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Objectives: 
Objective 1. Assess chemical control methods against Calosphaeria canker, Eutypa dieback, and 
Leucostoma (Cytospora) canker, using fungicides that are currently registered for cherries. 
 
Objective 2. Study and assess mid-summer pruning wound susceptibility to Calosphaeria, 
Eutypa, and Leucostoma (Cytospora) over twelve week after pruning. 
 
Objective 3. Study and assess the pathogenicity of fungi that are frequently recovered from 
cankers such as Phomopis sp. species.  
 
Objective 4. Study and assess the effectiveness of pruning in eliminating canker causing fungi 
from infected branches.    
 
Objective 5.  Study the biology and outcome of mixed infections of canker causing fungi.  
 
Objective 6. Develop a concise, comprehensive and hands-on pruning lessons geared towards 
elimination of cankered tissues from infected trees.   
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Problem and Significance:  

Perennial canker diseases constitute major threats to cherry industry productivity by reducing 
tree health, longevity and yield. Annually, in addition to lower yields, the costs of replanting 
and/or pruning adds up to millions of dollars statewide, making the practice of cherry growing 
fraught with unmitigated risk. Basic and applied research about canker causing fungi on this 
commodity plant can increase the economic profitability by reducing the control costs and 
increasing the yield. To this end, and to build up on our previous years’ findings, we propose 
further studies on available synthetic and organic fungicides and sealants (Objective 1).  
 
In addition to chemical control, we soughtto use integrated management techniques, which 
encompass chemical control as well as biological control andcultural practices.. Previously we 
studied the susceptibility of pruning wounds over twelve weeks. In our 2013 trial in UC Davis 
plant pathology research field; wounds were made in early July. The results showed that 
susceptibility declined over the ten week period for Calosphaeria pulchella and Eutypa lata. 
Leucostoma persoonii (Cytospora) was able to infect only about 10% of pruning wounds out to 
six weeks. In 2014, we repeated the same trial to study the susceptibility of wounds made in mid-
February.  Results showed that Calosphaeria and Eutypa can infect twelve week old pruning 
wounds; However, disease incidence declined over the twelve week period for both pathogens by 
about fifty percent. Cytospora was able to infect stub cuts up to eleven weeks. The disease 
incidence for this pathogen was reduced by about eighty percent at  the eleventh week. This year, 
we repeated this study, making the pruning wounds in late-August to assess the advantage of 
mid-summer pruning (Objective 2). 
 
Last year we collected nearly one thousand cankered branches from six different counties. 
Besides the three main canker pathogens; E. lata, L. persoonii (Cytospora), C. pulchella, a 
number of other fungi were recovered from our samples in varying numbers. We are currently 
testing the pathogenicity and virulence of four isolates of Phomopsis species that were isolated 
the previous year from cankered cherry samples (Objective 3). 
  
In our 2014 statewide survey we had two major findings that should be instrumental in 
developing successful cultural practices. First, drip-irrigated orchards had about fifty percent less 
disease incidence. Our 2013 survey also showed the same result with fewer surveyed orchards. 
Second, a significant number of existing cankers are accumulated over years. In some cases no 
attempt toward eliminating cankered branches is done, and pruning is solely for the horticultural 
(e.g. rejuvenation and form) purposes. In other cases, in spite of the efforts for pruning out the 
infected branches, a significant number of cankered branches were  not removed or only partially 
removed, resulting in an overall disease problem not different from unpruned orchards. 
Surprisingly, one of the two orchards that we surveyed last year had the same average number of 
cankers after pruning as it had before pruning. The second orchard had about 60% less cankers 
after pruning. Remaining cankers not only continue to grow deeper into the wood, they can 
potentially produce fruiting bodies under favorable conditions and contribute to the large pool of 
spores of canker causing fungi in that area. Since our last year’s study was conducted in two 
orchards from the same region (Linden, CA), this year we conducted the same study in 
Brentwood area (Contra Costa County) (Objective 4).  
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Mixed infections of two and sometimes three different fungi were noticed in our previous 
studies. However, no studies have been conducted to investigate the antagonistic/synergistic 
effects of the fungi in mixed infections. This study might elucidate the consequences of having 
different pathogens vs. having a dominant species present in the area in terms of variability in 
virulence of the infecting pathogen(s). To this end, we conducted a field trial focused on 
different combinations of mixtures of three main canker fungi; Calosphaeria, Eutypa and 
Cytospora and the virulence of each fungus in different combinations (Objective 5).  
 
Last year’s pruning assessment showed that cankered tissues were either completely or partially 
left in trees after pruning. To provide training to pruning crews/farmers, as part of our 
commitment to bridge the gap between research and industry, we prepared a pamphlet with 
illustrations of symptoms and signs (fungal fruiting bodies) of Calosphaeria, Eutypa and 
Cytospora. In addition, some key pruning techniques are included in this pamphlet (Objective 6).  
 

Objectives: 
 
The objectives of this study are to (I) Assess chemical control methods against Calosphaeria 
canker, Eutypa dieback, and Leucostoma (Cytospora) canker, using fungicides that are currently 
registered for cherries. (II) Study and assess mid-summer pruning wound susceptibility to 
Calosphaeria, Eutypa, and Leucostoma (Cytospora) over twelve week after pruning. (III) Study 
and assess the pathogenicity of fungi that are frequently recovered from cankers such as 
Phomopis sp. species. (IV) Study and assess the effectiveness of pruning in eliminating canker 
causing fungi from infected branches. (V) Study the biology and outcome of mixed infections of 
canker causing fungi. (VI) Develop a concise, comprehensive and hands-on pruning lessons 
geared towards elimination of cankered tissues from infected trees.   
 

Materials, Methods, Results and Discussion 

In Vitro Fungicide Trial  

Procedure 
 
A bottle trial was established to assess fungicide efficacy on canker causing fungi in a 
completely controlled environment.  In order to perform this trial, two and three year old cherry 
branches were cut in about one inch pieces and autoclaved twice.  A number of new sealants, 
synthesized polymers, chemicals and oils were tested against Eutypa lata, Leucostoma persoonii 
(Cytospora), Calosphaeria pulchella (data not shown for all the products). Two products, namely 
Base (a synthetic polymer) and BSP 100 (an essential oil based product) were chosen as the most 
effective treatments for further testing in the field. Vitiseal was also tested as stock concentration 
(neat) and different dilutions with or without Rally at 0.45g/500mL+ Topsin at 1.99g/500mL 
amendment, which was shown to be the effective amendment in our previous years’ studies.   
 E. lata, L. persoonii (Cytospora), C. pulchella, were cultured in the bottles containing PDA 
tetracycline medium. Fungi were allowed to grow and colonize the PDA-Tet for one week four 
replications of each fungus/treatment were used in this trial.  Two-three year-old, sterilized 
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cherry wood was submerged in fungicide solutions, allowed to dry then placed in the bottles on 
sterilized glass rods which had been placed on the fungal mycelium.   Fungal colonization  of the 
wood was estimated on a weekly basis, and the efficacy of the treatment was assessed based on 
the percent of the wood covered by the fungus after three weeks.  
 
Results 
Consistent with our previous results, fungal colonization  on Vitiseal+ Rally at 0.45g/500mL+ 
Topsin at 1.99g/500mL had the least growth(Fig. 1), and the difference with the rest of the 
treatments is statistically different (p<0.0001). BSP100, Vitiseal (neat) and Base treated wood 
had less mycelial colonization compared to untreated wood, but these treatments were not 
significantly different from one another.  
 
Figure 1: Percent colonization  with fungal mycelium of Eutypa lata, Leucostoma persoonii (Cytospora), or 
Calosphaeria pulchella on wood treated with BSP100, Base, Vitiseal and Vitiseal + Rally at 0.45g/500mL+ Topsin 
at 1.99g/500mL three weeks after wood exposure to the fungi.  

Objective 1. Assess chemical control methods against Calosphaeria canker, Eutypa dieback, and 
Leucostoma (Cytospora) canker, using fungicides that are currently registered for cherries. 

Pruning Wound Protection Trials (Field Trials) 

Two field trials were conducted to evaluate fungicide efficacy against canker pathogens.  Field 
trials were established in Davis and Linden, CA in sweet cherry orchards (Prunus avium cv. 
Bing).  For all fungicide trials, fresh stub cuts were made on two to three year-old wood. . Liquid 
formulations of fungicides were sprayed in a single application or with two applications (shown 
as 2x in following sections) on 7-day intervals immediately after pruning. Seal and paint 
formulations were applied to wound with paint brush immediately after pruning. The pruning 
wounds were not artificially inoculated; natural inoculum was the source of infection. After 
several months, treated branches were collected and returned to the laboratory for assessment of 
fungal colonization and subsequent wound protection. Wood samples were surface sterilized 
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using ethanol and flaming. Wood chips from the leading edge of necrotic lesions were plated 
onto PDA-tetracycline plates. Fungicide efficacy was determined  by the incidence of positive 
isolations for one or more of the 3 primary pathogens. . 

 

Natural Inoculum Fungicide Trial; Davis – March 2015 
 
Procedure
 
Fresh pruning wounds (stub cuts) were made on two to three year old wood in Davis in March 
2015. Twenty three treatments were used in this trial. For each treatment, 15 replications were 
established.  The formulations consisted of different concentrations of four sealing products that 
were previously shown to have various fungicide efficacy In Vitro trials.  
Vitiseal was applied in seven concentrations/combinations. Vitiseal (neat), Vitiseal + Rally at 
0.45g/500m + Topsin at 1.99g/500mL, Vitiseal (1:10) (1x), Vitiseal (1:15) (1x), Vitiseal (1:20) 
(1x), Vitiseal (1:10) + Rally at 0.45g/500m + Topsin at 1.99g/500mL (1x), Vitiseal (1:10) + 
Rally at 0.45g/500m + Topsin at 1.99g/500mL (2x). BSP was applied in five 
concentrations/combinations. BSP (neat), BSP (1:10) (1x), BSP (1:10) (2x). BSP (1:10) + Rally 
at 0.45g/500m + Topsin at 1.99g/500mL (1x), BSP (1:10) + Rally at 0.45g/500m + Topsin at 
1.99g/500mL (2x).  
Base was applied in five concentrations/combinations. Base (neat), Base (1:10) (1x), Base (1:10) 
(2x), Base (1:10) + Rally at 0.45g/500m + Topsin at 1.99g/500mL (1x), Base (1:10) + Rally at 
0.45g/500m + Topsin at 1.99g/500mL (2x).  
 
 
The efficacy of Farwell's Grafting Seal, used by some cherry growers, a bottle trial was 
established. Results showed that the paint by itself provided no barrier for fungal growth. 
However, amending the sealant with Rally at 0.45g/500mL+ Topsin at 1.99g/500mL resulted in 
complete control.  This year this product was tested in the field.  
Farwell's Grafting Seal was applied in three concentrations/combinations. Farwell's Grafting Seal 
(neat), Farwell's Grafting Seal + Rally at 0.45g/500m + Topsin at 1.99g/500mL (1x), Farwell's 
Grafting Seal (1:2) + Rally at 0.45g/500m + Topsin at 1.99g/500mL. In addition, Rally applied 
0.45g/500m + Topsin at 1.99g/500mL (1x) and Rally at 0.45g/500m + Topsin at 1.99g/500mL 
(2x) were without sealant/paint additions. Nanofiber was a new product that was tested this year.   
The second application of fungicides (shown as (2x)) was applied one week after the first 
application. After six months, treated branches were collected and returned to the laboratory for 
assessment of fungal colonization and wound protection. Wood samples were treated as 
previously described wood chips from necrotic lesions or vascular discoloration just below the 
pruning wounds were plated onto PDA-tetracycline plates. Fungicide efficacy was estimated by 
the incidence of disease caused by the primary pathogens. . 
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Results

Three treatments, namely Vitiseal + Rally at 0.45g/500m + Topsin at 1.99g/500mL, Vitiseal 
(1:10) + Rally at 0.45g/500m + Topsin at 1.99g/500mL (2x) and Rally at 0.45g/500m + Topsin 
resulted in complete control. Fig. 2). The difference between  one week of incubation period and 
fungal colony growth these treatments and the control was significant (p=0.0219). Vitiseal neat, 
Nanofiber and Vitiseal 1:20 1x were not significantly different from the control.   However, the 
trend was that Vitiseal neat gave about 50% control. 
 
Figure 2. Percent of stub cuts developing cankers caused by Calosphaeria pulchella, Eutypa lata, or Leucostoma 
persoonii (Cytospora) in a fungicide trial using natural inoculum in Davis, March 2015. In this figure the efficacy of 
different concentrations Vitiseal and the effect of amending it with Rally and Topsin fungicides is illustrated. Rally 
at 0.45g/500mL+ Topsin at 1.99g/500mL 

 
 
 
 
Amending 1:10 dilution of BSP100 with Rally at 0.45g/500m + Topsin at 1.99g/500mL (one and 
two applications), as well as two applications of Rally at 0.45g/500m + Topsin at 1.99g/500mL, 
also resulted in complete control (Fig. 3). The differences between treatments and the control 
was significant (p=0.0096). The rest of the treatments Vitiseal neat, nanofiber and Vitiseal 1:20 
were not significantly different than untreated control in protecting the wounds from the canker 
causing fungi. 
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Figure 3. Percent of stub cuts developing cankers caused by Calosphaeria pulchella, Eutypa lata, or Leucostoma 
persoonii (Cytospora) in a fungicide trial using natural inoculum in Davis, March 2015. In this figure the efficacy of 
different concentrations BSP100 and the effect of amending it with Rally and Topsin fungicides is illustrated. Rally 
at 0.45g/500mL+ Topsin at 1.99g/500mL  
 

Amending 1:10 dilution of Base with Rally at 0.45g/500m + Topsin at 1.99g/500mL (two 
applications), as well as two applications of Rally at 0.45g/500m + Topsin at 1.99g/500mL, 
resulted in complete control (Fig. 4). The differences between these treatments and the untreated 
control was significant (p=0.021). In Addition, Rally+Topsin 1x and BSP 1:10 also gave 
significant control.

Rally + Topsin (×2) showed a complete protection (Fig. 5). The difference between this 
treatment and untreated control was significantly different (p=0.0297). The rest of the treatments, 
including Farwell's Grafting Seal (Neat) + Rally + Topsin (1x), were not significantly different 
than the untreated control.  
 

Figure 4. Percent of stub cuts developing cankers caused by Calosphaeria pulchella, Eutypa lata, or Leucostoma 
persoonii (Cytospora) in a fungicide trial using natural inoculum in Davis, March 2015. In this trial the efficacy of 
different concentrations Base and the effect of amending it with Rally and Topsin fungicides is illustrated.  Rally at 
0.45g/500mL+ Topsin at 1.99g/500mL. 
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Figure 5. Percent of stub cuts developing cankers caused by Calosphaeria pulchella, Eutypa lata, or Leucostoma 
persoonii (Cytospora) in a fungicide trial using natural inoculum in Davis, March 2015. In this trial the efficacy of 
different concentrations Farwell's Grafting Seal (FGS) and the effect of amending it with Rally and Topsin 
fungicides is illustrated.  Rally at 0.45g/500mL+ Topsin at 1.99g/500mL. 
 

Natural Inoculum Fungicide Trial; Linden – March 2015 

Procedure
This trial is a replication of the one in Davis, and the procedure, including the treatments, of this 
trial is similar to the trial in Davis.  
 
Results

Branches that were treated with Vitiseal (neat), Vitiseal + Rally at 0.45g/500m + Topsin at 
1.99g/500mL, Rally at 0.45g/500m + Topsin at 1.99g/500mL (1x) and Rally at 0.45g/500m + 
Topsin at 1.99g/500mL (2x) had no infection with C. pulchella, E. lata, and L. persoonii 
(Cytospora) (Fig 6), however, the difference between these four treatment as well as the rest of 
the treatments were not significantly different from each other but significantly different from 
untreated control (p<.0001). The only treatment that had significantly higher incidence from the 
control was the nanofiber.  
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Figure 6. Percent of stub cuts developing cankers caused by Calosphaeria pulchella, Eutypa lata, or Leucostoma 
persoonii (Cytospora) in a fungicide trial using natural inoculum in Linden, March 2015. In this trial  the efficacy of 
different concentrations Vitiseal and the effect of amending it with Rally and Topsin fungicides is illustrated. Rally 
at 0.45g/500mL+ Topsin at 1.99g/500mL.
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Figure 7. Percent of stub cuts developing cankers caused by Calosphaeria pulchella, Eutypa lata, or Leucostoma 
persoonii (Cytospora) in a fungicide trial using natural inoculum in Linden, March 2015. In this trial the efficacy of 
different concentrations BSP100 and the effect of amending it with Rally and Topsin fungicides is illustrated. Rally 
at 0.45g/500mL+ Topsin at 1.99g/500mL. 

Branches that were treated with BSP (1:10)+ Rally + Topsin (×2), BSP(1:10) + Rally + Topsin  (×1), 
Rally + Topsin (×1) and Rally + Topsin (×2) had complete control (Fig 7). These treatments were 
significantly different than the rest of the treatments and the untreated control (p<.0001) but were not 
significantly different from each other.  
Treating Branches with Rally + Topsin (×1) and Rally + Topsin (×2) resulted in no infection 
(Fig. 8). Base (1:10) + Rally + Topsin (×2) had low amount of infection but the difference 
between this treatment and Rally + Topsin (×1) and Rally + Topsin (×2) is not significant. These 
three treatments had significant difference with the rest of the treatment (p<.0001).  
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Figure 8. Percent of stub cuts developing cankers caused by Calosphaeria pulchella, Eutypa lata, or Leucostoma 
persoonii (Cytospora) in a fungicide trial using natural inoculum in Linden, March 2015. In this figure the efficacy 
of different concentrations Base and the effect of amending it with Rally and Topsin fungicides is illustrated.  Rally 
at 0.45g/500mL+ Topsin at 1.99g/500mL. 

Figure 9. Percent of stub cuts developing cankers caused by Calosphaeria pulchella, Eutypa lata, or Leucostoma 
persoonii (Cytospora) in a fungicide trial using natural inoculum in Linden, March 2015. In this trial the efficacy of 
different concentrations Farwell's Grafting Seal (FGS) and the effect of amending it with Rally and Topsin 
fungicides is illustrated.  Rally at 0.45g/500mL+ Topsin at 1.99g/500mL.
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Rally + Topsin (×2), Rally + Topsin (×1), FGS (1:2) + Rally + Topsin and FGS + Rally + Topsin 
treated branches had no disease incidence (Fig. 9). FGS (Neat) treated branches had some 
infection but the difference between this treatment and the mentioned three treatments is not 
significant. However, these four treatments are significantly different than the untreated control 
(p<.0001). Branches with Nanofiber treatment had significantly more infection compared to the 
untreated control.  

Combined Data: 
In order to assess the overall efficacy of the treatments, the combined data from two sites (Davis 
and Linden) was analyzed and reported here. 
 
Figure 10. Percent of stub cuts developing cankers caused by Calosphaeria pulchella, Eutypa lata, or Leucostoma 
persoonii (Cytospora) in a fungicide trial using natural inoculum in Linden and Davis, March 2015. In this trial  the 
efficacy of different concentrations Vitiseal and the effect of amending it with Rally and Topsin fungicides is 
illustrated. Rally at 0.45g/500mL+ Topsin at 1.99g/500mL. 

 
 
Vitiseal + Rally + Topsin and Rally + Topsin (×2) treated branches in both sites had no 
infections (Fig.10). But statistical analysis indicated that the difference between these two 
treatments with the rest of the treatments (except for Nanofiber) is not statistically significant. As 
it is shown in Figure 10, all the treatments reduced the disease incidence to a degree; and the 
difference is significant from untreated control (p<.0001). Nanofiber is the only treatment that 
had significantly higher disease incidence compared to control.  
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Figure 11. Percent of stub cuts developing cankers caused by Calosphaeria pulchella, Eutypa lata, or Leucostoma 
persoonii (Cytospora) in a fungicide trial using natural inoculum in Linden and Davis, March 2015. In this trial  the 
efficacy of different concentrations BSP100 and the effect of amending it with Rally and Topsin fungicides is 
illustrated. Rally at 0.45g/500mL+ Topsin at 1.99g/500mL. 

 
 
Figure 12. Percent of stub cuts developing cankers caused by Calosphaeria pulchella, Eutypa lata, or Leucostoma 
persoonii (Cytospora) in a fungicide trial using natural inoculum in Linden and Davis, March 2015. In this trial the 
efficacy of different concentrations BSP100 and the effect of amending it with Rally and Topsin fungicides is 
illustrated. Rally at 0.45g/500mL+ Topsin at 1.99g/500mL. 
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Rally + Topsin (×2) and BSP (1:10) + Rally + Topsin (×1) treated branches had no infection 
(Fig. 11), and BSP (1:10) + Rally + Topsin (×2), Rally + Topsin (×1) treated branches had a 
small percentage of disease incidence. However, the difference between these treatments was not 
significant. According to the statistical analysis, these for treatments were significantly different 
than the rest of the treatments and the untreated control (p<.0001).  
 
Branches that were treated with Base (1:10) + Rally + Topsin (×2), Rally + Topsin (×1) and 
Rally + Topsin (×2) had less disease incidence compared to the rest of the treatments (p<.0001). 
Rally + Topsin (×2) treated branches had no disease incidence (Fig. 12), but its difference with 
Base (1:10) + Rally + Topsin (×2) and Rally + Topsin (×1) was not significant. Nanofiber had 
more disease incidence than untreated control, but the difference was not significant. 
 
 
Figure 13. Percent of stub cuts developing cankers caused by Calosphaeria pulchella, Eutypa lata, or Leucostoma 
persoonii (Cytospora) in a fungicide trial using natural inoculum in Linden and Davis, March 2015. In this trial  the 
efficacy of different concentrations Farwell's Grafting Seal and the effect of amending it with Rally and Topsin 
fungicides is illustrated. Rally at 0.45g/500mL+ Topsin at 1.99g/500mL. 

 
Farwell's Grafting Seal (Neat) + Rally + Topsin (1x) and Rally + Topsin (×2) treated branches 
had no disease incidence (. Rally + Topsin (×1) treated branches had fewer disease incidence 
than Farwell's Grafting Seal (1:2) + Rally + Topsin (1x) but more inficted branches than 
Farwell's Grafting Seal (Neat) + Rally + Topsin (1x) and Rally + Topsin (×2). However, 
according to the statistical analysis the difference between these treatments and Farwell's 
Grafting Seal (Neat) so not significant. All of the treatments (except Nanofiber) have 
significantly less disease incidence than untreated control (p<.0001). Nanofiber had more disease 
incidence, but its difference with control is not significant.  
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Discussion:
An overall assessment of the results obtained from combined data of Davis and Linden sites 
reveals that most of the successful treatments which have a small disease incidence are a 
combination of the given sealant with Rally and Topsin fungicides. Moreover these treatments, 
in most cases are not significantly different than the treatments that had no infection. Despite the 
statistical analysis results, naturally, it would be in our best interest to study treatments that gave 
an absolute control; in other words treatments that had no disease incidence. The following is a 
list of treatments that had no disease incidence. Each bullet point represents the best treatments 
from their respective treatment “group.”  

