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Simple Summary: The winter-morph of the soft and stone fruit pest Drosophila suzukii (Matsumura),
commonly called spotted wing drosophila, differs in comparison to the summer-morph in terms of
its response to olfactory cues. D. suzukii is predominantly controlled using conventional insecticide
applications but this is not sustainable due to emerging insecticide resistance and the withdrawal
of active ingredients. Combining phagostimulant baits with insecticides can significantly reduce the
amount of insecticide used whist maintaining levels of control. Yeasts are effective phagostimulants
and in combination with insecticides may control D. suzukii, but only a limited number of single
yeast species have been tested. We investigated the effectiveness of single and combinations of co-
fermented yeasts combined with insecticides in laboratory assays and evaluated their effectiveness
as phagostimulant baits for use in Integrated Pest Management strategies to control D. suzukii. This
study found that some combinations of yeasts were more effective baits that single yeasts, and that
certain yeasts were more effective phagostimulants for winter- than summer-morph D. suzukii.
These findings suggests that yeast phagostimulants in attract-and-kill strategies should be adjusted
to target summer- and winter-morph D. suzukii for more effective control.

Abstract: Drosophila suzukii (Matsumura), is a globally invasive pest of soft and stone fruit. To sur-
vive winter in temperate zones it enters a reproductive diapause in a morphologically distinct phe-
notype. Phagostimulant baits can be combined with insecticides in attract-and-kill strategies for
control. We investigated the effectiveness of single yeast species and combinations of co-fermented
yeast phagostimulant baits when combined with insecticides in laboratory assays against both sum-
mer- and winter-morph D. suzukii. Candida zemplininia or Hanseniaspora uvarum + C. zemplininia com-
bined with lambda-cyhalothrin or cyantraniliprole, and H. uvarum combined with cyantraniliprole
caused significantly higher mortality in winter- compared to summer-morph D. suzukii. Addition-
ally, lambda-cyhalothrin combined with M. pulcherrima + H. uvarum resulted in greater mortality
compared to single yeasts, H. uvarum for both summer- and winter-morphs and C. zemplininia for
summer-morphs. M. pulcherrima + H. uvarum with spinosad significantly reduced the time-to-kill
(50%) of summer-morphs compared to insecticide alone. Most yeast-based baits were comparable
in terms of attract-and-kill efficacy to Combi-protec, a commercially available bait, although M. pul-
cherrima or H. uvarum + C. zemplininia in with cyantraniliprole were less effective. Our study sug-
gests that yeast phagostimulants in attract-and-kill strategies should be adjusted for summer- and
winter-morph D. suzukii for more effective control.

Keywords: Spotted wing drosophila; SWD; Drosophilae; Integrated Pest Management; pesticide;
lure; toxic bait
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1. Introduction

Drosophila suzukii (Matsumura) is a pest of soft and stone fruits that has spread from
Southeast Asia being first identified invading fruit in the USA and Europe in 2008, then
the UK in 2012 [1-3]. D. suzukii, unlike most other Drosophila species, can oviposit in rip-
ening fruit [4] and is a major economic pest with annual losses to the wild blueberry in-
dustry in Maine, USA, estimated to be between $1.1 and $6.9 million [5].

Adult D. suzukii exhibit reproductive diapause which aids survival during unfavour-
able winter conditions. The winter phenotype is morphologically distinct, being larger
and darker in colour than the summer-morph counterpart [6] and is associated with a
longer lifespan at lower temperatures than the summer-morph [7]. Temperature is the
driving factor facilitating the transition between morphs [8] with larvae exposed to con-
stant temperatures of 15 °C triggering winter-morph development under laboratory con-
ditions [6]. During the latter stages of the growing season there was an increase in the
prevalence of the winter-morph phenotype from ~30% at the end of September to ~99%
by the end of December in the Netherlands [9]. Increases in winter-morph phenotypes
were accompanied by the dispersion of D. suzukii into woodlands and hedgerows where
they likely overwinter in sheltered microclimates such as crevices under loose bark or leaf
litter [10-12]. Controlling winter-morph D. suzukii is key to reducing early fruit damage
as winter-morph females make up the majority of the population entering commercial
fruit crops in the spring [9].

There is some evidence that olfactory attraction to baits varies between the winter
and summer phenotypes [13,14]. In two-way laboratory choice tests summer-morph D.
suzukii females were more attracted to strawberry juice compared to apple cider vinegar
whilst the opposite was observed for winter-morph females [13]. Geosmin (a sesquiter-
pene with a distinct earthy odour) was shown to repel summer-morph flies whilst having
a mildly positive chemotactic effect on winter-morph flies [14]. This may reflect differ-
ences in life-history traits associated with resource acquisition as it has been suggested
that winter-morph flies are more opportunistic, feeding on decomposing vegetation [15].
In terms of chemotaxis towards (or away from) yeast-based baits, studies have shown that
Saccharomyces cerevisiae (baker’s yeast) elicited no difference in attraction between D. su-
zukii morphs [14,16]. However, winter-morphs were more attracted to Candida zemplinina
alone or when combined with Hanseniaspora uvarum [17]. Variance in olfactory attraction
between morphs has important implications for attract-and-kill strategies, suggesting dif-
ferential attractants may be required for the two morphs to optimise the performance of
the baits.

