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3. EXECUTIVE SUMMARY  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

 
To assist with the development of control strategies of Aster yellows phytoplasma (AY) in grapevine in 
South Africa, the project aimed to determine (i) if Austroagallia spp., Cicadulina spp. and Toya sp. 
(Hemiptera: Auchenorrhyncha) are vectors of AY in grapevine, (ii) the genome sequence of AY and (iii) the 
influence of olfactory and visual stimuli on the behaviour of the cicadellid vector Mgenia fuscovaria. In 
addition, the weekly monitoring of leafhoppers in an AY-infected vineyard in Vredendal that commenced in 
2009 continued. 
 
Controlled transmission experiments with field-collected Austroagallia spp., Cicadulina spp. and Toya sp. 
from AY-infected vineyards were carried out with Catharanthus rosea (periwinkle), Nicotiana benthamiana 
and Vitis vinifera (grapevine) as recipient plants. None of the recipient plants exposed to the insects tested 
positive for AY. Transmission assays were further carried out with Cicadulina spp., Toya spp. and Exitianus 
sp. with an artificial sucrose feeding medium. One Exitianus sp. adult tested positive for AY but did not 
transmit the phytoplasma to the artificial feeding medium nor did the species transmit AY to N. benthamiana 
or periwinkle.  
 
The partial genome of AY has been determined from samples of AY-infected grapevine, periwinkle and M. 
fuscovaria using the Illumina Genome Analyzer II platform (ARC-OVI) followed by assembly of the genome 
with the aid of CLC Workbench Genome. Results obtained confirm a good identity with Aster yellows 
reported elsewhere for the sequences analysed. 
 
In order to determine if adult M. fuscovaria are preferentially attracted to AY-infected compared with AY-
free grapevine branches (cv. Colombard), a dual-choice cage experiment with field collected adult 
leafhoppers was carried out. Adults of M. fuscovaria preferred AY-infected to uninfected grapevine 
branches. The volatile profiles of AY-infected compared with AY-free branches of cv. Colombard and cv. 
Chenin blanc collected during summer differed qualitatively as well as quantitatively for several 
compounds, although fewer differences occurred in the volatile profiles of cv. Chenin blanc. Differences in 
volatile profiles between AY-infected and uninfected plants in autumn were less pronounced than in 
summer. Olfactometer tests to determine the influence of chemical cues on host plant selection by adult 
M. fuscovaria showed no difference in attraction to AY-infected compared with AY-free branches or purified 
air in summer. In autumn, adult M. fuscovaria preferred purified air compared to AY-infected cv. Colombard 
and odours of AY-infected branches of cv. Chenin blanc to purified air. The influence of colour as a visual 
stimulus on M. fuscovaria was determined in a field trial. More adults were trapped on yellow followed by 
lime green than on red, blue and dark grey sticky colour cards in the field. Yellow is suitable for monitoring 
M. fuscovaria. The results on visual and olfactory cues suggest an interaction between these cues in plant 
choice by M. fuscovaria. 
 
Nymphs and adults of M. fuscovaria overwintering on herbaceous plants in vineyards tested positive for 
AY, highlighting the importance of weed management. 
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4. PROBLEM IDENTIFICATION AND OBJECTIVES 
 
Aster yellows phytoplasma (AY) has a broad host range and has been observed to infect both fruit and 
vegetable crops and weeds elsewhere (Hogenhout et al., 2008). AY was recorded for the first time in 
grapevine in South Africa in 2006 (Engelbrecht et al., 2010). Aster yellows disease, which has been 
recorded from grapevine-growing regions in the Western Cape, is of phytosanitary concern in South 
Africa.  
 
Phytoplasmas are obligate phloem tissue bacteria. They can be transmitted by leafhoppers (Hemiptera: 
Cicadellidae), as well as by species belonging to the hemipteran families Cixiidae, Delphacidae, 
Derbidae, Flatidae and Psyllidae (Weintraub & Beanland, 2006). The cicadellid leafhopper Mgenia 
fuscovaria (Stål) (Hemiptera: Cicadellidae) has been identified as a vector of AY in South Africa (Krüger 
et al., 2011). A survey of Hemiptera occurring in vineyards in the Western Cape together with testing 
leaf- and planthopper species for the presence of phytoplasma suggests that species other than M. 
fuscovaria might be vectors of AY (A. de Klerk, pers. comm.). Austroagallia spp. (Hemiptera: 
Cicadellidae) repeatedly tested positive for AY and samples of Cicadulina spp. (Hemiptera: 
Cicadellidae) and Toya sp. (Hemiptera: Delphacidae) tested positive once for phytoplasma (A. de Klerk, 
pers. comm). However, if a species tests positive for the presence of AY, this only indicates that the 
species feeds on infected plants and, therefore, may be a potential vector. Controlled transmission 
experiments with these insects are needed to determine their vector status.  
 
Phytoplasmas can manipulate the interaction between their plant host and insect vector by modifying 
plant cues. For example, a phytoplasma can alter the volatiles emitted by its host plant and the 
behaviour of its insect vector by being more attractive to the vector, potentially resulting in a higher 
number of infected insects transmitting the phytoplasma (Mayer et al., 2008). No studies have been 
done on the effect of volatiles emitted from AY-infected grapevine on M. fuscovaria. 
 