Vitiseal + Rally + Topsin and Rally + Topsin (×2)  
BSP(1:10)+Rally + Topsin  (×1) and Rally + Topsin (×2)  
Base(1:10)+Rally + Topsin (×2), Rally + Topsin (×1)  
Farwell's Grafting Seal (Neat) +Rally + Topsin (1x) and Rally + Topsin (×2)  

A closer look at these treatments reveals three major points. One, in order for sealants to be 
effective against invading pathogens, they need to be amended with fungicides. Two, two out of 
three sealants (BSP100 is not a sealant) are effective when applied in concentrated form (i.e. 
neat). Three, in three out of four groups, two applications of Rally + Topsin gives a complete 
protection to pruning wounds.  
By having this information farmers can choose the best treatment according to the availability of 
spray machinery, sufficient labor, and the acreage of their orchards.  
 
 
Objective 2. Study and assess mid-summer pruning wound susceptibility to Calosphaeria, 
Eutypa, and Leucostoma (Cytospora) over twelve week after pruning. 
 
Davis Pruning Wound Susceptibility Trial – February 2014 

Procedure

This experiment is currently in process and inoculations will be completed on November 16, 
2015. The experiment will be terminated and data will be collected by mid-March; Four months 
after the last pruning wounds are inoculated. Two sets of three hundred eighty four (seven 
hundred sixty eight) pruning wounds were made on August 24, 2015 in Davis. All the wounds 
were covered by parafilm and aluminum foil. Every week, a subset of eight branches per 
pathogen is inoculated with Eutypa, Cytospora, or Calosphaeria for a total of 24 branches (plus 
eight control branches). Calosphaeria pulchella, Eutypa lata, and Leucostoma persoonii 
(Cytospora) mycelium plugs are obtained from the periphery of actively growing fungal colonies 
cultivated on PDA amended with tetracycline. Uncolonized PDA-tetracycline agar plugs is used 
for control inoculations. The inoculations are done on the same day for both repetitions. . 
 
Four months after the last pruning wounds are inoculated, the treated branches will be removed.  
Wood samples will be surface sterilized using ethanol and flaming. Wood chips from necrotic 
lesions or vascular discoloration just below the pruning wounds will be plated onto PDA-
tetracycline plates to look for fungal growth.   
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Results
Results will be submitted upon experiment’s completion.  

Objective 3. Study and assess the pathogenicity of fungi that are frequently recovered from 
cankers such as Phomopis sp. species.  
 
Procedure

This study was undertaken to determine the potential pathogenicity of Phomopis sp. species 
suspected of being involved in canker disease of sweet cherry trees in California. 
Phomopis sp. was isolated from wood samples collected from several areas of California in our 
statewide survey conducted in 2014. Wood chips from necrotic lesions or vascular discoloration 
at least one cm below the pruning wounds were plated onto PDA-tetracycline plates. Fungi were 
subcultured and identified using morphological and molecular techniques.  In this study, four 
isolates (T1L-2, T1L-27, T1L-59, T1L-75) collected from Davis CA, were chosen. Five branches 
(two to three years old branches) were inoculated per isolate. Five trees were used in this study, 
and each tree was inoculated by all the isolates. Colonized mycelium plugs were placed as 
inoculum on the wounds and sealed with parafilm and covered by aluminum foil. Mycelium 
plugs were obtained from the periphery of actively growing fungal colonies cultivated on PDA-
tetracycline. Uncolonized PDA-tetracycline plugs were used for control inoculations. 
Inoculations were done on July 2, 2015. After completion of the experiment, lesion length and 
the length of fungal development in the inoculated branch will be subjected to analysis of 
variance (ANOVA).  
 
Results:
Results will be submitted upon experiment’s completion.  

 
Objective 4. Study and assess the effectiveness of pruning in eliminating canker causing fungi 
from infected branches.    
 
In order to assess the effectiveness of pruning in terms of eliminating cankers, two orchards in 
Brentwood, CA were visited on September 3, 2015. The orchards were at least five miles away 
from each other. Unlike last year that the pruning assessment was done based on number of 
cankered branches before and after pruning, this year we were not able to visit these orchards 
before pruning. Therefore instead of counting all the cankered/ symptomatic branches, we only 
considered counting the newly pruned branches as a whole from which a fraction was 
symptomatic. Doing so, we were able to calculate percentage of symptomatic newly pruned 
branches. Twenty samples of symptomatic branches were collected and cultured on PDA-
tetracycline plates.  
 
Results
Both orchards (Brentwood 1and 2 in Figure 14) had an average of about 50% symptomatic 
pruned branches. However, our culturing data suggested that only five out of twenty samples 
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(twenty five percent) of symptomatic branches collected from Brentwood-1 location and 4 
samples (twenty percent) of collected samples from Brentwood-2 location were infected with 
known canker causing fungi. These results imply that, first; there might be a physiological 
reasoning such as mineral deficiency for observed discolorations in pruned branches. Second, 
and more importantly, there are still a large number of infected branches that are being left 
behind in orchards which get accumulated over years and contribute to the higher disease 
pressure in a region. In addition to the cankered pruning wounds, we encountered cankered 
unpruned branches on about every tree, but we could not include in our data.  
 
 
Figure 14. Percent of symptomatic newly pruned branches in two orchards located in Brentwood, CA.  Two bars in 
each location (Brentwood 1 and 2) indicate the number of counted symptomatic newly pruned branches (left bar), 
and calculated percent of infected branches from symptomatic samples (right bar).  

 
 
 
 
Objective 5.  Study the biology and outcome of mixed infections of canker causing fungi.  
 
Mixed infections of two and sometimes three different fungi are a common occurrence in 
cankered branches. However, no studies have been conducted to investigate the 
antagonistic/synergistic effects of the canker fungi in mixed infections. In this study we sought to 
investigate this curious yet important question. In this study we conducted a field trial with three 
known canker causing fungi; Calosphaeria, Eutypa and Cytospora, in different combinations 
and/or sequence to investigate the possibility of antagonistic/synergistic effects that one fungus 
may have on another. 
 
This study was done in UC Davis Plant Pathology research field (Armstrong Field). In this study, 
pruning wounds were made in 2-3 years old branches and inoculated by Calosphaeria, Eutypa 
and Cytospora in various combinations and sequences. Simultaneously, some branches were 
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inoculated by single pathogens. After several months the inoculated branches were collected. In 
the lab, after surface sterilization the branches were cultured on PDA-tetracycline plates. In order 
to map the growth pattern inside the branch, isolation were done by plating small chips taken 
from thin ( 2mm) cross sections taken at 1-2 cm intervals, starting from the inoculation point 
(the tip) to 2-3 cm below the last visible lesion/discoloration in the wood (Fig. 15). Small wood 
chips taken from the cross section were cross-shaped that included the center/pith tissue of the 
branch. In order to maintain consistency, the orientation of the chip on the branch cross section 
and the petri dish were similar. Doing so, the pattern of the fungal growth as a single pathogen 
and in combination with other fungi were determined. Lesion length, the length from which the 
fungus was isolated and the presence/absence of any of the initially inoculated fungi after 
culturing was determined.  
 
 
Figure 15. A: The inoculated branch. B: 
Thin cross sections (about 2mm width) are 
used for plating. The thin cross section 
have 1-2 centimeter intervals.  C: Top 
view of a cross section with pith tissue 
(the circle in the middle) and triangle 
shaped lesion; the aster above the cross 
section indicates that orientation of all 
cross sections will be the same and 
consistent. D: Top view of a cross section 
from the branch; The small squares 
represent the small wood chips that will be 
taken and plated from cross sections; the 
color coded squares indicates that location 
and orientation of the wood chips on the 
cross section and the plate will be similar. 
E: Top view of a petri dish. 
 
 
 
 
 
Results:  
The average length that C. pulchella was isolated was about 8cm; the highest compared to the 
three fungal species used in this trial (Fig. 16). E. lata was recovered from an average of about 
4cm; second place among the three fungi. And L. persoonii was the slowest pathogen with an 
average of 3.8cm development in wood. However, the differences between these means were not 
significant (p=0.3647).  
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Figure 16: Study of Mixed Infection of Known Canker Causing Fungi, Calosphaeria pulchella, Eutypa lata, and 
Leucostoma persoonii (Cytospora) in Sweet Cherry Trees. Y-axis: the length of wood from which the fungus was 
recovered. X-axis: The canker fungi. From left to write: C. pulchella, L. persoonii, E. lata. The error bars represent 
the stand error. 

Figure 17: Study of Mixed Infection of Known Canker Causing Fungi; Calosphaeria pulchella, Eutypa lata, and 
Leucostoma persoonii (Cytospora) in Sweet Cherry Trees. Y-axis: the length of wood from which the fungus was 
recovered. X-axis: The combination of canker fungi. From left to write: C. pulchella and L. persoonii and E. lata, C. 
pulchella and E. lata, C. pulchella and L. persooni, E. lata and L. persooni. The “&” notation indicates that the 
branches were inoculated with both fungi simultaneously. The error bars represent the stand error. 
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The mean length from which the C. pulchella was isolated (infection length) was from the 
branches inoculated with C. pulchella as single inoculum (Fig. 17). It seems that combined 
inoculation causes reduced virulence (shorter length). However, the means of lengths were not 
significantly different from each other. Similarly, E. lata inoculated branches, including the 
single inoculum or in combination with other fungi, did not produce a significantly different 
infection length. The only significantly different infection length observed was the difference 
between E. lata and L. persooni with C. pulchella and L. persooni (p=0.0146). The rest of the 
combination that included L. persooni did not show any significant difference in infection length.  
 
Figure 18: Study of Mixed Infection of Known Canker Causing Fungi; Calosphaeria pulchella, Eutypa lata, and 
Leucostoma persoonii (Cytospora) in Sweet Cherry Trees. Y-axis: the length of wood from which the fungus was 
recovered. X-axis: The combination of canker fungi. The first fungus name from each combination indicates that the 
branches were inoculated first with that fungus. Second fungus of each combination after the plus sign indicates that 
the branch was inoculated with that fungus one week after the first one. From left to right: C. pulchella plus E. lata, 
C. pulchella plus L. persooni, E. lata plus C. pulchella, E. lata plus L. persooni, L. persooni plus C. pulchella, L. 
persooni plus E. lata. The error bars represent the stand error. 

C. pulchella had the highest mean infection length when inoculated singly vs. in combination 
with other pathogens in one week interval (Fig. 18). However, the means of infection lengths 
were not significantly different. Similarly, E. lata and L. personni when inoculated singly or in 
combination with other two fungi in one week interval generate no significantly different 
infection length.  
 
Growth Pattern of Calosphaeria pulchella, Leucostoma persoonii (Cytospora) and Eutypa
lata, (Bottom) in Sweet Cherry Wood: 

The pattern of growth of canker fungi in the cherry wood has not been vastly studied. In this 
study we were able to abserve the pattern of growth of these fungi when present as single fungus 
and in combination with other fungi.  C. pulchella when present as a single pathogen in the wood 
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tends to extend and colonize the heartwood of the branch first and then radiate out toward the 
bark (Fig.19-Top). This pattern was not observed in L. personni. Unlike C. pulchella, L. personni 
does not show any tendency for a particular tissue. In some cases, this fungus was observed to 
grow in the heartwood first, and sometimes it gravitated toward the sapwood (i.e. closer to the 
bark) (Fig. 19-middle). E. lata, was similar to C. pulchella, and showed more tendency toward 
the middle of the wood (Fig. 19-bottom).  
 
Figure 19: Growth Pattern of Calosphaeria pulchella (Top), Leucostoma persoonii (Cytospora) (Middle) and 
Eutypa lata, (Bottom) in Sweet Cherry Wood. The development of the fungus in the branch is shown from left to 
right. 

Relationship between Visible Lesion Length and Infection Length: 

 

 

21



A successful pruning in terms of eliminating the canker is the one that not only remove the lesion 
(discolored wood), but also remove the fungus completely from the infected branch. From the 
practical point of view it is instrumental to know if there is a difference between the lesion length 
and the infection length. Lesion length is the length that there is a visible lesion, yet infection 
length is the length from which the fungus is recovered. The average infection length of C.
pulchella, L. personni and E. lata are about a centimeter shorter than the lesion length (Fig.20); 
but the differences between these two lengths is not significant. However, it is not uncommon to 
see the fungus growing further in advance of the lesion. In fact, in our study about 32% of the 
infected branches by C. pulchella had longer infection length, and in some cases the difference 
was up to 5 centimeters (about two inches).  As shown in this study, the most effective way of 
pruning to eliminate the canker problem is by pruning at least two to three inches below the 
visible lesion in the wood. By failing to eliminate the lesions, one risks the reappearance of the 
canker, regardless of using suggested treatments to protect the pruning wound. As we showed 
over 2 years (see objective 4), a large portion of the pruning wounds either have the lesion or the 
asymptomatic infected wood due to not pruning sufficiently below visible symptoms.  

Figure 20: Lesion Length vs. Infection Length of sweet cherry branches infected with Calosphaeria pulchella, 
Eutypa lata, and Leucostoma persoonii (Cytospora). The error bars are standard errors. 

0

1

2

3

4

5

6

7

8

9

Lesion Length Infection
Length

Lsion Length Infection
Length

Lesion Length Infection
Length

Calosphaeria Cytospora Eutypa

Le
ng
th

(c
m
)

22



Objective 6. Develop a concise, comprehensive and hands-on pruning lessons geared towards 
elimination of cankered tissues from infected trees.   
 
Studies done this year (see Objective 4) and last year’s pruning assessment showed that cankered 
tissues partially remain in trees after pruning. In order to provide growers, production managers, 
pruning crews and owners of orchards who personally supervise the pruning operation with 
information about known canker fungi, Calosphaeria pulchella, Eutypa lata, and Leucostoma 
persoonii (Cytospora),   we designed an illustrated pamphlet. Figure 21 illustrates the current 
version of the pamphlet.  
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Figure 19: Pamphlet Sample:  
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Project Report (2015-16): Year 2 of 2 P.I.: Joanna C. Chiu (UC Davis)

Project Overview and Justification: 
Drosophila suzukii, Spotted Wing Drosophila (SWD) is a major threat to cherry 

and other fruit crop production. Since its detection in CA in 2008, crop losses have  
been reported not only in CA, but also in OR, WA, BC, and more eastern states among 
growers of small (e.g. caneberry) and stone (e.g. cherry) fruits (Walsh et al. 2011). In CA 
alone, the farmgate value of these crops is $1.932 billion. A UC Giannini Foundation of 
Agricultural Economics report attributes 2009 SWD-dependent revenue losses on CA 
fruit crops in the millions (Bolda et al. 2010). Untreated, these losses could increase 
dramatically as SWD populations grow and spread. Based on laboratory and field 
efficacy trials, chemical pesticides are more effective than organic pesticides and 
horticultural oils in combating SWD (Bruck et al. 2011). With the need to satisfy insect 
damage standards and to reduce crop loss, growers generally adopt high levels of 
insecticide usage for risk reduction and SWD control. Chemical pesticides can be 
extremely effective in controlling pest populations, but there are drawbacks to using 
them. Pesticides are usually non-specific, so all organisms, even beneficial organisms 
such as honey bees and natural enemies of SWD, are affected. Chemical pesticides 
can also contaminate water supplies and damage ecosystems. Moreover, continued 
use of pesticides will eventually lead to development of pesticide resistance in target 
insects, rendering the insecticide ineffective.  

To ensure sustainability of crop production and provide an alternative approach 
for SWD control, the goal of this project is to develop an environmentally friendly, 
economical, and species-specific biopesticide that targets SWD. Our biopesticide uses 
transgenic yeast as a vector to deliver double-stranded (ds) RNA that knockdown genes 
critical for SWD survival, and has several key advantages over current control methods: 
1) Yeast is a part of the natural diet and attractant to SWD (Becher et al. 2012), and flies 
will naturally seek out and consume the biopesticide; 2) yeast is easy and cheap to 
culture in large quantities; 3) dsRNA can be designed to be species-specific and unlike 
conventional insecticides, will not affect beneficial insects; 4) growers will not need to 
change crops to transgenic varieties as in other plant engineering technologies that use 
dsRNA. To our knowledge, this is the first study to show that yeast can be used to 
deliver dsRNA to an insect pest.If successful, this technology can be extended to target 
other insect pests and have broad impact in fruit crop production. 

Objectives (Years 1 and 2): 
1. Design and construct yeast expression vectors that produce dsRNA targeting 
essential genes necessary for survival of SWD. 

2. Create yeast strains (Saccharomyces cerevisiae and Hanseniaspora uvarum) and 
evaluate production of dsRNA using quantitative real-time PCR. 

3. Conduct SWD feeding assays to assess the efficacy of the yeast biopesticide in 
knocking down expression of target gene(s) and inducing SWD mortality.  

4. Determine species specificity of yeast biopesticide. 
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Project Report (2015-16): Year 2 of 2 P.I.: Joanna C. Chiu (UC Davis)

Methods and Results: 
Overview: This is designed as a two-year project. Year 1 of the project was dedicated 
to testing a number of candidate essential genes for knock down in adult SWD. We 
generated multiple strains of biopesticide (yeast expressing different dsRNA) and 
assayed (1) the extent of target gene knockdown in SWD after treatment; and (2) their 
toxicity with respect to SWD mortality. In year 2 of the project, we expanded our assays 
to include the testing of other fitness effects, including fly activity levels and reproductive 
output. Finally, we also subjected closely related Drosophila species to the same assays 
to assess species specificity of the biopesticide. 

Objective 1: Design and construct yeast expression vectors that produce dsRNA 
targeting SWD essential genes.  

Rationale: In preliminary experiments, feeding SWD with our yeast biopesticide, i.e. 
dsRNAs that target tubulin and vATPase, has been shown to be effective in decreasing 
survival rates to some degree (around 10-20%). The low mortality rate can be attributed 
to the fact the knockdown effect of the dsRNA we used was too low. For example, the 
SWD tubulin gene was only knocked down by 50% by the tubulin biopesticide. This 
suggests that if we can achieve higher level of gene knockdown, we will be able to 
induce higher SWD mortality. 

Methods and Results: Using a standard yeast expression vector as a backbone 
(Figure 1), we used standard molecular cloning techniques to construct new yeast 
expression vectors that produces dsRNA that targets 8 essential SWD genes (Table 1). 
For 5 target genes, multiple regions of the gene sequences were targeted as previous 
studies have shown variable degree of knockdown when different regions of the same 
gene is used for dsRNA production. The FlyAtlas database (Chintapalli et al. 2007) was 
used to select genes that are (1) essential for survival or are targets of chemical 

pesticides and (2) expressed in the fly gut 
as the route of biopesticide administration 
is by feeding. The species-specificity of the 
target sequences was carefully designed 
using bioinformatic and comparative 
sequence analysis that have already been 
completed in our SWD genome project 
(Chiu et al. 2013). In most cases, gene 
sequences that are highly variable 
between SWD and other organisms was 
used. We also include a number of 
sequences that are conserved in other 
Drosophila species for control purposes. In 
addition to the use of an inducible GAL1 

promoter that turns on dsRNA production in the presence of galactose, we also tried 
using a second yeast expression vector with a constantly active TEF1 promoter in the 
hopes of achieving higher levels of knockdown for all the targets. The results shown in 

Figure 1: Design of the yeast expression vector. 
The design is modular and different parts of the 
construct, e.g. the promoter or target sequence, 
can be replaced by more effective substitute if 
necessary.

28



Project Report (2015-16): Year 2 of 2 P.I.: Joanna C. Chiu (UC Davis)

this report were generated using yeast strains transformed with vector containing the 
constitutive active promoter. 

Table 1: Target genes for dsRNA knockdown attempted in Year 1 of project 

Objective 2: Create yeast strains and evaluate production of dsRNA using 
quantitative real-time PCR 

Rationale: Expression vectors from Objective 1 were transformed into yeast. 
Transgenic yeast, which can be cultured easily and inexpensively, can be used as bio-
factories for dsRNA production. Both Saccharomyces cerevisiae and Hanseniaspora 
uvarum were initially used for transformation, but the lack of selectable H. uvarum 
strains make it difficult to screen for yeast strains carrying the transformation plasmid.  

Methods: Expression vectors were transformed by standard heat-shock protocol.  
Expression of dsRNA was induced by the addition of galactose into the yeast growth 

media if GAL1 promoter is used. 
Other nutrient supplements can be 
used to induce expression if an 
alternative promoter is used in the 
future. Expression level of dsRNA 
was assayed by extracting RNA 
extraction from yeast (Hamby et al. 
2 0 1 3 ) f o l l o w e d b y r e v e r s e 
transcription (Thermoscript RT, Life 
Technologies) and quantitative real-
time PCR analysis using SYBR 
green chemistry (Biorad CFX96 
located in Chiu Lab). Expression of 
target genes was normalized using 
the housekeeping gene actin. 

Target Gene Name FlyBase ID Gene Function Fragments 
Used

Excitatory amino acid transporter CG3747 synaptic transmission 2

Rutabaga CG9533 synaptic transmission 2

Acetylcholine esterase CG17907 removal of neurotransmitter 2

Synaptobrevin CG12210 release of neurotransmitter 2

Bellwether CG3612 proton transport 1

Ribosomal protein L19 CG2746 protein synthesis 1

Tubulin 23C CG3157 cell structure and cytoskeleton 1

Vacuolar H+-ATPase CG1088 proton transport 2

Figure 2: Analysis of expression of dsRNA in yeast 
biopesticide. Different biopesticides expressing different 
dsRNAs were tested independently by quantitative real-time 
PCR (Only four biopesticides are shown here). They all 
show high level of dsRNA expression as compared to 
control yeast.
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Results: All biopesticides tested were found to express the target dsRNA at high levels 
(Figure 2). 

Objectives 3 and 4: Conduct SWD feeding assays to assess the efficacy of the 
yeast biopesticide in knocking down expression of target gene(s) and inducing 
SWD mortality and determine the species specificity of the yeast biopesticide 

Rationale: The ultimate test for the utility of the biopesticide is to assay SWD survival  
and fitness effects post-yeast feeding. We tested the effectiveness of individual 
biopesticide expressing different dsRNA in (i) knocking down target genes; (ii) inducing 
SWD mortality; and (iii) decreasing reproductive output. Ideally, we would like the 
biopesticide to achieve high level of SWD mortality. However, a significant decrease in 
fitness and reproductive output is also an indication that our biopesticide strategy could 
impact SWD population. Finally, it is important for the biopesticide to be species specific 
to make it a safe product that will not have negative impact on the health of beneficial 
insects or humans. 