One attract-and-kill strategy which shows promise for use in Integrated Pest Man-
agement of D. suzukii is combining insecticides with phagostimulants, to attract flies to a
toxic food source [18-25]. This can be achieved through combinations of insecticide and
bait, either applied as a narrow band spray or a full foliar coverage spray [20,23]. Com-
bining insecticides with phagostimulants increases the exposure of target insects to insec-
ticides via the initial attraction to a bait, followed by increased cuticular contact with the
toxic substance and through stimulation of feeding on the insecticide. Additionally,
phagostimulants could increase the efficiency of less effective insecticides classes [20]. At-
tracting D. suzukii to feed on bait-insecticide combinations also has the potential to limit
the exposure of non-target organisms to insecticides whilst significantly reducing the dose
and amount of insecticide by up to 96% while retaining comparable levels of control to
conventional insecticide application [23], including reducing insecticide residues in fruit
[25].

Yeasts represent an important class of phagostimulants in the control of D. suzukii
[19,21,23,24]. Several yeasts have been identified as being attractive to D. suzukii including
H. uvarum, H. opuntiae, C. zemplinina, C. californica, Pichia terricola, P. pijperi, Metschnikowia
pulcherrima and S. cerevisiae [21,26-30]. Combinations of C. zemplinina, P. pijperi, P. terricola,
M. pulcherrima and H. uvarum are also attractive, although not significantly more attractive
than H. uvarum alone [28,30]. However, the yeast combinations tested for attraction thus

44

45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97



Insects 2022, 13, x FOR PEER REVIEW 3 of 19

far have been simplistic, comprising of few species and/ or were singly fermented then 98
combined [28,30]. Naturally occurring yeast communities on D. suzukii fruit hosts are 99
complex [31-34] and likely interact on the surface of fruit. This potential interaction may 100
modulate attraction as ferments with S. cerevisiae and Pichia kluyveri produced synergistic 101
metabolic interactions in terms of volatiles [35]. Further, there is evidence that attraction 102
of D. melanogaster to co-cultures of S. cerevisize and certain species of bacteria was en- 103
hanced compared to post-growth blending [36]. However, co-fermenting certain yeasts 104
did not improve attraction when compared to single yeasts, both combined and alone [17]. 105
In addition, reducing the number of non-target Drosophila species killed may be important 106
to maximise inter-species competition, as D. suzukii lay fewer eggs in media exposed to D. 107
melanogaster [37,38]. Yeasts could provide selective baits which discriminate between Dro- 108
sophila species: for example, M. pulcherrima was attractive to D. suzukii and D. melanogaster, 109
but repellent to D. simulans [28]. 110
Various baits have been assessed for their effectiveness as phagostimulants for D. 111
suzukii, including commercial products (mainly protein-based) and sugar and yeast, both 112
separately and in combination. Combi-protec (Dedetec), a commercially available protein- 113
based bait, both improved mortality and reduced egg laying of D. suzukii when combined 114
with several different insecticides [21,23,25,39-41]. Adding brown cane sugar solution to 115
spinosad or cyantraniliprole significantly increased the mortality of adult D. suzukii dur- 116
ing laboratory assays [20,42]. Despite the identification of a range of yeast species that are 117
attractive to D. suzukii, relatively few species have been assessed for their effectiveness as 118
phagostimulants. Saccharomyces cerevisine combined with sugar in combination with cer- 119
tain insecticides, spinosad but not cyantraniliprole, significantly increased D. suzukii mor- 120
tality [20]. Additionally, S. cerevisize and sugar baits combined with spinosad also in- 121
creased mortality compared to commercially available protein-based baits (NuLure and 122
GF-120) [42]. The effect of yeast phagostimulants may not be clear-cut as another study 123
shows combining S. cerevisine with spinosad and spinetoram lowered efficacy compared 124
to insecticide alone after 8 hours exposure, with equivalent efficacy after 16 hours [43]. 125
Factors such as host fruit availability and physiological state of D. suzukii may modulate 126
the effectiveness of phagostimulants [43,44] potentially contributing to observed variation 127
in success of these baits. Although Saccharomyces cerevisiae is an effective phagostimulant 128
bait, it is less attractive to D. suzukii than other yeast species like H. uvarum [21,26,28,30]. 129
Adding spinosad to H. uvarum increased female D. suzukii mortality by 26% but did not 130
reduce oviposition in laboratory assays [19]. Additionally, when combined with spinosad, 131
cyantraniliprole or lambda-cyhalothrin, H. uvarum increased mortality and reduced ovi- 132
position (with lambda-cyhalothrin) compared to insecticide only controls [21] and H. 133
uvarum combined with spinosad was persistent on leaves and effective one week after 134
application on grape leaves [22]. Spinosad and cyantraniliprole combined with H. uvarum 135
also increased mortality of winter-morph D. suzukii compared to an insecticide only con- 136
trol and cyantraniliprole reduced oviposition of acclimatised winter-morph females [21]. 137
Insecticides, both combined with phagostimulant baits and alone, were more effective 138
against summer- than winter-morphs [21]. However, summer-morphs were maintained 139
at a higher temperature with longer light conditions likely affecting D. suzukii activity and 140
hence, it is not clear how this influenced mortality [21]. 141
Increased attractiveness of phagostimulants baits may not always translate into in- 142
creased effectiveness when combined with insecticides. For example, Combi-protec was 143
significantly less attractive than H. uvarum to summer-morph D. suzukii but was no less 144
effective in reducing mortality after 72h [21]. Regardless, there is some evidence that in- 145
secticides combined with S. cerevisige results in faster mortality (2-6 hours) in comparison 146
to commercially available protein-based baits [42]. Whether this holds true for other spe- 147
cies is unclear. 148
Most previous studies have focused on the yeasts S. cerevisiae and H. uvarum [19- 149
22,24]. However, there is a range of attractive yeast species and combinations that remain 150
untested as phagostimulants for D. suzukii [26,28]. Given the observation that 151
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attractiveness varies between single yeast species and combinations of yeast species [28],
it may be the case that blends of yeasts can be optimised for attraction to D. suzukii. Here,
we investigate the effectiveness of single and combinations of co-fermented yeast species
combined with insecticides in laboratory assays to evaluate their effectiveness as
phagostimulant baits for use in Integrated Pest Management strategies to control D. suzu-
kii. Specifically, the following hypotheses are tested: 1) combinations of co-fermented at-
tractive yeasts will be more effective baits than single species, and 2) the effectiveness of
yeast baits will differ between winter- and summer-morph D. suzukii.
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2. Materials and Methods 160
2.1 Drosophila cultures 161

