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Symbioses are a spectrum of interactions between organisms living in close 

association. These intimate interactions range from mutualism, in which both 

organisms benefit, to parasitism, where one organism benefits at the expense of 

the other. Horizontal gene transfer is the acquisition of genes independent of 

vertical transmission and demonstrably promotes the transition of bacteria from 

free-living to symbiotic. The horizontal acquisition of plasmids allows members of 

the Agrobacterium and Rhodococcus genera to cause disease to plants, many of 

which are important for the ornamental plant industry. Therefore, the accurate and 

rapid diagnosis of these pathogens is critical for management, and failure to 

properly diagnose or respond can result in severe economic losses. Indeed, some 

diagnostic methods have the potential to be misleading and assign nonpathogenic 

Rhodococcus as the causative agents of disease. I test the hypothesis that 

horizontal gene transfer can elicit the transition of Rhodococcus between beneficial 

and pathogenic states.



I demonstrate that most Rhodococcus isolates are beneficial and promote 

changes to the root system, such as those that are frequently associated with plant 

growth promoting bacteria. I further demonstrate that beneficial Rhodococcus 

strains transition to pathogens upon the acquisition of a virulence plasmid. These 

are virulent on plants and can cause disease symptoms to both roots and aerial 

portions of plants. Lastly, I develop reagents for use in a sensitive and specific 

novel diagnostic test that accelerates identification of pathogenic strains of 

Rhodococcus and Agrobacterium. This work highlights the fluidity in the evolution 

of plant-associated bacteria and how transitions in symbiotic state can confound 

diagnosis. 
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Symbioses are the coexistence of dissimilar species with each other. These 

protracted and close interactions encompass a wide range of types. Mutualistic 

symbioses are beneficial to the organisms involved and the organisms have traits 

that enable and stabilize the relationship. A prominent example of this type of 

relationship is the interaction between mycorrhizal fungi and over 90% of plant 

species (Bonfante and Genre 2010). The fungi’s filamentous structure and 

membrane composition allow for better exploitation of water and nutrients, namely 

phosphorous and nitrogen, from the surrounding soil to improve the nutrient status 

of their host plants (Bonfante and Genre 2010). The increased access to nutrients 

is an evolutionary driver of the interaction. The host plants reciprocate benefits by 

providing the fungi with photosynthates, thus reducing the burden of the fungus 

(Relman 2008). On the other end of the symbiotic spectrum are parasitic 

interactions. In these types, one member gains from the partnership at a fitness 

cost to the other. For example, the parasitic weed Striga attacks the roots of its 

plant host and robs them of water and essential nutrients, leading to stunted 

growth, wilting, and reduced yields (Musselman 1980; Sauerborn 1991).   

Bacterial symbionts have evolved a diversity of mechanisms that give them 

access to hosts and allow bacterial cells to proliferate within host tissues and cells. 

However, fundamental questions concerning the origins of bacterial mutualisms 

remain unanswered. It has been hypothesized that mutualists transition from 

parasites via a process of virulence gene loss (Ewald 1987). An alternative 

hypothesis proposes that mutualistic bacteria can evolve from free-living bacteria 

in which environmental bacteria possess traits that can impose immediate benefit 
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to the host or acquire these traits from their environment, but this mechanism is 

not well understood (Ewald 1987; Sachs, Ehinger, and Simms 2010).   

A key transformative event that drives evolutionary change in symbiotic 

relationships is the horizontal acquisition of DNA, called horizontal gene transfer 

(HGT). HGT is the sharing of genetic material between organisms, independent of 

vertical transmission from parent to offspring (Soucy, Huang, and Gogarten 2015). 

There are three commonly recognized mechanisms of HGT in bacteria: 

conjugation, transformation, and transduction. Conjugation is the direct exchange 

of genetic material through physical contact. In this case, the bacteria have a 

specialized appendage, referred to as a conjugation pilus, which serves as a 

means for genetic transfer (Ochman, Lawrence, and Groisman 2000). In 

transformation, the recipient cell uptakes exogenous DNA from its environment 

(Ochman, Lawrence, and Groisman 2000). And lastly, transduction is viral-

mediated in which a bacteriophage injects DNA into the recipient (Ochman, 

Lawrence, and Groisman 2000). In this case, genomic DNA from the 

bacteriophage’s prior host, acquired in a previous infection, is injected into a 

recipient in a subsequent infection. DNA that is not transferred on plasmids must 

be incorporated into the genome and, if selectively advantageous, is maintained in 

the population (Vogan and Higgs 2011). The acquisition of genetic material by 

bacteria has the potential to refine a recipient’s genome and give the bacteria 

access to new hosts.  

Symbioses between microbial plant-growth-promoting rhizobacteria 

(PGPR) and host plants are mutualistic (Vacheron et al. 2013). PGPR typically 
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colonize the layer of soil influenced by the root, referred to as the rhizosphere, and 

use the plant-secreted metabolites for nutrients while reciprocating beneficial 

effects to the host (Nihorimbere et al. 2011). There are a variety of beneficial 

services that PGPR species provide to hosts, either directly or indirectly. For 

example, many PGPR, such as Pseudomonas, dissolve insoluble forms of 

phosphates, resulting in increased nutrient supply for the host and stimulation of 

ion transport systems in their root system (Richardson et al. 2009). Another 

example of direct benefit is the modulation of phytohormone levels, although the 

mechanism is not well understood (Vacheron et al. 2013). Phytohormones are 

small molecules critical for plant growth and development as well as for stress 

tolerance. Additionally, PGPR can produce antibiotics that cause fitness costs to 

pathogens of plants. Another indirect effect of PGPR strains is exemplified by 

Azospirillum brasilense. This bacterial species has nitrite reductase activity, which 

leads to the production of nitrogen monoxide during root colonization (Creus et al. 

2005; Molina-Favero et al. 2008; Pothier et al. 2007). Nitrogen monoxide plays a 

role in the auxin signaling pathway, controlling development of lateral roots (Creus 

et al. 2005; Molina-Favero et al. 2008). PGPR can also indirectly promote growth 

of plants by outcompeting other bacteria for space and nutrients, resulting in 

competitive exclusion of potential pathogens that would otherwise cause a fitness 

cost to the plant (Lugtenberg and Kamilova 2009).  

 In the following sections, attention is given to two genera of plant-associated 

bacteria, Agrobacterium and Rhodococcus, which are the focus of the work 

described in this thesis. Both genera circumscribe species of gall-causing 
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phytopathogenic bacteria. They have exceptionally broad host ranges and cause 

significant damage to many agriculturally important crops. However, not all 

members are pathogenic and the work in this thesis tests hypotheses on 

transitions in symbiosis states. 

 

Symptoms and Host Ranges 
 
Agrobacterium spp. 
 
 The characteristic symptoms of Agrobacterium infection are the formation 

of gall-like deformities, called crown galls, near the base of the stem (Gelvin 

2003b). Although less frequent, galling can also be found on the roots, elsewhere 

on stems, or on leaves. In an agricultural setting, pathogenic species of 

Agrobacterium are introduced to the production system by splashing rain, 

irrigation, infected plants, farm machinery or farm tools. Plants must be wounded 

for successful infection (Schell et al. 1979). Symptoms become visible two to four 

weeks following infection in favorable temperatures, above 68°F (Crown Gall 

Disease of Nursery Crops 2015). Plants with latent infections do not show 

symptoms, and may not until sometime later. 

Members of the Agrobacterium genus can infect almost 100 families of 

herbaceous and woody dicots including ornamental flowering trees, shrubs, and 

annuals (Maina, Mutitu, and Ngaruiya 2011). The specific symptoms are 

dependent on the type of plant infected. For instance, soft galls are commonly 

found on herbaceous plants with a systemic infection (Cubero et al. 2006). 

However, on woody plants, the galls become woodier and cork-like; on grapevines, 
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caneberries, and blueberries, galls may be elongated and contribute to bark 

peeling (Olson 2008). Plants with galls may experience a fitness disadvantage. 

Conceivably, given the growth abnormalities, the gall may limit movement of water 

and nutrients, resulting in the gradual loss of plant vigor, stunted growth, lower 

flower and fruit production, and in some cases death (Kado 2002). Young plants 

that are infected in their first year are more severely damaged and occasionally 

die due to an inferior root system (Crown Gall Disease of Nursery Crops 2015). 

   

Rhodococcus spp. 
 

Rhodococcus spp. can grow as epiphytes, with preferences for the leaf 

lamina and within epidermal cell wall junctions (Cornelis et al. 2001). It is 

suggested that this growth on plant tissues is important for the pathogenicity of R. 

fascians. At the time of symptom onset, few bacteria are detected within host 

tissue, but by two weeks in a tobacco model system, bacterial density is 

substantially higher and bacterial cells are observed up to four layers deep in plant 

tissue (Cornelis et al. 2001). 

The characteristic symptoms of phytopathogenic Rhodococcus include 

severe growth malformations such as leafy galls and shoot proliferations, but 

various other malformations such as witches’-brooms, misshaping, fasciation 

(thickening of leaves or shoots), stunted growth, abnormal scales on bulbs, 

adventitious roots, and even root inhibition have been described (Putnam and 

Miller 2007). All symptoms associated with R. fascians infection are consistent with 

phytohormone imbalances (Stes et al. 2011). However, the degree of symptom 
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expression is dependent on many factors, including host genus, species, cultivar, 

age at time of infection, growth conditions, and bacterial genotype (Galis et al. 

2005; Goethals et al. 2001). Symptoms can be overlooked and mistaken as being 

caused by non-biotic factors such as accidental exposure to the herbicide 

glyphosate, excessive use of growth regulators, or excess branching caused by 

repeated pruning of stock plants (Putnam and Miller 2007). Plants infected by R. 

fascians, however, remain permanently stunted whereas other plants will 

eventually achieve growth similar to asymptomatic plants.  

Currently, 87 genera have been reported to be infected by pathogenic R. 

fascians (Putnam and Miller 2007). The primary hosts are dicotyledonous 

herbaceous plants but several monocotyledonous plants are sensitive as well 

(Putnam and Miller 2007). Given the grotesque symptoms caused by R. fascians, 

plants lose their commercial value once malformed, a great concern to the 

ornamental plant industry. Recently, Rhodococcus was implicated as the 

causative agent of a new syndrome on woody pistachio hybrid rootstock (Pistacia 

atlantica x P. integerrima). Affected plants show shortened internodes, loss of 

apical dominance, stem galls, and stunted roots with reduced lateral branching 

(Stamler, Heerema, and Randall 2015; Stamler et al. 2015).  

 

Virulence mechanisms  
 
Agrobacterium spp. 
 

Agrobacterium tumorigenesis is characterized by oncogenic transformation 

of the plant cell, resulting in neoplastic growth at the infection site (Escobar and 
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Dandekar 2003). Most virulence genes are found on a large extrachromosomal 

DNA element designated as the tumor inducing (Ti) plasmid. This circular plasmid 

is approximately 200 kilobases (kb) long and is necessary and sufficient for 

conferring virulence (Broothaerts et al. 2005; Teyssier-Cuvelle et al. 2004).  

In damaged plant tissues, phenolic compounds accumulate in the sub-

epidermal layer and protect the plant from many pathogenic microbes 

(Bhattacharya, Sood, and Citovsky 2010). However, these protective compounds 

are also key for activating Agrobacterium virulence (vir) genes (Bolton, Nester, and 

Gordon 1986). Following wounding of a plant, a series of coordinated events are 

required for successful transformation and integration of Agrobacterium genes. 

First, the pathogen colonizes the wound and attaches firmly to the injured plant 

cell (Gelvin 2003a). Next, Agrobacterium processes the T-DNA, a fragment of the 

Ti-plasmid, and directs the T-DNA into the host via a type IV secretion system 

(T4SS) (McCullen and Binns 2006). Once inside the cell, proteins guide the T-DNA 

to the nucleus, with subsequent integration into the host chromosome (Citovsky et 

al. 2007). Integration of the T-DNA can lead to metabolic reprogramming of the 

host to provide a niche that promotes the fitness of the pathogen (McCullen and 

Binns 2006).  

Ti-plasmids contain two functionally distinct regions. The Vir region harbors 

vir genes, which process and transfer the T-DNA into the host cell (Nester 2015). 

VirD1/VirD2 are endonucleases that nick sequences that border the T-DNA and 

cleave a strand from the Ti-plasmid (Yanofsky et al. 1986). VirD2 covalently 

attaches in a polar manner to the 5’ end of the single stranded T-DNA molecule, 



 9 

referred to as a T-strand, forming a T-complex (Citovsky et al. 2007). VirD2 pilots 

the T-complex via a T4SS into the cytoplasm of the host plant (Fronzes et al. 2009).  

The T4SS consists of eleven VirB proteins encoded by genes present in the 

Vir region of the Ti-plasmid (Christie et al. 2005). VirE2 is also secreted via the 

T4SS and, immediately following translocation into the host cell, the protein binds 

the T-complex to prevent its degradation and maintain the complex in a 

transportable conformation (Ward and Zambryski 2001). Both VirD2 and VirE2 

have a C-terminal bipartite nuclear localization signal (NLS) sequence that 

interacts with various host proteins to mediate the proper targeting to the host 

nucleus (Ballas and Citovsky 1997; Gelvin 2010). The T-complex is maintained 

until the T-DNA anchors to the host chromatin, a process that relies on host-

encoded proteins (Gelvin 2010). The details of this mechanism remain unclear; 

however, studies indicate that T-strands are not biased towards particular 

chromatin environments for integration (Gelvin 2010). Kim et al. (2007) 

demonstrated that the T-DNA integrates proportionally into gene-rich and gene 

poor regions, highly repetitive DNA, centromeres, and telomeres. These data 

suggest T-DNA integration is influenced by general chromatin factors rather than 

specific transcription factors (Kim and Gelvin 2007). 

 Genes that are encoded within the T-DNA and subsequently integrated in 

the genome of the plant cell cause metabolic reprogramming of the host cells. One 

class of genes encodes enzymes that subvert plant hormone biosynthesis and 

cause tumefaction (Akiyoshi et al. 1984). The second class encodes enzymes that 

produce amino acid and sugar derivatives called opines, which can be used as a 
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source of nitrogen and phosphorous by agrobacteria, thus establishing an 

environment that promotes microbial proliferation (Kim and Farrand 1996; 

Palanichelvam and Veluthambi 1996). The resulting tumor undergoes many 

significant physiological changes relative to uninfected tissues. This novel 

ecological niche has the potential to benefit opportunistic organisms other than 

agrobacteria (Deeken et al. 2006; Pitzschke and Hirt 2010; Winans 1992). 

 

Rhodococcus spp. 
 

Nearly all pathogenic Rhodococcus carry a linear virulence plasmid 

necessary for the bacteria to cause disease to plants (Creason, Davis, et al. 2014; 

Crespi et al. 1992). The linear plasmid has a cluster of three loci which have been 

identified as necessary for full virulence (Creason, Davis, et al. 2014; Crespi et al. 

1992). First, the six genes of the fas (fasciation) locus encode enzymes involved 

in cytokinin biosynthesis and modification, including an isopentenyl transterase 

(Crespi et al. 1992; Pertry et al. 2009). The cytokinins are hypothesized to be 

secreted into the plant and influence disease progression. Mutants with insertions 

in fasA, fasD, and fasE lose pathogenicity while a mutant of fasF exhibit reduced 

virulence on older plants (Crespi et al. 1992; Pertry et al. 2009). Second, the fasR 

gene is necessary for pathogenicity (Temmerman et al. 2000). This gene is 

predicted to encode a member of the AraC-type family of transcriptional regulators. 

