzukii actively select habitat that will provide suitable space for
mating and feeding; fruit volatiles are involved in this discovery (Cloonan et al. 2018). Like

other vinegar flies, SWD is also actively attracted to fermentation odors. A female will locate a



site containing fermenting fruit knowing she will find suitable mates, then after mating, locates
fruit suitable for oviposition (Karageorgi et al. 2017). Using this knowledge about life cycle,
temperature tolerance, and host plants D. suzukii utilizes, as well as how D. suzukii scouts for its
hosts, integrated pest management tactics can be combined with other current managements to

limit destruction to a crop system.

1.3 CURRENT MANAGEMENT TACTICS FOR SPOTTED-WING DROSOPHILA
CONTROL

One year from the initial detection of SWD, targeted control programs were implemented
in the Pacific Northwest (Farnsworth et al. 2017). Due to its specialized ovipositor, they thrive in
ripe fruit, so rotational insecticide application is commonly applied several times from fruit
ripening to harvest. Strategic preparation is required when planning for application including,
timing and sequence of numerous insecticides. Commonly used, effective conventional
insecticide types to control SWD include: synthetic pyrethroids, organophosphates, spinosyns,
and a few carbamates and neonicotinoids (Haviland & Beers, 2012).

Field application of conventional insecticides leaves residual that last 5-14 days and
follow-up applications are dependent on pest pressure. Rotation of spray type and reapplication
of sprays are usually required to keep SWD population numbers minimal (Bruck et al. 2011) and
prevent development of insecticide resistance (Garcia, 2020). Residual of insecticides vary
depending on equipment type, precipitation, water volume, canopy density, application type etc.
(Haviland & Beers, 2012; Van Timmeren & Isaacs, 2013). Thousands of organic berry farms
exist in the United States and many are located along the West Coast. In organic crop production,
spinosad is the only available insecticide to control SWD that is certified by the Organic
Materials Review Institute. Though there are regulations that require rotation to pyrethrin sprays
to prevent resistance evolution; pyrethrin is not effective in killing SWD and rotations result in
greater levels of infestation in organic production. There is evidence that SWD is building
resistance against spinosad (Gress & Zalom, 2019). While continuous chemical control is
effective in controlling SWD, it is difficult to simultaneously protect beneficial insects and not
exceed maximum residue limit regulations, a measurement of pesticide residue present on food

that is considered safe for humans to consume (Haviland & Beers, 2012).



There are various non-insecticidal, integrated-pest managements that effectively aid in
managing SWD populations such as biocontrol (rev. by Lee et al. 2019), RNAi-based control
methods (Abrieux and Chiu 2016; Murphy et al. 2016a; Murphy et al. 2016b; Taning et al.
2016; Ahn et al. 2019), cultural control (Rendon et al. 2020; Schoneberg et al. 2021),
semiochemical control (Hampton et al. 2014; Cloonan et al. 2018; El-Sayed et al. 2009;
Githiomi et al. 2019), and non-nutritive sugars (Choi et al. 2017, 2019; Goffin et al. 2017,
Sampson et al. 2017, 2019; Tang et al. 2017).

Biocontrol is defined as controlling a pest with a natural enemy (Roderick et al. 2012).
Two resident pupal parasitoids are known to effectively control spotted-wing drosophila
populations in the Pacific Northwest: Pachycrepoideus vindemiae Rondani (Hymenoptera:
Pteromalidae) and Trichopria drosophilae Perkins (Hymenoptera: Diapriidae) (Miller et al.
2015, Wang et al. 2018, rev. by Lee et al. 2019). Both species can locate SWD pupae in soil and
fruit, though natural parasitism is generally below 10% as they are generalists and will parasitize
other dipterans (Supp appendix [online only] rev by. Lee et al. 2019). Trichopria drosophilae is a
pupal idiobiont endoparasitoid, laying eggs inside host tissue (Chabert et al. 2012), while
Pachycrepoideus vindemiae is an ectoparasitic idiobiont, laying eggs between pupae and pupal
casing (X. Wang & Messing, 2004). Pachycrepoideus vindemiae concurrently sustains itself by
host-feeding on the pupae of SWD as well as parasitism with no effect on parasitoid offspring
(Bezerra Da Silva, Price, & Walton, 2019). Both species are considered efficient biological
control parasitoids; P. vindemiae has parasitism capacity of 400-600 pupae in a lifetime (Bezerra
Da Silva, Price, Soohoo-Hui, et al. 2019) and has wider temperature tolerance than Trichopria
drosophilae (X.-G. Wang et al. 2018) whereas T. drosophilae has shown higher parasitism rates
when in presence of competitors (X.-G. Wang et al. 2016). Another biological control option
includes using fungi. Although field trials of fungal sprays were deemed less effective, fungal
spores could be used as a ‘lure-and-infect’ strategy to trap and inoculate D. suzukii (Yousef et al.
2018, rev. by Lee et al. 2019).

RNA interference (RNAI) control uses double stranded RNA (dsRNA) to initiate
sequence specific gene silencing. Introduced dsRNA debases complementary messenger RNA
(mRNA). Without critical mMRNA coding the targeted genes, the organism will die (Murphy,
West, et al. 2016). Control of many Lepidopteran, Coleopteran, Hemipteran, and Dipteran pests

(Mamta and Rajam 2017) have been considered successful through various dsRNA delivery



methods such as use of transgenic plants (Baum et al. 2007; Mao et al. 2007), bacteria-mediated
feeding (Ahn et al. 2019; Zhu et al. 2011), oral feeding and microinjections (Taning et al. 2016).
Taning et al. (2016) was first to investigate efficacy of RNAI on Drosophila suzukii; results
indicated that RNAi was functional in SWD and inducible through both microinjection and
orally ingesting dsRNA. To demonstrate efficacy of orally delivering dsRNA, Murphy et al.
(2016) demonstrated that SWD ingestion of genetically modified yeast (Abrieux & Chiu, 2016)
is a successful delivery method; locomotor activity and egg laying decreased. They suggest that
the primary cause of decreased fitness was certainly due to RNAI successfully silencing the
target-genes as the other experimental Dipterans such as D. melanogaster and D. simulans
showed no effect on their fitness.

Since D. suzukii occupy wild vegetation surrounding crop systems, habitat alteration such
as removal of a host plant or fruit could help manage the pest within the surrounding landscape
but there is little information available on the efficacy of this in reducing infestation (Lee et al.
2015). D. suzukii has the ability to pupate below the soil surface and cultural control methods
such as mulching and using sawdust or weed mats below crop bushes can inhibit larvae from
burrowing under the surface to pupate (Rendon et al. 2020). Other cultural control methods
utilized include exclusion netting, pruning, sanitation or picking up fallen berries and creating an
unfavorable microclimate inside a host bush can help reduce D. suzukii infestation (Schéneberg
et al. 2021)

Semiochemical control uses volatiles to alter SWD behavior; earlier mentioned, adults of
D. suzukii actively select habitat that will provide suitable space for mating and feeding through
fruit volatiles such as fermentation odors. Using knowledge of chemical ecology and behavior of
SWD, attractants and deterrents can be utilized to control invasion of crop systems. Mass
trapping, push-pull and attract-and-kill technology has been developed using volatile lures. Mass
trapping has been deemed ineffective because only a small portion of the flies may drown in the
trap while the bigger portion still succeeds in infesting surrounding fruit (Hampton et al. 2014).
Another less-effective tool incorporating odors is the push-pull system which involves using both
attractants and deterrents; aversive odors being placed within the crop system and attractive
odors outside of crop system (Wallingford et al. 2018). Attract-and-kill method is most useful in

reducing the risk of a spill-over effect (El-Sayed et al. 2009; Githiomi et al. 2019). A successful



strategy uses a combination of attract-and-kill approach with targeted insecticide application
(Cloonan et al. 2018).

To expand selections of integrated management tactics effective in controlling SWD,
research into efficacy of non-nutritive sugars as human-safe insecticides have been conducted
(Choi et al. 2017, 2019; Goffin et al. 2017; Sampson et al. 2017, 2019; Tang et al. 2017) and are

explored further in this thesis.

1.4 ANEW, PROSPECTIVE CONTROL TACTIC: NON-NUTRITIVE SUGARS,
ERYTHRITOL AND SUCRALOSE

Erythritol (also known as meso-erythritol) is a tetrose sugar alcohol that is naturally
produced in a wide variety of plants such as mushrooms, grapes and watermelon (Shindou et al.
1989; Corti, 1999) and fermented foods (Bernt et al. 1996). Currently, a cost-effective method to
manufacture erythritol on an industrial scale uses biotechnological processes such as fungal or
lactic acid bacterial fermentation. Large scale production of erythritol commonly uses glucose
from hydrolyzed corn or wheat as the principal substrate and then fermenting-microorganisms
are separated through ion exchange chromatography (Rzechonek et al. 2018). Sucralose is a
substituted disaccharide synthesized by chlorination of sucrose, changing its molecular structure.
Three hydroxyl groups of sucrose are replaced with chlorine ions, making sucralose. It is
considered a high-intensity non-nutritive sugar as it is 600x sweeter than sucrose (Binns 2003;
Qiu et al. 2007).

Erythritol and sucralose are safe for human consumption at high levels. Due to the
chemical composition of erythritol, it does not stimulate changes in blood insulin levels and it is
easily absorbed into the small intestine instead of being metabolized (Munro et al. 1998).
Sucralose is also poorly absorbed in humans and does not accumulate in body tissues (Binns,
2003). Both erythritol and sucralose have become increasingly popular to use as a food additive
and zero-calorie sugar substitute, especially for those with diabetes and obesity (Grotz & Munro,
2009; Moon et al. 2010). In recent years, erythritol has been observed as insecticidal to
Drosophila melanogaster (Baudier et al. 2014; O’Donnell et al. 2018), Bactocera flies (Zheng et
al. 2016), house flies (Burgess and King 2017; Fisher et al. 2017), mosquitoes (Gilkey et al.
2018), termites (Caponera et al. 2019), psyllids (Wentz et al. 2020), spider mites (Schmidt-Jeffris



et al. 2021) and D. suzukii (Choi et al. 2017; Goffin et al. 2017; Sampson et al; 2017, 2019; Tang
etal. 2017)

The earlier literature that pioneered exploration of non-nutritive sugars and insects was
conducted by Baudier et al. (2014). They investigated effect name-brands Truvia, Equal,
Splenda, Sweet’N Low and PureVia versus nutritive sugar, sucrose, on the survival of common
fruit fly, Drosophila melanogaster. Their results showed high mortality in flies which fed on
Truvia treatments - Truvia is a stevia-based sweetener with erythritol being main ingredient; this
suggested that erythritol was highly insecticidal to Drosophila spp. when ingested (Baudier et al.
2014). All other non-nutritive sugars had little to no influence on mortality, including Splenda®
which main ingredient is sucralose (Grotz & Munro, 2009).

Various sugars (i.e sucrose, glucose and fructose) in soft-skinned fruits are the main
energy source for Drosophila spp. and nutritional value of sugars can be detected and learned
through adaptive memory (Burke & Waddell, 2011). A sugar resource is recognized by gustatory
receptors (Amrein & Thorne, 2005) and is sought after in a crop system; if sugar is added to
other insecticides it can have a phagostimulant effect, or stimulates increased insect feeding
(Allan 2011; Tochen et al. 2014; Cowles et al. 2015; Roubos et al. 2019). Erythritol by itself has
been demonstrated as a phagostimulant candidate to replace sucrose in the entomopathogenic
fungus for the house fly (Burgess et al. 2018), and in insecticides used in D. suzukii management
(Gullickson et al. 2019). However, the sweetness of erythritol is 30% lower than sucrose that
would be less attractive to flies. In a choice study, Drosophila melanogaster readily consumed
erythritol in presence of sucrose and died. This gives promise to erythritol as an effective
insecticide, even more so if combined with sucrose (Baudier et al. 2014).

To investigate if erythritol acts as an effective insecticide to SWD, various experiments
have tested responses in mortality, fecundity, and physiological processes. Choi et al. (2017)
examined feeding preference between erythritol and sucrose in a choice study, sucrose was
preferred. However, in a no-choice assay, the volume of erythritol consumed was higher than
sucrose, suggesting that the fly may have not been satiated after feeding (Choi et al. 2017). After
testing a sucrose-erythritol combination, within which flies had adequate nutrition to maintain
themselves, they still died. This indicated an insecticidal property in erythritol beyond just

starving.
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Tang et al. (2017) investigated physiological effects from consumption of erythritol and
measured sugar levels present in hemolymph and excrement (frass) in erythritol versus sucrose-
fed flies. Excretion rids of un-used waste because erythritol cannot be metabolized. Results
showed that erythritol-fed flies excreted much more often than sucrose-fed flies. The amount of
erythritol present in frass of flies was less than the amount present in the hemolymph. This
indicates that the excretion process may have been hindered because of hyperosmotic pressure in
the fly body (Tang et al. 2017). The digestive processes in Drosophila spp. is completed in the
midgut and related to the rate of the crop emptying (Lemaitre & Miguel-Aliaga, 2013), it is
possible that non-metabolizable erythritol slows the crop emptying, permitting faster diffusion
into the hemolymph instead of processing through to the hindgut for excretion (Choi et al. 2017).
Simple tetra-carbon molecules, like erythritol, are known to diffuse though mammalian intestinal
membranes faster than hexose sugars, like sucrose (Mitchell, 2008; Munro et al. 1998).
Erythritol cannot be metabolized into a usable energy or storage sugar, which ultimately creates
hyperosmolarity in the fly body that interferes with normal muscle contraction needed for
oviposition and excretion and flies will die after a few days. In summary, erythritol can kill
Drosophila suzukii by hyperosmotic pressure generated in the fly body and by starving if no
sucrose is present (Choi et al. 2017).

Five-day old flies are considered the most tolerant age of erythritol and were therefore
used in Choi et al. (2017) assays exploring survivorship when fed various combinations of
sucrose and erythritol. The fastest and highest mortality happened when fed 1M erythritol: 0.5M
sucrose and 2M erythritol: 0.5M sucrose, resulting in 100% mortality in three to four days (Choi
et al. 2017). Fecundity of erythritol-fed flies also decreased; this could have been confounded by
these same females having a decreased lifespan (Tang et al. 2017). Since fewer females were
alive in treatments with erythritol, fewer live females would be able to oviposit during the 7-d
experiment. More studies were continued to determine if there were behavioral changes in
oviposition rate while females remained alive, or physiological changes in their egg load.

Choi et al. (2019) tested flies with availability to feed on erythritol alone and erythritol-
sucrose combination with normal blueberries for 2-d. Oviposition rates were reduced comparing
to sucrose-fed (control), suggesting that fewer eggs were produced in their ovaries. Interestingly,
dissection of the ovaries gave insight to the decreased egg laying; erythritol-sucrose-fed flies laid

fewer eggs but had, but had more eggs still in their ovaries — this indicates that feeding on
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erythritol somehow inhibits the oviposition mechanism or coated berries could deter
oviposition (Choi et al. 2019). With success in killing and deterring oviposition, further
examination in Chapter 2 of this thesis tests whether erythritol solutions are an
ovipositional deterrent effect when flies were given blue berries dipped in those
solutions.

Although there is coveted success with killing SWD with erythritol+sucrose formulas,
using sucrose as a phagostimulant risks fueling D. suzukii with nutritional carbohydrates if flies
do not ingest a lethal amount, or may encourage microbial development on the host fruits. Thus,
the main theme of this thesis work is investigating the effectiveness of a non-nutritive
phagostimulant to replace sucrose. Since sucralose, the main ingredient in Splenda®, is ~600x
sweeter than sucrose, and safe for human consumption (Binns 2003), it has potential as a zero-
calorie phagostimulant. To our knowledge, there is no current research on effects of sucralose on
Drosophila suzukii behavior or physiology.

This thesis aims to bridge this unknown gap and develop a prospective completely non-
nutritive, human-safe, insecticide option. During Chapter 2, we investigate the effect of non-
nutritive sugar, sucralose, on Drosophila suzukii mortality and oviposition behavior as well as
finding if sucralose is phagostimulative, or enticing, to flies during choice and no-choice
capillary feeding assays. During Chapter 3, we examine physiological changes within
Drosophila suzukii after consuming erythritol, sucrose and sucralose combinations. This includes
finding out if sucralose is metabolized by D. suzukii by measuring sugar levels in hemolymph
and frass of flies fed various combinations much like (Tang et al. 2017) and utilizing the
anthrone and vanillin tests to quantify lipid, glycogen, and sugar reserves within flies ed various
treatments. The nutritional chemistry behind anthrone and vanillin assays (Olson et al. 2000)
involve an insect being crushed into a solution and centrifuged until a glycogen precipitate
forms. Lipids react with a vanillin reagent and turn pink while sugars and glycogen react with
anthrone and turn greenish-blue. After the reactions take place, densities are translated on an
absorbance reader (rev. by Lee 2019). This tool has proven useful in many carbohydrate assays
to explore SWD nutritional physiology: nutrient gain through floral feeding (Tochen et al. 2016),
interaction between diet and flight (Wong, Cave, et al. 2018), nutrient acquisition from host
berries with oviposition punctures (Wong, Wallingford, et al. 2018), nutrient reserves and

metabolism between summer and winter morphs (Rendon et al. 2019; Wong, Wallingford, et al.
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2018) and glycogen, as a long-chain sugar, in overwintering SWD (Toxopeus et al. 2016). In

Chapter 4, we focus on field efficacy of our formulations and non-target effects, see below.

15 FIELD EFFICACY AND NON-TARGET EFFECTS OF NON-NUTRITIVE SUGARS

For these erythritol formulations to become available as a viable option to growers, it is
helpful to understand how it performs in the field as well as non-target effects. Erythritol
formulations are expected to perform efficiently in a field setting as aerosol sprays on small
fruits but need investigation in multi-year field trials because of the presence of wild competing
sugar sources. Since erythritol works through direct consumption, a concentrated dose, 1.5M
erythritol combined with 0.5M sucrose (E+S) is tested in this thesis work during field trials
(2020-2021), as well as testing our new completely non-nutritive formulation, 1.5M erythritol:
0.1M sucralose (E+Sul). In chapter 4, multi-year field efficacy trials test our focal erythritol
formulations on blueberries around Corvallis, Oregon as well as examine non-target effects.
Erythritol has been seen as supplemental to the development of radish, garlic and mushrooms
(Kuroda et al. 2008) but phytotoxic to corn and tomato (Scanga et al. 2018). During the first year
of field trials, slight foliage damage was seen on Elliot blueberry cultivar in 2020 that could be
assumed phytotoxic; there was presence of speckled discoloration on leaf surfaces under sugar
droplets so during 2021 trials, fruit quality was inspected.