An Italian strain of D. suzukii derived from flies collected in 2013 near Trento, Italy 162
was used which was not exposed to insecticide since its establishment in the laboratory. 163
Summer-morph flies were housed in BugDorm cages (32.5 x 32.5 x 32.5 cm) (MegaView 164
Science Co., Ltd.) at 89% humidity provided by damp blue absorbent paper on the roof 165
and base of the cages at 22+ 1.5°C with a 16:8 h light: dark photoperiod [37]. Drosophila 166
Quick Mix Medium blue (Blades Biological Ltd.) sprinkled with S. cerevisiae (dried baker’s 167
yeast) was used to rear summer-morph flies [28]. Additionally, cages were provisioned 168
with frozen raspberries, weekly [37]. To generate winter-morph D. suzukii for the experi- 169
ments, summer-morph adult flies were transferred from culture cages to square or circle- 170
based Drosophila Bottles (177 mL, Fisherbrand) filled with 50 mL cornmeal media (1% 171
agar, 9% sugar, 9% pre-cooked ground maize, 2% baker's yeast, 5% malt, 1% soy flour, 172
0.3% propionic acid, and 0.3% methyl 4-hydroxybenzoate pre-dissolved in 70% ethanol). 173
Flies were left to oviposit and larvae to develop for seven days whereupon adult flies were 174
removed and the bottles maintained at 10°C, 00:24 h light: dark. Before use in experiments, 175
winter-morph adult D. suzukii were transferred to Drosophila bottles containing 50 mL of 176
the Drosophila Quick Mix Medium sprinkled with yeast and were then acclimatised to 177

22°C and 16:8 h light: dark photoperiod over a three-day period. 178
179
2.2 Yeast cultures 180

Yeast species were from the Goddard culture collection at University of Lincoln (see 181
Supplementary Material, Table S1 for details on origin). All yeasts were grown at 30°C 182
with 120rpm shaking. Yeasts were pre-cultured for 24 hours in yeast peptone dextrose 183
media (YPD; 1% yeast extract, 2% peptone, and 2% dextrose) whereupon optical density = 184
(600 nm) was assessed and 1x10¢ yeast cells per mL were transferred to new YPD media 185
and cultured for 48h (N=1 per yeast treatment). Yeast cells were grown (fermented) either 186
alone or co-fermented. Where yeasts were co-fermented, cultures were inoculated with 187
equal numbers of cells (totalling 1x10¢ cells per mL) from each yeast species. For yeast 188
baits, H. uvarum, C. zemplininia and co-fermented H. uvarum + C. zemplininia were tested 189
for both summer- and winter-morphs, in addition to M. pulcherrima and co-fermented M. 190
pulcherrima + H. uvarum for summer-morphs (Table 1). Five yeast treatments were tested 191
alongside water positive and negative controls, YPD positive and negative media controls 192
and commercially available Combi-protec (5% v/v solution) positive control [39], for sum- 193
mer-morph D. suzukii. A reduced number of treatments was tested for winter-morphs due 194
to limitations in fly numbers (Table 1). All treatments were prepared on the day of use 195
and mixed directly with either sterile water for the negative controls or an insecticide at 196
the requisite concentration, shown in previous studies to be a discriminatory concentra- 197
tion and not to kill all adult D. suzukii [21]. 198
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Table 1. Single and fermented combinations of yeasts tested as baits with winter- and summer- 211
morph Drosophila suzukii. Yeasts were compared to water or yeast peptone dextrose media (YPD; 212
1% yeast extract, 2% peptone, and 2% dextrose) controls with (positive) or without (negative) insec- 213
ticides. A commercial product Combi-protec was included as a second positive control for summer- 214
morphs experiments. 215