Disruption of the fasR gene results in loss of pathogenicity (Crespi et al. 1992). 

Lastly, although the role is unknown, the att (attenuation) locus is identified as 

influencing virulence, but mutants are still pathogenic (Maes et al. 2001; Crespi et 
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al. 1992). However, the only known plant with resistance to R. fascians produces 

a secondary metabolite that reduces the expression of the att operon, 

demonstrating the importance of the att operon in virulence (Rajaonson et al. 

2011). The role of the ten att-encoded proteins in virulence is still unknown. 

Two pathogenic isolates that lack the linear plasmid have been identified. 

One isolate, A25f, has a cluster of fas, fasR, and att loci located on a different 

replicon (Creason, Vandeputte, et al. 2014). Nonetheless, the three loci are more 

than 99% similar to those encoded on the linear plasmid. Isolate A21d2 has both 

a fasR gene and att operon but lacks the fas operon. Interestingly, a protein with 

predicted functional FasD and FasF domains is encoded in place of the fas operon, 

suggesting that functions provided by FasD and FasF are solely necessary and 

sufficient for disease (Creason, Vandeputte, et al. 2014). 

 

Manipulation of Agrobacteria for Genetic Engineering 
 

Agrobacteria are some of the most unique bacteria because of their ability 

to genetically transform host plants. This virulence strategy has been exploited for 

biotechnological uses to engineer transgenic plants. DNA from any source may be 

cloned between the flanking T-DNA borders and transferred into the plant cell 

(Gelvin 2003b). Plant transformation mediated by Agrobacterium has become one 

of the most common techniques for the introduction of genes into a plant cell. Use 

of this technology has yielded an array of transgenic plants with novel properties 

ranging from improved agronomic performance to disease resistance, drought 

tolerance, and nutritional content (Gelvin 2003b). Transgenic plants have 
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considerable potential to improve serious public health problems around the world. 

For example, an estimated 250,000 children go blind every year in Southeast Asia 

due to Vitamin A deficiency (Sommer 1989). In 2000, Ye et al. used 

Agrobacterium-mediated transformation to develop “Golden Rice” in an attempt to 

supplement a major staple food source with carotenoids, a precursor to vitamin A 

(Ye et al. 2000).  

 The molecular basis allowing Agrobacterium to genetically transform plant 

cells is the transfer and integration of the T-DNA. However, the plasmid is 

approximately 200 kb, which made manipulation exceedingly difficult (Gelvin 

2003b). Two engineering feats overcame this obstacle to promote the use of the 

Ti-plasmid in biotechnology. The T-DNA represents approximately 10% of the Ti-

plasmid (Gelvin 2003b). Because the T-DNA itself plays no role in its export and 

integration, the T-DNA can be “disarmed” by removing the oncogenic and opine 

synthesis genes, and any DNA sequence can be placed between the border 

sequences (Fraley et al. 1985). Other regions of the Ti-plasmid encode genes 

essential for the processing and subsequent export of T-DNA from the bacterium 

to the plant cell. Hoekema et al. determined that the vir genes and T-region could 

be separated into two different plasmids (Hoekema et al. 1983). When both 

plasmids are introduced into the same Agrobacterium cell, the vir genes can act in 

trans on the T-DNA region and result in successful transformation of the host plant 

(Gelvin 2003b). This engineering of the “binary plasmid” revolutionized 

Agrobacterium-mediated transformation. Researchers can work with a T-DNA-

encoding plasmid that is smaller and more amenable to molecular modification and 
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use Agrobacterium cells that carry a separate plasmid with the necessary vir 

genes.  

  

Economic Impact of the pathogenic bacteria 
 

Agrobacterium spp.  
 
 Crown gall disease caused by Agrobacterium species accounts for the loss 

of millions of dollars’ worth of plant material annually in the United States (Kennedy 

and Alcorn 1980). The disease has been reported as economically significant in 

many hosts including fruit trees (almonds, apples, apricots, cherries, peaches, 

pears, plums), nut trees (walnuts, pecans), raspberry, blueberry, and a wide variety 

of ornamental plant species (Kennedy and Alcorn 1980). In ornamental plants, the 

disease causes unsightly growths that significantly decrease the quality of infected 

plant material. In grapevines, infection by the species Agrobacterium vitis induces 

localized root necrosis in addition to galls. Tumor production in plants can cause 

developmental impairment of root and vascular tissue, resulting in an estimated 

40% reduction in yield and vigor in the nursery industry (Otten, Burr, and Szegedi 

2008).  Crown gall of grapevines can also result in stunted growth, reduced fruit 

production, and limited grafting success (Subramoni et al. 2014). 

 Although Agrobacterium infections are prevalent throughout the United 

States, there are no universally effective methods to prevent infection of 

Agrobacterium or cure plants once infected. A number of biological control agents, 

or preventive agents, have been developed using the nonpathogenic A. 
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rhizogenes (formally called A. radiobacter) strains K84 and K1026 (Herlache and 

Triplett 2002; New and Kerr 1972). When co-inoculated with pathogenic strains in 

a ratio of 1:1 on plant roots, the biocontrol strains completely prevented the 

pathogenic strain from causing crown gall (Kerr 2016; New and Kerr 1972). The 

primary mechanism of control is via the production of a specific anti-agrobacterial 

antibiotic agrocin 84, which targets the tRNA synthetase in tumorigenic strains of 

agrobacteria (Kerr and Htay 1974). However, the breadth of this biocontrol is 

limited and cannot be universally applied since not all Agrobacterium isolates are 

susceptible to agrocin 84. Importantly, horizontal gene transfer of the pAgK84 

plasmid from A. radiobacter K84 to the pathogen has been reported, resulting in 

agrocin 84-resistant strains of A. tumefaciens (Stockwell, Moore, and Loper 

1993). The most reliable strategy for disease management is to maintain a clean 

production site and start with uninfected material. Once an infection occurs, the 

best solution is to destroy the infected plant material before the bacteria spread via 

irrigation or are propagated with the nursery stock. 

 Given that there are no curatives, early detection of pathogenic 

Agrobacterium species is critical to prevent proliferation of the bacteria. Many 

detection methods are used to identify Agrobacterium-infected plants, but all have 

limitations. One method is to visually inspect plants for symptoms indicative of 

disease. This method is challenging because diseases symptoms may be 

overlooked or mistaken for callus. Furthermore, visual diagnosis is only possible 

when the disease has already reached high levels in the plant. Serological assays 

are not effective because they rely on detection of phenotypic characters such as 
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epitopes which do not discriminate between pathogenic and nonpathogenic strains 

of Agrobacterium (Bishop 1989). Detection using amplification via the polymerase 

chain reaction (PCR) has been optimized for virD but is not universally applicable 

to all virD alleles (Haas et al. 1995). All methods described above take a significant 

amount of time and are often not within the capabilities of a nursery. Successful 

diagnosis can take several weeks, which may give the bacteria more time to 

spread throughout the nursery stock or be unknowingly transferred to other plants 

via standard production practices.  

 

Rhodococcus spp.  
 

The grotesque nature of the symptoms of Rhodococcus results in economic 

damages where the disease occurs in the ornamental plant industry. Nurseries 

have reported that incidence of Rhodococcus can result in up to 100% loss of 

some ornamental crops and annual losses of $85,000 to $1,000,000, depending 

on the size of the nursery (Putnam and Miller 2007). Rhodococcus has recently 

been named the causative agent of a new syndrome on pistachio plants for which 

the recommended control was destruction of affected material. The disease 

affected millions of trees over an estimated 25,000 to 30,000 acres. 

Disease caused by Rhodococcus is sometimes mistakenly diagnosed as a 

symptom of infection by agrobacteria. Infection by Rhodococcus can be mistaken 

as disease due to viruses, eriophyid mites, or even growth abnormalities caused 

by exposure to herbicides and growth hormones (Putnam and Miller 2007). The 

difficulties in discriminating the cause of symptoms likely results in underestimating 
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losses due to Rhodococcus (Putnam and Miller 2007). Furthermore, many 

nurseries are reluctant to provide data on the prevalence of leafy galls, possibility 

in fear of causing bad publicity, exacerbating the challenges in determining the true 

impact of Rhodococcus in the US nursery industry (Stes et al. 2011). Because of 

frequent misdiagnoses and oversight, diagnosis of diseased plants can be 

significantly delayed. 

There are no universal preventive methods or curative agents for plants 

infected with Rhodococcus. Thermal therapy has been attempted but resulted in 

complete death of host material with minimal damage to the bacterium (Putnam 

and Miller 2007). Visual inspection of Rhodococcus infection is unreliable given 

the phenotypic resemblance to various other causative agents described above. 

Molecular detection using PCR has been optimized to target fasA, but PCR-based 

diagnosis requires specialized laboratory equipment. To circumvent these 

limitations, Loop-Mediated Isothermal Amplification (LAMP), which is more rapid 

than PCR and does not require thermocycling equipment, was developed to target 

the fasR virulence gene (Serdani et al. 2012). The intent in developing LAMP was 

to provide well-equipped nurseries an on-site diagnostic tool. However, LAMP 

assays were challenging for most nursery operations given the need to maintain a 

constant temperature of 65°C to carry out the detection assay. Additionally, the 

discovery of a phytopathogenic isolate with a novel gene structure instead of the 

fas operon shows that a subset of the pathogen population may evade currently 

used molecular diagnostic methods. Neither of these gene regions have been used 

with pistachio. Instead, detection of vicA is recommended for diagnosing pistachio 
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plants suspected to be infected with pathogenic Rhodococcus species. Use of vicA 

is an unusual choice because its protein product participates in the glyoxylate 

cycle, and the gene is common to organisms throughout the kingdoms of life.  

 

GOALS OF THE THESIS 
 

In this thesis, I test the hypothesis that beneficial bacteria can transition to 

pathogens. I demonstrate that most Rhodococcus isolates exhibit beneficial 

behavior and when associated with plants promote developmental changes to 

roots. However, the horizontal acquisition of plasmids or a small cluster of 

virulence genes by Rhodococcus causes them to be pathogenic. Beneficial 

changes to roots are inhibited and the plants remain stunted in their growth. Direct 

inoculation to shoot meristems leads to leafy gall diseases and the termination of 

vertical plant growth. I also demonstrate how differences in experimental design 

and the variations in symbiotic state of the bacteria can lead to confusion regarding 

disease diagnosis. This confusion, coupled to generalizing members of this genus 

as pathogens, regardless of the content of their genomes, impacts policy decisions 

regarding the handling of agriculturally important plants infected with bacteria. 

Lastly, I develop molecular diagnostic methods for Rhodococcus and 

Agrobacterium to help mitigate some of the challenges in detecting and 

discriminating pathogenic isolates from non-pathogenic or beneficial isolates.  
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ABSTRACT	
  
 Horizontal gene transfers are critical for evolutionary transitions of symbiotic 

bacteria. We demonstrate that the acquisition of a single virulence plasmid is 

necessary and sufficient to transition beneficial bacteria to pathogens. The 

evolutionary transition was observed and demonstrated in Rhodococcus. These 

Gram-positive bacteria provoke beneficial morphological changes to roots 

increased proliferation of root hairs. Introduction of a virulence plasmid obscured 

the beneficial effects and instead transitioned members to pathogens that cause 

leafy gall disease on plants. This remarkable fluidity in symbiosis states highlights 

the plasticity of Rhodococcus and the profound effects of horizontal gene transfer 

on symbiosis. The blurring of symbiosis states has additionally obfuscated 

conclusions that Rhodococcus are causal agents of an emerging disease on 

agriculturally important crop trees.  

 

INTRODUCTION 
 

Symbioses are persistent and intimate interactions between organisms and 

have important effects on biological systems. These relationships span a spectrum 

of interactions. In mutualistic symbioses, such as that between rhizobia and 

legumes, the two reciprocally benefit from the partnership. These interactions are 

often restricted to specific partners and can involve specific structures. A second 

type of mutually beneficial interaction is the associative symbiosis, which has lower 

specificity between interacting partners (Drogue et al. 2012). Associative 

symbioses are well characterized in soil bacteria, referred to as plant growth-
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promoting rhizobacteria (PGPR) that colonize roots and often stimulate changes 

to root morphology (Barea et al. 2005). At the opposite end of the symbiosis 

spectrum are the parasitic interactions, where one partner benefits at the expense 

of the other. The outcomes for many symbioses, especially those involving 

environmentally-acquired symbionts, are not guaranteed. The health of the host, 

the genotypes of host and symbiont, location of the symbiont on the host, or 

unregulated proliferation of the symbiont can cause shifts in the symbiosis. 

Horizontal gene transfers (HGTs) can drive evolutionary transitions in 

symbiosis status. In some plant and human pathogens, for example, the 

acquisition of a type III secretion system, a mechanism for engaging eukaryotic 

hosts, is recognized as a key transformative event (Alfano et al. 2000; The et al. 

2016). Virulence is subsequently refined via the acquisition of traits encoded on 

other plasmids and pathogenicity islands, as well as loss of interfering functions 

(Maurelli et al. 1998; Maurelli 2007). In other pathogens, horizontally acquired 

genes do not innovate by bestowing the receiving genome with transformative 

functions, nor do their genomes exhibit additional substantive changes. Rather, in 

the co-option model, the primary drivers of symbiosis transition are the few, but 

key horizontally acquired genes that co-opt and repurpose genes core to the taxon 

(Letek et al. 2010). 

The Rhodococcus genus circumscribes Gram-positive bacteria that persist 

in a variety of terrestrial and aquatic ecosystems (Larkin, Kulakov, and Allen 2005). 

Its species are commonly recognized for their metabolic plasticity but its symbiotic 

members are also capturing interest. The co-option model was first proposed for 
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Rhodococcus equi, a species of bacteria that can infect animals (Letek et al. 2010). 

Rhodococcus also includes species that consist largely of members associated 

with plants (Lundberg et al. 2012; Bulgarelli et al. 2012,  2013; Bodenhausen, 

Horton, and Bergelson 2013; Bai et al. 2015; Hong et al. 2015). The frequency by 

which Rhodococcus are recovered from plants suggests that the Rhodococcus 

spp. are preferentially selected by their hosts. However, plant-associated 

Rhodococcus are best characterized as phytopathogens (Putnam and Miller 2007; 

Nikolaeva et al. 2012). At least two closely related species of Rhodococcus can 

cause leafy gall disease to over 100 genera of plants (Putnam and Miller 2007; 

Creason, Davis, et al. 2014; Creason, Vandeputte, et al. 2014; Stes et al. 2011). 

Herbaceous hosts are the most commonly affected whereas woody plants are 

rarely infected. Disease symptoms include leafy galls, witches’-brooms, and 

abnormal shoot proliferation or adventitious growth that disfigure plants.  

Until recently, phytopathogenicity of Rhodococcus had always been 

associated with the presence of three virulence loci (Crespi et al. 1992; Nikolaeva 

et al. 2012; Stamler et al. 2016). The fas (fasciation) genes are necessary for 

disease and are predicted to encode proteins that synthesize and modify 

cytokinins, which are suggested to be secreted effectors (Crespi et al. 1992; Pertry 

et al. 2009). The fasR gene, predicted to be a member of the AraC-type family of 

transcriptional regulators, is also necessary for pathogenicity (Temmerman et al. 

