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4. EXECUTIVE SUMMARY 
 
 
Objectives and Rationale 
Katydids (Plangia graminea) and weevils (Phlyctinus callosus), BFW, are sporadic pests of 
vineyard in the Western Cape province of South Africa. They primarily feed on foliage, which during 
pest outbreaks, may result in reduced vigour and stunted development. An increase in their density 
and distribution have been reported, and no agrochemicals are currently registered for their control. 
Previous research identified possible biological control agents, including entomopathogenic fungi 
(EPF) and parasitic wasps.  The aim of this study was to (i) evaluate the efficacy of EPNs and EPF 
against katydids and weevils; (ii) to determine an estimate of katydid geographical distribution and 
to (iii) record observations made in field and laboratory populations. 
 
Methods 
Field collected insects were screened against 12 in vivo-cultured EPN species at 200IJ / insect, in 
a laboratory environment, incubated at 25°C and >95% RH for 48 h, after which mortality was 
assessed. Geographical distribution was estimated by plotting reported and verified katydid 
occurrence sites. In total, 70 soil samples were collected from deciduous fruit orchards and 
vineyards in the Western Cape. The soil samples were baited with mealworms, Tenebrio molitor 
(Coleoptera: Tenebrionidae) to trap EPNs and EPF.  A field trial to determine the performance of 
Steinernema yirgalemense, applied at different concentrations, followed. The EPF were either 
applied alone, in simultaneous combination with S. yirgalemense, or 1 and 2 weeks after fungal 
application; the EPNs were also applied alone. 
 
Key Results 
Seven locally isolated EPN species achieved significant mortality, of which the best performing 
nematodes achieved > 90% mortality. Katydids were reported from 36 locations, primarily in the 
Cape Winelands region of the Western Cape, of which 12 were confirmed by site visitation. EPNs 
were isolated from 17 % (12) of the samples, with Heterorhabditis bacteriophora and H. safricana 
as the only two EPN species isolated. In the field trials, S. yirgalemense gave 69 % and 78 % 
mortality for BFW larvae, at two concentrations respectively. The results showed that all EPN’s 
screened controlled the different life stages of the Banded Fruit Weevil (BFW). It also showed that 
100% larval and adult mortality was obtained when S. yirgalemense was applied 1 or 2 weeks after 
Beauveria bassiana 1 and B. bassiana 2. It was recommended that the next step would be to field 
test these products (the best performing EPN species) on a larger scale to assess the practicality 
and efficacy and also to evaluate their in vitro produced counterparts where available. 
 
Key Conclusion or Discussion 
Katydid nymphs have proven susceptible to EPN infection. The efficacy of in vitro-cultured EPNs in 
field trials, in combination with adjuvants and as part of an IPM program, would further provide 
clarification on the value of EPNs as biological control agents.  Both entomopathogens have shown 
outstanding potential to control the BFW when used alone, and in combination, could provide an 
economically viable control strategy against the BFW.  
 
Recommendation to Industry / Key take-home message 
Laboratory trials have shown the viability of using alternative control methods to chemicals.  The 
next step would be to field test these products on a larger scale to assess the practicality and 
efficacy. 
 
5. PROBLEM IDENTIFICATION AND MOTIVATION 
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Problem Identification 
 
Katydids or ‘’krompokkels’’ and the banded fruit weevil (BFW) are sporadic pests in vineyards and 
orchards, but appear to be on the increase.  Various fungal isolates are/have been tested in the laboratory 
for both pests, and several parasitic wasps have been isolated from katydids, but these options would 
need field testing and integration into an IPM strategy in order to be effective.  Further integration of fungi 
with entomopathogenic nematodes will need to be investigated.  This project aims to establish guidelines, 
from research done in the laboratory and field applications, for the use of entomopathogenic fungi and 
nematodes against katydids and weevils in vineyards and orchards. 
 
Motivation 
An additional effective control option includes the use of entomopathogenic nematodes (EPN).  EPN are 
deadly pathogens of insects and play a role in the natural regulation of insect populations (Griffin et al. 
2005).  EPNs kill their hosts with the help of symbiotic bacteria carried in their intestines (Lacey & 
Shapiro-Ilan 2008).  Many EPNs with their associated bacteria have been used as biological control 
agents against insect pests (Stock & Hunt 2005).  Recent research conducted at the University of 
Stellenbosch also indicated their potential for controlling South African grapevine and orchard pests like 
the vine mealybug (Le Vieux & Malan, 2013) and the banded fruit weevil (Ferreira & Malan, 2013). 
Therefore, another tool would be to determine lethality of EPNs which are effective against other pests, so 
as to optimize the use of these strains against more than one pest, which would make control options 
more cost-effective. 
 
 
6. ACCUMULATED OBJECTIVES TABLE 
 
Performance chart  

Objectives Milestones Original Target Date Date achieved 

1.   Establish laboratory 
colonies 

1.   Literature survey 
2.   Establish BFW colony 
based on previous work 
3.   Assess various methods 
for katydid colonies 

July 2016 Ongoing 

2.   Survey of EPN and EPF 
isolates from field collections 

1.   Establish field sites 
2.   Collect soils- trap 
nematodes and fungi with 
susceptible insect hosts 
3.   Isolation in the laboratory 
4.   Identification 

Ongoing Ongoing 

3.  Laboratory bioassays of 
EPN and EPF strains 

1.   Literature surveys 
2.   Establish baseline dose 
3. Conduct bioassays at 
various doses 
4. Conduct bioassays on 
adults and immatures 

July 2017 November 2017 
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4. Small scale field 
experiments 

1.   Literature surveys 
2.   Establish cage 
dimensions for use in field 
trials 
3.   Conduct field trials at 
various doses and with 
various isolates 

Dec 2018 December 2018 

5. Testing the combination of 
EPF and EPN treatments 

1.   Literature surveys 
2.   Conduct bioassay at two 
rates 
3.   Assess mortality 

Dec 2018 June 2018 

6. Targeted field monitoring 
for katydid egg parasitoids to 
assess habitat preferences of 
these wasps 

1. Literature surveys 
2. Field site selections 
3. Targeted, broad-scale field 
surveys under various 
management regimes and 
environmental conditions 

May 2018 Not achieved, insufficient 
material available 

7.  Write up theses MSc Entomology 
PhD Entomology 

February 2018 (MSc) and 
2019 (PhD) 

December 2018, March 2019 

 
 
7. WORKPLAN (MATERIALS AND METHODS) 
Original workplan: 
W1. Laboratory colonies  
W2. Surveying isolates of EPN and EPF in the field 
W3. Laboratory bioassays of EPN strains 
W4. Testing of EPF isolates in small-scale field experiments. 
W5. Testing the combination of EPF and EPN treatments to assess lethality of the two products. 
W6. Targeted field monitoring for katydid egg parasitoids to assess habitat preferences of these wasps 
  
Achieved workplan: 
 
KATYDIDS 
W1. Laboratory colonies 
Nymphs of P. graminea were obtained from multiple wine grape vineyards in the Western Cape province.                
Three sites with a persistent katydid presence were prioritised for the collection of katydids during the                
summer months of 2016 and 2017 (Fig. 1). 
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Fig. 1. Map of katydid nymph collection sites in the Western Cape province, South Africa. Locations are                 
approximate: (A) 10 km north of Stellenbosch, (B) 2 km west of Simondium, (C) 4 km north-east of                  
Wellington. 

Katydid collection 

Nymphs were surveyed by searching through foliage by hand, and collected using a variety of cylindrical                
plastic containers, ranging between 75 ml and 250 ml in size. Caps were replaced loosely enough to allow                  
air circulation without the insects escaping, and packed in ventilated open-top boxes prior to transport. 

In addition to searching through the foliage by hand, adults were also surveyed by shaking the top wires                  
of the vine trellis, or the vine itself. Adults were captured by hand or with the aid of a small butterfly net,                      
and deposited in transparent acrylic containers at least 45 × 30 × 30 cm in size, with mesh sides to allow                     
air circulation. Vine shoots and additional leaves were placed inside for food, moisture and habitat               
structure. 

Containers were transported in a ventilated vehicle and insects placed in the laboratory colony no later                
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than 2 h after departure. Field collection took between 2-10 h, but care was taken to not let environmental                   
conditions influence the fitness of individuals prior to transport. For example, fewer insects per container               
reduced competition, containers placed in the shade and in wind drafts reduced heat stress, and vine                
shoots and leaves within the container regulated humidity and supplied habitat complexity. 

Laboratory colony 

Four different rearing boxes were used, ranging from 60 × 60 × 45 cm to 120 × 120 ×120 cm. Rearing                     
boxes were made of glued acrylic, while one had a wooden frame with acrylic panels and a wooden back                   
panel. Prior to their use, boxes were cleaned with lukewarm water and left to dry. 

Katydids in the laboratory colony were collected from 2016-09 to 2017-02, and again from 2017-09 to                
2018-02. Sites with a high katydid abundance and close proximity to Stellenbosch University were              
prioritised for field collections (Fig. 1). Newly field-collected individuals were placed in separate laboratory              
colony containers (quarantined) and monitored for unusual activity and mortality. 