Positive /Negative Summer-morph  Winter-morph
Treatment /Neg P P

Control experiments experiments
Hanseniaspora uvarum - X X
Metschnikowia pulcherrima - X
Candida zemplininia - X X
M. pulcherrima + H. uvarum - X
H. uvarum + C. zemplininia - X X
Water Negative X
Water Positive X
YPD media Negative X X
YPD media Positive X
Combi-protec Positive X
216
217
2.3 Laboratory jar bioassay 218

Jar-bioassays were set up to determine the effect of combining different yeast treat- 219
ments (single yeasts and combinations), with three separate insecticides; spinosad 220
(Tracer), cyantraniliprole (Exirel) and lambda-cyhalothrin (Hallmark Zeon) [21]. Insecti- 221
cides were added at concentrations that ensured not all flies were killed (Table 2 [21]). 222

223

Table 2. Insecticides and concentrations used in the experiments combined with baits to test for 224

control of Drosophila suzukii [20]. Recommended field rates were correct at the time of writing. 225
Insecticide details Concentration of active ingredient
jar bioas-
Active ingredi- product Recommended field
Product Manufacturer says (mg Percentage field rate
ent (g1 rate (mg 1)
I used in jar bioassays

strawberry  cherry  strawberry  cherry

Dow AgroSciences,
Tracer spinosad 480 3.6 72 120 5.0 3.0
Zionsville, IA, USA

DuPont, Wilming-

Exirel cyantraniliprole 100 18.9 75 90 28.2 21.0
ton, DE, USA
Hallmark  Syngenta, Basel, lambda-cyhalo-
100 3.8 7.5 9 50.7 427
Zeon Switzerland thrin

226

Jars (750 mL clear plastic jars; 103 mm diameter, 95 mm height, Involvement Pack- 227
aging Ltd.) modified with a fine mesh covered ventilation hole (10 mm diameter), with 228
damp filter paper (90 mm, Fisherbrand) on the base were used [21]. Conditions inside the 229
jar were on average 22.4°C and 92.7% humidity. Filter paper was re-wetted with 500 uL 230
distilled water as required. Each jar (N=5 replicates per treatment) contained three similar 231
sized (approximately 30 x 20 mm) wild blackberry (Rubus species) leaves unsprayed with 232
pesticide, picked the day before the experiment and stored at 2°C. Six x 10 pL droplets of 233
treatment or control solution (three on the upper surface, each side of the mid-vein) were 234
applied per leaf [21]. 235
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Each jar contained leaves with either a bait combined with insecticide or an insecti- 236
cide treatment only (positive control) (Tables 1,2). The treatments or controls were applied 237
to two of the three leaves with the third leaf receiving six droplets of sugar water as a food = 238
source (160 g1, 16%) [21]. Leaves were left to dry in a fume hood for 1-2 hours prior to 239
use and arranged with the insecticide or control leaves on one side of the jar and the sugar 240
leaf on the opposite side (Fig. S1). A 35 mm petri dish containing grape juice agar (34.7 g 241
Agar, 333 mL red grape juice, 33.3 g dextrose and 2.0 g Nipagin per litre distilled water) 242
was also placed in each jar [21]. 243

Twelve D. suzukii (eight females and four males) between 3-10 days old were added 244
to each replicate jar (N=5 replicates per treatment). Flies were anaesthetised using CO2, 245
sex determined then starved for seven hours prior to the experiment starting, whereupon 246
they were briefly anaesthetised with CO:zbefore being inserted into the jars in the space 247
between the leaves (Fig. S1). Adult fly mortality was recorded at 1, 2, 4, 8, 24, 32 and 48 248
hours. Flies which were heavily moribund (defined as individuals clearly close to death, 249

on their back or sides with one or more legs twitching) were classified as dead. 250
251
2.4 Statistical analysis 252