Genome sequencing of plant pathogens is becoming increasingly affordable and provides an extremely 
powerful technique for the characterisation and description of the pathogen. It also allows for the 
development of sensitive DNA-based detection methods that can be both universal or extremely 
specific in their detection range. Furthermore, knowledge of a pathogen’s gene composition allows for 
the prediction of a number of biological properties of the pathogen as well as potential exploitation of 
differences for its control. Phytoplasmas have a relatively small genome, and a number of phytoplasmas 
have been sequenced. This, together with the fact that AY is present in three hosts (M. fuscovaria, Vitis 
vinifera (Vitaceae) and Catharanthus roseus (periwinkle; Apocynaceae)), make the genome 
sequencing of AY from South Africa a viable objective. 
 
Objectives  
 
1. Determine if Austroagallia spp., Cicadulina spp. and Toya sp. are vectors of AY in grapevine in 

South Africa and, if so, develop a molecular identification method reliably to identify Austroagallia 
species and to determine transmission characteristics of the vector(s) to assist with the 
development of management strategies.  

2. Determine the genome sequence of AY in order to characterize the source present in South Africa. 
3. Determine the behavioural responses of the leafhopper vector M. fuscovaria to volatiles emitted 

from AY-infected and AY-free grapevine. 
4. Determine the behavioural response of M. fuscovaria to different colours. 
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5. Continuation of monitoring of M. fuscovaria in an AY-infected grapevine block in Vredendal. 
 
Amended workplan 
 
A study on the effect of volatiles emitted from AY-infected plants on the leafhopper vector M. fuscovaria 
was added to the project and the monitoring of M. fuscocaria in an AY-infected block in Vredendal 
continued due to THRIP (Technology and Human Resources for Industry Programme, DTI and NRF) 
funding received. In addition, the Winetech Plant Improvement Subcommittee suggested that the role 
of colour in addition to plant volatiles in the attraction of M. fuscovaria should be added to the project.  
 
 
5. DETAILED REPORT 
 
a)  PERFORMANCE CHART (for the duration of the project) 
 

Milestone Target Date Extension Date Date completed 
1. Determine if Austroagallia spp., 

Cicadulina spp. and Toya sp. are 
vectors of AY in grapevine. Develop 
molecular identification methods and 
determine transmission characteristics if 
identified as vectors. 

October 2012  October 2012 

2. Determine the genome sequence of AY December 
2013 

April 2017 April 2017 

3. Effect of volatiles emitted from AY-
infected grapevine on plant choice by 
M. fuscovaria 

September 
2014 

 April 2015 

Additional work carried out:    

4. Effect of colour on the attraction of M. 
fuscovaria 

September 
2014 

 September 
2014 

5. Leafhopper monitoring in Vredendal October 2011  April 2015 

 
 
b)  WORKPLAN (MATERIALS AND METHODS) 
 
Milestone 1. Determine if Austroagallia spp., Cicadulina spp. and Toya sp. are vectors of AY in 
grapevine. 
 
Insects 
In order to identify insect vector(s) of AY, leafhoppers and planthoppers were collected from AY-infected 
vineyards in Vredendal, Western Cape, with sweep netting or an aspirator. The rationale for using field-
collected insects was that insects collected from highly-infected vineyards are likely to be infected with 
AY. When transferred to phytoplasma-free plants the insect species that are vectors would infect the 
plants. Field-collected insects were sorted and identified to morphospecies (typological species 
distinguished solely on the basis of morphology) level. Sub-samples of insects collected in AY-infected 
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vineyards were preserved in 95 % ethanol for identification by Mr M. Stiller (ARC-PPRI) and testing with 
real-time PCR to confirm presence of AY. 
 
Transmission experiments with plants 
Grapevine (e.g. cv. Chardonnay) plants propagated at Vititech in Paarl, Nicotiana benthamiana 
seedlings grown from seeds under insect-free conditions at the University of Pretoria, and periwinkle 
(Catharanthus roseus, Apocynaceae) seedlings grown from seeds obtained in Pretoria were used as 
recipient and negative control plants. One to 20 field-collected insects identified to morphospecies level 
were transferred to individual plants and given inoculation access periods (IAPs) of 24 to 72 hours for 
AY transmission. The group size depended on the number of insects that could be collected in the field. 
Plants not exposed to insects served as negative controls. After completion of transmission experiments 
sub-samples of the insects were preserved in 99% ethanol to determine their AY status and submitted 
for identification to Mr M. Stiller. Leave samples were collected from 8 weeks after completion of 
experiments. 
 
Transmission experiments with artificial feeding medium 
Transmission of AY is host plant- and insect vector-specific (Bosco & D’Amelio, 2010). Therefore, 
results of insect-plant transmission experiments may be negative due to the insect-plant combination 
used. To overcome this problem and to deal with low insect numbers, an artificial feeding medium 
(Bosco & Tedeschi, 2013) was used for pre-screening of potential insect vectors for AY transmission. 
Transmission assays with field-collected insects were performed by giving one to five adults of the same 
species or species group access to an artificial sucrose feeding medium through Parafilm® in modified 
microtubes where the bottom ends were cut (Bosco & Tedeschi, 2013). After adding the artificial feeding 
medium (5% sucrose in TE (10 mM Tris and 1 mM ethylenediaminetetraacetic acid (EDTA) at pH 8)) 
to the caps, the latter were sealed with stretched Parafilm. Adult M. fuscovaria were placed in the tubes 
individually through the cut ends, which were then plugged with cotton wool (Fig. 1). The caps were 
oriented towards the sun to attract insects to the feeding medium and the insects were allowed to feed 
for 24 h to 48 h. Thereafter, individual leafhoppers were removed from the microtube and stored in 
absolute ethanol. The feeding medium was transferred to new microtubes. Both insects and feeding 
media were stored at -12°C until testing for the presence of AY.  
 