Understanding the effect of erythritol on non-dipteran insects such as bees is imperative; bees
are vital in pollinating flowering plants and trees, especially crop plants that humans rely on for
food (Ollerton et al. 2011). While bees primarily visit crops while in bloom, some do visit post-
harvest to use fallen fruits as food source when nectar sources are scarce (Shackleton et al.
2016). Large numbers of managed honeybee (Apis mellifera) (Hymenoptera: Apidae), hives are
trucked to various crop systems across the U.S. to pollinate (Morse and Calderone 2000). Bees
most often visit crops while they are in bloom, whereas our erythritol sprays would be applied
post-bloom, minimizing exposure to pollinators while maximizing exposure to SWD.

The Oregon State University Honey Bee Lab tested the effect of erythritol on adult
honeybees at a high-exposure rate in a laboratory cage-incubation study in 2018. The bees were
fed and observed for seven days — after the experimental period, survivorship did not decrease in
erythritol-fed bees compared to those fed only sucrose (Choi et al. 2019). Honeybee physiology
is different than that of dipterans; nectar sources are stored in the honey stomach instead of



instantly diffused into hemolymph or insect blood. A main reason why erythritol is toxic to
spotted-wing drosophila is because erythritol directly diffuses into hemolymph and flies do not
have enzymes to metabolize it, thus high osmotic pressure is created inside the fly body
(Choi et al. 2019). After storage in the honey stomach, bees bring back provisions and
perform trophallaxis to nectar receiver workers who then either store as honey or feed
developing brood (Wright et al. 2018). Although results showed no toxicity to adult
honeybees, toxicity to developing brood is unknown. In chapter 4, we investigate non-target
effects on Apis mellifera (honeybees) through berry-visiting frequency surveys, foliage
visitation to sprayed areas in contrast to distance (m) from hives, and direct erythritol toxicity
to developing honeybee brood. Yellow jacket foragers frequent fruit fields and are a nuisance
pest during harvesting season because they are attracted to fallen fruit odors. Vespula spp. are
strongly attracted to fruit odor cues from viable carbohydrate sources (Jarau & Hrncir, 2009).
Given they are a nuisance pest and another non-target organism that we observed visiting
erythritol sprayed bushes, we also explore the effect of erythritol on yellow jacket mortality

during choice and no choice feeding assays in Chapter 4.
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Abstract:

Drosophila suzukii, spotted-wing drosophila, is a fly pest of small fruits and cherries often
managed by chemical insecticides, and finding a convenient, human-safe alternative is a
challenge. Erythritol, a non-caloric sugar, is safe for humans and toxic to D. suzukii by causing
an osmotic imbalance. Combining erythritol with sucrose as a phagostimulant can enhance fly
mortality. However, sucrose is sticky when applied on plants and provides flies with nutritional
carbohydrate if a non-lethal dose is ingested. Therefore, our objective was to find a sucrose
alternative, a non-caloric sugar that also has phagostimulative properties, where the formulation
will enhance mortality, and reduce daily oviposition rates before females die. Through capillary
no-choice and choice experiments, flies fed on 0.1M sucralose (Sul) readily, and flies consumed
more 1.5M erythritol: 0.1M sucralose (E+Sul) formulation than erythritol alone. In eleven
different mortality assays, E+Sul induced mortality as did the 1.5M erythritol: 0.5M sucrose
(E+S) formulation, while E+Sul was more successful than E+S when D. suzukii could also drink
water to offset water loss. Sucralose (0.1M) itself had modest insecticidal properties, but when
combined with erythritol it increased the insecticidal effect. Both E+Sul and E+S formulations
reduced oviposition when it was directly fed to D. suzukii in a cotton wick or applied on
blueberry fruit. The latter suggests that the sugary coating on fruits has a deterrent effect. Given
the potential of E+Sul, additional studies on the effect of sucralose on fly osmolar regulation,
sugar metabolism, and field efficacy trials are underway to provide growers an efficacious tool.
Highlights:

e Sucralose combined with erythritol is phagostimulative to D. suzukii
e Erythritol and sucralose coated blueberries deter oviposition

e Erythritol:sucralose formulation induces fast mortality

Keywords: Drosophila suzukii, phagostimulant, erythritol, sucralose, pest management
1. Introduction

Erythritol, or meso-erythritol, is a sugar alcohol used in sugar substitutes such as Truvia®.
Furthermore, it can be a human-safe insecticide as it is lethal to insects such as Drosophila
melanogaster (Baudier et al. 2014, O’Donnell et al. 2018), Bactocera flies (Zheng et al. 2016),
house flies (Burgess and King 2017, Fisher et al. 2017), mosquitoes (Gilkey et al. 2018), termites
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(Caponera et al. 2019), psyllids (Wentz et al. 2020), and spider mites (Schmidt-Jeffris et al.
2021). The first studies with Drosophila suzukii, spotted-wing drosophila (SWD), confirmed
toxicity of erythritol (Choi et al. 2017, Goffin et al. 2017, Sampson et al. 2017). Further research
supported that consumption increased osmotic pressure in D. suzukii , in turn, decreasing motor
skills such as muscle contraction needed for oviposition and excretion, and leading to death after
2-3 days (Choi et al. 2019, Tang et al. 2017). Drosophila suzukii is a serious pest of berry and
cherry crops, with estimated crop losses of US$718 million annually if left uynmanaged (Bolda et
al. 2010). Finding effective management options that are non-toxic to humans that growers
readily adopt is challenging. Therefore, our goal is to improve the effectiveness of erythritol
formulations that can later be sprayed on field crops (Sampson et al. 2019).

First, erythritol formulations may be improved with a phagostimulant. Previously,
combining erythritol with sucrose was more effective in inducing mortality than erythritol alone
(Choi et al. 2017). In the same study, D. suzukii preferred sucrose over erythritol in choice
studies over the course of 72 hrs. This could be due to sucrose being sweeter or its nutrient value
which flies can learn through appetitive memory with continuous feeding (Burke and Waddell
2011, Fujii et al. 2015). Similarly, sucrose added as a phagostimulant to insecticides (Cowles et
al. 2015, Roubos et al. 2019) has increased mortality by D. suzukii . However, using sucrose as a
phagostimulant risks fueling D. suzukii with nutritional carbohydrates if flies do not ingest a
lethal amount, or may encourage microbial development on the host fruits. Thus, we aimed to
find a non-nutritive phagostimulant to replace sucrose. Since sucralose, the main ingredient in
Splenda®, is ~600x sweeter than sucrose, and safe for human consumption (Binns 2003), it has
potential as a zero-calorie phagostimulant. Our first objective examines the preferred
concentration of sucralose, and tests phagostimulation and preferences between various sugar
combinations in no-choice and choice consumption tests.

Previous studies revealed that the 2M erythritol: 0.5M sucrose formulation effectively
killed D. suzukii (Choi et al. 2017) but the solution was observed to be too viscous. To develop a
practical field formulation, a less sticky 1.5M erythritol: 0.5M sucrose formulation is considered
here since lower erythritol concentrations were similarly effective (Tang et al. 2017). Also,
survivorship of D. suzukii after consumption of sucralose alone or in formulation is unknown.
Thus, our second objective compares D. suzukii survivorship on 1.5M erythritol: 0.5M sucrose

and various sucralose formulations in eleven mortality assays.
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Erythritols’ lethality to D. suzukii is due to it being non-metabolizable and causing
hyperosmolarity (Tang et al. 2017). Hyperosmolarity in an insect body can foreseeably interfere
with physiological processes such as muscle contraction needed for digestion, excretion for
unused waste or egg laying (Choi et al. 2017). In an attempt to restore homeostasis, insects may
regurgitate or excrete excessively which results in water loss. Continuous water loss without
replenishment can cause desiccation or “shriveled” bodies as seen in erythritol-fed D. suzukii
(Sampson et al. 2017). In general, insects that drink water in a field setting could reduce the
potency of erythritol by decreasing the hyperosmotic pressure, in turn, encouraging more
excretion to rid of unused waste and bringing homeostasis back faster (Lee et al. 2021). Thus,
our second objective not only assesses survivorship on various erythritol formulations but also
survivorship on formulations in the presence/absence of water.

The serrated ovipositor of female D. suzukii allows them to attack intact fruit, thereby,
disrupting oviposition is an important target. Erythritol consumption decreases D. suzukii female
fecundity by shortening lifespan (Goffin et al. 2017, Sampson et al. 2017, Tang et al. 2017), and
altering oviposition behavior (Choi et al. 2019). The latter study examined oviposition of D.
suzukii before they died from erythritol. Previously, oviposition rates were reduced with
erythritol- or erythritol:sucrose- feeding compared to a sucrose control, which we suspected was
due to fewer eggs being produced among flies given some type of erythritol. Interestingly,
dissection of the ovaries revealed that erythritol:sucrose-fed flies laid fewer eggs but had more
eggs in their ovaries — this indicates that physiological imbalance by hyperosmotic pressure
could interfere with muscle contractions of the ovipositor needed for egg laying. Since the
impacts of sucralose feeding on oviposition are also unknown, our third objective tests how
sucralose formulations affect oviposition rates. Though not tested in Choi et al. (2019), which
compared how variously fed flies oviposited on normal berries, spraying fruit causes a sticky
surface which may deter oviposition. Our third objective also tests whether oviposition differs
from direct feeding or coating a fruit with formulations.

In Objective 1, we hypothesize that sucralose is phagostimulative, and needs only a low
concentration due to its high sweetness. In Objective 2, we propose that sucralose combined with
erythritol can be just-as or more effective in killing D. suzukii than when erythritol is combined

with sucrose, including in the presence of water. In Objective 3, we propose that feeding on
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erythritol:sucralose formulations will lower oviposition rates of females before they die, and that

the sugar coating can be deterrent. These formulations could be a practical option for growers.

2. Materials and Methods
2.1 Flies and sugar solutions
Drosophila suzukii were reared at 22°C, 16L:8D and 60% RH on a cornmeal diet (Woltz et al.
2015). Experiments were conducted with the Fi-F3 generation of flies from wild adults and were
maintained at 22°C, 16L:8D and 60% RH as well. Each year, wild adults were collected from
infested caneberries from Corvallis, Oregon throughout June to October to rear F1 progeny on
diet for experiments. As the parental generation died, F1 flies were set up in parental cages to
produce F. progeny, and later F> parents were set up to produce Fz. Emerged adult flies were
maintained in cages with water and diet until 5-days old for experimentation since they were the
most tolerant age (Choi et al. 2017).

Sugars used in this study were meso-erythritol (> 99%), sucralose (> 99 %), and sucrose
(> 99%) (Fischer Scientific, Hampton, NH). All sugar solutions were dissolved in purified water.
Sugar solution wicks or water control wicks consisted of soaked cotton in a 1.5 mL centrifuge
tube.
2.2 Sucralose concentration for phagostimulation in capillary feeding assay
To find a suitable sucralose concentration for a phagostimulant effect, the capillary feeding assay
was modified from Choi et al. (2017). Five female flies (5-6 days old) were aspirated into each
glass vial (25 mm id x 60 mm length, Thermo Scientific, Rockwood, TN) with one glass
capillary tube sitting in an inverted pipette tip, glued to a severed centrifuge tube lid (Fisherbrand
Microhematocrit Capillary tubes, 70 pl, 1.1 mm id x 75 mm height, Fisher Scientific) (Fig. 3A).
Flies were given sucralose concentrations: 0.001M, 0.01M, 0.05M, 0.1M and 0.5M or water,
with a layer of mineral oil (Thermo Scientific) above the solution to prevent evaporation. Three
identical vials filled with the corresponding solution with mineral oil layer, without flies, served
as controls to measure evaporation for each treatment. Vials were placed in a secondary plastic
container with water-soaked sponges to slow evaporation. The amount in the capillary tube was
measured using a digital caliper after 48 h by marking the capillary tube with a sharpie (markstart
and markagnr). This was replicated 15 times per treatment over several trial dates from November
25 to December 31 2020. The amount consumed was calculated using formula adapted from

(Diegelmann et al. 2017); [food uptake (uL) = (measured distance (mm)/0.9 mm) — average
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evaporation]. A generalized linear mixed model (GLMM) tested whether consumption varied by
treatment as a fixed effect, and trial as a random effect using a gamma distribution. Statistics
were analyzed in SAS 9.4 Proc Glimmix (SAS Institute 2016).

2.3 Capillary CAFE choice-test

To compare consumption when a choice of solutions is offered, the CAFE system was used with
two capillary tubes. Five female flies (5-days old) were aspirated into glass vials as described
above, per treatment. A severed centrifuge lid was modified to accommodate two capillaries with
aeration holes. Various molarities of sucrose and erythritol reflect concentrations used in dose-
dependent effects in Choi et al. (2017, 2019). Treatment solutions available for flies to feed on
were combinations: 1) water vs. 0.5M sucrose, 2) water vs. 1.5M erythritol, 3) water vs. 0.1M
sucralose, 4) 1.5M erythritol vs. 0.5M sucrose, 5) 1.5M erythritol vs. 0.1M sucralose, 6) 0.5M
sucrose vs. 0.1M sucralose, 7) 1.5M erythritol: 0.1M sucralose vs. 1.5M erythritol, or 8) 1.5M
erythritol: 0.05M sucralose vs. 1.5 M erythritol. Choice 7 and 8 tested the phagostimulative
effect of sucralose compared to erythritol alone. All trial vials were set up as described above
over several dates from February 17 to March 10, 2020. The amount in the capillary tube was
checked after 24 h. Choice tests 1-7 and choice test 8 were replicated 17 times and 13 times,
respectively with five flies in each replication. Due to erythritol inducing quick mortality, the
number of dead flies was accounted for and results reported are “consumption per fly”.
Consumption amounts as calculated above were compared in all eight choice tests with paired t-
tests, with consumption from both capillary tubes within a vial as the pair. Lastly, a GLMM
compared the consumption of erythritol:sucralose formulations in choice tests 7 and 8, with
sucralose concentration of 0.05 or 0.1 M as the fixed effect, and trial as the random effect. The
dependent variable was the consumption of the formulation divided by total consumption in the
vial [erythritol:sucralose / erythritol:sucralose + erythritol] using a binomial distribution.

2.4 Mortality

Ten different mortality assays investigated the insecticidal effect from consumption of erythritol,
sucrose and sucralose formulations. Ten adults, 5 male and 5 females (5-days old), were placed
per container, and mortality was assessed daily for 7 days. The arena type, number of replicates,
and sugar concentrations and ratios of formulations used in each assay are summarized in Table
1.
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Mortality 1 and 2 assessed whether different concentrations of sucralose induce death
when in combination with erythritol compared to a positive sucrose control. Also,
erythritol:sucralose formulations were compared to erythritol alone to test for added potency and
phagostimulation. While flies feeding on only non-nutritive sucralose are expected to die of
starvation, Mortality 3 tested whether sucralose itself has insecticidal properties by comparing
sucralosE+Sucrose formulations to sucrose alone. Mortality assays 1-3 were in conducted in a
flat-bottom vial (28 mm id x 95 mm height, Genesee Scientific, San Diego, CA), with a solution-
soaked cotton wick at the bottom of the vial.

Mortality 4-6 tested the efficacy of two less viscious formulations than the previously
used 2M erythritol: 0.5M sucrose (Choi et. al 2019) in different sized arenas; a flat-bottom vial
where fly mobility is limited (Mortality 4), a 946 mL (32 o0z.) cup (Mortality 5), and a plastic
cage (L23x W23 x H26 cm) where flies could fly (Mortality 6). In the cup, the solution-soaked
cotton wick was hung from the lid with a wire. In the cage, the solution wick was placed
sideways on the bottom. Wicks were replaced on day 4 to ensure the sugar was not crystalized in
the cup and cage arenas.

Mortality 7 and 8 tested whether formulations still induce mortality when flies have
access to water, with assays done in a 532 mL (18 0z.) cup. Each cup had one water wick and
one treatment wick suspended from the top with wire. Mortality 9 compared mortality from
consumption of erythritol formulations with and without water access, with assays done in a 946
mL cup. Wicks were replaced on day 4. Mortality 10 examined mortality from formulations
when there is simultaneous access to 0.5M sucrose. Each cup had one 0.5M sucrose wick and
one treatment wick suspended from the lid. Mortality 11 compared E+Sul and E+S formulations,
sucrose or water to confirm that formulations induce death quicker than by starvation and
support that formulations are phagostimulative. This has been confirmed with prior
erythritol:sucrose formulations (Choi et al. 2017), but not for erythritol:sucralose.

In all mortality assays, the cumulative proportion of flies dead per day was compared in a
GLMM, with treatment, day and their interaction as fixed effects, and treatment*replicate (i.e.,
specific vial) and date initiated as random effects. Because non-independent observations were
made daily from each treatment*replicate, an autoregressive correlation structure was used for

repeated measures. An appropriate error distribution was selected (i.e., binomial), and a Tukey
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HSD separated means. For visualization, survivorship curves (the inverse of mortality) are

shown, such that it is clear that no flies have survived when curves go to zero.

2.5 Oviposition

Oviposition 1 was a no-choice study testing whether treating berries with erythritol or sucralose
reduced oviposition. Berries were dipped in: 1) water, 2) 0.1M sucralose, 3) 2.0M erythritol:
0.5M sucrose (older formulation in Choi et al. 2019, Tang et al. 2017), 4) 1.5M erythritol: 0.1M
sucralose (E+Sul), or 5) water and presented alongside a vial of E+Sul in a 1.5 ml centrifuge tube
plugged with cotton. In each replicate, 10 berries were dipped, air dried for 30 minutes, and
placed in a L23 x W23 x H25 cm plastic cage with a water wick in a 59 mL (2 0z.) cup with a
soaked sponge. Each cage had 5 female and 4 male D. suzukii that were 5-12 days old to provide
reliable oviposition. After 24 h, berries were removed, and eggs laid on the berries were counted
under a microscope. Then berries were reared for 2 weeks to monitor development. Treatments
were replicated 15 times. The number of eggs laid, and proportion of eggs developing to adults
were tested separately as dependent variables. In a GLMM, treatment was a fixed effect, and trial
date as a random effect using a Poisson or binomial distribution. A Tukey HSD separated means.

