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Abstract	
The leafy gall syndrome, caused by the bacterial species Rhodococcus fascians, has been 
described a long time ago and numerous studies have already been performed over the years. 
A new plant disease, infecting pistachio trees, occurred in 2011, and was called Pistachio 
Bushy Top Syndrome (PBTS). The causal agent are members of the genus Rhodococcus. 
Since it is unclear where these agents originated from and how they were introduced, the 
relatedness of the leafy gall and the PBTS strains was analyzed, both according to their 
phenotypic and genomic properties.  

With a selection of 15 ornamentals isolates and 12 PBTS isolates an ISSR analysis was 
performed, using 4 different primers (6, 10, 11 and 13), and a phylogenetic tree was generated 
by combining all the banding profiles. According to the different obtained clades, some level of 
host specification might be present. The results indicated a high biodiversity for the 
ornamentals isolates, both on the phenotypic as genomic level. The PBTS isolates 
demonstrated a high biodiversity as well and this especially for the R. corynebacterioides 
strains, which might thus be a natural endophyte of pistachio that has been subjected to many 
mutations. The R. fascians PBTS isolates demonstrated a higher degree of relatedness, they 
clustered together in the same clade as the leafy gall R. fascians isolates containing the 
ornamental reference strain R. fascians D188 and the PBTS reference strain R. fascians 
SR13. The high degree of relatedness between these two strains suggests a possible common 
origin and thus that PBTS might find its origin in the introduction of an ornamental isolate into 
the pistachio production facilities. Finally, practically all isolates present in clade 1, both 
ornamental and PBTS, were vicA positive, indicating that vicA PCR might have a strong 
diagnostic value for this subset of R. fascians strains. 

In conclusion, we have gained insight into the origin and dissemination of the phytopathogenic 
Rhodococcus species, but extension of the ISSR analysis to the entire collections is required 
to validate our findings. 
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	1.	Introduction	
The bacterial species Rhodococcus fascians is already known for decades by scientists for the 
formation of diverse abnormalities on herbaceous perennials and ornamentals, collectively 
described as the leafy gall syndrome. A new plant disease caused by members of the genus 
Rhodococcus occurred in 2011 on Pistachio trees in orchards of California and Arizona. 
Growers noticed that their UCB-1 rootstocks, showed severe malformations and grafting of the 
buds was impaired. This second disease was called the Pistachio Bushy Top Syndrome 
(PBTS), referring to the symptoms it causes on the pistachio trees. Within infected orchards 
10 to 90% of the UCB-1 rootstocks are affected by the disease which represents approximately 
20 000 acres and around 2 million trees according to Robert Klein (Klein, 2015). During the 
summer of 2016 a second outbreak of PBTS has occurred in the same area in the United 
States of America, but its extent is currently still uncertain. 

At this moment it is unclear where the causative agents of PBTS originated from and how they 
were introduced into the pistachio production facilities. Moreover, there is little information on 
the relatedness of the PBTS strains and the leafy gall strains. 

In this study the biodiversity of Rhodococcus isolates will be analyzed to get an insight into the 
origin and dissemination of leafy gall and PBTS Rhodococcus strains. Therefore, the 
phenotypical and genotypic properties of an available collection of leafy gall isolates, obtained 
from diseased plants in several countries in Europe, will be determined. These results will be 
compared to the results obtained by Margo Degieter who will do a similar analysis of a 
collection of PBTS isolates from both outbreaks. 
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2.	Literature	

1. General information about the genus Rhodococcus 

The genus Rhodococcus is a member of the family Nocardiaceae, placed in the suborder 
Corynebacterineae and the order Actinomycetales. Rhodococci are Gram-positive, aerobic, 
non-sporulating bacteria that have cell walls containing mycolic acid and whose cells are 
nocardioform (Putnam & Miller, 2007; van der Geize & Dijkhuizen, 2004). Mycolata, the 
Actinomycetes containing mycolic acids in their cell walls, are environmentally more persistent. 
The presence of mycolic acids has a positive influence on the uptake of hydrophobic substrates 
into the cells, the bacterial adhesion, the formation of a permeability barrier and the prevention 
of the entry of antibiotics or other molecules into the cells (Du Plessis-Rosloniec, 2011). Most 
Rhodococcus genomes range from 4 to 9 Mb and have a high GC content. They are industrially 
useful organisms because of their ability to degrade hydrocarbons in soil, including 
polychlorinated biphenyls (PCBs) and chloroaromatics, and for their application in the 
production of acrylic acid and acrylamide (van der Geize & Dijkhuizen, 2004). Rhodococci have 
been found in various extreme habitats and are well adapted to the soil environment. Although 
most members of the genus Rhodococcus are harmless bacteria, at least one of them is 
pathogenic for humans and two for plants (Putnam & Miller, 2007; Stamler et al., 2015a). 
Even though it is common for Actinomycetes to have linear plasmids and for many 
phytopathogens to have their virulence determinants on a plasmid, Rhodococcus fascians is 
the only plant pathogen that contains a linear virulence plasmid. In the best studied strain 
D188, it is named the pFiD188 plasmid (Stes et al., 2013). 

2. Rhodococcus fascians causes leafy gall syndrome on herbaceous 
perennials 

The first formations of short, fleshy stems with misshapen and aborted leaves on sweet pea 
plants was observed by Nellie Brown in a greenhouse in New Jersey in 1927 (Stes et al., 
2010). It was then thought that this plant disease was caused by the crown gall bacterium 
Agrobacterium tumefaciens but they were unsuccessful in their attempts to isolate the causing 
agent. In 1933 Williams first mentioned the term “leafy gall” (Putnam & Miller, 2007). It was 
only in 1934 that a gram-positive, rod-shaped, aerobic, non-motile bacteria was isolated from 
diseased peas growing in Ohio greenhouses and it was called Phytomonas fascians. Tilford 
effectuated a needle-prick inoculation of tobacco, petunia and Gypsophila paniculata plants 
which all developed a mass of fasciation (Tilford, 1936). The term “leafy gall” was also 
described in detail by Margaret Lacey in 1936 (Putnam & Miller, 2007). Over the years the 
bacteria changed name a few times until it was finally called Rhodococcus fascians by 
Goodfellow in 1984 (Goodfellow, 1984). 

The leafy gall syndrome is an infectious plant disease caused by the bacterial species 
R. fascians. This bacterium induces the formation of leafy galls, which are tissue hyperplasia 
consisting of multiple shoots inhibited for further outgrowth (Figure 1.A). Other symptoms 
included in the leafy gall syndrome are stunted growth (Figure 1.B), leaf deformation (Figure 
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1.C), thickened hypocotyls, arrested root development, multiple shoot formation and 
fasciations (Figure 1.D) (Nikolaeva et al., 2009). The stunted and bushy appearance of infected 
plants is caused by the loss of apical dominance, the activation of dormant axillary meristems 
and the formation of multiple inflorescences (Stes et al., 2013). 

 
Figure 1: Symptoms of the leafy gall syndrome. 

(A) Leafy galls (B) Stunted growth (C) Leaf deformation (D) Fasciation (Putnam & Miller, 2007; Stes et al., 2011). 

R. fascians can infect a wide range of plants covering monocots and dicots, woody and 
herbaceous plants, but mostly herbaceous perennials (Putnam & Miller, 2007). Although the 
leafy gall syndrome rarely leads to the death of the infected plants, the deformations that are 
caused result in an appearance that is not appreciated by the consumer and therefore this 
bacterium leads to economic losses, especially in the ornamentals sector. These deformations 
lead to the destruction of entire crops which can lead to losses up to US$ 1 million per year 
(Stes et al., 2010). 

R. fascians is distributed worldwide, especially in temperate regions (Stes et al., 2010). An 
overview of the different countries where R. fascians has been collected can be found in Figure 
2. 

 
Figure 2: Distribution of Rhodococcus fascians around the world (indicated in blue) according to the Plantwise 
knowledge bank (Plantwise Technical Factsheets, CABI). 
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The life cycle of R. fascians consists of an epiphytic phase followed by an endophytic one. The 
bacterium starts as a saprophytic epiphyte; it colonizes the aerial plant surface without inducing 
visible symptoms. Nevertheless, the plant reacts to the epiphytic presence of the bacterium 
and modulates its primary metabolism to the benefit of the pathogen. The change in the 
primary metabolism is sensed by the bacterium and triggers the transition into the pathogenic 
endophytic phase (Stes et al., 2013). The mechanism behind this change will be explained in 
paragraph 4.1. 

R. fascians has been found to survive on many different surfaces. It can disperse via water, 
which means it can propagate trough the irrigation systems of nurseries or through water 
splashes. Plant seeds are generally clean, but an exception are Nasturtium seeds where 
R. fascians has already been collected from. The bacteria have also been collected from tissue 
culture plants, which means that working with tissue culture is no guarantee for the grower that 
the plants are clean. And it has been reported that R. fascians can be transmitted through 
cutting devices of the growers. Because the bacteria can be present on the surface of the 
plants for several months before it becomes a pathogenic endophyt it means it is not because 
no symptoms are noticeable that the plant is not infected by R. fascians (Putnam, 2014). This 
all concludes that clonal propagation of infected plants is an important form of transmission of 
R. fascians (Putnam, 2014; Stes et al., 2013). 

Besides the issue of the asymptomatic epiphytic phase, additionally, the symptoms provoked 
by R. fascians are often mistaken for phenotypes caused by other pathogens or by tissue 
culture procedures used to propagate ornamental plants. For instance, for the untrained eye, 
when leafy galls develop at the crown of infected plants, the disease can resemble crown galls 
caused by Agrobacterium tumefaciens (Figure 3.B), a Gram-negative bacterium with a 
comparable broad host range as R. fascians. Similarly, effects of growth hormones, such as 
cytokinins, and abnormalities that can arise from tissue culture propagation can be wrongly 
interpreted as R. fascians-induced effects (Figure 3.C) (Putnam, 2014). 

Altogether, these facts and confusions make it almost impossible to know the true impact of 
this bacterium in the ornamentals industry. 

 
Figure 3: Comparison between plant abnormalities caused by different treatments. 

(A) Leafy gall caused by R. fascians on Leucantemum plug. (B) A crown gall caused by Agrobacterium tumefaciens 
on a Gaillardia cutting. (C) An abnormal growth on a petunia plantlet due to tissue culture propagation, where no 
R. fascians was detected (Putnam, 2014). 
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3. What is PBTS? 

Pistachios are native to the Middle East and Central Asia but now commercial production 
occurs also on different other locations, such as in California and Arizona. The pistachio 
production in CA and AZ represents 1/5 of the world production of nuts, which has a market 
value of US$ 1 billion a year (Stamler et al., 2015a). Affected UCB-1 rootstocks in these regions 
represent approximately 20,000 acres and around 2 million trees (Klein, 2015). To obtain a 
maximal yield the trees consist of two parts: the rootstock and a T-budded scion. T-budding is 
a technique used to graft the scion onto the rootstock, this to combine the advantages of both 
(Lewis & Alexander, 2008). As a scion Pistacia vera is used, which has a high nut yield but is 
susceptible to the fungus Verticillium (Badenes & Byrne, 2012). UCB-1 is a clonally propagated 
rootstock that is widely used because it is resistant against the Verticillium. UCB-1 is a hybrid 
of the female P. atlantica and the male P. integerrima (Badenes & Byrne, 2012; Ferguson & 
Haviland, 2016). 