Katydids were fed leaves collected from vineyards, supplemented with lettuce (fresh, store-brand, Food             
Lovers Market, Stellenbosch). Vine leaves were either placed individually, or while still on vine shoots.               
High mortality necessitated the experimentation with supplementary foods, including oats (organic,           
store-brand, Clicks Pharmacy, Stellenbosch) and fish food flakes (Tetramin, Pet Food City, Stellenbosch),             
as it proved successful for rearing L. intermedia as in the San Diego Zoo (Chang, 2014), and carrot (fresh,                   
store-brand, Food Lovers Market, Stellenbosch). Fresh leaves and shoots were added every second day              
and removed when it started to dry out. All food (except oats and fish food flakes) were hand rinsed using                    
tap water and patted dry using hand towel paper, prior to their introduction. 

Vine shoots and twigs provided habitat structure, perching place and complexity to containers, and were               
typically positioned diagonally across and at an angle. Female adult katydids are known to oviposit eggs                
under the bark of vine (Doubell et al., 2017), for which twigs and small branches were placed. 

Katydids were initially kept in the laboratory at room temperature (18-32°C) next to a window, where it                 
received indirect natural sunlight during daytime, supplemented by overhead fluorescent lighting, and            
darkness at night. Later revisions had katydids placed outside under a tree to expose them to more                 
natural conditions (larger temperature and humidity fluctuations, higher wind speed, more daylight), and             
also in the departmental insectary. In the insectary, temperature was kept constant at 25°C and light,                
supplied by daylight-colour overhead fluorescent lamps, at 16:8 h light:dark cycles.  

Source of nematodes 

The EPNs used in the present study were obtained from the departmental nematode collection (Table 1).                
All species were locally isolated, except for Steinernema feltiae (Filipjev) Wouts, Mráček, Gerdin &              
Bedding, which is an exotic species. Infective juveniles (IJ) were cultured in vivo using last instar larvae of                  
either the greater wax moth, Galleria mellonella (L.) (Lepidoptera: Pyralidae) or of the common mealworm               
Tenebrio molitor L. (Coleoptera: Tenebrionidae), at room temperature using the methods described by             
Stock & Goodrich-Blair (2012) and Van Zyl & Malan (2015). 

Infective juveniles were harvested over the course of 2 weeks, transferred to vented culture flasks (50 ml                 
rec. max, NUNC) and stored horizontally at 14°C. Culture flasks were shaken biweekly to mitigate               
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nematode clumping and to aerate the mixture. Nematodes were used within 3 weeks of their culture and                 
inspected for fitness (motility, mortality) prior to bioassays. 

 

Table 1. Heterorhabditis and Steinernema nematode species used against Plangia graminea nymphs,            
including Genbank accession number and nematode size. 

Nematode 
species 

Isolate Genbank 
ID 

Origin GPS 
location 

(DMS) 

Associated 

host plant 

Mean 
length 
of IJ 

(µm) 

Reference 

H. 
bacteriophora 

SF351 FJ455843 Wellington, 

Western 
Cape 

33°36'24"S 
18°59'48"E 

Grapevine 588 
(512-6
71) 

Malan et  
al., 2006 

H. baujardi MT19 MF535520 KwaZulu-Nat
al 

n/a Natural 
vegetation 

551 
(497-5
95) 

Abate et  
al., 2018 

H. indica SGS KU945293 Bonnievale, 

Western 
Cape 

33°55'38"S 
20°00'35"E 

Grapevine 528 
(497-5
73) 

n/a 

H. 
noenieputensis 

SF669 JN620538 Noenieput, 

Northern 
Cape 

27°16'15"S 
20°03'05"E 

Fig 528 
(484-5
63) 

Malan et  
al., 2014 

H. zealandica SF41 EU699436 Brenton-on-
Sea, 

Western 
Cape 

33°41'28"S 
24°35'23"E 

Natural 
vegetation 

685 
(570-7
40) 

Malan et  
al., 2006 

S. feltiae* S. fel - Germany n/a n/a 876 
(766-9
28) 

n/a 

S. innovationi SGI-60 KJ578793 Free State n/a Grain 1053 
(1000-
1103) 

Hatting et  
al., 2009 
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S. jeffreyense J192 KC897093 Jeffrey’s 
Bay, 

Eastern 
Cape 

34°02'43"S 
24º55'35"E 

Guava 924 
(784-1
043) 

Malan et  
al., 2011 

S. khoisanae SF87 DQ314287 Villiersdorp, 

Western 
Cape 

33°12'33''S 
19°06'57''E 

Apple 1062 
(994-1
159) 

Nguyen et  
al., 2006 

S. litchii WS9 KP325086 Mbombela, 

Mpumalanga 

25°30'56''S 
30°58'41''E Litchi 1054 

(953-1
146) 

Steyn et  
al., 2017 

S. sacchari SB10 KC633095 Gingindlovu, 

KwaZulu-Nat
al 

29°01'37''S 
31°35'37''E 

Sugarcane 680 
(630-7
22) 

Nthenga 
et al.,  
2014 

S. 
yirgalemense 

157-C EU625295 Friedenheim, 

Mpumalanga 

25º27'50"S 
30º59'16"E 

Citrus 635 
(548-6
93) 

Malan et  
al., 2011 

*Imported species from e-nema, Germany; n/a = not available 

W3. Laboratory screening bioassays 

Bioassays were prepared using six-well bioassay plates (BioLite 6-Well Multidish, Thermo Scientific), lined             
with one circular filter paper disk (30 mm, Grade 1 Whatman, GE Healthcare Life Sciences) per well. The                  
concentration of nematodes was determined using the technique of Glazer & Lewis (2000). A nematode               
concentration of 200 IJs per 100 µl of water was inoculated onto each circular disk, while the control                  
received 100 µl of distilled water only. The number of trays used was scaled to utilise the maximum                  
number of insects available at the time of bioassays, and to prevent the health deterioration often                
observed in "older" laboratory katydids, which may influence their susceptibility to infection. 

Katydid nymphs were added to the wells using soft metal forceps, and a glass rectangle was placed over                  
the tray as each well was filled. Using sleight of hand, the original tray cover was slid in place of the glass                      
cover once all wells were filled. Rubber bands secured the tray lids and trays were transferred into 2-L                  
plastic ice cream containers, each lined with paper towels moistened with distilled water, and closed with                
their lid to maintain high humidity. The containers were then incubated in a growth chamber at 25°C, in                  
the dark, for 48 h. The mortality of katydids was determined by gently poking the insect with forceps.                  
Dissection kit equipment, glassware and other potential sources of contaminants, were submerged in             
boiling water and dried prior to the handling of each treatment and batch. 

All treatments had repetitions on different days, except for H. baujardi, H. zealandica, S. innovationi and                
S. khoisanae, which had none, due to a shortage of katydids. The number of katydids used for each                  
treatment, per repetition, is listed in Table 2. Treatment repetitions were carried out on different days and                 
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each repetition had a control group present. 

  

Table 2. Number of insects used for each treatment with Heterorhabditis and Steinernema species, per               
repetition, in the screening bioassay. 

Treatment Isolate R1 R2 R3 R4 R5 Total 

Control - 24 18 8 36 42 128 

H. bacteriophora SF351 12 18  12 18 60 

H. baujardi MT19     12 12 

H. indica SGS    12 30 42 

H. 
noenieputensis 

SF669 12 18  12 30 72 

H. zealandica SF41     12 12 

S. feltiae S. fel    12 18 30 

S. innovationi SGI-60    12  12 

S. jeffreyense J192   12 18 30 60 

S. khoisanae SF87    18  18 

S. litchii WS9    12 18 30 

S. sacchari SB10   12 18  30 

S. yirgalemense 157-C  18 6 18 42 84 

  

Penetration and reproduction 

Following screening bioassays, cadavers of the different treatments were placed on a sieve, gently rinsed               
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with a handheld water jet and patted dry on hand towel paper to remove surface nematodes. Cadavers                 
were then placed in 90 mm diameter petri dishes lined with one circular filter paper disk (85 mm, Grade 1                    
Whatman, GE Healthcare Life Sciences), inoculated with 800 µl of distilled water and incubated at 25°C                
and > 95% RH in the dark for 24-36 h, to allow for IJ growth and development. The infectivity of                    
nematodes was determined by dissecting cadavers and evaluating the presence of nematodes. 

Large sample sizes necessitated the storage of cadavers at 14°C to slow the growth and development of                 
nematodes to evaluate IJ penetration on a later day. Second generation nematodes did develop within               
cadavers, despite their cooling, and were noted as it confirms the ability of nematodes to complete their                 
life cycle in vivo. 

Data analysis 

Data were analysed in Microsoft Excel 2010 for descriptive statistics and processed in Statistica 13.3               
(TIBCO Software Inc., 2017) for comparative analysis. For the screening bioassay, residuals of the              
mortality response were considered normally distributed (Shapiro-Wilk's W = 0.984, p = 0.267), permitting              
the use of a one-way ANOVA, however, Levene's test for homogeneity of variances failed, necessitating               
the use of a Games-Howell post hoc analysis to evaluate the response between nematode species.               
Results are given as the mean response of all repetitions ± SEM, unless otherwise specified. 