Methods: Both larvae and adults were treated with the biopesticide and assayed for 
various parameters. To feed larvae, pelleted yeast was mixed with standard 
Bloomington Drosophila fly food medium at a ratio of 1:1 by weight and fed to larvae in 
12- well tissue culture plates. After yeast feeding period, larvae were transferred to a 
vial containing standard Bloomington Drosophila medium to grow to adulthood to 
assess survival to adulthood, or were collected for RNA isolation to assay target gene 
knockdown. Data shown in Figure 5C for larval survivorship represent mean and s.e.m. 
of six independent experiments and a total of 300 larvae were tested per treatment. 
Each replicate was normalized to the mean of the control and significance relative to the 
control was determined by a two-tailed t-test (* indicates p < 0.05).  
To feed adults, pelleted yeast was spread thinly on a wooden tongue depressor coated 
in YPD agar (Sigma Aldrich). The yeast-covered tongue depressor was imbedded 
upright in a vial containing standard Bloomington Drosophila medium and 30 adult flies 
were added to each vial. To confirm the adults and larvae ingest the yeast, red food 
coloring was added to the liquid yeast culture (McCormick), and midguts were dissected 
and inspected visually under a light microscope.  
 A number of physiological assays were performed to assess the effects of the 
biopesticides on adult SWD. 

Activity monitoring: Male adult flies were loaded individually into glass tubes for activity 
monitoring using Drosophila Activity Monitoring System (DAMS) (Trikinetics, Waltham, 
MA) following three days of yeast feeding treatment. The glass tubes were filled at one 
end with media containing 5% agar and 2% sucrose by weight. Percival incubators were 
set to 25˚C with a photoperiod of 12 hours of light and 12 hours of dark. Fly activity 
monitoring using DAMS and data analysis using FaasX were as previously described in 
Chiu et al. (2010). Activity was recorded for 6 days after the feeding period using the 
DAMS. The first through the fourth days of recording were averaged together. Data 
represent mean and s.e.m. of 3 independent experiments, and a total of 96 flies were 
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tested per treatment. Each experiment was normalized to the average of the control 
treatment. One-way or two-way ANOVA was performed (where appropriate) and 
significance relative to the control was determined by post hoc Bonferroni corrected t-
test (* indicates p < 0.05 and ** indicates p < 0.01).   

Assessment of fecundity and viability of offspring: Standard Bloomington Drosophila 
medium was dyed green with food coloring (McCormick) to provide visual contrast to 
eggs. 1 ml hot media was pipetted onto a small plastic spoon and allowed to cool. Once 
solidified, media was painted with a thin layer of wild type S. cerevisiae grown in liquid 
culture to encourage oviposition. Spoons were placed inside empty fly vials (Genesee 
Scientific) and one male and one female were added to the vial. After the egg-laying 
period, eggs were counted visually under a stereomicroscope. The spoon was 
transferred to a vial containing Drosophila medium and eggs were allowed to grow to 
adulthood to measure egg hatch rate. Data shown in Figure 5 represent mean and 
s.e.m. of three independent experiments and a total of 75 females were tested per 
treatment.  Each replicate was normalized to the mean of the control. Two-way ANOVA 
was performed and significance relative to the control was determined by post hoc 

Bonferroni corrected t-test (** 
indicates p < 0.01).  

Isolation of RNA from adult and 
larval midgut and quantitative PCR 
to measure gene knockdown: 
Following yeast feeding treatment, 
live adults were anesthetized with 
carbon dioxide and live larvae were 
separated from yeast mixture. 
Adults and larvae were transferred 
to a microcentrifuge tube containing 
TRI-reagent (Sigma Aldrich) and 
kept on ice. Dissection of the 
midgut was performed immediately 
on ice in chilled RNAlater (Life 
Technologies). Midguts were 
washed 2X in chilled nuclease-free 
water and 300 µl TRI-reagent was 
added to the microcentrifuge tube. 
Midguts were homogenized by 
grinding using a motorized pestle 
and RNA was extracted using 
standard protocol as described in 
Hamby et al. (2013). 1 µg of total 
RNA was used to synthesize cDNA 
us ing ThermoScr ip t RT-PCR 
Sys tem (L i f e Techno log i es ) 
according to the manufacturer’s 

Figure 3: (A and B) Daily activity levels of adult SWDs 
decrease after treatment with 4 different biopesticides. Flies 
recover from the one-time treatment on or after day 5. (B) 
Average daily activity levels of day 2 after biopesticide 
treatment are shown here. Each vertical bar represents 
activity counts for a 15-min period. 
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protocol. Dilutions (1:10) of cDNA samples were used in qRT-PCR reactions. Gene-
specific primers were designed based on sequence analysis using the D. suzukii 
genome scaffold (Chiu et al. 2013). The qRT- PCR assays were performed using 
SsoAdvanced SYBR Green Supermix (Bio-rad) in a CFX96 Touch Real-Time PCR 
Detection thermal cycler (Bio-Rad). Cycling conditions were 95˚C for 30 seconds, 40 
cycles of 95˚C for 5 seconds, followed by an annealing/ extension phase at 63.3˚C or 
55˚ C for 30 seconds. Three technical replicates were performed for each data point of 
each biological replicate, and at least 4 biological replicates were performed for analysis 
of each gene. Data were analyzed using the standard ∆∆Ct method and target gene 
mRNA expression levels were normalized to the reference gene cbp20 mRNA levels. 
Finally, average relative expression values for treated samples were divided by the 
average control values to represent the fold change of target gene expression in the 
treated sample.  

Results: 
SWD adults fed on biopesticides have decreased locomotor activity levels 
 Adult SWD males were fed ad libitum for three days with a choice between 

standard Drosophila artificial diet and live yeast 
growing on solid agar. To verify that the flies 
consumed the yeast, yeast was grown with red 
food coloring and midguts were dissected and 
examined after feeding. When fed on live yeast 
expressing dsRNA targeting bellwether (blw), 
Ribosomal protein L19 (RpL19), acetylcholine 
esterase (Ace), and yTub23C, adult SWD had 
decreased locomotor activity in the 4 days 
following treatment (Fig. 3A). Although activity 
levels were reduced in flies treated with dsRNA, 
flies in all treatments maintained typical temporal 
patterns of activity through the day (i.e. 
anticipation of dawn and dusk, and peak of 
activity at dusk) (Fig. 3B). We found this effect on 
locomotor activity level persisted over the first four 
days following the feeding period. 

Effect of yeast feeding treatment on decrease 
in adult activity level is species specific 
 The benefit of using RNAi in pest management 
is that RNAi triggers can be designed to target 
pest species, but not beneficial insects. To 
demonstrate this, we fed yeast expressing dsRNA 
to other Drosophilids and found that even closely 
related species were unaffected by the treatment 
(Fig. 4B). D. biarmipes is closely related to SWD, 
while D. melanogaster and D. simulans and more 
distant relatives (Fig. 4A).  D. simulans, D. 

Figure 4: Yeast biopesticide shows species 
specificity. (A) Phylogenetic relationship of 
SWD (D. suzukii) with other closely related 
Drosophilids. SWD is most closely related 
to D. biarmipes, compared to other species 
tested in this study. (B) Activity levels of 4 
Drosophila species (including SWD) 
treated with two biopesticides (blw and 
Tub) as compared to control treatment.
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biarmipes, and D. melanogaster were unaffected by treatment with yeast expressing 
dsRNA targeting blw and yTub23C. All species maintained regular temporal patterns of 
activity throughout the day (data not shown). The lack of an effect on activity in species 
other than SWD suggests that a high degree of perfect base pair matching is required to 
reduce locomotor activity. 

Ingestion of yeast biopesticide reduces reproductive fitness of SWD 
 Decreased reproductive fitness of an insect pest can reduce the population size 
within a region, minimizing crop losses. To test if the yeast treatment affects 
reproductive fitness, we counted the number of eggs deposited per female post-

treatment and measured 
the survival rate of the 
offspring. We found that 
yeast expressing dsRNA 
t h a t t a r g e t s b l w a n d 
yTub23C caused significant 
decrease in the number of 
eggs laid by SWD, but not 
by D. melanogaster (Fig. 
5A). One explanation of 
this result is that induction 
of RNAi reduces overall 
fitness, so females are 
unable to devote resources 
towards producing eggs. 
An alternative explanation 
is that because treated flies 
are less active, the first 
m a t i n g i s d e l a y e d 
compared to the control, 
resulting in fewer eggs at 
the end of the test period. 
The survival rates of the 
offspring of treated adults 
as measured by egg hatch 
rate were unaffected in 
both species (Fig. 5B). In 
our assay, the food source 

was coated with wild type yeast to encourage oviposition, which may have interfered 
with passage of transgenic yeast from the parents to the offspring.  

Ingestion of yeast biopesticide decreases larval survivorship 
 Ingestion of yeast expressing dsRNA targeting blw and yTub23C during the larval         
stages decreased survival to adulthood in SWD, but not in D. melanogaster (Fig. 5C).  
Adults of all tested species fed on yeast expressing dsRNA did not show significant 
increase in mortality. Larvae consume a greater amount of food per day compared to 

Figure 5: Yeast biopesticide treatment decrease reproductive output of 
SWD adult and larval survivorship, but not have no significant effects 
on adult and larval forms of the closely related Drosophila 
melanogaster. (A) Egg count; (B) Hatch rate; and (C) Larval 
survivorship were assessed in SWD or D. melanogaster.
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adults. Since the larvae were fed in a no-choice assay, and the adults were fed with a 
choice between live yeast and artificial diet, we reason that larvae likely received higher 
dosage of yeast. Differences in dosage could explain why the yeast feeding treatment 
induces mortality in larvae, but not in adults. Alternatively, we speculate larval stages 
could be more susceptible to RNAi than adults due to differences in the absorptive 
properties of the midgut or robustness of the RNAi pathway.  

Discussion and future directions 
 We observed that a greater magnitude of gene knockdown was observed where         
larvae were soaked in dsRNA produced in vitro than in our experiments where 
transgenic yeast was fed to adults. This could indicate that susceptibility of Drosophila 
to RNAi is varied at different life stages. Alternatively, stability and uptake of dsRNAs 
produced in vitro (in test-tubes) and delivered via soaking larvae in dsRNA solution 
could differ from that of dsRNAs produced and delivered in yeast cells. Stability and 
uptake of dsRNAs are likely important factors in efficacy of this biopesticide that has 
potential to be improved upon. We tested 13 dsRNAs that target 8 different essential 
genes. There are hundreds of other genes that have been identified as essential for 
survival in Drosophila. It is likely that other genes would be more effective targets for 
this biopesticide. Large scale and more comprehensive screening of more target genes 
to find more susceptible targets could help improve the efficacy of this biopesticide.  
          
 We predict that this yeast biopesticide could be successfully implemented in the         
field to combat SWD, especially given our results showing decreased reproductive 
output when the biopesticide were fed to adults SWD. The emergence of insecticide 
resistance and increasing popularity of organic food products may open the door to non-
chemical means of pest control in both organic and conventional farming. A method for 
administering this yeast biopesticide in the field has already been presented, since 
yeast baited traps have previously been used in berry crops to lure SWD (Iglesias et al. 
2014).  Additionally, there is precedence for the agricultural use of genetically modified 
fungi, as the USDA has issued 26 permits for environmental release of genetically 
modified fungi since 1995 (Hokanson et al. 2013). A major limitation of the current 
design is that mortality is not induced in adults. However, we found this yeast 
biopesticide significantly decreases egg laying and therefore could decrease the 
population size of the next generation. This yeast biopesticide could be used in 
complement with chemical pesticides by targeting detoxification genes rather than 
critical genes. By altering expression of detoxification genes, SWD could be made more 
susceptible to chemical pesticides. As different types of insecticide resistance emerge, 
the genes targeted by the yeast could easily and quickly be changed to compensate. 
Targeting multiple genes simultaneously may also increase toxicity of this biopesticide. 
Further screening is required to identify groups of target genes that will have additive 
effects when knocked down together.  

 Another characteristic of yeast that makes it an interesting candidate for a 
biopesticide is that unlike chemical pesticides, it can be easily grown with commonplace 
starting materials. Currently, live S. cerevisiae, commonly known as brewer’s yeast, can 
be purchased in packets from any grocery store. The yeast in these packets is dry and 
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does not require refrigeration. We envision that in the future, a yeast biopesticide could 
be similarly packaged and distributed to farmers in developing countries, where it could 
be cultured at the site of use.  
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Research Report 2015 
Akbari and Hay 
 
Goal: 
To produce, assess the performance of transgenic D. Suzukii carrying the Y-gene drive system. 
 
Objectives: 
Establish a transgenic suppression line of D. Suzukii, by introducing a cassette expressing Cas9 and guide 
RNAs onto the Y chromosome that results in loss of X-bearing sperm. 
 
If the above transgenics show male-biased sex ratios we will conduct standard laboratory and field-cage 
assays to test the ability of Y-drive males released into a wild D. Suzukii population to suppress the population 
by preventing the production of females.                                                                                                                 
                          
Preliminary Data/Future Directions 
 
 There are five steps to engineering D. suzukii 
population suppression through shredding of the 
X chromosome in males. These are outlined in 
the following two figures, and discussed in more 
detail below. To summarize, we have completed 
three of these steps, have preliminary evidence 
for the fourth, that X-shredding is occurring, and 
are now preparing to carry out the final, key D. 
suzukii transgenesis experiment.  
 
1. We needed to show that we could engineer a 
large transgene cassette containing male 
germline-expressed Cas9 and guide RNAs, get 
this to insert at specific positions in the genome, 
and cleave the appropriate target sequence.  
 
We have characterized strong Drosophila 
melanogaster male germline promoters, and have identified their D. suzukii counterparts. Two promoters of 
particular interest are B-tubulin, and members of the Mst gene family, both of which are male-germline specific. 
 
We have also shown that we can take a Cas9/gRNA cassette and force it to insert at a desired position in the 
genome. In brief, we designed a large 10kb+ transgene that would insert into the genome of D. melanogaster 
via Cas9/gRNA mediated homologous recombination (we carried out this initial experiment in Drosophila 
melanogaster because for D. suzukii we first needed to identify the X and Y chromosome from the genome 
sequence, discussed below ). We targeted this transgene to a gene required for female fertility gene as Yellow-
G. Upon microinjection, we were able to efficiently target our transgene into the Yellow-G gene (unpublished 
work).  Importantly, this very large cassette is able to "home" (copy itself from one chromosome to another) with 
appreciable frequency. This is important because it indicates that once Cas9/gRNA cassettes are integrated 
into the genome they continue to function, and can cleave its target sequence generation after generation.  
 
2. With a solution to Cas9/gRNA integration in hand, we sought to solve a second problem, identification of the 
D. suzukii Y chromosome, which is where we want to insert our X-chromosome-cleaving Cas9/gRNA cassette. 
The current genome annotation of D. Suzukii version 1.0 (http://spottedwingflybase.oregonstate.edu) is 220Mb, 
which is 59% larger then D. melanogaster’s genome size of 130Mb, and is divided into 29,114 contigs 
(independent fragments that have not been brought together to make a clear linear sequence map of each 
chromosome). It is not even known which of these contigs comes from the D. suzukii Y chromosome.  
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 To solve this problem we used a bioinformatic 
approach. We took the entire Drosophila melanogaster 
Y chromosome sequence and carried out a search for 
related sequences (a BLAST homology search) among 
the D. suzukii contigs; essentially, we looked for regions 
of D. suzukii that were nearly identical to those from the 
melanogaster Y chromosome, as these are likely to 
represent D. suzukii Y chromosome sequence.  
 
To summarize, we identified a total of 134 contigs that 
had extremely high homology (E-value = 0) to the D. 
melanogaster Y-Chromosome. Given this high 
homology, we are very confident that these contigs are 
pieces of the D. Suzukii Y-chromosome. From this data 
we have identified several regions of the D. Suzukii that 
should be ideal locations for our Cas9/gRNA cassette (outside of any known transcribed regions, in unique, 
non-repetitive DNA). See the figure below. 
 
3. The third problem that needed to be solved has 
two components: first, we needed to identify 
sequences from the D. suzukii X chromosome, as 
with the Y above; second, we wanted to identify 
potential gRNA sequences on the X that were 
present only on the X chromosome, and in 
multiple copies. We wanted to target sequences 
present in multiple copies on the X, as this would 
create more targets for cleavage, making 
destruction of the X chromosome more likely.   
 
We identified 388 contigs from D. suzukii as being 
X-linked using the homology-based approach 
outlined above for the Y, starting with the known 
sequence of the Drosophila X chromosome. To 
identify potential gRNA sequences specific to the 
D. suzukii X chromosome, and present in multiple 
copies, we first developed a program to predict all possible Cas9 cleavage sites on the X-chromosome by 
searching for the PAM motif (XGG in the target sequence N(21)XGG). Once potential X-chromosome cleavage 
sites were identified, they were aligned to the rest of the genome (all the other non-X contigs) and those that 
showed a sequence match to these contigs were eliminated. The final output of this program was a 
conservative list of X-chromosome specific Cas9 cleavage sites. To identify target sites present only on the X, 
and in multiple copies, we designed the program to filter and choose target sites found on the X-chromosome 
in multiple locations.  
 
From all of this, we conservatively predicted several potential target sequences repeated exclusively on the X 
chromosome in up to ten locations, making them ideal for the development of guide RNAs to cleave the D. 
Suzukii X-chromosome. We have narrowed down this list and identified and cloned several guide RNAs that 
are being used to generate the final D. suzukii Cas9/gRNA cassettes. 
 
 
 
4. To test the idea that X-shredding can work we have been carrying out parallel experiments in Drosophila 
melanogaster, generating X-shredding gRNA-bearing lines and crossing them to flies that express Cas9. From 
these experiments, as discussed further below, we have preliminary evidence that X-shredding is occurring, as 
evidenced by our failure to observe progeny that express both Cas9 and the gRNA. Further tests are ongoing.  
 
5. The final step in the development of a D. suzukii population suppression system is to put all of the above 
components: gRNA targeting the D. suzukii X in multiple positions, and Cas9 driven by a male germline-
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specific promoter, onto the D. suzukii Y chromosome, at a site identified through the bioinformatic process 
outlined in  
 
Current Progress and Future work in Drosophila Suzukii  
The final step in the development of a D. suzukii population suppression system is to combine all essential 
components including the gRNAs targeting the D. suzukii X chromosome in multiple positions, and Cas9 
endonuclease driven by a male germline-specific promoter, onto the D. suzukii Y chromosome. In our first 
attempt, we successfully engineered the transgenes, however we failed to obtain germline integration events of 
these plasmids in D. suzukii. This result is likely due to a few possibilities: 1) It is possible that our gRNA’s were 
not functional, as not all gRNAs are active (Ran et al., 2013).  2) It is also feasible that our transgenes did 
integrate and were silenced on the Y chromosome.  There is evidence in Drosophila that suggests that 
transgenes on the Y chromosome can get rapidly silenced (Bachtrog, 2013). Therefore to overcome these 
potential issues in D. Suzukii, we are redesigning our transgenes to include chromosomal insulators known to 
prevent position effects and try to integrate them once again into the same genomic location on the Y (West et 
al., 2002). We will also design a few more transgenes with chromatin insulators, which will integrate into other 
locations on the Y – to rule out that our gRNAs are simply non-functional at certain Y-chromosome locations. 
Finally, we will also explore the use of promoters from genes that are normally present on the Y, as it may be 
that these promoters have special properties that allow them to be expressed from chromatin that is largely 
heterochromatic. 
 
Parallel tests in Drosophila melanogaster  
Furthermore, given the low transformation rates in D. Suzukii, in parallel to the above experiments, we have 
been working to test out this exact idea of X-shredding in Drosophila melanogaster and have made some 
considerable preliminary progress. Over the last several months we have developed a binary genetic system in 
Drosophila melanogaster to see if we can achieve effective X-chromosome shredding. In this system, we are 
essentially crossing flies that express Cas9 in their germlines (Gratz et al., 2014) (Via the Vasa promoter) with 
flies expressing single gRNAs or multiplexed gRNAs (double or triple) that we engineered to target the X-
chromosome in up to 168 locations (see table).  

While many of these crosses are still ongoing, 
we preliminarily discovered that X-
chromosome shredding seems to be 
operational in flies transheterozygous for the 
germline expression of cas9 and the 
autosomal guide RNA (#2). We believe this is 
the case as from these crosses no progeny 
survive that contain the guide RNA, while 50% 
should, suggesting that these have been 
killed. This likely is a result of somatic 
expression of cas9 and the guide RNA 
resulting in X-chromosome shredding during 
embryogenesis. Importantly, this result is 
highly suggestive that we can destroy the X 

chromosome using Cas9 and guide RNAs!!! This 
would be very good news!! Furthermore, in 
other work we already know that that we can 
home a cas9 cassette into a specific location on 
the autosomes. Also, similar to work in D. suzukii 

(described above) building docking strains on the Y chromosome using Cas9 has been difficult. Thus far, we 
have been unable to get insertions on the Y that express. We know that expression can happen on the Y 
because genes needed for spermatogenesis are expressed from it. We are now trying promoters from these 
genes with the hope that they will carry regulatory information needed to drive expression from the Y.  
 
Overall Progress Summary: 
We have a number of tools needed to get Y drive  
1.  Guide RNAs that target the X  
2.  Evidence that expression of these can cause killing of the X 
3. We know we can home into a locus, albeit an autosomal locus. 
4. We also have a number of male-specific promoters. 

Figure 1: gRNA target sites for CRISPR mediated 
cleavage. gRNA sequences and frequency of target 
sites on the X chromosome are listed.  
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5. What we have been unable to get is Y insertions of our gene cassettes 
 
Going forward with Y-Drive  
What we are going to do is to focus on: 
 A. 
Trying promoters from Y-based genes 
 B. 
Inserting insulator sequences to protect genes from negative influence of the Y.  
 
We had hoped for more rapid progress, but this difficulty is not completely unexpected. The Y is largely silent 
chromatin, with just a few genes scattered here and there. Others have failed to get good gene expression from 
the Y. We included some insulator elements in our initial constructs. But this may not have been enough. We 
think it is worth another push to try and get insertions on the Y. This is really the rate-limiting step for 
everything. If we are successful in these key lab-based experiments, our plan is still to continue with cage trials 
and ultimately wild releases, as outlined in our initial proposal. 
 
References 
Akbari, O.S., Chen, C.H., Marshall, J.M., Huang, H., Antoshechkin, I., and Hay, B.A. (2012). Novel Synthetic 
Medea Selfish Genetic Elements Drive Population Replacement in Drosophila; a Theoretical Exploration of 
Medea-Dependent Population Suppression. ACS synthetic biology (PMID: 23654248). 
 
Akbari, O.S., Matzen, K.D., Marshall, J.M., Huang, H., Ward, C.M., and Hay, B.A. (2013). A synthetic gene 
drive system for local, reversible modification and suppression of insect populations. Current biology : CB 23, 
671-677. 
 
Chen, C.H., Huang, H.X., Ward, C.M., Su, J.T., Schaeffer, L.V., Guo, M., and Hay, B.A. (2007). A 
synthetic maternal-effect selfish genetic element drives population replacement in Drosophila. Science 316, 
597-600. 
 