2000). The att (attenuation) locus has been implicated in the virulence of R. 

fascians, but mutants still cause disease (Maes et al. 2001; Crespi et al. 1992). In 

most pathogenic genotypes, the three virulence loci are similar in sequence and 
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clustered on a conjugative plasmid (Creason, Vandeputte, et al. 2014; Crespi et 

al. 1992). In A25f, att, fasR, and fas loci are clustered on the chromosome 

(Creason, Vandeputte, et al. 2014) . In A21d2, the virulence loci are also on the 

chromosome but the fas genes are functionally replaced with a gene whose 

product is predicted to encode domains present in FasD and FasF (Creason, 

Vandeputte, et al. 2014). Its fasR gene is substantially more divergent and its att 

genes are similar in sequence to those on plasmids. Only one chromosomal locus 

has been implicated in virulence of Rhodococcus (Vereecke et al. 2002). The 

product of vicA, malate synthase, functions in the glyoxylate cycle, which has been 

implicated in virulence of fungal and bacterial pathogens of both plants and 

mammals (Dunn, Ramírez-Trujillo, and Hernández-Lucas 2009). 

Rhodococcus was recently implicated as the causative agent of a new 

syndrome on woody plants. Since 2011, populations of micropropagated pistachio 

UCB-1 (Pistacia atlantica × Pistacia integerrima) rootstocks planted in commercial 

fields began showing an unusual syndrome (Stamler, Heerema, and Randall 

2015). Symptoms include shortened internodes, loss of apical dominance, stem 

galls, and stunted roots with reduced lateral branching. Grafting success was also 

reduced. The effects were rapid and devastating and impacted an estimated 

25,000 to 30,000 acres. Rhodococcus was isolated from plants and inoculation 

onto naïve UCB-1 plants led to morphological changes in the plant (Stamler, 

Heerema, and Randall 2015). Observations led to the conclusion that the 

syndrome is a pathogenic disease caused by Rhodococcus. The detection of 

Rhodococcus has since been used as evidence to guide management practices. 
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A second incident occurred in 2016.  

Here, we demonstrate that in the absence of att, fasR, and fas, 

Rhodococcus is an associative symbiont that stimulates the proliferation of root 

tissues on plants. We further show that isolates modified to carry the virulence 

plasmids lose the ability to promote beneficial changes and instead, cause leafy 

gall disease at a cost to the host. Collectively, results show that horizontal gene 

transfer can rapidly transition bacteria between symbiosis states, a biological 

process that complicates disease diagnosis. To help mitigate challenges, we 

developed a rapid and facile molecular diagnostic method to discriminate between 

beneficial and pathogenic Rhodococcus.  

 
RESULTS  
 
Pathogenicity of Rhodococcus is absolutely correlated with the virulence 
loci  
 

 We tested a variety of strains of Rhodococcus for their effects on above- 

and below-ground tissues of plants. Strains included those cultured from a glacial 

ice core, the endophytic compartment of roots of Arabidopsis, the endophytic 

compartment of leaves of pistachio trees, and from diseased tissue but shown to 

be non-pathogenic (Table 1; (Lundberg et al. 2012; Stamler, Heerema, and 

Randall 2015; Creason, Vandeputte, et al. 2014). We also included four 

demonstrably pathogenic strains, D188, A44A, A25f, and A21d2, which vary in the 

organization of their virulence loci and are members of different Rhodococcus 

clades (Creason, Vandeputte, et al. 2014). D188-5, a non-pathogenic variant of 
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D188 that is evicted of the virulence plasmid was included (Desomer, Dhaese, and 

Van Montagu 1988).  

Only D188, A44A, A25f, and A21d2 formed leafy galls on Nicotiana 

benthamiana (Fig. 2.1A). No other tested strain caused symptoms consistent with 

disease or adversely affected the growth of N. benthamiana. On seedlings, the 

four pathogenic isolates significantly inhibited root elongation, caused a thickening 

of the stem, and terminally arrested the host at the cotyledon stage, all symptoms 

associated with virulence (Fig. 2.1B and 2.1C; data not shown; (Creason, 

Vandeputte, et al. 2014)). While seedlings inoculated with any of the other nine 

strains did exhibit shorter roots compared to mock-inoculated plants, their 

phenotypes were less severe, more variable, and did not show any of the other 

morphological changes associated to virulence (Fig. 2.1). Among these tested 

strains, and the 20+ previously tested strains, the ability to cause all of the disease 

symptoms to N. benthamiana is absolutely correlated with the presence of att, 

fasR, and fas, or variations therein (Creason, Vandeputte, et al. 2014; Maes et al. 

2001). 

We also tested for dose-dependent effects. With inoculum levels lower than 

previously used, D188 was less virulent in inhibiting root growth but still caused 

the other symptoms; results were more variable (Fig. 2.2B, data not shown). At 

higher levels, D188 did not show degrees of virulence (Fig. 2.2B, data not shown). 

Decreasing the inoculum levels of PBTS2 resulted in a lessening in the inhibition 

of root elongation. Unexpectedly, at the lowest level, roots were significantly longer 

than those of mock-treated plants. As inoculum levels of PBTS2 were increased, 
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we observed a greater reduction in root length, but never observed the thickening 

of stems or terminal arrest in growth of the plant. This was consistent with results 

of treatments of strains lacking virulence genes (Fig. 2.1B, Fig. 2.2B, Figure 3A).  

We also compared the morphological changes to those caused by 

exogenously applied cytokinins, as the provocation of disease is hypothesized to 

be dependent upon a mix of cytokinins secreted by Rhodococcus (Pertry et al. 

2009). Approximately 0.1 µM of the synthetic cytokinin, 6-benzylaminopurine (BA) 

is equivalent in its effect on root elongation to a starting inoculum of ~2.5 x 103 cfu 

of R. fascians D188 (Fig. 2.2). However, regardless of the amount of BA, 

exogenously applied cytokinins did not provoke the thickening of stems or arresting 

of plant growth (data not shown). Thus, the key symptoms associated with 

pathogenic Rhodococcus are leafy galls on aerial portions of plants, and the 

combination of root length inhibition, stem thickening, and terminal arrest of 

growth, when inoculated on to roots of seedlings. Because root length is the most 

easily quantifiable, we continued to rely on this read-out as a proxy. 

 

Rhodococcus isolates lacking virulence genes benefit plants  
 

The observation that exceedingly low starting inoculum levels of PBTS2 

reproducibly resulted in increases in root elongation prompted us to quantify other 

morphological changes to roots, as phenotypes such as decreases in root length, 

and increased numbers of root hairs or lateral roots, are a common response to 

beneficial PGPR (Fig. 2.3A; (Vacheron et al. 2013)). By 25 dpi, all nonpathogenic 



 

 

33 

33 

strains caused significant increases in the number of root hairs (Fig. 2.3C). The 

average length of the root hairs was significantly longer in all four treatments with 

virulence gene-lacking strains (Fig. 2.3D and E). Strain D188 was included as a 

control; however, its negative effects were absolute and could not be quantified 

(Fig. 2.3A). The beneficial changes observed in root morphology, prompted us to 

operationally categorize isolates carrying or lacking virulence genes as pathogenic 

or beneficial, respectively. 

Given the beneficial effects of virulence gene lacking strains, we predicted 

D188-5 to have measurable benefits on plants. Though D188-5 showed signs of 

being beneficial, its effects were weak and not significant (Fig. 2.1; data not 

shown). It was therefore not surprising that D188-5 grew poorly in culture, 

compared to growth of D188 and other non-pathogenic strains (Fig. S2.1). 

Additionally, D188-5 lacks another 165 kb-sized plasmid, has several predicted 

small nucleotide polymorphisms (SNPs) within coding sequences, and a deletion 

of 25.4 kb (Table S2.1). Of the 25 missing genes, 18 have annotated functions that 

suggest transport, purine biosynthesis, protection against oxidative stress and 

chemotaxis. It is thus likely that the weakness in beneficial effects by D188-5 

reflects its general reduction in fitness.  

 

The linear plasmid is sufficient for phytopathogenicity  
 

To test for sufficiency, we used a plasmid variant (pFiD188-Δatt) that 

encodes fasR, and fasA-F, but has a kanamycin resistance gene inserted that 
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disrupts attR, attX, and attA-G. Despite the disruption, pFID188-Δatt is sufficient 

for Rhodococcus to cause leafy disease and inhibit root elongation (Fig. S2.2; 

(Maes et al. 2001)). The pFID188-Δatt virulence plasmid was successfully 

conjugated into a subset of the beneficial Rhodococcus isolates. Despite repeated 

attempts, we were not able to conjugate the plasmid into isolates outside of Clades 

I and II. 

Each of the plasmid-carrying strains caused leafy gall disease, with 

symptoms indistinguishable from those caused by pathogenic D188 (Fig. 2.4A). 

The strains, when inoculated on to roots, inhibited growth to the same degree as 

D188 and caused the other related morphological changes (Fig. 2.4B-C). 

Additionally, plants infected with strains carrying pFiD188-Δatt no longer showed 

phenotypes that were expressed in plants treated with their corresponding near 

isogenic beneficial strains (Fig. 2.1, 2.2, 2.3, and 2.4). The roots were stunted, with 

no increase in lateral roots or proliferation of root hairs, and the plants remained 

terminally stunted. PBTS2 carrying pFiD188-Δatt even showed a similar dose 

effect as D188, and different from wild type PBTS2 (Fig. 2.2). These results 

confirmed the necessity of the plasmid in pathogenicity and demonstrate its 

sufficiency in transitioning Rhodococcus to a pathogen. These results are 

consistent with the co-option model and show that pathogenicity is epistatic to the 

beneficial functions.  

We demonstrated that att does contribute towards the pathogenic lifestyle 

of Rhodococcus. Strain D188 constitutively expressing attR, which encodes a 

homolog of the LysR transcriptional regulator necessary for att gene expression, 
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caused unusual leafy galls on N. benthamiana (Maes et al. 2001). Unlike normal 

galls which are terminal, those caused by the attR overexpressing strain broke and 

regained normal meristematic growth, approximately 8 weeks post inoculation 

(Fig. S2.3). When inoculated onto roots, the effects were similar to those caused 

by D188. The likely misregulation of the att locus is postulated to influence the 

maintenance of leafy galls. 

 

Most plant-associated Rhodococcus are circumscribed by four sister 
clades  

 

We sequenced the genomes of an additional 19 Rhodococcus isolates 

collected from symptomatic plants, as well as WWJCD1, cultured from the head of 

a watering wand used in a greenhouse (Table 2.1). The 20 isolates are members 

of the two clades (Clades I and II) that circumscribe all confirmed pathogenic 

strains of Rhodococcus (Fig. 2.5). The clades are closely related to Clades III and 

IV, which consist primarily of isolates collected from microbiota studies and none 

with virulence genes. Fifteen of the newly sequenced isolates have typical 

virulence plasmids and we concluded that these isolates are pathogenic and did 

not characterize them further. The five isolates lacking the complete cluster of 

virulence genes, including WWJCD1, were verified to be beneficial and consistent 

with our operational definition to distinguish pathogenic Rhodococcus (Fig. 2.6).  
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Multiple lineages of Rhodococcus can be cultured from a plant tissue 
sample 

 

One beneficial isolate, 14-2483-1-2, was cultured from the same 

symptomatic plant as pathogenic isolate 14-2483-1-1, and another two beneficial 

isolates, 14-270-1a and 14-270-1b, were cultured from the same symptomatic 

plant. The isolates of each pair are closely related but nonetheless are genetically 

distinct and are found on separate within-clade branches. Thus, different lineages 

of Rhodococcus, regardless of symbiosis state, can co-exist on the same diseased 

tissue of plants (Fig. 2.5).  

Beneficial isolate 14-2483-1-2 has only a small portion of the att locus. The 

locus is present on a large 460 kb contig and includes attR, attX, and 228 

nucleotides of attA. The first two coding sequences and the intergenic regions have 

≥ 88% sequence identity with corresponding sequences in D188. For attA, only the 

first 65 nucleotides are identical to the homolog of D188. We confirmed the 

structure of the locus was not a result of misassembly (data not shown). Based on 

the absence of synteny with A25f and A21d2, the horizontal acquisition of virulence 

loci likely occurred independently and challenges our ability to model the events 

that led to the extant sequence of isolate 14-2483-1-2.  

 

Evaluating molecular diagnostics markers for Rhodococcus 
 

Despite the availability of robust molecular diagnostic tools based on 

detecting fasR, fasA, or fasD, the detection of vicA is recommended for diagnosing 
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pistachio plants for pathogenic Rhodococcus (Serdani et al. 2012; Nikolaeva et al. 

2012; Stamler, Heerema, and Randall 2015). We tested the specificity of each 

marker in discriminating pathogenic isolates (Table 2.2). Primers designed to the 

virulence genes specifically amplified a product of expected size from pathogenic 

isolates D188, A44A, and A25f, but failed to amplify a product from any of the 

tested beneficial strains (Fig. 2.7). As expected, the primers for fasA, and fasD 

failed to yield a product from A21d2; its fas locus is polymorphic (Creason, 

Vandeputte, et al. 2014). The molecular detection of fasR using a loop mediated 

isothermal amplification (LAMP)-based assay distinguished all tested pathogenic 

from beneficial isolates.  

Primers designed to vicA detected most, but not all, Rhodococcus and thus 

has unacceptable false positive and false negative rates, which should preclude 

its use in diagnostics (Fig. 2.7). Homologs of vicA are predicted to be present in 

nearly all members of the Actinobacteria, including in all 407 Rhodococcus spp. 

with available genome sequences. This was not unexpected, as the glyoxylate 

cycle is found in nearly all kingdoms of life. The topologies of the Rhodococcus 

genus and vicA trees are congruent and closer inspection of sequences revealed 

a number of polymorphisms in the Clade IV alleles that likely contributed to the 

failed amplifications (Fig. 2.5). Interestingly, and inconsistent with published 

reports, our independent attempts to amplify vicA from PBTS1 were unsuccessful 

(Fig. 2.7; (Stamler, Heerema, and Randall 2015). There are four and six 

mismatches between the vicA sequence of PBTS1 and the two primers used for 

PCR. 



 

 

38 

38 

 We used a new molecular detection method that is rapid, robust, sensitive, 

and specific for detecting pathogenic Rhodococcus (Piepenburg et al., 2006). 

Detection based on recombinase polymerase amplification (RPA) can be 

optimized for RPA basic, which depends on visualizing products on an agarose 

gel or for RPA nfo, which requires an additional probe to visualize products via a 

lateral flow strip. The att locus is the most conserved among the 30+ pathogenic 

isolates we have examined (Creason, Vandeputte, et al. 2014). Results from 

BLASTN searches suggested attE and attG to be the best candidates for detection. 

We tested newly designed oligonucleotides in standard PCR, RPA basic, and RPA 

nfo assays (Table 2.2, Fig. 2.8). Assay parameters were based on those previously 

optimized for use in detecting pathogenic Agrobacterium species (Fuller et al., in 

press). Their use in standard PCR and RPA basic successfully amplified products 

of expected size from DNA of pathogenic strains, including A21d2 and A25f. No 

products were detected when DNA from beneficial strains were used as templates. 

An additional oligonucleotide probe that anneals within the amplified fragment was 

designed and, when coupled with modified amplification primers, was successful 

in detecting a product via lateral flow (Fig. 2.8). This method discriminates between 

pathogenic and beneficial Rhodococcus, can be completed in the absence of 

specialized equipment, and yields results in as little as 30 minutes. 

