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In a close interaction between host and symbiont, organisms exchange 

molecules to manipulate each other. Bacterial pathogens of plants and 

animals secrete effector proteins to promote infection and disable host 

defense responses. Plants, in turn, evolve mechanisms to detect effector 

presence or activity and prevent infection. Possibly one of the most integral 

model systems in plant pathology is that of Arabidopsis thaliana and the 

bacterium Pseudomonas syringae, which has been foundational to the study 

of effector biology and plant immunity. In this thesis, I have applied lessons 

and tools from P. syringae and other bacterial plant pathogens to more 

complex systems to fast-track discovery. First, I focused on how knowledge of 

bacterial pathogens can be helpful for screening the hundreds of putative 

fungal effector candidates per species. While other researchers have used 

bacteria to deliver fungal effectors for functional characterization in planta, I 

found that using phytopathogenic bacteria can introduce confounding results, 

necessitating careful controls for experiments. To reduce false positives, I 

employed an effector polymutant of P. syringae for effector delivery. Next, I 

used a known interaction between the P. syringae effector protease AvrPphB 

and two Arabidopsis proteins as a blueprint to investigate this same resistance 



 
 

mechanism in barley. I found that barley responds to the activity of AvrPphB 

with effector-triggered immunity dependent on an NLR, PBR1 (AvrPphB 

Response 1). My evidence supports the hypothesis that barley convergently 

evolved the same mechanism to detect AvrPphB as A. thaliana. My final 

chapter focuses on how transcription activator-like (TAL) effectors from 

phytopathogenic bacteria informed the characterization of an effector from a 

fungal endosymbiont. TAL effectors act as eukaryotic transcription factors that 

can specifically upregulate gene expression once secreted into host plants by 

Xanthomonas and Ralstonia spp. Burkholderia TAL-like (Btl) proteins from 

Mycetohabitans spp. affect the transcriptome and stress tolerance of its fungal 

host, R. microsporus, but without the same transcriptional control mechanism 

as TAL effectors. In each of these studies, knowledge about a model system 

was translated to new systems resulting in accelerated discovery.   
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 – CURRENT LANDSCAPE OF THE FIELD OF 

EFFECTOR BIOLOGY: PROGRESS AND CHALLENGES  

 

OVERVIEW 

To study close interactions of organisms in a symbiosis, model systems are 

developed to consolidate resources and create a foundation of knowledge that can 

then be translated to other interactions. Perhaps no system has been more 

foundational for plant-microbe biology than the bacterium Pseudomonas syringae 

which can infect the model plant Arabidopsis thaliana as well as tomato (Katagiri et 

al., 2002). Stretching beyond P. syringae, plant pathogenic bacteria have been the 

focus of decades of research to determine the secretion systems, effector repertoires, 

and toxins that mediate host infection. The deployment of effector proteins by the 

microbe is critical to control the relationship, often by altering defense responses or 

improving the local environment. As unique effector families and pathogens have 

been discovered, different model pathosystems have been cultivated. An example of 

this are Transcription Activator-Like (TAL) effectors from Xanthomonas spp., which 

are not only important for plant-microbe interactions but have also been useful as 

tools for synthetic biology. Conversely, plant hosts have an immune system to detect 

pathogens and their effectors, eliciting responses that fend off infection. By 

challenging plants with model pathogens, molecular security systems used by plants 

have been uncovered and characterized. Within the field of plant pathology, 

knowledge of effector proteins and their detection informs breeding and management 

practices for more sustainable agriculture.  
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As the field of effector biology has progressed and been empowered by 

improved technology, projects have become more integrated, branching beyond initial 

model systems to solve new problems and apply lessons learned.  Consider that 

bacterial effector repertoires can be tens of proteins, while fungi have been found to 

have hundreds of potential effectors and less clear delivery mechanisms. Thus, 

knowledge of bacterial effector biology could be used to improve prediction and 

characterization of fungal effectors. Another application is the translation of effector 

detection mechanisms from model plants to those with more agronomic significance. 

Finally, the discoveries of endofungal bacteria with proteins homologous to effectors 

from plant pathogens emphasize how microbes interact with diverse hosts using 

similar tools. 

 

PATHOGENS USE EFFECTOR PROTEINS TO OVERCOME A PLANT’S 

INITIAL DEFENSES 

Plant infection by a pathogen is often presented as following the “zigzag” 

model of molecular warfare as plant and pathogen try to gain control in the interaction 

(Jones & Dangl, 2006). First, it should be noted that most microbes that interact with 

a plant will not be successful pathogens because of non-host resistance by physical 

barriers and antimicrobial compounds. For pathogens that are able to invade a plant, 

the next obstacle is an initial host defense response, historically known as pattern-

triggered immunity (PTI). Microbe-associated molecular patterns (MAMPs) bind 

extracellular receptors, beginning a signal cascade leading to a defense response. A 

conventional example of this is the flg22 peptide, a conserved component of flagella 

from Pseudomonas and some other bacterial, that is detected by the A. thaliana Toll-

like receptor FLS2 (Felix et al., 1999, Gomez-Gomez & Boller, 2002). Other MAMPs 
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include fungal chitin, bacterial peptidoglycan, and bacterial elongation factors (Albert, 

2013). The initial host defense response involves extensive intracellular signaling, as 

well as extracellular reactive oxygen species (ROS) and calcium ion bursts (Bigeard 

et al., 2015). An extensive review of signaling in PTI can be found in Bigeard et al. 

(2015).  

The “zig” in the “zigzag” model occurs when a plant pathogen secretes 

effector proteins into plant cells to combat PTI and promote infection (Jones & Dangl, 

2006). Gram-negative bacteria use a syringe-like type III secretion system (T3SS) to 

translocate effector proteins through the bacterial and plant cell walls into the host cell 

(Jones & Dangl, 2006, Büttner, 2016). The T3SS is a large apparatus composed of 

more than 20 cytoplasmic, membrane-spanning, and extracellular components 

encoded by hrp (hypersensitive response and pathogenicity) genes and regulated to 

be expressed under infection conditions (Buttner, 2012, He et al., 2004, Bogdanove 

et al., 1996). Effector proteins themselves likely require stabilization by T3S 

chaperones and are often co-regulated with the T3SS (Feldman & Cornelis, 2003). 

Effectors can be computationally predicted by their N-terminal T3S signal (Arnold et 

al., 2009).  