W6. Targeted field monitoring for katydid egg parasitoids to assess habitat preferences of these              
wasps 
 
The original workplan aimed to conduct sampling of katydid eggs in the field. It was found that occurrence                  
of katydids was very sporadic and numbers not high enough to obtain any valuable information on egg                 
parasitism, therefore this objective was not achieved. 
 
WEEVILS 
W1. Laboratory colonies 
Adult BFW that were collected from vineyards and orchards in the Western Cape from October to                
December and were mass reared at the Stellenbosch University Insectary (IPM Initiative), Stellenbosch             
University, South Africa. Corrugated cardboard bands were used to collect the weevils by tying them onto                
apple and vine trunks. The adult weevils, ages ranged from 2 to 4 weeks old, were kept in a ventilated                    
Perspex boxes measuring 15 × 20 cm. Weevils were reared on carrots by Dr D Stenekamp and Mr T                   
Asia. 
 
W2. Surveying isolates of EPN and EPF in the field 
 
A total of 70 soil samples samples were collected during the 2016/2017 growing season from different                
orchards and vineyards throughout the Western Cape province. Soil samples of approximately 1.5 kg              
were collected 10 m apart at a soil depth ranging from 0 to 20 cm, using either a shovel, a spade or a                       
pick, depending on the soil type. A total of five samples were collected from each vineyard and orchard (n                   
= 14) and combined to increase the probability of obtaining different nematode and fungal species. The                
samples were placed in plastic ziplock bags, which were placed away from direct sunlight and any other                 
source of heat, and transported to the laboratory in cool boxes, where they were stored at 20° C, and                   
baited with T. molitor larvae within a month. A global positioning system (GPS) was used to record the                  
locations of the orchards and vineyards sampled. The soil samples were thoroughly mixed and sieved (to                
remove stones), using a 4-mm-aperture metal sieve upon reaching the laboratory. Soil samples of 200 ml                
were transferred to 400 ml plastic containers to which 10 T. molitor larvae were added. Dry soil samples                  
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were moistened, using distilled water to keep them humid during the baiting process, and the plastic                
containers were each closed with a lid and incubated at 22 °C. The samples were checked after 7 days,                   
with the dead larvae being removed from the plastic containers and replaced with fresh larvae, for a total                  
of 14 days. 
 
W3. Laboratory bioassays of EPN strains 
 
Virulence experiments were conducted in 24-well bioassay trays (flat-bottom, Nunce, Cat. No.144530,            
Thermo Fisher Scientific (Pty) Ltd, Johannesburg, Gauteng, South Africa). Alternate wells were lined with              
a circular (13-mm-diam.) filter paper, to obtain an even distribution throughout the wells. Each piece of                
filter paper was inoculated with a concentration of 200 IJs/50 µl filtered tap water for the adults, and with a                    
concentration of 100 IJs/50 µL for the final instar larvae. The control treatment comprised 50 µl distilled                 
water only. After one insect was added to each well, it was closed with a lid, and placed in a closed plastic                      
container lined with moistened tissue paper, and placed in a growth chamber, where it was kept at 25° C                   
for two days. Mortality was determined by confirming the infection of the insect concerned by dissection                
with the aid of a stereomicroscope. The bioassays were repeated for all treatments on different test dates,                 
and with freshly prepared nematode inoculum.  
Using the 24-well bioassay protocol, the two EPNs isolated from the, at 200 IJs/insect, were used to test                  
their ability to control adult BFWs. Five bioassay plates, each containing 12 adults, were used for each                 
nematode species, with the controls receiving water only. The mortality caused by each EPN and the                
number of IJs that penetrated the host, was determined for each EPN species studied. The procedure                
was repeated on different dates, and with freshly prepared inoculum. 
 
Laboratory bioassays of EPF 
Final instar larvae, pupae and adults of BFW were individually immersed in a 100 ml conidial suspension                 
of B. bassiana 1®; B. bassiana 2, M. anisopliae and M. anisopliae (EA2), a local isolate isolated in an                   
apple orchard in Grabouw (only used for adults), each with a concentration of 1 × 106 conidia ml-1 with                   
0.01% Tween® 20 (Merck, KGaA, Darmstadt, Germany) for 60 sec. The controls were immersed in a 100                 
ml solution of distilled water and 0.01% Tween® 20. The treated BFW were placed in 24-well bioassay                 
trays, kept at 25 °C in a growth chamber for a period of 21 days. Five replicates of 12 were treated to with                       
the fungal suspensions, used as the controls (n = 60). The 24-well bioassay trays were checked weekly                 
for mortality, and the entire bioassay was repeated on a different test date with newly prepared conidial                 
suspension. The BFW were considered mycosed if fungal sporulation of the isolate occurred. The              
mycosed insects were placed on the SDA plates after 14 days.  
Virulence assays were analysed using analysis of variance (ANOVA); if the F value was significant (p <                 
0.05), the means were differentiated by means of LSD MEANS (SAS Institute 1985). The mortality data                
were corrected for the corresponding control mortality, using the formula: CM (%) = {(TC)/(100C)} × 100,                
where CM is the corrected mortality, T is the percentage mortality in treated insects, and C is the                  
percentage mortality in untreated insects (Abbott 1925). If no significant interactions were found to have               
occurred between the main effect of the test dates and the treatments concerned, the data obtained from                 
the two test dates were pooled and analysed, using a one-way ANOVA. 
 
W4. Testing of EPN isolates in small-scale field experiments. 
 
Eight apple trees in four rows, which received treatments in a Completely Randomised Design, were               
exposed to S. yirgalemense at 0, 10, 20, and 40 IJs/cm2 over a period of 7 days, during winter 2016. The                     
first and last plants, and the first and the last rows, were not treated, so as to avoid edge effects. The four                      
treatments were applied at the rate of 10 BFW larvae per plant. The 10 perforated 0.2-ml Eppendorf tubes                  
were tied together using a piece of cotton thread with BFW larvae in each tube, after which the lids were                    
closed (Le Vieux & Malan 2013). The Eppendorf tubes were buried close to the treatment plant, and at a                   
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depth of 15 cm, with the thread left extending above the soil, for ease of detection and retrieval.  
The desired concentration of the pathogens was prepared in 200 ml water, with an area of 0.8 × 1 m                    
being measured around each treatment plant. After burying the BFW tubes and four iButton temperature               
loggers (Wdsen Electronic Technology Co. Ltd, Philippines), the EPN suspensions were sprayed onto the              
soil, using a handheld spray bottle. Each treatment plant was drip irrigated only if no natural rainfall had                  
occurred between treatments. The BFW tubes were removed from the soil after 7 days, rinsed with water,                 
placed on moist filter paper in Petri dishes, and sealed using Parafilm®. The Petri dishes were placed in a                   
25°C growth chamber for 24 h, with the mortality rate being recorded. The mortality caused by the EPNs                  
was confirmed by means of dissecting the BFW larvae and observing the presence of IJs.  
Virulence assays were analysed using analysis of variance (ANOVA); if the F value was significant (p <                 
0.05), the means were differentiated by LSD MEANS (SAS Institute 1985). The mortality data were               
corrected for the corresponding control mortality, using the formula: CM (%) = {(TC)/(100C)}×100, where              
CM is the corrected mortality, T is the percent mortality in treated insects, and C is the percent mortality in                    
untreated insects (Abbott 1925). If no significant interactions were found to occur between the main effect                
of the test dates and the treatments concerned, the data obtained from the two test dates were pooled                  
and analysed, using a one-way ANOVA. 
 
W5. Testing the combination of EPF and EPN treatments 
 
Steinernema yirgalemense inoculum was prepared at a concentration of 100 IJs / 50 µl water for BFW                 
larvae and 200 IJs / 50 µl water for adults, with it being pipetted into the 24-well bioassay trays lined with                     
Whatman filter paper. Twelve final instar larvae for each treatment were used, in each well, and each                 
treatment was replicated five times (n = 60).The conidia of two-to-three-week-old EPF cultures were              
harvested by means of scraping the surface of the Petri dish cultures, using a glass rod. The sterilised                  
distilled water (H2O) (20 ml) with the suspended conidia was augmented with Tween 80 in sterile                
McCartney bottles. The bottles carrying the conidial suspension were sealed and vortexed for 2 min. A                
haemocytometer was used to determine the concentration of the conidial suspensions (Chapter 4). After              
being dipped in the predetermined conidial concentration (1 × 106 conidia ml-1), the larvae, or adults,                
were added to the 24 wells of the bioassay plates. The control treatment received 50 µl of distilled water                   
only. All 24-well bioassay trays were kept at 25 °C in a growth chamber. Mortality was determined after 48                   
h for the EPNs, and after 21 days for the EPF. All treatments were repeated on a different test date. The                     
technique used was adapted from those of Ansari et al. (2008) and Wakil et al. (2017). 
Whereas the four different EPF strains were each tested in combination with S. yirgalemense, the EPF in                 
combination with each other were not tested. The combined treatments comprised EPF and EPN applied               
at different time intervals, or simultaneously, according to the following combinations: 1) Each of the four                
different EPF strains, plus the S. yirgalemense, were applied simultaneously (week 0). After immersion in               
EPF suspensions (1 × 106 conidia ml-1), the BFW larvae or adults were transferred to 24-well bioassay                 
trays that were preinoculated with S. yirgalemense (100 IJs/well), as described in the bioassay protocol               
above. 2) The BFW larvae or adults were first dipped in each of the four different EPF strains, maintained                   
at 25 ± 2 °C and 65 ± 5% RH for one week, and then transferred to 24-well bioassay trays pre-inoculated                     
with S. yirgalemense IJs. 3) After first being dipped in each of the four different EPF strains, the BFW                   
larvae were maintained at 25 ± 2 °C and 65 ± 5% RH for 2 weeks, after which they were transferred to                      
24-well bioassay trays pre-treated with S. yirgalemense and 4) For the control, BFW were immersed in                
aqueous solution with 0.01% Tween 80 and maintained in 24-well bioassay trays, lined with moistened               
filter paper. All bioassay plates were kept in a 25 °C growth chamber. The BFW mortality was recorded 3                   
weeks post application; if the larvae failed to respond on slight prodding with a blunt needle, they were                  
considered to be dead. 
  