Oviposition 2 was a choice study testing whether females preferentially laid eggs on
berries that were untreated or treated with erythritol formulations. In each cage, 5 water-dipped
berries were placed ~10 cm from 5 berries dipped in: 1) 1.5M erythritol: 0.5M sucrose (E+S), or
2) E+Sul. The experiment was set up as in Oviposition 1 using the same cages, water wicks and
fly description. After 24 h, eggs on berries were counted, and berries were reared to monitor
adult emergence. Treatments were replicated 15-16 times over. The number of eggs laid was
compared in a paired t-test, choices from the water- or treated berry in the same cage were a pair.
The proportion of eggs surviving to adulthood was compared in a GLMM with treatment as a
fixed effect, and date as a random effect with a binomial distribution.

Oviposition 3 was a no-choice study testing whether females fed sugar solutions laid eggs
differently when berries were untreated or treated with the same sugar solution. In each cage, 5
females and 4 males as described earlier were provided: 1) E+S vial & water-dipped berries, 2)
E+S vial & E+S berries, 3) E+Sul vial & water berries, 4) E+Sul vial & E+Sul berries, 5) sucrose
vial & water berries, or 6) sucrose vial & sucrose berries. Five berries and a water wick were

placed in each cage. After 48 h, berries were removed for egg counting. All treatments were
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replicated 15 times. The number of eggs laid was compared in a GLMM with vial, berry
treatment (water vs. sugar) and the interaction as fixed effects, and date as a random effect with a
Poisson distribution. Since differences between sugar- and water-dipped berries were most
interesting among flies given the same food; treatments were compared by LSMeans sliced by
vial treatments.

3. Results

3.1 Sucralose concentration for phagostimulation in capillary feeding assay

The no-choice capillary feeding results showed that consumption varied among treatments
(GLMM Fs33=5.60, P=0.0008). The quantities of 0.05M, 0.1M and 0.5M sucralose concentration
consumed were similar to the quantity of water consumed which shows that there is no aversion
to sucralose (Fig 1b).

d ii 2.0 - a
= m ab
el 2 16 -
N )
= abc
s ERTY &
evapotation  f— 9
N &
i E 08
g
}m g 0.4 be
<
g
<

0.001 Sul 0.01 Sul 0.05Sul 0.1 Sul 0.5Sul water

Figure 1. Testing the feeding preference of D. suzukii for sucralose in a CAFE system (A), and average
amount consumed per vial in 48 h when various molar concentrations of sucralose (Sul) or water were
provided (B); different letters denote statistical significance (*P <0.05) by Tukey HSD.

3.2 Capillary feeding choice-test

Between the choice of sucrose or water in Choice 1, flies preferred to feed on sucrose (paired t-
test *P <0.0001). In Choice 2 and 3, there was no significant preference between water or
erythritol (P=0.259), and water or sucralose (P=0.149), again confirming no aversion. When
given the choice between sucrose and non-nutritive sugars, flies preferred sucrose over both
erythritol (P* <0.0001) in Choice 4, and sucralose (*P <0.0001) in Choice 6. There was no
preference when given choice between erythritol and sucralose (P=0.354) in Choice 5. Choice 7

and 8 tested erythritol alone versus two formulations of erythritol: sucralose to confirm that
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sucralose was phagostimulative. When given choice between 1.5M erythritol alone and a
erythritol:sucralose formulation, flies preferred to feed on the 1.5M erythritol: 0.1M sucralose
solution (P=0.030) and 1.5M erythritol: 0.05M sucralose (P=0.012) (Fig. 2). Further analysis
showed that there was no difference between 0.1M and 0.05M sucralose concentrations, in terms

of the proportion consumed relative to total consumption in the vial (GLMM F123=1.8, P=0.191).
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Figure 2. Average consumption per D. suzukii fly after 24 h when given a choice between two sugar
solutions; E:0.1Sul = 1.5M erythritol: 0.1M sucralose, E:0.05Sul = 1.5M erythritol: 0.05M sucralose.
Asterisks denote significant difference by paired t-test (*P <0.05).

3.3 Mortality

Statistics for all mortality assays are in Table 1, and graphs not shown in the manuscript are in
Supplementary data. Two formulations repeatedly tested are abbreviated in the results as E+S
(1.5M erythritol: 0.5M sucrose), and E+Sul (1.5M erythritol: 0.1M sucralose).

Mortality 1 assay showed that D. suzukii died within 4 days after consuming any formulation
containing erythritol:sucralose, whereas D. suzukii lived to 5 days after consuming 0.5M
erythritol alone. The formulations of 2M E: 0.1M Sul and 1.5M E: 0.1M Sul induced the fastest
mortality, dying on average, within 36 h (Fig. 3a). Since the 0.1M sucralose concentration was
comparable to the 0.05M in causing phagostimulation (Fig. 2), and the 0.1M sucralose in the
erythritol formulation elicited quick mortality, 0.1M sucralose was further tested in the
formulation ‘E+Sul’. Mortality 2 assay continued testing various sucralose concentrations with

erythritol. Formulations with 1.5M erythritol fared similarly as with 2M erythritol when
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sucralose was present at 0.1M or 0.01M concentrations (Fig. S1). Because 2M erythritol is
stickier than 1.5M erythritol, subsequent assays used 1.5M erythritol, or E+S. In Mortality 3, D.
suzukii died quicker when fed sucralose combined with 0.5 M sucrose compared to 0.5 M
sucrose alone, with 69% compared to 83% survival after 7 days (Fig. S2). This shows that
sucralose is modestly, though not highly toxic, to D. suzukii. A sucralose: sucrose formulation
was no longer explored for inducing mortality.

Mortality 4-6 assessed D. suzukii survival with E+S, E+Sul, 0.5M erythritol or 0.5M
sucrose in various sized arenas (Fig. 3b-d). In Mortality 4, where flies were in close proximity in
a vial, E+Sul-fed flies died the quickest, followed by erythritol-fed and then E+S-fed flies, all
dying within 2-4 days in comparison to the positive control sucrose. In Mortality 5 where flies
were in 532 mL cups, with space to expel energy, E+S-fed and E+Sul-fed flies died quickest,
within 2 days. In Mortality 6, flies in a cage had space to fly; E+S-fed and E+Sul-fed flies died
quickest, within 24 h. These data show that with increased physical activity, death after
consumption of erythritol and sucralose formulations is expedited.

Mortality 7 and 8 tested mortality when a separate water source is present with the
solutions, and Mortality 9 compared mortality with or without a water source in the cup arena.
With a water source present, Mortality 7 showed death within 3-4 days with erythritol alone and
E+Sul formulation (Fig. S3a). Notably, E+S-fed flies survival decreased by only 33% within 7
days compared to sucrose controls. Mortality 9 showed that survivorship of D. suzukii
significantly increased with water present than absent (Fig. 3e). About 34% more flies survived
in E+Sul, and 79% more flies survived in E+S treatments with water by Day 2 than without
water. Together, these results confirm that in the presence of water, E+S solutions are not as
effective in killing D. suzukii than the zero-calorie E+Sul formulation. In Mortality 8, sucralose,
water or erythritol alone, all killed D. suzukii within 4 days when in the presence of water (Fig.
S3b). This is expected as these three solutions do not provide flies with nutrition. In Mortality
10, flies survived near 100% when given E+S, E+Sul or erythritol alone with a separate sucrose
solution present. This suggests that D. suzukii may readily feed on sucrose if available. In
Mortality 11, flies died quickest on E+S and E+Sul formulations with all dead by 4 days, and
died slower on water over 7 days, and all survived on sucrose (Fig. 3f). This confirms that
formulations induce faster death than starvation alone, and supports that formulations are

phagostimulative.
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Figure 3. Survivorship of D. suzukii after consumption of various ratios of erythritol: sucralose in
comparison to control (0.5M sucrose) in Mortality 1 experiment (A) (sucrose=S, erythritol=E,
sucralose=Sul); the same four treatments compared in a vial in Mortality 4 (B), 32 oz. cup in
Mortality 5 (C), and cage in Mortality 6 (D); comparisons between formulations in the presence or
absence of a separate water source in a cage (E); comparisons between formulations, water or
sucrose in vial, Mortality 11 (F). Different letters denote (*P <0.05) differences by Tukey HSD.
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Table 1. Summary of experimental trials, replicates, treatments, and statistics from D. suzukii mortality
assays from order of high to low mortality, or low to high survival (E = erythritol, S = sucrose, Sul =

sucralose).
Exper. Arena, Treatments (molar conc.) Tukey* Effects F (NDF, P
Reps DDF)
Mort. 1 Vial 2E: 0.1 Sul a Treatment 365.3 8, 59 <0.001
8 reps 1.5 E: 0.1 Sul (E+Sul) a Day 1380 6, 381 <0.001
2E:05S ab Treat*day 34 48, 381 <0.001
2 E: 0.01 Sul bc
0.1 Sul bed
0.5 Sul cd
1.5E: 0.5 Sul d
0.5 Erythritol e Fig. 3 shows treatments in reverse from highest
0.5 Sucrose f to lowest survival
Mort. 2 Vial 2 E: 0.01M Sul a Treatment 314.2 9,30 <0.001
4 reps 2 Erythritol ab Day 480.3 6, 180 <0.001
2 E: 0.002 Sul abc Treat*day 10.4 54, 180 <0.001
2E: 0.1 Sul abc
1.5 E: 0.1 Sul (E+Sul) abc
1.5 E: 0.01 Sul abc
1.5 Erythritol bdc
1.5 E: 0.002 Sul cd
0.5 Erythritol d
0.5 Sucrose e
Mort. 3 Vial 0.1 Sucralose a Treatment 145.0 4,40 <0.001
9 reps 0.5 Erythritol a Day 914 6, 240 <0.001
0.1S:0.1Sul b Treat*day 15.1 24, 240 <0.001
0.5S:0.1 Sul bc
0.5 Sucrose c
Mort. 4 Vial 1.5 E: 0.1 Sul (E+Sul) a Treatment 460.5 3,28 <0.001
8 reps 0.5 Erythritol ab Day 366.8 6, 168 <0.001
15E: 0.5S (E+S) b Treat*day 40.2 18, 168 <0.001
0.5 Sucrose c
Mort. 5 946 mL cup 15E:05S (E+S) a Treatment 145.2 3,28 <0.001
8 reps 1.5 E: 0.1 Sul (E+Sul) a Day 97.3 6, 168 <0.001
0.5 Erythritol b Treat*day 8.88 18, 168 <0.001
0.5 Sucrose c
Mort. 6 Cage 15E: 05 S (E+S) a Treatment 475 3,38 <0.001
12 reps 1.5 E: 0.1 Sul (E+Sul) a Day 454 6, 223 <0.001
0.5 Erythritol a Treat*day 2.74 18,223 0.0003
0.5 Sucrose b
Mort. 7 532 mL cup 1.5 E: 0.1 Sul (E+Sul) + water a Treatment 918.1 3,32 <0.001
10 reps 0.5 Erythritol + water b Day 413.8 6, 192 <0.001
1.5 E: 0.5 S (E+S) + water c Treat*day 108.3 18, 192 <0.001
0.5 Sucrose + water c
Mort. 8 532 mL cup 0.1 Sucralose + water a Treatment 1836.8 3 <0.001
7 reps 0.5 Erythritol + water a Day 664.8 6 <0.001
Water + water a Treat*day 74.5 18 <0.001
0.5 Sucrose + water b
Mort. 9 946 mL cup 1.5 E: 0.1 Sul (E+Sul) a Treatment 66.8 1,28 <0.001
8 reps 15E:05S (E+S) ab Moisture 138.7 1,28 <0.001
1.5 E: 0.1 Sul (E+Sul) + water b Treat*moist 56.9 1,28 <0.001
1.5E: 0.5 S (E+S) + water o Day 7.92 6, 162 <0.001
Treat*day 1.72 6, 162 0.1184
Moist*day 7.66 6, 162 <0.001
Tr*mo*day 6.0 6, 162 <0.001
Mort. 10 532 mL cup 05S+05S ns Treatment 0.15 3,26 0.9266
8 reps 15E:05S (E+S)+05S Day 217 6, 162 0.0482
05E+05S Treat*day 1.13 18, 162 0.3315
1.5 E: 0.1 Sul (E+Sul) +0.5S
Mort. 11 Vial 15E:05S (E+S) a Treatment 314.9 3,44 <0.001
12 reps 1.5 E: 0.1 Sul (E+Sul) a Day 165 6, 264 <0.001
Water b Treat*day 24.2 18, 264 <0.001
05S ©

! Letter indicates highest rate of mortality for treatments denoted by ‘a” and decreasing rates.
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3.4 Oviposition

In Oviposition 1 under no-choice, there was a significant effect of treatment in 24 h (F 4,6.=38.6,
*P <0.001), and the fewest eggs laid with berries dipped in 2M E: 0.5M S, a 74% reduction
compared to the water-dipped berries (Fig. 4a). A 26% and 39% reduction in eggs laid was also
found with untreated berries presented next to a vial of E+Sul and berries dipped in E+Sul,
respectively.

Berries dipped in sucralose alone did not show a reduction. This supports that direct feeding on
the E+Sul solution or treating berries in the solution lowers oviposition in 24 h. The proportion
of D. suzukii eggs in these berries surviving to adulthood was also impacted by treatment (Fa,59 =
4.01, P=0.006), with highest percent survival in berries dipped in E+S or E+Sul versus water
(65%, 59% and 45% mean survival, respectively). This result is probably due to the lower
densities of eggs laid in treated berries, and hence higher survivorship. In any case, these results
show that treating berries with erythritol formulations will not further lower development rates
inside the berry. The main impact of the formulations is by preventing oviposition.

In Oviposition 2 under choice conditions, D. suzukii laid 70% and 44% fewer eggs on
berries treated with E+S or E+Sul than treated with water in 24 h (paired t-test, P=0.0085,
P=0.014, respectively, Fig. 4b). This shows a preference to lay eggs on non-sticky berries. The
proportion of eggs surviving to adulthood was not different between water versus E+S-dipped
berries (F1,123 = 1.01, P=0.32) and marginally higher in E+Sul-dipped berries than water-dipped
berries (70% and 38% mean survival, respectively, F1,15=3.8, P=0.071). Like Oviposition study
1, this difference may reflect the lower density of D. suzukii eggs laid in treated berries, and
higher survivorship. Again, there is no evidence that treating berries with erythritol will inhibit
larval development.

In Oviposition 3 under no-choice, the solution given to D. suzukii in a vial, whether the
berry was dipped in solution or water, and their interaction all affected the number of eggs laid in
48 h (Vial solution F2,76 =8.4, *P <0.001, Berry dipping F1,76 = 54.5, *P <0.001, Vial*berry F2 76
= 4.5, *P=0.014). The sliced LSMeans comparisons were significant, where sugar- versus water-
dipped berries were compared separately for each sugar vial treatment. Notably, flies that fed on
E+S in vials laid 55% fewer eggs on E+S-dipped than water berries, flies fed sucrose laid 41.3%

fewer eggs on sucrose-dipped than water berries, and flies fed E+Sul laid 23.4% fewer eggs laid
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on E+Sul-dipped than water berries (Fig. S4). Dipping berries in some type of sugary solution,
whether detrimental or not, deterred oviposition.
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Figure 4. Mean number of eggs laid by D. suzukii females in variously treated blueberries (A), in treated
versus water-dipped blueberries in choice cages (B); E+Sul = 1.5M Erythritol: 0.1M Sucralose, E+S =
1.5M Erythritol: 0.5M Sucrose. Different letters denote differences by Tukey HSD, and asterisks denote
significant difference by paired t-test (*P <0.05).

4. Discussion

This study aimed to find a non-nutritive phagostimulant to replace sucrose in a previously
researched erythritol:sucrose formulation using sucralose. By confirming enhanced feeding rates,
quickened mortality, and reduced oviposition rates, sucralose is a suitable sucrose alternative. In
capillary feeding assays, D. suzukii consumed 0.05M sucralose alone the most, followed by 0.1M
over very light concentrations of 0.001 and 0.01M sucralose. Consumption of all concentrations
of sucralose were comparable to water which means that sucralose is not as enticing as sucrose
is, but flies were not deterred from feeding on it. In the capillary CAFE choice tests D. suzukii
preferred sucrose over both erythritol and sucralose which was anticipated because Drosophila
can sense differences in nutritive value (Fujii et al. 2015). Moreover, in choice tests between
erythritol alone vs. erythritol:sucralose formulations, flies preferred to feed on formulations
containing either 0.1M or 0.05M sucralose. While sucralose is not enticing alone, it elicits more
feeding when combined with erythritol. Our mortality assays revealed that erythritol
formulations with 0.1M sucralose were quickly detrimental in nine studies that included the

E+Sul formulation. Four studies showed that flies fed E+Sul died quicker than erythritol alone,
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and lastly, flies fed E+Sul died quicker than by starvation on water. These feeding and mortality
results support the hypothesis of sucralose being phagostimulative, and a 0.1M sucralose
concentration as appropriate.

To compare formulations, E+S (1.5M erythritol: 0.5M sucrose), E+Sul (1.5M erythritol:
0.1M sucralose), erythritol (1.5M) alone, and sucrose (0.5M) alone, were given to D. suzukii in
different-sized arenas. E+Sul consistently induced total mortality within 2-4 days. Flies survived
longer with E+S solutions in a vial-sized arena, though when placed into an area where they
could move more or fly, there was no differences detected in mortality rate between E+S and
E+Sul fed flies. Flies that were in a cage arena had lower survival rates in all treatments in
comparison to smaller arenas like a plastic vial or 946 mL cup. A cage setting could allow more
energy expenditure as experienced in field settings; all treatments containing erythritol (E+S,
E+Sul and erythritol alone) induced mortality within 48 h. A previous trial questioned whether
erythritol would still be detrimental while flies had access to wounded fruits. Choi et al. (2019)
showed that erythritol:sucrose-fed flies still died quicker compared to sucrose-fed flies; it can be
assumed that E+Sul will still be detrimental to D. suzukii survival in a natural setting where
competing sugar sources are available. Field trials with other erythritol formulations likewise
demonstrate efficacy in field settings (Sampson et al. 2017, 2019).

