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Plant pathogenic Rhodococcus species are persistent pathogens able to 

cause severe growth deformities on a large range of hosts. The most well studied 

species, R. fascians is predicted by current models to synthesize a mixture of 

cytokinins that act to directly perturb the hosts’ hormone balances, which results 

in abnormal growth. The biosynthesis and modification of cytokinins has been 

attributed to proteins encoded by the fas locus. The fasD gene encodes an 

isopentenyl transferase, a key enzyme in cytokinin biosynthesis, and is 

necessary for pathogenicity. In addition to fasD, fasA, putatively encoding a P450 

monooxygenase, and fasF, encoding a phosphoribohydrolase, are hypothesized 

to be necessary for pathogenicity. The work presented in this thesis employs the 

use of whole genome sequences from over 20 isolates of Rhodococcus to 

challenge the current virulence model and develop new models. Counter to the 

current virulence model, our data shows R. fascians produces only one active 

cytokinin in a fas-dependent manner. Analysis of the genome sequences 

revealed a unique pathogenic isolate that lacks the fas operon. However, this 



isolate contains a gene predicted to encode a protein with isopentenyl 

transferase and phosphoribohydrolase domains, putatively capable of catalyzing 

and activating cytokinins, respectively. We also developed methods to generate 

non-polar gene deletion mutants of fasA and fasF, two key genes in the extant 

virulence model. Characterization of these mutants indicates fasA and fasF are 

not necessary for pathogenicity. Finally, we used the genome sequences from 59 

Rhodococcus isolates, including the 21 genomes we sequenced, to provide a 

framework for resolving the Rhodococcus genus. 
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Introduction: The Gram-Positive Plant Pathogen Rhodococcus fascians 
 

Allison L. Creason 

  



 
 

2 

INTRODUCTION 

Rhodococcus fascians is a Gram-positive, non-motile, non-spore forming 

member of Actinobacteria and causative agent of leafy gall disease. The 

Rhodococcus genus belongs to the suborder Corynebacterineae and its 

members contain an unusual outer membrane composed primarily of mycolic 

acid (Niederweis et al., 2010). The species of Rhodococcus are mostly 

environmental bacteria that are targeted as candidates for bioremediation 

because of their tremendous capacity to degrade organic compounds. Two 

species of the Rhodococcus genus are unique in being pathogenic. R. equi is an 

opportunistic pathogen of animals and humans. R. fascians is a broad host range 

pathogen of plants, and the focus of the study described in this thesis. 

 

COLONIZATION AND SYMPTOM DEVELOPMENT BY R. FASCIANS 

R. fascians is suggested to be a species of soil bacteria that can also grow 

as an epiphyte on plant surfaces, primarily on the lamina of leaves, with a 

preference for epidermal cell wall junctions (Cornelis et al., 2001). During this 

phase of the plant-associated lifestyle, R. fascians is often present in a profuse 

slime layer that is suggested to be a biofilm (Cornelis et al., 2001). R. fascians 

can undergo a lifestyle transition where it is able to invade plant tissues and grow 

as an endophyte. There is no evidence to indicate that R. fascians enters its host 

via natural openings, such as stomata. Rather, a hypothesized signal, likely 

associated with the lifestyle transition and biofilm formation, is suggested to 

trigger invasion of R. fascians into the plant. During this process, R. fascians 
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undergoes morphological changes, where its cells elongate and form hyphae-like 

structures. Subsequently, R. fascians breaches the host cuticle layer and 

collapses the epidermal layer (Cornelis et al., 2001; 2002). These so-called 

ingression sites form beneath the epiphytic colonies, giving the bacteria access 

to the inner tissues of the plant. During the early stages of penetration, the 

majority of the R. fascians population resides on the surface of the plant with few 

bacteria being observed inside the plant; however, the number of observed 

bacterial cells penetrating and growing intercellularly increases over time with 

some cells found growing up to four cell layers deep by two weeks post 

inoculation (Cornelis et al., 2001). 

In addition to growing inside host tissues, R. fascians has been found 

bounded by the cell wall of plant cells following inoculation of whole plants or 

tobacco cell suspension cultures (Cornelis et al., 2001; Goethals et al., 2001). 

These observations suggest that R. fascians has the potential to grow 

intracellularly. This is an unexpected observation because the majority of plant 

pathogenic bacteria observed within plant cells are limited to the vasculature (i.e. 

xylem/phloem). The one exception is Xanthomonas albilineans, which upon 

egress from the xylem can be observed within parenchyma and other non-

vascular cells (Mensi et al., 2014). However, the importance of intracellular 

growth by X. albilineans is not clear, as this aspect of its lifecycle is only 

observed in the very late stages (more than 4 weeks post inoculation). Bacteria 

that require intracellular growth are members of mutualistic rhizobia and Frankia. 
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As such, R. fascians may be the first example of plant pathogenic bacteria that 

invades plant cells during the ingression stage. 

Plants infected with R. fascians exhibit a variety of symptoms such as leaf 

deformation, witches’ broom, and leafy gall disease. Leaf deformation presents 

as curling and wrinkling of the lamina as well as swelling of veins and petioles. 

Witches’ broom presents as a dense cluster of stems with malformed or aborted 

leaves at the crown of the plant. Considered the most severe symptom, leafy gall 

disease caused by R. fascians presents as growth deformities characterized by 

extreme loss of apical dominance with differentiated tumor-like growths at 

meristems (Goethals et al., 2001). These symptoms are often grotesque and can 

compromise the health of plants and increase their susceptibility to opportunistic 

pathogens (Goethals et al., 2001; Putnam and Miller, 2007). 

 

PLANT HORMONE BIOSYNTHESIS AND PERCEPTION 

Plant hormones are small molecules that coordinate plant growth, 

development, and responses to environmental cues. Their functions are 

multifaceted, dynamic, and context-specific, e.g., influenced by location, 

concentration, and signaling by other plant hormones. However, plant hormones 

are also important in the regulation of interactions between plants and their 

symbionts (pathogenic, commensal, and mutualistic). In addition to immunity-

associated hormones such as salicylic acid and jasmonic acid, there is an 

increasing recognition that those traditionally viewed as growth promoting, such 

as auxins, cytokinins, gibberellin, abscisic acid, brassinosteroids, and ethylene, 
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also regulate the interactions between plants and their symbionts (Robert-

Seilaniantz et al., 2011).  

Naturally occurring cytokinins are N6-prenylated adenine derivatives, 

with isopentenyladenine (iP), trans-zeatin (tZ), cis-zeatin (cZ), and dihydrozeatin 

being the most common derivatives detected in higher plants. The synthesis of 

cytokinins is catalyzed by isopentenyl transferases (IPT), which transfer an 

isoprenoid group from hydroxymethylbutenyl diphosphate (HMBDP) or 

dimethylallyl diphosphate (DMADP, aka DMAPP) to an adenine ribotide 

(adenosine mono/di/tri-phosphate), resulting in an isopentenyl ribotide 

(isopentenyl adenosine monophosphate) (Fig. 1.1) (Sakakibara, 2006; Frebort et 

al., 2011; Kieber and Schaller, 2014). The ribotide forms are not biologically 

active cytokinins and need to be activated by removal of the phosphate and 

ribose group by members of the Lonely Guy or LOG family of 

phosphoribohydrolases that specifically hydrolyze cytokinin ribotides (Kurakawa 

et al., 2007). Cytokinins can also be inactivated by cytokinin 

dehydrogenase/oxidases (CKXs), which cleave the unsaturated isoprenoid group 

resulting in an adenine derivative and aldehyde (Sakakibara, 2006; Frebort et al., 

2011; Kieber and Schaller, 2014). 

There are two primary variations in the side-chain structure of 

cytokinins. Isopentenyl type cytokinins are synthesized when DMADP from the 

mevalonate (MVA) pathway is used as the precursor (left half of Fig. 1.1). Trans-

zeatin is the hydroxylated form of isopentenyladenine and can be de novo 
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synthesized or modified after the side chain is transferred to an adenine 

derivative (right half of Fig. 1.1). For the former, IPTs would need to catalyze the 

reaction between HMBDP, derived from the methylerythritol phosphate (MEP) 

pathway, and adenine ribotide. For the latter, a P450 monooxygenase (CYP450) 

catalyzes the hydroxylation of the isopentenyl ribotide. 

Cytokinin perception in plants occurs through a phosphorelay system 

that functions similarly to two component signal transduction systems, common 

in bacterial signaling (Fig. 1.2) (Kieber and Schaller, 2014). Cytokinin signaling is 

best characterized in the model plant, Arabidopsis thaliana. Perception starts 

when an Arabidopsis histidine kinase (AHK), composed of a transmembrane 

cytokinin binding domain, a histidine kinase, and a response regulatory domain, 

perceives cytokinins outside of the cell or in the lumen of the endoplasmic 

reticulum and transduces the signal into the cytoplasm. The signal transduction 

pathway includes a family of Arabidopsis histidine phosphotransfer proteins 

(AHP), which transduce the signal into the nucleus. AHPs activate type-B 

Arabidopsis response regulators (ARR), which are transcription factors that 

promote expression of primary cytokinin responses. AHPs also activate the type-

A ARRs, which are negative regulators that form a feedback loop that inhibit 

cytokinin signaling (Hwang et al., 2012).  

 

SYNTHESIS OF CYTOKININS BY R. FASCIANS 

R. fascians is hypothesized to synthesize plant hormones that function to 

provoke morphological changes in the plant. This is not an unusual strategy, as 
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many plant pathogens synthesize plant hormones, mimics, or molecules that 

usurp hormone-signaling pathways or cause dysregulation of host hormone 

levels. For example, the causal agent of bacterial speck disease, Pseudomonas 

syringae pv tomato DC3000, synthesizes coronatine, a mimic of jasmonic acid 

(Zhao et al., 2003). Jasmonic acid is a plant hormone important in response to 

wounding and defense against insect predation. Jasmonic acid also antagonizes 

the salicylic acid-signaling pathway, a pathway that is important for defense 

against biotrophic or hemi-biotrophic pathogens. Therefore, current data suggest 

that coronatine synthesized by P. syringae functions to suppress salicylic acid-

mediated defenses (Zhao et al., 2003; Cui et al., 2005). Another example of 

hormone cooption is the strategy used by the bacterial pathogen Agrobacterium 

tumefaciens (Akiyoshi et al., 1983). A. tumefaciens genetically modifies its host 

by integrating a region of its Ti plasmid, known as the T-DNA, into the genome of 

the host plant. Genes on the T-DNA encode proteins that function in the 

biosynthesis of cytokinins and auxins that directly perturb the homeostatic levels 

in the plant to induce the formation of tumors called crown galls (John and 

Amasino, 1988). 

The current virulence model of R. fascians suggests the pathogen 

produces a mixture of cytokinins that directly upset hormone levels of the host to 

induce leafy galls and other growth deformities (Cornelis et al., 2001; Maes et al., 

2001; Pertry et al., 2009). Isopentenyladenine was the first and most active 

cytokinin derivative identified from extracts of R. fascians (Helgeson and 
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Leonard, 1966; Klämbt et al., 1966). Two other active fractions were later 

identified with one including 2-methylthio-cis-zeatin (Klämbt et al., 1966; 

Armstrong et al., 1976). Additionally, Armstrong and colleagues also speculated 

that R. fascians synthesized cis-zeatin as well as a methylthio derivative of iP. 

During R. fascians infection and growth in Arabidopsis, iP, cZ, and the methylthio 

derivates of iP, cZ, and tZ accumulate to higher levels than in mock inoculated 

plants. This observation led to the proposal that R. fascians produces and 

secretes a mixture of cytokinins that synergistically cause the growth deformities 

observed in plants (Pertry et al., 2009). 

In order for R. fascians to synthesize cytokinins, most isolates require a 

200kb linear plasmid, named pFiD188 (Crespi et al., 1992; Stange et al., 1996; 

Pisabarro et al., 1998). Strains, such as D188, cured of pFiD188 are non-

pathogenic. The reason is that the plasmid encodes the key virulence loci, fas, 

att, and fasR (Crespi et al., 1994; Temmerman et al., 2000; Maes et al., 2001). 

The most important locus for pathogenicity is fas, which is detailed here while att, 

fasR, and one locus located in the chromosome, are described in section 

“Additional Characterized Virulence Genes of R. fascians”. The necessity of fas 

in pathogenicity is consistent with the cytokinin mixture model because the 

majority of the Fas proteins have demonstrable in vitro functions indicative of in 

vivo functions in cytokinin metabolism (Fig. 1.3) (Pertry et al., 2009; 2010).  

FasD is necessary for pathogenicity in R. fascians; a corresponding 

mutant is no longer pathogenic (Crespi et al., 1992). FasD is an IPT that 
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catalyzes the in vitro synthesis of cytokinins (Fig. 1.3). FasD favors adenosine 

monophosphate (AMP) as the side chain acceptor and exhibits preference in 

vitro for DMADP (aka DMAPP) over HMBDP as the side chain donor. Thus, while 

FasD can catalyze the first step in the synthesis of iP and tZ type cytokinins, its 

preference for DMADP suggests that the predominant type would be the former 

(Pertry et al., 2010). In A. tumefaciens, Tmr and Tzs, its two IPTs, prefer AMP 

over ADP or ATP as the side chain acceptor, but have equal binding efficiencies 

for DMADP and HMBDP (Sakakibara, 2006; Frebort et al., 2011). However, the 

expression of Tmr leads to an accumulation of tZ, possibly due to substrate 

availability. Tmr is expressed by the host plant and targeted to the host plastid 

where HMBDP is more abundant relative to DMADP, thus favoring the direct 

synthesis of tZ (Sakakibara, 2006; Frebort et al., 2011). In contrast to R. fascians 

and A. tumefaciens IPTs, plant IPTs have a strong preference for ADP/ATP over 

AMP. However, similar to R. fascians IPT, plant IPTs favor DMADP as the side 

chain donor. Arabidopsis encodes two P450 monooxygenases that hydroxylate 

the ribotide and generate zeatin derivatives (Takei et al., 2004).  

FasF is a phosphoribohydrolase and has homology to members of the 

LOG family of proteins (Kurakawa et al., 2007). A fasF mutant is able to colonize, 

infect, and cause symptoms, but the symptoms are alleviated after 45 days post 

inoculation (Pertry et al., 2010). These observations suggest that FasF may not 

be necessary for the initial stages of infection but rather FasF may be necessary 

for maintaining symptoms (Pertry et al., 2010). In plants, members of the LOG 
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family are essential for functioning to activate cytokinins by removing the 

phosphate and ribose group from the ribotide forms (Kurakawa et al., 2007; 

Tokunaga et al., 2012). These enzymes cannot catalyze reactions using riboside 

forms of cytokinins. Likewise, FasF exhibits an in vitro preference for the iP 

ribotide as a substrate, followed by tZ ribotide and then cZ ribotide (Pertry et al., 

2010).  

FasA is predicted to be a P450 monooxygenase. It has been reported that 

fasA is necessary for pathogenicity in R. fascians because a mutant disrupted in 

this gene can no longer form leafy galls (Crespi et al., 1994). The cytokinin profile 

of the fasA mutant also showed reduced levels of tZ, cZ, and 2-methylthio-cis-

zeatin while iP increased by 50%. The authors concluded these data indicated iP 

is the preferred substrate for FasA-mediated hydroxylation to produce zeatin type 

cytokinins (Pertry et al., 2010). However, no assays have been reported that 

demonstrated that FasA is a bona fide P450 monooxygenase that can catalyze 

the synthesis of zeatin types.  

FasE is a cytokinin dehydrogenase/oxidase. A fasE mutant is strongly 

attenuated in its virulence, suggesting FasE is necessary for symptom 

development (Pertry et al., 2010). However, the authors did suggest that this 

mutant is potentially polar and may also compromise the expression of fasF. In 

plants, CKXs irreversibly degrade and inactivate cytokinins by cleaving cytokinin 

side chains to produce an adenine derivative and aldehyde. Cytokinin 

degradation can proceed by oxidation if oxygen is the electron acceptor or by 
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dehydrogenation if the election acceptor, such as quinone, withdraws two 

electrons from the CKX’s cofactor (Frebort et al., 2011). In vitro, FasE acts 

primarily as a dehydrogenase with a strong preference to degrade iP, iP 

precursors, and iP derivatives, and has far much less affinity towards tZ and cZ 

type cytokinins in vitro.  

The functions for the two remaining proteins, FasB and FasC, are 

unknown. Based on in silico analysis, it has been suggested that FasB is a 

predicted ferredoxin/pyruvate decarboxylase alpha subunit and FasC is a 

predicted pyruvate decarboxylase beta subunit. It is hypothesized that these two 

proteins are accessory proteins that provide energy for FasA and are thus 

necessary for FasA-mediated hydroxylation of cytokinin ribotides (Stes et al., 

2011). 

 

ADDITIONAL CHARACTERIZED VIRULENCE GENES OF R. FASCIANS  

The fasR gene is located adjacent to the fas locus. A mutant disrupted in 

the fasR gene is unable to cause leafy gall disease (Temmerman et al., 2000). 

The translated sequence of fasR is most similar to members of the AraC-type 

transcriptional regulators that contain both a ligand binding and a DNA binding 

domain. The regulatory activity by AraC, the exemplar protein of this family of 

regulators, is dependent on the binding of its cognate ligand.  In its absence, 

AraC acts as a transcriptional repressor by binding to a specific DNA sequence 

upstream of the genes it regulates. In doing so, AraC induces the formation of a 

local loop in the DNA to inhibit transcription. In the presence of the ligand, AraC 
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undergoes a conformation change and releases the DNA loop, thereby allowing 

transcriptional machinery access to initiate transcription (Gallegos et al., 1997). 

FasR has been proposed to be important for regulating the expression of 

the fas locus (Temmerman et al., 2000). Conclusions were based on the 

characterization of two fusions between uidA and the predicted promoter of fasA 

with or without the N-terminal coding portion. In a fasR mutant, strains 

expressing the fusion that included a portion of the fasA coding sequence 

showed a significant reduction in GUS activity relative to a wild type strain 

expressing the same construct. However, fasR is not necessary for the direct 

regulation of the fasA as GUS activity was not affected in a fasR mutant carrying 

a fusion between just the fasA promoter and uidA (Temmerman et al., 2000). In 

addition to fasA, a fusion between the fasR promoter and uidA was used to 

assess the expression of fasR.  When measured in conditions that induce leafy 

gall disease the fasR::uidA fusion showed no change  in GUS activity compared 

to noninducing conditions. It is therefore speculated that FasR is constitutively 

expressed and indirectly regulates the posttranscriptional expression of fasA 

(Temmerman et al., 2000). The ligand and DNA binding target sequence of FasR 

have not yet been identified. 

The att locus is located on pFiD188, upstream of fasR. This locus was 

named as such because a mutant disrupted in the attA gene attenuates the 

virulence of R. fascians on Nicotiana tabacum (Crespi et al., 1992). The att locus 

consists of ten open reading frames, attR, attX, and attA-H. The attR gene is 
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predicted to encode a LysR-type transcriptional regulatory protein. LysR-type 

transcriptional regulatory proteins typically down-regulate their own expression 

(Schell, 1993; Maddocks and Oyston, 2008). Similarly, AttR has been 

demonstrated to act as a repressor of its own transcription; GUS activity in an 

attR deletion mutant (carrying a fusion between the attR promoter and uidA) was 

higher than in a wild type strain carrying the same construct (two copies of attR) 

(Maes et al., 2001). In addition to regulating itself, attR is also necessary to 

induce the transcriptional expression of the att genes (Maes et al., 2001; Pertry 

et al., 2009). Expression of fasA is also reduced in the attR deletion mutant, as 

measured by activity of the translational fasA::uidA fusion, suggesting that attR is 

necessary for the regulation of the fas genes (Maes et al., 2001). Based on the 

LysR consensus binding sequence, the predicted AttR binding sequence has 

been identified upstream of both the att and fas genes (Pertry et al., 2009). 

LysR-type transcriptional regulatory proteins are regulated by a co-

inducer, typically a small molecule synthesized by the genes under regulation of 

the cognate LysR-type regulator (Schell, 1993; Maddocks and Oyston, 2008). 

Although the identity of the AttR co-inducer is unknown, it is possible that the att 

locus synthesizes a small molecule that functions as a co-inducer of AttR. Based 

on homology, the att locus has the potential to encode proteins that function in 

the biosynthesis of an antibiotic-like molecule. The translated sequences of the 

att coding sequences have homology to the sequences of proteins involved in 

export, biosynthesis of, and modifications to carbapenem and its precursor 
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(Maes et al., 2001). AttA, AttB, and AttH are homologs of proteins involved in 

arginine biosynthesis while AttD, AttE, and AttF are homologs of proteins 

involved in beta-lactam/carbapenem antibiotic synthesis. In a mutant lacking the 

att locus, the mutant can cause leafy galls on plants but only if the plants are 

wounded prior to inoculation with the bacteria. It is therefore hypothesized the att 

locus is necessary to mediate the signal for R. fascians to ingress into the plant 

(Maes et al., 2001).  

Despite observations that deletion of the majority of the att locus does not 

abolish pathogenicity in the laboratory setting, several lines of evidence suggest 

att is indeed necessary for R. fascians pathogenicity in the natural setting. The 

expression of fasA, which has been reported to be necessary for pathogenicity, is 

dependent on the presence of an intact att locus and AttR (Crespi et al., 1994; 

Maes et al., 2001). In addition, the only known mechanism of plant resistance to 

R. fascians is through the inhibition of att-dependent signaling. This observation 

is consistent with a co-evolutionary arms race model and the potential for 

selection for immunity against att-mediated signaling implies a key virulence 

function for the att locus (see section “Pathogen Evolution”) (Rajaonson et al., 

2011).  

Only one chromosomally-encoded pathway has been demonstrated to be 

necessary for pathogenicity in R. fascians (Vereecke et al., 2002). The glyoxylate 

shunt is a bypass of the TCA cycle that allows organisms to use two carbon 

compounds, such as acetate or fatty acids, when glucose is absent (Kornberg, 
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1966). Isocitrate lyase and malate synthase are the two enzymes involved in the 

glyoxylate shunt that convert isocitrate and acyl-CoA into succinate and malate. 

This pathway is necessary for the pathogenicity of several intracellular 

pathogens. In Mycobacterium tuberculosis, for example, the glyoxylate shunt is 

important as an early response during its internalization by macrophages (Huang 

et al., 2013). Isocitrate lyase is also essential for pathogenicity in R. equi, playing 

a critical role in growth and survival of R. equi in its host. In R. fascians, isocitrate 

lyase and malate synthase are encoded by icl and vicA, respectively. Expression 

of vicA is dependent on the availability of acetate and inducing conditions, such 

as leafy gall extract. In a mutant disrupted in vicA, R. fascians cannot metabolize 

acetate and has reduced intercellular growth in symptomatic plant tissue, 

rendering R. fascians less pathogenic (Vereecke et al., 2002).  

 

PUTATIVE VIRULENCE MECHANISMS OF R. FASCIANS 

The co-option of host cytokinin signaling is suggested to be the primary 

virulence mechanism used by R. fascians. However, this Gram-positive species 

of bacteria has the potential to rely on other virulence mechanisms that are 

commonly used by other pathogens, including protein secretion systems, toxins, 

and other phytohormones. Secretion systems are important for many plant 

pathogenic bacteria to produce surface structures for adhesion, aggregation, and 

motility (Chang et al., 2014). Secretion systems are also important for many 

pathogens to secrete cell wall degrading enzymes, proteases, toxins, and 

effector proteins. The type III secretion system is perhaps the most intensively 
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studied secretion system of bacterial pathogens (Chang et al., 2014). This 

secretion system is used by most Gram-negative plant pathogenic bacteria and 

is also used by plant mutualists and commensal bacteria (Guttman et al., 2002; 

Roden et al., 2004; Kambara et al., 2009; Mukaihara et al., 2010; McNally et al., 

2011; Kimbrel et al., 2013). The type III secretion system functions like a 

molecular syringe that injects proteins, called effectors, directly into host cells. 

The current hypothesis suggests that the effectors function to dampen plant 

immunity as well as promote nutrient release. Depending on the species, plant 

pathogenic Gram-negative bacteria can directly inject as few as five up to 

approximately 70 type III effector proteins into host cells (Jones and Dangl, 2006; 

Büttner and He, 2009).  

However, the majority of the characterized secretion systems have been 

identified only in Gram-negative bacteria. In fact, much of what is understood 

regarding virulence mechanisms of plant-associated pathogens, cannot be used 

to describe the interactions between Gram-positive bacteria and plant hosts. The 

cell envelope of Gram-positive bacteria is structurally different than that of Gram-

negative bacteria (Savory et al., 2015). Bacteria in the former group have a 

single cytoplasmic membrane with a thick peptidoglycan layer external to it as 

opposed to two distinct membranes that bind a thinner peptidoglycan layer (Esko 

et al., 2009). While it is true that the cell envelopes of mycolic acid-containing 

Gram-positive bacteria are structurally more similar to those of Gram-negative 

bacteria, mycolic acid-containing bacteria are still classified as Gram-positive. 
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Also, their mechanisms of infection and secretion are also more similar to those 

of Gram-positive bacteria (Niederweis et al., 2010).  

Although, seemingly unique to mycolic acid-containing bacteria is a 

specialized secretion system known as a type VII secretion system (T7SS) 

(Stoop et al., 2012). There are five subtypes of T7SSs (ESX-1-5) that are 

classified based on the structure of their T7SS-encoding loci (Gey Van Pittius et 

al., 2001). All five subtypes have been characterized in Mycobacterium spp., and 

different functions have been associated to each of the T7SSs. ESX-1 is 

implicated in the early stages of infection and also in the translocation of M. 

tuberculosis, M. bovis, and M. marinum from the phagosome, a vesicle in the 

host cell containing the bacterium, to the cytosol within a host cell (van der Wel et 

al., 2007; Simeone et al., 2009; Houben et al., 2012; Stoop et al., 2012). ESX-5 

is hypothesized to be necessary for latter stages of infection, and is suggested to 

activate inflammatory responses, maintain a state of persistence, and induce a 

non-programmed host cell death that promotes bacterial dissemination (Abdallah 

et al., 2008; 2011). ESX-3 is not necessary for pathogenicity but is essential for 

viability and predicted to be involved in maintaining iron/zinc homeostasis in M. 

tuberculosis (Serafini et al., 2009). Neither ESX-2 and ESX-4 are necessary for 

pathogenicity of Mycobacteria. Their precise roles are not known.  

The T7SS has not been extensively characterized in plant pathogenic 

bacteria. R. fascians contains a putative T7SS-encoding locus most similar to 

ESX-4 and encodes two proteins with homology to T7SS-secreted proteins of 
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Mycobacterium spp. (Chang et al., 2014). A T7SS-like encoding locus has also 

been identified in the plant pathogen Streptomyces scabies. However, mutants of 

S. scabies compromised in this locus are not affected in pathogenicity. This 

observation, along with those that indicate the ESX-4 is not necessary for 

pathogenicity in M. tuberculosis, suggest the T7SS is not a mechanism used for 

virulence by R. fascians (Stoop et al., 2012; Fyans et al., 2013; Chang et al., 

2014).  

In addition to producing cytokinins, R. fascians produces indole 3 acetic 

acid (IAA), which is an auxin and another class of plant hormone (Vandeputte et 

al., 2005). However, evidence to date has only suggested a correlative 

relationship to virulence. IAA is produced by both pathogenic and nonpathogenic 

strains of R. fascians but its production is delayed in nonpathogenic strains. 

Furthermore, IAA production is induced in bacteria grown in the presence of both 

tryptophan, the primary IAA precursor, and in conditions that demonstrably 

induce virulence gene expression (Vandeputte et al., 2005). Genetic mutants 

perturbed in the synthesis of IAA have not been reported and the necessity for 

this plant hormone in virulence is thus still undetermined. Nonetheless, it is 

possible that the bacterial-synthesized IAA functions to disrupt host immune 

signaling or cause dysregulation of plant growth. A. tumefaciens, for example, 

produces auxins to suppress salicylic acid-mediated defense signaling and 

genetically modifies its host to overproduce both auxins and cytokinins to cause 

gall development (Sakakibara et al., 2005).  
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DATA INCONSISTENT WITH THE CURRENT R. FASCIANS VIRULENCE 
MODEL 

Despite data that supports the cytokinin mixture model, the amount, 

source, types, and contributions of cytokinins in pathogenicity by R. fascians has 

been repeatedly challenged. One of the first inconsistencies stems from whether 

pathogenic strains of R. fascians produce more cytokinins than the 

nonpathogenic strains. Although studies consistently show pathogenic strains 

produce more iP-type cytokinins than nonpathogenic strains, total cytokinin 

content of plants inoculated with R. fascians are higher in those infected with 

nonpathogenic strains (Eason et al., 1996; Galis et al., 2005; Pertry et al., 2009). 

For example, in pea shoots inoculated with R. fascians, the total cytokinin 

content associated with the nonpathogenic strain was 226 pmol per gram of fresh 

weight but only 83 pmol per gram of fresh weight for the pathogenic strain (Galis 

et al., 2005).  

The levels of specific cytokinin derivatives that could be involved in 

pathogen virulence are also unresolved. The two most bioactive cytokinins are tZ 

and iP (Frebort et al., 2011). Not all studies have been able to detect tZ in its 

active free base form in culture-grown R. fascians (Eason et al., 1996; Pertry et 

al., 2009; 2010; Creason et al., 2014). In the studies where tZ could be detected, 

the amounts were found at levels far lower than in preparations from other 

cytokinin-synthesizing plant pathogenic bacteria. For example, some A. 

tumefaciens and Pseudomonas species produce between 0.2-5 µM of tZ, which 

is a remarkable 10,000~200,000X more than the 0.03 nM detected from 
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preparations of R. fascians (Akiyoshi et al., 1987; Pertry et al., 2009). The 

amount of iP detected in cell-free extracts of R. fascians is not to levels that could 

compensate for the low amounts of tZ either. The levels of iP that can be 

detected from R. fascians are approximately 3.0 nM, which is within the range 

detected from A. tumefaciens (10 nM) and Pseudomonas species (5.0 nM) 

(Akiyoshi et al., 1987; Pertry et al., 2009). Relative to other plant pathogens, R. 

fascians produces the lowest amount of cytokinins, and the question that has yet 

to be answered is, what is the lowest amount of cytokinin that is sufficient for 

pathogens to secrete in order to upset normal homeostatic levels in the plant? 

The R. fascians cytokinin profile changes depending on the conditions in 

which the bacteria were grown prior to cytokinin extraction. Culture-grown 

pathogenic R. fascians produce more iP, cZ, and the methylthio derivative of cis-

zeatin (2MeScZ) than the nonpathogenic strain. However, in conditions that 

induce virulence gene expression, there were no reported differences in the 

cytokinin profiles of the two strains (Pertry et al., 2009). Arabidopsis inoculated 

with R. fascians accumulate iP, 2-methylthio-isopentenyladenine (2MeSiP), and 

2MeScZ to higher levels than mock inoculated plants at 2 days; however, only iP 

accumulates after inoculation of tobacco (Pertry et al., 2009; 2010). Furthermore, 

these cytokinin measurements in planta do not take into account cytokinins 

potentially produced by the plant in response to R. fascians infection.  

 The difficulties in unequivocally associating cytokinins to the fas operon 

are due to the fact that R. fascians encodes for an IPT with housekeeping 
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functions (Frebort et al., 2011). In fact, IPTs are encoded by all living organisms, 

with the exception of Archaea. These IPTs function to modify adenine in tRNA to 

influence translational efficiency and are referred to as tRNA IPTs (Yacoubi et al., 

2012). Indeed, the observations that degradation of tRNAs is a cause for the 

accumulation of some cytokinins in cell-free culture supernatants of R. fascians 

(iP, and cZ) and A. tumefaciens (iP and a methylthiolated form) have raised 

questions regarding the relevance of cytokinins as virulence factors (Matsubara 

et al., 1968; Rathbone and Hall, 1972; Einset and Skoog, 1977). Similar 

observations have been made for Methylobacterium (Koenig et al., 2002). This 

bacterium is a colonizer of leaf surfaces and can stimulate germination of heat-

treated soybean seeds, possibly because of its ability to synthesize and secrete 

cytokinins. However, results showed that the source of the low levels of tZ and iP 

was from tRNAs. The work in Methylobacterium showed that both cZs and tZs 

present in tRNAs. Furthermore, the tRNA IPT mutant, as well as clarified spent 

media from this mutant, could induce germination of heat-treated soybean seeds, 

indicating the bacterium secreted a diffusible substance that affected plant 

growth (Koenig et al., 2002).  

 

Characterizations of genetically modified plants challenged with R. 

fascians also revealed inconsistencies with expectations of the cytokinin mixture 

model. As previously described, cytokinin oxidase/dehydrogenases (CKX) 

degrade and inactivate cytokinins (Fig. 1.1). Thus, these plant-encoded enzymes 

could function to protect the host by degrading cytokinins produced and secreted 
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by R. fascians. Consequently, one would expect plants overexpressing CKXs to 

be more resistant to R. fascians and other pathogens that rely on microbial 

produced cytokinins for virulence. In contrast to this expectation, transgenic 

Arabidopsis overexpressing CKXs have increased susceptibility to R. fascians 

(Depuydt et al., 2008a). Type-A Arabidopsis Response Regulators (ARRs) form 

a feedback loop in the cytokinin response pathway by negatively regulating the 

cytokinin response genes (Fig. 1.2). In the absence of this feedback loop, it is 

expected that cytokinin responses of plants would be more robust and likely 

more susceptible to pathogens that secrete cytokinins. However, disease 

symptoms of Arabidopsis arr mutants are no different than those of wild type 

following inoculation by R. fascians (Depuydt et al., 2008a). 

The cytokinin mixture model is appealing because of the disease 

symptoms and consistencies with the role of cytokinins in plant development. 

However, as described, there are multiple lines of evidence that challenge this 

model. These data, in combination with the work presented in Chapter 2, led us 

to propose an alternative model to the current cytokinin mixture model that is 

preliminarily tested in Chapter 3 and described in greater detail in Chapter 5.  

 

PATHOGEN EVOLUTION 

The interactions between plants and their microbial pathogens are often 

described as a co-evolutionary arms race (Stavrinides et al., 2008). This model 

suggests that the interacting partners are under constant conflict, shaped by 

natural selection, to rapidly evolve traits that maximize their own benefit while 



 
 

23 

minimizing harm caused by the other. The plant immune system is 

conceptualized as two layers of defense: PAMP- (Pathogen Associated 

Molecular Patterns) triggered immunity (PTI) and Effector-triggered immunity 

(ETI) (Jones and Dangl, 2006). In PTI, plasma membrane-localized receptors of 

the plant recognize conserved patterns of the pathogen resulting in a signal 

transduction cascade within the plant cell. This signal cascade culminates in the 

expression of defense-related genes, reinforcements to the plant cell wall, 

production of antimicrobials, etc, that collectively protect the plant against 

potential pathogens (Nicaise et al., 2009; Schwessinger and Ronald, 2012). 

Some pathogens are able to suppress PTI by secreting and/or translocating 

proteins, called effectors, into the plant cell. Pathogen effector genes are under 

strong diversifying selection to promote rapid evolution and enhance the ability of 

the pathogen to acquire new traits thereby overcoming plant resistance and 

increasing virulence (Baltrus et al., 2011). The second layer of defense, ETI, 

occurs when pathogen effectors or the consequence of their activities are 

perceived by plant resistance proteins. As a result, the plant is able to elicit a 

defense responses that are typically more robust than those associated with PTI 

(Jones and Dangl, 2006). Consistent with the co-evolutionary arms race is the 

observations that the effector collections of pathogens are dynamic, and present 

evidence for hypervariablility, including redundancy in function by divergent 

effectors and rapid loss/gains of effector genes to avoid ETI while maintaining 

and acquiring new traits to dampen PTI (Baltrus et al., 2011). 
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The coevolutionary arms race is not often used to describe the 

interactions between Gram-positive phytopathogens and their hosts. However, 

there is some evidence to suggest that Gram-positive plant pathogens and 

mutualists can elicit a PTI response. However, no cell wall-containing Gram-

positive pathogens have been demonstrated to secrete effectors that suppress 

PTI (Gust et al., 2007; Hocher et al., 2011). R. fascians is the best example of 

what could be conceptually described as a coevolutionary arms race between a 

Gram-positive pathogen and a host. Members of the Dalbergia genus of 

Malagasy legumes are the only plants demonstrated to be resistant to R. 

fascians; the plants of this genus inhibit att expression (Rajaonson et al., 2011). 

Moreover, the order and sequence of the att genes is highly conserved, 

suggesting the locus is under strong purifying selection (Creason et al., 2014). 

The high conservation of att, in combination with the fitting to the co-evolutionary 

arms race model strongly suggest an important function for att in R. fascians 

pathogenicity.  

The ability for a pathogen to gain new traits is a critical aspect of the 

coevolutionary arms race model. The distributed genome hypothesis proposes 

that pathogens can access genes available from a large “environmental” gene 

pool and are thus able to rapidly evolve by acquiring new traits (Ehrlich et al., 

2008). The primary mechanisms for accessing these genes are through three 

mechanisms of horizontal gene transfer (HGT): transduction, conjugation, and 

transformation. HGT has been repeatedly implicated in the acquisition of novel 
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virulence functions in many pathogenic bacterial species (Guttman et al., 2002). 

Integration and selection for genes gained from HGT provides the opportunity to 

acquire novel virulence traits (Thomas and Nielsen, 2005). Pathogenicity can be 

further refined through recombination events that generate novel combinations of 

genes as well as gene loss and genome degradation, processes that are 

necessary for actualization of a host-adapted lifestyle (Parkhill et al., 2003).  

In contrast to the distributed genome hypothesis, a unique evolutionary 

model has been proposed for pathogenic members of Rhodococcus, based on 

analysis of the genome sequence of the mammalian pathogen, R. equi. In R. 

equi, HGT is suggested to be critical for the acquisition of key genes necessary 

for pathogenicity. However, unlike the distributed genome hypothesis, HGT is not 

pervasive in R. equi, as only five putative mobile genetic elements were identified 

in its genome sequence (Letek et al., 2010). The pVAP plasmid in R. equi is a 

primary example of a key acquisition event necessary for pathogenicity. This 

plasmid includes the vap pathogenicity island and its LysR-type transcriptional 

regulator-encoding gene, virR (Russell et al., 2004; Vázquez-Boland et al., 

2013). A novel feature in the virulence evolution model of Rhodococcus is that 

horizontally acquired virulence genes trigger cooption of core genes for virulence. 

Microarray analysis of R. equi led to the identification of two genes that are co-

expressed with the virulence genes of pVAP and located on the chromosome 

and conserved in members of Rhodococcus. These genes encode for a putative 

AroQ chorismate mutase and a bifunctional anthranilate synthase, both of which 
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are predicted to function in aromatic amino acid biosynthesis. R. equi mutants 

with deletions in either of these genes showed significantly diminished 

intracellular growth in macrophages. Thus, these data support the virulence 

evolutionary model suggesting that horizontally acquired virulence genes trigger 

the co-option and repurposing of functions encoded by genes core to 

Rhodococcus (Letek et al., 2010).  

In line with the co-option model developed based on the study of R. equi, 

pathogenicity in R. fascians requires a horizontally acquired linear plasmid that 

carries key virulence genes (Crespi et al., 1992; Desomer et al., 1988). 

Moreover, crosstalk between the pFiD188 plasmid and the chromosome has 

been described and is consistent with the process of co-option (Vereecke et al., 

2002; Vandeputte et al., 2005). As previously discussed, the expression of vicA 

and production of IAA production are influenced by the presence of pFiD188 and 

occur in conditions that induce virulence gene expression, indicating that they 

may also be potentially co-opted genes involved in virulence (Vereecke et al., 

2002; Vandeputte et al., 2005). Additional evidence that R. fascians follows the 

co-option type of pathogen evolution model will be further demonstrated and 

discussed in Chapter 2. 

 

BACTERIAL SPECIES CONCEPT 

The biological species concept (BSC) defines a species as a group whose 

members can inclusively interbreed and produce fertile offspring (Mayr, 1942). 

Application of this concept can be used to identify coherent groups composed of 
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members that share similar phenotypic and genetic properties. The BSC is 

inherently problematic as a theoretical framework for defining bacterial species 

because bacteria do not interbreed but rather reproduce asexually (Doolittle and 

Zhaxybayeva, 2009). This is not to say that bacteria do not exchange genetic 

material, but instead that the underlying assumptions of this concept may not 

apply.  

The processes of diversification and adaptation lead to individuals that 

share similar gene pools and form a cohesive group (Doolittle and Papke, 2006). 

In bacteria, diversification is driven by exchange of genetic material by HGT. 

Genetic material can be exchanged between organisms that are genetically and 

physically close. Genetic exchange can also occur between more distantly 

related organisms, but the efficiency of exchange decreases as sequence 

divergence increases. Eventually, these barriers caused by reduced 

recombination or ecological specialization can lead to divergence and speciation. 

Ecological specialization describes the process of adaptation of bacterial 

populations to the environmental niches they inhabit. This process is dependent 

on mutation rate and selective forces within a particular niche (Barraclough et al., 

2012). 

Current definitions of bacterial species are not conceptually grounded in 

the evolutionary processes that drive speciation. HGT can occur across divergent 

species, which inherently goes against methods to define bacterial species.  

Additionally, the niche an organism inhabits can greatly affect the rate of 
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diversification and speciation (Barraclough et al., 2012). Because there is no 

generalizable theory for defining a bacterial species, focus has instead shifted 

towards developing operational criteria to define bacterial species. Criteria are 

typically based on a polyphasic approach with genomic and phenotypic 

characteristics, which often include DNA-DNA hybridization, rRNA sequence, as 

well as morphology, metabolic capabilities, and pathogenicity (Gevers et al., 

2005). While the operational criteria provide a solution for defining bacterial 

species, they do not provide a definition based on species concept because the 

genetic diversity within, and boundaries between, bacterial species are often not 

sufficiently captured. 

Advances in the use of contemporary methods for sequencing has the 

potential to provide new insights in unifying the bacterial species concept with the 

ability to define bacterial species. Analysis of genome sequences can be used to 

address evolutionary relationships, extent of HGT, recombination frequency, and 

allow us to examine the genetic basis for microbial speciation (Staley, 2009). By 

sequencing and analyzing whole genome sequences of populations, we can 

more accurately capture the genetic diversity within and between bacterial 

species, and can develop tools, such as molecular markers, to identify and 

classify bacteria (Hogenhout and Loria, 2008; Konstantinidis et al., 2006).  

Genome sequences have been determined for genotypes that represent 

each of the major groups of Gram-positive phytopathogens. These include 

phytopathogenic Clavibacter, Streptomyces, Leifsonia, Candidatus, and 
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Rathayibacter (Hogenhout and Loria, 2008; Goss et al., 2009; Letek et al., 2010; 

Cai et al., 2011; Vinatzer et al., 2014). However, the sequencing efforts do not 

sequence deeply within each clade and are insufficient for capturing their 

diversity to study evolutionary processes. Furthermore, prior to the work 

presented in this thesis, there was no genome sequence available for 

phytopathogenic Rhodococcus. R. equi was the only pathogenic species of the 

Rhodococcus genus with an available genome sequence (Letek et al., 2010).  

The analyses of whole genome sequences from other species of 

Rhodococcus have led to many insights. The genus is composed of mostly 

environmental species with incredible catabolic capabilities attributed to their 

large genomes and linear plasmids (Larkin et al., 2005). However, the whole 

genome sequences had not been used to develop a framework for the phylogeny 

of the Rhodococcus genus and the genus remained poorly defined. Polyphasic 

approaches have previously led to mischaracterization of species within the 

genus, and rRNA sequence analysis does not provided the resolution to resolve 

the genus (Gürtler et al., 2004). For bacterial pathogens, the most distinctive trait 

used to define a species is pathogenicity.  However, in the case of the 

Rhodococcus genus, pathogenicity does not distinguish between members of 

different phytopathogenic species. The work presented in Chapter 2 show 

pathogenicity is not a sufficiently distinct trait to define the R. fascians. The work 

in Chapter 4 shows how whole genome sequences have been used to better 

resolve the R. fascians species. 
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R. FASCIANS IS A PATHOGEN OF AGRICULTURAL IMPORTANCE  

Phytopathogenic R. fascians is the causal agent of leafy gall disease, and 

has been identified as an emerging threat to the production of ornamentals 

(Baker, 1950; Hall, 2006; Depuydt et al., 2008b). The ornamental industry is 

worth $36 billion in retail value, and the crops represent over $15 billion of the US 

farm gate economy, which are third in value only to corn and soybean. 

Destruction of infected plant material is the only effective manner to control 

against the pathogen. Consequently, R. fascians can be responsible for up to 

100% of losses in some crops, and has been estimated to cause $1 million of 

annual losses to some growers (Putnam and Miller, 2007; Depuydt et al., 2008b). 

The disease caused by R. fascians affects both production and profitability 

for the nursery industry. R. fascians has a broad host range with the ability to 

infect over 120 different species of monocots and dicots, as well as herbaceous 

and woody plants (Putnam and Miller, 2007). It can persist on plants without 

causing any visible disease symptoms and be unknowingly spread to other 

plants or transported to other production sites (Lacey, 1939; Cornelis et al., 2001; 

Vereecke et al., 2003). Even when disease symptoms are present, they are often 

dismissed or misdiagnosed as being caused by wounding, imbalances in plant 

hormones from application of growth regulators, A. tumefaciens infection, or 

eriophyid mites infestation. Because the disease is often missed, the impact on 

the ornamental and agricultural industries caused by R. fascians is likely 

underestimated. 
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SUMMARY 

In this thesis, I describe my work with R. fascians to investigate its 

mechanism of virulence and its evolution. I generated and analyzed whole 

genome sequences from over 20 isolates of R. fascians. I describe results that 

challenge the current virulence model, and our null hypothesis, for R. fascians, 

which posits that pathogenic strains of R. fascians produce a mixture of 

cytokinins to perturb hormone homeostasis in plants and cause de novo 

organogenesis and leafy gall formation. Results presented in this thesis 

contributed to the development of alternative models: 1) R. fascians produces 

and secretes only iP, a single cytokinin that is necessary and sufficient for the 

bacteria to cause disease symptoms. 2) Cytokinins are synthesized in a fasD-

dependent manner and are necessary for virulence but are not secreted and do 

not function directly in the host cells. 3) R. fascians synthesizes a novel cytokinin 

or cytokinin mimic that functions directly in host cells to cause symptom 

development (Galis et al., 2005).  

In Chapter 2, I present key discoveries based on comparing the genome 

sequences from 20 R. fascians isolates: HGT contributes to few, but key genes 

necessary for pathogenicity consistent with the R. equi evolutionary model; the 

linear plasmid, pFiD188, and the canonical fas operon are not necessary for 

pathogenicity; and iP is the only detectable cytokinin derivative that accumulates 

in a fasD and inducing condition manner. These discoveries contributed 

preliminary evidence that disfavored the null hypothesis. 