Growers from California and Arizona noticed that most of their UCB-1 rootstock trees that were 
planted after 2011 had malformations. The symptomatic trees showed shortened internodes 
leading to a bushy appearance, stunted growth (Figure 4.A), swollen lateral buds with multiple 
shoots emerging (Figure 4.B), loss of apical dominance, stem galls and twisted roots (Figure 
4.C). Collectively, the symptoms were termed the Pistachio Bushy Top Syndrome (PBTS). 
Besides the abnormal phenotype of the PBTS trees, most importantly, their budding efficiency 
dropped dramatically and when the bud did take the bark cracked around the bud-union 
(Kilcrease et al., 2014; Stamler et al., 2015a; Stamler et al., 2015b). 

 
Figure 4: Symptoms associated with Pistachio Bushy Top Syndrome. 

(A) A stunted UCB-1 tree (B) Buds emerging from a stem gall on a UCB-1 tree (C) Twisted roots from a UCB-1 tree 
(Stamler et al., 2015a). 

In search for the cause of PBTS, two Gram-positive bacterial isolates were consistently 
obtained from symptomatic trees and when inoculated onto pistachio seedlings the plants 
developed typical PBTS symptoms (Stamler et al., 2015a). The orange-yellow isolate (Figure 
5.A) turned out to be highly similar to R. corynebacterioides (16S rDNA 99% identical) and the 
yellow isolate (Figure 5.B) strongly related to R. fascians (16S rDNA 99% identical) (Stamler 
et al., 2015a). 



 

 10 

 
Figure 5: The two different Rhodococcus isolates obtained from the PBTS trees. 

(A) PBTS isolate-1 (B) PBTS isolate-2 (Stamler et al., 2015a). 

4. Genomic properties of Rhodococcus 

4.1. Functions of the linear plasmid that determine the pathogenicity of R. fascians 
strain D188 

R. fascians contains a linear plasmid, pFiD188 (fasciation inducing), of 199kb that is 
responsible for its pathogenicity. This linear plasmid contains four regions that are syntenic 
with the plasmids of other Rhodococci and have a function in the maintenance and dispersal 
of the plasmid. Besides these conserved regions, three regions are unique for R. fascians and 
these have a function in the interaction with the host and in virulence (Crespi et al., 1992; 
Francis et al., 2012). The linear plasmid, pFiD188, contains three loci needed for the 
pathogenicity, these are the attenuation (att), fasciation (fas) and hypervirulence (hyp) loci 
(Putnam & Miller, 2007), and a chromosomal vic locus needed for the bacterial survival in the 
plants (Nikolaeva et al., 2009). Recently, it was reported that R. fascians strain D188-5, the 
non-virulent, linear plasmid-free derivate of strain D188, has a growth promoting effect on 
plants by its biostimulating effect. For example, it triggers premature flowering and affects the 
primary metabolism in Arabidopsis. Also the secretion of indol-3-acetic acid is induced, which 
is an auxin associated with plant defense (Francis et al., 2016). This could maybe mean that 
R. fascians had been present for many years on plants but only became virulent when 
acquisition of these fas genes occurred. 

As explained before, R. fascians starts its interaction with its host as a saprophytic epiphyte 
that can survive for a long time on the plants surface before proceeding into its pathogenic 
endophytic phase (Cornelis et al., 2001). Penetration of the bacteria into the plant occurs via 
ingression sites, this by collapsing some of the underlying plant cells (Cornelis et al., 2001). 
The change in behavior of the bacterium is induced in response to the metabolic changes in 
the plant that are sensed by the bacterium through the attenuation (att) operon (Figure 6.1). 
The att operon contains genes encoding proteins that are involved in the biosynthesis and the 
secretion of arginine- and ß-lactam-like compounds. The actual reaction product of the Att 
proteins remains unknown, but it mediates a positive autoregulation of pathogenicity 
resembling quorum sensing (Maes et al., 2001). When R. fascians is a saprophytic epiphyte 
there is a low expression of the att genes. The metabolic shift of the plant results in an 
accumulation of pyruvate which is sensed by the AttR protein, a LysR-type transcriptional 
regulator, that induces a higher expression of the att genes and resulting in a higher production 
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of the autoregulatory molecule. This autoregulatory molecule produced by the Att proteins also 
facilitates the entry of R. fascians into the plant tissues. 

The fasciation (fas) operon responsible for the production of a mixture of cytokinins is also 
controlled by the Att autoregulatory molecule. The translation of the fas genes is blocked by 
an unknown repressor when the bacteria are not in contact with a host. In the current working 
model, at high concentrations, the Att autoregulatory molecule binds FasR (fasciation 
regulator), an AraC-type transcriptional regulator, that inactivates expression of the repressor 
gene (Figure 6.2). As such, the inhibition of translation of the fas mRNA is relieved and 
biosynthesis of cytokinins can be initiated  (Maes et al., 2001; Stes et al., 2013; Temmerman 
et al., 2000). 

 
Figure 6: A schematic representation of a part of unique region 1 of the linear plasmid pFiD188 of the R. fascians 

strain D188 encompassing the att and fas loci. An overview is given of the regulation of the att and fas genes. 
(1) When the plant senses the metabolic shift the AttR protein is activated which induces the expression of the att-
genes.and so also the production of the autoregulatory molecule, it also facilitates the penetration of the bacteria 
into the plant. The translation of the fas-genes is blocked by a regulatory protein. (2) The Att autoregulatory molecule 
binds FasR and reliefs the inhibition of the translation of the fas-genes. 

Since the discovery of R. fascians as the causative agent of leafy gall syndrome, cytokinins 
have been expected to have an important role in symptom development because of the shooty 
aspect of the disease (Stes et al., 2013). It was not until the identification of the fas operon, 
consisting of 6 genes, that insight was obtained into the mechanism of symptom development 
and that it was established that the pathogen itself was responsible for the synthesis and 
secretion of a mix of cytokinins, as potent hormones involved in the regulation of the plant 
growth (Crespi et al., 1992; Pertry et al., 2009; Pertry et al., 2010). Two of the most important 
fas genes, out of the six, are a cytochrome P450 (encoded by fasA) homologue gene and an 
isopentenyl transferase (IPT) (Temmerman et al., 2000). The latter is the fasD gene which 
encodes an enzyme involved in the limiting step of the cytokinin biosynthesis and is absolutely 
essential for symptom development (Crespi et al., 1992).The fasE gene, which encodes a 
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cytokinin oxidase/dehydrogenase (CKX), guarantees the activity of fasD by preventing the 
feedback inhibition (Pertry et al., 2010). Virulent R. fascians strains can be screened using the 
fasD gene with specific primers, since it is present in all virulent isolates (Stange et al., 1996). 

The chromosomal vic locus, containing the vicA gene, codes for a malate synthase (MAS) 
which condenses glyoxylate and acetyl-CoA to malate in the Krebs cycle. It is also involved in 
the detoxification of glyoxylate that is released during the metabolism of unknown nutrients 
during plant infection. Expression of vicA has been found to be dependent on the virulence 
plasmid, illustrating cross talk between both replicons (Vereecke et al., 2002). 

4.2. The instability of the linear plasmid 

The pathogenicity of R. fascians strain D188 is a very robust characteristic of this strain 
(Cornelis et al., 2001). However, in other isolates, including the PBTS strains, the fas genes 
and the entire linear plasmid appear to be unstable. Consequently, R fascians populations 
consist of a mixture of cells containing the fasD gene and cells lacking this gene, resulting in 
virulence variation (Nikolaeva et al., 2009). Even though the factors controlling this instability 
of the linear plasmid in R. fascians are still to be determined it is known that changes in growth 
or environmental conditions promote the loss or instability of virulence plasmids. This has for 
example been found for Shigella, Rhodococcus equi and Agrobacterium tumefaciens (Mills et 
al., 1992; Watson et al., 1975; Nikolaeva et al., 2009). When the presence of the plasmid has 
no extra advantage for the bacteria, for a better use of valuable resources, they sometimes 
lose or reduce the number of plasmid-carrying cells in their population. However, when the 
presence of the plasmid becomes advantageous again, the bacteria will increase its proportion 
of plasmid-carrying cells by selective reproduction or by horizontal plasmid transfer within the 
population (Coplin, D. L., 1989). 

4.3. What is known about the PBTS strains? 

As previously described, isolate 1 cultured from infected UCB-1 rootstocks has a high similarity 
with Rhodococcus corynebacterioides. R. corynebacterioides is a rod- or coccoid-like, gram-
positive bacterium that forms smooth, red-orange colonies on agar medium (Serrano et al., 
1972). It was first called Corynebacterium rubrum in 1962 but was reclassified in 2005 as 
R. corynebacterioides (Yassin & Schaal, 2005). In 2011 the bacterium has been recovered 
from the mouth of healthy humans (Hung et al., 2011), but it has no history of interactions with 
plants. The lack of previous research on this bacteria complicates the analysis of 
R. corynebacterioides isolates. 
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5. Methods to assess biodiversity and usefulness of biodiversity information 
to understand plant pathologies 

Before analyzing which methods can be used to assess the biodiversity it is important to know 
what biodiversity really means. Following definition can be found (Convention on Biological 
Diversity, 1992): 

“'Biological	diversity'	means	the	variability	among	living	organisms	from	all	sources	including,	
inter	alia,	terrestrial,	marine	and	other	aquatic	ecosystems	and	the	ecological	complexes	of	

which	they	are	a	part;	this	includes	diversity	within	species,	between	species	and	of	
ecosystems.” 

Bacteria highly control processes of genetic regulation and genetic diversity. These processes 
are for example horizontal gene transfer, homologous recombination, mutations, … Thanks to 
these mechanisms, they have a high ability to adapt to new and changing environments. 
(Guerrero-Ferreira & Nishiguchi, 2011). Thus, a low biodiversity in a collection of isolates 
means that not many changes have occurred yet and that this bacterial species has quite 
recently been introduced into the ecosystem. The larger the biodiversity the more changes 
have occurred, indicating that the species has been present for a longer period of time in that 
environment. To analyze the biodiversity of a bacterial collection, generally, both phenotypic 
characteristics, such as the pathogenicity and enzyme activities, and genomic properties, 
assessed for instance by species specific PCR reactions and fingerprinting, are taken into 
account. To investigate the possible origin of inocula a new collection of isolates is compared 
to an already existing collection (Ialacci et al., 2016). 