Efforts to understand the physiological processes of what makes erythritol toxic to insects
suggests that consumption causes hyperosmolarity of the insect hemolymph. Excretion is the
only means to rid of non-nutritive sugars when erythritol cannot be metabolized. (Tang et al.
2017) showed that erythritol-fed flies excreted more often than sucrose-fed flies. The amount of
erythritol present in frass of flies was lower than in the hemolymph; indicating metabolic process
may have been hindered because of high osmotic pressure. The digestive processes in
Drosophila spp. is completed in the midgut and related to the rate of the crop emptying
(Lemaitre and Miguel-Aliaga 2013). It is possible that non-metabolizable erythritol slows crop
emptying, permitting faster diffusion into the hemolymph instead of processing through to the
hindgut for excretion (Bernays and Simpson 1982). Choi et al. (2017) suggested that more water
is required to dilute and decrease osmotic pressure, encouraging more excretion to rid of unused
carbohydrate molecules. Our mortality assays also investigated whether E+S or E+Sul
formulations are still effective when water is present. Several experiments showed that, while

still effective, erythritol formulations kill D. suzukii slower when water is available. Notably,
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when in the presence of a water source, the E+S formulation is not as effective in killing D.
suzukii as the zero-calorie E+Sul formulation. The CAFE choice tests also shed light on the role
of sucralose. When given a choice between non-nutritive sugars or water, there was no
significant difference between consumption of water vs. erythritol, or water vs. sucralose. Like
erythritol, sucralose is not consumed more than water, or feeding on it may induce water feeding
to bring homeostasis. It is possible that sucralose also causes some physiological imbalance due
to it being a non-caloric sugar that flies are unable to metabolize. More information on
physiological processes involved in sucralose metabolism, with and without erythritol, are being
investigated.

Our three oviposition experiments support that erythritol formulations given to flies in
some form will reduce oviposition. First, when flies were fed E+Sul in solution and given
normal berries, they laid fewer eggs. This confirms Choi et al. (2019) where lowered oviposition
occurred on normal berries among flies fed erythritol or erythritol:sucrose. Interestingly, ovarial
dissection revealed that flies fed erythritol-sucrose had more eggs in their ovaries — the fact that
they had an ample egg supply indicates that feeding on erythritol somehow inhibits the
oviposition process. Next, our second and third oviposition studies suggest that coating berries
with erythritol creates a deterrence effect. In choice tests, D. suzukii preferred to lay on untreated
berries than berries dipped in E+S or E+Sul. When flies were consistently fed E+S in a vial, a
55% reduction in oviposition occurred when flies were given E+S-dipped berries than normal
(water) berries in no-choice tests. Previously, Goffin et al. (2017) tested egg laying ability on
erythritol-infused agar media and found that erythritol is repellent, even in no-choice conditions.
Lastly, our results suggest that surface-treating berries with erythritol did not reduce survival of
D. suzukii developing inside. Previously, erythritol was found to have larvicidal properties on D.
suzukii (Goffin et al. 2017, Sampson et al. 2019) and D. melanogaster (O’Donnell et al. 2018). In
those studies, erythritol was mixed into media and was toxic to developing D. suzukii . The lack
of impact in our studies may show that erythritol applied on the blueberry skin may not leach
into the fruit to substantially affect developing larvae.

Based on eleven mortality assays and three oviposition tests, erythritol clearly has
insecticidal and reproductively suppressive effects on D. suzukii adults when applied with
sucrose or sucralose. Our feeding preference and mortality assays support sucralose as a

phagostimulant that will increase and hasten D. suzukii mortality. To further develop these
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formulations for practical use, current research is investigating field efficacy in cherry and
blueberry fields, impacts on plant health and impacts on non-target insects since sugar sprays are
used to attract beneficials (Wade et al. 2008). Erythritol is not notably harmful to predatory mites
(Schmidt-Jeffris et al. 2021) and adult honeybees (Choi et al. 2019) in laboratory assays.
Erythritol has shown phytotoxicity in corn and tomato (Scanga et al. 2018), and further studies
are needed to clarify whether erythritol negatively impacts host plants of D. suzukii .
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Figure S1. Testing impact of various ratios of erythritol with lower concentrations of sucralose
formulations on survival of D. suzukii , (sucrose=S, erythritol=E, sucralose=Sul) (Mortality 2
experiment); different letters denote (*P <0.05) differences by Tukey HSD.
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Figure S2. Testing impact of various ratios of sucralose (Sul): sucrose (S) formulations on survival of D.
suzukii (Mortality 3 experiment); different letters denote (*P <0.05) differences by Tukey HSD. Asterisk
shows difference on day 7; treatment*day interactions were significant.
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erythritol=Ery, sucralose=Sul; different letters denote differences by Tukey HSD.
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Abstract: The non-nutritive sugar, erythritol, has the potential to be a human-safe management
tool for the small fruits and cherry pest, Drosophila suzukii, or spotted-wing drosophila. Feeding
on erythritol decreases fly survival and oviposition by starving and creating an osmotic
imbalance in the body. Recently, we demonstrated that erythritol combined with another non-
nutritive sugar, sucralose, was fed upon more than erythritol alone and hastens D. suzukii
mortality. This suggests that sucralose is a suitable non-nutritive phagostimulant alternative to
sucrose. Although promising, the nutritional and physiological impacts of sucralose on D. suzukii
are unknown. In this study, we investigated whether sucralose is metabolized or excreted by D.
suzukii when fed various erythritol, sucrose, and sucralose formulations. We found that sucralose
cannot be metabolized or converted into any nutritional substitutes or storage carbohydrates in D.
suzukii. Instead, sucralose molecules were largely accumulated in the hemolymph and slowly
excreted from the body, creating a significant osmotic imbalance in D. suzukii. To excrete
unused sugars, flies will use their own body fluids to restore homeostasis, resulting in losing a
substantial amount of body weight and becoming desiccated in the process. In summary,
ingesting sucralose leads to starvation and hyperosmotic pressure in the body, causing a decrease
in fitness. With confirmation of sucralose being non-metabolizable and phagostimulative to D.

suzukii, the erythritol+sucralose formulation is a promising insecticide for growers to use.

Keywords: Non-nutritive sugars, sucralose, erythritol, spotted-wing drosophila, insecticide
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Introduction

Zero-calorie artificial sweeteners such as erythritol, the main ingredient in Truvia®, and
sucralose, the main ingredient in Splenda®, are used as sugar substitutes that are safe for humans
to consume (Tetzloff et al. 1996, Storey et al. 2007). Recently, erythritol has been demonstrated
to have insecticidal properties against various insect species: Drosophila melanogaster (Baudier
et al. 2014, O’Donnell et al. 2016, 2018), Bactocera dorsalis (Zheng et al. 2016), D. suzukii
(Choi et al. 2017, Goffin et al. 2017, Sampson et al. 2017, 2019, Tang et al. 2017), Musca
domestica (Burgess & King, 2017; Fisher et al. 2017), Stomoxys calcitrans (Burgess & Geden,
2019), Aedes aegypti (Gilkey et al. 2018), Cacopsylla pyricola (Lee et al. 2021; Wentz et al.
2020), and Tetranychus urticae (Schmidt-Jeffris et al. 2021).

Sucrose is a commonly used as a phagostimulant or substance to enhance consumption.
When combined, sucrose increases the efficacy of insecticides or toxic baits to fly pests because
flies are enticed to feed more frequently (Allan, 2011; Cowles et al. 2015; Roubos et al. 2019;
Tochen et al. 2014). However, adding sucrose fuels the insects with a nutritional carbohydrate or
may encourage microbial development on the sprayed fruits. Erythritol has been demonstrated as
a phagostimulant candidate to replace sucrose in the entomopathogenic fungus for the house fly
(Burgess, Johnson, & Geden, 2018), and in insecticides used in D. suzukii management
(Gullickson et al. 2019). However, the sweetness of erythritol is 30% less than sucrose (Perko
and DeCock 2008). It is consumed less according to Choi et al. (2017), where flies preferred
sucrose more than erythritol in choice-conditions and erythritol might not be perceived as sweet
to D. suzukii like observed in the fire ant (Vander Meer et al. 1995).

To find an alternative to sucrose, we focus on sucralose, which is ~600x sweeter than
sucrose (Binns, 2003). In 16 previous feeding preference, survivorship, and oviposition trials, we
confirmed sucralose to have insecticidal and phagostimulative properties (Price et al. 2021).
Those trials showed that D. suzukii fed up to 40% more on erythritol+sucralose formulations
than on erythritol alone. Also, the 1.5M erythritol+0.1M sucralose was most efficient in killing
flies within one to two days without water access and within three days when flies had
simultaneous access to water. Presence of water aids homeostasis to the fly body (Lee et al.
2021). Without water, flies have difficulty restoring homeostasis and regurgitate or excrete
excessively to expel the non-metabolized sugars; this behavior causes water loss. Continuous

water loss without replenishment can desiccate and “shrivel” the bodies as seen in erythritol-fed
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D. suzukii (Sampson et al. 2017). Consumption of non-metabolizable erythritol is toxic to D.
suzukii because it starves and creates hyperosmotic pressure in the fly body, in turn, interfering
with the ability to contract muscles needed for oviposition and excretion (Choi et al. 2017; Tang
etal. 2017).

Drosophila suzukii, is a damaging pest to berries and cherries; potentially costing an
annual $511 million if left unmanaged in the Pacific Northwest, United States (Bolda et al.
2010). Major control methods for this pest currently rely on chemical insecticides, which can be
detrimental to human and environmental health (Haviland and Beers 2012, Walsh et al 2011,
Ansari et al. 2014). Finding alternative management options to replace these insecticides and
efficiently control D. suzukii populations is a challenge. Erythritol combined with sucralose is a
promising management option since our past laboratory feeding trials indicate that the
erythritol+sucralose combination and sucralose alone have insecticidal and phagostimulative
effects on D. suzukii (Price et al. 2021).

In this study, we investigated the nutritional and physiological impacts of sucralose on
Drosophila suzukii. First, we tested if sucralose is metabolized or digested in D. suzukii by
quantifying sucralose levels in the hemolymph and frass of flies fed various sugar formulations.
Secondly, we directly examined fly weight gain, consumption volume and amount of frass
droplets excreted when fed those various formulations. Thirdly, we determined whether
sucralose can be converted to a long chain carbohydrate such as glycogen or affected nutrient
reserves in D. suzukii though the anthrone and vanillin assays.

Materials, Methods, and Statistics

Flies, sugars, and sugar alcohols

Drosophila suzukii were maintained with the standard rearing methods and diet described
by Woltz et al. (2015), at an average 23 + 5 °C under a photoperiod of L:D 16:8 h, and a relative
humidity of 50 + 5% at the Horticultural Crops Research Unit, USDA-ARS in Corvallis, Oregon,
USA. All experiments were also conducted at the conditions above. Tested flies were the F1and
F2 generation from wild type parents. Wild type parents originated from infested berries, not
previously treated with insecticides, in Corvallis, Oregon collected in July-September 2020. Only

females were utilized in this study because they are the target sex, although digestive metabolism
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between D. suzukii sexes are similar (Tochen et al. 2016). Emerged adult flies were maintained
in cages with water and diet until 5-days old for experimentation. This age is the most tolerant in
prior erythritol studies (Choi et al. 2017). Sugars and polyols used in this study were D-Glucose
(>99%), D-mannitol (>99%), D-trehalose (>99%), meso-erythritol (>99%), sucralose (>99 %),
and sucrose (>99%), purchased from Sigma-Aldrich (St. Louis, USA). All compounds were

dissolved in distilled water.

Preparation of hemolymph and frass from flies

Flies were starved for 24 h prior to experiments. Ten flies were introduced into each
plastic vial (3 cm diam. x 10 cm long) to feed on four equimolar treatment solutions: 0.5M
sucrose, 0.5M erythritol+0.5M sucrose (E+S), 0.5M sucrose+0.5M sucralose (S+Sul), and 0.5M
erythritol+0.5M sucralose (E+Sul) solutions for 24 h. Each test was replicated four times per

treatment.

Methods for collecting and quantifying frass of flies were modified from Tang et al.
(2017). To collect frass from flies, each plastic vial was lined with the glossy side of transparent
laminate film (4.5 cm x 8, Swingline EZuse thermal laminate size 3 mil, Lincolnshire, Illinois).
While flies were able to feed on solutions from a cotton wick soaking in a 1.5 ml conical tube,
the flies deposited their frass on the glossy lining of the wall. After 24 h, the lining was removed
from the vial using forceps. Twenty frass spots of relatively similar size and twenty empty spots,
as a control, were marked on the opposite side of the film under light and magnification. Then, 2
pl of purified water was dropped on each frass or empty dot, gently washed by pipetting, and
finally transferred into 20 pl purified water. This step was repeated to collect 20 fecal dots. The
samples were stored in —20 °C until the derivatization process prior to gas chromatography-mass

spectrometry (GC-MS) analysis.

Collecting hemolymph from the flies fed sugars was modified from the method described
by MacMillan and Hughson (2014). To collect hemolymph, each vial containing ten fed-flies
were immobilized on ice. Each fly was removed from the vial using forceps and placed head-first
into a modified pipette tip. The constructed apparatus (Fig. 1A) allowed air pressure to lodge the
fly body into the end of the pipette tip with the head protruding from the tip. Each antenna was
amputated using forceps, after which a hemolymph droplet immediately formed (Fig. 1B, C).

Hemolymph droplets were then collected into a microhematocrit capillary tube (70 pl, 1.1 mm id
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x 75 mm height, Fisher Scientific). After hemolymph was collected from all flies within a vial, it

was transferred from the glass capillary tube into a conical tube with 2 pl pure water and stored

at —20 °C until the GS-MS analysis below.

3 n.

Figure 1. Photo of hemolymph extraction experimental set up and procedure (A), Drosophila suzukii
lodged into pipette tip with air pressure (B), and hemolymph droplet formed after amputation of antenna

(©).

Analysis of sugars in hemolymph and frass using GC-MS

Derivatization of the sugars collected from hemolymph and frass was conducted
according to Wahjudi et al. (2010). Mannitol (1 pg) was added in each sample as an internal
standard (1S) (Fig S1). First, 100 pl of methoxylamine hydrochloride (0.18 M in pyridine) was
added to each sample and heated at 70 °C for 1 h. Then, 100 pl acetic anhydride was added and
heated under 45 °C for 1 h. The end products were left to air dry in a fume hood. Samples were
dissolved with 50 pl ethyl acetate prior to GC-MS and GC-FID analysis.

All sugar and polyol derivatives made by standard sugars were determined by their
molecular structures and retention times first by a GC (7890B, Agilent Technologies, Santa
Clara, CA) equipped with a MS (5977B, Agilent Technologies) and a HP-5MS column (30 mx
0.25 mmlID, 0.25 um film thickness; Agilent). Helium was the carrier gas. The oven temperature
was programmed at 80 °C for 1 min, increased to 300 °C at 10 °C/min, and held for 10 min.

Injector temperature was 250 °C. Then, sugars collected from the hemolymph and frass samples
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were processed for sugar derivatization, and identified by the GC-FID equipped with a HP-5MS
column (30 m x 0.25 mm ID, 0.25 um film thickness; Agilent) using the same retention times
determined by the GC-MS with carrier gas helium. The oven temperature was programed as
above. Each sugar from the sample was quantified by comparing its area with the area of the IS.
Thus, the concentrations are not absolute but, instead, relative to the IS. Sugar content in frass
had many undetected sugars so no analysis was done. For flies fed sucrose, the resulting
hemolymph levels of sucrose, glucose, or trehalose (effect) were compared using a normal
distribution. Since multiple measurements come from each fly, each fly was a random effect.
Similar analyses were done for flies fed E+S, S+Sul, and E+Sul with resulting hemolymph

sugars Statistics here and below were analyzed in SAS 9.4 Proc Glimmix (SAS Institute 2016).

Measurement of body weight gain, sugar consumption and frass excretion in no-choice
capillary feeding assay

To measure body weight gain, ten flies were starved 24 h prior, then aspirated into each
plastic vial (3 cm x 10 cm L) and weighed. Flies were able to feed on equimolar treatment
solutions described above: 1) sucrose, 2) E+S, 3) S+Sul and 4) E+Sul solutions from a cotton
wick for 24 h then transferred to a clean vial and weighed again. Transferring flies to the clean
vial ensured that any frass excreted was not included in final weight. This was repeated five
times over two trial dates. Weight gain of flies within each vial was measured using an analytical

scale (OHAUS®, Parsippany, New Jersey) and averaged per fly.

To measure sugar consumption and frass excretion, a no-choice capillary feeding assay
modified from Choi et al. (2017) was conducted. Flies were starved 24 h prior to
experimentation. Five flies were introduced into each plastic vial (3 cm x 7 cm L) with a plastic
lid punctured to hold one glass capillary tube and one aeration hole. Each vial was lined with the
glossy side of transparent laminate film as described above. Flies were given solutions listed
above for 24 h. A layer of mineral oil (Thermo Scientific) was inserted to each capillary above
the solution to prevent evaporation. The identical vials filled with the corresponding solution
with mineral oil layer, without flies, served as controls to measure evaporation for each
treatment. Vials were placed in a secondary plastic container with water-soaked sponges to slow
evaporation. The amount in the capillary tube was measured after 24 h with a digital caliper. The
reported amount consumed was calculated using formula modified from (Diegelmann et al.

2017); [food uptake (ul) = (measured distance (mm)/0.9 mm) — average evaporation]. The
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laminate film was removed with forceps and frass dots were counted. This method was

replicated ten times per treatment in several trials.

