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Abstract  2 

Drosophila suzukii is an invasive pest of soft and stone fruit originating from southeast Asia, which 3 

is now present in most northern temperate regions after multiple invasions. D. suzukii has the 4 

uncommon ability among Drosophila species to oviposit in ripening fruit and like other Drosophila 5 

species is attracted to volatile metabolites produced by individual fruit associated yeast isolates. To 6 

aid survival during unfavourable temperate winters, D. suzukii enters a reproductive diapause, a 7 

behaviour that is associated with a morphologically distinct winter phenotype. The D. suzukii 8 

morphs occupy different niches and vary in olfactory attraction. Yeast baits have the potential to 9 

be used to target phenotypes in attract-and-kill strategies, as liquid baits in traps and as 10 

phagostimulant baits with insecticides.  11 

 12 

In Chapter 2, two-way laboratory choice tests and field trapping revealed D. suzukii was attracted 13 

to volatile metabolites produced by several yeast species and combinations, most notably 14 

Metschnikowia pulcherrima and Hanseniaspora uvarum, separately and when combined post-15 

fermentation. Chapter 3 used a DNA metabarcoding approach to investigate general fungal and 16 

Saccharomycetales yeast communities during ripening on strawberry, cherry, raspberry, and 17 

blueberry. On average there was a 5-fold greater difference in fungal communities between fruit 18 

types than across maturation stages. Additionally raspberry, which has a higher susceptibility to D. 19 

suzukii compared to other fruits, had a greater prevalence of Saccharomycetales yeasts attractive 20 

to D. suzukii, including H. uvarum. Chapter 4 demonstrated that preference for volatile metabolites 21 

from both single yeast species and combinations varied between summer- and winter-morphs. 22 

Most notably Candida zemplinina, when fermented in sterile strawberry juice or yeast peptone 23 

dextrose media (YPD), was more attractive to winter-morphs. However, co-fermented yeasts were 24 

no more attractive than post-ferment mixes of constituent yeasts or single species. Chapter 5 25 

identified a number of effective yeast phagostimulant baits in combination with insecticides. There 26 

was some evidence that combinations of yeasts were more effective than single species. M. 27 

pulcherrima + H. uvarum, combined with lambda-cyhalothrin was more effective than H. uvarum 28 



iii 
 

for both summer- and winter-morph flies and Candida zemplininia for summer-morphs. As with 29 

attraction, the effectiveness of yeast phagostimulant baits varied between D. suzukii summer- and 30 

winter-morphs. C. zemplininia or H. uvarum + C. zemplininia were more effective phagostimulant 31 

baits against winter- than summer-morphs when combined with lambda-cyhalothrin or 32 

cyantraniliprole as well as H. uvarum combined with cyantraniliprole.  33 

 34 

This thesis has added to the growing body of knowledge of D. suzukii: yeast interactions and their 35 

possible exploitation in pest control. Several yeast species and combinations that are attractive and 36 

effective phagostimulant baits in combination with insecticides have been identified. Knowledge of 37 

yeast communities on ripening fruit is important in the identification of novel attractive and 38 

selective yeast baits for D. suzukii. Differential preference of yeasts to D. suzukii morphs has 39 

potentially important implications for season-long control where different baits should be used to 40 

optimise attraction to the different phenotypes.  41 

 42 
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Chapter 1:  Literature review  497 

 498 

1.1 Drosophila suzukii overview 499 

1.1.1 Ability to oviposit in ripening fruit 500 

Drosophila suzukii (Matsumra), commonly called spotted wing drosophila, is a highly polyphagous 501 

pest of soft and stone fruit. D. suzukii’s ability to oviposit on ripening fruit derives from females 502 

having a morphologically modified ovipositor (Atallah et al., 2014). The ovipositor has modified 503 

bristles, that are both thick and pigmented, close to the distal tip (Atallah et al., 2014). The shape 504 

of the ovipositor is also an important morphological characteristic (Atallah et al., 2014). D. 505 

subpulchrella (Takamori and Watabe) has a similar number of enlarged bristles compared to D. 506 

suzukii and can oviposit in ripening raspberries and cherries. However, D. subpulchrella’s ovipositor 507 

differs in shape to D. suzukii being less sharp and pointed (Atallah et al., 2014) and unlike D. suzukii, 508 

D. subpulchrella is unable to oviposit through the thicker epicarp of grapes (Atallah et al., 2014). D. 509 

suzukii utilise their ovipositor in a saw-like motion, repeatedly probing the epicarp in their attempt 510 

to lay an egg; success sometimes only comes after multiple failures (Atallah et al., 2014) resulting 511 

in mechanical damage from the puncture wounds. Once the larvae hatch, they cut air holes in and 512 

feed on the fruit, causing additional mechanical damage resulting in unmarketable fruit (Goodhue 513 

et al., 2011). The open lesions on the fruit from oviposition and larval feeding allow secondary 514 

infection (Ioriatti et al., 2018) by bacteria and yeast which cause further degradation to the fruit, 515 

which often collapse (Walsh et al., 2011). In addition, the damage caused by D. suzukii allows 516 

oviposition by other insects including species of Drosophila, unable to oviposit in undamaged fruit 517 

(Walsh et al., 2011). Damage caused directly or indirectly by D. suzukii makes affected fruit 518 

undesirable, thus causes crop losses.  519 

 520 
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1.1.2 Global distribution and damage resulting from D. suzukii 521 

D. suzukii is endemic to southeast Asia having recently spread globally and is now present in most 522 

northern temperate regions (Rota-Stabelli et al., 2013; Asplen et al., 2015). In 2008 D. suzukii was 523 

first detected on the American mainland in California (Bolda et al., 2010). In Europe D. suzukii was 524 

detected first in Spain and Italy in 2008, closely followed by France in 2009 (Calabria et al., 2012). 525 

In 2012, D. suzukii was detected in South America, in Brazil (Deprá et al., 2014) and in the UK, in 526 

Kent (Harris and Shaw, 2014). It is likely that D. suzukii’s global spread is due to exports of fruit 527 

(Hauser, 2011; Calabria et al., 2012) mainly along major trade routes (Cini et al., 2014). In some 528 

areas of the USA and Europe D. suzukii was first detected on the coast near to ports, suggesting D. 529 

suzukii was transported from Asia, arriving as larvae or eggs in imported fruit (Rota-Stabelli et al., 530 

2013). Since its recent invasions, D. suzukii has caused massive economic losses with total losses 531 

attributed to D. suzukii of $511.3 million in 2008 in three states in the USA (California, Oregon and 532 

Washington) in strawberries, blueberries, raspberries, blackberries and cherries (Bolda et al., 2010). 533 

In the USA state Maine, losses to the wild blueberry industry have been estimated to be between 534 

$1.1 and 6.9 million annually (Yeh et al., 2020). In Europe, D. suzukii has caused substantial losses 535 

with between 60-80% losses of strawberry, 90% of late-harvested cherries and 30-40% of blueberry 536 

crops in some regions in Italy in 2010 (Grassi et al., 2011). D. suzukii also causes financial losses by 537 

the increased cost of control measures used to combat this pest (Goodhue et al., 2011). In 538 

Switzerland, 76% of growers questioned incurred additional costs from D. suzukii control measures 539 

(Knapp et al., 2021). Cultural control methods like insect exclusion netting (Alnajjar et al., 2017), 540 

Increasing picking frequency, pruning to alter microclimates in crops (Schöneberg et al., 2020), 541 

disposal of waste fruit (Noble et al., 2017) and mulches applied on the ground below crops (Rendon 542 

et al., 2020) are often employed as part of integrated pest management (IPM) control strategies for 543 

D. suzukii. Most of these control measures increase labour costs and thus increase D. suzukii control 544 

costs for growers (Schöneberg et al., 2021).  545 
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1.1.3 D. suzukii fecundity 546 

D. suzukii are able to oviposit over a large range of temperatures (18-30°C) (Winkler et al., 2020) 547 

and have a high reproductive rate. Females, on average, lay between 1 and 3 eggs per oviposition 548 

site and 7-13 eggs per day, approximately 380 eggs in a lifetime (Walsh et al., 2011). Since multiple 549 

females can oviposit on the same fruit, the high fecundity of D. suzukii can lead to large numbers 550 

of fruit being affected. D. suzukii has a short generation time, at 22°C taking approximately 14 days 551 

for D. suzukii to progress from eggs to adults (Tochen et al., 2014) with a large number, up to 13, 552 

generations potentially occurring in a season (Walsh et al., 2011). 553 

 554 

1.1.4 Winter-morph D. suzukii 555 

D. suzukii’s ability to adapt to a wide range of environmental conditions has been an important 556 

factor in the success of this pest around the globe (Little et al., 2020). As D. suzukii is a globally 557 

distributed pest (e.g. Rota-Stabelli et al., 2013; Asplen et al., 2015) it encounters a wide range of 558 

climatic conditions including areas where the temperature regularly drops below freezing (Asplen 559 

et al., 2015). Diapause is a state of developmental arrest triggered by environmental cues that 560 

results in increased stress tolerance and reduced metabolism (Koštál, 2006). To deal with cooler 561 

temperatures and other climatic changes associated with winter conditions, D. suzukii can exhibit 562 

reproductive diapause to better survive unfavourable conditions. Whether this is a true diapause is 563 

not clear (Toxopeus et al., 2016) however, the different phenotypes are morphically distinct with 564 

the winter-morph phenotype, for both males and females, being enlarged and a darker colour 565 

compared to their summer-morph counterparts (Wallingford and Loeb, 2016b), facilitating better 566 

adaptation for survival at lower temperatures and preventing desiccation. In D. melanogaster 567 

increased melanisation is associated with higher desiccation survival (Rajpurohit et al., 2008). 568 

Overwintering as adults may be beneficial for D. suzukii as it is unlikely that larvae or pupae can 569 

avoid freezing temperatures with exposure to low temperatures causing high pupal mortality 570 

(Stockton et al., 2019). When exposed to 1.1 °C for 72 hours no eggs, or larvae (1st or 2nd instar) 571 

survived (Aly et al., 2017). At low temperatures winter-morph flies survive longer with female D. 572 
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suzukii having approximately four times greater LT50 (lethal time to reach 50 % mortality) at 1 °C 573 

than their summer-morph counterparts, the same occurs in males but with an approximate 574 

difference of 8 times (Shearer et al., 2016). In addition, female winter-morph flies survived 575 

significantly longer, approximately 20 days than males (Shearer et al., 2016). Levels of certain heat 576 

shock proteins (Hsp83 and Hsc70-4) are upregulated in winter-morph D. suzukii (Toxopeus et al., 577 

2016). D. suzukii’s transition into winter-morph happens when temperature drops and daylight 578 

reduces although temperature is the driving factor (Leach et al., 2019) with constant temperatures 579 

of 15°C facilitating the development of winter morphs (Wallingford and Loeb, 2016b). 580 

Morphological phenotype (summer- and winter-morph) is not reversable in an individual fly’s 581 

lifetime, it is conditions faced by juvenile stages of D. suzukii that determine morphological type of 582 

emerging flies.  Larva exposed to low temperature (~10°C) pupate and emerge as the winter morph 583 

phenotype (Fig. 1.1). The change between morphological types typically occurs towards the latter 584 

stages of the growing season with a sharp population increase of approximately 30% in winter-585 

morph phenotype in September, further increasing in October (up to ~95%) and December (~99%) 586 

in the Netherlands (Panel et al., 2018). The presence of morph type is often not binary. Intermediate 587 

morphs are common especially between September and December (<10% of phenotypes) (Panel 588 

et al., 2018).   589 

 590 

 591 

 592 

 593 
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 594 

Fig. 1.1  Temperature is the driving factor facilitating change between D. suzukii morphological 595 

types. Winter-morph phenotype (right) is larger and darker than summer morph (left) counter 596 

parts. Temperature is the driving factor facilitating change between morphs, (a) when temperature 597 

drops (~10°C) emerging flies will be winter-morphs. Winter morphs have reduced fecundity 598 

compared to summer morph counterparts. (b) After overwintering when temperatures start to 599 

increase winter morph females start to develop ovaries and it is these over-wintering flies that enter 600 

the crop at the start of the growing season (Panel et al., 2018). Photos taken from Sial, 2014; 601 

Shearer et al., 2016; Spears et al., 2017; Panel et al., 2018. 602 

 603 

After overwintering, when temperatures start to increase, winter-morph flies become more active 604 

and females develop ovaries and eggs; it is these females that enter the crop early in the season 605 

leading to subsequent generation emerging as summer morphs (Panel et al., 2018). Summer-morph 606 

flies have increased fecundity compared to winter morphs under laboratory conditions, laying 607 

significantly more eggs than both winter morph reared flies and winter morphs acclimatised for 48 608 

hours at 25°C and 16:8 L:D photoperiod (Leach et al., 2019). The increase in prevalence of the 609 

winter-morph phenotype coincided with a decrease in fecundity with the percentage of gravid 610 

female dropping from 50% in mid-September to 3.5% in late December in the Netherlands, with 611 

approximately 25% and 20% fecund females by the end of October and November, respectively 612 

(Panel et al., 2018). A similar trend was observed in flies trapped in Ontario County, USA in 613 



6 
 

December 2014 with numbers of D. suzukii female fecundity dropping from ~40% in September to 614 

~15% in October, until no females were gravid in December (Wallingford and Loeb, 2016a). Both 615 

studies show a reduced fecundity in the later stages of the growing season but variability in 616 

fecundity probably due to differences in climatic conditions between locations.  617 

 618 

Survival of D. suzukii winter-morph across several sites in the USA differed between two 619 

consecutive growing seasons with survival increased in the season with the warmer temperatures 620 

(Stockton et al., 2019). The majority of female D. suzukii collected in cherry orchards near 621 

Wageningen in the Netherlands at the start of the growing season were winter morphs, suggesting 622 

it is potentially important to target and control winter-morph females as they make up the majority 623 

of females that enter crops in the spring (Panel et al., 2018). Winter-morph females are able to 624 

store sperm in their spermathecal with just over 60% of females caught in October 2016/17 in 625 

Trento, Italy, having stored sperm and approximately 40% in December (Grassi et al., 2018). Storing 626 

sperm over winter is advantageous as it allows females to lay viable eggs without the need to locate 627 

a mate at the start of the following season; male winter-morphs may be less numerous after 628 

overwintering, due to lower survival rates (Shearer et al., 2016; Stockton et al., 2019). The ability of 629 

females to store sperm highlights the potential importance of reducing numbers of females 630 

overwintering and subsequently laying eggs in developing fruits.  631 

 632 

1.2 Microbes associated with fruit  633 

D. suzukii, unlike the vast majority of other Drosophila species, can oviposit in ripening fruit. 634 

Microbes are essential components of agricultural and natural ecosystems being widespread in the 635 

environment and ubiquitous on fruit surfaces. Fruits provide ideal conditions for microbial growth 636 

e.g. water availability and access to sugars and other nutrients (Berg et al., 2016). Microbes 637 

inhabiting the surface of plants form complex communities whilst fulfilling a variety of roles, some 638 

beneficial, some neutral and some pathogenic to plants. The fungal kingdom is diverse and includes 639 
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a wide range of eukaryotic organisms including yeasts, moulds and rusts. Due to the diverse nature 640 

of fungi many different members of this kingdom fulfil different, often diverse, roles. For example, 641 

members of the Ascomycota phylum, commonly referred to sac fungi, are often harmful plant 642 

pathogens e.g. Botrytis cinerea, which affect a wide range of fruit including grapes and strawberries, 643 

causing decay (Williamson et al., 2007). Other members of this phylum are highly beneficial for 644 

example Saccharomyces cerevisiae is fundamentally important in the fermentation process. The 645 

phylum Basidiomycota is also diverse, including a wide range of organisms like mushrooms and 646 

rusts. The fungal phyla Ascomycota and Basidiomycota are dominant on fruit with Ascomycota 647 

making up 52-97% and Basidiomycota 4-23% of fungi on a variety of fruit including grapes 648 

(Carmichael et al., 2017), apples (Vepštaitė-Monstavičė et al., 2018), plums (Janakiev et al., 2019) 649 

and strawberries (Abdelfattah et al., 2016). Yeasts are single-celled fungi which are ubiquitous in 650 

terrestrial and aquatic habitats, even being isolated from the air in vineyards (Garijo et al., 2011) 651 

and are commonly found associated with fruits (e.g. Taylor et al., 2014; Abdelfattah et al., 2016).  652 

 653 

1.2.1 Culture based vs metagenomic techniques  654 

Studies have utilised different methods to identify microbes including culture dependant (e.g. 655 

Barata et al., 2008; Hamby et al., 2012; Gayevskiy and Goddard, 2012) and independent methods 656 

(e.g. Taylor et al., 2014; Morrison-Whittle and Goddard, 2015; Abdelfattah et al., 2016; Fountain et 657 

al., 2018). This may impact the taxa detected with sequencing-based methods detecting some 658 

microbes which cannot be cultured and 95% of fungi being missed when using culture-based 659 

methods (Taylor et al., 2014). As culture-based methods do not detect the small levels of fungi they 660 

may not be adequate to fully assess fungal diversity on fruits (Taylor et al., 2014; Setati et al., 2012) 661 

with culture-based techniques not detecting the effect of farming system on grape fungal 662 

communities (Setati et al., 2012). It is noteworthy that next generation sequencing techniques 663 

sometimes identify only to genus level and give values of relative abundance as opposed to actual 664 

abundance. Culture-based methods provide interesting data and can be used to quantify absolute 665 

abundance of microbes and those used for baits need to be easily cultured into large volumes. 666 
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Despite metagenomic techniques generally not being quantitative, adding internal standards 667 

before DNA extraction can enable estimates of absolute abundance, either known number of cells 668 

or synthetic chimeric DNA spike to samples (Stämmler et al., 2016; Tkacz et al., 2018; Harrison et 669 

al., 2021). Internal standards have been used to quantify absolute abundances by various 670 

metagenomic studies (Harrison et al., 2021) but not for fungal communities on fruit. 671 

 672 

1.2.2 Factors affecting microbial communities 673 

Fruit surfaces are home to complex microbial communities which are dynamic, being affected by a 674 

number of factors including geographic location (Gayevskiy and Goddard, 2012; Bokulich et al., 675 

2014; Taylor et al., 2014; Vepštaitė-Monstavičė et al., 2018), fruit ripening stage (Barata et al., 676 

2012), fruit damage (Barata et al., 2012), harvest date (Shi et al., 2020), farming practices (Martins 677 

et al., 2014; Morrison-Whittle et al., 2017; Perazzolli et al., 2020), plant organ (Abdelfattah et al., 678 

2016), fruit species (Lukša et al., 2018) and even fruit variety (Cordero-Bueso et al., 2011; Gayevskiy 679 

and Goddard, 2012). In vineyard ecosystems in New Zealand, habitat (fruit, bark and soil) explained 680 

four times more variance in fungal communities than geographic location (Morrison-Whittle and 681 

Goddard, 2015). Fungal communities on the same varieties of grape varied significantly between 682 

vineyards separated by large distances (distance greater than 100 km) (Taylor et al., 2014; 683 

Morrison-Whittle and Goddard, 2015) and fungal communities also varied at a local level, e.g. 684 

between grapes grown in vineyards only 35 km apart (Miura et al., 2017). Characterising fungi using 685 

next generation sequencing demonstrated that in two European countries (Czech Republic and 686 

Lithuania) communities associated with apples varied little with geographic location but there was 687 

variation in blackcurrants (Vepštaitė-Monstavičė et al., 2018).  688 

 689 

Perhaps the most widely characterised microbial communities on fruit are those on grapes (e.g. 690 

Cordero-Bueso et al., 2011; Martins et al., 2014; Taylor et al., 2014; Morrison-Whittle and Goddard, 691 

2015). The surface of grapes is known to be colonised by various microbes such as yeast, 692 
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filamentous fungi and bacteria. Microbes are typically of interest as they often play a crucial role in 693 

the fermentation process, especially with traditional wine which often utilises spontaneous 694 

fermentation, relying on naturally associated yeasts for the fermentation process (Goddard, 2008). 695 

Naturally-associated yeasts produce characteristic volatiles which contribute to wine aroma and 696 

the ‘terroir’ of wine and as such, grapes represent an important microbial niche that has garnered 697 

a lot of attention (e.g. Knight et al., 2015; Kecskeméti et al., 2016). Grape microbiota is influenced 698 

by the health of the fruit and certain microbiota, like Zygosaccharomyces bailiiare, are considered 699 

spoilage microorganisms as they impact wine quality through the production of undesirable odours 700 

and flavours. Despite the link with grapes and fermentation, S. cerevisiae is often considered rare 701 

in the environment (Taylor et al., 2014). Yeast species like S. cerevisiae can manipulate their 702 

environment through the Crabtree effect whereby sugars are preferentially fermented even when 703 

oxygen is available (Piškur et al., 2006; Goddard, 2008; Dashko et al., 2014). Although this is more 704 

costly, in terms of energy, it can provide a fitness benefit by creating an unfavourable environment 705 

thereby reducing competition. Additionally, S. cerevisiae can manipulate its own environment via 706 

heat production giving it an advantage over other competitors (Goddard, 2008).  707 

 708 

1.2.3 Effect of fruit species  709 

D. suzukii can oviposit on a wide range of soft and stone fruit species. Fruits are differentially 710 

susceptible to D. suzukii with raspberry being among the most susceptible, more so than 711 

strawberries, blueberries and cherries (Bellamy et al., 2013). Fruit species can have a significant 712 

effect on resident fungal communities and there is evidence from culture independent studies of 713 

significant differences between fungal communities on the surfaces of apples and blackcurrants 714 

(Vepštaitė-Monstavičė et al., 2018). Fungal communities differed with fruit type. Ribes rubrum 715 

(redcurrant) harboured the most operational taxonomic units (OTUs) followed by Hippophae 716 

rhamnoides L. (sea buckthorn), Aronia melanocarpa (Michx.) Ell. (black chokeberry) then 717 

whitecurrant (Lukša et al., 2018). Relative abundance of OTUs also changed with fruit type, 718 

Hanseniaspora and Cystofilobasidiales OTUs were more abundant on sea buckthorn fruit than the 719 
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others, Taphrina, Lewia, Rhodotorula and Mrakiella on black chokeberry, Knufia, Septoria and 720 

Colletotrichum on redcurrant and Phoma, Tremellales and Articulospora on both currants (red and 721 

white) compared to the other fruit (Lukša et al., 2018).   722 

 723 

Various yeast families were present in different plum cultivars including Saccharomycetaceae 724 

(2.8%), Metschnikowiaceae (37.5%) and Saccharomycodaceae (18.8%). Two yeast genera were 725 

dominant from July samples in two different plum cultivars, Metschnikowia (38.95%) and 726 

Hanseniaspora (19.77%) (Janakiev et al., 2019). Sixteen species of yeast, from 13 genera have been 727 

isolated from plum fruit surfaces using culture-based methods, the majority of which were from 728 

the Rhodotorula, Aureobasidium and Sporidiobolus genera (Janisiewicz et al., 2014). Nectarines had 729 

similar levels of Rhodotorula, Aureobasidium and Sporidiobolus (Janisiewicz et al., 2010). 730 

Geographic location could explain these similarities between plums and nectarines as the fruit used 731 

in these studies were sampled from the same location and farming system, unmanaged orchards 732 

in Kearneysville USA (Janisiewicz et al., 2010; 2014). Additional similar culture-based methods were 733 

employed to ascertain the communities present (Janisiewicz et al., 2010; 2014). A small number of 734 

abundant taxa dominate yeast communities on raspberries and cherries (Hamby et al., 2012). 735 

Hanseniaspora uvarum, H. guilliermondii, Metschnikowia pulcherrima and Pichia kluyveri were 736 

regularly isolated from various fruit surfaces, including apples, plums and pears using culture-based 737 

methods (Vadkertiová et al., 2012). 738 

 739 

1.2.4 Effect of fruit variety  740 

The distribution and abundance of yeast strains isolated from different varieties of grapes has also 741 

been observed with more yeast species being isolated from the grape variety Shiraz compared to 742 

both Barbera and Grenache (Cordero-Bueso et al., 2011). Communities associated with the 743 

varieties Chardonnay and Syrah also differed significantly (Gayevskiy and Goddard, 2012). 744 



11 
 

Saccharomycetes, like Candida zemplinina, were significantly more abundant on Zinfandel than 745 

Chardonnay or Cabernet Sauvignon (Bokulich et al., 2014). 746 

 747 

1.2.5 Effect of ripening stage 748 

As fruit ripen they undergo a number of changes including softening, D. suzukii can oviposit in fruit 749 

at earlier ripening stages and not just ripe fruit (Lee et al., 2011a). Fungal diversity decreased during 750 

ripening, with immature fruit having higher numbers of fungal taxa on several fruits including table 751 

grapes, sea buckthorn berries and strawberries (Abdelfattah et al., 2016; Carmichael et al., 2017; 752 

Lukša et al., 2020). Unripe sea buckthorn berries had 2.5 times more ASVs (amplicon sequencing 753 

variants) than ripe berries (Lukša et al., 2020), grapes with 5 times (Carmichael et al., 2017) and 754 

strawberries immature fruit had 1.2-1.5 times more OTUs (Abdelfattah et al., 2016). There was also 755 

considerable fungal genus diversity across the different developmental stages of table grapes with 756 

only 5 out of 251 genus being common from full bloom and mature grapes (Carmichael et al., 2017).   757 

 758 

The relative abundance of fungal taxa also changes during ripening (Abdelfattah et al., 2016; 759 

Kecskeméti et al., 2016; Lukša et al., 2020). For sea buckthorn berries ripening stage affected the 760 

relative abundance of fungal communities at the class, family and genus level (Lukša et al., 2020). 761 

Barcoded pyrosequencing revealed that fungal communities on grapes are dominated by 762 

Sclerotiniaceae, in particular B. cinerea, which increases throughout the ripening period; other main 763 

fungal families including Davidiellaceae, Dothioraceae, and Pleosporaceae decrease during the 764 

ripening process (Kecskeméti et al., 2016).  Of the genera on unripe berries, Aureobasidium had the 765 

highest relative abundance (31.4%), followed by Taphrina (18.4%) and Cladosporium (8.1%), for 766 

ripe berries Metschnikowia (44.5%) and Aureobasidium (40.6%) dominated (Lukša et al., 2020). On 767 

grapes the genus Alternaria decreased in relative abundance between immature and mature fruit 768 

(from 30.9% to 18.3%), similar to Cladosporium (33.5% to 23.0%) whereas Rhodotorula increased 769 

(Kecskeméti et al., 2016). Strawberries harbour a wide variety of fungal taxa with the dominate 770 
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genera on immature and mature fruit being Botrytis (53-67% immature fruit and 35-62% mature) 771 

and Cladosporium (31-45% immature and 37-64% mature) (Abdelfattah et al., 2016). The genus 772 

Cryptococcus was the most abundant yeast genus on strawberry fruit but at low levels (>1%), 773 

Hanseniaspora was also detected (Abdelfattah et al., 2016). Yeast communities on grapes increased 774 

in the four weeks leading up to harvest, from ~25,000 to ~200,000 colony forming units (cfu) per 775 

1,000 g of fruit. This increase was dramatically less the following season with climatic conditions 776 

suggested to explain the difference (Garijo et al., 2011). 777 

 778 

There is evidence that communities change over time on plums with the yeasts C. zemplinina, P. 779 

kluyveri and H. opuntiae only detected at harvest (Janisiewicz et al., 2014). As with plums, yeast 780 

communities changed over time with yeast from the genus Acremonium, Candida, Hanseniaspora, 781 

Metschnikowia, Pichia, Zygosaccharomyces only present at harvest (Janisiewicz et al., 2010). 782 

Rhodotorula was the most abundant yeast genus across all ripening stages examined in table 783 

grapes, increasing in relative abundance during ripening from 16.5% at full bloom to 45.9% on 784 

mature grapes (Carmichael et al., 2017). The maturity stage of grapes on the yeast community is 785 

significant with culturable yeasts increasing throughout the process of ripening, peaking when 786 

grapes are over-ripe (Martins et al., 2014). Yeast density increased on grapes with maturation but 787 

biodiversity did not with mid ripening having the highest diversity of ascomycetous species (Barata 788 

et al., 2012).  789 

 790 

1.3 Drosophila-microbe interaction  791 

Drosophila are saprotrophic and thus dependent on microbes for nutrition. Yeasts are an important 792 

source of nutrients for Drosophila as they provide a protein source important for egg development 793 

(Plantamp et al., 2017). Female flies prefer to oviposit on yeast-colonised substrates (Oakeshott et 794 

al., 1989), resulting in increased larval development rates (Meshrif et al., 2016; Bellutti et al., 2018). 795 

There was a positive effect on survival (~20% greater) and a reduction in development time (~0.75 796 
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days) of D. melanogaster larvae which fed on substrates harbouring the harmful mould, Aspergillus 797 

nidulans, when yeast communities increased in species number (Rohlfs and Kürschner, 2010). In 798 

the absence of A. nidulans, larvae development was slightly improved (by ~0.5 days) but survival 799 

unaffected by increasing species richness of yeasts (Rohlfs and Kürschner, 2010). Low numbers of 800 

comparatively small flies developed from eggs deposited on yeast-free grapes by female D. 801 

melanogaster, suggesting that yeast is important in oviposition (Becher et al., 2012). Similarly, 802 

reproduction was increased in flies on S. cerevisiae inoculated media (Becher et al., 2012). D. 803 

melanogaster females also prefer to oviposit in food with a low protein: carbohydrate ratio, despite 804 

larval preference for intermediate protein: carbohydrate ratios (Rodrigues et al., 2015). The 805 

protein: carbon ratio may indicate the state of decay of fruit and that fruit with a high protein: 806 

carbon ratio may have progressed too far in the decay process to support the full development 807 

process of larvae (Rodrigues et al., 2015).  808 

 809 

1.3.1. Olfactory attraction of winter morph D. suzukii 810 

D. suzukii has distinct morphological types and olfactory attraction varied between morphological 811 

phenotypes of D. suzukii in laboratory 2-way choice tests, winter-morph flies were significantly 812 

attracted to apple cider vinegar vs strawberry juice, the reverse was apparent for summer morph 813 

flies (Fig. 1.2; Clymans et al., 2019). The same pattern was observed in virgin and mated female D. 814 

suzukii with mated females preferring strawberry juice and virgin females apple cider vinegar 815 

(Clymans et al., 2019). In addition, males chose apple cider vinegar regardless of morphological 816 

stage, further suggesting that reproductive status has an impact on olfactory preference (Clymans 817 

et al., 2019). Clymans et al. (2019) only assessed two stimuli directly against each other 818 

demonstrating that preference differs whether this is typical of other stimuli is unclear. Olfactory 819 

response differed between the two different morphs of D. suzukii. Summer-morph flies exhibited 820 

significantly greater electroantennography (EAG) responses and responses to specific volatile 821 

compounds also differed, geosmin, isoamyl acetate and acetic acid elicited a greater response from 822 

summer- than winter-morphs whereas linalool and bornyl acetate did not (Kirkpatrick et al., 2018). 823 
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EAG only indicates detection and does not reveal what the physiological response will be. Geosmin 824 

and bornyl acetate used as baits caught significantly more winter-morph compared to summer-825 

morph flies (twice as many) in a no-choice laboratory assay (Kirkpatrick et al., 2018). This response 826 

was mirrored in 2-way choice tests for geosmin with summer-morph flies being significantly 827 

repelled by this volatile and winter morphs flies having a positive, although not significant, response 828 

(Kirkpatrick et al., 2018). Low concentrations of geosmin repelled D. melanogaster (Stensmyr et al., 829 

2012) and when combined with vinegar, attraction was reduced (Becher et al., 2010). Geosmin is 830 

produced by Penicillium expansum (Mattheis and Roberts, 1992; La Guerche et al., 2005) and P. 831 

expansum and does not support the survival of D. melanogaster (Stensmyr et al., 2012). This may 832 

be because fungi of the genus Penicillium, including P. expansum, are known to produce 833 

compounds that are toxic to insects (Castillo et al., 1999). Geosmin could be used by D. suzukii to 834 

detect and avoid oviposition sites containing harmful microbes (Stensmyr et al., 2012). Although 835 

summer-morph flies are repulsed by geosmin, winter-morph flies are not and Penicillium genera 836 

have been identified in the gut of winter-morph D. suzukii at above 1% of total fungi (Fountain et 837 

al., 2018). Winter-morph flies may be more opportunistic feeders making use of decomposing 838 

vegetation and microbes associated with this resource (Fountain et al., 2018).  839 

 840 

 841 
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 842 

Fig. 1.2 Olfactory attraction of summer- and winter morphs varies. (a) Winter-morph females are 843 

significantly more attracted to apple-cider vinegar and (b) summer-morph females flies are 844 

significantly more attracted to fruit (strawberry juice) in head-to-head choice tests (Clymans et al., 845 

2019). (c) There was no difference in attraction to Saccharomyces cerevisiae and sugar mixtures 846 

between summer- and winter morphs no choice laboratory assay (Kirkpatrick et al. 2018) but only 847 

one species was investigated and whether this holds true for other species remains to be tested. 848 

Modified from Hamby and Becher (2016) and Christiaens et al. (2014). 849 

 850 

 851 

1.3.2 Yeasts associated with Drosophila  852 

Across 11 Drosophila species the same yeast species were often associated irrespective of diet, 853 

Drosophila species or geographic location (Chandler et al., 2012). Diet may be a more important 854 

factor than fly species in determining Drosophila associated yeast communities (Chandler et al., 855 

2012). In vineyard ecosystems Drosophila species are preferentially associated with species 856 
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including H. uvarum, H. valbenysis, M. pulcherrima and Torulaspora delburcki (Lam and Howell, 857 

2015). For D. melanogaster, survival rate and development time vary with yeast species availability 858 

(Meshrif et al., 2016). Giving D. melanogaster larvae access to P. toletana or M. pulcherrima 859 

decreased development times and increased survival rates, more so for P. toletana (Meshrif et al., 860 

2016). This difference was mirrored in attractiveness where P. toletana was more attractive to D. 861 

melanogaster larvae in choice tests (Meshrif et al., 2016). For D. melanogaster larvae, the type of 862 

yeast also affects larva-to-pupa development but not pupa-to-adult development (Grangeteau et 863 

al., 2018). Both larvae and adult D. melanogaster engage in niche construction, manipulating yeast 864 

communities to differing degrees (Stamps et al., 2012; Buser et al., 2014).  865 

 866 

1.3.3 Drosophila as yeast vectors 867 

Fruits represent an ephemeral niche, selection will likely operate on any yeast traits which increase 868 

the propensity to colonise new habitats, attracting Drosophila vectors is one way to achieve this 869 

(Buser et al., 2014). S. cerevisiae is also vectored by bees (Goddard et al., 2010) and wasps (Stefanini 870 

et al., 2012) with some evidence to support the existence of a mutualism between yeast and 871 

Drosophila with Drosophila vectoring yeast in a laboratory setting (Buser et al., 2014; Christiaens et 872 

al., 2014) and in the field (Buser et al., 2014). Additionally, Drosophila had higher fecundity when 873 

associated with a more attractive S. cerevisiae genotype which was dispersed more often (Buser et 874 

al., 2014). Despite S. cerevisiae being rare in the environment and consequently isolated rarely from 875 

D. simulans, the amount S. cerevisiae isolated was proportionally much higher than would have 876 

been expected if there was no association between D. simulans and this yeast (Buser et al., 2014). 877 

D. melanogaster larvae have considerable effects on yeast species composition, reducing yeast 878 

diversity on fruits and facilitating the development Candida cailfornica, C. zemplinina and P. kluvari 879 

yeasts (Stamps et al., 2012). These species survive passage through the larval gut and thus may be 880 

spread by the larvae through a combination of defecation and movement across fruit surfaces 881 

(Stamps et al., 2012). Yeasts may also adhere to the body of larvae thus potentially being spread as 882 

the larvae progress across substrates. Yeast spores, compared to vegetative cells, are the main 883 
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dispersal stage with viable spores being recovered after ingestion (Reuter et al., 2007). Outbreeding 884 

of yeast increased when spores were digested by D. melanogaster (Reuter et al., 2007) and strains 885 

of Schizosaccharomyces japonicus isolated from Drosophila had increased sporulation, suggesting 886 

that Drosophila could be a good niche in terms of yeast sporulation and mating (Seike et al., 2021). 887 

However, surviving ingestion is not essential for dispersal as presumably yeast spores and cells 888 

would also adhere to the surfaces of adult flies and thus be transferred via fly contact to surfaces. 889 

Yeast species naturally associated with Drosophila have a varied ability to persist in the 890 

gastrointestinal tract of D. melanogaster but with no observable correlation between 891 

gastrointestinal persistence and feeding preference (Hoang et al., 2015). Yeasts are also 892 

horizontally transferred between body parts of adult flies, including the head and abdominals 893 

during mating and vertically to larvae via substrate contact by adult flies (Starmer et al., 1988). This 894 

vertical vectoring of yeast is potentially influential, as yeasts are important for the development of 895 

larvae (Anagnostou et al., 2010). Despite some evidence of a mutualism between yeast and 896 

Drosophila (Buser et al., 2014; Christiaens et al., 2014) currently, there is insufficient evidence to 897 

assume that this mutualism, is more than simply by chance, in which the interaction is supported 898 

by a coincidental combination of complementary traits rather than by co-evolution (Günther and 899 

Goddard, 2018). 900 

 901 

1.3.4 Drosophila attraction to yeast 902 

Drosophila are attracted to yeasts (Dobzhansky et al., 1956) and yeasts are exploited in 903 

fermentation baits to trap Drosophila. Some plants use Drosophila deceptive pollination through 904 

olfactory mimicry of yeasts however this is rare. Arum palaestinum (Solomon’s Lily) produces an 905 

odour resembling yeast volatiles to attract Drosophila (Stökl et al., 2010). When yeasts metabolise 906 

plant substrates they produce volatile compounds. Yeast volatiles are more important for attracting 907 

D. melanogaster than plant volatiles (Becher et al., 2012) and are context and concentration-908 

dependent (Günther et al., 2015). Co-fermentation of S. cerevisiae and P. kluyveri produces 909 

increased amounts of certain volatiles, including 3‐mercaptohexyl acetate, compared to single 910 
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cultures (Anfang et al., 2009). S. cerevisiae is able to survive and propagate on a diverse range of 911 

substrates with volatile profiles produced varying with substrate (Schiabor et al., 2014). Wild S. 912 

cerevisiae strains produced higher levels of attractants when grown on media with a similar 913 

nutritional composition to fruit compared to standard YPD (yeast extract, peptone and dextrose) 914 

media (Schiabor et al., 2014).  915 

 916 

Larvae and adults from four Drosophila species had a preference for certain yeast species in choice 917 

tests, preference also differed between larvae and adults of the same species (Cooper, 1960). 918 

Drosophila are differentially attracted to yeasts inoculated on banana with uninoculated controls 919 

catching very few flies (Batista et al., 2017). Yeasts vary in attractiveness to D. melanogaster, 920 

Saccharomyces are generally more attractive than non-Saccharomyces species (Palanca et al., 921 

2013). Additionally, yeasts isolated from fruit were more attractive than non-fruit isolated yeast 922 

(Palanca et al., 2013). S. cerevisiae strains also vary in attractiveness to both D. melanogaster 923 

(Palanca et al., 2013; Schiabor et al., 2014) and D. simulans (Sturtevant) (Buser et al., 2014).  924 

 925 

Culture media can influence attraction of yeasts to Drosophila (Günther et al., 2019; Lasa et al., 926 