To analyze genomic diversity, different fingerprinting techniques can be used. In this study we 
opted for ISSR, which stands for Inter Simple Sequence Repeat. It is a technique to analyze 
genomic profiles using microsatellite sequences as primers. Simple sequence repeats, 
microsatellites, are regions in the genome consisting of repetitions of one short DNA motif. 
Consequently, ISSRs are the segments between these microsatellites. Because these 
microsatellites are plentiful in genomes, it is a cheap and simple method that can be applied 
both to eukaryotic and prokaryotic genomes. ISSR was first used in 1994 by Zietkiewicz et al. 
as a suitable approach for phylogenetic comparisons. ISSR combines the advantages of SSR 
(simple sequence repeat), amplified fragment length polymorphism (AFLP), and random 
amplified polymorphic DNA (RAPD) (Zietkiewicz et al., 1994; Pradeep Reddy et al., 2002). 
Repetitive sequences complementary to the microsatellite regions, which are present at 
multiple positions within the genome, are used as primers for the PCR reactions. Herewith a 
large number of loci are generated of variable sizes. These result in specific banding patterns 
that can be used to study genetic variations. (Godwin et al., 1997; Ng & Tan, 2015). 
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Figure 7: Basic representation of the ISSR concept. 

The ISSR primer is complementary to the microsatellite regions, consisting of ‘GT’ repeats. The random DNA 
segments flanked by these microsatellites are amplified. As can be seen in the figure the microsatellites occur 
multiple times in the genome generating amplicons of variable sizes. These can be visualized by gel 
electrophoresis. (Ng & Tan, 2015). 

By using a short PCR cycle excessive replication is prevented and DNA strands of different 
sizes are amplified. This mixture of strands gives the ability to evaluate the genetic differences 
between different isolates. This technique is thus not to determine to which strain the isolates 
belong, but to analyze the relationship between them. This technique has already successfully 
been used by Baysal et al. (2011) to evaluate the genetic diversity of the plant pathogenic 
bacterium Clavibacter michiganensis subsp. michiganesis. 

Concerning R. fascians, relatively little information is available on biodiversity. Nevertheless, 
different genes have been used for diagnostic PCRs, including the plasmid-borne virulence 
genes fasD (called fas-1 in that study) (Nikolaeva et al., 2009; 2012; Serdani et al., 2012; 
Stange et al., 1996) and attA (Creason et al., 2014), and the chromosomal vicA gene 
(Vereecke et al., 2002). The presence of the fas genes, more precisely fasR, has also been 
analyzed using loop-mediated isothermal amplification (LAMP). It is a low-cost alternative for 
PCR that can be used with limited laboratory facilities (Serdani et al., 2012). More information 
about these genes has been given in 4.1. The first study analyzing the similarity between a 
collection of Rhodococcus isolates was done by Elia et al. (1983). This group performed a 
numerical analyzes of phenotypic features for the construction of a dendrogram for 44 isolates 
collected from various places in Europe and host plants. They found a certain homogeneity 
between the isolates. Three phenons were obtained with the majority of the isolates in phenon 
2. Both phenon 1 and 3 contained mostly new isolates, which were isolated by Elia et al. from 
Lilium. Likewise, a correlation between groups of R. fascians isolates collected from different 
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geographical locations and hosts in Iran was analyzed based on phenotypic characteristics 
and genomic diversity was assessed by random amplified polymorphic DNA (RAPD)-PCR. 
They showed that RAPD-PCR can be used to separate R. fascians strains based on their 
geographical location and host (Najafipour et al., 2014). Lastly, whole genome sequences 
have been used by Creason et al. (2014) to analyze the genetic diversity of the genus 
R. fascians. Therefore a selection of eighteen isolates was sequenced and several 
homologous genes were chosen and used to construct a neighbor-joining tree. The obtained 
tree was compared to an ANI (average nucleotide identity) analysis, both methods had similar 
results. It was found that phytopathogenicity is not a discriminative trait within the clades of the 
obtained tree. According the clades containing the phytopathogenic isolates the genetic 
diversity reveals that multiple species are present (Creason et al., 2014). 
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3. Goals	
The leafy gall syndrome has been described a long time ago. Both in Belgium and the 
Netherlands, R. fascians has caused problems in the ornamentals sector, especially in lily 
production (Vantomme et al., 1983; Elia et al., 1983). In that context, a collection of isolates 
has been obtained from diseased plants from Belgium, the Netherlands and the UK, but this 
collection has not been analyzed thoroughly. The main aim of this study is to analyze the 
biodiversity within this collection of leafy gall isolates to get insight into their relatedness. 

For the analysis of the biodiversity, first different phenotypic characteristics related to the 
pathogenicity will be tested, such as the colony color and mucoidy, catalase and peroxidase 
activities, motility and virulence. Next different genomic characteristics will be analyzed on a 
selection of isolates based on the 16S rDNA sequences. With this selection an ISSR analysis 
will be performed and a phylogenetic tree will be derived to get a better view on the differences 
and/or similarities between the isolates. And lastly, the diagnostic value of different genes, 
including vicA, fasD and attA will be tested. Ideally, the results of such PCR reactions will allow 
to predict the identity (species) and the pathogenicity of the isolates. 

A similar analysis will be done in parallel on a second collection of bacterial isolates obtained 
from pistachio trees exhibiting PBTS symptoms, both from the first (started in 2011) and the 
second outbreak (started in summer 2016). The analysis of these PBTS isolates has been 
performed in the laboratory of Dr. Randall at NMSU. Therefore Margo Degieter and I went to 
Las Cruces in New Mexico during the summer of 2016. The obtained results from the leafy 
gall isolates, analyzed at UGent, will be compared to the results from the PBTS collection. The 
hypothesis is that the biodiversity of the leafy gall isolates will be high because this disease 
has been present for already quite some time and is widespread. For the PBTS isolates a 
lower biodiversity is expected, maybe even a classification into a single phylogenetic group, 
because PBTS is a new disease with a restricted occurrence. A low genetic variability between 
the PBTS isolates would indicate that the disease is not caused by a natural population 
present in the environment, and consequently that these pathogens have been recently 
introduced into pistachio nurseries. As such we hope to get insight into the origin and 
dissemination of these Rhodococcus-associated diseases. 
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4. Materials	and	methods	

1. Bacterial isolates used in this study 
In this study four reference isolates were used, these can be found in Table 1. 

Table 1: Reference strains used in this study. 

Stam Desription Bron 

D188 Wildtype strain R.fascians (Desomer et al., 1988) 

D188-5 Plasmid-free strain, Streptomycine resistent, non-virulent (Desomer et al., 1988) 

JK1 R. corynebacterioides isolate from a pistachio orchard in 
California  

(Stamler et at., 2015a) 

SR13 R. fascians isolate from a pistachio orchard in California (Stamler et al., 2015a) 

 
In Table 3 an overview of the used collection can be found. The isolates in this collection have 
been obtained by Vantomme from various places and plants within Europe, more precisely 
from the UK, Belgium and the Netherlands (Elia et al., 1983). A part of the collection has 
already been identified and the genomes of 2 isolates from the list have already been 
sequenced, (Creason et al., 2014; number 20 and 45). 

2. Bacterial medium and growth conditions for the determination of the 
colony color 

In Table 2 the recipes can be found for the different media that have been used during this 
study.  

Table 2: The recipes for the different media used during this study. 

 
  

Medium Composition for 1 L Use 
Yeast extract broth (YEB) 1 g Yeast extract 

5 g Beef extract 
5 g Pepton 
5 g Sucrose 
500 mg MgSO4.7H2O 
Agar (if needed) (1,5%) 

Standard bacterial 
medium used 
during this study.  

Potato dextrose agar (PDA) 39 g PDA broth (Difco) Mucoidy 

Nutrient agar (NA) 3 g Beef extract,  
5 g Pepton  
0,25% or 1,5% agar 

Motility 

½ Murashige and Skoog (MS) 10 g Sucrose  
2,20 g MS salts 
8 g Agar 

Plant medium to 
test virulence. 
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Table 3: Collection of the leafy gall isolates used in this study. * isolates that have been sequenced, R rough 
phenotype, S smooth phenotype. 
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For the determination of the colony color the isolates were plated on YEB medium, which is 
the standard bacterial medium used in this study. Evaluation of the color was done after two 
days of growth in an incubator at 28°C, this by using a color wheel for a consistent and 
objective determination (Figure 8). 

 
Figure 8: Color wheel used for the determination of the colony color. 

3. Bacterial medium and growth conditions for the determination of the 
colony mucoidy 

The capacity of the strains to produce exopolysaccharides was evaluated on Potato Dextrose 
agar (PDA) medium (Table 2). Therefore, 2-cm stripes of each strain were striked on PDA 
medium with 9 strains per plate. After an incubation of 4 days at 28°C the mucoidy of the 
strains was recorded. Depending on the degree of liquidity (shiny or aqueous appearance) 
several pluses were assigned to the isolate as shown in Figure 9.  

 
Figure 9: Scoring of the different levels of mucoidy used in this study. 

4. Enzyme assays 
The different media used for the enzyme assays can be found in Table 4. 

Table 4: Recipes of the media and the evaluation methods used for the enzyme assays (Basiewicz et al., 2012). 

Enzyme Composition Solution needed Evaluation of the enzyme activity 

Peroxidase Malt extract (2,5%) 
Agar (2%) 

0,4% H2O2 
1% pyrogallol 

A dark brown coloration of the 
medium  

Catalase PDA medium 3% H2O2 When “bubbles” form when addition 
of the H2O2 
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The previously used PDA plates for the analysis of the mucoidy were used for the catalase 
assay. By adding a few drops (±	50	µL) of 3% H2O2 to the bacteria the catalase activity could 
be evaluated. The activity was evaluated as positive when ‘bubbles’ were formed.  
Analysis of the peroxidase activity was tested with a specific medium, of which the composition 
can be found in Table 4. After two days of growth at 28°C the plates were flooded with 200 µL 
of a solution containing H2O2 and pyrogallol. After 10 days the final activity was evaluated as 
shown in Figure 10. 

 
Figure 10: Evaluation of the different levels of peroxidase activity 

5. Motility 
The motility of the isolates was tested on Nutrient agar (NA) medium (Table 2). After growing 
the bacterial suspensions, in liquid YEB for 2 days at 28°C and 200 rpm, 2 µL of bacterial 
suspension were spotted in the middle of small petri dishes (Ø 55 mm). Motility was evaluated 
after 3 days. 

6. Virulence assessment 
The different isolates were grown in liquid YEB for 2 days at 28°C and 200 rpm, the cells 
collected by centrifugation and resuspended in sterile water. To analyze the virulence ½ MS 
medium (Table 2) in small petri dishes (Ø 55 mm) was used to grow ten tobacco W38 seeds 
per plate and per isolate. The tobacco seeds were first sterilized by leaving them for 2 min in 
70% EtOH, 10 min in 5% bleach containing 0,05% Tween, rinsed 3 times with sterile water 
and dried on sterile filter paper. 

After 5 days in the growth chamber at 22,1°C, when the radicle emerges from the seed, a 
seed inoculation was performed by spotting 10 µL of the bacterial suspension on each seed. 
Evaluation of virulence was executed 10 days after inoculation and 3 weeks after inoculation.