Data analysis 
Virulence assays were analysed using analysis of variance (ANOVA); if the F value was significant (p <                 
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0.05), the means were differentiated by LSD MEANS (SAS Institute 1985). The mortality data were               
corrected for the corresponding control mortality, using the formula: CM (%) = {(TC)/(100C)}×100, where              
CM is the corrected mortality, T is the percentage mortality found in the treated insects, and C is the                   
percentage mortality found in the untreated insects (Abbott 1925). To determine whether the EPF–EPN              
interactions were additive, antagonistic or synergistic, the comparison of observed versus expected values             
of insect mortality was applied.  
The mortality of the BFW was determined by means of subtracting the number of surviving BFWs from the                  
number used in each replicate. To determine the expected additive proportional mortality ME for the               
EPN–EPF combinations, the formula ME = MEPN + MEPF (1 – MEPN) was used. MEPN and MEPF were                  
the observed proportional mortalities induced by the EPN and the EPF alone, respectively. A χ2 test was                 
used to obtain the observed and expected results, χ2 = (MEPNEPF – ME)2/ME, where MEPNEPF refers                
to the observed mortality for the EPN–EPF combination, which was compared to 3.83, which is the χ2                 
table value for 1 degree of freedom. The interaction was labelled synergistic/antagonistic when the              
calculated χ2-values exceeded the table value, and additive when the calculated χ2-values did not exceed               
the table value. The interaction was considered to be synergistic if the differences MEPNEPF – ME = D                  
indicated a positive value, and to be antagonistic if D had a negative value. 
 
8. RESULTS AND DISCUSSION 
 

KATYDIDS, Plangia graminea 

Screening 

The highest percentage mortality was obtained by Heterorhabditis zealandica Poinar (n = 12; 100%),              
Heterorhabditis indica Poinar, Karunakar & David (n = 42; 95.24% ± 3.07%), Steinernema jeffreyense              
Malan, Knoetze & Tiedt (n = 60; 93.33% ± 3.69%) and Steinernema yirgalemense Kguyen, Tesfamariam,               
Gozel, Gaugler & Adams (n = 84; 91.67% ± 3.81%), with no significant differences between each other,                 
but significantly different from the control (p < 0.01). Heterorhabditis noenieputensis (n = 72; 70.83% ±                
9.65%, p = 0.034) and Heterorhabditis bacteriophora Poinar (n = 60; 65% ± 8.03%, p = 0.041) also                  
achieved significant mortality relative to the control treatment (n = 128; 25% ± 3.7%). Heterorhabditis               
zealandica was significantly different from H. bacteriophora (p = 0.047), but no other treatments were               
significantly different from each other (Fig. 2).  
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Fig. 2. Percentage mortality (95% confidence intervals) of Plangia graminea nymphs, 48 h after inoculation with 200                 
IJ/100 µl of Heterorhabditis bacteriophora (SF351), H. noenieputensis (SF669), Steinernema yirgalemense (157-C),            
S. jeffreyense (J192), S. sacchari (SB10), H. indica (SGS), S. feltiae (S. fel), S. innovationi (SGI-60), S. khoisanae                  
(SF87), S. litchii (WS9), H. baujardi (MT19) and H. zealandica (SF41). Vertical bars were calculated using weighted                 
means, while differing letters denote significance, calculated using a Games-Howell post hoc analysis (Error              
between MS = 0.717; df = 86; p < 0.05). 

  

Steinernema feltiae (Filipjev) Wouts, Mráček, Gerdin & Bedding (n = 30; 66.67% ± 9.13%), Steinernema               
litchii Steyn, Knoetze, Tiedt & Malan (n = 30; 66.67% ± 11.79%), Steinernema sacchari Nthenga,               
Knoetze, Berry, Tiedt & Malan (n = 30; 63.33% ± 19.29%), Steinernema khoisanae Nguyen, Malan &                
Gozel (n = 18; 44.44% ± 29.4%) and Steinernema innovationi Çimen, Lee, Hatting, Hazir & Stock (n = 12;                   
8.34% ± 8.34%) did not differ significantly from the control. Heterorhabditis baujardi Phan, Subbotin,              
Nguyen & Moens (n = 12; 83.34% ± 16.67%) achieved high average mortality, but did not compute in the                   
Games-Howell post-hoc analysis due to high variance within the treatment, and thus comparative analysis              
for this species was not possible. 

  

Penetration 

The cadavers of P. graminea nymphs inoculated with S. innovationi, S. khoisanae and S. sacchari were                
lost following screening bioassays and neither penetration nor reproduction could be confirmed for these              
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species. In all other treatments, the presence of nematodes was confirmed for at least 70% of cadavers                 
(Fig. 3). 

 

Fig. 3. Percentage of Plangia graminea nymph cadavers following the screening bioassay with infective juveniles               
present, for Heterorhabditis bacteriophora (SF351), H. baujardi (MT19), H. indica (SGS), H. noenieputensis (SF669),              
H. zealandica (SF41), Steinernema feltiae (S. fel), S. jeffreyense (J192), S. litchii (WS9) and S. yirgalemense                
(157-C). 

  

Heterorhabditis zealandica (n = 12), S. jeffreyense (n = 20) and S. litchii (n = 18), had nematodes present                   
in 100% of cadavers, followed by H. indica (n = 31; 97%), S. feltiae (n = 21; 90%), S. yirgalemense (n =                      
56; 88%), H. noenieputensis (n = 52; 83%), H. baujardi (n = 11; 82%) and H. bacteriophora (n = 48; 71%). 

 Reproduction 

Nematodes within the host cadaver were able to complete their lifecycle in vivo and produce second                
generation offspring with varying success (Fig. 4). 
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Fig. 4. Percentage of Plangia graminea nymph cadavers, following the screening bioassay, with second generation               
nematodes present for Heterorhabditis bacteriophora (SF351), H. baujardi (MT19), H. indica (SGS), H.             
noenieputensis (SF669), H. zealandica (SF41), Steinernema feltiae (S. fel), S. jeffreyense (J192), S. litchii (WS9)               
and S. yirgalemense 

(157-C). 

  

Second generation nematodes were confirmed in P. graminea cadavers inoculated with S. litchii (n = 18;                
100%); S. jeffreyense (n = 20; 95%), H. zealandica (n = 12; 75%), H. noenieputensis (n = 22; 73%), S.                    
yirgalemense (n = 39; 67%), H. indica (n = 31; 52%), H. bacteriophora (n = 20; 50%), S. feltiae (n = 21;                      
48%) and H. baujardi (n = 11; 18%). 

  

This is the first study to evaluate the biocontrol potential of EPNs for the control of Plangia graminea. In                   
the present study, 12 in vivo cultured EPN species were evaluated using a total of 590 katydid nymphs.                  
Five EPN species, namely H. indica, H. zealandica, S. jeffreyense, S. yirgalemense and H. baujardi,               
achieved > 80% control in the laboratory environment, while H. noenieputensis (71%) and H.              
bacteriophora (65%) performed significantly better than the control (25%). Heterorhabditis zealandica           
performed significantly better than H. bacteriophora, but there were no other statistically significant             
differences between other treatments. This lack of significance is likely due to relatively high control group                
mortality and variation within treatments, which can be resolved in future bioassays by increasing the               
sample size and number of repetitions, in addition to limiting control group mortality. 
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Second generation nematodes were discovered the in cadavers of H. indica (52%), H. zealandica (75%),               
S. jeffreyense (95%) and S. yirgalemense (67%) treatments, but with low presence in the H. baujardi                
(18%) treatment. This indicates that nematodes have the ability to complete their life cycle and produce                
new generations in vivo, theoretically able to produce a new cohort of IJs capable of finding and infecting                  
new insect hosts. Cadavers were not suitable for evaluating IJ production by means of a modified White                 
trap (White, 1927), due to the destructive nature of dissection. 