2019; Koerte et al., 2020). Attraction of D. simulans to a S. cerevisiae strain varied with the fruit 927 

juice in which it was cultured, being significantly attractive when fermented in strawberry but not 928 

plum juice (Günther et al., 2019). The stability of attraction to yeast is uncertain. Selection of an 929 

unattractive strain of S. cerevisiae to D. simulans population over 10 generations was sufficient to 930 

increase attraction, demonstrating that yeast attraction of Drosophila may be plastic over 931 

ecological time scales (Günther et al., 2019).  932 

 933 

To date, multiple yeast species have not been tested in combination for attraction to Drosophila, 934 

although yeast and bacteria combinations have been tested (Fischer et al., 2017). It is not known 935 
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whether there is a synergistic or additive effect of combining different yeasts on attractiveness. The 936 

ecological reality is that microbial communities on fruit are complex (e.g Taylor et al., 2014; 937 

Vepštaitė-Monstavičė et al., 2018). Co-cultures of yeast and bacteria involving S. cerevisiae with 938 

certain bacteria were significantly more attractive to D. melanogaster when compared head-to-939 

head against their constituent microbes cultured separately and combined (Fischer et al., 2017). 940 

Co-cultures of S. cerevisiae + Acetobacter malorum and S. cerevisiae + A. malorum + Lactobacillus 941 

plantarum were significantly more attractive than their separately cultured then combined 942 

counterparts but S. cerevisiae + L. plantarum was not (Fischer et al., 2017). As co-culturing enhances 943 

attraction, this suggests, at least for some combinations of yeasts and bacteria, that there are 944 

interactions during co-culture and these interactions can affect Drosophila attraction. This is an 945 

intriguing finding, however Fischer et al. (2017) tested simplistic combinations made up a maximum 946 

of three species and containing only one yeast. As the yeast on its own was more attractive than 947 

the bacteria species Fischer et al. (2017) and as microbial communities on fruit are more complex, 948 

increasing the complexity of yeasts in combinations may further enhance attraction. Certain co-949 

cultures of yeast produce synergistic metabolic interactions of volatiles (Anfang et al., 2009), if 950 

resulting interactions would affect Drosophila attraction is unknown and is worth investigating. 951 

Bacteria and yeast can also interact on fruit with bacteria inoculated onto grapes having small but 952 

significantly greater density when the yeast H. uvarum was present (Guilhot et al., 2020). The 953 

density of yeast was affected by bacteria species further suggesting that the pairing of particular 954 

microbial species is important for microbial growth (Guilhot et al., 2020), volatile production 955 

(Anfang et al., 2009) and Drosophila attraction (Fischer et al., 2017).  956 

 957 

1.3.5 D. suzukii association with yeast 958 

There are complex interactions between fruit, microbes and Drosophila species. As D. suzukii has 959 

the rare ability among Drosophila species to oviposit in ripening fruit understanding these 960 

interactions is important in the control of D. suzukii (Fig. 1.3; Hamby and Becher, 2016). Despite 961 

being attracted to ripening fruit for oviposition, D. suzukii are also attracted to over-ripe fruit mainly 962 
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for feeding, suggesting that there are two separate stimuli at work (Karageorgi et al., 2017). In a 963 

metagenomic study there was evidence that adult winter-morph D. suzukii are opportunistic 964 

feeders which potentially feed on microbes associated with decomposing vegetation (Fountain et 965 

al., 2018) however, this needs further investigation and the study was not repeated for summer-966 

form adults.  The most common eukaryotic organisms isolated from the gut of winter-morph D. 967 

suzukii, were Basidiomycota and Ascomycota, approximately 79% and 17% respectively (Fountain 968 

et al., 2018). Within Ascomycota, the Saccharomyces yeast genera Pichia (4.7%) and Candida (1.4%) 969 

were present, as well as low levels of Hanseniaspora (Fountain et al., 2018).  970 

  971 

 972 

Fig. 1.3 Interactions between yeast Drosophila and yeast are complex. (a) D. suzukii are attracted 973 

to ripening fruit for oviposition, (b) as well as over-ripe/rotting for feeding. (c) Yeasts are important 974 

food source for Drosophila and females prefer to oviposit on yeast colonised substrates with 975 

resulting lavae developing faster with access to yeast. (d) There is some evidence of a mutualism 976 

between yeast and Drosophila with Drosophila vectoring yeast to new surfaces. (e) Yeast may be 977 

transported on the surface and in the guts of flies.  Modified from Hamby and Becher (2016) and 978 

Christiaens et al. (2014). 979 

 980 
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D. suzukii is repeatedly associated with the yeast H. uvarum, the dominant yeast isolated from both 981 

D. suzukii larvae and adults, followed by Issatchenkia terricola and P. kluyveri (Hamby et al., 2012). 982 

H. uvarum was the yeast species most frequently recovered from larval frass in the field being 983 

present in 92% of the larvae sampled, followed by H. opuntiae (26%), I. terricola, Saturnispora 984 

diversa (both 19%), Wickerhamomyces pijperi (15%), P. kluyveri (12%) (Lewis et al., 2018). H. 985 

uvarum elicited a significant attractive response for D. suzukii larvae when compared to S. cerevisiae 986 

in choice tests, as did W. pijperi but not I. terricola or P. kluyveri (Lewis and Hamby, 2019). Despite 987 

this, rearing larvae on H. uvarum resulted in a significantly longer development time than S. 988 

cerevisiae, but shorter than P. kluyveri but not I. terricola (Lewis and Hamby, 2019). Although 989 

knowledge of larval attraction to yeast is valuable, to what extent this could be used in the 990 

development of yeast baits for adults is unclear as preference for yeasts differed between larvae 991 

and adults of certain species (Cooper, 1960).  Hamby et al. (2012) asserted that as the abundance 992 

of H. uvarum was higher in D. suzukii compared to other Drosophila species (Heed et al., 1976), this 993 

could mean that there was a specific association between D. suzukii and H. uvarum making it an 994 

ideal candidate for a yeast-based baits (Hamby et al., 2012). If true, it could be important in the 995 

development of a selective and attractive bait for D. suzukii. In addition, H. uvarum was attractive 996 

to D. suzukii when tested against multiple yeast species (Scheidler et al., 2015; Lasa et al., 2019; 997 

Noble et al., 2019; Bueno et al., 2020). Background fruit odours affected the attraction of H. uvarum 998 

with this effect varying with fruit species for raspberry background odour was significantly more 999 

attractive than H. uvarum, blackberry was equally attractive as H. uvarum and for cherry and 1000 

blueberry H. uvarum was significantly more attractive (Huang and Gut, 2021). This suggests that 1001 

yeast baits’ effectiveness may vary depending on fruit crop. D. suzukii was significantly more 1002 

attracted to S. cerevisiae cultured in grape juice to sterile juice (Buser et al., 2021). Culture media 1003 

also affected D. suzukii attraction in a laboratory setting. Fruit derived strains of H. uvarum and S. 1004 

cerevisiae were significantly more attractive to D. suzukii than a commercial S. cerevisiae strain 1005 

when grown in corn syrup media but not when grown in sucrose-based media (Lasa et al., 2019). 1006 

H. uvarum as a food source also increases the fecundity of female D. suzukii leading to more eggs 1007 
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laid (Noble et al., 2019; Spitaler et al., 2020). However, H. uvarum is common in the environment 1008 

and on fruits being isolated from cherries, raspberries (Hamby et al., 2012), apples, plum, pears 1009 

(Vadkertiová et al., 2012) and grapes (Barata et al., 2012). H. uvarum is also attractive to other 1010 

Drosophila species, including D. melanogaster (Palanca et al., 2013; Hoang et al., 2015; Scheidler et 1011 

al., 2015), making it unlikely to be a species-specific relationship. However, as H. uvarum is 1012 

attractive to D. suzukii (Scheidler et al., 2015) it is still an important candidate yeast which warrants 1013 

future investigation. Few yeast species have been tested for attraction to D. suzukii often with a 1014 

focus on the species H. uvarum and/or S. cerevisiae but other yeasts are attractive including, H. 1015 

opuntiae, C. zemplinina, C. californica and P. terricola (Scheidler et al., 2015; Noble et al., 2019; Lasa 1016 

et al., 2019; Bueno et al., 2020). Yeast species are diverse and a wider range should be investigated 1017 

for attraction. Although, H. uvarum seems the most promising candidate tested for D. suzukii thus 1018 

far (Scheidler et al., 2015). 1019 

 1020 

In culture-based methods, yeasts are more abundant in fruit juice samples which are infested with 1021 

D. suzukii when compared to uninfested (Hamby et al., 2012). Owing to D. suzukii being attracted 1022 

to fruit which have a higher abundance of yeast or because D. suzukii vector yeast. Unlike most 1023 

other Drosophila, D. suzukii larvae develop on ripening fruit, in addition to over-ripe fruit and 1024 

therefore are often assumed to have consumed a relatively poor diet in terms of microbes. 1025 

Microbes are required for the development of D. suzukii on fruit-based diets and D. suzukii larvae 1026 

fed on fruit-based diets without microbes probably die because of protein starvation (Bing et al., 1027 

2018). There is also lower larval survival observed in cornmeal diets lacking yeast (Hardin et al., 1028 

2015). Hence, protein is essential for larvae development and microbes provide an essential source 1029 

of protein (Bing et al., 2018).  1030 

 1031 
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1.3.6 Winter-morph D. suzukii and yeast 1032 

Despite differences in olfactory attraction between morphological types of D. suzukii, there was no 1033 

difference in attraction to S. cerevisiae and sugar mixtures between the two morphs in no choice 1034 

laboratory assay (Fig. 1.2; Kirkpatrick et al., 2018). However, only one commercially available yeast 1035 

was tested and hence further investigation of attraction to yeast species between morphs is 1036 

warranted. This could have important implications for yeast attractants incorporated in IPM control 1037 

strategies to target winter and summer feeding D. suzukii. 1038 

 1039 

1.4 D. suzukii control   1040 

Currently D. suzukii is controlled using plant protection products, crop hygiene measures and insect 1041 

exclusion mesh. With more stringent measures being increasingly implemented on the use of 1042 

insecticides, often resulting in the withdrawal of products combined with the threat of insecticide 1043 

resistance from a limited number of active ingredients developing, new control methods need to 1044 

be developed and existing ones improved. The use of chemical control also poses a problem in fruit 1045 

export, maximum residue limits allowed on fruit differ between countries thus potentially risking 1046 

rejection of fruit if the residue levels are exceeded (Haviland and Beers, 2012). Additionally, broad 1047 

spectrum insecticides often affect beneficial species like pollinators and biological control which is 1048 

detrimental to integrated pest management practices, highlighting the need for the development 1049 

of effective alternative control methods. Drosophila species have a high fecundity rate, in addition 1050 

to a short generation time, making it likely that resistance to insecticides could develop. With 1051 

resistance to spinosad already detected in wild D. suzukii populations in the USA (Gress and Zalom, 1052 

2019).  1053 

 1054 

1.4.1 Current baits used for monitoring and control of D. suzukii 1055 

The trapping of Drosophila species is often achieved using fermentation-based baits like vinegars 1056 

and wines and their volatiles like ethanol, acetic acid, methionol and acetoin (Landolt et al., 2012; 1057 
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Basoalto et al., 2013; Cha et al., 2013; 2015; 2017). Combination of these four volatiles is more 1058 

specific than more complex fermentation baits (mixture of wine and vinegar) (Cha et al., 2015). 1059 

Current commercially available lures for D. suzukii vary in their selectiveness and attractiveness 1060 

(e.g. Kirkpatrick et al., 2017; Tonina et al., 2018). Microbes also have the potential to increase 1061 

attraction of commercial baits (Ðurović et al., 2021). 1062 

 1063 

1.4.2 Yeast as baits for trapping D. suzukii 1064 

As yeast are attractive to D. suzukii and attractiveness of yeast varies with both fly and yeast species 1065 

they have the potential to be both selective and attractive baits (Scheidler et al., 2015; Hamby and 1066 

Becher, 2016). The commercially available vinegar-wine-based attractant, Gasser (Riga), captured 1067 

similar numbers of D. suzukii as S. cerevisiae + sugar baits in laboratory-based wind chamber assays 1068 

(Spies and Liburd, 2019). Gasser was also significantly more attractive to males than S. cerevisiae + 1069 

sugar but less attractive to females, though not significantly so (Spies and Liburd, 2019). This could 1070 

reflect differences in preference for feeding and ovipositing stimuli between male and mature 1071 

female D. suzukii (Clymans et al., 2019), suggesting yeasts may be used as baits to target mature 1072 

females D. suzukii. In field settings yeast baits including S. cerevisiae with additional additives like 1073 

water, sugar and/or flour are often effective baits, catching more D. suzukii than are range of baits 1074 

including apple cider vinegar, wine + vinegar mixes and select commercial products like Suzukii bait 1075 

and Trécé (Iglesias et al., 2014; Kirkpatrick et al., 2017; Cha et al., 2018). However, the dough baits 1076 

(yeast + flour) were less selective than the other baits, catching more non-target Drosophila (Cha 1077 

et al., 2018). Using live microbes in baits may present problems. The amount of acetic acid produced 1078 

and the overall volatile profiles produced by acetic acid bacteria change over time, being highly 1079 

variable between 24-48 hours of growth (Mazzetto et al., 2016). If volatile profiles change with 1080 

microbial growth, attractiveness of potential baits incorporating live microbes may also vary. This 1081 

could be avoided by using lures which contain volatiles produced by microbes but lack the live 1082 

microbes themselves. There is a pressing need to develop more attractive and selective baits. Baits 1083 
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derived from yeast are important candidates for creating highly attractive and selective baits for D. 1084 

suzukii (Hamby and Becher, 2016).  1085 

 1086 

1.4.3 Mass trapping 1087 

There are two potential approaches for utilising yeast in D. suzukii control (Fig. 1.4). Firstly, mass 1088 

trapping (precision monitoring) is a relatively cheap method of control which is widely available and 1089 

easily implementable, however this method can be labour-intensive (Lee et al., 2011b). 1090 

Additionally, although mass trapping undoubtedly catches large numbers of flies (Marjanović and 1091 

Tanasković, 2019) it has not been confirmed to reduce fruit damage. As winter morphs flies are the 1092 

main sources of infestation at the start of the season (Panel et al., 2018), it is potentially important 1093 

to reduce numbers of females overwintering as this could lead to a reduction in crop damage 1094 

and/or slower rate of population increases, at least at the start of the season. In addition to control, 1095 

trapping is essential for monitoring and detection of D. suzukii and baits are an important factor in 1096 

the effectiveness of both.  1097 

 1098 

 1099 

 1100 
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 1101 

Fig. 1.4 Diagram of attract-and-kill strategies using yeast. (a) Yeasts and yeast volatiles can be used 1102 

as attractions in traps for both monitoring and mass trapping. Current baits (often fermentation 1103 

based, often mixtures of red wine and vinegar) and are both uncompetitive with ripening fruit and 1104 

unselective. (b) Yeasts can be used as phagostimulants, combined with insecticides and applied to 1105 

the crop or foliage in full cover or band sprays. In both cases D. suzukii are attracted by olfactory 1106 

means and are killed with drowning solution in taps or from contact with insecticides. Modified 1107 

from Hamby and Becher (2016). 1108 

 1109 

Current baits used in D. suzukii monitoring and control are unselective and uncompetitive with 1110 

ripening fruit (Burrack et al., 2015). In laboratory assays the effectiveness of yeast or wine baits to 1111 

D. suzukii was reduced by 13-37% when fruit were available to D. suzukii (Singh et al., 2020). This 1112 

impacts the effectiveness of mass trapping as a control measure and makes sorting trap captures 1113 

time consuming and difficult as other Drosophila are similar in appearance (Burrack et al., 2015; 1114 

Miller et al., 2017). Therefore, it is essential to develop attractive and competitive baits which are 1115 

effective throughout the season. Attractiveness of baits can vary with time of the year and in which 1116 

crop they are placed (Calabria et al., 2012). Higher numbers of D. suzukii in traps have been 1117 

recorded in spring when fruit infestation levels were low and vice versa in early July, suggesting 1118 

lures may be less attractive than ripening fruit (Haviland and Beers, 2012). D. suzukii is attracted to 1119 
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different cues for oviposition and feeding (Karageorgi et al., 2017). This could have implications for 1120 

the development of baits as the attraction of D. suzukii females to potential bait may be affected 1121 

by the trade-offs between oviposition and feeding. Lure-and-kill strategies using traps are 1122 

important candidates in the IPM management of D. suzukii. However, for mass trapping more 1123 

attractive and selective baits are needed to both increase capture rate of D. suzukii whilst reducing 1124 

capture rates of non-target species. In a laboratory study, female D. suzukii oviposited fewer eggs 1125 

in media exposed to D. melanogaster (Shaw et al., 2018). Despite D. suzukii ovipositing in ripening 1126 

fruit, they are attracted to over-ripe/rotting fruit for feeding and ovipositing (Karageorgi et al., 1127 

2017). Therefore, it may be advantageous to reduce the number of non-target Drosophila killed to 1128 

maximise any potential competition for resources with D. suzukii.  1129 

 1130 

1.4.4 Phagostimulant baits 1131 

Another promising avenue of research is attract-and-kill strategies which combine phagostimulant 1132 

baits with insecticides attracting flies to feed and subsequently die (Fig. 1.4, Hamby and Becher, 1133 

2016; Mori et al., 2017; Noble et al., 2019). This can be achieved in two ways, attracting flies to 1134 

feeding stations with baits or combining the insecticide with phagostimulant baits and applying 1135 

directly to the crop foliage as full coverage or band sprays (Knight et al., 2016). Toxic food baits are 1136 

not a new idea, however combining insecticide with phagostimulants and applying as a bait spray 1137 

directly onto the crop or foliage as total coverage or band sprays in the context if D. suzukii control 1138 

is a relatively new concept (e.g. Hamby and Becher, 2016; Mori et al., 2017). The benefits of baits 1139 

used in this manner compared to conventional insecticides application are twofold. If insecticides 1140 

are combined with an attractive phagostimulant and applied to crops, exposure of D. suzukii to the 1141 

insecticide could potentially increase, both through increased surface contact and uptake via 1142 

ingestion potentially enabling a reduction in the amount of insecticide needed to kill whilst 1143 

simultaneously reducing exposure of insecticide to non-target insects and other Drosophila species. 1144 

Additionally, reducing the amount of insecticide used could potentially reduce insecticide residues 1145 

on fruit and decreasing withholding periods.  1146 
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Protein-based baits are used as phagostimulant baits to control Tephritid fruit fly pests (e.g. 1147 

McQuate et al., 2005; Piñero et al., 2019). GF-120 (Dow Chemical), a protein-based bait containing 1148 

spinosad reduced the Tephritidae fruit fly infestation of mango by 81- 89% compared to untreated 1149 

mangoes, across two consecutive growing seasons (Vayssieres et al., 2009). Attraction of GF-120 is 1150 

concentration-dependent to Rhagoletis indifferens (western cherry fruit fly) with 40% more 1151 

attractive 4.8% and 0.6% concentrations, both for number of flies feeding and number landing on 1152 

artificial leaves in laboratory assays (Yee and Chapman, 2005). Field trials using bait sprays of GF-1153 

120 at these concentrations in cherry orchards did not reduce numbers of flies captured but did 1154 

reduce the numbers of larvae in fruit. There were 79-91% fewer larvae across the three 1155 

concentrations at both sites when compared to the untreated control but no significant effect of 1156 

concentrations (Yee and Chapman, 2005). Hence, phagostimulants can reduce fruit damage when 1157 

applied at relatively low concentrations. Reducing insecticide use has ecological, environmental and 1158 

economic benefits. Low doses of spinosad cause high mortality rates when combined with 10% 1159 

sucrose and 1% yeast when ingested by Dacus ciliates (Ethiopian fruit fly) and Ceratitis capitata 1160 

(Mediterranean fruit fly) in laboratory assays (Nestel et al., 2004). D. ciliates and C. capitata flies 1161 

surviving after a 24-hour exposure period to yeast and sugar phagostimulant combined with 1162 

insecticide had generally ingested significantly less than the dead counterparts (Nestel et al., 2004). 1163 

Highlighting the potential benefits of uptake of insecticide through stimulating feeding. 1164 

 1165 

1.4.5 D. suzukii control with phagostimulants 1166 

Various baits have been assessed for their effectiveness as phagostimulants for D. suzukii, including 1167 

commercial products (mainly protein-based), sugar and yeast both separately and combined (e.g. 1168 

Knight et al., 2013; 2016; Mori et al., 2017; Noble et al., 2019; 2021). The commercially available 1169 

food-based attractant, Suzukii Trap™ (Bioibérica), made up of organic acids and peptides, caused 1170 

significant mortality to D. suzukii (>70%) after 24 hours when used in conjunction with 1171 

cyantraniliprole, lambda-cyhalothrin or spinosad in laboratory bioassays (Andreazza et al., 2017). 1172 

HOOK SWD (ISCA Technologie), a commercially available attract-and-kill formulation, which 1173 
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combines feeding attractants and sugars with spinosad, reduced blueberry fruit infestation in field 1174 

trials by between two and eight times compared to an untreated control. Additionally, when HOOK 1175 

SWD was incorporated into a grower’s spray programme fruit infestation levels were reduced by 1176 

two to five times (Klick et al., 2019). HOOK SWD incorporated to a grower’s spray programme 1177 

significantly reduced numbers of adult flies caught at the end of June by three times but not earlier 1178 

in the season (between May and mid-June) in a blueberry crop (Disi and Sial, 2019). The 1179 

commercially available protein-based bait Combi-protec (Dedetec) showed promise as a 1180 

phagostimulant bait improving mortality and reducing egg laying of D. suzukii in combination with 1181 

a number of insecticides (Dederichs, 2015; Noble et al., 2019; 2021) and has been recently approved 1182 

for use in the UK as an adjuvant. Combining the insecticide spinosad with sucrose also increased 1183 

the efficacy to D. suzukii in the field (Cowles et al., 2015). Sugar has shown promise as a 1184 

phagostimulant baits for D. suzukii with mixtures of brown cane sugar solution (3.6 g L−1) with 1185 

spinosad or cyantraniliprole resulting in significantly increased adult D. suzukii mortality compared 1186 

to water and insecticide alone in laboratory assays (Knight et al., 2013; 2016). Baits, like corn syrup 1187 

and corn steep liquor, provided no additional control of D. suzukii in the field compared to applying 1188 

the insecticide alone (Knight et al., 2016; Fanning et al., 2018). The commercially available, yeast-1189 

like fungus, Aureobasidium pullulans (Blossom Protect), combined with sugar and cyantraniliprole 1190 

also resulted in significantly higher D. suzukii mortality compared to just sugar and cyantraniliprole 1191 

but interestingly, a laboratory strain of A. pullulans did not (Knight et al., 2016). Suggesting that 1192 

effectiveness of fungi may be optimised by selecting more attractive/effective strains or species. 1193 

Blossom Protect comprises two strains of A. pullulans so potentially combining multiple strains or 1194 

species may improve control of fungal based phagostimulants. Blossom Protect is a commercial 1195 

product so it is likely that formulation varied to laboratory strain used which may have affected 1196 

efficacy. 1197 

 1198 
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1.4.6 Yeasts as phagostimulants for D. suzukii 1199 

Yeasts are important candidates for phagostimulant baits as they are both a food source for and 1200 

are attractive to D. suzukii (Lasa et al., 2019; Scheidler et al., 2015). Mated females consumed 1201 

significantly more H. uvarum, approximately 3.4 times when compared to unmated counterparts 1202 

(Mori et al., 2017), suggesting yeasts may be effective phagostimulants for targeting mature 1203 

females. Mortality was significantly enhanced when S. cerevisiae, grown in YPD media, was 1204 

combined with sugar insecticide mixture for spinosad but not cyantraniliprole (Knight et al., 2016). 1205 

Additionally, the yeasts H. uvarum, M. pulcherrima and Cryptococcus tephrensis combined 1206 

separately with sugar and cyantraniliprole did not enhance mortality of D. suzukii compared to 1207 

sugar and insecticide (Knight et al., 2016). This could be because sugar is an effective 1208 

phagostimulant when combined with insecticide in its own right (Knight et al., 2013).  Compressed 1209 

bread yeast (S. cerevisiae) and brown cane sugar bait at a 1:1 ratio (2.5 g L-1) combined with 1210 

spinosad significantly increased mortality (40% after 2 hours and 77% 6 h) compared to spinosad 1211 

alone (10% and 12%) and two commercial protein-based baits, NuLure (9% and 29%) and GF-120 1212 

(12% and 31%) (Knight et al., 2013). NuLure and GF-120 also caused significantly higher mortality 1213 

than spinosad alone after 6h but not 2h (Knight et al., 2013). The effect of yeast phagostimulants 1214 

may not be clear-cut as one study shows combining S. cerevisiae with spinosad and spinetoram 1215 

lowered efficacy compared to insecticide alone after 8 hours exposure with equivalent efficacy after 1216 

16 hours (Fanning et al., 2021). More attractive yeasts have been identified (Scheidler et al., 2015) 1217 

and it is unclear if this trend for equal or even lower efficiency would have held if more attractive 1218 

yeasts had been used. Roubos et al. (2019) also find no improvement on D. suzukii mortality in 1219 

combination with spinosad. However high levels of control were achieved (100% mortality) with all 1220 

treatments of spinosad tested, spinosad alone, with sugar and with sugar and S. cerevisiae in 1221 

laboratory assays. In semi-field trials the same was apparent with S. cerevisiae + sugar, there was 1222 

no difference in mortality compared to spinosad alone or spinosad + sugar (Roubos et al., 2019). 1223 

Hence, reducing the amount of spinosad with phagostimulants may be viable.  1224 

 1225 
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Combining H. uvarum with spinosad increased mortality of D. suzukii females by 26% compared to 1226 

spinosad alone in laboratory assays but did not significantly reduce eggs laid in jar-bioassays 1227 

compared to a spinosad only control (Mori et al., 2017). The fact that H. uvarum, with spinosad, did 1228 

not reduce oviposition compared to insecticide control is important. Although it would be beneficial 1229 

to reduce the number of eggs laid compared to insecticide only, some yeasts are known to increase 1230 

fecundity of flies (Noble et al., 2019). Across six insecticides in laboratory jar bioassays, H. uvarum 1231 

as a phagostimulants increased D. suzukii mortality when combined with spinosad, cyantraniliprole 1232 

or lambda-cyhalothrin when compared to insecticides alone (Noble et al., 2019). However, only 1233 

lambda-cyhalothrin significantly reduced the numbers of eggs laid when compared with 1234 

insecticides control (Noble et al., 2019). H. uvarum did not significantly increase mortality compared 1235 

to the commercially available Combi-protec (Noble et al., 2019). H. uvarum combined with spinosad 1236 

or cyantraniliprole also significantly increased mortality of winter-morph D. suzukii compared to 1237 

insecticide alone, with cyantraniliprole significantly reducing oviposition of acclimatised winter-1238 

morph female (Noble et al., 2019). A bait’s attractiveness may not guarantee its effectiveness as a 1239 

phagostimulant bait. H. uavarum was significantly more attractive than Combi-protect but did not 1240 

provide increased levels of control after 72h (Noble et al., 2019). Despite this, there is some 1241 

evidence that yeasts can cause quicker mortality at least in the short term (2-6 hours) compared to 1242 

some protein-based baits (Knight et al., 2013). Bait sprays using enzymatical-hydrolyzed beer yeast 1243 

(20%) combined with trichlorphon killed significantly more adult Bactrocera minax (Chinese citrus 1244 

fruit fly), 40 minutes after application, compared to water insecticide control as well as sugar, 1245 

vinegar and wine mixtures and a commercial protein-based bait (GF-120) (Zhou et al., 2012). This 1246 

highlights the potential of yeast-based phagostimulant to increase the speed of mortality to fruit 1247 

flies. In addition to H. uvarum reducing mortality, fermented strawberry juice also significantly 1248 

reduced mortality compared to insecticide alone but not as much as H. uvarum, H. uvarum + 1249 

fermented strawberry juice, or Combi-protect (Noble et al., 2019). However, despite the potential 1250 

increase of efficacy using an insecticide with fermented strawberry juice as a high-volume spray, it 1251 

is unlikely to be approved in commercial crops for phytosanitary reasons.  1252 
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 1253 

In semi-field trials, bait sprays of H. uvarum suspension grown in YPD and Combi-protect, both with 1254 

96% reduction in insecticide, provided comparable control on strawberry in terms of number of D. 1255 

suzukii emerging from fruit to cyantraniliprole (Benevia) alone at the standard field rate (Noble et 1256 

al., 2021). Similar results were obtained in raspberry with Combi-protect and molasses providing a 1257 

96% reduction in insecticide application compared to the full field rate (Noble et al., 2021). This is 1258 

a significant finding as it demonstrates that phagostimulant baits with reduced amounts of 1259 

insecticides can provide comparable levels of control to full-field rate, at least under semi-field 1260 

conditions.  1261 

 1262 

H. uvarum combined with spinosad was persistent on leaves and effective one week after 1263 

application on grape leaves (Bianchi et al., 2020). Protein-based baits made from brewery yeast 1264 

waste proved to be significantly attractive to D. suzukii in laboratory assays catching approximately 1265 

five and nine time more flies when compared directly to both apple cider vinegar and sugar + 1266 

vinegar + wine respectively (Cai et al., 2018). When this protein-bait was combined with five 1267 

different concentrations (ranging from 0.05 to 0.25%), of spinosad, cyhalothrin or cypermethrin, 1268 

attraction was significantly reduced for all concentrations except for spinosad at 0.05% (Cai et al., 1269 

2018). This suggests that combining some insecticides with some baits may reduce their 1270 

attractiveness, especially at higher concentrations. This is important but may not be a problem, at 1271 

least for some insecticides, as using lower amounts of insecticides when combined with 1272 

phagostimulant baits is viable (Noble et al., 2021). Overall, yeasts are exciting candidates for 1273 

effective phagostimulant baits which have the potential to provide high mortality, faster kill rate 1274 

and reduce oviposition (Knight et al., 2013; Noble et al., 2019; 2021).  1275 

 1276 
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1.5 Opportunities  1277 

1.5.1 Yeast attraction 1278 

Investigation of yeast: D. suzukii interactions will enable progress on yeast-based control of this 1279 

pest. Few yeast species have been tested for attractiveness to D. suzukii and those tested vary in 1280 

their attractiveness. H. uvarum is associated with D. suzukii, in addition to being attractive to D. 1281 

suzukii (Scheidler et al., 2015; Lasa et al., 2019) but whether attraction of H. uvarum varies between 1282 

strains is unknown. Only single yeasts have been tested for attraction to date (e.g. Scheidler et al., 1283 

2015; Lasa et al., 2019), yeast communities on fruit are complex (e.g. Taylor et al., 2014; Vepštaitė-1284 

Monstavičė et al., 2018) and co-culture of S. cerevisiae with certain bacteria improve attraction 1285 

(Fischer et al., 2017). It is not known if specific combinations of yeast may enhance attractive to D. 1286 

suzukii. 1287 

 1288 

1.5.2 Yeast communities on fruit 1289 

There is a lack of data on the microbial composition of commercial D. suzukii susceptible fruits and 1290 

whether these communities change during ripening. To my knowledge there are no studies which 1291 

have comprehensively identified the microbial communities associated with different ripening 1292 

stages of raspberries, blueberries and cherries and only one focusing on strawberry at just two 1293 

ripening stages (Abdelfattah et al., 2016), all of which are important hosts for D. suzukii (Bolda et 1294 

al., 2010). Yeast communities are complex, being made up by various different species varying 1295 

between fruit host and ripening stage. A greater knowledge of how yeast communities change 1296 

during ripening and how they differ between economically and ecologically relevant fruit species 1297 

could therefore be invaluable in the pursuit of attractive yeasts combinations which can be 1298 

exploited in control of D. suzukii. The ecological reality is that yeast communities on fruit are 1299 

complex and potentially could be exploited to produce attractive baits. The more we know about 1300 

yeast communities on ripening fruit the better able we are to inform D. suzukii control, as 1301 

knowledge of relevant yeast communities could potentially be important in the design and 1302 
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optimisation of ecologically realistic communities of yeast which may be exploited in control 1303 

strategies. As D. suzukii is attracted to ripening fruit, yeast associated with this niche are ideal 1304 

candidates for bait testing.  1305 

 1306 

1.5.3 Effect of morphological stage of D. suzukii on attraction 1307 

There is a lack of knowledge on winter-morph D. suzukii, in terms of which yeasts are attractive and 1308 

if this differs from the summer-morph. Attraction to apple cider vinegar and strawberry juice varies 1309 

between summer and winter morphs (Clymans et al., 2019) as well as attraction to certain volatiles 1310 

(Kirkpatrick et al., 2018). If the same is true for yeasts this would have important implications for 1311 

season-round control of D. suzukii. There was no different between attraction of S. cerevisiae 1312 

between morph, however only one species of yeast was tested, so whether this holds true for other 1313 

species has yet to be investigated (Kirkpatrick et al., 2018). 1314 

 1315 

1.5.4 Phagostimulant yeast baits 1316 

There are several avenues to explore for maximising the effectiveness of yeasts as baits. Namely, 1317 

can phagostimulant yeast baits be improved with the selection of attractive yeast species, strains, 1318 

or combinations? Most research on yeast as phagostimulants has used S. cerevisiae, although some 1319 

studies have focused on H. uvarum (Mori et al., 2017; Noble et al., 2019; Bianchi et al., 2020; Noble 1320 

et al., 2021). S. cerevisiae in various forms is often employed in yeast-based baits (Knight et al., 1321 

2013; 2016), while it undoubtably makes highly attractive and effective baits, both for lures for 1322 

traps and as phagostimulants, baits derived from this yeast species are often unselective both to 1323 

other Drosophila species and other non-target insects (e.g. Cha et al., 2018). S. cerevisiae is widely 1324 

used as a bait for D. suzukii and has been used to trap/attract Drosophila for years, as it is easy to 1325 

use and relatively inexpensive. By focussing on one species, opportunities may be missed for better 1326 

D. suzukii’s attraction e.g. H. uvarum (Scheidler et al., 2015). As yeast communities on fruit are 1327 

complex comprising of multiple species and yeast/bacteria co-cultures with S. cerevisiae and A. 1328 
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malorum increase attraction compared to constituent single species (Fischer et al., 2017) there is 1329 

an opportunity to enhance baits using combinations of species. Additionally, the attraction of yeast 1330 

varies with Drosophila species (Scheidler et al., 2015; Günther et al., 2019; Koerte et al., 2020) so 1331 

that more attractive and selective baits can be developed. Another potential advantage of using 1332 

phagostimulant baits is by improving the effectiveness of insecticides which are less effective 1333 

towards this pest (Knight et al., 2016). 1334 

 1335 

1.6 Aims and hypotheses 1336 

The following chapters have the corresponding aims and associated hypotheses. Chapter 2 aims to 1337 

identify attractive yeast species, strains and combinations and test their attractiveness in the 1338 

laboratory and field. This will be tested with three main hypotheses: (1) some yeast isolates produce 1339 

specific metabolic volatiles which are more attractive to D. suzukii than 1340 

other Drosophila species; (2) volatiles from different genotypes (isolates) of H. uvarum vary in their 1341 

attractiveness to D. suzukii; and (3) combinations of volatiles from different yeast isolates are more 1342 

attractive to D. suzukii than volatiles from single yeasts. 1343 

 1344 

Chapter 3 aims to characterise general fungal and Saccharomycetales communities across different 1345 

ripening stages of four commercially and ecological relevant fruit species, blueberry, cherry, 1346 

raspberries and strawberry. This will be tested with the hypothesis that fruit type and ripening stage 1347 

have a significant effect on general fungal and Saccharomycetales communities and evaluate 1348 

whether there are differences in species know to be attractive to D. suzukii.  1349 

 1350 

Chapter 4 aims to test whether attraction of single and combinations of yeasts differs between 1351 

summer- and winter-morph D. suzukii. This will be tested with the hypotheses that summer- and 1352 

winter-morph D. suzukii differ in their attractiveness to: (1) different yeasts separately and that 1353 
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different yeast species produce different volatile organic compound profiles, which correlate to D. 1354 

suzukii attraction; (2) different types of mixes of volatiles from different yeast (post-ferment mixes 1355 

and co-fermented yeast communities); and (3) volatile profiles of co-fermented combinations will 1356 

be more attractive to both D. suzukii morphs than profiles from single yeasts combined post-1357 

fermentation and volatile profiles from single yeasts. 1358 

 1359 

Finally, Chapter 5 aims to evaluate attractive yeasts in combination with insecticides for efficacy to 1360 

control D. suzukii. This will be tested with two main hypotheses (1) combinations of co-fermented 1361 

attractive yeasts will be more effective baits than single species, and (2) the effectiveness of yeast 1362 

baits will differ between winter- and summer-morph D. suzukii. 1363 

 1364 

1.7 Thesis formatting 1365 

Chapter 2 has been published in Scientific reports and the final version submitted for publication is 1366 

presented in this chapter. Chapter 3 is ready for submission and is formatted for Applied and 1367 

Environmental Microbiology. Chapter 4 is formatted for submission to Agricultural and Forest 1368 

Entomology and Chapter 5 for Pest Management Science.  1369 

 1370 

Chapter 3 followed Chapter 2 as this was the order in which work was carried out. Additionally, due 1371 

to the analyses of fungal data taking place after yeast combinations were selected for attraction 1372 

testing, the yeast identified In Chapter 3 played no role in the selection of combinations. 1373 

 1374 

 1375 

 1376 
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Abstract  1924 

Drosophila suzukii flies causes economic losses to fruit crops globally. Previous work shows various 1925 

Drosophila species are attracted to volatile metabolites produced by individual fruit associated 1926 

yeast isolates, but fruits naturally harbour a rich diversity of yeast species. Here, we report the 1927 

relative attractiveness of D. suzukii to yeasts presented individually or in combinations using 1928 

laboratory preference tests and field trapping data. Laboratory trials revealed four of 12 single yeast 1929 

isolates were attractive to D. suzukii, of which Metschnikowia pulcherrima and Hanseniaspora 1930 

uvarum were also attractive in field trials. Four out of 10 yeast combinations involving Candida 1931 

zemplinina, Pichia pijperi, M. pulcherrima and H. uvarum were attractive in the laboratory, whilst a 1932 

combination of M. pulcherrima + H. uvarum trapped the greatest number of D. suzukii in the field. 1933 

However, the efficacy of the M. pulcherrima + H. uvarum combination to trap D. suzukii in the field 1934 

was not significantly greater than traps primed with volatiles from only H. uvarum. While volatiles 1935 

from isolates of M. pulcherrima and H. uvarum show promise as baits for D. suzukii further research 1936 

is needed to ascertain how and why flies are attracted to certain baits to optimise control efficacy.  1937 

 1938 
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 1941 

 1942 

 1943 

 1944 

 1945 

 1946 
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Introduction  1947 

Drosophila suzukii (Matsumra), also known as spotted wing drosophila, is a damaging polyphagous 1948 

pest that caused $511.3 million USD losses in three USA states in 2008 alone1. D. suzukii originated 1949 

in Southeast Asia but has spread around the globe in the last 15 years and is now present in most 1950 

Northern Hemisphere temperate regions.  D. suzukii was first detected in Europe and mainland USA 1951 

in 2008 and the UK in 20121-3. Unlike other Drosophila species, D. suzukii can oviposit in a wide 1952 

range of ripening fruits due to the females’ morphologically modified ovipositor which punctures 1953 

the fruit epicarp to insert eggs4. Larvae feed inside the damaged fruits and exacerbate secondary 1954 

infections by various microbes which further increase oviposition by other Drosophila species5 1955 

resulting in significant commercial losses. The main control measure for this pest is the application 1956 

of insecticides coupled with crop hygiene and insect exclusion meshes. However, the use of 1957 

insecticides is undesirable as these are not D. suzukii specific and have withholding (harvest 1958 

interval) periods; in addition, the use of insecticides will select for resistance6. It is therefore 1959 

valuable to evaluate complementary low or no-input methods that may be integrated with existing 1960 

management options to control the burden of D. suzukii in fruit production.  1961 