Separate generalized linear mixed models (GLMM) tested whether body weight gain, the
number of frass droplets or consumption varied. Treatment was a fixed effect, and the trial was a
random effect. A lognormal, normal, or Poisson distribution was used in models depending on
fit.

Analysis of lipids, sugars and glycogen using anthrone and vanillin assays

Individual flies were fed various diets though capillary tubes: 1) water, 2) 0.5M sucrose,
3) 1.5M erythritol+ 0.5M sucrose (E+S), 4) 0.5M sucrose+ 0.1M sucralose (S+Sul), or 5) 0.1M
sucralose for 24 h. Afterwards, each fly was transferred into 1.5 ml microcentrifuge tubes and
stored at —80 °C.

These formulations differed from the concentrations in our other experiments. A higher-
dose (1.5M) erythritol and lower-dose sucralose (0.1M) was tested here since these
concentrations induced the highest mortality in Price et al. (2021) and are being used in field
trials. A comparison of flies fed sucrose-only to E+S or S+Sul reveals whether simultaneous
consumption of erythritol or sucralose might impede sucrose metabolism. A comparison of flies
fed only sucralose to only water or sucrose reveals whether flies convert sucralose to usable
carbohydrates. Previously, a comparison of flies fed only erythritol to only sucrose/water has
revealed that erythritol is not converted to usable carbohydrates (Choi et al. 2017).

A standard procedure from Olson et al. (2000) was adapted for D. suzukii (Wong et al.
2018) to determine the amount of glycogen, lipids, and sugars in the fly bodies. In each tube, 50
ul of 2% sodium sulfate was added before homogenizing fly body with a plastic pestle. Leaving
the pestle in the tube, 450 ul of chloroform-methanol (1:2) was added to rinse the pestle off.
After removing pestle, tubes were vortexed and centrifuged at 13,000 rpm for 3 min. After
centrifuging, 220 pl of the supernatant was transferred to a glass test tube (12 mm diam. x 75
mm length, Fisherbrand, Waltham, Massachusetts) for the sugar assays and 220 pl was
transferred to a similar glass tube for the lipid assay. The remaining precipitate in the
microcentrifuge tube was used for the glycogen assay. All glass tubes were heated at 90 °C until
all solution was evaporated from the lipid tubes and approximately 25 pl of solution remained in

the sugar tubes.
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Lipids. Sulfuric acid (40 ul) was added to each tube containing the lipid solution and heated for 2
min at 90 °C. The tubes were cooled on ice and 480 ul of a vanillin-phosphoric acid reagent as
prepared in van Handel (1985b), was added and vortexed. The solutions were left to react for 20
min at room temperature, vortexed again before 200 pl of contents were pipetted into a 96-well

plate.

Glycogen. Anthrone-sulfuric acid reagent (975 pul) as prepared in van Handel (1985a), was added
to the microcentrifuge tubes containing a precipitate and heated at 90 °C for 10 min. The tubes

were cooled on ice, vortexed and 200 pl of solution were pipetted into a 96-well plate.

Total sugars. Anthrone-sulfuric acid reagent (975 pl) was added to each tube, vortexed and
heated 90°C for 8 min. Then, tubes were cooled on ice, vortexed and 200 pl were pipetted into a

96-well plate.

For quantifying lipids, absorbance at 490 nm was read and for quantifying glycogen and total
sugars, absorbance at 630 nm was read using an ELISA plate absorbance reader (ELx808,
BioTek, Winooski, VT).

Standard curves. Known amounts of sucrose, glycogen, and lipid solutions (1 mg/ml) were
prepared as in van Handel (1985a, 1985b). Canola oil in chloroform was used to generate the
lipid standard. Pure grade glycogen (Fisher Scientific, Waltham, MA) dissolved in water and
pure grade sucrose (Fisher Scientific) dissolved in 25% ethanol: 75% distilled were used for the
glycogen and sucrose standards. All standard stock solutions were added in amounts of 1, 5, 10,
20, 30, 40 and 50 pl, and reacted with anthrone reagent (for glycogen and sugars) and vanillin
reagent (for lipids) as described earlier. Three replicates per amount and the anthrone- or
vanillin-only as a control were pipetted into a 96-well plate. Absorbance was read at 490 nm for
lipids and at 630 nm for sugars and glycogen. Linear regression equations were based on the
amount of lipid/glycogen/sugar on the x-axis, and absorbance readings on the y-axis. Absorbance
readings from each fly were then divided by the slope to estimate nutrient content. Lipid and
sugar content was multiplied by two because the supernatant was divided in half for these
reactions. Separate GLMMs tested whether glycogen, lipid and sugar concentrations varied. The
effect of treatment was a fixed effect, trial as a random effect with a lognormal distribution.
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Results

Sugar contents in hemolymph and frass from flies

Sugar amounts in hemolymph and frass from flies fed equimolar solutions were
determined (Fig. 2). Sugars were derivatized prior to GC-MS analysis and their retention times
were obtained. Mannitol was used as the internal standard (Fig. S1). Trehalose and glucose were
present in all hemolymph samples, as they are major blood sugars in insects but are not excreted
in the frass (Fig. 2). Sucrose-fed flies were used as a positive control. In the hemolymph of
erythritol and sucrose (E+S)-fed flies, sucrose, trehalose and glucose were found in much smaller
amounts than erythritol (Fig. 2A). E+S-fed flies had 7x more erythritol in frass than in
hemolymph. Similarly, in hemolymph of sucrose and sucralose (S+Sul)-fed flies, a large amount
of sucralose (4x-15x) was found compared to the other three sugars (Fig. 2A). The flies had
almost 4-times more sucralose in frass than hemolymph (Fig. 2B). When flies fed on the two
non-nutritional sugars erythritol and sucralose (E+Sul), erythritol was 20x higher than sucralose
in hemolymph (Fig. 2A). In the frass, however, sucralose was 1.7x higher than erythritol with no
statistical difference (Fig. 2B). These results indicate that more sucralose could be excreted as

waste in frass with a smaller amount remaining in the hemolymph.
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Figure 2. Average amount of sugars determined in hemolymph (A) and frass (B) of fed-flies + standard
error (SE). All sugar solutions were same molar concentration, 0.5M. E= erythritol, S= sucrose, Sul=
sucralose. ND: not detected. NS: not significant. Different letters denote significant differences (P < 0.05)
by Tukey honestly significant difference (HSD).

Body weight gain, sugar consumption in no-choice CAFE and frass excretion

When flies were given no-choice to feed on equimolar solutions, control (sucrose-fed)
flies gained, on average, 0.75 mg within 24 h (Fig 3A). E+S-fed flies weighed 47% less than
control, and S+Sul-fed flies weighed 92% less than control (Fig 3A). Flies fed the completely
non-nutritive option E+Sul weighed 134% less than control flies (F3 15=13.08, *P < 0.001) (Fig.
3A). The abdomen size of flies-fed E+Sul was considerably shrunken compared to the control

(Fig. 3B). These results could be from starvation and desiccation in the flies.

Sucrose-fed flies, for the control, consumed the most (avg. 7.67 ul) in comparison to
other treatments, then S+Sul, E+S, and non-nutritive option, E+Sul, was consumed the least (F3,
35=3.7, *P = 0.021) (Fig. 3C). Although flies fed on E+Sul the least, they excreted more than all
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other treatments (avg. 54.5 frass droplets) (Fig. 3C). The remaining three treatments excreted
similar amounts of frass droplets (Fs, 35=9.6, *P > 0.001). This indicates that when flies have
sucrose as a source of nutrition carbohydrate in the presence of a non-nutritive sugar, they will

utilize sucrose as expected and excrete relatively normal amounts.
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Figure 3. Drosophila suzukii body weight gain per fly (ul) after 24 h feeding on various sugars + mean
standard error (MSE) (A). Images of difference in abdomen size between sucrose-fed flies (left) and
erythritol+sucralose-fed flies (right) from body weight gain experiment (B). Average consumption of
sugars (C, left solid) and average number of frass droplets excreted (C, right dotted) after 24 h no-choice
capillary CAFE feeding assay, + MSE. (Sucrose=0.5M, E+S= 0.5M erythritol+0.5M sucrose, S+Sul=
0.5M sucrose+0.5M sucralose, and E+Sul= 0.5M erythritol+0.5M sucralose) Different letters denote
significant differences (P<0.05) by Tukey HSD.
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Amounts of lipid, sugars and glycogen in flies

Lipid, sugar, and glycogen amounts were measured in flies fed various solutions (Fig. 4).
There was no detectable difference in lipid content between treatments (Fs,04=1.91, P = 0.11)
(Fig. 4A). The result indicates that none of these sugars are converted to the lipid or affect lipid
metabolism in the body within 24 h. Treatment solutions affected total sugars (F4, 94=4.55, *P <
0.01) and glycogen levels in the fly body (F4,04=4.79, *P < 0.01). As expected, flies fed 1.5M
erythritol + 0.5 M sucrose (E+S) or 0.5M sucrose + 0.1M sucralose (S+Sul) had higher sugar
levels than those fed only 0.1 M sucralose or water (Fig. 4B). Also, flies fed E+S or E+Sul had
body sugar (Fig. 4B) and glycogen levels (Fig. 4C) no different than flies fed 0.5M sucrose. This
suggests that when flies are fed non-nutritive sugars combined with sucrose, total body sugars
increase, and that non-nutritive sugars do not noticeably affect sucrose metabolism. Next, flies
fed sucralose alone had similar body sugar and glycogen levels as flies fed water, but lower than
flies fed sucrose (positive control) (Fig. 4B,C). Both results indicate that D. suzukii adults cannot

metabolize sucralose and convert it to sugar or glycogen stores.
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Figure 4. Amount (ug) of lipids (a), total sugars (b) and glycogen (c) in Drosophila suzukii fed various
solutions using anthrone and vanillin methodology + SE. Sucrose=0.5M, E+S= 1.5M erythritol+0.5M
sucrose, S+Sul= 0.5M sucrose+0.1M sucralose, Sucralose=0.1M. Different letters denote significant
differences (P < 0.05) by Tukey HSD.

Discussion

Our previously tested 1.5M erythritol+0.5M sucrose and 1.5M erythritol+0.1M sucralose
formulations were found to have insecticidal effects to Drosophila suzukii (Price et al. 2021).
The erythritol+sucrose combination (E+S) provides flies with a nutritional carbohydrate that flies
can break down into glucose and fructose during sucrose metabolism (Lehninger, Nelson, &
Cox, 2000). Since sucralose is non-nutritive and sweeter than sucrose, we tested and confirmed
that 0.1M sucralose mixed with 1.5M erythritol was the most detrimental to D. suzukii survival
compared to other formulations and deterred oviposition (Price et al. 2021). In this study, we
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investigated how D. suzukii metabolizes sucralose (C12, MW 397) because it is structurally
similar to sucrose (C12, MW 342). We performed various physiological experiments to
investigate whether sucralose can be converted to a usable carbohydrate in the fly body. This was
first done by analyzing the sugars present in the hemolymph and frass of flies fed various
equimolar solutions via GC-MS. As expected, glucose and trehalose, were always detected in the

hemolymph since they are insect blood sugars, but not excreted in the frass.

Simple tetra-carbon molecules, like erythritol, are known to diffuse though mammalian
intestinal membranes faster than hexose sugars, like sucrose and sucralose (Mitchell, 2008;
Munro et al. 1998). Erythritol likely diffuses though D. suzukii ’s midgut quickly since it cannot
be metabolized, which ultimately creates hyperosmolarity in the fly body. Hemolymph and frass
analyses from sucralose (Sul)-fed flies showed that, much like erythritol, sucralose is excreted in
large amounts with a smaller proportion remaining in the hemolymph. When flies were fed
equimolar sucrose+sucralose (S+Sul) in this study, the accumulation of sucralose in the
hemolymph was comparable to erythritol accumulation among erythritol+sucrose (E+S)-fed flies
from Tang et al. (2017). However, erythritol was excreted in large amounts, up to 3x more than
the amount of sucralose detected in frass. This suggests that the excretion of sucralose is

relatively slow possibly due to it being a larger molecule (3x) than erythritol (Fig. 2).

Interestingly, when flies were fed both non-nutritive sugars in the E+Sul treatment,
erythritol accumulated in the hemolymph similarly to E+S-fed flies. However, E+Sul flies
excreted one-third the erythritol in their frass (4.4 pug) compared to E+S-fed flies (14.8 pg).
Sucralose amounts (7.6 vs 5.2 pg) excreted from E+Sul and S+Sul flies were not different (Fig.
2). Flies fed E+Sul had less sucralose in the hemolymph than erythritol. An explanation for this
could be due to sucralose being a larger molecule than erythritol and structurally different.
Sucralose is a substituted disaccharide manufactured from sucrose though chlorination, changing
its molecular structure, three hydroxyl groups of sucrose are replaced with a chloride side chain
(Qiu et al. 2007). Another possibility for lower sucralose in the hemolymph than erythritol is that
the sucralose molecule is structurally similar to sucrose, sucrase enzymes may attempt to bind to
the sucralose in cells and slow down its transport back into hemolymph. More research on this

enzyme activity and sugar biochemical metabolism is needed to confirm this.
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While E+Sul-fed flies excreted one-third the erythritol (4.4 pg) as E+S-fed flies (14.8
1Q), the total amount of the non-nutritive sugars (12.0 pg) including sucralose in their frass was
similar between E+Sul and E+S flies (Fig. 2). By excreting non-metabolized sugars, flies can
reduce osmotic imbalance in the hemolymph. During osmotic imbalance, flies need significant
water intake to restore homeostasis in the body. Flies fed E+Sul have two non-nutritive sugars of
different chemical compositions that need to be excreted; the erythritol excretion process could

have been inhibited due to a large amount of sucralose present in the body.

Our second set of experiments show that ingestion of high concentrations of non-nutritive
sugar requires a significant amount of water intake to restore homeostasis and excrete unused
waste. The no-choice feeding and body weight gain assay revealed that feeding on E+Sul is the
most detrimental, flies lost 0.26 mg in body weight and appeared extremely desiccated after 24 h
(Fig. 3A, B). Next, the no-choice consumption and frass droplet assay revealed that flies feed the
least on E+Sul but excrete the most than flies fed other solutions with nutritive sucrose. The
Malpighian tubules is a primary excretory organ that regulates water balance and ion exchange in
insects (Beyenbach, 2003; Dow et al. 1995). Malpighian tubules can secrete body water and
electrolytes in response to large amounts of food intake (Maddrell, 1991). Desiccation is likely
due to flies using more their own fluids to attempt restoration of physiological homeostasis.
Multiple neuropeptide hormones such as corticotrophin releasing factor (CRF)-like diuretic
hormone 44; DH44 (Zandawala et al. 2018) and calcitonin-like diuretic hormone 31; DH31
(Coast et al. 2001; Johnson et al. 2005) are known to regulate fluid secretion, water regulation
and ion balance in flies. More research on gene expressions of these neuropeptides should be

explored in flies fed non-nutritive sugars.

Lastly, Choi et al. (2017) used anthrone assays to show that when flies feed on erythritol
alone, they do not convert it to a useable carbohydrate, but rather have similar glycogen and
sugar reserves as water-fed flies. By examining glycogen, lipid and sugar levels in flies fed
sucralose in this study, we confirmed that D. suzukii do not metabolize sucralose to any
substantial extent; sucralose-fed flies had similar glycogen reserves and sugar levels as water-fed
flies. Whether or not erythritol interferes with sucrose metabolism was previously unknown.
Both E+S-fed and S+Sul-fed flies had similar glycogen and sugar reserves as sucrose-fed flies,

but more than water or sucralose-only fed flies. These results also suggest that both non-nutritive
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sugars, erythritol and sucralose, may not interfere with sucrose molecules converting into other

metabolic or storage carbohydrates such as glycogen.

In conclusion, the non-nutritive sugar, sucralose, cannot be metabolized to any nutritional
substitute or storage carbohydrate in D. suzukii , is slowly excreted slowly from the fly body, and
accumulated in hemolymph. Sucralose consumption leads to starvation and hyperosmotic
pressure that negatively affects fly survival. With confirmation of sucralose being non-
metabolizable and our previous research showing that it is phagostimulative to D. suzukii , there
is potential for the erythritol+sucralose combination to be a human-safe insecticide for growers

to use. Further research on field efficacy of the formulation is underway.
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Figure S1. GC-MS gram of sugar derivatives in sugar standards. Mannitol used as internal
standard. Sugars were derivatized, as described in methods, for GC-MS analysis (See detail in
the Method and Materials).
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Abstract

Drosophila suzukii, commonly known as spotted-wing drosophila (SWD), is a major pest
of small fruits and cherries and managed by extensive application of conventional chemical
insecticides (Haviland & Beers, 2012). Here we investigate erythritol, a human-safe alternative
insecticide, with two sweetening additives: sucrose and sucralose. Erythritol is a non-nutritive
sugar that is insecticidal to SWD. In our previous work, we found that a 1.5M dose of erythritol
increases mortality in flies when used in combination with 0.5M sucrose or 0.1M sucralose. For
erythritol to be developed as an option for growers, several aspects are investigated here: non-
target effects on honeybees (Apis mellifera), yellow jackets (Vespula pensylvanica), and the
blueberry crop itself during multiyear field trials. We monitored blueberry bushes sprayed with
experimental solutions for non-target insect visitation frequency and found that honeybees do not
visit sprayed vegetation any more than unsprayed vegetation, although yellow jackets visited
both areas sprayed with erythritol formulations significantly more than unsprayed. Further, we
directly exposed honeybee brood to our erythritol treatments and found no negative impacts to
brood development. Due to abundant visitation of yellow jackets, we tested erythritol toxicity by
providing our formulations to adult yellow jackets to feed on for 7 days. There was no detectable
toxicity from erythritol and sucralose to yellow jackets. Sugar sprays were applied once berries
started to ripen and become vulnerable to D. suzukii infestation. During field trials, there was
minimal spotted-wing drosophila infestation, making results for efficacy of erythritol sprays
inconclusive; hence more field trials should be conducted. However, there were valuable
findings pertaining to how sprays affected blueberry leaves; both solutions caused reddish-brown
spotting on leaves that are likely caused by the sugar droplet residue. Although there was leaf
damage, fruit quality assessments showed that our sprays did not negatively impact the firmness,
size, or penetrative force required to pierce the epidermis and °Brix of the fruit. Overall, these
results show that our two erythritol formulations cause undetectable non-target damage to
honeybees, yellow jackets, and blueberry fruit.
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Introduction

Spotted-wing drosophila (SWD), Drosophila suzukii, is a destructive invasive pest from
Asia that attacks a wide range of ripening small fruits and cherry crops, with estimated crop
losses of US$718 million annually if left unmanaged (Bolda et al. 2010). Primary fruit injury is
due to larval feeding, though damage from oviposition can also lead to mold, pathogen infection,
and attracts secondary pests such as Drosophila melanogaster (Walsh et al. 2011, Rombaut et al.
2017). Current management of spotted-wing drosophila populations extensively consists of
rotational application of conventional chemical insecticides including synthetic pyrethroids,
organophosphates, spinosyns, and a few carbamates and neonicotinoids despite detriment to the
environment, human health, and non-target organisms (Haviland & Beers, 2012). The current
decline in biodiversity of many insect taxa and insectivorous birds is attributed to agricultural
practices and use of organophosphates, pyrethroids and neonicotinoids (Hallmann et al. 2014;
Sanchez-Bayo & Wyckhuys, 2019).