 

 21 

7. Extraction of genomic DNA 
Genomic DNA was extracted from 2 days old bacterial cultures (in YEB). Two mL suspensions 
were centrifuged during 5 min at 1400 rpm and the pellet resuspended in 300 µL	TE buffer (1X 
TE: 10 mM Tris (pH 8) and 1mM EDTA) containing 2 mg/mL lysozyme and 900 µL polyethylene 
glycol (PEG-6000, 200 mg/mL). These mixtures were vortexed and left for ± 2 hours at 37°C. 
The mixtures were centrifuged for 3 minutes and washed with 500 µL TE buffer. The obtained 
pellets in this stage can be stored at -20°C and used to proceed the extraction later. Pellets 
were resuspended in 500 µL TE buffer and 1 µL RNase (20 mg/mL) was added. Then cell lysis 
was done by adding 100 µL SDS (1%) and incubated for 5 minutes. When lysis had occurred 
150 µL TE buffer was added to dilute the viscous solution and 750 µL phenochloroform was 
added and vortexed for 1 minute before centrifuging it for 10 minutes. The upper aqueous 
phase was transferred to a new tube and 750 µL chloroform was added, vortexed and 
centrifuged again for 3 minutes. The obtained upper phase was transferred to a new tube 
containing 0,5 M NaCl and 750 µL ispropanol (100%) was added to precipitate the DNA. 
Finally; after being centrifuged for 10 minutes, the pellets were washed with 200 µL 70% EtOH, 
centrifuged one last time and the pellets were left to dry for approximately one hour at room 
temperature with open lids. When dry, the obtained gDNA was dissolved in 100 µL dH2O and 
the obtained solutions stored at -20°C. 

The DNA concentrations and qualities were measured using the QuantiFluor® dsDNA System 
(Promega) according to the manufacturers protocol. 

Afterwards all DNA solutions were diluted to a concentration of 10 ng/µL for further use in the 
PCR reactions. 

8. Diagnostic PCRs 
The sequences of the different primers used for the PCR analyses are shown in Table 5. 

Table 5: All the different primers that have been used during this study for diagnostic analysis. 

Primer Sequence (5’-3’) Amplicon size (bp) Tm (°C) Reference 

ITS* 72 F CCGGGTTTCCCCATTCGG 
510 

58.9 Nikolaeva et al., 
2009 ITS 38 R TGCGGCTGGATCTCCTT  56.5 

vicA-15 F GAAATCGAATAGGACCTTGG 
584 

50.5 Nikolaeva et al., 
2009 vicA-15 R ACTCGGTCACGAGGGAAC 56.8 

fasD large F AGACGCAAGCAAGGTTTGAT 
614 

55.2 
This work 

fasD large R GGCCAACTCCTCTGGTGTTA 56.8 

pFi_09 F TCTCGGAGTCTCACGTCGTA 
304 

56.9 
This work 

pFi_09 R GGATGGCGACATACCACTCT 56.6 

attA-585 F GCCTGGAAGCGCATCAACATCAAT 
296 

60.4 Nikolaeva et al., 
2009 attA-879 R TTCTTCTGCGGCATGATCGAGCTA 60.3 

16S rDNA 27f GAGAGTTTGATCCTGGCTCAG 
1500 

55.1 
Universal 

16S rDNA 1492r TACGGYTACCTTGTTACGACTT 62.4 
* ITS = Internal transcribed spacer 
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All PCR reactions were performed using a Bio-Rad T100 Thermal cycler with 25 µL PCR 
mixtures. These consist of: 5 µL buffer 5x, 0,5 µL dNTP’s (10 µM), 1 µL of each primer (10 µM), 
0,125 µL Taq polymerase (1u), 1 µL DNA (10 ng). Following PCR conditions were used: 

- ITS and vicA: started with a primary denaturation of 2 min at 95°C, followed by 30 
cycles using following conditions: 20s at 95°C, 20s at 55°C and 1 min at 72°C and a 
final extension of 5 min at 72°C. 

- fasD: started with a primary denaturation of 3 min at 95°C, followed by 35 cycles using 
following conditions: 30s at 95°C, 30s at 50°C and 1 min at 72°C and a final extension 
of 5 min at 72°C. 

- attA: started with a primary denaturation of 2 min at 95°C followed by 35 cycles of: 20s 
at 95°C, 20s at 55°C and 1 min at 72°C and a final extension of 5 min at 72°C. 

- pFi_09: reactions were all carried out with a primary denaturation of 5 min at 95°C 
followed by 35 cycles using following conditions: 1 min at 95°C, 1 min at 55°C and 1,5 
min at 72°C and a final extension of 10 min at 72°C. 

- 16S: reactions were all carried out with a primary denaturation of 5 min at 95°C followed 
by 35 cycles using following conditions: 1 min at 95°C, 1 min at 59°C and 1,5 min at 
72°C and a final extension of 10 min at 72°C. 

The PCR products were visualized with electrophoresis using 1% agarose gels at 100V during 
20 minutes. 1 µL GelRed was added to the PCR products for visualization and 𝜆	PstI ladders 
(Figure 11) were used. The agarose gels were both made and ran in 0,5x TAE (20 mM Tris, 
10 mM acetic acid and 0,5 mM EDTA).  

 
Figure 11: The two different ladders used during this study. 

(A) 𝜆	PstI ladder (B) MassRuler DNA ladder mix. 

9. DNA purification and sequencing of 16S PCR products 
The obtained 16S amplicons were excised from agarose gel and purified using the “Wizard SV 
gel and PCR Clean-up system” according to the manufacturer’s protocol.  

For sequencing of the 16s rDNA the purified amplicons were sent to the LGC group. The 
obtained sequences were first modified, the unclear ends of the sequences were cut off, using 
the Staden package and then blasted on NCBI BLAST. 
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10. Inter Simple Sequence Repeat (ISSR) 
The sequences of the 15 tested ISSR primers are given in Table 6. The PCR reaction mixes 
(25 µL) contained 10 ng template DNA, 5 µL 5x buffer, 0,5 µL dNTPs (10 µM), 2 µL primer (5 
µM) and 0,125 5 µL Taq polymerase. The ISSR PCR reactions were performed starting with a 
denaturation step of 5 min at 94°C followed by 40 cycles consisting of: 1 min at 94°C, 1 min at 
52 °C and 2 min at 72 °C and ended with 8 min at 72 °C.  

Analysis of the results was performed with agarose gel electrophoresis using a 1,5 % gel at 
100 V during 20 min for the first test and during 2,5 hours for the final analysis. MassRuler 
DNA Ladder Mix (Thermo Fisher Scientific) (Figure 11) was used and loaded every 8 samples, 
this to enable BioNumerics 7 to align the banding patterns.  

Table 6: ISSR primers tested in this study (Venneman et al., 2017).  
T, C or G; R, A or G; D, A, G or T; B, C, G or T; R, A, C or T; V, A, C or G  

Primer Sequence GC % 
1 (GACA)4 50 
2 (GTG)5 67 
3 (AG)8C 53 
4 (AAG)6 33 
5 (AC)8C 53 

6 (GA)8YG 56 
7 (TC)8RG 53 
8 (AG)8G 53 
9 (AAC)6 33 

10 DDB(CCA)5 67 
11 (GA)8YC 56 
12 (CTC)6 67 
13 (AC)8YG 53 
14 (CAG)5 67 
15 HvH(TG)7 50 

Analysis of the ISSR results was performed using BioNumerics7. First the presence of the 
ISSR bands were scored visually, each clear band was considered as an independent locus, 
smeared bands were not considered for the analysis. For each primer another experiment type 
was set up. A band based comparison using Dice’s coefficient of similarity was calculated for 
the results of each primer separately. Finally, a binary cluster analysis was performed on a 
composite dataset, containing the results from the four different primers, using Dice’s index 
and the UPGMA clustering method (unweighted pair group method with arithmetic mean).  
The same cluster analysis was performed on a composite dataset containing both the results 
from the ornamentals collection and the PBTS collection. 
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5. Results	

1. The phenotypic properties of the ornamental isolates reveal biodiversity 

To evaluate whether the collection of leafy gall-associated bacteria can be differentiated based 
on phenotypic characteristics, particular properties were analyzed that are relevant for the 
interaction with the plants host. A summary of the results is given in Paragraph 1.5 in Table 7. 

1.1. Mucoidy and colony color divide the collection in different groups 

Rhodococcus fascians bacteria, when present on the outer surface of the plants, are covered 
by a slime-layer. This layer has not been biochemically characterized, but likely consists of 
exopolysaccharides (EPS), which have a positive effect on the bacterial growth and survival 
and on the attachment to the plant surface (Cornelis et al., 2001). An isolate that produces 
such a slime layer is called mucoid, which comes from the term mucus, meaning slime. 

To analyze the production of EPS, all isolates were plated on Potato Dextrose Agar (PDA) 
which contains an excess of dextrose. Interestingly, strain D188, the reference for leafy gall 
isolates, and SR13, the reference for PBTS isolates, behaved differently in this assay: whereas 
D188 was not mucoid, SR13 was (Figure 12). This finding indicates that mucoidy is not a 
species specific characteristic, since both D188 and SR13 are R. fascians. Additionally, 18 out 
of the 47 ornamental isolates had a mucoid appearance on PDA, but their level of mucoidy 
was not identical (Figure 12, Table 7). Thus, since mucoidy is not a specific characteristic of 
SR13, this feature cannot be linked to colonization of woody species such as pistachio. 

 
Figure 12: Mucoidy and colony color of all the ornamental isolates on PDA medium after 4 days of growth at 28°C. 
The isolate numbers indicated in green are those with a mucoid appearance. 
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Beside the mucoidy, also the colony color of the 47 isolates was determined on PDA medium. 
Most of the 47 isolates have a yellow-orange color, which is similar to the color of the reference 
Rhodococcus fascians D188 (Figure 12), suggesting that most of the isolates will probably be 
R. fascians. Nevertheless, some isolates have a lighter or salmon color (eg. 31, 34, 35, 36, 37) 
or a darker shade of orange (eg. 16 and 17) and 1 isolate has a white color (41). 

Finally, the texture of the colonies was evaluated on YEB medium. D188 had a rough and dull 
appearance on YEB, whereas SR13 was smoother and slightly shiny (Figure 13). The majority 
of the isolates had a smooth appearance, comparable to SR13, but some isolates produced 
both smooth and rough colonies. Both forms of these latter isolates were considered 
separately for further analysis (Table 3). When mucoidy and texture were compared, there did 
not seem to be a correlation between both characteristics: smooth isolates did not always 
become mucoid on PDA, and vice versa. 

 
Figure 13: Colony texture of several ornamental isolates on YEB medium after 4 days of growth at 28°C. 

(A) Rough phenotype of R. fascians strain D188 (B) Smooth phenotype of R. fascians strain SR13 (C) An example 
of a smooth isolate. 