  1962 

Yeasts provide a source of protein for Drosophila which is important for fecundity and egg 1963 

development7,8. D. melanogaster larvae fed on Saccharomyces cerevisiae yeast had faster 1964 

development times and greater success in pupal development compared to flies on yeast-free 1965 

diets9. D. melanogaster larval development time is more rapid on diets with greater yeast species 1966 

diversity10. D. suzukii larvae survival is lower when reared on diets lacking yeast11,12 and a greater 1967 

number of larvae survived when fed Hanseniaspora uvarum as opposed to Metschnikowia 1968 

pulcherrima yeast13.  Lewis and Hamby12 showed that while D. suzukii larvae exhibited a preference 1969 

for H. uvarum over S. cerevisiae yeast, this preference did not translate to more rapid development 1970 

time12. Given the apparent role of yeast in Drosophila fitness it is reasonable to suggest that natural 1971 

selection will have operated on Drosophila traits that increase the probability of locating yeast laden 1972 
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fruits14,15. In line with this prediction Drosophila females prefer to oviposit on yeast-colonised fruit13, 1973 

and yeast metabolic volatiles act as cues for Drosophila to locate fruit with yeasts (e.g.14,16). The 1974 

attraction of various Drosophila species to volatiles produced by different yeast species and strains 1975 

within species varies14,15,17,18. D. melanogaster is attracted to a wide range of yeast from diverse 1976 

backgrounds19 with a preference for Saccharomyces yeasts and species isolated from fruit17. Less is 1977 

known for D. suzukii, but there are reports that isolates of H. uvarum, Candida zemplinina, S. 1978 

cerevisiae, Pichia terricola and Candida californica yeasts are attractive to D. suzukii18.  1979 

  1980 

Chandler et al.20 evaluated yeast communities from 11 different Drosophila species and showed the 1981 

same yeast species tend to be associated with Drosophila irrespective of diet, Drosophila species or 1982 

geographic location. H. uvarum, Hanseniaspora valbenysis, M. pulcherrima and Torulaspora 1983 

delbruckii were associated with D. simulans and D. melanogaster from two vineyard sites in 1984 

Australia21, and H. uvarum was the dominant yeast isolated from D. suzukii larvae and adults from 1985 

US cherry orchards, followed by Issatchenkia terricola and Pichia kluyveri22. These species, among 1986 

others, were also recovered from the larval frass of D. suzukii, again with H. uvarum being the most 1987 

abundant23. Hanseniaspora, Pichia and Candida yeast genera were among those identified from the 1988 

guts of wild caught winter-morph D. suzukii in the UK24. It thus appears that H. uvarum is often 1989 

found associated with D. suzukii; however, H. uvarum is also very common on fruits including 1990 

cherries, raspberries22, apples, plum, pears25 and grapes26 and so this association may simply reflect 1991 

the fact that insects visiting fruits pick up common yeast as they do. Further, while specific H. 1992 

uvarum isolates are attractive to specific D. suzukii lines in laboratory studies18,27,28, H. uvarum is 1993 

also attractive to other Drosophila species, including D. melanogaster15,17,18,29. Together this 1994 

suggests that the D. suzukii: H. uvarum relationship is not specific. 1995 

  1996 

Yeasts are single-celled fungi and while they are ubiquitous in terrestrial and aquatic habitats they 1997 

are commonly found associated with fruits (e.g.30,31). Yeasts have long been known to interact with 1998 
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some species of Drosophila via fruits32 and can be vectored by insects to new habitats14,16. Fruits 1999 

are an ephemeral habitat which suggests natural selection will have operated on yeast traits that 2000 

increase their likelihood of escaping fruits to colonise new habitats as this increases fitness; 2001 

attracting vectors such as Drosophila is one way to achieve this14,16. There is some evidence for a 2002 

mutualistic relationship between certain Drosophila and yeast isolates; for example, a more 2003 

attractive S. cerevisiae isolate was vectored further by D. simulans than a less attractive one in 2004 

laboratory and vineyard experiments, and D. simulans associated with the more attractive yeast 2005 

also laid more eggs14. However, there is a lack of robust evidence to determine whether such 2006 

interactions are driven by coevolution or due to exaptation of a coincidental combination of 2007 

complementary traits33. Yeast metabolic volatile compounds can diffuse through both yeast cell 2008 

walls and air and appear to mediate Drosophila attraction, but the nature of chemical attraction is 2009 

complex as it appears concentration, background34 and substrate dependent35.   2010 

 2011 

A range of yeast species are associated with fruits (e.g.30,31) and the particular mix of species in 2012 

communities varies with geographic location30,36,37, ripening stage26,38, and fruit variety36,39. A recent 2013 

experimental study showed that Drosophila attraction to individual yeasts can be unstable and 2014 

evolve rapidly, suggesting instead that Drosophila may be generally adapted to sense and locate 2015 

fruits infested by a community (i.e. a mix) of yeast species15.  However, to date only single isolates 2016 

of yeasts have been tested for Drosophila attraction (e.g.14,17,18,34). Here we investigate the 2017 

attractiveness of both single yeast isolates and combinations of yeasts in laboratory and field assays 2018 

to evaluate their potential as baits for use in integrated pest management strategies to control D. 2019 

suzukii. Specifically, we test three main hypotheses: 1) some yeast isolates produce specific 2020 

metabolic volatiles that are more attractive to D. suzukii than other Drosophila species; 2) volatiles 2021 

from different genotypes (isolates) of H. uvarum vary in their attractiveness to D. suzukii; and 3) 2022 

combinations of volatiles from different yeast isolates are more attractive to D. suzukii than 2023 

volatiles from single yeasts. We evaluated the preference of D. suzukii under both laboratory and 2024 
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field conditions in order to ascertain the extent to which laboratory preferences predict the 2025 

behaviour of D. suzukii in the field.   2026 

 2027 

Results   2028 

We first tested 12 single yeast isolates separately for attractiveness to D. suzukii, D. melanogaster 2029 

and D. simulans using laboratory T-maze choice experiments. Sterile fruit juice vs sterile fruit juice 2030 

controls showed no inherent bias in the T-maze apparatus for any fly species (D. suzukii P=0.44; D. 2031 

melanogaster P=0.29, D. simulans P=0.26; Fig. 2.1). D. suzukii displayed significant differential 2032 

attraction to the yeast isolates (binomial logistic regression, Δ deviance=-25.63, df=-12, P=0.012, 2033 

Fig. 2.1a) and individual binomial analyses of fly numbers attracted to each yeast isolate showed 2034 

four were significantly more attractive to D. suzukii compared to sterile strawberry juice and, in 2035 

decreasing order of attraction, these were: M. pulcherrima (AI=0.36, P=0.0005), P. pijperi (AI=0.28, 2036 

P=0.0006), H. uvarum 201 (AI=0.25, P=0.0039), and C. zemplinina (AI=0.06 P=0.028). D. suzukii 2037 

showed neither preference nor repulsion to the remaining eight yeasts with binomial tests (Fig. 2038 

2.1a). D. melanogaster was also differentially attracted to the yeast isolates (Δ deviance=-27.20, 2039 

df=-12 P=0.0072; Fig 2.1b). Like D. suzukii, D. melanogaster was attracted to M. pulcherrima 2040 

(AI=0.29, P=0.00009), C. zemplinina (AI=0.13, P=0.00005), and P. pijperi (AI=0.12, P=0.013), but was 2041 

additionally attracted to T. delbrueckii (AI=0.31, P=0.000005), S. cerevisiae (AI=0.25, P=0.0008), H. 2042 

occidentalis (AI=0.18, P=0.0006), C. apicola (AI=0.18, P=0.0023), and P. kluyveri (AI=0.09, P=0.033). 2043 

The remaining four yeast isolates neither attracted nor repelled D. melanogaster (Fig 2.1b). D. 2044 

simulans was also differentially attracted to the yeast isolates (Δ deviance=-21.52, df=-12 P=0.043, 2045 

Fig. 2.1c), and individual binomial analyses suggest two of the yeasts were significantly attractive 2046 

(H. occidentalis AI=0.28, P=0.0013 and P. kluyveri AI=0.12, P = 0.010), but M. pulcherrima 2047 

significantly repelled D. simulans (AI=-0.20, P=0.0092). Taking all the data together, there was a 2048 

significant effect of fly species (ANOVA, F2,291=3.77; P=0.024) but not yeast species (ANOVA, 2049 

F12,291=0.95; P=0.49) on attraction, with no significant interaction between fly and yeast species 2050 

(ANOVA, F24,291=1.45; P=0.084). No one yeast isolate was significantly attractive to all three 2051 
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Drosophila species and H. uvarum 201 was the only yeast isolate to be significantly attractive to 2052 

only D. suzukii (Fig. 2.1).  However, we note that H. uvarum has been shown to be significantly 2053 

attractive to D. melanogaster in a different study15.  2054 

 2055 

 2056 

 2057 

 2058 

 2059 

 2060 
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 2061 

Fig. 2.1 Mean (± SE) Attraction Index (AI) of Drosophila to metabolic volatiles (not identified) from 2062 

single yeast isolates grown in sterile strawberry juice using laboratory T-mazes; control contains no 2063 

yeast. A: D. suzukii (N=6 except P. kluyveri and C. zemplinina N=18, N=9 control). B: D. melanogaster 2064 

(N=6 except P. kluyveri N=28 and C. zemplinina N=24, control N=9). C: D. simulans (N=6 except P. 2065 

kluyveri, C. zemplinina N=18 and control N=8). P-values above bars show significant attraction or 2066 

repulsion to yeast volatiles over sterile strawberry juice in the opposing T-maze arm revealed by 2067 

binomial analyses. The numbers of individuals that remained in the central compartment of the T-2068 

maze apparatus differed significantly between Drosophila species (binomial logistic regression, Δ 2069 

deviance=-741.03, df=-2, P<0.001; mean 69% D. suzukii, 42% D. melanogaster and 62% D. 2070 

simulans). 2071 
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The attraction of D. suzukii to different isolates of H. uvarum  2072 

There was no significant difference in attraction of D. suzukii to eight H. uvarum isolates (binomial 2073 

logistic regression, Δ deviance=-4.98, df=-8, P=0.76; Fig. 2.2). However, individual binomial tests 2074 

indicate six isolates were more attractive than sterile fruit with P < 0.05, which includes the 201 2075 

isolate used above, and the 11-382 isolate shown to be attractive to D. suzukii previously28. The 2076 

remaining two isolates neither attracted nor repelled D. suzukii compared to sterile strawberry 2077 

juice.  2078 

 2079 

Fig. 2.2 Mean (± SE) Attraction Index (AI) of D. suzukii to metabolic volatiles (not identified) from 2080 

eight Hanseniaspora uvarum isolates grown in sterile strawberry juice using laboratory T-mazes; 2081 

control contains no yeast (N=8, except 28-1 and control, N=7). P-values above bars show 2082 

significance of attraction to yeast volatiles over sterile strawberry juice in the opposing T-maze arm 2083 

revealed by binomial analyses. 2084 

 2085 

D. suzukii attraction to single yeasts in the field  2086 

Yeast isolates more attractive to D. suzukii than sterile fruit in laboratory tests were taken forward 2087 

to field assays along with commercially available “Gasser” (RIGA) traps and the S. cerevisiae isolate 2088 

as this was not attractive to D. suzukii but was attractive to D. melanogaster in laboratory tests. The 2089 

majority of the 8,400 Drosophila trapped were D. suzukii (83%) with the remainder mostly from the 2090 

D. obscura/subobscura species group. There was a significant effect of bait type on numbers of D. 2091 

suzukii trapped (linear model Δ deviance=6434, df=7, P<0.001; Kruskal-Wallis, chi-squared=41.59, 2092 
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df=7, P=0.62-7; Fig. 2.3). Gasser-lure trapped the greatest numbers of D. suzukii but Dunn’s 2093 

comparisons post-hoc (with Benjamini-Hochberg multiple comparison correction) showed these 2094 

were not significantly greater than numbers trapped by H. uvarum (201), H. uvarum (11-382) and 2095 

M. pulcherrima yeasts (Fig. 2.3). However, marginal means analyses evaluating 95% confidence 2096 

limits from the linear model indicate that Gasser-lure trapped significantly greater numbers of D. 2097 

suzukii. When the effect of yeasts compared to water and sterile fruit were evaluated (i.e. Gasser-2098 

lure removed from analyses), there was still a significant effect of yeast type on numbers of D. 2099 

suzukii trapped (Δ deviance=2670, df=6, P<0.001). Post-hoc comparisons using both Dunn’s tests 2100 

(with multiple testing corrections) and 95% confidence limits from the linear model revealed all 2101 

traps had significantly greater numbers of D. suzukii than the distilled water negative control. In line 2102 

with laboratory findings, both Dunn’s and confidence interval comparisons show S. cerevisiae was 2103 

equally as attractive as strawberry juice. However, in contrast to laboratory assays P. pijperi was no 2104 

more attractive than sterile juice in the field, but we note the laboratory AI corresponds with a 2105 

positive capture rate in the field, and P. pijperi was more attractive than water in the field. H. 2106 

uvarum (201) volatiles trapped the most D. suzukii in the field (mean 237), followed by H. uvarum 2107 

(11-382) and M. pulcherrima, which trapped the same as each other (141 and 139 respectively; Fig. 2108 

2.3). However, analyses of data from the three yeasts that trapped the greatest numbers of D. 2109 

suzukii are less clear-cut: Dunn’s adjusted comparisons indicate there is no significant difference 2110 

between these three yeasts but that H. uvarum (201) trapped more D. suzukii than sterile juice 2111 

(Padjusted=0.039) while H. uvarum (11-382) and M. pulcherrima did not (at the adjusted P=0.05 level). 2112 

Confidence limits derived from the linear model suggests all three yeasts trapped more D. suzukii 2113 

than sterile juice, but that H. uvarum (201) trapped significantly more than H. uvarum (11-382) and 2114 

M. pulcherrima (Fig. 2.3). Overall, the strict consensus of Dunn’s and linear model confidence limits 2115 

analyses is that H. uvarum (201) trapped significantly greater numbers of D. suzukii than sterile 2116 

strawberry juice in the field.  2117 

 2118 

 2119 
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 2120 

Fig. 2.3 Mean numbers (± SE) of D. suzukii caught in field traps over a 72-hour period baited with 2121 

metabolic volatiles (not identified) from five different yeasts after individual growth in strawberry 2122 

juice; sterile strawberry juice, water and commercial Gasser-lure are controls (N=6). There was a 2123 

significant effect of bait type on numbers of D. suzukii caught (linear model Δ deviance=6434, df=7, 2124 

P<0.001; Kruskal-Wallis, chi-squared=41.59, df=7, P=0.62-7). Two post-hoc analysis methods were 2125 

employed: letters above bars connect treatments that are not significantly different using Dunn’s 2126 

comparisons with Benjamini-Hochberg adjusted P values, and numbers above bars connect 2127 

treatments with overlapping 95% confidence intervals calculated from Estimated Marginal Means.  2128 

 2129 

 2130 

There was reasonable alignment between laboratory and field data in terms of attraction and 2131 

trapping efficacy: H. uvarum 201, 11-382 and M. pulcherrima were significantly more attractive to 2132 

D. suzukii than sterile strawberry juice in enclosed T-maze laboratory experiments and H. uvarum 2133 

201 trapped significantly greater numbers than sterile juice in the field, with suggestions that H. 2134 

uvarum 11-382 and M. pulcherrima were also effective at trapping reasonable D. suzukii numbers.  2135 

S. cerevisiae was no more attractive to D. suzukii than sterile fruit juice in both T-mazes and field 2136 

traps but P. pijperi was not more attractive than sterile juice in the field. For single yeasts four out 2137 

of five yeast had similar trend of attractiveness in both laboratory and field. Overall, these 2138 
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experiments show the D. suzukii preference data gathered from enclosed T-mazes in the laboratory 2139 

serves as a reasonable prediction for likely D. suzukii preferences in the field.  2140 

 2141 

Influence of yeast combinations on D. suzukii attraction.  2142 

Next, we tested how combinations of volatiles from different yeast ferments affected D. suzukii 2143 

attraction in laboratory T-mazes. It was not possible to test all 4,215 feasible combinations of 12 2144 

yeast isolates, and so we selected: 1) the three most attractive to D. suzukii (M. pulcherrima + P. 2145 

pijperi + H. uvarum 201); 2) all pair-wise combinations of the three most attractive; 3) H. uvarum 2146 

201 + C. zemplinina (both attractive); 4) one attractive and one yeast D. suzukii was indifferent to 2147 

(H. uvarum 201 + S. cerevisiae); 5) the two and three least attractive (S. cerevisiae + C. apicola; S. 2148 

cerevisiae + S. uvarum + C. apicola); 6) all attractive yeasts with error bars that did not overlap zero 2149 

(M. pulcherrima + P. pijperi + H. uvarum 201 + C. zemplinina  + C. argentea), and finally, 7) all 12 2150 

yeasts (Fig. 2.4). We also included H. uvarum 201, sterile strawberry juice and Gasser-lure as 2151 

controls. Sterile fruit juice vs sterile fruit juice controls showed no inherent bias in the T-maze 2152 

apparatus (P=0.43). There was significant differential attraction between the various yeast volatile 2153 

combinations (Δ deviance=-38.43, df=-12, P=0.00013; Fig. 2.4). Individual binomial analyses 2154 

revealed four yeast volatile combinations were significantly more attractive than sterile strawberry 2155 

juice: M. pulcherrima + H. uvarum (201) (AI=0.33, P=0.000004); H. uvarum (201) + C. zemplinina 2156 

(AI=0.23, P=0.0016); M. pulcherrima + P. pijperi + H. uvarum (201) (AI=0.19, P=0.0068); and M. 2157 

pulcherrima + P. pijperi (AI=0.18, P=0.0062). D. suzukii was indifferent to seven yeast combinations 2158 

in comparison to sterile strawberry juice. However, while a combination of volatiles from the two 2159 

most attractive yeasts (H. uvarum 201 with M. pulcherrima) had the greatest AI, this combination 2160 

was not significantly more attractive to D. suzukii than volatiles from H. uvarum 201 alone (equal 2161 

variance t-test, t=-1.52, P=0.15). 2162 
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 2163 

Fig. 2.4 Mean (± SE) Attraction Index (AI) of D. suzukii to combinations of yeast metabolic volatiles (not identified) after growth in strawberry juice and then mixed in equal 2164 

proportions, using laboratory T-mazes. H. uvarum (201), sterile fruit and commercial Gasser-lure act are controls. N=6-7 for all treatments. Grey bars represent observed 2165 

AI and black bars predicted AIs calculated from 10,000 permuted in silico mixes of corresponding individual AI values. The observed AIs of two combinations is significantly 2166 

different from that predicted and are shown with solid connecting lines. P-values above bars show significance of attraction to yeast volatiles over sterile strawberry juice 2167 

in the opposing T-maze arm revealed by binomial analyses. 2168 
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Whether volatiles from single yeast isolates interacted in a non-additive manner for D. suzukii 2169 

attraction when combined together was analysed with a permutation test and this revealed two 2170 

combinations were significantly less attractive than predicted (Fig. 2.4): M. pulcherrima + P. pijperi 2171 

+ H. uvarum (201) + C. zemplinina + C. argentea (five species), and ‘all 12 yeasts’ (P=0.0034 and 2172 

P=0.012 respectively; Fig. 2.4). Complementary linear model analyses also revealed that M. 2173 

pulcherrima + P. pijperi + H. uvarum (201) + C. zemplinina + C. argentea volatile combinations 2174 

differed significantly from predicted combined attractiveness (P=0.0057), but the all yeast 2175 

combination did not (P=0.071). This indicates that some combinations of yeast volatiles may 2176 

interact to result in a significant reduction in attraction, with possible repulsion, for D. suzukii.  2177 

 2178 

D. suzukii attraction to combinations of yeasts in the field  2179 

Field experiments testing combinations of ferment products that were attractive in T-maze tests 2180 

show 81% of the 20,460 trapped Drosophila were D. suzukii. There was a significant effect of bait 2181 

type on D. suzukii capture (linear model Δ deviance=21355, df=8, P<0.001; Kruskal-Wallis, chi-2182 

squared=66.98, df=8, P=1.95-11) and Gasser-lure trapped the greatest numbers (Fig. 2.5). There was 2183 

a significant differential effect of yeast volatile type on D. suzukii capture when Gasser-lure was 2184 

removed from analysis (Δ deviance=3156, df=7, P<0.001). Adjusted Dunn’s and linear model 95% 2185 

confidence interval comparisons showed all baits trapped significantly greater numbers of D. suzukii 2186 

than distilled water (Fig. 2.5). However, the comparison of D. suzukii trap counts between sterile 2187 

fruit juice and yeast volatiles is not clear-cut. Dunn’s comparisons reveal that only the M. 2188 

pulcherrima + H. uvarum 201 combination trapped significantly greater number of D. suzukii than 2189 

the strawberry juice bait (Padjusted=0.023) but there were no significant differences between the 2190 

remaining yeast baits, including H. uvarum 201 in isolation, and sterile juice or any significant 2191 

differences in the numbers of D. suzukii trapped among all yeast baits (Fig. 2.5). Linear model 95% 2192 

confidence interval comparisons indicate that no yeast bait trapped significantly more D. suzukii 2193 

than sterile juice (Fig. 2.5). The consensus is that while the numbers of D. suzukii trapped by the M. 2194 
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pulcherrima + H. uvarum 201 combination were greater than those trapped by H. uvarum 201 2195 

separately this is not statistically significant (at adjusted P < 0.05). Moreover, adjusted Dunn’s 2196 

comparisons suggest that the M. pulcherrima + H. uvarum 201 combination trapped significantly 2197 

greater numbers of D. suzukii than sterile strawberry juice with only a modest adjusted P-value 2198 

(Padjusted=0.023).   2199 

 2200 

 2201 

Fig. 2.5 Mean numbers (± SE) of D. suzukii caught in field traps with various combinations of yeast 2202 

metabolic volatiles (not identified) with H. uvarum (201), sterile strawberry juice, water and 2203 

commercial Gasser-lure controls. Combinations were created by adding equal proportions after 2204 

growth in strawberry juice (N=14 except M. pulcherrima + P. pijperi N=13). There was a significant 2205 

effect of bait type on D. suzukii capture (linear model Δ deviance=21352, df=8, P<0.001; Kruskal-2206 

Wallis, chi-squared=66.98, df=8, P=1.95-11). Two post-hoc analysis methods were employed: letters 2207 

above bars connect treatments that are not significantly different using Dunn’s comparisons with 2208 

Benjamini-Hochberg adjusted P values and numbers above bars connect treatments with 2209 

overlapping 95% confidence intervals calculated from Estimated Marginal Means. 2210 

 2211 

 2212 
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Discussion  2213 

We found support for the first hypothesis, that some yeast species produce specific metabolic 2214 

volatiles that are more attractive to D. suzukii than to other Drosophila species, as H. uvarum was 2215 

the only yeast species to be significantly attractive to D. suzukii compared to sterile fruit and was 2216 

not significantly attractive to the other Drosophila species in laboratory assays. However, the size 2217 

of the significance and effect was not large but is in line with other studies reporting H. uvarum to 2218 

be attractive to D. suzukii18,22,27,28. H. uvarum was not significantly attractive to D. melanogaster in 2219 

this study which is not in line with previous studies15,17. However, while the magnitudes of P-values 2220 

vary, we note that the size and direction of attraction are consistent between the data here and 2221 

that reported by Günther et al.15 for H. uvarum grown in strawberry juice for attraction to both D. 2222 

melanogaster and D. simulans (both studies report AIs of approximately +0.25 for D. melanogaster 2223 

and -0.05 for D. simulans). M. pulcherrima and P. pijperi were more attractive than H. uvarum (201) 2224 

for D. suzukii in the laboratory, and M. pulcherrima and P. pijperi were also attractive for the D. 2225 

melanogaster line we used. We are not aware of any previous reports showing M. pulcherrima and 2226 

P. pijperi are attractive to D. suzukii. No one yeast isolate was significantly attractive to all three 2227 

Drosophila species which reflects recent work suggesting there may be differences in yeast 2228 

preferences between Drosophila species15. The finding that several yeast species are attractive to 2229 

D. suzukii is in line with data from Scheidler et al.18 who found both H. uvarum and C. zemphilina to 2230 

be attractive. The correspondence of D. suzukii attraction to volatiles from the same yeasts in 2231 

laboratory and field assays suggests the two-way T-maze choice system is a reasonable 2232 

approximation of D. suzukii responses in the field. However, it is clear this is not a perfect map as 2233 

there were also differences in D. suzukii response. There are a range of aspects to consider when 2234 

translating laboratory to field responses, including the fact that the range of other olfactory signals 2235 

in the field will be greater and the effects of concentration gradients and air currents are more 2236 

acute in the field. Lastly, laboratory tests were conducted with an Italian laboratory-reared strain, 2237 

whereas the field tests trapped UK wild D. suzukii. Thus, any promising agents identified in 2238 

laboratory assays should be considered putative until validated in the field.   2239 
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  2240 

The second hypothesis - volatiles from different genotypes of H. uvarum vary in their attractiveness 2241 

to D. suzukii - must formally be rejected as there was no statistically significant difference in 2242 

attraction among the eight H. uvarum isolates. However, there was significant attraction to volatiles 2243 

from six of the eight H. uvarum isolates compared to sterile juice whereas the remaining two 2244 

isolates were not more attractive than sterile fruit, implying there may be ecologically relevant 2245 

variance between H. uvarum genotypes. In line with laboratory observations, H. uvarum (201) 2246 

trapped more D. suzukii than H. uvarum (11-382) in the field and confidence interval analysis 2247 

suggests this is significant (Fig. 2.3). Overall, the field assays are in line with laboratory data and 2248 

suggest volatiles from H. uvarum (201 and 11-382) and M. pulcherrima are attractive to D. suzukii 2249 

and provide reasonable evidence that at least these isolates are worth pursuing for D. suzukii 2250 

control strategies.  2251 

  2252 

The last hypothesis – that combinations of volatiles from different yeast species are more attractive 2253 

to D. suzukii than volatile profiles from single yeast species – may not be accepted given these data. 2254 

Four combinations of volatiles from different yeasts were more attractive than sterile juice in the 2255 

laboratory, and while the M. pulcherrima + H. uvarum (201) combination reported the greatest AI 2256 

(Fig 2.4), this was not significantly greater than the AI from H. uvarum (201) separately (P=0.15). 2257 

We note that in the laboratory the M. pulcherrima + H. uvarum (201) combination had a greater AI 2258 

than the commercial Gasser-lure bait but this did not translate to the field where the Gasser-lure 2259 

bait trapped at least two times more D. suzukii than any yeast bait tested here.  This perhaps 2260 

indicates that the extent of D. suzukii attraction to yeasts in the field may be further optimised by 2261 

altering the concentrations of volatiles released by yeast during fermentation40,41; here we only 2262 

tested one concentration. However, the various yeast field traps were able to trap a large number 2263 

of D. suzukii (~7,000), and the observations that the M. pulcherrima + H. uvarum (201) bait 2264 

combination trapped the greatest numbers of wild D. suzukii among the yeast baits and was the 2265 
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only yeast bait that trapped significantly greater numbers than the sterile fruit by Dunn’s 2266 

comparisons indicates there may be value in exploring combined yeast baits further, particularly 2267 

those involving M. pulcherrima and H. uvarum (201).  2268 

  2269 

There were two yeast combinations that had significantly lower AIs than predicted based on an 2270 

additive interaction of their separate volatile attraction components. The reason behind this 2271 

nonlinear interaction is unknown and might be because some volatiles have a masking effect which 2272 

here resulted in combinations that were less attractive, and possibly repelled D. suzukii. This 2273 

masking concept has experimental support as some volatiles act antagonistically to reduce CO2 2274 

repulsion42. The observation made here may be valuable in the development of ‘push-pull’ control 2275 

strategies; for example, if these yeast combinations were not harmful to crops, then they may be 2276 

deliberately added to deter D. suzukii. This represents a potentially significant finding in this 2277 

respect, but this study focussed on attraction and not repulsion, so we only validated putatively 2278 

attractive mixed yeast volatile combinations in the field.  2279 

  2280 

There are clearly many other factors potentially affecting D. suzukii attraction that need to be 2281 

considered and explored in this biologically complex tripartite yeast:fly:fruit system15. First, within 2282 

yeast species variance for Drosophila attraction requires consideration: other studies that have 2283 

evaluated this subject show a large range in attraction among S. cerevisiae, S. bayanus, S. uvarum 2284 

and S. paradoxus isolates to D. simulans, D. melanogaster and D. suzukii14,17,27. The phenotypic 2285 

range of metabolic volatile production in yeasts is a product of a genotype x environment 2286 

interaction, and there is good evidence for large genetic variance within yeast species (e.g.43-45); 2287 

such variance in attraction is likely to hold for most yeast species. The salient point is that it is 2288 

probably not robust to assume the attractiveness of individual yeast genotypes are representative 2289 

of attractiveness for that yeast species as a whole. We acknowledge the use of a single D. suzukii 2290 

line in laboratory experiments here – the extent to which these observations hold in D. suzukii with 2291 
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different genetic backgrounds remains to be tested. However, the field assays involved wild 2292 

populations of D. suzukii likely with a range of different genetic backgrounds. Another factor that 2293 

may affect attraction, especially in the field, is the physiological state of the flies and the time of 2294 

year. Shearer et al.46 report that by December 100% and 95% of females and males respectively are 2295 

winter morphs in comparison to 50% and 30% in October in the USA. Fly fecundity also changes 2296 

throughout the season, with female D. suzukii fecundity reduced at low temperatures47,48 which 2297 

may affect attraction to yeast as they are important for both oviposition and egg development in 2298 

D. suzukii13,49. Changes in morph and fecundity may provide part of the explanation for the change 2299 

in the extent of attractiveness to the same yeasts across these field experiments spanning late 2300 

October to early December (H. uvarum 201 baits caught half as many D. suzukii in the December 2301 

than October traps). Another factor likely to affect attraction is fruit substrate. Strawberry was used 2302 

here but Günther et al.15 show an effect of fruit type on yeast attraction to isolates of D. simulans. 2303 

In contrast to findings in this study Scheidler et al.18 and Lasa et al.27 demonstrated that S. cerevisiae 2304 

was attractive to D. suzukii, but Scheidler et al.18 used Potato Dextrose Broth and Lasa et al.27 used 2305 

sucrose. Additionally, in laboratory tests certain H. uvarum and S. cerevisiae strains, derived from 2306 

fruit, were significantly more attractive than a commercial S. cerevisiae strain when grown in corn 2307 

syrup media but not when grown in sucrose-based media27.   2308 

 2309 

These complicating factors, and many others, need exploring in efforts to use and optimise any 2310 

yeast-based D. suzukii controls. For example, the stability of attractiveness is uncertain; 10 2311 

generations of selection on a D. simulans population for attraction to an unattractive yeast was 2312 

sufficient to increase attraction showing Drosophila may be plastic over ecological time scales for 2313 

attraction to yeast volatiles15. One last aspect to consider is that we created combinations of yeast 2314 

volatiles by post-ferment blending in equal parts, and while this represents an important step in 2315 

testing the attractiveness of yeast in a more ecologically realistic manner, this does not capture the 2316 

true complexity of the microbial ecology on fruit as Drosophila attraction (at least D. melanogaster 2317 

and D. simulans) is driven by volatiles in a concentration and background dependent manner34. 2318 
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Moreover, there is good evidence to show that it is the act of yeast growing together, as opposed 2319 

to post-growth blending, may produce synergistic metabolic interaction in terms of volatiles50, and 2320 

this concept is in line with the observation that growing S. cerevisiae with bacteria was more 2321 

attractive to D. melanogaster than post-growth blending51. 2322 

  2323 

Yeasts are candidates for creating attractive and selective baits for D. suzukii not just for monitoring 2324 

and mass-trapping purposes but also in attract-and-kill strategies using phagostimulatory baits28,52. 2325 

We have identified isolates from two species which are attractive in isolation and when combined, 2326 

and this finding may contribute to developing sustainable lower insecticide input horticulture 2327 

management controls for a major economically damaging pest of fruit crops.   2328 

 2329 

Materials and methods  2330 

Drosophila cultures  2331 

D. melanogaster were standard Oregon R wild-type (Carolina), D. simulans lines derived from a wild 2332 

population collected from vineyards in New Zealand14 and D. suzukii cultures derived from an Italian 2333 

strain, collected near Trento in 2013. All Drosophila species were maintained at the same 2334 

temperature and light regime, 25±2°C and a 16:8 h light: dark photoperiod53 and reared on 2335 

Drosophila Quick Mix Medium blue (Blades Biological Ltd.) sprinkled with dried baker’s yeast 2336 

(Blades Biological Ltd.). D. suzukii were also cultured on media comprising 1% agar, 9% sugar, 9% 2337 

pre-cooked ground maize, 2% baker's yeast, 5% malt, 1% soy flour, 0.3% propionic acid, and 0.3% 2338 

methyl 4-hydroxybenzoate pre-dissolved in 70% ethanol53. Summer morph D. suzukii were housed 2339 

in BugDorm cages (32.5 x 32.5 x 32.5 cm) (MegaView Science Co., Ltd.). Damp absorbent paper was 2340 

placed on the base and roof of the cages to provide humidity (average 96%) inside cages. D. suzukii 2341 

were provided with frozen raspberries weekly53. D. melanogaster and D. simulans were housed in 2342 

standard Drosophila tubes (35 ml) (Gosselin FLY35-02, Fisher Scientific).   2343 
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Yeast cultures  2344 

All yeast isolates derived from the Goddard culture collection at University of Lincoln apart from H. 2345 

uvarum 11‐382 and the origin of strains is shown in Supplementary Material, Table S2.1.   2346 

 2347 

Yeast volatile preparation  2348 

All yeast isolates were transferred from -80°C glycerol stocks to 50 mL falcon tubes containing 15 2349 

mL of YPD (1% yeast extract, 2% peptone, and 2% dextrose) media, and incubated at 30°C for 24 2350 

hours, and the optical density (600 nm) was ascertained at 24 hours using a spectrophotometer 2351 

(Jenway 6705). For laboratory assays, strawberry juice (var. Rociera) was sterilised by 0.2 μm 2352 

filtration (Corning 1 L Filter System). For field trials, strawberry juice comprised either single or 2353 

mixed varieties (Elsanta, Murano and a proprietary June bearer), and was sterilised using up to a 2354 

maximum of 1 mL dimethyl dicarbonate (DMDC) dissolved in ethanol at a ratio of 1:2 DMDC to 2355 

ethanol per litre of juice. This process was repeated up to three times in an attempt to sterilise the 2356 

juice, after which it contained approximately less than 18 colony-forming units per ml. Strawberry 2357 

juice was inoculated with 1x106 yeast cells per mL and incubated at 30°C for 48 hours. The brix and 2358 

optical density of the yeast ferments were determined at 48 hours (Brix was measured using a 2359 

refractometer HI 96801, Hanna Instruments) after which the juice was centrifuged at 4,500 rpm for 2360 

10 mins to collect cells; the supernatant containing yeast metabolites was decanted and stored 2361 

frozen prior to use in both T-maze and field assays.   2362 

 2363 

 Laboratory choice tests  2364 

Two-way choice test experiments were conducted to test: 1) attractiveness of yeast volatiles from 2365 

12 single yeasts to D. suzukii, D. melanogaster and D. simulans; 2) attraction of D. suzukii to volatiles 2366 

from eight different strains of H. uvarum; and 3) attraction of D. suzukii to combinations of yeast 2367 

volatiles. Choice tests were conducted using horizontally orientated T-maze apparatus with no 2368 

forced air flow following Palanca et al.17 as shown in Fig. S2.1 (supplementary material). Clear 2369 
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Perspex vials (50 ml) were attached to the end of the arms and contained yeast volatiles or sterile 2370 

strawberry juice. Damp absorbent paper was also placed in the centre of the T-maze to increase 2371 

humidity for D. suzukii. T-Maze arms contained either 10 mL of yeast ferment or 10 mL of sterile 2372 

fruit juice control both at 1:1000 dilution, and treatments were reversed in regard to location in 2373 

arms. T-maze position was randomised in the experimental room to account for any bias. Where 2374 

combinations of different yeasts volatiles were tested, yeasts were fermented separately, and the 2375 

supernatants subsequently combined in equal proportions.  2376 

  2377 

Stock fly populations were anaesthetised using CO2 for a maximum of six minutes to isolate females 2378 

which were then starved for 24 ±1 (D. melanogaster and D. simulans) or 17 ±1 hours (D. suzukii, as 2379 

mortality was excessive with 24 hour starvation) prior to experimentation. Flies were anaesthetised 2380 

briefly using CO2 before being introduced into the centre of the T-Maze apparatus. Between 60-80 2381 

mated adult females between 3-12 days old were added to each T-maze. Females were considered 2382 

mated as they had access to males until they were sexed and then separated; mating generally 2383 

occurs one day post eclosion54. To control for any temporal effects and variability in flies’ 2384 

physiological status the same cohort of flies was exposed simultaneously to all yeast treatments to 2385 

constitute one replicate and this was repeated multiple times for replication. All assays were 2386 

conducted with six to eight replicates in the dark to ensure that choice was driven primarily by 2387 

olfactory cues. After 30 minutes the sliding doors of the T-maze were closed, and the T-maze placed 2388 

at -20°C to euthanise flies prior to counting. Yeast species attraction was calculated using an 2389 

Attraction Index17 (AI = (number of flies in yeast arm – number of flies in control arm)/total number 2390 

of flies making a choice), and so reflected group choice rather than individual.  2391 

  2392 

Field trials   2393 

Field experiments were conducted at a commercial fruit producer’s site in Kent, UK. Drososan field 2394 

traps (Koppert Biological Systems) with a 200 mL drowning solution of either single or combinations 2395 
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of yeast ferments after growth in strawberry juice were employed. Yeast ferments were prepared 2396 

as for laboratory studies with equal volumes of separately fermented yeasts combined when 2397 

required. Three control treatments were included: strawberry juice with no yeast; distilled water 2398 

(negative control); and commercially available Gasser-lure (RIGA) (positive control). Triton x 100 2399 

(0.005%, Sigma-Aldrich) was added to all drowning solutions to reduce surface tension. Traps were 2400 

arranged in a randomised block design where one trap from each treatment was present in a 2401 

random order per block. For the single yeast volatile trials, traps were approximately 3 m apart and 2402 

1 m from the ground in native hedgerow approximately 5m from a raspberry crop (Fig. S2.2). In the 2403 

combined yeast volatile trial, a second location was included along with the hedgerow set-up, and 2404 

traps were placed in a deciduous bramble woodland adjacent to the hedgerow approximately 7-8 2405 

m apart and 1 m from the ground. Trials occurred across October-December 2018, and trap 2406 

contents were filtered through muslin after 72 hours and numbers of male and female D. suzukii 2407 

and other Drosophila species were determined.   2408 

  2409 

Statistical analysis  2410 

T-mazes where no flies made a choice (i.e. no flies left the central compartment of T-maze) were 2411 

omitted from analyses.  Differences in attractiveness between yeast isolates were analysed 2412 

separately for each Drosophila species using a binomial logistic regression, with treatment as a fixed 2413 

factor, and significance assayed using ANOVA following model simplification as per Crawley55. 2414 