A significant constraint in the present study was the number of katydids available for bioassays. High                
mortality in the laboratory colony necessitated the use of field collected individuals, as strategies to               
increase katydid fitness and survival did not result in satisfactory results. Treatments and repetitions were               
scaled to use the maximum number of katydids available, which resulted in unequal sample sizes               
between treatments and repetitions. This sensitivity to suboptimal environments likely resulted in the             
higher control group mortality and variance within treatments observed in the present study. As a result,                
efficacy may have been underestimated, resulting in suppressed statistical significance. 

Distribution 

Plangia graminea was primarily observed from wine grapes in the Cape Winelands region and were               
sporadically observed in the Breede River valley. Beyond the Cape Winelands region, they were rarely               
considered pestiferous and thus receive minimal attention, so their distribution is likely to be              
underestimated. Large parts of the Western Cape are planted with vineyard, providing potential habitats              
for P. graminea, suggesting that factors which limit their distribution are likely to be more complex than                 
only habitat availability. 

Of the 350 farms approached, less than 50 responded. Of those, 36 reported the presence of katydids, all                  
in wine grapes, of which 12 were confirmed by visiting the site and collecting specimens. The Cape                 
Winelands region had the highest concentration of reports within the Stellenbosch – Simondium – Paarl               
region, while fewer reports originated from the Breede River valley (Robertson district) and from the rest of                 
the Western Cape, including Wellington, Grabouw, Franschoek. Katydids are believed to be absent from              
the Northern Cape province (H. Burger, OWK, pers. comm., 2018) and of unknown status in the rest of                  
South Africa. Reports of katydid presence from the towns of Lutzville (31°33'11"S 18°20'51"E) and Malgas               
were the furthest outside of the most affected regions. 

Katydids have also been reported once from table grapes, but this was not confirmed. It is assumed that 
the more intensive management practices and agrochemical application programmes in table grapes do 
not provide an environment compatible with katydid persistence. 
 

 WEEVILS, Phlyctinus callosus 

Screening 

The EPNs were isolated from 12 of 70 (17.1 %) soil sampling sites representing all the sampled                 
habitats; seven out of 40 sites (17.5 %) and five out of 30 sites (16.7 %) from the commercial and                    
organic orchards, respectively (Table 1). The EPNs isolated from the survey belonged to the genus               
Heterorhabditis, with the different species identified being Heterorhabditis bacteriophora Poinar 1975           
and Heterorhabditis safricana Malan, Nguyen, De Waal & Tiedt 2008 (Table 1). Of the isolates, seven                
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(58.3 %) were H. bacteriophora and five (41.7 %) were H. safricana. Both EPN species were isolated                 
from commercial orchards and vineyards, and from organic orchards. From the seven H.             
bacteriophora isolates recovered, four from the commercial apple orchards and vineyard, and three             
from the organic orchard under quince fruit (Table 1). From the three H. safricana isolates recovered,                
two were isolated from a commercial apple orchard, and one from an organic plum orchard (Table 1). 

Table 1. Heterorhabditis species and isolates identified from a survey of cultivated habitats in the               
Western Cape province, South Africa. 

EPN species Isolate 
number 

Number 
of 
samples 

GenBank 
number 

ITS 

Nearest 

town 

GPS reading Habitat 

H. safricana 272 10 MH333118 Ceres 33°13'45.3"S; 
19°13'19.6"E 

Apple 

H. safricana 273 10 MH333122 Ceres 33°13'45.3"S; 
19°13'19.6"E 

Apple 

H. safricana 288 2 MH333121 Ceres 33°13'45.3"S; 
19°13'19.6"E 

Apple 

H. 
bacteriophora 

283 10 MH333232 Grabouw 34°08'16.1"S; 
19°01'15.6"E 

Apple 

H. 
bacteriophora 

285 2 MH333233 Grabouw 34°08'18.4"S; 
19°01'15.5"E 

Apple 

H. 
bacteriophora 

287 3 MH333235 Grabouw 34°08'18.4"S; 
19°01'15.5"E 

Apple 

H. 
bacteriophora 

301 10 MH333236 Grabouw 34°08'23.4"S; 
19°01'16.9"E 

Grapevine 

H. 
bacteriophora 

280 5 MH333230 Robertson 33°43'22.5"S; 
19°47'21.5"E 

Quince 
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H. 
bacteriophora 

281 2 MH333231 Robertson 33°43'36.5"S; 
19°47'27.0"E 

Quince 

H. 
bacteriophora 

286 5 MH333234 Robertson 33°43'36.5"S; 
19°47'27.0"E 

Quince 

H. safricana 282 10 MH333120 Robertson 33°43'32.1"S; 
19°47'26.2"E 

Plum 

H. safricana 302 10 MH333122 Robertson 33°43'32.1"S; 
19°47'26.2"E 

Peach 

*Apple (Malus domestica B.); plum (Prunus salicina L.); grapevine (Vitis vinifera L.); quince (Cydonia oblonga               
M.); peach (Prunus persica). 

  

The EPF were found in 26 (37.1 %) soil samples representing all the sampled habitats (Table 2).                 
The different species morphologically identified from the different habitats were the Beauveria            
bassiana and the Metarhizium anisopliae complex (Table 2). Beauveria bassiana was found in 14 soil               
samples in total; whereas 12 soil samples were collected from the organic deciduous fruit orchards,               
only two soil samples were obtained from the commercial deciduous fruit orchards and vineyards              
(Table 2). Metarhizium anisopliae was found in 12 soil samples in total, with all the soil samples                 
concerned having been collected from the commercial orchards and vineyards involved (Table 2). 

  

Table 2. Beauvaria and Metarhizium identified from cultivated habitats in the Western Cape province. 

Isolate 
name 

Morphological Molecular GenBank 

Number 

Positive 

samples 

Nearest 

town 

GPS reading Habitat 

CA 5 B. bassiana B. 
bassiana 

  2 Ceres 33°13'45.3"S; 
19°13'19.6"E 

Apple 

CA 1 Pending M. 
anisopliae 

  4 Ceres 33°13'45.3"S; 
19°13'19.6"E 

Apple 

EA 2 M. anisopliae M. 
anisopliae 

  3 Grabouw 34°08'16.1"S 

19°01'15.6"E 

Apple 
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EP 3 M. anisopliae Pending   3 Grabouw 34°08'18.4"S; 

19°01'15.5"E 

Pear 

EG 4 M. anisopliae Pending   2 Grabouw 34°08'23.4"S; 

19°01'16.9"E 

Grapes 

TQ1 3 B. bassiana B. 
bassiana 

  5 Robertson 33°43'22.5"S; 
19°47'21.5"E 

Quince 

TQ2 5 B. bassiana B. 
bassiana 

  5 Robertson 33°43'36.5"S; 
19°47'27.0"E 

Quince 

TP1/ES1 B. bassiana B. 
bassiana 

  2 Robertson 33°43'32.1"S; 
19°47'26.2"E 

Peach 

*Apple (Malus domestica B.); pear (Pyrus communis L.); plum (Prunus salicina L.); grapevine (Vitis vinifera L.);                
quince (Cydonia oblonga M.). 

  

Laboratory bioassays with EPNs 

Larvae 

The mean mortality of the three EPN species inoculated with 100 IJs/insect ranged between 43.3               
% and 65.8 % over a period of 48 h (Fig. 1). Analysis using a one-way ANOVA showed no significant                    
effect (F (3, 36) = 26.34, p < 0.001) of the treatment on percentage mortality (Fig. 1. Steinernema                  
yirgalemense, H. noenieputensis and S. feltiae provided mortality (65.8 %, 47.7 %, and 43.3 %,               
respectively) not significantly different from one another (Fig. 1). 

Penetration ranged from 13 to 44 nematodes per BFW larva (Fig. 1), with a significant effect (F (3,                  

36) = 24.69, p < 0.001) of the treatment being caused to the BFW larval penetration rate (Fig. 1).                   
Steinernema feltiae (44.0) had a significantly higher (p < 0.05) number of nematodes that penetrated               
the BFW larva, in comparison with H. noenieputensis (13.0), but not different from S. yirgalemense               
(28.5). The number of nematodes that penetrated the BFW larvae in the case of S. yirgalemense and                 
H. noenieputensis (28.5 and 13.0, respectively) did not differ significantly from each other (Fig. 1). 
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Fig. 1. Mean percentage mortality (A-left) and number of nematodes penetrated (B-right) (95 % confidence               
level) Phlyctinus callosus (BFW) larvae inoculated with 100 IJs/insect of Steinernema yirgalemense,            
Heterorhabditis noenieputensis and S. feltiae after 48 h. Different letters above the vertical bars indicate               
significant differences. 

Pupae 

The mean mortality of the pupae ranged from 55.2 % to 69.8 % after inoculation with 100                 
IJs/insect over a period of 2 days (Fig. 2). A significant effect (F (3, 28) = 65.12, p < 0.001) of the                      
treatment was caused on the percentage mortality (Fig. 2). Although H. indica (69.8 %) and H.                
baujardi (66.7 %) gave significantly higher (p < 0.05) mortality of BFW pupae, the mortality did not                 
differ significantly from each other. However, H. noenieputensis (55.2 %) gave significantly lower (p <               
0.05) control of the BFW pupae (Fig. 2). 