1.2. Peroxidase but not catalase differentiates the ornamentals 

Next, the activity of peroxidase and catalase was tested. Hydrogen peroxide (H2O2) is 
produced by the plant as a reaction on pathogens and has an important role in the 
establishment of the plant disease resistance (Wojtaszek, 1997). It is thus important for plant-
associated bacteria to be able to resist this defense mechanism in order to be successful. The 
presence of peroxidase and catalase enables phytopathogens to defend themselves against 
these toxic peroxides (Francis et al., 2016). 

To test the catalase activity a few drops of H202 were spotted on the bacteria grown on PDA 
medium. In Figure 14 an example of the formation of bubbles is shown, indicative for oxygen 
gas production and a positive enzyme activity. No differentiation could be made based on the 
catalase activity, since all isolates were positive (Table 7). 

 
Figure 14: Example of the positive catalase activity of a PBTS isolate. 
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In contrast, the peroxidase assay did result in a variety of reaction degrees (Figure 15). Based 
on their peroxidase activity, the collection of ornamentals could be divided into 3 groups ( 
Figure 15, Table 7). The first group contained the majority of isolates, they had an activity 
similar to or stronger than that of D188. The second group contained isolates with a mild activity 
similar to that of SR13. The third and smallest group, finally, consisted of isolates with no 
peroxidase activity (eg. 1, 3, 10, and 28). 

 
Figure 15: Peroxidase activities of the 47 ornamental isolates and the reference strains. 

Isolate numbers indicated in white represent strong peroxidase activity, whereas those in orange correspond to 
weak peroxidase activity, and those indicated in red refer to the absence of peroxidase activity. 

Since EPS production can provide additional protection against ROS (Cornelis et al., 2001), 
the co-occurrence of mucoidy and peroxidase was evaluated. Whereas 11 of the 47 isolates 
were positive in both assays (Table 7), all other isolates were positive for one of both 
characteristics. This might indicate that R. fascians only requires one of these protection 
mechanisms to counter the H2O2 produced by the plant. Altogether, these results indicate that 
the ornamental isolates are well equipped to deal with the oxidative stress they encounter 
when interacting with their host. 

1.3. Not all ornamental isolates exhibit motility like D188 on NA 0,25% agar 

Although members of the genus Rhodococcus are described as a non-motile bacteria, we were 
able to show in our Bachelor thesis last year that R. fascians strains D88, D188-5 and SR13 
and R. corynebacterioides JK1 were motile, most likely by twitching (Deckers et al., 2016). 
Since motility is an important trait for pathogens, the motility of the ornamentals collection was 
tested on different concentrations of agar. Generally, bacteria can move on 0,25% agar but 
not on 1,5% agar (Deckers et al., 2016). 

As observed last year, the reference strain D188 was non-motile on the 1,5% agar, but strongly 
motile on the 0,25% agar plate (Error! Reference source not found.). When evaluating the 
motility of the collection of ornamental isolates, a range of different behaviors could be noticed. 
Based on the degree of motility, the isolates could be divided into three groups. The first group 
contained isolates that behaved like D188 (eg. 5, 16, 18, 27, …). The second group consisted 
of isolates that had an even stronger motility than D188 (eg. 7, 8, 10, 11, …). The third group 
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were isolates with a low degree of motility (eg. 1, 2, 9, 35, …) (Error! Reference source not 
found.). 

 
Figure 16:  Motility assay of the ornamental isolates shown after 3 days of incubation at 28°C. 

On the left, the percentage of agar in the medium is indicated; the numbers on top of the panels correspond to the 
isolate numbers. 

Interestingly, some isolates exhibited peculiar characteristics. For instance, the spreading zone 
of isolate 29 on both agar concentrations was almost identical, which would suggest that this 
isolate is even motile under a low degree of humidity. Similarly, although to a different extent, 
isolates 10, 33, 36, and 45 also showed some degree of motility on 1,5% agar plates. Even 
though these findings definitely merit further study, they are beyond the scope of this thesis. 

Based on these results it can be concluded that motility is a conserved feature of all 47 isolates 
of the ornamentals collection, but not all move with the same kinetics. 

1.4. Virulence differentiates the isolates into four groups 

The last phenotype that was assessed was virulence in the tobacco seedling assay. In this 
assay, the reference strain D188 consistently shows a strong pathogenicity with a complete 
growth inhibition of the seedlings that do not develop beyond the cotyledonary stage (Vereecke 
et al., 2000). In contrast, infection with D188-5, the plasmid-free derivate of D188, has no 
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negative effect on the seedlings and has recently been reported to promote plant growth 
(Francis et al., 2016). 

In agreement with these reports, D188 completely prevented plants development, whereas 
D188-5; had no or a moderate growth promoting effect (Figure 17). Based on this assay, the 
ornamental isolates could be divided into four categories. In contrast to what was expected, 
32 of the ornamental isolates had no inhibitory effect on seedling development and thus, are 
considered non virulent (eg. 1, 11, 14, 18, 26,…) (Figure 17). These isolates could possibly 
lack the linear plasmid or maybe pathogenicity is an unstable trait in these isolates as reported 
before in other studies (Nikolaeva et al., 2009; 2011). Only a small set of the isolates could 
inhibit seedling growth to the same extent as D188. These 5 isolates, 2, 9, 10, 20 and 42, are 
classified as pathogenic (Figure 17). It remains to be confirmed if these isolates contain the 
characteristic virulence genes, fas and att, that determine pathogenicity in D188. This will be 
tested later. A last set of isolates exhibited a milder virulent phenotype. Within this group, two 
different phenotypes could be discerned. Isolates 4, 6, 28 and 29 uniformly reduce the 
development of the seedlings to an intermediate level compared to D188. The effect of these 
isolates on the host is comparable to that induced by att mutants of D188 (Maes et al., 2001), 
thus possibly these isolates produce less or a different mixture of cytokinins. For the isolates 
7, 12, 21 and 34 the degree of inhibition of seedling development varied a lot within a single 
plate, suggesting that within the bacterial suspensions of these individual isolates, virulence is 
not a consistent trait. Nikolaeva et al. (2009) reported that the number of cells containing the 
fasD gene in a population used as inoculum has an influence on the severity of the symptoms. 
For this last group it is thus possible that pathogenicity is an unstable trait. 

 
Figure 17: Virulence assay on tobacco seedlings with the ornamental isolates 3 weeks after inoculation. 
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1.5. Overview of all tested phenotypic traits of the ornamentals isolates 

In Table 7, the results of the tested phenotypic traits of the 47 ornamental isolates and the three 
reference strains D188, D188-5 and SR13 are summarized. 

Table 7: Overview of all the phenotypic assays performed on the 47 isolates. 

Isolate	nr.	 Colony	
color	

Texture	 Mucoïdy	 Catalase	 Peroxidase	 Motility	 Virulence		

1	 y/o	 smooth	 -	 +	 -	 +	 -	
2	 y/o	 smooth	 +	 +	 +/-	 +	 +++	
3	 y/o	 rough	 -	 +	 -	 +	 -	
4	 y/o	 smooth	 +	 +	 +/-	 +	 +	
5	 y/o	 smooth	 -	 +	 +	 ++	 -	
6	 y/o	 rough	 -	 +	 +/-	 +	 +	
7	 y/o	 smooth	 +	 +	 -	 +++	 +	
8	 y/o	 rough	 -	 +	 +/-	 +++	 -	
9	 y/o	 smooth	 +	 +	 +/-	 +	 +++	

10	 y/o	 rough	 ++	 +	 -	 +++	 +++	
11	 y/o	 smooth	 +	 +	 +	 +++	 -	
12	 y/o	 smooth	 -	 +	 ++	 +++	 ++	
13	 y/o	 rough	 -	 +	 +	 +++	 -	
14	 y/o	 smooth	 -	 +	 ++	 +++	 -	
15	 y/o	 rough	 -	 +	 +	 +++	 -	
16	 y/o	 smooth	 -	 +	 +	 ++	 -	
17	 y/o	 smooth	 +	 +	 ++	 +	 -	
18	 y/o	 smooth	 +	 +	 ++	 ++	 -	
19	 y/o	 rough	 +/-	 +	 ++	 ++	 -	
20	 y/o	 smooth	 +	/-	 +	 ++	 +	 +++	
21	 y/o	 smooth	 -	 +	 ++	 ++	 +	
22	 y/o	 smooth	 -	 +	 -	 +	 -	
23	 y/o	 rough	 ++	 +	 ++	 +	 -	
24	 y/o	 smooth	 ++	 +	 ++	 +	 -	
25	 y/o	 rough	 +/-	 +	 +	 +++	 -	
26	 y/o	 smooth	 +	 +	 +	 +	 -	
27	 y/o	 smooth	 +	 +	 ++	 ++	 -	
28	 y/o	 smooth	 -	 +	 -	 +++	 ++	
29	 y/o	 rough	 +/-	 +	 -	 +	 +	
30	 y/o	 smooth	 +	 +	 -	 +	 -	
31	 s	 smooth	 -	 +	 +/-	 +++	 -	
32	 y/o	 smooth	 -	 +	 +/-	 ++	 -	
33	 y/o	 rough	 -	 +	 -	 +++	 -	
34	 s	 rough	 -	 +	 +	 +	 ++	
35	 s	 smooth	 -	 +	 +	 +	 -	
36	 s	 rough	 -	 +	 +	 +++	 -	
37	 s	 smooth	 -	 +	 +	 +++	 -	
38	 y/o	 smooth	 -	 +	 ++	 +	 -	
39	 y/o	 smooth	 -	 +	 +	 +	 -	
40	 y/o	 smooth	 -	 +	 +	 ++	 -	
41	 w	 rough	 -	 +	 +/-	 +++	 -	
42	 y/o	 smooth	 -	 +	 ++	 +++	 ++++	
43	 y/o	 smooth	 -	 +	 ++	 +++	 -	
44	 y/o	 smooth	 +	 +	 ++	 +	 -	
45	 y/o	 rough	 -	 +	 -	 ++	 -	
46	 y/o	 smooth	 -	 +	 -	 +	 -	
47	 y/o	 smooth	 -	 +	 +	 +	 -	

D188	 y/o	 rough	 -	 +	 +	 ++	 +++	
D188-5	 y/o	 rough	 /	 +	 /	 +++	 -	
SR13	 y/o	 smooth	 +	 +	 -	 +	 +	

 
y/o = yellow orange, y = yellow, s = salmon, w = white; the number of + marks correspond to the degree of the 
trait as explained in Materials and Methods.  
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2. 16S rDNA sequencing gives insight into the variation of Rhodococcus 
strains in the collection 

To ascertain that the biodiversity analysis was done on relevant strains, ie R. fascians isolates, 
a partial 1500 bp fragment of the 16S rDNA was amplified using PCR of all 47 isolates (Figure 
18). For isolates 25 and 28 no amplicon was obtained, even though the gDNA concentrations 
and qualities were good. Therefore these two isolates were omitted for the further assays in 
this study. 