Differences in mortality were analysed using parametric survival regression analysis. 253
Since different concentrations of each insecticide were used (Table 2), treatment effects on 254
mortality were analysed using separate parametric survival regressions, the significance 255
of which was assayed using ANOVA following model simplification as per [45]. Data 256
from the four treatments, common to both morphological types (C. zemplininia, H. uvarum 257
and H. uvarum + C. zemplininia and YPD media negative control; Table 1) was also ana- 258
lysed to assess the effect of morph on mortality, separately for each insecticide. All pair- 259
wise comparisons were done using Benjamini-Hochberg corrected Log-Rank tests. 260

Probit analyses (two factor model) was used to identify the LTso (time to 50% popu- 261
lation mortality) for each bait treatments and insecticide separately. Statistical analyses 262
were carried out in R version 4.0.2 [46] and the ‘survival’ package [47] was used for the 263
separate parametric survival regression with the ‘survminer’ package [48] for the multiple 264
comparisons. The package ‘Ime4’ [49] was used for linear regression and ‘emmeans’ [50] 265

for multiple comparisons. The ‘drc’ package was used for probit analysis [51]. 266
267
268
269
3. Results 270
Summer-morph mortality of D. suzukii 271

For all three insecticides (spinosad, lambda-cyhalothrin, and cyantraniliprole) treat- 272
ment had a significant effect on summer-morph D. suzukii mortality (Parametric survival 273
regression A deviance = 222.27, df =9, P <0.001; A deviance = 111.14, df =9, P <0.001; A 274
deviance = 256.22, df =9, P < 0.001, respectively). 275

For spinosad, all insecticide treatments (baits and positive controls) caused signifi- 276
cantly greater D. suzukii mortality than both the YPD media and water negative controls 277
(P <0.001). The yeast baits, H. uvarum, H. uvarum + C. zemplininia and M. pulcherrima + H. 278
uvarum in combination with spinosad, caused significantly greater mortality than the wa- 279
ter (spinosad) positive control (P =0.038, P = 0.017 and P < 0.001 respectively). Addition- 280
ally, M. pulcherrima + H. uvarum with spinosad caused significantly greater D. suzukii mor- 281
tality than the YPD media positive control (P = 0.040). There was also higher mortality in 282
the YPD negative control than the water negative control (P = 0.030) (Fig. 1a). 283

All lambda-cyhalothrin treatments caused significantly greater D. suzukii mortality 284
than both the YPD media and water only negative controls (P <0.001). M. pulcherrima, and 285
M. pulcherrima + H. uvarum in combination with lambda-cyhalothrin produced signifi- 286
cantly higher mortality than the water positive (lambda-cyhalothrin) control (P =0.021, P 287
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= 0.003, respectively) and YPD positive control (P = 0.024, P = 0.003, respectively). Addi-
tionally, M. pulcherrima + H. uvarum with lambda-cyhalothrin resulted in greater mortality
than C. zemplininia and H. uvarum, with lambda-cyhalothrin (P = 0.024 and P = 0.021) (Fig.
1b).

All cyantraniliprole treatments resulted in greater mortality than both the YPD media
and water negative controls (P-values ranging from < 0.001 to 0.003). All bait treatments
with cyantraniliprole, including YPD positive control, had higher D. suzukii mortality than
the water positive control (P ranging from < 0.001 to 0.003). Additionally, Combi-protec
with cyantraniliprole caused greater mortality than H. uvarum + C. zemplininia and M. pul-
cherrima, with cyantraniliprole (P = 0.045 and P = 0.046) (Fig. 1c).
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Figure 1. Cumulative percentage mortality of summer-morph D. suzukii exposed to yeast 316
phagostimulant baits (H. uvarum, M. pulcherrima, C. zemplininia, M. pulcherrima + H. uvoarum and H. 317
uvarum + C. zemplininia) in combination with insecticides (a) spinosad, (b) lambda-cyhalothrin or (c) 318
cyantraniliprole compared to Combi-protec, YPD media and water positive controls (dashed lines) 319
and YPD and water negative controls (dotted lines). Experiments lasted 48 hours, and the conditions 320
inside the jars were 22.4°C and 92.7% humidity with 16:8 h light: dark photoperiod. Separate log- 321
Rank Pairwise comparisons for each insecticide were used to determine significance between treat- 322
ment and different letters at the ends for lines denote significance differences (within each insecti- 323

cide, P <0.05). 324
325
3.2 Winter-morph mortality of D. suzukii 326

A subset of baits (H. uvarum, C. zemplininia, H. uvarum + C. zemplininia and YPD media 327
negative control; Table 1) were tested against the winter-morph. As with D. suzukii sum- 328
mer-morphs, bait treatments in combination with an insecticide; spinosad, lambda- 329
cyhalothrin, or cyantraniliprole, had a significant effect on winter-morph mortality 330
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(Parametric survival regression A deviance =173.96, df = 3, P <0.001; A deviance = 166.90, 331
df =3, P <0.001; A deviance = 229.80, df = 3, P < 0.001, respectively). 332