Gratz, S.J., Wildonger, J., Harrison, M.M., and O'Connor-Giles, K.M. (2013). CRISPR/Cas9-mediated genome 
engineering and the promise of designer flies on demand. Fly, 7, 249-255 
 
Mali, P., Esvelt, K.M., and Church, G. M. (2013). Cas9 as a versatile tool for engineering biology. Nature 
Biotechnology, 10, 957-963. 
 
Goodhue, R.E., Bolda, M., Farnsworth, D., Williams, J.C., and Zalom, F.G. (2011). Spotted wing drosophila 
infestation of California strawberries and raspberries: economic analysis of potential revenue losses and control 
costs. Pest Manag Sci 67, 1396-1402. 
 
Hamilton, W.D. (1967). Extraordinary sex ratios. Science 156, 477-488. 
 
Lyttle, T.W. (1977). Experimental population genetics of meioticdrive systems. I. Pseudo-Y chromosomal drive 
as a means of eliminating cage populations of Drosophila melanogaster. Genetics, 86, 413-445. 
 
Reeves, R.G., Denton, J.A., Santucci, F., Bryk, J., and Reed, F.A. (2012). Scientific standards and the 
regulation of genetically modified insects. PLoS Negl Trop Dis 6, e1502. 
 
Schetelig, M.F., and Handler, A.M. (2013). Germline transformation of the spotted wing drosophilid, 
Drosophila suzukii, with a piggyBac transposon vector. Genetica 141, 189-193. 
 
Venken, K.J., and Bellen, H.J. (2012). Genome-wide manipulations of Drosophila melanogaster with 
transposons, Flp recombinase, and PhiC31 integrase. Methods in molecular biology 859, 203-228. 
 
Wood, R.J. and Newton, M.E. (1991). Sex-ratio distortion caused by meiotic drive in mosquitoes. The American 
Naturalist 137, 379-391. 

39



1Scientific RepoRts | 5:14059 | DOi: 10.1038/srep14059

www.nature.com/scientificreports

Volatile codes: Correlation of 
olfactory signals and reception 
in Drosophila-yeast chemical 
communication
Nicole H. Scheidler1, Cheng Liu2, Kelly A. Hamby3, Frank G. Zalom4 & Zainulabeuddin Syed1

Drosophila have evolved strong mutualistic associations with yeast communities that best support 
their growth and survival, resulting in the development of novel niches. It has been suggested 
that flies recognize their cognate yeasts primarily based on the rich repertoire of volatile organic 
compounds (VOCs) derived from the yeasts. Thus, it remained an exciting avenue to study whether 
fly spp. detect and discriminate yeast strains based on odor alone, and if so, how such resolution is 
achieved by the olfactory system in flies. We used two fly species known to exploit different niches 
and harboring different yeasts, D. suzukii (a pest of fresh fruit) and D. melanogaster (a saprophytic 
fly and a neurogenetic model organism). We initially established the behavioral preference of both 
fly species to six Drosophila-associated yeasts; then chemically analyzed the VOC profile of each 
yeast which revealed quantitative and qualitative differences; and finally isolated and identified 
the physiologically active constituents from yeast VOCs for each drosophilid that potentially define 
attraction. By employing chemical, behavioral, and electrophysiological analyses, we provide a 
comprehensive portrait of the olfactory neuroethological correlates underlying fly-yeast coadaptation 
in two drosophilids with distinct habitats.

In insects, as in other animals, senses are biological features that have been shaped by natural selection 
to promote adaptive behaviors1–3. Among these, olfaction is pronounced4,5. As insects adapt to different 
ecological environments and specialize on novel hosts, typified by unique chemical landscapes, their 
olfactory structures and molecular correlates diverge and adapt enabling them to locate suitable hosts, 
habitats, oviposition sites and conspecifics4,6. A thorough understanding of this evolutionary process 
and interactions can be exploited to identify baits unique to a pest species that can be used as safe and 
effective means of pest monitoring and management. The development of a bait for Rhagoletis pomo-
nella, a pest of cultivated apples and model for incipient sympatric speciation, demonstrates the use of 
these principles7: R. pomonella was shown to be attracted to a volatile chemical blend derived from its 
introduced host, apple, over the ancestral host plant, hawthorn. In insects, a distinct and limited range 
of volatiles from diverse sources are parsimoniously used in various contexts eliciting strong olfactory 
behaviors8. These volatile chemicals are largely detected and discriminated by odorant receptors (ORs), 
a divergent family of proteins, that are expressed in olfactory receptor neurons (ORNs) located inside 
hair-like structures, sensilla, on the antennae and other olfactory organs9.

Drosophila melanogaster (Diptera: Drosophilidae), one of the most intensely studied organisms, 
has been at the forefront of seminal discoveries, many involving olfaction, for over four decades10. 

1Department of Biological Sciences & Eck Institute for Global Health University of Notre Dame, Notre Dame, IN 
46556, USA. 2Center for Research Computing, University of Notre Dame, Notre Dame, IN 46556, USA. 3Entomology 
Department, University of Maryland, College Park, MD 20742, USA. 4Entomology and Nematology Department, 
University of California, Davis, CA 95616, USA. Correspondence and requests for materials should be addressed 
to Z.S. (email: zainulabeuddin.syed.5@nd.edu)

Received: 28 April 2015

Accepted: 17 August 2015

Published: 22 September 2015

OPEN

40

mailto:zainulabeuddin.syed.5@nd.edu


www.nature.com/scientificreports/

2Scientific RepoRts | 5:14059 | DOi: 10.1038/srep14059

Unfortunately, this extensive knowledge derived from Drosophila studies has not been transferred to 
applied entomological problems because Drosophila have rarely been considered direct pests of economic 
importance. However, the recent introduction of a highly pestiferous east Asian vinegar fly, Drosophila 
suzukii (Matsumura) (Diptera: Drosophilidae), into mainland North America in the late 2000 s, and 
an increasing presence of this pest throughout Europe, has changed that perspective11. While the vast 
majority of over 1500 known species of Drosophila12 have typically been considered innocuous or simply 
a nuisance as they feed and oviposit on damaged, decaying, or fermenting fruits, D. suzukii is one of the 
few species that has evolved a serrated ovipositor13 enabling them to pierce the skin of fresh fruits and 
lay their eggs inside the flesh. Reductions in yield of berry and soft fruit crops in newly invaded areas 
of North America and Europe are reported to reach as high as 80% in the absence of any management 
practices, although a current and comprehensive economic assessment is lacking11,14.

In order to study the olfactory sensory correlates that help guide flies to and define a preferred 
substrate, a sound understanding of the hosts and their derived odors is critical. Yeasts constitute the 
main nutritional source for adults and larvae of most Drosophila species15, and the nutritional value 
of yeast-enriched habitats is advertised by a rich volatile chemical landscape16 which mediates critical 
life traits such as host preference16,17, mate location and oviposition18. In addition to detecting yeasts, 
flies also discriminate among yeast species. They appear to prefer those yeasts that enhance critical life 
history traits15,19–21. A screening of 43 yeast isolates against D. melanogaster in a behavioral choice assay 
identified acute olfactory preference for strongly-fermenting, fruit associated yeasts20. One of the best 
studied models for fly-yeast coadaptation and coevolution has been the case of D. mojavensis flies and 
their host cacti with their unique yeast populations in the Sonoran desert21,22. In a detailed behavioral 
analysis involving multiple fly and yeast species, Dobzhansky et al.17 demonstrated species-specific pref-
erences of flies to the yeast from their own host/habitats. Recent investigations have shed new light into 
the chemosensory basis of this association between four D. mojavensis populations (incipient species) 
and their host cacti23, establishing a strong correlation between the volatile chemistry of the hosts (cacti) 
and the olfactory preference in populations of D. mojavensis. One population specialized on the bar-
rel cactus, Ferocactus cylindraceus, has significantly reduced antennal sensitivity to esters and increased 
responses to aromatic compounds that match the relative decrease in esters and increase in the aromatic 
compounds in the barrel cactus volatile profile. This study provided compelling evidence for alteration 
at the periphery to adapt to different host plants based on volatile chemosensory cues. It is still an open 
debate if the adaptive changes in olfaction predate host specialization or occur as a consequence, as 
argued for other fly species24.

We therefore conducted a comprehensive investigation to understand the factors that potentially 
facilitate D. suzukii flies in exploiting novel food substrates, with an overarching aim to develop effec-
tive baits that can specifically capture D. suzukii utilizing odor-baited traps. Recent studies towards this 
have identified volatiles derived from vinegar (which is commonly used as a bait against vinegar flies)25, 
foliage26, and fruits27,28 that could potentially attract D. suzukii. However, given the ubiquitous role of 
yeast in multiple life-traits, including their implicit role in defining Drosophila attraction to various sub-
strates18, we focused on yeast derived volatiles as a potential source of attractants. We earlier reported 
the isolation and identification of certain yeast species, namely Hanseniaspora uvarum, Pichia kluyveri, 
and Pichia terricola, which were enriched in the alimentary canal of field collected D. suzukii indicating 
a mutually beneficial association between the fly and these yeasts29. A parallel study reported the favora-
ble association of Candida californica, Candida zemplinina, and Pichia kluyveri with D. melanogaster30. 
There is also evidence, however, of H. uvarum occurring as one of the most frequent yeasts in the gut 
of multiple Drosophila spp., including D. melanogaster31. In this study, by including these two fly species 
and their commonly associated yeasts, we demonstrate: i) a clear behavioral preference in each fly among 
and between the yeasts, ii) unique yeast volatile chemical signatures that could be discretely sorted into 
chemical odor space, and iii) that this chemical separation is resolved into chemosensory space by the 
flies’ peripheral olfaction. Our findings contribute to and extend the understanding of coevolution in 
sensory communication2 between yeast and vinegar flies23,32–35. Our results open a promising avenue for 
the development of robust, species specific odor baits and contribute important insights to the under-
standing of the neuroethological trait evolution in two distinct and divergent drosophilids, one a highly 
invasive pestiferous fly while the other simply innocuous.

Results
Yeasts derived from field collected fly populations induce distinct preferences. All six yeast 
species (P. terricola, P. kluyveri, H. uvarum, C. californica, C. zemplinina, and S. cerevisiae), commonly 
associated with either of the fly species, elicited strong attraction of D. melanogaster and D. suzukii to 
yeast baited traps in a binary choice assay. Regardless of yeast or fly species, yeast baited traps were con-
sistently more attractive than control traps (p <  0.02). The equal distribution of flies when both the traps 
were treated with the control bait, potato dextrose broth (PDB), demomsrated that there was no posi-
tional bias (p >  0.2) (Table 1). Further investigation into the relative yeast preference of each fly species 
under a multi-choice paradigm revealed distinct patterns. While D. melanogaster showed a significant 
discrimination among the yeasts (F6,77 =  9.12; p =  1.56 ×  10−7), the statistical difference is much more 
robust in D. suzukii (F6,77 =  12.85; p =  5.30 ×  10−10). Pairwise comparisons of captures for each yeast 
within D. melanogaster revealed the most significant attraction to H. uvarum and P. terricola (Fig.  1), 
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whereas H. uvarum alone induced the highest attraction within D. suzukii. We also note with interest 
that a two-way ANOVA, taking yeast and fly species as factors, revealed significant difference in the 
overall yeast preference by two fly spp. (F1,132 =  7.78; p =  0.006), despite a relatively conserved prefer-
ence pattern. Finally, we asked if an unpaired comparison between the two fly species for a given yeast 
would reveal any differences in the behavioral preference. Difference in preference was non-significant, 
except for P. terricola, which elicited a significantly higher response in D. melanogaster compared to  
D. suzukii (p <  0.005).

Yeast spp.

Percent mean trap captures ± SEM

D. suzukii D. melanogaster

Control Control Control Control

PDB 53.14 ±  4.55 46.39 ±  4.55 ns 44.83 ±  6.49 55.17 ±  6.49 ns

Treatment Control Treatment Control

P. terricola 82.41 ±  4.06 17.59 ±  4.06 *** 88.32 ±  4.07 11.68 ±  4.07 ***

P. kluyveri 78.65 ±  2.90 21.35 ±  2.90 *** 73.63 ±  9.43 29.83 ±  9.43 *

C. zemplinina 87.24 ±  1.33 12.76 ±  1.33 *** 91.40 ±  4.40 8.60 ±  4.40 ***

C. californica 75.93 ±  3.17 24.07 ±  3.17 *** 84.49 ±  5.03 15.51 ±  5.03 ***

H. uvarum 87.53 ±  2.79 12.47 ±  2.79 *** 71.47 ±  6.84 28.53 ±  6.84 **

S. cerevisiae 86.37 ±  3.31 13.63 ±  3.31 *** 83.85 ±  4.99 16.15 ±  4.99 ***

Table 1.  Yeast derived odors induce ubiquitous preference in D. suzukii and D. melanogaster. Data 
represents captures from the traps baited with the yeast or PDB (control) in binary choice assays. The 
percentages of fly captures in the treatment versus control traps in a given arena are reported for each 
yeast species indicating consistently significant preference for yeast in both fly species (rows). The top row 
(shaded; control) confirms no positional bias in fly preference in these assays. All p-values are calculated by 
Mann-Whitney test; mean ±  SEM, N ≥  9 per yeast type for each fly species.

Figure 1. D. suzukii and D. melanogaster differentially discriminate between six yeast species based 
on the odors. Relative yeast preference was evaluated by simultaneously exposing flies in an arena to six 
traps baited with a different yeast species (represented by different colors) or PDB as control. Separate trials 
were carried out for each fly species with N =  12. Error bars are standard error of the means. Letters above 
indicate the statistical significance (p <  0.05; one-way ANOVA) within a fly species (indicated by small or 
capital letters). When preference between the two fly species for a given yeast was compared by an unpaired 
student’s t-test, the responses were not significantly different (p >  0.05) except for P. terricola (indicated by an 
asterisk).
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Yeasts produce unique odor profiles. Analysis of the collected Volatile Organic Compounds 
(VOCs) from all the yeast species revealed unique profiles (Fig.  2a; Supplementary Figs S1 and S2; 
Supplementary Tables S1 and S2). To determine if this variation in VOCs can be utilized to resolve 
yeast species into distinct entities, we subjected the data to Principal Component Analysis (PCA). The 
area under the ten most abundant constituent odorants extracted from the Total Ion Chromatograms 
(TICs) from each yeast species sorted the populations into discrete clusters (Fig. 2b). More than 72% of 
the observed variation in the profiles was explained by the first three principal components (PCs). To 
identify the most influential constituent odorants (loading factors) separating yeasts, we took a loading 
value above 0.28 as indicative of significant contribution towards the determination of each PC. PC1, 
which accounted for 34.1% of the overall variation, was weighed positively by all the ester compounds 
except one aromatic aldehyde, benzaldehyde, whereas alcohols and ketones contributed negatively. The 
top positive contributors include isoamyl propionate and isoamyl acetate while 1-pentanol, 2-methyl-
1-butanol, and 6-methyl-5-heptene-2-one contributed negatively, in decreasing order of impact. The 
next highest variation (> 24%) was accounted for by PC2, which was positively impacted by ethyl 
octanoate, ethyl hexanoate, ethyl decanoate, and 3-(methylthio)-1-propanol, while negatively influenced 
by ethyl acetate and benzaldehyde. PC3 (explaining 13.6% of the total variation) was influenced posi-
tively by an aromatic, phenethyl propionate, whereas negatively contributing compounds were 3-(meth-
ylthio)-1-propanol and four esters, namely ethyl octanoate, ethyl hexanoate, ethyl decanoate and ethyl 
acetate (in decreasing value). Finally, the statistical significance of the differences among yeast profiles 
was determined by pairwise MANOVA tests of the first three PCs (Fig.  2c). Except for C. californica 
and S. cerevisiae, all species were significantly different from each other (p =  0.0001), with P. terricola 
being the most significant.

Peripheral response repertoire resolves yeast species into distinct odor space. Having estab-
lished the strong preference of vinegar flies to yeast and their ability to discriminate among them, we 
investigated the sensory physiological basis of this attraction by using gas chromatography link elec-
troantennographic detection (GC-EAD). Many of the yeast headspace odor constituents elicited elec-
trophysiological responses of various intensities (Fig. 3; Supplementary Figs S3 and S4; Supplementary 

Figure 2. Yeast species produce distinct odor profiles. (A) Representative odor profiles as measured by 
gas chromatogram-mass spectrometry (GC-MS). Profiles are offset for clarity. (B) Three dimensional cluster 
plot based on the PCA resolves yeasts into discrete clusters. The area under the 10 most abundant chemical 
constituents from each yeast species was extracted; since the abundant peaks were not the same in each 
yeast, extracting the top 10 and retrieving them in the rest yielded a list of 24 constituents overall that were 
subjected to PCA. The cluster plot was generated using the first three principal components (PC1, PC2, PC3 
each explained 34.1%, 24.5% and 13.6% of the total variation, respectively). The insets represent individual 
mean PC score ±  SEM. (C) A heat map based on the hypothesis tests between PCA clusters indicates highly 
significant differences in the yeast VOC chemistry.

43



www.nature.com/scientificreports/

5Scientific RepoRts | 5:14059 | DOi: 10.1038/srep14059

Tables S1 and S2). To investigate whether D. suzukii and D. melanogaster can separate yeasts into discrete 
odor space based on the volatile bouquet, and if this resolution is conserved between the species, we 
performed principal component analysis (PCA) on the 25 most intense responses compiled from each 
yeast response profile (Supplementary Table S1) and plotted them three dimensionally. This revealed a 
distinct sorting of the yeasts by the flies (Fig. 4a,b).

The first three PCs together accounted for 56.6% and 58.1% of the total variation observed in  
D. suzukii and D. melanogaster, respectively. The significant contribution of these three PCs in resolv-
ing six yeasts into discrete points are evidenced in the insets of Fig. 4a,b. In order to distinguish which 
odorants (loading factors) are most influential in fly discrimination among yeasts, we selected the three 
positive and negative factors of greatest impact on the determination of each PC.

For D. suzukii (Fig.  4a), the positively contributing constituents were as follows: PC1 (explaining 
26.8% of total variation) by compound 27, ethyl butyrate, and ethyl isobutyrate; PC2 (18.5%) by com-
pounds 3, 21, and butyl acetate; and PC3 (10.8%) by 2, 5-dimethylpyrazine, 2-heptanone and compound 
49. Constituents that weighted negatively were: PC1 by compounds 1, 29, and 2-phenethyl acetate; PC2 
by isoamyl acetate, compound 23, and isoamyl propionate; and PC3 by compounds 52, 30, and 43. In 
D.  melanogaster (Fig.  4b), compounds which weighted positively were: PC1 (accounting for 28.7% of 
variation), ethyl butyrate, compound 43, and ethyl isovalerate; PC2 (16.2%), ethyl hexanoate and com-
pounds 30 and 16; and PC3 (13.2%), compounds 40, 37, and 6. The following compounds weighted 
negatively: PC1 by ethyl acetate, isoamyl acetate, and compound 29; PC2 by ethyl propionate, furfuryl 
acetate, and butyl acetate; and PC3 by compounds 32, 7, and 25. Interestingly, PC1 in both the species 
is positively impacted by ethyl butyrate while negatively impacted by compound 29. Additionally, butyl 
acetate contributed significantly to PC2 for both fly species, however, with opposite impact. A full list of 
compounds with their unique identification numbers along with Kovat’s Indices (KIs) and CAS numbers 
is given in Supplementary Tables S1 and S2.

In order to determine the statistical significance of the odor separation represented in the PCA 
clustering (Fig.  4a,b), pairwise MANOVA tests were performed between group responses. Responses 
elicited by all six yeast species were significantly different from each other in a pairwise comparison per-
formed on the two fly species (Fig. 4c). In D. suzukii, the highest difference (p =  2.9 ×  10−8) was found 
between P.  kluyveri vs P. terricola whereas the lowest difference was between S. cerevisiae and P.  terri-
cola (p =  0.0053). In D. melanogaster the highest difference was between S. cerevisiae and P. kluyveri 
(p =  1.1 ×  10−8) and the lowest (p =  3.4 ×  10−8) was between C. zemplinina and C. californica. The reso-
lution pattern and the magnitude of separation among the yeast species were different in D. melanogaster 
compared to D. suzukii. We note with great interest that D. suzukii could be effectively separated from 
D. melanogaster (p =  1.96 ×  10−33) by subjecting yeast VOC induced responses from both fly species to 
a single PCA (Fig. 4d). The different chemosensory space of the two fly species suggests that they can 
resolve complex chemical landscapes as distinct entities.

Finally, to explore if the distinctly resolved sensory spaces for two species can be attributed to 
a set of compounds, we examined the top ten antennal responses generated by each yeast from D. 
melanogaster and D. suzukii, which resulted in a subset of constituents eliciting significantly different 
responses between the two fly species (Fig.  5a,b). Of these, a majority were esters with the exception 

Figure 3. Olfactory responses to yeast derived volatiles are qualitatively and quantitatively different 
across yeast and fly species as measured by antennal sensitivity. Representative antennal response 
profiles were generated by gas chromatography linked electro-antennographic detection (GC-EAD) method 
which measures response to odor constituents as they elute from the GC column. Refer to Supplementary 
Figure S3 for the accompanying GC-FID traces; and Supplementary Figure S4 represents comparative 
responses.
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of two ketones (2-heptanone and 6-methyl-5-heptene-2-one). Responses induced by isobutyl acetate, 
isoamyl acetate and ethyl hexanoate were significantly different between D. melanogaster and D. suzukii 
in at least five of the six yeast odor profiles suggesting the salience of these odorants contributing to 
behavioral discrimination. These compounds were present in varying amounts (ranging from below 
the detection threshold of MS up to 100 ng) in the natural headspace of each yeast profile, yet were 
consistently active on the antennae (Supplementary Fig. S4). We further evaluated the salience by stim-
ulating antennae with known amounts of these compounds to establish relative sensitivity. As a control, 
we used ethyl isovalerate, which elicited comparable antennal responses from the two fly species for 
each of the yeasts tested (Fig. 5a). All four compounds elicited electrophysiological responses that were 
dose-dependent in both species. As expected, the dose-response curves for the test compounds were 
significantly different between fly species (p <  1.2 ×  10−7), whereas ethyl isovalerate (control) induced 
comparable depolarization (Fig. 5c). Additionally, while the straight chain ester, ethyl hexanoate, elic-
ited stronger responses (lower threshold) in D. melanogaster, the two other test compounds with a 
branched alkyl group induced responses with lower threshold in D. suzukii. This species-specific sen-
sitivity confirms the critical role of a limited number of compounds potentially contributing to the 
behavioral differentiation.