The prospective environmentally friendly and human-safe insecticide erythritol is a non-
nutritional sugar alcohol. Erythritol is safe for human consumption (Munro et al. 1998),
insecticidal to spotted-wing drosophila (Choi et al. 2017, 2019; Goffin et al. 2017; Sampson et
al. 2017, 2019; Tang et al. 2017), and has the potential to be utilized as an aerosol spray on small
fruits. Sucrose acts as a phagostimulant, or an enticing additive, when added to insecticides, and
has shown potential in increasing mortality in D. suzukii (Cowles et al. 2015, Roubos et al.
2019). Using sucrose as a phagostimulant risks fueling D. suzukii with nutritional carbohydrate if
flies do not ingest a lethal amount (Tang et al. 2017) or may encourage microbial development
on the host fruits as seen on plants coated with honey dew (Nelson, 2008). As an alternative to
sucrose, sucralose is a potential candidate as a non-nutritive phagostimulant since it is nearly
600x sweeter than sucrose. Sucralose, the main ingredient in Splenda®, is safe for human
consumption (Binns, 2003) and can be combined with erythritol in miniscule amounts while
achieving the sweetness comparable to sucrose. Sucralose has been observed to be
phagostimulative in laboratory conditions (Price et al. 2021). Since erythritol works most
efficiently by direct consumption (Tang et al. 2017), Price et al. (2021) investigated mortality
when using sucralose as a phagostimulative additive to erythritol. Both 1.5M erythritol: 0.5M

sucrose and 1.5M erythritol: 0.1M sucralose efficiently killed spotted-wing drosophila in under
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seven days, though the formulation with sucralose Kills faster with no water access (~24-36
hours) compared to when access to water was present (~72 hours) because erythritols lethality is
related to D. suzukii hyperosmolarity in the fly body and sucralose being non-nutritional; flies
die faster with erythritol and sucralose combination because they are starving and the body is not
maintaining homeostasis. Here we further investigate the target and non-target effects of these

two formulations.

While erythritol has detrimental effects on a variety of pests including other flies such as:
Drosophila melanogaster (Baudier et al. 2014, O’Donnell et al. 2016, 2018), Bactocera dorsalis
(Zheng et al. 2016), Musca domestica (Burgess & King, 2017; Fisher et al. 2017), and Stomoxys
calcitrans (Burgess & Geden, 2019), as well as the mosquito Aedes aegypti (Gilkey et al. 2018),
and the pear psyllid, Cacopsylla pyricola (Lee et al. 2021; Wentz et al. 2020), impacts on non-
target arthropods pose a concern. For erythritol to become available as a viable option for
spotted-wing drosophila management, several aspects need consideration, such as the impact on
non-target organisms and efficacy of the sugar in a field setting where D. suzukii are naturally
found. Erythritol sprayed on plants would undoubtedly be encountered by non-target, potentially
beneficial insects. For instance, sucrose sprays are often used to supplement and attract
beneficial predators and parasitoids (Wade et al. 2008). To date, laboratory studies have found
that erythritol is minimally harmful to a non-target predatory mite (Schmidt-Jeffris et al. 2021)
and honeybee adults (Choi et al. 2019).

Bees are vital in pollinating flowering plants and trees, especially crop plants that humans
rely on for food (Ollerton et al. 2011). While bees primarily visit crops while in bloom, some do
visit post-harvest to use fallen fruits as food source when nectar sources are scarce (Shackleton et
al. 2016). Erythritol sprays would be applied post-bloom, thus minimizing risk to pollinators
while maximizing exposure to spotted-wing drosophila. Erythritol is water-soluble (Fry, 2012)
and can easily wash off by rainfall, overhead irrigation, or by hose at the end of harvest.
Erythritol residue may remain present on plant matter after harvest, making toxicity to non-target
organisms a concern. Thus, our first objective was to observe visitation by non-target insects to
post-bloom erythritol-sprayed blueberry during target field trials, as well as unsprayed blueberry

and wild Himalayan blackberry bushes in different proximity of honeybee hives. We
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hypothesized that visitation rates by honeybees would be similar between both groups since bees

primarily forage for pollen and nectar.

As mentioned before, erythritol had no significant impacts on adult honeybees in a
laboratory cage-incubation study (Choi et al. 2019). Bees were fed and observed for seven days,
and survivorship among erythritol-fed bees was like those fed only sucrose. Honeybee
physiology is different than that of dipterans; nectar is stored in the honey stomach instead of
instant ingestion and absorption into hemolymph or insect blood. A main reason why erythritol is
toxic to spotted-wing drosophila is because erythritol immediately diffuses into hemolymph,
causing high osmotic pressure inside the fly body (Choi et al. 2019). After storage in the
honeybee crop (honey stomach), bees bring back provisions and perform trophallaxis to nectar
receiving workers, then can store the provisions as honey (Wright et al. 2018) and nurse bees can
use these resources to produce brood food to developing honeybee brood. Although honeybees
feed developing larvae nutrients produced in mandibular and hypopharyngeal glands (He et al.
2016), potential mandibular contamination from erythritol residues may effect developing larvae.
This brings up concern of erythritol toxicity to honeybee brood; our second objective will assess
how a high-dose exposure impacts the developing brood from larval stage to pupation and adult
emergence. We hypothesize that high-dose (worst-case scenario) exposure of our field
formulations containing erythritol to honeybee larvae will cause higher mortality when compared

to controls.

In preliminary field trial observations, yellow jackets were observed more frequently in
erythritol-sprayed bushes than any other insect. Yellow jacket foragers (Vespula spp.) are
strongly attracted to fruit odor cues from viable carbohydrate sources (Jarau & Hrncir, 2009),
making them a nuisance pest during harvest season. Given that they are a nuisance pest and non-
target organism, our third objective evaluates yellow jacket survival on erythritol formulations in

no-choice and choice laboratory assays.

While erythritol is successful in killing spotted-wing drosophila in laboratory and
greenhouse trials, field trials are needed because other factors may reduce the effectiveness of
erythritol in the field. Such factors include competing sugar sources; D. suzukii may favor other
berries such as raspberry or blackberry over our experimental blueberry crop (Bellamy et al.

2013), erythritol sprays could wash off with rain or irrigation, and since it is sprayed, inner
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canopy of bushes may not be completely covered and could harbor unaffected D. suzukii.
Sampson et al. (2019) field tested various erythritol derivatives without a sweet additive on
blueberries and found a 64-82% reduction in D. suzukii infestation. Given the success of our
erythritol+sucrose and erythritol+sucralose formulas in past laboratory trials (Price et al. 2021),
our fourth objective was to further test these two formulations in the field. During 2020-2021
field seasons, blueberries were sprayed with either formulation and compared to an unsprayed
control. We hypothesized that fruit infestation, adult D. suzukii collected in baited traps, and
oviposition rates would be lower in erythritol-sprayed plots when compared to unsprayed
blueberry plots.

Erythritol has been observed as supplemental to the development of radish, garlic and
mushrooms by promoting root growth (Kuroda et al. 2008) but seen to cause dose-dependent
toxicity to other agricultural plants such as corn and tomato seed germination (Scanga et al.
2018). Honeydew, or sugary residues left from sap-sucking insects such as aphids, is known to
cause sooty mold on leaves which can inhibit photosynthesis (Nelson, 2008). Whether our
erythritol sprays affect host plants or fruit quality must be taken into consideration if used as a
management tool for D. suzukii . Thus, in our fourth objective, we also monitored bushes for
presence of leaf damage and mold. During the first year, discoloration throughout blueberry
leaves was observed in erythritol treatments, we hypothesize that the erythritol sprays could be
detrimental to fruit quality such as firmness of fruit epidermis, size and sugar content (Duarte et
al. 2009, Lee et al. 2016). Firmness is especially important because it can affect storability and
approval by consumers (Ehlenfeldt & Martin, 2002). Thus, post-harvest fruit quality assessments

were performed during blueberry field trials in the second year.

2. Materials, Methods and Statistics
2.1 Sugars and polyols

Sugars and polyols used in this study were erythritol (Baolingbao Biology Co. Dezhou, China),
sucralose (Bulk Supplements, NV, USA), and sucrose (Kroger, OH, USA). Solutions were
dissolved in distilled water. Formulations used in this study are 1.5M erythritol: 0.5M sucrose
(E+S) and 1.5M erythritol: 0.1M sucralose (E+Sul).
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2.2 Non-target species visitation during field trials of erythritol for spotted-wing drosophila

control

In the 2020-2021 outdoor field trials, the frequency of non-target insect visitation was
observed for 2 min per plot weekly (Section 2.5). This duration was chosen as Couvillon et al.
(2015) assessed bee visitation for one minute per plant from initial spotting. During both years,
we focused on honeybee and yellow jacket visitation, but also noted other non-target insect
visitations and reported them by order. In 2021, an additional trial examined whether honeybees
preferentially visit erythritol-sprayed over unsprayed vegetation (non-flowering) at varying
distances from hives. Three sets of honeybee hives managed by Oregon State University were
located near sprayed areas. In August, a 4m swath of Himalayan blackberry or ‘Reka’
blueberries were sprayed E+S, E+Sul, or nothing as a control. Among the five blocks, sprayed
areas were ~8 m, 10 m, 30 m, 70 m, and 300 m away from honeybee hives. Treatments in each
block were spaced ~20 m apart. An initial observation was made immediately after spraying,
four days after spraying, then weekly for three weeks on sunny days, with a total of five
observations over time. To increase the chances of counting different bees, two 3-min
observations were made per replicate at least 30 min apart on a given day for a total of 6 min per

day.

The number of bees or yellow jacket observed during outdoor 2020-2021 trials were
tested as a dependent variable in generalized linear mixed models (GLMM) with treatment, week
and treatment*week interactions as fixed effects, block as a random effect, and treatment*block
as a random subject effect for repeated measures. A Poisson distribution was used. For the 2021
additional trial, the first analysis compared the number of bees as the dependent variable. Since
the distance of sprayed bushes varied from beehives, distance was categorized into two groups:
<30 m and >30 m. The GLMM included treatment, distance group, their interaction, and time as
fixed effects, and farm location, block, and plant type (blueberry or wild blackberry) as random
effects. A Poisson distribution was used. Treatments were compared by Tukey HSD within each
distance group. The second analysis compared the number of yellow jackets as the dependent

variable in a GLMM with treatment, time, and their interaction as fixed effects, and farm, block
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and plant type as random effects using a Poisson distribution. Analyses were done in Proc
Glimmix using SAS 9.4 (SAS Institute 2016).

2.3 Honeybee brood survival when exposed to high-dose erythritol

To evaluate whether high exposure of erythritol solutions reduced honeybee brood
survival, solutions were directly added into brood cells. Eight-frame Langstroth hives of varying
population density with sister queens were

Punctured hole

chosen. In each hive, frames were examined for s e

appropriate age larvae; young (1-2 d) and old = m
(4-5 d) and marked. Transparent acetate sheets

have been used to track Apis mellifera brood of Z:'dmp'e‘
known ages in other experiments (Human et al.

2013), and thus were adapted for our study.

N 7 =

Figure 1. Diagram of high-dose exposure methods
drawing circles around brood cells on acetate for erythritol relative to honeybee brood toxicity;

) novel method of pipette dripping 2 pl of solution
sheets (30.4 x 45.7 cm, Oasis Supply, Atlanta,  on to larvae through acetate sheet. Ilustrated by
Briana Price.

Three clusters of 28 larvae were marked by

GA), then all circles were punched into 0.64
cm holes using a drip irrigation hole puncher (DIG, CA, USA). By using a novel approach of
pipetting through the acetate sheet holes, each larva was exposed to 2 pl of experimental E+S
solution, E+Sul solution, or distilled water for the control (Fig. 1). By aligning the acetate sheets
over each hive frame, survival was monitored daily for the first 3 d, then weekly for 3 wk to
monitor effects until completion of adult development (from larvae to pupation until adult
emergence). This was repeated twice for young larvae and twice for older larvae in each hive and
repeated in three sister hives with varying population.

Survivorship between days 1-21 was compared between each treatment and larval age
combination by Kaplan-Meier estimates and log-rank test in Proc Lifetest in SAS 9.4 (SAS
Institute 2016). Remaining survivors at 21 d were censored data. A non-parametric approach was
used because survivorship lines crossed. Multiple comparisons were done using an adjusted
Sidak P-value. Since treatments did not vary within each age group, a simplified log-rank test
pooled young and old bees together to compare the three treatments. An end assessment

compared the proportion of successfully capped cells or emerged adults as a dependent variable
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in GLMMs with age, treatment, age*treatment as fixed effects, and hive as a random effect using

a binomial distribution in Proc Glimmix.
2.4 Adult western yellow jacket survival after erythritol consumption

Wild adult western yellow jackets (Vespula pensylvanica) were be captured at Lewis
Brown Farm, in Corvallis, Oregon using no-kill RESCUE® traps (Spokane, WA, USA) with a
hepty| butyrate lure. Traps were placed near a nest, so captured wasps were most likely from the
same nest but not the same age. Yellow jackets were trapped, transported back to lab in a cooler,
and then temporarily immobilized at 4°C. Once immobilized, two to four individuals were
transferred via soft forceps into 32 0z. (946.35 ml) plastic cup arenas with aerated lids. Under
no-choice conditions, wasps were given: 1) E+S solution, 2) E+Sul solution, or 3) 0.5M sucrose
solution soaked in a sponge in a 1 oz. cup (30 ml), with water available in a second sponge-cup.
Under choice conditions, yellow jackets were given a choice to feed on E+S and sucrose, or
E+Sul and sucrose, with water available in a third sponge-cup. Yellow jackets were maintained
at room temperature and survival was monitored for seven days. Both no-choice and choice
assays were conducted simultaneously. After deaths, all individuals were pinned and confirmed

as V. pensylvanica using morphological identification (Akre et al. 1980).

Each choice and no choice assay were repeated with 28 individuals per treatment across
several weeks in July-August 2021. Survival from days 1-7 was compared between treatments by
Kaplan-Meier estimates and log-rank analysis in Proc Lifetest, and multiple comparisons used an

adjusted Sidak P-value. Remaining survivors at 7 d were censored data.

2.5 Performance of erythritol for spotted-wing drosophila control in field setting — larval

infestation, adult trapping, and oviposition behavior

During 2020-2021, field trials in various blueberry cultivars were conducted. The
‘outdoor 2020’ trial was conducted in ‘Elliot’ blueberry variety from a 40 x 64 m field. The
‘outdoor 2021’ trial was conducted in a 40 x 53 m field of ‘Bluecrop’ variety, and in an
experimental Oregon State University ORUS-235-3 clone planted in a 5 m row. Another ‘hoop
house 2021’ trial was conducted among two rows of field-grown Elliot recently enclosed in a 6.5
x 80 m mesh hoop house. Plot size, separation, replication, dates, and assessments are

summarized in Table 1. Bushes were sprayed with either E+S or E+Sul solutions using a
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pressurized CO- sprayer at 38 PSI (R & D Sprayers, Opelousas, Louisiana), or nothing as a

control.

Cultivars utilized in 2021 were treated differently from one another due to the following
constraints: Bluecrop was managed with rotational spray applications of Malathion and Mustang
Max, so fruit collected for measuring larval infestation occurred only at the beginning and end of
trials. Only one replicate was conducted in OSU ORUS-235-3 clones and a second reapplication
of erythritol sprays occurred during week two since these blueberries were over-head irrigated.
The hoop house trial had several hundred laboratory-reared flies released weekly followed by
weekly fruit collection to measure larval infestation. Since those blueberry bushes were in an

enclosed setting, we did not trap adult flies nor count non-target insect visitation (Obj. 3).

Table 1. Experimental details of field trials.

Trial Plot per Design Dates Assessments
replicate
Outdoor | 2 bushes | Completely Randomized July 14to | Weekly: larval infestation®, adult
2020 Design August 25 | trapping?, oviposition®, non-target

visitation®, mold®
5 replicates per treatment in

Elliot, plots 15+ m apart End: Leaf damage, mold®
Outdoor | 3 bushes | Randomized Complete June 23 to | Weekly: larval infestation, adult
2021 Block Design (RCBD) July 19 trapping, oviposition, non-target

visitation, leaf damage
4 blocks in Bluecrop, 7+ m

apart End: mold, fruit quality’
1 block in clones, 0.5 m
apart
Hoop | 3 bushes | RCBD June 30to | Weekly: larval infestation
House August 11
2021 5 blocks in Elliot, 6+ m End: Leaf damage, mold, fruit quality
apart

Collect fruit, weigh fruit, let sit in screen-top container for two weeks, then count adult D. suzukii emergences.

2Bait traps with apple cider vinegar:white wine (1:1) with a drop of unscented soap and hang in the inner canopy, replace bait
weekly, count D. suzukii adults.

3Place mesh bag over unripe berries week 0. Once ripened, add laboratory reared flies to clusters for 24 h, then count eggs laid.
4Watch for honeybee and yellow jacket visitation for two minutes at each plot, weekly.