 

DISCUSSION 
 

Bacteria are essential to the health of ecosystems and are found in all 



 

 

39 

39 

environments. Symbionts growing on surfaces or within tissues of plants, fungi, 

animals, and insects provide important services. The plant-associated 

Rhodococcus are circumscribed by four sister clades, all of which contain non-

pathogenic genotypes collected from healthy tissues of plants. Though the 

frequency of recovered Rhodococcus sequences is low, the work presented here 

demonstrates that when selection is used to isolate Rhodococcus from plant 

tissues, the bacteria are easily recovered, regardless of tissue type or host 

species. Additionally, the work suggests plants can be associated with multiple 

genotypes of Rhodococcus. Their ubiquity in microbial communities associates 

Rhodococcus to beneficial services.  

When inoculated on roots of N. benthamiana, non-pathogenic isolates 

provoked increases in the number and length of root hairs, suggesting they are 

associative symbionts (Fig. 2.3). These beneficial changes to plants significantly 

increase the surface area of root tissues, which promote the uptake of water and 

dissolved nutrients.  In soil and in vitro plate assays, plants inoculated with strains 

lacking virulence genes led to observable increases in biomass, but results were 

not consistent (data not shown). In future work, we will test the possibility that 

Rhodococcus has measurable benefits to plants grown under drought and salt-

stressed environments.  

Pathogens are hypothesized to transition from free-living ancestors, with 

HGT events being foothold moments (Reuter et al. 2014). Theory also predicts that 

pathogens can transition from mutualists via evolution of cheaters. However, there 

have been few, if any reported mutualist to pathogen transitions in a bacterial 



 

 

40 

40 

lineage (Sachs, Ehinger, and Simms 2010). We suggest such transitions have 

repeatedly occurred in Rhodococcus, in which associative symbionts gain traits 

sufficient for phytopathogenicity. Its pathogenic members each carry horizontally 

acquired and clustered virulence loci. But evidence suggests the HGT occurred 

independently and repeated within two clades. The plasmids vary in sequence and 

structure, suggesting multiple variants. Additionally, two previously sequenced 

strains may have terminally transitioned to pathogens, as the structurally different 

virulence loci are integrated in their respective chromosomes (Creason, Davis, et 

al. 2014). One newly sequenced nonpathogenic strain encodes only two complete 

att genes, suggesting it either acquired part of the virulence cluster or it had 

reverted from pathogen to an associative symbiont. Consistent with the 

evolutionary co-option model, transfer of a plasmid variant into associative 

symbiotic strains converted them to pathogens that also lost the ability to provoke 

beneficial changes to plants (Fig. 2.4). A prediction of the co-option model is that 

D188-5 should have beneficial effects on plants but this could not be directly tested 

because of its measurable fitness defect and high number of off-site mutations 

(Fig. S2.1; Table S2.1). 

The transitions described in Rhodococcus have some striking parallels to 

those in another taxon of bacteria. Agrobacterium/Rhizobium is a coherent cluster 

of Gram-negative bacteria known for fixing nitrogen and causing oncogenic 

disease. Their associated symbiosis phenotypes are conferred by plasmids. 

Agrobacterium/Rhizobium includes a non-pathogenic isolate of agrobacteria with 

plant growth promoting activity (Glaeser et al. 2016). In addition, Agrobacterium 
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tumefaciens C58 that has been cured of the Ti-plasmid shows weak 

phytostimulatory effects (Walker et al. 2013). The genus also includes a rhizobial 

bacteria, with a portion of the virulence plasmid integrated in its genome, that can 

cause disease if provided the remaining fragment (Lacroix and Citovsky 2016). 

Lastly, it has also been demonstrated that the acquisition of the HR plasmid by 

Sinorhizobium meliloti can convert otherwise symbiotically effective genotypes to 

incompatible, cheater genotypes with an enhanced competitiveness for nodule 

occupancy (Crook et al. 2012). These observations suggest HGT can be rapid 

transition events that tip interactions of certain taxa of plant-adapted bacteria 

towards either extreme of the symbiosis continuum. 

The ease by which bacteria can transition between symbiotic states 

requires robust diagnosis and rigorously tested practices and vetted policies. 

Rhodococcus was identified as the causative agent of an emerging disease on 

pistachio and is being implicated in diseases of other woody crop plants (Stamler, 

Heerema, and Randall 2015; Stamler et al. 2015). It is important to recognize that 

Rhodococcus will be detected on plants. Rhodococcus is cosmopolitan and has 

been recovered from a diversity of aquatic, terrestrial, and host-associated 

surfaces, including healthy plants, within fungi, and in unusual environments such 

as the stomach of the Atlantic Hagfish, a clean room environment, and raw milk 

(Duc et al. 2007; Hantsis-Zacharov and Halpern 2007; Lundberg et al. 2012; 

Bulgarelli et al. 2012,  2013; Hjerde et al. 2013; Bodenhausen, Horton, and 

Bergelson 2013; Bai et al. 2015; Glaeser et al. 2016). We also recovered an isolate 

from the watering wand used in greenhouses (Fig. 2.3). It is also important to note 
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that phylogenetic clustering is insufficient for diagnosis, as some isolates from 

unusual environments cluster within Clades I-IV and pathogenic and beneficial 

strains are intermingled in Clades I and II (Fig. 2.5). 

There are also peculiarities regarding the role of Rhodococcus on the 

disease of pistachio. Symptoms are unlike any produced by pathogenic 

Rhodococcus in any of the 100+ known hosts (Putnam and Miller 2007). The 

original bacteria were inexplicably collected from asymptomatic leaves, not 

diseased tissues (Stamler, Heerema, and Randall 2015). The address of Koch’s 

postulates did not reproduce galling and graft failure, the most defining disease 

symptoms (Stamler, Heerema, and Randall 2015). The use of vicA has no power 

in discriminating pathogenic genotypes; in fact, its use is misleading because of 

an unacceptable false positive rate (Fig. 2.7). Lastly, the unnaturally high inoculum 

levels of Rhodococcus used to address Koch’s postulates, could have negative 

fitness effects, akin to dysbiosis of human gut microbiota (Fig. 2.2; (Stamler et al. 

2015; Stamler, Heerema, and Randall 2015; Kaakoush et al. 2012) In fact, hosts 

employ mechanisms to regulate even beneficial bacteria. Legumes limit rhizobia 

via a process called autoregulation of nodules and mutants show fitness effects 

when infected with compatible rhizobia (Wopereis et al. 2000; Magori et al. 2009; 

Reid et al. 2011). The symbiosis between plants and mycorrhizae involve host-

controlled turnover of the obligate fungal mutualist (Gutjahr and Parniske 2013). 

The squid, Euprymna scolopes, expels daily ~90% of its symbiont population 

(Schwartzman and Ruby 2016).  

We recognize the results presented herein are largely based on the use of 
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model plant species, which may not be a suitable host for the pistachio-associated 

isolates or inform on woody plants. Although, strains isolated from various host 

plant species caused morphological changes to N. benthamiana (Figs. 2.1 and 

2.2). Importantly, we have not been able to repeat results showing pistachio-

associated Rhodococcus cause any type of symptoms on greenhouse-grown 

pistachio or other surrogate hosts, even after multiple repetitions using multiple 

strains of putative pathogenic isolates (Fig. 2.1; data not shown). We also cannot 

exclude the possibility that loss of plasmid occurred during passaging of isolates, 

though in many cases, passaging was minimal and in our extensive and collective 

experience working with this taxon of bacteria, plasmid loss is not common 

(Putnam and Chang, unpublished). It could be argued that within diseased tissues, 

only a minor fraction of the microbial community is represented by truly pathogenic 

Rhodococcus, as results here show different lineages can be recovered from plant 

tissues. This again, is counter to our extensive experience in successfully detecting 

pathogenic isolates from cultures derived from diseased tissues from herbaceous 

plants. This further emphasizes the need to use appropriate molecular diagnostic 

tools to discriminate pathogenic from non-pathogenic bacteria.  

Phytopathogenicity of Rhodococcus is currently explained by the cytokinin 

mixture model (Pertry et al. 2009). Given the low amounts of cytokinins detected 

in culture grown bacteria, the miniscule amount of starting inoculum of bacteria 

necessary to provoke disease symptoms, the structural similarities to those 

produced by plants, and the variety of cytokinin buffering mechanisms of plants, it 

is difficult to envision how Rhodococcus can produce cytokinins at levels, or of 
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potency, sufficient to provoke dysregulation in plants (Fig. 2.2; (Pertry et al. 2009; 

Kieber and Schaller 2014)). The cytokinin mixture model also neglects the role of 

fasR. It is conceivable that the primary role of FasR is to co-opt chromosomal loci 

for virulence, a function that is consistent with the virulence model of Rhodococcus 

(Letek et al. 2010). Lastly the cytokinin mixture model was predicated on 

comparisons to D188-5, which was presumed to be a near isogenic strain differing 

in only its repertoire of plasmids (Desomer, Dhaese, and Van Montagu 1988; 

Temmerman et al. 2000; Maes et al. 2001; Pertry et al. 2009). Analyses revealed 

a substantial number of alterations to the genome and a measurable fitness defect 

(Table S2.1). 

The Rhodococcus-plant interaction requires more characterization. 

Actinobacteria are prominent members of plant-associated communities but the 

mechanisms and evolution of traits important for Gram-positive bacteria to reside 

in microbial communities and influence plant health are not well understood 

(Lundberg et al. 2012). Rhodococcus is an excellent model for addressing this 

knowledge gap. Rhodococcus has a wealth of associated tools, such as a large 

and diverse bacterial collection, associated genome sequences, genetic tools for 

manipulating the bacteria, and ability to interact with genetically tractable plant 

species. The Rhodococcus-plant interaction also requires more characterization 

because the potential for Rhodococcus in being the causative agent of an 

emerging disease on pistachio is disputable. Results here call for a tempering of 

conclusions and reexamining procedures for handling plants with Rhodococcus to 

avoid unnecessary and costly practice that may also compromise potential 
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beneficial effects of the bacteria. 

 
MATERIALS AND METHODS  
 

Rhodococcus isolates   

Rhodococcus strains used in this study are described in Table 2.1. Nineteen 

isolates that were isolated from symptomatic plants. Rhodococcus WWJCD1 was 

collected from a watering wand. Bacteria were maintained on solid LB medium at 

28 ⁰C or grown overnight in LB medium at 28 ⁰C with shaking. 

Nicotiana benthamiana assays 

Seedling root inhibition assays were performed as described previously 

(Creason, Vandeputte, et al. 2014). Overnight-grown cells were pelleted, washed 

with sterile dH2O, resuspended in sterile dH2O, and their concentration measured 

using a spectrophotometer. Suspensions were adjusted to OD600 = 0.5 and diluted 

or concentrated, prior to inoculation. N. benthamiana seeds were surface sterilized 

and plated on square plates containing MS medium (half strength MS, 0.5 M MES). 

After three days, germinated seedlings were inoculated with Rhodococcus strains 

and grown vertically under constant light for seven days. Roots were photographed 

and measured using ImageJ (Rasband 1997). For root hair quantification, a 

dissecting microscope, equipped with a camera, was used to capture images at 

10 and 25 days post-inoculation. Root hairs within a 1 cm segment, 1 cm below 

the stem were quantified using ImageJ. For cytokinin inhibition assays, three-day-

old germinated seedlings were transplanted to MS (half-strength MS, 0.5M MES) 
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medium containing DMSO (control) or 0.01-10.0 µM 6-benzylaminopurine (BA) 

and then grown and quantified in the same manner.  For all data sets, outliers were 

identified using the ROUT method (Q = 1%) and removed. Data were analyzed 

using One-way ANOVA followed by Tukey’s multiple comparisons test (GraphPad 

Prism v.7, GraphPad Software, La Jolla California USA). Leafy galls were induced 

on four-week-old N. benthamiana plants using the decapitation method (Creason, 

Davis, et al. 2014). Images were taken four weeks post-inoculation.  

DNA Extraction  
 

The Wizard genomic prep kit (Promega, Fitchburg Wisconsin USA) was 

used to extract genomic DNA from Rhodococcus. Directions for Gram-positive 

bacteria were followed. DNA was quantified with a Nanodrop spectrophotometer 

and adjusted to 50 ng/µl.  

 

Cloning and bacterial manipulations 

The attR gene was PCR-amplified from D188 genomic DNA and subcloned 

into vector pJDC165 downstream from the L5 bacteriophage promoter (Jeff Cirillo, 

Texas A & M). The L5::attR construct was verified via Sanger sequencing. 

Rhodococcus competent cells were prepared from overnight-grown 3 ml cultures. 

Cells were pelleted and washed twice with sterile, cold dH2O, followed by one wash 

with sterile, cold 10% glycerol.  Cells were resuspended in 50 µl 10% glycerol.  

Plasmid DNA (500 ng – 1 µg) was added to the cells, incubated on ice for 30 

minutes and then electroporated in 1 mm gap cuvettes at 2.2 kV. Cells were 
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resuspended in 250 µl SOC medium and incubated at 28 ºC with shaking for 16 

hours prior to plating on LB medium with appropriate antibiotics. Rhodococcus 

conjugations were done as previously described (Desomer, Dhaese, and Van 

Montagu 1988). 

  

Genome sequencing and assembly   
 

Total genomic DNA was used to prepare Nextera XT libraries, and the 

resulting multiplexed libraries were sequenced on an Illumina HiSeq 3000 to 

generate 150mer paired end sequencing reads (Center for Genome Research and 

Biocomputing (CGRB), Oregon State University. Reads were processed as 

follows. FastQC was used to assess sequencing reads for quality (Andrews 2010). 

BBduk v.35.82, with the parameters "ktrim=r k=23 mink=9 hdist=1 minlength=100 

tpe tbo", was used to remove adapter sequences from the reads. SPAdes v. 3.1.1, 

with the following parameters: "--careful -k 21,33,55,77,99", was used to correct 

errors and de novo assemble the reads into contigs (Bankevich et al. 2012). 

Blobtools was used to assess assemblies and guide elimination of contigs likely 

derived from contaminating bacteria (based on combined GC content, coverage, 

and contig annotation; (Kumar et al. 2013). Prokka was used to annotate the 

assembled genome sequences (Seemann 2014).  

 

Identification of pathogenicity loci 
 

To identify pathogenicity loci in sequenced isolates, fasR, fas and att were 
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used as queries in TBLASTN searches against genome assemblies. Contiguator 

was also used to map assembled contigs to the reference strain D188 to search 

for pFiD188 or pFiD188-like plasmids (Galardini et al. 2011). 

 

Identification of SNPs in D188-5 
 

HISAT2 was used to align sequencing reads from strain D188-5 to the D188 

reference genome sequence. Variants (SNPs) were called using freebayes, 

filtered to those with quality score greater than 20 using vcffilter, and annotated 

using SNPdat v. 1.0.5 (Doran and Creevey 2013). 