 
Fig. 1. Modified microtube with artificial feeding medium in the 
cap sealed with parafilm for pre-screening for potential insect 
vectors of AY. 
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Molecular analysis 
DNA from whole individual leafhoppers was extracted using a non-destructive TNES buffer (1 M Tris-
HCl, pH 7.4, 5 M NaCl, 0.5 M EDTA, 10 % SDS) extraction method adapted from a protocol provided 
by J. Peccoud and N. Sauvion (French National Institute for Agricultural Research (INRA)) based on 
Sambrook and Russell (2001). The extraction of DNA from intact individuals allows for later species 
identification. The TNES method was compared with a CTAB (cethyl-trimethyl-ammonium bromide) 
extraction method adapted from Angelini et al. (2007). In order to confirm the presence of AY in 
vineyards where insects were collected, leaves from plants showing AY symptoms were sampled. 
Leaves from recipient and control plants were collected before transmission experiments to confirm 
their AY-free status. Recipient and control plants were tested from 8 weeks after transmission 
experiments to test for the presence of AY. Nucleic acids were extracted from leaf veins with the 
NucleoSpin Plant II kit (Macherey-Nagel, Germany). DNA from the artificial feeding media was 
extracted following Bosco and Tedeschi (2013) by adding 10 mL of 0.5 M NaOH and 20 ml 1 M Tris–
HCl (pH 8.0) containing 1% sodium dodecyl sulfate and 20 mM EDTA.  Samples  were  incubated  for 
15 min at 65°C, precipitated with 2 volumes of ethanol, re-dissolved in 30 ml TE. Nucleic acid extractions 
were tested for the presence of AY DNA with real-time PCR using the LightCycler® TaqMan® Master 
Kit (Roche Applied Science, Germany), the LightCycler® 1.5 instrument (Roche Applied Science, 
Switzerland) and the primers and protocol adapted from Angelini et al. (2007). All negative controls 
tested negative for AY. 
 
Milestone 2. Determine the genome sequence of AY 
 
Samples 
Aster yellows phytoplasma (AY) infected grapevine (cv. Colombard), periwinkle and M. fuscovaria 
samples were extracted using a 3% CTAB, the NucleoSpin® Plant II extraction kit and 2% CTAB 
extraction methods, respectively, to obtain the total nucleic acid extract with the highest quality and 
concentration of DNA. To test the amount of AY present in each preparation, real-time PCR was 
performed using the LightCycler® TaqMan® Master Kit, the LightCycler v1.5 technology and the 
protocol developed by Angelini et al. (2007). This confirmed the AY infected status of the various 
templates. The extracted samples were then submitted for whole genome sequencing on the Illumina 
sequencing platform at ARC-Onderstepoort. Twelve sequence runs were done, five for the grapevine 
sample, four for the periwinkle sample and three for the leafhopper sample. The 12 sequence runs were 
then uploaded to CLC genomics workbench 6.0. Adapters and low-quality reads were trimmed. 
 
De novo assembly 
De novo assembly was performed on the trimmed data and contigs were formed. Contigs were mapped 
against the Aster yellows reference genome in order to determine similarity to the Aster yellows 
reference genome. For grapevine all five samples provided relatively low percentages of mapped 
contigs, for periwinkle four sequencing runs provided low but still useful mapped contigs, while for the 
leafhopper only one of the three sequencing runs contained contigs mapping to AY. 
 
Reference mapping 
Using CLC genome, reference mapping with trimmed reads was performed. As a reference the Aster 
yellows phytoplasma whole genome sequence deposited at NCBI was utilised. Reads from each 
individual sequencing run were first utilised, followed by merged analysis of all the different host runs, 
and finally mapping with all runs merged were performed. Strictly speaking the merging of the data of 
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the different host was done based on the assumption that the AY in all three is the same. This may be 
invalid. 
 
Milestone 3.  Effect of volatiles emitted from AY-infected grapevine on plant choice by M. 
fuscovaria 
 
Dual choice experiment 
Experiments were carried out in Vredendal in the Western Cape, South Africa. Adult M. fuscovaria and 
both AY-infected and AY-free branches of cv. Colombard were collected from a highly AY-infected 
vineyard to minimize differences in age of plants, growth conditions, etc. Individual leafhoppers were 
given a choice between AY-infected and AY-free branches in a dual-choice cage experiment during the 
austral summer. The experiments were carried out in wooden cages (30 x 30 x 42 cm) painted white, 
with a glass top and white gauze at the back for ventilation. Adults were starved for 30 minutes before 
experiments. A single leafhopper was released on top of an aluminium foil-covered podium (14.5 cm 
height) placed at a distance of 12 cm to the closest leaves of the AY- infected and uninfected branches 
(Fig. 2). The experiments were carried out between 9:00 and 16:00 when M. fuscovaria was also active 
in the field. 
 

 
Fig. 2. Dual-choice cage experiment with AY-infected and uninfected grapevine branches (cv. 
Colombard) and the leafhopper vector Mgenia fuscovaria. 
 