Bacterial pathogens can have tens of effectors; P. syringae strains each have 

about 15-30 effectors that are typically designated as Hop proteins for “Hrp outer 

protein” or Avr for “avirulence” proteins that trigger a cell death reaction in 

incompatible interactions (Baltrus et al., 2011, Lindeberg et al., 2012, Lindeberg et al., 

2005). The first cloned avirulence gene was from P. syringae pv. glycinea and 

encoded AvrA (Staskawicz et al., 1984). Since then, many effectors have been 

functionally characterized both in P. syringae and other bacterial pathogens through 

cloning and knockouts. One example of a well characterized Pseudomonas effector is 

the cysteine protease AvrPphB (also HopAR1) (Shao et al., 2002, Simonich & Innes, 
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1995). Inside the host cell, AvrPphB cleaves a conserved sequence in receptor-like 

cytoplasmic protein kinases to mediate their degradation and inhibit PTI. Across the 

P. syringae pangenome there are around 70 effector families, but only four are 

considered “core”, i.e. present across all strains (Lindeberg et al., 2012, Laflamme et 

al., 2020). Recently, the creation of polymutant strains of P. syringae pv. tomato 

DC3000 have allowed for the determination of redundant groups of effectors and the 

addition of effectors in controlled combinations (Cunnac et al., 2011, Wei et al., 

2015).   

 

THE DETECTION OF EFFECTORS BY R PROTEINS INFORMS 

RESISTANCE ENGINEERING 

Plants use intracellular resistance (R) proteins to detect effector proteins and 

elicit a programmed cell death known as a hypersensitive reaction (HR) (Z Klement & 

Goodman, 1967, Coll et al., 2011, Jones & Dangl, 2006). The Pto gene from tomato 

was the first cloned R gene that recognizes an effector protein, detecting the P. 

syringae effectors AvrPto and AvrPtoB (Martin et al., 1993). Pto is a serine-threonine 

protein kinase that requires Prf, a Nod-like Receptor protein (NLR; also Nucleotide-

binding Leucine-rich Repeat) to trigger HR (Salmeron et al., 1996). The immunity 

mediated by Pto has been a studied heavily to determine many downstream signaling 

proteins of Pto- and other R protein-mediated immunity (Oh & Martin, 2011). 

However, the major class of R genes involved in triggering HR are actually NLRs like 

Prf (Cesari, 2017).  

NLRs have a central nucleotide-binding domain (NB-ARC), a C-terminal 

leucine-rich repeat (LRR) domain, and a variable N-terminal domain. The two major 

N-terminal domains are TOLL/interleukin 1 receptor (TIR; TNLs) or coiled coil (CC; 
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CNLs). Not all plants have NLRs with both N-terminal domains, as no TNLs have 

been found in grasses (Borrelli et al., 2018). An additional family of RNLs has an 

RPW8 domain and are involved as helpers in downstream signaling for sensor TNLs 

that “sense” effectors (Dong et al., 2016, Wu et al., 2019b, Castel et al., 2018). The 

copy number of NLRs varies greatly across species ranging from zero in some 

aquatic plants like humped bladderwort to over a thousand in some grasses like 

wheat, but with most species having between 200 and 500 (Baggs et al., 2017, 

Baggs et al., 2019). NLR genes are overrepresented for intraspecific 

presence/absence variation, likely because of their autoactivity when mutated and 

variable selection pressure, necessitating sequencing many genomes to fully reveal 

the NLR repertoire of a species (Xu et al., 2012, Bush et al., 2013). 

Of nine described mechanisms for resistance proteins, NLRs are responsible 

for three: direct and indirect recognition of pathogen effectors, and recognition 

through integrated domains (Kourelis & van der Hoorn, 2018). Perhaps the most 

obvious of mechanisms, some NLRs recognize pathogen effectors through direct 

interaction; an effector from the oomycete Hyaloperonospora arabidopsis called 

ATR1 binds the LRR domain of the A. thaliana NLR RPP1 to elicit HR (Krasileva et 

al., 2010). In contrast, the A. thaliana NLR RPS5 indirectly detects AvrPphB by 

guarding the decoy kinase PBS1. While AvrPphB cleaves kinases to suppress PTI, it 

also cleaves PBS1, causing RPS5 to trigger HR (Shao et al., 2003, Ade et al., 2007, 

DeYoung et al., 2012). Around 10% of NLRs have additional integrated domains (IDs) 

that are still being characterized and range from WRKY domains to kinases (Baggs et 

al., 2017, Bailey et al., 2018). IDs have been shown to bind effectors as a decoy for 

the native effector target, including the rice NLR Pik that binds AVR-PikD from 

Magnaporthe oryzae via its integrated HMA domain (Maqbool et al., 2015). Another 

example is the integrated WRKY domain of A. thaliana NLR  RRS1-R that is 
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acetylated by the Ralstonia solanacearum effector Pop2, altering the ability of RRS1-

R to bind DNA and causing it to activate defense signaling with another NLR, RPS4 

(Le Roux et al., 2015). 

Knowledge of R genes is key to breeding for increased disease resistance yet 

finding novel R genes in wild relatives or unique cultivars is not the only way to 

improve plant health. As more effector-R gene interactions are described, a new push 

for engineering and expanding the specificity of the known resistance mechanisms 

and proteins has emerged. Returning to the example of AvrPphB, the decoy kinase 

PBS1 can be modified so that the cleavage site targeted by AvrPphB is instead 

targeted by a different pathogen protease. A PBS1 derivative with the cleavage site of 

the Tobacco Etch Virus NIa protease can still mediate RPS5-elicited HR when 

expressed in planta with the NIa protease present (Kim et al., 2016). Other examples 

of expanding NLR specificity include gain-of-function mutational screens to find 

mutants that could recognize other effectors or even effector variants (Segretin et al., 

2014, Farnham & Baulcombe, 2006). 

 

EFFECTOR BIOLOGY OF PLANT PATHOGENIC FUNGI IS LESS 

UNDERSTOOD 

R gene-mediated resistance is not limited to bacterial pathogens and is a 

critical tool to combat disease in the field. Yet, effector biology of plant pathogenic 

fungi is a complex field with many unanswered questions and difficult challenges. 