Discussion
Yeasts coadapt with each other in their natural habitat to form stable communities, and these com-
munities are further coadapted with Drosophila resulting in mutualistic relationships21,23. Drosophila 
thus appear to have evolved a strong preference for those yeasts which best support their growth and 
survival, as measured by various fitness traits15,19,21. These interactions between yeasts and flies can be 

Figure 4. Fly antennae resolve yeast volatile headspace into discrete odor space. Principal Component 
Analysis (PCA) resolved antennal responses to each yeast into discrete species clusters for D. suzukii  
(A) and D. melanogaster (B). The 25 most intense responses induced by each yeast from both fly species 
were extracted. Since these responses were not the same for each profile, extracting the top 25 responses and 
retrieving those in the other profiles yielded a list of 53 responses overall that were subjected to PCA. Insets 
are as described in Fig. 2. (C) A heat map based on the hypothesis tests between PCA clusters indicates 
highly significant differences in the fly odor space. Note the inter-species difference in the resolution: while 
C. zemplinina and S. cerevisiae are least resolved in D. suzukii, the reverse is true for D. melanogaster.  
(D) Odor space in two fly species can be resolved by PCA.
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directly correlated with the odor induced preference in flies to their coadapted yeasts17,36. Furthermore, 
this mutualistic association is conserved across large taxonomic groups, and the evolution of preference 
between microorganisms and insects has been shown to be significantly modulated by way of microbial 
volatile organic compounds (MVOCS)16.

Here, we systematically searched for the olfactory correlates of the long described fly-yeast interac-
tions by studying two different fly species, namely D. melanogaster and D. suzukii. While the former spe-
cies laid the foundation as a model species for neurogenetics, the latter species is emerging as a national 
threat to food security in the USA14. We began our investigation by collecting D. suzukii flies from the 
field and isolating and identifying the yeast species that were highly enriched in fly alimentary canals. We 
determined fly preference to those yeasts, both in a binary and multichoice paradigm. Of the six isolated 
yeasts, H. uvarum induced the highest trap captures under both paradigms (Table  1 and Fig.  1). Not 
surprisingly, H. uvarum was detected in the highest number of field collected D. suzukii flies29, suggesting 
a strong coadaptation between these two organisms. Of note, a large scale field sampling of Drosophila 
spp. and their associated microbes (yeasts and bacteria) identified H. uvarum group members as one of 
the most frequent yeast groups from D. melanogaster flies as well31.

Signals and reception rarely, if ever, arise de novo, and this has been elegantly demonstrated to evolve 
in synchrony in insect chemical communication, for which the term “coevolution” was first coined37–39. 

Figure 5. D. suzukii and D. melanogaster respond to the most effective yeast constituents with 
differential sensitivity and selectivity. (A) Heat map indicates the varying intensity of responses to an 
identified odor constituent (rows) in two fly species (individual columns) for a given yeast (grouped 
column). Antennal responses were mean averaged across a row and set to zero (Z-score; dark represents 
0); higher responses (above the average) are indicated in green, whereas red indicates lower responses. 
White asterisks denote statistical significance between fly species across yeasts. Kovat’s Indices (KI) are used 
to denote compounds that could not be positively identified. (B) Distribution histogram representing the 
number of compounds eliciting significant responses between two fly species from a given yeast. (C) Dose-
dependent electrophysiological responses measured from fly antennae upon stimulation with increasing 
doses of biologically active constituents identified from yeast odors that elicited significantly different 
responses between D. melanogaster and D. suzukii from at least five of the six yeast odor profiles. Ethyl 
isovalerate served as control.
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Fly-yeast interactions, as mediated by the rich yeast volatile signal and fly OR repertoires have been 
suggested as a powerful tool to study ecological interactions and coadaptation32. We used a two pronged 
approach to characterize the chemosensory correlates defining fly-yeast associations, encompassing yeast 
chemical analysis (signals) and measuring fly olfactory sensitivity and selectivity (reception). Our chemi-
cal analyses revealed species-specific odor signatures that could be separated with high statistical signif-
icance between all but C. zemplinina in comparison to S. cerevisiae (Fig. 2; Supplementary Figs S1 and 
S2). A recent study involving 14 diverse S. cerevisiae accessions of known genetic background also found 
that distinct yeast populations could be resolved solely based on volatile constituents32. Furthermore, it 
correlated the major constituents impacting principal components with chemosensory receptor reper-
toires (ORs and IRs), suggesting them as potential determinants in fly-yeast coevolution. Our meticu-
lous measurements of yeast VOCs are largely in agreement with two other extensive studies on yeasts 
volatile chemistry of S. cerevisiae, one which analyzed VOCs on polar and non-polar columns32, and 
another which analyzed VOCs produced by yeasts raised on different substrates40. In a detailed prelim-
inary analysis we compared and contrasted the VOC profiles from yeast that were either raised on PDB 
or a synthetic minimal media every 24 hrs. up to 72 hrs. Our results indicated a robust and consistent 
VOC profile from PDB raised yeast that did not vary significantly between the three time points (data 
not shown).

We extended our study to identify the olfactory-physiological correlates that potentially encoded the 
yeast odor separation into chemosensory space, resulting in the behavioral discrimination noted above. 
Olfactory response patterns from D. melanogaster (Fig.  4b,c) reflected the pattern of separation in the 
yeast chemistry, demonstrating highly significant differences for C. zemplinina vs. P. terricola as well as 
H. uvarum vs. P. terricola. In D. suzukii the observations in the chemistry patterns were only partially 
preserved (Fig.  4a,c). Taken together, these patterns indicate that the chemical differences in the yeast 
VOC profiles (as described by our PCA) are translated into complex behavioral output, though not com-
parable between fly species (Table 1 and Fig. 1). This can further be illustrated by the pairwise z-score 
comparisons (after centered Gaussian normalization) of the top electrophysiological response inducing 
compounds between two fly species (Fig. 5a,b) wherein esters represented the largest group. Esters are 
mainly formed via two distinct pathways in yeasts, one resulting in acetate esters (AE) and the other in 
ethyl esters (EE)41. A large screening of 38 yeast strains belonging to 5 genera revealed yeast of the Pichia 
and Hanseniaspora genera as the best producers of acetate esters42. Recent studies additionally demon-
strated how certain yeasts strains employ the AE biosynthetic pathway for their active dispersal through 
flies, and those yeasts are found in highest abundance from field caught flies43. Our analyses corroborate 
those findings in the case of D. melanogaster wherein, Hanseniaspora and Pichia elicited significantly 
higher trap captures under both the regimes (Table 1 and Fig. 1). Responses from D. suzukii were more 
intruiging. We note with great interest that two esters of AE class (isobutyl and isoamyl acetate) induced 
significantly higher olfactory responses from D. suzukii compared to D. melanogaster, whereas ethyl 
hexanoate (EE class) had an opposite effect suggesting complex interactions (Supplementary Fig. S4). 
Overall, our extensive analysis highlights the relative significance of a few shared constituents (Fig. 5b,c) 
that potentially facilitate D. suzukii and D. melanogaster in discerning their own niche in complex yeast 
chemical landscapes.

Given that only a handful of compounds, the majority of which transpired to be esters, appear to 
encode enough information enabling two fly species to detect and discriminate their niches, it poses the 
question of how this is achieved. In flies, this feat is proposed to be accomplished by multiple means: an 
overall alteration in the OR repertoires adapted for niche specialization44–48; changes in the amino acid 
residues of a given OR that renders them differentially sensitive49; changes at the peripheral olfactory 
apparatus such as an altered number of specialized sensilla/ORNs50–52; and finally the modulation of the 
transduced signal by the interneurons, projection neurons and Kenyon cells53,54. Further, though odor-
ants are parsimoniously used in multiple contexts6,8, odor constituents of high salience usually have lower 
sensory thresholds and are detected by a small number of specialized (narrowly tuned) ORs, whereas 
the majority of chemical signals are detected with higher threshold by a large number of broadly tuned 
ORs4,54. Niche utilization studies in D. sechellia identified methyl hexanoate as a key chemostimulant 
produced by its specialized host, morinda fruit. Flies responded with extremely low threshold to this 
ester and D. sechellia were found to have an increased number of sensillae/ORNs detecting hexanoates, 
also leading to a corresponding increase in the size of DM2 glomerulus which receives the sensory 
input50. Flies thus employ many strategies, alone and/or in concert, to decipher the chemical landscape 
around them by extracting quantitative and qualitative features of odors which are translated into mean-
ingful percepts. In our study, D. suzukii’ s reduced sensitivity to ethyl hexanoate and significantly higher 
sensitivity to isobutyl acetate and isoamyl acetate as compared to D. melanogaster represent an exciting 
avenue to study the salience of these ligands at the molecular, cellular, glomerular and perceptual level 
in this pestiferous fly.

Environment greatly impacts the Drosophila yeast flora15. Though the precise origin of D. suzukii 
remains unknown, its historical range covers much of eastern Asia and now extends widely from East 
Asia, to Hawaii, North and Central America, as well as Europe. An extensive analysis of 246 individuals 
from 12 populations did not reveal any population diversity patterns that could contribute to reconstruct 
its invasion history into the western hemisphere55. Based on this, we can assume that D. suzukii have had 
multiple alternate hosts and habitats before their ongoing major shift to monocultured fruits. An exciting 
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avenue for future research is to explore those ancestral and alternate habitats which can potentially offer 
a rich resource to isolate and identify unique yeasts and/or their derived VOCs for the development of 
baits towards manipulating the populations of an economically important emerging pest. Such studies 
would also provide novel insights into the coevolutionary history of the pestiferous and invasive D. 
suzukii flies and their associated yeasts.

Material and Methods
Fly Husbandry. Oregon R wild-type Drosophila melanogaster and the field-derived Drosophila suzukii 
WT3 line [the line used for sequencing and described in detail by Chiu et al.56] were maintained on 
standard cornmeal diet in 2.3 cm ×  9.4 cm clear plastic fly culture vials at the laboratory temperature of 
22.5 ±  0.5 °C with lights on approximately at 8:00 AM and off at approximately 8:00 PM.

Yeast Culturing. Six yeast cultures (Hanseniaspora uvarum, Pichia terricola, Pichia kluyveri, Candida 
californica, Candida zemplinina, and Saccharomyces cerevisiae) were obtained from the Phaff Yeast 
Collection at University of California-Davis from Dr. Kyria Boundy-Mills. These yeasts were maintained 
as stock cultures in the laboratory since 2012 on PDA prepared with 2.5% Potato Dextrose (HiMedia 
Laboratories) and 2% Agar (Alfa Aesar). Sealed plates were maintained in an incubator at 30 °C. Stocks 
were re-streaked every two weeks to maintain active cultures. Before experimentation, a single yeast col-
ony from a stock culture plate was picked using a sterile plastic inoculation needle and transferred to a 
15 mL test tube containing 5 mL liquid media [2.5% Potato Dextrose Broth (PDB)] to begin high density 
starter cultures. The tubes were placed on a shaker at 150 rpm at 30 °C for at least 24 hrs. that resulted in 
an optical density (OD) of ≥ 1.8 which was earlier determined to produce a representative volatile profile 
(data not shown) in each yeast except C. zemplinina, which needed 48 hrs. ODs were measured, using 
at least three replicates, at 600 nm absorbance on a spectrophotometer (BioPhotometer plus, Germany) 
with sterile PDB as the optical blank. Large volume cultures of 50 mL (≥ 1.8 OD) were started in 125 mL 
glass bottles by using 0.5 mL of inoculum from a mature starter under the same conditions. Larger cul-
tures were aliquoted to 10 mL volumes for parallel odor extraction and physiology experiments. Starter 
cultures were directly used for behavioral experiments.

Fly Behavior. Attraction to the six yeasts was tested for both the fly species under two regimes. In the 
first setup, attraction of each yeast species was tested against a control. In the next set of experiments, 
the relative attraction of all the yeasts was compared with each other.

Fly traps were designed after Syed et al.57, with minor modifications: 1.5 mL SeaLRite micro-centrifuge 
tubes (USA Scientific, Inc.) were cut 3 mm from the tapered end (bottom) into which a 1000 μ L blue 
plastic pipette tip (Neptune Scientific, CA) was inserted. The pipette tips were cut 0.5 cm from the nar-
row end and 2.5 cm from the large end. This resulted in an inverted trap design (Supplementary Fig. S5) 
wherein the lid of the micro-centrifuge tube could be used to either hold 125 μ L of yeast culture or an 
equal volume of control broth (PDB). Two to four day old flies that were starved for 20 hours on 1% agar 
(Alfa Aesar, MA) were used for behavioral assays.

In order to assess the attraction of individual yeasts, a trap was baited with 125 μ L of yeast culture and 
another trap holding an equal volume of PDB served as the control. Traps were secured to the base of 
266.1 mL clear conical plastic cups (4.5 cm base; 7 cm top and 11 cm height from a commercial vendor) 
approximately 2.5 cm apart using ~0.8 cm squares of double sided adhesive tape (3M Scotch, USA). Next, 
relative attraction of the six yeast species was compared by exposing flies to all yeasts at once. A 1000 mL 
glass beaker (10.5 cm base; 16 cm height) served as the arena. Each trap baited with a given yeast species, 
or control (PDB), was placed 3 cm apart and 3.5 cm from the arena center. Flies were aspirated to the 
behavioral arenas which were covered with two layers of grade 50 cheese cloth secured with a rubber 
band. Behavioral assays began approximately at 4:00 pm and ran for a 24 hr. period at 22.5 ±  0.5 °C. Each 
cup or beaker was considered a replicate. Flies of mixed sex and age were tested. For single yeast exper-
iments, twenty flies were used whereas sixty flies were used for comparative attraction tests.

Yeast Odors Analysis. A 10 mL aliquot of ≥ 1.8 OD yeast culture was transferred into a 20 mL dispos-
able glass scintillation vial (Kimble, IL) and sealed with Teflon® tape (Sigma-Aldrich). A gray SPME fiber 
[23 ga StableFlexTM coated with Divinylbenzene/Carboxen/Polydimethylsiloxane (DVB/CAR/PDMS), 
Supelco Analytical] was cleaned as per the manufacturer’s instructions and exposed to the yeast head-
space for 3 to 4 hrs. by piercing through the Teflon®  seal. Exposed fibers were then used either for odor 
profile analysis by Gas Chromatogram-Mass Spectrometry (GC-MS) (GC: Agilent Technologies, CA. 
7890A model; MS: Inert XL MSD with a triple-Axis Detector, Agilent Technologies, CA. 5975C) or Gas 
Chromatogram linked Electro-antennographic detection (GC-EAD) in parallel with Flame Ionization 
Detection (FID). We used three means by which to maximize the efficiency of our yeast VOC analytical 
measurements: (1) we employed a SPME for VOC collection which greatly improved the odor profiles 
obtained relative to previous solvent extractions, (2) we used a general purpose high resolution non-polar 
column (HP-5) to resolve yeast at high temperatures, and (3) used two independent means of detection, 
flame ionization detection and mass-spectrometry to capture more constituents. Additionally, GC-FID 
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/EAD and GC-MS analyses were performed simultaneously for a given yeast on SPME fibers that were 
exposed concurrently.

Chemical analysis by GC-MS. Exposed SPME fibers were desorbed in a spilt-splitless injector of the 
GC operated under splitless mode for five minutes at 250 °C. The eluted compounds were resolved on 
Agilent HP-5 capillary column (30 m, 0.25 mm ID, 0.25 μ m phase) using helium (Ultra High Purity 5.0 
Grade; Airgas, USA) as the carrier gas at 1 mL/min constant flow. The GC program was: 50 °C for one 
minute, increased to 280 °C at 5 °C per minute and held for 5 minutes at the final temperature. The MS 
was operated at 70 eV; data recording and quantification was performed with Agilent MSD ChemStation 
software (E.02.02.1431). Chemical identity was determined using three methods: NIST 2011 MS library, 
comparison of Kovat’s Retention Indices, and finally confirming biological activity with synthetic stand-
ards. Synthetic standards of highest available purity were acquired from Sigma Aldrich.

Isolation and Identification of biologically active yeast odor constituents by GC-EAD. Biologically active 
constituents from the yeast odors were isolated by SPME-GC-EAD wherein odor exposed SPME fibers 
were injected onto the GC and the resolved constituents were monitored, in parallel, by a FID and anten-
nae as biological detectors. Exposed SPME fibers were processed as above on an Agilent HP-5 capillary 
column (30 m, 0.32 mm ID, 0.25 μ m phase thickness) with a flow rate of 3 mL/min. Resolved column 
effluents were split 2:1 between the antenna and the FID respectively.

Female Drosophila were used throughout all experiments. Flies were restrained as per the original 
established protocol58,59 with minor modifications. The restrained fly was mounted upright on a glass 
slide and the electrodes used were composed of silver wire inserted into drawn-out borosilicate glass 
capillaries (World Precision Instruments, Inc., FL) filled with 0.1 M KCl (BDH0258-500G, BDH) saline. 
The reference electrode was placed in the eye of the restrained fly after which the entire preparation was 
moved to a high magnification microscope (Olympus BX51WI). The recording electrode was maneu-
vered with a MPM-10 Piezo Translator to make a firm contact on the dorsomedial antennal region. A 
humidified stream of charcoal filtered air was continuously passed over the fly preparation at ~0.8 cm/s 
from a glass tube positioned ~5 mm from the fly. Resolved odor constituents from the GC column 
were added into this flow. Antennal signals were captured using a high-impedance AC/DC pre-amplifier 
(10x), sent to an IDAC-4 box, and stored on a PC hard disk using GC-EAD 32 (v. 4.6; 2009). Hardware 
and software were from Syntech, Germany. The antennal signal was band pass filtered between 3 kHz 
and 0.1 Hz whereas the FID signal was not conditioned; both the signals were fed on to separate chan-
nels in the IDAC-4 and the digitized signal was fed onto the PC. At least three flies of each species were 
tested for each yeast odor with up to three recordings of the same yeast odor per fly. Recordings were 
performed in the afternoons and typically extended into the evening.

To generate dose-response curves, we used the GC-EAD regime (as above) instead of an offline EAG 
protocol to ensure comparable delivery of the odorants. The later method differentially affects the dose 
delivered. GC-EAD recordings were done using a mixture consisting of isobutyl acetate, isoamyl pro-
pionate, ethyl hexanoate, and ethyl isovalerate diluted decadicly relative to each compound from 10 pg 
to 100 ng in double distilled hexane. All the synthetic standards were ≥ 99.0% (Sigma Aldrich) with the 
exception of isoamyl acetate at ≥ 95% (SAFC).

Data Processing and Statistical Analysis. Behavior. Percent trap captures from binary choice assay 
were subjected to a Mann-Whitney test. Data from the multi-choice assay for a given fly species were 
analyzed by one-way ANOVA and F-test. Subsequently, trap captures from the two fly species to a given 
yeast were analyzed by unpaired student’s t-test. The interaction between the two fly species was assessed 
using a two-way ANOVA.

GC-MS. In order to analyze the odor profiles of each yeast, the 10 most abundant peaks (by area in the 
Total Ion Chromatograms, TIC), were selected for further analysis. Since the top 10 compounds were 
not the same in all yeast odor profiles, a compilation of the top 10 from each species resulted in 24 com-
pounds. Attempts were made to locate each of the 24 compounds in every yeast profile. Absolute areas 
under chosen peaks were integrated for each replicate. In order to correct for the possible variation in 
collection amounts among replicates, the area under all the selected peaks from a given TIC was pooled 
and the percent contribution of each compound was determined.

GC-EAD. Each yeast species was tested 5 or 6 times on each fly species. The absolute amplitude of 
the responses were measured (in μ V) from the onset of depolarization (baseline) to the maxima of the 
deflection. Antennal responses elicited by the biologically active constituents from at least three of five 
or four of six replicates for a given species were considered reproducible. Of these, only compounds that 
elicited responses ≥ 250 μ V from either fly species were chosen. The top 25 most active peaks from this 
data set were selected for further analysis. Since the top 25 responses were not the same to all yeast odor 
profiles, a compilation of the top 25 from each species resulted in 53 biologically active compounds. 
Attempts were made to locate each of the 53 responses in every yeast profile. In order to correct for the 
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possible variation in antennal sensitivity between individual D. melanogaster or D. suzukii flies, each 
individual response was weighed against the maximum. Finally, relative sensitivity of the two fly species 
to the major biologically active constituents was compared (pairwise) by generating a heat map.

PCA. Yeast volatile profiles and the electrophysiological responses elicited by the biologically active 
constituents in two fly species were analyzed by PCA using percentile data. Centered Gaussian normali-
zation was applied in order to bring the percentages of all chemicals constituents or the induced response 
amplitudes to the same scale. The first three principal components (together explaining more than 55% 
variance) were retained for subsequent statistical analysis and producing a 3-D plot for visualization. 
Each of the remaining principal components (PCs) accounted for a proportion of variance of single 
digits, and therefore was not kept. Multivariate analysis of variance (MANOVA) was performed with 
the first three PCs being the dependent variables. Pairwise MANOVA tests were performed between the 
yeast VOC profiles to identify quantifiable differences, and between the response profiles of either fly 
species to the biologically active yeast VOCs. The pairwise comparisons were summarized into p-value 
matrices. All statistical analyses were conducted using R3.1.1 60. Python Matplotlib1.3.1 package was used 
to prepare the 3D PCA plots61.

Dose-Response Function. We used a slightly modified sigmoidal function to fit the dose-response data 
to derive the critical parameters. The fitted model was

= ⋅
+ − ⋅( − )

Response Amp
e

1
1 D dilution EC50

wherein Amp is the maximum amplitude, D reflects the response sensitivity as a function of dilution 
(steepness of the curve at dilution equaling EC50 is proportional to D), and EC50 represents the dilution 
at half maximum response. Wilcoxon signed-rank test was used to compare the significance between fly 
species.
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Abstract. The spotted wing drosophila (SWD) has become a major cherry pest in California. To 
develop sustainable management options for this highly mobile pest, we worked with 
cooperators at Oregon State University and the USDA on the importation of novel material from 
South Korean. We found that several larval parasitoids, imported from Korea, can readily attack 
SWD in UC Berkeley quarantine evaluation. We also evaluated the potential of resident pupal 
parasitoids. We report here on the major results on the parasitoid importation program and 
briefly discuss quarantine evaluation and the biology of the two resident pupal parasitoids. 
 