Binomial analyses were employed to test if the sum of choices of flies from replicated tests with 2415 

each yeast treatment separately were different from that expected if flies chose randomly14,15,17,34. 2416 

We did not use the binomial tests to make comparisons between different yeast treatments and so 2417 

a multiple comparison correction was not required here. Two-way ANOVA was used to determine 2418 

if there was an effect of Drosophila and yeast species and interactions between them on AI overall 2419 

the data. Permutation analysis was used to test whether volatiles from different yeast species 2420 

interacted linearly or non-linearly in terms of attraction when mixed. The predicted AI of volatile 2421 
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combinations was based on an additive (linear) model and was compared to the observed AI from 2422 

volatile combinations. The null/additive distribution of combined AI values for each of the volatile 2423 

combinations were created by randomly selecting AI values from single yeasts among respective 2424 

replicates for each of the constituent yeasts and calculating the mean and repeating 10,000 times 2425 

for each. The experimentally observed AI values from combinations were compared to this null 2426 

distribution. A linear model was also used to analyse attraction to combinations of yeast species 2427 

volatiles to test whether yeasts interacted linearly or non-linearly (Fig. S2.3), and whether flies’ 2428 

preference differed between the combination and their constituent yeasts separately was captured 2429 

in the coefficients (y = Xβ + ε). Student’s t-tests were used to determine if the most significantly 2430 

attractive combined yeast volatiles were more attractive than the volatiles from H. uvarum 201 2431 

alone. Field trap capture data was analysed using non-parametric rank based Kruskal-Wallis tests 2432 

with Dunn’s post-hoc comparisons with P-values adjusted with the Benjamini-Hochberg method, 2433 

and generalised linear models with a Poisson error structure where treatment and sex were treated 2434 

as fixed factors and block as a random effect.  All statistical analyses were carried out in R version 2435 

3.6.156 and the lme457 package was used for the binomial logistic regression and linear regression 2436 

and emmeans58 and Hmisc59 packages were used to generate confidence intervals.   2437 

 2438 
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Abstract 2656 

Fungal volatiles attract the Drosophila suzukii insect pest which oviposits in ripening fruits, but there 2657 

are few data describing the fungal microbiomes of commercial fruits susceptible to D. suzukii. We 2658 

tested the hypothesis that both fruit type and ripening stage have a significant effect on fruit 2659 

surface fungal communities using DNA metabarcoding approaches and found strong support for 2660 

differences in all three fungal community biodiversity metrics analysed (numbers, types, and 2661 

abundances of taxa). There was an average 5-fold greater difference in fungal communities 2662 

between fruit types (strawberry, cherry, raspberry, and blueberry) than across maturation (four 2663 

stages, from green to ripe fruit) showing fruit type is the greater factor defining fungal community 2664 

assemblage. Metabarcoding analysis is generally not quantitative, but the addition of an internal 2665 

standard showed cherry had relatively static fungal populations across ripening. Raspberry had a 2666 

greater prevalence of Saccharomycetales yeasts attractive to D. suzukii, including Hanseniaspora 2667 

uvarum. This is an intriguing observation as raspberry are among the fruits with greatest 2668 

susceptibility to D. suzukii. Greater knowledge of how yeast communities change during fruit 2669 

maturation and between species may be valuable in finding additional attractive yeasts which can 2670 

be exploited in integrated pest management strategies to control D. suzukii. 2671 

 2672 

 2673 

 2674 

 2675 

 2676 

 2677 

 2678 

 2679 
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Importance 2680 

Fruit associated yeasts are attractive to the D. suzukii fruit fly-pest which oviposits in ripening fruits, 2681 

but little is known of the fungi associated with fruit susceptible to D. suzukii. We evaluated the fungi 2682 

associated with ripening strawberries, raspberries, cherries and blueberries via DNA barcode 2683 

metagenomics and both total fungal communities and Saccharomycetales budding yeasts differed 2684 

between fruits and their ripening stages. Raspberry had a greater prevalence of specific 2685 

Saccharomycetales yeasts known to attract D. suzukii, including Hanseniaspora uvarum, which 2686 

correlates with observations that raspberry are among the fruits with greatest susceptibility to D. 2687 

suzukii. A greater knowledge of how yeast communities change during fruit maturation and 2688 

between fruit species may be valuable in identifying additional novel attractive yeasts which can be 2689 

exploited in integrated pest management strategies to control D. suzukii. 2690 

Key words: microbiome, metabarcoding, fungi, spotted wing drosophila, yeast, crop 2691 
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1. Introduction 2705 

Fungi are widespread in the environment and important components of agricultural and natural 2706 

ecosystems where they play key roles in nutrient turnover. Fruit associated fungi may have both 2707 

positive and negative impacts on the quality of products derived from horticultural systems by 2708 

causing spoilage (Ruxton et al., 2014) or beneficial attributes in fermented beverages such as wine 2709 

(Knight et al., 2015). Fruit surfaces are home to complex and dynamic microbial communities which 2710 

are affected by a number of factors including fruit species (Lukša et al., 2018; Vepštaitė-Monstavičė 2711 

et al., 2018) and fruit variety (Cordero-Bueso et al., 2011; Gayevskiy and Goddard, 2012), ripening 2712 

stage (Abdelfattah et al., 2016; Barata et al., 2012; Lukša et al., 2020), plant organ (Abdelfattah et 2713 

al., 2016),  geographic location (Bokulich et al., 2014; Gayevskiy and Goddard, 2012; Miura et al., 2714 

2017; Taylor et al., 2014) and farming practices  (Martins et al., 2014; Morrison-Whittle et al., 2017). 2715 

Fruit fungal communities are dominated by the Ascomycota and Basidiomycota phyla, with 2716 

Ascomycota comprising 52-97% and Basidiomycota 4-24% of species on a range of fruits including 2717 

Vitis vinifera (grape) (Taylor et al., 2014), Malus pumila Mill. (apples), Ribes nigrum (blackcurrants) 2718 

(Vepštaitė-Monstavičė et al., 2018), and Fragaria x ananassa (strawberries) (Abdelfattah et al., 2719 

2016).  2720 

 2721 

Unlike most other Drosophila species, Drosophila suzukii is able to oviposit in ripening fruit due to 2722 

a morphologically modified ovipositor (Atallah et al., 2014). D. suzukii causes economic losses 2723 

through direct fruit damage by ovipositing and subsequent larval feeding, including indirect damage 2724 

caused by secondary infection from microbes via wounds as entry points (Ioriatti et al., 2018). The 2725 

economic damage caused by D. suzukii is significant, with losses estimated at $511.3 million USD in 2726 

just three USA states in 2008 (Bolda et al., 2010). Recent geographic range expansion including 2727 

invasions into the USA and mainland Europe in 2008 and the UK in 2012 (Bolda et al., 2010; Calabria 2728 

et al., 2012; Harris and Shaw, 2014) have resulted in D. suzukii now significantly threatening soft 2729 

and stone fruit production in most Northern Hemisphere temperate regions. It is increasingly 2730 

documented that D. suzukii are attracted to volatile chemicals produced by budding yeasts in the 2731 
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Saccharomycetales order, including Hanseniaspora uvarum, Hanseniaspora opuntiae, 2732 

Saccharomyces cerevisiae, Metschnikowia pulcherrima, Candida zemplinina, Candida californica, 2733 

Pichia terricola and Pichia pijperi (Bueno et al., 2020; Jones et al., 2021; Lasa et al., 2019; Noble et 2734 

al., 2019; Scheidler et al., 2015). In addition to single species, various combinations of yeasts 2735 

involving C. zemplinina, P. pijperi, M. pulcherrima and H. uvarum are also attractive (Jones et al., 2736 

2021). In addition, there is an overlap between Saccharomycetales yeasts found on cherry and 2737 

raspberry and those in D. suzukii guts, particularly Hanseniaspora species (Fountain et al., 2018; 2738 

Hamby et al., 2012). These observations are potentially valuable and can be exploited for the 2739 

control of D. suzukii in various traps and baits (Hamby and Becher, 2016). Thus, there is value in 2740 

understanding the general communities of fungi and especially the communities of 2741 

Saccharomycetales naturally associated with various fruits as they ripen as these may modulate the 2742 

attraction of and susceptibility to D. suzukii.  2743 

 2744 

Fungi associated with crops and foods were originally evaluated by culture-based approaches, but 2745 

work shows that up to 95% of fungi on fruits may be missed using these methods (Taylor et al., 2746 

2014). The PCR amplification of specific diagnostic ‘barcode’ areas from DNA that has been directly 2747 

extracted from substrates of interest may circumvent this non-culturable issue (Taylor et al., 2014). 2748 

DNA barcode metagenomics studies report significant differences between fungal communities on 2749 

the surfaces of apples and blackcurrants (Vepštaitė-Monstavičė et al., 2018), as well as between 2750 

Hippophae rhamnoides L. (sea buckthorn), Aronia melanocarpa (black chokeberry) and Ribes 2751 

rubrum (red and white currants) (Lukša et al., 2018). Further, there are reports that fungal 2752 

communities differ between varieties within fruit species in both the Northern and Southern 2753 

Hemisphere, e.g. between Chardonnay and Syrah grape varieties in New Zealand (Gayevskiy and 2754 

Goddard, 2012) and Zinfandel, Chardonnay and Cabernet Sauvignon in California (Bokulich et al., 2755 

2014). Additionally, there are few data characterising changes in fruit fungal communities through 2756 

ripening generally. Studies on table grapes and sea buckthorn berries suggest microbial 2757 
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communities on fruits change over time (Abdelfattah et al., 2016; Carmichael et al., 2017; Lukša et 2758 

al., 2020). Abdelfattah et al. (2016) observed significant differences in fungal community structure 2759 

between immature and mature strawberry fruit with unweighted UniFrac analysis (P = 0.003), but 2760 

communities were dominated by Botrytis and Cladosporium genera, suggesting the difference 2761 

across ripening was driven by a subtle shift in rare taxa.  2762 

 2763 

Data on the microbial composition of fruits and their maturation-related changes is generally 2764 

limited. We are not aware of any studies that have comprehensively identified the fungal and yeast 2765 

communities associated with different ripening stages of commercially important fruit which are 2766 

susceptible to D. suzukii. To fill this knowledge gap, we investigated the general fungal and 2767 

Saccharomycetales (budding yeasts) communities on blueberry, cherry, raspberry, and strawberry 2768 

during ripening in the UK, using a barcode metagenomics approach with high replication, and aimed 2769 

to do this quantitatively by spiking samples with a known quantity of an internal standard. We test 2770 

the hypothesis that both fruit type and ripening stage have a significant effect on general fungal 2771 

and Saccharomycetales yeast communities and evaluate whether there are differences in specific 2772 

yeasts known to be attractive to D. suzukii. 2773 

 2774 

2. Material and method 2775 

2.1 Fruit sampling and processing 2776 

Based on fruit pigmentation, blueberries, cherries, raspberries and strawberries were sampled at 2777 

four developmental stages ranging from unripe (green) to fully ripe (red/ dark purple/ navy) (Table 2778 

S3.1; Fig. S3.1) throughout June to September in 2018. Sampling times differed for each fruit type 2779 

(Table S3.1). All samples were collected from commercial fruit growers in the United Kingdom 2780 

southern county of Kent within a 55 km2 area and maximum distance of 19 km apart; the same sites 2781 

were revisited at each ripening stage. All fruit were subject to growers’ spray programmes to 2782 

control pest and diseases. Ten fruit (except blueberries N = 20) were collected for each species and 2783 
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combined into one sterile bag and this was replicated six times within each site at each of the four 2784 

stages for each fruit totalling 1,200 individual and 96 combined fruit samples. Fruits were randomly 2785 

selected within each field or orchard and were aseptically removed with as little of the stalk or calyx 2786 

as possible without damaging the fruit. Fruits were transported directly to the laboratory where 20 2787 

mL of sterile water was added to sample bags. Fruits were then surface-washed repeatedly with 2788 

this water for 15 seconds every 5 minutes for 30 minutes, after which the contents were collected 2789 

in sterile 50 mL falcon tubes and centrifuged for 30 mins at 4,500 rpm to collect microbes. The 2790 

supernatant was reduced to approximately 2 mL, the pellet re-suspended and 1 mL was transferred 2791 

to microfuge tubes and centrifuged further at 13,000 rpm for 10 mins. The supernatant was 2792 

discarded and the pellet stored at -80°C. After washing, fruit were measured with vernier callipers 2793 

and surface area estimated using 4πr2. 2794 

 2795 

2.2 DNA extraction  2796 

Pellets derived from samples were thawed and re-suspended in sterile water, then split into two 2797 

equal parts. One half of each sample was spiked with approximately 265 live Plectosphaerella 2798 

cucumerina (Ascomycete: Sordariomycetes) cells determined using a haemocytometer to’ 2799 

constitute pairs of samples which were identical other than the spiked P. cucumerina cells to allow 2800 

an estimate of absolute cell numbers in the resulting sequence data. P. cucumerina has rarely been 2801 

reported on the surface of fruits and the isolate used derived from pumpkins in Lincolnshire (UK) 2802 

and was grown in potato dextrose broth (ThermoFisher Scientific) at 25°C for 7 days prior to use. 2803 

Cell counts from fruit samples indicated that 265 cells would represent approximately 0.5% of the 2804 

community and thus be detectable. DNA was extracted using the DNeasy Blood and Tissue kit 2805 

(QIAGEN) following the manufacturer’s instructions but with an additional bead beating step before 2806 

incubation: pellets were resuspended in 750 µL ATL lysis buffer and added to 1 g of sterile glass 2807 

beads with a 1:1 ratio of <106 µm: 0.5 mm size (Sigma-Aldrich), then placed in a bead beater (Bead 2808 

Ruptor 12, Omni international INC) at maximum speed for 5 x 30s. 2809 
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2.3 Barcode amplification  2810 

PCR reactions comprised 15 µL Kapa 2x master mix (Kapa Biosystems), 6 µL of ITS2 forward and 2811 

reverse primers with Illumina adaptors TS3_KYO2 (Fujita et al., 2001) and ITS4 (White et al., 1990) 2812 

modified with MiSeq adapters, 7 µL sterile water and 2 µL template DNA. Each batch of PCR 2813 

reactions included a negative (2 µL sterile water) and positive (S. cerevisiae DNA) control. The PCR 2814 

cycle parameters were 95°C for 3 minutes, 29 cycles of 98°C for 20 seconds 64°C for 20 seconds 2815 

72°C for 40 seconds, followed by a final extension time at 72°C for 5 mins. PCR products were 2816 

separated by electrophoresis using 2% agarose gels containing 10 µL SYBR safe dye™ (Invitrogen) 2817 

per 100 mL TAE (Tris Acetate-EDTA) buffer (ThermoFisher Scientific). PCR amplicons were 2818 

sequenced on Illumina MiSeq instruments with a 300PE metric by Eurofins genomics. Raw 2819 

sequences are deposited on SRA with the following project ID: PRJNA732273. 2820 

 2821 

2.4 Bioinformatics analysis  2822 

DNA sequences were processed with QIIME 2 (2019.4) (Bolyen et al., 2019). Sequence quality was 2823 

evaluated with FastQC (Andrews, 2010) and reads were trimmed, denoised, paired end merged and 2824 

Amplicon Sequence Variants (ASVs) identified with DADA2 (Callahan et al., 2016). ASVs were 2825 

subsequently clustered with a >97% genetic identity using vsearch (Rognes et al., 2016) and from 2826 

herein we term ASVs with >97% identity ‘phylotypes’. Phylotypes assigned to the fungal kingdom 2827 

were identified using q2-feature-classifier plugin using the unite_ver7dynamic database (Bokulich 2828 

et al., 2018); any unassigned phylotypes were subjected to manual Blast searches against the 2829 

Genbank nucleotide database and only phylotypes identified as belonging to the fungal kingdom 2830 

were retained. For non-quantitative analysis, any phylotypes with 100% identity to the P. 2831 

cucumerina benchmark were removed. Raw sequence counts were subjected to CSS variance‐2832 

stabilising normalisation using metagenomSeq and phyloseq R packages (McMurdie and Holmes, 2833 

2013; Muletz Wolz et al., 2018; Paulson et al., 2013; Weiss et al., 2017). For the quantitative analysis 2834 

of fungal communities, samples containing the spiked fungal benchmark (P. cucumerina) were 2835 

separately processed through the bioinformatics pipeline with the benchmark phylotypes included. 2836 
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Quantitative estimates of phylotype cell counts were calculated by normalising the read number of 2837 

each phylotype to the number of P. cucumerina reads in that sample and absolute cell numbers 2838 

estimated from the knowledge that 265 P. cucumerina cells were added. Phylotype assignments at 2839 

the species level were estimated by Blast searching the Genbank nucleotide database with 2840 

representative sequences and reporting hits with >97% homology. The order Saccharomycetales 2841 

was analysed by filtering for all phylotypes assigned to Saccharomycetales at the order level. 2842 

 2843 

2.5 Statistical analysis  2844 

R version 3.6.1 was used for all statistical analyses (R Core Team, 2019). The effect of fruit species 2845 

and ripening stage on numbers of phylotypes (richness) was assessed using a two-way ANOVA with 2846 

Tukey HSD for post-hoc pairwise comparisons. A square root transformation was applied where the 2847 

data did not conform to the assumption of normality as determined by Shapiro-Wilks tests, and 2848 

Kruskal-Wallis tests applied if transformation did not achieve normality. Omega squared estimates 2849 

of effect size for two-way ANOVA were calculated with ω2 = dfeffect x (MSeffect – MSerror) / (SStotal + 2850 

MSerror) (Lakens, 2013). Shannon’s and Simpson’s diversity indexes were analysed using Kruskal-2851 

Wallis tests. Differences in presences or absences of fungal phylotypes and relative abundances of 2852 

phylotypes were analysed with two‐way full factorial permutational multivariate ANOVA 2853 

(PermANOVA) using the ‘adonis’ function in the vegan package (Oksanen et al., 2019) with 10,000 2854 

permutations on binary (phylotype presences) and abundance based Jaccard dissimilarity matrices 2855 

(Anderson, 2001). Pairwise PermANOVAs were conducted to analyse differences within fruit 2856 

species and ripening stages where required. For quantitative analysis of fungal communities, the 2857 

effect of ripening stage on cell numbers was analysed using a Kruskal-Wallis test. Indicator analysis 2858 

was used to determine fungal phylotypes which were over-represented in the different fruit species 2859 

with the ‘indicspecies’ package (Dufrêne and Legendre, 1997). ASV abundances were correlated to 2860 

overall Host Potential Index scores taken from (Bellamy et al., 2013) using Pearson’s correlation 2861 

coefficient. Venn diagrams were created with the ‘eulerr’ package (Larsson, 2020).  2862 
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3. Results 2863 

3.1 Quantitative analysis of fungal communities 2864 

One fungal benchmark (P. cucumerina) spiked replicate of the strawberry stage 3 samples was 2865 

removed due to poor sequence quality; leaving 96 non-spiked and 95 spiked samples, which 2866 

produced a total of 38,445,395 reads that clustered into 1,712 >97% identity phylotypes (Table 2867 

S3.2). Blast searches across all ASVs for matches to the P. cucumerina benchmark ITS sequence 2868 

generated from 2-way sanger sequencing revealed one phylotype matched with 100% identity. The 2869 

P. cucumerina phylotype was discovered in 21 of the 95 non-spiked samples and comprised a total 2870 

of 444 reads. Cherry was the only fruit where the P. cucumerina phylotype benchmark was reliably 2871 

recovered in spiked and not recovered in non-spiked samples: 23 of 24 spiked samples and only 2872 

one of 24 non-spiked samples contained the benchmark phylotype. After benchmark DNA read 2873 

normalisation, the mean (±SE) number of fungal cells from each of the useable 23 pairs of cherry 2874 

replicates (comprising 10 fruit each) was 307,323 (±39,090) cells. The range of phylotype cell 2875 

abundance across all cherry samples was 3.9 million for an Aureobasidium phylotype to 3 cells for 2876 

a phylotype assigned no higher level than kingdom. There was no significant change in total fungal 2877 

cell numbers across cherry maturation stage (Kruskal-Wallis, chi-squared = 2.63, P = 0.45; Fig. S3.2), 2878 

but fruit surface areas also increased significantly (Kruskal-Wallis, chi-squared = 19.70, P = 0.0002, 2879 

Fig. S3.2) and when cell numbers were normalised for changes in surface area, absolute fungal 2880 

population sizes remained static across cherry maturation stages (Kruskal-Wallis, chi-squared = 2881 

2.49, P = 0.48; Fig. 3.1A). However, there was a significant change in absolute Saccharomycetales 2882 

cell numbers when normalised for changes in cherry surface area across maturation (Kruskal-Wallis, 2883 

chi-squared = 15.30, P = 0.0016): stage 1 had significantly greater absolute Saccharomycetales cell 2884 

numbers than stage 4 (P = 0.00069; Fig. 3.1B). Six individual Saccharomycetales yeast phylotypes 2885 

from the genera Debaryomyces, Saccharomyces, Kodamaea, one from the family Pichiaceae, and 2886 

phylotypes with >97% homology to M. pulcherrima and Metschnikowia gruessii, had significantly 2887 

greater abundances on ripening stage 1 than 4 (P values span 0.045 to 0.006). 2888 

 2889 
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 2890 

Fig. 3.1 Absolute fungal cell abundances on cherry epicarp. Number of total fungal A. and 2891 

Saccharomycetales yeasts B. cells per mm2 of cherry epicarp (N=6 except, stage 3 and 4, N=5) at 2892 

four ripening stages (1, unripe/green fruit; 2, de-greening fruit; 3, ripening fruit; and 4, fully 2893 

ripe/harvest fruit) estimated from DNA read abundances normalised to DNA abundances from the 2894 

deliberate addition of 265 live Plectosphaerella cucumerina cells prior to DNA extraction. Different 2895 

lower-case letters above bars show significant differences between ripening stages at P > 0.05, 2896 

Dunn’s comparisons post-hoc with Benjamini–Hochberg multiple comparison correction. 2897 
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3.2 Overview of fungal diversity across all fruit samples 2898 

The P. cucumerina phylotype was removed from all samples and the sequence data normalised and 2899 

analysed. A total of 1,712 fungal phylotypes were revealed, comprising seven phyla, 25 classes, 96 2900 

orders, 197 families, and 280 genera. The most abundant and diverse phylum was Ascomycota, 2901 

comprising 92.2% of reads and 57.3% of phylotypes, followed by Basidiomycota (7.7% reads and 2902 

33.6% phylotypes), Zygomycota (0.1% and 1.1%), Chytridiomycota (>0.1% and 0.7%), 2903 

Mucoromycota (>0.1% and 0.3%), Glomeromycota and Rozellomycota (both >0.1% and 0.1%; Fig. 2904 

S3.3A). A phylotype from the Cladosporium genus was the most common phylotype across all 2905 

samples, comprising 60.8% of reads. A total of 87 phylotypes from the order Saccharomycetales 2906 

(budding yeasts) were detected, comprising 1,792,782 DNA reads (4.7% of the total) spanning 10 2907 

families and 25 genera. Metschnikowia was the most abundant Saccharomycetales genus (40.0% 2908 

of Saccharomycetales reads), followed by Hanseniaspora (38.2%), then Pichia (5.2%), with the 2909 

remaining genera contributing fewer than 3% each. Candida was the most diverse genus within the 2910 

order Saccharomycetales accounting for 21.8% of phylotypes, despite only comprising 2.4% of 2911 

reads, followed by Metschnikowia (11.5%), Hanseniaspora (8.0%) and Pichia (6.9%), with each of 2912 

the remaining genera contributing fewer than 3.5% of phylotypes each (Fig. S3.3B). The most 2913 

common Saccharomycetales yeast across all samples was a phylotype from the genus 2914 

Hanseniaspora, with > 97% homology to H. uvarum and comprised 38.2% of the total 2915 

Saccharomycetales reads (Fig. S3.3B).  2916 

 2917 

3.3 The effect of fruit species and ripening stage on epicarp fungal communities  2918 

We analysed three biodiversity metrics to evaluate the effect of fruit species and maturation stage 2919 

on fungal communities: the absolute numbers of phylotypes (richness); the types/presences of 2920 

phylotypes; and the relative abundances of phylotypes (community composition) (Morrison-2921 

Whittle et al., 2017; Morrison‐Whittle and Goddard, 2018). 2922 
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3.3.1 Fungal phylotype richness 2923 

Phylotype richness was not normally distributed (Shapiro-Wilks, P = 0.0079) but square root 2924 

transformation allowed the data to conform to the assumptions of ANOVA. There was a significant 2925 

effect of both fruit type and ripening stage on the number of fungal phylotypes, including an 2926 

interaction between the two (F3,175 = 18.58, P = 1.65 x10-10; F3,175 = 5.00, P = 0.0024 and F9,175 = 6.69, 2927 

P = 3.25 x10-8 respectively). Comparisons of effect sizes revealed fruit type (ω2 = 0.30) had a 4.4 2928 

times greater effect than ripening stage (ω2 = 0.068) on fungal phylotype richness. Disregarding 2929 

ripening stage, cherry (mean ±SE number of phylotypes = 98 ±4.1) had significantly more fungal 2930 

phylotypes than blueberry (68 ±3.7), raspberry (72 ±2.9) and strawberry (76 ±3.2) (Tukey’s HSD, P 2931 

< 1.0 x10-7, P = 2.0 x10-7 and P = 2.56 x10-5 respectively), which did not differ from one another (Fig. 2932 

S3.4).  Disregarding fruit type, ripening stage 2 (mean ±SE number of phylotypes = 85 ±2.9) and 3 2933 

(82 ±4.1) had significantly more fungal phylotypes than stage 1 (P = 0.001 and P = 0.033, 2934 

respectively), but numbers at stages 2 and 4 were not significantly different (Fig. S3.4). The absolute 2935 

time points for sampling did however differ between fruits due to different maturation timings. 2936 

 2937 

As there was a significant interaction between fruit and ripeness stage, we investigated the effect 2938 

of ripening stage on each fruit separately. All data were normally distributed (Shapiro-Wilks, P > 2939 

0.05) and there was a significant effect of ripening stage on the number of fungal phylotypes for 2940 

cherry, raspberry and strawberry (one-way ANOVA: F3,44 = 4.33, P = 0.0093; F3,44 = 13.56, P = 2.11 2941 

x10-6 and F3,44 = 13.86, P = 1.84 x10-6, respectively, Fig. 3.2), but not blueberry (F3,44 = 2.27, P = 0.055). 2942 

On cherries phylotype numbers increased during ripening, but raspberry and strawberry had 2943 

greater numbers at intermediate stages of fruit maturation (Fig. 3.2). 2944 

 2945 
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 2946 

Fig. 3.2 Number of observed phylotypes across fruit types and maturation stages. Number of fungal 2947 

phylotypes across four ripening stages (1, unripe/green fruit; 2, de-greening fruit; 3, ripening fruit; 2948 

and 4, fully ripe/harvest fruit) for blueberry, cherry, raspberry and strawberry (N=12 except N=11 2949 

for strawberry stage 3). Numbers of fungal phylotypes differ across ripening stages for cherry, 2950 

raspberry and strawberry but not blueberry (ANOVA, P values shown). Different lowercase letters 2951 

represent significant differences in phylotype numbers within each fruit (P < 0.028) with separate 2952 

Dunn’s comparisons post-hoc (with Benjamini–Hochberg multiple comparison correction). Box 2953 

plots were used as they provide more information.   2954 

 2955 

 2956 
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There was a significant effect of fruit type but not ripening stage on the number of 2957 

Saccharomycetales budding yeast phylotypes (Kruskal-Wallis, chi-squared=75.66, df = 3, P = 2.61 2958 

x10-16 and chi-squared = 5.50, df = 3, P = 0.14 respectively). Raspberry (mean ±SE number of 2959 

phylotypes = 12 ±0.60) harboured significantly more Saccharomycetales phylotypes than 2960 

strawberry (10 ±0.74), cherry (7 ±0.70), and blueberry (4 ±0.31; Tukey’s HSD, P = 0.044, P = 2.9 x10-2961 

6 and P = 1.5 x10-15 respectively). Strawberry harboured significantly more phylotypes than cherry 2962 

and blueberry (Tukey’s HSD, P = 0.0066 and P = 2.6 x10-9) and cherry harboured significantly more 2963 

than blueberry (Tukey’s HSD, P = 0.0011) (Fig. S3.5). Both Shannon’s and Simpson’s diversity 2964 

indexes, which analyse the distribution of phylotype abundances, revealed differences between 2965 

fruit species and ripening stage in line with the above findings (Table S3.3).  2966 

 2967 

3.3.2 Presence/absence of fungal phylotypes 2968 

Both fruit type and ripening stage significantly influenced the types of fungi present (PermANOVA, 2969 

R2 = 0.094, P = 9.999 x10-5 and R2 = 0.017, P = 9.999 x10-5, respectively, Fig. 3.3A) and there was a 2970 

significant interaction between fruit type and ripening stage (R2 = 0.013, P = 9.999 x10-5). 2971 

Comparisons of effect sizes (R2 values) showed fruit type had approximately 5.5 greater influence 2972 

than ripening stage on the types of fungal phylotypes present. As there was a significant interaction 2973 

between fruit and ripening stage, the effect of ripening stage on fungal communities was 2974 

investigated for each fruit separately. Ripening stage significantly influenced the nature of fungal 2975 

phylotypes present on all fruit (blueberry R2 = 0.043, P = 2.00 x10-4; cherry R2 = 0.060, P = 9.999 x10-2976 

5; raspberry R2 = 0.13, P = 9.999 x10-5 and strawberry R2 = 0.055, P = 9.999 x10-5, Fig. S3.6). There 2977 

were significant differences in presences of fungal phylotypes between all fruits and ripening stages 2978 

(Pairwise PermANOVAs: P = 9.999 x10-5, R2 range 0.09 – 0.20; Fig. 3.3A; supplemental Tables S3.4 2979 

and S3.5).  2980 

 2981 
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Both fruit type and ripening stage significantly influenced the types of Saccharomycetales 2982 

phylotypes present (PermANOVA, R2 = 0.082, P = 9.999 x10-5 and R2 = 0.026, P = 9.999 x10-5, 2983 

respectively, Fig. 3.3B) with a significant interaction between fruit type and ripening stage (R2 = 2984 

0.024, P = 9.999 x10-5).  There were significant differences in presences of different 2985 

Saccharomycetales yeast phylotypes between all fruits and ripening stages (pairwise PermANOVAs: 2986 

P = 9.999 x10-5, R2 range 0.06 – 0.15; supplemental Tables S3.6 and S3.7). In line with the general 2987 

fungal community, comparisons of R2 values showed fruit type had approximately 3.15 times 2988 

greater effect than ripening stage on the Saccharomycetales phylotypes present. 2989 

 2990 

 2991 

 2992 
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 2993 

Fig. 3.3 NMDS plots representing the differential presences of fungal phylotypes. Nonmetric 2994 

Multidimensional Scaling (NMDS) plots of binary Jaccard measures of community dissimilarity of A. 2995 

total fungal communities and B. Saccharomycetales budding yeasts on blueberry (blue), cherry 2996 

(purple), raspberry (green) and strawberry (red) at four ripening stages (1, unripe/green fruit; 2, de-2997 

greening fruit; 3, ripening fruit; and 4, fully ripe/harvest fruit; denoted by shade of colour, lightest 2998 

shade for green fruit and moving through to darkest shade for fully ripe/harvest). Both total fungal 2999 

and Saccharomycetales yeasts communities significantly differ in the presences of phylotypes 3000 

across all fruit types (FT) and ripening stages (RS) by PermANOVA (values shown top right).      3001 
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3.3.3 Relative abundances of fungal phylotypes 3002 

Fruit type and ripening stage also significantly influenced the relative abundances of different 3003 

fungal phylotypes (PermANOVA, R2 = 0.15, P = 9.999 x10-5 and R2 = 0.027, P = 0.0002, respectively, 3004 

Fig. 3.4A) and the interaction between them was also significant (R2 = 0.018, P = 0.0031). Fruit type 3005 

had approximately 5.6 times greater influence than ripening stage on the relative abundances of 3006 

fungal phylotypes. There were significant differences in fungal community composition between all 3007 

fruits and ripening stages (Pairwise PermANOVAs: P = 9.999 x10-5, R2 range 0.11 – 0.57; 3008 

supplemental Tables S3.8 and S3.9). 3009 

 3010 

Fruit type and ripening stage significantly influenced the relative abundances of Saccharomycetales 3011 

fungal phylotypes (PermANOVA, R2 = 0.038, P = 9.999 x10-5 and R2 = 0.024, P = 9.999 x10-5, 3012 

respectively, Fig. 3.4B), with an interaction between the main effects (R2 = 0.016, P = 9.999 x10-5). 3013 

Fruit species had approximately 1.6 times greater influence than ripening stage on the relative 3014 

abundances of phylotypes. Ripening stage significantly affected the relative abundances of 3015 

Saccharomycetales phylotypes on each fruit separately (blueberry R2 = 0.043, P = 0.0038; cherry R2 3016 

= 0.64, P = 0.0031; raspberry R2 = 0.19, P = 9.999 x10-5 and strawberry R2 = 0.070, P = 0.00080). 3017 

There were significant differences in Saccharomycetales community composition between all fruit 3018 

species and ripening stages (Pairwise PermANOVA: P = 9.999 x10-5, R2 range 0.038 – 0.10; 3019 

supplemental Tables S3.10 and S3.11). 3020 
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 3021 

Fig. 3.4 NMDS plots representing the differential abundances of fungal phylotypes. Nonmetric 3022 

Multidimensional Scaling (NMDS) plots of abundance Jaccard measures of community dissimilarity 3023 

of A. total fungal communities and B. Saccharomycetales budding yeasts on blueberry (blue), cherry 3024 

(purple), raspberry (green) and strawberry (red) at four ripening stages (1, unripe/green fruit; 2, de-3025 

greening fruit; 3, ripening fruit; and 4, fully ripe/harvest fruit; denoted by shade of colour, lightest 3026 

shade for green fruit and moving through to darkest shade for fully ripe/harvest). Both total fungal 3027 

and Saccharomycetales yeasts communities significantly differ in the presences of phylotypes 3028 

across all fruit types (FT) and ripening stages (RS) by PermANOVA (values shown top left).      3029 
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3.4 The similarities and differences of fungal phylotypes  3030 

3.4.1 The core fruit fungal microbiome 3031 

Analyses thus far has focussed on differences in fruit microbiomes but it is valuable to contrast this 3032 

with quantifying how similar fruit microbiomes are. 199 (11.6%) of the 1,712 fungal phylotypes 3033 

comprising 97.6% of DNA reads were present across all fruit types and comprised the core fruit 3034 

fungal microbiome of these samples (Table S3.12). 216 phylotypes were unique to blueberry 3035 

irrespective of ripening stages, 372 to cherry, 201 to raspberry, and 242 to strawberry (Fig. 3.5A, 3036 

Table S3.12). Twenty of the 87 Saccharomycetales phylotypes (23.0%) comprising 81.2% of 3037 

Saccharomycetales reads were present across all fruit types (Table S3.12), with 3 unique to 3038 

blueberry, 5 to cherry, 25 to raspberry and 15 to strawberry (Fig. 3.5B, Table S3.13). 3039 

 3040 

Fig. 3.5 Comparison of shared and discrete numbers of fungal and Saccharomycetales phylotypes 3041 

between fruits. Venn diagrams of phylotype counts across fruit types for A. all fungal phylotypes, 3042 

and B. Saccharomycetales phylotypes; overlapping segments are approximately proportional to 3043 

values.  3044 

 3045 

 3046 
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3.4.2 The phylotypes that are most differentially abundant 3047 

Analyses across all biodiversity metrics show fruit type had a greater effect on fungal communities 3048 

than maturation stage. Overall, 195 (11.4%) indicator phylotypes (spanning 76 families) had 3049 

significantly differential abundances between fruit types: 33 phylotypes were significantly 3050 

overrepresented on blueberry, 70 on cherry, 39 on raspberry and 53 on strawberry (FDR corrected 3051 

P values ranging from P = 0.011 to P = 0.044). The complete list of significantly differentially 3052 

overrepresented phylotypes is shown in Table S3.14 but the two most significantly overrepresented 3053 

phylotypes differentially on each fruit are listed here: Polyphialoseptoria species and Ramularia 3054 

(most likely Ramularia endophylla) on blueberry; Exobasidium species and a phylotype from the 3055 

poorly described order Leotiomycetes on cherry; phylotypes with >97% homology to 3056 

Metschnikowia kunwiensis and H. uvarum on raspberry; and phylotypes with >97% homology to 3057 

Kalmanozyma fusiformata (Ustilaginaceae smut fungi) and Podosphaera aphanis on strawberry.  3058 

 3059 

Twenty-four of the 195 indicator phylotypes belonged to the Saccharomycetales budding yeasts 3060 

(Table S3.14). There were no Saccharomycetales indicator phylotypes for cherry and just one for 3061 

blueberry, a fungal phylotype with >97% homology to Metschnikowia koreensis. Raspberry 3062 

reported a total of 15 indicator phylotypes: three with >97% homology to the Metschnikowia and, 3063 

Candida genera, two Pichia and Schwanniomyces, and one each from Hanseniaspora, 3064 

Barnettozyma, Debaryomyces, Candida, Geotrichum and Martiniozyma. There were eight indicator 3065 

phylotypes for strawberry; two Candida and one from each of the Metschnikowia, Starmerella, 3066 

Kodamaea and Hyphopichia genera and the Pichiaceae family, and a phylotype assigned to the no 3067 

higher level than fungal kingdom (with >97% homology to deposit from Candida genus). The 3068 

dynamics of Saccharomycetales yeast indicator phylotypes abundances across maturation for 3069 

raspberry and strawberry is shown in Fig. 3.6. 3070 
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 3071 

Fig. 3.6 Dynamics of changes in the proportion of budding yeast indicator phylotypes. Mean 3072 

proportion of reads for the Saccharomycetales budding yeast indicator phylotypes that are 3073 

significantly overrepresent on A. raspberry and B. strawberry (P < 0.04) across the four ripening 3074 

stages (1, unripe/green fruit; 2, de-greening fruit; 3, ripening fruit; and 4, fully ripe/harvest fruit). 3075 

Indicator phylotypes are reported to the taxonomic level assigned: lower case letter refers to the 3076 

taxonomic hierarchy of respective taxa (g = genus; f = family; k = kingdom). Where possible, 3077 

assignment to genus taxonomic levels is shown in parentheses from matches to deposits in 3078 

Genbank with >97% homology identified by manual Blast searches. 3079 

 3080 
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3.4.2 Differences of yeast known to be attractive to D. suzukii 3081 

Yeast species from the Hanseniaspora, Pichia, Saccharomyces, Candida and Metschnikowia genera 3082 

and their combinations are attractive to D. suzukii (Jones et al., 2021; Lasa et al., 2019; Noble et al., 3083 

2019; Scheidler et al., 2015) and phylotypes belonging to these genera were recovered here. The 3084 

combined relative read abundances of all phylotypes assigned to these genera were significantly 3085 

different between fruit types and ripening stage (Kruskal-Wallis chi-squared = 60.54, P = 4.51 x10-3086 

13; chi-squared = 10.11, P = 0.018, respectively). Raspberry had the highest relative abundance of 3087 

yeast genera known to be attractive to D. suzukii (mean ±SE = 21,539 ±4,339) and this was 3088 

significantly greater than on the other fruits (P < 1.97 x10-8): cherry (1,535 ±265), strawberry (1,651 3089 