 
 

32 

In Chapter 3, I present the development of a method that will allow for a 

direct test of the virulence model. I describe the generation of gene deletions 

from R. fascians and I used the method to construct deletion mutants of fasA and 

fasF. The mutants were characterized and results indicated that both genes are 

dispensable for pathogenicity.  

Chapter 4, I present genome-based analyses to circumscribe the R. 

fascians species and construct a framework for the phylogeny of the 

Rhodococcus genus. I describe the generation of a whole-genome phylogeny, 

whole-genome signatures using average nucleotide identity and tetranucleotide 

frequency, and molecular phylogeny using multi-locus sequence analysis. 

Together these analyses provide evidence that the pathogenic R. fascians 

isolates represented multiple lineages of Rhodococcus. Furthermore, these tools 

were used to resolve and provide a framework for the Rhodococcus genus. 

In Chapter 5, I summarize the thesis, propose alternative models, and 

provide future directions to test the models.  

 

BIBLIOGRAPHY 

Abdallah, A. M., Bestebroer, J., Savage, N. D. L., de Punder, K., van Zon, M., 
Wilson, L., Korbee, C. J., van der Sar, A. M., Ottenhoff, T. H. M., van der Wel, N. 
N., et al. (2011). Mycobacterial secretion systems ESX-1 and ESX-5 play distinct 
roles in host cell death and inflammasome activation. J. Immunol. 187, 4744–
4753. 

Abdallah, A. M., Savage, N. D. L., van Zon, M., Wilson, L., Vandenbroucke-
Grauls, C. M. J. E., van der Wel, N. N., Ottenhoff, T. H. M., and Bitter, W. (2008). 
The ESX-5 secretion system of Mycobacterium marinum modulates the 
macrophage response. J. Immunol. 181, 7166–7175. 



 
 

33 

Akiyoshi, D. E., Morris, R. O., Hinz, R., Mischke, B. S., Kosuge, T., Garfinkel, D. 
J., Gordon, M. P., and Nester, E. W. (1983). Cytokinin/auxin balance in crown 
gall tumors is regulated by specific loci in the T-DNA. Proc. Natl. Acad. Sci. 
U.S.A. 80, 407–411. 

Akiyoshi, D. E., Regier, D. A., and Gordon, M. P. (1987). Cytokinin production by 
Agrobacterium and Pseudomonas spp. Journal of Bacteriology 169, 4242–4248. 

Armstrong, D. J., Scarbrough, E., and Skoog, F. (1976). Cytokinins in 
Corynebacterium fascians Cultures: Isolation and Identification of 6-(4-Hydroxy-
3-methyl-cis-2-butenylamino)-2-methylthiopurine. Plant Physiology 58, 749–752. 

Baker, K. F. (1950). Bacterial fasciation disease of ornamental plants in 
California. Plant Disease Reporter 34, 121–125 . 

Baltrus, D. A., Nishimura, M. T., Romanchuk, A., Chang, J. H., Mukhtar, M. S., 
Cherkis, K., Roach, J., Grant, S. R., Jones, C. D., and Dangl, J. L. (2011). 
Dynamic evolution of pathogenicity revealed by sequencing and comparative 
genomics of 19 Pseudomonas syringae isolates. PLoS Pathog. 7, e1002132. 

Barraclough, T. G., Balbi, K. J., and Ellis, R. J. (2012). Evolving Concepts of 
Bacterial Species. Evol Biol 39, 148–157. 

Büttner, D., and He, S. Y. (2009). Type III protein secretion in plant pathogenic 
bacteria. Plant Physiology 150, 1656–1664. 

Cai, R., Lewis, J., Yan, S., Liu, H., Clarke, C. R., Campanile, F., Almeida, N. F., 
Studholme, D. J., Lindeberg, M., Schneider, D., et al. (2011). The plant pathogen 
Pseudomonas syringae pv. tomato is genetically monomorphic and under strong 
selection to evade tomato immunity. PLoS Pathog. 7, e1002130. 

Chang, J. H., Desveaux, D., and Creason, A. L. (2014). The ABCs and 123s of 
bacterial secretion systems in plant pathogenesis. Annu. Rev. Phytopathol. 52, 
317–345. 

Cornelis, K., Maes, T., Jaziri, M., Holsters, M., and Goethals, K. (2002). Virulence 
genes of the phytopathogen Rhodococcus fascians show specific spatial and 
temporal expression patterns during plant infection. Mol. Plant Microbe Interact. 
15, 398–403. 

Cornelis, K., Ritsema, T., Nijsse, J., Holsters, M., Goethals, K., and Jaziri, M. 
(2001). The plant pathogen Rhodococcus fascians colonizes the exterior and 
interior of the aerial parts of plants. Mol. Plant Microbe Interact. 14, 599–608. 

Creason, A. L., Vandeputte, O. M., Savory, E. A., Davis, E. W., II, Putnam, M. L., 
Hu, E., Swader-Hines, D., Mol, A., Baucher, M., and Prinsen, E. (2014). Analysis 



 
 

34 

of genome sequences from plant pathogenic Rhodococcus reveals genetic 
novelties in virulence Loci. PLoS ONE 9, e101996. 

Crespi, M., Messens, E., Caplan, A. B., Van Montagu, M., and Desomer, J. 
(1992). Fasciation induction by the phytopathogen Rhodococcus fascians 
depends upon a linear plasmid encoding a cytokinin synthase gene. EMBO J. 11, 
795–804. 

Crespi, M., Vereecke, D., Temmerman, W., Van Montagu, M., and Desomer, J. 
(1994). The fas operon of Rhodococcus fascians encodes new genes required 
for efficient fasciation of host plants. Journal of Bacteriology 176, 2492–2501. 

Cui, J., Bahrami, A. K., Pringle, E. G., Hernández-Guzmán, G., Bender, C. L., 
Pierce, N. E., and Ausubel, F. M. (2005). Pseudomonas syringae manipulates 
systemic plant defenses against pathogens and herbivores. Proc. Natl. Acad. 
Sci. U.S.A. 102, 1791–1796. 

Depuydt, S., Dolezal, K., Van Lijsebettens, M., Moritz, T., Holsters, M., and 
Vereecke, D. (2008a). Modulation of the hormone setting by Rhodococcus 
fascians results in ectopic KNOX activation in Arabidopsis. Plant Physiology 146, 
1267–1281. 

Depuydt, S., Putnam, M., Holsters, M., and Vereecke, D. (2008b). Rhodococcus 
fascians, an emerging threat for ornamental crops. 5, 480–489. 

Desomer, J., Dhaese, P., and Van Montagu, M. (1988). Conjugative transfer of 
cadmium resistance plasmids in Rhodococcus fascians strains. Journal of 
Bacteriology 170, 2401–2405. 

Doolittle, W. F., and Papke, R. T. (2006). Genomics and the bacterial species 
problem. Genome Biol. 7, 116. 

Doolittle, W. F., and Zhaxybayeva, O. (2009). On the origin of prokaryotic 
species. Genome Research 19, 744–756. 

Eason, J. R., Morris, R. O., and Jameson, P. E. (1996). The relationship between 
virulence and cytokinin production by Rhodococcus fascians (Tilford 1936) 
Goodfellow 1984. Plant Pathology 45, 323–331. 

Ehrlich, G. D., Hiller, N. L., and Hu, F. Z. (2008). What makes pathogens 
pathogenic. Genome Biol. 9, 225. 

Einset, J. W., and Skoog, F. K. (1977). Isolation and identification of ribosyl-cis-
zeatin from transfer RNA of Corynebacterium fascians. Biochemical and 
Biophysical Research Communications 79, 1117–1121. 



 
 

35 

Esko, J. D., Doering, T. L., and Raetz, C. R. (2009). “Eubacteria and Archaea,” in 
Essentials Of Glycobiology. 2nd edition, eds.A. Varki, R. D. Cummings, J. D. 
Esko, H. H. Freeze, P. Stanley, C. R. Bertozzi, G. W. Hart, and E. ME (Cold 
Spring Harbor: Cold Spring Harbor Laboratory Press). 

Frebort, I., Kowalska, M., Hluska, T., Frebortova, J., and Galuszka, P. (2011). 
Evolution of cytokinin biosynthesis and degradation. Journal of Experimental 
Botany 62, 2431–2452. 

Fyans, J. K., Bignell, D., Loria, R., TOTH, I., and Palmer, T. (2013). The 
ESX/type VII secretion system modulates development, but not virulence, of the 
plant pathogen Streptomyces scabies. Mol Plant Pathol 14, 119–130. 

Galis, I., Bilyeu, K., Wood, G., and Jameson, P. E. (2005). Rhodococcus 
fascians: shoot proliferation without elevated cytokinins? Plant growth regulation 
46, 109–115. 

Gallegos, M. T., Schleif, R., Bairoch, A., Hofmann, K., and Ramos, J. L. (1997). 
Arac/XylS family of transcriptional regulators. Microbiology and Molecular Biology 
Reviews 61, 393–410. 

Gevers, D., Cohan, F. M., Lawrence, J. G., Spratt, B. G., Coenye, T., Feil, E. J., 
Stackebrandt, E., Van de Peer, Y., Vandamme, P., Thompson, F. L., et al. 
(2005). Opinion: Re-evaluating prokaryotic species. Nat. Rev. Microbiol. 3, 733–
739. 

Gey Van Pittius, N. C., Gamieldien, J., Hide, W., Brown, G. D., Siezen, R. J., and 
Beyers, A. D. (2001). The ESAT-6 gene cluster of Mycobacterium tuberculosis 
and other high G+C Gram-positive bacteria. Genome Biol. 2, RESEARCH0044. 

Goethals, K., Vereecke, D., Jaziri, M., Van Montagu, M., and Holsters, M. (2001). 
Leafy gall formation by Rhodococcus fascians. Annu. Rev. Phytopathol. 39, 27–
52. 

Goss, E. M., Larsen, M., Chastagner, G. A., Givens, D. R., and Grünwald, N. J. 
(2009). Population genetic analysis infers migration pathways of Phytophthora 
ramorum in US nurseries. PLoS Pathog. 5, e1000583. 

Gust, A. A., Biswas, R., Lenz, H. D., Rauhut, T., Ranf, S., Kemmerling, B., Götz, 
F., Glawischnig, E., Lee, J., Felix, G., et al. (2007). Bacteria-derived 
peptidoglycans constitute pathogen-associated molecular patterns triggering 
innate immunity in Arabidopsis. J. Biol. Chem. 282, 32338–32348. 

Guttman, D. S., Vinatzer, B. A., Sarkar, S. F., Ranall, M. V., Kettler, G., and 
Greenberg, J. T. (2002). A functional screen for the type III (Hrp) secretome of 
the plant pathogen Pseudomonas syringae. Science 295, 1722–1726. 



 
 

36 

Gürtler, V., Mayall, B. C., and Seviour, R. (2004). Can whole genome analysis 
refine the taxonomy of the genus Rhodococcus? FEMS Microbiology Reviews 
28, 377–403. 

Hall, C. R. (2006). The U.S. Floriculture Industry: Structural Changes, Marketing 
Practices, and Economic Impacts. 1–14. 

Helgeson, J. P., and Leonard, N. J. (1966). Cytokinins: identification of 
compounds isolated from Corynebacterium fascians. Proc. Natl. Acad. Sci. 
U.S.A. 56, 60–63. 

Hocher, V., Alloisio, N., Auguy, F., Fournier, P., Doumas, P., Pujic, P., Gherbi, 
H., Queiroux, C., Da Silva, C., Wincker, P., et al. (2011). Transcriptomics of 
actinorhizal symbioses reveals homologs of the whole common symbiotic 
signaling cascade. Plant Physiology 156, 700–711. 

Hogenhout, S. A., and Loria, R. (2008). Virulence mechanisms of Gram-positive 
plant pathogenic bacteria. Current Opinion in Plant Biology 11, 449–456. 

Houben, E. N. G., Bestebroer, J., Ummels, R., Wilson, L., Piersma, S. R., 
Jiménez, C. R., Ottenhoff, T. H. M., Luirink, J., and Bitter, W. (2012). 
Composition of the type VII secretion system membrane complex. Molecular 
Microbiology 86, 472–484. 

Huang, F.-M., Chen, H.-C., Khan, M. A., Yang, F.-L., Wan, X.-X., Xu, A.-H., Ou-
yang, F.-D., and Zhang, D.-Z. (2013). CYP2A6, CYP1A1, and CYP2D6 
polymorphisms in lung cancer patients from central south China. Med. Oncol. 30, 
521. 

Hwang, I., Sheen, J., and Müller, B. (2012). Cytokinin signaling networks. Annu 
Rev Plant Biol 63, 353–380. 

John, M. C., and Amasino, R. M. (1988). Expression of an Agrobacterium Ti 
plasmid gene involved in cytokinin biosynthesis is regulated by virulence loci and 
induced by plant phenolic compounds. Journal of Bacteriology 170, 790–795. 

Jones, J. D. G., and Dangl, J. L. (2006). The plant immune system. Nature 444, 
323–329. 

Kambara, K., Ardissone, S., Kobayashi, H., Saad, M. M., Schumpp, O., 
Broughton, W. J., and Deakin, W. J. (2009). Rhizobia utilize pathogen-like 
effector proteins during symbiosis. Molecular Microbiology 71, 92–106. 

Kieber, J. J., and Schaller, G. E. (2014). Cytokinins. Arabidopsis Book 12, e0168. 



 
 

37 

Kimbrel, J. A., Thomas, W. J., Jiang, Y., Creason, A. L., Thireault, C. A., Sachs, 
J. L., and Chang, J. H. (2013). Mutualistic co-evolution of type III effector genes 
in Sinorhizobium fredii and Bradyrhizobium japonicum. PLoS Pathog. 9, 
e1003204. 

Klämbt, D., Thies, G., and Skoog, F. (1966). Isolation of cytokinins from 
Corynebacterium fascians. Proc. Natl. Acad. Sci. U.S.A. 56, 52–59. 

Koenig, R. L., Morris, R. O., and Polacco, J. C. (2002). tRNA is the source of low-
level trans-zeatin production in Methylobacterium spp. Journal of Bacteriology 
184, 1832–1842. 

Konstantinidis, K. T., Ramette, A., and Tiedje, J. M. (2006). The bacterial species 
definition in the genomic era. Philos. Trans. R. Soc. Lond., B, Biol. Sci. 361, 
1929–1940. 

Kornberg, H. L. (1966). The role and control of the glyoxylate cycle in Escherichia 
coli. Biochem. J. 99, 1–11. 

Kurakawa, T., Ueda, N., Maekawa, M., Kobayashi, K., Kojima, M., Nagato, Y., 
Sakakibara, H., and Kyozuka, J. (2007). Direct control of shoot meristem activity 
by a cytokinin-activating enzyme. Nature 445, 652–655. 

Lacey, M. S. (1939). Studies on a bacterium associated with leafy galls, 
fasciations and "cauliflower‘’ disease of various plants. Part III. Further isolations, 
inoculation experiments and cultural studies. Ann Appl Biol 26, 262–278. 

Larkin, M. J., Kulakov, L. A., and Allen, C. C. R. (2005). Biodegradation and 
Rhodococcus--masters of catabolic versatility. Current Opinion in Biotechnology 
16, 282–290. 

Letek, M., González, P., MacArthur, I., Rodríguez, H., Freeman, T. C., Valero-
Rello, A., Blanco, M., Buckley, T., Cherevach, I., and Fahey, R. (2010). The 
genome of a pathogenic Rhodococcus: cooptive virulence underpinned by key 
gene acquisitions. PLoS Genet 6, e1001145. 

Maddocks, S. E., and Oyston, P. C. F. (2008). Structure and function of the 
LysR-type transcriptional regulator (LTTR) family proteins. Microbiology 
(Reading, Engl.) 154, 3609–3623. 

Maes, T., Vereecke, D., Ritsema, T., Cornelis, K., Thu, H. N., Van Montagu, M., 
Holsters, M., and Goethals, K. (2001). The att locus of Rhodococcus fascians 
strain D188 is essential for full virulence on tobacco through the production of an 
autoregulatory compound. Molecular Microbiology 42, 13–28. 



 
 

38 

Matsubara, S., Armstrong, D. J., and Skoog, F. (1968). Cytokinins in tRNA of 
Corynebacterium fascians. Plant Physiology 43, 451–453. 

Mayr, E. (1942). Systematics and the Origin of Species. New York: Columbia 
University Press. 

McNally, R. R., Toth, I. K., Cock, P. J. A., Pritchard, L., Hedley, P. E., Morris, J. 
A., Zhao, Y., and Sundin, G. W. (2011). Genetic characterization of the HrpL 
regulon of the fire blight pathogen Erwinia amylovora reveals novel virulence 
factors. Mol Plant Pathol 13, 160–173. 

Mensi, I., Vernerey, M.-S., Gargani, D., Nicole, M., and Rott, P. (2014). Breaking 
dogmas: the plant vascular pathogen Xanthomonas albilineans is able to invade 
non-vascular tissues despite its reduced genome. Open Biol 4, 130116. 

Mukaihara, T., Tamura, N., and Iwabuchi, M. (2010). Genome-wide identification 
of a large repertoire of Ralstonia solanacearum type III effector proteins by a new 
functional screen. Mol. Plant Microbe Interact. 23, 251–262. 

Nicaise, V., Roux, M., and Zipfel, C. (2009). Recent advances in PAMP-triggered 
immunity against bacteria: pattern recognition receptors watch over and raise the 
alarm. Plant Physiology 150, 1638–1647. 

Niederweis, M., Danilchanka, O., Huff, J., Hoffmann, C., and Engelhardt, H. 
(2010). Mycobacterial outer membranes: in search of proteins. Trends Microbiol. 
18, 109–116. 

Parkhill, J., Sebaihia, M., Preston, A., Murphy, L. D., Thomson, N., Harris, D. E., 
Holden, M. T. G., Churcher, C. M., Bentley, S. D., Mungall, K. L., et al. (2003). 
Comparative analysis of the genome sequences of Bordetella pertussis, 
Bordetella parapertussis and Bordetella bronchiseptica. Nat Genet 35, 32–40. 

Pertry, I., Václavíková, K., Depuydt, S., Galuszka, P., Spíchal, L., Temmerman, 
W., Stes, E., Schmülling, T., Kakimoto, T., Van Montagu, M. C. E., et al. (2009). 
Identification of Rhodococcus fascians cytokinins and their modus operandi to 
reshape the plant. Proceedings of the National Academy of Sciences 106, 929–
934. 

Pertry, I., Václavíková, K., Gemrotová, M., Spíchal, L., Galuszka, P., Depuydt, S., 
Temmerman, W., Stes, E., De Keyser, A., Riefler, M., et al. (2010). Rhodococcus 
fascians impacts plant development through the dynamic fas-mediated 
production of a cytokinin mix. Mol. Plant Microbe Interact. 23, 1164–1174. 

Pisabarro, A., Correia, A., and Martín, J. F. (1998). Pulsed-field gel 
electrophoresis analysis of the genome of Rhodococcus fascians: genome size 



 
 

39 

and linear and circular replicon composition in virulent and avirulent strains. Curr 
Microbiol 36, 302–308. 

Putnam, M. L., and Miller, M. L. (2007). Rhodococcus fascians in herbaceous 
perennials. Plant Disease 91, 1064–1076. 

Rajaonson, S., Vandeputte, O. M., Vereecke, D., Kiendrebeogo, M., 
Ralambofetra, E., Stévigny, C., Duez, P., Rabemanantsoa, C., Mol, A., Diallo, B., 
et al. (2011). Virulence quenching with a prenylated isoflavanone renders the 
Malagasy legume Dalbergia pervillei resistant to Rhodococcus fascians. 
Environmental Microbiology 13, 1236–1252. 

Rathbone, M. P., and Hall, R. H. (1972). Concerning the presence of the 
cytokinin, N6-(∆2-isopentnyl) adenine, in cultures of Corynebacterium fascians. 
Planta 108, 93–102. 

Robert-Seilaniantz, A., Grant, M., and Jones, J. D. G. (2011). Hormone crosstalk 
in plant disease and defense: more than just jasmonate-salicylate antagonism. 
Annu. Rev. Phytopathol. 49, 317–343. 

Roden, J. A., Belt, B., Ross, J. B., Tachibana, T., Vargas, J., and Mudgett, M. B. 
(2004). A genetic screen to isolate type III effectors translocated into pepper cells 
during Xanthomonas infection. Proc. Natl. Acad. Sci. U.S.A. 101, 16624–16629. 

Russell, D. A., Byrne, G. A., O'Connell, E. P., Boland, C. A., and Meijer, W. G. 
(2004). The LysR-type transcriptional regulator VirR is required for expression of 
the virulence gene vapA of Rhodococcus equi ATCC 33701. Journal of 
Bacteriology 186, 5576–5584. 

Sakakibara, H. (2006). Cytokinins: activity, biosynthesis, and translocation. Annu 
Rev Plant Biol 57, 431–449. 

Sakakibara, H., Kasahara, H., Ueda, N., Kojima, M., Takei, K., Hishiyama, S., 
Asami, T., Okada, K., Kamiya, Y., Yamaya, T., et al. (2005). Agrobacterium 
tumefaciens increases cytokinin production in plastids by modifying the 
biosynthetic pathway in the host plant. Proc. Natl. Acad. Sci. U.S.A. 102, 9972–
9977. 

Savory, E. A., Creason, A. L., Vandeputte, O. M., Davis, E. W., and Chang, J. H. 
(2015). “The Interactions Between Gram-positive Pathogens and Plant Hosts,” in 
Bacteria-Plant Interactions: Advanced Research and Future Trends, eds.J. 
Murillo, B. A. Vinatzer, R. W. Jackson, and D. L. Arnold (Norfolk, England: 
Caister Academic Press). 

Schell, M. A. (1993). Molecular biology of the LysR family of transcriptional 
regulators. Annu. Rev. Microbiol. 47, 597–626. 



 
 

40 

Schwessinger, B., and Ronald, P. C. (2012). Plant innate immunity: perception of 
conserved microbial signatures. Annu Rev Plant Biol 63, 451–482. 

Serafini, A., Boldrin, F., Palù, G., and Manganelli, R. (2009). Characterization of 
a Mycobacterium tuberculosis ESX-3 conditional mutant: essentiality and rescue 
by iron and zinc. Journal of Bacteriology 191, 6340–6344. 

Simeone, R., Bottai, D., and Brosch, R. (2009). ESX/type VII secretion systems 
and their role in host–pathogen interaction. Current Opinion in Microbiology 12, 
4–10. 

Staley, J. T. (2009). The phylogenomic species concept for Bacteria and 
Archaea. Microbe 4, 361–365. 

Stange, R. R., Jeffares, D., Young, C., Scott, D. B., Eason, J. R., and Jameson, 
P. E. (1996). PCR amplification of the fas-1 gene for the detection of virulent 
strains of Rhodococcus fascians. Plant Pathology 45, 407–417. 

Stavrinides, J., McCann, H. C., and Guttman, D. S. (2008). Host-pathogen 
interplay and the evolution of bacterial effectors. Cellular Microbiology 10, 285–
292. 

Stes, E., Vandeputte, O. M., Jaziri, El, M., Holsters, M., and Vereecke, D. (2011). 
A successful bacterial coup d'état: how Rhodococcus fascians redirects plant 
development. Annu. Rev. Phytopathol. 49, 69–86. 

Stoop, E. J. M., Bitter, W., and van der Sar, A. M. (2012). Tubercle bacilli rely on 
a type VII army for pathogenicity. Trends Microbiol. 20, 477–484. 

Takei, K., Yamaya, T., and Sakakibara, H. (2004). Arabidopsis CYP735A1 and 
CYP735A2 encode cytokinin hydroxylases that catalyze the biosynthesis of 
trans-Zeatin. J. Biol. Chem. 279, 41866–41872. 

Temmerman, W., Vereecke, D., Dreesen, R., Van Montagu, M., Holsters, M., and 
Goethals, K. (2000). Leafy gall formation is controlled by fasR, an AraC-type 
regulatory gene in Rhodococcus fascians. Journal of Bacteriology 182, 5832–
5840. 

Thomas, C. M., and Nielsen, K. M. (2005). Mechanisms of, and barriers to, 
horizontal gene transfer between bacteria. Nat. Rev. Microbiol. 3, 711–721. 

Tokunaga, H., Kojima, M., Kuroha, T., Ishida, T., Sugimoto, K., Kiba, T., and 
Sakakibara, H. (2012). Arabidopsis lonely guy (LOG) multiple mutants reveal a 
central role of the LOG-dependent pathway in cytokinin activation. Plant J. 69, 
355–365. 



 
 

41 

van der Wel, N., Hava, D., Houben, D., Fluitsma, D., van Zon, M., Pierson, J., 
Brenner, M., and Peters, P. J. (2007). M. tuberculosis and M. leprae translocate 
from the phagolysosome to the cytosol in myeloid cells. Cell 129, 1287–1298. 

Vandeputte, O., Oden, S., Mol, A., Vereecke, D., Goethals, K., Jaziri, El, M., and 
Prinsen, E. (2005). Biosynthesis of auxin by the gram-positive phytopathogen 
Rhodococcus fascians is controlled by compounds specific to infected plant 
tissues. Applied and Environmental Microbiology 71, 1169–1177. 

Vázquez-Boland, J. A., Giguère, S., Hapeshi, A., MacArthur, I., Anastasi, E., and 
Valero-Rello, A. (2013). Rhodococcus equi: the many facets of a pathogenic 
actinomycete. Vet. Microbiol. 167, 9–33. 

Vereecke, D., Cornelis, K., Temmerman, W., Jaziri, M., Van Montagu, M., 
Holsters, M., and Goethals, K. (2002). Chromosomal locus that affects 
pathogenicity of Rhodococcus fascians. Journal of Bacteriology 184, 1112–1120. 

Vereecke, D., Temmerman, W., Jaziri, M., Holsters, M., and Goethals, K. (2003). 
Toward an understanding of the Rhodococcus fascians-plant interaction., eds.G. 
Stacey and N. T. Keen American Phytopathological Society (APS Press). 

Vinatzer, B. A., Monteil, C. L., and Clarke, C. R. (2014). Harnessing population 
genomics to understand how bacterial pathogens emerge, adapt to crop hosts, 
and disseminate. Annu. Rev. Phytopathol. 52, 19–43. 

Yacoubi, El, B., Bailly, M., and de Crécy-Lagard, V. (2012). Biosynthesis and 
function of posttranscriptional modifications of transfer RNAs. Annu. Rev. Genet. 
46, 69–95. 

Zhao, Y., Thilmony, R., Bender, C. L., Schaller, A., He, S. Y., and Howe, G. A. 
(2003). Virulence systems of Pseudomonas syringae pv. tomato promote 
bacterial speck disease in tomato by targeting the jasmonate signaling pathway. 
Plant J. 36, 485–499. 

 



 
 

42 

 
 

Figure 1.1. Cytokinin biosynthesis pathway.  
 
MVA: Mevalonate pathway; MEP: Methylerythritol phosphate pathway; DMADP 
(DMAPP): Dimethylallyl diphosphate; HMBDP: Hydroxymethylbutenyl 
diphosphate; IPT: Isopentenyl transferase; CYP450: P450 monooxygenase; 
LOG: Lonely Guy phosphoribohydrolase; CKX: Cytokinin 
oxidase/dehydrogenase. For details, see section “Plant Hormone Biosynthesis 
and Perception” (modified from (Frebort et al., 2011)). 
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Figure 1.2. Cytokinin signaling pathway of Arabidopsis.  
 
Cytokinins (blue circles) are perceived by Arabidopsis histidine kinases (AHK) 
that are localized to the plasma membrane (PM) or endoplasmic reticulum (ER). 
AHKs consist of a transmembrane domain, a histidine kinase domain (labeled 
“H”) and regulatory response domain (labeled “D”). The perception of cytokinins 
initiates a phosphorelay (dotted line arrows), starting with autophosphorylation at 
a histidine residue, followed by transfer to an aspartic acid, and transfer to an 
Arabidopsis histidine phosphotransfer (AHP; green hexagon). The AHP transfers 
the phosphoric group to Type-B Arabidopsis response regulators (ARRs; two 
blue ovals), which activate gene expression (solid line arrows). Type-A ARRs 
(two orange ovals) inhibit cytokinin signaling by repressing the activity of AHP. 
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Figure 1.2. Cytokinin perception and signaling in plants.  
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Figure 1.3. Proposed model of Fas-mediated cytokinin biosynthesis by R. 
fascians D188.  
 
(A) The genetic organization of the fasA-F locus. Arrows indicate the direction of 
transcription. The genes are colored to correspond to their encoded proteins 
shown in (B). (B) Schematic of the proposed enzymatic activity of the Fas 
proteins. FasD is an isopentenyltransferase (IPT) that can transfer the 
isopreonoid moiety from either HMBDP or DMADP (aka DMAPP) to 
ATP/ADP/AMP. FasA is homolog of cytochrome P450s (CYP450) that can 
hydroxylate the side chain of cytokinin ribotides. FasF is a member of the 
LONELY GUY family and functions to activate the cytokinins by hydrolyzing the 
ribose base. FasE is a member of the cytokinin oxidase family and degrades and 
inactivates cytokinins. There is no known enzyme that mediates the between 
trans-cis isomerization of zeatin, though both forms are detected in R. fascians. 
See associated text for references. 
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ABSTRACT 

Members of Gram-positive Actinobacteria cause economically important 

diseases to plants. Within the Rhodococcus genus, some members can cause 

growth deformities and persist as pathogens on a wide range of host plants. The 

current model predicts that phytopathogenic isolates require a cluster of three 

loci present on a linear plasmid, with the fas operon central to virulence. The Fas 

proteins synthesize, modify, and activate a mixture of growth regulating 

cytokinins, which cause a hormonal imbalance in plants, resulting in abnormal 

growth. We sequenced and compared the genomes of 20 isolates of 

Rhodococcus to gain insights into the mechanisms and evolution of virulence in 

these bacteria. Horizontal gene transfer was identified as critical but limited in the 

scale of virulence evolution, as few loci are conserved and exclusive to 

phytopathogenic isolates. Although the fas operon is present in most 

phytopathogenic isolates, it is absent from phytopathogenic isolate A21d2. 

Instead, this isolate has a horizontally acquired gene chimera that encodes a 

novel fusion protein with isopentyltransferase and phosphoribohydrolase 

domains, predicted to be capable of catalyzing and activating cytokinins, 

respectively. Cytokinin profiling of the archetypal D188 isolate revealed only one 

activate cytokinin type that was specifically synthesized in a fas-dependent 

manner. These results suggest that only the isopentenyladenine cytokinin type is 

synthesized and necessary for Rhodococcus phytopathogenicity, which is not 

consistent with the extant model stating that a mixture of cytokinins is necessary 

for Rhodococcus to cause leafy gall symptoms. In all, data indicate that only four 
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horizontally acquired functions are sufficient to confer the trait of 

phytopathogenicity to members of the genetically diverse clade of Rhodococcus.  

 

AUTHOR SUMMARY 

Gram-positive bacteria are less studied than Gram-negative bacteria as 

pathogens of plants and are underrepresented in models that predict the 

mechanism and evolution of the interactions with their hosts. Phytopathogenic 

members of Rhodococcus cause growth deformities to an extremely large 

number of plant species, and are a substantial problem in the horticulture 

production industry. The growth aberrations have been attributed to a mixture of 

cytokinins synthesized by the pathogen. Cytokinins are a class of plant growth 

regulating hormone that can result in growth abnormalities when imbalanced in 

the host. We generated genomic sequences for 18 plant-associated 

Rhodococcus isolates and two environmental isolates related to phytopathogenic 

Rhodococcus. Comparisons indicate that phytopathogenicity can be gained via 

acquisition of a very limited number of virulence genes that are most commonly 

vectored by a conjugative linear plasmid. We also revealed variations in, as well 

as absences of, genes previously hypothesized to be necessary for 

phytopathogenicity. Our study contributes to a more comprehensive 

understanding in the mechanisms and evolution of plant-pathogen interactions 

and provides new insights into the mechanisms of hormone biosynthesis in 

plants.  
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INTRODUCTION 

Plant pathogenic bacteria employ an array of molecules to dampen 

immunity, alter plant physiological responses, and mimic plant hormones to 

modulate host-signaling pathways (Vereecke et al., 2000; Win et al., 2012; Xin 

and He, 2013). Collectively and often coordinately, the virulence molecules 

manipulate host cells to give pathogens access to host tissues and resources as 

well as facilitate egress and spread. Because of the intimate interactions of these 

pathogen-synthesized molecules with host cells, virulence genes are subject to 

strong selective pressures and are often dynamic, exhibiting patterns of high 

genetic diversity (Putnam and Miller, 2007; Brown and Tellier, 2011). Horizontal 

gene transfer (HGT) is one mechanism that contributes to evolutionary 

dynamism, as virulence genes are often found on plasmids, associated with 

mobile genetic elements, and/or located within large stretches of genomic islands 

that have signatures indicative of HGT (Crespi et al., 1992; Juhas et al., 2009; 

Crespi et al., 1994; Temmerman et al., 2000; Maes et al., 2001; Pertry et al., 

2010; Francis et al., 2012). Pathoadaptation, a process whereby mutations 

modify traits and improve virulence, has been implicated as another mechanism 

in the evolution of pathogenicity (Crespi et al., 1994; Day et al., 2001; Pertry et 

al., 2009; Ma et al., 2006; Pertry et al., 2010).  

Actinobacteria is one of the largest taxonomical units within the domain 

Bacteria and its members inhabit a diversity of ecosystems. A very small number 

of genera within Actinobacteria have members that are pathogenic to plants. 

Rhodococcus are non-spore forming, non-motile, mycolic acid-containing 
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bacteria within Actinobacteria (Stes et al., 2011; Gürtler et al., 2004). Its 

members are best known as environmental bacteria with a wide range of 

catabolic functions and large genomes ranging from ~4 megabases (Mb) to ~9 

Mb (Crespi et al., 1992; Larkin et al., 2005; Frebort et al., 2011). Rhodococcus 

fascians is the first species in the genus characterized as a plant pathogen and it 

infects plants in an unusual manner (Crespi et al., 1992; Francis et al., 2010; 

Stes et al., 2011). R. fascians grows epiphytically on the surface of leaves. 

During the transition to an endophyte, the pathogen breaches the host cuticle, 

collapses the epidermal layer, and forms ingression sites beneath epiphytic 

colonies (Kurakawa et al., 2007; Cornelis et al., 2001; Pertry et al., 2010). The 

bacterium then grows inside the host tissue and provokes cell differentiation and 

de novo organogenesis, resulting in proliferations and abnormal growths called 

witches’ brooms or leafy galls (Takei et al., 2004; Putnam and Miller, 2007; Pertry 

et al., 2009; 2010). Rhodococcus is a persistent pathogen and can remain 

associated with the plant throughout its life (Temmerman et al., 2000; Vereecke 

et al., 2000; Pertry et al., 2010; Stes et al., 2011). Its host range is exceedingly 

large and includes more than 120 species representing both monocots and 

dicots, herbaceous and woody plants (Maes et al., 2001; Putnam and Miller, 

2007).  

Phytopathogenicity of R. fascians D188 requires three virulence loci 

clustered on the conjugative linear plasmid, pFiD188 (Letek et al., 2010; Crespi 

et al., 1992; 1994; Temmerman et al., 2000; Maes et al., 2001; Pertry et al., 
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2010; Francis et al., 2012). The fasA-F operon is the primary virulence operon 

and is implicated in the synthesis and modification of cytokinins, a class of plant 

growth regulating hormones (Fig. 2.1; (Bargen and Haas, 2009; Crespi et al., 

1994; Pertry et al., 2009; 2010)). The collective functions of the Fas proteins are 

hypothesized to be necessary for the pathogen to synthesize a mixture of 

cytokinins to upset homeostatic levels and cause and maintain leafy gall disease 

symptoms (Letek et al., 2010; Stes et al., 2011). FasD is an 

isopentenyltransferase (IPT) and the key enzyme that transfers an isoprenoid 

moiety to adenine, the limiting step in cytokinin biosynthesis (Hjerde et al., 2013; 

Crespi et al., 1992; Frebort et al., 2011). A loss-of-function fasD mutant is non-

pathogenic (Vereecke et al., 2000; Crespi et al., 1992). FasF is a homolog of 

LONELY GUY (LOG; a phosphoribohydrolase) of plants and functions to release 

activated cytokinins from their riboside forms (Crespi et al., 1992; Kurakawa et 

al., 2007; Pertry et al., 2010). FasA is predicted to produce trans-zeatin (tZ)-types 

of cytokinins that are hypothesized to be important constituents of the bacterial-

synthesized mixture of cytokinins (Francis et al., 2012; Takei et al., 2004; Pertry 

et al., 2009; 2010). The second locus is fasR, which encodes a predicted 

member of the AraC-like transcriptional regulatory protein family that is 

hypothesized to indirectly influence the transcription of fasA-F (Francis et al., 

2012; Temmerman et al., 2000; Pertry et al., 2010; Stes et al., 2011). Finally, the 

att locus is also necessary for full virulence of R. fascians D188 (Francis et al., 

2012; Maes et al., 2001). The translated sequences for some of the att genes are 



 
 

52 

homologous to antibiotic biosynthesis enzymes and thus predicted to be involved 

in secondary metabolism, though the specific metabolite(s) has yet to be 

identified.  

Because of the absence of genomic resources and the focus on a single 

isolate, the evolution and contribution of other functions in the virulence of 

phytopathogenic Rhodococcus are poorly understood. However, insights into 

virulence evolution may be derived from characterizations of the Rhodococcus 

equi genome sequence (Francis et al., 2012; Letek et al., 2010). R. equi infects 

mammals and is the only other species of this genus that is well documented as 

being pathogenic (Vernikos and Parkhill, 2006; Bargen and Haas, 2009). 

Comparisons of the R. equi 103S genome sequence to those of environmental 

species of Rhodococcus revealed little evidence for large-scale acquisition of 

niche-adaptation genes by HGT and instead suggested that pathogenicity of R. 

equi evolved through a limited number of key acquisition events coupled with co-

option of genes core to Rhodococcus (Francis et al., 2012; Letek et al., 2010).  

We recently demonstrated that phytopathogenic Rhodococcus represents 

multiple clades (Creason and Chang, unpublished data). We also demonstrated 

that four isolates identified from various environments clustered with the 

phytopathogenic Rhodococcus. The four are Rhodococcus spp. AW25M09 and 

JG-3, isolated from the stomach of an Atlantic Hagfish and permafrost, 

respectively, as well as 29MFTsu3.1, and 114MTsu3.1 associated with the 

rhizosphere or endosphere of Arabidopsis thaliana (Francis et al., 2012; Hjerde 
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et al., 2013; GenBank BioProjects PRJNA200424, PRJNA195882, and 

PRJNA201196). No loci known to be necessary for Rhodococcus 

phytopathogenicity were identified in their corresponding genome assemblies. 

Here, we report the sequence and characterization of the genomes of 20 

isolates of Rhodococcus. Our data indicate that HGT is important in virulence 

evolution but only four functions need to be acquired by members of 

Rhodococcus to gain the trait of phytopathogenicity. We also discovered two 

phytopathogenic isolates, A25f and A21d2 that lack the linear plasmid. In A25f, a 

recombination event introduced a block of genes from the linear plasmid into the 

chromosome, and delineation of the recombined block indicated that most of 

pFiD188 is dispensable for virulence. A more striking discovery was made in 

isolate A21d2. This phytopathogenic isolate lacks the fas operon, which is 

replaced by a horizontally acquired and novel gene chimera. The protein fusion is 

predicted to be sufficient for the minimal functions of cytokinin catalysis and 

activation, typically provided by fasD and fasF of the fas operon. The absence of 

two-thirds of the fas operon from A21d2 is not consistent with the cytokinin 

mixture model. We profiled cytokinins in the wild type isolate D188 and its 

mutants, ∆fasD and ∆pFiD188, and could detect only one active cytokinin type 

that was synthesized in a fasD-dependent manner.  

 

RESULTS  

Twenty Rhodococcus isolates were selected for genome sequencing 
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To quantify the virulence of the 20 selected isolates, we measured their 

effects on root growth of Nicotiana benthamiana seedlings (Sugawara et al., 

2008; Vereecke et al., 2000). First, we used wild type D188 and key mutants 

previously shown to be non-pathogenic or compromised in virulence to 

standardize the root inhibition assay (Figs. 2.2A and 2.2B). Of the 20 isolates, 15 

isolates significantly inhibited root growth of N. benthamiana (Fig. 2.2C). We also 

selected isolates that represented the genetic diversity of the sequenced 

samples, for a leafy gall assay (Fig. 2.2D). Based on these assays and our 

phylogenetic analysis, phytopathogenicity was independently lost on multiple 

occasions from this group of Rhodococcus (Creason and Chang, unpublished 

data).  

A minimum of 17.5 million reads was generated for each genome 

sequence (Table 1). Isolates A44a and D188 were selected as references and 

were more deeply sequenced using hybrid approaches. The reads were 

processed and independently de novo assembled for each genome. The number 

of scaffolds ranged from 9 - 50. Isolate A44a had the fewest scaffolds, which we 

attribute to the use of mate pair sequencing. The A44a assembly had two 

scaffolds that corresponded to its linear and circular plasmids and seven for the 

chromosome. Based on the finished genomes of R. jostii RHA1 and R. equi, we 

infer that A44a has four rRNA-encoding loci that could account for three of the 

physical gaps in the sequence. The use of 454 reads helped reduce the number 

of scaffolds for D188 when assembled using Illumina reads alone, but relative to 
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other assemblies, was not effective in dramatically improving the quality of the 

assemblies. All 20 sequenced isolates have a high GC% of around 64%. The 

average genome size and number of coding sequences (CDSs) for all 20 isolates 

was estimated at 5.8 Mb and 5,475, respectively.  

 

A pFiD188-like plasmid is present in most, but not all, phytopathogenic 
isolates of Rhodococcus  

The linear plasmid, pFiD188 is necessary for the virulence of R. fascians 

D188 (Jeon et al., 2006; Crespi et al., 1992). We therefore used the sequence of 

pFiD188 as a query to search the genome assemblies to examine its necessity 

for Rhodococcus virulence (Kakimoto, 2003; Francis et al., 2012; Frebort et al., 

2011). CDSs homologous to those along the entire length of pFiD188 are present 

in 13 of 15 genome sequences of phytopathogenic isolates (Fig. 2.3A). The 

sequences of att, fasR, and fas are conserved (85% of the 204 CDSs in this 

cluster of virulence CDSs are identical and the remaining 15% are >99% identical 

to corresponding loci of the pFiD188 sequence generated in this study; Fig. 

2.3B). However, within these loci, we identified 24 sequence discrepancies that 

differed in comparison to the previously reported pFiD188 sequence (Joshi and 

Loria, 2007; Francis et al., 2012). Because all linear plasmid sequences from this 

study were identical at these positions, we concluded the published sequence 

had errors. Of the 18 affecting the translated sequences of CDSs, 17 resulted in 

single amino acid changes. One was an insertion of a guanine residue in fasR, 
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relative to the published sequence, that leads to substantially longer translated 

sequences because of an upstream, in-frame ATG start codon. 

A linear plasmid sequence is absent in two other pathogenic isolates, A25f 

and A21d2, and the five non-pathogenic isolates. PCR for a CDS located in the 

R1 regions of the pFiD188-like plasmids and implicated in their maintenance 

confirmed in silico predictions (Fig. 2.3C). Therefore, the linear plasmid is 

correlated with phytopathogenicity, but is not strictly necessary. 

Between ~40%-80% of the CDSs associated with the 13 linear plasmid 

sequences were identified as being acquired by HGT. Most are located in or at 

the border of the three “U” regions that were previously classified based on 

regions within pFiD188 of D188 that are unique in sequence relative to linear 

plasmids of other members of Rhodococcus (Pertry et al., 2009; Francis et al., 

2012; Pertry et al., 2010). Additionally, the gene gain/loss polymorphisms largely 

corresponded to the U regions and also correlated with evidence for HGT (Fig. 

2.3A; Supplemental Table 2.1). The pattern of insertions and deletions in the 

NRPS-encoding CDS of the U2 region is likely a reflection of limitations in 

assembling short reads exacerbated by the modularity of NRPS genes. The 

predicted functions for the polymorphic genes in the U regions did not provide 

strong evidence for a role in pathogen virulence (Supplemental Table 2.1). Of the 

four conserved R1, R2, R3, and R6 regions, previously defined based on 

sequence similarities to other linear plasmids of Rhodococcus, there were fewer 

gene gain/loss polymorphisms but R3 and to some degree, R1 had evidence for 
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HGT. In summary, results from the analysis of 13 linear plasmid sequences were 

consistent with previous reports in regards to the presence of conserved and 

unique regions, with higher incidences of recombination in the unique regions 

(Krall et al., 2002; Francis et al., 2012; Rodríguez-Concepción and Boronat, 

2002; Sakakibara et al., 2005; Lombard and Moreira, 2011).  

 

The contribution of horizontal gene transfer to virulence evolution is 
limited in its scale  

Virulence genes of plant pathogens can be located in islands within the 

chromosome. We therefore searched the genomes for regions with signatures of 

HGT (Temmerman et al., 2000; Vernikos and Parkhill, 2006). The average size 

for the identified regions was 11.5 kb (Fig. 2.4A). The scale of HGT was variable 

between isolates, with no clear correlation to phytopathogenicity (Fig. 2.4B). In 

phytopathogenic isolate LMG3605 for example, only 240 CDSs were identified 

within regions acquired by HGT and their total size represented just 5.5% of the 

genome. In contrast, non-pathogenic isolate GIC36 has 78 regions with ~800 

CDSs representing 16.2% of the total size of the genome as potentially acquired 

by HGT. Of all identified regions, some of the outliers were substantial in size, 

highlighted by the ~107.5 kb region, encoding 103 CDSs, in 05-339-1 (Fig. 2.4A).  

We compared the non-redundant set of 6,867 CDSs present in the 

horizontally acquired regions from all 20 isolates to a custom database consisting 

of CDSs gathered from non-phytopathogenic Actinomycetes. Approximately 33% 

of the translated Rhodococcus CDSs did not have a BLASTP hit and were thus 
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considered specific to this group of Rhodococcus isolates. The only two 

significantly enriched clusters of orthologous genes (COGs) categories were 

“General functional prediction only” and “Function unknown”, as would be 

expected for a group of relatively poorly studied bacteria. Of the CDSs 

horizontally acquired by only the phytopathogenic isolates, the significantly 

enriched functional categories related to energy, metabolism, and general 

functions (Supplemental Fig. 2.1A). A parallel analysis using Gene Ontology 

(GO) terms yielded similar results, with general functions in metabolism, 

transport, as well as transcription and translation being the more prominently 

identified terms (Supplemental Fig. 2.1B). The few clusters that are likely 

associated with virulence are cytokinin and isoprenoid biosynthesis and 

metabolic processes.  