Introduction  
 
 Spotted wing drosophila, Drosophila suzukii, is a pomace fly distributed across eastern 
China, Japan, the Korean Peninsula, and other regions in Southeastern Asia. In North America, 
the fly was first detected in 2008 in California (Bolda et al. 2010) and was subsequently reported 
in most fruit growing regions in the continental United States (US) and Canada (Asplen et al. 
2015). D. suzukii was also detected in Spain and Italy in 2008, and soon thereafter reported in 
other European countries; most recently, the fly was reported in Brazil. D. suzukii is considered a 
key pest of soft and thin skin fruits such as blueberries, cherries, figs, raspberries, and 
strawberries in all of these newly invaded regions (Burrack et al. 2013; Lee et al. 2011; Mitsui et 
al. 2006; Yu et al. 2013).  
 The pest status of D. suzukii is attributed to the female’s serrated ovipositor that enables 
oviposition in ripening, rather than over ripe or rotting fruit. While D. suzukii is unable to 
oviposit in fruits with thick, hard or fuzzy skin, it can oviposit and complete development in 
some of these fruits when the skin is compromised (e.g., pathogen or insect damage, hail) (Lee et 
al. 2015; Steffan et al. 2013; Stewart et al. 2014). Additionally, D. suzukii’s fast development 
and high reproductive potential can result in an explosive population increase and significant 
economic losses to commercial crops (Beers et al. 2011; Wiman et al. 2014). Control efforts in 
North America currently rely on the use of insecticides that target adult D. suzukii. However, 
insecticide-based programs can be limited by the fact that many host fruits in non-crop habitats 
act as reservoirs for D. suzukii and support its reinvasion into commercial fields. 
 The lack of effective biological controls in the newly invaded range of D. suzukii led to 
the initiation of a classical biological control program. Genetic analyses suggest that East Asia is 
the region of origin for D. suzukii populations that invaded North America. Information on 
parasitoids associated with D. suzukii and other drosophilids in Asia is however limited to a few 
reports from Japan. For example, Mitsui et al. (2007) reported 15 parasitoid species collected 
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from fruit-baited traps, these included A. japonica, A. tabida, A. rossica Belokobylskij, A. 
rufescens (Forster), A. pleuralis (Ashmead) A. leveri (Nixon), L. heterotoma, L. victoria 
Nordlander, Ganaspis xanthopoda (Ashmead), and P. vindemiae. Among the 15 species, only A. 
japonica, A. tabida, and G. xanthopoda emerged from D. suzukii. The aim of this study was to 
determine the presence and biological suitability of Asian parasitoids of D. suzukii to be 
considered for quarantine examination and potential field release in North America and Europe. 
We describe herein the collection efforts in South Korea, initial quarantine studies on the 
imported material, and biological studies of resident spotted wing drosophila parasitoids. 
 
Importation of SWD Parasitoids.  
 The South Korean sample locations were 
selected based on a pre-collection exploration in 
2011 (J. Miller, H. Riedl and Y. Song, pers. 
comm.). Surveys for frugivorous Drosophila 
parasitoids in South Korea were conducted at 10 
locations and three provinces during August 
2013 (J. Miller, B. Miller, H. Riedl and P. 
Shearer), and at 18 locations and four provinces 
from June to July 2014 (J. Miller and B. Miller), 
aided in each year by collaborators in South 
Korean (Y. Song, T. Kang, H. Yi, C. Jung, D. 
Lee, B. Chung) (Fig. 1).  
 During the collecting expeditions, 
parasitoids were field-surveyed using uninfested 
fruit-baited traps deployed for 4–7 days and via 
the collection of likely infested commercial or 
wild host fruits determined primarily by the 
presence of adult flies. In 2013, we primarily 
used the uninfested-fruit baited traps, deployed at 
inland or coastal forests or along the perimeter of 
crop fields. In 2014, we predominantly used 
fresh-fruit collections of 2–10 L of wild Rubus 
fruits per collection site, as these fruits were still available in these unmanaged habitats during 
June and July. In addition, commercial blackberries were collected from one location (Geochang) 
and 10 uninfested-fruit baited traps were placed at another location (Boriamsa) where wild 
Rubus fruits were also collected.  
 Drosophilid pupae that developed from the field-collected larvae were sorted according 
to collection or trap location and placed on moist filter papers in 5-cm diameter Petri dishes. The 
dishes were kept at 4 °C before being packaged for hand-carry to the US. During transportation 
the puparia were placed inside a Styrofoam box and kept cool with packaged ice. 
 
Quarantine rearing of imported puparia.  
 Once the shipping container with fly puparia passed through US Homeland Security at 
San Francisco International Airport, and inspection at the USDA, APHIS, PPQ Plant Inspection 
Station (permit: P526P-11-03867), imported puparia were processed under controlled conditions 
in quarantine facilities at the University of California, Berkeley. Imported parasitoid colonies and 
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quarantine evaluation of imported parasitoid species were conducted using maintained laboratory 
colonies of the parasitoids on D. suzukii and D. melanogaster Meigen (a common host for most 
parasitoid species attacking drosophilids).  
 Upon arrival into quarantine, the puparia were sorted to separate those bearing visible 
signs of parasitism. Emerged flies were killed and preserved with 95% alcohol, emerging female 
parasitoids were individually placed into vials containing artificial diet and larvae or pupae of D. 
suzukii or D. melanogaster. Vouchers of the figitids are deposited with the U.S. National 
Entomological Collection (Washington, D. C.) while other species are deposited in the Naturalis 
Biodiversity Center, Leiden, Netherlands (RMNH including collections from former National 
Museum of Natural History, Leiden, the Entomological Institute, Wageningen and the Zoological 
Museum, Amsterdam) or in the Essig Museum at the University of California (Berkeley, 
California). The parasitism rate was estimated as the sum of emerged parasitoids and dead 
parasitized pupae divided by the sum of emerged flies and parasitoids plus dead parasitized and 
unparasitized pupae.  
 In 2013, a total of 3,266 Drosophila puparia were collected in South Korea and imported 
to the quarantine facilities at Berkeley. Drosophila suzukii adults emerged mainly from collected 
blackberries, whereas the uninfested-fruit baited traps primarily captured other drosophilid 
species. Seven parasitoid species (44 individuals) were recovered from drosophilids collected 
during 2013: A. japonica (45.5% of the recovered parasitoids), A. leveri (25%), L. j. japonica 
(9.1%), L. j. formosana Novković & Kimura (2.3%), L. boulardi (2.3%), P. vindemiae (6.8%), 
and T. drosophilae (9.1%). Among these, L. j. formosana and L. j. japonica emerged only from 
D. suzukii; A. japonica, A. leveri and T. drosophilae emerged from both D. suzukii and other 
drosophilids; and L. boulardi and P. vindemiae emerged from other drosophilids (Table 2).  
 In 2014, a total of 20,358 puparia were collected from a variety of habitats, including 
wild Rubus located in inland forests and blackberries at one commercial farm. Drosophila 
suzukii comprised the majority of flies that emerged from Rubus but no D. suzukii emerged from 
fruit-baited traps in the same localities. A total of 181 wasps emerged; representing six species of 
larval parasitoids: A. japonica (60.2% of the recovered parasitoids), A. leveri (2.2%), Asobara sp. 
1 (2.8%), L. j. japonica (14.9%), L. j. formosana (1.7%) and Ganaspis sp. 01 (18.2%). Among 
these, Asobara sp. 1 is an undescribed species.  
 The percentage of D. suzukii 
among all emerged flies was higher from 
fruit samples than from fruit-baited traps 
in both 2013 and 2014. In 2013, mean 
parasitism of D. suzukii in natural fruit 
samples (range: 0–17.4%) was lower than 
in fruit-baited traps (range: 0.0–33.3%), 
but mean parasitism of other drosophilids 
was similar between these two sampling 
methods (range: 0–33.3% in fruit samples, 
and 0–39.1% in fruit traps). In 2014, 
parasitism of D. suzukii was 2.8 ± 0.4 % (n 
= 171) (range: 0–23.5%) in fruit samples 
(no D. suzukii was found in fruit traps). 
Parasitism of D. suzukii in fruit samples highly varied among locations, but the overall parasitism 
by braconids (range: 0–10.5%) was similar to that by figitids (0–8.8%) (Fig. 3).   
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Quarantine rearing and Asobara japonica performance. 
 Of the eight parasitoid species, we were able to reproduce and maintain colonies of five 
species for further testing in quarantine: A. japonica, L. j. japonica, Ganaspis sp. 01, T. 
drosophilae and P. vindemiae. We were unable to develop colonies of A. leveri, L. j. formosana 
and Asobara sp. 1, because we either did not collect any females (Asobara sp. 1) or collected too 
few females during any single collection period (A. leveri, and L. j. formosana). We additionally 
reared some males and one female L. boulardi from drosophilids other than D. suzukii. The 
limited reared material however prevented the development of a colony. 
 Three parasitoid species, later identified as A. japonica, T. drosophilae and P. vindemiae, 
from the collections in 2013, and two additional larval parasitoid species, Leptopilina japonica 
japonica Novković & Kimura and Ganaspis sp. 01, obtained during the 2014 sampling (see 
Results section), were briefly tested to confirm their ability to attack and develop from D. suzukii 
or from D. melanogaster, chosen as a common alternative host.  
 

 
Figure 3. Example of larval parasitoid reared from South Korean samples: Asobara japonica 
(Hym.: Braconidae), Leptopilina japonica and Ganaspis sp. nov. (Hym: Figitidae), on the left, 
center and right, respectively. 
 
 Each of the five tested parasitoid species (A. japonica, L. j. japonica, Ganaspis sp. 01, T. 
drosophilae and P. vindemiae) was able to attack and develop from both D. suzukii and D. 
melanogaster cultured on artificial diet or fruits. Detailed quarantine studies are ongoing, but 
initial screening showed that the numbers of offspring produced per A. japonica female were 
similar between D. suzukii (8.0 ± 0.7) and D. melanogaster (6.9 ± 0.7). However, female 
parasitoids developed faster on D. melanogaster (27.1 ± 0.2 days) than on D. suzukii (25.9 ± 0.1 
days), but perhaps as a consequence females reared from D. melanogaster larvae were smaller 
than those reared from D. suzukii. 
 
Non-target species laboratory colonies for host-specificity testing. 
 Several Drosophila species were selected among those available for purchasing at the 
University of California’s San Diego Drosophila Stock Center. With the aim of getting a wide 
and diversified range of host species to be used in host-specificity tests, the fly species selection 
criteria concerned the geographical range (Palaearctic, Cosmopolitan and especially Nearctic), 
the phylogeny (7 clades, 7 genus, 8 subgenus, 22 species groups, see fig 2) and the ecology 
(fruits, mushrooms, wood, flowers, sap) of the fly species. Fly colonies were purchased and 
received in the laboratory at group of 5 species. Colonies were established and are currently 
maintained into laboratory cages using three artificial diets (Cornmeal yeast-based, Banana 
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yeast-based or Wheeler-Clayton) as oviposition substrate and for supporting the juvenile 
development, and water-honey solution for feeding the adults. 
 The first step of the evaluation of the host-specificity of three promising SWD larval 
parasitoids (Asobara japonica (Hym.: Braconidae), Leptopilina japonica and Ganaspis sp. nov. 
(Hym: Figitidae) consisted in no-choice exposures of candidate parasitoids to non-target species 
infesting artificial medium. One single parasitoid female was released with 20 host larvae for 24 
hours into rearing tubes. After several days flies and parasitoid emergences were recorded. The 
obtained results will provide data in on the physiological suitability (host detection, host 
acceptance for oviposition and host suitability for juvenile development) of the tested hosts for 
the parasitoids. Different levels of specialization are being identified among these three 
parasitoid species, a pictorial depiction of our results is as follows:  
 
Figure 4. The two pupal parasitoids (P. vindemmiae and T. drosophilae) were absolute 
generalists, attacking the entire fly species tested (shown by their relationship in the phylogenetic 
tree) as indicated by red lettering of the attacked species.  
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Figure 5. Asobara japonica was somewhat of a generalist, attacking about 50% of the fly species 
tested (shown by their relationship in the phylogenetic tree) as indicated by red lettering of the 
attacked species  

 

 
 

Figure 6. The larval parasitoids Ganaspis sp. and Leptopilima sp. were specialists, and combined 
really only attacked the fly species closely related to the spotted wing drosophila (shown by their 
relationship in the phylogenetic tree) as indicated by red lettering of the attacked species 
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Life history and functional response to host density of Asobara japonica. 
 Asobara japonica was the most widely distributed and abundantly collected species in the 
South Korean samples (e.g. in 2014, 58% of the emerged parasitoids belonged to this species). 
Therefore, biological investigations began for that species that seemed to be more promising. 
The juvenile development duration and survival, the lifetime fecundity and adult longevity were 
studied using as host larvae either SWD or D. melanogaster infesting artificial medium 
(cornmeal and yeast-based diet). Moreover, with the aim to predict the parasitization 
performances of this parasitoid, its functional response to 8 host densities (5-40 
larvae/female/24h) was studied for both host species. 
 Asobara japonica showed to be a koinobiont endoparasitoid of SWD and D. 
melanogaster larvae. Although both fly species proved to be suitable hosts, A. japonica has 
higher Intrinsic rate of increase (rm), higher fecundity (117.38±10.09 progeny/female, 2.6% 
males) and bigger progeny when parasitizing SWD rather than D. melanogaster. Noteworthy is 
the results that the estimated rm is much higher than the rm of SWD, 0.224 vs 0.179, 
respectively. We also found that the parasitoid has a Type I of the functional response when 
parasitizing both fly species. The parasitoid has a constant attack rate and a linearly increasing 
parasitization rate over the increasing host densities. This kind of behavior clearly indicates that 
the biocontrol activity of this parasitoid is host density dependent, i.e. that the parasitoid has 
potential for controlling pest outbreaks. Moreover, the ability of A. japonica females to detect 
and successfully parasitize SWD larvae infesting cherries, strawberries and blackberries was 
confirmed with parasitism levels varying from 33 to 70 %. Finally, the capacity of adult females 
to use the volatile chemicals from infested fruits (cherries, strawberries and blackberries) as cues 
for host location was investigated successfully using a y-tube olfactometer device. 
 
Asobara japonica preference between the common fruit fly and the spotted wing drosophila. 
 In the previous experiments (reported to the California Cherry Board in 2014), SWD and 
D. melanogaster were shown to be physiologically suitable for A. japonica. Then, to gain 
knowledge on the parasitoid decisions during its foraging activity when both hosts are available 
and/or when fly larvae infest their natural substrate (ecological host range), we investigated the 
female preference between these two hosts. First, we released A. japonica females to larvae of 
both host species (at three host density combinations) simultaneously. In a second experiment, 
we investigated the ability (no-choice test) and the preference (choice test) of A. japonica 
females to parasitize SWD and D. melanogaster larvae infesting ripening and overripe cherries 
respectively.  
 No host-preference was noticed when both hosts were offered at the same time, at the 
various species ration combinations. However, when infested fruits were offered, females 
parasitized a significantly higher percentage of SWD infesting ripening cherries rather than D. 
melanogaster infesting overripe cherries, in both the choice and no choice experiments. However, 
A. japonica females when exposed to the volatile chemical cues originated from these fruit host 
systems simultaneously did not show any preference for one of the two studied systems. These 
results suggest that overripe cherries, although attractive, are not a suitable foraging substrate for 
this parasitoid. 
 
Resident pupal parasitoids 
 Two generalist pupal drosophila parasitoids, P. vindemiae and T. drosophilae are 
sympatric (found together) and among only a few extant (for cherry growers this means resident 
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in California) parasitoids attacking the invasive spotted wing drosophila in many regions of the 
world. In this study, we comparatively evaluated the foraging efficiency of these two parasitoids 
when attacking D. suzukii infesting cherry fruit in a laboratory cage test and examined their 
potential interactions, including outcomes of intrinsic interspecific competition, host 
discrimination, and the impact of interspecific interaction on pest control. Both parasitoids 
readily parasitized D. suzukii pupae located inside fruit or slightly buried in soil. However, T. 
drosophilae was more efficient than P. vindemiae, and parasitism by either parasitoid species 
was higher in the fruit than in the soil. Generally, the parasitoid species that was first in the host 
outcompeted the later parasitoid in multi-parasitized hosts through physiological suppression. 
Both parasitoids discriminated against hosts parasitized previously by the other species. In an 
additive-series design test with single (D. suzukii) or two (D. suzukii and D. melanogaster 
Meigen) host species, T. drosophilae performed similarly regardless of the presence of a 
competitor, while P. vindemiae achieved a higher parasitism when released alone. The observed 
parasitism when the two parasitoid species were released together was always lower than the 
expected one, assuming each species acted independently this indicates the negative effect of 
interspecific competition on host suppression. 
 
Discussion 
 The current study is the first report of a foreign exploration effort for Asian parasitoids of 
D. suzukii in part of its native range. Six species of larval parasitoids (A. japonica, A. leveri, L. j. 
japonica, L. j. formosana, Asobara sp. 1, and Ganaspis sp. 01) and one pupal parasitoid (T. 
drosophilae) were recorded from D. suzukii in South Korea. Another pupal parasitoid species, P. 
vindemiae, was field-collected from drosophilid species other than D. suzukii in South Korea, but 
it was able to attack and develop on D. suzukii in quarantine. Colonies of five out of eight 
parasitoid species were successfully established using D. suzukii as host. 
 The estimated parasitism rates varied largely without any clear pattern of location, 
sampling method or site. However, our current reported parasitism by these larval parasitoids 
could be underestimated for several reasons. First, at the time when fruits were field-collected, 
parasitized larvae could have already left the fruits and pupated in the soil, while eggs and young 
larvae may not have yet been attacked. When these fruits were brought to the South Korean 
laboratories where the pupae were isolated for shipment to California, there would have already 
been a bias against pupal parasitoids because many of the larval-pupal parasitoids might have 
already exited the host fruit. A more precise estimate of the parasitism would be to collect only 
those pupae that pupated within 1–2 weeks (i.e., when they were at the suitable larval stages at 
the time of collection) following the collection. Second, mortalities of the imported pupae were 
high, partly because all collected materials had to be completely sealed during the transposition 
resulting in mold growth within the Petri dishes and our observation of numerous dead pupae 
from unknown factors. 
 In our South Korean collections, A. japonica was the most commonly recovered 
parasitoid. It was collected in four South Korean provinces and in particular it was recovered in 3 
of 10 sampled sites in 2013 and 6 of 18 sampled in 2014. Moreover, 128 A. japonica specimens 
were obtained out of the 141 total Asobara spp. emerged in the quarantine laboratory. In our 
survey, A. japonica was commonly collected from D. suzukii in wild Rubus. Interestingly, based 
on adult emergence in the quarantine, the A. japonica populations collected in our study were 
99.8% female.  
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 With the exception of A. japonica, there is little information on the parasitoid species 
reared in terms of their geographic distribution in Asia or their host species range. In our 
quarantine evaluations we found that the pupal parasitoids were clearly generalists, as expected. 
This is not an issue with importation because these parasitoids are already in California. The new 
“figitids” (Leptopilima and Ganaspis) collected in South Korea appear to be specialized on 
spotted wing and its close relatives. We will work to get this material out of quarantine. To this 
goal to find specialized parasitoid species that exclusively attack or strongly prefer D. suzukii, 
future extensive quarantine work is designed to test a series of non-target fly species.  
 A. japonica was the more common parasitoid reared from D. suzukii. If strains of this, or 
other species, have clearly better performance on or preference for D. suzukii compared with 
other fly species, an argument could be made for their release in some regions. Otherwise, we 
will work with this parasitoid’s host searching abilities to see if there is further discrimination 
towards spotted wing drosophila in order to make a clear argument for its release from 
quarantine. 
 In conclusion, some specialized D. suzukii parasitoids in the genera of Asobara, 
Leptopilina and Ganaspis seem to be present in South Korea and their specialization may be 
preferable as biological control candidates for D. suzukii populations that occur in North 
America and Europe. However, further detailed evaluations are needed to determine their 
effectiveness and safety with regard to non-target risk in order to obtain release permits in the US 
and/or in Europe. Moreover, the highest levels of D. suzukii parasitism recorded in South Korea 
were by the more generalist parasitoid species, particularly A. japonica. Therefore, this initial 
collection shows promise for improved biological control of D. suzukii in some of its invaded 
regions.  
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Abstract. 
 
Brown marmorated stink bug (BMSB), Halyomorpha halys, is an insect of concern to certain countries that 
import California sweet cherries. The removal and/or mortality of BMSB as cherries are harvested, 
cleaned, packed, fumigated, and shipped was evaluated in support of a systems-based approach to meet 
the requirements of quarantine security. Post-embryonic life stages of BMSB (1st-5th instar & adult) were 
removed from fruit that is dunked or soaked, as part of commercial protocols for cleaning and packing 
California cherries.  Moreover, the efficacy of postharvest methyl bromide fumigation was evaluated and 
indexed relative to exposures typically observed for exports to Japan, Korea, and Australia. Future work will 
evaluate the cumulative effect of consecutive postharvest cleaning, fumigation, and packing events as 
“systemic” joint probabilities of BMSB removal and mortality prior to the entrance of fruit into export 
marketing channels. This research can be provided to regulators and trading partners to quantify the 
reduction in risk/threat of BMSB as sweet cherries are moved from production areas through packing 
operations toward export markets. 
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Materials and Methods. 
 
Insects and Mortality.  
 
BMSB (Halyomorpha halys) eggs were obtained from the laboratory colony of Dr. Tracey Leskey (USDA-ARS-
Kearneysville, WV), with an origin from wild specimens captured in small fruit and orchard crops in West 
Virginia, USA.  Upon receipt of the BMSB eggs in Oct. 2012 at the Contained Research Facility at UC Davis 
(Davis, CA), a BSL-III agricultural quarantine facility, all specimens were transferred to an environmentally-
controlled chamber set at 26 °C, 65% RH and a 16:8 diurnal light cycle until a strong colony of mixed life stages 
could be established.  A second shipment of eggs was received from Dr. T. Leskey in March 2013 to 
supplement the CA colony.   
 
Currently, all rearing is conducted within a series of 0.65-m3 Bug Dorm™ (Bug Dorm 2400 series) enclosures 
containing live bush bean and cowpea plants (ca. 2 of each species) and trays filled with a various mixtures of 
almonds, pumpkin seeds, sunflower seeds, and walnuts.  Enclosures are maintained inside a greenhouse at 26 
°C and 65% RH.  Upon reaching maturity, adults are removed and transferred to an oviposition enclosure, where 
adults of all ages are reared concurrently at an average of 200 adults per enclosure, though numbers fluctuate. 
Adult females lay an average 13.3 eggs per day on plant leaf surfaces and/or sheets of wax paper, or an average 
of 93 egg clusters total each week.  Eggs are collected every 48 to 72 h, to prevent egg predation, over a course 
of a 7-d period and transferred to a separate enclosure, thereby yielding an enclosure with immature stages over 
a specific range of ages.  

 
Dunking. 

The removal of BMSB (1st-5th instar & adult) from the surface of fruit was examined after fruit were submerged 
into water, or dunked. BMSB eggs were not included in these studies because they are localized on leaves, 
which do not enter the export channels of sweet cherries.  In a series of preliminary studies it was recognized 
that the ability of BMSB to remain on the surface of the fruit was inversely related to size (and age), therefore 

only the relatively small 2nd instar life stage was used in subsequent studies. BMSB (n = 5) were collected 
into 15-dram clear plastic vials. Specimens were gently tapped from the vial onto the surface of a wet cherry, 
causing them to loosely stick to the surface. Infested fruit were submerged into soak tank water (~100 ppm 
calcium hypochlorite and 3% sodium bicarbonate), held for either 1 s under water, removed from the water, and 
then evaluated for the efficiency of BMSB removal. 
 
Soak tanks. 
 