Each individual was observed for 15 minutes. To prevent bias, the side (left or right) of AY-infected and 
uninfected branches was changed after each leafhopper. Branches were replaced after the release of 
five individuals. Each leafhopper was used once. Adult M. fuscovaria were sexed. After completion of 
experiments the leaves were attached to paper and photographed with a ruler placed next to them as 
reference. The leaf area was measured using ImageJ 1.45s (Wayne Rasband, National Institutes of 
Health, U.S.A., http:// imagej.nih.gov/ij). Individual M. fuscovaria and leaves were tested with real-time 
PCR for the presence of AY (Angelini et al., 2007).  
 
Volatile collection 
In order to collect volatiles emitted from AY-infected and AY-free grapevine, a portable volatile 
entrainment unit was assembled inside a metal case for easy transport. A unit consisted of two vacuum 
pumps (ACO-001, Resun, China), one push pump and one pull pump, a charcoal filter to purify the air 
as it entered the collection chambers, a flow-meter (Dwyer® RMA-26-SSV, 0.5-5 l/min, USA) to regulate 
the air-flow into the collection chambers and three flow-meters (Dwyer® Instruments, model VFA-22-
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SSV, 0.1-1 l/min, USA) to regulate the airflow out of the collection chambers through glass tubes 
containing an adsorbent. Tubing and fittings used were polytetrafluoroethylene (PTFE, 2 mm inner 
diameter) and metal respectively, to prevent leakage of compounds and minimize contamination (Fig. 
3). 
 
Volatiles were collected from AY-infected and uninfected branches from the same sources used for the 
cage choice experiment (cv. Colombard) and the olfactometer trials (cv. Colombard, Chenin blanc) in 
Vredendal. Plant volatiles from AY-infected branches, uninfected branches and a control without plant 
material were collected onto Porapak Q absorbent (60/80, 50 mg, Supelco, Bellefonte PA, USA) over 
a 48 h period. The samples were analysed using linked gas chromatography and mass spectrometry 
(GC-MS; Agilent Technologies) by Dr R. Glinwood of the Swedish University of Agricultural Sciences 
in Sweden. Volatile compounds were identified by comparing the mass spectra and retention indices 
against a commercially available library and commercially available authentic standards where 
available. Concentrations of volatile compounds were standardised and expressed as ng compound g-

1 branch mass to compensate for differences in branch mass. 
 
The branch mass and leaf area were recorded for all plant samples used in volatile entrainment 
experiments. Branch mass was recorded using a balance (Ohaus® Scout Pro SPU602, China) 
immediately after removing the branches from the volatile collection bags. The leaf area was 
determined by attaching the leaves of the branches to paper with a ruler placed next to the leaves as 
reference while taking a photo. The leaf area was determined using ImageJ 1.47v (Wayne Rasband, 
National Institutes of Health, U.S.A., http:// imagej.nih.gov/ij).  
 
Concentrations of volatile compounds were standardised and expressed as ng compound g-1 branch 
mass to compensate for differences in branch mass. 
 

 
Fig 3. Portable volatile entrainment units used for the collection of volatiles from AY-infected 
and AY-free grapevine branches. 
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Behavioural assay 
Responses of M. fuscovaria toward plant volatiles from AY-infected and uninfected grapevine branches 
cv. Colombard and cv. Chenin blanc were determined in autumn and summer using a Y-tube 
olfactometer as described in La Grange (2016) (Fig. 4).  
 
Inexperienced uninfected M. fuscovaria, i.e. insects that had not been exposed to AY-infected 
grapevine prior to the study, were collected from an uninfected cv. Chenin blanc vineyard in Vredendal 
using sweep nets and manual aspirator tubes. The assumption is that insects did not migrate from 
infected vineyards to the uninfected vineyard where insects were collected. AY-infected or experienced 
leafhoppers could not be included in the experiment due to the low number of leafhoppers in AY-infected 
vineyards during the study period. A single insect was placed into the base of the Y-tube and observed 
for 3 min. The insect was considered to have made a choice if the entire body of the insect passed the 
split of the Y-tube into one of the arms. Insects were considered non-responsive if they did not enter an 
arm within the 3 min observation period. Non-responsive insects were omitted from analyses. Each 
insect was used once and preserved in ethanol (99.5 %) after the behavioural assay to test for AY with 
PCR (Angelini et al., 2007). Choices were recorded using the computer program OLFA (Exeter 
Software, USA). After each insect/replicate, the olfactometer was rotated by 180°. After every set of 
five insects, the position of the odour containers was switched in order to avoid any directional bias and 
clean equipment and new plant treatments were used. The sex of insects used in experiments was 
determined by images provided by M. Stiller (National Collection of Insects, ARC-Plant Protection 
Research Institute, South Africa). The following combinations were tested: (i) AY-infected grapevine vs. 
purified air (ii) uninfected grapevine vs. purified air, and (iii) AY-infected grapevine vs. uninfected 
grapevine. 
 