Next, we reasoned that horizontally acquired candidate virulence genes 

should be conserved across the majority of the phytopathogenic isolates. An 

overwhelming majority of the CDSs associated with regions putatively acquired 

by HGT were present in only one or two of the phytopathogenic isolates (Fig. 

2.4C). Even when we lowered our criteria and considered CDS that had 

homologs in approximately one-half of the phytopathogenic isolates, fewer than 

100 homologous families were identified. Each of the families had homologs 

present on pFiD188. Overall, data suggest that other than the linear plasmid, 

HGT does not play a large-scale role in virulence evolution of phytopathogenic 



 
 

59 

Rhodococcus and likely contributes more to the outside-host lifestyle of the 

bacteria.  

 

Few genes are conserved and unique to phytopathogenic isolates 

We hypothesized that, regardless of phylogenetic structure and HGT, the 

phytopathogenic isolates can be expected to have a core and exclusive set of 

CDS that distinguish them as pathogenic. We compared CDSs from 24 genome 

sequences, including the 20 from this study as well as the closely related 

Rhodococcus spp. AW25M09, JG-3, 29MFTsu3.1, and 114MTsu3.1. Overall, we 

identified a “core” of 2,870 and a “pan” of 16,733 CDSs (Fig. 2.5). The COG 

categories in the “flexible” genome (13,863 CDSs) were enriched in categories 

related to energy and responding to the environment and its co-inhabitants 

(Supplemental Fig. 2.2).  

Because we were interested in identifying CDSs that are exclusive to 

pathogens, we compared pan and core genomes of the 15 phytopathogenic 

isolates to the pan and core genomes of the 9 non-pathogenic isolates (Fig. 2.5). 

The 15 pathogenic isolates have a core of 234 CDSs that were not also identified 

as core to the nine non-pathogenic isolates. However, only 12 of the 234 were 

classified as exclusive based on their complete absence from the nine non-

pathogenic isolates; the other 222 CDSs are part of the flexible genome of the 

non-pathogenic isolates. The 12 exclusive CDSs correspond to the att locus (10 

CDSs), fasR, and a putative FAD-binding monooxygenase-encoding gene 

(pFi_057 of pFiD188), all of which have members on pFiD188. The reciprocal 
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best hit for the FAD-binding monooxygenase-encoding gene of A21d2 barely 

exceeded threshold, with an identity of only 35.2% suggesting it may not be a 

bona fide member of the gene family, as each isolate has large numbers of 

monooxygenase-encoding genes (Davis and Chang, unpublished). Most notably, 

the six fas CDSs were not identified as core to the pathogenic isolates because 

of the absence of fas from isolate A21d2. PCRs using oligonucleotides specific to 

each CDSs of the fas operon were negative (Figs. 2.3B and 2.3C; Supplemental 

Table 2.1).  

 

The virulence loci of A25f and A21d2 are novel in structure and sequence 

We used the pFiD188 sequence and reciprocal best-hit analysis to identify 

scaffolds of ~190 kb and 18 kb in the A25f and A21d2 assemblies, respectively 

(Supplemental Table 2.2). In A25f, 30 of the 33 best hit CDSs (RFA25f_04806-

RFA25f_04843) are co-linear to their homologs on pFiD188, starting from nine 

CDSs upstream of the att locus and extending to two CDSs past the fas locus 

(Fig. 2.3B). The highest levels of sequence similarities were observed for att 

through fas (>95% identity; AttR = 94.5%). Despite that, the degree of sequence 

similarity was lower relative to the degree of similarity found among the 13 

isolates that carry a linear plasmid like pFiD188. Analysis of flanking sequences 

did not provide any clues to the location of this scaffold in the genome because 

there were no regions of co-linearity with the D188 assembly. However, the 

scaffold lacked features typically associated with plasmids and the most 

parsimonious explanation is that a recombination event occurred between a 
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portion of a pFiD188-like plasmid and the chromosome of A25f. Consistent with 

previously reported results, A25f delineates a small portion of the linear plasmid 

as necessary for phytopathogenicity (Temmerman et al., 2000; Francis et al., 

2012). 

In A21d2, only 11 of the 28 best hit CDSs in the 18 kb scaffold are co-

linear to the U1 region, starting at RFA21d2_02316 (attR) and unexpectedly and 

abruptly ending after RFA21d2_02306, an AraC-like encoding CDS (fasR; Fig. 

2.3B). We used thermal asymmetric interlaced (TAIL) PCR to determine flanking 

sequences. The resultant sequences were nearly 1 kb long, partially similar in 

sequence to each other, and mapped to separate single locations that coincided 

to a region between RFA21d2_03323 and RFA21d2_03324 within a 169 kb long 

scaffold, node_3. Consistent with previous searches, no fas operon was present 

in node_3 and no functional replacement of the Fas proteins could be predicted 

from the translated sequences of node_3. The A21d2 homolog of pFi_057 was 

not found in this block of co-linear CDSs and is instead located over 1 Mb away. 

 

The fas operon of A21d2 is replaced by a gene fusion encoding IPT and 
LOG domains  

The absence of the fas operon from A21d2 was not expected. The locus is 

replaced by a novel cluster of three overlapping CDSs (Fig. 2.6A). The outer two 

CDSs, RFA21d2_02305 and _02303, are annotated as containing a single 

Radical SAM domain and an Abhydrolase_6 domain, respectively. Neither of the 

domains are present in the Fas proteins of pFiD188 and the single Radical SAM 
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domain is different from those predicted for the translated sequences of mtr1 and 

the homologous mtr2, both of which are located between fasR and the fas 

operon in pFiD188 (Gallegos et al., 1997; Francis et al., 2012; Soisson et al., 

1997; Kwon et al., 2000; Lowden et al., 2010). RFA21d2_02305 and _02303 

were not expressed in cells grown in any of the three media tested and not 

predicted to be involved in cytokinin metabolism (Fig. 2.6A). 

Remarkably, RFA21d2_02304 is a chimera between fasD- and fasF-like 

sequences and the possibility of an assembly mistake was dismissed based on 

PCR and Sanger sequencing that confirmed the sequence of the locus (Fig. 

2.6A; Supplemental Table 2.2). Both IPT and cytokinin phosphoribohydrolase 

domains are present in RFA21d2_02304. Three residues necessary for IPT 

function and conserved in all IPT sequences previously examined by others are 

present in the N-terminal portion of RFA21d2_02304 (Parmley and Hurst, 2007; 

Sugawara et al., 2008). There are also three conserved and predicted catalytic 

residues in the C-terminal portion of RFA21d2_02304 that are found in similar 

positions relative to other bona fide LOG proteins (Letek et al., 2010; Jeon et al., 

2006; Stes et al., 2011). Unlike fasD of D188 and the CDSs flanking 

RFA21d2_02304, the chimera is expressed under what is considered non-

inducing conditions (Fig. 2.6A; Supplemental Fig. 2.3). These results indicated 

the three CDSs are expressed as independent monocistronic messages.  

The two domains of RFA21d2_02304 formed branches distinct from the 

14 other FasD and FasF homologs (Figs. 2.6B and 2.6C). The IPT region is more 
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similar to FasD than the LOG region is to FasF, and as previously shown, IPTs 

from phytopathogenic Rhodococcus cluster separately from those of plants and 

other bacteria (Vereecke et al., 2002; Kakimoto, 2003; Frebort et al., 2011). The 

exceptions are IPTs of Streptomyces spp., which also encode the fas operon 

(Bell et al., 1998; Joshi and Loria, 2007; La Duc et al., 2007; Konishi et al., 2014). 

The LOG region of RFA21d2_02304 and FasF are more similar to LOG of plants 

than to either of the two homologs present in Rhodococcus. In all, the data 

suggested that RFA21d2_02304 was acquired horizontally from another source, 

as opposed to being derived from a series of recombination events within a 

pFiD188-like plasmid.  

 

Isopentenyladenine is the only cytokinin that specifically accumulates in 
extracts of D188 grown in culture and under inducing conditions 

The absence of fasA from A21d2 is not consistent with the model that 

predicts the necessity for a mixture of cytokinin types (isopentenyladenine (iP), 

tZ, ciz-zeatin (cZ), and the methylthio derivatives of the latter two) for virulence 

(Yanai et al., 2002; Pertry et al., 2009; Pasek et al., 2006; Pertry et al., 2010). 

The 20 Rhodococcus isolates encode homologs of all the enzymes necessary for 

the methylerythritol phosphate (MEP) pathway, including a homolog of 

isopentenyl diphosphate (IPP) isomerase (IDI1) that catalyzes the isomerization 

of IPP to dimethylallyl diphosphate (DMADP; Fig. 2.1; Supplemental Table 2.3). 

The MEP pathway synthesizes DMADP and the intermediate, (E)-4-hydroxy-3-

methyl-but-2-enyl diphosphate (HMBDP), both of which are isoprenoid side chain 
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donors that can be used by IPTs to synthesize the isopentenyladenine ribotide 

(iPAMP) and tZ ribotide (tZRMP; (Rajaonson et al., 2011; Krall et al., 2002; 

Rodríguez-Concepción and Boronat, 2002; Sakakibara et al., 2005; Lombard and 

Moreira, 2011)). In contrast, homologs for most of the enzymes of the 

mevalonate (MVA) pathway that synthesizes DMADP were not identified 

(Supplemental Table 2.3).  

Because DMADP and HMBDP are potentially available, it is conceivable 

that the activities of FasD and FasF could enable the synthesis of both iP and tZ 

by Rhodococcus in culture. To test this, we profiled cytokinins from genetic 

variants of D188 grown in minimal media supplemented with extracts of leafy 

galls, uninfected plants, or H2O as a mock treatment. Of the 32 cytokinins that 

were profiled, only eight could be detected: iP, cZ, 2-methylthio-cis-zeatin 

(2MeScZ), their ribosides, as well as iPAMP and tZRMP; tZ was not detected 

(Supplemental Table 2.4). iP was the only active cytokinin type that significantly 

accumulated specifically in preparations from bacteria grown in leafy gall extracts 

and in a fasD/pFiD188-dependent manner (Fig. 2.7). In contrast, none of the 

detectable Z-type cytokinins accumulated to significant levels in a treatment-

dependent manner. All detectable cytokinin types started to accumulate at later 

time points in the ∆fasD mutant, independent of treatment (Supplemental Fig. 

2.4). Expression profiles of attE and fasD showed induced expression specific to 

bacterial cells grown in extracts of leafy galls, as previously reported 

(Supplemental Fig. 2.2; (Maes et al., 2001; Temmerman et al., 2000). Maximum 
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expression was observed at 6 hours (10,000X and 100X more expression for 

attE and fasD, respectively, relative to expression in cells grown in extracts of 

uninfected plants) and rapidly declined to basal levels by 12 hours after growth. 

Data indicated that phytopathogenic Rhodococcus synthesizes only one active 

type of cytokinin in a fasD-and leafy gall-dependent manner. 

 

The fasR CDSs of A25f and A21d2 are substantially more polymorphic than 
other family members 

Putative AraC-like encoding CDSs are located between the att operon and 

fas operon or fas-like CDSs in both A25f and A21d2 (RFA25f_04127 and 

RFA21d2_02306, respectively; Fig. 2.3). RFA25f_04127 and RFA21d2_02306 

are predicted to be functional and clustered with fasR in a phylogenetic tree, 

supporting their membership to this family (bootstrap percentage of 100%; 

Supplemental Fig. 2.5). However, the sequences of fasR are highly polymorphic 

(Fig. 2.8A). The translated sequence of the A25f CDS shares 97% identity with 

FasR of D188. In RFA21d2_02306, there are 343 SNPs (32% of all possible 

sites), of which 89, or 26% of the SNPs, are non-synonymous substitutions.  

RFA21d2_02306 is nevertheless predicted to be under purifying selection 

(Ka/Ks = 0.327; p-value = 9.3 X 10-20; paired with allele from D188). 

RFA21d2_02306 is also not optimized for translation (CAI = 0.221; 59 ribosomal 

protein encoding genes = 0.667; genome average = 0.530). This was not 

surprising since fasR includes an unusually high number of rare TTA leucine 

codons (Maes et al., 2001; Temmerman et al., 2000). In attempts to model the 
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patterns of substitutions, we mapped them onto the predicted secondary 

structure of FasR (Fig. 2.8A). Both domains of the predicted structure are similar 

to other AraC-like regulators (Joshi and Loria, 2007; Gallegos et al., 1997; 

Soisson et al., 1997; Kwon et al., 2000; Lowden et al., 2010). One region within 

the putative ligand binding domain was identified as having a high Ka/Ks and was 

significant in a permutation test (p-value = 0.033; Fig. 2.8B; (Akiyoshi et al., 1987; 

Parmley and Hurst, 2007; Pertry et al., 2010)). The Ks values started trending 

upward thereafter within the putative DNA binding domain and culminated in a 

region with very high values (p-value = 0.04). This region overlaps two helix-turn-

helix motifs predicted to be involved in binding DNA, based on alignments to 

AraC. In addition, a larger portion of this region correlated with above average 

CAI values in RFA21d2_02306 relative to FasR of D188 (Fig. 2.8C). Therefore, 

despite evidence for purifying selection and a high density of synonymous 

substitutions in the putative DNA binding domain, diversifying selection was 

identified in a putative ligand binding region. 

 

DISCUSSION  

Phytopathogenic Rhodococcus are unlike most plant pathogens. These 

bacteria are Gram-positive Actinobacteria with members capable of causing 

growth deformities and persisting, often through the life of the host plant. To gain 

insights into the evolution of Rhodococcus virulence and develop resources for 

understanding the mechanisms of phytopathogenesis, we determined and 

characterized the genome sequences for 20 isolates. Analyses suggested that 
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the acquisition of just four functions is sufficient for diverse isolates of 

Rhodococcus to gain the trait of phytopathogenicity. Additionally, the discovery of 

a novel gene chimera and profiling of the exemplar isolate challenged the 

cytokinin mixture model of Rhodococcus virulence. 

 

Rhodococcus requires four horizontally acquired functions to be 
phytopathogenic 

 Virulence evolution of phytopathogenic Rhodococcus species can be 

modeled by the co-option mechanism proposed for R. equi (Matsubara et al., 

1968; Letek et al., 2010; Rathbone and Hall, 1972; Stes et al., 2011; Einset and 

Skoog, 1977; Miyawaki et al., 2006; Agris et al., 2007; Pertry et al., 2009; Frebort 

et al., 2011). It has been previously reported that the chromosomal locus vicA, 

which encodes malate synthase that functions in the glyoxylate shunt pathway of 

the Krebs cycle, is necessary for full symptom development (Frebort et al., 2011; 

Vereecke et al., 2002). Additionally, the predicted dependency of the Fas 

proteins on the MEP pathway for the necessary substrate for cytokinin 

biosynthesis is another example of co-option (Fig. 2.1). Few other loci could be 

identified that had evidence for HGT and implicated in virulence. Only a miniscule 

fraction of the CDSs associated with regions with signatures of HGT were found 

conserved in pathogenic isolates and all of these CDSs have homologs encoded 

on a pFiD188-like plasmid (Fig. 2.4). Analysis of functional categories of CDSs 

associated with regions acquired via HGT also failed to support HGT as having a 

large-scale contribution in virulence evolution (Supplemental Fig. 2.1). Similar 
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findings were described for the COG categories enriched in the “flexible” genome 

(Supplemental Fig. 2.2). The results are consistent with the linear plasmid being 

the key acquisition for virulence and the majority of horizontally acquired 

functions contributing to the adaptation of Rhodococcus to their outside-host 

environments. Indeed, R. fascians is considered a soil bacterium and closely 

related isolates have been isolated from extreme environments, suggesting an 

ability of these organisms to use a wide range of substrates (Krall et al., 2002; 

Bell et al., 1998; Sugawara et al., 2008; La Duc et al., 2007; Konishi et al., 2014). 

 

The structures and sequences of virulence loci of A25f and A21d2 are 
novel 

We suggest that the horizontal acquisition of just four functions involved in 

secondary metabolism (att), gene transcription (fasR), cytokinin biosynthesis 

(fasD), and cytokinin activation (fasF) is sufficient for Rhodococcus to infect 

plants. Isolates A25f and A21d2 are unique among the sequenced samples. In 

A25f a recombination event likely occurred that introduced a block of CDSs from 

a linear plasmid into the chromosome. Gene fusions are generally predicted to 

occur by insertions and deletions between juxtaposed genes, such as those 

within an operon, and disseminated via HGT (Sugawara et al., 2008; Yanai et al., 

2002; Pasek et al., 2006). However, for A21d2 a fusion would have had to occur 

between two CDSs separated by fasE. Stronger evidence against a direct fusion 

event comes from the observation that the IPT and LOG domains of 

RFA21d2_02304 formed branches clearly distinct from their homologs and that 
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RFA21d2_02304 overlaps two CDSs absent from other sequenced isolates of 

Rhodococcus (Fig. 2.6). We therefore conclude that RFA21d2_02304 was 

acquired from another organism in what could be a non-orthologous 

displacement of the fas operon.  

Integration of virulence loci into the chromosome is expected to confer a 

greater state of stability. However, the rarity of the virulence loci of A25f and 

A21d2 among the sequenced isolates is not consistent with this expectation. A 

potential explanation is that because the pFiD188-like linear plasmids are 

conjugative, the mobility of these vehicles may compensate for any lowered 

stability by enabling rapid dissemination throughout the population. This is highly 

plausible especially considering that acquisition of the four functions, most 

frequently vectored by a plasmid, is sufficient for genetically divergent 

Rhodococcus isolates to be phytopathogenic (Fig. 2.2). Alternatively, the events 

that led to the changes in A25f and A21d2 could have occurred relatively recently 

or the 20 isolates that were sequenced do not adequately reflect the diversity of 

the population. We also cannot ignore the likelihood for trade-offs that occur in 

non-obligatory pathogens that persist in both within and outside-host 

environments.  

 

The att locus is conserved in the phytopathogenic Rhodococcus isolates 

The att locus is the most conserved in sequence and structure across all 

phytopathogenic isolates examined and consistently clustered with the fas locus 

(Fig. 2.3). Its product is also the only known target of host resistance (Sugawara 
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et al., 2008; Rajaonson et al., 2011). Together, these data suggest the product of 

att is an important virulence determinant in Rhodococcus despite the attenuated 

phenotype of the ∆att mutant (Pertry et al., 2010; Maes et al., 2001). The 

infection methods used in the laboratory may possibly circumvent att 

dependence, since the ∆att mutant can cause disease if the host is wounded 

prior to infection. It has been suggested that att is important for the early 

transition of R. fascians from epiphyte to endophyte and its ability to ingress into 

host tissue (Sugawara et al., 2008; Maes et al., 2001). Indeed, attE expression 

peaks to extremely high levels within six hours of growth in inducing media and 

rapidly decays thereafter (Supplemental Fig. 2.3). Seemingly counter to the 

importance of att is its absence from Streptomyces turgidiscabies, which does 

have the fas operon and can form galls on plants ((Crespi et al., 1994; Joshi and 

Loria, 2007); PRJNA185785). However, att may not be necessary because S. 

turgidiscabies does not ingress but rather, it primarily enters its host through 

wounds and natural openings. 

 

A new model for Rhodococcus virulence 

The data generally supported the model identifying pFiD188 as necessary 

for R. fascians and the role of cytokinins in the pathology of plant-associated 

Rhodococcus. However, several lines of evidence presented in this study are 

consistent with a mechanism of virulence where only the iP cytokinin type, not a 

mixture of cytokinins, is synthesized and necessary for Rhodococcus 

phytopathogenicity (Figs. 2.1, 2.3, 2.6, and 2.7). We and others could not detect 
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tZ and/or demonstrate its FasD-dependent synthesis in culture (Fig. 2.7; 

Sprenger et al., 1997; Akiyoshi et al., 1987; Pertry et al., 2010). The other two 

free base types that could be detected, cZ and 2MeScZ, accumulated 

independently of fas gene induction, similar to previous reports (Fig. 2.7; 

Supplemental Fig. 2.4; Lynch, 2006; Matsubara et al., 1968; Rathbone and Hall, 

1972; Einset and Skoog, 1977; Miyawaki et al., 2006; Agris et al., 2007; Pertry et 

al., 2009; Frebort et al., 2011). The generation of tZ from cZ by the action of a 

cis-trans isomerase is not well substantiated, so it is unlikely that this could be a 

source of tZ (Frebort et al., 2011).  

Evidence also argues against FasD being able to directly produce 

significant levels of tZ even though bacterial IPTs can use HMBDP as a prenyl 

donor without the activity of a P450 monooxygenase (Kurakawa et al., 2007; 

Krall et al., 2002; Sugawara et al., 2008). The Tzs IPT of A. tumefaciens has a 

hydrophilic region in the substrate-binding cavity that contributes to its ability to 

use both DMADP and HMBDP as substrates (Pertry et al., 2010; Sugawara et 

al., 2008). A substitution mutation that affected the hydrophilic region increased 

the specificity of A. tumefaciens Tzs for DMADP by ~100-fold (Takei et al., 2001; 

Sugawara et al., 2008; Kuroha et al., 2009). FasD of D188 has an alanine at a 

position that corresponds to one of the key hydrophilic residues of Tzs and the 

Kcat/Km value for FasD is 10X higher when DMADP is provided as a substrate, 

relative to HMBDP (Liu et al., 1995; Pertry et al., 2010). Therefore, while it is 

possible that FasD could use HMBDP to generate Tz, data suggests otherwise. 
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Additionally, the novel gene chimera of A21d2 indicates that only the IPT and 

LOG functions are necessary for virulence (Figs. 2.3 and 2.6). The IPT domain of 

RFA21d2_02304 also has amino acid substitutions that affect the predicted 

hydrophilic region that contribute to the increased specificity of Tzs for HMBDP 

(Livak and Schmittgen, 2001; Sugawara et al., 2008). RFA21d2_02304 is thus 

not predicted to efficiently synthesize tZ.  

The original model for R. fascians phytopathogenicity is predicated on the 

necessity of fasA for virulence (Zerbino and Birney, 2008; Crespi et al., 1994). 

However, the original fasA mutant was generated via insertion of a plasmid and 

the sufficiency of fasA in complementing the mutant was not tested, opening the 

possibility for polar effects. In addition, FasA has not been confirmed as having 

P450 monooxygenase activity and the absence of detectable levels of tZ indicate 

fasA may be dispensable. FasB and FasC, like deoxyxylulose 5-phosphate 

(DXP) synthase, the first enzyme of the MEP pathway, are members of thiamine 

pyrophosphate enzyme superfamilies (McLeod et al., 2006; Sprenger et al., 

1997; Rissman et al., 2009). We speculate that the possible redundancy in 

function could explain the dispensability of fasB and fasC. The superfluousness 

of fasE (cytokinin oxidase/dehydrogenase) for virulence solves the conundrum of 

why a pathogen has an operon that encodes an enzyme with a function that 

diametrically opposes those that synthesize and activate cytokinins as virulence 

factors. There are two explanations as to why functions predicted to be 

dispensable are still in the population of phytopathogenic Rhodococcus clades. 
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The enzymatic functions of the FasA-C, and -E may be unnecessary but the 

proteins may be required for scaffolding and forming a protein complex for 

efficient cytokinin biosynthesis and activation. Alternatively or additionally, the 

CDSs may have not been purged because membership in the fas operon could 

confer a level of immunity to the effects of mutation or are important in 

contributing to the regulation of gene expression (Altschul et al., 1997; Lynch, 

2006; Magrane and Consortium, 2011).  

 

New insights into cytokinin metabolism 

The characterization of pathogen-encoded virulence proteins and 

molecules has provided many new insights into host growth, development, and 

signaling. Specifically, bacterial-encoded IPTs have contributed much to our 

understanding in cytokinin metabolism in plants (Eddy, 2011; Frebort et al., 

2011). The association of fasF with fasD in the fas operon was key to recognizing 

that LOG of plants is involved in cytokinin metabolism and provided evidence for 

the existence of the direct activation pathway of cytokinins (Darriba et al., 2011; 

Kurakawa et al., 2007; Katoh and Standley, 2013). The discovery of 

RFA21d2_02304 in this study raises the possibility that the 

phosphoribohydrolase complexes with IPT in other phytopathogenic 

Rhodococcus and also in plants. Gene fusions are important for increasing 

functional complexity through the generation of multi-domain proteins, often by 

uniting domains from those that physically interact and function in a common 

pathway. The low in vitro turnover rate of FasD led to the speculation of product 
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inhibition (Stamatakis, 2006; Pertry et al., 2010). The possibility of a complex with 

FasF indicates the potential for a direct activation of cytokinins and alleviation of 

inhibition. In A21d2, the fusion could be more efficient at coupling these two 

reactions, a possibility that will be addressed in future studies. It will also be 

interesting to determine if, and which, members of the IPT and LOG families form 

complexes in plants (Sonnhammer and Hollich, 2005; Takei et al., 2001; Kuroha 

et al., 2009).  

 

MATERIAL & METHODS 

Nucleic acid preparations, Sanger sequencing, and PCRs  

Genomic DNA was extracted from cells grown directly from stocks. The 

Wizard Genomic DNA Purification Kit was used, according to the instructions of 

the manufacturer, to extract genomic DNA (Promega Corporation, Madison, WI, 

USA). Except for D188, isolates had undergone a limited number of passages. 

Genomic DNA isolated from appropriate isolates was used as templates in 

PCRs with primers specific to the CDS (Supplemental Table 2.5). Thermal 

Asymmetric Interlaced PCRs (TAIL) were done using nested oligonucleotides 

designed to Contig_21 and genomic DNA from A21d2, according to methods 

previously described (Supplemental Table 2.5; (Castresana, 2000; Liu et al., 

1995)). Eight arbitrary degenerative primer pools were used in the amplification 

steps and successfully amplified products were sequenced and aligned to the 

A21d2 genome sequence. 
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For Sanger sequencing, products were treated with 2.5 U of Exonuclease 

I and 0.25 U of Shrimp Alkaline Phosphatase (SAP) for 40 minutes at 37°C and 

heat killed at 80°C for 20 minutes. Products were sequenced on an ABI 3730 

DNA Analyzer in the Center for Genome Research and Biocomputing (CGRB) at 

Oregon State University.  

Trizol Reagent (Life Technologies, Carlsbad, CA, USA) and ~200 µl of 

500 nm glass beads were added to Rhodococcus cells and disrupted using a 

FastPrep-24 homogenizer (MP Biomedical, Santa Ana, CA, USA) at 6.0 m/s for 1 

minute. Samples were treated with DNase I (NEB, Ipswich, MA, USA), quantified 

and analyzed using a BioAnalyzer (Agilent Technologies, Santa Clara, CA, USA). 

First-strand cDNA was synthesized using 100 ng of total RNA and the Reverse 

Transcription System (Promega Corporation). One µl of the reverse transcription 

reaction was mixed with 10 µl LightCycler® 480 SYBR Green I Master, 2.0 µl 

primer mix (250 nM each) and water for a final volume of 20 µl. Quantitative PCR 

was done on a LightCycler® 480 System (Roche Applied Science, Germany). 

Gene expression was calculated using the deltadeltaCt method relative to the 

expression of the 16S gene and corresponding genes in the mock treatment 

(Letunic and Bork, 2011; Livak and Schmittgen, 2001). For RT-PCR, first-strand 

cDNA was synthesized from 1.0 µg total RNA using Quantas (Life Technologies, 

Carlsbad, CA, USA). cDNA equivalent to 50 ng of starting RNA template was 

used in PCRs. Samples lacking reverse transcriptase were included as controls. 

Oligonucleotide sequences are available in Supplemental Table 2.5. 
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Next-generation sequencing, assembly, and annotation  

Library construction and sequencing were done in the CGRB (Illumina 

GAIIx, HiSeq, and MiSeq, 454 Jr.), DNAVision SA (Illumina HiSeq of D188), or 

HTSF@UNC (Mate-pair sequencing of A44a).  

Genomes were assembled using Velvet, with hash lengths of 75 

(Quevillon et al., 2005; Zerbino and Birney, 2008). Insert sizes were 

independently determined based on estimated fragment sizes from each library 

preparation. A44a was assembled using Velvet 0.7.55, D188 was assembled 

using Velvet 1.1.05, and the other 18 isolates were assembled using 

Velvet_1.2.08. For each genome, multiple assemblies were done, in which 

coverage cutoff, expected coverage, and hash length parameters were changed. 

The highest quality assembly was identified based on number of contigs and 

having a sum total size between 5-6 Mb. Contigs from isolate A44a were 

reordered with Mauve, using the genome sequence of Rhodococcus jostii RHA1 

as a reference (Katoh and Standley, 2013; McLeod et al., 2006; Hunter et al., 

2012; Rissman et al., 2009). All other assemblies were directly or indirectly re-

ordered based on the genome sequence of A44a. Prokka was used to annotate 

genomes. Prokka identifies tRNAs, rRNAs, and CDSs using Aragaron, rnammer, 

and prodigal, respectively (Prokka: Prokaryotic Genome Annotation System - 

http://vicbioinformatics.com/). CDSs were annotated based on BLAST analysis to 

a database of genomes core to the Rhodococcus genus, including all whole-

genome assemblies, followed by BLAST analysis to the UniProt database 
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(Crooks et al., 2004; Altschul et al., 1997; Magrane and Consortium, 2011). The 

remaining CDSs were then used in searches against the HMM databases using 

HMMER3 (Francis et al., 2012; Eddy, 2011). 

 

Phylogenetic analyses 

Publically available sequences were gathered from the NCBI nr, nt, or wgs 

databases (http://www.ncbi.nlm.nih.gov/). Lists of sequences were manually 

curated. Sequences were aligned using L-INS-i algorithm in MAFFT and the 

most appropriate models of substitution were selected using the BIC selection 

method implemented in ProtTest 3 (Cole et al., 2008; Darriba et al., 2011; 

Waterhouse et al., 2009; Katoh and Standley, 2013). Trees were generated 

using RAxML, with the -f a setting, and 1000 bootstrap replicates, unless 

otherwise noted (Zhang et al., 2006; Stamatakis, 2006; Zhang et al., 2012). 

Alignments were visualized and trimmed using Belvu (Sonnhammer and Hollich, 

2005). Gblocks was used to trim the MLSA alignments with half gapped positions 

allowed (Castresana, 2000). Images were generated using the iTOL (Letunic and 

Bork, 2011). Only bootstrap values equal to or greater than 50 were shown.  

For IPT-encoding genes, sequences were gathered by using 

RFD188_04926 (fasD) from D188 as the query in tBLASTn searches against 

both the nt and wgs NCBI databases. A total of 50 and 25 translated sequences, 

from the nt and wgs databases respectively, all IPT-encoding genes from 

Arabidopsis thaliana and Oryza sativa, and fasD from the Rhodococcus strains 

sequenced in this study were used to construct the tree. A similar approach was 
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used for LOG-encoding genes with the exception that RFD188_04928 (fasF), 

RFD188_01289 (LOG-1), and RFD188_01290 (LOG-2) were used as query 

sequences. The top 50 hits for each query, 28 LOG family genes in the 

UniProtKB database and those found in the Rhodococcus strains sequenced in 

this study were used to construct the tree1. A total of 308 AraC-type sequences 

were identified, using BLASTP analysis, from the translated CDSs of all 20 

Rhodococcus isolates (exceeded an e-value threshold of 1x10-5). Seventy of the 

sequences were used to construct the tree. 

 

Bioinformatic analyses 

InterProScan was used to analyze the translated sequences of 

RFA21d2_02303-_2305 for domain analysis and generation of sequence logos 

(Quevillon et al., 2005). Sequences from IPR005269 (LOG family, 9681 

sequences) and IPR002648 (IPT domain, 144 sequences) were downloaded 

from the InterPro database and aligned using MAFFT--auto and L-INS-i, 

respectively, (Katoh and Standley, 2013; Hunter et al., 2012). Sequences without 

the conserved domains were removed, leaving 9648 and 75 sequences, 

respectively. Logos were generated using WebLogo 3 

(http://weblogo.threeplusone.com/; (Crooks et al., 2004)). 

For reciprocal best-hit BLAST analysis, the translated sequences of all 

CDSs of pFiD188 were used as queries in BLASTP searches of the A25f and 

A21d2 assemblies. We used the pFiD188 sequence from D188 generated in this 

study because of the discrepancies between it and the deposited sequence 
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(JN093097; (Francis et al., 2012)). Top hitting homologs (p-value threshold = 

1x10-5) were used as queries in reciprocal BLASTP analysis of the D188 

assembly. Results were confirmed with tBLASTn searches. 

The core and flexible genomes were identified using reciprocal best-hit 

BLASTP analysis of translated CDSs. Translated sequences were iteratively 

added into groups of orthologs, starting with strain D188. Threshold cut-offs of 

35% identity and at least 50% gene coverage of the subject by the query were 

used.  

Secondary structure predictions were made using jpred and visualized 

using jalview (Cole et al., 2008; Waterhouse et al., 2009). ParaAT was used to 

generate alignments as input for Ka/Ks calculator (Zhang et al., 2006; 2012). A 

120-nucleotide window was slid along the sequence in 12 nucleotide increments 

for analysis of Ka/Ks and codon usage. For the permutation test, the ParaAT-

aligned sequences were split based on aligned codons and the order of the 

codons was randomly permuted 1000 times. Values were calculated for each of 

the permuted sequences, using the same sliding window approach. We 

enumerated the number of times four (Ka and Ka/Ks) and six (Ks) consecutive 

windows were found in the permutations. Threshold values for window peaks 

were set at 1.5 * (standard deviation) from the mean for Ka and 2 * (standard 

deviation) from the mean for Ks and Ka/Ks, in relation to the initial aligned fasR 

sequences.  
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The SuperGenome based on the 13 pFiD188-like sequences was aligned 

with Mauve then generated and visualized using GenomeRing (Win et al., 2012; 

Rissman et al., 2009; Xin and He, 2013; Herbig et al., 2012). 

Alien hunter (default settings) was used to predict regions acquired by 

horizontal gene transfer (Brown and Tellier, 2011; Vernikos and Parkhill, 2006). A 

custom BLAST database was generated using the translated CDSs from 

Streptomyces coelicolor A3, Nocardia farcinica, Corynebacterium diphtheriae 

NCTC 13129, Gordonia KTR9, Mycobacterium tuberculosis H37Rv, 

Rhodococcus jostii RHA1, Rhodococcus opacus B4, Rhodococcus equi 103S, 

and Rhodococcus erythropolis PR4 (Juhas et al., 2009; Cole et al., 1998; Bentley 

et al., 2002; Cerdeño-Tárraga et al., 2003; Ishikawa et al., 2004; Na et al., 2005; 

McLeod et al., 2006; Sekine et al., 2006; Letek et al., 2010; Chen et al., 2012). 

Homology was determined based on BLASTP top-hit analysis (threshold cut-offs 

= > 50% in length and ≥ 35% identity).  

WebMGA (default settings) and Revigo (Allowed similarity = 0.9) were 

used to assign genes to Cluster of Orthologous Groups and Gene Ontology (GO) 

categories, respectively (Day et al., 2001; Supek et al., 2011; Ma et al., 2006; Wu 

et al., 2011). Revigo was also used to analyze GO categories. Fisher’s exact test 

was used to determine statistically significant differences in COG assignments 

(p-value ≤ 0.01). 

Graphs were generated in R (Gürtler et al., 2004; R Core Team, 2013).  

Inkscape was used to design line drawings and figures (inkscape.org/). 
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Bacterial strains and growth conditions 

The 20 isolates of Rhodococcus (Table 2.1) were grown in Luria-Bertani 

(LB) media at 28°C. When appropriate, media were amended with 30 µg/ml 

kanamycin.  

 

Plant growth conditions and plant infection 

For root inhibition assays, N. benthamiana was germinated on MS agar 

plates (half-strength MS, 0.5 M MES). Three-day-old germinated seedlings were 

inoculated with suspensions of Rhodococcus (OD600 =0.5; 10 mM MgCl2 buffer) 

or mock inoculated (buffer only) and grown vertically for 1 week at room 

temperature with 16 hours of light. Plantlets were photographed and ImageJ was 

used to measure root lengths (Larkin et al., 2005; Schneider et al., 2012). 

Comparisons for each Rhodococcus isolate were made relative to average root 

length of corresponding seedlings inoculated with ∆pFiD188 in the same 

experimental replicate. Tukey’s HSD test was used to determine significance. 

Leafy galls were induced in 3-4-week-old N. benthamiana plants, as 

previously described (Francis et al., 2010; Crespi et al., 1992; Stes et al., 2011). 

The apical meristems of plants were pinched using forceps and inoculated with 

10 µl of Rhodococcus (OD600 = 0.5; 10 mM MgCl2 buffer). Plants were grown 

under conditions described above and assessed weekly. Leafy galls were 

photographed at 4 weeks post-inoculation. For leafy gall extracts, 4 week-old 

leafy galls were excised from plants, ground in sterile water using a mortar and 
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pestle, and filter sterilized (22 µm filter). Extracts were frozen at -80°C until use. 

Induction was done as previously described (Cornelis et al., 2001; Vandeputte et 

al., 2005). 

 

Cytokinin profiling 

Cytokinins were extracted from R. fascians D188 and its variants and 

quantified, using previously published methods (Putnam and Miller, 2007; Redig 

et al., 1996; Vandeputte et al., 2005). All supernatants were spiked with deutered 

cytokinin standards, including [²H6]iP, [²H6][9R]iP, [²H6](9G)iP, [²H6](7G)iP, 

[²H5]DHZ, [²H5][9R]DHZ, [²H5](9G)DHZ, [²H5](7G)DHZ, [²H5](OG)DHZ, 

[²H5](OG)[9R]DHZ, [²H5]2MeScZ, [²H5]2MeScZR, [²H6]MS-iP and [²H6]MS-iPA 

(Supplemental Table 2.5; Olchemlm Ltd., Olomouc, Czech Republic). The pH of 

the samples was adjusted to pH 7 and samples were purified on a DEAE-

Sephadex column (2 ml, HCO3
-) with a RP-C18 column coupled underneath. 

After washing with ddH2O, the fraction containing the cytokinin free bases, 

ribosides, and glucosides was eluted with 80% methanol. Eluates were dried 

under vacuum, diluted with PBS and immunoaffinity purified using isoprenoid 

cytokinin IAC columns (Olchemlm Ltd.). After elution with ice-cold 100% 

methanol, eluates were dried in vacuum and stored at -20°C until further 

analysis. Cytokinin-phosphates (retained in the DEAE column) were eluted with 

NH4HCO3 and concentrated on a RP-C18 column before elution with 80% 

methanol. After vacuum concentration and dissolution with 0.01M Tris-HCl (pH 
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9.6), the cytokinin-phosphates fraction was treated with alkaline phosphatase 

and further immunoaffinity purified as described above. 

Cytokinins were quantified using an electrospray ACQUITYTM TQP UPLC-

MS/MS device (Waters, Micromass Ltd., United Kingdom). Samples (10 µl) were 

injected into an ACQUITYTM TQP UPLC BEH C18 column (1.7 µm x 2.1 mm x 50 

mm, Waters) and eluted with ammonium acetate (1.0 mM) in 10% methanol (A) 

and 100% methanol (B). The UPLC gradient was as follows: linear gradient of 

100% A to 55.6% A and 44.4% B in 8 minutes, followed by a wash with 100% B 

and an equilibration to initial conditions with 100% A at a flow rate of 0.3 ml/min. 

The effluent was introduced into the electrospray source at a temperature of 

150°C. Quantitative analysis was carried out using the internal standard ratio 

methods and the deuterated isotopes. The ESI(+)-MRM (multiple reactant 

monitoring) mode was used for quantification based on specific diagnostic 

transitions for the different compounds analyzed (Supplemental Table 2.6). 

Chromatograms were processed using the Masslynx software (Waters) and the 

concentrations were calculated following the principles of isotope dilution. 

Two-way analysis of variance followed by Dunnett's multiple comparison 

test were used to determine statistical significance. The two-way analysis of 

variance examined the influence of both time and bacterial strain on cytokinin 

levels assuming equal variance across both groups. Dunnett's test was used to 

compare cytokinin levels in ∆fasD and ∆pFiD188 to D188, within each time point, 

assuming equal variance among the treatment strains. 
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Figure 2.1. Predicted pathway of cytokinin metabolism in phytopathogenic 
Rhodococcus.  
 
Pathways for the biosynthesis of cytokinin precursors are presented within boxes 
with solid lines. Abbreviations: MEP = methylerythritol phosphate; HMBDP = (E)-
4-hydroxy-3-methyl-but-2-enyl diphosphate; DMADP = dimethylallyl diphosphate; 
IPP = isopentenyl diphosphate; MEV = mevalonate. Abbreviations in blue 
indicate enzymes with homologs encoded by the 20 isolates of Rhodococcus: 
DXPS = Deoxyxylulose 5-phosphate synthase; DXPR = DXP reductiosomerase; 
CMS = 4-diphosphocytidyl-2C-methyl-D-erythirol synthase; CMS = 4-(cytidine 5'-
diphospho)-2-C-methyl-D-erythritol kinase; MCS = 2-C-methyl-D-erythritol 2,4-
cyclodiphosphate synthase; (HDS = hydroxy-2-methyl-2-(E)-butenyl 4-
diphosphate synthase; IDS = hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate 
reductase; IDI1 = isopentenyl diphosphate isomerase. The predicted cytokinin 
metabolism steps are presented within boxes with dotted lines. Left = products of 
the Fas operon (the difference in sizes of FasD symbolizes in vitro substrate 
preference). FasD is an isopentenyltransferase that transfers an isoprenoid 
moiety to adenine; FasA is a homolog of P450-type cytochrome 
monooxygenases that hydroxylate the isopentenyl side chain to produce trans-
zeatin; FasF removes the ribose 5´-monophosphate and releases the 
corresponding activate free base cytokinin; FasE is a cytokinin 
oxidase/dehydrogenase that degrades and inactivates cytokinins. The functions 
for FasB and FasC (not shown) are not known, but are suggested to be 
accessory proteins that provide energy for cytokinin metabolism. See associated 
text for references. Right = predicted pathway by a novel protein fusion encoded 
in isolate A21d2. RFA21d2_02304 is predicted to encode a fusion protein with 
FasD- and FasF-like functions. Abbreviations: iPAMP = isopentenyladenine 
ribotide; tZRMP = trans-zeatin ribotide; tZR = trans-zeatin riboside; tZ = trans-
zeatin; iP = isopentenyladenine; iPA = isopentenyladenosine. Shaded boxes = 
not supported by results of this study.  
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Figure 2.1. Predicted pathway of cytokinin metabolism in phytopathogenic 
Rhodococcus.  
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Figure 2.2. Sequenced isolates of Rhodococcus vary in 
phytopathogenicity.  
 
(A) Inhibition of N. benthamiana root growth by phytopathogenic Rhodococcus. 
Seedlings were independently inoculated with D188, its genetic variants, or 10 
mM MgCl2 buffer (mock). Photographs were taken at 7 days after inoculation; 
scale bar = 0.25 cm. (B and C) Average root growth of N. benthamiana seedlings 
infected with D188 and its genetic variants (B) or with Rhodococcus isolates (C). 
Root lengths were measured (cm) and averaged. Error bars indicate standard 
error of the mean (SEM); *significant (p-value threshold ≤ 0.01). All treatments 
were repeated at least three times with similar results. (D) Isolates of 
Rhodococcus cause leafy gall disease. N. benthamiana was infected with the 
∆pFiD188 strain of D188, mock, or members that represent the diversity of the 
clade. The black scale bar = 1 cm. 
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Figure 2.3. The att, fasR, and fas virulence loci are variable in organization 
among phytopathogenic isolates of Rhodococcus.  
 
(A) GenomeRing of the 13 pFiD188-like sequences. Colored lines, corresponding 
to each isolate, indicate presence of a block. Transparent lines skip over absent 
blocks and connect co-linear blocks. A minimum block size of 1 kb was used. 
The inner portion defines conserved (R) and unique (U) regions of pFiD188 from 
isolate D188, as previously reported. The att-fas virulence loci and the NRPS-
encoding region are also indicated by dotted regions. (B) Homology and co-
linearity of the pFi_55-pFi_84 regions in the 15 phytopathogenic isolates. Top: 
structure of the region of pFiD188 from pFi_55 to pFi_84, with arrows depicting 
CDSs and the direction indicating the strand in which they are encoded. For 
isolates with a linear plasmid (Other 12), A25f, and A21d2, bars indicate the 
presence and range of sequence similarity. Relevant locus ID numbers are 
shown without RF25f_ and RFA21d2_ tags. The two cyan bars connected by a 
single line represent a gene fusion. (C) PCR-based detection of virulence loci 
(fasD) and pFiD188-like (pFi-013) sequences. The 16s rDNA gene was used as 
a positive control. Products were resolved on a 1%, 1 X TAE agarose gel. 
Estimated product sizes (kb) are listed along the side.  
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Figure 2.3. The att, fasR, and fas virulence loci are variable in organization 
among phytopathogenic isolates of Rhodococcus.  
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Figure 2.4. The scale of horizontal gene transfer varies among isolates.  
 
(A) Box-and-Whisker plots of regions acquired by HGT as a factor of size. 
Regions putatively acquired via HGT were identified using Alien Hunter, with 
minimum criteria of size ≥ 5 kb and minimum score ranging from 10.297 to 
16.047. Bottom and top of the boxes indicate the first and third quartiles, 
respectively, with the yellow bar indicating the median. Whiskers delimit the 
lowest and highest data within 1.5 interquartile ranges of the lowest and highest 
quartiles, respectively. Red circles represent outliers. Pathogenic isolates are 
underlined. (B) Summary statistics of HGT for the sequenced isolates. 
Pathogenic isolates are underlined. (C) Histogram presenting the number of 
groups of CDSs as a factor of group size. All CDSs identified in regions putatively 
acquired by HGT were compared using BLAST analysis to determine groups of 
homologs. The numbers of groups of CDSs (y-axis) were enumerated and 
plotted according to the size of the groups (x-axis). Analysis was done for only 
the 15 phytopathogenic isolates.  
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Figure 2.4. The scale of horizontal gene transfer varies among isolates.  
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Figure 2.5. The pathogenic isolates have a small set of core coding 
sequences  
 
A total of 16,733 non-redundant CDSs are present in the “pan” genome of the 24 
isolates of Rhodococcus that were examined. Based on reciprocal best-hit 
BLASTP analysis of the translated sequences, 2,870 are core. Coding 
sequences core to pathogenic (red) and non-pathogenic (blue) genomes were 
similarly identified for the 15 and 9 isolates, respectively. 
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Figure 2.6. RFA21d2_02304 is a gene fusion unique to A21d2.  
 