The penetration by IJs ranged from 9.5 to 12.4 nematodes per BFW pupa (Fig. 2). No significant                 
difference (F (3, 28) = 37.51, p < 0.001) was found between the different treatments on the penetration                  
rate of the BFW pupae (Fig. 2). Heterorhabditis indica, H. baujardi and H. noenieputensis gave 10,                
9.5, and 12.4 nematodes that penetrated the BFW pupae, respectively (Fig. 2).  
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 Fig. 2. Mean percentage mortality (A-left) and number of nematodes penetrated (B-right) (95 % confidence               
level) of Phlyctinus callosus (BFW) pupae inoculated with 100 IJs/insect of Heterorhabditis indica, H. baujardi               
and H. noenieputensis. Different letters above the vertical bars indicate significant differences. 

Adults 

Adult mortality ranged between 24.2 % and 95.0 % after inoculation with 200 IJs/insect over a                
period of 2 days. The treatment had a significant effect (F (5, 54) = 77.21; p < 0.001) on the percentage                     
of adult mortality (Fig. 3). Heterorhabditis indica (95 %) and S. yirgalemense (94.2 %) rendered               
significantly higher (p < 0.05) mortality of the adult BFW, with the mortality of the two not being                  
significantly different from each other. Heterorhabditis bacteriophora (35 %), H. zealandica (24 %),             
and S. jeffreyense (28 %) gave significantly lower (p < 0.001) mortality of the adult BFW, with their                  
mortality not significantly different from that of one another (Fig. 3). 

The penetration by IJs ranged from 2.2 to 107.5 nematodes per BFW adult, with a significant                
difference (F (4, 45) = 576.57, p < 0.001) being found between the penetration rate of the BFW adults                   
(Fig. 3). Heterorhabditis indica (107.5) gave a significantly higher (p < 0.05) penetration rate than did                
the other nematodes species. Steinernema jeffreyense (3.0), S. yirgalemense (5.2), H. bacteriophora            
(5.2), and H. zealandica (2.2) gave a significantly lower (p < 0.05) number of penetrated nematodes,                
with the number concerned not significantly different from one another (Fig. 3). 
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Fig. 3. Mean percentage mortality (A-left) and number of nematodes (B-right) penetrated (95 % confidence               
level) adult Phlyctinus callosus (BFW) inoculated with 200 IJs/insect of Heterorhabditis indica, Steinernema             
yirgalemense, H. bacteriophora, H. zealandica, and S. jeffreyense. Different letters above the vertical bars              
indicate significant differences. 

Heterorhabditis indica was further evaluated for virulence, and for its ability to suppress the BFW               
adults, compared to other, smaller, EPNs (H. noenieputensis, H. baujardi, and S. sacchari). The              
mortality ranged from 4.2 % to 92.5 % after inoculation with 200 IJs/insect over a period of 48 h. A                    
significant effect (F (4, 45) = 140.26; p < 0.001) of the treatment was found on the percentage of adult                    
mortality. Heterorhabditis baujardi (93 %) and H. indica (84.2 %) rendered significantly higher (p <               
0.05) mortality of the adult BFW, with the differences concerned not being significant. Heterorhabditis              
noenieputensis (29.2 %) and S. sacchari (4.2 %) gave significantly lower (p < 0.05) mortality of the                 
adult BFW, with the two not differ significantly from each other (Fig. 4). 

The penetration by IJs ranged from 2.9 to 102.7 nematodes per BFW adult, with a significant                
difference (F (3, 36) = 154.28, p < 0.001) being detected in the penetration rates of the BFW adults.                   
Heterorhabditis indica (102.7) gave a significantly higher (p < 0.05) number of penetrated nematodes              
than did the other nematode species. Heterorhabditis baujardi (58.3) gave a significantly lower (p <               
0.05) number of penetrated nematodes than did H. indica, but higher than H. noenieputensis (2.9)               
and Steinernema sacchari. Heterorhabditis noenieputensis and S. sacchari (6.5) gave a significantly            
lower (p < 0.05) number of penetrated nematodes, with them not being significantly different from               
each other (Fig. 4). 
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Fig. 4. Mean percentage mortality (A) and number of nematodes penetrated (B) (95 % confidence level) of the                  
adult Phlyctinus callosus (BFW), inoculated with 200 IJs/insect of Heterorhabditis indica, H. noenieputensis, H.              
baujardi, and Steinernema sacchari. Different letters above the vertical bars indicate significant differences. 

Field trial 

The soil temperatures during the exposure period ranged from between 8°C in the morning to               
30°C in the afternoon. The mortality of BFW larvae in the field trial ranged from 20 % to 77.5 % after                     
inoculation with 0, 10, 20, and 40 IJs/cm2 over a period of 7 days, with significant effect (F (3, 20) =                     
40.54, p < 0.001) of the treatment on the percentage mortality (Fig. 5). Steinernema yirgalemense, at                
40 IJs/cm2 (77.5 %), gave significantly greater (p < 0.05) mortality of the BFW larvae, which did not                  
differ significantly from that obtained with 20 IJs/cm2 (68.8 %) (Fig. 5). Steinernema yirgalemense, at               
20 IJs/cm2, gave mortality of BFW larvae not significantly different from 10 IJs/cm2 (43.8 %) (Fig. 5).                 
Steinernema yirgalemense at 10 IJs/cm2 (43.8 %) gave significantly lower (p < 0.05) control of BFW                
larvae, with no significant difference from that which was obtained with 0 IJs/cm2 (20 %) (Fig. 5). 
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Fig. 5. Mean percentage mortality (95 % confidence level) of Phlyctinus callosus (BFW) larvae inoculated with 0, 10,                  
20, and 40 IJs/cm2 of Steinernema yirgalemense (one-way ANOVA: F (3, 28) = 17.50, p < 0.001). Different letters                   
above the vertical bars indicate significant differences. 

  

Laboratory bioassays with EPF 

Last instar larvae 

The mean mortality of BFW larvae inoculated with 1 × 106 conidia ml-1 of B. bassiana 2, B. bassiana 1 and                     
M. anisopliae ranged between 58.3 % ± 3.51 % and 96.7 % ± 1.84 % over a period of 21 days (Fig. 6).                       
Analysis using a one-way ANOVA showed a significant effect (F (2, 27) = 58.6997, p < 0.001) of the                   
treatment on percentage mortality (Fig. 6). The application of B. bassiana 2 (96.7 % ± 1.84 %) and M.                   
anisopliae (92.5 % ± 2.12 %) resulted in mortality that was not significantly different from each other, but                  
which was significantly higher (p < 0.05) than B. bassiana 1 (58.3 % ± 3.51 %) (Fig. 6). The mortality for                     
the control caused by natural death after a period of 21 days was 3.3 %. 

Pupae 

The mean mortality of BFW pupae inoculated with 1 × 106 conidia ml-1 was highest for B. bassiana 2 at                    
91.7 % ± 3.04 %, followed by that for B. bassiana 1 at 67.5% ± 2.90 %, with M. anisopliae having the                      
lowest mean mortality at 65.8 % ± 3.39 % over a period of 21 days (Fig. 7). Analysis using a one-way                     
ANOVA showed that a significant effect (F (2, 27) = 21.5, p < 0.001) of the treatment on percentage mortality                    
(Fig. 7). The application of B. bassiana 2 resulted in a mortality that was significantly higher (p < 0.05)                   
than was that which was attained for B. bassiana 1 and M. anisopliae. The mortality of BFW pupae,                  
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treated separately with B. bassiana 1 and M. anisopliae, did not significantly differ from each other (Fig.                 
7). The mortality for the control caused by natural death after a period of 21 days was 4.1 %. 

 

 

Fig. 6. Mean percentage mortality (95 % confidence level) of Phlyctinus callosus (BFW) larvae inoculated with 1 ×                  
106 conidia ml-1 of B. bassiana 2, B. bassiana 1 and M. anisopliae after 21 days (one-way ANOVA: F (2, 27) = 58.6997,                       
p < 0.001). Different letters above the vertical bars indicate significant differences (p < 0.05). 
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Fig. 7. Mean percentage mortality (95 % confidence level) of Phlyctinus callosus (BFW) pupae inoculated with 1 ×                  
106 conidia ml-1 of B. bassiana 2, B. bassiana 1 and M. anisopliae after 21 days (one-way ANOVA: F (2, 27) = 21.5, p <                         
0.001). Different letters above the vertical bars indicate significant differences (p <0.05). 