Compared to bacteria, fungal plant pathogens have larger genomes, more complex 

lifecycles, and more proteins interacting with the host. While bacterial secretion 

systems are largely understood, how fungal effectors transit into host cells is an 

active area of research (Rafiqi et al., 2012). Genes encoding putative effectors are 
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more difficult to predict, based on a lack of conserved motifs like the T3S signal in 

bacterial effectors, though there have been efforts to discern motifs as more effectors 

are validated (Godfrey et al., 2010). Many effector genes are found in transposable 

element-rich loci in the genome or on accessory chromosomes, allowing for a two-

speed style genome where virulence regions undergo change more rapidly (Moller & 

Stukenbrock, 2017, Dong et al., 2015, Hacquard et al., 2013). Phytopathogenic 

model systems have been crucial for foundational fungal effector biology studies, 

including the hemibiotrophic rice blast fungus M. oryzae (Fernandez & Orth, 2018) 

and biotrophic powdery mildew Blumeria graminis (Spanu & Both, 2004).  

Because of its economic importance and lifestyle as a hemibiotroph, M. 

oryzae serves as a model for both necrotrophic and biotrophic interactions with a 

plant host (Dean et al., 2012). M. oryzae causes the devastating rice blast disease 

that threatens rice crops worldwide. Extensive research into the molecular 

mechanisms underpinning M. oryzae infection has revealed a complex suite of 

effector proteins and extensive host cell reprogramming (Fernandez & Orth, 2018). Of 

note is the formation of a plant membrane-rich structure called the biotrophic 

interfacial complex (BIC) as part of the intracellular invasive hyphae (Khang et al., 

2010). M. oryzae uses two secretion systems to deliver effectors, one at the BIC to 

deliver intracellular effectors and one that secretes effectors into the apoplast though 

a more conventional secretory pathway (Giraldo et al., 2013). As M. oryzae can be 

genetically manipulated, impressive studies have been done using fluorescently 

tagged effectors and other fungal proteins to track infection (Giraldo & Valent, 2013).  

In stark contrast to the amenability of M. oryzae, it remains impossible to 

culture or genetically manipulate the fungal agents responsible for powdery mildew 

diseases and other obligate biotrophs like rusts. As the genomes of powdery mildew 

and rust fungi have been sequenced, computational analysis has been done to 



8 
 

predict effector candidates, using data on gene expression during infection and 

knowledge about effectors from non-obligate fungi (Godfrey et al., 2010, Spanu et al., 

2010, Xia et al., 2017). Yet, predicted effector contents measure in the hundreds 

especially for monocot-associated fungi, and there have historically been few 

techniques capable of validating predicted candidates (Wu et al., 2018, Liang et al., 

2018). B. graminis, the causal agent of cereal powdery mildews, has become a model 

for obligate biotrophic pathogens, but is still genetically intractable and has an 

expanded genome of 120 Mb harboring more than 400 predicted effector candidates 

(Dean et al., 2012, Spanu et al., 2010, Spanu & Panstruga, 2012). There are few 

“core” effector candidates across the genomes of powdery mildew fungi, suggesting 

that most of the effector repertoire is host specific (Spanu et al., 2010). Loss-of-

function effector validation has required the use of Host- (HIGS) or Virus-Induced 

Gene Silencing (VIGS) to turn off putative effectors through RNAi from modified hosts 

or host infection with modified viruses, respectively (Nowara et al., 2010, Ahmed et 

al., 2016, Becker, 2013). 

In addition to the difficulty of effector validation, the translocation of powdery 

mildew effectors into the host cell is less well understood than in M. oryzae. B. 

graminis does not form invasive hyphae with a BIC, instead creating a haustorium. 

Proteins enriched for a Y/F/WxC motif thought to be involved in translocation were 

found in cDNA libraries from wheat and barley tissues infected with powdery mildew 

or rust, but the function of this motif has not been confirmed (Godfrey et al., 2010). 

Furthermore, tools to manipulate some hosts, such as grasses, are also limited. 

Transient transformation with Agrobacterium tumefaciens is inefficient in wheat and 

barley, making HIGS and expression of fungal genes in the plant difficult or costly 

(Yin & Hulbert, 2010). Now, bacterial delivery mechanisms are being employed to 

screen fungal candidate effectors one by one. Putative fungal effector genes can be 
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cloned into an expression vector that adds a bacterial T3S signal to the N-terminus of 

the protein (Rentel et al., 2008, Sohn et al., 2007). Various bacteria have been used 

to deliver these fusion proteins, including P. syringae pv. tomato (Yin & Hulbert, 

2010), Burkholderia glumae (Sharma et al., 2013), and EtHAn, a strain derived from 

Pseduomonas fluorescens 0-1; EtHAn was developed with a Type III secretion 

system from Pseudomonas syringae pv. syringae 61 (Thomas et al., 2009).  

 

TAL EFFECTORS HAVE BEEN CHARACTERIZED IN XANTHOMONAS AND 

RALSTONIA SPP. 

When effector families are only found in certain microbes, new systems arise 

as models to study them. One example is phytopathogenic Xanthomonas spp. that 

employ transcriptional activator-like (TAL) effectors during plant infection (Boch & 

Bonas, 2010). Initial studies of TAL effectors were mostly done in Xanthomonas 

euvesicatoria, a tomato and pepper pathogen, and pathovars of the rice pathogen 

Xanthomonas oryzae. TAL effectors are secreted into the plant to activate gene 

expression in the nucleus and as such have a T3S signal (Szurek et al., 2002), 

nuclear localization signals (Szurek et al., 2001, Van den Ackerveken et al., 1996), a 

central DNA recognition domain (Deng et al., 2012, Mak et al., 2012), and an acidic 

activation domain (Szurek et al., 2001). Highly conserved ~34 amino acid repeats 

make up the central DNA recognition domain, with each repeat binding a basepair of 

DNA. Two polymorphic residues within each repeat constitute the repeat variable 

diresidue (RVD) and determine the binding specificity of that repeat (Boch et al., 

2009, Moscou & Bogdanove, 2009). The DNA binding element of a TAL effector can 

be predicted based on its RVD sequence and corresponding nucleotide specificities 

(Boch et al., 2009, Moscou & Bogdanove, 2009). The building block structure of the 



10 
 

DNA recognition domain has been exploited as a biotechnology tool for gene 

activation and gene editing through the in vitro assembly of designer TAL effectors 

(dTALEs) and TAL effector nucleases (TALENs) (Cermak et al., 2011, de Lange et 

al., 2014a, Sanjana et al., 2012, Scholze & Boch, 2010, Christian et al., 2010). 