Across the three insecticide experiments (spinosad, lambda-cyhalothrin or cyan- 333
traniliprole), when combined with C. zemplininia, H. uvarum, or H. uvarum + C. zemplininia ~ 334
caused significantly greater mortality than the YPD media negative control (P < 0.001). 335
Additionally, H. uvarum + C. zemplininia paired with lambda-cyhalothrin caused signifi- 336
cantly greater mortality than H. uvarum alone combined with lambda-cyhalothrin (P = 337
0.033) (Fig. 2b). 338
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Figure 2. Cumulative percentage mortality of winter-morph D. suzukii exposed to yeast phagostim- 341
ulant baits (H. uvarum, C. zemplininia and H. uvarum + C. zemplininia) in combination with the insec- 342
ticides (a) spinosad, (b) lambda-cyhalothrin or (c) cyantraniliprole, compared to YPD media (nega- 343
tive control, dotted line). Experiments lasted 48 hours, conditions inside the jars were 22.4°C and 344
92.7% humidity with 16:8 h light: dark photoperiod. Separate log-Rank Pairwise comparisons for 345
each insecticide were used to determine significance between treatment and different letters at the 346
ends of lines denote significance differences (within each insecticide, P < 0.05). 347
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348
3.3 Differences in mortality between D. suzukii winter- and summer-morphs 349

There was a significant interaction between treatment and morph for all three insec- 350
ticides (Parametric survival regression A deviance = 10.81, df = 3, P =0.013; A deviance = 351
10.18, df =3, P =0.017; A deviance = 19.17, df = 3, P < 0.001, spinosad, lambda-cyhalothrin 352
and cyantraniliprole, respectively) showing that D. suzukii morphs differentially re- 353
sponded to the treatments. 354

C. zemplininia combined with lambda-cyhalothrin or cyantraniliprole but not spi- 355
nosad, caused significantly greater mortality (between 8-23%) in winter- than in summer- 356
morphs (P <0.001, 0.008 and P = 0.053, respectively). H. uvarum + C. zemplininia combined 357
with lambda-cyhalothrin or cyantraniliprole caused significantly greater mortality (13- 358
30%) in winter-morph flies (P < 0.001 and P = 0.022) and H. uvarum only, combined with 359
lambda-cyhalothrin also caused significantly greater mortality (17%) to winter-morph 360
flies (P < 0.001). Additionally, there was marginally significantly greater mortality (20%) 361
of summer-morphs (P = 0.048) in the YPD media negative control treatments for spinosad 362
and cyantraniliprole experiments (P = 0.048, P = 0.009) but not lambda-cyhalothrin (Fig. 363
3). 364
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arate log-Rank Pairwise comparisons for each insecticide were used to determine significance in
mortality between morphological type of D. suzukii and coloured bars with P-values connecting
lines denote any significance difference in mortality between D. suzukii summer- and winter-
morphs for the different insecticides (P < 0.05).
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3.4 Median Lethal Time (time until death) of 50% (LT50) of summer-morph D. suzukii to 375
insecticides combined with phagostimulant baits 376

M. pulcherrima + H. uvarum with spinosad was the only phagostimulant bait, includ- 377

ing the commercial product (Combi-protec), that significantly reduced the time-to-kill of 378
50% of the D. suzukii population (LTs0) compared to the water positive control (Fig. 4, 379
Table S52). Although the differences were not significant, the time taken for 50% of D. su- 380
zukii to die when insecticides were combined with a phagostimulant bait was approxi- 381
mately half that of the water positive control for spinosad and a quarter of the time for 382
cyantraniliprole (Fig. 4; Table 52). Lambda-cyhalothrin combined with water only did not 383
reach 50% mortality by the end of the experiment, although combining the insecticide 384
with bait did reduce the numbers of D. suzukii by at least 50% by the end of the experiment 385
(Fig. 4; Table S2). Only summer-morph D. suzukii data was analysed due to winter-morphs 386
not being tested against water positive control (Table 1). 387
388
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60
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20

LTs, (hours)
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Figure 4. Median Lethal Time (time until death) of 50% (LTs0) of summer-morph D. suzukii in hours 390
of yeast phagostimulant baits (H. uvarum, M. pulcherrima, C. zemplininia, M. pulcherrima + H. uvarum 391
and H. uvarum + C. zemplininia) in in combination with the insecticides (a) spinosad, (b) lambda- 392
cyhalothrin or (c) cyantraniliprole compared to Combi-protec, YPD media and water positive con- 393
trols and YPD and water negative controls. *Treatments significantly different where 95% confi- 394
dence intervals (horizontal error bars) do not overlap. Treatments (water and media controls for 395
lambda-cyhalothrin) that did not reach 50% mortality by the end of the experiment are omitted from 396
graphs. 397
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398