 

Phylogenetic Analyses  
 

Sequences for the maximum likelihood multi-locus sequence analysis 

(MLSA) tree were acquired using the autoMLSA tool (Davis et al. 2016). FtsY 

(ABG98302.1), InfH (ABG98417.1), RpoB (ABG93773.1), RsmA (ABG97450.1), 

SecY (ABG97930.1), TsaD (ABG97962.1), and YchF (ABG97656.1) from 

Rhodococcus jostii RHA1 were used as queries in TBLASTN (2.2.31) searches 

against the assembled genome sequences and the NCBI nt database, masked to 

Rhodococcus. Of those from NCBI nt, strains lacking all seven sequences and/or 

duplicate results were removed from the analysis. A total of 154 strains passed 

filter. The sequences were aligned using MAFFT (version 6.864b) using default 

settings. A RAxML accessory script was used to determine the best-fitting protein 

model for each protein alignment. Phylogenetic trees (100 ML searches, 
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"autoMRE" criterion bootstrap replicates) were generated using RAxML version 

8.1.17 with a partitioned alignment of the MLSA protein sequences (Stamatakis 

2014).  

TBLASTN and the autoMLSA tool were used to acquire sequences for the 

malate synthase genes sequence from the NCBI nr database masked to 

Rhodococcus. A total of 162 sequences were acquired, using the R. fascians D188 

vicA (AMY55488.1) as a query. Sequences were aligned using MAFFT (version 

6.864b) with the default settings, and a phylogenetic tree was generated using 

RAxML as described above. A cophylo plot of the MLSA and vicA trees was 

generated using the R package phytools (Revell 2012). 

 

PCR assays 
 

Primer sequences designed to detect Rhodococcus are listed in Table 2.2. 

For PCR, the reaction mixture was as follows: 1x ThermoPol reaction buffer (New 

England Biolab, Ipswich MA USA), 200 µM dNTPs, 0.2 µM of each primer, 50 ng 

genomic DNA template, 0.625 units Taq DNA polymerase (New England Biolab, 

Ipswich MA USA),  in a final volume of 25 µl. PCR conditions were as follows: 

95 °C, 3 minutes; 30 cycles of 95 °C for 30 seconds, 55 °C for 30 seconds, 72 °C 

for 1 minute; 72 °C for 10 minutes; 16 °C hold. Sterile pure water was included in 

all experiments as a negative control.  
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Loop-mediated isothermal amplification (LAMP) assay  
 

Primers used to detect fasR are listed in Table 2.2 (Serdani et al., 2013). 

For LAMP, the reaction mixture was as follows: 0.5 ng DNA template, (1x 

ThermoPol reaction buffer (New England Biolab, Ipswich MA USA), 5 mM MgSO4, 

140 µM dNTPs, 146 µM hydoxynaphthol blue (HNB), 1.6 µM each FIP and BIP 

primers, 0.2 µM each F3 and B3 primers, and 12 U Bst polymerase in a final 

volume of 25 µl. Reactions were incubated at 64 °C for 60 minutes and then cooled 

to 4 °C. Tubes were centrifuged briefly at 8,000 rpm.  

 

Recombinase polymerase amplification (RPA) Assays 
 

Oligonucleotides were designed according to manufacturer instructions 

(TwistDx Limited, Cambridge, UK). Sequences are provided in Table 2.2. For RPA 

nfo reactions, the reverse primer is modified to include a 5’ biotin tag and a probe 

with a 5’ FAM group, a dSpacer, and a 3’ C3-Spacer. RPA was optimized per the 

manufacturer’s instructions (TwistAmp Basic, TwistDx Limited, Cambridge, UK). 

Reactions consist of 0.48 μM per primer, 29.5 μl rehydration buffer, 12.2 μl water, 

and 1.0 μl genomic DNA. A volume of 2.5 μl 280 mM magnesium acetate (MgAc) 

was added to initiate the reaction. The reaction was incubated at 37°C for 30 

minutes. Products were purified using the QIAquick PCR purification kit (Qiagen, 

Germany), run out on a 2.0% agarose gel, stained with ethidium bromide, and 

visualized under UV light. Products were sequenced on an ABI 3730 DNA 

Analyzer (CGRB, Oregon State University).  
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 RPA reactions coupled to lateral flow detection were comprised of 0.42 μM 

forward primer, 0.42 μM biotin-labeled reverse primer, 0.12 μM probe, 29.5 μM 

rehydration buffer, 12.2 μl water, and 1.0 μl of 25 ng/μl genomic DNA. Reactions 

were added to a freeze-dried pellet provided by the manufacturer (TwistAmp nfo, 

TwistDx Limited, Cambridge, UK) with the subsequent addition of 2.5 μl of 280 mM 

MgAc to initiate the reaction. Following subsequent incubation 37°C for 30 min, the 

dual-labelled amplicon was visualized using a lateral flow dipstick (Milenia Biotec 

GMbH, Germany). One microliter of the RPA product was diluted in 49 μl 1.0x 

PBST and 10 μl of the dilution were applied to the base of the dipstick, which was 

subsequently submerged in 100 μl 1.0 PBST at room temperature until the 

visualization of the positive control band, typically lasting two minutes.  
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Figure 2.1. Rhodococcus requires att, fasR, and fas to cause disease to 
Nicotiana benthamiana.  
 
(A) Representative images of leafy galls on N. benthamiana. Strains of 
Rhodococcus were inoculated onto aerial portion of plants. Images taken 4 weeks 
post-inoculation. Red arrows point to the formation of a leafy gall. (B) 
Representative images of disease symptoms on seedlings. Three-day-old N. 
benthamiana seedlings were inoculated with Rhodococcus or water (mock) and 
grown vertically for seven days under constant light. Representative images were 
taken seven days post-inoculation. (C) Quantification of seedling root length. Box 
and whisker plots were generated using the Tukey method; * indicates a significant 
difference (p-value threshold ≤ 0.001 using Tukey’s Multiple Comparison Test) 
compared to R. fascians D188. Data for all panels were repeated in at least three 
independent biological replicates. 
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Figure 2.2.   Rhodococcus has a dose-dependent effect on Nicotiana 
benthamiana seedlings. 
 
(A) Quantification of seedling root length following inoculation with Rhodococcus 
strains D188, PBTS2, or PBTS2 + pFID188Δatt . Three-day-old N. benthamiana 
seedlings were inoculated with increasing amounts of Rhodococcus, ranging from 
2.5 x 102 to 1.0 x 1012 cfu. The sample shaded in gray highlights an inoculum of 
OD600 = 0.5 (1 x 2.5 x 1010, used in all other assays) Inocula below this decrease 
in 100-fold intervals. Inocula above increase at 2x, 4x, 10x, and 20x. Root lengths 
were quantified 7 days post-inoculation. Means are indicated by +. All treatments 
are significantly different from mock unless otherwise noted with “ns”; p-value 
threshold ≤ 0.001 using Tukey’s Multiple Comparison Test. Data were repeated in 
at least three independent biological replicates. (B) Quantification of seedling root 
length of plants grown in exogenously applied cytokinin (6-benyzlaminopurine; 
BA). Three-day-old N. benthamiana seedlings were transferred to media 
supplemented with BA (0.01, 0.1, 1.0, and 10 µM) or DMSO (0). Root lengths were 
quantified 7 days post-inoculation. Box and whisker plots were generated using 
the Tukey method. Means are indicated by +. 
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Figure 2.3. Plant-associated Rhodococcus increase the numbers and 
lengths of root hairs.  
 
(A) Representative images of root hairs of Nicotiana benthamiana plants that were 
inoculated with Rhodococcus.  Images were taken 25 days post-inoculation. Arrow 
indicates stem thickening induced by R. fascians D188. Scale bars are 0.5 mm. 
(B) Quantification of average root hair number at 25 days post-inoculation. All root 
hairs within a 1 cm segment, 1 cm below the stem were counted for at least five 
seedlings per treatment. (C) Quantification of root hair lengths at 25 days post-
inoculation. All root hairs within a 1 cm segment, 1 cm below the stem were 
measured for at least five seedlings per treatment. For B and C, data were 
repeated in two independent biological replicates. Box and whisker plots were 
generated using the Tukey method. Error bars indicated SEM; * indicates a 
significant difference compared to mock (p-value threshold ≤ 0.001 using Tukey’s 
Multiple Comparison Test).   
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Figure 2.4. The linear plasmid pFiD188 carrying fasR and fas is sufficient 
for phytopathogenicity.  
 
(A) Representative images of leafy galls on N. benthamiana. Images were taken 
four weeks post-inoculation. (B) Quantification of Nicotiana benthamiana seedling 
root length inhibition. The box and whisker plots were generated using the Tukey 
method. A * indicates significant differences compared to plasmid-lacking near 
isogenic comparator strain (p-value threshold ≤ 0.001 using Tukey’s Multiple 
Comparison Test). (C) Representative images of seedlings at seven days post-
inoculation with Rhodococcus.  
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Figure 2.5. Plant-associated Rhodococcus are circumscribed by four sister 
clades.  
 
Left tree: Translated sequences for ftsY, infB, rpoB, rsmA, secY, tsaD, and ychF 
from 154 members were identified using TBLASTN, aligned, and used to generate 
a multi-locus maximum likelihood tree. Right tree: The translated sequences for 
malate synthase was acquired from 162 members using the R. 
fascians D188 vicA (AMY55488.1) as query in a TBLASTN search. Sequences 
were aligned and used to generate a maximum likelihood tree. Clades other than 
I-IV were collapsed. A cophylo plot using these trees was generated for Clades I-
IV. Isolates sequenced in this work are labeled in blue. Red circles: Isolates 
experimentally determined to be pathogenic. Red squares: isolates predicted to be 
pathogenic based on presence of virulence loci. Green circles: Isolates 
experimentally determined to be non-pathogenic or to have beneficial phenotypes. 
Green squares: Isolates lacking virulence loci. 
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Figure 2.5. Plant-associated Rhodococcus are circumscribed by four sister 
clades (Continued). 
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Figure 2.6.   Five isolates collected from diseased tissues are beneficial 
Rhodococcus.  
 
Representative seedling assay images taken seven days post-inoculation. 
Experiment was repeated three times with similar results. 
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Figure 2.7. Molecular diagnostics that target demonstrably necessary 
virulence genes are effective in discriminating between most pathogenic and 
non-pathogenic Rhodococcus.  
 
Fragments of fasA, fasD and vicA were PCR amplified, using locus-specific 
primers and DNA from the listed strains. Pathogenic strains are labeled in 
blue.  Products were resolved on a 1% TAE agarose gel. Amplicon sizes are listed 
to the right of the gel images. LAMP assay detection of fasR from the same DNA 
samples. A positive reaction is visualized by a blue color. Negative samples are 
light purple. 
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Figure 2.8. The attE and attG gene sequences are specific markers for 
distinguishing phytopathogenic from beneficial Rhodococcus.  
 
Standard endpoint PCR, RPA Basic, and RPA nfo were used to detect attE or attG 
from DNA of Rhodococcus. Pathogenic isolates are labeled in blue. For PCR and 
RPA basic, product sizes are list to the right of the figure. For RPA nfo, the 
presence of the test band is indicative of a positive reaction; the control bands for 
all strips were confirmed (not shown).  
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Figure S2.1.  Rhodococcus fascians D188-5 is compromised in in vitro 
growth.  
 
R. fascians D188 and D188-5 were grown separately in LB media. Growth, 
determined using a Tecan plate reader, was quantified based on OD600 readings 
for 16 hours. One representative experiment of three is shown; all had similar 
results. Error bars indicate SEM.  
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Figure S2.2. There is no significant difference in virulence between wild-
type Rhodococcus fascians D188 and D188 with linear plasmid 
pFiD188Δatt.  
 
(A) Quantification of seedling root inhibition in Nicotiana benthamiana. Box and 
whisker plots were generated using the Tukey method. Data were analyzed using 
One-way ANOVA followed by Tukey’s multiple comparisons test. (B) 
Representative seedling assay images taken seven days post-inoculation. (C) 
Representative images of leafy galls on N. benthamiana. Images were taken 4 
weeks post-inoculation. Scale bar is 1 cm.  Data for D188+pFiD188Δatt is the 
same as shown in Figure 4. Experiments were repeated three times with similar 
results.  
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Figure S2.3.  D188 carrying L5::attR is altered in virulence and fails to 
maintain leafy galls.  
 
(A) Quantification of seedling root inhibition in Nicotiana benthamiana. Box and 
whisker plots were generated using the Tukey method. Data were analyzed using 
One-way ANOVA followed by Tukey’s multiple comparisons test.  * indicates 
significant difference at p-value threshold ≤ 0.001 (B) Representative seedling 
assay images taken seven days post-inoculation. (C) Representative images of 
leafy galls on N. benthamiana. Images taken 8 weeks post-inoculation. 
Experiments were repeated three times with similar results.  
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Table 2.1. Rhodococcus strains used in this study 

Isolate/Strain Name Pathogenic# 
Linear 

plasmid Virulence loci Clade/subclade** Host Reference 
Rhodococcus fascians D188 Yes Yes att+, fas+, fasR+ Clade I, subclade i Chrysanthemum x 

morifolium 
Desomer et al., 1988 

Rhodococcus fascians D188-5 No No/cured None n/a n/a Desomer et al., 1988 
Rhodococcus fascians D188 + 
pFID188Δatt 

Yes Yes n/a n/a n/a Maes et al., 2001 

Rhodococcus fascians D188 + 
L5::attR 

Intermediate Yes n/a n/a n/a this work 

Rhodococcus fascians 05-
561-1 

No No None Clade I, subclade i Lavandula 
angustifolia “Violet 
Intrigue” 

Serdani et al., 2013 

Rhodococcus fascians GIC26 No No None Clade I, subclade i Greenland Glacial  
Ice Core 

Miteva et al., 2004 

Rhodococcus sp. A21d2 Yes No att+, fasDF, 
fasR+^ 

Clade I, subclade ii Oenothera 
speciosa “Siskiyou” 

Creason et al., 
2014a 

Rhodococcus sp. 04-516 No No None Clade I, subclade ii Aster chemosis 
“Woods Pink” 

Serdani et al., 2013 

Rhodococcus sp. A25f Yes No att+, fas+, fasR+ Clade I, subclade ii Nemesia x 
“Natalie” 

Serdani et al., 2013 

Rhodococcus sp. 05-339-1 Yes Yes att+, fas+, fasR+ Clade I, subclade 
iii 

Hosta x “Blue 
Umbrellas” 

Serdani et al., 2013 

Rhodococcus sp. A44A Yes Yes att+, fas+, fasR+ Clade II Veronica spicata 
“Minuet” 

Serdani et al., 2013 

Rhodococcus sp. 
114MFTsu3.1 

No No None Clade II Arabidopsis Lundberg et al., 
2012 

Rhodococcus sp. 
UNC23MFCrub1.1 

No No None Clade III Arabidopsis Lundberg et al., 
2012 

Rhodococcus sp. 29 No No None Clade II Arabidopsis Lundberg et al., 
2012 

Rhodococcus sp. PBTS1 No* No None Clade IV Pistachio UCB1 
rootstock 

Stamler et al., 2015a 

Rhodococcus sp. PBTS2 No* No None Clade I, subclade i Pistachio UCB1 
rootstock 

Stamler et al., 2015a 

Rhodococcus sp. 14-1411-2a No None None Clade I, subclade ii Leucanthemum  This work 
Rhodococcus sp. 14-2483-1-2 No None attR, attX, partial 

attA 
Clade I, subclade ii Geranium spp.  This work 

Rhodococcus sp. 14-2496-1d Not tested Yes att+, fas+, fasR+ Clade II Scabiosa  This work 



 

 

70 

Table 2.1. Rhodococcus strains used in this study (Continued). 
 