±234) and blueberry (8,009 ±2648). When fruit were analysed individually, ripening stage had a 3090 

significant effect on relative read abundance of attractive yeast genera for raspberry only (Kruskal-3091 

Wallis chi-squared = 28.70, P = 2.59 x10-6) where stage four abundances (mean ±SE = 20,826 ±4,711) 3092 

were significantly greater than stage 3 (4,113 ±1,494) and 2 (2,163 ±538) (P = 0.0001 and P = 9.67 3093 

x10-6), and stage 1 (5,682 ±1,522) significantly greater than 2 stage 3 (P = 0.0071 and P = 0.039) (Fig. 3094 

S3.8). 3095 

 3096 

Various isolates of H. uvarum have consistently been shown to be attractive to D. suzukii (Hamby 3097 

et al., 2012; Jones et al., 2021; Lasa et al., 2019; Noble et al., 2019; Scheidler et al., 2015). Seven 3098 

phylotypes were assigned to Hanseniaspora and four of these had >97 % homology to H. uvarum 3099 

deposits in Genbank using Blast searches, and the relative abundance of these four phylotypes 3100 

significantly differed between fruit types (Kruskal-Wallis chi-squared = 70.67, df = 3, P = 3.08 x10-3101 

15). Raspberry had the highest relative abundance of H. uvarum (mean ±SE 13,843 ±3,991) but this 3102 

was not significantly greater (P = 0.080) than abundances on strawberry (426 ±134), but was 3103 

significantly greater than blueberry (6 ±4) and cherry (8 ±2; P = 1.62 x10-12, P = 6.00 x10-9 3104 

respectively). Raspberry and strawberry were the only fruits where maturation stage had a 3105 

significant effect on H. uvarum relative abundance (Kruskal-Wallis chi-squared = 33.40, df = 3, P = 3106 

2.66 x10-7; chi-squared = 12.59, df = 3, P = 0.0056), and H. uvarum relative abundance increased as 3107 
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fruits ripened (Fig. S3.9). This analysis is in line with the indicator phylotype analysis which reported 3108 

a Hansensiaspora phylotype with >97% homology to H. uvarum as over-represented on raspberry 3109 

generally,  especially at later stages (Fig. 3.6A).  3110 

 3111 

Finally, Bellamy et al. (2013) generated fruit Host Potential Index scores (HPI) from interactions 3112 

of D. suzukii with commercial ripe fruit including the fruit species analysed here. The combined 3113 

relative abundances of yeast phylotypes empirically shown to be attractive to D. 3114 

suzukii (Hanseniaspora, Pichia, Saccharomyces, Candida and Metschnikowia; Bueno et al., 2020; 3115 

Jones et al., 2021; Lasa et al., 2019; Noble et al., 2019; Scheidler et al., 2015) across these different 3116 

fruits (fully ripe/ harvest) are positively correlated with these fruit’s HPI scores (Pearson’s 3117 

correlation r = 0.38), and the relative abundance of just H. uvarum was even more so (r = 0.62), but 3118 

neither of these correlations are significant (P > 0.38) likely due to the low number of comparisons 3119 

(N = 4).  3120 

 3121 

4. Discussion 3122 

D. suzukii is attracted to fungal volatile chemicals (e.g. Scheidler et al., 2015); however, little is 3123 

known about commercial fruit fungal microbiomes, with a paucity of information for D. suzukii 3124 

susceptible fruit. In this study, we tested the hypothesis that both fruit type and maturation stage 3125 

have a significant effect on fruit fungal communities and found strong support for this for all three 3126 

fungal community biodiversity metrics analysed (numbers, types, and abundances of phylotypes). 3127 

Overall, there was a 5-fold greater difference in fungal communities between fruit types than 3128 

maturation stages, showing fruit type was the greater factor defining fruit fungal community 3129 

assemblage. However, we note that fruit maturated across different absolute time periods meaning 3130 

the sampling of various maturation stages differed between fruits. There was a greater number of 3131 

phylotypes over-represented on cherries suggesting this had the most distinctive fungal 3132 

microbiome (Fig. 3.5). These findings are in line with the few other studies in this field which have 3133 
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shown fungi differ significantly between apples and blackcurrants (Vepštaitė-Monstavičė et al., 3134 

2018), as well as between sea buckthorn, black chokeberry, red and white currants (Lukša et al., 3135 

2018). While differences in fungal communities across ripening stages were smaller, they still 3136 

changed significantly, especially in the types and abundances of phylotypes, in agreement with the 3137 

very limited data from a few other studies evaluating the dynamics of microbiomes as fruit matures. 3138 

For example, immature grapes, sea buckthorn berries and strawberries had higher numbers of 3139 

fungal phylotypes than mature fruits (Abdelfattah et al., 2016; Carmichael et al., 2017; Lukša et al., 3140 

2020). We also observed changes in numbers of phylotypes across ripening stages. However, the 3141 

dynamics differed between fruit types; phylotype numbers remained constant for blueberry but 3142 

increased with ripening for cherry. The intermediate ripening stages of raspberry and strawberry 3143 

had more phylotypes (Fig. 3.2). Ripening fruit represent a changing habitat that undergoes several 3144 

physiological changes, including an increase in size and sugar content as well as changes in firmness, 3145 

colour and other secondary metabolites which may contribute to fungal community composition. 3146 

Ripening stage was determined by visual inspection of colour pigmentation of fruit, it should be 3147 

noted that colour may not be the best proxy for determining fruit ripening and other measure like 3148 

sugar content may be better.   3149 

 3150 

Fruit fungal communities have been shown to differ by geographic location on the same variety of 3151 

fruit type across hundreds of kilometres (Bokulich et al., 2014; Gayevskiy and Goddard, 2012; Taylor 3152 

et al., 2014) and at smaller scales: for example, fungal community dissimilarity increased with 3153 

distance on grapes from six vineyards separated by a maximum of 35 km (Miura et al., 2017). 3154 

Therefore, despite evidence for a significant effect of fruit type on fungal communities shown here, 3155 

it is possible that the variance in fruit-associated fungal microbiomes was also partly influenced by 3156 

geographic location, as different fruit sampled in this study were from separate locations less than 3157 

19 km apart. Different fruits would have to be sampled from adjacent sites to determine any effect 3158 

of geography location on fungal microbiomes.  Additionally, fruits were treated with differing 3159 

growers’ spray programmes to control for pest and diseases, including fungicides, which may have 3160 



101 
 

also partly influenced fungal microbiomes, although evidence from wine grapes suggests this effect 3161 

may not be large (Morrison-Whittle et al., 2017). The other caveat is that the inference of fungal 3162 

biodiversity here is derived from the analysis of DNA, but this may not necessarily correlate with 3163 

phylotypes that are active in communities, and the complementary analyses of RNA may provide 3164 

an insight into this. 3165 

 3166 

One of the drawbacks of barcode amplicon sequencing (and metagenomic analyses generally) is 3167 

that it only allows the relative abundances of taxa to be analysed, and the underlying absolute 3168 

biological abundances of taxa are not known unless controls for abundances are included. Various 3169 

metagenomic studies have attempted to quantify absolute abundances by the use of internal 3170 

standards (Harrison et al., 2021) but to our knowledge no previous work has attempted this for 3171 

fungal communities on fruit. Our attempts to quantify changes in absolute fungal cell numbers was 3172 

only successful for cherry. The total fungal population load per mm2 remained constant across 3173 

ripening but there are no other published quantitative DNA based estimates from fruit for 3174 

comparison. Optimising further the levels of added benchmark cells may have allowed quantitative 3175 

estimates across all fruits; alternatively, adding a synthetic chimeric DNA spike to samples before 3176 

DNA extraction may be a better strategy (Tkacz et al., 2018). Using synthetic sequences as a 3177 

benchmark has the added benefit of not occurring in environmental samples (Harrison et al., 2021). 3178 

It is also worth noting that including a benchmark in the form of live cells added before DNA 3179 

extraction assumes that DNA extraction and amplification will be the same across all fungal cells 3180 

present. Despite revealing differences in fungal communities between fruit types and maturation 3181 

stages, there was a large core microbiome which was present across all fruits: this comprised only 3182 

a fraction of diversity at just 199 of the 1,712 fungal phylotypes (Table S3.12) but was the majority 3183 

in terms of abundance as it comprised 97.6% of the DNA reads. 3184 

 3185 

These differences observed for total fungal communities generally held when just 3186 

Saccharomycetales yeasts, species of which are attractive to D. suzukii, were analysed separately, 3187 
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although there was no significant effect of ripening stage for absolute species richness. One of the 3188 

more striking discoveries was the observations of variance in specific Saccharomycetales yeast 3189 

genera which have been empirically shown to be attractive to D. suzukii, including in field and lab 3190 

assays (Jones et al., 2021; Scheidler et al., 2015): particularly raspberry and less so strawberry had 3191 

the greatest prevalence of these specific D. suzukii attractive Saccharomycetales yeast genera. 3192 

Furthermore, the species which has been implicated most in D. suzukii attraction, H. uvarum 3193 

(Hamby et al., 2012), was highly abundant on raspberry. This is an intriguing observation as 3194 

raspberry are also the fruit with the greatest Host Potential Index scores for D. suzukii attraction 3195 

(Bellamy et al., 2013). These observations together are in line with the hypothesis that H. uvarum 3196 

plays a role in D. suzukii attraction to fruit. However, as it stands, these are general correlations and 3197 

do not mean these abundant yeast phylotypes necessarily drive attraction. Thus, further work is 3198 

needed to understand if such fruit microbial patterns hold in other locations at other times and 3199 

whether this correlation with attractive yeast from laboratory and field assays has any underlying 3200 

basis for causation for D. suzukii fruit susceptibility in the field.  3201 

 3202 

5. Conclusion 3203 

This study demonstrates that for both fungal and Saccharomycetales yeast communities, fruit type 3204 

and maturation stage have a significant impact on diversity, with fruit type having a larger effect. 3205 

Given Saccharomycetales yeasts attract D. suzukii (Jones et al., 2021), then knowledge of relevant 3206 

fruit fungal communities could be potentially important in the engineering and use of ecologically 3207 

realistic yeast communities to control susceptibility to D. suzukii and reduce the use of chemical 3208 

pesticides. 3209 
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Abstract  3396 

1. Drosophila suzukii is a pest of soft and stone fruits and is attracted to yeast metabolite 3397 

volatile compounds which may be employed as baits.  3398 

2. D. suzukii are polyphenic showing distinct winter- and summer-morphs likely differentially 3399 

adapted to seasonal differences, we hypothesise the morphs will differ in their sensory 3400 

perception of yeast volatiles.  3401 

3. The effect of morph-type on attraction to yeast baits was examined. Yeast species may 3402 

interact affecting types of metabolic volatiles released therefore yeasts were presented 3403 

singly or in combinations (either post-ferment mixes or co-fermented) and assayed for 3404 

attraction in laboratory choice tests.  3405 

4. For volatile profiles of single yeasts there was differential attraction between morphs. 3406 

Candida zemplinina was more attractive to winter-morphs cultured in sterile strawberry 3407 

juice (SSJ) or yeast peptone dextrose media (YPD) and Saccharomyces cerevisiae to 3408 

summer-morphs cultured in SSJ. Single yeasts produced distinct volatile profiles but 3409 

weren’t associated with attraction. 3410 

5. Attraction differed between morphs to mixes of volatiles from different yeasts. Post-3411 

ferment mixes of Hanseniaspora uvarum + Candida zemplinina, Metschnikowia 3412 

pulcherrima + Pichia pijperi + H. uvarum in SSJ and M. pulcherrima + P. pijperi in YPD were 3413 

more attracted to winter-morphs and summer-morphs to co-ferments of M. pulcherrima 3414 

+ H. uvarum in SSJ. 3415 

6. Co-fermented yeasts weren’t more attractive than post-ferment mixes of constituent 3416 

yeasts or H. uvarum.  3417 

7. Differential chemotaxis between morphs has important implications for integrated pest 3418 

management strategies suggesting yeast baits need to be tailored to better target D. suzukii 3419 

at different times in the cropping cycle. 3420 

 3421 
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Introduction 3422 

Drosophila suzukii (Matsumura) is an invasive pest with the ability to oviposit in ripening fruit and 3423 

the resultant larvae feed on the fruits causing degradation and yield loss.  D. suzukii thus represents 3424 

a major pest for the soft-fruit industry, causing an estimated $511.3 million of damage in just three 3425 

USA states in 2008 (Bolda et al., 2010) whilst estimates for the wild blueberry industry suggest 3426 

losses of $1.1 and 6.9 million annually (Yeh et al., 2020). D. suzukii has spread from its native range 3427 

in South East Asia, reaching the UK in 2012 (Harris and Shaw, 2014) and now affects fruit production 3428 

in most northern temperate regions (Rota-Stabelli et al., 2013, Asplen et al., 2015). 3429 

 3430 

D. suzukii are polyphonic, having both winter and summer morphs. The key differences between 3431 

the morphs are that the winter morph has a greater extent of melanisation and is larger 3432 

(Wallingford and Loeb, 2016). Temperature is the main cue facilitating the transition between the 3433 

summer- and winter-morphs phenotypes (Leach et al., 2019) which occupy different niches: winter-3434 

morphs disperse into semi-wild areas like woodlands and hedgerows towards the end of the fruit 3435 

growing season and probably shelter in habitats such as leaf-litter to avoid climatic extremes 3436 

(Stockton et al., 2019, Zerulla et al., 2015).  3437 

 3438 

Summer-morph flies have increased fecundity compared to winter-morphs but when acclimatised 3439 

to 25°C winter-morphs laid comparable numbers of eggs to summer-morphs (Leach et al., 2019, 3440 

Panel et al., 2018). As spring temperatures increase, winter-morphs become more active with 3441 

females developing ovaries and eggs; these overwintered D. suzukii comprise the majority of the 3442 

population entering fruit crops (Panel et al., 2018). Hence, targeting control measures at this stage 3443 

in the lifecycle could reduce pest pressure at the start of the growing season and delay population 3444 

growth. Clymans et al. (2019) reported female winter-morph D. suzukii to be more attracted to 3445 

apple cider vinegar than summer-morphs with summer-morph flies more attracted to strawberry 3446 

juice. Reproductive status also affected the olfactory response of females with virgin summer-3447 
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morph females showing a greater preference for apple cider vinegar whilst mated females 3448 

preferred strawberry juice (Clymans et al., 2019). These differences in olfactory preference 3449 

probably reflect the differing resource requirements of mated and non-mated females as 3450 

Karageorgi et al. (2017) found D. suzukii to be attracted to over-ripe fruit for feeding and ripening 3451 

fruit for oviposition. Geosmin, a volatile released during the decomposition process by bacteria (Li 3452 

et al., 2004) and produced by some fungi like Penicillium species (Mattheis and Roberts, 1992, 3453 

Boerjesson et al., 1993, Sunesson et al., 1995) significantly repels summer- but not winter-morph 3454 

D. suzukii (Kirkpatrick et al., 2018). This response to geosmin may be to avoid oviposition in sub-3455 

optimal resources (Stensmyr et al., 2012). Further to this, winter-morph D. suzukii are probably 3456 

opportunistic feeders making use of microbes associated with decomposing vegetation and 3457 

Penicillium has been identified in the gut of winter-morphs (Fountain et al., 2018).  These 3458 

observations suggest that the two morphs most likely perceive and respond to environmental cues 3459 

differently as part of an adaptive suite of traits which enable them to occupy different ecological 3460 

niches.  3461 

 3462 

Yeasts are an important source of nutrients for Drosophila as they provide a source of protein 3463 

important for egg development (Plantamp et al., 2016). Female flies prefer to oviposit on yeast-3464 

colonised substrates (Oakeshott et al., 1989) and resulting larvae develop quicker in the presence 3465 

of a diet containing yeast (Meshrif et al., 2016, Bellutti et al., 2018). Diets without microbes cause 3466 

early death in D. suzukii, probably due to protein starvation (Hardin et al., 2015, Bing et al., 2018). 3467 

It thus seems reasonable to suggest that selection has operated on D. suzukii’s ability to locate 3468 

yeasts via their volatiles (Günther et al., 2019, Jones et al., 2021) and thus it makes sense that 3469 

effective D. suzukii bait formulations are based on fermentation products like apple cider vinegar 3470 

and sugar + Saccharomyces cerevisiae mixtures (e.g. Iglesias et al., 2014). Synthetic baits used to 3471 

attract D. suzukii can be produced from wine and vinegar volatiles like ethanol, acetic acid, 3472 

methionol and acetoin (Cha et al., 2013, 2015, 2017). Different yeast species are known to produce 3473 

distinct volatile profiles (e.g. Scheidler et al., 2015, Günther et al., 2015, Bueno et al., 2020) but 3474 
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current yeast baits used to trap Drosophila generally rely on just S. cerevisiae. However, D. suzukii 3475 

has a differential preference for yeast species and is attracted to Hanseniaspora uvarum, H. 3476 

opuntiae, Metschnikowia pulcherrima, Pichia pijperi, P. terricola, Candida zemplinina, C. californica 3477 

and Saccharomyces cerevisiae (Scheidler et al., 2015, Noble et al., 2019, Lasa et al., 2019,  Bueno et 3478 

al., 2020, Jones et al., 2021). Some data show H. uvarum and M. pulcherima are more attractive to 3479 

D. suzukii than S. cerevisiae (Scheidler et al., 2015, Jones et al., 2021). Additionally, post-3480 

fermentation combinations of yeast volatiles including C. zemplinina, P. pijperi, M. pulcherrima and 3481 

H. uvarum are also attractive to D. suzukii, although not significantly more so than H. uvarum alone 3482 

(Jones et al., 2021). However, natural communities of yeasts on fruits comprise tens to hundreds of 3483 

species (e.g. Taylor et al., 2014). Analyses of volatile thiol concentrations comparing S. cerevisiae 3484 

and Pichia kluyveri separately and when co-fermented (Anfang et al., 2009) provides evidence that 3485 

co-fermented yeast species (i.e. those that are grown together in mixed communities) may interact 3486 

with one another to affect the overall types and amounts of metabolic volatiles produced compared 3487 

to those produced by each member of the community separately. Thus, co-fermented yeast volatile 3488 

profiles, as opposed to single-fermented yeasts which are subsequently combined, may be the 3489 

kinds of volatile profiles that D. suzukii chemotactic responses are more precisely attuned to via the 3490 

operations of natural selection. For example, D. melanogaster is more attracted to certain yeast-3491 

bacteria co-cultures compared to when the microbes were cultured separately and then combined 3492 

(Fischer et al., 2017). Despite the observed effects of combinations of yeasts on Drosophila 3493 

chemotaxis, only a limited number of studies have assessed the attraction of summer and winter 3494 

morphs of D. suzukii to yeasts. Those that have, have examined chemotaxis to the single yeast S. 3495 

cerevisiae, with attraction being consistent between winter- and summer-morphs (Kirkpatrick et 3496 

al., 2018, Wong et al., 2018). However, whether this trend is consistent for other yeast species 3497 

attractive to D. suzukii is not currently known.  3498 

 3499 

Here, we test the hypotheses that summer- and winter-morph D. suzukii differ in their 3500 

attractiveness to: (1) different yeasts separately, and that different yeast species produce different 3501 
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volatile organic compound profiles, which correlate to D. suzukii attraction; (2) different types of 3502 

mixes of volatiles from different yeast (post-ferment mixes and co-fermented yeast communities); 3503 

and (3) volatile profiles of co-fermented combinations will be more attractive to both D. suzukii 3504 

morphs than profiles from single yeasts combined post-fermentation and volatile profiles from 3505 

single yeasts. 3506 

 3507 

Materials and methods 3508 

Drosophila suzukii cultures 3509 

The strain of D. suzukii derived from flies collected in 2013 from near Trento, Italy. Summer-morph 3510 

flies were housed in BugDorm cages (32.5 x 32.5 x 32.5 cm) (MegaView Science Co., Ltd.) at 89% 3511 

humidity provided by damp blue absorbent paper on the roof and base of the cages at 22± 1.5°C 3512 

with a 16:8 h light: dark photoperiod (Shaw et al., 2018). Drosophila Quick Mix Medium blue (Blades 3513 

Biological Ltd.) sprinkled with dried baker’s yeast (S. cerevisiae) was used to rear summer-morph 3514 

flies (Jones et al., 2021). Cages were provisioned with frozen raspberries weekly (Shaw et al., 2018). 3515 

To generate winter-morph D. suzukii, summer-morph adult flies were transferred from culture 3516 

cages to square or circle-based Drosophila Bottles (177 ml, Fisherbrand) filled with 50 mL cornmeal 3517 

media (1% agar, 9% sugar, 9% pre-cooked ground maize, 2% baker's yeast, 5% malt, 1% soy flour, 3518 

0.3% propionic acid and 0.3% methyl 4-hydroxybenzoate pre-dissolved in 70% ethanol). Flies were 3519 

left to oviposit and larvae to develop for seven days whereupon adult flies were removed and the 3520 

bottles maintained at 10°C, 0:24 h light: dark. Before use in experiments, winter-morph adult D. 3521 

suzukii were transferred to Drosophila bottles containing 50 mL of Drosophila Quick Mix Medium 3522 

sprinkled with yeast and were then acclimatised to 22°C and 16:8 h light: dark photoperiod over a 3523 

three-day period. 3524 

 3525 
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Yeast cultures 3526 

Yeast species were from the Goddard culture collection at the University of Lincoln (see 3527 

Supplementary Material, Table S4.1 for details on origin). All yeasts were grown at 30°C with 180 3528 

rpm shaking. Yeasts were pre-cultured for 24 hours in YPD media (1% yeast extract, 2% peptone 3529 

and 2% dextrose) whereupon optical density (600 nm) was assessed and 1x106 yeast cells per mL 3530 

were transferred to YPD media or sterile strawberry juice (sterilised by 0.2 μm filtration, Corning 1 3531 

L Filter system) and cultured for 48h (N = 4 per yeast treatment). The media was centrifuged at 3532 

4500 rpm for 10 min to collect cells; the supernatant containing yeast metabolites was decanted 3533 

and stored frozen prior to use (Jones et al., 2021). Yeasts were grown (fermented) either alone or 3534 

co-fermented with other species. Where yeasts were co-fermented, cultures were inoculated with 3535 

an equivalent number of cells (totalling 1x106 cells per ml) from each yeast species. 3536 

 3537 

Laboratory multiple choice tests 3538 

Separate multiple-choice tests were carried out to test: 1) attractiveness of single yeast volatiles; 3539 

2) attractiveness of combinations after post-fermentation blending of singly cultured yeasts; and 3) 3540 

attractiveness of co-fermented yeast combinations (Table 4.1). The attractiveness of all yeast 3541 

treatments was tested when yeasts were grown in either or sterile strawberry juice or YPD, to both 3542 

summer- and winter-morphs (Table 4.1). 3543 

 3544 

To assess the attraction of winter and summer morphs to yeast treatments, choice tests were 3545 

established in a BugDorm cage (475 × 475 × 475 mm) using a 32-channel modified LAM10H 3546 

Locomotor Activity Monitor rig with open ended tubes 25mm in diameter (Fig. S4.1, Noble et al., 3547 

2019). Each tube in the activity monitor had a planar array of three infra-red beams, 23 mm from 3548 

the base of the tubes and set up at an angle of 20° from horizontal to prevent media running past 3549 

the infra-red beams and registering false counts. Flies, 200 summer-morphs females or 130-140 3550 

winter-morphs females (fly group being the experiment unit), were added to the cage and 3551 

acclimatised before the start of the experiments (5 mins for summer- and 2 hours for winter-morph, 3552 
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the respective times taken for the different morphs to become active). Conditions inside the cage 3553 

were 22°C and 89% humidity with a 16:8 h light: dark photoperiod. Flies were free to enter/exit 3554 

tubes at will; where they did, they broke the infra-red beams in the corresponding tubes and this 3555 

registered as a count and activity (counts) was used as a proxy for attraction (Noble et al., 2019). 3556 

Experiments lasted 24 hours and the total number of counts in six, 4-hour periods for the duration 3557 

of the experiment were recorded. Table 4.1 shows the types and combinations of yeast volatiles 3558 

tested (N = 12, three replicate experiments with N = 4 per treatment). Treatments were randomised 3559 

in position in the experimental apparatus with one of each treatment being present on each row 3560 

(Fig. S4.1). Combinations previously shown to be attractive to summer morphs D. suzukii when 3561 

fermented in strawberry juice were selected (Jones et al., 2021). Yeasts were grown in either sterile 3562 

strawberry juice or YPD media and were tested alongside distilled water, a commercially available 3563 

bait Combi-protec (5% v/v solution) and growth media (sterile strawberry juice or YPD) controls. 3564 

For all combination experiments, the single yeast H. uvarum was included as a comparison and for 3565 

co-fermented experiments yeasts were tested alongside their singly fermented then combined 3566 

counterparts (Table 4.1). 3567 

 3568 

 3569 

 3570 

 3571 

 3572 

 3573 

 3574 

 3575 

 3576 

 3577 

 3578 

 3579 
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Table 4.1 Choice tests of single yeast species, combinations of singly fermented then combined 3580 

yeasts and co-fermented combinations cultured separately in sterile strawberry juice (SSJ) or YPD 3581 

media and tested for attraction to female winter- and summer-morph D. suzukii. Yeasts were 3582 

compared to water, culture media and a commercial product, Combi-protect (5%). 3583 

 3584 

 3585 

 3586 

Ferment analysis 3587 

Headspace volatiles from the yeast supernatants (5 mL and N = 3 per sample) grown separately in 3588 

sterile strawberry juice or YPD were collected by solid-phase microextraction (SPME) using SPME 3589 

needles coated with divinylbenzene/Carboxen/PDMS (grey) (Supelco) over a 30 min exposure 3590 

period. Gas chromatography (Varian CP3700) coupled to mass spectrometry (Saturn 2200) (GC-3591 

MS), operated in EI mode was used to analyse the collections. The GC had silica capillary columns 3592 

(30 m x 0.25 mm i.d. x 0.25 µm film thickness) coated with non-polar VF5 (Varian) or polar DBWax 3593 

 

 Experiment 

 single yeasts combinations of yeasts 

  singly fermented co-fermented  

 Morphological type 

 Summer Winter Summer Winter Summer Winter 

 Culture media 

Treatment SSJ YPD SSJ YPD SSJ YPD SSJ YPD SSJ YPD SSJ YPD  

H. uvarum X X X X X X X X X X X X 

M. pulcherrima X X X X         
P. pijperi X X X X         
C. zemplininia X X X X         
S. cerevisiae X X X X         

             
H. uvarum + C. zemplininia     X X X X X X X X 

M. pulcherrima + H. uvarum     X X X X X X X X 

M. pulcherrima + P. pijperi      X X X X     
M. pulcherrima + P. pijperi  
+ H. uvarum      X X X X     

             
H. uvarum + C. zemplininia  
(co-fermented)         X X X X 
M. pulcherrima + H. uvarum  
(co-fermented)         X X X X 

             
growth media X X X X X X X X X X X X 
Combi-protec  X X X X X X X X X X X X 

distilled water X X X X X X X X X X X X 
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(Agilent) with a column switching system. Helium was used as the carrier gas (1 ml/min for theVF5 3594 

column and 1.5 ml/min for the DBWax) and splitless injection was used (220°C). The temperature 3595 

of the oven started at 40°C (for 2 mins) then was increased by 10°C every minute up to 250°C, where 3596 

it remained for 5 mins. Compounds were identified according to their mass spectra confirmed by 3597 

comparison of their retention indices (calculated in comparison to retention times) and mass 3598 

spectra with authentic standards.  3599 

 3600 

Statistical analysis 3601 

To allow for the discrepancy in number of females used between summer- and winter-morph 3602 

experiments, numbers of activity counts for each treatment across each 4-hour period were treated 3603 

as ‘successes’ and number of counts for all other treatment as ‘failures’. The data could then be 3604 

analysed using logistic regression with treatment (type of yeast ferment or controls; Table 4.1), 3605 

replicate experiment and morphological type as fixed factors, and time as a covariate. The 3606 

quasibinomial family was chosen for the logistic regression as the data was over-dispersed 3607 

(dispersion calculated as residual deviance divided by residual degrees of freedom = 14.15 - 22.67). 3608 

Significance was assessed using ANOVA following model simplification as per Crawley (2013) in 3609 

which the significance (or otherwise) of the factors, covariates and interactions were assessed and 3610 

either retained or deleted from the model (depending on their significance) in a step-wise manner, 3611 

starting with the highest-order interaction effects, so as to produce the minimal adequate 3612 

model. To investigate the effect of co-fermented yeasts on both D. suzukii morphs the 3613 

attractiveness of yeast separately for each experiment (Table 4.1) was analysed using generalized 3614 

linear models with treatment and replicate experiment as fixed factors, and time as a covariate. 3615 

The negative binomial family was chosen for the generalized Linear Models as the data was over-3616 

dispersed (dispersion = 13.46 – 27.19). Significance was assessed using ANOVA following model 3617 

simplification as per Crawley (2013). All statistical analyses were carried out in R version 3.6.1 (R 3618 

Core Team, 2019), the quasibinomial logistic regression was carried out using base R and the lme4 3619 

(Bates et al., 2015) package was used for the negative binomial regressions. All multiple pairwise 3620 
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comparisons were carried using the R package emmeans (Lenth et al., 2019), with Tukey method 3621 

for correction of multiple comparisons.  3622 

 3623 

The yeast volatile profiles obtained from the supernatant containing the yeast metabolites from 3624 

the single yeast cultures were analysed using principal component analysis (PCA) on raw peak areas 3625 

with a rotation applied to the principal components (Wehrens, 2011), using ‘prcomp’. PC1 and PC2 3626 

were investigated against peak areas of specific volatile chemicals obtained from GC-MS analysis to 3627 

the most influential constituent volatiles for separating yeast volatile profiles. PC1 and PC2 were 3628 

also correlated to attractiveness, both total counts after 4 and 24 hours, to summer- and winter-3629 

morphs using Pearson correlation coefficient (Crawley, 2013). 3630 

 3631 

Results  3632 

Attraction of summer- vs winter-morph D. suzukii to yeast volatile profiles 3633 

Single yeast volatiles 3634 

To test the hypothesis that summer- and winter-morph D. suzukii differ in their attractiveness to 3635 

different yeasts separately, analyses show there was no significant effect of time or replicate 3636 

experiment on D. suzukii attraction, but there was a significant interaction between treatment and 3637 

morph (summer- and winter-morph) for yeast grown in sterile strawberry juice and YPD (Δ deviance 3638 

= 1227.5, df = 7, P < 0.001 and Δ deviance = 485.15, df = 7, P = 0.004, respectively). The winter and 3639 

summer morphs responded differently to the yeast treatments (and controls) generally. 3640 

Specifically, in one case the responses of both winter and summer morphs were qualitatively similar 3641 

in both the sterile strawberry juice and YPD trials: C. zemplinina was consistently significantly more 3642 

attractive to the winter- than the summer-morph (P < 0.001 for both, Fig. 4.1). One other significant 3643 

pairwise comparison was greater attraction of summer morph flies to S. cerevisiae in the strawberry 3644 

juice base media only (P = 0.031), but the sterile strawberry juice, Combi-protec, and water controls 3645 
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also differed in attraction between morphs here (P = 0.012, P = 0.045 and P = 0.014, respectively 3646 

Fig. 4.1a). 3647 

 3648 

Figure 4.1 Mean proportion of activity counts (± SE), used as a proxy for attraction and recorded 3649 

using LAM10H Locomotor Activity Monitor, of summer (grey bars) and winter (black) morph D. 3650 

suzukii for single yeast species (H. uvarum, M. pulcherrima, P. pijperi, C. zemplininia and S. 3651 

cerevisiae, N=12), grown in A) sterile strawberry juice and B) YPD media, alongside growth media 3652 

control (either sterile strawberry juice of YPD), Combi-protec and negative control distilled water. 3653 

Proportions were calculated as number of counts for each treatment divided by total number of 3654 

counts. P-values above black bars show significance different of attraction between morphological 3655 

type. 3656 

 3657 

To test the hypothesis that different yeast species produce different volatile organic compound 3658 

profiles, which correlate to D. suzukii attraction. PCA analysis of the yeast volatile profiles from 3659 

single yeast species, cultured in sterile strawberry juice and YPD culture media, showed separation 3660 

in the volatile profiles for the different yeasts (Fig. 4.2). For yeast volatile profiles from single yeasts 3661 

grown in sterile strawberry juice the first two principal components explained 51.23% of the 3662 

variance in the data; 30.75% and 20.48% for PC1 and PC2 respectively. For YPD the first two 3663 

principal components explained 38.3% of the variance in the data; 20.9% and 17.4% for PC1 and 3664 
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PC2 respectively. For strawberry juice ferments PC1 separated sterile strawberry juice from the 3665 

yeasts, along with P. pijperi and S. cerevisiae from H. uvarum, M. pulcherima and C. zemplininia. 3666 

PC1 was positively correlated with peak areas obtained from GC-MS analysis for benzaldehyde 3667 

(Pearson’s correlations, P < 0.05). PC2 separated sterile strawberry juice from H. uvarum, M. 3668 

pulcherima and C. zemplininia and was positively correlated with methyl hexanoate, (E)-2-hexenyl 3669 

acetate and hexanoic acid (P < 0.05). This suggests these are the most influential constituent 3670 

volatiles for separating yeast volatile profiles. For yeast grown in YPD, PC1 separated the yeasts 3671 

from the YPD media control and was positively correlated with peak areas obtained from GC-MS 3672 

analysis for ethanol, 3 methyl-butanol and 2-phenylethanol (P < 0.05). PC2 separated all yeast 3673 

species except H. uvarum and S. cerevisiae and was positively correlated with peak areas for ethyl 3674 

acetate, ethyl butanoate and 3-methylbutyl acetate (P < 0.05). Despite PCA analysis showing 3675 

separation of the volatile profiles of the single yeasts (Fig. 4.2), both when fermented in sterile 3676 

strawberry juice or YPD, there was no correlation between PC1 and PC2 scores and fly activity (total 3677 

counts after 4h and 24h), for both the summer- and winter-morphs (Table 4.2).  3678 

 3679 

Table 4.2 Results from Pearson’s correction between principal components scores (PC1 and PC2) 3680 

and activity counts of summer- and winter morphs after 4 hours and 24 hours. 3681 

   4 hours 24 hours 

PC Culture media Morph r df P r df P 

PC1 

 sterile strawberry juice summer 0.05 16.00 0.83 0.30 16.00 0.23 

  winter -0.33 16.00 0.18 -0.29 16.00 0.25 

 YPD summer 0.43 16.00 0.08 0.14 16.00 0.57 

 
 winter 0.16 16.00 0.53 0.22 16.00 0.39 

PC2 

 sterile strawberry juice summer -0.14 16.00 0.57 -0.22 16.00 0.39 

  winter -0.27 16.00 0.28 -0.23 16.00 0.35 

 YPD summer -0.03 16.00 0.91 -0.36 16.00 0.14 

    winter -0.23 16.00 0.36 -0.35 16.00 0.15 

 3682 

 3683 

 3684 
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 3685 

Figure 4.2 Principal component analysis (PCA) of the volatile profile from single yeasts (H. uvarum, 3686 

M. pulcherrima, P. pijperi, C. zemplininia and S. cerevisiae, N=3) fermented in sterile strawberry 3687 

juice (top) and YPD culture media (bottom). Percentages in parentheses refer to percent variation 3688 

in yeast volatile profiles explained by principal components.  3689 
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Combinations of yeasts  3690 

To test the hypothesis that summer- and winter-morph D. suzukii differ in their attractiveness to 3691 

different mixes of volatiles from combinations of yeasts we first assessed preference of the morphs 3692 

to volatile profiles of separately fermented then combined yeast, and then we compare co-3693 

fermented yeast volatile profiles.  3694 

 3695 

For the experiment that analysed yeast volatiles which were combined post-fermentation there 3696 

was no significant effect of time or replicate experiment on D. suzukii attraction but there was a 3697 

significant interaction between treatment and morph in both the sterile strawberry juice and YPD 3698 

trials (Δ deviance = 1062.7, df = 7, P < 0.001 and Δ deviance = 366.82, df = 7, P = 0.010, respectively). 3699 

In sterile strawberry juice H. uvarum + C. zemplinina and M. pulcherrima + P. pijperi + H. uvarum 3700 

were more attractive to winter-morphs (P < 0.001 and P = 0.004) whilst H. uvarum was more 3701 

attractive to the summer-morph (P < 0.001) (Fig. 4.3a). In YPD experiments attraction to M. 3702 

pulcherrima + P. pijperi and YPD both differed significantly between morphs, winter-morphs being 3703 

proportionally more attracted to M. pulcherrima + P. pijperi (P = 0.027). The YPD control was 3704 

proportionally more attractive to summer-morph D. suzukii (P = 0.032) (Fig. 4.3b). 3705 

 3706 
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 3707 

Figure 4.3 Mean proportion of activity counts (± SE), used as a proxy for attraction recorded using 3708 

LAM10H Locomotor Activity Monitor, of D. suzukii both summer (grey bars) and winter (black) 3709 

morph for combinations of yeast after post-fermentation blending of singly cultured yeasts (H. 3710 

uvarum + C. zemplininia, M. pulcherrima + H. uvarum, M. pulcherrima + P. pijperi and M. 3711 

pulcherrima + P. pijperi + H. uvarum, N=12) grown in A. sterile strawberry juice and B. YPD media, 3712 

alongside single yeast H. uvarum, growth media control (either sterile strawberry juice of YPD), 3713 

Combi-protec and negative control distilled water. Combinations were created by mixing equal 3714 

proportions of the requisite yeast supernatant after growth. Proportions were calculated as 3715 

number of counts for each treatment divided by total number of counts. P-values above black bars 3716 

show significance differences in attraction between morphological type. 3717 

 3718 

For the experiment that analysed yeast volatiles that were co-fermented, there was also no 3719 

significant effect of time or replicate experiment on D. suzukii attraction but there was a significant 3720 

interaction between treatment and morph (summer- and winter-morph) for yeast grown in sterile 3721 

strawberry juice and YPD (Δ deviance = 780.73, df = 7, P < 0.001 and Δ deviance = 691.14, df = 7, P 3722 

< 0.001, respectively). When grown in sterile strawberry juice co-fermented, M. pulcherrima + H. 3723 

uvarum was more attractive to summer-morph D. suzukii (P = 0.021) whilst post-ferment mixes of 3724 
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H. uvarum + C. zemplinina volatiles were more attractive to winter-morph flies (P < 0.001) (Fig. 3725 

4.4a). Morphs had no preference to any types of combinations fermented in YPD, but H. uvarum 3726 

was significantly more attractive to winter-morphs (P = 0.028) and water to summer-morphs (P = 3727 

0.031) (Fig. 4.4b). Thus, there is a signal for a differential attractiveness to co-fermented as opposed 3728 

to post-ferment blends for M. pulcherrima + H. uvarum and H. uvarum + C. zemplinina which is 3729 

manifest only in the strawberry juice media. The intriguing observation is that there is a differential 3730 

response of D. suzukii depending on the mix of yeast and the nature of how mixed-yeast volatiles 3731 

were created: co-fermenting results in greater attraction to the summer morph whereas morphs 3732 

are indifferent to post-ferment blending of these yeasts; post-ferment blending results in greater 3733 

attraction of the winter morph to H. uvarum + C. zemplinina whereas morphs are indifferent to co-3734 

ferments of these two yeasts. 3735 

 3736 

 3737 

 3738 
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 3739 

Figure 4.4 Mean proportion of activity counts (± SE), used as a proxy for attraction and recorded 3740 

using  LAM10H Locomotor Activity Monitor,  of D. suzukii both summer (grey bars) and winter 3741 