Many Xanthomonas spp. deploy TAL effectors to upregulate host 

susceptibility (S) genes that will benefit the pathogen and encourage infection (Perez-

Quintero & Szurek, 2019). For example, the first characterized TAL effector, AvrBs3 

from Xanthomonas euvesticatoria, targets the promoter region of upa20, a plant 

transcription factor that controls cell size (Marois et al., 2002, Kay et al., 2007). In 

rice, the sulfate transporter OsSULTR3;6 is upregulated by Tal2g from Xanthomonas 

oryzae pv. oryzicola (Cernadas et al., 2014). Some susceptibility genes are targeted 

across pathosystems; sugar transporters known as SWEET genes are known  targets 

of TAL effectors from Xanthomonas spp. infecting cotton, rice, citrus, and cassava 

(Cox et al., 2017, Yang et al., 2006, Streubel et al., 2013, Cohn et al., 2014, Hu et al., 

2014). Plants in turn create promoter traps for TAL effectors to trigger R genes; Bs3 is 

an executor R gene in pepper that incorporates a binding element for AvrBs3 and 

confers resistance to the plant host when upregulated during an incompatible 

interaction (Romer et al., 2007). In wild rice, AvrXa23 upregulates the executor R 

gene Xa23 conferring resistance to bacterial blight caused by X. oryzae pv. oryzae 

(Wang et al., 2015). For a full review of the history, targets, and host responses of 

Xanthomonas TAL effectors, see Perez-Quintero and Szurek (2019). 

Homologs of TAL effectors have only been identified in two other genera of 

bacteria, Ralstonia and Mycetohabitans, and the marine metagenome (de Lange et 

al., 2015, de Lange et al., 2014b, Heuer et al., 2007). Referred to as RipTALs, TAL 

effectors from the plant pathogen R. solanacearum follow the same RVD-nucleotide 

code as Xanthomonas TAL effectors (de Lange et al., 2013, Schandry et al., 2016). 
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Most RipTALs appear to bind similar nucleotide sequences, implying that they may 

have more conserved targets than Xanthomonas TAL effectors (de Lange et al., 

2013). Moreover, the variation that does occur in the repeat domain sequence seems 

to correlate to host specificity (Heuer et al., 2007). The first target of a RipTAL, Brg11, 

was recently identified as an arginine decarboxylase (ADC) gene that is conserved 

across plants; Brg11-induced activation bypasses a post-transcriptional regulatory 

mechanism and results in increased polyamine levels (Wu et al., 2019). Interestingly, 

ADCs are involved in bacterial defense, but do not negatively affect R. solanacearum 

infection, suggesting the bacterium is promoting a plant defense response aimed at 

microbial competitors (Wu et al., 2019). Beyond R. solanacearum, tal-like genes have 

also been discovered in the endofungal Mycetohabitans spp., raising questions about 

how fungal symbionts manipulate their hosts (de Lange et al., 2014b, Juillerat et al., 

2014). 

THE RHIZOPUS-MYCETOHABITANS MUTUALISM AS A NEW MODEL FOR 

FUNGAL-BACTERIAL INTERACTIONS 

While effector biology of plant and animal-associated microbes has been a 

growing field for decades, a new field is emerging for fungal-bacterial relationships. 

Not only do fungi and bacteria compete when they both live in the soil or other 

environment, they can also form intimate pathogenic and mutualistic relationships 

(Nazir et al., 2017). Fungal-bacterial interactions can impact plant diseases by 

modulating the virulence of one or more plant pathogens. For example, co-infection of 

rice with pathogens B. glumae and Fusarium graminearum increases disease 

severity, fungal toxin production, and bacterial survival (Jung et al., 2018). Recently, 

diverse endophytes, mycorrhizae, and plant pathogens have been shown to harbor 

endofungal bacteria (Hoffman & Arnold, 2010, Obasa et al., 2019, Shaffer et al., 
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2016, Bianciotto et al., 2003, Partida-Martinez & Hertweck, 2005). Though more and 

more fungi have been found to form relationships with bacterial partners, the 

molecular underpinnings remain unknown.  

While only identified in 2005, the Rhizopus-Mycetohabitans symbiosis has 

become a model system for probing fungal-bacterial interactions (Partida-Martinez & 

Hertweck, 2005). Mycetohabitans rhizoxinica (formerly Burkholderia rhizoxinica; 

Paraburkholderia rhizoxinica), M. endofungorum, and other closely related 

Mycetohabitans spp. live intracellularly in the aseptate hyphae of the fungus 

Rhizopus microsporus (Estrada-de Los Santos et al., 2018, Partida-Martinez et al., 

2007a). Not all R. microsporus isolates harbor endobacteria, and nonhost fungi 

antagonistically interact with Mycetohabitans spp. (Lastovetsky et al., 2016). The 

bacteria were originally identified because of their production of the antimitotic toxins 

rhizoxin and rhizonin, previously thought to be mycotoxins (Partida-Martinez et al., 

2007a, Partida-Martinez & Hertweck, 2005, Partida‐Martinez & Hertweck, 2007). 

Rhizoxin is critical for R. microsporus to cause rice seedling blight and feed 

necrotrophically on young rice plants. However, R. microsporus can occupy many 

other diverse niches; it is a soil saprophyte, one of the causal agents of Rhizopus 

head rot of sunflower (Shtienberg, 1997), is used in the fermented soybean product 

tempeh (Hartanti et al., 2015), and it can cause mucormycosis in 

immunocompromised humans (Chibucos et al., 2016).  

The partners can be cultured independently, by extracting the bacteria or 

curing the fungus with antibiotics, and then re-introduced by coculturing, allowing for 

studies on the impact of bacterial presence on host fitness. For example, the lipid 

metabolic profile of R. microsporus is impacted by the presence of Mycetohabitans 

and appears to be important for symbiosis formation (Lastovetsky et al., 2016). 