Adult 

The mean mortality of BFW adults inoculated with 1 × 106 conidia ml-1 of B. bassiana 2, B. bassiana 1                    
and M. anisopliae ranged between 65 % ± 2.99 % and 90 % ± 3.47 % over a period of 21 days (Fig. 8).                        
Analysis using a one-way ANOVA showed that the treatment had a significant effect (F (2, 27) = 17.7481, p                   
< 0.001) on the percentage mortality (Fig. 8). The application of B. bassiana 2 (90 % ± 3.47 %) resulted in                     
mortality that was significantly higher (p < 0.05) than was that which was attained with B. bassiana 1 and                   
M. anisopliae (69.2 % ± 3.05 and 65 % ± 2.99 %, respectively). Mortality, after separate treatment with B.                   
bassiana 1 and M. anisopliae, did not significantly differ from each other (Fig. 8). The mortality for the                  
control caused by natural death after a period of 21 days was 3.3 %. 
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Fig. 8. Mean percentage mortality (95 % confidence level) of Phlyctinus callosus (BFW) adults inoculated with 1 ×                  
106 conidia ml-1 of Broadband® (B. bassiana 2), B. bassiana 1 (B. bassiana 1) and M. anisopliae (M. anisopoliae)                   
after 21 days (one-way ANOVA: F (2, 27) = 17.7481, p < 0.001). Different letters above the vertical bars indicate                    
significant differences (p < 0.05). 

B. bassiana 2, B. bassiana 1 and M. anisopliae were compared to M. anisopliae (EA iso 2) for                  
virulence of the BFW adults. The mean mortality of BFW adults inoculated with 1 × 106 conidia ml-1 of B.                    
bassiana 2, B. bassiana 1, M. anisopliae and M. anisopliae (EA iso 2) ranged between 59.5 % ± 4.23 %                    
and 91.7 % ± 3.51 % over a period of 21 days (Fig. 9). Analysis using a one-way ANOVA showed the                     
significant effect (F (3, 36) = 18.7171, p < 0.001) of the treatment on the percentage mortality (Fig. 9). The                    
application of B. bassiana 2 (91.7 % ± 3.51 %) resulted in mortality significantly higher (p < 0.05) than B.                    
bassiana 1, M. anisopliae and M. anisopliae isolate EA iso 2 (65 % ± 2.72%, 59.5 % ± 4.23 % and 64.2 %                       
± 2.79 %, respectively). Mortality, after treatment with B. bassiana 1, M. anisopliae and M. anisopliae (EA                 
iso 2), did not significantly differ from one another (Fig. 9). The mortality for the control caused by natural                   
death after a period of 21 days was 1.6 %. 
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Fig. 9. Mean percentage mortality (95 % confidence level) of Phlyctinus callosus (BFW) adults inoculated with 1 ×                  
106 conidia ml-1 of B. bassiana 2, B. bassiana 1, M. anisopliae, and M. anisopliae (EA iso 2) after 21 days (one-way                      
ANOVA: F (3, 36) = 18.7171, p < 0.001). Different letters above the vertical bars indicate significant differences (p <                    
0.05). 

  

Combination of EPN and EPF 

Susceptibility of BFW larvae to the combination of EPF and EPN 

To determine the individual mortality potential against BFW larvae for the different fungal strains, the               
mortality concerned was determined after 21 days at a concentration of 1 × 106 conidia ml−1. The mortality                  
for the fungal isolates ranged from between 54.4 % ± 1.9 % and 89.4 % ± 3.7% (Table 3). Analysis using                     
a one-way ANOVA showed no significant effect (F (4.45) = 149.0224, p < 0.001) of the treatment on the                   
percentage mortality. B. bassiana 2 (89.4 % ± 3.7%) resulted in significantly (p < 0.05) higher mortality of                  
BFW larvae, in comparison with the other entomopathogens, which included B. bassiana 1, M. anisopliae               
(54.4 % ± 1.9 %) and M. anisopliae (EA 2) (57.5 % ± 2.3 %). The mortality of S. yirgalemense (66.5 % ±                       
1.9 %) at a concentration of 100 IJs/insect was determined after a period of 48 h. 

The additive and synergistic interactions were observed between the S. yirgalemense and EPF             
treatments employed against the BFW larvae (Table 3). The interactions were additive when S.              
yirgalemense was applied simultaneously with the different EPF species, and synergistic when S.             
yirgalemense was applied 1 or 2 weeks after the application of the EPF. The degree of synergy increased                  
drastically when S. yirgalemense was applied 1 week after the application of M. anisopliae isolate EA 2 (χ2                  
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= 21, d.f. = 1, p < 0.001) (Table 3). The average control mortality for B. bassiana 1, B. bassiana 2, M.                      
anisopliae, and M. anisopliae EA 2 was 1.66, 3.32, 4.98 and 3.32 %, respectively. 

Table 3. Mean mortality (% ± SE) of the last instar larvae of Phlyctinus callosus treated with B. bassiana                   
1, B. bassiana 2, M. anisopliae, Metarhizium anisopliae (EA 2) and Steinernema yirgalemense (EPN). The               
entomopathogenic fungi were used at 1 × 106 conidia ml−1 concentration, and the S. yirgalemense was                
applied at 100 IJs/insect.  

Treatments Intervals1 

(weeks) 

Observed2 mortality* 

(%) 

Expected3 
mortality 

Chi-sq. 

χ2 

Interaction4 

B. bassiana 1 − 63.3 ±  
2.5b 

− − −   

B. bassiana 2 − 89.4 ±  
3.7a 

− − −   

M. anisopliae − 54.4 ±  
1.9b 

− − −   

M. anisopliae  
(EA2) 

− 57.5 ±  
2.3b 

− − −   

EPN − 66.5 ±  
1.9b 

− − −   

B. bassiana 1 +    
EPN 

0 74.4 87.7 2.00 Additive   

B. bassiana 2 +    
EPN 

0 98.5 96.4 0. 04 Additive   

M. anisopliae +   
EPN 

0 77.5 84.7 0. 60 Additive   

EA2 + EPN 0 80.5 85.7 0. 30 Additive   

B. bassiana 1 +    
EPN 

1 100.0 70.1 12.00 Synergistic   

B. bassiana 2 +    
EPN 

1 100.0 77.9 6.00 Synergistic   
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M. anisopliae +   
EPN 

1 84.2 53.7 17.00 Synergistic   

EA2 + EPN 1 88.6 54.6 21.00 Synergistic   

B. bassiana 1 +    
EPN 

2 100.0 74.0 9.10 Synergistic   

B. bassiana 2 +    
EPN 

2 100.0 78.0 6.20 Synergistic   

M. anisopliae +   
EPN 

2 92.5 68.0 8.8 Synergistic   

EA2 + EPN 2 96.0 70.0 9.7 Synergistic   

            

*Mortality means followed by the same letter are not significantly different (p > 0.05) 

1EPNs were applied in the combination treatments 0, 1 and 2 weeks after being dipped into EPF conidial                  
suspension 

2Mean percentage calculated from five replicates, each infested with 12 BFW larvae (n = 60) 

3Expected mortality ME = MEPN + MEPF (1 – MEPN), where MEPN and MEPF are the observed proportional mortalities                   
caused by S. yirgalemense and EPF alone 

4Interactions based on the χ2 ratio of expected: observed mortality 

Susceptibility of BFW adults to the combination of EPF and EPN 

To determine the individual mortality potential against BFW adults for the different fungal strains, the               
mortality was determined after 21 days at a concentration of 1 × 106 conidia ml−1. The mean mortality of                   
the BFW adults inoculated with 1 × 106 conidia ml−1 and 200 IJs/insect ranged between 51.7 % ± 1.0 %                    
and 79.2 % ± 3.1% (Table 4). Analysis using a one-way ANOVA showed the significant effect (F (3, 36) =                    
37.46, p = 0.001) of the treatment on percentage mortality. B. bassiana 2 (79.2 % ± 3.1%) resulted in the                    
significantly higher (p < 0.05) mortality of the BFW adults, in comparison with the other fungal isolates. B.                  
bassiana 1 (56.7 % ± 1.7 %), M. anisopliae (51.7 % ± 1.0 %) and M. anisopliae (EA iso 2) (54.2 % ± 1.9                        
%) provided mortality not significantly different from one another. Steinernema yirgalemense (68.5 % ± 1.8               
%), at a concentration of 200 IJs/insect, provided mortality significantly different from that which was               
caused by all the EPF after a period of 48 h (Table 4). 
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Additive and synergistic interactions were observed between the S. yirgalemense and EPF treatments             
against the BFW adults (Table 4). The interactions were additive when S. yirgalemense was applied               
simultaneously with the different EPF species, and when S. yirgalemense was applied 1 or 2 weeks after                 
application of the EPF. A synergistic interaction was only observed when S. yirgalemense was applied 2                
weeks after the application of M. anisopliae isolate EA 2. The degree of synergy attained when S.                 
yirgalemense was applied 2 weeks after the application of M. anisopliae isolate EA 2 (χ2 = 3.95, d.f. = 1, p                     
< 0.001) (Table 4). The average control mortality for B. bassiana 1, B. bassiana 2, M. anisopliae, and M.                   
anisopliae isolate EA 2 was 3.32, 3.32, 4.98 and 3.32 %, respectively. 

Table 4. Mean mortality (% ± SE) of Phlyctinus callosus adults treated with B. bassiana 1, B. bassiana 2,                   
M. anisopliae, Metarhizium anisopliae (EA 2) (EPF), and Steinernema yirgalemense (EPN). The fungi             
were each used at a concentration of 1 × 106 conidia ml−1, and the S. yirgalemense was applied at 100 IJs                     
ml−1. 