(A) Structure and predicted functional domains for RFA21d2_02303-02305. 
Functional domains were identified using PFAM (PFxxxx) and mapped to each of 
the sequences. Sequence logos were generated and shown for the 
isopentyltransferase and phosphoribohydrolase domains. The best matching 
residues of RFA21d2_02304 are shown and mapped to their corresponding 
locations in the diagram. Amino acids are colored according to class. The “ * ” 
highlights conserved residues; the single “R” at positions 166 and 378 are not 
part of the sequence logos but are included to show their conservation. Small 
arrows show the locations of the binding sequences for oligonucleotides used in 
RT-PCR (see inset: L = LB; I = minimal media + leafy gall extracts; M = minimal 
media). RT-PCRs with oligonucleotides that span both overlapping regions were 
negative and are not shown. (B) Unrooted phylogenetic tree for IPTs. Scale bar = 
number of amino acid substitutions per site. (C) Unrooted phylogenetic tree for 
phosphoribohydrolases. Scale bar = number of amino acid substitutions per site. 
One branch was split for sizing purposes.  
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Figure 2.7. Isopentenyladenine is the only active cytokinin that 
accumulates in a fasD and leafy gall extract-dependent manner.  
 
Wild type D188 (blue), ∆fasD (green) and ∆pFiD188 (red), were grown in media 
augmented with extracts from leafy galls, uninfected plants, and water as a 
mock. Of 32 cytokinin types that were profiled, only eight were detected and the 
six most abundant types are shown. Change in concentration (y-axis) is 
presented for only the first four time points (x-axis). Colored “*” indicates 
significant difference in cytokinin accumulation in corresponding mutant genotype 
relative to wild type and corresponding time point (p-value threshold = 0.05). 
Experiments were repeated twice with similar results.  
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Figure 2.8. RFA25f_04833 and RFA21d2_02306 are polymorphic in 
sequence.  
 
(A) Predicted structure of the 348 amino acid FasR sequence. Functional 
domains are indicated along the top with arrows and barrels representing 
predicted β-sheets and α-helices, respectively. Boxed region = a region of fasR 
from D188 that is absent from the reported sequence. Synonymous (red) and 
non-synonymous substitutions (blue) and INDELs (green arrow heads with 
number of nucleotide differences indicated) are plotted according to their location 
in the sequences. Clusters of non-synonymous substitutions in fasR of A21d2 
are denoted with, “*”. Substitutions for the other 12 FasR sequences (Other 12) 
represent the sum total of all sites with substitutions. (B) Sliding-window analysis 
of synonymous and non-synonymous substitutions in fasR of A21d2 paired with 
fasR of D188. (C) Sliding-window analysis of codon adaptation index in fasR of 
A21d2 and D188. The x-axis is based on coordinates of the translated sequence 
that are aligned to predicted structure shown in panel A.  
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Table 2.1. Summary statistics of Rhodococcus draft genome assemblies.  
 

Isolate* 

 
 

Pathogen¥ 
# usable 

reads 
# 

scaffolds† 
~ Size 
(Mb) 

 
 

GC% 

 
# 

CDSs 
# 

tRNAs 

 
Linear 

plasmid¥ 
GIC26 NO 18,924,378 49 5.3 64.45 5022 48 NO 

GIC36 NO 18,778,318 46 5.6 64.48 5255 52 NO 

05-561-1 NO 19,807,810 30 5.6 64.49 5303 50 NO 

LMG3605 YES 19,206,754 27 5.3 64.53 4966 51 YES 

D188 YES 65,408,710§ 49 5.4 64.56 5125 51 YES 

LMG3602 NO 18,978,318 25 5.4 64.50 5124 50 NO 

LMG3616 YES 19,617,964 42 5.8 64.33 5486 51 YES 

A3b YES 20,464,110 34 6.0 64.21 5793 51 YES 

LMG3623 YES 20,002,692 30 5.8 64.38 5426 48 YES 

A78 YES 22,374,616 41 6.0 64.33 5684 50 YES 

A21d2 YES 20,072,238 30 6.0 64.10 5626 54 NO 

04-516 NO 19,136,324 23 5.8 64.20 5465 52 NO 

A25f YES 20,556,130 17 5.9 64.13 5544 50 NO 

LMG3625 YES 17,750,698 17 5.9 64.10 5754 56 YES 

05-339-1 YES 20,611,418 22 5.7 64.71 5449 54 YES 

A76 YES 18,608,398 29 6.0 64.56 5720 53 YES 

A44a YES 87,282,290§ 9 5.9 64.47 5584 54 YES 

02-815 YES 22,244,434 30 6.2 64.28 5819 55 YES 

02-816c YES 23,697,112 45 6.1 64.52 5843 58 YES 

A73a YES 23,823,844 23 5.9 64.37 5501 56 YES 
 
*Isolates designated with LMG were obtained from Belgium co-ordinated 
collection of micro-organisms (BCCM); GIC isolates are from a Greenland glacial 
ice core; all remaining isolates except D188, were obtained from diseased plants 
submitted to the Oregon State University (OSU) Plant Clinic. Italicized isolates = 
first sequenced using a hybrid approach; bold = type strain. ¥Determined based 
on leafy gall and root inhibition assays described in a separate study (see 
associated text for reference). §D188 had 65,301,274 PE Illumina reads and 
107,436 454 Jr. reads and A44a had 25,093,452 PE Illumina reads and 
62,188,838 Illumina mate pair reads from a 3.0 kb library. †Number greater than 
1.0 kb in length.  
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Supplemental Figure 2.1. Analysis of functional categories associated with 
coding sequences in regions acquired via HGT.  
 
(A) Analysis of clusters of orthologous groups (COGs). COGs of CDSs exclusive 
to pathogenic isolates were compared to those common among all 20 isolates. 
CDSs putatively acquired by HGT were categorized as exclusive to two or more 
pathogenic isolates (dark red) and those present in two or more isolates 
regardless of phytopathogenicity trait (blue). CDSs were assigned to COG 
functional groups (x-axis) and displayed as the percent of COGs per category 
relative to the total number of COGs assigned (y-axis). (B) Scatterplot of GO 
functional categories. GO terms were assigned to all coding sequences identified 
in pathogenic isolates and in regions potentially acquired via HGT. The semantic 
similarities were calculated, GO terms representative of clusters were generated, 
and plotted in a scatterplot. Clusters (circles) are placed based on semantically 
similarities, with more similar clusters placed closer to each other. Plot sizes 
represent the frequency of GO terms of a cluster relative to the total number of 
terms in the GO database. Heatmap represents semantic uniqueness, calculated 
relative to all terms in the list. High-level functions are indicated for clusters of the 
more frequently observed terms.  
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Supplemental Figure 2.1. Analysis of functional categories associated with 
coding sequences in regions acquired via HGT.  
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Supplemental Figure 2.2. Analysis of functional categories associated with 
the core and flexible genomes.  
 
COGs of CDSs that were core (blue) to all 24 isolates were compared to those in 
the flexible (red) genome. CDSs were assigned to COG functional groups (x-
axis) and displayed as the percent of COGs per category relative to the total 
number of COGs assigned (y-axis). 
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Supplemental Figure 2.3. Marker genes of the att and fas operon were 
induced in the presence of leafy gall extract.  
 
D188 was grown in media augmented with extracts from leafy galls (red), 
uninfected plants (blue), or water (mock). Samples were taken and RNA was 
extracted at the times indicated. Expression of attE and fasD was determined 
using qRT-PCR and calculated as expression relative to 16S and corresponding 
genes in D188 grown in a mock-treated culture. 
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Supplemental Figure 2.4. Complete cytokinin profiling data.  
 
Three genotypes of D188, wild type (blue), ∆fasD (green) and ∆pFiD188 (red), 
were grown in media augmented with extracts from leaf galls, uninfected plants, 
and water as a mock. Of 32 cytokinin types that were profiled, only eight were 
detected and the six most abundant types are shown (iP: isopentenyladenine; 
cZ: cis-zeatin; 2MeScZ: 2-methylthio-cis-zeatin; and their ribosides). Change in 
concentration (y-axis) is presented for all time points (x-axis). Colored “*” 
indicates significant difference in cytokinin accumulation in corresponding mutant 
genotype relative to wild type and corresponding time point (p-value threshold = 
0.05). Experiments were repeated twice with similar results.  
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Supplemental Figure 2.4. Complete cytokinin profiling data.  
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Supplemental Figure 2.5. RFA25f_04833 and RFA21d2_02306 are members 
of the fasR family.  
 
The alignment of the translated sequences for predicted AraC-type 
transcriptional regulators was used to generate a phylogenetic tree. Only 
candidates from the original 20 isolates were included. A single candidate AraC-
type transcriptional regulator from Rhodococcus jostii RHA1 was used as the 
root. Genes are labeled by locus tag or with GI number (R. jostii RHA1). The 
FasR sequences are in bold. Node values indicate bootstrap percentages out of 
1000 iterations. The scale bar represents the mean number of amino acid 
substitutions per site. 
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Supplemental Figure 2.5. RFA25f_04833 and RFA21d2_02306 are members 
of the fasR family.  
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Supplemental Table 2.1. Predicted CDSs of the thirteen pFiD188-like 
sequences.  
 
The Supplementary Tables for this article can be found online at: 
http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0101996 
*Regions were designated based on previously published determinations; 
§Functions were based on the annotations of the query sequences described in 
this study. The query sequences were derived from the CDS of the first isolate in 
which it appears in the table. Homologs were identified using reciprocal best 
BLAST hit analysis. 
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%
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pFi_010 
hypothetical protein  
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putative transposase  
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FA

21d2_02315 
96.2%

 
97.1%

 
pFi_066 (attA

) 
putative argininosuccinate lyase  

R
FD

188_04910 
R

FA
25f_04135 

R
FA

21d2_02314 
98.6%

 
98.8%

 
pFi_067 (attB

) 
putative argininosuccinate synthase  

R
FD

188_04911 
R

FA
25f_04134 

R
FA

21d2_02313 
99.0%

 
99.0%

 
pFi_068 (attC

) 
putative folate-dependent phosphoribosylglycinam

ide form
yltransferase  

R
FD

188_04912 
R

FA
25f_04133 

R
FA

21d2_02312 
97.9%

 
97.4%

 
pFi_069 (attD

) 
putative enoyl C

oA
 hydratase/isom

erase  
R

FD
188_04913 

R
FA

25f_04132 
R

FA
21d2_02311 

97.5%
 

99.3%
 

pFi_070 (attE
) 

putative beta-lactam
 synthetase  

R
FD

188_04914 
R

FA
25f_04131 

R
FA

21d2_02310 
96.1%

 
95.9%

 
pFi_071 (attF) 

putative clavam
inic acid synthetase  

R
FD

188_04915 
R

FA
25f_04130 

R
FA

21d2_02309 
97.2%

 
94.3%

 
pFi_072 (attG

) 
putative acetyl-C

oA
 synthetase  

R
FD

188_04916 
R

FA
25f_04129 

R
FA

21d2_02308 
95.9%

 
96.1%

 

pFi_073 (attH
) 

putative bifunctional ornithine acetyl transferase/N
-acetylglutam

ate 
synthase  

R
FD

188_04917 
R

FA
25f_04128 

R
FA

21d2_02307 
97.9%

 
93.0%

 
pFi_074 (fasR

) 
A

raC
 type transcriptional regulator  

R
FD

188_04918 
R

FA
25f_04127 

R
FA

21d2_02306 
97.1%

 
75.0%

 
pFi_075 

putative S
A

M
-dependent m

ethyltransferase  
R

FD
188_04919 

R
FA

25f_04126 
 

98.2%
 

  
pFi_076 

putative S
A

M
-dependent m

ethyltransferase  
R

FD
188_04920 

R
FA

25f_04125 
 

98.9%
 

  
pFi_077 (fasA

) 
putative cytochrom

e P
450 m

onooxygenase  
R

FD
188_04921 

R
FA

25f_04124 
 

99.3%
 

  
pFi_078 (fasB

) 
putative dual protein  

R
FD

188_04922 
R

FA
25f_04123 

 
98.4%

 
  

pFi_079 (fasC
) 

putative pyrim
idine-binding transketolase  

R
FD

188_04923 
R

FA
25f_04122 

 
98.1%

 
  

pFi_080 (fasD
) 

isopentenyl transferase (IP
T) 

R
FD

188_04924 
R

FA
25f_04121 

 
95.2%

 
 

pFi_081 (fasE
) 

cytokinin dehydrogenase/oxidase  
R

FD
188_04925 

R
FA

25f_04120 
 

95.2%
 

  
pFi_082 (fasF) 

phosphoribohydrolase (LO
G

) 
R

FD
188_04926 

R
FA

25f_04119 
R

FA
21d2_02304 

97.5%
 

39.4%
 

pFi_083 
putative dibenzothiophene desulfurization enzym

e A
  

R
FD

188_04927 
R

FA
25f_04118 

R
FA

21d2_03196 
99.1%

 
50.3%

 
pFi_084 

putative acyltransferase P
apA

5  
R

FD
188_04928 

R
FA

25f_04117 
 

91.5%
 

  
pFi_094 

putative peptidase fam
ily M

23 protein  
R

FD
188_04938 

R
FA

25f_04558 
R

FA
21d2_02435 

44.0%
 

52.8%
 

pFi_095 
hypothetical protein 

R
FD

188_04939 
 

R
FA

21d2_02434 
  

39.7%
 

pFi_098 
putative D

N
A

 translocase of the FtsK
/S

poIIIE
 fam

ily  
R

FD
188_04941 

 
R

FA
21d2_02442 

  
31.4%

 
pFi_108 

putative (poly)peptide deform
ylase  

R
FD

188_04951 
R

FA
25f_04045 

 
82.5%

 
  

pFi_126  
hypothetical protein  

R
FD

188_04970 
 

R
FA

21d2_02404 
  

89.6%
 

pFi_129  
hypothetical protein  

R
FD

188_04973 
 

R
FA

21d2_02400 
  

93.8%
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Supplem
ental Table 2.2 (C

ontinued). R
eciprocal best B

LA
ST hit analysis of pFiD

188 against the genom
e 

assem
blies of A

25f and A
21d2.  

 

 

pF
i_131 

hypothetical protein 
R

F
D

188_04974 
 

R
F

A
21d2_02398 

  
90.5%

 
pF

i_144 
gentisate 1,2-dioxygenase  

R
F

D
188_04986 

 
R

F
A

21d2_02231 
  

31.0%
 

pF
i_151 

putative M
erR

 fam
ily transcriptional regulator  

R
F

D
188_04993 

 
R

F
A

21d2_02407 
  

60.0%
 

pF
i_170  

hypothetical protein  
R

F
D

188_05010 
 

R
F

A
21d2_02420 

  
61.6%

 
pF

i_183 
hypothetical protein 

R
F

D
188_05023 

R
F

A
25f_03728 

 
27.3%

 
 

pF
i_184  

hypothetical protein 
R

F
D

188_05024 
 

R
F

A
21d2_02460 

  
31.6%

 
*Locus identifiers from

 previously published pF
ID

188 linear plasm
id sequence; §B

ased on this study. 
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Supplem
ental Table 2.3. H

om
ologs of enzym

es of the m
ethylerythritol phosphate pathw

ay are present in all 20 
isolates of R

hodococcus. 
 

 

S
upplem

ental Table S
3: H

om
ologs of enzym

es of the m
ethylerythritol phosphate pathw

ay are present in all 20 
isolates of R

hodococcus 
 

D
X

P
S

* 
D

X
P

R
* 

C
M

S
* 

C
M

K
* 

M
C

S
* 

H
D

S
* 

ID
S

* 
ID

I1* 
N

ocardia 
farcinia^ 

Y
P

_119953 
Y

P
_120333 

Y
P

_116642 
Y

P
_121117 

Y
P

_116643 
Y

P
_120331 

Y
P

_121011 
Y

P
_118189 

G
IC

26 
R

FG
IC

26_02338 
72.35; 0.0 

R
FG

IC
26_02145 

74.13; 0.0 
R

FG
IC

26_00763 
66.35; 2e-82 

R
FG

IC
26_03805 

75.90; 5e-161 
R

FG
IC

26_00764 
81.82; 1e-83 

R
FG

IC
26_02147 

87.34; 0.0 
R

FG
IC

26_01206 
84.48; 0.0 

R
FG

IC
26_02627 

43.40; 2e-29 
G

IC
36 

R
FG

IC
36_02362 

72.35; 0.0 
R

FG
IC

36_02108 
73.87; 0.0 

R
FG

IC
36_00754 

65.71; 4e-81 
R

FG
IC

36_03898 
76.22; 1e-161 

R
FG

IC
36_00755 

82.47; 1e-83 
R

FG
IC

36_02110 
87.34; 0.0 

R
FG

IC
36_01284 

84.18; 0.0 
R

FG
IC

36_02651 
43.40; 2e-29 

05-561-1 
R

F05561_02716 
72.31; 0.0 

R
F05561_02520 

74.13; 0.0 
R

F05561_00754 
65.40; 2e-80 

R
F05561_04429 
75.90; 7e-161 

R
F05561_00755 
82.47; 1e-83 

R
F05561_02522 

87.34; 0.0 
R

F05561_01245 
84.18; 0.0 

R
F05561_02957 
43.40; 2e-29 

LM
G

3605 
R

F3605_02508 
72.51; 0.0 

R
F3605_02175 
73.87; 0.0 

R
F3605_04159 
65.88; 1e-81 

R
F3605_03773 

76.22; 2e-161 
R

F3605_04158 
82.47; 1e-83 

R
F3605_02177 
87.34; 0.0 

R
F3605_01317 
84.18; 0.0 

R
F3605_02797 
43.40; 1e-29 

D
188 

R
FD

188_02269 
72.51; 0.0 

R
FD

188_02074 
73.87; 0.0 

R
FD

188_00725 
65.88; 1e-81 

R
FD

188_03538 
76.22; 3e-161 

R
FD

188_00726 
82.47; 1e-83 

R
FD

188_02076 
87.34; 0.0 

R
FD

188_01214 
84.18; 0.0 

R
FD

188_02558 
43.40; 1e-29 

LM
G

3602 
R

F3602_03412 
72.51; 0.0 

R
F3602_03060 
74.40; 0.0 

R
F3602_00204 
65.71; 2e-81 

R
F3602_04805 

76.22; 1e-161 
R

F3602_00203 
82.47; 1e-83 

R
F3602_03062 
87.34; 0.0 

R
F3602_02266 
84.18; 0.0 

R
F3602_03698 
42.77; 3e-29 

LM
G

3616 
R

F3616_02691 
72.51; 0.0 

R
F3616_02316 
73.87; 0.0 

R
F3616_00833 
66.35; 2e-82 

R
F3616_03691 

76.22; 2e-161 
R

F3616_00834 
82.47; 1e-83 

R
F3616_02318 
87.86; 0.0 

R
F3616_01325 
84.18; 0.0 

R
F3616_02978 
42.77; 3e-29 

A
3b 

R
FA

3b_02032 
72.35; 0.0 

R
FA

3b_01766 
74.13; 0.0 

R
FA

3b_00611 
66.35; 3e-82 

R
FA

3b_03832 
76.22; 3e-161 

R
FA

3b_00612 
82.47; 1e-83 

R
FA

3b_01768 
87.08; 0.0 

R
FA

3b_01082 
83.88; 0.0 

R
FA

3b_02350 
42.77; 3e-29 

LM
G

3623 
R

F3623_02067 
72.51; 0.0 

R
F3623_01470 
73.87; 0.0 

R
F3623_00294 
65.88; 2e-81 

R
F3623_03568 

76.22; 2e-161 
R

F3623_00295 
82.47; 1e-83 

R
F3623_01472 
87.34; 0.0 

R
F3623_04267 
84.18; 0.0 

R
F3623_02356 
42.77; 3e-29 

A
78 

R
FA

78_02580 
72.35; 0.0 

R
FA

78_02388 
73.87; 0.0 

R
FA

78_00866 
65.71; 7e-82 

R
FA

78_03918 
76.22; 4e-161 

R
FA

78_00867 
81.82; 4e-83 

R
FA

78_02390 
87.34; 0.0 

R
FA

78_01369 
84.18; 0.0 

R
FA

78_02867 
43.40; 2e-29 

A
21d2 

R
FA

21d2_01886 
72.86; 0.0 

R
FA

21d2_01613 
74.13; 0.0 

R
FA

21d2_00584 
65.88; 2e-81 

R
FA

21d2_04036 
75.42; 5e-158 

R
FA

21d2_00585 
80.79; 1e-82 

R
FA

21d2_01615 
87.60; 0.0 

R
FA

21d2_01116 
84.48; 0.0 

R
FA

21d2_02183 
40.61; 6e-26 

04-516 
R

F04516_02331 
72.70; 0.0 

R
F04516_02140 
73.87; 4e-180 

R
F04516_05280 
66.35; 3e-82 

R
F04516_01001 
75.42; 5e-158 

R
F04516_05281 
80.79; 1e-82 

R
F04516_02142 

87.60; 0.0 
R

F04516_00530 
84.48; 0.0 

R
F04516_02628 
40.61; 6e-26 

A
25f 

R
FA

25f_02996 
73.02; 0.0 

R
FA

25f_02802 
74.13; 0.0 

R
FA

25f_00482 
65.88; 3e-82 

R
FA

25f_02465 
75.08; 2e-157 

R
FA

25f_00483 
80.79; 1e-82 

R
FA

25f_02804 
87.60; 0.0 

R
FA

25f_01062 
84.48; 0.0 

R
FA

25f_03300 
40.61; 1e-25 

LM
G

3625 
R

F3625_04912 
73.02; 0.0 

R
F3625_03926 

73.87; 3e-180 
R

F3625_02426 
66.35; 5e-83 

R
F3625_04242 

74.91; 2e-151 
R

F3625_02427 
80.79; 1e-82 

R
F3625_03928 
87.34; 0.0 

R
F3625_02964 
83.88; 0.0 

R
F3625_05210 
40.00; 5e-25 

05-339-1 
R

F05339_02297 
72.83; 0.0 

R
F05339_02107 

74.06; 0.0 
R

F05339_00278 
65.07; 1e-77 

R
F05339_04009 
75.42; 3e-157 

R
F05339_00277 
79.87; 4e-83 

R
F05339_02109 

87.60; 0.0 
R

F05339_01291 
84.18; 0.0 

R
F05339_02591 
41.21; 3e-26 

A
76 

R
FA

76_02494 
72.83; 0.0 

R
FA

76_02302 
74.40; 0.0 

R
FA

76_05363 
65.14; 2e-85 

R
FA

76_03930 
75.42; 3e-157 

R
FA

76_05364 
79.87; 3e-83 

R
FA

76_02304 
87.60; 0.0 

R
FA

76_01654 
84.18; 0.0 

R
FA

76_02795 
40.34; 4e-27 

A
44a 

R
FA

44a_02292 
74.13; 0.0 

R
FA

44a_02099 
74.40; 0.0 

R
FA

44a_00645 
65.47; 4e-88 

R
FA

44a_05247 
76.55; 5e-162 

R
FA

44a_00646 
81.46; 5e-82 

R
FA

44a_02101 
89.38; 0.0 

R
FA

44a_01139 
83.28; 0.0 

R
FA

44a_01395 
41.21; 4e-26 

02-815 
R

F02815_02526 
74.13; 0.0 

R
F02815_02333 

74.40; 0.0 
R

F02815_01093 
64.57; 4e-86 

R
F02815_04653 
76.55; 6e-162 

R
F02815_01094 
81.46; 5e-82 

R
F02815_02335 

89.38; 0.0 
R

F02815_01297 
83.28; 0.0 

R
F02815_02069 
40.61; 2e-25 

02-816c 
R

F02816c_02438 
74.13; 0.0 

R
F02816c_02246 

74.40; 0.0 
R

F02816c_00772 
65.02; 6e-87 

R
F02816c_04485 
76.55; 6e-162 

R
F02816c_00773 
81.46; 5e-82 

R
F02816c_02248 

89.38; 0.0 
R

F02816c_01507 
83.28; 0.0 

R
F02816c_01700 
40.61; 2e-25 

A
73a 

R
FA

73a_02592 
74.13; 0.0 

R
FA

73a_02400 
74.40; 0.0 

R
FA

73a_00558 
64.57; 4e-86 

R
FA

73a_01123 
76.55; 5e-162 

R
FA

73a_00559 
81.46; 5e-82 

R
FA

73a_02402 
89.38; 0.0 

R
FA

73a_01858 
83.28; 0.0 

R
FA

73a_01567 
40.61; 2e-25 

*Locus; %
 identity; B

LA
S

T e-value. C
olum

n abbreviations: D
eoxyxylulose 5-phosphate synthase (D

X
P

S
); D

X
P

 reductiosom
erase (D

X
P

R
); 

isopentenyl diphosphate isom
erase (ID

I1); 4-diphosphocytidyl-2C
-m

ethyl-D
-erythirol synthase (C

M
S

); 4-(cytidine 5'-diphospho)-2-C
-m

ethyl-D
-

*Locus; %
 identity; B

LA
S

T e-value. C
olum

n abbreviations: D
eoxyxylulose 5-phosphate synthase (D

X
P

S
); D

X
P

 reductiosom
erase (D

X
P

R
); isopentenyl diphosphate isom

erase (ID
I1); 

4-diphosphocytidyl-2C
-m

ethyl-D
-erythirol synthase (C

M
S

); 4-(cytidine 5'-diphospho)-2-C
-m

ethyl-D
-erythritol kinase (C

M
K

); 2-C
-m

ethyl-D
-erythritol 2,4-cyclodiphosphate synthase 

(M
C

S
); hydroxy-2-m

ethyl-2-(E
)-butenyl 4-diphosphate synthase (H

D
S

); hydroxy-2-m
ethyl-2-(E

)-butenyl 4-diphosphate reductase (H
D

R
); N

o hom
ologs of the M

E
P

 pathw
ay w

ere 
identified: 3-hydroxy-3-m

ethylglutaryl-C
oA

 synthase (H
M

G
S

; N
. farcinia; Y

P
_118423); 3-hydroxy-3-m

ethylglutaryl-C
oA

 reductase (H
M

G
R

; class I; N
. farcinia; Y

P
_118422); M

evalonate 
K

inase (M
V

K
; N

. farcinia; Y
P

_118418); P
hosphom

evalonate kinase (P
M

K
; N

. farcinia; Y
P

_118420); M
evalonate-5-decarboxylase (M

D
C

; N
. farcinia; Y

P
_118419). Y

P
_118418 

identified hom
ologs in isolates of sub-clades i and ii but e-values ranged from

 6e-10 ~ 3e-10 and C
D

S
s are annotated as galactokinase. ^G

enbank ID
 num

ber of sequence used for 
B

LA
S

T searches.  
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Supplemental Table 2.4. Cytokinin types that were profiled from D188. 
 

 

Supplemental Table S4: Cytokinin types that were profiled from D188  
Cytokinin Type Abbreviation Detected (Y/N) 

Isopentenyladenine iP Y 
2-methylthio isopentenyladenine MS-iP N 

isopentenyladenine glucoside iP-G N 
isopentenyladenosine iPA Y 

2-methylthio isopentenyladenosine MS-iPA N 
isopentenyladenine ribotide iPAMP Y 

cis-zeatin cZ Y 
cis-zeatin riboside cZR Y 

2-methylthio-cis-zeatin 2MeScZ Y 
2-methylthio-cis-zeatin riboside 2MeScZR Y 

trans-zeatin tZ N 
trans-zeatin riboside tZR N 
zeatin N-glucoside ZNG N 

trans-zeatin ribotide tZRMP Y 
Dihydrozeatin DHZ N 

dihydrozeatin riboside DHZR N 
dihydro zeatin N-glucoside DHZNG N 

dihydrozeatin riboside phosphate DHZR-MP N 
ortho-topolin o-Top N 
meta-topolin m-Top N 
para-topolin p-Top N 

ortho-topolin riboside o-TopR N 
meta-topolin riboside m-TopR N 
para-topolin riboside p-TopR N 

ortho-topolin glucoside o-TopG N 
meta-topolin glucoside m-TopG N 
para-topolin glucoside p-TopG N 
6-benzylaminopurine BAP N 

6-benzylaminopurine  riboside BAPR N 
3-glucoside BAP3G N 
7-glucoside BAP7G N 
9-glucoside BAP9G N 
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Supplemental Table 2.5: Sequences of oligonucleotides used in this study. 
 

 

Creason et al. 

 1 

Supplemental Table S5: Oligonucleotide sequences 
Target 

Sequence Purpose Oligonucleotide sequence (5’-3’) 
TACGGAGAGTTTGATCCTGGC (top) Rhodococcus-specific 

positive control AGAAAGGAGGTGATCCAGCCG (bottom) 
CCAAGGCGACGACGGGTAGC (top) 

16s rDNA 
qRT-PCR 

housekeeping primers TCGCTGCATCAGGCTTCCGC (bottom) 
ATGGCAATATCAAATTCCCTC (top) pFi_013 Linear plasmid R1 

region TCATGCGGGTGCTACCTCTTC (bottom) 

ACTCCTCGCCTCCTACTTGTGG (top) pFi_070 and 
RFA21d2_02310 

(attE) 
qRT-PCR  

GCGGAGGTAGTACTTTTCGATGC (bottom) 
CAAAAAAGCAGGCTCCATGAAGGAATCAACCATGGCA 
(top) 

 
fasD  

(full length) GAAAGCTGGGTGTCTGGCGGTCACACCTGGGGC 
(bottom) 
TGACCGGCTGATAAAAGTACTGACC (top) 

pFi_080 (fasD) 

qRT-PCR  
ACCAGTCGAGTACACAGTCCAGACC (bottom) 
CAAAAAAGCAGGCTCCATGTCGCCTTTGTACTCG (top) A21d2_02304 (full 

length) GAAAGCTGGGTGGTCGTCATTGCCATCCTG (bottom) 
TGATAGTCACCGGTGATC (top) 

RFA21d2_02304 
(fasD-F fusion) 

RT-PCR  
TTGCCTAGTTCTACTGCC (bottom) 
CAAAAAAGCAGGCTCCATGACGACTGA/AGGTTCA 
(top) A21d2_02303 (full 

length) 
GAAAGCTGGGTGCTATCTGGCTCTATCGTC (bottom) RFA21d2_02303 

RT-PCR  AGCTTTGAGGTAATTCCTACT (bottom) 
CAAAAAAGCAGGCTCCATGAGGGACGGGCTGCAA 
(top) A21d2_02305 (full 

length) 
GAAAGCTGGGTGCTTCTCGACCTTGTTGGA (bottom) RFA21d2_02305 

RT-PCR  AGATGCCACTTGTGCCTTCCG (top) 
CGCTGACGGCCCAGAGCACG (GSL1) 
CCTCGATCGTGCAGAAGCTG (GSL2) 
CAAGTGGAGATTGTTCTTCG (GSL3) 
GAACTCGCAGCGTCGATATG (GSR1) 
GATGGACAAGGACACACGGG (GSR2) 

Contig 21 
(A21d2) 

TAIL-PCR (two nested 
sets for left (GSL1-3) 
and right side (GSR1-

3) of contig 21) 
CGACGTTGATCTGGGTACCG (GSR3) 
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Supplemental Table 2.6: Parent ions and diagnostic transitions used in 
multiple reactant monitoring (MRM) for the analysis of cytokinins by 
ACQUITYTM TQP UPLC-MS/MS. 
 

 
 
 

 

 

 

 

Supplemental Table S6: Parent ions and diagnostic transitions used in multiple 
reactant monitoring (MRM) for the analysis of cytokinins by ACQUITYTM TQP 
UPLC-MS/MS 

Compound Parent ion Diagnostic transition MRM 

iP 204 204 → 136 

[²H6]iP 210 210 → 137 

iPA 336 336 → 204 

[²H6][9R]iP 342 342 → 210 

Z 220 220 → 136 

DHZ 222 222 → 136 

[²H5]DHZ 225 225 → 136 

ZR 352 352 → 220 

[²H5][9R]DHZ 354 354 → 222 

MS-Z 266 266 → 182 

[²H5]MSZ 271 271 → 182/183 

MS-ZR 398 398 → 266 

[²H5]MSZR 403 403 → 271 

!
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ABSTRACT 

Rhodococcus fascians is a species of mycolic acid-containing Gram-

positive bacteria and its members are persistent pathogens of plants. Published 

models suggest that R. fascians synthesizes a mixture of cytokinins that 

synergistically act to perturb the homeostatic hormone balance of plants to cause 

severe growth deformities. In order to rigorously test this model, non-polar 

genetic mutants need to be generated and characterized. However, Gram-

positive bacteria are not as genetically malleable as Gram-negative bacteria. 

Transformation efficiency is low and there are few tools available for constructing 

gene deletion mutants of R. fascians. Here, we describe the development of 

methods to generate non-polar deletion mutants in R. fascians. We applied this 

strategy to generate deletion mutants in two genes hypothesized to be necessary 

for pathogenicity. Characterization of the mutants suggested that neither fasA nor 

fasF are necessary for pathogenicity, results that are counter to previous reports. 

We discuss the implications of these findings on the cytokinin mixture model.  

 

INTRODUCTION 

Rhodococcus fascians is a non-motile, non-spore forming, mycolic acid-

containing Actinomycete (Putnam and Miller, 2007; Stes et al., 2011; Gürtler et 

al., 2004). R. fascians is the causal agent of leafy gall disease and long 

considered the only plant pathogenic species in the genus (Stes et al., 2011; 

Putnam and Miller, 2007; Gürtler et al., 2004). However, recent work based on 

the analyses of whole genome sequences have suggested that plant pathogenic 
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members of Rhodococcus represent several different species (Stes et al., 2011; 

Creason et al., 2014). Nonetheless, the group of pathogenic species will be 

referred to in the singular, as R. fascians. With respect to other plant pathogens, 

R. fascians is atypical in being a persistent pathogen that can infect an extremely 

wide range of hosts, including both monocots and dicots (Putnam and Miller, 

2007; Gürtler et al., 2004; Vereecke et al., 2000). This Gram-positive bacterial 

pathogen can extensively colonize the surface of plant leaves and persist as an 

epiphyte. R. fascians can also enter host tissues by breaching the host cuticle, 

collapsing the epidermal layer, and forming ingression sites beneath epiphytic 

colonies (Cornelis et al., 2001).  

The leading model proposes that R. fascians produces a mixture of 

cytokinins that are necessary to provoke cell differentiation and de novo 

organogenesis, resulting in proliferations and abnormal growths that are 

collectively referred to as leafy galls (Pertry et al., 2009; 2010; Putnam and Miller, 

2007). The potential for microbes to synthesize and secrete cytokinins to directly 

affect plant development has been suggested for several plant-symbiont 

interactions, but in most cases, have not been sufficiently demonstrated (Devos 

et al., 2006; Bruce et al., 2011; Giron and Glevarec, 2014). However, the 

usurping of host hormone-signaling pathways is common and several plant-

associated microbes are known to cause dysregulation of plant hormone 

signaling (Akiyoshi et al., 1987). For example, Agrobacterium tumefaciens, the 

causal agent of crown gall disease, genetically modifies its host to directly 



125 
 
perturb homeostatic levels of auxins and cytokinins to induce tumors (Akiyoshi et 

al., 1983).  

Cytokinins are N6-prenylated adenine derivatives that are implicated in 

practically all aspects of plant growth and development, including plant immunity, 

and components of its signaling pathways can be targets of pathogen virulence 

(Robert-Seilaniantz et al., 2011). In R. fascians, the fas operon was identified as 

necessary for virulence and demonstrated to encode functions consistent with 

cytokinin metabolism (Pertry et al., 2009; Crespi et al., 1994; 1992). This 

discovery, and results from subsequent studies led to the development of the 

cytokinin mixture model (Pertry et al., 2009; 2010). This model posits that R. 

fascians synthesizes and secretes a mixture of cytokinins that are perceived by 

host cytokinin receptors. The mixture of cytokinins is suggested to confer upon R. 

fascians the ability to infect a wide range of host plants to upset endogenous 

hormone levels, cause misregulation of cytokinin signaling, and deform growth 

(Stes et al., 2011).  

The fas operon consists of six genes designated fasA-F. The fasD gene is 

the most critical virulence gene. It encodes a functional isopentenyl transferase 

(IPT) and mutants of fasD are not pathogenic (Crespi et al., 1992; Pertry et al., 

2010). IPTs are enzymes that catalyze the first dedicated step in cytokinin 

biosynthesis by transferring an isoprenoid group to adenosine phosphate. The 

fasF gene encodes a member of the LONEY GUY (LOG) family of 

phosphoribohydrolases (Pertry et al., 2010). LOG proteins are necessary for 
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removing, in a single step, the riboside and phosphate groups from cytokinin 

ribotides to produce the active free base form of cytokinins (Kurakawa et al., 

2007). The fasE gene encodes a cytokinin oxidase/dehydrogenase, a protein that 

degrades and inactivates cytokinins (Pertry et al., 2010; Frebort et al., 2011). It is 

unresolved as to why a pathogen expresses an enzyme to degrade a molecule 

that is hypothesized to be key for its virulence. The functions for the remaining 

three fas genes have not been confirmed. But, the translated sequence of fasA is 

homologous to P450 monooxygenases, a function that is consistent with a role in 

cytokinin metabolism (Crespi et al., 1994). In plants, members of this enzyme 

group can function to hydroxylate the isoprenoid group to produce transzeatin 

(tZ) type cytokinins (Frebort et al., 2011). The translated sequences of the fasB 

and fasC genes are homologous to ferredoxin/pyruvate decarboxylase α!subunit 

and pyruvate decarboxylase β!subunit, respectively (Stes et al., 2011). 

Several observations support the cytokinin mixture model. The disease 

symptoms caused by R. fascians are consistent with perturbations to plant 

hormone levels. During infection of plants, measurable changes in cytokinin 

levels have been reported (Pertry et al., 2009). The identification of, and 

demonstration that, fasD is necessary for virulence provided the most direct 

support. Subsequent generation and characterization of mutants compromised in 

fasA and fasE provided further support, as both are reportedly non-pathogenic 

(Crespi et al., 1994; Pertry et al., 2010). A fasF mutant is reportedly able to stunt 

growth of plants grown in culture, but is unable to maintain stunting to the same 
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degree as the wild type pathogen (Pertry et al., 2010). However, we are not 

aware of any characterization of the fasF mutant for changes in its ability to 

cause leafy galls on the foliar portion of plants. Thus, it is not clear whether fasF 

is indeed necessary for pathogenicity. Finally, several cytokinin derivatives can 

be detected in the cell-free culture supernatant of R. fascians and many 

accumulate to lower levels in cell-free culture supernatant of R. fascians lacking 

a functional fas locus (Pertry et al., 2009; 2010).  

Nevertheless, there are observations that are not consistent with the 

cytokinin mixture model. These observations raise questions regarding the role of 

R. fascians-synthesized cytokinins and whether these cytokinins directly cause 

perturbations to the plant host. The same cytokinin derivatives can be detected in 

cell-free culture supernatant of non-pathogenic (lacking fas) strains as those 

detected in the supernatant of wild type R. fascians (Pertry et al., 2009). Granted, 

pathogenic strains produce more isopentenyladenine (iP), cis-zeatin (cZ), and 2-

methylthio-cis-zeatin (2MeScZ) in culture, but the amounts that can be detected 

are exceedingly low (Pertry et al., 2009). Moreover, as described in Chapter 1, 

the response of Arabidopsis lines affected in cytokinin signaling behaved in a 

manner inconsistent with predictions of the cytokinin mixture model.  

Members of R. fascians do not exclusively require the linear plasmid or a 

canonical fasA-F locus in order to cause disease to plants. It is true that in most 

pathogenic isolates, the fas operon is located on the 200 kb linear plasmid 

(Crespi et al., 1992; Stange et al., 1996; Pisabarro et al., 1998; Creason et al., 
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2014). However, some pathogenic isolates of R. fascians harbor fasD on smaller 

or distinct linear or circular plasmids (Stange et al., 1996). Pathogenic isolate 

A25f is suggested to encode the fas locus in its chromosome (Creason et al., 

2014). Also described in this study, was the pathogenic isolate A212d2. Its draft 

genome sequence failed to reveal a canonical fas operon (Creason et al., 2014). 

While A21d2 has att and fasR, in place of the fas operon it has a novel gene 

predicted to encode for functional IPT and LOG domains, i.e., A21d2 appears to 

lack functions normally encoded by fasA-C, and fasE. 

Results from the analysis of the genome sequence of A21d2 challenged 

conclusions regarding the necessity of fasA and fasE (Creason et al., 2014). 

Furthermore, it was noted that previous findings were based on fas mutants 

generated via illegitimate recombination or via a single homologous 

recombination event (Crespi et al., 1994; Pertry et al., 2009). Both methods have 

the potential to lead to rearrangements and/or have polar effects that influence 

the expression of neighboring genes (Vereecke et al., 2002; Pertry et al., 2009). 

Yet, the concern for polar effects in the mutants was not addressed via 

complementation experiments. 

Relative to Gram-negative bacteria, Gram-positive bacteria are poorly 

characterized for their symbiotic interactions with plants. This is in spite of 

observations that Gram-positive bacteria, such as those within Actinobacteria, 

are dominant members of microbial communities on and within plants (Lundberg 

et al., 2012; Bulgarelli et al., 2012). In fact, the Actinobacteria phylum includes all 
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of the cell wall containing Gram-positive pathogens of plants. These are 

members of the genera Clavibacter, Curtobacterium, Leifsonia, Rathayibacter, 

Rhodococcus, and Streptomyces (Savory et al., 2015). Moreover, Gram-positive 

bacteria are fundamentally different from Gram-negative bacteria and current 

models of plant-microbe interactions are not likely adequate to explain symbiosis 

between plants and Gram-positive bacteria (Chang et al., 2014). One reason as 

to why less attention has been given to Gram-positive bacteria is that they are 

exceptionally difficult to manipulate and methods considered trivial for many 

other bacteria are challenging for Gram-positive bacteria.  

In this work, I describe important advances in constructing deletion 

mutants that can be used to test the cytokinin mixture model for R. fascians. We 

constructed “clean”!deletion mutants for two of the fas genes in isolate D188 and 

characterized the mutants for changes in pathogenicity. Results suggested that 

fasA and fasF are not necessary for virulence. The observation that mutants can 

still cause disease leads to the development of an alternative model.  

 

RESULTS 

Construction of unmarked gene deletions in R. fascians  

We desired a strategy for constructing unmarked, non-polar deletion 

mutants of R. fascians. This strategy is important because the att and fas loci are 

suggested to encode for polycistronic mRNAs (Crespi et al., 1994; Maes et al., 

2001). A commonly used approach relies on the use of a plasmid that does not 

replicate (aka suicide vector) in the recipient organism, and one that encodes for 
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both selectable and counter selectable markers. The selectable marker can be 

used to identify transformants with a plasmid integrated into the genome. The 

counter selectable marker confers sensitivity to a selective agent and can be 

used to select for strains that have undergone a second and subsequent 

recombination that eliminated the plasmid and ideally, the sequence of interest. 

In R. fascians, there are two challenges that contribute to making the use 

of homologous recombination to generate deletion mutants difficult. The first is a 

low efficiency of transformation and low rate of homologous integration of the 

plasmid. The second concern is the paucity of efficacious counter selectable 

markers. To address the first challenge, we qualitatively assessed the effect of 

varying parameters that typically affect the efficiency of transformation. The 

parameters tested were the relative quantity of DNA, total density of cells 

transformed, solution used for suspending bacteria, gap size of electroporation 

cuvettes, and time between transformation and selection. The quantity of plasmid 

DNA tested ranged from 1X-5X of approximately 100 ng/µl of a pSelAct plasmid 

(van der Geize et al., 2008). The pSelAct plasmid does not replicate in 

Rhodococcus (van der Geize et al., 2008). For cell densities, saturated cultures 

were tested ranging from 2X-5X where 1X is equivalent to 1 ml of a saturated 

culture of R. fascians. The solutions used for suspending the bacteria included 

water, 10% sucrose, and 10% glycerol. The electroporation cuvettes tested had 

gap sizes of either 1.0 mm or 2.0 mm. A Bio-Rad MicroPulser electroporator, set 

at 2.2 kV was used. 
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The efficiency of transformation and integration was assessed based on 

the number of colony forming units. Regardless of the parameters used, no 

colony forming units were observed when a 2.0 mm cuvette was used (Table 

3.1). However, with a 1.0 mm cuvette, few colony forming units could be 

observed. The number of colony forming units was further increased by 

increasing the amount of DNA and density of cells used in transformations. Of 

the combinations of parameters tested, optimal electroporation settings were 5X 

plasmid DNA, 5X cell density, 1.0 mm cuvette, and 10% glycerol. These 

electroporation settings were used to transforming R. fascians. 

We developed a cloning strategy to fuse large, but amplifiable DNA 

fragments. Larger fragments are thought to help increase the frequency of 

homologous recombination, though different sized fragments were not tested. 

The primers used in the initial PCRs were designed to include sequences that 

promoted recombination of PCR products and sequences that could be used for 

Gateway cloning. We used a two-step PCR to first independently amplify, and 

secondly, join the DNA fragments that flank the gene of interest. The fused DNA 

constructs were first recombined into pDONR207 and then into pSelAct (van der 

Geize et al., 2008). 

As an initial test of the strategy, we attempted to construct a fasA deletion 

mutant of R. fascians D188 (Fig. 3.1). Two sets of primers (sequences are 

provided in Table 3.2; Fig. 3.1A; Primers 1 and 2 as well as 3 and 4) were 

designed and used to amplify approximately 1.5kb of DNA sequences that 
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flanked the fasA gene. A partial attB sequence was appended to primers 1 and 4, 

and 10 nucleotides of complementarity were appended to primers 2 and 3 to 

allow for recombination of the fragments when mixed and amplified in a second 

round of PCR. The successfully amplified fragments were added together at 

approximately equimolar concentrations and amplified in a second round of PCR 

using a set of primers (sequences are provided in Table 3.2; B1 and B2) 

designed to anneal to the partial attB sequences that were added in the first 

rounds of PCR (Figure 3.1A). Primers B1 and B2 were designed to also append 

the remainder of the attB sequences to the amplified fragment. The fused 

fragment cloned in pDONR207 was used in an LR reaction with pSelAct to 

generate pSelAct-∆fasA. All DNA constructs were confirmed using PCR and 

primers that annealed to sequences that flanked the junction between the fused 

fragments (sequences are provided in Table 3.2; Fig 3.1A; primers 5 and 6). A 

similar strategy, but with fasF-specific primers, was used to construct a 

recombinant plasmid for generating a deletion mutant of fasF in D188. 