  
Figure 18: PCR results of 16S rDNA amplification for all 47 isolates of the ornamentals collection. 

For all the other isolates the fragments were eluted from the gel using the Wizard® SV Gel 
and PCR clean-up system (Promega) and sent to the LGC-group for sequencing. Because the 
DNA concentrations of the eluted amplicons only ranged between 5 and 22 ng/µL, which is 
relatively low, the obtained sequences were very short and of poor quality. Therefore, 
phylogenetic analysis was not possible. The sizes and the BLAST results for all the individual 
sequences can be found Table 8. For three of the isolates a contig was able to be formed 
(isolates10, 34 and 42). 

However, for all isolates, except for isolate 14 which did not yield any useable sequence, 
BLAST searches revealed that they all belonged to the genus Rhodococcus (Table 8). 
Although the results can only be considered as indicative, based on these searches, the 
isolates with a similar color as D188, yielded best hits to R. fascians, whereas the five isolates 
with a salmon color (isolates 31, 34, 35, 36 and 37) and the white isolate (41), would all be 
Rhodococcus erythropolis (Table 8). Despite the poor quality of the generated sequences, the 
phenotype is thus in agreement with the identification to the species level based on the partial 
16S rDNA data. 

According to the colony morphology of isolate 14, determined above, it was decided to keep 
this isolate in the collection for the further analyzes. 
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Table 8: List of the amplicon sizes and the best BLAST results with the identity percentages. 
For isolates 25 and 28 no amplicons were obtained and are thus not present in this table.  

Isolate	nr.	 	 Sequence	size	
(bp)	

Cleaned	
sequence	(bp)	

BLAST	resultsa	 Identity	(%)	

1	 Fw	 366	 199	 Rhodococcus	sp.	I-A-R-14		 100	
Rv	 459	 242	 Rhodococcus	fascians	strain	MH	F2	 100	

2	 Fw	 270	 125	 Rhodococcus	fascians	strain	MH	F2	 100	
Rv	 446	 275	 Rhodococcus	fascians	strain	MH	F2	1	 100	

3	 Fw	 339	 198	 Rhodococcus	erythropolis	strain	acr30	 100	
Rv	 465	 293	 Rhodococcus	fascians	strain	MH	F2		 100	

4	 Fw	 320	 234	 Rhodococcus	fascians	strain	MH	F2	 100	
Rv	 505	 329	 Rhodococcus	cercidiphylli	strain	DB31	 100	

5	 Fw	 162	 52	 Rhodococcus	fascians	strain	MH	F2	 100	
Rv	 200	 /	 Rhodococcus	sp.	MCCC	1A09844	 100	

6	 Fw	 156	 140	 Rhodococcus	erythropolis	strain	acr30		 100	
Rv	 /	 	 	 	

7	 Fw	 206	 166	 Rhodococcus	erythropolis	strain	acr30	 100	
Rv	 217	 152	 Rhodococcus	fascians	strain	MH	F2	 99	

8	 Fw	 158	 98,00	 Rhodococcus	fascians	strain	MH	F2	 100	
Rv	 264	 180	 Rhodococcus	fascians	strain	IHBB	11075	 100	

9	 Fw	 220	 154	 Rhodococcus	erythropolis	strain	acr30	 100	
Rv	 260	 223	 Rhodococcus	sp.	Axs17	 100	

10	 	 1391	 	 Rhodococcus	fascians	D188	 99	

11	 Fw	 233	 189	 Rhodococcus	cercidiphylli	strain	A41	AS-1	 100	
Rv	 344	 241	 Rhodococcus	cercidiphylli	strain	DB31	 100	

12	 Fw	 152	 118	 Rhodococcus	fascians	strain	MH	F2	 100	
Rv	 179	 140	 Rhodococcus	rhodochrous	strain	PRK1	 100	

13	 Fw	 268	 133	 Rhodococcus	cerastii		 100	
Rv	 200	 /	 Rhodococcus	sp.	K25-D12P	 82	

14	 Fw	 149	 	 /	 	
Rv	 669	 	 /	 	

15	 Fw	 211	 143	 Rhodococcus	fascians	D188	 100	
Rv	 198	 	 /	 	

16	 Fw	 155	 124	 Rhodococcus	fascians,	isolate	0511MAR18R3	 100	
Rv	 164	 /	 Rhodococcus	erythropolis	strain	JA30	 88	

17	 Fw	 /	 	 	 	
Rv	 156	 /	 Enterobacter	sp.	BN-30	 97	

18	 Fw	 153	 145	 Rhodococcus	sp.	strain	GCKH	 99	
Rv	 226	 /	 Rhodococcus	fascians	D188	 98	

19	 Fw	 163	 136	 Rhodococcus	fascians	strain	D117	 100	
Rv	 189	 /	 Rhodococcus	fascians	D188	 97	

20	 Fw	 107	 85	 Rhodococcus	fascians	strain	MH	F2	 97	
Rv	 153	 	 /	 	

21	 	 /	 	 	 	
22	 	 /	 	 	 	
23	 	 /	 	 	 	
24	 Fw	 178	 124	 Rhodococcus	cercidiphylli	strain	DB31	 100	

Rv	 89	 /	 /	 	
26	 Fw	 581	 418	 Rhodococcus	fascians	strain	D117	 100	

Rv	 656	 558	 Rhodococcus	fascians	D188	 100	
27	 Fw	 503	 388	 Rhodococcus	erythropolis	strain	acr30		 100	

Rv	 591	 409	 Rhodococcus	fascians	D188	 100	
29	 Fw	 232	 197	 Rhodococcus	yunnanensis,	strain	R-36475	 99	

Rv	 /	 	 	 	
30	 Fw	 288	 /	 Rhodococcus	yunnanensis,	strain	R-36475	 95	

Rv	 587	 243	 Synthetic	construct	gene	for	CN	8	single	chain	
antibody,	complete	cds	

95	

31	 Fw	 342	 290	 Rhodococcus	erythropolis	strain	FS49	 100	
Rv	 /	 	 	 	

32	 Fw	 269	 195	 Rhodococcus	cercidiphylli	strain	A41	AS-1	 99	
Rv	 252	 /	 Rhodococcus	fascians	strain	MH	F2	 98	
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33	 Fw	 275	 255	 Rhodococcus	fascians,	isolate	0511MAR18R3	 99	
Rv	 /	 	 	 	

34	 	 1353	 	 Rhodococcus	erythropolis	strain	FS49		 99	

35	 Fw	 263	 212	 Rhodococcus	erythropolis	strain	FS49	 100	
Rv	 /	 	 	 	

36	 Fw	 152	 133	 Rhodococcus	erythropolis	strain	FS49	 100	
Rv	 /	 	 	 	

37	 Fw	 228	 170	 Rhodococcus	erythropolis	strain	FS49	 100	
Rv	 111	 /	 Rhodococcus	sp.	PLB062	 95	

38	 Fw	 160	 124	 Rhodococcus	fascians,	isolate	0511MAR18R3	 100	
Rv	 /	 	 	 	

39	 Fw	 158	 149	 Rhodococcus	cercidiphylli	strain	A41	AS-1	 99	
Rv	 244	 197	 Rhodococcus	fascians	strain	MH	F2	 100	

40	 Fw	 214	 144	 Rhodococcus	cercidiphylli	strain	A41	AS-1	 99	
Rv	 187	 152	 Rhodococcus	equi	strain	CUB	1258	 100	

41	 Fw	 154	 123	 Rhodococcus	erythropolis	strain	FS49	 100	
Rv	 /	 	 	 	

42	 	 1386	 	 Rhodococcus	erythropolis	strain	FS49	 99	

43	 Fw	 142	 113	 Rhodococcus	cercidiphylli	strain	DB31	 99	
Rv	 /	 	 	 	

44	 Fw	 200	 156	 Rhodococcus	fascians	strain	D117	 100	
Rv	 231	 /	 Rhodococcus	fascians	D188	 97	

45	 Fw	 110	 94	 Rhodococcus	cercidiphylli	strain	DB31	 99	
Rv	 /	 	 	 	

46	 Fw	 /	 	 	 	
Rv	 /	 	 	 	

47	 Fw	 155	 113	 Rhodococcus	cercidiphylli	strain	DB31	 98	
Rv	 134	 /	 Rhodococcus	globerulus	strain	PG-3-16	 	

JK1	 	 1371	 	 Rhodococcus	sp.	PBTS1	 99		 	 	
SR13	 Fw	 230	 121	 Rhodococcus	sp.	PBTS2	 99	

	 Rv	 200	 /	 Arthrobacter	sp.	0911ARD13M3	 79	
a BLAST results indicated in gray were performed on unmodified sequences. This was done when the sequence quality was to 
low. 
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3. ISSR analysis 

Based on their phenotypic characteristics, but mainly focused on virulence, 15 isolates were 
selected for the further genomic analysis. Five strongly virulent isolates (2, 9, 10, 20 and 42), 
five mildly virulent isolates (4, 7, 12, 28 and 34), and five non virulent isolates (3, 11, 14, 35 
and 45) were chosen. 

3.1. Testing of the robustness of the ISSR technique 

To get a view on the genomic diversity of the 15 selected isolates, ISSR was chosen. Because 
ISSR had not been used before for the analysis of Rhodococcus genomes, the robustness of 
the technique had to be tested. First, three technical repeats on 23 gDNA samples were done 
with 3 primers (primers 6, 11 and 14). Because this validation was done at NMSU, most of the 
samples analyzed were from PBTS isolates. Nevertheless, gDNA from D188 and D188-5 were 
used as a control, so the technical reproducibility was also assessed for ornamentals. As 
illustrated in Figure 19, the technical repeats gave consistent results for all 3 primers and thus 
small human errors or other technical fluctuations that might occur during the PCR setup do 
not seem to affect the outcome of the ISSR analysis. 

 
Figure 19: Technical replicates of ISSR analysis on single gDNA preparations of a selection of isolates with the 
primers 6, 11 and 14. Here only the results of the control strains are illustrated. 

Then, the reproducibility was further evaluated with biological repeats using the 15 primers on 
three gDNA preparations from D188, and two from SR13 and JK1 extracted in New Mexico 
and Ghent at different moments in times (Figure 20). Besides testing the robustness of the 
ISSR technique on biological replicates, this analysis was also done to determine the four best 
primers that could differentiate between the isolates. The DNA samples ending on “USA” were 
extracted using the MOBIO PowerLyzer PowerSoil DNA isolation kit at NMSU, whereas the 
DNA samples ending on “MD” were extracted in Ghent according to the protocol described in 
Materials and Methods. The DNA samples ending on “DV” were extracted previously with the 
same protocol by Dr. Vereecke. 
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Figure 20: Assessing the reproducibility of ISSR with all 15 primers on three biological replicates of three 
reference strains. 
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An overview of all ISSR analyses with the 15 different primers is given in Figure 20. The 
banding patterns were a bit blurry for some samples because the electrophoresis was run 
relatively fast in a Mupid system, which is not ideal for this type of analysis. Overall, for 
individual primers, the results from the three biological replicates are comparable, indicating 
that the extraction method has little impact on the obtained patterns. Thus, based on these 
data it seems that the ISSR technique is robust and reproducible and can be used to analyze 
the biodiversity of Rhodococcus isolates. 