 
Fig. 4. Y-tube olfactometer used for experiments with Mgenia fuscovaria. Odour sources were 
kept outside the observation arena to exclude the influence of visual cues on the responses of 
insects.  
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Molecular analysis 
Leaves from the grapevine branches and the insects used in the assays were tested for AY-infection in 
with real-time polymerase chain reaction (PCR). Nucleic acids were extracted from leaf veins with the 
NucleoSpin Plant II kit (Macherey-Nagel, Germany). Nucleic acid extractions from whole individual 
leafhoppers were carried out using the non-destructive TNES buffer (1 M Tris-HCl, pH 7.4, 5 M NaCl, 
0.5 M EDTA, 10 % SDS) extraction method adapted from a protocol provided by J. Peccoud and N. 
Sauvion (INRA Montpellier, France) based on Sambrook and Russell (2001). Real-time PCR assays 
were carried out with a LightCycler® 1.5 instrument (Roche Applied Science, Switzerland) using a 
LightCycler® TaqMan® Master kit. The primers and a probes used were specifically designed for AY 
detection by Angelini et al. (2007). 
 
Milestone 4. Effect of colour on the attraction of M. fuscovaria 
 
To determine the role of colour on the choice of adults, a field trial was carried out in February 2013 
when M. fuscovaria was abundant in Vredendal. Blue, green, lime green, yellow, red and, as controls, 
dark grey and white colour models in the form of laminated colour cardboards coated with glue to trap 
adults were used (Fig. 5). The coloured sticky traps were placed in a randomized design (10 rows with 
each of the seven colours) in an AY-infected block with cv. Colombard in 2013. The coloured sticky 
traps were left in the field for 7 days. The spectral reflectance of the laminated colour cards with glue 
and of AYP-infected and uninfected leaves were measured with an Avantes spectrophotometer 
(AvaSpec-3648). The identification of M. fuscovaria was confirmed by M. Stiller (ARC-Plant Protection 
Research Institute, South Africa). 
 

 
 
Fig. 5. Field trial with coloured sticky cards. 
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Milestone 5. Leafhopper monitoring in Vredendal 
 
Mgenia fuscovaria and other leaf- and planthopper populations have been monitored from October 
2009. Ten yellow sticky traps were placed in a grapevine cv. Colombard block heavily infected with AY. 
The sticky traps were replaced weekly. Plant in the rows that were used for monitoring were not treated 
with insecticides.  
 
c)  RESULTS AND DISCUSSION 
 
Milestone 1. Determine if Austroagallia spp., Cicadulina spp. and Toya sp. are vectors of AY in 
grapevine. 
 
The non-destructive TNES buffer extraction method developed by Jean Peccoud and Nicolas Sauvion 
(French National Institute for Agricultural Research (INRA)) for psyllids was compared with a 
conventional CTAB method to test individual adult M. fuscovaria for AY. The methods were tested with 
M. fuscovaria collected during January and February 2013 from the same vineyard (TNES: n = 60; 
CTAB n = 85). Both methods work equally well. With the non-destructive (TNES) buffer method 16 
individuals (27%) and with the conventional (CTAB) buffer method 13 individuals (15%) tested positive 
for AY. There was no significant difference between the TNES and the CTAB buffer methods when 
comparing the proportion of AY-infected adults using the two methods (Chi-square test, X2 = 2.84, P = 
0.092). The TNES method has been adapted for phytoplasma extraction from leafhoppers. 
 
The abundance of leafhoppers in the AY-infected vineyards in Vredendal was extremely low during the 
2013 November/December and 2014 March/April field trips. Only two adult individuals of Cicadulina 
spp. and one adult of Toya sp. were collected. Further insect collections were therefore carried out in 
the 2014/2015 season. During two field trips, one in April 2015 and one in June 2015 in the Vredendal 
region, individuals of several species were collected. None of the 39 individuals of Cicadulina spp. 
collected in AY-infected vineyards tested positive for AY. Individual M. fuscovaria adults collected in the 
same vineyards served as positive controls. However, only one out of 60 individual M. fuscovaria tested 
were positive for AY, suggesting the infestation levels with AY were generally low. In addition to 
Cicadulina spp., further species tested included individuals of Exitianus sp. and Toya sp. (Table 1). 
 
Table 1. Presence of Aster yellows phytoplasma (AY) in field-collected leaf- and planthoppers 
and transmission of AY to an artificial sucrose feeding medium used for screening for potential 
vectors.  
 

Insect species Insects tested/AY-positive 
insects 

Feeding media tested/AY-
positive media 

Cicadellidae (leafhoppers)   
   Cicadulina spp. 39/0 25/0 
   Exitianus sp. 45/2 19/0 
Delphacidae (planthoppers)   
   Toya sp. 3/0 2/0 
Unidentified spp. 37/0 31/0 
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Transmission of AY is host plant- and insect vector-specific (Bosco & D’Amelio, 2010). Therefore, 
results of the insect-plant transmission experiments may be negative due to the insect-plant 
combination used. To overcome this problem and to deal with the low insect numbers, an artificial 
feeding medium (Bosco & Tedeschi, 2013) was used to pre-screen insects for their ability to transmit 
AY (Table 1).   
 
Two adult Exitianus sp. tested positive for AY but did not transmit the phytoplasma to the artificial 
feeding medium nor to N. benthamiana or periwinkle (N. benthamiana, n = 11; periwinkle, n = 2). 
Although Austroagallia spp., Cicadulina spp. and Toya sp. tested positive for AY in an earlier study (A. 
de Klerk, pers. comm.) they did not transmit AY to the feeding medium nor to N. benthamiana 
(Austroagallia spp.: n = 13; Cicadulina spp.: n = 5, Toya sp.: n = 17). Leaves displaying AY-symptoms 
collected from AY-infected grapevine plants tested positive for AY, confirming that insects were 
collected from AY-infected vineyards. Because neither Austroagallia spp., Cicadulina spp. nor Toya sp. 
transmitted AY to test plants or the artificial feeding medium the follow-on aspects (transmission 
characteristics, molecular identification tools) were not carried out. 
 