To simulate packing house soak troughs used in the commercial cleaning and routing of cherries, at least with 
respect to protocols used in California, two 31-gallon plastic storage bins (“Rugged Tote”, Centrex Plastics 
LLC, model number 314141) were modified (Figure 3). The ends of each tank were outfitted with 
bulkhead fittings (Grainger Inc., item # 1MKH7) with 3/4 inch male barb threads to attach clear 
Tygon��hose (3/4 “id, 1” od, Saint-Gobaine AJC00053) secured with band clamps. Inside the tank, 90 
degree “L”-fittings were attached to the bulkheads to circulate flow, and the floating fruit, as in a packing 
house scenario. A utility transfer pump (ZOELLER model 314-0002, portable, self priming, 115 volt AC 
motor, Grainger Inc. item number: 4HEX4), equipped with 3/4 inch male barb/threaded fittings as above, 
joined the in-flow and out-flow hoses of each tank and had a maximum flow rate of ~20 gpm (gallons per 
minute). The tanks were also equipped as necessary with an in- line ‘point of use’ water heater (American 
Water Heaters brand, 110V, “Tiny Titan” model) in series between the out-flow hose and the recirculation 
pump. Tanks were fitted with white polywall vinyl coverings, the inside of which was coated with a thin layer 
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of Tangle-Trap (Tanglefoot Inc.) using a putty trowel. The purpose of these “sticky-lids” (Figure 3) was to trap 
BMSB that attempted to escape the tank. 
 
Tanks were filled with solutions of either 100 ppm chlorine (calcium hypochlorite) and 3% sodium bicarbonate 
or tap water that were maintained at ~35°F. Once the solutions were added to respective tank, the circulation 
pumps were turned on, cherries (ca. 100 to150) were added to each, and groups of 15 BMSB were collected 
into a 15- dram clear plastic vial. One vial containing BMSB was submerged and shaken to remove insects 
and then the tank was immediately covered with the “sticky lid”. Specimens were not introduced on the fruit 
surface as described above for dunking because in preliminary studies ~800 specimens were removed 
within 10 s of introduction. After 1 hour, the lids were detached and the ability of the BMSB to escape 
the solution was assayed by recording the number of specimens found on the lid and/or inside walls (“sides”). 
Between assays, BMSB were removed from the system whenever visible. 
 
Fumigation. 
 
Six life stages (1st – 5th instar nymphs, and adults) of BMSB were evaluated in the exploratory fumigations.  
Nymphs (1st – 5th instars) and adults were randomly collected from respective rearing cages described above.  
Samples from each life stage were then isolated in 15-dram vials with mesh-screen covered openings on the top, 
bottom and sides (2 locations) and placed into cloth bags (8” x 12”; ULine, Waukegan IL).  Several pumpkin 
seeds and a wetted cotton wick were placed in to the cages to serve as food and water sources, respectively. 
Cloth bags containing vials of the life stages to be treated, were placed inside the environmental room, housing 
the fumigation chambers, for tempering. 
 
Exploratory fumigations were performed in modified Labonco® 28.32-L vacuum chambers housed in a walk-in 
environmental incubator with programmable temperature and humidity (USDA, 2009).  A series of experiments 
was conducted determine the relative tolerance of BMSB life stages to methyl bromide (MB) at headspace 
concentrations 12.0 ≤ [MB] ≤ 144 mgL-1h at 10.4 ± 0.5°C ( sx  ).  Chambers loaded with BMSB cages (treated 
specimens), untreated control specimens, source-gas cylinders, and gas-tight syringes were equilibrated to 
treatment temperature (i.e., tempered) for at least 12 h prior to fumigation.  Chamber temperature was confirmed 
prior to fumigation by a HOBO data logger (HOBOware version 2.7). Temperature probes were then removed, 
circulation fans internal to the chamber were turned on, and chamber lids clamp-sealed in preparation for 
treatment.  
 
A slight vacuum of approximately 76 to 127 mmHg was established in each chamber. Gas-tight super-syringes 
were filled with a volume of MB to achieve the requisite dose (8 to 72 mgL-1) as predetermined in preliminary 
studies.  Requisite syringes were fitted sequentially to a LuerLok ® sampling valve, which was subsequently 
opened so that MB was steadily drawn into the chamber.  After the addition of MB from the final syringe, the 
syringe was removed from the valve and normal atmospheric pressure (NAP) was reestablished in each 
chamber before the valve was closed; this marked the start of the fumigation and the beginning of the exposure 
period.  Gas samples (40 mL) were taken from the chamber headspace through a LuerLok® valve using a B-D® 
100-mL gas-tight syringe and [MB] was quantified with GC-FID, as described above, at temporal intervals. 
Fumigant exposures were expressed as concentration (C) × time (t), Ct, cross products and calculated by the 
method of Monro (1969). 
 
After the exposure period, chamber valves were opened to atmosphere and vacuum was pulled for 2 h to aerate 
the chamber. Chamber lids were opened; the treated as well as untreated control specimens were collected and 
transferred into an incubator at 27.0 ± 1.0 °C and 80 ± 2% RH ( x   s).  Mortality of specimens was assessed 
at daily intervals for 7 days following treatment. Mortality was diagnosed visually by lack of locomotion or by 
prodding-induced motion. Treated specimens were categorized as moribund if the mortality was 
inconclusive. Control mortality was diagnosed similarly and was assumed to be equal to that in fumigation 
trials and was treated numerically using Abbott’s method (1925) as described by Finney (1944 and 1971). 
 
Chemical analysis and calibration of standards.  
 
A 50-lb cylinder of compressed MB, Meth-o-gas 100, was obtained from Cardinal Professional Products 
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(Woodland, CA, USA). MB concentration in headspace of fumigation chambers, [MB], was measured using gas 
chromatography (GC) with flame ionization detection (FID) (GC-FID); retention time (MB, tr = 3.2 ± min) was used 
for chemical verification and the integral of peak area, referenced relative to liner least-squares analysis 
concentration plotted versus detector response, was used to determine concentration.  Detector response and 
retention indices were determined each day in calibration studies by diluting known volumes of gases into 
volumetric gas vessels. Analyses were with a Varian 3800 GC and splitless injection (150 C) using a gas 
sampling port (110 C) with a 1 mL-sample loop, a 2 mm id x 2 m Teflon® column packed with 10% OV-101 on 
Gas-Chrom Q® (100/120 mesh) held at 100 C for 10 min, and 15 mlmin-1 He carrier flow. The FID detector was 
at 275 C with respective flows of 20 mLmin-1 H2, 250 mLmin-1 air, and 5.0 mLmin-1 N2 make-up.  
 
Results and Discussion. 
 
Dunking. 
 
The effect of bin drenches/hydrocooling on BMSB removal was simulated by dunking infested fruit in soak tank 
water for 1 s and all but 7 out of 200 specimens were removed. Results suggest that drenching a bin will not 

completely remove BMSB, or at least the 2nd instar life stage, from the surface of a fruit in the bin load (Table 
1). 
 
Soak tank. 
 
BMSB were circulated in sealed soak tanks containing fruit and either ambient chlorine solution or ambient tap 
water with 2.0 or 1.5%, respectively, found and presumed alive on the sides or lid of the soak tank (Table 2). 
Only treated individuals having potentially escaped the surface tension of the bulk solution during 1 hour 
exposures were accounted for in post treatment evaluations, indicating that the wash solution itself was 
the primary reservoir for BMSB in these studies. These results support the conclusion that treated 
individuals sink and/or are physically destroyed by the crushing and circulating mechanics of the soak tank 
system. The difference in physical distribution and mortality of BMSB in ambient chlorine versus ambient 
tap water were tested for significance against the null hypothesis that the solution composition was 
unimportant. At the 95% level of confidence, the results were not significantly different using analysis of 
variance (Prob > F ≥ 0.05). Results support the conclusion that the efficacy with which soak tanks remove 
BMSB from the surface of cherries, and the resulting mortality, result from physical entrapment by the water 
and drowning, rather than toxicological properties of the solution. 
 
It is critical to note that no BMSB were found on the fruit in any of the soak tank scenarios, which indicates 
soaking infested fruit was effective at removing BMSB from the fruit surface as well as eliminating the return of 
BMSB to the fruit surface over the course of soaking. 
 

Fumigation.  
 
Phytosanitary protocols to permit the international movement of a commodity typically specify that treatment 
efficacy be demonstrated on the most treatment-tolerant life stage of the offending pest (Jang and Moffitt 1994, 
NAPPO 2011).  To identify the relative MB-tolerance of BMSB life stages were fumigated concomitantly in 
exploratory fumigations conducted for 2 h at 10.4 ± 0.5 C ( x  s).  Exposure-mortality regressions were modeled 
using Polo Plus (LeOra Software, 2002-2007) including the response over the range, 7 to 128 mg L-1 h (Figure 
1).  The estimated number of specimens treated, the number of control specimens included as a natural 
response in the model,  the regression heterogeneity (H), the projected Ct exposures to cause 50, 95, and 99% 
mortality in the treated population (respectively LE50, LE95, LE99), and the upper (UL) and lower limits (LL) of the 
95% level of confidence (LOC) are shown in Figure 1 (Finney, 1944 & 1971).    Likelihood ratio-based hypothesis 
testing of equality (P <0.05, 2 = 54.2, df = 10) and parallelism (P <0.05, 2 = 24.5, df = 5) were rejected, 
indicating that the slopes and intercepts of the respective regression lines were not similar. Lethal exposure 
ratios (LERs) were calculated with 95% LOC intervals and used to identify difference in MB-tolerance across life 
stages.  At 10.4 ± 0.5 C, LERs paralleled a ratio of 1 (± 0.5) across exposures projected to cause 10 to 99% 
mortality, indicating that these all life stages are of equivalent MB-tolerance.   
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Sweet cherries exported from Western USA to Japan, Korea, and Australia are fumigated with MB to control 
spotted wing drosophila (SWD). Walse et al. (2012b) reported the relationship between the applied MB dose, 
corresponding “CT” exposures, and treatment efficacy for fumigations lasting 2 h with load factors of 30%.  To 
maintain a threshold of treatment efficacy for SWD ≥ 99.9968 %, applied doses (mg L-1) were increased 
incrementally as treatment temperatures (T) were lowered across the range frequently used by industry per the 
schedule: 40 mg L-1,T ≥ 17.2 ºC ; 48 mg L-1, 17.2 ºC ≥ T ≥ 13.9 ºC; 56 mg L-1, 13.9 > T ≥ 12.2 ºC; 64 mg L-1, 
12.2 > T ≥ 10.6 ºC; and 72 mg L-1, 10.6 > T ≥ 8.3 ºC.  It is critical to note that fumigation of sweet cherries for 2 h 
at 10.4 ± 0.5 C ( x  s), the conditions used in the exploratory fumigations, yield an exposure of 109.0 ± 12.0 
mgL-1h.  Results suggest that > 99% mortality of BMSB would result from such a fumigation, regardless of the 
life stage present. 
 
Cumulative systems evaluation. 
 
Year 2 of the project focused on developing the above data into a systems approaches to quarantine security.  
Systems approaches to quarantine security have been defined as “the integration of those pre- and post-
harvest practices used in production, harvest, packing and distribution of a commodity which cumulatively meet 
the requirements of quarantine security” (Jang and Moffitt, 1994).  The general rule for the multiplication of 
probabilities, expanded in the seminal work of Finney (1948) and Rosenthal (1978) on combining results 
(probabilities) of independent events, can be used to quantify the cumulative effect of consecutive postharvest 
cleaning and packing events on  the “systemic” joint probabilities of BMSB removal and mortality. 
 
For each cleaning and/or packing “event”, the observed likelihood (expressed as a percentage) of finding a live 
BMSB after treatment, the theoretical percentage of BMSB removal and/or mortality can becalculated at the 95% 
LOC by the method of Couey and Chew (1986), along with the associated probability, the respective Probit 
values at the 95% LOC, and the confidence interval associated with Probit 9 treatment efficacy as calculated by 
Liquido and Griffin (2010).  
 
In the case where one event, 1E , has no effect on the probability of the other(s),  the joint probability of BMSB 
removal/mortality associated with multiple treatment events, )( 21 EnEEP  , can be calculated from the 
multiplication of the simple probability of each event (Finney,  1948): 
 

))(1))((1))((1(1)( 2121 EnPEPEPEnEEP                   (Eq.1) 
 

Given equation 1, the special multiplication rule for independent events, the probability of live BMSB remaining 
on the surface of fruit following the joint occurrence of two or more treatment events can be calculated for 
numerous scenarios directly applicable to commercial citrus cleaning and packing procedures used in California 
(Couey and Chew 1986; Follet and Neven 2006). For each postharvest treatment “event”, the observed likelihood 
(expressed as a percentage) of finding a live BMSB after treatment, the theoretical percentage of control 
calculated at the 95% level of confidence (LOC) by the method of Couey and Chew (1986), and the associated 
probability, )( xEP are listed in Table 3.  Also listed are the respective probit values at the 95% LOC as calculated 

according to Liquido and Griffin (2010). For entomological pests, a statistical benchmark of probit 9 is a goal for 
indexing phytosanitary treatment efficacy (Couey and Chew 1986; Follet and Neven 2006).  
 
 
An alternative approach to calculating the joint probability of multiple treatments, ) |EP(E ab , involves multiplying 

the simple probability of the first event times the conditional probability of the second event, bE , given the first, aE
: 
 

)(

) and (

a

ba
ab

EP
EEP ) |EP(E            (Eq. 2) 
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It is critical to note that even greater mortality and/or removal of BMSB would be expected if a pair or series of 
events was evaluated conditionally (equation 2) versus independently (equation 1), because treatments often 
render biological effects whereby those surviving treatment are not fully healthy, and are thus more susceptible to 
the subsequent treatment (Finney, 1948).   
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Table 1. Dunking the infested fruit in water for 1 s removed all but 7 out of 200 specimens. 
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Table 2: Efficacy of BMSB removal from fruit subjected to recirculation soak tanks containing 
tap water or a solution of 100 ppm chlorine (calcium hypochlorite) at 34°F (operation 
temperature). 
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Table 3. Summary of treatment results as probabilities and probit analyses.1

           

Event X 
Observed 
survival (%)

Percent 
mortality (95% 

LOC)

P (Ex) 
(95% 
LOC)

Probit 
(95% 
LOC) 

Dunking  5.6  94.36 0.056 6.59 
Soaking  3.6  96.37 0.036 6.80 
MB (SWD sched. @ 51○F) 0.3  99.71 0.003 7.76 

1 ‐ P(Ex) is the probability of event X; whereas LOC is the level of confidence.
 
 
Table 4.  Treatment results tabulated as joint probabilities associated with a respective series of 
independent events or conditional events (calculated from equation 1 or 2, respectively). 
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Figure 1.  Probit analysis of the exposure-mortality response for brown marmorated stink bug life stages 
following exploratory fumigations with methyl bromide (MB) for 2 h at treatment temperature of 10.4 ± 
0.5°C ( sx  ).   
 

 

 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

72



2015 Final Progress Report 

California Cherry Board 

Peter Follett USDA ARS, Hilo, Hawaii 

 

Project  title:  Spotted  wing  drosophila  radiotolerance  under  low  oxygen  conditions  produced  by 
modified atmosphere packaging 

Modified atmosphere packaging (MAP) produces a low oxygen (O2) environment that can increase 
produce shelf life by decreasing product respiration and growth of pathogens. Low oxygen is known to 
increase insect tolerance to irradiation, and the use of MAP with products treated by irradiation before 
export to control quarantine pests may inadvertently compromise treatment efficacy. Spotted wing 
drosophila, Drosophila suzukii (Diptera: Drosophildae) is a quarantine pest of stone and small fruits and 
a potential target for postharvest irradiation treatment. The effect of low oxygen generated by MAP on 
the radiation tolerance of D. suzukii was examined. Early pupal stage D. suzukii were inserted into ripe 
sweet cherries and treated by (1) MAP + irradiation (2) irradiation alone, (3) MAP alone, or (4) no MAP 
and no irradiation, and held for adult emergence. Three types of commercially available MAP products 
were tested that produced oxygen concentrations between 3‐15%, and a sublethal radiation dose (60 
Gy) was used to allow comparisons between treatments.  Xtend® PP61 bags (3‐4% O2), Xtend® PP71 
bags (5‐9% O2), and Xtend® PP53 bags (13‐15% O2) did not enhance survivorship to the adult stage in D. 
suzukii irradiated at 60 Gy (see Fig. 1). MAP use should not compromise phytosanitary irradiation 
treatment against D. suzukii in exported fruit. 
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Summary 
 

 Our research emphasized dormant, blossom, preharvest, and postharvest treatments for the 
management of major foliar and fruit diseases of sweet cherry in California. We continued our work on 
bacterial canker, powdery mildew, as well as blossom blights and fruit rots caused by Monilinia and Botrytis 
spp., and postharvest decays including brown rot, gray mold, and Rhizopus rot.  

1) In studies on bacterial canker caused by Pseudomonas syringae pv. syringae, the susceptibility of 
injuries was evaluated over time, the efficacy of copper treatments was compared to the antibiotics 
kasugamycin (Kasumin), oxytetracycline, mixtures of the two, and to the biocontrol Actinovate.  

a. Wound susceptibility decreased over time and infection was greatly reduced on 8-day-old wounds. 

b. In three small-scale field studies on cv. Coral, branch wounds were treated and inoculated. Kasumin 
was the most effective treatment of the single-treatments. Kasumin mixed with Fireline also 
significantly reduced the incidence of canker development and canker length. Actinovate was 
ineffective even with the addition of a nutrient supplement.  

c. The incidence of blossom blast was very low in the spring of 2015. Kasugamycin is currently under 
review as a tier two full registration on cherry. Oxytetracycline is currently in the IR-4 program for 
registration on cherry with support from the registrants, the California Cherry Board, and other 
researchers in the North Central and North Eastern regions of the US.   

2) In powdery mildew studies, the disease developed at high incidence on leaves of water sprouts and then 
on new shoots on terminal branches. The incidence of fruit infections was low in 2015.  

a. In a trial in San Joaquin Co., the most effective treatments included the SDHI (FG 7)-containing 
fungicides Fontelis, Luna Sensation, Luna Experience, and Merivon, selected DMI (FG 3)-
containing fungicides such as Rhyme, Procure, and Quadris Top, as well as EXP-1, -2, and -3. 
Rotation programs of Luna Sensation and Serenade Optiva were ineffective. Additionally, the 
Rovral-Quintec and Rovral-Vivando programs showed reduced performance.  
 

b. Post-infection treatments when visible symptoms are present on fruit demonstrated that Ph-D, 
Kaligreen, and mixtures of Ph-D with Kaligreen or ProCure were effective in suppressing 
sporulation and further growth of the powdery mildew colony. 

3) For brown rot and gray mold blossom blight, highly effective fungicides with excellent pre- and post-
infection activity included FG 3/7 (e.g., Luna Experience) and FG 7/11 (e.g., Merivon) fungicides, FG 7 
(e.g., Fontelis. Kenja), and the experimentals EXP-1 and EXP-2. The FG 3 (DMI) fungicides Quash 
and Rhyme were very effective against brown rot and also showed good efficacy against Botrytis. The 
natural product Fracture and the biocontrol yeast Botector showed intermediate efficacy for brown rot 
blossom blight management but little to no efficacy against Botrytis blossom blight. 

4) Two field studies were conducted on the efficacy of preharvest fungicide treatments. 

a. In applications at 6- or 7-days PHI, the EXP materials were extremely effective on both wounded 
and non-wounded fruit. Premixtures containing DMIs (e.g., Quadris Top and Luna Experience) 
were also very effective; whereas FG 7/11 materials were only effective on non-wounded fruit. For 
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gray mold, none of the treatments was highly effective, but the Ph-D + Elevate mixture reduced 
the incidence of decay by approximately 50%. 
 

b. When harvested fruit were washed for 5 min and then inoculated, the EXP materials were the most 
effective in reducing brown rot of both wounded and non-wounded fruit. For non-wounded fruit, 
all of the fungicides evaluated significantly reduced brown rot. For wounded fruit, most fungicides 
were less effective. None of the fungicides was effective against gray mold.  

These studies demonstrate that preharvest treatments can protect fruit from brown rot infections 
before and during harvest. Postharvest decays, however, can still develop due to minor injuries that 
occur during the bulk handling of fruit and the lack of local systemic action of many fungicides.   

5) In studies on the evaluation of postharvest fungicides, we focused on two natural fermentation 
products, polyoxin-D (Oso/Tavano) and the experimental EXP-13. Both compounds showed 
consistent high efficacy in reducing brown rot and gray mold when inoculated fruit were treated 12 to 
14 h after inoculation. Polyoxin-D was not effective against Rhizopus rot; whereas EXP-13 was 
effective but not as consistent as Scholar. With increasing emphasis on food safety and consumer 
concerns, treatments like these with ‘exempt from tolerance status’ may become important in the 
future.  

 

INTRODUCTION 

Overview. The goals of this project focus on improved pre- and postharvest management of 
fungal and bacterial pathogens causing flower, foliar, fruit, and branch diseases of sweet cherry. For this, 
we evaluated new fungicides, bactericides, natural products, and biologicals. Compounds used in our 
2015 studies, including their trade names, active ingredients, and FRAC groups (FG) are summarized in 
Table 1. All of the newer fungicides have a single site mode of action that emphasizes the implementation 
of resistance management strategies through the use of pre-mixtures, tank mixtures, or rotations to avoid 
the development of resistant pathogen populations regardless of the effectiveness of the fungicides. The 
use of pre-mixtures with at least two ingredients of different mode of action that are both active against 
the pathogen(s) reduces the risk of resistance development. New products such as Merivon (fluxapyroxad 
+ pyraclostrobin), Luna Sensation (fluopyram + trifloxystrobin), Luna Experience (fluopyram + 
tebuconazole), and EXP-2 and -3 are the newest of the pre-mixtures for sweet cherry after Pristine 
(boscalid + pyraclostrobin), Quilt Xcel (azoxystrobin + propiconazole), and Quadris Top (azoxystrobin + 
difenoconazole). Our goals are to identify and develop treatments to prevent overreliance on any 
fungicide class and develop treatments that allow for rotations and high levels of control of brown rot and 
gray mold blossom blight and fruit rot, as well as powdery mildew. In the latter disease, overuse of 
quinoxyfen has led to reduced or ineffective performance. Because most fungicides have different 
efficacies against different diseases, we are helping to design rotation programs where each fungicide is 
applied at a specific timing when its efficacy is optimal.  

As an additional objective, we are evaluating new treatments for the management of bacterial 
blossom blast and canker caused by Pseudomonas syringae pv. syringae. Previously, only copper was 
available, however, widespread copper resistance in the pathogen has been documented in California. The 
antibiotics oxytetracycline (Mycoshield, Fireline) and kasugamycin (Kasumin) that are currently 
registered in the United States for management of other bacterial diseases of agricultural crops were 
evaluated, as well as the biocontrols Actinovate and Botector.   