Depending on the primers used, different results were obtained (Figure 20). 
Primers 1, 7 and 12 did not generate fragments for all the tested samples and were thus not 
useful for the final analysis. With primers 4 and 9 too, few differential fragments were obtained 
to allow for a good analysis and with primers 8 and 15 the banding patterns in the replicates 
were not reproducible, thus these primers were not considered for further use. Primer 5 
appeared to give a suitable and differential banding pattern for the three strains, but based on 
a previous study with this primer by Dr. Vereecke (results not shown) it was not retained either. 
Primers 2 and 14 were discarded because they generated many fragments in the template-
free controls (blanks), even though the banding patterns were good and differential for the 
strains. Primer 3 gave consistent results for the R. fascians samples, but not for the 
R. corynebacterioides samples and so could not be used either. Finally, primers 10, 11 and 13 
were selected for the final analysis because they yielded clear and differential banding patterns 
with a sufficiently high number of bands. Despite the poor results obtained here with primer 6, 
this primer was also selected for the final analysis because it gave good results in a previous 
analysis. So for the sake of comparison it was retained. 

3.2. Final ISSR analysis with primers 6, 10, 11 and 13 

The final ISSR PCR was performed with the four selected primers above. The result of these 
final ISSR analyzes on these 15 isolates can be found Figure 21. The banding patterns 
revealed that some of the isolates were probably highly related to D188, whereas others 
consistently gave a very different result and were thus likely less similar to D188. However, it 
has to be noted that this does not hold true for all primers. Indeed, depending on the primer 
used, different genomic regions are being analyzed, so different results can be expected. 
Isolate 14, for instance, is similar to D188 based on the patterns obtained with primers 6, 10 
and 11, but not with primer 13. Similarly, primers 10, 11 and 13 reveal a relatedness between 
isolate 12 and D188, but less so with primer 6. For isolate 20 only with primer 13 a similarity 
to D188 is apparent. 

Comparable conclusions can be drawn on the relatedness amongst the isolates themselves 
(Figure 21). Even for highly similar isolates, such as isolates 3 and 4, and 10 and 11 that are 
the rough and smooth variants of the same starting isolates, no identical patterns are obtained 
with all 4 primers. The same is observed for isolates 7 and 9 that are two smooth variants of 
isolate NCPPB766. Intriguingly, for 3 of the 4 primers, isolates 34 and 35 that are salmon 
colored and based on the partial 16S rDNA sequence most likely R. erythropolis, appear similar 
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to isolate 28 and 42 with which they do not share a single phenotypic feature. These 
observations illustrate the resolving power of the ISSR technique. 

 
Figure 21: ISSR analysis with the four selected primers on the 15 selected isolates from the ornamentals collection. 
Isolates 2, 9, 10, 20 and 42 are virulent, isolates 4, 7, 12, 8 and 34 are mildly virulent and isolates 3, 11, 14, 35 and 
45 are non-virulent. 
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3.3. The ISSR patterns but not the phenotypic traits divide the collection in different 
clades 

Because it is not possible to fully grasp the evolutionary relatedness between the isolates by 
simply looking at the banding patterns, the results from the four different primers were 
combined to obtain more reliable and robust conclusions by using the BioNumerics software. 
The profiles of the reference PBTS R. fascians strain SR13 generated by Margo Degieter in 
parallel to this work, were also included in the analysis. The outcome of this analysis for the 
15 ornamental isolates and the two reference strains is shown in Figure 22. Overall, two 
branches can be discerned. 

The majority of the isolates are present in clade 1, which further divides into 3 sub-clades. 
Intriguingly, in sub-clade 1-1 which contains D188, the strain most related to D188 appears to 
be the PBTS isolate SR13. This clade also contains isolates 12, 14, and 45. Sub-clade 1-2 
consists of the isolates 10, 11 and 20, and sub-clade 1-3 encompasses the isolates 2, 3, 4, 7 
and 9. In these latter sub-clades, the derivatives of the same isolates (3 and 4, 10 and 11, and 
7 and 9) always cluster together, supporting the validity of this analysis. 

In clade 2, the putative R. erythropolis-like isolates 34 and 35 cluster together with isolate 28, 
and in another sub-branch with isolate 42. As mentioned before, whereas isolates 34 and 35 
look like R. erythropolis, based on their phenotype isolates 28 and 42 are much more similar 
to D188 and both isolates are virulent. 

When the phenotypic features are superimposed on the phylogenetic tree, no strong 
correlations are revealed. Virulence does not seem to be associated with a specific clade, nor 
do peroxidase activity and motility (Figure 22). However, the 4 isolates in clade 2 (34, 35, 28 
and 42) are all non-mucoid and this is also the case for the three isolates in sub-clade 1-1 (12, 
14 and 45). Interestingly, when the host of isolation is considered clear groupings can be 
observed. Isolates from sub-clade 1-2 have all been isolated from Lathyrus odoratus, sub-
clade 1-3 from Fragaria chiloensis and clade 2 mostly from Lilium (Figure 22). 
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Figure 22: Phylogenetic tree of the 15 ornamentals isolates based on ISSR patterns obtained with 4 primers. 
Different phenotypic features are indicated: y/o = yellow-orange; NM = Non-mucoid, M = mucoid; Mo = motile; 
V = virulent, NV = non-virulent; PP = peroxidase positive, PN = peroxidase negative. 

4. Leafy gall isolates vs. PBTS isolates 

A similar analysis with the same 4 primers has been done on a selection of PBTS isolates 
(master thesis of Margo Degieter). To get insight into the relatedness of the ornamental and 
the PBTS isolates their combined ISSR patterns were compared by BioNumerics and a 
phylogenetic tree was generated onto which the hosts of isolation were added (Figure 23). 

Four clades could be distinguished (Figure 23). Clade 1 contains all R. fascians isolates from 
different hosts, whereas clade 2 were all R. fascians ornamental isolates from strawberry. 
Clade 3 were the R. erythropolis-like isolates from the ornamental collection and clade 4 
consisted of R. corynebacterioides isolates from different berries. Interestingly, the three 
R. corynebacterioides isolates from pistachio trees (OB1-14, JK1 and OB1-JK5) were all 
outgroups of clades 2, 3 and 4 respectively, suggesting that they are highly divergent. Isolate 
OB1 16 obtained from a mouse caught in a greenhouse with PBTS trees, was a complete 
outgroup and most probably does not belong to the genus Rhodococcus. 
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Clade 1 was further divided into the 3 sub-clades. Sub-clade 1-1 consisted of a mixture of 
ornamental and PBTS R. fascians isolates and encompassed strain D188 and SR13 that were 
strongly related. Sub-clade 1-2 only consisted of PBTS isolates from different hosts and 
subclade 1-3 represented ornamental isolates obtained from Lathyrus. 

 
Figure 23:Phylogenetic tree of the 15 ornamental isolates combined with a selection of 12 PBTS isolates. 

The three reference strains were Rhodococcus fascians strain D188, R. fascians strain SR13 (isolate PBTS-2) 
and R. corynebacterioides strain JK1 (isolate PBTS-1). The hosts of origin of the isolates are indicated as well as 
the vicA results (see Figure 27). The colors of the isolate names represent the three different colony colors. 
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5. Towards the development of a robust diagnostic PCR 

Nurseries and growers who notice abnormalities in their plants need to know as soon as 
possible what the cause of the symptoms is. For detection of pathogens, diagnostic tools such 
as ELISA or PCR are very valuable because they offer a relatively quick and reliable answer 
to the problem. Although diagnostic methods have been described for ornamental R. fascians 
isolates (Creason et al., 2014; Nikolaeva et al., 2012; Serdani et al., 2012; Stange et al., 1996; 
Vereecke et al., 2002), with the occurrence of PBTS, these tools need optimization. 

5.1. Testing of different primers to find the best diagnostic genes 

Ideally, a diagnostic primer or a set of primers should allow to differentiate between the 
ornamental and the pistachio pathogenic isolates. The target sequences that were selected 
are: the ITS sequence, a linear plasmid maintenance gene pFi_09, the chromosomal virulence 
gene vicA, the cytokinin biosynthesis gene fasD and the autoregulatory gene attA. Based on 
previous reports, two primers were available for the vicA and the fasD targets (Nikolaeva et 
al., 2009; Nikolaeva et al., 2012). So first, the best PCR conditions for the 7 primers (see Table 
5 in Materials and Methods) were determined, this by adapting the number of cycles, the 
annealing temperatures and the extension times. Following annealing temperatures and 
number of cycles worked best for the five final primer sets: ITS (55°C, 30 cycles), vicA (55°C, 
30 cycles), for fasD a new primer was developed in this work resulting in a bigger amplicon 
(614 bp) (50°C, 35 cycles), pFi_09 (55°C, 35 cycles) and attA (55°C, 35 cycles). Based on 
these results (data not shown), a single primer set for each target gene was selected that gave 
a specific amplicon of the expected size with gDNA from D188 as a template. 

Then, the specificity of the 5 selected primers was tested on gDNA of 6 reference strains: three 
R. fascians strains (D188, D188-5 and SR13), two R. corynebacterioides isolates (JK1 and 
JK5) and R. erythropolis as an outgroup (Figure 24). The ITS target was used as a positive 
control and yielded an amplicon of 510 bp in all 6 samples, indicating that the DNA was of 
sufficient quality. For vicA, only the R. fascians samples generated a clear amplicon of the 
expected size, demonstrating that this primer set is diagnostic for R. fascians. A faint aspecific 
larger amplification product was detected with the two R. corynebacterioides templates. The 
primer set for pFi_09, a marker for the presence of a linear plasmid, was developed in this 
work. The sequence of this gene is 100% conserved in all the sequenced R. fascians strains 
that have a linear plasmid (Creason et al., 2014). Only with the gDNA of D188 as template a 
specific amplicon was obtained, suggesting that the PBTS strains do not have a linear plasmid 
related to that of D188 or none at all. The autoregulatory att locus is the only set of genes that 
is 100% conserved in all pathogenic R. fascians strains (Creason et al., 2014). Interestingly, 
besides the amplification with gDNA from D188, an attA fragment of the expected size was 
also amplified with gDNA from the three PBTS isolates, implying that part of the virulence 
strategy might be conserved in these pathogens. Similar results were obtained for the fasD 
gene, suggesting that also PBTS would be in part provoked by bacterial cytokinins. 
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Figure 24: Preliminary test of the different diagnostic PCR primers (ITS, vicA, pFi_09, attA and fasD). 

Based on these results, the vicA gene seems to have a good diagnostic value to differentiate 
R. fascians from other Rhodococcus species. With attA and fasD, pathogenic isolates can be 
discerned from nonpathogenic ones. 