For homologous integration of the plasmid, D188 cells were prepared and 

transformed with 5X (~100 ng/l) of pSelAct-∆fasA or pSelAct-∆fasF, using optimal 

settings (Table 3.1). Recombinants were selected for by growing cells on LB agar 

plates with 50 µg/ml of apramycin (Fig. 3.1A). Similar to preliminary results 

described in Table 3.1, ~50 colony forming units were observed. PCR was used 

to confirm that selected colonies of cells were indeed meridiploids (Fig. 3.1B). 
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To generate the deletion mutant, meridiploids are typically grown in the 

absence of selection for 16 � 24 hours. Cells in which a second recombination 

occurred can be selected for based on resistance to the counter-selectable 

marker. One of the commonly used counter selectable markers is sacB, which 

confers sensitivity to sucrose. While sacB works for some Gram-positive 

bacteria, mycolic acid-containing bacteria, such as R. equi, are endogenously 

sensitive to sucrose in the absence of sacB, which compromises the counter 

selection (van der Geize et al., 2008).  

For R. equi, codA and upp, which together confer sensitivity to 5-

fluorocytosine (5FC), were developed as selectable markers. The 5FC 

compound is a cytosine analog that when converted to 5-fluorouracil or 5-fluoro-

dUMP via the pyrimidine salvage pathway, can be toxic to living cells. R. equi is 

naturally resistant to 5FC. However, R. equi expressing codA (cytosine 

deaminase) and upp (phosphoribosyltransferase) convert 5FC to the toxic 5-

fluorouracil and 5-fluoro-dUMP, respectively.  

Given the relatedness of R. equi and R. fascians, it was predicted that R. 

fascians would be naturally resistant to 5FC. To test this, the wild type D188 

(WT) strain was grown on LB agar plate supplemented with 100 µg/ml. 

Examination of the plate showed that D188 is able to grow on 5FC, by 3 days 

after plating, and suggested that R. fascians is resistant to 5FC (Fig. 3.1C). The 

codA and upp genes were tested for their efficacy in counter selection. We grew 

D188 and D188 with pSelAct-∆fasA integrated in its genome (1R) on LB 
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supplemented with 5FC. The former strain should express codA and upp and be 

sensitive to 5FC while the latter strain should be resistant to 5FC. Consistent with 

our expectations, D188 with pSelAct-∆fasA integrated in its genome was 

sensitive to 5FC and showed a substantial reduction in growth relative to D188 

(Fig. 3.1C). These results suggested 5FC would act with sufficient efficacy as a 

counter selectable marker.  

Colonies of D188 confirmed to have pSelAct-∆fasA integrated in their 

genomes were grown in the absence of selection for 16 hours. Cells were diluted 

by 104 and plated on MM-Ac agar plates supplemented with 100 µg/ml of 5FC 

(Figure 3.1C). Colonies were selected and screened using PCR and primers that 

annealed to sequences flanking fasA (Fig. 3.1A; primers 5 and 6). The ∆fasA 

mutant was identified within the first 10 colonies that were screened (Fig. 3.1B). 

A similar procedure was used to construct a fasF deletion mutant and we had a 

similar level of success in identifying the mutant. Therefore, tools developed for 

the mammalian R. equi pathogen can be used for R. fascians D188. 

 

The ∆fasA mutant is a non-polar deletion mutant 

Two methods were used to verify the deletion of fasA. The PCR-confirmed 

deletion mutant (2R) could grow on LB media with 5FC, indicating that the 

plasmid underwent a second recombination (Fig. 3.1C). We also used reverse 

transcriptase PCR (RT-PCR) to confirm that the second recombination resulted 

in the deletion of fasA. Strains D188 and ∆fasA were grown in JM media 

supplemented with 5mM histidine and 20mM succinate that promotes gene 
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expression of known virulence genes (Maes et al., 2001; Temmerman et al., 

2000; Vandeputte et al., 2005). RNA was extracted after 6 hours of growth, which 

was previously shown to be the time at which att and fas marker genes are 

maximally induced (Creason et al., 2014). RNA was clean of DNA, as determined 

based on PCR of RNA templates. In DNA controls and cDNA converted from 

RNA of induced D188, we were able to successfully amplify fasA. Consistent with 

expectations, we were not able to amplify a corresponding product from cDNA 

samples from the ∆fasA mutant, confirming it to be a bona fide deletion mutant 

(Table 3.2; Fig. 3.2A).  

We also used RT-PCR to determine whether the ∆fasA mutant has any 

polar effects on genes predicted to be cotranscribed on a polycistronic mRNA. In 

the D188 strain, we were able to amplify products for fasB, fasD, and fasF from 

DNA and cDNA, and confirmed their expression. Importantly, we were able to 

amplify products for fasB, fasD, and fasF genes from cDNA converted from the 

∆fasA mutant grown in inducing conditions (Fig. 3.2A). These data suggest that 

deletion of fasA had no detectable polar effects on its co-transcribed genes. 

 

The fasA and fasF genes are dispensable for pathogenicity  

Previous reports indicated that fasA and fasF are necessary for causing 

and maintaining, respectively leafy gall symptoms, and are therefore necessary 

for pathogenicity by R. fascians (Crespi et al., 1994; Pertry et al., 2010). As such, 

the cytokinin mixture model suggests that fasA is necessary for the synthesis of 

zeatin derivatives and contributes to the “mixture” aspect of the model. Though 
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IPTs can directly synthesize zeatin derivatives, in vitro assays and comparisons 

of the amino acid sequence of FasD to other IPTs indicate that FasD has a 

marked preference for DMADP and therefore likely synthesizes iP (Pertry et al., 

2010; Frebort et al., 2011). The model also predicts that fasF is necessary for 

producing active forms of cytokinins. The free base and the biologically inactive 

riboside forms are the only forms that are thought to be capable of crossing 

biological members. It is thus likely that the free base forms can be secreted from 

bacteria and into plant cells.  

To preliminarily test the model that fasA and fasF are necessary for 

pathogenicity, we characterized their deletion mutants for changes in their ability 

to inhibit root elongation and cause leafy gall disease in N. benthamiana (Fig. 

3.2B-D). Wild type D188 was used as a positive control. D5, a nonpathogenic 

strain of D188 lacking the pFiD188 linear plasmid and mock inoculated plants 

were included as negative controls (Pisabarro et al., 1998; Crespi et al., 1992). 

Relative to the two negative controls, D188 significantly inhibited root growth 

(Fig. 3.2B,C). Likewise, both the ∆fasA and ∆fasF mutants were significantly 

different in their ability to inhibit root growth, relative to the negative controls. In 

contrast, the ∆fasA and ∆fasF mutants were no different in their abilities to inhibit 

root growth,!relative to the positive D188 control. These data suggested that fasA 

and fasF are not necessary for R. fascians to inhibit root elongation. 

The root inhibition assay does not always reflect virulence of R. fascians 

on aerial tissues of plants; for example, the att mutant is attenuated in its ability 
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to cause leafy galls but is not affected in its ability to inhibit root elongation. 

Therefore, we also tested the ∆fasA and ∆fasF mutants for changes in their 

abilities to cause leafy galls. The same controls described above were included. 

Plants inoculated with the two negative controls were healthy and showed no 

symptoms while D188 inoculated plants formed leafy galls, visible by 7 days post 

inoculation (Fig. 3.2D). The plants inoculated with the ∆fasF mutant formed leafy 

galls by 7 days post inoculation, indicating the mutant is not affected in 

pathogenicity. Interestingly, the ∆fasA mutant was also able to cause leafy galls 

by 7 days post inoculation, though the shoots and tissue of the gall were more 

loosely bound, compared to the galls caused by D188.  These results have been 

observed in two independent experiments. We concluded that neither fasA nor 

fasF are necessary for R. fascians D188 to cause leafy galls. 

 

DISCUSSION 

These data are consistent with work presented in this thesis but not with 

reports from others (Crespi et al., 1994; Pertry et al., 2010). In Chapter 2, we 

presented data that demonstrated only the iP type cytokinins preferentially 

accumulates in D188 in a fasD-dependent and inducing condition-dependent 

manner (Creason et al., 2014). We also described analyses of the genome 

sequence of A21d2 and showed that this isolate lacks the fas locus (Creason et 

al., 2014). Instead, this isolate has a gene that is predicted to contain both the 

IPT and LOG domains that were predicted to function similarly to FasD and 

FasF, respectively (Chapter 2) (Creason et al., 2014). We had therefore 
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hypothesized that fasA-C and fasE are not necessary for pathogenicity by plant 

pathogenic Rhodococcus, regardless of the structure of the encoded virulence 

loci. A likely cause for the differences between these results and those from 

others is the differences in methods used to construct and characterize the 

mutants. For fasA, previous methods relied on illegitimate recombination of a 

large plasmid. Complementation experiments and gene expression of the 

putatively coexpressed genes were not assessed, and therefore the potential for 

polar effects was not sufficiently addressed (Crespi et al., 1994). For fasF, the 

mutant was not tested in standard assays but instead, tested by growth inhibition 

of N. benthamiana seedlings (Pertry et al., 2010). In all, our data do not support 

the model which predicts that R. fascians produces a mixture of cytokinins that 

cause dysregulation of hormone signaling in plants. Rather, collectively, these 

data indicate that only the iP cytokinin is necessary for pathogenicity. 

The dispensability of fasA in pathogenicity raises questions regarding the 

source of zeatin types of cytokinins that have been detected. The ability to detect 

trans-zeatin from cell-free culture supernatant of R. fascians has been difficult to 

reproduce because it accumulates at exceedingly low amounts (Pertry et al., 

2009; 2010). A potential source for cytokinins is tRNAs. These molecules are 

subjected to a variety of modifications, including the addition of cytokinins to 

influence the efficiency of translation (Yacoubi et al., 2012). Indeed, cis-zeatin 

(cZ) is likely a byproduct of tRNA degradation and its fas-dependent synthesis is 

suspect (Scarbrough et al., 1973; Cherayil and Lipsett, 1977; Einset and Skoog, 
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1977; Miyawaki et al., 2006). It is also conceivable that tZ is derived from tRNAs 

and produced independent of the fas genes. In Methylobacterium for example, tZ 

is present in tRNAs (Koenig et al., 2002). Alternatively, exceedingly low levels of 

tZ could still be produced by FasD, but it is unclear whether this derivative is 

functional. 

The observation that fasF is not necessary for pathogenicity was 

unexpected. In plants, members of the LOG family are essential for producing 

free base and active forms of cytokinins (Kurakawa et al., 2007). Thus, if fasF is 

indeed dispensable, it would suggest that the cytokinin ribotides are the primary 

virulence factor, as opposed to the free base cytokinins. This does not fit with the 

cytokinin mixture model because plant cytokinin receptors bind ribotide 

derivatives far less efficiently than free base forms and a poly-LOG mutant of 

Arabidopsis, while producing more ribotide derivates, exhibits phenotypes 

indicative of being cytokinin deficient (Lomin et al., 2015; Tokunaga et al., 2012). 

Plant cytokinin receptors also bind riboside forms with low affinity (Lomin et al., 

2015). Therefore, results to date suggest that ribotide forms are not biologically 

active forms in plants.  

We suggest that D188 must either be able to: 1) secrete ribotide forms 

and depend on host enzymes to produce free base forms, 2) encode enzymes 

that can compensate for the absence of fasF, or 3) cause deformation of host 

plants without secreting cytokinins. The first possibility is difficult to rationalize 

because ribotides are negatively charged and cannot passively cross the cell 
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membrane. Thus, in the absence of a ribotide transporter, only cytokinin 

ribosides or free bases (neutrally charged) can be secreted. Analysis of genome 

sequences of pathogenic Rhodococcus do not support the second option.!

Deribosylating enzymes, such as members of the 5’-nucleotidase, alkaline and 

acid phosphatases, and adenosine nucleosidase may activate cytokinins (Frebort 

et al., 2011). However, these enzymes have low affinity for cytokinins and are not 

likely adequate for activating physiologically relevant levels of cytokinins, at least 

in plants. No obvious candidates were identified from R. fascians. We identified a 

gene annotated as a purine nucleosidase but the gene was not polymorphic 

between pathogens and non-pathogens, as it was present in the translated 

sequences of all genomes that were examined. A homolog of a 5'-nucleosidase 

was identified, but only in 2/15 translated genome sequences derived from 

pathogenic isolates. No homologs of alkaline or acid phosphatases were 

identified. 

Future work will involve a more robust test of the mutants generated in this 

thesis. We will need to verify that the fasF mutant is a bona fide non-polar 

mutant. We will need to use qRT-PCR to more rigorously quantify mutants for 

potential polar effects. We will also construct and test a miaA mutant to eliminate 

cytokinins derived from the degradation of tRNAs. Finally, pathogenic isolate 

A21d2, while lacking most of the fas locus, is inferred to still encode for functional 

IPT and phosphoribohydrolase domains. This observation implies that both 

functions are necessary for virulence and is not consistent with conclusions 
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suggesting that fasF is dispensable for D188. We are currently generating 

mutants in A21d2 to address this. 

 

MATERIALS & METHODS 

Bacterial strains and growth conditions 

 R. fascians D188 was grown in lysogeny broth (LB), minimal acetate 

medium (MM-Ac), or JM at 28°C (van der Geize et al., 2008; Vandeputte et al., 

2005). When appropriate, the following antibiotics were added to media: 50 µg/ml 

apramycin, 100 µg/ml 5"fluorocytosine. 

Eschericia coli DH5α and ccdb survival cells were grown in LB at 28°C. 

When appropriate, the following antibiotics were added to media: 50 µg/ml 

apramycin, 25 µg/ml gentamicin, 30 µg/ml chloramphenicol.  

 For induction, R. fascians D188 cultures were grown to OD600 = 2.0 and 

induced with 20mM succinate and 5mM histidine in JM for 6 hours, as previously 

published (Maes et al., 2001; Vandeputte et al., 2005). 

 

Plant growth conditions and plant infection 

Root inhibition assays were done using N. benthamiana seedlings, as 

previously published (Creason et al., 2014). In brief, sterilized seeds were 

germinated on MS agar plates (half-strength MS, 0.5 M MES). Three-day-old 

germinated seedlings were inoculated with suspensions of R. fascians 

D188 (OD600 = 0.5; 10 mM MgCl2 buffer) or mock inoculated (buffer only). 

Inoculated seedlings were grown vertically for 1 week at room temperature with 
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16 hours of light. Plantlets were photographed and ImageJ was used to measure 

root lengths (Schneider et al., 2012). Relative lengths of treated roots were 

compared relative to the average lengths of roots that were inoculated with 

controls in the same experimental replicate. Significance was determined using 

Tukey’s HSD test. 

For leafy galls induction, the apical meristems of 3–4-week-old N. 

benthamiana plants were pinched using forceps and drop inoculated with 10 µl of 

Rhodococcus (OD600 = 0.5; 10 mM MgCl2 buffer), as previously described 

(Crespi et al., 1992). Plants were grown under conditions described above. 

Approximately 4-5 plants were inoculated per treatment. Plants were observed 

once a week and formation of leafy galls being most evident between 3-4 weeks 

post inoculation. Photographs of leafy galls were at 4 weeks post-inoculation.  

 

DNA isolation, PCR, and cloning 

 Genomic DNA was extracted from R. fascians, using the Wizard Genomic 

DNA Purification Kit, according to the instructions of the manufacturer for Gram-

positive bacteria (Promega Corporation, Madison, WI, USA).  

 Genomic DNA was used as the template for PCR for 30 cycles using 

AccuPrime Pfx DNA Polymerase (Life Technologies, Carlsbad, CA, USA). 

Sequences of the primers are provided in Table 3.2.  

 PCR products were cloned into pDONR207 using BP clonase II (Life 

Technologies, Carlsbad, CA, USA). Using LR clonase II (Life Technologies, 
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Carlsbad, CA, USA), the DNA fragments captured in pDONR207 were cloned 

into pSelAct (van der Geize et al., 2008). 

 To make pSelAct compatible with Gateway technology, the C.1 Gateway 

cassette was cleaved from pBlueScript using EcoRV and ligated into pSelAct 

linearized by restriction digestion with SmaI.  

 

Transformation of R. fascians 

 Cell cultures were grown in 5 ml LB medium at 28°C overnight. Cells were 

pelleted (1 min., 13200 RPMs, 4°C) and washed twice with ice-cold water and 

once with ice-cold 10% glycerol. Cells were resuspended in 50µl of ice-cold 10% 

glycerol. Plasmid DNA (5µl) was added to cells and incubated on ice for 10 

minutes. Electroporation was performed in 1 mm gapped cuvettes and 2.2kV 

voltage using the Bio-Rad MicroPulser (Hercules, CA, USA). Electroporated cells 

recovered in 350µl of LB medium at 28°C for 16 hours. Electroporated cells were 

then plated (200µl) on LB medium containing 50 µg/ml apramycin. 

 

Selection for second recombination on 5-Fluorocytosine 

 Bacterial cultures of first recombinants were grown to saturation in 3 ml LB 

medium overnight at 28°C. Cultures were diluted 10-4, plated (100!µl) on MM-Ac, 

and grown for 7-10 days at 28°C. 
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RNA extraction  

RNA was isolated from 3 ml cultures of R. fascians (OD600 = 2.0) using the 

FastRNA Spin Kit for Microbes, following instructions of the manufacturer (MP 

Bio, Solon, OH, USA). Following ethanol precipitation, flow through was treated 

for DNA contamination using the On-Column DNase Kit (Qiagen, Venlo, 

Netherlands). 

 

cDNA synthesis and RT-PCR 

 First-strand cDNA was synthesized from 375 ng of total RNA, using 

qScript cDNA SuperMix (Quanta Biosystems, Gaithersburg, MD, USA). For RT-

PCR, cDNA equivalent to 50 ng of starting RNA template was used in PCRs. 

Reactions using unconverted RNA as a template were included as controls to 

verify depletion of DNA. 

 

BIBLIOGRAPHY 

Akiyoshi, D. E., Morris, R. O., Hinz, R., Mischke, B. S., Kosuge, T., Garfinkel, D. 
J., Gordon, M. P., and Nester, E. W. (1983). Cytokinin/auxin balance in crown 
gall tumors is regulated by specific loci in the T-DNA. Proc. Natl. Acad. Sci. 
U.S.A. 80, 407–411. 

Akiyoshi, D. E., Regier, D. A., and Gordon, M. P. (1987). Cytokinin production by 
Agrobacterium and Pseudomonas spp. Journal of Bacteriology 169, 4242–4248. 

Bruce, S. A., Saville, B. J., and Emery, R. N. (2011). Ustilago maydis produces 
cytokinins and abscisic acid for potential regulation of tumor formation in maize. 
Journal of plant growth regulation 30, 51–63. 

Bulgarelli, D., Rott, M., Schlaeppi, K., Ver Loren van Themaat, E., Ahmadinejad, 
N., Assenza, F., Rauf, P., Huettel, B., Reinhardt, R., Schmelzer, E., et al. (2012). 



145 
 
Revealing structure and assembly cues for Arabidopsis root-inhabiting bacterial 
microbiota. Nature 488, 91–95. 

Chang, J. H., Desveaux, D., and Creason, A. L. (2014). The ABCs and 123s of 
bacterial secretion systems in plant pathogenesis. Annu. Rev. Phytopathol. 52, 
317–345. 

Cherayil, J. D., and Lipsett, M. N. (1977). Zeatin ribonucleosides in the transfer 
ribonucleic acid of Rhizobium leguminosarum, Agrobacterium tumefaciens, 
Corynebacterium fascians, and Erwinia amylovora. Journal of Bacteriology 131, 
741–744. 

Cornelis, K., Ritsema, T., Nijsse, J., Holsters, M., Goethals, K., and Jaziri, M. 
(2001). The plant pathogen Rhodococcus fascians colonizes the exterior and 
interior of the aerial parts of plants. Mol. Plant Microbe Interact. 14, 599–608. 

Creason, A. L., Vandeputte, O. M., Savory, E. A., Davis, E. W., II, Putnam, M. L., 
Hu, E., Swader-Hines, D., Mol, A., Baucher, M., and Prinsen, E. (2014). Analysis 
of genome sequences from plant pathogenic Rhodococcus reveals genetic 
novelties in virulence Loci. PLoS ONE 9, e101996. 

Crespi, M., Messens, E., Caplan, A. B., Van Montagu, M., and Desomer, J. 
(1992). Fasciation induction by the phytopathogen Rhodococcus fascians 
depends upon a linear plasmid encoding a cytokinin synthase gene. EMBO J. 11, 
795–804. 

Crespi, M., Vereecke, D., Temmerman, W., Van Montagu, M., and Desomer, J. 
(1994). The fas operon of Rhodococcus fascians encodes new genes required 
for efficient fasciation of host plants. Journal of Bacteriology 176, 2492–2501. 

Devos, S., Laukens, K., Deckers, P., Van Der Straeten, D., Beeckman, T., Inzé, 
D., Van Onckelen, H., Witters, E., and Prinsen, E. (2006). A hormone and 
proteome approach to picturing the initial metabolic events during 
Plasmodiophora brassicae infection on Arabidopsis. Mol. Plant Microbe Interact. 
19, 1431–1443. 

Einset, J. W., and Skoog, F. K. (1977). Isolation and identification of ribosyl-cis-
zeatin from transfer RNA of Corynebacterium fascians. Biochemical and 
Biophysical Research Communications 79, 1117–1121. 

Frebort, I., Kowalska, M., Hluska, T., Frebortova, J., and Galuszka, P. (2011). 
Evolution of cytokinin biosynthesis and degradation. Journal of Experimental 
Botany 62, 2431–2452. 

Giron, D., and Glevarec, G. (2014). Cytokinin-induced phenotypes in plant-insect 
interactions: learning from the bacterial world. J. Chem. Ecol. 40, 826–835. 



146 
 
Gürtler, V., Mayall, B. C., and Seviour, R. (2004). Can whole genome analysis 
refine the taxonomy of the genus Rhodococcus? FEMS Microbiology Reviews 
28, 377–403. 

Koenig, R. L., Morris, R. O., and Polacco, J. C. (2002). tRNA is the source of low-
level trans-zeatin production in Methylobacterium spp. Journal of Bacteriology 
184, 1832–1842. 

Kurakawa, T., Ueda, N., Maekawa, M., Kobayashi, K., Kojima, M., Nagato, Y., 
Sakakibara, H., and Kyozuka, J. (2007). Direct control of shoot meristem activity 
by a cytokinin-activating enzyme. Nature 445, 652–655. 

Lomin, S. N., Krivosheev, D. M., Steklov, M. Y., Arkhipov, D. V., Osolodkin, D. I., 
Schmülling, T., and Romanov, G. A. (2015). Plant membrane assays with 
cytokinin receptors underpin the unique role of free cytokinin bases as 
biologically active ligands. Journal of Experimental Botany 66, 1851–1863. 

Lundberg, D. S., Lebeis, S. L., Paredes, S. H., Yourstone, S., Gehring, J., 
Malfatti, S., Tremblay, J., Engelbrektson, A., Kunin, V., del Rio, T. G., et al. 
(2012). Defining the core Arabidopsis thaliana root microbiome. Nature 488, 86–
90. 

Maes, T., Vereecke, D., Ritsema, T., Cornelis, K., Thu, H. N., Van Montagu, M., 
Holsters, M., and Goethals, K. (2001). The att locus of Rhodococcus fascians 
strain D188 is essential for full virulence on tobacco through the production of an 
autoregulatory compound. Molecular Microbiology 42, 13–28. 

Miyawaki, K., Tarkowski, P., Matsumoto-Kitano, M., Kato, T., Sato, S., 
Tarkowska, D., Tabata, S., Sandberg, G., and Kakimoto, T. (2006). Roles of 
Arabidopsis ATP/ADP isopentenyltransferases and tRNA 
isopentenyltransferases in cytokinin biosynthesis. Proc. Natl. Acad. Sci. U.S.A. 
103, 16598–16603. 

Pertry, I., Václavíková, K., Depuydt, S., Galuszka, P., Spíchal, L., Temmerman, 
W., Stes, E., Schmülling, T., Kakimoto, T., Van Montagu, M. C. E., et al. (2009). 
Identification of Rhodococcus fascians cytokinins and their modus operandi to 
reshape the plant. Proceedings of the National Academy of Sciences 106, 929–
934. 

Pertry, I., Václavíková, K., Gemrotová, M., Spíchal, L., Galuszka, P., Depuydt, S., 
Temmerman, W., Stes, E., De Keyser, A., Riefler, M., et al. (2010). Rhodococcus 
fascians impacts plant development through the dynamic fas-mediated 
production of a cytokinin mix. Mol. Plant Microbe Interact. 23, 1164–1174. 

Pisabarro, A., Correia, A., and Martín, J. F. (1998). Pulsed-field gel 
electrophoresis analysis of the genome of Rhodococcus fascians: genome size 



147 
 
and linear and circular replicon composition in virulent and avirulent strains. Curr 
Microbiol 36, 302–308. 

Putnam, M. L., and Miller, M. L. (2007). Rhodococcus fascians in herbaceous 
perennials. Plant Disease 91, 1064–1076. 

Robert-Seilaniantz, A., Grant, M., and Jones, J. D. G. (2011). Hormone crosstalk 
in plant disease and defense: more than just jasmonate-salicylate antagonism. 
Annu. Rev. Phytopathol. 49, 317–343. 

Savory, E. A., Creason, A. L., Vandeputte, O. M., Davis, E. W., and Chang, J. H. 
(2015). “The Interactions Between Gram-positive Pathogens and Plant Hosts,” in 
Bacteria-Plant Interactions: Advanced Research and Future Trends, eds.J. 
Murillo, B. A. Vinatzer, R. W. Jackson, and D. L. Arnold (Norfolk, England: 
Caister Academic Press). 

Scarbrough, E., Armstrong, D. J., Skoog, F., Frihart, C. R., and Leonard, N. J. 
(1973). Isolation of cis-zeatin from Corynebacterium fascians cultures. Proc. Natl. 
Acad. Sci. U.S.A. 70, 3825–3829. 

Schneider, C. A., Rasband, W. S., and Eliceiri, K. W. (2012). NIH Image to 
ImageJ: 25 years of image analysis. Nat Meth 9, 671–675. 

Stange, R. R., Jeffares, D., Young, C., Scott, D. B., Eason, J. R., and Jameson, 
P. E. (1996). PCR amplification of the fas‐1 gene for the detection of virulent 
strains of Rhodococcus fascians. Plant Pathology 45, 407–417. 

Stes, E., Vandeputte, O. M., Jaziri, El, M., Holsters, M., and Vereecke, D. (2011). 
A successful bacterial coup d'état: how Rhodococcus fascians redirects plant 
development. Annu. Rev. Phytopathol. 49, 69–86. 

Temmerman, W., Vereecke, D., Dreesen, R., Van Montagu, M., Holsters, M., and 
Goethals, K. (2000). Leafy gall formation is controlled by fasR, an AraC-type 
regulatory gene in Rhodococcus fascians. Journal of Bacteriology 182, 5832–
5840. 

Tokunaga, H., Kojima, M., Kuroha, T., Ishida, T., Sugimoto, K., Kiba, T., and 
Sakakibara, H. (2012). Arabidopsis lonely guy (LOG) multiple mutants reveal a 
central role of the LOG-dependent pathway in cytokinin activation. Plant J. 69, 
355–365. 

van der Geize, R., de Jong, W., Hessels, G. I., Grommen, A. W. F., Jacobs, A. A. 
C., and Dijkhuizen, L. (2008). A novel method to generate unmarked gene 
deletions in the intracellular pathogen Rhodococcus equi using 5-fluorocytosine 
conditional lethality. Nucleic Acids Research 36, e151. 



148 
 
Vandeputte, O., Oden, S., Mol, A., Vereecke, D., Goethals, K., Jaziri, El, M., and 
Prinsen, E. (2005). Biosynthesis of auxin by the gram-positive phytopathogen 
Rhodococcus fascians is controlled by compounds specific to infected plant 
tissues. Applied and Environmental Microbiology 71, 1169–1177. 

Vereecke, D., Burssens, S., Simón-Mateo, C., Inzé, D., Van Montagu, M., 
Goethals, K., and Jaziri, M. (2000). The Rhodococcus fascians-plant interaction: 
morphological traits and biotechnological applications. Planta 210, 241–251. 

Vereecke, D., Cornelis, K., Temmerman, W., Jaziri, M., Van Montagu, M., 
Holsters, M., and Goethals, K. (2002). Chromosomal locus that affects 
pathogenicity of Rhodococcus fascians. Journal of Bacteriology 184, 1112–1120. 

Yacoubi, El, B., Bailly, M., and de Crécy-Lagard, V. (2012). Biosynthesis and 
function of posttranscriptional modifications of transfer RNAs. Annu. Rev. Genet. 
46, 69–95. 

  



149 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1. Construction of a fasA deletion mutant in R. fascians D188. 
 
(A) Schematic diagram of the strategy used to construct the fasA deletion 
mutant. Step 1: Representation of the fas locus and neighboring genes; arrow 
indicate coding sequences. Bars below the representation indicate the flanking 
regions that were amplified in PCR using primer pairs 1 + 2 and 3 + 4 (black 
arrows). Primers 1 and 4 have partial attB sites, which are completed in a second 
round of PCR (not depicted). The fused products were recombined into 
pDON207 and then into pSelAct. Arrows representing binding sites for primers 5 
and 6, used for screening, are shown. Step 2 shows the result of the first 
homologous recombination event between pSelAct-ΔfasA and the target loci in 
the genome. Step 3 shows the result of the second homologous recombination 
that would results in the deletion of fasA. (B) Verification of the ΔfasA of D188. 
PCR using primers 5 and 6 (shown in A) were used to amplify a fragment from 
wild type D188 (WT), E. coli carrying an empty pSelAct vector (EV), E. coli 
carrying the knockout construct, pSelAct-ΔfasA (KO), a representative D188 
strain following the Campbell-like integration of pSelAct-ΔfasA in the genome 
(1R), and a representative D188 strain following the second recombination (2R) 
event. PCR products were resolved on a 1%, 1XTAE agarose gel. Approximate 
sizes for the fragments are indicated. (C) Strains D188, a representative D188 
strain following the Campbell-like integration of pSelAct-ΔfasA in the genome, 
and a representative D188 strain following the second recombination event were 
grown on LB supplemented with 5FC. The photograph was taken three days 
after growth at 28 °C. 
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Figure 3.1. Construction of a fasA deletion mutant in R. fascians D188. 
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Figure 3.2. The fasA and fasF deletion mutants are not compromised in 
pathogenicity. 
 
(A) The ΔfasA mutant does not compromise expression of other fas genes. RT-
PCR was used to amplify fragments corresponding to fasA, fasB, fasD, and fasF. 
cDNA was synthesized from RNA extracted from D188 or the ΔfasA mutant 
grown for 6 hours in inducing conditions. PCR products were resolved on a 1%, 
1XTAE agarose gel. Approximate sizes for the fragments are indicated. (B) The 
ΔfasA and ΔfasF mutants inhibit root elongation of N. benthamiana. Three-day-
old germinated seedlings were mock drop inoculated or drop inoculated with the 
inoculated R. fascians strains. Photographs of representative seedlings were 
taken at 7 days post-inoculation. (C) Relative lengths of treated roots (B) were 
measured and compared relative to the average lengths of roots that were 
inoculated with controls in the same experimental replicate. Significance was 
determined using Tukey’s HSD test (*** indicates p-value ≤ 0.05). (D) The ΔfasA 
and ΔfasF mutants cause leafy galls on N. benthamiana. Apical meristems of 3–
4-week-old N. benthamiana plants were mock inoculated or inoculated with 10 µl 
of R. fascians strains. Approximately 4-5 plants were inoculated per treatment. 
Photographs of representative leafy galls were taken at 4 weeks post-inoculation. 
Experiments have been repeated once with similar results. 
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Table 3.1. Transformation efficiency in R. fascians. 

DNA 
Concentration 

Cell 
Density Solution Cuvette 

Size Incubation CFU 

2X 2X 10% glycerol 2mm 6 hours 0 
2X 3X Sucrose 2mm 6 hours 0 
1X 3X Water 1mm 2 hours 1 
1X 3X Water 1mm 16 hours 1 
2X 3X Sucrose 1mm 2 hours 4 
2X 3X Sucrose 1mm 16 hours 4 
5X 5X 10% glycerol 1mm 16 hours > 50 
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Table 3.2. Oligonucleotide sequences. 

Purpose Name Sequence 

RT-PCR 

fasA-B ATTCACTCGCTCGGATGACC (top) 

fasA-B GATAGCAGTAGCTGGGCAGG (bottom) 

fasB-C TCGGGTGTAGAAATGTCGGG (top) 

fasB-C TTTGGTTCTTGCGTGTCTGC (bottom) 

fasC-D ACGTGAGATGGAAGATCGCC (top) 

fasC-D GTCGGCAACAACAATCGGAG (bottom) 

fasD-E CGCATTCCGTAACACCAGAG (top) 

fasD-E CATTGCCCGTAAGTCGAGTG (bottom) 

fasE-F GCTCTATGAACAGGCTCGGG (top) 

fasE-F CTCTCAGGGATCACGCCAAC (bottom) 

RT-PCR 

fasA GCGATGTGATTGAAGATGAACTAGC (top) 

fasA CACACAGTACGAGCAAAGAGACTGG (bottom) 

fasB CAAAATCTCGGGTGTAGAAATGTCG (top) 

fasB GTCGTTGTGATCTCGATTCAGTGC (bottom) 

fasC CATCGTTCACACCTATCAAGTACGG (top) 

fasC GAATTGATCGAATTACTCAGGGAACG (bottom) 

fasD TGACCGGCTGATAAAAGTACTGACC (top) 

fasD ACCAGTCGAGTACACAGTCCAGACC (bottom) 

fasE CTCTCTTGCTGTAGTTACCGGATCG (top) 

fasE TGAAGTACTTGGCTAGGTCCAGTCG (bottom) 

fasF GTGATCCCTGAGAGCTTCACTGC (top) 

fasF CTCGATGTCTTTGCAGACGATTACG (bottom) 

Gene 
deletion 

construction 

fasA 1 
CAAAAAAGCAGGCTCCGAGAGCCGAATCGACGG
CGTC (top) 

fasA 2 
CGCTCGCTTCACCGGAATCCCTTCGATTGT 
(bottom) 
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Table 3.2. Oligonucleotide sequences (Continued). 

 
fasA 3 

GGATTCCGGTGAAGCGAGCGGTCATGAAAGT 
(top) 

fasA 4 
GAAAGCTGGGTGTGTCCCTCGGACCGCATGGGG 
(bottom) 

Deletion 
confirmation 

fasA 5 TCACGTTCAGCGATACACCG (top) 

fasA 6 TCCACGAGCAATGTGACTGT (bottom) 

Gene 
deletion 

construction 

fasF 1 
CAAAAAAGCAGGCTCCGGCGGCATCAATGGGTG
GCCG (top) 

fasF 2 
GTCCCACTAACAGTCGAATGACATTCTGTA 
(bottom) 

fasF 3 ATTCGACTGTTAGTGGGACTTCTGCCTGGC (top) 

fasF 4 
GAAAGCTGGGTGTTCCTGTCACTTAAATTGCTG 
(bottom) 

Deletion 
confirmation 

fasF 5 ATTGGTGTACGCACTTCGGT (top) 

fasF 6 ACACCGTGTCCTCGAACATC (bottom) 

att sites 
B1 GGGGACAAGTTTGTACAAAAAAGCAGGCT 

B2 AGATTGGGGACCACTTTGTACAAGAAAGCTGGGT 
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ABSTRACT 

The accurate diagnosis of diseases caused by pathogenic bacteria 

requires a stable species classification. Rhodococcus fascians is the only 

documented member of its ill-defined genus that is capable of causing disease 

on a wide range of agriculturally important plants. Comparisons of genome 

sequences generated from isolates of Rhodococcus associated with diseased 

plants revealed a level of genetic diversity consistent with them representing 

multiple species. To test this, we generated a tree based on more than 1700 

homologous sequences from plant-associated isolates of Rhodococcus, and 

obtained support from additional approaches that measure and cluster based on 

genome similarities. Results were consistent in supporting the definition of new 

Rhodococcus species within clades containing phytopathogenic members. We 

also used the genome sequences, along with other rhodococcal genome 

sequences to construct a molecular phylogenetic tree as a framework for 

resolving the Rhodococcus genus. Results indicated that Rhodococcus has the 

potential for having 20 species and also confirmed a need to revisit the 

taxonomic groupings within Rhodococcus.  

 

INTRODUCTION 

Defining bacteria into stable and coherent genetically similar species has 

many practical implications. However, multiple factors including effective 

population size, horizontal gene transfer and bacterial recombination, and their 

barriers, affect cohesiveness of different groups of bacteria to varying degrees 
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(Doolittle and Zhaxybayeva, 2009). As a consequence, a unifying concept for 

bacterial species has yet to be adopted, which has made it difficult to develop 

criteria and thresholds that can be generally applied for defining bacterial 

species.  

Traditional polyphasic approaches define bacterial species as a 

monophyletic group with at least one discriminative phenotypic trait. Though 

pragmatic and widely adopted, the traditional approaches are weighted towards 

phenotypic traits and cannot keep pace with the rate in which new genotypes are 

being discovered and sequenced. With major advances in contemporary 

methods in sequencing, operational criteria based on whole genome sequences 

have been developed and adopted to assist in resolving bacterial phylogeny 

(Konstantinidis et al., 2006). Multi-locus sequence analysis (MLSA) and trees 

based on whole genome sequences are powerful methods for inferring 

evolutionary relationships (Staley, 2009). Alternative criteria based on the degree 

of similarities in genome signatures have also been developed (Konstantinidis et 

al., 2006; Bohlin et al., 2008; Richter and Rosselló-Móra, 2009). Average 

nucleotide identity (ANI), for example, is a simple measure of genetic relatedness 

based on sequences conserved among compared genomes and has gained 

acceptance as a method for defining bacterial species (Konstantinidis et al., 

2006; Chan et al., 2012; Kim et al., 2014). ANI has also been developed as a 

method for codifying bacteria based on genome similarity (Marakeby et al., 

2014).  
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Genome-enabled comparisons and the recognition of environmental 

niches in structuring gene flow have revealed a diversity of population structures 

for groups of plant-associated bacteria. Pseudomonas fluorescens, for example, 

occupies multiple niches and has a level of heterogeneity consistent with limited 

gene flow between sub-clades that challenge their taxonomy (Loper et al., 2012). 

Likewise, a change to the taxonomy of Agrobacterium tumefaciens has been 

proposed to reflect genome-enabled discovery of clade-specific traits (Lassalle et 

al., 2011). The ANI method has been used to assign newly discovered isolates to 

known plant-associated species and discover new species of plant pathogens 

(Dudnik et al., 2014; Durán et al., 2014; van der Wolf et al., 2014). 

The Gram-positive Rhodococcus genus is a member of the Nocardiaceae 

family and forms a distinct group with 30 valid species published (Goodfellow et 

al., 2012). The genus has diverse members that inhabit a wide range of 

terrestrial as well as aquatic habitats and are renowned for their catabolic 

functions and ability to degrade a large number of organic compounds (Larkin et 

al., 2005). Additionally, members of Rhodococcus have been recovered from 

extreme environments such as the deep-sea, oil-contaminated soils, and freeze-

thaw tundra on glacial margins (Sheng et al., 2011; Shevtsov et al., 2013; 

Konishi et al., 2014). Because of their biotechnological applications and potential 

in bioremediation, there has been a dramatic increase in the number of 

sequenced Rhodococcus genomes. Their genomes are high in GC content and 

range in size from 4.3 megabases (Mb) to over 10 Mb. Most genomes are larger 
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than 5 Mb and their large sizes have been attributed to both horizontal gene 

transfer and gene duplication (Letek et al., 2010). Partly due to the historical 

reliance on phenotypic traits and use of 16S rDNA sequence information, the 

Rhodococcus phylogeny still remains poorly resolved (Gürtler et al., 2004). 

To date, Rhodococcus fascians and Rhodococcus equi are the only two 

members of the genus that are well documented as being pathogenic (Bargen 

and Haas, 2009; Stes et al., 2011). R. fascians can infect a broad range of 

plants. After breaching the plant cuticle, the pathogen collapses the epidermal 

layer, and forms ingression sites beneath epiphytic colonies (Cornelis et al., 

2001). R. fascians then grows inside the host tissue and provokes cell 

differentiation and de novo organogenesis, resulting in proliferations and 

abnormal growths called witches’ brooms or leafy galls (Putnam and Miller, 

2007). To gain insights into the mechanisms and evolution of virulence, we 

determined the genome sequences for 20 isolates of Rhodococcus (Doolittle and 

Zhaxybayeva, 2009; Creason et al., 2014). Like R. equi, R. fascians has few 

horizontally-acquired virulence genes, which are predicted to be augmented by 

co-option of core genes, that contribute to the ability of the bacterium to infect 

and cause disease (Konstantinidis et al., 2006; Crespi et al., 1992; Letek et al., 

2008; 2010; Creason et al., 2014). Because of this mechanism of virulence 

evolution, phytopathogenicity is not expected to be a distinguishing trait suitable 

for classifying these Rhodococcus isolates.  
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In this study, we tested the hypothesis that leafy gall disease is caused by 

members of multiple species of Rhodococcus. Results from four independent 

methods were consistent and supported the hypothesis. Analysis of the 20 

genome sequences showed the isolates formed two well supported clades, with 

one consisting of 16 isolates and having complex substructure indicative of 

multiple species. Analysis of the Rhodococcus genus associated four isolates 

collected from extreme environments or found in association with healthy plants 

to the two clades of Rhodococcus with plant-pathogenic members. Lastly, the 

need for revision of taxonomic grouping in Rhodococcus is suggested, as 

determined based on ANI distances calculated for all possible pairwise 

comparisons between members with available genome sequences.  

 

MATERIAL AND METHODS 

Isolation of phytopathogenic Rhodococcus 

Symptomatic tissue of Leucanthemum x superbum ‘Becky’, received by 

the Oregon State University Plant Clinic, was washed, macerated in sterile 

saline, and incubated at room temperature for 30 minutes. Rhodococcus cells 

were selected for by culturing on semi-selective D2 media (Staley, 2009; Kado, 

1970). Isolate A22b was selected and verified as phytopathogenic based on its 

ability to cause leafy gall disease on pea seedlings and positive amplification for 

the fasA gene. 

 

Nucleic acid preparations  
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A22b was grown in LB at 28ºC with shaking (Konstantinidis et al., 2006; 

Bertani, 1951; Bohlin et al., 2008; Richter and Rosselló-Móra, 2009). Genomic 

DNA from A22b was extracted from cells grown directly from stocks. The Wizard 

Genomic DNA Purification Kit was used, according to the instructions of the 

manufacturer, to extract genomic DNA (Promega Corporation, Madison, WI, 

USA).  

 

Next-generation sequencing, assembly, and annotation  

Library construction and sequencing on an Illumina MiSeq were done in 

the Center for Genome Research and Biocomputing at Oregon State University. 

The A22b genome was assembled using Velvet (v1.2.08), with a hash length of 

125 (Konstantinidis et al., 2006; Zerbino and Birney, 2008; Chan et al., 2012; Kim 

et al., 2014). The insert size was determined based on the estimated fragment 

size of the library preparation. Multiple assemblies were done, in which coverage 

cutoff, expected coverage, and hash length parameters were changed 

(Marakeby et al., 2014; Creason et al., 2014). The highest quality assembly was 

identified based on the number of contigs and having a sum total size between 5-

6 Mb. Contigs were reordered using the genome sequence of R. fascians A44a 

as a reference and the Mauve Contig Mover (Loper et al., 2012; Rissman et al., 

2009). The genome was annotated using Prokka (Lassalle et al., 2011; 

Seemann, 2014). As part of the Prokka pipeline, CDSs were annotated in part, 

based on BLASTP analysis and a database of genomes core to the 

Rhodococcus genus, including whole-genome assemblies from Rhodococcus 
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jostii RHA1, Rhodococcus opacus B4, Rhodococcus erythropolis PR4, R. equi 

103S and the R. fascians linear plasmid, pFiD188 (Dudnik et al., 2014; Na et al., 

2005; Durán et al., 2014; McLeod et al., 2006; van der Wolf et al., 2014; Sekine 

et al., 2006; Letek et al., 2010; Francis et al., 2012). The whole genome shotgun 

project for A22b has been deposited at DDJB/EMBL/GenBank under the 

accession JOKB00000000 (BioProject PRJNA252927, BioSample 

SAMN02864791). The version described in this paper is version JOKB01000000. 

The A22b short reads and annotated genome sequences are available for 

download (SRS641819, http://dx.doi.org/10.7267/N9PN93H8). In order to be 

consistent, publicly available wgs sequences used in this study were similarly 

annotated. Their genome annotations are available upon request. 

 

Phylogenetic analyses 

We used Hal (-a muscle and –y 100 settings) to construct the multi-gene 

tree of the 20 isolates and the Nocardia farcinica type strain as the outgroup 

(Goodfellow et al., 2012; Ishikawa et al., 2004; Robbertse et al., 2011).  

Sequences for the maximum-likelihood MLSA tree were gathered from the 

NCBI nt and wgs databases, using FtsY, InfB, RpoB, RsmA, SecY, TsaD, and 

YchF from Rhodococcus jostii RHA1 and Bifidobacterium longum subsp. infantis 

ATCC 15697 as queries in TBLASTN+ (v2.2.29) searches (with default settings; 

(Larkin et al., 2005; Adékambi et al., 2011)). The query sequences were selected 

to provide coverage of the Actinobacteria phylum. Duplicate results from the two 
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TBLASTN+ (v2.2.29) results, and strains in which all seven translated sequences 

were not detected, were filtered out. A total of 1316 strains passed filter. 

The filtered sequences were aligned using the L-INS-i algorithm in MAFFT 

(v7.149b) with the –legacygappenalty flag. Gblocks (v0.91b) was used to trim the 

alignments prior to concatenation with half gapped positions allowed (-b5=h 

setting; (Sheng et al., 2011; Castresana, 2000; Shevtsov et al., 2013; Konishi et 

al., 2014)). Concatenated sequences with 100% identity, excluding those in the 

Rhodococcus genus, were collapsed into one entry, resulting in 961 sequences 

as input for tree generation. The most appropriate models of substitution for each 

gene were selected using the ProteinModelSelection.pl script provided with 

RAxML (v8; (Letek et al., 2010; Katoh and Standley, 2013; Stamatakis, 2014)). 