5Visibly scan berries for signs of powdery mildew or Botyrtis mold as described in Polashock et al. (2017).

6See section: Plant health and fruit quality assessment during field trials of erythritol for spotted-wing drosophila control for
methodology per year and crop cultivar.

7 Measure the firmness of flesh, fruit size, penetration force of the fruit epidermis, and °Brix as described in Plant health and fruit
quality assessment during field trials of erythritol for spotted-wing drosophila control section.
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In all trials, larval infestation was measured by collecting ~300 g of ripe blue fruit per
plot and rearing them in mesh containers at room temperature in the laboratory. Adult emergence
was then recorded two weeks post collection. In outdoor trials, activity of spotted-wing
drosophila adults was monitored using baited traps. A 32 oz. (946.35 ml) plastic cup with
twenty holes drilled, 4 mm in diameter, and five pieces of 5 x 8 cm red duct tape containing
about 200 ml of apple cider vinegar:white wine (1:1) with a drop of unscented soap was hung in
the inner canopy and replaced weekly. Trapped D. suzukii adults were identified to species
morphologically and subsequently sexed using a stereoscope (Leica Microsystems, Wetzlar,

Germany).

Larval infestation remained low in all three trials; emerging adults from collected fruit
were summed per treatment and no statistical analyses were done. The number of adult D.
suzukii in baited traps was compared as the dependent variable in a GLMM with treatment, week
and their interaction as fixed effects, and plot as a random subject effect for a repeated measures.
Block was a random effect if relevant for the trial, and cultivar was a random effect since the
outdoor 2021 trial consisted of Bluecrop and clone varieties. A Poisson distribution was used,

and Tukey HSD for multiple comparisons.

To test if formulations deter oviposition, laboratory-reared D. suzukii were exposed to
ripe berries in the outdoor 2020 and 2021 trials. Initially, clusters of un-ripened green berries
were bagged using drawstring mesh bags (30 x 18 cm) to prevent wild D. suzukii infestation.
Once ripened, ten female flies were placed on clusters of 3-15 berries in mesh bags, with a cotton
water wick, overnight. The following day, clusters of berries were collected, and the number of
eggs laid in the berries were counted under a stereoscope. For both years, four mesh bag
replicates were set up per plot over several weeks. The number of eggs laid (dependent variable)
was compared in a generalized linear model (GLM) with treatment, week, and their interaction

as fixed effects with a Poisson or negative binomial distribution.

2.6 Plant health and fruit quality assessment during field trials of erythritol for spotted-wing

drosophila control

Leaf damage and mold. We observed reddish-grey spots congruent with the sugar droplets and

inferred this as a possible sign of phytotoxicity, as it differs from normal disease, insect or sun
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damage (Polaschock et. al. 2017) (Figure 2). In 2020, each plot was assessed at the end of the
trial for phytotoxic damage. For each plot, the total number of branches and branches displaying
phytotoxic damage were recorded. Also in 2020, blueberry plants were scanned weekly for
visible signs of Botyrtis, powdery mildew, or other mold as described in Polashock et al. (2017).
As a side project, phytotoxic damage was observed and documented via photolog on separately
sprayed branches of plants in non-trial plots for several weeks (Appendix A). The purpose of this

was to see how long it took for bushes to show symptoms of phytotoxicity after the initial spray.

In the outdoor 2021 trial, we quantified the incidence of leaf damage per week. On
Bluecrop blueberries, fifteen branches from each plot were randomly chosen, flagged and total
number of leaves on each branch were recorded. All branches were monitored weekly for four
weeks. Each week, the number of leaves showing signs of phytotoxicity were counted. In the
2021 hoop house trial, an end assessment of phytotoxic damage was made. Ten branches were
randomly chosen, the total number of leaves on each branch and number of leaves with
phytotoxic damage were recorded. Presence of mold was also assessed at the end of the outdoor
and hoop house trials. Berries throughout the bush were randomly checked for mold until 100-

200 total berries were scanned.

For end assessments on phytotoxic damage in the outdoor 2020 and hoop house 2021
trials, the number of damaged leaves out of total leaves (dependent variable) was compared in
GLMMs with treatment as a fixed effect. Block was a random effect if relevant, and
treatment*replicate was a random effect to recognize each branch/observation within an
experimental unit as subsamples. For the outdoor 2021 trial, weekly phytotoxicity was compared
with damaged leaves out of total leaves (dependent variable) in a GLMM with treatment, week,
treatment*week interactions, and canopy position as fixed effects. Treatment*replicate*branch
was a random subject effect in a repeated measures, and block was random. A binomial,
lognormal or normal distribution was used depending on fit in these GLMM. Very few or no

mold was observed in trials, and total counts are reported instead of statistical analyses.

Fruit quality assessments. During 2021 trials, fruit from outdoor Bluecrop and clones, and Elliot
in a hoop house were randomly collected at harvest to measure the firmness of flesh, fruit size,
penetration force of the fruit epidermis, and total soluble solids (TSS), also known as °Brix.

These are suitable procedures for measuring blueberry quality and correlate with D. suzukii
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susceptibility (Lee et al. 2016). Collected fruit were stored at 4°C, and all measurements were
taken within 24 h of collection. Fifty berries were randomly chosen for measuring fruit firmness
and diameter with Fruit Firm 1000 (CVM, Inc., Pleasanton, CA). Flesh firmness is reported as
g/mm, the pressure needed to depress the fruit per 1 mm. Separately, fifty berries per plot were
used to test penetration force of the fruit skin and °Brix. First, penetration force was measured
with a penetrometer consisting of a gram-force gauge (Wagner Instruments, Greenwich, CT) and
a No. 3 insect pin (Elephant Brand, Austria) attached with foam and protruding 3 mm from the
end. The ball of the pin was removed, and the blunt end was used to poke fruit. Readings from
the penetrometer are reported in centiNewtons (cN) (Burrack et al. 2012, Lee et al. 2016). Three
readings were taken per fruit on the girth and averaged. The TSS were measured in five groups
of ten macerated berries, using a digital refractometer (Hanna Instruments Inc., Woonsocket, RI),
with three subsamples taken per maceration and averaged.

The flesh firmness, diameter, penetration force of epidermis, or TSS of fruits (dependent
variable) were compared in GLMMs with treatment as a fixed effect, with block and
treatment*block as random effects; block*treatment was used to recognize subsamples within an
experimental unit. Cultivar was a random effect in the outdoor 2021 trial, and the person taking
the measurement was a random effect for comparing penetration force. A lognormal or normal

distribution was used depending on fit for these GLMMs.
3. Results
3.1 Non-target visitation during field trials of erythritol for spotted-wing drosophila control

In the outdoor 2020 trial, there was no difference in the frequency of honeybee visits
among treatments (F2, 15=0.97, P=0.40), although there was a significant difference in yellow
jacket visitation (F2, 15=28.23, P<0.001). Nearly 200 yellow jackets visited E+S sprayed bushes,
while 52 visited unsprayed control and 41 visited E+Sul sprayed bushes. In 2021, there was
minimal honeybee visitation amongst all treatments and no analysis. Much like 2020, yellow
jacket visitation differed among treatments (F2, 1=4.8, P=0.029) with E+Sul having the most
yellow jacket visitors and control the least, although the overall number of visitations was much
less during 2021. Total honeybee and yellow jacket visitation are reported in Table 2. While

observing honeybee and yellow jacket visitation both years, other non-target insects belonging to



Diptera, Hymenoptera, and Coleoptera were also observed. No analysis was done for these

because visitation was similar among all treatments; total visitation is also reported in Table 2.

In 2021, our additional trial examining whether honeybees preferentially visited
erythritol-sprayed vegetation (non-flowering) with varying distances to established hives
indicated that honeybee visitation did not differ among treatments (Fig. 2a, F2 9=1.42, P=0.29).
Bushes near hives were visited marginally more frequently than bushes 30+ m away from hives
(Fig 2a, F1,56=3.81, P=0.056), and no treatment*distance interaction occurred (F2,56=0.11,
P=0.89). Yellow jacket visitation was impacted by treatment (F2,10=5.4, P=0.021), and higher in
E+S than control bushes (Fig. 2b). With this additional trial and consideration of 200+ yellow
jackets visiting in 2020, there seems to be an overall higher attraction to E+S by yellow jackets
than E+Sul.
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Figure 2. Average number of honeybees (a) or yellow jackets (b) £ SE visiting blackberry and
blueberry bushes sprayed with erythritol formulations and unsprayed control over four weeks. Bushes
are various distances (see methods) from established honeybee hives and grouped together <30 m and
>30 m for statistical analysis. E+S= (1.5M Erythritol: 0.5M Sucrose) and E+Sul (1.5M Erythritol:
0.1M Sucralose). NS: no significance.



Table 2. Total count of non-target insect visitations by visual observation during field trials
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Trial Treatment Yellow Honeybees Other Other Other
Jackets y Diptera! | Hymenoptera? | Coleoptera®

Outdoor
2020 Control 52 7 29 20 2
E+S 204 12 28 22 2
E+Sul 41 6 20 21 0

Outdoor
2021 Control 2 0 23 0 0
E+S 6 1 31 6 0
E+Sul 11 2 20 1 0

1Syrphidae and Muscidae, not identified to species

2Apidae (Bombus sp.), Vespidae, and other small bees not identified to species
3Chrysomelidae: Diabrotica undecimpunctata, spotted-cucumber beetle, Coccinellidae: (lady birds, not identified to species)

3.2 Honeybee brood survival relative to high-dose erythritol exposure

Survivorship differed between the six treatment*age combinations (X2:118.1, df=5,

P<0.001). Older larvae had higher survival rates than young larvae. Survivorship within an age

group was similar between treatments, multiple comparisons revealed the following trend:

E+Sul*old = Control*old = E+S*old > Control*young = E+S*young E+Sul*young. When

pooling young and old larvae together, survival on the three treatments was similar (Fig. 3,

v?=2.8, df=2, P=0.241). During the final assessment, the proportion of successfully capped cells

and emerged bees were quantified. Among all treatments, 55-60% young larvae and 85-100%

old larvae pupated or capped their cells (Treatment: F2, 22=1.08, P=0.83, Age: F2, 2=22.19,
P<0.001, Age*Treatment: F2 2,=0.51, P=0.61). Additionally, 55-60% young larvae and 80-
100% old larvae emerged as adults (Treatment: F2, 22=0.2, P=0.82, Age: F1,22=18.9, P=<0.001,

Age*Treatment: F2 2,=0.31, P=0.74).
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Figure 3. Kaplan-Meier survival curves of developing honeybee brood after larvae were exposed to
control (distilled water), E+S (1.5M Erythritol: 0.5M Sucrose) and E+Sul (1.5M Erythritol: 0.1M
Sucralose) to capped cell pupation, to emergence after 21 days. NS: no significance.
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Figure 4. Percent of honeybee brood that successfully emerged + SE after exposure to control (distilled
water), E+S E+S= (1.5M Erythritol: 0.5M Sucrose) and E+Sul (1.5M Erythritol: 0.1M Sucralose). Young
larvae were 1-4 days old and old larvae 5-8 days old at the time of exposure. Different letters denote
statistical significance (*P <0.05) by Tukey HSD.
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3.3 Adult yellow jacket survival after erythritol consumption

Yellow jacket adult survival rates were different among treatments (y* =22.93, df=4,
P<0.001). Overall, survivorship was not strong among yellow jackets fed sucrose. Individuals
survived similarly to the positive control sucrose when fed E+S and E+Sul formulas with
supplemental sucrose available. When fed E+Sul alone, 80% yellow jackets died in 24 h, but
when E+Sul & sucrose was available, 80% mortality was seen by 4 d (Fig. 5). Among the two
no-choice treatments, E+S and E+Sul, mortality was slower in E+S-fed yellow jackets, with 35%

survival by day 3.
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Figure 5. Kaplan-Meier survival curves of yellow jacket adults with availability to feed on erythritol
treatments with and without choice of sucrose available. All treatments had available water to drink.
E+S E+S= (1.5M Erythritol: 0.5M Sucrose) and E+Sul (1.5M Erythritol: 0.1M Sucralose). Different
letters indicate statistical significance by adjusted sidak (P<0.05).

3.4 Performance of erythritol for spotted-wing drosophila control in field setting

Larval infestation in collected fruit. During both years, there was no difference in levels of larval
infestation amongst treatments. Overall, wild D. suzukii infestation was minimal. In 2020, nearly
1 kg of fruit was collected from each treatment by end of the season, with only seven flies
emerging from control, 16 from E+S treated berries, and 17 from E+Sul treated berries over a

six-week period. In the outdoor 2021 trial with Bluecrop, nearly 3.5-4 kg of fruit was collected
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from each treatment, from both beginning and end dates since the inner plot was sprayed with
insecticides. Roughly 0.5 kg of fruit was collected from each treatment in ORUS-235-3 clones
by the end of the season. In both cases, there was zero larval infestation. In the hoop house, a

total of 9.5-11 kg of fruit was collected per treatment by the end of the season; only 1-2 adults

emerged in all treatments over a seven-week period.

Adult trapping. In 2020, the number of adults in baited traps significantly differed by treatment
overall (F2, 15=4.86, P=0.02), especially for three weeks after spraying (treatment*week
F10,75=2.2, P=0.024) (Fig. 6). Traps near E+S treated bushes had the most flies, then control, and
E+Sul having the least flies. In contrast, in the outdoor 2021 trial, minimal adults were trapped

per week per plot with no difference detected between treatments (Fe 30=0.85, P=0.54), (Table 2).

2500

&
= 2
.= 2000 T X —e— Control
% J_ E+S
S 1500 --e--E+Sul
<
G
& 1000
IS
2
> 500
g
4 0 o
<
1 2 3 4 5
Week(s) after spraying

Figure 6. Average number + standard error of adult D. suzukii caught in apple cider vinegar:wine traps
per week during Outdoor 2020 trial. Asterisk indicates strong statistical difference between week 1-3.
E+S (1.5M Erythritol: 0.5M Sucrose) and E+Sul (1.5M Erythritol: 0.1M Sucralose).

Oviposition in field trials. During both years, a similar number of eggs were laid among
treatments (2020: F2, 45=0.25, P=0.77, 2021: F2,51=0.66, P=0.52). Averages per treatment are
reported in Table 2.



Table 2. Summary of results from field trials: adult D. suzukii trapping, oviposition bag study, and fruit quality assessments during

2020-2021.
D. suzukii Fruit Quality Assessment
Trial Treatment | Average Average Eggs | Firmness Diameter Penetration | °Brix
Adults in Laid in Bags | (g/mm)+ SE | £ SE Force (cN) | £SE
Traps = SE + SE + SE
Outdoor | Control 500 + 99.87 16.77 £3.72 | - - - -
2020
E+S 624 +119.53 | 14.22+3.81 - - - -
E+Sul 287 +57.27 18.16 £ 3.74 - - - -
Outdoor | Control 1.33+0.45 8.25+4.27 207.06 +9.82 | 14.87 £0.47 | 13.92+3.35 | 13.74+£0.36
2021
E+S 2.22+0.81 12.25+3.28 201.15+542 | 1482 £0.55 |1297+3.14 | 13.55+0.37
E+Sul 1+051 11.6 £4.77 202.61+9.83 | 15.23 £0.57 |13.20+2.22 | 14.21+£0.62
Hoop Control - - 164.37 £3.56 | 12.33 £0.62 | 13.91+3.35 | 13.74+0.36
House
2021
E+S - - 158.67 +£3.88 | 12.03 £0.40 |12.96+3.13 | 13.55+0.37
E+Sul - - 161.34+452 | 11.99 £0.49 |13.2+222 |14.2+0.62
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3.5 Plant health and fruit quality assessment during field trials

Leaf damage. During the outdoor 2020 trial, sprayed bushes had more damage in comparison to
control bushes during the end assessment (F2, 15=12.21, P<0.001, Fig. 7c). There was no

difference in sun-scalding damage between treatments (F, 15=1.42, P=0.27, data not shown).

During the outdoor 2021 trial, control plots had no signs of damage, while E+S and E+Sul
sprayed plots had increasing damage as the weeks progressed (treatment F»,175=46.7, P<0.001,
Fig. 7b). One week after the spray application, there was no difference between treatments.
During weeks 2, 3 and 4, there was a significant difference from control bushes and experimental
bushes (treatment*week Fe531=16.6, P<0.001). The upper canopy showed most severe damage,
followed by mid-canopy, and minimal damage in lower canopy (F2, 531=15.32, P<0.001; 17%,

14%, and 5% damage, respectively).

During the hoop house 2021 trial, potential phytotoxicity was recorded by randomly choosing
ten branches in each plot and counting the proportion of leaves showing damage 7 wk after
spraying. Sprayed bushes had a significant increase in damage in comparison to control bushes;
E+Sul sprayed bushes had 6% damage while E+S had 1% damage (F2,8=21.7, P<0.001, Fig 7d).

Mold presence. In 2021, bushes were scanned for visible signs of Botyrtis mold and powdery
mildew. We referenced symptoms of these as described in Polashock et al. (2017); there was
1.4% appearance of Botyrtis mold on E+S sprayed fruit after 4 wk in our outdoor trial, less than
1% on control, and none on E+Sul sprayed. There was no appearance of these on any treatments

in the hoop house trial.
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Figure 7. Visual example of damage on E+Sul sprayed leaves (2), percentage of blueberry leaves
showing phytotoxicity over time + standard error (SE) during Outdoor 2021 trials (b), percentage
showing damage * SE during end assessment in Outdoor 2020 trial (c) and Hoop House 2021 trial (d).
Control=no spray, E+S= 1.5M Erythritol: 0.5M Sucrose, E+Sul = 1.5M Erythritol: 0.1M Sucralose.
Different letters denote statistical significance (*P <0.05) by Tukey HSD.