Interestingly, Mycetohabitans spp. control asexual and sexual reproduction of host R. 
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microsporus (Mondo et al., 2017, Partida-Martinez et al., 2007b). Few studies have 

been done to see if endosymbiont presence affects the virulence of R. microsporus 

on humans, but one found that Mycetohabitans spp. were present in 54% of the 28 

clinical isolates examined, but presence was not correlated with pathogenesis 

(Ibrahim et al., 2008). Strains of R. microsporus used in tempeh production were also 

found to contain toxigenic Mycetohabitans spp., posing a potential food safety issue 

(Rohm et al., 2010). Strains from other diverse niches have been found to contain 

bacterial endosymbionts as well (Lackner et al., 2009).  

The availability of the M. rhizoxinica genome and the amenability of M. 

rhizoxinica to transformation have allowed for some molecular studies to assess what 

is critical for symbiosis formation. The O antigen of the bacterial lipopolysaccharide 

may be involved in host recognition and bacterial survival in the cell, as O antigen 

mutants are less capable of infecting and promoting host sporulation (Leone et al., 

2010). Additionally, a linear lipopeptide impacts bacterial motility and host 

colonization (Niehs et al., 2018). The genome encodes a type II secretion system 

(T2SS), T3SS, and type IV secretion system (Lackner et al., 2011b). The T2SS 

delivers chitinases that presumably break down the fungal cell wall to allow the 

bacteria to invade (Moebius et al., 2014). While the T3SS is also required for fungal 

infection the effector repertoire remains unknown and has only been computationally 

predicted by secretion signal prediction (Lackner et al., 2011a, Lackner et al., 2011c).  

Among the predicted effector proteins in M. rhizoxinica are proteins with 

homology to Xanthomonas and Ralstonia TAL effectors (Lackner et al., 2011b). 

Referred to as Burkholderia TAL-like (Btl) proteins (synonymous with Bats and 

BurrH), these proteins are quite divergent from the highly conserved TAL effectors as 

they contain only a cryptic T3S signal and no predicted activation domain or nuclear 

localization signal. Initial reports showed that synthesized Btl proteins could bind DNA 
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and be used similarly to TALs for biotechnology applications, such as fusing the 

binding domain to a nuclease (Juillerat et al., 2014, de Lange et al., 2014b). Yet, no 

studies showed whether Btl proteins were true effector proteins that translocated into 

the fungus.   

 

SUMMARY OF FOCUS AND RESEARCH SIGNIFICANCE 

We are now at a time where the lessons learned from plant-bacterial 

interactions can be quickly moved to other systems, leading to more rapid discovery 

and understanding. The body of knowledge generated from studying models like 

Pseudomonas syringae have created tools and blueprints that can be applied to more 

intractable and novel systems. In this thesis, I have used that knowledge as a 

jumping off point to develop fungal effector screens, engineer plant resistance 

mechanisms, and probe bacterial-fungal interactions.  

First, I determined the nuances of using different bacteria as delivery agents 

of fungal effectors to explain complications from a previously published method. I 

implemented a new method for screening fungal effectors with a more robust 

bacterial delivery method and called for increased vigilance of proper experiment 

controls within the community. 

Second, I used the new bacterial delivery system to probe a resistance 

response in barley to a non-native bacterial effector, AvrPphB. Because the 

mechanism is well understood and engineerable, there is value in identifying similar 

mechanisms in crop plants. The identification of this mechanism in barley opens the 

door for resistance engineering in cereals. 

Third, I investigated TAL-like proteins in the Rhizopus-Mycetohabitans 

interaction, using techniques developed for characterization of plant pathogen 
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effectors. I found that Btl proteins are likely nuclear-localizing effectors but are not 

identical in function to Xanthomonas and Ralstonia TAL effectors, informing our 

understanding of the evolution of effector proteins in an intracellular fungal symbiont. 
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ABSTRACT 

A previously published manuscript from our group reported on the use of 

Xanthomonas campestris pv. raphani to deliver the candidate fungal effector 

BEC1019 to barley cells by type III secretion. Using this assay, BEC1019 was found 

to suppress hypersensitive reactions (HR) elicited by another bacterium and a 

bacterial effector (Whigham et al., 2015). Upon our repetition of these assays, we 

discovered that Xcr alone elicited cell death in barley in a titer-dependent manner, 

confounding the results from the previous paper. A new type III secretion-based 

assay was developed using the Pseudomonas syringae pv. tomato DC3000 

polymutant D36E. We repeated the experiments with the new, more robust system 

and found no evidence for a role for BEC1019 in suppressing a hypersensitive 

reaction in response to three elicitors in barley. Additionally, we screened 85 more 

candidate secreted effector proteins from Blumeria graminis f.sp. hordei for their 

ability to elicit or suppress an HR in barley but found none demonstrated either ability. 

We retracted the Whigham et al. (2015) manuscript and concurrently published a 

Letter to the Editor (Appendix 2B) addressing the issues in the manuscript and 

clarifying which conclusions were nullified by our data here (Carter et al., 2018).  
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INTRODUCTION 

Obligate biotrophic fungi cause yield loss and economic issues for many 

crops, including small grains like barley and wheat. These fungi are genetically 

intractable and cannot be cultured independent of their plant hosts, necessitating tool 

development to probe the interactions between host and pathogen. A main priority 

has been to characterize effector proteins secreted by fungi into the host cell to 

promote infection. Effectors can be the deciding factor for whether a pathogen can 

overcome the plant’s natural defense responses, potentially wiping out crops that 

were previously considered resistant to other races of the same pathogen. As more 

genomic resources have become available, computational analysis and expression 

profiling have been used to predict hundreds of candidate effectors from fungi like 

Blumeria graminis f.sp. hordei (Bgh), the causal agent of barley powdery mildew 

(Godfrey et al., 2010, Spanu et al., 2010, Pedersen et al., 2012). However, functional 

validation of these large predicted effector repertoires remains difficult.  

While fungal effector secretion is still being explored, it is clear that plant 

pathogenic bacteria use a Type III Secretion System (T3SS) to secrete effector 

proteins into the host cell. Effector proteins from intractable fungi or oomycetes can 

be cloned into a bacterial secretion signal-fusion expression vector, allowing the 

effector to be delivered by bacteria infiltrated into the host tissue. The role of single 

effectors can be investigated in this way, potentially revealing roles in defense 

suppression, induction, or pathogen growth conditions. In the earliest screens of large 

predicted effector repertoires, the bacterium Pseudomonas syringae pv. tomato (Pst) 

DC3000 was employed to deliver effectors from the oomycete Hyaloperonospora 

parasitica into Arabidopsis thaliana (Sohn et al., 2007, Rentel et al., 2008). 