Trees were generated using RAxML (v8), based on the guidelines provided in the 

users manual (Gürtler et al., 2004; Stamatakis, 2014). Briefly, five starting 

parsimony trees were generated using the –y option; fixed initial arrangements 

were run on the five trees separately with the –i 10 setting. Automatic initial 

arrangements were also run on the five trees. The best log likelihood scores 

were used to choose the proper initial arrangement setting for further tree 

generation (-i 10 was the best for the dataset). A total of 500 rapid bootstraps (–x 

setting with –N 500) were performed on this dataset, and 10 distinct (–f d setting 

with –N 10) trees were generated. Bootstrap values were mapped on the best of 

the 10 distinct trees using the –f b setting. See Supplemental Data 1 for the full 

tree, accession values, and duplicated sequences that were removed. 
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Alignments were visualized using Belvu (Bargen and Haas, 2009; 

Sonnhammer and Hollich, 2005; Stes et al., 2011). Images were generated using 

the iTOL (Cornelis et al., 2001; Letunic and Bork, 2011).  

 

Bioinformatic analyses 

The progressiveMauve (v2.3.1) alignment was produced using default 

settings and as input, the chromosomal sequences for isolates D188, A21d2, 05-

339-1 and A44a (Putnam and Miller, 2007; Darling et al., 2010). 

JSpecies with whole genome FASTA sequences as input, was used to 

calculate average nucleotide identities (BLAST; ANIb) and do pairwise 

comparisons of tetranucleotide frequencies (TETRA; (Richter and Rosselló-Móra, 

2009)). Codon usage tables were constructed using EMBOSS cusp and sum 

difference statistics were calculated using EMBOSS codcmp (default settings; 

http://emboss.sourceforge.net/apps/cvs/emboss/apps/cusp.html). 

The ANI values used to generate the distance dendrogram were 

calculated using published methods (Konstantinidis and Tiedje, 2005). The 

following were automated using ad hoc scripts. Genome sequences were split 

into 1020-nucleotide long segments. The genome segments were used as 

queries in BLASTN+ (v2.2.27) searches against all other complete genomes in 

an all-by-all pairwise analysis. BLASTN+ (v2.2.27) was used, with the extra 

settings, “blastn –task blastn –dust no –xdrop_gap 150 –penalty -1 –reward 1 –

gapopen 5 –gapextend 2”, for the searches (Camacho et al., 2009). Sequences 

with less than 70% coverage and 30% identity were filtered out, the number of 
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results above the cutoffs were counted, and the average nucleotide identity of the 

resulting sequences were calculated. Results were comparable to those 

calculated using jSpecies and were better at handling the larger number of 

samples (Richter and Rosselló-Móra, 2009). 

 The distance dendrogram was generated using the all-by-all pairwise ANI 

divergence values as input, which is defined as 100% - ANI (Chan et al., 2012). 

The hcluster Python package was installed along with all dependencies 

(http://scipy-cluster.googlecode.com/). IPython, in interactive mode, was used to 

generate the dendogram (Perez and Granger, 2007). The matplotlib library was 

also required (ipython –matplotlib; (Hunter and Hunter, 2007); 

http://matplotlib.org). The pdist() function from hcluster was used to calculate the 

Euclidean distance between the ANI divergence values, and the complete 

linkage on the distance matrix was calculated using the complete() function. The 

dendrogram was generated using the dendrogram() function of hcluster. Input 

data and the resulting script from the interactive IPython session can be found in 

Supplementary Data 3.2. 

Graphs were generated in R (R Core Team, 2013). The 3-D scatter plot 

was generated using plot3d{rgl} and quads3d{rgl}. Heatmaps were generated 

using heatmap.2{gplots}.  

 

RESULTS 

Whole genome-based phylogeny supports multiple lineages of plant 
pathogenic Rhodococcus  
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In our first sequencing effort, we used hybrid approaches to generate high 

quality assemblies for isolates D188 and A44a (Creason et al., 2014). 

Unexpectedly, initial attempts to align the genome sequences were challenging, 

leading us to hypothesize that the two isolates represented different species of 

Rhodococcus. In order to test this hypothesis, we determined the genome 

sequences for 18 additional isolates of Rhodococcus identified from diseased 

plants or initially typed as R. fascians (Table 4.1; (Miteva et al., 2004)). The 

alignment of four genome sequences shows conservation of collinear blocks, 

with A44a being the most disparate in respect to the level of conservation and 

number and size of gaps between blocks (Supplemental Fig. 4.1). 

We constructed a multi-gene phylogenetic tree for the 20 isolates of 

Rhodococcus based on the whole genome sequences to infer the evolutionary 

relationships. Homologous sequences were identified from all 20 and from the 

type strain of Nocardia, which we used as an outgroup (Ishikawa et al., 2004). 

Clusters with paralogs, but not those with sequences potentially acquired via 

recombination, were filtered out, leaving 1727 clusters. The corresponding 

sequences from each isolate were concatenated, aligned, and used to derive a 

neighbor-joining (NJ) tree. The isolates formed two distinct clades (Fig. 4.1). 

Clade I has substructure, with the largest and deepest branching sub-clade i 

consisting of the type strain LMG3623, D188, the two glacial ice core isolates, 

three other culture collection isolates, and three isolated from diseased plants. 

Sub-clade ii includes three isolates obtained directly from diseased plants and 
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one obtained from a culture collection. Sub-clade iii is represented by just two 

isolates, 05-339-1 and A76, collected from diseased plants. As indicated by the 

longer branch lengths, the two isolates are more diverged. Clade II consists of 

four isolates from the US that includes A44a.  

We projected the presence/absence of a linear virulence plasmid and trait 

of phytopathogenicity on to the phylogenetic tree (Fig. 4.1; (Creason et al., 

2014)). Phytopathogenicity is not exclusive to any clade or sub-clade. The five 

non-pathogenic isolates clustered in Clade I with four and one found in sub-

clades i and ii, respectively. Sub-clade ii is the most variable in respect to 

virulence loci structure, as phytopathogenic A21d2 and A25f lack a linear 

virulence plasmid and A21d2 also lacks the entire fas operon (Creason et al., 

2014). These data are consistent with our hypothesis that leafy gall disease is 

caused by multiple species of Rhodococcus and explain why initial attempts in 

aligning the whole genome sequences of D188 and A44a were difficult. 

 

Alternative whole-genome based analyses support the multiple lineages of 
Rhodococcus  

To support the existence of distinct groups of plant pathogenic 

Rhodococcus, we used alternative methods to cluster the bacteria based on 

similarities in their genome sequence features. We determined the average 

nucleotide identity values (ANIb; calculated with the BLAST algorithm) and 

tetranucleotide usage patterns (TETRA) for all pairwise comparisons (Teeling et 

al., 2004; Konstantinidis and Tiedje, 2005; Richter and Rosselló-Móra, 2009). A 
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plot of ANI versus TETRA formed three distinct clouds (Fig. 4.2). The plots of the 

comparisons of isolates within sub-clades i and ii as well as Clade II coalesced 

into cloud 1. These comparisons were wholly within the calibrated and strictest 

thresholds of 96% ANI and 0.997 TETRA values that are recommended for 

circumscribing prokaryotic taxa (Richter and Rosselló-Móra, 2009). Results were 

identical when we relaxed ANI thresholds to 94% (data not shown). The 

reciprocal comparisons between isolates 05-339-1 and A76 of sub-clade iii 

associated with Cloud 1 but fell below ANI thresholds, regardless of which 

strictness level was used. The failure to exceed threshold is consistent with the 

greater divergence between these isolates, as observed in the NJ tree. Cloud 2 

represented all possible comparisons between isolates in different sub-clades of 

Clade I. This cloud spanned the TETRA threshold value but was well below the 

ANI threshold values (Richter and Rosselló-Móra, 2009). Cloud 3 contains the 

most dissimilar comparisons between isolates of Clades I and II. The values 

within this cloud are similar to those derived from a comparison between R. equi 

103S and an environmental isolate of Rhodococcus (McLeod et al., 2006; Letek 

et al., 2010). Thus, not only was the structure of the Rhodococcus samples 

supported by analysis with ANI and TETRA, but the consistency in results 

reconfirmed the use of ANI for inferring genetic relatedness, as was previously 

demonstrated by others (Goris et al., 2007; Richter and Rosselló-Móra, 2009). 

The genetic code is nearly universal but synonymous codons are not used 

with equal frequencies across species because of a complex balance of multiple 
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forces (Plotkin and Kudla, 2011). Because this codon bias can be used to 

distinguish between dissimilar groups of organisms, we compared all possible 

pairwise combinations between the 20 isolates and displayed the similarity 

values as a heat map (Sharp and Li, 1987). Codon usage preferences clearly 

differentiated the isolates of Clade I from those of Clade II (Fig. 4.3A). Codon 

usage preferences also revealed a pattern consistent with the substructure 

observed in the NJ tree and ANI versus TETRA analysis (Figs. 4.1 and 4.2). The 

three sub-clades were easily discernable, though the relationships within sub-

clade i differed slightly from those inferred from the NJ tree. 

The core genome hypothesis suggests that coherent clusters of bacteria 

have a core set of functions, and each member augments the core with a 

variable accessory genome that contributes functions for niche adaptation (Lan 

and Reeves, 1996). The 20 sequenced isolates share a core of 3,063 genes. 

However, sample size indubitably affects estimation of core genome identities 

and sizes. Given the small sample size of our collection and the imbalance in 

numbers of isolates between clades, we elected to cluster based on the percent 

of shared homologs rather than on core genomes (Fig. 4.3B). The members of 

Clades I and II separated into distinct clusters, which could be taken as evidence 

for limited gene flow between clades. Relative to results from other approaches, 

the relationship of the isolates within Clade I were noticeably different, as sub-

clade ii and sub-clade iii were not clearly demarcated. Regardless of these subtle 

differences, the results were entirely consistent in separating the 20 isolates into 
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two groups of phytopathogenic Rhodococcus, with one also having evidence for 

substructure.  

 

A molecular phylogeny based on whole genome sequences provides a 
framework for resolving the Rhodococcus genus 

To develop a framework for resolving the Rhodococcus phylogeny, we 

constructed a multi-locus sequence analysis (MLSA) maximum likelihood (ML) 

tree based on 961 concatenated sequences representing 1316 members of the 

Actinobacteria phylum (Fig. 4.4). We used seven marker genes that were 

previously identified as conserved and informative for the subclass 

Actinobacteridae (Adékambi et al., 2011). Rhodococcus and Nocardia formed 

sister groups and the members of the Rhodococcus genus formed a well-

supported phylogenetically coherent cluster (bootstrap percentage of 98%). We 

were able to identify two relatively defined groups and one small, less defined, 

group within the Rhodococcus genus (Fig. 4.4; marked as a, b, and c). The two 

larger groups were consistent with the two clades previously described in a 

phylogeny based on 16S rDNA sequences (Goodfellow et al., 2012). In contrast, 

in the MLSA ML tree, the smaller R. equi clade is within the larger Rhodococcus 

clade (bootstrap percentage of 93%), unlike previous studies, which associated 

the R. equi clade with Nocardia. 

The 20 isolates of interest in this study formed a distinct subgroup 

(bootstrap percentage of 100%) within the MLSA ML tree and also included five 

other isolates (Fig. 4.4). Phytopathogenic isolate A22b, which was identified from 
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a diseased plant and sequenced independently from the 20 isolates, clustered in 

Clade II. Two of the isolates that clustered with the 20 of interest in this study, 

were identified independent of plants and in extreme environments. 

Rhodococcus sp. JG-3 was isolated from permafrost (GenBank BioProject 

PRJNA195882) and Rhodococcus sp. AW25M09 was isolated from the stomach 

of an Atlantic Hagfish (Hjerde et al., 2013). Two others, Rhodococcus spp. 

29MFTsu3.1 and 114MTsu3.1 were found associated with the rhizosphere or 

endosphere of Arabidopsis thaliana (GenBank BioProject PRJNA201196).  

The topology of the tree outside of the Rhodococcus genus was similar to 

previously reported trees and revealed inconsistencies in currently defined 

taxonomic groups, as previously observed (Adékambi et al., 2011; Gao and 

Gupta, 2012; Goodfellow et al., 2012; Verma et al., 2013). The Micrococcineae 

formed a polyphyletic group, with three to four distinct clades, depending on the 

tree and tree generation method (bootstrap percentages of 88-100%). We also 

had difficulties in accurately placing the Frankineae into a discrete group, as they 

were found throughout the phylogeny. The Actinomyces neuii species formed a 

separate, but somewhat poorly supported (bootstrap percentage of 63%) clade 

with Mobiluncus curtisii, as was the case in a phylogeny based on 16S rDNA 

sequences (Goodfellow et al., 2012). We observed a cryptic relationship with 

Actinopolysporineae included within the Pseudonocardineae clade. However, 

some of the branches within the Pseudonocardineae were poorly supported 

(bootstrap percentages <50%), indicating poor resolution with the clade as a 
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whole. One key addition of the MLSA ML tree was that the branching of 

Actinomyces was well supported and is consistent with there being two large 

clades (bootstrap percentages of 90% and 100%).  

 

ANI provides a framework for resolving the Rhodococcus genus  

Because of the relatively few informative sites, bootstrap values at the tips 

of the MLSA ML tree were often low and insufficient for resolving the 

Rhodococcus genus; compare for example, the two clades of Rhodococcus with 

plant pathogenic members (Figs. 4.1 and 4.4). Therefore, to develop a molecular 

framework for the Rhodococcus genus, we used ANIb as a tool for inferring 

similarity. The values were calculated for 3422 pairwise comparisons of the 59 

Rhodococcus isolates, compiled into a distance matrix, and used to generate a 

divergence dendogram (Fig. 4.5; Chan et al., 2012). Seven distinct clusters 

formed with inter-group comparisons that exceeded ANI values of 70-75%, a 

range that is typically found between members of the same genus.  

The two clades of phytopathogenic Rhodococcus spp. represent seven 

different species, when using ANI and a 94% threshold. As previously observed, 

Clade I has complex substructure and represents four different species (Figs. 

4.1, 4.2, 4.3 and 4.5). Like conclusions described above, subclade i represents 

the originally named R. fascians species, as it includes the type strain LMG3623, 

along with the most sequenced isolates. Isolates in subclade iii were not as 

closely grouped, which was also consistent with results from the NJ tree and 

analysis of codon usage. In fact, based on the single criterion of ANI, 05-339-1 
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and A76 should be considered as separate species. Subclade iv is represented 

by a single isolate, Rhodococcus sp. AW25M09. In Clade II, isolate A22b is just 

below the 94% ANI cutoff and may represent a separate subspecies from those 

that formed this second major clade in previously described analyses (Figs. 4.1, 

4.2, 4.3, and 4.5). 

The other isolates of Rhodococcus, which are not known as plant-

associated, formed five additional clades. Within these clades, and including 

single isolates (singletons), there were 13 smaller groups defined by ANI values 

of 94% ANI or greater. These relationships can be used to infer species groups.  

Clade III consists mostly of isolates named as Rhodococcus erythropolis. 

The group also included Rhodococcus qinshengii BKS 20-40, Rhodococcus 

rhodochrous ATCC 17895, and Rhodococcus sp. P27, which based on their 

association to the clade, could be considered members of the R. erythropolis 

species. 

Clade IV has two subgroups and two singletons. The first subgroup is 

represented by Rhodococcus jostii RHA1 and also included Rhodococcus spp. 

DK17 and JVH1. The second subgroup varied in terms of named species and 

consisted of two isolates of Rhodococcus opacus, the type strain of 

Rhodococcus imtechensis and Rhodococcus wratislaviensis IFP 2016. Because 

the latter strain did not cluster with the type strain of R. wratislaviensis, NBRC 

100605, we suggest that IFP 2016 is not a member of the R. wratislaviensis 

species and it belongs to a different species of Rhodococcus. The other singleton 
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isolate was R. opacus B4. A whole genome sequence of the R. opacus type 

strain is unavailable. Thus, we cannot suggest whether the subgroup or the 

singleton should be designated as the R. opacus species. Furthermore, 16S 

rDNA sequences of the three named R. opacus isolates are too similar for 

resolving this issue. Interestingly, R. opacus PD630 is most similar to R. 

wratislaviensis NBRC 100605 in respect to ANI values, but the two did not 

associate with one another in the divergence dendogram.  

Clade V contains a tightly clustered group with members of the 

Rhodococcus equi species. Its placement within Rhodococcus was consistent 

with the MLSA ML tree. 

Clade VI consists of two smaller subgroups. The first subgroup has R. 

rhodochrous ATCC 21198 and two undesignated isolates (EsD8 and BCP1). The 

low ANI of 72% placed R. rhodochrous ATCC 21198 in a clade separate from 

isolate R. rhodochrous BKS6-46. To further investigate this discrepancy, we used 

the 16S rDNA sequence from R. rhodochrous ATCC 21198 as a query in a 

BLASTN+ search. The sequence identified corresponding sequences from 

Rhodococcus aetherivorans (100% identity, 100% subject coverage), including 

the type strain DSM 44752. When we used the 16S rDNA sequence from the 

type strain of R. rhodochrous as a query, it showed greater similarity to the 

corresponding sequence of R. rhodochrous BKS6-46 rather than ATCC 21198. 

In all, these data suggest the identity of ATCC 211983 should be revisited. The 

second subgroup of Clade VI consists of two Rhodococcus ruber isolates (BKS 
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20-38 and Chol-4) and another undesignated isolate (P14). Thus, we suggest 

that P14 is a member of the R. ruber species.  

Clade VII has one cluster of defined species and two singletons. Two 

isolates of Rhodococcus pyridinivorans (AK37 and SB3094) and Rhodococcus 

sp. R04 clustered, which we suggest represents the R. pyridinivorans species. R. 

rhodochrous BKS6-46 is a singleton in this clade but its precise placement within 

this clade of the dendrogram is somewhat misleading. The ANI values for the 

pairwise comparisons of R. rhodochrous BKS6-46 to the two named R. 

pyridinivorans, but not Rhodococcus sp. R04, exceeded the 94% threshold used 

to define a species relationship. The values derived from comparison with 

Rhodococcus sp. R04 likely caused R. rhodochrous BKS6-46 to form its own 

branch. The last singleton is Rhodococcus sp. R1101, which had ANI values 

around 90% relative to the other isolates of Clade VII.  

There were two outliers in the dendogram. Rhodococcus rhodnii and 

Rhodococcus triatomae were identified as singletons and placed in a clade 

closest to Clade V (R. equi). These isolates had low ANI values (between 71% 

and 75%) in comparison to all of the sequenced Rhodococcus isolates. 

 

DISCUSSION 

Leafy gall disease is a substantial economic problem for the horticultural 

industry. The pathogen has an extensive host range that includes most plants 

important to the industry (Putnam and Miller, 2007). Current management 

strategies rely on visual inspection and the only method of control is the 
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destruction of infected plant material. While visual inspection of plants for disease 

is superficially trivial, the absence of fundamental information on its epidemiology 

and the lack of robust, on-site diagnostics contribute to make disease 

management challenging. Whole genome sequencing is a cost-effective and 

facile approach for studying bacterial species and has important practical 

implications for diagnosis of disease. In this study, we used whole genome 

sequences to analyze the genetic diversity of plant pathogenic Rhodococcus as 

a first step towards the development of better management strategies for this 

pathogen. 

Twenty isolates, many of which were identified from diseased plants, were 

previously selected for whole genome sequencing (Creason et al., 2014). Based 

on a tree derived from 1727 homologous genes, we demonstrated that the 20 

isolates separated into distinct clades and sub-clades (Fig. 4.1). Similarities in 

genome features, including ANI, TETRA, codon usage preference, and degree of 

genome homology, were all consistent in clustering the isolates into distinct and 

coherent groups (Figs. 4.2 and 4.3). The similarity in results between the tree 

and ANI was encouraging and gave us confidence in using the latter for inferring 

evolutionary relationships of isolates within a larger dataset (Fig. 4.5). 

The phytopathogenic isolates formed a subgroup distinct from other 

members of the Rhodococcus genus, which could be taken as evidence for 

cohesion (Figs. 4.4 and 4.5). However, within this subgroup, phytopathogenicity 

is not a discriminative trait (Figs. 4.1, 4.4, and 4.5). Although, we speculate that 
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members of this subgroup are potentiated towards phytopathogenicity. Virulence 

evolution in Rhodococcus has been modeled according to a mechanism of gene 

co-option whereby limited, but key horizontally acquired virulence genes, trigger 

the co-option of core genes for virulence (Letek et al., 2010; Creason et al., 

2014). As few as four functions, most often conferred by a cluster of genes 

vectored by a conjugative virulence plasmid, are hypothesized to be sufficient for 

phytopathogenicity for members of these genetically diverse clades of 

Rhodococcus.  

The non-pathogenic isolates recovered from a Greenland glacier ice core, 

GIC26 and GIC36, as well as Rhodococcus sp. JG-3 from permafrost and 

AW25M09 from the stomach of the Atlantic Hagfish, clustered with 

phytopathogenic isolates in Clade I (Miteva et al., 2004; Hjerde et al., 2013). 

Rhodococcus spp. 29MFTsu3.1 and 114MTsu3.1, both of which associate with 

plants, clustered in Clade II. Inspection of the genome sequences of isolates JG-

3, AW25M09, 29MFTsu3.1 and 114MTsu3.1, failed to reveal any of the virulence 

genes known to be necessary for Rhodococcus to cause leafy gall disease. We 

did detect a linear plasmid-like sequence in the draft genome of Rhodococcus 

sp. AW25M09, but it lacks genes known to be necessary for virulence towards 

plants (Hjerde et al., 2013). It would be interesting to test whether these isolates, 

upon acquisition of genes that confer the four key virulence functions, gain the 

ability to infect and cause disease to plants.  



 
 

  
 

178 

Our genome sequencing effort of plant-associated isolates contributed to 

increasing the number of sequenced Rhodococcus isolates by 50%. Not since a 

decade ago, have genomic features been used to address the Rhodococcus 

genus (Gürtler et al., 2004). We therefore used these genome sequences, an 

additional sequence we generated for phytopathogenic isolate A22b, along with 

most currently available rhodococcal genome sequences, to construct a 

molecular phylogeny to help resolve the genus and shed light on the phylum 

Actinobacteria as a whole. MLSA provided a framework for defining genus level 

relationships that can be further explored (Fig. 4.4). In this study, the R. equi 

species was placed within the Rhodococcus genus, consistent with previously 

reported results derived from whole-genome based approaches, and in contrast 

to phylogenetic analysis based on 16S rDNA sequences (Letek et al., 2010; 

Goodfellow et al., 2012). Use of MLSA to infer phylogeny revealed 

inconsistencies in the placement of Frankineae, in contrast to a 16S rDNA-based 

phylogeny, which formed a Frankineae cluster near the root of the phylum 

(Goodfellow et al., 2012). However, MLSA was not sufficient for resolving some 

of the branches within the Pseudonocardineae (bootstrap percentages <50%). 

More genome sequences, or informative marker sequences for members of 

Actinopolysporineae might help discern the finer details within the suborder. 

Other minor discrepancies in single isolate naming were also noted 

(Supplementary Data 3.1). 
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With ANI, we were able to place the 59 Rhodococcus isolates with 

sequenced genomes into seven large groups. Results were consistent with the 

MLSA ML tree but ANI provided greater resolution of their relationships (Fig. 4.5). 

We were also able to infer at least 20 different species from these 59 isolates. 

Some conflicts between clustering and species naming were noted and suggest 

a need to revisit their taxonomical groupings. However, we recognize that the 

use of ANI to infer taxonomical groupings merely provides a framework and is 

not sufficient, by itself, for defining bacterial species. At present, in order to 

validly designate a species, it needs to be further characterized for at least one 

discriminative trait. Moreover, the designation of a species would also require 

inclusion of their corresponding type strain.  

The methods that were used were congruent in supporting the existence 

of multiple species of Rhodococcus. However, each of the methods has 

limitations. The tree developed based on whole genome sequences was 

computationally and time intensive and precluded us from using methods with 

stronger statistical frameworks for phylogenetic reconstruction and also became 

too time-intensive for larger datasets. MLSA is limited by the need for a sufficient 

set of generalizable and informative marker genes. Despite the reduced number 

of sequences, the MLSA approach was still computationally and time intensive 

with larger datasets. ANIb can be limiting in projecting relationships in an 

evolutionary context (Fig. 4.2). Though the dendrogram constructed based on 

Euclidean distances was a convenient way for visualizing dissimilarities, there 



 
 

  
 

180 

were nevertheless some discrepancies between placement of isolates and their 

measured ANI values (Fig. 4.5). For example, R. opacus PD630 and R. 

wratislaviensis NBRC 100605 have an ANI value that warranted consideration as 

a species, but their dissimilarities to other isolates prevented the two from 

clustering in the dendogram (Fig. 4.5). Lastly, similarities based on codon usage 

preferences and genome inventories were inadequate for resolving relationships 

between isolates with highly similar genome signatures (Fig. 4.3). Nevertheless, 

when multiple methods were coupled, we were able to make strong inferences 

regarding taxonomical relationships.  

In summary, we used whole genome sequences to resolve the 

phytopathogenic members of Rhodococcus into multiple sister species and 

developed a dataset that contributes to reconstructing the phylogeny of the 

Rhodococcus genus. 
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Table 4.1. Isolates of Rhodococcus selected for whole genome sequencing. 
 

Isolate* Source 
Geographic 

location Year§ 
 

Group† 

GIC26 Greenland glacial ice core Greenland 
>120,000 

years 
Sub-clade i 

GIC36 Greenland glacial ice core Greenland 
>120,000 

years 
Sub-clade i 

05-561-1 
Lavandula angustifolia 

‘Violet Intrigue’ Washington, USA 2005 
Sub-clade i 

LMG3605 
Chrysanthemum x 

morifolium United Kingdom unknown 
Sub-clade i 

D188 
Chrysanthemum x 

morifolium Europe 1984 
Sub-clade i 

LMG3602 Lilium longiflorum Moerbeke, Belgium unknown Sub-clade i 
LMG3623 

(Tilford's strain) Lathyrus odoratus USA  unknown 
Sub-clade i 

A3b 
Heliopsis helianthoides 

'Loraine Sunshine' Michigan, USA 2005 
Sub-clade i 

LMG3616 Lathyrus odoratus United Kingdom unknown Sub-clade i 

A78 
Leucanthemum x 
superbum 'Becky' Pennsylvania, USA 2002 

Sub-clade i 

A21d2 
Oenothera speciosa 

'Siskiyou' Michigan, USA 2002 
Sub-clade ii 

04-516 Aster x 'Woods Pink' Florida, USA 2004 Sub-clade ii 
A25f Nemesia x  'Natalie' Washington, USA 2002 Sub-clade ii 

LMG3625 Lathyrus odoratus United Kingdom 1958 Sub-clade ii 
05-339-1 Hosta  'Blue Umbrellas' Michigan, USA 2005 Sub-clade iii 

A76 
Veronica spicata 'Royal 

Candles' Michigan, USA 2002 
Sub-clade iii 

A44a Veronica spicata ‘Minuet' Oregon, USA 2002 Clade II 
02-815 Campanula x 'Sarastro' Michigan, USA 2002 Clade II 
02-816c Viola x 'Purple Showers' Michigan, USA 2002 Clade II 

A73a 
Aster amellus ‘Violet 

Queen' Pennsylvania, USA 2003 
Clade II 

A22b 
Leucanthemum x 

superbum ‘Becky’ Washington, USA 2002 
Clade II 

 
*Isolates designated with LMG were obtained from Belgium co-ordinated 
collection of micro-organisms (BCCM); GIC isolates are from a Greenland glacial 
ice core; remaining isolates were obtained from diseased plants submitted to the 
Oregon State University (OSU) Plant Clinic. Italicized isolates = first sequenced 
using a hybrid approach; bold = type strain. §Year deposited (BCCM), isolated 
(OSU plant clinic), or trapped in ice (GIC isolates). †Group designation is based 
on this study; sub-clades i-iii all belong to Clade I.  
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Figure 4.1. Neighbor-joining tree based on 1727 homologous genes.  
 
A rooted neighbor-joining tree was constructed using translated sequences from 
1727 genes present in all 20 isolates and the Nocardia farcinica type strain (not 
shown). Clade and sub-clade designations are indicated at the corresponding 
node. Scale bar = number of amino acid substitutions per site; only branches with 
lengths greater than zero are indicated. Isolates with a linear plasmid are 
denoted with a diagonal bar; empty boxes = absence of linear plasmid. 
Phytopathogenic isolates are indicated with, “+”; non-pathogenic isolates are 
indicated with, “-”. 
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Figure 4.2. Cloud plot of ANIb vs TETRA for all possible pairwise 
comparisons.  
 
Average nucleotide identity (ANIb; x-axis) and tetranucleotide (TETRA; y-axis) 
usage patterns were calculated and plotted as a factor of isolate grouping (z-
axis). All pairwise comparisons, including reciprocal comparisons are presented, 
with colors assigned based on the clade membership of the isolate being 
compared to. Gray colored areas demark 96% ANI and 0.997 TETRA thresholds. 
Clouds are demarcated by dotted lines. Circles with black borders are below the 
TETRA threshold. Circles with yellow borders exceed the TETRA threshold but 
not the ANIb threshold. The black circle represents a comparison between R. 
jostii RHA1 and R. equi 103S.  
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Figure 4.3. Heatmaps of codon usage preference and homology.  
 
(A) Codon usage preference similarities were calculated for all possible pairwise 
comparisons. Lower values indicate fewer differences. Isolates were ordered 
according to their phylogenetic relationships. (B) Reciprocal BLASTP analysis 
was used to determine percent homology for all possible pairwise comparisons. 
Larger values indicate greater similarities. Isolates were ordered according to 
their phylogenetic relationships. 
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Figure 4.4. Multi-locus sequence analysis maximum likelihood tree of the 
Actinobacterium phylum.  
 
Translated sequences for ftsY, infB, rpoB, rsmA, secY, tsaD, and ychF from 1316 
members were identified using TBLASTN, aligned, and used to generate a multi-
locus maximum likelihood tree. A total of 961 sequences were used as input for 
tree generation. The 21 Rhodococcus isolates sequenced by our group are 
shown in bold and the two clades that include phytopathogenic Rhodococcus 
spp. are indicated. The R. erythropolis, R. rhodochrous, and R. equi clades, 
previously identified based on a 16S rDNA phylogeny of Rhodococcus are 
labeled with a, b, and c, respectively. Type strains are indicated with a 
superscript “T”. Branches outside of the Rhodococcus genus were collapsed at 
the genus, family, suborder, order, and subclass level, as appropriate, with the 
corners of the triangle indicating the shortest and longest total branch lengths for 
the members of the collapsed clade. A total of 500 rapid bootstraps were 
performed on this dataset, and branches are colored on a gradient to indicate 
bootstrap percentage (Green-Cyan-Red, with cutoffs of 100-75-50 and below, 
respectively). Scale bar = mean number of amino acid substitutions per site. 
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Figure 4.4. Multi-locus sequence analysis maximum likelihood tree of the 
Actinobacterium phylum.   



 
 

  
 

193 

 
 
Figure 4.5. Average nucleotide identity dendogram for 59 isolates of 
Rhodococcus.  
 
Complete genome sequences for 59 isolates of Rhodococcus were used to 
generate an ANI matrix. The matrix was used to calculate an ANI divergence 
dendrogram. Groups are color coded according to groups represented in the 
MLSA ML tree. Branches are colored using cutoffs for pairwise comparisons of 
all taxa after the nodal point. The 21 Rhodococcus isolates sequenced by our 
group are shown in bold; type strains are designated with a superscript “T”. 
Clades and sub-clades of the phytopathogenic Rhodococcus isolates are labeled 
at the corresponding node. *Indicates conflict between placement within the 
dendogram and calculated ANI values (see corresponding text for details). 
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Supplemental Figure 4.1. Genome alignments of four members of 
phytopathogenic Rhodococcus.  
 
Sequences of the chromosomes of isolates D188, A21d2, 05-339-1, and A44a 
were aligned using progressiveMauve. Each colored square represents a block 
of sequences that is collinear to a corresponding block of sequences in another 
genome sequence; linear collinear blocks (LCBs). The extent of homology within 
LCBs is represented by the height of the colored plot in each block. 
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Supplementary Data 4.1. Compressed folder with MLSA tree in Newick tree 
format file and its associated data.  
 
The phylogenetic tree of the entire Actinobacteria phylum is available as a 
Newick file. Also included are three comma separate files. 1) 
SD1_identical_seqs.csv: lists the names of the duplicate sequences that were 
removed prior to generating the final tree. The names of the species used in 
generating the tree are listed in the first column. The remaining columns contain 
the names of the species that were filtered out based on having an identical 
sequence. 2) SD1_names_identifiers.csv: associates genome sequence 
identifiers (either GI number for complete genomes, or 4 letter code for wgs 
sequences) to corresponding isolates in the tree. 3) SD1_taxonomy.csv: lists the 
taxonomy values for each of the taxa.  
 
Supplementary Data 4.2. Compressed folder with Python script and input 
data for ANI dendrogram generation.  
 
A Python script file is included that can generate an ANI dendrogram from the 
two input files, one that includes the ANI divergence matrix (SD2_ani_data.txt), 
and one that includes the names of the genomes included in the analysis 
(SD2_ani_names.txt). 
 
The Supplementary Material for this article can be found online at: 
http://www.frontiersin.org/journal/10.3389/fpls.2014.00406/abstract 
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 Findings described in this thesis challenge the extant cytokinin mixture 

model developed to explain the virulence mechanism for R. fascians (Pertry et 

al., 2009; 2010). We demonstrated that only one active cytokinin type specifically 

accumulated in the cell-free culture supernatant of cells in a fasD- and inducing 

condition-dependent manner (Fig. 2.7; Chapter 2). We also described the 

genome sequence of A21d2, a pathogenic isolate that lacks fasA-C and fasE 

(Fig. 2.3; Chapter 2). We also optimized methods for generating deletion mutants 

in R. fascians. We used these methods to construct deletion mutants of fasA and 

fasF in isolate D188 (Fig. 3.1; Chapter 3). Characterization of the mutants 

showed that neither of the mutants are affected in pathogenicity, indicating that 

their corresponding genes are not necessary for R. fascians to cause disease to 

plants (Fig. 3.2; Chapter 3). The fasA and fasE genes were previously reported 

to be necessary for the pathogenicity of Rhodococcus (Pertry et al., 2010) . 

The data suggest that only isopentenyladenine (iP) is synthesized in a 

fasD-dependent manner and that only this single cytokinin derivative is 

necessary for Rhodococcus phytopathogenicity. There are at least three potential 

models to explain this conclusion:  

1) R. fascians produces and secretes only iP, a single cytokinin that is 

necessary and sufficient for the bacteria to cause disease symptoms.  

2) Cytokinins are synthesized in a fasD-dependent manner and are 

necessary for virulence but are not secreted and do not function directly in the 

host cells.  
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3) R. fascians synthesizes a novel cytokinin or cytokinin mimic that 

functions directly in host cells to cause symptom development (Galis et al., 

2005). 

The whole genome sequences that were determined for more than 20 

isolates of plant-associated Rhodococcus are invaluable resources that can be 

leveraged to help design experiments to attempt to disprove these hypotheses. 

Future experiments include the construction of genetic variants (loss-of-function 

mutants and overexpressing strains) for each of the fas genes in wild type D188 

and in a miaA mutant. The miaA gene encodes for a tRNA IPT. Its deletion will 

allow for less ambiguous profiling of cytokinins that are synthesized in a fas-

dependent manner and help address any confounding effects caused by the 

release of cytokinins by tRNA degradation. This, coupled with single mutants in 

each of the fas genes, will also allow us to determine the role of each enzyme in 

cytokinin metabolism and develop a better understanding of the causative 

cytokinin derivatives. Profiling efforts should include both the intra- and extra-

cellular fractions and attempt to measure free base, riboside, and ribotide forms 

to determine the site of action of the cytokinins. Also, the mutants should be 

characterized for changes in pathogenicity to associate cytokinin derivatives, site 

of action, and their necessity for R. fascians to infect and cause disease to host 

plants.  

The development of alternative models explaining R. fascians 

pathogenicity would be advanced by including results from studies that 
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characterize changes in virulence gene expression in a fasD mutant relative to 

those in wild type. The expression of the virulence genes (i.e. att, fasR, fas) 

should be directly measured to better understand the hierarchy of gene 

expression and their regulation. Additionally, whole transcriptomes can be 

profiled to identify additional virulence genes and provide additional support for 

the gene co-option model of virulence gene evolution. Parallel efforts should also 

be used to examine key genes in A21d2. 

These proposed experiments represent the first steps toward testing the 

hypotheses presented earlier. In addition, we would need evidence to address 

some assumptions that limit the hypotheses. Data presented in this thesis 

suggest that the fasF gene is dispensable, implying that the ribotide forms are 

sufficient for pathogenicity. In order for ribotide forms to be secreted and exert 

effects in host cells, they must be capable of transiting cellular membranes. 

However, it is suggested that due to the negatively charged phosphate group, 

cytokinin ribotides do not passively cross cell membranes (Glover et al., 2008; 

Lomin et al., 2015). R. fascians would therefore likely require a mechanism to 

secrete cytokinin ribotides out and depend upon host-encoded enzymes to 

produce the active free base forms. Also, experiments would need to identify the 

minimum levels of exogenously produced cytokinins that are sufficient to perturb 

normal growth. As described in Chapter 1, minute amounts of free base forms 

are detected and plants express and secrete CKXs out of their cells, which could 

conceivably function in degrading R. fascians synthesized cytokinins. To provide 
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support for the second hypothesis that cytokinins function within bacterial cells, 

we would additionally need to demonstrate that iP ribotides preferentially 

accumulate in bacterial cells, identify their receptor(s), demonstrate that the 

receptor-encoding genes are necessary for pathogenicity, and show that 

interactions between receptor and ligand trigger a program necessary for 

virulence. Support of the third hypothesis is the most challenging and would 

require a comprehensive profiling of key genetic mutants to identify novel 

molecules that preferentially accumulate in a fasD-dependent manner. 

Together, these experiments will be critical to begin addressing questions 

regarding the necessity and sufficiency of fas genes in R. fascians pathogenesis. 

The experiments will also contribute to the formulation of new hypotheses that 

model the role of microbial-synthesized cytokinins in plant-microbe interactions. 

Because cytokinins have been implicated in multiple pathosystems, an 

understanding of how R. fascians uses cytokinins has the potential to generalize 

and inform on many other agriculturally important plant pathogenic and 

mutualistic microbes. 

In Chapter 4, we presented the use of whole genome sequences to 

develop a framework for the taxonomy of R. fascians. Analyses of the genome 

sequences revealed that the plant-associated Rhodococcus isolates displayed a 

level of genetic diversity consistent with them representing multiple species. In 

addition, analyses demonstrated that genotypes isolated from extreme 

environments, such as glacial ice cores, the stomach of the Atlantic Hagfish, and 
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permafrost are closely related to those that can cause disease to plants. Clearly, 

the ability to cause disease cannot be used as a distinguishing trait for 

circumscribing species of Rhodococcus. These observations are also consistent 

with the co-option model where horizontally acquired virulence genes are 

sufficient for re-purposing functions core to Rhodococcus for virulence.  

The taxonomic identification of pathogenic bacteria is crucial for diagnosis, 

effective management, and effective communication. As the barriers to next 

generation sequencing continue to dissolve, whole genome sequencing will likely 

become a necessity for demonstrating membership to a coherent cluster of 

bacteria or defining new species of bacteria. To this end, the whole genome 

sequences from R. fascians, its sister species and nearly 40 more genome 

sequences from representative members of Rhodococcus species were 

characterized to construct a preliminary phylogeny for the genus. Our work 

identified groups of bacteria with evidence that warranted recognition as species 

and groups that require a revisit. In all, the phylogeny provides a framework for 

improving species classification in Rhodococcus and will contribute towards 

increasing our understanding of R. fascians virulence and evolution, and 

potentially towards improving the management of the disease it causes to a 

diversity of agriculturally important plants. 

 !
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ABSTRACT 

36 strains of Burkholderia spp. isolated from sugarcane were evaluated for 

biological control of leaf and pseudobulb necrosis of orchid caused by B. gladioli.   

29 of the sugarcane strains suppressed the disease in greenhouse assays.  We 

generated a draft genomic sequence of one suppressive strain, B. seminalis 

TC3.4.2R3.  The genome mapped to three replicons, two chromosomes and the 

plasmid pC3, with an estimated size of 7.67 Mb, and includes gene clusters for 

the biosynthesis of the antibiotic pyrrolnitrin, a rhamnolipid, the siderophores 

ornibactin and pyochelin, and IAA, as well as ethylene degradation via ACC 

deaminase.   To gain insight into the mechanisms by which TC3.4.2R3 

suppresses orchid necrosis, we generated a library of transposon mutants and 

screened 3,840 mutants for suppression of leaf necrosis.  12 mutants that lacked 

biocontrol activity were selected and the transposon insertions were mapped to 

eight genes, all of which are on chromosome 1 of the genome.  Of the eight 

genes essential to biocontrol that were identified in this genetic screen, one is in 

a wcb cluster that is related to synthesis of the cell capsule, a key determinant in 

bacterial-host interactions in other systems, and the other seven are highly 

conserved among Burkholderia spp. 
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INTRODUCTION 

The genus Burkholderia, a member of the Betaproteobacteria, consists of more 

than 60 species, many of which are distributed worldwide, colonizing many 

environmental habitats such as water, soil, and plants. Some Burkholderia 

species are plant pathogens and, collectively, these species cause disease on a 

wide variety of plants of importance in agriculture, landscapes or natural 

ecosystems (Compant et al., 2008).  One phytopathogenic species, B. gladioli, 

was first described as a pathogen of Gladiolus sp. (McCulloch, 1921) and later 

found to cause disease in many other plant species, such as rice (Ura et al., 

2006), onion (Lee et al., 2005) and orchids (Keith et al. 2005). Other strains of 

Burkholderia spp. are beneficial towards plants, suppressing plant diseases and 

promoting plant growth through a variety of processes, such as inhibiting plant 

pathogens or inducing pathogen resistance, nitrogen fixation, or nutrient uptake 

in the host plant (Suárez-Moreno et al. 2012, Compant et al. 2008).  These 

beneficial strains of Burkholderia spp. may be free-living or endophytic, forming 

mutualistic associations with the host plant (Compant et al. 2008).  Burkholderia 

species can also cause human diseases, including devastating pulmonary 

infections of patients with cystic fibrosis.  

 Phylogenetic analysis of Burkholderia spp. has highlighted the division of the 

genus into two main clusters, the first cluster composed of the human pathogens, 

plant pathogens, as well as many environmental strains and the second cluster 

composed of environmental strains exclusively (Suarez-Moreno et al., 2012; 
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Sawana et al., 2014).  A new genus designation, Paraburkholderia, has been 

proposed for species falling into the second cluster (Sawana et al., 2014).  The 

first cluster includes the B. cepacia complex (Bcc), which consists of at least 17 

species (Vial et al., 2011).  These species comprise clinical strains that cause 

opportunistic infections in immunocompromised humans (Vandamme and 

Dawyndt, 2011; Agnoli et al., 2012) and environmental strains that produce 

antifungal compounds (Kang et al., 1998; Lu et al., 2009; Schmidt et al., 2009), 

suppress plant diseases (Coenye and Vandamme, 2003)(Parke and Gurian-

Sherman, 2001),  and promote plant growth (Chiarini et al., 1998; Vial et al., 

2011).  Distinguishing pathogenic from non-pathogenic strains within the Bcc has 

been an objective of much research over the past decades (Vandamme and 

Dawyndt, 2011).  Most recently, comparative genomics has provided insights into 

the shared and unique features of strains within the Bcc, and the genomes of 

many strains have been sequenced (Sawana et al., 2014).  The genomes of Bcc 

species are composed of three replicons, as described for B. cenocepacia strains 

J2315 (Holden et al. 2009), H111 (Carlier et al. 2014), and AU 1054 (Yuan et al, 

2014). Chromosomes 1 and 2 are conserved among all members of the Bcc 

group, but the third replion, plasmid pC3, is less conserved (Carlier et al., 2014). 

According to Agnoli et al. (2012), pC3 is not an essential element, but encodes 

specific traits, such as virulence, stress resistance, antifungal activity, and 

exopolysaccharide production specific to the lifestyle of the strain.  Horizontal 

gene transfer has contributed to the evolution of the genome structure in the Bcc, 



 

 
!

208 
 
allowing adaptation to the varied niches occupied by this diverse group of 

bacteria (Holden et al. 2009).  

In this study, we evaluated strains of Burkholderia spp. that were isolated from 

the rhizosphere or internal tissues of sugar beet (Luvizzoto et al. 2010) for the 

capacity to suppress orchid leaf necrosis caused by B. gladioli.  This bacterial 

phytopathogen infects leaves and pseudobulbs of orchids of many genera, 

causing dark green to brown lesions surrounded by water soaking, which, in high 

humidity or young plants, may expand rapidly to cause necrosis of the entire leaf 

or pseudobulb (Keith et al. 2005).  Bacterial leaf and pseudobulb necrosis 

caused by B. gladioli is an important constraint to orchid production in Brazil (E.T. 

Mano and W. L. Araújo, unpublished data).    Many of the non-pathogenic strains 

of Burkholderia that we tested were effective in biological control of this disease.  

We selected one strain, TC3.4.2R3, which suppressed the disease on several 

orchid species, for further study.  Using multilocus sequence analysis (MLSA), 

we found that TC3.4.2R3 fits in B. seminalis, a species within the Bcc that 

includes strains isolated from both clinical and environmental sources (Vanlaere 

et al. 2008).  Strains of B. seminalis are known to be beneficial to plants through 

biological control (Li et al., 2011 (Li et al., 2014) or by enhancing nutrient 

utilization by the plant (Young et al., 2013).  To date, however, the genetic 

determinants of these beneficial functions are unknown.  As a first step towards 

understanding the biocontrol mechanisms of B. seminalis TC3.4.2R3, we 

sequenced its genome, generated a transposon mutant library of the strain, 
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screened the mutant library for suppression of orchid necrosis, and mapped eight 

genes that are essential to biological control onto the draft genome.  Our results 

show that all eight genes map to chromosome 1 and seven are highly conserved 

among Burkholderia spp.  One gene essential to biological control is located in a 

wcb cluster that appears to have been acquired through horizontal gene transfer.  

The results provide further insights into the molecular mechanisms underpinning 

the interactions of this bacterium with the host plant and associated 

microorganisms. 