5.2. The diagnostic PCRs still need optimization to be applicable to the field 

Next, the 15 selected ornamental isolates were analyzed with the 5 different primer sets. 
Unexpectedly, in this experiment done with the same gDNAs and under the same conditions 
as the preliminary PCRs (Figure 24), very different results were obtained for the references 
(Figures 25 and 26). Whereas very poor amplification of the ITS sequence was obtained, 
pFi_09, fasD and attA were amplified in all reference samples. Therefore, for these 4 primers, 
the results obtained for the isolates are unreliable. 

 

Figure 25: ITS PCR on the 15 ornamentals isolates. 
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Figure 26: pFi_09, fasD and attA PCR on the selected 15 ornamentals isolates. 

Only for vicA, usable results were obtained, although there was some variation in the amplicon 
size of the reference samples (Figure 27). Interestingly, the 5 isolates yielding a clear amplicon, 
11, 12, 14, 20 and 45, all clustered together with D188 in subclade 1-1 of the phylogenetic tree 
generated by the ISSR profiles of the 15 ornamentals isolates (Figure 22). Moreover, almost 
all isolates of clade 1 of the combined phylogenetic tree for the ornamental and PBTS isolates 
were vicA positive (Figure 23), indicating that the vicA PCR might have a strong diagnostic 
value for this subset of R. fascians strains. 
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Figure 27: vicA PCR on the 15 ornamentals isolates. 

Based on these results it can be concluded that optimization is still needed before these primer 
sets could be used as diagnostic tools for the detection of pathogenic R. fascians isolates and 
the relatively new PBTS isolates by the industry. 
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6. Discussion	
In this thesis we set out to get insight into the diversity among R. fascians isolates obtained 
from ornamental plants by analyzing both their phenotypic features and their genomic 
characteristics. 

The phenotypes that were considered could all be related to the interaction with plants. 
The first feature that was assessed was the capacity to form mucoid colonies on PDA medium. 
In some plant-pathogenic bacteria the exopolysaccharide production is an important 
parameter. Alginate for example, produced by Pseudomonas syringae, has an important role 
in the production of biofilms (Yu, at al., 1999). Another example is Erwinia stewartii, where 
EPS-defective strains showed a reduced virulence due to a slower spreading in the plant 
(Braun, 1990). According to the study of Cornelis et al. (2001), epiphytic colonies of R. fascians 
form a slime-layer that helps to modify the environment around the bacteria and could protect 
them against desiccation. The linear plasmid is not involved in the production of this slime 
layer, which means that non-virulent strains can also produce it. In agreement with this finding, 
Francis et al. (2016) reported that a gene cluster consisting of multiple genes involved in 
exopolysaccharide production is located on the chromosome of R. fascians strain D188. 
Nevertheless, the role of these EPS genes in biofilm formation is still to be determined (Francis 
et al., 2016). Strain D188 does not produce mucoid colonies on PDA, implying that EPS 
production in this strain might be restricted to the interaction with a host. Whatever the case, 
in the tested collection, mucoidy was not an uncommon characteristic, but there was no clear 
correlation between pathogenicity and mucoidy. 

Hydrogen peroxide (H2O2) is produced by the plant as a reaction on the presence of a 
pathogen and it plays an important role in the establishment of the plant disease resistance 
(Jang et al., 2016). Thus, successful plant pathogens should be able to cope with such reactive 
oxygen species (ROS). Generally, Rhodococcus species have a good resistance against 
desiccation caused by these ROS (Urbano et al., 2014) and the chromosome of R. fascians 
strain D188 has several genes encoding peroxidases and catalases (Francis et al., 2016). 
Catalase is an enzyme that mediates the decomposition of hydrogen peroxide to water and 
oxygen. Interestingly, all ornamentals isolates, including strain D188, were positive for catalase 
activity. In contrast, not all isolates scored positive for peroxidase activity. Nevertheless, 
peroxidase activity did not seem to be specific to a particular clade. 

In Acinetobacter oleivorans hydrogen peroxide stimulates exopolysaccharide production and 
increases biofilm formation (Jang et al., 2016), indicating that EPS production is an additional 
defense mechanism against ROS activity. Although no strict correlation could be established 
between mucoidy, catalase nor peroxidase activity and virulence in the ornamental collection, 
it is interesting to note that all the virulent isolates were positive for two or more of these 
characteristics. 

Motility is a recently discovered property of R. fascians strain D188 (Deckers et al., 2016). Here 
we could show that all 47 isolates of the ornamentals collection had the ability to spread on 
0,25% NA medium, although not all to the same extent. Consequently, motility can be seen as 
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a common characteristic of R. fascians and maybe even R. erythropolis, which is in contrast 
to what is reported in Bergey's Manual of Systematic Bacteriology. 

Finally, the virulence of the ornamental collection was analyzed on tobacco W38 by seed 
inoculation. Virulence divided the 47 ornamental isolates into four groups depending on the 
degree of plant growth inhibition. The pathogenicity of some of the isolates (38, 39, 40, 42, 43, 
44, 45 and 46) had been analyzed before on three different ornamental plants (Vantomme et 
al., 1983). Interestingly, when our data were compared to those, no similarities were found. 
For instance, the results on the three different ornamental plants already showed variations in 
virulence between them and none of them resulted in similar virulence results as this study. 
Different possible explanations can be envisioned for these discrepancies. It is known that 
virulence is dependent on the type of host and the inoculation procedure (Vereecke et al., 
2000), a fact that was already acknowledged by Vantomme et al. So possibly, our choice of 
tobacco as a host, might affect the outcome of the pathogenicity test. Additionally, whereas 
pathogenicity is a very stable characteristic of strain D188, this is not the case for all isolates. 
Indeed, Stange et al. (1996) and Nikolaeva et al (2009; 2012) reported the common loss of 
pathogenicity in several R. fascians isolates. Thus, it cannot be ruled out that some of the 
isolates of the collection have lost their pathogenicity during several co-cultures that were done 
to maintain the collection. The pathogenicity of isolates 20 and 45 has also been tested by 
Creason et al. (2016) on tobacco, and in that case, those results and ours are consistent. 

Thus based on their phenotypic properties it seems that there is quite some diversity amongst 
the ornamental isolates. 

To confirm that all isolates were actually Rhodococcus, prior to the ISSR analysis, the 16S 
rDNA of all 47 isolates was sequenced. Unfortunately, the sequences were of very poor quality 
and so a phylogenetic tree could not be generated from them. Nevertheless, based on the 
short reads it could be confirmed that all isolates belonged to the species Rhodococcus, most 
were likely to be R. fascians and some were R. erythropolis. Then, based on their 
pathogenicity, 15 isolates were selected for the ISSR analysis: five virulent, five mildly-virulent, 
and five non-virulent isolates were chosen from the collection. Isolates 20 and 45 were selected 
because their genomic sequence was known; isolates 3 and 11 were retained because 
preliminary ISSR data were available for them; isolate 11 was the smooth variant of isolate 10 
(virulent) and isolate 35 was the smooth variant of isolate 34 (mildly virulent), so it would be 
interesting to see whether they would cluster together; and finally isolate 14 was chosen 
because preliminary PCR data were available. 

With this selection ISSR was done using 4 different primers (6, 10, 11 and 13) and the banding 
profiles were analyzed and combined by the BioNumerics software generating a phylogenetic 
tree. The 15 isolates were divided in three clades: clade 1 and 2 consisted of R. fascians 
isolates, whereas clade 3 grouped the R. erythropolis isolates. Thus, the ISSR analysis could 
differentiate between the two species. Interestingly, all isolates of clade 2 originated from 
strawberry, suggesting that some level of host specification might occur. Clade 1 could be 
subdivided in two sub-clades. Sub-clade 1-2 consisted of R. fascians isolates obtained from 
Lathyrus, supporting the notion of host specialization. The most intriguing clustering however, 
was observed in sub-clade 1-1, where the reference R. fascians ornamental strain D188 
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appeared to be more related to the reference R. fascians PBTS strain SR13 than to any of the 
other ornamental isolates included in the study. 

To elaborate on this finding, the ISSR patterns obtained for 12 PBTS isolates confirmed to 
belong to the species Rhodococcus, were included in a BioNumerics analysis to generate a 
larger phylogenetic tree of the two bacterial collections. These data divided the isolates in four 
clades. Importantly, the ornamental clades were retained in this extended analysis. Somewhat 
unexpectedly however, the PBTS isolates did not cluster into separate clades, but instead were 
interspersed amongst the ornamentals. Whereas clade 2 consisted of the strawberry 
R. fascians ornamental isolates, the R. erythropolis-like isolates from the ornamental collection 
were grouped in clade 3, and clade 4 consisted of R. corynebacterioides isolates from different 
berries. Clade 1, in which D188 and SR13 were situated, consisted of both PBTS and 
ornamental isolates and was further divided into 3 sub-clades. Sub-clade 1-2 only consisted 
of PBTS isolates from different hosts and subclade 1-3 represented the Lathyrus ornamentals. 
In subclade 1-1 the strong relatedness between D188 and SR13 was confirmed, these isolates 
are more related to each other than they are to other ornamental or PBTS isolates, 
respectively. Another very interesting finding that came from this analysis was that the three 
R. corynebacterioides isolates from pistachio trees (JK1, OB1-JK5, and OB1-14) did not 
cluster together in a single clade, but instead were outgroups of clades 2, 3, and 4, suggesting 
that they are highly divergent. 

Although the results on the development of diagnostic PCRs were somewhat disappointing, 
when the vicA results were superimposed on the combined phylogenetic tree a fascinating 
outcome was revealed: vicA amplification seems to be restricted to clade 1. At this moment it 
is not clear what the implications of this finding are. Possibly, the vicA presence is linked to a 
specific chromosomal background that might be linked to a specific life style. To get more 
insight into this aspect, more ornamentals as well as PBTS isolates should be analyzed by 
ISSR and vicA PCR and ideally their genomes should be sequenced. 

To conclude, the hypotheses that were postulated at the onset of these studies were that the 
biodiversity of the leafy gall isolates would be high and that of the PBTS isolates would be 
lower. Based on our results, there is indeed a high diversity amongst the ornamentals isolates 
both at the phenotypic and the genomic level. In contrast to our expectations, the biodiversity 
of the PBTS isolates is high as well, especially in the R. corynebacterioides strains obtained 
from pistachio plants. Thus, for this species, we might postulate that R. corynebacterioides 
might be a natural endophyte of pistachio that has been subjected to many mutations. For the 
R. fascians PBTS isolates, a higher degree of relatedness was revealed since they cluster 
together in clade 1. Intriguingly, SR13 is most related to D188, suggesting that these two 
strains might have a common origin. This finding implies that PBTS might find its origin in the 
introduction of an ornamental isolate into the pistachio production facilities. However, it is 
important to note that these conclusions are based on a relatively small set of analyzed 
isolates. Ideally, this study should be extended with all 47 ornamentals and additional PBTS 
isolates confirmed to belong to the species Rhodococcus and obtained uniquely from pistachio 
plants. 
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