In wheat, Pst DC3000 elicits a hypersensitive reaction (HR) leading to host 

cell death, likely due to one or more native bacterial effectors, making it a poor 
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delivery system for testing in wheat (Yin & Hulbert, 2010, Z Klement & Goodman, 

1967). Yin and Hulbert (2010) proposed a method for effector characterization in 

wheat stripe rust (Puccinia striiformis) that substituted Pst DC3000 for EtHAn, a 

derivative strain of non-phytopathogenic Pseudomonas fluorescens (Pf) 0-1 with an 

integrated Pseudomonas syringae Type III secretion system (Thomas et al., 2009, 

Yin & Hulbert, 2010). Wheat has no macroscopic response to Pf 0-1 and research 

groups have begun using Pf 0-1 to deliver effector candidates from powdery mildew 

and rust fungi into grasses (Cheng et al., 2017, Liu et al., 2016, Ramachandran et al., 

2016, Upadhyaya et al., 2013). Other groups have used the same principle but 

employed pathogens of the host species or close relatives. The rice and field crop 

pathogen Burkholderia glumae was used to deliver Magnaporthe oryzae effectors into 

rice, while the potato pathogen Pectobacterium atrosepticum was used to deliver the 

Phytopthora infestans effector AVR3a into Nicotiana benthamiana (Sharma et al., 

2013, Whisson et al., 2007).  

In Whigham et al. (2015), delivery of effectors into barley was done by 

Xanthomonas campestris pv. raphani (Xcr), a pathogen that primarily infects species 

within the genus Brassicaceae (Vicente et al., 2006). Xcr is not a natural pathogen of 

barley or other small grains and therefore was not expected to elicit any response 

greater than pattern-triggered immunity elicited by non-phytopathogenic bacteria. In 

Whigham et al. (2015), Xcr 756C was reported to trigger no response in barley and 

was used to deliver the fungal effector candidate BEC1019. HR elicited in barley by 

the rice pathogen Xanthomonas oryzae pv. oryzicola (Xoc) BLS256 and the 

Pseudomonas syringae pv. phaseolicola effector protease AvrPphB were both 

observed to be suppressed by co-delivery with BEC1019. These data along with 

evidence that silencing BEC1019 during infection results in a decrease fungal growth, 
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led to the conclusion that BEC1019 was an effector that played a role in host defense 

response suppression (Whigham et al., 2015).  

To see if BEC1019 was a common effector or specific to Bgh, homologs were 

identified across other fungi and assessed for conserved motifs (Whigham et al., 

2015). There are two conserved amino acid motifs among BEC1019 homologs: an 

ETVIC motif that was reported to be involved in the reported function as a suppressor 

of HR, and an HRxxH motif, the function of which was unknown. Subsequent 

experiments detailed in the thesis Qi (2015) provided preliminary evidence that the 

HRxxH motif was involved in translocation, which we anticipated continuing to work 

on using a Xanthomonas secretion system.  

Whigham et al. (2015) also reported that certain barley lines respond to the 

bacterial effector protease, AvrPphB. A resistance mechanism in Arabidopsis thaliana 

detects AvrPphB cleavage activity and can be engineered to detect other pathogen 

proteases by modifying the protein that AvrPphB cleaves, a guarded host kinase (Kim 

et al., 2016). Deploying this engineered resistance in crop species in the field has 

broad use, if other plants have a similar system to detect AvrPphB activity. A reliable 

way of delivering AvrPphB into barley cells to determine which barley lines respond to 

AvrPphB would be critical for further characterizing the resistance mechanism in 

barley to see if it mirrors Arabidopsis. 

Here, we detail the experiments done that led to a retraction of Whigham et al. 

(2015) and the publication of the appended Letter to the Editor (Carter et al., 2018) 

(Appendix 2B) explaining the retraction. Starting with the final claims and experiments 

in Whigham et al. (2015) and Qi (2015), we worked backwards to determine causes 

of discrepancies between the experiments detailed here and those reported in the 

previously published manuscript. Throughout this manuscript we will refer to figures 

from Qi (2015) as Fig QX and figures from Whigham et al. (2015) as Fig WX, to 
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distinguish them from the figures shown here, with descriptions of the experiments 

and results for reference.  

Ultimately, we found that the results from these manuscripts that involved the 

bacterial T3S experiment were not replicable, affecting roughly half of the figures and 

tables in Whigham et al. (2015) (Figures W2, W3, W6, WS1, and WS2, and Tables 

W1, W2, W3, W4, and WS1). This rendered inconclusive the major claim that 

BEC1019 could suppress HR elicited by Xoc or AvrPphB in barley and nullified the 

ETVIC motif role. We also found that when we repeated the experiment with a new 

delivery system, barley lines reported to respond to AvrPphB did not, but others did. 

We used this new delivery system of a near-effectorless Pseudomonas syringae pv. 

tomato DC300 mutant (D36E) to screen an additional 85 candidate effectors from 

Bgh for a role in HR suppression or induction but found no evidence of either.  

 

RESULTS 

A note on strains used in this study 

When we began to repeat the final experiments from Qi (2015), we were 

unable to recover many of the strains used in the studies; strains that could be found 

were often misannotated or mislabeled. It is unclear if any of the strains with errors 

were used in the previous studies’ experiments or later tracking errors. This is 

mentioned because the experiments done in this study were sometimes done with 

strains that were identical in description to those used in Qi (2015) and Whigham et 

al. (2015), but were remade by the lead author of this study. The list of all strains that 

are used in this study is detailed in Supplemental Table 2A.1, with indications of 

whether they were sequence verified, remade, etc. We also received new stocks of 

plasmid for pVSP61-AvrPphB from Roger Innes and pCPP3234 from Alan Collmer, 
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after finding discrepancies in our own stocks. New competent cells were prepared 

and used for all Xanthomonas strains. Finally, through sequencing we confirmed that 

any copies of BEC1019 used in the original study did not have a native stop codon 

and therefore had additional amino acids on the C-terminus depending on the 

expression vector. 