Milestone 2. Determine the genome sequence of AY 
 
Based on the reference mapping (Table 2) less than 1% of the grapevine (Fig. 6a-e) and leafhopper 
(Fig. 6f) reads mapped to AY, whereas periwinkle samples provided the highest percentage of mapped 
reads (Fig. 6g-j) with approximately 6% of the reads mapping to AY (Table 2). A number of gaps along 
the genome remained. Merging all the different mapping results reduced the sequencing gaps present 
(Fig. 7) and resulted in increased coverage of the AY genome.  
 
Table 2. Percentage of mapped reads, average length and number of bases. 
Mapped reads 
Sample Percentage of mapped reads Average length Number of bases 
Grapevine       
Sequence run 1 0.60% 84.03 4,006,263 
Sequence run 2 0.60% 83.03 3,962,264 
Sequence run 3 0.60% 83.92 3,998,909 
Sequence run 4 0.59% 83.86 3,937,706 
Sequence run 5 0.59% 83.47 2,540,382 
    
Periwinkle       
Sequence run 1 6.66% 97.48 51,764,697 
Sequence run 2 6.69% 97.33 51,898,586 
Sequence run 3 6.68% 97.34 51,816,532 
Sequence run 4 6.68% 97.48 42,482,278 
        
Leafhopper    
 Sequence run 1 0.56% 56.53 3,505 

 
Contigs generated have been made available to the group at SU of Johan Burger to search for AY 
specific sequences, as well as Marina Dermastia, Department of Biotechnology and Systems Biology 
at the National Institute for Biology, Slovenia, for further analysis. Reads will also be made available to 
any group which wishes to produce a draft genome of the South African AY source. 
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Fig. 6. Distribution of mapped reads of grapevine (a-e), Mgenia fuscovaria (f) and periwinkle  
(g-j) sequence runs against the reference Aster yellows phytoplasma genome. 
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Fig. 7. Distribution of merged mapped reads of periwinkle, grapevine and leafhopper sequence 
runs against the reference Aster yellows phytoplasma genome. 
 
 
Milestone 3.  Effect of volatiles emitted from AY-infected grapevine on plant choice by M. 
fuscovaria 
 
In the dual-choice cage trial 91 (90%) out of the 101 individual adults tested responded and 74 made a 
choice between AY-infected and AY-free branches. The results suggest that M. fuscovaria adults are 
significantly more attracted to AY-infected than to AY-free branches (Fig. 8). DNA extracts from 
branches free of AY symptoms tested negative for AY and from branches collected based on AY 
symptoms tested positive for AY with real-time PCR (Angelini et al., 2007). Likewise, DNA extracts from 
individual leafhoppers were tested with real-time PCR for the presence of AY. Out of the 74 leafhoppers, 
15 were infected with AY (2 males and 13 females). Neither position of the branches (left, right) in the 
cage, sex (male, female), age (young, older adult), time (morning, afternoon) influenced leafhopper 
choice (logistic regression, P > 0.05). The leaf area of pairs of AY-infected and uninfected branches 
used in the experiment did not differ significantly (Wilcoxon matched pairs test; z = 0.597, P > 0.05).  
 
Fig. 8. Choices of adult Mgenia fuscovaria in a cage choice experiment with AY-infected and 

uninfected grapevine branches (cv. Colombard). The bars represent the percentage of tested 
individuals that made a particular choice. The actual numbers are given in each bar (Binomial 
test; z = 1.86; P < 0.05). 
 
Combined gas chromatography and mass spectrometry revealed both qualitative and quantitative 
differences between cultivars and between AY-infected and uninfected grapevine branches in summer 
and, to a lesser extent, in autumn. The infection status of the branches was confirmed with real-time 
PCR (Angelini et al., 2007). Different volatile profiles for AY-infected and AY-free branches for the 
cultivars Colombard and Chenin blanc were observed in summer and in autumn (Figs 9, 10). AY-
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infected branches of cv. Colombard from a highly infected block contained 34 volatiles compared to 18 
volatiles collected from AY-free branches in summer (n = 4; Fig. 9a). All volatiles recorded from AY-free 
branches were also recorded from AY-infected branches. Fourteen of the shared volatiles occurred in 
significantly larger concentrations in AY-infected than AY-free branches. No differences in 
concentration was observed for the other four shared volatiles. For cv. Chenin blanc, 32 compared with 
31 volatile compounds were identified from AY-infected compared with AY-free branches in summer (n 
= 8). All compounds were common to both AY-infected and AY-free branches, except for ethyl 
salicylate, which was absent from the volatile profiles of AY-free branches (Fig. 10a).  
 

Fig. 9. Volatile profile of AY-infected and AY-free cv. Colombard branches collected in a) summer 
and b) autumn. Volatile compounds (ng compound/g branch mass ± SEM) marked with an 
asterisk differ quantitatively (Mann-Whitney U test, P < 0.05). 
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Fig. 10. Volatile profile of AY-infected and AY-free cv. Chenin blanc branches collected in 
summer (a) and autumn (b). Volatile compounds (ng compound/g branch mass ± SEM) marked 
with an asterisk differ quantitatively (Mann-Whitney U test, P < 0.05). 
 