Isolate/Strain Name Pathogenic# 
Linear 

plasmid Virulence loci Clade/subclade Host Reference 
Rhodococcus sp. 14-2483-1-1 Not tested Yes att+, fas+, fasR+ Clade I, 

subclade ii 
Geranium This work 

Rhodococcus sp. 14-2483-1-2 No None attR, attX, partial 
attA 

Clade I, 
subclade ii 

Geranium spp.  This work 

Rhodococcus sp. 14-2496-1d Not tested Yes att+, fas+, fasR+ Clade II Scabiosa  This work 
Rhodococcus sp. 14-2632c-1 Not tested Yes att+, fas+, fasR+ Clade I, 

subclade i 
Petunia  This work 

Rhodococcus sp. 14-2632-D2 Not tested Yes att+, fas+, fasR+ Clade I, 
subclade i 

Petunia This work 

Rhodococcus sp. 14-2686-1-2 Not tested Yes att+, fas+, fasR+ Clade II Geranium leafy gall This work 
Rhodococcus sp. 15-1154-1 Not tested Yes att+, fas+, fasR+ Clade II Veronica 'EI' This work 
Rhodococcus sp. 15-1189-1-1a Pathogen Yes att+, fas+, fasR+ Clade II Leucanthemum (leaves) This work 
Rhodococcus sp. 15-2388-1-1a Not tested Yes att+, fas+, fasR+ Clade I, 

subclade ii 
Veronica 'EI'  This work 

Rhodococcus sp. 15-508-1b Not tested Yes att+, fas+, fasR+ Clade I, 
subclade i 

Petunia 'FMP' leaves This work 

Rhodococcus sp. 15-649-1-2 Not tested Yes att+, fas+, fasR+ Clade II Sedum tetractinum This work 
Rhodococcus sp. 15-649-2-2 Not tested Yes att+, fas+, fasR+ Clade I, 

subclade ii 
Sedum tetractinum This work 

Rhodococcus sp. 15-725-2-2b Not tested Yes att+, fas+, fasR+ Clade I, 
subclade ii 

Veronica This work 

Rhodococcus sp. A2 Not tested Yes att+, fas+, fasR+ Clade I, 
subclade i 

Unidentified symptomatic 
plant 

This work 

Rhodococcus sp. B3 Not tested Yes att+, fas+, fasR+ Clade I, 
subclade i 

Unidentified symptomatic 
plant 

This work 

Rhodococcus sp. wwjcd1 No No None Clade I, 
subclade ii 

watering wand This work 

Rhodococcus sp. RS1C4 Not tested Yes att+, fas+, fasR+ Clade I, 
subclade i 

Unidentified symptomatic 
plant 

This work 

#Pathogenicity is defined as being able to induce leafy gall formation on plants and inhibit root growth. 
^Rhodococcus sp. A21d2 has a unique fasR allele. 
*These isolates have been implicated in Pistachio Bunchy Top Syndrome. 
**See also Figure 2.5 
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Table 2.2. Sequences of primers and probes used in this study. 
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Table S2.1 Polymorphisms between D188 and D188-5 
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Table S2.1 Polymorphisms between D188 and D188-5 (Continued) 
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Table S2.1 Polymorphisms between D188 and D188-5 (Continued) 
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ABSTRACT 
 
 Agrobacterium is a genus of soil-borne Gram-negative bacteria. Members 

carrying oncogenic plasmids can cause crown gall disease, which has significant 

economic costs, especially for the orchard and nursery industries. Early and rapid 

detection of pathogenic Agrobacterium is key to the management of crown gall 

disease. To this end, we designed oligonucleotide primers and probes to target 

virD2 for use in a molecular diagnostic tool that relies on isothermal amplification 

and lateral flow-based detection. The oligonucleotide tools were tested in the 

assay and evaluated for sensitivity, specificity, and breadth in detecting alleles of 

virD2. One set of primers that successfully amplified virD2 when used with an 

isothermal recombinase was selected. Both tested probes were very sensitive and 

could detect a Ti-carrying Agrobacterium from picogram amounts of DNA. Probe 

1 could detect all tested pathogenic isolates that represented most of the diversity 

of virD2. Lastly, the coupling of lateral flow detection to the use of these 

oligonucleotide primers in isothermal amplification helped reduced the 

onerousness of the process, and alleviated reliance on specialized tools necessary 

for molecular diagnostics. The assay is an advancement for the rapid molecular 

detection of pathogenic Agrobacterium spp..  

 

INTRODUCTION 
 

Agrobacterium is a genus of bacteria that includes soil-borne plant 

pathogens which can infect hundreds of different families of herbaceous and 
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woody dicots, including ornamental trees, shrubs, fruit and nut trees, and 

grapevine (Otten, Burr, and Szegedi 2008). As the causative agent of crown gall 

disease, members of Agrobacterium cause malformations that manifest as tumors. 

These disfigurations in growth render some agricultural plants unsellable because 

of loss in aesthetic appeal. In young plants, infection by Agrobacterium can 

compromise health due to decreased nutrient and water acquisition. In some 

species of plants, such as grapevine and rose, Agrobacterium can be systematic 

and persist without any overt expression of disease symptoms (Tarbah and 

Goodman 1987; Marti et al. 1999; Yakabe, Parker, and Kluepfel 2012).  

In a commercial setting, the pathogen can be introduced into a production 

setting via damaged galls from diseased plants and disseminated by irrigation or 

improperly sanitized tools. At present, there are just a few commercially available 

protectants and no curatives (Ryder 1991). In total, pathogenic Agrobacterium spp. 

cause an estimated 40% reduction in yield in the orchard and nursery industries, 

with annual losses in the millions of dollars (Kennedy and Alcorn 1980; Moore, 

Bouzar, and Burr 2001). The best course of action includes early detection and 

eradication of the diseased plants (Burr and Otten 1999). 

Based on the more classical classification scheme, the Agrobacterium 

genus includes at least five recognized species that are distinguished based on 

phenotypic differences and host range. These include Agrobacterium spp. 

tumefaciens, rhizogenes, vitis, rubi, and larrymoorei. But regardless of 

phylogenetic classification, all pathogenic isolates require a tumor-inducing (Ti) 

plasmid to cause crown gall disease to plants (Christie and Gordon 2014). To infect 
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plants, the bacteria require a wound, which releases attractants and provides 

ingression points. Perception of the attractant leads to the activation of vir genes 

on the plasmid, which execute a unique process of inter-kingdom gene transfer 

and genetic transformation of plants (Gelvin 2012). The vir-encoded protein 

products are necessary to process and translocate, via a type IV secretion system, 

T-DNA into plant cells. The T-DNA is a bordered segment of the plasmid that, upon 

transfer, leads to expression of genes that perturb plant hormone signaling and 

unregulated growth manifested as crown galls, and cause the host to synthesize 

abundant levels of opines, nutrients for the infecting Agrobacterium. 

Early detection is a critical component in managing Agrobacterium-caused 

diseases. Culturing Agrobacterium from diseased tissues is inadequate for 

diagnosis, as non-pathogenic variants are widespread. Accepted methods include 

PCR amplification of loci unique to the Ti plasmid directly from extracts of 

symptomatic plant tissue, and/or verifying the virulence of isolated bacteria. The 

virD2 gene is the most conserved among pathogenic Agrobacterium spp. and was 

consequently advanced as a target for detection (K. Wang, Herrera-Estrella, and 

Van Montagu 1990; Haas et al. 1995). VirD2 nicks the T-DNA from the plasmid 

and pilots the resulting T-strand into the host nucleus (Herrera-Estrella et al. 1988; 

Young and Nester 1988; Herrera-Estrella, Van Montagu, and K. Wang 1990). Due 

to the diversity of plasmid sequences, multiple sets of primer sequences have been 

designed, each with limited breadth in their application (Haas et al. 1995; Bini, 

Geider, and Bazzi 2008; Johnson et al. 2013). For example, the primer sequences 

reported by Haas et al (1995), though designed to what was identified, at the time, 
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as the most conserved portion of the virD2 gene, have limited use in detecting 

plasmids carried by A. vitis strains, commonly associated with infected grapevines 

(Bini, Geider, and Bazzi 2008).  

Though PCR is widely accepted and used by diagnostic labs, the method 

nevertheless requires expertise and specialized equipment and can be time-

consuming, depending on the number of samples. Loop-Mediated Isothermal 

Amplification (LAMP) eliminates reliance on equipment for thermocycling or 

visualizing amplified products, and can produce results in thirty minutes (Notomi 

et al. 2000). LAMP nonetheless requires the ability to maintain a constant high 

temperature and primers that anneal to six different regions of the target gene 

sequence, making it difficult to design LAMP for use against diverse alleles of a 

targeted gene.  

Recombinase Polymerase Amplification (RPA) is an isothermal method that 

works at a constant low temperature using stable reaction components that do not 

require refrigeration (Piepenburg et al. 2006). This method has been used for on-

site detection of a variety of pathogens that affect human, animal, and plant health 

(J. Wang et al. 2016; Londoño, Harmon, and Polston 2016; Hansen et al. 2016; 

Moore and Jaykus 2017; Lau et al. 2017). RPA relies on a recombinase protein to 

mediate primer invasion of the target DNA, and continuous amplification takes 

place via strand-displacement synthesis. Additionally, modified oligonucleotides 

used in RPA can be coupled with a modified probe to allow for visual detection on 

a disposable lateral-flow strip. The lateral flow strip has two antibodies to 

immobilize and detect the amplicon, which is dually labelled with fluorescein 
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isothiocyanate (FITC) and biotin. Results can be visualized in as little as 30 

minutes.  

Our goal was to develop a sensitive molecular detection assay to accelerate 

diagnostics of pathogenic Agrobacterium primarily associated with hosts other 

than grapevine. We describe the application of RPA and a lateral flow-based 

method for detecting pathogenic, crown gall-causing Agrobacterium isolates. 

Primers and probes were designed to detect multiple alleles of virD2 and thus are 

broadly applicable for detecting most pathogenic Agrobacterium spp.. As 

expected, these new oligonucleotide tools accurately distinguished between 

plasmid-carrying and a plasmid-lacking strain, and furthermore detected all tested 

variants of virD2. We additionally demonstrate RPA is sensitive, as it can reliably 

detect virD2 from as little as 3.5 pg of DNA extracted from cultured bacteria. Lastly, 

we highlight the rapidity of the method. DNA extracted from gall tissues and 

cultured bacteria can be added directly to the RPA reaction and virD2 can be 

detected via the lateral-flow strip, dramatically reducing cost, time, and effort 

required for detection.  

 

RESULTS 
 
Design of oligonucleotides and selection of isolates for testing  
 

The virD2 gene is the most conserved gene of oncogenic plasmids and was 

previously developed for use in discriminating pathogenic Agrobacterium spp., 

making it a good marker for molecular diagnostics (Haas et al. 1995). To improve 

upon the use of virD2 in discriminating more of the known pathogenic genotypes 
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from non-pathogenic bacteria, we first generated a maximum likelihood 

phylogenetic tree based on all publically available virD2 sequences (Fig. 3.1). This 

set of sequences was augmented by the inclusion of the virD2 sequence extracted 

from the genome sequence of Agrobacterium vitis 80/94, determined herein. The 

39 virD2 sequences from the Ti plasmids formed five distinct clades and those 

from the Ri plasmids, which are traditionally associated with hairy root disease, 

formed separate clades. The virD2 sequence from A. vitis 80/94 grouped with other 

vitopine-catabolizing A. vitis strains of clade IV. We confirmed the 39 virD2 

sequences accurately represented the diversity of the gene by comparing them to 

another ~130 virD2 sequences (Weisberg and Chang, unpublished results).  

As previously described, the virD2 genes have a conserved region in the 5’ 

end of the sequence which has been used as a target for amplification 

(Supplementary Figure S3.1; Haas et al. 1995; Bini, Geider, and Bazzi 2008; 

Johnson et al. 2013). Because of the demonstrable utility of this region, we based 

our design of oligonucleotide reagents on the 5’ end of virD2. We targeted three 

sequences within the first 500 bp of the 5’ region and designed primer sequences 

to meet the requirements for use in RPA assays (Fig. 3.2A). The lateral flow 

detection method requires an oligonucleotide probe that anneals internal to the 

amplification primers. To this end, we targeted two regions internal to the 

sequences for designing primers (Fig. 3.2A). These regions, however, were not as 

conserved in one clade of A. vitis Ti plasmids (Supplementary Figure S3.1; Fig. 

3.2B). Nonetheless, our focus is on isolates found on hosts other than grapevine. 

We therefore designed Probe 1 to anneal to the 5’ end of the amplified region, and 
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target the same region as primer Haas_A (Haas et al. 1995). To be more inclusive, 

Probe 1 included degenerate sites. Probe 2 was designed to anneal central to the 

amplified region, and is a derivative of Haas_C (Haas et al. 1995).  

The phylogenetic tree was also used to guide the selection of a diverse set 

of isolates that represent each of the virD2 clades for use in testing and optimizing 

the RPA assays (Fig. 3.1). Isolates representing multiple Agrobacterium spp. as 

well as different plasmid-encoded opine metabolism types were chosen from our 

collection. Host type from which isolates were obtained (herbaceous, woody, and 

grapevine) was also used as a selection criterion. While not a direct target of our 

assay design, one grapevine isolate was included to test if the use of the primers 

and probes could be extended. We also included in subsequent tests LMG215, a 

non-pathogenic isolate collected from Humulus lupulus (the common hop). We 

generated a draft genome sequence of LMG215 and identified it as a member of 

the A. tumefaciens species. Based on molecular markers, LMG215 clusters most 

closely to reference isolate A. tumefaciens strain B6 and is thus a member of 

genomospecies 4 (data not shown; Costechareyre et al. 2010). Moreover, the de 

novo assembled genome sequence does not include a Ti or Ri plasmid. The 

absence of an oncogenic plasmid was verified by the failure of any sequencing 

reads from LMG215 in aligning to any reference Ti or Ri plasmid sequence. 

LMG215 is, hereafter, used as a negative control in testing the specificity of 

molecular diagnostic tools.  
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Testing primers and probes  
 

Six combinations of primers were tested using the RPA basic kit and 35 

ng/µl of purified genomic DNA from A. tumefaciens C58 as a template, and 

compared to their efficacy in standard PCR. In RPA, four of the tested 

combinations yielded products of expected sizes (Fig. 3.2C). Sequence analysis 

of the products showed them to be identical to the targeted sequences of virD2. In 

standard PCR, all six pairs successfully amplified a product of expected size and 

were identical in sequence to their targeted region of virD2 (Fig. 3.2D). The 

difference in results between RPA and PCR was not surprising and is consistent 

with the need to test primers in RPA basic, prior to advancing to use in RPA nfo. 

Additionally, regardless of the primer pair tested, no products were observed in 

reactions that lacked DNA or had genomic DNA from LMG215, the plasmid-lacking 

isolate (LMG215 data not shown). The primer pairs are specific to virD2-encoding, 

and thus pathogenic Agrobacterium bacteria. Because primers Haas_A and 

VirD2_r1 best met recommendations of the manufacturer, all subsequent tests 

relied on use of this pair of primers. VirD2_r1 was modified with the addition of a 

5’ biotin tag for lateral flow analysis and is subsequently referred to as 

VirD2_r1_Biotin.  