For postharvest management, fungicides with mostly unique modes of action registered on sweet 
cherry include: tebuconazole (Tebucon), fludioxonil (Scholar), fenhexamid (Judge), pyrimethanil 
(Penbotec), and propiconazole (Mentor). These products can be used alone or in mixtures. Our studies in 
2015 focused on the evaluation of polyoxin-D that previously showed high efficacy against gray mold 
and brown rot and on the new experimental EXP-13 that represents another natural fermentation product. 
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Scholar, but not Penbotec (pyrimethanil), is very stable in the presence of chlorine in re-
circulating drench or flooder treatments and in combination with other postharvest fungicides, and can be 
used at reduced rates, making it cost-effective. The availability of several fungicides belonging to 
different chemical classes and of different sanitizers for wash treatments is essential for managing the 
major diseases occurring on sweet cherry after harvest in California. The development of new products 
that are considered so safe that they will be registered as “exempt from tolerance” will also be critical for 
preserving the efficacy of these fungicides against postharvest fruit decays and for the successful 
marketing of sweet cherry in global markets where maximum residue limits (MRLs) are important. 

 
OBJECTIVES 
 

1. Evaluate new products against bacterial blast in flower inoculation studies and against canker in twig 
inoculation studies. (Cooperate with J. Grant/C. Ingels). 
a. Biologicals/natural products (e.g., Actinovate, polyoxin-D, Double Nickel 55, Blossom Protect). 
b. Antibiotics – Kasugamycin – large-scale trials once federally registered. 
c. Environmental monitoring of bacterial populations for kasugamycin resistance to support Section 18. 
d. Begin to evaluate temperature and wetness conditions during bloom that are conducive to blast. 

2. Evaluate, under field conditions, bloom and preharvest applications of new compounds (e.g., Fontelis), 
premixtures (e.g., Luna Sensation, Merivon, Quadris Top), as well as polyoxin-D, and biologicals for 
control of brown rot and Botrytis blossom blight, powdery mildew, and pre- and postharvest brown rot 
and gray mold fruit decay. 
a. Evaluate new powdery mildew fungicides (e.g., Vivando), polyoxin-D, SDHI compounds 

(fluopyram, fluxapyroxad, penthiopyrad, and premixtures using these fungicides) using different 
rates and timings and develop a powdery mildew fungicide program that integrates new materials 
with single- and multi-site mildew fungicides. 

- Develop an assay to determine in vivo sensitivity of P. clandestina to quinoxyfen and other 
fungicides 

b. Evaluate new brown rot and gray mold materials including new DMIs, SDHIs (fluopyram, 
fluxapyroxad, penthiopyrad), premixtures, and polyoxin-D (Ph-D, Oso). 

 

3. Evaluate new fungicides as postharvest treatments and develop cost-effective application methods: 
a. Continue to evaluate Scholar, Penbotec, Mentor, as well as Scholar-Mentor, and Tebucon-Elevate 

and polyoxin-D-Scholar mixtures with an emphasis on Scholar and Penbotec due to their recently 
approved food additive tolerance (FAT) in Japan. 

b. Continue to develop EC50 values, baseline sensitivities, and monitor resistance in target pathogen 
populations to newly developed fungicides. 

c. Continue to evaluate ‘exempt from tolerance’ materials (EXP-13, polyoxin-D). 
 
MATERIALS AND METHODS   
 
Evaluation of treatments for control of bacterial canker. In three trials in mid- to late January 2015, the 
bark of 2-year-old twigs was puncture-wounded using a nail (3 wounds/twig) and the twig end was 
pruned off. In evaluating the temporal susceptibility of wounds to infection, lateral wounds were spray-
inoculated with Pseudomonas syringae pv. syringae (2 x 107 cfu/ml) selected times (0 to 16 days) after 
wounding, and canker development was evaluated. For evaluation of treatments, lateral and terminal 
wounds were sprayed to run-off using a hand sprayer, allowed to air-dry, and spray-inoculated. There 
were seven or eight twig replications for each of the treatments. Treatments included Kocide 3000, 
Fireline, Kasumin, Fireline+ Kasumin, and Actinovate (the latter with or without sucrose amendment). In 
mid- April 2015, inoculated branches were sampled and evaluated in the laboratory for canker length and 
incidence of gumming at inoculation sites. Data were analyzed using analysis of variance and LSD mean 
separation procedures of SAS 9.4. 
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Evaluation of new fungicides for control of powdery mildew of sweet cherry. A field trial in San Joaquin 
Co. was conducted to evaluate fungicides for powdery mildew control. Treatments were done at full 
bloom on 3-17-15 for protection from primary inoculum (ascospores from overwintering chasmothecia), 
and were followed by two additional treatments on 4-9 and 4-30-15 (early fruit development) for 
protection from secondary infection from conidia. Single fungicides, pre-mixtures, and four rotation 

Table 1: Fungicides, bactericides, and biologicals used in 2015 studies*.
Pesticide FRAC group Trade name Active ingredient
Fungicides Single

2 Rovral, Iprodione iprodione
3 Elite, Tebucon, Tebuzol tebuconazole
3 Procure triflumizole
3 Quash metconazole
3 Rhyme flutriafol
7 Fontelis penthiopyrad 
7 Kenja isofetamid
12 Scholar fludioxonil
13 Quintec quinoxyfen
17 Elevate fenhexamid
19 Ph‐D, Oso/Tavano polyoxin‐D
U8 Vivando metrafenone

Experimentals EXP‐1 not disclosed
EXP‐2 not disclosed
EXP‐3 not disclosed
EXP‐13 not disclosed

Double (Premixtures)

7 + 11 Luna Sensation fluopyram + trifloxystrobin
7 + 3 Luna Experience fluopyram + tebuconazole
7 + 11 Merivon fluxapyroxad + pyraclostobin
7 + 11 Pristine boscalid + pyraclostrobin
3 + 11 Quadris Top difenoconazole + azoxystrobin
3 + 33 Viathon tebuconazole + phosphite

Multiple

M1 Kocide 3000 copper hydroxide, copper sulfate pentahydrate
‐‐‐ Kaligreen Potassium Bicarbonate

Bactericides Aminoglycoside Kasumin kasugamycin
Aminoglycoside Firewall streptomycin
Tetracycline Mycoshield, Fireline oxytetracycline

Biologicals Bacterium Actinovate Streptomyces lydicus  WYEC108
Bacterium Serenade Optiva Bacillus subtilis  QST713
Plant extract Fracture protein from Lupinus  sp.

Yeast Botector Aureobasidium pullulans DSM14940/14941

* ‐ Alphabetical by trade name for each Fungicide Resistance Action Committee (FRAC) group 
     or mode of action. Some fungicides were used with adjuvants such as Silwet or Dyne‐Amic.
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programs were evaluated (Fig. 3). The incidence of powdery mildew was evaluated on 20 leaves from 
five random shoots each from inside the tree and from the outer tree perimeter for each of the four single-
tree replications on May 13, 2015. Severity was rated using the following scale: 0 = healthy, 1 = 1-3 
lesions, 2 = <25%, 3 = up to 50%, 4 = >50% of leaf area affected. Disease intensity was calculated as the 
multiplication product of disease incidence and severity.  

 In an experiment to evaluate the suppressive activity of selected treatments on growth and 
sporulation of the powdery mildew pathogen on established lesions on fruit, applications were done on 5-
19-15 using an airblast sprayer at a rate of 100 gal/A. Fruit were harvested on 5-26-15 and incubated for 7 
days at 24C, >99% RH. Fruit with symptoms of powdery mildew were rated for disease severity using a 
dissecting microscope. The rating scale was: 0 = powdery mildew colony dead, 1 = colony suppressed 
with some mycelial growth, 2 = colony suppressed but mostly covered by healthy mycelium, 3 = colony 
slightly suppressed with mostly healthy mycelium, and 4 = healthy colony. Data were analyzed using 
analysis of variance and LSD mean separation procedures of SAS 9.4. 

Evaluation of new fungicides for control of brown rot and Botrytis blossom blight and fruit decay. 
Laboratory experiments were conducted to evaluate the pre-and post-infection activity of fungicides 
against brown rot and gray mold blossom blight. For pre-infection activity (protection), blossoms were 
collected at white bud, allowed to open in the laboratory, and treated using a hand sprayer. After 12 h, 
blossoms were inoculated with a spore suspension of M. fructicola or B. cinerea (30,000 conidia/ml) until 
water droplets formed on anther filaments. To evaluate the post-infection (“kick-back’) activity, blossoms 
were collected, inoculated, and treated after 16 h with a hand-sprayer. Blossoms were evaluated for 
stamen infection after 4-5 days of incubation at 20 C, >95% relative humidity. Disease incidence was 
evaluated as the number of stamens infected divided by the total number of stamens per blossom. Three 
replications of 8 blossoms were used for each treatment and data were analyzed using analysis of variance 
and LSD mean separation procedures (SAS 9.4).  

 To evaluate preharvest fungicide applications for control of fruit decay, orchards were used in 
San Joaquin Co. (commercial orchard) and at UC Davis (experimental orchard). In the UC Davis trial, 
treatments were applied 6 days PHI using a back-pack sprayer calibrated to deliver 100 gal/A. Fruit (8 
fruit from each of three single-tree replication) were harvested, wounded with a glass rod (1 x 1 x 0.5 
mm), and inoculated with 20 l of a conidial suspension of M. fructicola or B. cinerea (30,000 
conidia/ml); or 16 fruit from each replication were non-wound, drop-inoculated with a spore suspension 
of M. fructicola (50,000 spores/ml). In the San Joaquin trial, fungicides were applied 7 days before 
harvest. Fruit were harvested and 8 fruit from each of four single-tree replication were wound-inoculated 
with M. fructicola or B. cinerea as described above. In non-wound inoculations, approximately 50 to 60 
fruit from each replication were sprayed with conidia of M. fructicola (20,000 spores/ml). All fruit were 
incubated for 5-7 days at 20 C, >95% RH. Percent incidence of infection was determined as the number 
of fruit infected of the total number of fruit evaluated. Data were analyzed as described above. 
 To evaluate preharvest fruit treatments for postharvest decay management and the persistence of 
the fungicides on the fruit that were treated in San Joaquin orchard, fruit were washed by spraying with 
high-volumes of water for 5 minutes prior to wound- and non-wound inoculations. Fruit were inoculated 
with M. fructicola or B. cinerea and decay was evaluated as described above.  

Efficacy of new and registered postharvest treatments for managing brown rot, gray mold, and Rhizopus 
rot fruit rots of sweet cherry. Five laboratory studies focused on the efficacy of the SC formulation of 
polyoxin-D (Oso/Tavano) and the new experimental compound EXP-13 against brown rot, gray mold, and 
Rhizopus rot and efficacy was compared to that of Scholar. Fungicides were applied as aqueous solutions 
using an air-nozzle sprayer or as drenches either 12-14 h after (Inoculated-Treated) or before (Treated-
Inoculated) inoculation with the respective fungal pathogens. Fruit were wound-inoculated with 20 l of a 
spore suspension of M. fructicola, B. cinerea, or R. stolonifer (30,000 spores/ml each). Fruit were 
incubated for 4-7 days at 20 C, >95% RH. Incidence of decay was determined as the number of fruit 
infected of the total fruit evaluated. Data were analyzed using analysis of variance procedures of SAS 9.4. 
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RESULTS AND DISCUSSION 

Evaluation of treatments for control of bacterial canker. With widespread copper resistance in the 
bacterial pathogen (Pseudomonas syringae pv. syringae), no effective treatments are currently available 
to manage bacterial canker and bacterial blast. These are important diseases of sweet cherry that can 
impact cherry production in seasons with favorable environmental conditions and can also have long-term 
effects on tree health. In previous studies we identified the antibiotic kasugamycin as effective against 
both phases of the disease, whereas the biocontrol Actinovate in some trials significantly reduced the 
incidence of blossom blast. Due to the known defined period of high susceptibility for flower infections, 
blossom blast will be easier to manage once effective treatments are available to the industry. Infection 
periods for woody tissues that result in the canker phase of the disease are much more difficult to predict 
because they are determined by multiple causes including pruning, frost damage, and wetness conditions. 
Additionally, woody injuries may remain susceptible to infection for different periods of time depending 
on time of the year. Therefore, epidemiological studies are needed to determine conditions that are most 
favorable for canker development.  

 In our studies in 2015, we focused on the canker phase of the disease. We conducted studies on 
the temporal susceptibility of injuries and on the efficacy of treatments on cv. Coral cherry. Branches that 
were wounded in late January 2015 rapidly started their wound healing process, and canker formation was 
significantly reduced in inoculations 4 days after wounding as compared to inoculations that were done 
on the day of wounding (Fig. 1). Further reduction in canker formation was obtained in inoculations 8 and 
more days after wounding. These studies will have to be repeated because wound healing is greatly 
affected by environmental conditions and additionally, different wound types (punctures, branch cuts) 
may heal at different speed. 

 In studies on the control of bacterial canker where freshly wounded branches were treated and 
then inoculated with a copper-resistant strain of the pathogen, results were very similar for the three 
experiments conducted (Fig. 2). Treatments that included Kasumin were most effective in reducing 
canker length and gumming at the inoculation sites, whereas Kocide 3000 was not effective. The high rate 
of Kasumin (200 ppm) was only numerically more effective as compared to the lower rate (100 ppm). 
The antibiotic oxytetracycline (Fireline) was moderately effective; mixtures of Kasumin with Fireline 
were similarly effective as Kasumin alone, but they would be important to reduce resistance development 
in the pathogen. Actinovate was only slightly effective in one of the experiments (trial site 3 - Lodi).   

  In summary, in six years of research on the management of bacterial canker and blossom blast, 
we identified Kasumin as the most effective and consistent treatment. Oxytetracycline was only evaluated 
in some trials but was identified as a very promising bactericide against P. syringae. Registrants of both 
of these antibiotics are supportive of a registration on sweet cherry and this is currently pursued. 
Oxytetracycline was accepted into the IR-4 program in Sept. 2013 and residue studies were performed in 
2014. Kasumin was fully registered on pome fruit in 2014 for management of fire blight, and 
oxytetracycline has been available for this disease for numerous years. Over the years of our evaluations, 
Actinovate showed moderate efficacy in reducing blossom blast (but was less or not effective against 
canker). Because biocontrol agents are potentially more persistent than organo-chemical treatments, 
optimization of biocontrol treatments, possibly by adding different nutrient amendments, is still 
warranted, especially for the canker phase of the disease.  

Evaluation of new fungicides for control of powdery mildew of sweet cherry. The efficacy of new 
fungicides and new pre-mixtures was evaluated in a trial in San Joaquin Co. Three applications were done 
in ca. three-week intervals over a 6-week period starting at full bloom with fungicide applications for 
brown rot blossom blight. At evaluation time, all sampled leaves on trunk shoots (water sprouts) and over 
98% of leaves of the outside canopy showed symptoms of powdery mildew in the untreated control. The 
most effective treatments included the EXP fungicides (-1, -2, and -3), SDHI (FG 7)-containing 
fungicides such as Fontelis, Luna Sensation, Luna Experience, and Merivon, as well as selected DMI (FG 
3)-containing fungicides such as Rhyme, Procure, and Quadris Top (Fig. 3). Rhyme mixed with an 
adjuvant (e.g., Kinetic) had a numerically lower incidence than Rhyme used by itself. Kenja (FG 7) did 
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well on outside shoots but performed poorly on inside shoots. The addition of an adjuvant may be 
warranted in future trials. A rotation program of Luna Sensation and Serenade Optiva dramatically 
reduced the effectiveness as compared to Luna Sensation used by itself. Treatments with Fracture, 
Viathon, Quintec, and Vivando were weakly effective or ineffective. Quintec (FG 13), that was highly 
effective in the first years after its registration on cherry, showed low efficacy. Similarly, the other 
powdery mildew-specific fungicide Vivando was also less effective. The possibility that reduced 
sensitivity or resistance has developed against Quintec and Vivando is currently being evaluated.  

Thus, this research has demonstrated excellent activity of several new fungicides against powdery 
mildew and we show that the disease can be reduced to acceptable levels by properly timed applications. 
The FG 7/11 fungicides Luna Sensation and Merivon, as well as the FG 7 Fontelis are excellent powdery 
mildew fungicides. Because of the potential of resistance to single-site mode of action fungicides, FG 7 
materials should be tank-mixed with FG 3, FG 11, and FG 19 fungicides. Under conditions where 
fungicides have to be used as post-infection treatments when visible symptoms are already present on 
fruit, we showed that Ph-D can be used with a multi-site fungicide like Kaligreen or with DMI fungicides 
like Procure (Fig. 4) for effective suppression of the disease.  

Integrated strategies are needed for powdery mildew control. Management strategies include 
planting distances and routine pruning to increase air circulation, spraying with pre-bloom sulfur 
products, in-season removal of water sprouts, and applying mildew, brown rot, and Botrytis fungicides 
during bloom and again during petal fall periods. Rotation of different mode-of-action fungicides should 
off-set resistance selection by limiting the use of any single-site mode of action fungicide (i.e., single FG 
number) and thus, this reduces the selection pressure. Limiting the number of applications of any one 
mode of action (i.e., FG) will also reduce the residue and ensure that MRLs are not exceeded with any of 
the trade partners of the cherry industry. Our epidemiological studies have shown that mildew 
sequentially develops on: 1) leaves of inside shoots (water sprouts); 2) leaves of outer shoots; 3) green 
stems of fruit; and 4) on ripening fruit (fruit with color). The disease has not been found on green fruit 
mesocarp tissue. We have shown that young leaves are more susceptible than old leaves. Thus, for the 
fungicide sensitivity trials, studies are planned to evaluate the sensitivity of mildew strains to quinoxyfen 
and metrafenone using young leaves treated with different rates of each fungicide inoculating them in 
settling towers and determining the activity range.   

Efficacy of new fungicides for control of brown rot and Botrytis blossom blight. Fungicide treatments 
were evaluated on detached opened blossoms in comparative laboratory studies. In pre- and post-infection 
studies, new and registered fungicides were very effective against brown rot and Botrytis blossom blights 
(Fig. 5). Highly effective fungicides with excellent pre- and post-infection activity against both blossom 
diseases included FG 3 (e.g. Quash) and FG 7 (e.g., Fontelis, Kenja) fungicides, the experimental EXP-1, as 
well as the pre-mixture treatments FG 7/11 (e.g., Merivon), FG 3/7 (e.g., Luna Experience), and the 
experimental EXP-2. The FG 3 Rhyme was very effective against brown rot, but also showed good efficacy 
against Botrytis blossom blight. The natural product Fracture and the biocontrol Botector showed 
intermediate efficacy against brown rot, and Botector also had some efficacy against Botrytis blossom blight 
when applied before infection. These products potentially may provide alternatives to conventional 
fungicides. Due to the good pre- and post-infection activity of most of the conventional fungicides, the 
practice of a single delayed-bloom application when environmental conditions are not favorable for disease 
development is an excellent strategy for obtaining highly effective blossom disease management and result 
in a minimal number of blossom treatments on sweet cherry.  

Evaluation of preharvest treatments for fruit decay control without postharvest washes and for 
postharvest decay control after postharvest washes. Two preharvest efficacy trials with 6- and 7-day PHI 
applications were done in 2015 (Figs. 6, 7). In wound inoculation studies using non-washed fruit, several 
fungicides provided excellent protection against brown rot and these included the new EXP-1, the 
Propicure-Quash mixture, and the pre-mixtures Quadris Top and the new EXP-2 and EXP-3. For gray 
mold, the Ph-D/Elevate mixture showed highest efficacy among treatments and the incidence of decay 
was reduced by approximately 50% as compared to the control (Fig. 7B). In contrast, when non-washed 
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fruit were non-wound inoculated with M. fructicola, all fungicides evaluated demonstrated high efficacy 
indicating that many of the newer fungicides have little locally systemic activity.   

When harvested fruit were washed for 5 min and then inoculated, several treatments were still 
highly effective in both wound- and non-wound inoculations with M. fructicola (Fig. 7A). These included 
EXP-1, the Procure-Quash mixture, and the pre-mixtures EXP-2 and EXP-3. Rhyme, Fontelis+Tebucon, 
Luna Experience, Quadris-Top, and Viathon showed intermediate efficacy. The other treatments were 
only effective on non-wound-inoculated fruit. None of the fungicides was effective after fruit washing 
and wound-inoculation with B. cinerea.  

Efficacy of new postharvest treatments for managing brown rot, gray mold, and Rhizopus rot of sweet 
cherry. In postharvest decay management in 2015, we focused on evaluating two fermentation products, 
polyoxin-D (Oso, Tavano) and the experimental EXP-13. Polyoxin-D is currently exempt from tolerance 
and efficacy data will allow registration on sweet cherry. Previously we also evaluated the WG 
formulation of this chemical, but the SC formulation is the one that is pursued for postharvest registration 
and also was found to be more effective for this use. When fruit were first treated and then inoculated, 
spray applications with polyoxin-D at rates between 6 fl oz and 12 fl oz were very effective in reducing 
the incidence of brown rot and gray mold (Fig. 8), whereas the drench application was only effective at 
the 13-fl oz rate, and not at the 6.5-fl oz rate (Fig. 9). This indicates some penetration of the compound 
into the fruit. When fruit were first inoculated and treated after 12-14 h, polyoxin-D was highly effective 
against the two decays on the Rainier fruit (Fig. 10). On Bing fruit, this treatment was highly effective 
against gray mold (Figs. 8,11); and highly (spray treatment, Fig. 8) or moderately (drench treatment, Fig. 
11) effective against brown rot. As established previously, polyoxin-D does not have efficacy against 
Rhizopus rot (Fig. 10). Thus, polyoxin-D as an exempt-from-tolerance compound has a remarkable good 
effectiveness against two major decays of sweet cherry, especially considering the low rates of active 
ingredient being used (the 6.5-fl oz rate is equivalent to ca. 50 ppm active ingredient).  

 The new experimental EXP-13, also with potential exempt registration status, was evaluated in 
several studies. On fruit that were first treated and then wound-inoculated, the material was highly 
effective after spray treatments of Rainier fruit against the three major decays (Fig. 12B) and highly 
effective against gray mold and moderately effective against brown rot and Rhizopus rot of Bing fruit 
(Fig. 12A). Drench applications were mostly less effective (Fig. 11). When fruit were first inoculated and 
then treated, EXP-13 was highly effective against the three decays on Rainier fruit when used at rates 
between 500 and 1000 ppm (Fig. 10). On Bing fruit, EXP-13 was very effective against gray mold and 
moderately effective against brown rot (Fig. 11).  

 Thus, in our postharvest studies, two fermentation products with possibility for organic 
registration demonstrated high potential as new postharvest treatments for sweet cherry. With somewhat 
inconsistent efficacy, both of these fungicides will be most beneficial when used in mixtures among 
themselves or with Scholar or Tebucon. This will also reduce the risk of selection for resistant sub-
populations of the decay pathogens. We will continue our evaluations of these treatments in 2016.  
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