 

Xanthomonas euvesicatoria causes a chlorotic response in barley 

With the intention of formally characterizing the HRxxH motif from BEC1019, 

our first experiment was to repeat the final experiment in Qi (2015). This experiment 

fused the BEC1019 HRxxH motif to the bacterial effector AvrPphB to test if the motif 

was sufficient for translocation into the host plant cell. In this chapter of Qi (2015), 

assays were done with Xanthomonas euvesicatoria (Xe) 85-10, instead of Xcr 756C, 

because a Xe strain with a hrpF mutation was already available. The hrpF strain has 

a semifunctional T3SS that can only move effectors out of the bacterial cell, but not 

into the plant cell. If the HRxxH motif is involved in translocation into the plant cell, it 

may be able to rescue an effector secreted by the hrpF strain into the apoplast.  

Upon infiltrating barley with Xanthomonas euvesicatoria (Xe) 85-10 and 

derivative strains, we found that Xe 85-10 inconsistently elicited a chlorotic response 

that was independent of the presence of AvrPphB, as shown in Figure 2.1. This 

chlorosis may have been dependent on a functional T3SS including HrpF, as the 

hrpF strain did not elicit chlorosis (Figure 2.1). Other derivatives of plasmids encoding 

AvrPphB with and without HRxxH or Cya (adenylyl cyclase catalytic domain) tags 

also showed inconsistently variable chlorosis (data not shown). This was unexpected, 

as figures Q3.1 and Q3.2 from Qi (2015) show multiple photos of Xe-infiltrated barley 

with no chlorotic symptoms, except in the presence of Xoc or AvrPphB during what 

was considered a hypersensitive reaction. Because of the inconsistent chlorotic 
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reaction we were getting from Xe 85-10, we decided to switch to Xcr 756C, as used in 

Whigham et al. (2015). If Xcr 756C yielded more reliable infiltration phenotypes, we 

intended to create a hrpF strain and repeat this HRxxH experiment in a more robust 

system. 

 

 

Figure 2.1. Barley shows a chlorotic response to infiltration with Xanthomonas 
euvesicatoria.  
Primary leaves of the barley cultivar Diamond were infiltrated with strains of Xe 85-10 
at an OD600=0.4. hrpF indicates a strain deficient in the Type 3 Secretion System due 
to a mutation in the hrpF gene and AvrPphB indicates a strain transformed with the 
plasmid pCPP3234-AvrPphB, expressing the Pseudomonas effector protease 
AvrPphB fused to the catalytic domain of adenylyl cyclase (Cya). Infiltration areas are 
marked with permanent marker. Photos were taken at 5 dpi. 

 

 

 



35 
 

Xanthomonas campestris pv. raphani elicits a titer-dependent necrosis in 

barley that confounds results of previous study 

Given the inconsistency between our results and those reported in the past for 

the Xe 85-10 experiments, we began by simply infiltrating Xcr 756C into the barley 

line Diamond, one of the 4 lines that reportedly had an HR to AvrPphB (Whigham et 

al., 2015). Our initial experiments for the present study yielded inconsistent necrosis 

(data not shown), but we were infiltrating all strains at an OD600 of 0.4. We noticed 

that in Figure W2 and W3, strains expected to cause HR were infiltrated at an OD600 

of 0.05, while strains expected to cause no reaction were infiltrated at an OD600 of 0.4 

(Whigham et al., 2015). We further realized that there was no control done in the 

original study to see if barley responded differently to Xcr 756C at different cell 

densities. We infiltrated three dilutions (OD600=0.05, 0.2, and 0.4) of bacteria and 

observed a range of response severity based on density of Xcr 756C inoculum 

(Figure 2.2). The necrosis was independent of plasmid presence, and only correlated 

with bacterial titer. We observed a similar change in host response in the barley line 

CI 16151 (data not shown). Overall, this echoed the chlorotic response we saw with 

Xe 85-10 in Figure 2.1, but with a necrotic response instead.  

 It was quite surprising that Xcr 756C caused more visible cell death at lower 

levels of bacteria. This titer-dependent phenotype was somewhat inconsistent with 

repetition as some repeats showed little cell death across densities and strains. This 

may be due to growth conditions, such as light and humidity, which were potentially 

variable in the growth room being used. However, it was clear that the presence of 

the effector AvrPphB was not contributing to the observed phenotype in any way that 

was not confounded by the necrosis caused by Xcr 756C itself.  
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Figure 2.2. Xanthomonas campestris pv. raphani causes a titer-dependent HR 
in barley.  
Primary leaves of the barley cultivar Diamond were infiltrated with strains of Xcr 756C 
at three optical densities. AvrPphB – carrying the plasmid pVSP61 expressing 
AvrPphB; E.V. – carrying the plasmid pYMAJ1, an empty vector control. A mock 
inoculation of 10 mM MgCl2 is shown as a no response reference. Infiltration areas 
are marked in permanent marker and photographs were taken 5 dpi. 
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At this point, any published experimental results using the Xcr T3S delivery 

system were called into question and we decided to repeat the major experiments in 

Whigham et al. (2015) that had employed Xcr effector delivery. To repeat the 

experiment in Figure W3 that reportedly showed BEC1019 was a suppressor of HR, 

we regenerated strains identical to those in the paper. Then we co-infiltrated Xcr 

756C wild type, or with the plasmids pYM5-BEC1019 or pYMAJ1 (empty vector), with 

Xcr 756C with the plasmid pVSP61-AvrPphB. As expected, the response to Xcr 756C 

overshadowed any potential conclusions about the role of BEC1019, with necrosis 

visible in all barley leaves infiltrated with Xcr 756C (Figure 2.3). Repetition of the 

experiment in Figure W2 to see if Xcr 756C expressing BEC1019 could suppress the 

host response caused by Xoc BLS256 in barley line CI 16151 was also negative 

(data not shown). We did observe that Xoc BLS256 appeared to cause a chlorotic 

response (see Figure 2.5A for an example) that did not match the necrosis seen in 

the photographs in Figure W2. 
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Figure 2.3. Co-infiltrations of Xcr expressing BEC1019 and AvrPphB show no 
significant reduction in HR.  
Xcr 756C strains were suspended individually or in miXed cultures to the OD600 
values indicated and infiltrated into the primary leaf of the barley cultivar Diamond. A 
star (*) indicates the conditions depicted in Figure W3 from Whigham et al. (2015). A 
dash (-) indicates wildtype Xcr with no additional plasmid, while blank indicates no 
bacteria at that OD600. AvrPphB is encoded in the plasmid pVSP61 and BEC1019 in 
the plasmid pYM5; both have common backbones with the empty vector pYMAJ1 
(E.V.). Photographs were taken at 5 dpi and infiltrated areas are marked with 
permanent marker. 
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BEC1019 experiments repeated with Pseudomonas syringae pv. tomato strain 