 The efficacy of the probes was tested using the RPA nfo assay, and 

included primers Haas_A and VirD2_r1_Biotin and 35 ng/µl of genomic DNA from 

A. tumefaciens C58. We optimized probe detection by testing combinations of 

duration of reaction (time) and temperature, which were varied but kept within 

manufacturer recommended ranges. Temperature had a strong effect (Fig. 3.3). 
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Reactions with either probe reliably amplified a product at 40°C in as little as 10 

min, albeit with low signal intensity. In contrast, neither of the two probes yielded 

detectable products when the lowest temperature was used (20°C). Extending the 

time for amplification could mitigate some temperature effects. With incubation of 

20 min at 37°C, both reactions yielded a prominent and visible product. Reactions 

that included Probe 2 successfully amplified a product at a temperature as low as 

30°C. Extending reaction times to 30 min allowed for reactions to work at a 

temperature as low as 25°C when using Probe 2. In contrast, reactions with Probe 

1 were not successful at temperatures lower than 37°C, regardless of the duration 

of the reaction. Based on these comparisons, Probe 2 appeared to be more robust 

than Probe 1. In subsequent tests, a reaction condition of 37°C for 30 min was 

used.  

 

Testing sensitivity of RPA  
 

We determined the sensitivity of lateral flow strip-based detection of RPA. 

Genomic DNA from A. tumefaciens C58 was serially 10-fold diluted and tested 

using primer sets Haas_A + VirD2_r1_Biotin with Probe 1 or Probe 2 (Fig. 3.4A). 

Results were compared to that of a standard end-point PCR of 35 cycles. RPA, 

with either oligonucleotide set, was very sensitive. This method reliably detected a 

product from as little as 3.5 pg of input DNA. A product can be detected from as 

little as 3.5 fg of starting DNA, but results were difficult to discern and more difficult 

to repeat (data not shown). In contrast, the use of end-point PCR could only yield 

a faintly detectable product if the amount of DNA was more than 35 pg; results 
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were more reliable with 350 pg of input DNA. These data indicate that lateral flow 

strip detection of the RPA assay, using either probe, is 10-100x more sensitive 

than traditional PCR methods at detecting virD2 from a genomic DNA template. 

Using aliquots of DNA from the same starting stock of A. tumefaciens C58 

DNA, the total assay time of the RPA method was compared to that required for 

traditional PCR detection. The RPA method coupled with lateral flow detection 

could detect virD2 in as little as 30 min, whereas the traditional method, including 

thermocycling and resolving products via gel electrophoresis, took upwards of 3 h. 

This represents a substantial savings in time and cost for labor, especially if there 

is a large number of samples. 

We next tested whether RPA could be used to detect virD2 directly from 

liquid culture-grown bacterial cells of A. tumefaciens C58. We found, using serial 

dilutions of the bacterial suspension, that RPA was successful in yielding a product 

from as few as 10,000 untreated bacterial cells (Fig. 3.4B). We next asked whether 

the process could be expedited even further. Single colonies of bacteria were 

selected from an agar plate and either resuspended in 100 µl of water or added 

directly in the RPA reaction. For the former treatment, 1.0 µl of the resuspended 

bacteria was either immediately transferred to the RPA reaction, or transferred 

after 30 min of boiling. A positive product was detected in each of the three cases 

(data not shown). The ability to confirm presence of virD2 directly from a bacterial 

colony represents an additional savings in time and costs associated with labor. 
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Testing the breadth of RPA  
 

We tested the RPA nfo assay on a panel of Agrobacterium isolates that 

were selected based on criteria described above (Table 2.1). Both probes were 

tested on DNA extracted either from liquid culture-grown bacteria or galls artificially 

induced on N. benthamiana (Fig. 3.5). For assays using DNA from artificially 

induced galls, the negative controls were DNA from plants that were mock-

inoculated or inoculated with non-pathogenic isolate LMG215. Concentration of 

DNA from galls varied from 110 ng/µl to 450 ng/µl and 1 µl and 5 µl of each DNA 

sample was tested. Neither of the oligonucleotide sets yielded a detectable product 

in reactions that included DNA from isolate LMG215 or from mock-inoculated 

plants. These results confirm not only the specificity of the amplification primers, 

but also of the oligonucleotide probes. RPA with Probe 1 showed far greater 

breadth of application and yielded products from all the tested pathogenic isolates, 

either from bacterial or gall DNA extracts, including A. vitis 80/94 (Fig. 3.5). All gall 

DNA extracts worked, regardless of volume or starting concentration. Despite 

showing superior robustness in previous optimization experiments, Probe 2 proved 

less suitable in this application, being able to detect only three of the six tested 

Agrobacterium spp., with results being consistent between the volumes tested 

(Fig. 3.5). Each of these three detected isolates were isolated from woody hosts, 

carry plasmids that belong to clade V, and encode for nopaline metabolism (Fig. 

3.1). The difference in efficacy was not surprising, considering the design of the 

two probes (Table 2.2).  
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DISCUSSION 
 

Crown gall continues to be a significant problem for the nursery and fruit 

and tree nut industries. Here, we present a facile, rapid, and sensitive molecular 

diagnostic tool for detecting diverse phytopathogenic Agrobacterium spp. One of 

our goals was to develop a molecular diagnostic tool that is generalizable and 

sufficient for detecting most, if not all, of the Agrobacterium spp. and Ti plasmid 

variants commonly encountered on plants other than grapevine. Representative 

virD2 alleles, including approximately 130 generated in a separate study 

(Weisberg and Chang, data not shown), were used to guide the design of 

oligonucleotide tools. Primers Haas_A and VirD2_r1 showed the greatest 

applicability and could detect all the isolates tested (Fig. 3.5). Based on in silico 

analyses, it is predicted that the use of these two primers could be extended to 

detecting Ri plasmids as well as isolates with Ti plasmids that belong to clade I, 

which are currently not available in our collection (Fig. 3.1; Supplementary Fig. 

S3.1). The design of the probes was more challenging. For Probe 1, we introduced 

two degenerate sites, which likely contributed to increasing the ability to detect a 

wide range of Ti plasmids. However, based on the high number of polymorphic 

sites in clade I of the A. vitis Ti plasmid, these pathogenic variants may not be 

detectable with this probe. Probe 2 was more sensitive but had lower utility and 

could only detect plasmids of clade V.  

In addition to the applicability of this method for detecting most 

Agrobacterium spp., RPA offers advantages in being both exceptionally sensitive 
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and rapid. We could reliably detect virD2 from as little as 3.5 pg of DNA. This level 

of sensitivity is comparable to that of quantitative PCR, without the need for 

specialized equipment (Johnson et al. 2013). Moreover, the DNA extraction or 

culturing steps could be circumvented and bacteria or DNA from gall tissue could 

be added directly to reactions. As little as 10,000 cells are necessary. For tests 

using DNA from gall tissues, we did not attempt to normalize the amount used 

because of the challenges in determining the fraction that is derived from the 

bacteria. Nonetheless, despite the likelihood that only a small fraction of the DNA 

was derived from Agrobacterium cell, RPA coupled to lateral flow could adequately 

detect virD2. Using DNA from bacteria and in direct comparison to the traditionally 

used process for PCR-based diagnostics, we estimate that the method described 

in this study saved two hours and forty minutes, providing a savings in time, effort, 

and cost.  

 There were however, some challenges in applying RPA and additional 

difficulties that have yet to be overcome. The design of oligonucleotide tools is 

restricted by the need to target three conserved regions that are within an 

amplifiable distance, and thus knowledge of the genetic variation of the targeted 

sequence is required. Interestingly, we found the buffer that was provided for use 

with the lateral flow strips was unusable, as it consistently led to false positives 

when negative control RPA reactions were applied (data not shown). Using 1x 

PBST, instead of the provided buffer, solved this issue. Specific to Agrobacterium, 

there are documented cases in which plants showing symptoms of crown gall fail 

to yield culturable pathogenic Agrobacterium (Bélanger et al. 1995). It is possible 
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that commonly used semi-selective media are insufficient for supporting growth of 

all taxa of Agrobacterium. It is also likely that galls are devoid of, or occupied by, 

few plasmid-carrying bacteria, as opportunistic bacteria may have subsequently 

colonized, outcompeted, and displaced founder pathogenic genotypes. Lastly, 

despite the depth of our sequencing effort, we can never exclude the possibility 

that yet-to-be discovered Ti plasmids with more divergent virD2 sequences exist 

and evade currently used detection methods.   

In summary, we analyzed a large dataset of diverse virD2 sequences to 

design oligonucleotides for use in a coupled RPA and lateral flow assay to detect 

pathogenic Agrobacterium spp. associated with plants other than grapevine. 

Assay conditions were optimized and we used isolates that represent most of the 

genetic diversity to demonstrate the developed tools to be efficacious with respect 

to sensitivity, specificity, and rapidity. The RPA method shows promise for use in 

the diagnostic laboratory setting and represents a significant step towards 

providing on-site detection methods that can be used by non-experts and 

completed without specialized equipment. 

 

MATERIAL AND METHODS 
 
Agrobacterium isolates 
 
Agrobacterium spp. used in this study are described in Table 2.1. Bacteria were 

maintained on solid MGY medium at 28°C or grown overnight at 28°C in MGY 

medium with shaking at 200 rpm (Keane, Kerr, and New 1970). 

 



 

 

90 

90 

 

 
Induction of crown galls on Nicotiana benthamiana 
 
Crown galls were induced using the method previously described (Anand et al. 

2007). Overnight cultures were pelleted and bacterial cells were washed with 

sterile water. The bacteria were resuspended to a concentration of 109 CFU/ml in 

liquid Agrobacterium induction media (1/10 Murashige-Skoog basal salts; 0.5 

mg/ml 2-N-morpholino-ethanesulfonic acid (MES), pH 5.8, and 1% glucose) 

supplemented with acetosyringone (150 µg/ml) and placed at room temperature 

(24°C) for 14 to 16 h. The induced cultures were washed with sterile water and 

resuspended in 0.9% NaCl. Galls were induced on 4 to 6 week-old N. benthamiana 

by wounding the stems with a 22-gauge needle dipped in bacterial suspension. 

For a mock-inoculated control, plants were similarly wounded using a needle 

dipped in induction medium. Plants were maintained in a growth chamber with a 

daily cycle of 10 h light/14 h dark at 25°C.  

 

Extraction of genomic DNA  
 
Agrobacterium DNA was extracted using the DNeasy Blood and Tissue Kit per the 

manufacturer’s instructions (Qiagen, Germany). Galls or mock inoculated plant 

tissues were surface sterilized for 1 min in 95% ethanol, washed 3 times with sterile 

water, and cut finely with a sterile razor blade. Cut tissues were then transferred 

to a lysing matrix tube (Lysing Matrix A; MP Biomedicals; Santa Ana, CA USA) 

with 400 µl CTAB Buffer (100 mM Tris-Cl (pH 8.0), 20 mM EDTA (pH 8.0), 1.4 M 
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NaCl, 2% w/v cetyltrimethyl ammonium bromide, 1% polyvinyl pyrrolidone 40,000). 

The tube containing the plant tissue was homogenized at 6.0 m/s for 40 s on a 

Fast-Prep 24 (MP Biomedicals; Santa Ana, CA USA). The lysing matrix tube was 

then incubated in a heat block at 65°C for 10 min. The DNeasy Blood and Tissue 

Kit was used to extract DNA from the lysates (Qiagen, Germany). 

A Nanodrop ND-1000 spectrophotometer (ThermoScientific, USA) was 

used to determine the quality and quantity of the extracted genomic DNA. Genomic 

DNA was diluted in sterile deionized water, to a concentration of 35 ng/µl and 

serially diluted, 10-fold from 35 ng/µl to 3.5 fg/µl.  

 

Genome sequencing, assembly, and analyses  
 

Total genomic DNA was used to prepare Nextera XT libraries, and the 

resulting multiplexed libraries were sequenced on an Illumina HiSeq 3000 to 

generate 150mer paired end sequencing reads (Center for Genome Research and 

Biocomputing (CGRB), Oregon State University). FastQC was used to assess 

sequencing reads for quality 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). BBduk v.35.82, with 

the parameters "ktrim=r k=23 mink=9 hdist=1 minlength=100 tpe tbo", was used 

to remove adapter sequences from the reads. SPAdes v. 3.1.1, with the following 

parameters: "--careful -k 21,33,55,77,99" was used to correct errors and de novo 

assemble the reads (https://sourceforge.net/projects/bbmap/; Bankevich et al. 

2012). Blobtools was used to assess assemblies and if necessary, guide 

elimination of contigs likely derived from contaminating bacteria (Kumar et al. 
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2013, current version DOI:10.5281/zenodo.439101). Prokka was used to annotate 

the genome sequences (Seemann 2014).  

  The virD2 sequence from A. tumefaciens C58 was used as a query in a 

BLASTN (version 2.5.0) search against the NCBI nr database, subset to 

Rhizobium/Agrobacterium (taxid:227290), using the autoMLSA package with 

relaxed settings (minimum coverage = 45%; Davis et al. 2016). A total of 38 

sequences were identified. The virD2 sequence was also extracted from the 

genome sequence of Agrobacterium vitis 80/94. MAFFT (version 6.864b) with 

default settings, was used to align 39 total virD2 sequences (Katoh and Standley 

2013). The virD2 tree was generated using RAxML (version 8.1.17) and visualized 

in FigTree (version 1.4.3) (Stamatakis 2014). CLC Sequence Viewer (Qiagen, 

Germany) was used to align the virD2 sequences and to identify the most 

conserved sequence regions. 

 

Polymerase Chain Reaction (PCR) and RPA assays 
 

Primers and probes were designed according to the instructions of the 

manufacturer (TwistDx Limited, Cambridge, UK). Primer and probe sequences are 

provided in Table 2.2. The bottom strand primer was modified to include a 5’ biotin 

tag and probes included a 5’ FAM group, a dSpacer, and a 3’ C3-spacer. 

Standard PCR consisted of 0.4 mM of each primer, 2.5 mM dNTPs, 1x 

ThermoPol® buffer, 0.5 U Taq DNA Polymerase (New England Biolabs, Ipswich, 

MA, USA), and 1.0 µl genomic DNA template (of varying concentration), in a final 

volume of 25 µl. Cycling parameters were a 10 min denaturation at 94°C, followed 
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by 30 cycles of: 30 s at 94°C, 30 s at 55°C, and 90 s at 72°C, followed by 10 min 

at 72°C. Products were resolved on a 2.0% 1x TAE agarose gel, stained with 

ethidium bromide, and visualized under UV light.  

RPA was optimized following the manufacturer’s instructions (TwistAmp 

Basic, TwistDx Limited, Cambridge, UK). Reactions consisted of 0.48 µM each 

primer, 29.5 µl rehydration buffer, 12.2 µl water, and 1.0 µl genomic DNA (of 

varying concentration). A volume of 2.5 µl 280 mM magnesium acetate (MgAc) 

was added to initiate the reaction, which was subsequently incubated at 

temperatures ranging from 20 to 40°C. Reaction times of 1, 10, 20, 30, and 40 min 

were tested. The RPA products were purified using the QIAquick PCR purification 

kit (Qiagen, Germany), resolved on a 2.0% 1x TAE agarose gel, stained with 

ethidium bromide, and visualized under UV light.  

Products from PCR and RPA were sequenced on an ABI 3730 DNA 

Analyzer (CGRB, Oregon State University). The PCR products were prepared 

using previously described methods (Creason et al. 2014). The RPA products were 

purified using the QIAquick PCR purification kit (Qiagen, Germany).  