(black) morph for combinations of co-fermented yeasts (M. pulcherrima + H. uvarum and H. uvarum 3742 

+ C. zemplininia, N=12) grown in A. sterile strawberry juice and B. YPD media, alongside their singly 3743 

cultured and combined counterparts as well as single yeast H. uvarum, growth media control (either 3744 

sterile strawberry juice of YPD), Combi-protec and negative control distilled water. Co-fermented 3745 

combinations were created by inoculating cultures with equal numbers of cells (totalling 1x106 cells 3746 

per ml) from each yeast species. Proportions were calculated as number of counts for each 3747 

treatment divided by total number of counts. P-values above black bars show significance 3748 

differences in attraction between morphological type. 3749 

 3750 

Attractiveness of co-fermented volatile profiles vs separately fermented   3751 

To further investigate the effect of co-fermented yeasts on both D. suzukii morphs, and to directly 3752 

test the hypothesis that co-fermented volatile profiles are more attractive to both D. suzukii morphs 3753 

than profiles from single yeasts combined post-fermentation and volatile profiles from single 3754 

yeasts. Data from co-fermented experiments (Table 4.1) was analysed, this time separately, due to 3755 

the significant different numbers of individuals used in assays for the different morphs. 3756 
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 3757 

For summer-morph D. suzukii treatment and replicate experment had a siginifcant effect on the 3758 

activity of D. suzukii in both the sterile strawberry juice and YPD trials. Time (as a covariate) had no 3759 

significant effect on D. suzukii activity in sterile strawberry juice trials or YPD. There was no 3760 

significant interaction between time and treatment for both sterile strawberry juice and YPD 3761 

experiments (Table 4.3).   3762 

 3763 

Table 4.3 Negative binomial regression model for summer-morph D. suzukii for comparison of 3764 

attractiveness of combinations of yeasts experiment. 3765 

    Δ 2 x log-likelihood df P 

sterile strawberry juice 

 replicate experiment 32.82 2 < 0.001 

 treatment*time 2.18 7 0.95 

 time1 1.45 1 0.23 

 treatment 95.42 7 < 0.001 

YPD 

 replicate experiment 72.73 2 < 0.001 

 treatment*time 11.71 7 0.11 

 time1 2.51 1 0.11 

  treatment 138.13 7 < 0.001 
1covariate 

 3766 

When cultured separately in either sterile strawberry juice or YPD, neither of the co-fermented 3767 

combinations (M. pulcherrima + H. uvarum or H. uvarum + C. zemplininia) was significantly more 3768 

attractive to summer-morph females than its singly fermented then combined counterparts or H. 3769 

uvarum alone, (Fig. 4.5). None of the yeast treatments was significantly more attractive than the 3770 

sterile strawberry juice controls but all were significantly more attractive than YPD media (Tukey P 3771 

< 0.014). In both the sterile strawberry juice and the YPD trials all yeast treatments were 3772 

significantly more attractive than the water control and Combi-protec (P < 0.0014). Both media 3773 

controls were significantly more attractive than Combi-protec (P < 0.001 and P = 0.008, for sterile 3774 

strawberry juice and YPD) and sterile strawberry juice was also more attractive than the water 3775 

control (P < 0.001; Fig. 4.5). 3776 
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 3777 

Figure 4.5 Mean number of activity counts (± SE), used as a proxy for attraction and recorded using  3778 

LAM10H Locomotor Activity Monitor, of summer-morph D. suzukii for combinations of co-3779 

fermented yeasts (M. pulcherrima + H. uvarum and H. uvarum + C. zemplininia, N=12) grown in A. 3780 

sterile strawberry juice and B. YPD media, alongside their singly cultured and combined 3781 

counterparts as well as single yeast H. uvarum, growth media control (either sterile strawberry juice 3782 

of YPD), Combi-protec and negative control distilled water. Co-fermented combinations were 3783 

created by inoculating cultures with equal numbers of cells (totalling 1x106 cells per ml) from each 3784 

yeast species.  Different letters next to treatment names show significant differences in attraction 3785 

between treatments, determined by Tukey. 3786 

 3787 

For winter-morph D. suzukii treatment and replicate experment also had a siginifcant effect on D. 3788 

suzukii activity in both the sterile strawberry juice and YPD trials. Time also had a significant effect 3789 

on D. suzukii activity for sterile strawberry juice trials only. There was no significant interaction 3790 

between time and treatment for both sterile strawberry juice and YPD experiments (Table 4.4).   3791 
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Table 4.4 Negative binomial regression model for winter-morph D. suzukii for Comparison of 3792 

attractiveness of combinations of yeasts experiment. 3793 

    Δ 2 x log-likelihood df P 

sterile strawberry juice 

 replicate experiment 42.02 2 < 0.001 

 treatment*time 4.61 7 0.71 

 time1 21.40 1 < 0.001 

 treatment 100.56 7 < 0.001 

YPD     

 replicate experiment 12.84 2 0.002 

 treatment*time 7.36 7 0.39 

 time1 1.17 1 0.28 

  treatment 170.98 7 < 0.001 
1covariate 

 3794 

When cultured separately in sterile strawberry juice or YPD, neither of the co-fermented 3795 

combinations (M. pulcherrima + H. uvarum or H. uvarum + C. zemplininia) was significantly more 3796 

attractive than its singly fermented then combined counterparts, with H. uvarum + C. zemplininia 3797 

being significantly less attractive when fermented in sterile strawberry juice (Tukey P < 0.001; Fig. 3798 

4.6). Additionally, none of the co-fermented yeasts was significantly more attractive to winter-3799 

morph D. suzukii than H. uvarum alone; with H. uvarum significantly more attractive than both co-3800 

fermented yeasts in sterile strawberry juice (P = 0.001; Fig. 4.6). H. uvarum combined with C. 3801 

zemplininia post-fermentation were the only yeast treatments more attractive than sterile 3802 

strawberry juice (P = 0.007). All yeast treatments were significantly more attractive than YPD media 3803 

(P < 0.020) for winter-morph D. suzukii. All yeast treatments and media controls were significantly 3804 

more attractive than Combi-protec (P < 0.001). All yeast treatments except M. pulcherrima + H. 3805 

uvarum and H. uvarum + C. zemplininia when co-fermented in sterile strawberry juice were 3806 

significantly more attractive than the water negative controls (P < 0.001). Both media controls were 3807 

significantly more attractive than Combi-protec (P < 0.001 for both). YPD and sterile strawberry 3808 

juice media controls were significantly more attractive than water control for winter-morphs (P < 3809 

0.023; Fig. 4.6). 3810 
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 3811 

Figure 4.6 Mean number of activity counts (± SE) used as a proxy for attraction and recorded using  3812 

LAM10H Locomotor Activity Monitor, of winter-morph D. suzukii for combinations of co-fermented 3813 

yeasts (M. pulcherrima + H. uvarum and H. uvarum + C. zemplininia, N=12) grown in A. sterile 3814 

strawberry juice and B. YPD media, alongside their singly cultured and combined counterparts as 3815 

well as single yeast H. uvarum, growth media control (either sterile strawberry juice of YPD), Combi-3816 

protec and negative control distilled water. Co-fermented combinations were created by 3817 

inoculating cultures with equal numbers of cells (totalling 1x106 cells per ml) from each yeast 3818 

species. Different letters next to treatment names show significance differences in attraction 3819 

between treatments. 3820 

 3821 

 3822 

 3823 

 3824 

 3825 
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Discussion 3826 

There is evidence to support the hypothesis that summer- and winter-morph D. suzukii differ in 3827 

their attraction to both single yeast species and combinations of yeasts. In general, winter morph 3828 

females were more attracted to samples containing C. zemplinina – either separately or when 3829 

presented in combination with H. uvarum (post-fermentation), although the preference was not 3830 

evident when H. uvarum and C. zemplinina were co-fermented. Additionally, M. pulcherrima + P. 3831 

pijperi + H. uvarum singly fermented in strawberry juice then combined and M. pulcherrima + H. 3832 

uvarum in YPD, were also more attractive to winter- than summer-morph females. In contrast S. 3833 

cerevisiae and co-fermented M. pulcherrima + H. uvarum, both in sterile strawberry juice, were 3834 

more attractive to summer- than winter-morph females. Previous studies have indicated equivalent 3835 

attraction between winter- and summer-morphs towards S. cerevisiae (Kirkpatrick et al., 2018, 3836 

Wong et al., 2018). In the present study summer (as opposed to winter) morph females were more 3837 

attracted to volatiles from sterile strawberry juice inoculated with S. cerevisiae.  3838 

 3839 

The analysis of volatiles produced by the different species of yeast cultured on either sterile 3840 

strawberry juice or YPD media revealed variation in the volatile profiles of certain yeasts, although 3841 

H. uvarum, C. zemplininia, and M. pulcherrima tended to cluster together on both culture media. 3842 

However, these were not correlated with D. suzukii attraction for both summer- and winter-3843 

morphs. Despite single yeast species, cultured separately in sterile strawberry juice or YPD media, 3844 

producing distinct volatile profiles there was no support for the hypothesis that volatile profiles 3845 

correlate to D. suzukii attraction. There was no correlation between the most influential constituent 3846 

volatiles for separating yeast volatile profiles and attraction to D. suzukii summer- or winter-3847 

morphs. It may be that other less abundant volatiles, not captured by these analyses, play an 3848 

important role in attraction even at very small concentrations, with D. suzukii being attracted to a 3849 

blend of volatile compounds, or that other cues like taste and/or colour are needed to attract D. 3850 

suzukii. Volatile chemicals identified as important from our samples were benzaldehyde, ethanol, 3851 

3 methyl-butanol, 2-phenylethanol ethyl acetate, ethyl butanoate (ethyl butyrate) and 3-3852 
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methylbutyl acetate (Isoamyl acetate), all common yeast fermentation products (Scheidler et al., 3853 

2015, Günther et al., 2015, Bueno et al., 2020). Bueno et al. (2020) found greater levels of 3-3854 

methylbutyl acetate from samples containing Pichia species, which was less attractive than samples 3855 

of H. uvarum to D. suzukii. We also found increased levels of 3-methylbutyl acetate in samples of P. 3856 

pijperi compared to H. uvarum (Tables S4.4 and S4.5). When combined with acetic acid and ethanol, 3857 

3-methylbutyl acetate lowered D. suzukii attraction (Cha et al., 2012).  3858 

 3859 

Previous studies into the attraction of female D. suzukii summer- and winter-morphs have revealed 3860 

summer-morph females exhibit greater attraction towards strawberry juice over apple cider 3861 

vinegar, with winter-morph females showing the opposite response (Clymans et al., 2019), whilst  3862 

Kirkpatrick et al. (2018) reported summer-morph females to be repelled by, and winter-morph 3863 

females attracted to, geosmin, a compound thought to be used by females to avoid sub-optimal 3864 

oviposition sites (Stensmyr et al., 2012). These studies, and the results of the present study, indicate 3865 

that summer and winter-morph females have different ecological requirements, and sense and 3866 

respond differently to environmental cues (see also Fountain et al., 2018). 3867 

 3868 

The prediction that combinations of co-fermented yeast would be more attractive than singly 3869 

fermented yeasts, both combined and alone, was not supported. Neither of the co-fermented 3870 

yeasts (M. pulcherrima + H. uvarum or H. uvarum + C. zemplininia) was significantly more attractive 3871 

than its single fermented then combined counterparts or H. uvarum alone, for summer-morph D. 3872 

suzukii. For winter-morph flies the combination of H. uvarum + C. zemplininia in sterile strawberry 3873 

juice was less attractive when co-fermented, also co-fermented combinations were significantly 3874 

less attractive than H. uvarum alone. We did not test how these co-fermented combinations 3875 

interacted during fermentation and it is conceivable that one yeast outcompeted the other during 3876 

the co-fermentation process. During culture in potato dextrose media broth, C. zemplininia took 3877 

twice as long to reach an optical density of ≥1.8 than H. uvarum (Scheidler et al., 2015). This could 3878 
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explain the equivalent attraction between H. uvarum alone and when co-fermented with C. 3879 

zemplininia but does not explain why H. uvarum alone was more attractive to winter-morphs than 3880 

when co-fermented in sterile strawberry juice with C. zemplininia. Only two simplistic (two yeast 3881 

species) co-fermented combinations were tested. As yeast communities on fruit are complex (e.g. 3882 

Taylor et al., 2014), more complex yeast communities may be needed to enhance attraction. There 3883 

is evidence that a combination of S. cerevisiae and P. kluyveri fermented together resulted in 3884 

synergistic metabolic interactions in terms of volatiles (Anfang et al., 2009). Further to this, 3885 

attraction of S. cerevisiae and certain bacteria species to D. melanogaster was enhanced by the co-3886 

culturing of the microbes as compared to post-growth blending, but this was not consistent for all 3887 

yeast-bacteria combinations (Fischer et al., 2017). In addition, adjusting the starting ratio of the 3888 

yeasts may enhance interactions (Anfang et al., 2009). Thus, which yeast combinations to combine 3889 

may be key to enhancing the efficacy of attraction baits, although this is an onerous task, given the 3890 

number of yeast species that are potentially useful attractants. However, the attractiveness of a 3891 

wider variety of combinations, including more complex blends should be investigated further.   3892 

 3893 

Although certain yeast treatments were more attractive to D. suzukii compared to culture media, 3894 

this was not consistent across all experiments and yeasts previously shown to be more attractive 3895 

than strawberry juice controls were not (Figs. S4.2; S4.3;  Jones et al., 2021). This could potentially 3896 

arise through differences in methodology. Our study used activity counts over 24h, where flies were 3897 

allowed to leave and re-visit the baits, as a proxy for attraction (Noble et al., 2019). Other studies 3898 

testing D. suzukii attraction to yeast have used permanent or fatal choice (Scheidler et al., 2015, 3899 

Lasa et al., 2019, Bueno et al., 2020, Jones et al., 2021) or apparatus which only detects one fly 3900 

choice per individual e.g. two way choice tests with T-mazes (Jones et al., 2021). Using counts as a 3901 

proxy for attraction allows flies the option over the experiment period of making multiple choices 3902 

if they choose and it may be that flies prefer a range of yeasts when given the option of repeated 3903 

choices. Previous experience of a fruit stimulus affected D. melanogaster olfactory attraction, flies 3904 

exposed to apple media chose orange media when given the choice and vice versa for flies exposed 3905 
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to orange media (Hoffmann, 1985). This suggested the previous experience may have some effect 3906 

on subsequent choices, but further research would be needed to confirm this for yeast attraction. 3907 

In addition, our tubes could accommodate more than a single fly, potentially resulting in intra-3908 

specific interactions and/or competition. Attraction to identical food stimuli varied in certain groups 3909 

sizes of D. melanogaster (10 to 100 flies), but not for groups of four and 200 flies, suggesting that 3910 

conspecifics may influence attraction of individuals under certain circumstances (Lihoreau et al., 3911 

2016). The extent this applies when flies have access to multiple choices of varying stimuli is 3912 

however unclear. Noble et al. (2019), using similar methods to ours, found summer-morph flies to 3913 

be more attracted to H. uvarum than S. cerevisiae whereas we found no significant difference (Fig. 3914 

S4.2). This could be due to a number of factors, including yeast strain or culture media (Günther et 3915 

al., 2019, Lasa et al., 2019, Palanca et al., 2013). Additionally, Noble et al. (2019) used ‘live’ yeast 3916 

cultures rather than supernatant containing yeast metabolites. Culture media and other 3917 

treatments, tested in our experiments would not have remained sterile as contamination of the 3918 

baits would almost certainly have occurred, potentially altering the relative attractiveness of the 3919 

baits. Overall, there is a general consensus that both yeast and fruit volatiles are attractive to D. 3920 

suzukii (Scheidler et al., 2015, Abraham et al., 2015, Lasa et al., 2019, Bueno et al., 2020, Jones et 3921 

al., 2021), but there is still some way to go in our understanding of the mechanisms by which 3922 

formulations of yeasts and fruit products can be optimised to enhance the efficacy of baits. 3923 

 3924 

Some variability in attractiveness across experiments was observed, as H. uvarum fermented 3925 

separately in sterile strawberry juice was significantly more attractive to summer- than winter-3926 

morph flies in one out of three experiments and the reverse was true when fermented in YPD. 3927 

Drosophila attraction to yeast volatiles may not be static, being plastic over ecological time-scales 3928 

(Günther et al., 2019). The treatments to which the summer-morphs were significantly more 3929 

attracted than winter-morphs, in particular, should be treated with caution as two out of the six 3930 

negative water controls had greater activity counts for summer-morphs. The data was analysed as 3931 

proportions to attempt to account for the discrepancy activity and difference in number of flies 3932 
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between winter- and summer-morph experiments but this finding may still be a consequence of 3933 

the reduced activity typical of winter-morph D. suzukii. As yeast attraction can vary between 3934 

laboratory and field (Jones et al., 2021), and a laboratory stain established in 2013 was used for 3935 

attraction tests, results should be validated with field populations. 3936 

 3937 

This study has identified a number of phagostimulant candidate yeast species and combinations, 3938 

which when cultured in sterile strawberry juice and/or YPD media act as chemo-attractants to 3939 

female D. suzukii.  YPD represents a more realistic culture media than sterile strawberry juice for 3940 

phagostimulant baits, in terms of ease of use and phytosanitary concerns. In addition, the yeast 3941 

baits were more attractive in the first 24 hours than the commercially available bait, Combi-protec. 3942 

However, attraction of a bait may not be a guarantee of effectiveness as Noble et al. (2019) found 3943 

H. uvarum to be more attractive that Combi-protec but no more effective at reducing D. suzukii 3944 

mortality when combined with insecticide. Perhaps the most significant finding is that yeasts vary 3945 

in their attractiveness to summer- and winter-morph females. This has important implications for 3946 

integrated pest management strategies for this pest and may mean that yeast baits need to be 3947 

seasonally tailored to better target the different morphs.  3948 
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Abstract 4086 

BACKGROUND: Drosophila suzukii is an invasive pest of soft and stone fruit and is now present in 4087 

most northern temperate regions. To aid survival during unfavourable temperate winters, the fly 4088 

enters a reproductive diapause, a behaviour which is associated with a morphologically distinct 4089 

winter phenotype. Attract-and-kill strategies which combine phagostimulant baits with insecticides 4090 

to attract flies to feed and subsequently die is a promising control method. We investigated the 4091 

effectiveness of single yeast isolates and combinations of co-fermented yeasts combined with 4092 

insecticides in laboratory assays to evaluate their effectiveness as phagostimulant baits against 4093 

both summer- and winter-morphs.  4094 

RESULTS: Candida zemplininia or Hanseniaspora uvarum + C. zemplininia, combined with lambda-4095 

cyhalothrin or cyantraniliprole, and H. uvarum combined with cyantraniliprole caused significantly 4096 

higher mortality against winter- in comparison to summer-morphs. Additionally, lambda-4097 

cyhalothrin combined with M. pulcherrima + H. uvarum, produced significantly greater mortality 4098 

than when combined with the single yeasts, H. uvarum for both summer- and winter-morphs, and 4099 

C. zemplininia for summer-morphs. Most yeast-based baits were comparable in terms of attract-4100 

and-kill efficacy to the commercially available bait, Combi-protec, although M. pulcherrima or H. 4101 

uvarum + C. zemplininia in combination with cyantraniliprole were less effective.  4102 

CONCLUSION: The use of phagostimulant baits in attract-and-kill strategies have the potential to 4103 

both increase exposure of targeted pests to insecticides, and simultaneously reduce the dose of 4104 

insecticides required for effective control. The efficacy of yeast phagostimulants varied between 4105 

the summer- and winter-morphs, suggesting that attract-and-kill strategies should be adjusted 4106 

according to seasonality. 4107 

Key words 4108 

attract-and-kill, Drosophilae, Integrated Pest Management, invasive, pesticide, Spotted wing 4109 

drosophila  4110 

 4111 
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1 Introduction 4112 

Drosophila suzukii (Matsumura) is a pest of soft and stone fruits which has spread from South East 4113 

Asia to most northern temperate regions; first identified in the USA and Europe in 2008 then the 4114 

UK in 20121-3. D. suzukii, unlike most other Drosophila species can oviposit in ripening fruit4 and is 4115 

a major economic pest causing over $500 million USD of crop losses in three USA states alone in 4116 

20081. In Maine, USA, losses to the wild blueberry industry have been estimated to be between 4117 

$1.1 and 6.9 million annually5. 4118 

 4119 

Adult D. suzukii exhibit reproductive diapause which aids survival during unfavourable winter 4120 

conditions. The winter phenotype is morphologically distinct, being larger and darker in colour than 4121 

the summer-morph counterpart6 which is associated with a longer lifespan at lower temperatures 4122 

than the summer-morph7. Temperature is the driving factor facilitating the transition between 4123 

morphs8 with larvae exposed to constant temperatures of 15°C triggering winter-morph 4124 

development under laboratory conditions6. During the latter stages of the growing season, in the 4125 

Netherlands, there is an increase in the prevalence of the winter-morph phenotype from ~30% at 4126 

the end of September to ~99% by the end of December9. Increases in winter-morph phenotypes 4127 

were accompanied by the dispersion of D. suzukii into woodlands and hedgerows where they likely 4128 

overwinter in sheltered microclimates such as crevices under loose bark or leaf litter10,11. Controlling 4129 

winter-morph D. suzukii is key to reducing early fruit damage as winter-morph females make up the 4130 

majority of the population entering commercial fruit crops in the spring9. 4131 

 4132 

There is some evidence that olfactory attraction to baits varies between the winter and summer 4133 

phenotypes12,13. In two-way laboratory choice tests summer-morph D. suzukii females were more 4134 

attracted to strawberry juice compared to apple cider vinegar whilst the opposite was observed for 4135 

winter-morph females12. Geosmin (a sesquiterpene with a distinct earthy odour) was shown to 4136 

repel summer-morph flies whilst having a mildly positive chemotactic effect on winter-morph 4137 
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flies13. This may reflect differences in life-history traits associated with resource acquisition, as it 4138 

has been suggested that winter morph flies are more opportunistic, feeding on decomposing 4139 

vegetation14. In terms of chemotaxis towards (or away from) yeasts, Saccharomyces cerevisiae and 4140 

sugar baits elicited no difference in attraction between the different D. suzukii morphs13,15. 4141 

However, the results of Chapter 4 revealed winter morphs to be more attracted to Candida 4142 

zemplinina alone or combined with Hanseniaspora uvarum. Differences in olfactory attraction 4143 

between morphs has important implications for attract-and-kill strategies, suggesting different 4144 

attractants may be required for the two morphs to optimise the performance of the phagostimulant 4145 

baits.  4146 

 4147 

One attract-and-kill strategy which shows promise for use in Integrated Pest Management of D. 4148 

suzukii is combining insecticides with phagostimulants, to attract flies to a toxic food source16-20. 4149 

This can be achieved through combinations of insecticide and bait, either applied as a band spray 4150 

or a full foliar coverage spray19,20. Combining insecticides with phagostimulants increases the 4151 

exposure of target insects to insecticides via the initial attraction to a bait, followed by increased 4152 

cuticular contact with the toxic substance and through stimulation of feeding on the insecticidal 4153 

bait. Additionally, phagostimulants could increase the efficiency of less effective insecticides 4154 

classes19. Attracting D. suzukii to feed on bait insecticide combinations has the potential to limit the 4155 

exposure of non-target organisms to insecticides whilst reducing the dose and amount of 4156 

insecticide required to kill target organisms20. In addition, reducing the number of non-target 4157 

Drosophila species killed may be important to maximise inter-species competition, as D. suzukii lay 4158 

fewer eggs in media exposed to D. melanogaster21. Yeasts could provide selective baits which 4159 

discriminate between Drosophila species, for example, Metschnikowia pulcherrima was attractive 4160 

to D. suzukii and D. melanogaster but repellent to D. simulans22.   4161 

 4162 
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Various baits have been assessed for their effectiveness as phagostimulants for D. suzukii, including 4163 

commercial products (mainly protein-based) and sugar and yeast, both separately and in 4164 

combination. Combi-protec (Dedetec), a commercially available protein-based bait, both improved 4165 

mortality and reduced egg laying of D. suzukii when combined with several different 4166 

insecticides18,20,23. Adding brown cane sugar solution to spinosad or cyantraniliprole significantly 4167 

increased the mortality of adult D. suzukii during laboratory assays19,24.  4168 

 4169 

Yeasts represent an important class of phagostimulants in the control of D. suzukii17,18,20. Several 4170 

yeasts have been identified as being attractive to D. suzukii including: H. uvarum, H. opuntiae, C. 4171 

zemplinina, C. californica, Pichia terricola, P. pijperi, M. pulcherrima and S. cerevisiae18,22,25-27. 4172 

Combinations of C. zemplinina, P. pijperi, M. pulcherrima and H. uvarum are also attractive, 4173 

although not significantly more attractive than H. uvarum alone22. However, the combinations used 4174 

by Jones et al.22 were singly fermented then combined. Whereas naturally occurring yeast 4175 

communities on fruit are complex and likely interact on the surface of fruit. Ferments with S. 4176 

cerevisiae and P. kluyveri produced synergistic metabolic interactions in terms of volatiles28. Further 4177 

to this, there is evidence that attraction of D. melanogaster to co-cultures of S. cerevisiae and 4178 

certain bacteria species was enhanced compared to post-growth blending29. However, co-4179 

fermenting yeasts did not improve attraction when compared to single yeasts, both combined and 4180 

alone (Chapter 4, data not published).  4181 

 4182 

S. cerevisiae combined with sugar and insecticide significantly increased D. suzukii mortality in 4183 

combination with the insecticide spinosad but not cyantraniliprole19. S. cerevisiae and brown cane 4184 

sugar baits (2.5 g L-1, 1:1 ratio) combined with spinosad also increased mortality (40% after 2 hours 4185 

and 77% after 6 h) compared to insecticide alone (10% and 12%, respectively), and NuLure (9% and 4186 

29%) or GF-120 (12% and 31%); the latter two were commercially available protein-based baits24. 4187 

The effect of yeast phagostimulants may not be clear-cut as one study shows combining S. 4188 
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cerevisiae with spinosad and spinetoram lowered efficacy compared to insecticide alone after 8 4189 

hours exposure, with equivalent efficacy after 16 hours30. S. cerevisiae is less attractive to D. suzukii 4190 

than H. uvarum22,25. Adding spinosad to H. uvarum increased female D. suzukii mortality by 26% but 4191 

did not reduce oviposition in laboratory assays17. Additionally, when combined with spinosad, 4192 

cyantraniliprole or lambda-cyhalothrin, H. uvarum increased mortality and reduced oviposition 4193 

with lambda-cyhalothrin compared to insecticide only controls18 and H. uvarum combined with 4194 

spinosad was persistent on leaves and effective one week after application on grape leaves31. 4195 

Spinosad and cyantraniliprole combined with H. uvarum also increased mortality of winter-morph 4196 

D. suzukii compared to an insecticide only control and cyantraniliprole reduced oviposition of 4197 

acclimatised winter-morph females18. Insecticides, both combined phagostimulant baits and alone, 4198 

were more effective against summer- than winter morphs18. However, summer morphs were 4199 

maintained at higher temperature with longer light conditions and as temperature and photoperiod 4200 

likely affected activity of flies, it is not clear to what extent this influenced mortality18. 4201 

 4202 

Increased attractiveness of phagostimulants baits may not always translate into increased 4203 

effectiveness when combined with insecticides. For example, Combi-protec was significantly less 4204 

attractive than H. uvarum to summer-morph D. suzukii but was no less effective in reducing 4205 

mortality18. Despite this there is some evidence that insecticides combined with yeast baits can 4206 

result in faster mortality (2-6 hours) in comparison to commercially available protein-based baits24. 4207 

However, Knight et al.24 only tested S. cerevisiae, and different commercial baits, so whether this 4208 

holds true for other species is unclear. Noble et al.18 only assessed mortality after 72 hours and it 4209 

may be conceivable that H. uvarum caused quicker mortality than Combi-protec and this was not 4210 

detected due to sampling times.  4211 

 4212 

Most previous studies have focused on the yeasts S. cerevisiae and H. uvarum17-19,31. However, a 4213 

range of D. suzukii attractive yeast species and combinations remain untested as 4214 
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phagostimulants22,25. Given the observation that attractiveness varies between single yeast species 4215 

and combinations of yeast species22, it is likely that blends of yeasts can be optimised for attraction 4216 

to D. suzukii. Here, we investigate the effectiveness of single and combinations of co-fermented 4217 

yeast species combined with insecticides in laboratory assays to evaluate their effectiveness as 4218 

phagostimulant baits for use in Integrated Pest Management strategies to control D. suzukii. 4219 

Specifically, the following hypotheses are tested: 1) combinations of co-fermented attractive yeasts 4220 

will be more effective baits than single species, and 2) the effectiveness of yeast baits will differ 4221 

between winter- and summer-morph D. suzukii. 4222 

 4223 

2 Materials and methods 4224 

2.1 Drosophila cultures 4225 

An Italian strain of D. suzukii derived from flies collected in 2013 near Trento, Italy was used and as 4226 

such was not exposed to insecticide since its establishment in the laboratory. Summer-morph flies 4227 

were housed in BugDorm cages (32.5 x 32.5 x 32.5 cm) (MegaView Science Co., Ltd.) at 89% 4228 

humidity provided by damp blue absorbent paper on the roof and base of the cages at 22± 1.5°C 4229 

with a 16:8 h light: dark photoperiod21. Drosophila Quick Mix Medium blue (Blades Biological Ltd.) 4230 

sprinkled with S. cerevisiae (dried baker’s yeast) was used to rear summer-morph flies22. 4231 

Additionally, cages were provisioned with frozen raspberries, weekly21. To generate winter-morph 4232 

D. suzukii for the experiments, summer-morph adult flies were transferred from culture cages to 4233 

square or circle-based Drosophila Bottles (177 mL, Fisherbrand) filled with 50 mL cornmeal media 4234 

(1% agar, 9% sugar, 9% pre-cooked ground maize, 2% baker's yeast, 5% malt, 1% soy flour, 0.3% 4235 

propionic acid, and 0.3% methyl 4-hydroxybenzoate pre-dissolved in 70% ethanol). Flies were left 4236 

to oviposit and larvae to develop for seven days whereupon adult flies were removed and the 4237 

bottles maintained at 10°C, 0:24 h light: dark. Before use in experiments, winter-morph adult D. 4238 

suzukii were transferred to Drosophila bottles containing 50 mL of the Drosophila Quick Mix 4239 
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Medium sprinkled with yeast and were then acclimatised to 22°C and 16:8 h light: dark photoperiod 4240 

over a three-day period. 4241 

 4242 

2.2 Yeast cultures 4243 

Yeast species were from the Goddard culture collection at University of Lincoln (see Supplementary 4244 

Material, Table S5.1 for details on origin). All yeasts were grown at 30°C with 120rpm shaking. 4245 

Yeasts were pre-cultured for 24 hours in YPD media (1% yeast extract, 2% peptone, and 2% 4246 

dextrose) whereupon optical density (600 nm) was assessed and 1x106 yeast cells per mL were 4247 

transferred to YPD media and cultured for 48h (N=1 per yeast treatment). Yeast cells were grown 4248 

(fermented) either alone or co-fermented. Where yeasts were co-fermented, cultures were 4249 

inoculated with equal numbers of cells (totalling 1x106 cells per mL) from each yeast species. For 4250 

yeast baits, H. uvarum, C. zemplininia and co-fermented H. uvarum + C. zemplininia were tested for 4251 

both summer- and winter-morphs, in addition to M. pulcherrima and co-fermented M. pulcherrima 4252 

+ H. uvarum for summer-morphs (Table 5.1). Five yeast treatments were tested alongside water 4253 

positive and negative controls, YPD positive and negative media controls and commercially 4254 

available Combi-protec (5% v/v solution) positive control23, for summer-morph D. suzukii. A 4255 

reduced number of treatments were tested for winter-morphs due to limitations in fly numbers 4256 

(Table 5.1). All treatments were prepared on the day of use and mixed directly with either sterile 4257 

water for the negative controls or an insecticide at the requisite concentration, shown in previous 4258 

studies to be a discriminatory concentration and not to kill all adult D. suzukii Table 5.2;18.  4259 

 4260 

 4261 

 4262 

 4263 

 4264 

 4265 
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Table 5.1: Single and fermented combinations of yeasts tested as baits with winter- and summer-4266 

morph Drosophila suzukii. Yeasts were compared to water or YPD (1% yeast extract, 2% peptone, 4267 

and 2% dextrose) controls with (positive) or without (negative) insecticides. A commercial product 4268 

Combi-protec was included as a second positive control for summer-morphs experiments. 4269 

 4270 

Treatment 
Positive /Negative 
Control 

Summer-morph   
experiment 

Winter-morph   
experiment 

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 Negative X X 

YPD Positive X  
Combi-protec Positive X   

 4271 

 4272 

 4273 

2.3 Laboratory jar bioassay  4274 

Following the methodology of Noble et al.18, jar-bioassays were set up to determine the effect of 4275 

combining different yeast treatments (single yeasts and combinations), with three separate 4276 

insecticides; spinosad (Tracer), cyantraniliprole (Exirel) and lambda-cyhalothrin (Hallmark Zeon) 4277 

(Table 5.2). Insecticides were added at concentrations that ensured not all flies were killed (Table 4278 

5.2;18). Jars (750 mL clear plastic jars; 103 mm diameter, 95 mm height, Involvement Packaging Ltd.) 4279 

modified with a fine mesh covered ventilation hole (10 mm diameter), with damp filter paper (90 4280 

mm, Fisherbrand) on the base were used18. Conditions inside the jar were on average 22.4°C and 4281 

92.7% humidity. Filter paper was re-wetted with 500 μL distilled water as required. Each jar (N=5 4282 

replicates per treatment) contained three similar sized (approximately 30 × 20 mm) wild blackberry 4283 

(Rubus species) leaves unsprayed with pesticide, picked the day before the experiment and stored 4284 

at 2°C. After which 6 x 10 μL droplets of treatment or control solution (three on the upper surface, 4285 

each side of the mid-vein) were applied per leaf. 4286 

 4287 
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 Table 5.2: Insecticides and concentrations used in the experiments combined with baits to test for 4288 

control of Drosophila suzukii18. Recommended field rates were correct at the time of writing. 4289 

 4290 

Each jar contained leaves with either a bait combined with insecticide or an insecticide treatment 4291 

only (positive control) (Tables 5.1 and 5.2). The treatments or controls were applied to two of the 4292 

three leaves with the third leaf receiving six droplets of sugar water as a food source (160 g l−1, 4293 

16%)18. Leaves were left to dry in a fume hood for 1-2 hours prior to use and arranged with the 4294 

insecticide or control leaves on one side of the jar and the sugar leaf on the opposite side (Fig. S5.1). 4295 

A 35 mm petri dish containing grape juice agar (34.7 g Agar, 333 mL red grape juice, 33.3 g dextrose 4296 

and 2.0 g Nipagin per litre distilled water) for egg laying was also placed in each jar18. 4297 

 4298 

Twelve D. suzukii (eight females and four males) between 3-10 days old were added to each 4299 

replicate jar (N=5 replicates per treatment). Flies were anaesthetised using CO2, sex determined 4300 

then starved for seven hours prior to the experiment starting, whereupon they were briefly 4301 

anaesthetised with CO2 before being inserted into the jars in the space between the leaves (Fig. 4302 

S5.1). Adult fly mortality was recorded at 1, 2, 4, 8, 24, 32 and 48 hours. Flies which were heavily 4303 

moribund (defined as individuals clearly close to death, on their back or sides with one or more legs 4304 

 

Insecticide details Concentration of active ingredient     

Product Manufacturer 
Active 
ingredient 

product 
(g l−1) 

jar 
bioassays 
(mg l−1) 

Recommended 
field rate (mg l−1) 

Percentage field 
rate used in jar 
bioassays 

          strawberry cherry strawberry  cherry 

Tracer 

Dow 
AgroSciences, 
Zionsville, IA, 
USA 

spinosad 480 3.6 72 120 5.0 3.0 

Exirel 
DuPont, 
Wilmington, 
DE, USA 

cyantraniliprole 100 18.9 75 90 28.2 21.0 

Hallmark 
Zeon 

Syngenta, 
Basel, 
Switzerland 

lambda-
cyhalothrin 

100 3.8 7.5 9 50.7 42.7 
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twitching) were classified as dead. Numbers of eggs laid in the grape juice agar was recorded at 4305 

48h. Eggs were counted under a microscope at x50 magnification.  4306 

 4307 

2.4 Statistical analysis 4308 

Differences in mortality were analysed using parametric survival regression analysis. As different 4309 

insecticides were used at different concentrations (Table 5.1), mortality of the morphs was analysed 4310 

using separate parametric survival regressions, the significance of which was assayed using ANOVA 4311 

following model simplification as per32. Data from the four treatments, common to both 4312 

morphological types (C. zemplininia, H. uvarum and H. uvarum + C. zemplininia and YPD media 4313 

negative control; Table 5.1) was also analysed to assess the effect of morph on mortality, separately 4314 

for each insecticide. All pairwise comparisons were done using Benjamini-Hochberg corrected Log-4315 

Rank tests. Eggs laid in grape juice agar were analysed using a generalised linear model with a 4316 

Poisson error structure and Firth’s adjustment. Treatment and insecticide were treated as fixed 4317 

factors. Significance of the model was analysed using ANOVA, to account for overdispersion in the 4318 

model the deviances were divided by the overdispersion parameter.  4319 

 4320 

Probit analyses (two factor model) was used to identify the LT50 (time to 50% population mortality) 4321 

for each bait treatments and insecticide separately. Statistical analyses were carried out in R version 4322 

4.0.233 and the ‘survival’ package34 was used for the separate parametric survival regression with 4323 

the ‘survminer’ package35 for the multiple comparisons. The package ‘lme4’36 was used for linear 4324 

regression and ‘emmeans’37 for multiple comparisons. The ‘drc’ package was used for probit 4325 

analysis38. 4326 

 4327 
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3 Results 4328 

3.1 Summer-morph mortality of D. suzukii 4329 

Since different concentrations of each insecticide were used (Table 5.1), treatment effects on 4330 

mortality were analysed separately for each insecticide. For all three insecticides (spinosad, 4331 

lambda-cyhalothrin, and cyantraniliprole) treatment had a significant effect on summer-morph D. 4332 

suzukii mortality (Parametric survival regression Δ deviance = 222.27, df = 9, P < 0.001; Δ deviance 4333 

= 111.14, df = 9, P < 0.001; Δ deviance = 256.22, df = 9, P < 0.001, respectively).    4334 

 4335 

For spinosad, Benjamini-Hochberg corrected Log-Rank Pairwise comparisons revealed all 4336 

insecticide treatments (baits and positive controls) caused significantly greater D. suzukii mortality 4337 

than both the YPD media and water negative controls (P < 0.001). The yeast baits, H. uvarum, H. 4338 

uvarum + C. zemplininia and M. pulcherrima + H. uvarum in combination with spinosad, caused 4339 

significantly greater mortality than the water (spinosad) positive control (P = 0.038, P = 0.017 and 4340 

P < 0.001 respectively). Additionally, M. pulcherrima + H. uvarum with spinosad caused significantly 4341 

greater D. suzukii mortality than the YPD media positive control (P = 0.040). There was also higher 4342 

mortality in the YPD negative control than the water negative control (P = 0.030) (Fig. 5.1a). 4343 

 4344 

All lambda-cyhalothrin treatments caused significantly greater D. suzukii mortality than both the 4345 