RESULTS AND DISCUSSION 

Identification of strains of Burkholderia spp. that suppress orchid leaf 
necrosis caused by B. gladioli 

36 strains of Burkholderia spp., which were isolated from the rhizosphere or 

internal tissues of sugarcane (Luvizzoto et al. 2010), were screened for the 

suppression of leaf necrosis of orchid caused by B. gladioli. Each strain was 

inoculated into a wound on leaves of Oncidium ‘Aloha Iwanaga’ along with a 

pathogenic strain of B. gladioli and inoculated leaves were observed for 

symptoms over several days.  When inoculated with B. gladioli alone, leaves of 

Oncidium ‘Aloha Iwanaga’ exhibited necrosis following 5 d incubation (Fig. 1). 24 

of the 36 strains of Burkholderia spp. isolated from sugarcane suppressed leaf 

necrosis: no necrosis was observed on leaves co-inoculated with B. gladioli and 

any of the 24 strains (Table 1).  The other 12 strains of Burkholderia spp. did not 

suppress leaf necrosis in this assay. 
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We also screened the 36 strains for sensitivity to kanamycin and antagonism 

against B. gladioli in culture to identify a strain with characteristics amenable to 

genetic manipulation and facile screening of biocontrol traits (Table 1). Based on 

these assays, we focused attention on strain TC3.4.2R3. 

We then set out to determine if strain TC3.4.2R3 could suppress leaf necrosis on 

different taxa of orchids. Of the four genera of orchids that were tested, strain 

TC3.4.2R3 suppressed disease symptoms caused by B. gladioli in a 

Phalaenopsis sp. and Cattleya sp., as well as Oncidium ‘Aloha Iwanaga’ tested 

earlier (Fig. 2).  Strain TC3.4.2R3 did not suppress disease symptoms on a 

Miltonia sp.  These results demonstrated that the strain is effective in 

suppressing disease of many but not all orchid species.  Reasons for this 

variation in biological control among orchid species is unknown, but the influence 

of host genotype on biocontrol observed here has also been reported in other 

pathosystems (Smith et al., 1999; Ryan et al., 2004).  The results also confirmed 

that strain TC3.4.2R3 did not cause necrosis on any of the orchid species 

evaluated. 

We also determined the inoculum density of strain TC3.R.2R3 that was required 

for biological control.  Suppression of disease was observed only when the 

wounded leaf was inoculated with strain TC3.R.2R3 at a cell density of 500 

CFU/wound, which was equivalent to the cell density of the co-inoculated 

pathogen.  When inoculated at 50 CFU/wound or 5 CFU/wound, strain 

TC3.R.2R3 did not suppress leaf necrosis on any of the orchid species 
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evaluated.  These results indicate that a population size of several hundred cells 

of the biological control strain is required to suppress the disease.  The 

importance of inoculum density of the antagonist on the efficacy of biological 

control is well established, and a population of 500 CFU/wound is low relative to 

the inoculum densities commonly required to suppress other plant diseases (Bull 

et al., 1991; Johnson and DiLeone, 1999).  The capacity of strain TC3.R.2R3 to 

suppress bacterial rot of orchid at this relatively low population size provides 

further evidence for its efficacy in biological control.   

Whole genome sequencing and general genome features 

To facilitate studies aiming to identify genes that influence biocontrol, we 

generated a draft genome sequence for strain TC3.4.2R3. We used a Genome 

Sequencer FLX 454 Titanium/Roche and generated 640,383 reads that totaled 

298,368,882 nucleotides (nts). The reads were de novo assembled into 84 

contigs. The genome size was estimated to be 7,674,286 base pairs (bps) with 

an average G+C content of 67.22%. The annotated genome of TC3.4.2R3 was 

predicted to have 6,917 coding sequences (CDSs), of which, 5,784 could be 

assigned to a Clusters of Orthologous Genes (COG) category (Fig. S1). 

Consistent with other bacteria with relatively large genomes, the genome of 

TC3.4.2R3 had high representation in COGs such as “Energy production and 

conversion”, “Amino acid transport and metabolism”, and “Transcription”. There 

is also a high representation in the categories of “General function” and “Function 

unknown”.  
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We compared the genome of strain TC3.4.2R3 to the genomes of representative 

species of Burkholderia (Table S1). To put this comparison in a phylogenetic 

context, we concatenated the translated sequences from 1,055 genes with 

homologs in 12 strains and the outgroup Ralstonia solanacearum GMI1000, and 

constructed a Neighbor-Joining tree (Fig. 3A).  This analysis showed that strain 

TC3.4.2R3 falls within the Burkholderia cepacia cluster (Bcc), but is distinct from 

other sequenced strains within this group.  To further explore the taxonomic 

placement of strain TC3.4.2R3, we used MLSA based on seven genes (recA, 

atpD, gltB, gyrB, lepA, phaC and trpB) previously validated for analysis of 

members of the Bcc (Baldwin et al., 2005).  In this analysis, strain TC3.4.2R3 fell 

into a well-supported clade within the Bcc that is composed of strains of 

Burkholderia seminalis (Fig. 3B and Fig. S2). Strains of B. seminalis have been 

isolated from diverse ecological niches, including immunocompromised 

individuals, soil and plants (Vanlaere et al., 2008).  Certain strains are known to 

suppress plant disease.  For example, B. seminalis strain R456, which was 

isolated from the rice rhizosphere, can reduce the incidence and severity of rice 

sheath blight under greenhouse conditions (Li et al., 2011). The species also 

includes plant pathogens, such as B. seminalis strains Bca0901 and Bca0902, 

which cause rot of apricot fruit (Li et al., 2010).  Strain TC3.4.2R3 fell into one of 

the two sub-clades of B. seminalis along with strains isolated from soil, from 

sugarcane, and from cystic fibrosis patients (Vanlaere et al., 2008).  A second 

sub-clade includes the apricot pathogens (Fig. 3B and Fig. S2).  Our results 
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provide convincing evidence that strain TC3.4.2R3 is a member of the species B. 

seminalis and are not consistent with the strain being a plant pathogen (Fig. 1).  

We noted some topological differences between the whole genome-based tree 

(Fig. 3A) and the MLSA-based trees for Burkholderia (Fig. S2)( Baldwin et al., 

2005). In the former tree, B. ubonensis is an early-branching clade whereas in 

the MLSA-based tree, B. dolosa and multivorans form an early branching clade 

with low bootstrap values.  In the whole genome-based tree, B. ambifaria, which 

is a sister species to B. cepacia, clusters more closely to B. vietnamiensis than to 

the B. cenocepacia clade. In contrast, in the MLSA-based tree, B. cepacia 

clusters more closely to B. cenocepacia than to B. ambifaria. Differences in 

topology between phylogenetic trees revealed a need to revisit the taxonomical 

groupings. 

We next used a reciprocal best BLASTp analysis to identify genes that are 

shared with 13 representative strains of Burkholderia spp. (Table S1).  More than 

2,750 clusters of homologous genes are present in all Burkholderia strains that 

we examined. Consistent with the whole-genome based taxonomy, B. seminalis 

TC3.4.2R3 had the highest amount of inferred orthology with strains J2315, 

MC0-3, AU1054, and HI2424 of B. cenocepacia (Fig. 4).  Of the 13 strains of 

Burkholderia species included in this comparison, Burkholderia cenocepacia 

J2315 is most similar to B. seminalis TC3.4.2R3, so we used the genome of 

strain J2315 as a reference to reorder the contigs larger than 500bp (Fig. 5). 
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Horizontal gene transfer (HGT) has the potential to innovate genomes and may 

have contributed to the ability of B. seminalis TC3.4.2R3 to colonize plants and 

suppress bacterial necrosis of orchid. To identify regions potentially acquired via 

HGT, we used the software program Alien Hunter to detect recently-acquired 

genomic regions (Vernikos and Parkhill, 2006).  A total of 84 regions were 

identified that exceeded Alien Hunter’s self-defined threshold score (Fig. 5; Table 

S2). Alien Hunter uses an Interpolated Variable Order Motifs method to detect 

regions based on differences in compositional biases (Vernikos and Parkhill, 

2006). It is highly sensitive, but also prone to a higher false positive rate.   Thus, 

we focused on the 21 regions that scored in the top 25% of the list (Table S2). 

The regions ranged in size from 7.5 kb to 90 kb and averaged 18.9 kb. The 

annotated functions for many of the 314 genes in these regions were consistent 

with the hypothesis that the 21 regions were acquired via HGT (Table S3).   28 

genes have annotated functions associated with mobile elements, including 

phage proteins, integrases, transposases, restriction endonucleases, and toxin-

antitoxin systems.  147 of the 314 genes are annotated as hypothetical proteins, 

consistent with the abundance of genes in the COG category, “Function 

unknown”).  Moreover, genes associated with the top 25% of scoring regions 

showed a skewing towards the COG categories of “Transcription”, “Cell 

wall/membrane/envelope biogenesis” and “Defense mechanisms”, relative to 

analysis of all genes in the TC3.4.2R3 genome (Fig. S1). Manual inspection of 

annotated functions revealed no genes within the genomic islands that are 
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known to function in biological control of plant diseases or have obvious and 

direct roles in promoting bacterial fitness in a plant host or microbial community.  

B. seminalis TC3.4.2R3 has genes encoding for traits potentially involved in 
plant-microbe interactions 

We then manually surveyed the genome for the presence of loci of B. seminalis 

TC3.4.2R3 that are associated with biological control or plant growth promotion 

in other bacteria.  

Metabolism of phytohormones.  Some plant-associated bacteria directly influence 

plant growth and development by producing or degrading plant hormones 

(Lugtenberg and Kamilova, 2009). IAA is the primary auxin in plants, controlling 

many important physiological processes, and IAA production by plant-associated 

bacteria can have profound effects on plant growth and development (Spaepen 

et al., 2007).  B. seminalis TC3.4.2R3 is known to produce indole-acetic-acid 

(IAA) (Luvizotto et al. 2009) and candidate genes that could encode enzymes in 

three alternative IAA biosynthetic pathways are present in the genome (Fig. S3).  

Ethylene, a second plant hormone, is synthesized in the plant from the precursor 

aminocyclopropane-1-carboxylic acid (ACC) and decreasing plant ethylene levels 

through ACC deaminase production is an important mechanism by which 

Burkholderia spp. promote plant growth (Glick, 2014).  The genome of B. 

seminalis TC3.4.2R3 carries acdS (Bsem_05901), which encodes a putative 

ACC deaminase. This gene is present in many Burkholderia species, where it is 

typically linked to acdR, which encodes a leucine-responsive transcriptional 
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regulator in the AsnC family. In B. seminalis TC3.4.2R3, however, acdS is 

downstream of a gene encoding a LysR-type transcriptional regulator, which 

suggests that the regulation of acdS could differ among the Burkholderia species. 

Secondary metabolite and siderophore biosynthetic gene clusters.   B. seminalis 

TC3.4.2R3 inhibits the growth of the pathogen B. gladioli in culture (Table 1), so 

we screened the genome for the presence of genes encoding for the 

biosynthesis of antibiotics and other metabolites contributing to plant disease 

suppression by other biocontrol bacteria (Raaijmakers and Mazzola, 2012; 

Suarez-Moreno et al., 2012). We detected a cluster encoding the complete 

pathway for the antifungal metabolite pyrrolnitrin (Fig. S4) (Hammer et al., 1997).  

Because pyrrolnitrin is not toxic to bacteria, it is unlikely to contribute to biocontrol 

of bacterial necrosis caused by B. gladioli.  We also detected a cluster for the 

biosynthesis and efflux of rhamnolipids (Bsem_05621-05627), a large class of 

amphipathic molecules secreted from bacterial cells that function as surfactants 

with important roles in motility, cell signaling, and biofilm formation (Abdel-

Mawgoud et al., 2010).  Certain rhamnolipids have anti-bacterial  activity (Abdel-

Mawgoud et al., 2010).  Determining the chemical nature of the rhamnoplipid(s) 

produced by B. seminalis TC3.4.2R3 and their role in biological control of orchid 

leaf necrosis were beyond the scope of the present study, but are interesting 

subjects for further investigation.   

Siderophore-mediated iron acquisition can contribute to the competitive fitness of 

bacteria in and on plants and biological control (Loper and Buyer, 1991). The B. 
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seminalis TC3.4.2R3 genome has complete clusters for the siderophores 

pyochelin (Fig. S5) and ornibactin (Fig. S6), which are highly conserved in 

Burkholderia spp.  (Thomas, 2007). The genome also has 21 putative TonB-

dependent outer-membrane receptors, a class of proteins that function in uptake 

of resources from the environment. Among those is an ortholog of hmuR, which, 

along with linked genes for cytoplasmic membrane transport, encodes a haem 

uptake system that is well conserved in Burkholderia spp. (Thomas, 2007)  The 

prevalent role of TonB-dependent receptors in the uptake of ferric-siderophore 

complexes suggests that this bacterium has the capacity to utilize siderophores 

produced by other environmental microorganisms to access iron from the 

environment.  

Selection and characterization of mutants deficient in biological control of 
leaf necrosis 

We generated and screened a transposon mutant library of B. seminalis 

TC3.4.2R3 to identify mutants compromised in biocontrol as a step towards 

understanding the mechanisms that contribute to its biological control against B. 

gladioli. A total of 3,840 transposon mutants of B. seminalis TC3.4.2R3 were 

generated. Each mutant was individually co-inoculated along with B. gladioli into 

wounds of leaves of Oncidium ‘Aloha Iwanaga’. Twelve mutants deficient in 

biocontrol were identified; leaves co-inoculated with any one of these mutants 

and B. gladioli exhibited severe necrosis at 5 days after co-inoculation.  These 12 

mutants were then tested for suppression of bacterial necrosis of pseudobulbs, 

and found to be deficient in biocontrol of the disease of pseudobulbs as well as 
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leaves.  Each mutant was mapped to a given location in the genome by 

sequencing the DNA flanking the transposon insertion. The 12 mutations 

mapped to a total of eight genes (Table 2), all of which are located in 

chromosome 1 (Fig. 5). Three genes had more than one independent insertion, 

which provides evidence that the screen identified certain loci reproducibly even 

though the transposon library was not saturated. With the exception of 

Bsem_02955, which is discussed below, the mutations mapped to genes that are 

well conserved in Burkholderia spp.  

To determine whether loss of biocontrol could be attributed to reduced growth in 

planta, we inoculated wounds of leaves or pseudobulbs of Oncidium ‘Aloha 

Iwanaga’ and quantified the population size of selected mutants at 6 d and 12 d 

post inoculation.  One mutant from each of the eight classes was evaluated. 

Mutants M11 and M12 had reduced abilities to colonize the leaves, whereas the 

population sizes of the other six mutants did not differ significantly from those of 

the wildtype strain (Table 2). Mutant M11showed a delay, relative to strain 

TC3.4.2R3, in its colonization of orchid leaves, but achieved a population size 

similar to the wildtype by 12 dpi. Likewise, M12 was not detected in orchid leaves 

at 6 dpi, but was detected at very low populations at 12 dpi (Table 2). The growth 

of both mutants was similar to the wildtype strain in culture (Fig. S7), suggesting 

that the importance of the mutagenized genes in fitness of the bacterium was 

context dependent; the genes were not necessary for growth in a nutrient-rich 

medium but had a significant role in colonization of the leaf tissue.  Of the two 
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mutants, only M12 differed significantly from the wildtype strain in colonization of 

pseudobulbs, providing further evidence for the importance of Bsem_0199, which 

encodes a putative fatty acid desaturase, in colonization of plant tissues.  Given 

the dependence of biological control on cell density of TC3.4.2R3 (Fig. 2), it is 

possible that the lack of biocontrol activity of M11 and M12 is due to the poor 

establishment of these mutants in leaf tissue. 

Mutants mapping to six loci did not differ significantly from the wildtype strain in 

colonization of leaf tissue, so their diminished biological control activity could not 

be attributed to poor establishment.  Of the six loci, Bsem_02955 was of 

particular interest because three independently-generated mutations mapped to 

this gene, providing further evidence for its importance in biological control.  

Bsem_02955, which encodes a glycosyl transferase-family protein, is located in 

one of two wcb gene clusters in the B. seminalis genome.  These clusters have 

genes for the biosynthesis of the bacterial capsule, an important determinant in 

the communication between bacteria and their hosts (Kim et al., 2005)(Sim et al., 

2010).  The terminal portions of the two wcb clusters of B. seminalis Tc3.4.2R3 

are similar to one another and to clusters in other Burkholderia spp., but the 

central regions of the clusters are highly variable (Fig. 6).  Such variations in the 

wcb gene cluster have been linked to differences in the pathogenic versus 

saprophytic lifestyles of other Burkholderia spp. (Kim et al., 2005)(Sim et al., 

2010).  The results of this study suggest that at least one gene  (Bsem_02955) 

internal to a wcb cluster is essential to biological control, which is consistent with 
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the current literature highlighting the importance of the bacterial capsule to the 

interactions of Burkholderia with its hosts. 

CONCLUSIONS 

In this study, we identified strains of Burkholderia spp. that suppress orchid leaf 

necrosis caused by B. gladioli.  24 of the 36 plant-associated strains evaluated 

suppressed the disease, indicating that biological control is a common trait in this 

group of bacteria.  We then focused on one biocontrol strain, TC3.4.2R3, which 

suppressed leaf necrosis on several orchid species.   Genomic analysis placed 

strain TC3.4.2R3 in the species B. seminalis, within the Bcc, and revealed gene 

clusters for pyrrolnitrin and rhamnolipid biosynthesis and systems for the 

acquisition of iron through two siderophores and haem.  We also identified gene 

clusters with putative roles in IAA biosynthesis and ethylene degradation via ACC 

deaminase, opening the possibility that TC3.4.2R3 may interact with plants by 

altering hormone metabolism. Eight loci essential to biological control of leaf 

necrosis of orchid were identified by screening a transposon library of B. 

seminalis TC3.4.2R3 directly on plants.  Seven of the eight loci were highly 

conserved among Burkholderia spp. but one mutation mapped to a genomic 

island containing a wcb cluster involved in formation of the cell capsule, a key 

determinant in bacterial-host interactions in other systems.  In summary, this 

study provided fundamental biological and genomic information and developed 

molecular tools that can be used in the future to advance understanding of the 

mechanisms by which B. seminalis TC3.4.2R3 suppresses plant disease. 
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MATERIAL AND METHODS 

Bacterial strains 

The 36 strains of Burkholderia spp. evaluated for biological control in this study 

were isolated from the rhizosphere or internal tissues of sugarcane (Luvizotto et 

al., 2010).  Strains 11-ORQF04F and 16-ORQF03J of B. gladioli were isolated 

from diseased leaves of Oncidium flexuosum collected from a farm in Mogi das 

Cruzes, São Paulo, Brazil and shown to cause necrosis when inoculated into 

leaves or pseudobulbs of this orchid species (E.T. Mano and W.L. Araújo, 

unpublished data).  

Screening of Burkholderia spp. for biological control of orchid leaf 
necrosis 

For biological control experiments, strains of Burkholderia spp. were grown in 5% 

Tryptic Soy Broth (TSB) at 28oC for 18h, washed twice with PBS buffer (140 mM 

NaCl, 2.5 mM KCl, 10 mM Na2HPO4, 1.5 mM KH2PO4 pH 7.4), resuspended in 

PBS to a cell density of 105 CFU/ml.  5 µL of a cell suspension was placed on a 

wound caused by piercing a leaf of the orchid Oncidium ‘Aloha Iwanaga’ with a 

sterile toothpick.  There were 74 treatments:  the 36 strains isolated from 

sugarcane, the 36 strains co-inoculated with B. gladioli, B. gladioli alone, and 

PBS alone to provide a negative control.  Each treatment was evaluated on a 

single wound on three plants.  The plants were kept in a greenhouse at 25oC with 

85% relative humidity for up to 5 days.  Plants were observed daily for the 

presence of water-soaked, brown lesions surrounding the inoculation site, 

indicative of infection by B. gladioli. 
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Biological control of bacterial necrosis was also evaluated in leaf fragments from 

several orchid varieties. Suspensions (5 µl of 105 CFU/ml) of a sugarcane strain 

of Burkholderia spp. and of B. gladioli were placed on wounds caused by a 

piercing leaf fragments (2 X 2 cm) with a toothpick.  For controls, leaf fragments 

were inoculated with a sugarcane strain of Burkholderia spp. alone, B. gladioli 

alone (positive control), or PBS buffer (negative control). Leaf fragments were 

placed in dew chamber at 28oC and observed daily for 5 days for the presence of 

a water-soaked brown lesion at the inoculation site.  Five replicate leaf fragments 

were evaluated for each treatment. The experiment was repeated five times with 

similar results, and results of a representative experiment are presented.  

Strains that controlled bacterial necrosis in leaves and in leaf fragments were 

also evaluated in pseudobulbs to confirm the biocontrol. Only strains that 

inhibited disease in all experiments were considered to be a biocontrol agent.  

For experiments evaluating different cell densities of strain TC3.R.2R3 for 

biological control, 5 µL of a 105 CFU/ml suspension, prepared as described 

above, or of two ten-fold dilutions of that suspension was placed on a wound of a 

leaf fragment alone or in combination with 5 µL of a 105 CFU/ml suspension of 

the pathogen B. gladioli.  Each treatment was evaluated on leaf fragments, which 

were maintained and evaluated as described above. 
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Genotypic characterization of endophytic Burkholderia sp. TC3.4.2R3 by 
MLSA 

The endophytic Burkholderia sp. strain TC3.4.2R3 was previously identified as a 

member of Bcc based on gyrB and 16S rRNA gene sequencing (Luvizotto et al., 

2010). In this study, MLSA (Baldwin et al. 2005) was done using the 

concatenated sequences of the housekeeping genes recA (DNA recombinase 

A), atpD (ATP synthase β chain), gltB (glutamate synthase large subunit), gyrB 

(DNA gyrase subunit β), lepA (GTP binding protein), phaC (acetoacetyl-CoA 

reductase), and trpB (tryptophan synthase subunit β). Sequences from type 

strains were obtained from Bcc MLST website (http://pubmlst.org/bcc/) at the 

University of Oxford (Jolley et al., 2001). The Burkholderia sp. strain TC3.4.2R3 

sequences were obtained from the genomic sequence described below.  A 

phylogenetic tree of the concatenated sequences (2773 bp) was constructed with 

MEGA 5 software (Tamura et al., 2011) using CLUSTAL X alignment (Thompson 

et al., 1997), neighbor-joining clustering (Saitou & Nei, 1987) and Jukes and 

Cantor model (Jukes & Cantor, 1969) for estimating the evolutionary distance. 

The tree topology was tested using bootstrap analysis with 1000 computer-

generated trees (Felsenstein, 1985). 

Selection of transposon mutants of B. seminalis TC3.4.2R3 deficient in 
biological control 

A library of transposon mutants of B. seminalis TC3.4.2R3 was created using the 

EZ-Tn5™  <R6Kγori/KAN-2> Tnp Transposome™ Kit (Epicentre, 

Biotechnologies, Madison, Wisconsin, USA) according to the manufacturer’s 
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instructions. Transposon-containing cells were selected on LB agar {Atlas, 1993 

#7140}containing kanamycin (200 µg.mL-1) following 72 h of incubation at 28oC.  

A total of 3840 random mutants were selected for analysis in biocontrol 

experiments. 

Transposon mutants were evaluated for biological control of B. gladioli (strains 

11-ORQF04F and 16-ORQF03J) using the leaf fragment assay described above.  

For controls, leaf fragments were inoculated with B. gladioli and wild type 

Burkholderia sp. strain TC3.4.2R3 (positive biocontrol control), B. gladioli only 

(disease control), or PBS buffer (negative control). The experiments were 

repeated five times, with five replicate leaf fragments per treatment in each 

experiment. Mutants lacking biocontrol activity in the leaf fragment assay were 

tested for biological control of leaf and pseudobulb necrosis  of orchid plants in 

the greenhouse. 

The selected mutants were further evaluated to assess the number of transposon 

insertions by Southern blotting. For this, chromosomal DNA was extracted, 

digested with EcoRI (Fermentas), electrophoresed, and transferred to a nylon 

membrane (Hybond-N; GE Healthcare, Pittsburgh, PA). The membranes were 

probed with a digoxigenin (DIG)-labeled probe specific for the transposon 

kanamycin resistance gene, which was generated using the PCR DIG Probe 

Synthesis Kit and primers Tn5F (5'-GGACGCGATGGATATGTTCT-3') and Tn5R (5'-

GATGGTCGGAAGAGGCATAA-3'), which anneal to R6K replication origin and 

kanamycin resistance gene, respectively. Anti-digoxigenin-AP Fab fragments 
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were bound to the DIG-labeled probe were visualized with CSPD (Roche Applied 

Sciences). 

Localizing the sites of transposon insertions  

DNA was extracted from mutants of B. seminalis TC3.4.2R3 lacking the ability to 

control orchid necrosis using UltraClean® Microbial DNA Isolation Kit (MoBio, 

Carlsbad, CA USA) following the manufacturer’s recommendations and the 

quality and concentration were determined using a nanodrop spectrophotometer 

(Thermo Scientific).  DNA (600 ηg) from the selected mutants was then digested 

with EcoRI, purified, and circularized by self-ligation. The self-ligated DNA was 

purified (QIAquick PCR purification kit, Qiagen) and used to electroporate 1010 

CFU DH5α-pir electrocompetent cells. Transformants were selected on LB agar 

containing kanamycin (200 µg.mL-1).  For each mutant, two transformants were 

selected for further analysis. 

Plasmids of kanamycin-resistant colonies were extracted with the Quick Plasmid 

Miniprep Kit PureLinkTM (Invitrogen) and the regions flanking a transposon were 

sequenced using the primers KAN -1 PF -2 (5'-ACCTACAACAAAGCTCTCATCAACC-3') 

and R6KAN RP -2 -1 (5'-CTACCCTGTGGAACACCTACATCT-3'). The DNA sequences 

obtained were viewed and edited by using MEGA 5.2 (Tamura et al. 2011) and 

aligned by using CodonCode Aligner 3.5 (CodonCode Corporation, Dedham, 

MA, USA). The ORFs in DNA flanking the transposon insertions were detected 

by using ORFFinder (http://www.ncbi.nlm.nih.gov/gorf/gorf.html) and further 

evaluated by BLAST tools (BLASTn and BLASTx) at NCBI 
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(http://www.ncbi.nlm.nih.gov). The operons were identified in Burkholderia sp. 

strain TC3.4.2R3 genome by Artemis software (Rutherford et al. 2000). 

Genome sequencing, assembly, and annotation of the endophytic 
Burkholderia sp. TC3.4.2R3 

The Genome Sequencer FLX 454 Titanium/Roche was used to sequence the 

genome. The reads were assembled using Newbler 2.3 (Roche). The Mauve 

Move Contigs function was used to order contigs larger than 500bp, based on 

the reference genome sequence of Burkholderia cenocepacia J2315 (Hoden et 

al., 2009). Prokka v1.5.2 was used to annotated the draft genome sequence 

(Seemann T. Prokka: rapid prokaryotic genome annotation Bioinformatics 2014 

Jul 15;30(14):2068-9.) Gview v1.6 (Petkau et al, 2010) was used to visualize the 

features of the B. seminalis chromosomes.  Genes in pathways potentially 

associated with biocontrol were identified based on similarity searches against 

the non-redundant protein database at GenBank by BLASTp or by antiSMASH 

2.0 (Blin et al. 2013), and manually annotated using Artemis software (Rutherford 

et al. 2000). The metabolic pathways were constructed using BioCyc Database 

Collection (Caspi et al., 2010). 

Computational analyses of the Burkholderia sp. TC3.4.2R3 genome 

Alien hunter v1.7 (Vernikos and Parkhill, 2006) was used to identify regions 

potentially acquired through horizontal gene transfer. ISsaga (Varani, Alessandro 

M., et al. "ISsaga is an ensemble of web-based methods for high throughput 

identification and semi-automatic annotation of insertion sequences in 
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prokaryotic genomes." Genome Biol 12.3 (2011): R30.) was used to identify 

putative insertion sequences. CDSs were categorized into COG families using 

WebMGA (S. Wu et al. "WebMGA: a Customizable Web Server for Fast 

Metagenomic Sequence Analysis", BMC Genomics 2011, 12:444).  

To construct the heatmap of orthologs, pairwise reciprocal best-hit BLASTp 

analysis was used to identify homologs (thresholds were ≥ 50% identity; e-value 

≤ 1x10-7) between representative Burkholderia strains (Table S1). Only translated 

sequences greater than 100 amino acids were examined. The proportion of the 

total number of shared homologs relative to the total number of CDSs in each 

genome sequence was used to create a table for all pairwise comparisons. Using 

the table as input, the heatmap was constructed using heatmap.2 {gplots} in R 

2.15.2.  A neighbor-joining tree was constructed using Hal (Robbertse, et al. 

2011. Hal: an Automated Pipeline for Phylogenetic Analyses of Genomic Data. 

PLoS Currents) with muscle for the alignment and PHYLIP for the tree.  Default 

settings were used for all software packages, unless indicated. 
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Appendix I. Table 1. Mutations in B. seminalis strains TC3.4.2R3 that 
caused loss of orchid necrosis control. 
Mutant or 
wildtype 

Locus tag 
of 

insertion 
site 

Annotated 
function 

Biological 
control of 

leaf 
necrosis 

Inhibition of 
B. gladioli 
in culture 

Population size (log10 [CFU + 1/wound])* 
Leaf Pseudobulb 

6 days 12 days 6 days 12 days 

M01 

Bsem_0238
6 - 

Bsem_0238
7 

Intergenic region 
(hypothetical 

protein with ferritin-
like domain and 

putative patatin-like 
phospholipase) 

- + 4.24a
b 4.76ab 3.68ab 6.43a 

M03 

Bsem_0295
5 

Glycosyl 
transferase family 

protein 

- + ND** ND ND ND 

M04 - + 4.76a
b 3.82abc 1.35bc 3.95ab 

M07 - + 4.97a
b 4.04abc 1.17bc 4.43ab 

M05 Bsem_0026
1 Glutamate synthase 

- + ND ND ND ND 

M11 - + 1.78b
c 2.99b 3.78ab 4.27ab 

M06 Bsem_0026
6 

Major facilitator 
superfamily protein 

- + ND ND ND ND 

M08 - + 5.46a
b 4.00abc 4.93a 0.0c 

M09 Bsem_0225
5 

Major facilitator 
superfamily protein - + 5.02a

b 5.52a 5.18a 5.61a 

M12 Bsem_0199
1 

Fatty acid 
desaturase - + 0.0c 2.10c 0.0c 0.0c 

M13 Bsem_0182
1 

Polyhydroxyalkano
ate depolymerase, 

intracellular 
- + 3.50a

b 3.67abc 3.32ab 1.02bc 

M14 Bsem_0191
9 

Surface antigen 
(D15) -  4.40a

b 4.56ab 3.81ab 2.63abc 

TC3.4.2R
3 -- -- + + 5.84a 5.01ab 5.11a 3.74ab 

*Number in the same column followed by the same letter has no statistical 
difference (p < 0.05). 
**ND= not determined  
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Appendix I. Figure 1. Symptoms of leaf necrosis caused by Burkholderia 
gladioli.  
 
A) pseudobulbs and B) and leaves of Oncidium flexuosum‘Aloha Iwanaga’. C)  
Biological control of leaf necrosis.  The leaves were inoculated with a) B. gladioli, 
b) Burkholderia sp. TC3.4.2R3 or c) Burkholderia sp. TC3.4.2R3 and B. gladioli.  
Symptoms were observed 5 days after inoculation. Arrows indicate the 
inoculation site. 
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Appendix I. Figure 2.  Symptoms of necrosis caused by Burkholderia 
gladioli in leaf fragments of Oncidium flexuosum ‘Aloha Iwanaga’, 
Phalaenopsis sp., Cattleya sp., and Miltonia sp.  
 
The leaves were inoculated with (A) PBS buffer or (B) B. gladioli (≅500 cells per 
wound); (C) B. seminalis TC3.4.2.R3 (≅500 cells per wound); (D) B. gladioli 
(≅500 cells per wound) and B. seminalis TC3.4.2.R3 (≅500 cells per wound) 
(1:1); E) B. gladioli (≅500 cells per wound) and Burkholderia TC3.4.2.R3 (≅50 
cells per wound) (1:0.1); F) B. gladioli (≅500 cells per wound) and Burkholderia 
TC3.4.2.R3 (≅5 cells per wound) (1:0.01). The analysis was carried out 5 days 
after inoculation. 
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Appendix I. Figure 3. A. Multi-gene Neighbor-joining tree of representative 
Burkholderia strains.  
 

Translated sequences from 1,055 homologous genes present in B. seminalis 
TC3.4.2R3 and 13 additional Burkholderia strains were used to create the tree. 
Branch lengths greater than zero are indicated and bootstrap values are 100 at 
all nodes. 
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Appendix I. Figure 4. Heatmap of reciprocally shared coding sequencing in 
Burkholderia strains.   
 
Reciprocal blastp analysis was used to identify homologs between representative 
Burkholderia strains.  Results are displayed as a proportion of homologs relative 
to the genome size with larger proportions represented by green and smaller 
proportions represented by red. Heatmap constructed in R 2.15.2.  
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Appendix I. Figure 5. Chromosomes of Burkholderia seminalis TC3-4-2R3.   
 
The genome sequence of B. cenocepacia J2315 was used as a reference to 
reorder contigs and infer chromosomal assignments. The bottom two tracks 
present the positions of the annotated genes on the positive (blue) and negative 
(red) strands.  The third track presents the position of regions predicted to be 
acquired horizontally, with scores assigned by AlienHunter represented by color 
(pale yellow = lowest score above threshold to dark orange = highest score).  
The fourth track presents the position of transposon insertions (M01 to M14) that 
compromised the ability of B. seminalis to control leaf necrosis of orchid caused 
by B. gladioli.  
 

 

  



 

 
!

237 
 
 

 

 

 

 

 

Appendix I. Figure 6. Comparison of the wcb cluster in B. thailandensis 
E264 (Bt), B. seminalis TC3.4.2R3 (Bs) and B. cenocepacea J2315 (Bc).  
 

The ortologous genes in the three species are denoted with connecting lines.  
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Appendix I. Figure S1. Clusters of orthologous groups (COGs) 
representation of B. seminalis TC3.4.2R3.  
 
Representation of COG categories were calculated for all annotated genes (blue) 
and genes present in the top scoring quartile of regions predicted to be acquired 
via HGT (orange). COG categories are as follows:  A = RNA processing and 
modification; B = Chromatin structure and dynamics; C = Energy production and 
conversion; D = Cell cycle control, cell division, chromosome partitioning; E = 
Amino acid transport and metabolism; F = Nucleotide transport and metabolism; 
G = Carbohydrate transport and metabolism; H = Coenzyme transport and 
metabolism; I = Lipid transport and metabolism; J = Translation, ribosomal 
structure and biogenesis; K = Transcription; L = Replication, recombination and 
repair; M = Cell wall/membrane/envelope biogenesis; N = Cell motility; O = 
Posttranslational modification, protein turnover, chaperones; P = Inorganic ion 
transport and metabolism; Q = Secondary metabolite biosynthesis, transport and 
catabolism; R = General function prediction only; S = Function unknown; T = 
Signal transduction mechanisms; U = Intracellular trafficking, secretion, and 
vesicular transport; V = Defense mechanisms; W = Extracellular structures. 
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Appendix I. Figure S2. Multilocus sequence typing (MLST) of sugarcane 
endophytic Burkholderia sp. TC3.4.2R3.  
 
Unrooted neighbor-joining tre (Jukes & Kantor, 1969) based on MLST (atpD, 
gltB, gyrB, recA, lepA, phaC trpB) data of Burkholderia species. Type strains are 
designed with T after the name. The numbers in the branches indicate the 
bootstrap values, which were calculate after 1000 replications. The scale bar 
indicates 0.02 subtitutions per nucleotide position. 
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Appendix I. Figure S3. Predicted IAA biosynthesis pathways in B. seminalis 
TC3.4.2R3. 
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Appendix I. Figure S4. A) Predicted gene cluster and B) Pyrrolnitrin 
biosynthesis pathway in B. seminalis TC3.4.2R3.  
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Appendix I. Figure S5. The organization of the predicted pyochelin gene 
cluster in B. seminalis TC3.4.2R3.  
 
Genes are oriented according to the direction of transcription. The clusters 
include genes encoding membrane proteins (green arrows), NPRSs (blue 
arrows), and other biosynthetic enzymes (yellow arrows). pchR (red arrow) 
encodes an AraC family transcriptional regulator.  
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Appendix I. Figure S6. The organization of the predicted ornibactin gene 
cluster in B. seminalis TC3.4.2R3.  
 
Genes are oriented according to the direction of transcription. The cluster include 
genes encoding membrane proteins (green arrows), NPRSs (blue arrows), and 
other biosynthetic enzymes (yellow arrows). orbS (red arrow) encodes a putative 
ECF sigma factor. Predicted domains of the predicted NRPS (OrbI and OrbJ) are 
shown: adenylation (A), peptidyl carrier (P), condensation (C) and repeated 
(HxxPF) domains. Bioinformatic analysis of the NRPS (OrbI and OrbJ) 
(Bachmann and Ravel, 2009) revealed four modules, three in Bsem_0173 and 
one in in Bsem_0174, similar to OrbI and OrbJ of B. cenocepacia (Agnoli et al., 
2006).  These four modules are predicted to add the amino acid residues (L-
ornithine–D-hydroxyaspartate–L-serine–L-ornithine) known to form the amino 
acid backbone of ornibactin (Agnoli et al., 2006).   
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Appendix I. Figure S7.  Growth of Mutant M11 (A) and M12 (B) in culture 
relative to the wild type strain TC3.4.2R3.
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SUMMARY 

 The plasma membrane is a central regulator of plant responses to biotic 

and abiotic stresses. We employed high-resolution shotgun proteomics of plasma 

membrane-enriched fractions coupled with RNA-seq to investigate cellular 

changes occurring in Arabidopsis over a 12h period upon activation of the FLS2 

immune receptor with the flagellin peptide flg22. Over 4600 proteins were 

consistently identified across multiple samples, including two-thirds of the 

receptor-like kinases encoded in the Arabidopsis genome. A large percentage 

(>25%) of the leaf transcriptome exhibited differential expression 1h after elicitor 

treatment. Protein changes were more gradual, with 6% of proteins changing 

abundance 12h after flg22 treatment. A delayed correlation between transcript 

and protein expression was observed. We provide evidence that relatively small 

(<2-fold) changes in transcript abundance can lead to significant changes at the 

protein level. Biological process enrichment emphasized the tradeoff between 

plant growth and pathogen defense. Receptor-like kinases and membrane 

transporters were the two largest classes of differentially expressed proteins in 

plasma membrane fractions. Expression co-clustering of differentially expressed 

transcripts and proteins revealed temporal waves of the plant immune response 

and highlighted protein families that are coordinately expressed at the plasma 

membrane including proteins involved in oxidative stress responses, membrane 

microdomain formation, and vesicle trafficking. Functional analysis of the 

cysteine-rich receptor like kinase family identified multiple conserved 
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phosphorylated residues controlling protein activity. Together, this study identifies 

novel components of the plant immune response and underscores the tradeoff 

between plant growth and pathogen defense. 

 

INTRODUCTION 

 Every plant is a potential host for pathogenic microorganisms and some of 

the largest gene families function as immune receptors for pathogen detection 

(Dodds and Rathjen, 2010). Many of these receptors localize to the plasma 

membrane (PM) and can recognize both external and endogenous signs of 

pathogen attack. Additional PM-associated proteins can control receptor 

abundance or propagate signals immediately downstream of the activated 

receptor. As many pathogen classes complete their lifecycle outside the plant cell 

membrane, PM proteins also participate in the host defenses that limit pathogen 

spread in infected tissue (Dodds and Rathjen, 2010). Thus, the plant PM 

performs multiple roles in plant-microbe interactions. 

Upon attack by pathogens, plants can recognize conserved molecular 

patterns in the apoplast of infected tissue using PM-localized transmembrane 

receptors, often with receptor-like kinase (RLK) domain architecture (Dodds and 

Rathjen, 2010). Activation of these pattern recognition receptors (PRRs) leads to 

rapid (<15min) induction of a conserved set of immune markers. These early 

defense outputs include transient induction of mitogen-activated protein kinase 

(MAPK) cascades, accumulation of reactive oxygen species (ROS), cytosolic ion 

fluxes (particularly Ca2+), and activation of Ca2+-dependent protein kinases 
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(Tena et al., 2011; Monaghan and Zipfel, 2012). MAPK signaling cascades 

converge in the nucleus, where MPK3/6 phosphorylate transcription factors to 

up-regulate the expression of defense associated genes within 30min (Asai et al., 

2002; Tena et al., 2011). Later responses (>30min) include vesicle trafficking at 

sites of pathogen perception, secretion of antimicrobial compounds, and 

formation of papillae containing callose (a β-1,3-glucan) and protein in the cell 

wall (Dodds and Rathjen, 2010; Underwood and Somerville, 2013). This suite of 

responses, termed pattern-triggered immunity (PTI), suppresses pathogen 

growth in infected tissue.  

 The Arabidopsis thaliana PTI receptor Flagellin-sensing 2 (FLS2) is a 

model for immune responses activated by plant cell surface receptors. FLS2 is a 

leucine-rich repeat RLK (LRR-RLK) that directly binds a 22 amino acid epitope of 

bacterial flagellin called flg22. Co-receptors from the Somatic embryogenesis 

receptor kinase (SERK) family also contribute to FLS2 signaling (Roux et al., 

2011). Biochemical and structural studies demonstrate that Brassinolide-

insensitive 1-associated kinase 1 (BAK1/SERK3) rapidly heterodimerizes with 

flg22-bound FLS2 (Chinchilla et al., 2007; Heese et al., 2007; Sun et al., 2013). 

The FLS2-BAK1 complex phosphorylates the kinase Botrytis-induced kinase 1 

(BIK1) to initiate intracellular signaling (Lu et al., 2010; Kadota et al., 2014; Li et 

al., 2014; Lin et al., 2014). BAK1 and BIK1 are required for immune signaling 

activated by multiple PRRs and different PRRs can elicit similar changes in gene 

expression, indicating that multiple aspects of FLS2 signaling can be generalized 



 

 
!

250 
 
to other immune receptors (Monaghan and Zipfel, 2012). While much progress 

has been made in deciphering the early molecular events that control pathogen 

perception, there is less understanding of how PM protein signaling unfolds in the 

hours following PTI activation. 

 Here we present temporal profiling of plant innate immunity over a 12-hour 

period after elicitation of leaf tissue with flg22. We coupled high-resolution liquid 

chromatography tandem mass spectrometry (LC-MS/MS) of PM protein fractions 

with RNA-Seq to profile changes in the proteome and transcriptome, 

respectively. Transcriptional changes peaked at 1h post-FLS2 activation, 

whereas protein changes gradually increased over 12h. Accordingly, we 

observed a delayed correlation in transcript and protein changes at the PM. 

Temporal co-clustering of transcript and protein expression revealed that slight 

changes in gene expression can lead to significant changes in protein 

abundance. We focused on two of the largest classes of differentially expressed 

proteins: membrane transporters and RLKs. Two-thirds (over 400 members) of 

the RLK superfamily in A. thaliana were identified by MS/MS and coordinate 

regulation of specific RLK subfamilies was observed. Multiple members of the 

Cysteine-rich Receptor Kinase (CRK) family were upregulated in response to 

flg22. Conserved CRK phosphorylated residues were identified and their 

importance for CRK activity validated.  Together, this study revealed the 

contribution of previously unknown components to the PTI response at the plant 

cell membrane. 
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EXPERIMENTAL PROCEDURES: 

Plant growth conditions and elicitor treatment 

A. thaliana Col-0 plants were grown in soil in a controlled environment 

chamber at 24˚C with a 10h-light/14h-dark photoperiod with a light intensity of 

85µE/m2/s. Four to five week-old plants were used for all experiments. Three 

hours after the onset of light, plants were sprayed with 10µM flg22 peptide (>85% 

purity, synthesized by GenScript USA Inc.) in 18.2 MΩ·cm-1 water containing 

0.025% Silwet L-77 surfactant using a Preval-267 compressed air sprayer. Col-0 

plants sprayed with 18.2 MΩ·cm-1 water containing 0.025% Silwet L-77 were 

used as a negative control. Plants were incubated for the indicated time period 

before harvesting tissue for protein and RNA isolations. Three biological 

replicates of plants grown and harvested at different times were performed. 

Flg22-treated and water-treated control samples were processed in parallel for all 

replications. Aniline blue staining and fluorescence microscopy of callose 

deposition was performed as previously described (Adam and Somerville, 1996). 

 

Plasma membrane enrichment and processing  

PM enrichment was performed on 30-40g of leaf tissue using three rounds 

of aqueous two-phase partitioning as described previously (Larsson et al., 1994; 

Elmore et al., 2012) with minor modifications. Homogenization buffer was 

supplemented with 50mM sodium pyrophosphate, 25mM sodium fluoride, 1mM 

sodium molybdate, 1mM Sodium orthovanadate, and 25mM β-glycerophosphate. 
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The final upper phase fraction containing enriched plasma membrane vesicles 

was incubated with 0.02% Brij-58 detergent on ice for 10min to invert vesicles 

and release cytosolic contaminants (Johansson et al., 1995). Samples were 

diluted 20 times with H2O and centrifuged at 90000g for 60min to pellet plasma 

membrane vesicles. Membrane pellets were frozen in liquid N2 and stored at -

80˚C. Gel-based multidimensional separation was performed on each sample 

similar to (Elmore et al., 2012), with each treatment and control sample pair 

processed on the same gel. Briefly, protein samples were solubilized in 2X 

Laemmli buffer with 6M urea and quantified using the RCDC Protein Assay 

(Biorad). Samples (300ug protein) were fractionated by 1D SDS-PAGE using an 

8-16% Precise Protein Gradient Gel (Thermo Scientific). The entire sample lane 

was excised and cut into 15 pieces of equal size using a disposable grid cutter 

(The Gel Company). In-gel digestions were performed with trypsin (Shevchenko 

et al., 2006). Digested peptides were dried using a vacuum concentrator then 

solubilized in 60µL 2% acetonitrile/0.1% trifluoroacetic acid and frozen at -80C. 

 

LC-MS/MS 

The LC-MS/MS system configuration consisted of a CTC Pal autosampler 

(LEAP Technologies) and Paradigm HPLC (Michrom BioResources) coupled to a 

QExactive hybrid quadrupole Orbitrap mass spectrometer (Thermo Scientific) 

with a CaptiveSpray ionization source (Michrom BioResources). LC was 

performed by injecting 20µL of each peptide sample onto a Zorbax300SB-C18 

trap column (5µm, 5x0.3mm, Agilent Technologies) which was desalted online. 
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Peptides were eluted from the trap and separated on a reverse-phase Michrom 

Magic C18AQ (200µm x 150mm) capillary column at a flow rate of 2 µL/min 

using a 120min gradient (2 to 35% buffer B 85min, 35 to 80% buffer B 25min, 2% 

buffer B 10min; buffer A=0.01% formic acid in H2O, buffer B=100% acetonitrile). 

The mass spectrometer was operated in data-dependent acquisition mode using 

a standard Top15 method. 