4. Discussion 399

Yeasts are effective phagostimulant baits that can be combined with insecticides to 400
reduce the dose required, by up to 96%, while retaining comparable levels of D. suzukii 401
control [23]. However, little is known about how combining yeasts affects the efficacy of 402
these baits and whether effectiveness will vary depending on morphological type of D. 403
suzukii. This study tested the hypotheses that combinations of co-fermented attractive 404
yeasts are more effective as baits than single yeast species and their effectiveness against 405
winter- and summer-morph D. suzukii will differ, finding some evidence to support both 406
hypotheses. 407

Yeast phagostimulant baits applied to foliage (blackberry leaves) generally increased 408
the mortality of D. suzukii compared to exposure to the same dose of insecticide combined 409
with water only. Insecticidal efficacy was improved by the addition of certain yeast-based 410
phagostimulants. H. uvarum, H. uvarum + C. zemplininia or M. pulcherrima + H. vvarum in 411
combination with spinosad, M. pulcherrima, and M. pulcherrima + H. uvarum with lambda- 412
cyhalothrin, and all yeast baits combined with cyantraniliprole caused significantly 413
greater mortality than insecticide and water alone (Fig. 1). The findings here agree with 414
previous studies which show H. uvarum is an effective phagostimulant bait [19,21-24]. H. 415
uvarum combined with spinosad, cyantraniliprole or lambda-cyhalothrin increased D. su- 416
zukii mortality compared to exposure to an insecticide alone [19,21]. We report a similar 417
trend for spinosad and cyantraniliprole but not lambda-cyhalothrin: this discrepancy may 418
be attributed to differences in length of exposure to insecticides and/or differences in 419
strain of H. uvarum or yeast culture media used, both of which may affect D. suzukii at- 420
traction to yeast [27,28]. 421

There was some evidence that phagostimulant baits resulted in an increased rate of 422
mortality against summer-morph D. suzukii (approximately 1.5 and eight times) when 423
combined with spinosad or cyantraniliprole, compared to insecticides with just water (Fig. 424
4; Table S2). Despite this, only M. pulcherrima + H. uvarum combined with spinosad had a 425
significantly lower LTso (threefold) than the water positive control (Fig. 4; Table 52). After 426
a short exposure time (two hours) S. cerevisize + sugar baits combined with spinosad 427
caused greater mortality than insecticide applied alone [42]. Faster kill rates are desirable 428
as this potentially limits the number of eggs laid by female D. suzukii thus potentially re- 429
ducing fruit damage. We only present data on speed of mortality of phagostimulant baits 430
compared to insecticide and water alone for summer-morphs but recommend that the 431
efficacy of these baits should also be assessed for winter-morphs. 432

Only M. pulcherrima + H. uvarum combined with spinosad or lambda-cyhalothrinand 433
M. pulcherrima with lambda-cyhalothrin caused significantly higher mortality than YPD 434
media combined with the respective insecticide (Fig. 1). H. uvarum combined separately 435
with the three insecticides did not cause significantly greater mortality than YPD and in- 436
secticides (Fig. 1) possibly due to YPD being attractive [17]. Additionally, YPD media com- 437
bined with cyantraniliprole, but not the other insecticides, caused significantly greater 438
mortality than insecticide alone (35% more after 48 hours; Fig. 1). This finding suggests 439
that in certain cases YPD, a relatively cheap culture media, may be an effective phagostim- 440
ulant worthy of further investigation. 441

There was limited evidence supporting the hypothesis that combinations of yeasts 442
are more effective than single species. M. pulcherrima + H. uvarum, combined with lambda- 443
cyhalothrin, resulted in higher summer-morph D. suzukii mortality than C. zemplininia =~ 444
(22% higher) or H. uvarum for both summer- and winter-morph flies (23% and 22%, Figs. 445
1 and 2). H. uvarum is an effective yeast phagostimulant [19,21-24] but efficacy might be 446
further promoted by mixing with other yeast isolates, e.g. M. pulcherrima, at least when 447
combined with certain insecticides (Fig. 1). There was no evidence that M. pulcherrima + 448
H. uvarum co-fermented in YPD improved attraction compared to H. uvarum alone [17]. 449
However, attraction to a bait does not necessarily increase its potential as a 450
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phagostimulant when combined with an insecticide [21]. In this study live yeast cells were 451
combined with insecticides on blackberry leaves and could have potentially further inter- 452
acted with each other, as well as with the epiphytic leaf microbes, which could have in- 453
fluenced attraction. Previous work has shown that interactions during co-cultures of yeast 454
and bacteria modulated attraction of D. melanogaster [36]. 455

There was no conclusive evidence that yeast baits were more effective phagostimu- 456
lants than a current commercial bait (Combi-protec) to summer-morph D. suzukii, which 457
is consistent with previous findings [21,23]. Additionally, Combi-protec was the most ef- 458
fective bait tested when combined with cyantraniliprole [23] and caused significantly 459
higher mortality of summer-morph D. suzukii compared to M. pulcherrima and H. uvarum 460
+ C. zemplininia (13-15% higher, Fig. 1). However, there is some evidence with other yeast 461
species (S. cerevisiae) and different commercially available protein-based baits (NuLure 462
and GF-120), that yeasts increased mortality, at least in the short term (2-6 hours) com- 463
pared to protein-based baits [42]. 464