 
For grapevine cv. Colombard: 27 compounds were recorded from both AY-infected and uninfected 
branches (n = 4; 9b). Three compounds occurred in significantly higher amounts in uninfected grapevine 
branches than in AY-infected branches. Thirty-three compounds were recorded from AY-infected 
branches and 34 compounds from uninfected branches of cv. Chenin blanc (uninfected: n = 10; AY-
infected: n = 6; Fig. 10b). β-caryophyllene was the only compound that was recorded from uninfected 
branches but not from AY-infected branches. Two compounds occurred in significantly higher amounts 
in uninfected grapevine branches than in AY-infected branches. 
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AY-infected grapevine branches weighed significantly more but had a significantly smaller leaf area 
than uninfected branches for grapevine cv. Colombard in autumn. For grapevine cv. Chenin blanc, AY-
infected branches had a greater mass than uninfected branches with the same leaf area in summer 
and autumn (Table 3). 
 
Table 3. Leaf area (cm2) and branch mass (g) (mean ± SEM) of Aster yellows phytoplasma (AY)-
infected and uninfected grapevine (Vitis vinifera) branches of the cultivars Colombard and 
Chenin blanc in summer and autumn (Mann-Whitney U test). 
Grapevine 

cultivar 

Season Plant structure Uninfected AY-infected Z-value P-value 

cv. Colombard Summer Leaf area (cm2) 445.7 ± 13.1 432.2 ± 28.1 -0.289 0.773 

Branch mass (g) 17.2 ± 1.5 17.7 ± 1.1 <0.001 1.000 

Autumn Leaf area (cm2) 518.2 ± 19.7 331.7 ± 24.6 -2.309 0.021 

Branch mass (g) 15.4 ± 0.7 26.0 ± 4.1 -2.309 0.021 

cv. Chenin blanc Summer Leaf area (cm2) 377.3 ± 11.8 473.4 ± 33.3 -1.785 0.074 

Branch mass (g) 12.9 ± 0.5 21.8 ± 1.8 -3.151 0.002 

Autumn Leaf area (cm2) 388.8 ± 26.0 413.5 ± 57.8 -0.245 0.806 

Branch mass (g) 10.7 ± 0.9 24.6 ± 2.7 -3.062 0.002 

 
Analysis of the volatile profile provides some information about the biochemical response of grapevine 
to phytoplasma infection. Methyl salicylate is a known plant defence compound associated with plant 
systemic acquired resistance (Ryals et al., 1996). This compound is a key component in the induced 
resistance of tobacco and related plants against pathogens, such as Tobacco mosaic virus (Shulaev et 
al., 1997, Seskar et al., 1998, Zhu et al., 2014). In summer, methyl salicylate was only detected in AY-
infected branches cv. Colombard, while it occurred in significantly higher amounts in AY-infected and 
AY-free branches of cv, Chenin blanc. In summer, ethyl salicylate was only detected in AY-infected 
branches from both cultivars. Ethyl salicylate, an ester formed by the condensation of salicylic acid and 
ethanol, was also only recorded from AY-infected branches in summer but not from uninfected 
branches. The increased production of these compounds in AY-infected plants suggests that grapevine 
follows the salicylic acid-related signalling pathway of resistance (Durner et al., 1997). Green leaf 
volatiles (GLVs) were also induced by AY-infection in cv. Colombard in summer. Intact plants produce 
these compounds in trace amounts. However, the amounts can increase rapidly when plants suffer 
wounding or other stresses (Hatanaka, 1993, Kishimoto et al., 2005, Dudareva et al., 2006, Holopainen 
& Gershenzon, 2010). Several GLVs possess antimicrobial activity (e.g. Archbold et al., 1999, Kubo & 
Fujita, 2001, Nakamura & Hatanaka, 2002, Scala et al., 2013) and the production of some of these 
compounds can be induced by pathogen infection (Croft et al., 1993, Shiojiri et al., 2006). (E,E)-α-
farnesene was the most abundant compound recorded from both AY-infected and uninfected 
grapevine. It was produced in significantly greater quantities in AY-infected grapevine in cv. Colombard 
in summer and has been shown to be emitted in response to pathogen infection (Vuorinen et al., 2007, 
Toome et al., 2010). Aromadendrene was exclusively produced by AY-infected cv. Colombard 
branches. 
 
Unlike the study by Mayer et al. (2008), where only one compound was responsible for the differences 
between infected and uninfected plants, the volatile profiles of AY-infected compared with AY-free 
branches collected during summer differed qualitatively as well as quantitatively.  
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The cage choice experiment did not provide information on whether the attraction was based on 
olfactory or visual cues. The differences in volatile profiles between AY-infected and uninfected 
branches suggest that the attraction of M. fuscovaria to AY-infected branches may be based on volatile 
cues. In order to determine the effect of olfactory cues only on the host plant choice, the response of 
inexperienced (leafhoppers not exposed to AY prior to the experiment) adult M. fuscovaria to odours 
from AY-infected compared to AY-free grapevine branches was tested in olfactometer trials (Fig. 11). 
The AY infection status for the branches was confirmed with real-time PCR (Angelini et al., 2007). Adult 
M. fuscovaria showed a preference for purified air compared to AY-infected cv. Colombard in autumn 
(binomial test, P < 0.05; Fig 11c). In contrast, adult leafhoppers were more attracted to odours of AY-
infected cv. Chenin blanc branches than to purified air collected in autumn (binomial test, P < 0.05; Fig. 
11d). No difference in preference was observed for the other treatment combinations. 
 