YPD media and water only negative controls (P < 0.001). M. pulcherrima, and M. pulcherrima + H. 4346 

uvarum in combination with lambda-cyhalothrin produced significantly higher mortality than the 4347 

water positive (lambda-cyhalothrin) control (P = 0.021, P = 0.003, respectively) and YPD positive 4348 

control (P = 0.024, P = 0.003, respectively). Additionally, M. pulcherrima + H. uvarum with lambda-4349 

cyhalothrin resulted in greater mortality than C. zemplininia and H. uvarum, with lambda-4350 

cyhalothrin (P = 0.024 and P = 0.021) (Fig. 5.1b). 4351 

 4352 
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All cyantraniliprole treatments resulted in greater mortality than both the YPD media and water 4353 

negative controls (P-values ranging from < 0.001 to 0.003). All bait treatments with cyantraniliprole, 4354 

including YPD positive control, had higher D. suzukii mortality than the water positive control (P 4355 

ranging from < 0.001 to 0.003). Additionally, Combi-protec with cyantraniliprole caused greater 4356 

mortality than H. uvarum + C. zemplininia and M. pulcherrima, with cyantraniliprole (P = 0.045 and 4357 

P = 0.046) (Fig. 5.1c). 4358 

 4359 

 4360 

 4361 
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 4362 

Figure 5.1. Cumulative percentage mortality of summer-morph D. suzukii exposed to yeast 4363 

phagostimulant baits (H. uvarum, M. pulcherrima, C. zemplininia, M. pulcherrima + H. uvarum and 4364 

H. uvarum + C. zemplininia) in combination with insecticides (a) spinosad, (b) lambda-cyhalothrin 4365 

or (c) cyantraniliprole compared to Combi-protec, YPD media and water positive controls (dashed 4366 

lines) and YPD and water negative controls (dotted lines). Experiments lasted 48 hours, and the 4367 

conditions inside the jars were 22.4°C and 92.7% humidity with 16:8 h light: dark photoperiod. 4368 

Separate log-Rank Pairwise comparisons for each insecticide were used to determine significance 4369 

between treatment and different letters at the ends for lines denote significance differences (within 4370 

each insecticide, P < 0.05). 4371 
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3.2 Winter-morph mortality of D. suzukii 4372 

A subset of baits (H. uvarum, C. zemplininia, H. uvarum + C. zemplininia and YPD media negative 4373 

control; Table 5.1) was tested with the winter-morph. As with D. suzukii summer-morphs, bait 4374 

treatments in combination with an insecticide; spinosad, lambda-cyhalothrin, or cyantraniliprole, 4375 

had a significant effect on winter-morph mortality (Parametric survival regression Δ deviance = 4376 

173.96, df = 3, P < 0.001; Δ deviance = 166.90, df = 3, P < 0.001; Δ deviance = 229.80, df = 3, P < 4377 

0.001, respectively).  4378 

 4379 

Across the three insecticide experiments (spinosad, lambda-cyhalothrin or cyantraniliprole), when 4380 

combined with C. zemplininia, H. uvarum, or H. uvarum + C. zemplininia caused significantly greater 4381 

mortality than the YPD media negative control (P < 0.001). Additionally, H. uvarum + C. zemplininia 4382 

paired with lambda-cyhalothrin caused significantly greater mortality than H. uvarum alone 4383 

combined with lambda-cyhalothrin (P = 0.033) (Fig. 5.2b). 4384 
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 4385 

Figure 5.2. Cumulative percentage mortality of winter-morph D. suzukii exposed to yeast 4386 

phagostimulant baits (H. uvarum, C. zemplininia and H. uvarum + C. zemplininia) in combination 4387 

with the insecticides (a) spinosad, (b) lambda-cyhalothrin or (c) cyantraniliprole, compared to YPD 4388 

media (negative control, dotted line). Experiments lasted 48 hours, conditions inside the jars were 4389 

22.4°C and 92.7% humidity with 16:8 h light: dark photoperiod. Separate log-Rank Pairwise 4390 

comparisons for each insecticide were used to determine significance between treatment and 4391 

different letters at the ends of lines denote significance differences (within each insecticide, P < 4392 

0.05). 4393 
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3.3 Differences in mortality between D. suzukii winter- and summer-morphs 4394 

There was a significant interaction between treatment and morph for all three insecticides 4395 

(Parametric survival regression Δ deviance = 10.81, df = 3, P = 0.013; Δ deviance = 10.18, df = 3, P = 4396 

0.017; Δ deviance = 19.17, df = 3, P < 0.001, spinosad, lambda-cyhalothrin and cyantraniliprole, 4397 

respectively) showing that D. suzukii morphs responded differently to the different treatments.  4398 

 4399 

C. zemplininia combined with lambda-cyhalothrin or cyantraniliprole but not spinosad, caused 4400 

significantly greater mortality (between 8-23%) in winter- than in summer-morphs (P < 0.001, 0.008 4401 

and P = 0.053, respectively). H. uvarum + C. zemplininia combined with lambda-cyhalothrin or 4402 

cyantraniliprole caused significantly greater mortality (13-30%) in winter-morph flies (P < 0.001 and 4403 

P = 0.022) and H. uvarum only, combined with lambda-cyhalothrin also caused significantly greater 4404 

mortality (17%) to winter-morph flies (P < 0.001). Additionally, there was significantly greater 4405 

mortality (20%) of summer-morphs in the YPD media negative control treatments for spinosad and 4406 

cyantraniliprole experiments (P = 0.048, P = 0.009) but not lambda-cyhalothrin (Fig. 5.3). 4407 
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 4408 

Figure 5.3. Comparison of cumulative percentage mortality of summer- (solid lines) and winter-4409 

morph (broken lines) D. suzukii of yeast phagostimulant baits (H. uvarum, C. zemplininia and H. 4410 

uvarum + C. zemplininia) in combination with the insecticides (a) spinosad, (b) lambda-cyhalothrin 4411 

or (c) cyantraniliprole, compared to YPD media (negative control). Experiments lasted 48 hours, 4412 

conditions inside the jars were 22.4°C and 92.7% humidity with 16:8 h light: dark photoperiod. 4413 

Separate log-Rank Pairwise comparisons for each insecticide were used to determine significance 4414 

in mortality between morphological type of D. suzukii and coloured bars with P values connecting 4415 

lines denote any significance difference in mortality between D. suzukii summer- and winter-4416 

morphs for the different insecticides (P < 0.05). 4417 
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3.4 Median Lethal Time (time until death) of 50% (LT50) of summer-morph D. suzukii to insecticides 4418 

combined with phagostimulant baits 4419 

M. pulcherrima + H. uvarum when combined with spinosad was the only phagostimulant bait, 4420 

including the commercial product (Combi-protec) which significantly reduced the time-to-kill of 4421 

50% of the D. suzukii population (LT50) compared to the water positive control (Fig. 5.4; Table S5.2). 4422 

Although the differences were not significant, the time taken for 50% of D. suzukii to die when 4423 

insecticides were combined with a phagostimulant bait was approximately half that of the water 4424 

positive control for spinosad and a quarter of the time for cyantraniliprole (Fig. 5.4; Table S5.2). 4425 

Lambda-cyhalothrin combined with water only did not reach 50% mortality by the end of the 4426 

experiment, although combining the insecticide with bait did reduce the numbers of D. suzukii by 4427 

at least 50% by the end of the experiment (Fig. 5.4; Table S5.2). Only summer-morph D. suzukii data 4428 

was analysed due to winter-morphs not being tested against water positive control (Table 5.1).   4429 

 4430 
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 4431 

Figure 5.4. Median Lethal Time (time until death) of 50% (LT50) of summer-morph D. suzukii in hours 4432 

of yeast phagostimulant baits (H. uvarum, M. pulcherrima, C. zemplininia, M. pulcherrima + H. 4433 

uvarum and H. uvarum + C. zemplininia) in in combination with the insecticides (a) spinosad, (b) 4434 

lambda-cyhalothrin or (c) cyantraniliprole compared to Combi-protec, YPD media and water 4435 

positive controls and YPD and water negative controls. *Treatments significantly different where 4436 

95% confidence intervals (horizontal error bars) do not overlap. Treatments that did not reach 50% 4437 

mortality by the end of the experiment are omitted from graphs. 4438 
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3.5 Treatment effects on D. suzukii summer-morph oviposition  4439 

Egg-laying was inconsistent across summer-morph experiments. Overall, there was a significant 4440 

effect of treatment, insecticide and their interaction on summer-morph D. suzukii oviposition 4441 

(treatment ∆ deviance = 904.26, df = 9, P < 0.001, insecticide ∆ deviance = 868.55, df = 2, P = 0.027; 4442 

treatment*insecticide ∆ deviance = 615.63, df = 18, P < 0.001, respectively). C. zemplininia 4443 

combined with spinosad resulted in significantly fewer eggs laid in the grape juice agar than H. 4444 

uvarum with spinosad (P = 0.048). There were no significant differences between the numbers of 4445 

eggs laid between treatments in the lambda-cyhalothrin experiment. Flies exposed to 4446 

cyantraniliprole with M. pulcherrima + H. uvarum oviposited significantly fewer eggs compared to 4447 

the YPD negative control (P = 0.020) (supplementary material Fig. S5.2). No oviposition occurred in 4448 

the winter-morph experiments18.  4449 

 4450 

4 Discussion 4451 

Yeast phagostimulant baits applied to foliage (blackberry leaves) generally increased the mortality 4452 

of D. suzukii compared to exposure to the same dose of insecticide combined with water only. 4453 

Insecticidal efficacy was improved by the addition of yeast-based phagostimulants. As H. uvarum, 4454 

H. uvarum + C. zemplininia or M. pulcherrima + H. uvarum in combination with spinosad; M. 4455 

pulcherrima, and M. pulcherrima + H. uvarum with lambda-cyhalothrin and all yeast baits combined 4456 

with cyantraniliprole, caused significantly greater mortality than insecticide and water alone (Fig. 4457 

5.1).  The findings here agree with previous studies which show H. uvarum to be an effective 4458 

phagostimulant bait17,18,20,39. H. uvarum combined with spinosad, cyantraniliprole or lambda-4459 

cyhalothrin increased D. suzukii mortality compared to exposure to an insecticide alone17,18. We 4460 

report a similar trend for spinosad and cyantraniliprole but not lambda-cyhalothrin; this 4461 

discrepancy may be attributed to differences in length of exposure to insecticides and/or 4462 

differences in strain of H. uvarum or yeast culture media used, both of which may affect D. suzukii  4463 

attraction to yeast22,26.  4464 
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There was some evidence that phagostimulant baits resulted in faster mortality of summer-morph 4465 

D. suzukii, between approximately 1.5 and eight times when combined with spinosad or 4466 

cyantraniliprole, compared to insecticides applied to leaves with just water (Fig. 5.4; Table S5.2). 4467 

Despite this, only M. pulcherrima + H. uvarum combined with spinosad had a significantly lower 4468 

LT50 (threefold) than the water positive control (Fig. 5.4; Table S5.2). After a short exposure time 4469 

(two hours) S. cerevisiae + sugar baits combined with spinosad caused greater mortality than 4470 

insecticide applied alone24. Faster kill rate is desirable as it potentially limits the number of eggs laid 4471 

by female D. suzukii thus potentially reducing fruit damage. We only present data on speed of 4472 

mortality of phagostimulant baits compared to insecticide and water alone for summer-morphs, 4473 

but recommend that the efficacy of these baits should also be assessed for winter-morphs.  4474 

 4475 

Only M. pulcherrima + H. uvarum combined with spinosad or lambda-cyhalothrin, and M. 4476 

pulcherrima with lambda-cyhalothrin caused significantly higher mortality than YPD media 4477 

combined with the respective insecticide. H. uvarum, in this study, combined separately with the 4478 

three insecticides did not cause significantly greater mortality than YPD and insecticides possibly 4479 

due to YPD being attractive. Additionally, YPD media combined with cyantraniliprole but not the 4480 

other insecticides caused significantly greater mortality than insecticide alone (35% more after 48 4481 

hours; Fig. 5.1). This is an interesting finding and suggests that in certain cases YPD, a relatively 4482 

cheap culture media, may be an effective phagostimulant worthy of further investigation.   4483 

 4484 

There was limited evidence supporting the hypothesis that combinations of yeasts are more 4485 

effective than single species.  M. pulcherrima + H. uvarum, combined with lambda-cyhalothrin, 4486 

resulted in higher summer-morph D. suzukii mortality than C. zemplininia (22% higher) or H. uvarum 4487 

for both summer- and winter-morph flies (23% and 22%). H. uvarum is an effective yeast 4488 

phagostimulant17,18,31 but efficacy might be further promoted by mixing with other yeast isolates 4489 

e.g. M. pulcherrima at least when combined with certain insecticides (Fig. 5.1). There was no 4490 
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evidence that M. pulcherrima + H. uvarum co-fermented in YPD improved attraction compared to 4491 

H. uvarum alone (Chapter 4, data not published). Attraction to a bait does not necessarily increase 4492 

its potential as a phagostimulant when combined with an insecticide18. In our study, live yeast cells 4493 

were combined with insecticides on blackberry leaves, and potentially further interact with each 4494 

other and the microbes on the leaf surface. Interaction during co-cultures of S. cerevisiae with 4495 

certain bacteria was demonstrated to enhance attraction to D. melanogaster29. 4496 

 4497 

There was no conclusive evidence that yeast baits were more effective phagostimulants than a 4498 

current commercial bait (Combi-protec) to summer-morph D. suzukii. Additionally, Combi-protec 4499 

was the most effective bait tested when combined with cyantraniliprole and caused significantly 4500 

higher mortality of summer-morph D. suzukii compared to M. pulcherrima and H. uvarum + C. 4501 

zemplininia (13-15% higher, Fig. 5.1). Noble et al.18 also reported comparable levels of mortality 4502 

using H. uvarum in comparison to Combi-protec when combined with spinosad, cyantraniliprole or 4503 

lambda-cyhalothrin. There is some evidence with other yeast species (S. cerevisiae) and 4504 

commercially available protein-based baits (NuLure and GF-120), that yeasts improve mortality, at 4505 

least in the short term (2-6 hours) compared to commercially available protein-based baits24.  4506 

 4507 

Most previous studies investigating yeasts as phagostimulants have focused on S. cerevisiae and H. 4508 

uvarum e.g.17,18,19,31, although M. pulcherrima and Cryptococcus tephrensis have also been tested19. 4509 

Whilst S. cerevisiae and H. uvarum are undoubtably effective phagostimulants, this study has 4510 

expanded the range of D. suzukii bait possibilities for future attract-and-kill strategies. These 4511 

experiments used a laboratory strain of D. suzukii which has not been exposed to insecticide since 4512 

its establishment in the laboratory in 2014. As resistance of D. suzukii to spinosad has been recorded 4513 

in field populations in the USA40 it is also important to assess the effectiveness of potential 4514 

phagostimulant baits in combination with insecticides to field populations.  4515 

 4516 
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Finally, it was hypothesised that the effectiveness of yeast phagostimulant baits would differ 4517 

between winter- and summer-morphs D. suzukii. There was evidence to support this as all tested 4518 

yeasts, H. uvarum, C. zemplininia or H. uvarum + C. zemplininia combined with lambda-cyhalothrin 4519 

caused significantly higher mortality in winter-morphs compared to summer-morphs (between 17-4520 

30%) as did C. zemplininia or H. uvarum + C. zemplininia combined with cyantraniliprole but to a 4521 

lesser extent (7-13%, Fig. 5.3). These differences could be the result of detection and attraction 4522 

differences to yeasts between the different morphs. For example, C. zemplininia was more 4523 

attractive to winter- than summer-morph females although co-fermented H. uvarum + C. 4524 

zemplininia and H. uvarum alone were not (Chapter 4). The differences in mortality between 4525 

morphs for yeast baits were more pronounced in combination with lambda-cyhalothrin than other 4526 

insecticides (Fig. 5.3). Pyrethroids are somewhat repellent to summer-morph D. suzukii at low 4527 

concentrations41 and olfactory responses differ between D. suzukii winter- and summer-morphs12.  4528 

For example, summer-morphs are significantly repelled by geosmin whereas winter-morphs are 4529 

attracted (although not significantly)13. It is conceivable that winter-morph D. suzukii are less able 4530 

to detect pyrethroids, less repelled by them or more toxicologically sensitive.  4531 

 4532 

Conversely, Noble et al.18 found winter-morphs to be less sensitive to insecticides than summer-4533 

morph D. suzukii compared to our study. However, both temperature and photoperiod conditions 4534 

varied between the morphs (21°C and 16: 8 light: dark; 13°C 8: 16 light: dark for summer- and 4535 

winter-morphs respectively)18. Our winter-morph experiments were conducted at a higher 4536 

temperature and with a longer photoperiod, presumably increasing the flies’ activity and improving 4537 

exposure which could explain this discrepancy. The effectiveness of phagostimulants against the 4538 

winter-morph should be tested in field situations to ensure efficacy is realised in realistic 4539 

conditions22. Differences in the effectiveness of yeast baits to summer- and winter-morphs is an 4540 

important finding suggesting that phagostimulant baits might be tailored to better target the two 4541 

morphological stages as part of Integrated Pest Management control strategies. Winter-morph 4542 

females make up the majority of the flies entering the crop at the start of the growing season9, 4543 
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making it advantageous to reduce the numbers of overwintering flies and/or winter-morphs early 4544 

in the season. Further work is needed to test if current commercial baits are as effective for both 4545 

morphs in a commercial setting.  4546 

 4547 

Yeasts are important candidates as phagostimulant baits in combination with insecticides for 4548 

attract-and-kill strategies for D. suzukii control. We have identified candidate yeast species and 4549 

combinations which are potentially effective phagostimulant baits. Additionally, we show that in 4550 

some cases combinations are more effective phagostimulant baits than single yeast species. 4551 

Olfactory attraction varies between D. suzukii morphological type12 and we show in laboratory 4552 

assays that effectiveness of yeast phagostimulants can vary between D. suzukii morphs, suggesting 4553 

there is potential to tailor baits according to seasonality. These findings contribute to developing 4554 

sustainable lower insecticide inputs into horticulture management controls for both morphological 4555 

stages of D. suzukii and likely reduce the impact of insecticides on beneficial insects like pollinators 4556 

and natural enemies. Using a more targeted approach with lower doses of insecticides via delivery 4557 

through phagostimulant baits could reduce exposure of other non-target arthropods in the crop. 4558 
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Chapter 6: Overall discussion 4679 

1.0 Aims and Justification 4680 

The overarching aims of this thesis were to identify attractive yeast species, singly and in 4681 

combinations and evaluate their attractiveness to D. suzukii and their potential use in control of 4682 

this fruit pest. Yeasts are important candidates for attractive baits for use in Integrated Pest 4683 

Management strategies for this pest. There are two main ways yeast baits can be used in attract-4684 

and-kill control strategies for D. suzukii, as baits for trapping and as phagostimulants in combination 4685 

with insecticides. Only a limited number of single species and no combinations had previously been 4686 

tested for attraction to and effectiveness as phagostimulants baits for D. suzukii summer-morphs 4687 

and even fewer to winter-morphs (e.g. Lasa et al., 2019; Scheidler et al., 2015). There was a lack of 4688 

data of fungal communities generally and in particular Saccharomycetales yeast communities on 4689 

commercial fruit susceptible to D. suzukii. Crop sterilants applied to fruit reduced D. suzukii 4690 

oviposition in the field with the sterilants significantly inhibiting the growth of yeasts suggesting 4691 

that there is a microbial element to fruit attraction (Van Timmeren et al., 2020). This thesis also 4692 

aimed to characterise yeast communities across ripening stages of commercially susceptible D. 4693 

suzukii host fruits to explore further fungal species which might be exploited for monitoring and 4694 

control, including as phagostimulant baits with insecticides, in the future. 4695 

 4696 

2.0 Wider discussion and future research 4697 

2.1 Limitations 4698 

The strain of D. suzukii used throughout this thesis was a laboratory strain established from flies 4699 

caught in Italy near Trento in 2013 and as such will differ from field populations. In terms of 4700 

attractiveness this may not be a great problem as in Chapter 2 there was a similar trend of 4701 

attractiveness in both laboratory and field assays. This being said, it is worth noting that attraction 4702 

of P. pijperi varies between laboratory and field assays. As this fly strain was collected in 2013 it will 4703 

not have been exposed to insecticides for a number of years. Insecticide resistance has been 4704 
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detected in wild populations of D. suzukii. Therefore, this may reduce generalisation of findings to 4705 

the field. As such it would be valuable to repeat experiments with a strain of flies more recently 4706 

caught from the field as well as carrying out field trials to confirm laboratory findings.  4707 

 4708 

The fruit species sampled in Chapter 3 were from different locations and there is support for greater 4709 

microbiome differentiation by distance from a simple correlation of geographic and community 4710 

differentiation distances (P = 0.001; Mantle test on distance in km and Jaccard distance); however, 4711 

distance does not completely explain the variation in fruit microbiomes as cherry and raspberry 4712 

fungal communities have the greatest dissimilarity but derive from some of the most closely 4713 

geographically situated sites. Additionally, it is possible the different fruits were treated with 4714 

differing spray programmes to control for pest and diseases including fungicides, which may have 4715 

influenced fungal microbiomes to some extent (Martins et al., 2014; Morrison-Whittle et al., 2017; 4716 

Schaeffer et al., 2021).  Taken together, the effect of fruit-type detected in this study is likely to be 4717 

a composite effect of complex interactions of fruit-type x location x management practices and 4718 

further study on the same fruit species across multiple locations would be necessary to confirm the 4719 

extent to which fruit species impact microbial communities. Another limitation is that no 4720 

behavioural data on the attractiveness of these fruits sampled was collected thus making the 4721 

comparison of yeast communities to D. suzukii attraction speculative. Additional behavioural 4722 

experiments which investigated the direct relationship between the yeast communities and D. 4723 

suzukii would have been beneficial. This being said, knowledge of yeast communities on ecologically 4724 

relevant fruit is still valuable as it could inform control strategies of this pest using microbes.  4725 

 4726 

Additionally, in Chapter 4 and 5 winter-morph experiments were conducted at the same conditions 4727 

as summer-morph flies (22°C with a 16:8 h light: dark photoperiod) as opposed to winter-morph 4728 

culturing conditions (10°C, 0:24 h light: dark). This was done to standardise experimental conditions 4729 

of summer- and winter-morph flies but doing so with unnatural conditions for winter-morph flies 4730 
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may have affected results. To determine to what extent this affected results, experiments could be 4731 

conducted for both summer- and winter-morphs flies at both of the different conditions.  4732 

 4733 

2.2 Yeast as baits for monitoring and mass trapping 4734 

Although several yeasts and combinations were significantly attractive to D. suzukii they were less 4735 

attractive than the commercially available liquid bait Gasser lure; a fermentation-based product, 4736 

suggesting that yeasts although attractive are less effective than existing baits. However, before 4737 

discounting yeast as liquid baits for monitoring and trapping of D. suzukii there are a few 4738 

considerations which need to be addressed. Firstly, yeast metabolic profiles (supernatant from 4739 

yeast culture) were used for attraction and this was done to standardise baits as there is some 4740 

evidence that the attractiveness of volatiles produced by microbes may change through the culture 4741 

process (Mazzetto et al., 2016). However, ‘live’ fermenting yeast baits are certainly attractive (e.g. 4742 

Spies and Liburd, 2019; Cha et al., 2018) and may be more so than yeast baits in the form of 4743 

supernatant from ferments. Secondly, field trials have been carried out late in the growing season 4744 

between late October and early December when winter-morph prevalence increases (Panel et al., 4745 

2018). Olfactory attraction differs between morphological types of D. suzukii with winter-morph 4746 

females being more attractive to fermentation-based products (apple cider vinegar) than 4747 

strawberry and the reverse being true for summer-morphs (Clymans et al., 2019). In this thesis, 4748 

yeast tested in the field were cultured in strawberry juice and the resulting supernatant also 4749 

contained strawberry volatiles, in addition to yeast volatiles. In the experiments conducted later in 4750 

the season the difference in attraction between gasser lure and H. uvarum was greater (Figs. 2.3 4751 

and 2.5), potentially due to increased prevalence of winter-morphs. Also, the D. suzukii morphs 4752 

differed in the attractiveness to certain yeasts (Figs. 4.1-4.3). This is a gap in the current data and 4753 

attractiveness should be tested earlier on in the season and within fruit crops. 4754 

 4755 
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2.3 Attractiveness of yeast combinations and yeast communities on fruit 4756 

Most combinations tested for attraction were simplistic, containing up to three species. When more 4757 

complex combinations were used (five or 12 species) attraction was reduced compared to predicted 4758 

(Fig. 2.4). These more complex yeast combinations were made up of singly fermented yeast which 4759 

were combined post-fermentation and not co-fermented. Metabolites are produced by microbes 4760 

and during co-culture microbes can interact utilising metabolites produced by other microbes, 4761 

potentially leading to quantitatively different volatiles being produced (Fischer et al., 2017; Anfang 4762 

et al., 2009). The simplistic co-fermented yeast combinations tested did not enhance attractiveness 4763 

compared to the singly fermented and combined counterparts or single yeasts (Fig. 4.5) but only 4764 

two combinations were tested. It is possible that these species did not interact during growth or 4765 

any interaction they did have did not affect D. suzukii attraction. It is also feasible that one yeast 4766 

may have dominated in the co-culture masking any effect of the other. To what extent, if any, yeasts 4767 

interacted during growth was not tested and possibly adjusting the starting ratio may enhance 4768 

interactions (Anfang et al., 2009). Potentially more complex co-fermented combinations could 4769 

interact and modify D. suzukii behaviour.  4770 

 4771 

Investigation of Saccharomycetales yeast communities on ripe fruit revealed that communities 4772 

were at least 6.5 times more complex than the co-fermented combinations tested for D. suzukii 4773 

attraction in Chapter 4. On raspberry, Saccharomycetales communities comprised 35 phylotypes 4774 

from 16 genera, strawberry 23 from 10, cherry 17 from 8, and blueberry 13 from 5. Hence, more 4775 

complex co-fermented communities may be needed to enhance attraction. However, despite ripe 4776 

fruit having complex yeast communities most of the yeast DNA reads were contributed by a select 4777 

number of species. On raspberries four phylotypes contributed >96% of DNA reads, for strawberries 4778 

it was eight, cherries six, and blueberries just two. Yeasts at low concentrations, at least at the start 4779 

of co-fermentation, can impact and on volatiles produced (Anfang et al., 2009). As fermentation 4780 

occurs population dynamics shift. Saccharomyces cerevisiae is often present at low levels at the 4781 
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start of fermentation, becoming dominant later on, after outcompeting other species (Goddard, 4782 

2008). 4783 

 4784 

For ripe raspberries the dominating phylotypes had greater than 97% homology to H. uvarum 4785 

(78.3% of yeast reads), Pichia terricola (9.2%), Martiniozyma asiatica (5.4%) and Hanseniaspora 4786 

occidentalis (4.2%). For ripe strawberry H. uvarum (45.8%), Kodamaea ohmeri (18.8%), M. 4787 

Pulcherrima (8.9%), S. cerevisiae (7.2%), Starmerella apicola (5.7%), P. terricola (5.7%), Geotrichum 4788 

candidum (2.2%), and Candida argentea dominated (1.6%). For cherry M. Pulcherrima (59.3%), S. 4789 

cerevisiae (20.3%), C. argentea (7.6%), K. ohmeri (7.6%), S. apicola (4.2%), Wickerhamomyces 4790 

anomalus (3.5%), and Metschnikowia vanudenii (1.5%) dominated. For blueberry M. pulcherrima 4791 

(67.0%) and Metschnikowia koreensis (31.3%) dominated. These species represent ecologically 4792 

relevant Saccharomycetales yeasts from ripe fruit which would make interesting combinations to 4793 

take forward for further attraction testing and may provide increased attraction, which should be 4794 

the focus of future studies. Interestingly, one phylotype tended to dominate on fruits, M. 4795 

pulcherrima for cherry and blueberry or H. uvarum for raspberry and strawberry. The D. suzukii 4796 

attractive combinations tested in this thesis contained at least one of the main yeasts present on 4797 

ripe fruit, H. uvarum or M. pulcherrima and clearly fruit yeast communities are more complex. It is 4798 

intriguing to speculate whether augmented yeast combinations which mimic ecologically realistic 4799 

communities, could enhance attraction. As certain yeast species are attractive alone it may also be 4800 

prudent to assess single species listed previously. 4801 

 4802 

Of the 195 indicator phylotypes, 24 belonged to the Saccharomycetales budding yeasts, of which 4803 

to my knowledge 15 have not been tested for attraction to D. suzukii (Table S3.14). Indicator species 4804 

represent those which are characteristic of a particular habitat/niche. As D. suzukii generally 4805 

occupies ripening fruit niches, unlike most other Drosophila species (Poyet et al., 2015), these 4806 

indicator species would make noteworthy candidates which may prove to be selectively attractive 4807 
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to D. suzukii. Especially indicator phylotypes e.g. M. kunwiensis, which are differentially abundant 4808 

on raspberries compared to other tested fruit; raspberry is one of the most susceptible fruits to D. 4809 

suzukii (Bellamy et al., 2013).   4810 

 4811 

For absolute Saccharomycetales yeast populations on cherry it appeared that green fruit harboured 4812 

the most yeasts when adjusted for surface area, significantly more than ripe fruit. This suggests that 4813 

on cherry at least Saccharomycetales yeast populations decreased during ripening. Although, for 4814 

absolute abundance we only present data for cherry and whether this trend holds true for the other 4815 

fruit is unknown (Fig. 3.1). Saccharomycetales yeast cell numbers did not increase during ripening 4816 

which was surprising as on grapes, culturable yeasts increased during ripening (Martins et al., 2014). 4817 

It is worth noting that we focused only on Saccharomycetales yeasts using metagenomic analysis 4818 

and the previous study on all culturable yeast.  4819 

 4820 

Bacteria are also important members of fruit microbiomes and some species are attractive to D. 4821 

suzukii (Mazzetto et al., 2016). Additionally, select combinations of yeast and bacteria modified 4822 

attraction to D. melanogaster (Fischer et al., 2017). Therefore, bacteria microbiomes on ripening 4823 

fruit should also be investigated and ecologically relevant yeast and bacterial combinations tested 4824 

for attraction to D. suzukii. Combinations of fungi and bacteria would represent a more realistic 4825 

representation of microbiomes present on fruit and therefore may yield more attractive 4826 

combinations which could be used as baits in integrated pest management strategies to control D. 4827 

suzukii. 4828 

 4829 

Combinations of five yeasts (M. pulcherrima + P. pijperi + H. uvarum + C. zemplinina + C. argentea) 4830 

and ‘all’ yeast tested in Chapter 2 had a negative attractive index (AI = -0.08 and -0.09), although 4831 

they were not significantly less attractive than sterile strawberry juice. Whether unattractive yeast 4832 
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combinations could be applied to fruit to reduce attraction and thereby oviposition on fruit is 4833 

worthy of investigation and likely less hazardous than crop sterilants e.g. peroxyacetic acid and 4834 

hydrogen peroxide. The use of crop sterilants to reduce attractive yeast on the surface of fruits and 4835 

then the ‘seeding’ of them with unattractive yeast species could potentially synergise for more 4836 

effective control, by decreasing competition on the surface of fruit for unattractive yeast to grow.  4837 

 4838 

2.4 Phagostimulant baits 4839 

One major problem with insecticide use is the build-up of resistance and it has been documented 4840 

that wild D. suzukii population in the USA have developed resistance to spinosad (Gress and Zalom, 4841 

2019). Attract-and-kill strategies which involve combining yeast phagostimulant bait with 4842 

insecticides to attract flies to kill them are promising control strategies for D. suzukii (e.g. Hamby 4843 

and Becher, 2016; Noble et al., 2021). Attraction to yeast is plastic, changing over ecological time 4844 

scales; ten generations of selection to a previously unattractive yeast was enough for attraction to 4845 

D. simulans to change (Günther et al., 2019). This could have potential implications for yeast 4846 

phagostimulants baits which rely on attracting flies to bait insecticide combinations to kill them and 4847 

may introduce a selection pressure on flies for reduced attractiveness to specific yeast after 4848 

extended use. Although there is no experimental evidence to substantiate this, it may be 4849 

advantageous to have multiple attractive phagostimulants candidates which could potentially be 4850 

used in rotation to mitigate any reduced efficacy over time.  4851 

 4852 

The effectiveness of yeast phagostimulant baits in combination with insecticides differed between 4853 

morphological types of D. suzukii, potentially creating an opportunity to tailor baits sprays to more 4854 

effectively target D. suzukii summer- and winter-morphs. Effectiveness of yeast baits was generally 4855 

greater against winter-morph D. suzukii, suggesting that yeast phagostimulants could be effective 4856 

at targeting winter-morphs entering the crops at the start of the growing season. However, as 4857 
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attractiveness of yeasts can vary between the laboratory and field (Jones et al., 2021), it is 4858 

important to conduct field trials to corroborate laboratory findings.  4859 

 4860 

The greatest differences in D. suzukii mortality between morphological types was observed with 4861 

lambda-cyhalothrin (Fig. 5.3).  Pyrethroids are somewhat repellent to summer-morph D. suzukii at 4862 

low concentrations (Cai et al., 2018). This could have implications for D. suzukii control as limited 4863 

applications of different insecticides are permitted during the season, making it important to utilise 4864 

insecticide applications when they have the most benefit. Lambda-cyhalothrin may be better 4865 

applied earlier in the season when the winter-morph phenotype is present in higher numbers (Panel 4866 

et al., 2018). The work in this thesis did not test insecticides at the rate applied in the field and did 4867 

not test lambda-cyhalothrin positive controls against the winter-morphs. So further research 4868 

should be done to determine if lambda-cyhalothrin is more effective against the winter-morphs at 4869 

field rates and in a field setting. 4870 

 4871 

The material cost of Combi-protec is expensive (~£200 per 5 litres) compared to a phagostimulant 4872 

bait like molasses (~£20 per 5 litres) (Noble et al., 2021). Yeasts could also offer a cheap alternative 4873 

to current commercial baits. However, M. pulcherrima or H. uvarum + C. zemplininia in combination 4874 

with cyantraniliprole were less effective than Combi-protec (Chapter 5). Effectiveness of these 4875 

yeast baits would need validating in a field-based setting. However, H. uvarum suspension in 4876 

combination with cyantraniliprole was an effective phagostimulant baits in a semi-field setting 4877 

(Noble et al., 2021), suggesting that other yeast species effective in the laboratory may also be 4878 

effective in fruit crops. 4879 

 4880 

The use of phagostimulants allowed for a 96% reduction of insecticide application over a growing 4881 

season whilst retaining the same effectiveness as full field rate applications (Noble et al., 2021). The 4882 
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effective use of insecticides at lower rates is advantageous, potentially reducing exposure of 4883 

insecticides to beneficial organisms like pollinators and natural enemies used as biological control 4884 

agents in many fruit crops. Yeasts have the potential to be selective within Drosophila (Scheidler et 4885 

al., 2015; Günther et al., 2019) which are also known to deter egg laying by D. suzukii (Shaw et al., 4886 

2018). The side effects of phagostimulants baits should be evaluated for non-target insects e.g. 4887 

pollinators and common non-target Drosophila like D. obscura/subobscura (Jones et al., 2021). 4888 

 4889 

YPD media combined with cyantraniliprole but not the other insecticides, was an effective 4890 

phagostimulant without the addition of yeast (Fig. 5.1). Microbial growth was often observed after 4891 

48 hours on the bait application points on the leaves including the YPD treatments. Potentially D. 4892 

suzukii introduced into the jars were inoculating the media with microbes from their bodies and/or 4893 

by feeding. The leaves used in the bioassays would also have epiphytic microbial communities. It is 4894 

unclear if the YPD or the growth of microbes stimulated feeding. YPD is a relatively cheap 4895 

alternative phagostimulant bait, approximately £10.00 per litre compared to Combi-protec ~£40.00 4896 

per litre which may be worthy of further investigation.  4897 

 4898 

3.0 Overall conclusions  4899 

Overall, this thesis has contributed to the growing body of knowledge of D. suzukii: yeast 4900 

interactions. Yeasts are clearly attractive to D. suzukii and are effective phagostimulant baits which 4901 

warrant inclusion in Integrated Pest Management strategies which aim to reduce pesticide inputs. 4902 

Several novel D. suzukii single species and combinations have been identified, most notable M. 4903 

pulcherrima alone and combined with H. uvarum. No previous studies have investigated the 4904 

attractiveness of yeast combinations to D. suzukii and select combinations proved attractive with 4905 

M. pulcherrima + H. uvarum catching more D. suzukii that H. uvarum alone although not 4906 

significantly more. In addition, it is possible that C. zemplinina could be used as a winter-morph 4907 

specific bait. Despite yeasts being attractive there is still work to be done to optimise this attraction.  4908 
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 4909 

Previously there was a lack of data on fungal communities on raspberries, blueberries, cherries, and 4910 

only one study on strawberries. This thesis has expanded the knowledge of fungal and yeast 4911 

communities across ripening on ecologically and commercially relevant D. suzukii susceptible fruit. 4912 

Characterising Saccharomycetales yeast communities on ecologically and commercially relevant 4913 

fruit is an important step in informing the use of ecologically realistic yeast communities to control 4914 

D. suzukii in Integrated Pest Management strategies which could reduce the use of chemical 4915 

pesticides. As Drosophila vector yeast it would be ecologically interesting to investigate how yeast 4916 

communities change in the presence of D. suzukii and other common co-habiting Drosophila 4917 

species, e.g.  D. obscura/subobscura and D. immigrans. 4918 

 4919 

Only a select number of yeast species and no combinations had previously been tested for their 4920 

effectiveness as phagostimulants. This thesis has identified novel effective yeast phagostimulants, 4921 

most notably M. pulcherrima + H. uvarum. Interestingly, both the attractiveness of yeast and their 4922 

effectiveness as phagostimulants in combination with insecticides varied between morphological 4923 

types of D. suzukii. This may mean that baits will have to be changed over the short and long term 4924 

to optimise attraction to the different morphs and prevent resistance.  4925 

 4926 

 4927 

 4928 

 4929 

 4930 

 4931 

 4932 
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Chapter 2: Separate and combined Hanseniaspora uvarum and Metschnikowia pulcherrima 5027 

metabolic volatiles are attractive to Drosophila suzukii in the laboratory and field   5028 

  5029 
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 5037 

 5038 

Table S2.1: Origin, source and strain of yeast isolates used in this study.  5039 

Species Strain Origin Source Reference 

Saccharomyces cerevisiae EC-1118 France Commercial wine yeast Lallemand Inc. 