Most previous studies investigating yeasts as phagostimulants have focused on S. 465
cerevisige and H. uvarum e.g. [19-24], although M. pulcherrima and Cryptococcus tephrensis 466
have also been tested [20]. Whilst S. cerevisize and H. uvarum are undoubtably effective 467
phagostimulants, this study has expanded the range of D. suzukii bait possibilities for fu- 468
ture attract-and-kill strategies. These experiments used a laboratory strain of D. suzukii 469
which has not been exposed to insecticides since establishment in the laboratory in 2014. 470
As resistance of D. suzukii to spinosad has been recorded in field populations in the USA 471
[52], it is also important to assess the effectiveness of potential phagostimulant baits in 472
combination with insecticides to field populations. 473

Finally, it was hypothesised that the effectiveness of yeast phagostimulant baits 474
would differ between winter- and summer-morph D. suzukii. There was evidence to sup- 475
port this as all yeasts and their combinations combined with lambda-cyhalothrin caused 476
significantly (17-30%) higher mortality in winter-morphs than summer-morphs. This was 477
also apparent for C. zemplininia or H. uvarum + C. zemplininia combined with cyan- 478
traniliprole, but to a lesser extent (7-13%, Fig. 3). These differences could be the result of 479
detection and attraction differences to yeasts between the different morphs. For example, 480
C. zemplininia was more attractive to winter- than summer-morph females although co- 481
fermented H. uvarum + C. zemplininia and H. uvarum alone were not [17]. The differences 482
in mortality between morphs for yeast baits were more pronounced in combination with 483
lambda-cyhalothrin than other insecticides (Fig. 3). Certain pyrethroids, cyhalothrin and 484
cyhalothrin but not deltamethrin, are somewhat repellent to summer-morph D. suzukii at 485
low concentrations [24,53] and olfactory responses differ between D. suzukii winter- and 486
summer-morphs [13]. For example, summer-morphs are significantly repelled by ge- 487
osmin whereas winter-morphs are attracted (although not significantly) [14]. It is conceiv- 488
able that winter-morph D. suzukii are less able to detect pyrethroids, less repelled by them, 489
and/or more toxicologically sensitive. 490

Conversely, winter-morphs were previously found to be less sensitive to insecticides 491
than summer-morph D. suzukii compared to this study [21]. However, both temperature 492
and photoperiod conditions varied between the morphs (21°C and 16: 8 light: dark; 13°C 493
8: 16 light: dark for summer- and winter-morphs respectively) [21]. Our winter-morph 494
experiments were conducted at a higher temperature and with a longer photoperiod, pre- 495
sumably increasing the flies’ activity and improving exposure which could explain this 496
discrepancy. To clarify, experiments carried out for both morphs at both conditions would 497
be needed. The effectiveness of phagostimulants against the winter-morph should be 498
tested in field situations to ensure efficacy is realised in realistic conditions [28]. Differ- 499
ences in the effectiveness of yeast baits to summer- and winter-morphs is an important 500
finding suggesting that phagostimulant baits might be tailored to better target the two 501
morphological stages as part of Integrated Pest Management control strategies. Winter- 502
morph females make up the majority of the flies entering the crop at the start of the grow- 503
ing season [9], making it advantageous to reduce the numbers of overwintering flies 504
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and/or winter-morphs early in the season. Further work is needed to test if current com- 505
mercial baits are as effective for both morphs in a commercial setting. 506

5. Conclusions 507

Yeasts are important candidates as phagostimulant baits in combination with insec- 508
ticides for attract-and-kill strategies for D. suzukii control. We have identified candidate 509
yeast species and combinations which are potentially effective phagostimulant baits. Ad- 510
ditionally, we show that in some cases combinations are more effective phagostimulant 511
baits than single yeast species. Olfactory attraction varies between D. suzukii morpholog- 512
ical type [13] and we show in laboratory assays that effectiveness of yeast phagostimulants 513
can vary between D. suzukii morphs, suggesting there is potential to tailor baits according 514
to seasonality. These findings contribute to developing sustainable lower insecticide in- 515
puts into horticulture management controls for both morphological stages of D. suzukii 516
and likely reduce the impact of insecticides on beneficial insects like pollinators and nat- 517
ural enemies. Using a more targeted approach with lower doses of insecticides via deliv- 518
ery through phagostimulant baits could reduce exposure of other non-target arthropods 519
in the crop. 520

Supplementary Materials: The following supporting information can be downloaded at: 521
www.mdpi.com/xxx/s1, Figure S1. Jar-bioassay set up: Figure 52. Mean eggs laid by summer-morph 522
D. suzukii: Table S2. Median Lethal Time (LTs0) of summer-morph D. suzukii: Table S1: Origin of 523
yeast isolates: File S1 raw data. 524
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