Treatments Intervals1 Observed 
mortality* 

(%) 

Expected 
mortality 

Chi-sq. 

χ2 

Type of  
interaction 

B. bassiana 1 - 56.7 ± 1.7c - - - 

B. bassiana 2 - 79.2 ± 3.1a - - - 

M. anisopliae - 51.7 ± 1c - - - 

EA 2 - 54.2 ± 1.9c - - - 

EPN - 68.5 ± 1.8b - - - 

B. bassiana 1 +    
EPN 

0 87.6 86.4 0.01 Additive 

B. bassiana 2 +    
EPN 

0 100 93.4 0.50 Additive 

M. anisopliae +   
EPN 

0 87.8 84.8 0.10 Additive 

EA 2 + EPN 0 89.7 85.6 0.20 Additive 
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B. bassiana 1 +    
EPN 

1 90.5 80.1 1.35 Additive 

B. bassiana 2 +    
EPN 

1 100 97.9 0.04 Additive 

M. anisopliae +   
EPN 

1 94.2 80.7 2.26 Additive 

EA 2 + EPN 1 96.6 81.6 2.75 Additive 

B. bassiana 1 +    
EPN 

2 96.8 84.1 1.91 Additive 

B. bassiana 2 +    
EPN 

2 100 98.9 0.01 Additive 

M. anisopliae +   
EPN 

2 98.5 81.7 3.45 Additive 

EA 2 + EPN 2 100 82.0 3.95 Synergistic 

*Mortality means followed by the same letter are not significantly different (p > 0.05) 
1EPNs were applied in the combination treatments 0, 1 and 2 weeks after being dipped into EPF conidial                  
suspension 
2Mean percentage calculated from five replicates, each infested with 12 BFW adults (n = 60) 
3Expected mortality ME = MEPN + MEPF (1 – MEPN), where MEPN and MEPF are the observed proportional mortalities                   
caused by S. yirgalemense and EPF alone 
4Interactions based on the χ2 ratio of expected: observed mortality 
Please indicate YES or NO if a PROJECT EXTENSION  is required (if YES, contact Winetech)  
NO 
 
 
 
9. CONCLUSIONS AND RECOMMENDATIONS  

Katydids:  In conclusion, results of the present study show high susceptibility of P. graminea to H. 
indica, H. zealandica, S. jeffreyense, S. yirgalemense and H. baujardi, which in turn confirms their 
pathogenicity. It also demonstrated that nematodes of the aforementioned species are able to penetrate 
and complete their life cycle within the host, as well as to produce second generation nematodes, 
suggesting their ability to produce a new cohort of IJs able to find and infect new hosts. 

It is recommended that future research evaluate the field efficacies of the best performing EPN species of 
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the present study, and to also evaluate their in vitro produced counterparts where available. This may help 
establish an EPN control profile for P. graminea and motivate further research, development and 
investment into biological control agents for insect pest control and its adoption into integrated pest 
management programmes. 

Field observations indicated that P. graminea has only one generation per year and very likely no soil 
stage. Katydids were observed to feed throughout the day and to exhibit both mimicry and camouflage as 
anti-predator defence mechanisms. Their abundance and damage to grapevine seem to peak between 
October and November, which recommends the application of control measures before this time period, 
but only after most eggs have hatched. Katydids were mainly reported and collected from the Cape 
Winelands region. They have been reported from elsewhere in the province, but their impact there seem 
to be much less intense. Katydids did not perform well in captivity, which necessitated the use of field 
collected individuals for bioassays. The ability to rear these insects in an artificial environment would be 
beneficial for future bioecology and IPM research. 

Weevils:  Effective research into BFW is problematic, because the insect is not easy to mass culture. 
The study was only made possible because the different life stages of the BFW were cultured in the 
laboratory, albeit with a low survival rate. Future research could involve finding effective techniques to 
culture the BFW with a higher survival rate. Discovering new species of entomopathogens is important, as 
species that are comparatively virulent can be used to increase the potential of microbial control, requiring 
more surveys to find new species of biocontrol agents. Additional research to determine the effect of 
organic matter on the persistence of the biocontrol agents in the orchards and vineyards is recommended. 
The above is because organic matter was found to affect the persistence of EPF in the soil negatively, 
with an increase in the amount of organic matter present reducing the degree of persistence of EPF in the 
medium, as well as the degree of control of host insects in the field. Future research into the biological 
control of the BFW with the help of EPNs and EPF should focus mainly on conducting large-scale field 
trials to demonstrate the potential use of EPF and EPNs within an IPM programme. Since S. yirgalemense 
and B. bassiana 2 were found to be very effective in controlling the BFW, future research should focus on 
their compatibility with the different control strategies currently used, including agrochemicals and 
herbicides. Additional research should be conducted on the formulation of effective biocontrol agents, so 
as to allow for ease of application of the biocontrol agents to the BFW in the field, and so as to increase 
the shelf life and persistence in the environment following on application. Since the adult stage of the 
BFW can easily disseminate the biocontrol agents to the non-infested BFW, future research should focus 
on finding a method for the application of such biocontrol agents as spores and infective juveniles, on the 
trunk barriers that the adults must cross to access the canopy of the vine/tree concerned. 

 
10.  ACCUMULATED OUTPUTS   
 
a) TECHNOLOGY DEVELOPMENT, PRODUCTS AND PATENTS 
 
Potential commercialisation opportunities of EPNs and EPF. 
 
b) SUGGESTIONS FOR TECHNOLOGY TRANSFER 
Feedback at monthly IPM meeting, held at AgroHub, Welgevallen 
HortGroScience Symposium 
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SA Fruit Journal, Winelands 
 
 
 
c) HUMAN RESOURCES DEVELOPMENT/ TRAINING (STUDENTS)  

Student Name and 
Surname 

Student Nationality Degree (eg MSc 
Agric, MComm) 

Level of studies in 
final year of project 

Total cost to industry 
throughout the 
project 

Honours     

Masters     

Francois du Preez South African MSc 2 R220 000 

     

     

PhD     

Bonginhkosi Dlamini Swazi PhD 3 R360 000 

     

Postdocs     

     

     

 
 
d) PUBLICATIONS (POPULAR, PRESS RELEASES, SCIENTIFIC) 
DLAMINI, B., MALAN, AP. & ADDISON, P.  Control of the banded fruit weevil, Phlyctinus callosus 
(Schoenherr) (Coleoptera:  Curculionidae) using entomopathogenic nematodes.  Austral Entomology DOI: 
https://doi.org/10.1111/aen.12386. 
 
 
e) PRESENTATIONS/PAPERS THAT COULD BE DELIVERED 

Dlamini BE, Addison P, Malan AP.  (2017)  Entomophathogens from local agricultural soil and their 
potential to control the banded fruit weevil (BFW), Phlyctinus callosus (Schoenherr) (Coleoptera: 
Curculionidae). ESSA and ZSSA congress, CSIR convention centre, Pretoria, 3-7 July 2017 

Dlamini BE, Addison P, Malan AP.  (2018)  Potential of EPNs and EPF for the control of BFW, Phlyctinus 
callosus (Coleoptera:  Curculiionidae).  HortGro Symposium, ARC Infruitec, 31 May 2018. 

 
 
11. PROJECT OUTCOME AND IMPACT 
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New Knowledge Benefits Supply Chain Direct Grower 
Application 

Direct Packhouse/ 
Winery /  Cellar 

Application 
Other 

x  x  x 

 
Other is:  
Environmental benefit, by developing alternatives to chemical pesticides 
 
 
The Value of the project to industry 
Improved production through more efficient pest management 
 
 
 
 
 
12. PERSONS PARTICIPATING IN THE PROJECT 

Initials & 
Surname 

Highest Qualif Race (B, W) Gender (M, F) Institution & 
Department 

Position Cost to 
Project 

P Addison PhD W F ConsEnt, SU Project leader - 

AP Malan PHD W F ConsEnt, SU Collaborator R150 000 

       

 
** (Only applicable to persons who participate as Consultants or on Contract) 
    
(3)Position Co = Co-worker ( other researcher at your institution) 
 Coll = Collaborator ( participating researcher that does not receive funding for this project from 

industry) 
 PF = Post-doctoral fellow 
 PL = Project leader 
 RA = Research assistant/ student 
 TA = Technical assistant/ technician 
 
13. BUDGET  
 
TOTAL COST SUMMARY OF THE ENTIRE PROJECT  

TOTAL 
ANNUAL 
COSTS 
(ALL 
YEARS) 

CFPA RAISIN 
SA 

SAAPPA
- SASPA 

SATI Winetech ARC THRIP OTHER TOTAL 

TOTALS 0 0 279894 449492 449492 0 193947 0 1372825 

2016   90290 145000 145000    380290 

2017   92094 147897 147897  193947  581835 
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2018   97510 156595 156595    410700 

2019         0 

2020         0 

2021         0 

2022         0 

2023         0 

2024         0 

2025         0 

2026         0 

TOTAL          1372825 
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