For RPA coupled to lateral flow detection, reactions consisted of 0.42 µM top-

strand primer, 0.42 µM of biotin-labeled bottom-strand primer, 0.12 µM probe, 29.5 

µl rehydration buffer, 12.2 µl water, and 1.0 µl genomic DNA (of varying 

concentration). Reactions were vortexed briefly and then added to a freeze-dried 

pellet provided by the manufacturer (TwistAmp nfo, TwistDx Limited, Cambridge, 

UK). The reaction was initiated by addition of 2.5 µl 280 mM MgAc. Reactions were 

incubated at 37°C for 30 min. The dual-labelled amplicon was visualized using a 
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lateral flow dipstick (Milenia Biotec GmbH, Germany). One microliter of the product 

was diluted in 49 µl 1.0x PBST and 10 µl were applied to the base of the dipstick. 

The lateral flow strip was subsequently submerged in 100 µl 1.0x PBST and 

incubated at room temperature until appearance of the positive control band, 

typically within two min. 
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Figure 3.1. The virD2 genes of oncogenic Ti and Ri plasmids of 
Agrobacterium spp. form distinct clades.  
 
Maximum likelihood phylogenetic tree of virD2 sequences from diverse 
Agrobacterium spp.. A total of 39 sequences were identified using BLASTN, 
aligned, and used as input for tree generation. Isolates are distinguished based on 
host type (woody, herbaceous, grapevine, or lab strain) and opine catabolism. 
Clades of Ti plasmids are labeled. Isolates used for testing are boxed.  
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Figure 3.2. Oligonucleotide primers and probes were designed to the 5’ 
region of virD2.  
 
(A) Schematic of the 5’ approximately 500 nucleotides of virD2 and relative 
positions of designed oligonucleotide primers. (B) Alignment of virD2 sequences 
from tested Agrobacterium spp. with primer and probe sequences designed for 
use in RPA coupled to lateral flow detection. Shading indicates percent identity of 
the consensus. Inverted triangles indicate position of abasic sites in Probes 1 and 
2. (C) Image of ethidium bromide-stained gel with amplicons derived from the RPA 
basic assay (combinations indicated). (D) Image of ethidium bromide-stained gel 
with amplicons derived from standard PCR. For both RPA and standard PCR, a 
total of 35 ng of DNA from A. tumefaciens C58 was used as a template (C58). 
Water and DNA from LMG215 (data not shown) were used as negative controls. 
Sizes of the amplified products are listed. 
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Figure 3.3. Time and temperature were optimized for using RPA nfo to 
detect virD2 of A. tumefaciens C58. 
 
Two probes were independently tested in RPA nfo, using primers Haas_A and 
VirD2_r1_Biotin and 35 ng of genomic DNA from A. tumefaciens C58. Reactions 
were run at the indicated times (top) and temperatures (bottom) and assayed using 
lateral flow strips. The “test” band indicates trapping of amplicons dually-labeled 
with FAM and biotin, which are complexed with gold-labeled anti-FAM antibodies 
and captured via anti-biotin antibodies. Gold particles that are not complexed with 
the amplicon are captured by anti-rabbit antibodies at the “control” line, which 
serves as a control for flow of the strip. Reactions with sterile water were included 
for each probe and temperature tested, and assessed for 40 min. Results were 
repeated three times with similar results. 
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Figure 3.4. The RPA nfo probes are sensitive in detecting virD2 of A. 
tumefaciens C58.  
 
(A) Genomic DNA was resuspended at 35 ng/µl and serially diluted 10-fold. A 
volume of 1.0 µl from each concentration was tested; the dilutions are indicated. 
The genomic DNA was also amplified using standard end-point PCR of 35 cycles. 
Products were visualized on a 1% TAE agarose gel. The size of the products is 
indicated. (B) Bacteria were grown overnight, concentrated to 1 X 1010 CFU/mL 
and diluted 10-fold; the number of colony forming units, quantified based on OD600, 
are indicated. For both, the two probes were independently tested in RPA nfo, with 
primers Haas_A and VirD2_r1_Biotin. Reactions were done for 30 min at 37°C and 
assayed using lateral flow strips. The “test” band indicates trapping of amplicons 
dually-labeled with FAM and biotin, which are complexed with gold-labeled anti-
FAM antibodies and captured via anti-biotin antibodies. Gold particles that are not 
complexed with the amplicon are captured by anti-rabbit antibodies at the “control” 
line, which serves as a control for flow of the strip. Results were repeated three 
times with similar results. 
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Figure 3.5. The RPA nfo probes vary in their ability to detect virD2 alleles of 
Agrobacterium spp..  
 
The two probes were independently tested in RPA nfo, using primers Haas_A and 
VirD2_r1_Biotin. A total of 35 ng of DNA extracted from culture-grown isolates of 
Ti-plasmid carrying Agrobacterium spp. (C) or from infected galls (G) were tested. 
White arrows show site of inoculation of mock treatments. Circles show galls. DNA 
from the Ti-plasmid negative strain LMG215 and mock-inoculated plants (M) were 
included as negative controls. Reactions were done for 30 min at 37 °C and 
assayed using lateral flow strips. The “test” band indicates trapping of amplicons 
dually-labeled with FAM and biotin, which are complexed with gold-labeled anti-
FAM antibodies and captured via anti-biotin antibodies. Gold particles that are not 
complexed with the amplicon are captured by anti-rabbit antibodies at the “control” 
line, which serves as a control for flow of the strip. Results were repeated twice 
with similar results. 
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Figure S3.1. Nucleotide alignment of the first approximately 500 nucleotides of 39 virD2 sequences to the 
Haas_A and VirD2_r1 and probe sequences.  
 
Alignments were generated in CLC Genomics Workbench. Nucleotides are colored accordingly. 
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Figure S3.1. Nucleotide alignment of the first approximately 500 nucleotides of 39 virD2 sequences to the Haas_A 

and VirD2_r1 and probe sequences (Continued). 
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Figure S3.1. Nucleotide alignment of the first approximately 500 nucleotides of 39 virD2 sequences to the Haas_A 

and VirD2_r1 and probe sequences (Continued). 
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Figure S3.1. Nucleotide alignment of the first approximately 500 nucleotides of 39 virD2 sequences to the Haas_A 

and VirD2_r1 and probe sequences (Continued). 
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Figure S3.1. Nucleotide alignment of the first approximately 500 nucleotides of 39 virD2 sequences to the Haas_A 

and VirD2_r1 and probe sequences (Continued).
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  Table 3.1. Agrobacterium spp. isolates used in this study 
Isolate 

Name 

Accession number Species Opine type Host Reference 

LMG 215 NBZF00000000 A. 

tumefaciens 

n/a Common hop This work 

C58 GCA_000092025.1 A. 

tumefaciens 

Nopaline Cherry (Wood et al. 

2001; 

Goodner et al. 

2001) 

B131/95 GCA_001692155.1 A. rhizogenes Nopaline Peach/Almond 

Rootstock 

(Davis et al. 

2016) 

N2/73 GCA_001692195.1 A. 

tumefaciens 

Nopaline Raspberry (Davis et al. 

2016) 

B140/95 GCA_001692245.1 A. 

tumefaciens 

Octopine/agropine Peach/Almond 

Rootstock 

(Davis et al. 

2016) 

15-1187-

1-2a 

GCA_001692265.1 A. 

tumefaciens 

Nopaline/chrysopine Yarrow (Davis et al. 

2016) 

V80/94  NBZE00000000 A. vitis Vitopine/nopaline Grape This work 

LMG 215 NBZF00000000 A. 

tumefaciens 

n/a Common hop This work 

C58 GCA_000092025.1 A. 

tumefaciens 

Nopaline Cherry (Wood et al. 

2001; 

Goodner et al. 

2001) 

B131/95 GCA_001692155.1 A. rhizogenes Nopaline Peach/Almond 

Rootstock 

(Davis et al. 

2016) 

N2/73 GCA_001692195.1 A. 

tumefaciens 

Nopaline Raspberry (Davis et al. 

2016) 

B140/95 GCA_001692245.1 A. 

tumefaciens 

Octopine/agropine Peach/Almond 

Rootstock 

(Davis et al. 

2016) 

15-1187-

1-2a 

GCA_001692265.1 A. 

tumefaciens 

Nopaline/chrysopine Yarrow (Davis et al. 

2016) 

V80/94  NBZE00000000 A. vitis Vitopine/nopaline Grape This work 
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       Table 3.2. Oligonucleotides used in this study.  
 

 

 

 
 
 
 
 
 
 
 
 
 

Name Sequence (5’ to 3’) Source 

Haas_A ATGCCCGATCGAGCTCAAGT (Haas et al. 1995) 

Haas_C TCGTCTGGCTGACTTTCGTCATAA (Haas et al. 1995) 

VirD2_f1  GCAGCCGAGATGTTTGGG This work 

VirD2_f2  GCCAGACGAGGAAAGGC This work 

VirD2_r1  GGCGTCGTAATTCAGTTGGG This work 

VirD2_r1_Biotin /5Biosg/GGCGTCGTAATTCAGTTGGG This work 

VirD2_r2  GCGATCGATGTGGAAGGC This work 

Probe 1 /56FAM/ATGCCCGATCGAGCTCAAGTWATCA

TTCGC/idSp/TTGTGCCRGGAGGTGG/3SpC3/ 

This work 
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In this thesis, I presented data that demonstrated the importance of 

Rhodococcus to the health of plants and the health of ecosystems. Rhodococcus 

is ubiquitous in microbial communities and commonly recovered from healthy plant 

tissues. This suggested these bacteria may benefit plant hosts. In this work, I 

showed that plants inoculated with non-pathogenic strains of Rhodococcus 

experience beneficial phenotypic changes such as proliferation of root hairs that 

are longer than those on mock-inoculated plants (Fig. 2.4). This proliferation 

increases the surface area of the root system to promote nutrient and water 

acquisition and it is anticipated that this change in phenotype helps promote the 

growth of the plant host.  

The work presented in this thesis is also consistent with the evolutionary co-

option model (Letek et al. 2010). This model hypothesizes that the primary driver 

of symbiosis transitions are the few key horizontally-acquired genes that repurpose 

the organism’s core genes (Letek et al. 2010). The acquisition of virulence loci by 

non-pathogenic strains of Rhodococcus converts them to a pathogenic lifestyle 

and the benefits to the plant are lost (Fig. 2.4). An essential next step to testing the 

co-option model is to identify the core genes that are co-opted. Because the 

product of the fasR is predicted to be a transcriptional regulator, it has strong 

potential in being the horizontally acquired gene that repurposes chromosomal loci 

for virulence. ChIP-sequencing is one method that could be used to identify the 

DNA sequences that are bound by FasR. The associated coding sequences can 

subsequently be tested for roles in virulence.   
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The discovery that Rhodococcus is beneficial and that its virulence gene 

evolution can be explained by the co-option model, has led to difficulties in 

diagnosing diseases of plants. Several factors contribute to this challenging issue. 

It is currently recommended to use vicA as the target gene for detecting pathogenic 

Rhodococcocus (Stamler et al. 2016). I demonstrated that vicA is not specific to 

pathogenic genotypes and thus is unsuitable for discriminating pathogenic 

genotypes (Fig. 2.7). Additionally, I showed that the unnaturally high levels of 

inoculum originally used by others to address Koch’s postulates results in 

morphological changes that are easily viewed as a negative fitness effect. It is also 

important to note that the fasR and fas genes are absolutely necessary for 

Rhodococcus to cause leafy gall disease to N. benthamiana. This was originally 

demonstrated for one genotype of Rhodococcus (Crespi et al. 1992). Our research 

group had previously extended this to 20 more strains and in this thesis, I have 

increased the total number of isolates to 40 (Creason, Davis, et al. 2014). None of 

the isolates collected from pistachio have virulence genes. Collectively, the data 

presented in this thesis argue against the likelihood that Rhodococcus is the 

causative agent of the emerging pistachio disease (Fig. 2.2).  

The incongruence between the results has significant implications.  Owners 

of pistachio farms in which Rhodococcus is found are recommended to destroy all 

infected plant material regardless of whether the cultured Rhodococcus is 

pathogenic or not. The importance of bacteria in a healthy ecosystem is well 

studied but the conclusion that Rhodococcus is detrimental, regardless of its 

symbiosis state, results in the unnecessary and costly destruction of healthy plant 
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material. Importantly, in light of the data presented in this thesis, the true causative 

agent has yet to be discovered. But because Rhodococcus is currently accepted 

as the causative agent of the emerging disease in pistachio, the true cause may 

not be determined. 

An important extension of this work is to identify the mechanisms by which 

Rhodococcus benefits plants.  My work suggests that Rhodococcus may elicit 

induced systemic tolerance to abiotic stresses such as salt and drought. Previous 

work has shown that PGPR-elicited tolerance can promote plant growth in these 

unfavorable conditions (Timmusk and Wagner 1999; Mayak, Tirosh, and Glick 

2004). For example, the PGPR Paenibacillus polymyxa enhanced drought 

tolerance of Arabidopsis by upregulating the drought-response gene, EARLY 

RESPONSIVE TO DEHYDRATION 15 (ERD15) (Timmusk and Wagner 1999). 

Another PGPR, Achromobacter piechaudii ARV8 confers tolerance to drought 

stress in pepper and tomato plants by regulating plant homeostasis (Mayak, 

Tirosh, and Glick 2004). Additionally, researchers discovered that mixing of some 

PGPR strains in a drought-induced greenhouse setting led to increased plant 

height, increased shoot dry weight, and increased nodule number (Yang, 

Kloepper, and Ryu 2009).  

The mechanism by which Rhodococcus benefits plants is still unresolved. 

There are two parallel approaches that could be used to elucidate this mechanism. 

One is to investigate the host and use transcriptome or proteome analysis to 

investigate bacterial-induced changes. For example, one study showed the PGPR 

Bacillus subtilis helped the host plant respond to salt stress. The authors 
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discovered decreased expression of the host’s HIGH-AFFINITY !" 

TRANSPORTER 1 (HKT1), important to control sodium import in roots (Zhang et 

al. 2008). Interestingly, HKT1 was shown to adjust sodium and potassium levels 

differently depending on the plant tissue analyzed (Zhang et al. 2008). A first test 

would be to study this in Rhodococcus given it can be cultured from a diversity of 

host-associated environments.  

A second approach is to identify the genes of Rhodococcus that are 

necessary for the bacterium to elicit beneficial responses. A commonly used 

method is to employ a mutant screen. A transposon library could be developed 

and tested to identify mutants that are compromised in their ability to cause 

beneficial changes to host plants. The assay that I developed and described in this 

thesis lends itself to a robust and relatively high throughput screen. It would be 

facile to screen mutants for those that lose the ability to trigger root hair 

proliferation, for example. Mutants and affected loci could then be characterized to 

gain insights into the beneficial functions that Rhodococcus provides. 

In addition to providing insights into transitions in symbiosis states, showing 

those this biological process can confound diagnosis, and how slight errors in 

experimental design can compound issues, I also described the development of a 

new detection method. I advanced recombinase polymerase amplification (RPA) 

for rapid, facile and sensitive detection of two gall-forming microbes, Rhodococcus 

and Agrobacterium. This provides a significant step in overcoming the barriers that 

limit current diagnostic methods such as limited breadth of detection due to the 

genetic diversity of phytopathogenic species, the inaccessibility of laboratory 



 116 

equipment in a field setting, and the lengthy process of DNA extraction coupled 

with standard PCR commonly used in diagnostic laboratories.  Moreover, given 

the ease of use and stability of reagents, RPA is a promising method for on-site 

detection of pathogenic species.  
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