 

 
Fig. 11. Olfactory response (%) of adult Mgenia fuscovaria to odours of Aster yellow 
phytoplasma (AY) infected grapevine, odours of uninfected grapevine (H) and purified air (C) (n 
= 13 - 38) for branches of (a) cv. Colombard and (b) cv. Chenin blanc collected in summer, and 
(c) cv. Colombard and d) cv. Chenin blanc collected in autumn. The bars represent the 
percentage of tested individuals that made a particular choice. The actual numbers of insects 
that made a choice are given in each bar. The responses marked with an asterisk are statistically 
significant (binomial test, P < 0.05). 
 
Milestone 4. Effect of colour on the attraction of M. fuscovaria 
 
In a field trial where the role of colour as a visual stimulus on adult M. fuscovaria was examined, 
significantly more adult M. fuscovaria were recorded on yellow followed by lime green and green and 
then blue, red, white and dark grey (Fig. 12a). The findings confirm that yellow is preferable to the other 
colours tested for monitoring M. fuscovaria. The most preferred colour cards had the highest reflection 
in the 520 nm (green region) to 550 nm (yellow region) range, which is also the peak reflective region 
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of AY-infected and AY-free grapevine leaves (Fig. 12b). The higher attractiveness of AY-infected over 
uninfected leaves may be related to the high peak reflectance in AY-infected compared with uninfected 
leaves (Fig. 2b).  
 

 
 
Fig. 12. Number of adult M. fuscovaria caught on coloured traps (a; analysis of variance 
(ANOVA) followed by Fisher's LSD test; F6,63 = 11.802, P < 0.001) and reflectance spectra of 
coloured traps and AY-infected and AY-free cv. Colombard grapevine leaves (b). 
 
 
Milestone 5. Leafhopper monitoring in Vredendal 
 
The population dynamics of M. fuscovaria and other leaf- and planthoppers were monitored weekly in 
an AY-infected block since 2009 in order to determine, amongst others, the timing of control measures 
and experiments in Vredendal. In contrast to previous years, the abundance of M. fuscovaria was very 
low from November 2013 until May 2015. However, numbers increased again in June 2015 (Fig. 13).  

Fig. 13. Abundance of Mgenia fuscovaria based on the number of adults collected on 10 yellow 
sticky traps per week in an AY-infected vineyard (cv. Colombard) in Vredendal. 

 
 
Individual nymphs and adults of M. fuscovaria collected from AY-infected vineyards between 2011 and 
2013 in Vredendal were tested with real-time PCR (Angelini et al., 2007) for the presence of AY. The 
aim was to determine if there is any seasonal pattern to AY-infection. First seasonal trends show that 
the number of AY-infected adults was higher in autumn (43%) than in summer (20%) or winter (12%). 
A similar trend was observed for nymphs, where 68% tested positive for AY in summer and 6% in winter 
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(Fig. 14). No data are available for nymphs in autumn. The results suggest that control of weeds in 
vineyards where M. fuscovaria overwinters on herbaceous plants (personal observation) is important 
for the management of the insect vectors because numbers of M. fuscovaria are usually high during 
the winter months of June and July (Fig. 13). 
 
 

 
Fig. 14. Percentage of nymphs and adults of Mgenia fuscovaria that tested AY-positive, based 
on nymphs (n = 48) and adults (n = 262) collected in an AY-infected vineyard and tested 
individually for the presence of AY with PCR.  
 
 
d)  CONCLUSIONS  
 
No vectors of AY other than M. fuscovaria have been identified. Austroagllia spp., Cicadulina spp. and 
Toya sp. neither transmitted AY to artificial sucrose feeding media nor to healthy recipient plants. 
 
The sequencing results show a good match between Aster yellows phytoplasma found in vineyards in 
South Africa with the reference Aster yellows phytoplasma genome. 
 
The behavioural assays suggest that M. fuscovaria is not preferentially attracted towards infected 
grapevine branches based solely on olfactory stimuli but rather by visual stimuli or a combination of 
both. In general, olfactory stimuli may be largely supplementary to other stimuli, such as visual cues, in 
host plant selection of M. fuscovaria. 
 
The field trial using coloured sticky cards has shown that yellow is a suitable colour for monitoring of M. 
fuscovaria. 
 
AY-infected nymphs and adults of Mgenia fuscovaria overwinter on weeds growing within vineyards. 
Weed management is therefore an important aspect for the management of the leafhopper vector. 
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6. ACCUMULATED OUTPUTS  
 
a) TECHNOLOGY DEVELOPED, PRODUCTS AND PATENTS 
 
A non-destructive DNA extraction method waas adapted for the detection of aster yellows phytoplasma in 
single leafhoppers and planthoppers. The method can be used for the detection of other pathogens from 
smaller single insects. 

 
b) SUGGESTIONS FOR TECHNOLOGY TRANSFER 
 
AY contigs generated have been made available to the research group of Johan Burger at Stellenbosch 
University to search for AY specific sequences, as well as Marina Dermastia, Department of Biotechnology 
and Systems Biology at the National Institute for Biology, Slovenia, for further analysis. Reads will also be 
made available to any group which wishes to produce a draft genome of the South African AY source. 
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