Fruit quality assessment. All fruit quality tests showed that the erythritol sprays were not
detrimental when sprayed on bushes as their fruit began to color. During 2021 field trials, fruit
was collected to measure fruit firmness, size, penetration force of the fruit skin, and °Brix. Table
3 summarizes these results. In the outdoor 2021 trial, fruit firmness and diameter were similar
among treatments (Firmness: F2, 11=0.27, P = 0.76, Diameter: F», 11=1.03, P=0.38). Penetration
force to puncture fruit skin was also similar among treatments (F2,11=3.87, P=0.053) as well as
°Brix (F2,11=0.49, P=0.62). In the hoop house 2021 trial, there was also no detectable difference
in the firmness, size, penetration force nor °Brix of berries between treatments (Firmness: F»,
12=1.29, P = 0.31, Diameter: F212=0.21, P=0.81, Penetration force: F59=0.9, P=0.51, °Brix: F»,
12=0.78, P=0.48).
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4. Discussion

In this study we examined non-target effects and field performance of two prospective
human-safe insecticide options targeted toward D. suzukii control: erythritol+sucrose and
erythritol+sucralose. This work explored non-target effects on honeybees (Apis mellifera) since
they are important in providing agricultural pollination services, which are valued near US$6
billion annually (Southwick & Southwick, 1992). Although yellow jackets are often considered
nuisance pests, western yellow jackets (Vespula pensylvanica) were commonly seen visiting
sprayed areas, thus we also explored non-target effects to adult yellow jackets. We also noted
other non-target insects visiting our experimental plots: syrphidae and muscidae flies, lady bird
and cucumber beetles, bumblebees, solitary bees and hornets or wasps not identified by plain
sight. No experimental tests were done to examine non-target effects to these groups, and this
should be explored further. In our outdoor 2020-2021 trials, honeybee visitation was similar
among all treatments which indicates that honeybees are not considerably lured toward the sugar
sprays. Total visitation by honeybees was markedly lower in 2021 compared to 2020, this could
have been due to insecticide sprays, unusually hot weather (Parsons, Seasonal Climate Forecast
Verification) or that the 2021 field was further away from established hives. Our additional trial
conducted in late August-September 2021 examined whether honeybees preferentially visit
erythritol-sprayed vegetation with varying distances from hives. Our findings indicated that
honeybee visitation was similar between sprayed and unsprayed bushes, regardless of bushes
being near or away from hives. On average, less than two bees were observed per plot per
sample period. Since our sprays were sprayed on fruiting bushes (non-flowering), these results

confirm that honeybees are not particularly attracted towards either spray.

Choi et al. (2019) showed that the erythritol+sucrose combination had no significant
effects on adult honeybee survivorship. Although there was relatively scarce honeybee visitation
to sprayed bushes, investigating toxicity to developing brood is important as foraging adults may
consume and bring back erythritol residues to the hive. In contrast to other studies that have
tested insecticide toxicity to laboratory reared honeybee brood in vitro (Doublet et al. 2015), we
tested our erythritol formulations in vivo in established 8-frame Langstroth hives. Developing
honeybee brood release pheromones to signal feeding needs to nurse bees and stimulate worker

bees to forage (Conte 1995). Honeybee adults produce royal jelly in mandibular and
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hypopharyngeal glands, located in their heads, and feed brood royal jelly during the first few
days of development, then a combination of pollen, honey, and other glandular secretions
throughout their development until pupation (Crailsheim 1990). Due to the complexity of
cooperative brood care within a honeybee hive, our methods did not investigate assimilation of
erythritol or sucralose residues into hypopharyngeal or mandibular glands or consider varying
food demands or size between young and old larvae. Instead, our methods of dripping erythritol
solutions directly into brood cells was to test mortality against exposure to an unrealistic volume
and concentration of erythritol-residues. Our high-dose exposure results show no acute toxicity
of either erythritol+sucrose or erythritol+sucralose combinations in comparison to control
(distilled water), although, the number of emerged adult bees from the young larvae group were
35-40% less than old larvae group which suggests young larvae were more sensitive to this
methodology. Additionally, overall survivorship decreased by 20-25% amongst young and old
larvae within the first three days in all treatments; this reaction could be related to a disturbance
in larval pheromone signaling. Pheromones are used by larvae to signal a need for more nutrition
(He et al. 2016) and when our erythritol formulations were dripped into the larval brood cells, the
sugars or polyols could have altered or blocked normal physiology involved in pheromone
production or signaling. Another alternative explanation for the quick reduction in survivorship
in the first few days could be due to chemical cues from immuno-stimulation where adult
honeybees may remove sickened larvae from brood cells (Swanson et al. 2009). Overall, our
results for honeybee visitation and brood survival are encouraging because adults do not
preferentially forage on erythritol sprayed plants, and there was no detectable toxicity by
erythritol formulations when exposed to brood at a high, unrealistic concentration. Since this
experiment was conducted during a single field season, we plan to conduct another repeated trial
during an upcoming field season to confirm the trend or alter methodology to account for the

variable sizes of different ages of larvae.

Given that yellow jackets are considered a nuisance pest to growers during harvest season
because of their nest-defense aggression and tendency to frequent crop fields with carbohydrate
resources (Akre et al. 1980) and a significantly high visitation rate to our erythritol formulations
during field trials, we conducted a simple survivorship experiment. Yellow jackets were fed field
formulations directly, with and without a separate sucrose source to test if erythritol and

sucralose is toxic or non-nutritive to yellow jackets. Unlike studies that have measured
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insecticide toxicity to adult western yellow jackets through topical drop application (Lewallen,
1968, Johansen & Davis, 1972), we tested erythritol toxicity via consumption, since that is the
mode of action that has been found to be insecticidal to the pests mentioned above. Our results
show little to no acute toxicity of erythritol or sucralose to yellow jackets, but yellow jackets do
starve if they cannot feed on a carbohydrate source. When fed only non-nutritive
erythritol+sucralose, wasps died in 24 h, likely from starvation. When fed erythritol+sucrose,
wasps had a source of nutrition and fared slightly longer than erythritol+sucralose. Survivorship
of sucrose-fed wasps with and without erythritol formulations available were similar but
relatively low. This is likely due to the conditions of the experiment; yellow jackets are a

carnivorous Vespula spp. and may not fare well in captivity being fed only a carbohydrate.

During both years of field trials, larval infestation results were inconclusive in the Elliot
variety (outdoor 2020), Blue Crop and ORS-235-3 clones (outdoor 2021), and Elliot variety in
hoop house (hoop house 2021). In 2020, although adult traps were abundant with spotted-wing
drosophila, blueberry infestation rates were minimal. This could have to do with more favorable
host plants near our chosen plot; as spotted-wing drosophila prefer caneberries, raspberries and
blackberries over blueberries (Bellamy et al. 2013). In 2021, three cultivars were utilized but
treated differently due to location, availability, and whether chemical insecticides were applied to
the inner plots. Infestation was also extremely low in the hoop house where laboratory-reared
flies were released weekly. The low infestation rates could be due to flies being released in the
hoop house during an unusual heat wave in Corvallis, OR 2021 (Parsons, Seasonal Climate
Forecast Verification). It may have been too hot inside and flies could have died before laying
eggs. If replicated in the future, flies would be released in evening, so they have 12 h of cool
night temperatures to lay eggs since optimal egg laying temperature is between 18-22 °C
(Tochen et al. 2014). Although our field efficacy trials were inconclusive given the low rate of
infestation in all the treatments including the control, we intend to continue this work. Promising
results were obtained from Sampson et al. (2019), who field tested erythritol alone on blueberries

and found a 64-82% reduction in D. suzukii infestation.

During trials to directly examine oviposition rates with D. suzukii placed on blueberry
clusters in mesh bags, oviposition rates were similar in all treatments in 2020-2021. We ensured

that the blueberry clusters we used were viable hosts by confirming any laid eggs developed into
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adults. In Price et al. (2021), erythritol coated berries were shown to be an ovipositional deterrent
with flies showing a clear preference to lay eggs on control berries rather than erythritol coated,;
with 70% (erythritol+sucrose) and 44% (erythritol+sucralose) fewer eggs laid than the control.
With supporting evidence of erythritol to deter egg laying, it is uncertain why we did not see a

difference in oviposition rates among treatments.

By quantifying the proportion of leaves damaged following erythritol sprays, we
observed noticeable leaf damage from the erythritol+sucralose spray, and little to no detriment
from the erythritol+sucrose spray. Our sprays were applied upon ripening of the blueberry fruits
and showed no detriment to fruit quality. It is unknown whether erythritol is toxic to blueberry
bush or fruit development like in Scanga et al. (2018), where erythritol was harmful to corn and
tomato seed germination and root growth (Scanga et al. 2018). Additionally, since the sugar
sprays are water soluble, it could be assumed that the residues on leaves could be washed off
after harvest. Amy-Sagers et al. (2017) previously hypothesized that sucralose in aquatic systems
would negatively affect photosynthesis because it is an unmetabolizable chlorinated sugar
molecule. They showed that sucralose acts as a carbon source and increases photosynthesis
capacity in Lemna minor, or common duck weed. To our knowledge this is the first study to
observe phytotoxic damage by sucralose on a terrestrial cultivated plant. Since our
erythritol+sucralose spray affected 5-9% of blueberry leaves/branches, and erythritol+sucrose
affected ~1% after 6-7 weeks during outdoor 2020 and hoop house 2021 trials, sucralose appears
problematic for the plants. Although, both sprays led to 20-30% leaf damage in the outdoor 2021
trial, one difference in these trials is that outdoor 2021 was conducted during a heat surge
(Parsons, Seasonal Climate Forecast Verification); the high temperatures and sun exposure could
have increased phytotoxic effects. Since our plots were different each year, we cannot make an
inference as to how the sprays effect the blueberry bush or fruit yield in following years. More
research on how erythritol and sucralose affect blueberry plant development, leaf tissue analysis
and other cultivated D. suzukii host plants should be conducted. To conclude, our two field
formulations containing erythritol, sucrose or sucralose cause no detectable non-target damage to
honeybees, yellow jackets, and blueberry fruit in comparison to control groups. Given the
potential of our two erythritol formulations in killing D. suzukii in laboratory conditions in
published mortality experiments, additional trials could be conducted in areas with higher wild

D. suzukii infestation or different host crop type. Due to erythritol being water soluble, a humid
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environment may yield different results than what we observed during the dry summer
conditions of the Willamette Valley of Oregon. After the sprays dry on the plant, the flies may
have difficulty feeding on the formulation. Further exploration into field efficacy in other
climates is crucial in the development of a human-safe insecticide alternative for globally

distributed pest Drosophila suzukii.
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Spotted-wing drosophila, Drosophila suzukii, is a destructive invasive pest from Asia that
attacks a wide range of ripening small fruits. Primary fruit injury is due to larval feeding and
damage from egg laying also leads to mold growth and attracts secondary pests. Current
management significantly involves of revolving insecticide application despite detriment to the
environment, human health, and beneficial insects. A prospective environmentally-friendly and
human-safe insecticide, erythritol has been researched in prior years (Choi et al. 2017, 2019;
Goffin et al. 2017; Sampson et al. 2017, 2019; Tang et al. 2017) and has shown great success in
decreasing fecundity and killing spotted-wing drosophila quickly. With confirmation of non-
nutritive sugar, erythritol, having insecticidal properties to Drosophila suzukii, this thesis aimed
to investigate effects of a sweet additional non-nutritive sugar, sucralose, on D. suzukii
oviposition, survival, feeding preference, and physiology, examine field efficacy of two
erythritol formulations: 1.5M erythritol+ 0.5M sucrose (E+S) and 1.5M erythritol+ 0.1M
sucralose (E+Sul) on blueberry crop as well as non-target effects of those two formulations on
blueberry crop, honeybee brood and adult yellow jacket survival.

We found that when sucralose is combined with erythritol, there was reduced oviposition
rates, enhanced feeding, and quickened mortality, in comparison to erythritol+sucrose
combination. Our three oviposition experiments supported that when erythritol formulations are
given to flies in some form, there is a reduction in oviposition due to the sugar texture on the
berry surface, meaning there is a deterrent effect. Our results suggest that berries coated with
erythritol did not reduce survival of D. suzukii developing inside and the erythritol applied may
not leach into the blueberry fruit skin enough to substantially affect developing larvae. In choice
tests between erythritol alone vs. erythritol+sucralose formulations, flies preferred to feed on
formulations containing 0.1M sucralose. Consumption of sucralose was comparable to water, so
it not enticing alone, it elicits more feeding when combined with erythritol. Additionally, our
mortality assays revealed that erythritol formulations with 0.1M sucralose were quickly
detrimental and flies fed E+Sul died quicker than by starvation on water. These feeding and
mortality results supported our hypothesis of sucralose being enticing, or phagostimulative, and a

0.1M sucralose was a suitable concentration to use for field trials.

We also investigated if D. suzukii metabolizes sucralose because it is a chlorinated form
of sucrose. We performed various physiological experiments to investigate whether sucralose

can be converted to a usable carbohydrate in the fly body. By examining glycogen, lipid and
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sugar levels in flies fed sucralose through anthrone and vanillin tests, and quantifying amount of
sugars in frass and hemolymph of flies through gas chromatography-mass spectrometry, we
confirmed that D. suzukii do not metabolize sucralose to any substantial extent and sucralose is
slowly accumulated in the hemolymph of flies. Much like erythritol, sucralose consumption
leads to starvation, and hyperosmotic pressure that negatively effects fly survival. Flies fed only
non-nutritive sugar combination erythritol+sucralose also become greatly dessicated in 24 h. The
desiccation is likely due to flies using their own fluids to attempt restoration of physiological
homeostasis. In field settings, flies would likely have access to water sources, so we also tested if
our E+S or E+Sul formulations are still effective in killing spotted-wing drosophila when water
is present. Several experiments showed that, while still effective, erythritol formulations kill D.
suzukii slower when water is available; the E+S formulation is not as effective in killing D.

suzukii as the zero-calorie E+Sul formulation.

During field trials, efficacy of managing wild spotted-wing drosophila populations using
our E+S and E+Sul formulations was explored as well as non-target effects. During both years
of field trials, larval infestation results were inconclusive which could have been due to presence
of a more favorable host berry near our chosen plots. There was presence of phytotoxic damage
to the various blue berry cultivars that we tested during both years. During the second year, we
quantified the proportional phytotoxicity from our erythritol sprays and found noticeable
phytotoxic damage from our E+Sul spray, and little to no detriment from our E+S spray. Our
sprays were applied upon ripening of the blueberry fruits and showed no detriment to fruit

quality (firmness, size, penetration force to pierce fruit epidermis and °Brix).

Additionally, during field trials, honeybee and yellow jacket visitation was monitored
even though treatments would be sprayed on fruiting bushes (non-flowering); honeybee
visitation frequency was similar among all treatments which would indicate that they are not
lured toward the sugar sprays, even when bushes in closer proximity to hives are sprayed.
Although scarce visitation, the impacts of foraging adults feeding erythritol to honeybee brood
was previously unknown and our methods of dripping erythritol solutions directly into brood
cells was our attempt to replicate forager bees regurgitating extremely high doses of erythritol-
residuals to developing brood. Our results show that there is minimal toxicity of both erythritol
and sucralose in comparison to control (distilled water). On the other hand, yellow jacket

visitation was greater in both types of erythritol formulations so additionally tested erythritol
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toxicity to adult yellow jackets. Our results show little to no toxicity by erythritol or sucralose to
yellow jackets. When fed only non-nutritive E+Sul, wasps died in 24 h, likely dying from
starvation. When fed E+S, wasps had a source of nutrition and fared slightly longer than E+Sul.

To conclude, our two field formulations,1.5M erythritol+ 0.5M sucrose (E+S) and 1.5M
erythritol+ 0.1Msucralose (E+Sul), kill and reduce oviposition by spotted-wing drosophila
efficiently in lab settings and do not cause detectable non-target damage to honeybees, yellow
jackets, and blueberry fruit. Although our field infestation data was inconclusive, previous
studies have more promising results of erythritol field performance for spotted-wing drosophila
control. Given the potential of these formulations, this thesis work provides well-rounded

information to further develop erythritol as a practical management product for growers to use.
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Appendix A: Preliminary observation of phytotoxic damage on Elliot variety blueberry leaves

Objective: To observe if and/or when sprayed erythritol formulations because noticeable

phytotoxicity on blueberry leaves.

Rationale: During 2020 field trial, noticeable discoloration was observed on E+S and E+Sul
sprayed blueberries. Since phytotoxicity could be signs of detriment to plant health or influence
changes in blueberry yield, we questioned when and to what degree phytotoxicity is present by
spraying single branches in various sections of the canopy and creating a photo-log to visually
capture presence of damage.

Methods: Blueberries of the Elliot variety at Lewis Brown Farm, Corvallis, OR were used in
this trial. Eastern and western facing branches in upper and lower canopy were randomly
assigned treatments 1) no spray (control), 2) 1.5 M erythritol + 0.5 M sucrose (E+S), or 3) 1.5 M
erythritol + 0.1 M sucralose (E+Sul). Branches were sprayed with a standard household spray
bottle 4-5 times, tagged, and photographed weekly for six weeks. Branches were resprayed
during week 2 after a rainstorm. During week 4, Oregon wildfire smoke was heavy.

Results:

Some flagging was accidently removed by helpers, losing the data so replicate numbers are not
consecutive. Little to no phytotoxicity (PT) seen in control treatments. Some damage seen in
E+S and E+Sul sprayed bushes. Appearance of PT seems to be more prevalent in upper canopy
with more sun exposure. More experiments in 2021 are needed to measure proportional damage

seen on a week-to-week basis.



Table 1. Photolog of Elliot variety blueberry leaf damage after erythritol sprays from 2020 preliminary phytotoxic

damage observational study.

Week 0

Week 1

Week 4

Control 1
West side,
lower canopy
Did not see PT
damage

Control 2
West side,
upper canopy

Did not see PT
damage

Control 4
East side,
upper canopy

Did not see PT
damage

110



E+S1
West side,
upper canopy

Did not see
PT damage

E+S2
West side,
lower canopy

Damage seen
starting wk 6

111



E+S3
East side,
upper canopy

Did not see
PT damage

E+S 4
East side,
lower canopy

Did not see
PT damage

E+Sul 1
West side,
upper canopy

Damage seen
starting wk 5

112



E+Sul 2
West side,
lower canopy

Did not see
PT damage

E+Sul 3
East side,
upper canopy

Damage seen
starting wk 3

113