 

Protein identification and quantitation 

Tandem mass spectra were extracted to mzML format using Proteome 

Discoverer and analyzed with the X!Tandem GPM-XE Cyclone version 

2013.02.01.2 spectrum modeler (Craig and Beavis, 2004) using the TAIR10 

Arabidopsis complete proteome (TAIR10_pep_20101214.fasta, 35386 entries) 

with a common repository of adventitious proteins (cRAP database version 1.0, 

112 entries). A reversed and concatenated database served as a decoy 

sequence database to determine peptide and protein false discovery rates (FDR) 

(Kall et al., 2008). X!Tandem was configured to allow parent ion mass error of 

20ppm and fragment mass error of 20ppm. Data were searched using fixed 

modification of +57 (carbamidomethyl) modification of cysteine residues and the 

following variable modifications: -18 on n (Glu->pyro-Glu), -17 on n (Ammonia-

loss), -17 on n (Gln->pyro-Glu), +1 on NQ (Deamidated), +16 on MW (Oxidation), 

+32 on MW (Dioxidation), +42 on Kn (Acetyl), +80 on STY (Phospho) while 

allowing one missed cleavage. X!Tandem search results were imported into 

Scaffold 4.0.3 (Proteome Software) with all MS/MS runs corresponding to the 
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same sample merged. The probability of peptide identifications was modeled 

using a local FDR algorithm and discriminant scoring with a naïve Bayes 

classifier. Protein identifications required two unique peptides, 99.8% protein 

probability, and 20% peptide probability resulting in a 0.7% peptide decoy FDR 

and 4.7% protein decoy FDR. Shared spectral count distributions was performed 

within Scaffold similar to (Zhang et al., 2010) using each protein's cumulative 

unique peptide identification probability as the distribution factor. Spectral counts 

of protein isoforms mapping to the same genomic locus were summed and 

proteins identified in only one of three biological replicates were removed prior to 

differential expression analysis. The QSPEC/QPROT statistical framework v1.2.2 

(http://sourceforge.net/projects/qprot/) (Choi et al., 2008) was used for differential 

expression analysis. Protein spectral counts were normalized for protein length 

and overall sample abundance within QSPEC/QPROT. Multiple testing correction 

was performed by the FDR estimation procedure implemented in QSpec/QProt 

v1.2.2 (Bayer-Santos et al., 2012). Proteins with a criterion FDR ≤ 0.05 and 

minimum abundance change ±50% in two of three biological replicates were 

classified as differentially expressed (Supplemental Table 1). Phosphopeptide 

identifications required a peptide probability >= 99%, X!Tandem -log(e) score >= 

1.5, and parent mass error <= 6ppm resulting in a 0.03% peptide decoy FDR for 

phosphorylated spectra. 
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RNA-seq and quantitative analysis 

For RNA-seq analysis, plants were grown and treated in the same way as 

above. Total RNA was extracted from 4-5 leaves using the Trizol reagent 

(Invitrogen) according to manufacturer’s instructions. The TruSeq RNA kit 

(Illumina) was used to enrich for mRNA and prepare cDNA libraries which were 

sequenced on the Illumina HiSeq 2000 (Paired-end, 100 cycles). The GENE-

counter configuration, processing, and assessment tools were used to process 

and align the reads to the Arabidopsis TAIR10 reference genome 

(http://www.arabidopsis.org/) (Cumbie et al., 2011). Read alignments were 

performed using CASHX v1.3 (Fahlgren et al., 2007). Reads  aligning to more 

than one gene locus were excluded. Genes with less than 10 reads were filtered 

out prior to analysis of differential expression. Differential expression and 

regression analysis were performed using the R package NBP-Seq version 0.1.8 

(Di et al., 2011). Transcripts with a p-value ≤ 0.05, q-value ≤ 0.05, and -1 ≥ Log2 

fold change ≥ 1 were classified as differentially expressed (Supplemental Tables 

2-6). 

 

Gene Ontology (GO) analysis 

GOslim term annotations were retrieved from Ensembl Plants 21 (EBI UK) 

At genes (2010-09-TAIR10) within the BioMart database system (Kinsella et al., 

2011). Tests for statistical enrichment were performed using the hypergeometric 

distribution with Benjamini-Hochberg correction (p-value ≤ 0.1) within R using the 
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background set of the A. thaliana TAIR10 genome, filtered RNA-seq, or filtered 

protein sets as indicated.  

 

Temporal expression clustering and analysis 

Splinecluster was used for temporal expression co-clustering of 

differentially expressed proteins and their corresponding transcripts as described 

previously (Heard et al., 2005). Temporal expression groups were tested for 

Interpro domain enrichment using the hypergeometric distribution with Benjamini-

Hochberg correction (p-value ≤ 0.1) within R using BioMart annotations (Kinsella 

et al., 2011). 

 

Phylogenetic analysis 

Clustal X 2.1 (http://www.clustal.org/) was used to align RLK kinase 

domain sequences (Shiu et al., 2004) or complete protein sequences (TAIR10) 

and to bootstrap the resulting trees with the neighbor-joining method using 

default settings. Aminoglycoside 3'-phosphotransferase (P0A3Y6) was used as 

the outgroup for the kinase domain phylogenies (Shiu et al., 2004). Trees were 

visualized in FigTree v1.4.0 (http://tree.bio.ed.ac.uk/software/figtree/). 

 

Immunoblotting 

SDS-PAGE and immunoblotting were performed according to standard 

procedures. Phospho-p44/42 Erk1/2 (MAPK) (Cell Signaling Technology #9101) 

and monoclonal ANTI-FLAG M2 (Sigma #F1804) antibodies were used a 
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concentration of 1:2000. Secondary goat anti-rabbit (BioRad #170-5046) or goat 

anti-mouse (BioRad #170-6516) IgG-HRP conjugates were used at a 

concentration of 1:3000 for detection using enhanced chemiluminescence 

(Pierce). 

 

PCR 

Quantitative real-time PCR reactions used Bio-Rad SsoFast EvaGreen 

Supermix according to manufacturer’s directions using a CFX96 Touch (Bio-

Rad). Gene expression was normalized against ELONGATION FACTOR 1-

ALPHA (AT5G60390) and flg22-induced gene expression was compared to 

water-treated controls using the comparative C(t) method (Schmittgen and Livak, 

2008). Site-directed mutagenesis used the QuickChange kit (Stratagene). All 

oligonucleotide primers are listed in Supplemental Table 10. 

 

Transient expression and analysis of cell death 

Agrobacterium-mediated transient expression was performed as 

described previously (Leister et al., 2005). A. tumefaciens C58C1 carrying the 

pMD1 binary vector expressing wild-type CRK13 and site-directed mutants under 

control of the 35S promoter were syringe-infiltrated into 4 week-old Nicotiana 

benthamiana or N. tabacum plants at a concentration of OD600=0.4. Cell death 

was monitored 24-72 hours post-infiltration. N. benthamiana leaves were stained 

with trypan blue to visualize cell death at 40 hours post-infiltration (Heese et al., 

2007). 
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RESULTS 

Time course to determine appropriate temporal sampling after flg22 
application 

 FLS2-mediated immune responses were investigated in leaf tissue of four-

week-old Arabidopsis thaliana plants. Previously characterized early, middle and 

late PTI markers were used to determine appropriate times of sampling for the 

profiling experiments. Leaves were sprayed with 10µM flg22 peptide or water 

containing the surfactant Silwet L-77 (Figure 1A). MAPK activation was observed 

within 5min of flg22-treatment, was strongly sustained from 10 to 30min and 

returned to basal levels within 90min (Fig 1B). The marker gene FLG22-

INDUCED RECEPTOR KINASE (FRK1) peaked at 60min and remained up-

regulated relative to the water treatment for the duration of the experiment 

(Figure 1A). We could reliably observe callose deposition, a late PTI marker, in 

flg22-treated leaves by 720min (Figure 1C).  

  For PM-associated protein sampling, leaf tissue was collected at 10, 180, 

and 720min after flg22 application, corresponding to activation of early (MAPK 

activation), middle (transcriptional reprogramming), and late (callose deposition) 

markers, respectively (Figure 1). We focused on analyzing plasma membrane 

(PM) fractions to increase the resolution of low-abundance proteins in this 

important subcellular compartment. For RNA-seq, leaves were collected at 10, 

60, 180, 360, and 720min after flg22 application (Figure 1A). For every time 

point, three biological replicates of flg22-treated and control tissue were 
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harvested and analyzed. This sampling strategy facilitated a detailed temporal 

analysis of plant PTI responses over a 12h window. 

 

Protein and transcript identifications and differential expression analysis 

 PM vesicles were purified using aqueous two-phase partitioning and 

treated with the Brij-58 detergent to release trapped cytosolic contaminants 

(Larsson et al., 1994). The MS/MS dataset contained 6,227,230 spectra 

identifying 4,932 A. thaliana proteins (Figure 2A). This total set was filtered to 

remove proteins identified in only one replicate of a time point (Figure 2B). 

Differential expression analysis using spectral counting was performed on the 

filtered protein set (n= 4649) using the QSPEC/QPROT statistical framework with 

an FDR threshold of 0.05 and a minimum fold change of ±50% in at least two of 

three biological replicates (Choi et al., 2008) (Supplemental Table 1). RNA-seq 

was also performed, resulting in an average of 19,000 genes identified per 

sample. Genes with a low number (<10) of aligned reads were further filtered out, 

leaving a total of 16,355 (16,091 protein-coding) gene identifications across all 

time points (Figure 2B). The genes that passed filtering were analyzed using the 

NBP-Seq package for differential expression (Di et al., 2011) (Supplemental 

Tables 2-6). For proteins and transcripts, differential expression analysis was 

performed at each time point individually using the three biological replicates of 

flg22-treated and water-treated control samples. 

 A substantial overlap was observed between RNA-seq and MS/MS 

identifications. Only 2% of detected proteins had no corresponding RNA-seq 
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reads (Figure 2A). Somewhat unexpectedly, ~10% of the proteins had very low 

read counts in the RNA-Seq dataset (Figure 2B). Manual inspection of a subset 

of these proteins confirmed that confidently-assigned unique peptides were 

identified, indicating that inappropriate MS/MS spectrum matching did not occur 

(data not shown). It is likely that mRNA expression of some proteins cycles 

temporally and/or the proteins persist at the PM while the corresponding mRNA 

is turned over more rapidly (Schwanhausser et al., 2011; Vogel and Marcotte, 

2012; Walley et al., 2013). Unless noted otherwise, the filtered protein and RNA-

seq gene sets are used for subsequent analyses. 

 

Functional specialization of the plant plasma membrane 

 Next, we investigated the molecular functions of identifications from RNA-

seq and MS/MS approaches. Analysis of Gene Ontology (GO) terms (Ashburner 

et al., 2000; Kinsella et al., 2011) revealed significant differences between the 

RNA-seq and MS/MS identifications and the A. thaliana genome for most GOslim 

molecular function terms (Figure 2C). The spectrum of GO terms associated with 

the RNA-seq data more closely resembled the background A. thaliana genome. 

In contrast, the GO terms associated with the PM-associated proteome were 

highly enriched in proteins with kinase and membrane transporter activity relative 

to the A. thaliana genome (Figure 2C). These results highlight functional 

specialization within the cellular membrane, which is enriched in signaling 

receptor-like kinases and membrane transporters. 
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Characterization of the plasma membrane-associated proteome 

 The analyzed PM-enriched fractions are expected to contain bona fide PM 

proteins and PM-associated cytosolic proteins. Previous experiments 

demonstrated that our PM isolation protocol resulted in the isolation of relatively 

pure PM preparations (Elmore et al., 2012). It is important to note that membrane 

stripping was not performed, thus enabling the detection of PM-associated 

cytosolic proteins. Because biochemical purification strategies rarely attain 100% 

purity, it is also expected that there will be some degree of contamination of 

proteins localized to other organelles.  

 To evaluate the purity of PM fractions, the SUBcellular location database 

for Arabidopsis proteins (SUBA3) consensus predictions were used to assign a 

single, most-probable cellular location for all features identified in the MS/MS 

data, RNA-seq data, and the A. thaliana genome (Figure 3) (Tanz et al., 2013). 

Relative to the entire A. thaliana genome, PM-associated proteins were highly 

enriched in the SUBA consensus locations "plasma membrane" (p = 2.7 x 10-74) 

and "cytosol" (p= 2.3 x 10-43) (Figure 3A). PM fractions were also enriched in 

proteins predicted to localize to the endoplasmic reticulum (p = 4.2  x 10-55) and 

depleted in proteins predicted to localize to the nucleus (p = 2.7 x 10-92) and 

extracellular region (p = 3.4 x 10-106) (Figure 3A). To further evaluate the 

presence of contaminating proteins from other organelles across the experiment, 

normalized spectral abundance factors (NSAF) were calculated for each protein 

and averaged across all samples (Paoletti et al., 2006). Cumulative NSAF values 

were then calculated for each cellular compartment based on the SUBA 
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consensus predictions for individual proteins. As expected, the majority of NSAF 

values are predicted to be derived from plasma membrane (42%) and cytosolic 

proteins (31%) (Figure 3B). Taken together, these results indicate that the 

analyzed PM fractions are highly enriched in the targeted proteomes (plasma 

membrane and cytosol). However, independent experimental methods should be 

used to establish the localization of individual proteins prior to detailed analyses. 

 Identified proteins were also analyzed for predicted and experimentally-

supported evidence of transmembrane domains (Krogh et al., 2001) and post-

translational modifications associated with membrane targeting such as: 

myristoylation (Podell and Gribskov, 2004), palmitoylation (Hemsley et al., 2013), 

prenylation (Maurer-Stroh et al., 2007) and GPI-anchoring (Schwacke et al., 

2003). Although no membrane stripping was employed to specifically enrich for 

integral membrane proteins, 32% (n=1501) of the proteins are predicted to 

contain at least one transmembrane domain (data not shown). In addition to 

transmembrane domains, 14% (n=672) of the proteins have predicted or 

experimental evidence of membrane association via lipid post-translational 

modifications (data not shown). This result is comparable to other A. thaliana 

membrane proteomics studies that found 20-50% integral membrane proteins in 

membrane-enriched fractions (Alexandersson et al., 2004; Nelson et al., 2006; 

Marmagne et al., 2007; Mitra et al., 2007; Huang et al., 2013). 
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Delayed correlation in the expression dynamics of the transcriptome and 
plasma membrane-associated proteome 

 The majority of transcriptional changes in response to flg22 treatment 

occurred by 60min while most of the PM-associated protein changes occurred 

after 180min (Figure 4A). To further analyze the correspondence between 

changes at the mRNA and protein level, pairwise comparisons were made for 

each time point. Scatterplots of all protein and associated mRNA Log2 fold 

changes indicated a low but significant correlation in expression patterns (r=0.26-

0.37) (data not shown). Next, we focused solely on analyses of differentially 

expressed genes and proteins. Significantly stronger correlations were observed 

for genes that were detected as differentially expressed at both the mRNA and 

protein levels (r=0.49-0.81) (Figure 4B). The strongest correlations between 

mRNA and protein expression were observed between the mRNA-60min/protein-

180min (r=0.81) and the mRNA-180min/protein-720min (r=0.72) sample pairs. 

This delayed correlation likely reflects a 2-9 hour lag phase from transcription to 

translation and trafficking of a PM-localized protein. These observations are in 

line with a previous study in yeast finding that protein abundance changes at six 

hours were most highly correlated with mRNA changes at one and two hours 

post-treatment (Fournier et al., 2010). 

  

Biological process enrichment highlights the trade-off between plant 
growth and defense 

In order to characterize the cellular changes associated with flagellin 

perception over the course of the experiment, differentially expressed transcripts 
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and proteins at each time point were analyzed for over-representation of GOslim 

biological process terms (Figure 5). Within 60min of flg22 treatment, up-regulated 

transcripts were enriched in biological processes associated with the immune 

system, stress responses, protein targeting, signal transduction, and transport 

(Figure 5). Down-regulated transcripts at 60-180min were enriched in terms 

associated with growth, development and various primary and secondary 

metabolic processes. Consistent with the delayed correlation observed between 

transcript and protein (Figure 4B), many of the significant biological processes 

observed at the transcript level were reflected at later time points at the protein 

level. Biological process terms associated with the immune system, protein 

targeting, response to stress, signal transduction, transmembrane transport, and 

vesicle transport were significantly over-represented in up-regulated proteins at 

180-720min post-flg22 (Figure 5). Down-regulated processes at the protein level 

include cell differentiation, cell wall organization, developmental maturation, and 

growth. These cellular changes reflect the known trade-off between plant growth 

and immunity (Lozano-Durán et al., 2013; Huot et al., 2014) and the metabolic 

reprogramming necessary to mount a defense response (Bolton, 2009). 

 

Membrane transporters that are differentially expressed during FLS2 
activation 

 Multiple membrane transporter proteins were differentially expressed 180-

720min after flg22 treatment (Table 1). ATP-binding cassette (ABC) transporters 

belonging to the ABCB and ABCG subfamilies were up-regulated 180-720min 
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post-flg22. ABCB14 is a malate importer that can affect stomatal movement by 

controlling guard cell osmotic pressure (Lee et al., 2008). Other significantly 

changing ABC transporters include those implicated in auxin transport 

(Kamimoto et al., 2012), abscisic acid import (Kang et al., 2010), and export of 

sporopollenin precursors involved in pollen exine formation (Quilichini et al., 

2010). In addition, several members of the Nitrate transporter1/Peptide 

transporter family (NPF) also increased in abundance during PTI (Léran et al., 

2014). Members of the ABC and NPF families can transport a range of 

substrates (Kang et al., 2011; Léran et al., 2014). Thus, these proteins likely 

contribute to hormone transport as well as the export of antimicrobial or cell wall-

reinforcing compounds into the apoplast upon pathogen perception. We identified 

14 of 15 P-type Ca2+ ATPases  in A. thaliana, but only the Autoinhibited Ca2+ 

ATPase 12 (ACA12) was differentially expressed in PM fractions. In contrast with 

other ACAs, ACA12 has recently been demonstrated to be a hyperactive Ca2+ 

pump that lacks autoinhibition and calmodulin regulation (Limonta et al., 2014). 

The strong up-regulation of ACA12 at 180-720min post-flg22 treatment suggests 

that it could be involved in cytosolic calcium ion homeostasis during PTI. 

 

Temporal expression clustering highlights protein families coordinately 
regulated during FLS2 activation 

 To better understand temporal expression dynamics during FLS2 

signaling, we used Bayesian hierarchical co-clustering implemented in the 

Splinecluster package (Heard et al., 2005). Clustering of differentially expressed 
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proteins (n=333) and their corresponding transcripts over the course of the 

experiment resulted in 11 clusters representing distinct patterns of expression 

(Figure 6, Supplemental Figure 1, Supplemental Table 7). Clusters 1 and 3 are 

comprised of proteins that were down-regulated at 720min and 180min, 

respectively, but whose transcripts were filtered prior to differential expression 

analysis due to low or no RNA-seq reads. Clusters 6 and 9 are comprised of 

proteins that were up-regulated at 180min and 720min, respectively, with only 

minor changes at the transcript level (<2 fold). Similarly, Clusters 7 and 8 include 

proteins down-regulated at 720min, but the majority of the corresponding 

transcripts exhibit minor differences in expression. These observations suggest 

that significant changes in protein abundance can occur in the absence of major 

changes in gene expression at commonly used thresholds, e.g. a 2-fold change 

in transcript abundance. 

 To identify protein families that exhibit coordinate regulation during PTI, 

we tested the temporal clusters for over-representation of Interpro protein 

domains in each group (Table 2, Supplemental Table 8). The majority of the 

over-represented Interpro domains are associated with membrane-localized 

proteins and over half are associated with receptor-like kinases (RLKs) or 

membrane transporters (Table 2). Other protein families of interest and with two 

or more members present in the temporal clusters include the IPR008700 and 

IPR001107 domain families. Proteins carrying the IPR008700 domain share 

homology with the plant immune regulator RPM1-interacting 4 (RIN4). This 
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domain can be targeted by the pathogen effector protease AvrRpt2 (Chisholm et 

al., 2005), suggesting that in addition to RIN4, other IPR008700 proteins may 

function in regulating immune responses. This observation is consistent with the 

"zig-zag" model of plant-pathogen interactions which predicts that the host 

targets of pathogen effectors participate in pattern-triggered immunity (Jones and 

Dangl, 2006).  

 The IPR001107 Band 7 domain is also known as the 

stomatin/prohibitin/flotillin/HflK/C (SPFH) domain. SPFH proteins localize to PM 

microdomains and have roles in vesicle trafficking and membrane scaffolding 

(Stuermer, 2010; Qi et al., 2011; Li et al., 2012). Flotillins are involved in a 

clathrin-independent endocytic pathway in Arabidopsis and have multiple roles in 

membrane trafficking in other eukaryotes (Stuermer, 2010; Li et al., 2012). SPFH 

proteins have important roles in symbiosis and immunity in diverse plants (Haney 

and Long, 2010; Qi et al., 2011). Taken together, this analysis highlights protein 

families that are differentially expressed at the PM during PTI and provides a 

starting point to dissect the contributions of specific family members to plant 

immunity. 

 

Receptor-like kinases (RLKs) represent the largest class of differentially 
expressed proteins 

The high-resolution proteomics strategy facilitated the detection of 

numerous RLKs in leaf tissue. We identified 411 RLKs by MS/MS, representing 

~66% of all RLKs encoded in the A. thaliana genome. Furthermore, 60 (15%) of 
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the identified RLK proteins were differentially expressed over the course of the 

experiment. To understand the regulation of this large gene family in the context 

of its evolutionary history, the RLK superfamily was divided into LRR-RLKs and 

non-LRR RLKs and phylogenetic trees were constructed based on their kinase 

domain sequences (Supplemental Figures 2 and 3) (Shiu et al., 2004). A 

heatmap of differential mRNA and protein expression was aligned to the RLK 

phylogenies to evaluate the expression patterns of related proteins 

(Supplemental Figures 2 and 3). Differential protein expression of LRR-RLKs 

was primarily detected in the LRR-Ia, LRR-XI, and LRR-XII subfamilies (Shiu et 

al., 2004). Notably, Six members of the LRR-Ia IMPAIRED-OOMYCETE 

SUSCEPTIBILITY 1 (IOS1) family were up-regulated 180-720min post-flg22. 

Several members of the LRR-XI subfamily with known or putative roles in 

development were down-regulated, consistent with the growth/defense 

antagonism previously described. The immune receptors EFR and FLS2 as well 

as two additional members of the LRR-XII RLK subfamily were up-regulated 180-

720min after flg22 treatment. Analysis of non-LRR RLKs showed that most 

differentially expressed proteins belonged to the L-Lectin, SD-1b (S-domain), and 

DUF26/IPR002902 domain subfamilies (Supplemental Figure 3). 

To visualize the relative protein abundance of RLKs, the mean NSAF ± 

standard deviation was calculated across all treatment and control samples 

(Supplemental Figures 2 and 3) (Paoletti et al., 2006). A large dynamic range 

(104 difference in mean NSAF values) in estimated LRR-RLK abundance was 
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observed (Supplemental Figure 2). Interestingly, members within certain sub-

clades exhibited similar levels of relative abundance (for example, the SERK and 

BIR families) (Supplemental Figure 2). Spectral count assignments for shared 

peptides were weighted according to the number of unique peptides identified for 

each protein, suggesting that the coordinate expression of these families is 

biologically relevant. However, protein inference from bottom-up peptide analysis 

can be challenging for homologous proteins and expression of individual family 

members should be validated using independent approaches. Nevertheless, 

these analyses provide unique and previously unreported information about the 

relative levels of RLKs in PM fractions from leaf tissue. 

 

Regulation of the BAK1/FLS2 protein interaction network 

 Bacterial flagellin is perceived by the FLS2 immune receptor, which also 

functions in concert with its co-receptor BAK1. Because we profiled temporal 

changes occurring after flagellin perception, differential regulation of the 

BAK1/FLS2 network was investigated. This network of BAK1/FLS2 

associated/interacting proteins was generated based on previously published 

reports (Supplemental Figure 4). Although BAK1 was up-regulated at the 

transcript level, we did not detect significant changes in BAK1 protein 

abundance. However, differential protein expression was detected for the BAK1-

interacting proteins EFR, FLS2, IOS1, and PEPR1 (all up-regulated at 720min) 

and BRI1 (down-regulated at 720min) (Supplemental Figure 4). Complex 

patterns of regulation of the Plant U-box 12 (PUB12) at the transcript and protein 
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level were detected (Supplemental Figure 4). PUB12 is an E3 ubiquitin ligase 

that directly targets FLS2 for degradation and its decrease at the PM 180-720min 

post-FLS2 activation likely enables FLS2 to accumulate to higher levels, 

amplifying the signal of bacterial perception in the event of significant bacterial 

titers (Lu et al., 2011). We also detected an increase in the protein levels of 

Respiratory burst oxidase homologue D (RBOHD), which has recently been 

shown to reside in complex with FLS2 and EFR and is activated by BIK1 to 

regulate production of reactive oxygen species in response to pathogen 

perception (Kadota et al., 2014; Li et al., 2014). The down-regulation of the 

developmental RLK BRI1 and up-regulation of several immune-related RLKs 

likely contribute to the antagonistic relationship between plant growth and 

immunity. Further, the composition of BAK1/SERK protein complexes appear to 

be altered not only in the seconds to minutes following receptor activation but 

sustained over several hours. 

 

Cysteine-rich receptor kinases (CRKs) are dynamically expressed during 
PTI and regulated by phosphorylation 

 Among the differentially regulated RLKs (Table 2 and Supplemental 

Figure 3), we noted that seven members of the DUF26/IPR002902 domain family 

were up-regulated at the protein level and the majority of this family was 

transcriptionally mobilized upon flagellin perception (Figure 7A). In plants, these 

proteins are known as Cysteine-rich receptor kinases (CRKs) and typically 

contain two extracellular cysteine-rich Ginkbilobin-2 (Gnk2)-homologous/DUF26 
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domains (Wang and Ng, 2000). Different CRK family members have been 

previously implicated in the activation of plant immunity (Chen et al., 2003; Chen 

et al., 2004; Acharya et al., 2007) and responses to various abiotic factors like 

water and ozone stresses (Wrzaczek et al., 2010; Tanaka et al., 2012; Idänheimo 

et al., 2014), indicating that the CRK family plays an important role in stress 

responses. An unrooted phylogeny of the CRK family was created using 

complete amino acid sequences (Figure 7A). A heatmap of differential transcript 

and protein expression and a bar plot of estimated relative PM abundance were 

constructed (Figure 7A). While the majority of the CRK subfamily is 

transcriptionally up-regulated, differential protein abundance was only detected in 

a few subclades (Figure 7A).  

 Due to the importance of protein phosphorylation in plant immunity, the 

MS/MS data were searched for peptides with phosphorylated serine (S), 

threonine (T), or tyrosine (Y) residues. Based on stringent peptide identification 

thresholds (see EXPERIMENTAL PROCEDURES), we identified 17081 

phosphopeptide spectra that correspond to 930 unique peptides derived from 

546 proteins, (Supplemental Table 9). Several phosphopeptides mapped to CRK 

proteins (Supplemental Table 9). We used an alignment of the amino acid 

sequences of the CRK family to identify conserved phosphorylated residues. 

Three phosphopeptides corresponding to the modified sites CRK2S309, 

CRK10S662, and CRK41S653 exhibited conserved S/T residues for most CRK 
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family members. We also identified several lower confidence phosphopeptide 

spectra with conserved, potentially modified residues.  

 We examined the role of a subset of these conserved residues in CRK13 

(Figure 7B), which elicits defense responses and cell death when over-expressed 

in A. thaliana (Acharya et al., 2007). Agrobacterium-mediated transient 

expression of a 35S:CRK13:3XFLAG construct in Nicotiana benthamiana and N. 

tabacum also elicits cell death (Figure 7C). Site-directed PCR mutagenesis was 

performed on CRK13 to substitute the candidate phosphorylated residues to 

alanine (primers available in Supplemental Table 10). We also mutated the highly 

conserved lysine residue CRK13K386 in the ATP-binding site to generate a 

"kinase-dead" mutant (De Bondt et al., 1993). The CRK13 mutants CRK13S345A 

(corresponding to CRK2S309), CRK13K386N, CRK13S389A, CRK13T392A, 

CRK13S395A, CRK13S66A (corresponding to CRK10S662 and CRK41S653) were 

assayed for cell death elicitation in N. benthamiana and N. tabacum (Figure 7C). 

Wild-type CRK13 (CRK13WT), CRK13S345A, and CRK13S389A elicited similar levels 

of cell death starting around 24 hours post-infiltration, resulting in complete tissue 

collapse within 48 hours. The CRK13K386A and CRK13T392A mutations completely 

abolished cell death activity in both N. benthamiana and N. tabacum (Figure 7C). 

The CRK13S395A mutant exhibited reduced cell death (50-75% of infiltrated 

leaves) compared to CRK13WT in N. benthamiana while the majority of 

CRK13S395A infiltrations in N. tabacum were similar to CRK13WT. The CRK13S666A 

mutant consistently (85-90% of infiltrated leaves) showed reduced cell death 
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compared to CRK13WT in N. benthamiana and N. tabacum (Figure 7C). All 

proteins accumulated to similar levels as CRK13WT (Figure 7C). Importantly, 

CRK13K386A did not induce cell death, indicating that kinase activity is essential 

for the cell death phenotype. Together, these results suggest that kinase activity 

and conserved, phosphorylated residues on CRK13 are important for cell death 

activation in planta. 

 

DISCUSSION 

In this study we sought to uncover temporal phases of the FLS2-mediated 

PTI responses with a focus on dynamic changes in the PM proteome. In contrast 

with other studies seeking highly pure membrane fractions (Marmagne et al., 

2007; Huang et al., 2013), no membrane stripping was employed to preserve 

important protein-protein interactions at the PM. Accordingly, the majority of 

spectral counts are derived from predicted PM and cytosolic proteins (Figure 3B). 

Furthermore, 1501 (32%) of the identified proteins are predicted to contain a 

transmembrane domain and 672 (14%) are predicted to harbor a membrane-

targeting post-translational modification. The in-depth profiling of PM fractions 

presented here greatly expands the repertoire of putative PM-associated proteins 

in Arabidopsis leaves and highlights important areas for future investigations of 

immune signaling.  

Gene expression is controlled at multiple steps before and after 

transcription and translation. This multi-tiered regulation allows a cell to fine-tune 

its responses to stimuli. Accordingly, it is possible that changes observed at the 
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transcript level are not translated into similar changes in protein abundance. 

Direct comparison of transcript and protein regulation was complicated in this 

study because a specific subcellular compartment was profiled containing distinct 

proteins relative to the rest of the cell (Figure 2). The global correlations between 

mRNA and protein expression were low (data not shown), which might be 

attributed to the chosen sampling times or the differences in the sensitivity of our 

transcript and protein quantification methods. However, our observations agree 

with previous studies which reported a similar low correspondence between 

transcript and protein levels in animal cells, yeast, and plants (Maier et al., 2009; 

Fournier et al., 2010; Lan et al., 2012; Ning et al., 2012; Vogel and Marcotte, 

2012; Walley et al., 2013). Stronger correlations (r = 0.7-0.8) were observed for 

genes detected as differentially expressed at the mRNA and protein level (Figure 

4B). The strongest correlations we observed for transcript and protein expression 

were between mRNA-60min/protein-180min and mRNA-180min/protein-720min 

sample pairs (Figure 4B). The data suggest a 2-9 hour interval between 

transcriptome changes and appearance of functionally-localized PM proteins. 

This delay could be exploited by pathogens that deliver effectors into host cells to 

disrupt immune signaling networks before the host can mount an effective 

defense. 
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RLK dynamics highlight the tradeoff between plant growth and defense 
priming 

 Biological process analysis of differentially expressed proteins indicated 

that plant growth and development processes are down-regulated during 

activation of immune responses (Figure 5). The BAK1/FLS2 protein network 

highlights this tradeoff between plant growth, development and defense 

responses (Supplemental Figure 4). Although BAK1 transcription was up-

regulated, we were unable to detect any significant changes in BAK1 or SERK 

proteins (Supplemental Figures 2 and 4). However, known BAK1-interacting 

RLKs were modulated at the protein level, with the immune-related kinases EFR, 

FLS2, IOS1, and PEPR1 up-regulated 180-720min and the brassinosteroid 

receptor BRI1 down-regulated by 720min post-flg22 (Supplemental Figure 4). 

Up-regulation of IOS1 during PTI is consistent with its role in regulating 

FLS2/EFR association with BAK1 and priming of defense responses (Chen et al., 

2014). The decrease in BRI1 levels likely facilitates the interaction between 

immune signaling PRRs and BAK1 enabling rapid activation of immunity in 

response to subsequent pathogen attack as well as positive feedback loops to 

sustain PTI. 

 Several RLKs with known or predicted roles in plant development are 

down-regulated at the PM in response to flg22 treatment, often with subtle 

transcriptional changes (Supplemental Figure 2). This observation indicates that 

in addition to FLS2, receptor turnover at the PM may play an important role in 

RLK dynamics during immune signaling (Geldner and Robatzek, 2008; Lu et al., 
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2011; Smith et al., 2014). Accordingly, we observed an increase in the levels of 

the adaptor protein complex 2 (AP-2), at 180min post-flg22 (Supplemental Table 

1) (Banbury et al., 2003). The AP-2 complex is involved in loading 

transmembrane proteins (for example BRI1) carrying an internalization motif into 

clathrin coated endocytic vesicles at the PM (Banbury et al., 2003; Geldner and 

Robatzek, 2008; Di Rubbo et al., 2013). In addition, flotillin proteins involved in 

clathrin-independent endocytic pathways and microdomain formation were up-

regulated in PM fractions after flg22 treatment, suggesting a restructuring of 

membrane compartments during PTI (Keinath et al., 2010; Li et al., 2012). These 

observations support previous reports that both endocytic pathways and 

membrane microdomains play an important role in regulating membrane 

signaling during immune responses (Geldner and Robatzek, 2008; Keinath et al., 

2010).  

 Most known PRRs are present at relatively low levels in PM fractions 

(Supplemental Figures 2 and 3). PRR abundance is likely tightly controlled in 

order to avoid inappropriate activation. Pre-treatment of plants with flg22 primes 

the plant immune system to elicit robust defense responses upon pathogen 

challenge (Zipfel et al., 2004). The up-regulation of many known PRRs 

(Supplemental Figures 2 and 3) around 720min post-flg22 supports a model 

where the primary recognition event stimulates an increase in pathogen 

receptors at the PM, leading to stronger activation of defense responses against 

subsequent pathogen attack. The increase in PRRs recognizing different 
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microbial ligands may allow the plant to more rapidly achieve the signaling 

threshold required for activation of defense. Moreover, the expression patterns of 

known PRRs strongly implicate uncharacterized RLKs with similar expression 

profiles as additional plant immune receptors or regulatory proteins. 

 

CRKs in plant defense signaling 

Proteins with IPR002902/Gnk2-homologous domains in Arabidopsis 

comprise ~60 small secreted proteins and ~42 non-LRR cysteine-rich RLKs 

(CRKs) (Chen, 2001). The presence of disulfide bonds in the Gnk2-homologous 

domain suggests that CRKs might be sensitive to apoplastic redox states 

(Miyakawa et al., 2009). Thus, CRK proteins may be up-regulated during PTI in 

order to monitor the apoplast for subsequent signs of pathogen recognition or to 

amplify reactive oxygen species-mediated immune signaling (Wrzaczek et al., 

2013; Smith et al., 2014). Around 20 of the CRK-encoding genes are present in a 

tandem array on chromosome 4 of the A. thaliana Col-0 genome and nearly all 

are transcriptionally activated in response to elicitor or ozone treatment (Figure 

7A) (Wrzaczek et al., 2010). While most of the CRK family is up-regulated at the 

transcript level, we only detected changes in the protein levels of CRK11, 13, 14, 

18, 22, 28, and 29. These results suggest that 1) the CRK family is under post-

transcriptional and/or translational control or 2) limitations in MS/MS 

quantification or sampling times prevented detection of changes in additional 

CRK proteins (Figure 7A). Analysis of phosphopeptides resulted in the 

identification of conserved phosphorylated amino acids that impact CRK-
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mediated cell death in vivo. Importantly, a kinase-dead mutant of CRK13 lost the 

ability to elicit cell death and a conserved, phosphorylated residue (S666) in its C-

terminal cytoplasmic tail impaired the ability of CRK13 to activate cell death 

(Figure 7B-C). These results indicate that both kinase activity and 

phosphorylation at key residues play an important role in CRK regulation. Future 

investigations into the connection between CRKs, ROS signaling, and immunity 

should yield mechanistic insights into the regulation of plant stress responses. 

 

CONCLUSION 

 The in-depth MS/MS analysis of plasma membrane-enriched fractions 

identified major alterations occurring within the membrane-associated proteome 

during pattern-triggered immune signaling. Detailed analyses of differentially 

expressed proteins will likely uncover novel mechanisms of pathogen 

recognition, RLK regulation, and transporter-mediated plant defense at the 

plasma membrane.  
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Appendix II. Figure 1. Experimental overview and timing of flg22-activated 
responses.  
 
(A) Overview of the sampling strategy. Four-week-old Arabidopsis Col-0 plants 
grown in soil were sprayed with 10µM flg22 peptide or H2O. Rosette leaf tissue 
was harvested for plasma membrane (PM) protein enrichment or RNA extraction 
at the indicated time points. The line graph depicts expression of the FLG22-
INDUCED RECEPTOR-LIKE KINASE 1 (FRK1) marker gene relative to H2O-
treated controls (mean ± SD). Expression values were normalized to Elongation 
factor-1α. Blue and red arrows indicate the sampling times for RNA and protein 
extractions, respectively. (B) Robust mitogen-activated protein kinase (MAPK) 
activation is observed 10-15min post-flg22 treatment. Plants were treated as in 
(A). Total leaf protein was extracted from tissue harvested at the indicated time 
points and subjected to SDS-PAGE and immunoblotting using an antibody 
recognizing phospho-p44/p42 MPK. Signals corresponding to MPK3 and MPK6 
are indicated with arrows. (C) Reproducible callose deposition is observed 
720min (12h) post-flg22 treatment as determined by aniline blue staining and 
fluorescence microscopy. Plants were treated as in (A). Scale bar = 100µm. 
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Appendix II. Figure 2. RNA and protein identifications highlight functional 
specialization of the plasma membrane-enriched proteome. 
 
(A) Overlap in identifications in the unfiltered RNA-seq and MS/MS datasets. 
Genes with at least one unique RNA-seq read or proteins with two unique 
peptides present in at least one sample across the experiment were considered 
identified. (B) Overlap in identifications in the filtered RNA-seq and MS/MS 
datasets. The filtered datasets were used for differential expression analysis. The 
filtered RNA-seq data include genes with ten or more reads in all three replicates 
of either treatment (flg22) or control (H2O) at a given time point. The filtered 
MS/MS data include proteins identified in at least two replicates of either 
treatment or control at a given time point. (C) Comparison of Gene Ontology 
(GO) Molecular Function term annotations in filtered data compared to the 
complete Arabidopsis genome. GO slim annotations were tested for differences 
using the hypergeometric test with Benjamini-Hochberg multiple test correction. 
The most significant terms (p < 0.001) for the protein and RNA-seq identifications 
are indicated with asterisks (*) and hashes (#), respectively. Proteins with kinase 
and transmembrane transporter activities are enriched in the MS/MS data.  
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Appendix II. Figure 3. The majority of proteins identified by MS/MS are 
predicted to be associated with the plasma membrane and cytosol. 
 
(A) SUBcellular localization database for Arabidopsis (SUBA) consensus 
predictions in filtered identifications compared to the complete Arabidopsis 
genome. The bars represent the percentage of identified genes or proteins 
predicted to localize in each cellular compartment relative to all filtered genes or 
proteins, respectively. The most significant terms (p < 0.001) for the identified 
proteins are indicated with asterisks (*). (B) The majority of MS/MS spectral 
counts are derived from proteins predicted to localize to the plasma membrane 
and cytosol. Protein normalized spectral abundance factor (NSAF) values were 
summed for all proteins predicted to localize to each subcellular compartment to 
estimate the relative abundance of each compartment in plasma membrane-
enriched fractions. 
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Appendix II. Figure 4. Delayed correlation in the expression dynamics of 
the transcriptome and plasma membrane-associated proteome.   
 
(A) An overview of the percentage of genes that are differentially expressed in 
the RNA-seq and MS/MS data. (B) Moderate correlations in mRNA/protein 
regulation were observed for genes differentially expressed at both the mRNA 
and protein level. Pairwise scatter plots depict the correlation of mRNA and 
protein log2 fold changes for all genes identified as differentially expressed at 
each timepoint. The red dotted line is the linear regression of the plotted data. 
Pearson correlation coefficients are reported above each plot.  
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Appendix II. Figure 5. Biological process enrichment of flg22 responses 
highlight the tradeoff between growth and development. 
 
Stacked bar charts depicting the number of differentially expressed (DE) genes 
and proteins with their corresponding GOslim biological process annotations. 
Astericks (*) indicate time points where the corresponding term is significantly 
enriched (hypergeometric test with Benjamini-Hochberg correction, p<0.1) 
relative to the background sets of mRNA and protein identifications, respectively. 
Down-regulated proteins are significantly enriched in processes related to cell 
differentiation, development, and growth. Up-regulated proteins are significantly 
enriched in processes related to protein modification, immunity, protein targeting, 
signal transduction, and transport. 
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Appendix II. Figure 6. Temporal clustering of differentially expressed 
proteins and their corresponding transcripts highlights unique and 
disparate patterns of regulation in response to flg22. 
 
Differentially expressed proteins (n=333) were clustered according to their 
observed RNA and protein expression patterns (log2 fold change) over the 
course of the experiment. The Splinecluster algorithm was used to partition the 
proteins into eleven discrete clusters. The line graphs depict the RNA (red) and 
protein (blue) expression patterns of individual genes (thin lines) in each cluster. 
The thick lines represent a fitted LOESS regression line with standard error 
depicted in the shaded region. The number of genes in each cluster is indicated 
in the top right corner of each expression plot.  
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Appendix II. Figure 7. Identification of important phosphorylated residues 
on Cysteine-rich receptor-like kinases (CRKs) that impact function. 
 
(A) Most CRK family members are up-regulated transcriptionally, but only a 
seven are up-regluated at the protein level following FLS2 activation. Left: 
Unrooted phylogeny of the Arabidopsis CRK family generated from full-length 
protein sequences. Middle: Heatmap of RNA and protein differential expression. 
Right: Bar chart of relative expression in plasma membrane enriched fractions. #, 
kinase domain only; *, no kinase domain present. (B) Several identified 
phosphopeptides are conserved across multiple CRKs. Conserved residues 
selected for mutagenesis are indicated with red arrows on the CRK13 domain 
architecture. (C) Functional analysis of the role of CRK13 phosphorylation in 
inducing cell death. Wild-type 35S:CRK13:3XFLAG induces cell death after 
transient expression in Nicotiana benthamiana and N. tabacum. Phosphorylated 
residues were mutated to alanine (phosphonull) and the resulting mutant proteins 
were assayed for the ability to induce cell death. A kinase-dead version of 
CRK13 (K386N) was also tested. Cell death was visualized in N. benthamiana by 
trypan blue staining 40 hours post-infiltration. Pictures were taken 72 hours post-
infiltration. Anti-FLAG immunoblots detecting CRK13 expression are shown 
below. 
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Appendix II. Table 2. Enriched protein domains in temporal expression 
clusters (accompanies Figure 6) 
Interpro domains present in each cluster were tested for over-representation 
using the hypergeometric test with Benjamini-Hochberg multiple test correction (p 
< 0.1). The filtered protein identifications served as the background set. Protein 
domains corresponding to RLKs and membrane transporters are indicated with a 
'X'. 
 
Table 2. Enriched protein domains in temporal expression clusters  
Cluster Interpro 

ID 
Interpro domain description Correct

ed p-
value 

RL
K 

transpor
ter 

Cluster 
1 

       

  IPR0110
09 

Protein kinase-like domain 0.087 X  

Cluster 
2 

       

  IPR0110
09 

Protein kinase-like domain 0.022 X  

  IPR0089
85 

Concanavalin A-like 
lectin/glucanases superfamily 

0.027 X  

  IPR0247
88 

Malectin-like carbohydrate-
binding domain 

0.047 X  

Cluster 
4 

       

  IPR0012
29 

Mannose-binding lectin 0.000   

  IPR0036
74 

Oligosaccharyl transferase, 
STT3 subunit 

0.004   

  IPR0010
87 

Lipase, GDSL 0.015   

  IPR0020
83 

MATH 0.020   

  IPR0089
74 

TRAF-like 0.024   

  IPR0013
60 

Glycoside hydrolase, family 1 0.028   

  IPR0258
75 

Leucine rich repeat 4 0.071 X  

  IPR0002
25 

Armadillo 0.088   
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Cluster 
6 

       

  IPR0112
49 

Metalloenzyme, LuxS/M16 
peptidase-like 

0.002   

  IPR0116
84 

KIP1-like 0.002   

  IPR0012
20 

Legume lectin domain 0.017 X  

  IPR0089
85 

Concanavalin A-like 
lectin/glucanases superfamily 

0.021 X  

  IPR0247
88 

Malectin-like carbohydrate-
binding domain 

0.038 X  

  IPR0174
41 

Protein kinase, ATP binding 
site 

0.094 X  

Cluster 
7 

       

  IPR0051
50 

Cellulose synthase 0.039   

  IPR0002
25 

Armadillo 0.044   

Cluster 
9 

       

  IPR0218
99 

Protein of unknown function 
DUF3511 

0.005   

  IPR0002
25 

Armadillo 0.096   

Cluster 
10 

       

  IPR0110
09 

Protein kinase-like domain 0.001 X  

  IPR0064
61 

Uncharacterised protein 
family Cys-rich 

0.005  X 

  IPR0019
05 

Ammonium transporter 0.008  X 

  IPR0029
02 

Gnk2-homologous domain 0.010 X  

  IPR0161
96 

Major facilitator superfamily 
domain, general substrate 
transporter 

0.013  X 

  IPR0011
07 

Band 7 protein 0.023   
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  IPR0016

11 
Leucine-rich repeat 0.028 X  

  IPR0036
63 

Sugar/inositol transporter 0.072  X 

Cluster 
11 

       

  IPR0247
88 

Malectin-like carbohydrate-
binding domain 

0.000 X  

  IPR0087
00 

Pathogenic type III effector 
avirulence factor Avr 
cleavage site 

0.022   

  IPR0029
02 

Gnk2-homologous domain 0.061 X  

  IPR0036
09 

Apple-like 0.087 X  

  IPR0040
45 

Glutathione S-transferase, N-
terminal 

0.087   

  IPR0110
09 

Protein kinase-like domain 0.087 X  

 
 
 