Pichia kluyveri 162 New Zealand Chardonnay juice Anfang et al. 2009 

Pichia pijperi 218 New Zealand Pinot noir ferment Goddard culture collection 

Candida apicola 150 New Zealand Beehive Anfang et al. 2009 

Candida zemplininia 164 New Zealand Chardonnay ferment Anfang et al. 2009 

Hanseniaspora occidentalis 212 New Zealand Syrah fruit Gayevskiy et al. 2012 

Saccharomyces uvarum 198 New Zealand Sauvignon Blanc ferment Goddard culture collection 

Metschnikowia pulcherrima 190 New Zealand Sauvignon Blanc ferment Goddard culture collection 

Torulaspora delbrueckii 166 New Zealand Sauvignon Blanc ferment Goddard culture collection 

Candida argentea 98-3 United Kingdom D. subobscura Goddard culture collection 

Pichia nakasei 44-1 United Kingdom D. subobscura Goddard culture collection 

Hanseniaspora uvarum 201 New Zealand Chardonnay fruit Gayevskiy et al. 2012 

Hanseniaspora uvarum 206 New Zealand Chardonnay fruit Goddard culture collection 

Hanseniaspora uvarum 209 New Zealand Chardonnay fruit Goddard culture collection 

Hanseniaspora uvarum 11-382 United States D. suzukii Phaff Yeast culture 
collection, UC-Davis 

Hanseniaspora uvarum 44-9 United Kingdom D. subobscura Goddard culture collection 

Hanseniaspora uvarum 28-1 United Kingdom Drosophila sp. Goddard culture collection 

Hanseniaspora uvarum 28-5 United Kingdom Drosophila sp. Goddard culture collection 

Hanseniaspora uvarum 28-9 United Kingdom Drosophila sp. Goddard culture collection 
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   5040 

  5041 

 5042 

Fig. S2.1 Set up of T-maze apparatus with dimensions. 10 mL of 1:1000 dilution of yeast ferment 5043 

or sterile fruit juice for a control was placed in the vials attached to the T-maze arms, a piece of 5044 

circular mesh was placed in between the top of the vial and the end of the T-maze arms to 5045 

prevent Drosophila interacting with the ferments/fruit juice whilst simultaneously allowing 5046 

diffusion of odours throughout the T-maze. For all experiments using D. suzukii a damp blue 5047 

absorbent paper was included in the centre of the T-maze to increase humidity. Drosophila were 5048 

placed in the T-maze after being anaesthetised. All assays were conducted in the dark to prevent 5049 

remove the influence of visual cues, and 60-80 starved mated adult females between 3-12 days 5050 

old were added to each T-maze for 30 mins before recording choice.   5051 

   5052 
  5053 
  5054 
  5055 
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 5056 
  5057 
  5058 
  5059 
Fig S2.2.  Set up of Drososan traps (Koppert Biological Systems) in a native hedgerow 5060 

approximately 5m from a raspberry crop. Traps contained 200 mL drowning solution of either 5061 

separate or combinations of yeast ferments after growth in strawberry juice, as well as three 5062 

control treatments: strawberry juice with no yeast; distilled water (negative control); and 5063 

commercially available Gasser-lure (RIGA) (positive control). Traps placed approximately 3 m 5064 

apart and 1 m from the ground and arranged in a randomised block design where one trap from 5065 

each treatment was present in a random order per block. In the combined yeast volatile trial a 5066 

second location was also included along with the hedgerow set-up, and traps were placed in a 5067 

deciduous bramble woodland adjacent to the hedgerow approximately 7-8 m apart and 1 m from 5068 

the ground (not shown).  5069 

  5070 
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  5071 
   5072 

   5073 

Fig. S2.3 Linear model used to test whether the preferences for the combinations of yeast differed 5074 

from that predicted based on a linear mixture of the preferences of individual yeasts.   5075 
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  5076 

Fig S2.3. Maximum likelihood tree of the sanger sequences isolates and reference species. For the 5077 

reference species, where possible ITS sequences of type strains taken from the CBS culture 5078 

collection website were used. If none was available other strains with ITS sequences available were 5079 

included. Additionally, sequences taken from Genbank were also used in some cases (accessed 5080 

using blast search). Sequences from the reference species were then aligned one by one using 5081 

cluster omega, with the corresponding sanger sequences trimmed to the same length. All the 5082 

sequences were then aligned in Mega x and a Maximum likelihood tree with bootstrapping (500) 5083 

was generated in Mega x.   5084 

   5085 

   5086 

   5087 

   5088 

   5089 

   5090 

   5091 

   5092 

   5093 

 5094 

 5095 

  5096 

  5097 

   5098 
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Output of post-hoc field trap D. suzukii number comparison analyses   5099 

1. Comparisons of separate yeast   5100 

Treatments:   5101 

1= Distilled water   5102 

2= Sterile strawberry juice   5103 

3= H. uvarum 201   5104 

4= H. uvarum (11-382)   5105 

5= M. pulcherrima   5106 

6= P. pijperi   5107 

7= S. cerevisiae   5108 

8= Gasser-lure   5109 
   5110 
Kruskal-Wallis rank sum test   5111 
  data:  Number of D. suzukii by 5112 
Treatment   5113 
Kruskal-Wallis chi-squared = 41.593, df = 7, p-value = 6.229e-07   5114 
   5115 

Dunn (1964) Kruskal-Wallis multiple comparison   5116 
pvalues adjusted with the Benjamini-Hochberg 5117 
method.     5118 
   Comparison           Z      P.unadj        P.adj   5119 
1 1 - 2 -1.70227665 8.870352e-02 1.460999e-01   5120 
2 1 - 3 -4.19894908 2.681566e-05 3.754193e-04   5121 
3 2 - 3 -2.49667242 1.253647e-02 3.900235e-02   5122 
4 1 - 4 -3.48708793 4.883108e-04 3.418175e-03   5123 
5 2 - 4 -1.78481128 7.429193e-02 1.485839e-01   5124 
6 3 - 4  0.71186115 4.765508e-01 5.559759e-01   5125 
7 1 - 5 -3.30138502 9.620876e-04 3.848350e-03   5126 
8 2 - 5 -1.59910837 1.097965e-01 1.618054e-01   5127 
9 3 - 5  0.89756405 3.694180e-01 4.497263e-01   5128 
10 4 - 5  0.18570291 8.526777e-01 8.842584e-01   5129 
11 1 - 6 -1.75386079 7.945436e-02 1.483148e-01   5130 
12 2 - 6 -0.05158414 9.588601e-01 9.588601e-01   5131 
13 3 - 6  2.44508828 1.448167e-02 4.054867e-02   5132 
14 4 - 6  1.73322714 8.305531e-02 1.453468e-01   5133 
15 5 - 6  1.54752423 1.217369e-01 1.704316e-01   5134 
16 1 - 7 -1.17611841 2.395476e-01 3.193967e-01   5135 
17 2 - 7  0.52615824 5.987783e-01 6.448381e-01   5136 
18 3 - 7  3.02283066 2.504223e-03 8.764782e-03   5137 
19 4 - 7  2.31096952 2.083454e-02 5.303337e-02   5138 
20 5 - 7  2.12526661 3.356437e-02 7.831687e-02   5139 
21 6 - 7  0.57774238 5.634381e-01 6.310506e-01   5140 
22 1 - 8 -5.17904775 2.230214e-07 6.244599e-06   5141 
23 2 - 8 -3.47677110 5.074909e-04 2.841949e-03   5142 
24 3 - 8 -0.98009868 3.270374e-01 4.162294e-01   5143 
25 4 - 8 -1.69195982 9.065363e-02 1.410168e-01   5144 
26 5 - 8 -1.87766273 6.042732e-02 1.301511e-01   5145 
27 6 - 8 -3.42518696 6.143765e-04 2.867090e-03   5146 
28 7 - 8 -4.00292934 6.256299e-05 5.839213e-04   5147 
   5148 

   5149 

   5150 

   5151 

 5152 
 5153 
  5154 
 5155 
 5156 



181 
 

Confidence limits numbers from analyses:   5157 

TreatmentWith2AsRef emmean     SE  df asymp.LCL asymp.UCL   5158 
 2                     53.30 1.10 Inf      44.26    64.39   5159 
 1                      0.65 1.66 Inf      0.24     1.76   5160 
3 232.06 1.09 Inf      196.37   273.14   5161 
4 138.80 1.09 Inf      116.75   164.19   5162 
5 136.18 1.09 Inf      115.58   161.26   5163 
6 56.26 1.10 Inf      46.53    67.83   5164 
7 40.21 1.11 Inf      33.12    49.06   5165 
8 476.75 1.08 Inf      407.48   558.92   5166 
   5167 
Confidence level used: 0.95   5168 
   5169 

   5170 

2. Comparisons of combination of yeasts   5171 

   5172 

1= Distilled water   5173 

2= Sterile strawberry juice   5174 

3= H. uvarum 201   5175 

4= M. pulcherrima + P. pijperi + H. uvarum 201   5176 

5= M. pulcherrima + P. pijperi   5177 

6= M. pulcherrima + H. uvarum (201)   5178 

7= P. pijperi + H. uvarum 201   5179 

8= H. uvarum 201 + S. cerevisiae   5180 

9= Gasser-lure   5181 
   5182 
Kruskal-Wallis rank sum test   5183 
  data:  Number of D. suzukii by 5184 
Treatment   5185 
Kruskal-Wallis chi-squared = 66.981, df = 8, p-value = 1.956e-11   5186 
   5187 

Dunn (1964) Kruskal-Wallis multiple comparison   5188 
pvalues adjusted with the Benjamini-Hochberg 5189 
method.     5190 
   Comparison           Z      P.unadj        P.adj   5191 
1 1 - 2 -2.64383993 8.197141e-03 2.107836e-02   5192 
2 1 - 3 -4.35072177 1.356901e-05 8.141408e-05   5193 
3 2 - 3 -1.70688185 8.784402e-02 1.664413e-01   5194 
4 1 - 4 -4.60388315 4.146852e-06 3.732167e-05   5195 
5 2 - 4 -1.96004322 4.999074e-02 1.058627e-01   5196 
6 3 - 4 -0.25316137 8.001435e-01 8.728838e-01   5197 
7 1 - 5 -4.39173559 1.124494e-05 8.096357e-05   5198 
8 2 - 5 -1.79731760 7.228521e-02 1.445704e-01   5199 
9 3 - 5 -0.12234289 9.026275e-01 9.284168e-01   5200 
10 4 - 5  0.12608607 8.996638e-01 9.525852e-01   5201 
11 1 - 6 -5.23809154 1.622456e-07 2.920421e-06   5202 
12 2 - 6 -2.59425162 9.479708e-03 2.275130e-02   5203 
13 3 - 6 -0.88736977 3.748799e-01 5.398270e-01   5204 
14 4 - 6 -0.63420839 5.259448e-01 6.107746e-01   5205 
15 5 - 6 -0.74843906 4.541954e-01 5.839655e-01   5206 
16 1 - 7 -3.70085391 2.148752e-04 7.735506e-04   5207 
17 2 - 7 -1.05701399 2.905052e-01 4.547038e-01   5208 
18 3 - 7  0.64986786 5.157776e-01 6.189331e-01   5209 
19 4 - 7  0.90302923 3.665104e-01 5.497656e-01   5210 
20 5 - 7  0.76006262 4.472172e-01 5.962895e-01   5211 
21 6 - 7  1.53723763 1.242351e-01 2.236232e-01   5212 
22 1 - 8 -3.77915125 1.573638e-04 6.294553e-04   5213 
23 2 - 8 -1.13531132 2.562449e-01 4.193098e-01   5214 
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24 3 - 8  0.57157053 5.676130e-01 6.385646e-01   5215 
25 4 - 8  0.82473190 4.095238e-01 5.670330e-01   5216 
26 5 - 8  0.68322892 4.944622e-01 6.138151e-01   5217 
27 6 - 8  1.45894029 1.445815e-01 2.478541e-01   5218 
28 7 - 8 -0.07829733 9.375915e-01 9.375915e-01   5219 
29 1 - 9 -7.64703947 2.056592e-14 7.403732e-13   5220 
30 2 - 9 -5.00319954 5.638652e-07 6.766382e-06   5221 
31 3 - 9 -3.29631770 9.796117e-04 3.206002e-03   5222 
32 4 - 9 -3.04315632 2.341107e-03 6.483065e-03   5223 
33 5 - 9 -3.11235595 1.856006e-03 5.568017e-03   5224 
34 6 - 9 -2.40894793 1.599858e-02 3.599681e-02   5225 
35 7 - 9 -3.94618556 7.940609e-05 4.083742e-04   5226 
36 8 - 9 -3.86788822 1.097820e-04 4.940188e-04   5227 
   5228 

   5229 

Confidence limits numbers from analyses:   5230 

TreatmentWith2AsRef emmean    SE  df asymp.LCL asymp.UCL   5231 
 2                    39.65 1.25 Inf     25.53      61.56   5232 
 1                     0.10 2.10 Inf     0.02       0.44   5233 
3 56.83 1.25 Inf     36.60      88.23   5234 
4 56.26 1.25 Inf     36.23      87.36   5235 
5 83.10 1.25 Inf     54.05      129.02   5236 
6 91.34 1.25 Inf     59.15      142.59   5237 
7 31.82 1.25 Inf     20.49      49.40   5238 
8 37.71 1.25 Inf     24.29      58.56   5239 
9 459.44 1.25 Inf     295.89     713.37   5240 
   5241 
Confidence level used: 0.95    5242 
   5243 

   5244 

   5245 

 5246 

 5247 

 5248 

 5249 

 5250 

 5251 

 5252 

 5253 

 5254 

 5255 
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 5272 

Fig. S3.1. The four ripening stages of each fruit sampled. A. green, white/pink, red and 5273 

purple/harvest (top to bottom) of cherry. B. green, green/purple, purple and navy/harvest (top to 5274 

bottom) of blueberry. C. green, white, pink and red/harvest (top to bottom) of raspberry, D. green, 5275 

white and red/white (pink) and red/harvest (top to bottom) of strawberry. 5276 

 5277 

 5278 

 5279 

 5280 

 5281 
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5282 

Fig. S3.2. Mean (±SE) number of fungal cells (left axis, bar plot) for cherry, not adjusted for surface 5283 

area (N=6 except, stage 3 and 4, N=5). There was no significant effect of ripening stage on the 5284 

number of fungal cells (Kruskal-Wallis, chi-squared = 2.63, P = 0.45), but there was a significant 5285 

effect of ripening stage on cherry surface area (right axis, line chart) (Kruskal-Wallis, chi-squared = 5286 

19.70, P = 0.0002).  5287 

 5288 

 5289 

 5290 

 5291 

 5292 
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 5293 

Fig. S3.3. A. pie charts showing the proportion of both number of phylotypes (Left) and reads (right) 5294 

for the different fungal Phyla detected across all samples and B. pie charts showing the proportion 5295 

of both number of phylotypes (Left) and reads (right) for the different Saccharomycetales yeast 5296 

genera detected.  5297 
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 5298 

Fig. S3.4. Left, Number of observed fungal phylotypes present across the four fruit species. Right, 5299 

average number of fungal phylotypes present across the four ripening stages (N=12 except 5300 

strawberry stage 3 N=11). Different lowercase letters represent any significant difference in 5301 

phylotype numbers between fruit type or ripening stages.  5302 

 5303 

 5304 

 5305 

 5306 

 5307 

 5308 

 5309 

 5310 

 5311 

 5312 
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 5313 

 5314 

Fig. S3.5. Left, Number of observed Saccharomycetales budding yeast phylotypes present across 5315 

the four fruit species. Right, average number of Saccharomycetales phylotypes present across the 5316 

four ripening stages (N=12 except strawberry stage 3 N=11). Different lowercase letters represent 5317 

any significant difference in phylotype numbers between fruit type.  5318 



189 
 

 5319 

 5320 

Fig. S3.6. Four separate Nonmetric Multidimensional Scaling analyses of binary Jaccard measures 5321 

of community dissimilarity of fungal communities on four ripening stage for four separate fruit 5322 

species. Panel A. blueberry (blue dots), B. cherry (purple), c. raspberry (green) and strawberry (red). 5323 

Ripening stages for each fruit, are from green fruit through to harvest fruit and are denoted by 5324 

shade of fruit colour, lightest shade for green fruit and moving thought to darkest shade for 5325 

harvest). Exact colours for fruit and stage are denoted in the keys (boxes bottom righthand side of 5326 

each plot). 5327 

 5328 
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 5329 

 5330 

Fig. S3.7. Four separate Nonmetric Multidimensional Scaling analyses of non-binary Jaccard 5331 

measures of community dissimilarity of fungal communities on four ripening stage for four separate 5332 

fruit species. Panel A. blueberry (blue dots), B. cherry (purple), c. raspberry (green) and strawberry 5333 

(red). Ripening stages for each fruit, are from green fruit through to harvest fruit and are denoted 5334 

by shade of fruit colour, lightest shade for green fruit and moving thought to darkest shade for 5335 

harvest). Exact colours for fruit and stage are denoted in the keys (boxes bottom righthand side of 5336 

each plot). 5337 

 5338 

 5339 
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 5341 

 5342 

Fig. S3.8. Relative abundance of known D. suzukii attractive yeast genera (Hanseniaspora, Pichia, 5343 

Saccharomyces, Candida and Metschnikowia (grey) and other yeast genera (black) on ripening 5344 

raspberries. Ripening stage of raspberries had a significant effect on the abundance of these 5345 

attractive genera (Kruskal-Wallis chi-squared = 28.70, P = 2.59 x10-6). 5346 

 5347 

 5348 

 5349 

 5350 
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 5351 

Fig. S3.9. Relative abundance of H. uvarum across ripening stages of A. raspberries and B. 5352 

strawberries. For these fruit ripening stage had a significant effect on H. uvarum relative abundance 5353 

(Kruskal-Wallis chi-squared = 33.40, df = 3, P = 2.66 x10-7; chi-squared = 12.59, df = 3, P = 0. 0056). 5354 

 5355 

 5356 

 5357 
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Table S3.1:  Sampling dates for the four fruits (cherry, blueberry, 
raspberry, and strawberry) at the four ripening stages (from 
unripe/green fruit to fully ripe/harvest fruit).    

Fruit 
species 

ripening stage sampling date 

cherry 1 green  13.6.18 

 2 white/pink 28.6.18 

 3 red 29.6.18 

 4 dark purple (fully ripe/harvest) 3.7.18 

blueberry 1 green 27.6.18 

 2 green/purple 9.7.18 

 3 purple 12.7.18 

 4 navy (fully ripe/harvest) 18.7.18 

raspberry 1 green 16.7.18 

 2 white 3.8.18 

 3 pink 14.8.18 

 4 red (fully ripe/harvest) 31.8.18 

strawberry 1 green 3.8.18 

 2 white 14.8.18 

 3 pink 31.8.18 

  4 red (fully ripe/harvest) 11.9.18 

 5358 

Table S3.2. Amplicon sequence variants (ASV) table. 5359 

https://www.dropbox.com/s/bc3fblrr4k0l4yo/Supplementary%20material%20Ch%203%20Tables5360 

%20S3.2%2C%20S3.12%2C%20S3.13%20and%20S3.14.xlsx?dl=0 5361 

 5362 

Table S3.3. Average Shannon’s and Simpson’s diversity indexes for 
the different fruit species and ripening stages. 

  Average diversity indexes 

Samples Shannon Simpson 

Fruit species   

 blueberry 1.04 a 0.41 a 

 cherry 1.41 b 0.58 b 

 raspberry 1.13 a 0.41 a 

 strawberry 1.36 b 0.48 c 

Ripening stage   

 1 1.26 ab 0.034 ab 

 2 1.29 a 0.044 a 

 3 1.08 b 0.051 b 

  4 1.31 a 0.041 a 

 5363 

https://www.dropbox.com/s/bc3fblrr4k0l4yo/Supplementary%20material%20Ch%203%20Tables%20S3.2%2C%20S3.12%2C%20S3.13%20and%20S3.14.xlsx?dl=0
https://www.dropbox.com/s/bc3fblrr4k0l4yo/Supplementary%20material%20Ch%203%20Tables%20S3.2%2C%20S3.12%2C%20S3.13%20and%20S3.14.xlsx?dl=0
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Table S3.4. Results from pairwise PermANOVA on binary Jaccard distance 
matrices for fruit species.  

Fruit species R2 P  

blueberry cherry 0.09 9.999 x10-5 

blueberry raspberry 0.1 9.999 x10-5 

blueberry strawberry 0.16 9.999 x10-5 

cherry raspberry 0.14 9.999 x10-5 

cherry strawberry 0.2 9.999 x10-5 

raspberry strawberry 0.09 9.999 x10-5 

 5364 

Table S3.5. results from pairwise PermANOVA on binary Jaccard distance 
matrices for ripening stages.  

Ripening stage R2 P 

1 2 0.09 9.999 x10-5 

1 3 0.1 9.999 x10-5 

1 4 0.1 9.999 x10-5 

2 3 0.11 9.999 x10-5 

2 4 0.11 9.999 x10-5 

3 4 0.12 9.999 x10-5 

 5365 

Table S3.6. Results from pairwise PermANOVA of Saccharomycetales 
yeasts on binary Jaccard distance matrices for fruit species.  

Fruit species R2 P  

blueberry cherry 0.06 9.999 x10-5 

blueberry raspberry 0.15 9.999 x10-5 

blueberry strawberry 0.14 9.999 x10-5 

cherry raspberry 0.14 9.999 x10-5 

cherry strawberry 0.10 9.999 x10-5 

raspberry strawberry 0.13 9.999 x10-5 

 5366 

Table S3.7. results from pairwise PermANOVA of Saccharomycetales 
yeasts on binary Jaccard distance matrices for ripening stages.  

Ripening stage R2 P  

1 2 0.09 9.999 x10-5 

1 3 0.10 9.999 x10-5 

1 4 0.07 9.999 x10-5 

2 3 0.10 9.999 x10-5 

2 4 0.08 9.999 x10-5 

3 4 0.12 9.999 x10-5 

 5367 
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Table S3.8. results from pairwise PermANOVA on abundance Jaccard 
distance matrix for fruit species.  

Fruit species R2 P  

blueberry cherry 0.43 9.999 x10-5 

blueberry raspberry 0.23 9.999 x10-5 

blueberry strawberry 0.25 9.999 x10-5 

cherry raspberry 0.54 9.999 x10-5 

cherry strawberry 0.57 9.999 x10-5 

raspberry strawberry 0.11 9.999 x10-5 

 5368 

Table S3.9. results from pairwise PermANOVA on abundance Jaccard 
distance matrix for ripening stages.  

Ripening stage R2 P  

1 2 0.15 9.999 x10-5 

1 3 0.16 9.999 x10-5 

1 4 0.12 9.999 x10-5 

2 3 0.21 9.999 x10-5 

2 4 0.16 9.999 x10-5 

3 4 0.20 9.999 x10-5 

 5369 

Table S3.10. Results from pairwise PermANOVA of Saccharomycetales 
yeasts on abundance Jaccard distance matrix for fruit species.  

Fruit species R2 P  

blueberry cherry 0.05 9.999 x10-5 

blueberry raspberry 0.07 9.999 x10-5 

blueberry strawberry 0.07 9.999 x10-5 

cherry raspberry 0.10 9.999 x10-5 

cherry strawberry 0.09 9.999 x10-5 

raspberry strawberry 0.09 9.999 x10-5 

 5370 

Table S3.11. results from pairwise PermANOVA of Saccharomycetales yeasts 
on abundance Jaccard distance matrix for ripening stages. 

Ripening stage R2 P  

1 2 0.045 9.999 x10-5 

1 3 0.047 9.999 x10-5 

1 4 0.038 9.999 x10-5 

2 3 0.047 9.999 x10-5 

2 4 0.040 9.999 x10-5 

3 4 0.068 9.999 x10-5 

 5371 
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Table S3.12. Core fruit fungal microbiome. Relative abundance of all fungal phylotypes present 5372 

across all fruit types. 5373 

Table S3.13. Relative abundance of all fungal phylotypes unique to each fruit species. 5374 

Table S3.14. Indicator phylotypes overrepresented on the different fruit types.   5375 

https://www.dropbox.com/s/bc3fblrr4k0l4yo/Supplementary%20material%20Ch%203%20Tables5376 

%20S3.2%2C%20S3.12%2C%20S3.13%20and%20S3.14.xlsx?dl=0 5377 

   5378 
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 5391 

 5392 

 5393 

 5394 

https://www.dropbox.com/s/bc3fblrr4k0l4yo/Supplementary%20material%20Ch%203%20Tables%20S3.2%2C%20S3.12%2C%20S3.13%20and%20S3.14.xlsx?dl=0
https://www.dropbox.com/s/bc3fblrr4k0l4yo/Supplementary%20material%20Ch%203%20Tables%20S3.2%2C%20S3.12%2C%20S3.13%20and%20S3.14.xlsx?dl=0
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Chapter 4: Differential attraction of Drosophila suzukii summer- and winter-morphs to yeasts 5395 

Jones R.1,2*, Goddard M.R.1,3, Eady P.E.1, Hall D.R. 4, Bray D.P. 4, Farman D.I. 4, Fountain M.T.2 5396 

 5397 

1School of Life Sciences, University of Lincoln, Lincoln, LN6 7DL, UK. 5398 

2NIAB EMR, New Road, East Malling, Kent ME19 6BJ, UK. 5399 

3The School of Biological Science, University of Auckland, New Zealand. 5400 

4Natural Resources Institute, University of Greenwich, Chatham Maritime, Kent, UK. 5401 

 5402 

*corresponding author: roryjones@lincoln.ac.uk 5403 

 5404 

 5405 

Table S1 Origin, source and strain of yeast isolates used in this study. 

Species Strain Origin Source Reference 

Hanseniaspora 
uvarum 

201 New Zealand Chardonnay fruit Gayevskiy et al. 2012 

Metschnikowia 
pulcherrima 

190 New Zealand 
Sauvignon Blanc 
ferment 

Goddard culture 
collection 

Pichia pijperi 218 New Zealand Pinot noir ferment 
Goddard culture 
collection 

Candida 
zemplininia 

164 New Zealand Chardonnay ferment Anfang et al. 2009 

Saccharomyces 
cerevisiae 

EC-1118 France 
Commercial wine 
yeast 

Lallemand Inc. 

 5406 

 5407 

 5408 
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 5409 

 5410 

Figure S4.1 Activity monitor apparatus, 32-channel modified LAM10H Locomotor Activity Monitor 5411 

rig with open ended tubes. Modifications consisted to enlarging the holes in the front sheet of 5412 

Perspex so that they could accommodate 25mm diameter tubes. The activity monitor was set up 5413 

at angle of 20° from horizontal to ensure that the baits in the tubes did not pass the 23mm mark 5414 

on the tube which was where the infra-red beams were positioned. 200μm of yeast ferment 5415 

compared to media control (either YPD or sterile strawberry juice, Combi-protec and water 5416 

controls. Each treatment was present on each row in a random order.  5417 
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 5418 

Figure S4.2 Mean number of activity counts (± SE), used as a proxy for attraction and recorded using  5419 

LAM10H Locomotor Activity Monitor, of summer morph D. suzukii to combinations of yeasts after 5420 

post-fermentation blending of singly cultured yeasts (N=12) fermented in A. sterile strawberry juice 5421 

and B. YPD media. Alongside single yeast H. uvarum, culture media controls (sterile strawberry juice 5422 

or YPD), Combi-protec and distilled water controls. Different letters next to treatment names 5423 

denote any significant difference in attractiveness. 5424 



200 
 

 5425 

Figure S4.3 Mean number of activity counts (± SE), used as a proxy for attraction and recorded using 5426 

LAM10H Locomotor Activity Monitor, of female summer morph D. suzukii to single yeasts (N=12), 5427 

fermented in A. sterile strawberry juice and B. YPD media. Alongside culture media controls (sterile 5428 

strawberry juice or YPD), Combi-protec and distilled water controls. In addition to, singly cultured 5429 

and combined counter parts. Different letters next to treatment names denote any significant 5430 

difference in attractiveness. 5431 

 5432 
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 5433 

Figure S4.5 Mean number of activity counts (± SE), used as a proxy for attraction and recorded using  5434 

LAM10H Locomotor Activity Monitor, of winter morph D. suzukii to combinations of yeasts after 5435 

post-fermentation blending of singly cultured yeasts (N=12) fermented in A. sterile strawberry juice 5436 

and B. in YPD media. Alongside single yeast H. uvarum, culture media controls (sterile strawberry 5437 

juice or YPD), Combi-protec and distilled water controls. In addition to, singly cultured and 5438 

combined counterparts as well for B. Different letters next to treatment names denote any 5439 

significant difference in attractiveness. 5440 

 5441 
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 5442 

Figure S4.6 Mean number of activity counts (± SE), used as a proxy for attraction and recorded using 5443 

LAM10H Locomotor Activity Monitor, of winter morph D. suzukii to single yeasts (N=12), fermented 5444 

in in A. sterile strawberry juice and B. YPD media. Alongside culture media controls (sterile 5445 

strawberry juice or YPD), Combi-protec and distilled water controls. In addition to, singly cultured 5446 

and combined counterparts. Different letters next to treatment names denote any significant 5447 

difference in attractiveness. 5448 

 5449 

 5450 
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Table S4.2 Results from persons correction between PC1 scores and activity counts after 4 hours 5451 

and 24 hours for yeasts.  5452 

  4 hours 24 hours 

    r df P r df P 

sterile strawberry juice 

 summer morph 0.05 16 0.83 0.30 16 0.23 

 winter morph -0.33 16 0.18 -0.29 16 0.25 

YPD 

 summer morph 0.43 16 0.08 0.14 16 0.57 

  winter morph 0.16 16 0.53 0.22 16 0.39 

 5453 

Table S4.3 Results from persons correction between PC2 scores and activity counts after 4 hours 5454 

and 24 hours for yeasts. 5455 

  4 hours 24 hours 

    r df P r df P 

sterile strawberry juice 

 

summer 
morph -0.14 16 0.57 -0.22 16 0.39 

 winter morph -0.27 16 0.28 -0.23 16 0.35 

YPD 

 

summer 
morph -0.03 16 0.91 -0.36 16 0.14 

  winter morph -0.23 16 0.36 -0.35 16 0.15 

 5456 

 5457 

 5458 

 5459 

 5460 

 5461 

 5462 

 5463 

 5464 

 5465 

 5466 
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Table S4.4 Retention times and relative amounts of components, collected by SPME and analysed 5467 

by GC-MS, produced by the single yeast species H. uvarum, M. pulcherrima, P. pijperi, C. 5468 

zemplininia, and S. cerevisiae when fermented in sterile strawberry juice (SSJ). 5469 

 5470 

 5471 

 5472 

 5473 

  Mean relative amounts 

Compound 

Retention 
time 
(mins) SSJ 

H. 
uvarum M. pulcherrima P. pijperi C. zemplininia S. cerevisiae 

ethyl acetate 2.22 0 9479000 1570569 3255667 0 146798 

ethanol 2.65 1151741 3900000 2371667 6257833 5979607 5857558 
m/z105 silicon 
impurity? 3.78 0 3806333 0 0 2162000 0 

hydrocarbon 4.42 0 62653 247298 264604 105299 338510 
2/3-methylbutyl 
acetate 4.78 0 196863 0 1980684 0 419871 

alcohol? 5.39 0 0 0 0 389424 114108 

methyl hexanoate 5.68 484188 0 0 0 0 0 

2/3-methylbutanol 6.03 17510 1844000 1402000 3269667 683617 2603000 

ethyl hexanoate 6.35 424426 42407 0 1249333 163293 1096376 

styrene 6.6 0 0 0 1035982 0 1513209 

hexyl acetate 6.88 15451 0 0 145689 311208 0 

alcohol? 6.99 35666 159676 17164 91671 903694 78101 

acetoin 7.07 0 0 0 0 0 0 

(E)-2-hexenyl acetate 7.75 56993 0 0 0 0 0 

ethyl 2-hexenoate 7.92 0 0 0 0 0 0 

hexanol 8.05 0 285655 365432 276879 241826 306172 

(E)-2-hexenol 8.75 18176 0 0 0 0 0 

di-tertbutyl-benzene 8.97 0 0 0 0 0 0 

ethyl octanoate 9.1 0 0 0 243822 0 198662 

acetic acid 9.25 0 257860 0 0 42744 121903 

benzaldehyde 10.21 631815 331065 294508 0 159900 174200 

linalool 10.53 780015 625747 593649 713328 630113 753910 

strawberry furan 11.14 308652 256971 245905 272128 253696 302921 

ethyl decanoate 11.6 0 0 0 0 0 0 
4-methylphenyl-
glyoxal? 11.75 197438 138918 190617 177049 147613 314202 
2/3-methyl butanoic 
acid 11.91 58433 142672 139585 146209 146485 169390 

terpineol 12.34 0 0 0 0 0 0 

benzyl acetate 12.65 18019 0 0 0 0 0 

2-phenylethyl acetate 13.62 0 0 0 391009 0 72127 

hexanoic acid 13.86 138052 74686 81385 162699 119708 142623 

2-phenylethanol 14.63 0 209738 203338 1755333 267631 975786 

nerolidol 15.88 0 0 0 0 0 0 

octanoic acid 16.01 0 0 0 58073 0 26880 

ethyl cinnamate 16.78 0 0 0 0 0 0 
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Table S4.5 Retention times and relative amounts of components, collected by SPME and analysed 5474 

by GC-MS, produced by the single yeast species H. uvarum, M. pulcherrima, P. pijperi, C. 5475 

zemplininia, and S. cerevisiae when fermented in YPD media. 5476 

    Mean relative amounts 

Compound 
Retention 
time (min) YPD H. uvarum 

M. 
pulcherrima P. pijperi 

C. 
zemplininia S. cerevisiae 

hexane 1.48 1588000 0 0 0 859879 0 

ethyl acetate 2.15 0 2489806 2411371 22925667 1178912 412256 

ethanol 2.55 0 5161667 5796000 6980000 6908000 7714667 

ethyl butanoate 3.43 0 0 194622 2408333 0 0 

undecane 4.28 0 606766 887361 438723 1391667 289864 

3-methylbutyl acetate 4.44 0 259800 246556 1317333 179758 179867 

butanol 4.91 170354 340654 422807 284643 77020 141333 

3-methylbutanol 5.85 0 19670000 22137667 23066667 20333333 23360000 

acetoin 6.82 0 180151 456023 52573 435725 189512 

dimethylpyrazine 7.41 94345 64013 97486 83959 0 81585 

ethyl (E)-2-hexenoate 7.59 0 0 0 140853 0 0 

silane 7.82 109038 110711 95265 118703 75116 92289 

acetic acid 8.95 160347 1032065 126790 171234 2828667 171111 
ethyl-
dimethylpyrazine/methyl 
hydroxybenzaldehyde 9.03 95717 575430 922258 729707 252957 951266 

benzaldehyde 9.89 83497 89653 135464 0 217915 94110 

isobutyric acid 10.40 68504 180317 0 0 271159 108243 

butanoic acid 11.11 40734 160679 0 0 277965 99169 

4-methylphenyl glyoxal 11.42 110979 231332 166228 124779 245601 334225 

3-methylbutyric acid 11.60 147752 142381 0 128531 201205 182134 

silane 11.90 46780 53973 43456 52894 54311 58210 

methionol 12.22 0 70920 0 0 94952 47716 

2-phenylethyl acetate 13.25 0 0 0 121093 0 37230 

2-phenylethanol 14.29 0 1136862 559886 826226 774176 1135548 

Butylated hydroxytoluene 17.92 102224 256644 139839 320870 244308 133467 

 5477 

 5478 

 5479 

 5480 

 5481 

 5482 

 5483 
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Chapter 5: The efficacy of yeast phagostimulant baits in attract-and-kill strategies varied against 5484 

summer- and winter-morphs of Drosophila suzukii 5485 
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 5492 

 5493 

Table S5.1: Origin, source and strain of yeast isolates used in this study. 

Species Strain Origin Source Reference 

Hanseniaspora 
uvarum 

201 New Zealand Chardonnay fruit 
Gayevskiy and Goddard, 
2012. ISME Journal 
6:1281-90  

Metschnikowia 
pulcherrima 

190 New Zealand 
Sauvignon Blanc 
ferment 

Goddard culture 
collection 

Candida 
zemplininia 

164 New Zealand Chardonnay ferment 

Anfang et al. 2009. 
Australian Journal of 
Grape and Wine 
Research 15:1-8 

 5494 

 5495 

 5496 

 5497 

 5498 

 5499 

 5500 

 5501 

 5502 

 5503 

 5504 

 5505 

 5506 
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 5507 

 5508 

 5509 

 5510 

 5511 

 5512 

 5513 

 5514 

 5515 

 5516 

 5517 

 5518 

 5519 

 5520 

 5521 

Figure S5.1. Jar-bioassay set up following18. Jars (750 mL clear plastic jars; 103 mm diameter, 95 mm 5522 

height, Involvement Packaging Ltd.) modified with a fine mesh covered ventilation hole (10 mm 5523 

diameter), with damp filter paper (90 mm, Fisherbrand) on the base. Each jar contained three 5524 

similar sized (approximately 30 × 20 mm) blackberry leaves with 6 x 10 μL droplets per leaf (three 5525 

on each side); two leaves had insecticide or control and bait or control and the other leaf sugar 5526 

solution (160 g l−1, 16%).  35 mm petri dish (Corning) containing grape juice agar for egg laying were 5527 

also placed in each jar. Approximately 12 flies (eight females and four males) between 3-10 days 5528 

old were anaesthetised briefly using CO2 and inserted into the jars in the space between leaves (N=5 5529 

replicates per treatment). 5530 

 5531 

 5532 

 5533 

 5534 

 5535 

 5536 
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Table S5.2: Median Lethal Time (time until death) of 50% (LT50) of summer-morph D. suzukii in hours 5537 

of yeast phagostimulant baits (H. uvarum, M. pulcherrima, C. zemplininia, M. pulcherrima + H. 5538 

uvarum and H. uvarum + C. zemplininia) in combination with insecticides (spinosad, lambda-5539 

cyhalothrin and cyantraniliprole) compared to Combi-protec, YPD media and water positive 5540 

controls, and YPD and water negative controls. * Treatments that did not reach 50% mortality by 5541 

the end of the experiment (48 hours). 5542 

  
LT50 (hours) 

95% confidence 
intervals 

Insecticide Treatment Estimate (± SE) Lower Upper 

spinosad Water negative control * - - 

 Water positive control 16.35 (± 3.82) 8.86 23.85 

 YPD negative control * - - 

 YPD positive control 9.17 (± 2.69) 3.89 14.45 

 Combi-protec 10.47 (± 1.61) 7.31 13.64 

 H. uvarum 9.71 (± 1.52) 6.73 12.69 

 M. pulcherrima 8.45 (± 2.02) 4.50 12.41 

 C. zemplininia 8.31 (± 1.88) 4.62 12.00 

 M. pulcherrima + H. uvarum 5.50 (± 1.03) 3.48 7.52 

 H. uvarum + C. zemplininia 6.72 (± 1.56) 3.67 9.78 

  
   

lambda-cyhalothrin Water negative control * - - 

 Water positive control * - - 

 YPD negative control * - - 

 YPD positive control * - - 

 Combi-protec 35.86 (± 7.75) 20.67 51.05 

 H. uvarum 41.94 (± 7.53) 27.18 56.71 

 M. pulcherrima 25.26 (± 4.04) 17.34 33.18 

 C. zemplininia 40.87 (± 7.29) 26.57 55.17 

 M. pulcherrima + H. uvarum 24.69 (± 3.66) 17.52 31.85 

 H. uvarum + C. zemplininia 35.41 (± 4.04) 27.49 43.33 

  
   

cyantraniliprole Water negative control * - - 

 Water positive control 43.52 (± 20.27) 3.79 83.24 

 YPD negative control * - - 

 YPD positive control 6.47 (± 1.48) 3.56 9.38 

 Combi-protec 6.17 (± 1.11) 4.00 8.34 

 H. uvarum 6.79 (± 1.58) 3.70 9.89 

 M. pulcherrima 10.55 (± 2.31) 6.02 15.08 

 C. zemplininia 8.49 (± 1.72) 5.12 11.86 

 M. pulcherrima + H. uvarum 5.52 (± 1.11) 3.35 7.69 

  H. uvarum + C. zemplininia 9.97 (± 2.26) 5.53 14.41 

 5543 
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Figure S5.2. Mean (± SE) eggs laid in grape juice agar by summer-morph D. suzukii after 48 hours 5545 

from the various yeast phagostimulant baits alongside Combi-protec, YPD media and water positive 5546 

controls and YPD and water negative controls combined with three separate insecticides (a) 5547 

spinosad, (b) lambda-cyhalothrin and (c) cyantraniliprole. 5548 