D36E do not support role in HR suppression 

To move forward and test our hypotheses with a more reliable delivery 

system, we started to develop a new T3S delivery system with a bacterium that unlike 

Xe or Xcr, does not cause chlorosis or necrosis in barley plants. We screened 

Xanthomonas spp. for a new bacterium to employ by infiltrating the following into the 

barley line CI 16151: Xanthomonas translucens pv. undulosa (Xtu) ICMP 11055, 

Xanthomonas translucens pv. cerealis (Xtc) ICMP 9965, Xanthomonas citri pv. 

glycines (Xcg) EB08, Xanthomonas citri pv. malvacearum (Xcm) 1003, and 

Xanthomonas campestris pv. campestris (Xcc) 8004.   All Xanthomonas spp. caused 

chlorosis, necrosis, or disease (Figure 2.4A).  

We moved to Pseudomonas spp. and showed that Pst DC3000 causes an HR 

(Figure 2.4B), confirming what was demonstrated in Yin and Hulbert (2010). Pf 0-1 

and a polymutant of Pst DC3000, D36E, elicited no response in barley (Figure 2.4B) 

(Wei et al., 2015). Similar results were observed when Pst DC3000 and Pst D36E 

were infiltrated into the barley cultivar Diamond (data not shown). The D28E 

polymutant of Pst DC3000 had been previously tested in Yin and Hulbert (2010), 

where it showed a reduced HR compared to DC3000. However, D36E has 36 

effectors or virulence factors deleted from the genome, versus 28 in D28E, and can 

now act as a blank delivery vehicle that elicits no necrotic or chlorotic response on its 

own (Wei et al., 2015).  
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Figure 2.4. Plant pathogenic Xanthomonas spp. and Pseudomonas spp. all 
elicit a response from barley lines, but Pseudomonas flourescens (Pf0-1) and 
polymutant of Pst DC3000 (D36E) do not.  
A) All Xanthomonas spp. were infiltrated into the barley cultivar CI 16151 at an OD600 
of 0.4. A mock infiltration done with 10 mM MgCl2 is shown for reference. B) 
Pseudomonas spp. infiltrations were done with bacterial suspensions at the OD600 
indicated. Infiltrated areas are marked with permanent marker and photographs were 
taken at 5 dpi.  

 

We chose to use Pst D36E for future work because of its lineage of plant 

pathogenicity and its potential use at less cell density. Studies using Pf0-1 have 

suspended bacteria to an OD600 of 1 or higher to get sufficient secretion and we 

believed Pst D36E could secrete plasmid-borne AvrPphB and BEC1019 at a lower 
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cell density. The difference in secretion by Pst DC3000 and Pf is empirically shown in 

Schechter et al. (2004). We confirmed delivery of AvrPphB by Pst D36E by 

inoculating onto Arabidopsis thaliana Col-0 plants and observing HR (data not 

shown). 

Using BEC1019- and AvrPphB-expressing strains derived from Pst D36E, we 

repeated the BEC1019 HR-suppressing experiments done in Whigham et al. (2015) 

with more controls. Simultaneously, we were rescreening barley lines for their 

response to AvrPphB, by delivery with Pst D36E. We found that no lines responded 

to Pst D36E alone and that AvrPphB did not elicit an HR in Diamond (Carter et al., 

2019). The barley cultivar Rasmusson had a robust AvrPphB-elicited HR, so we 

repeated the BEC1019 experiment in this line instead (Carter et al., 2019). Figure 2.5 

shows the results of infiltrating with a mixture of BEC1019-expressing D36E and HR-

eliciting strains. BEC1019 is unable to suppress the HR elicited by Xoc BLS256 in CI 

16151 (Figure 2.5A) or by Pst D36E expressing AvrPphB in Rasmusson (Figure 

2.5B). Additionally, we tested if BEC1019 was able to suppress an HR elicited by Pst 

DC3000 in CI 16151 and saw no reduction in HR (Figure 2.5C). Taken together, we 

find no evidence of BEC1019 contributing to suppression of HR. These results call 

into question the function of the ETVIC motif (Figure W6), as we no longer have a 

role for BEC1019 that we could test for involvement of the ETVIC motif; therefore, we 

did not repeat that experiment.  
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Figure 2.5 [Next Page]. Pst D36E expressing BEC1019 does not suppress the 
hypersensitive or chlorotic reactions elicited by (A) Xoc BLS256, (B) AvrPphB, 
or (C) Pst DC3000.  
Bacterial strains were suspended alone or in a mixture at the optical densities 
specified in the figure panels. All strains were derivatives of Pst D36E unless 
otherwise specified, with blank spaces representing no strain included at that optical 
density. BEC1019 was expressed with the T3S signal from AvrRps4 and an HA tag 
from the vector pEDV6-a; E.V. refers to pEDV3; and AvrPphB was expressed from 
pVSP61. The barley line used in each experiment is indicated on the left of each set 
of photos. Infiltrated areas were marked with permanent marker and leaves were 
photographed 5 dpi. 
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No fungal effector candidates screened using Pst D36E elicited or suppressed 

HR 

Returning to the original aim for such a T3S delivery system, we used Pst 

D36E to screen candidate secreted effectors (CSEPs) from Bgh to identify any that 

could suppress or elicit HR. At this point, we had not verified that BEC1019 had been 

secreted by Pst D36E into barley, only that the Pseudomonas effector AvrPphB could 

be secreted into A. thaliana. Before moving forward, we conducted a Cya assay to 

test for secretion of a protein into barley using our system. A Cya assay fuses the 

catalytic domain of the CyaA adenylate cyclase toxin from Bordetella pertussis to a 

putative secreted protein; once in the plant cell the Cya domain converts ATP to 

cAMP, which can be detected by ELISA (Schechter et al., 2004). In sum, elevated 

cAMP levels are an indirect way to determine that the protein of interest was secreted 

into the plant cell.  

We moved the Cya domain into pEDV6-a, a modified version of pEDV6 

changed to the A reading frame, which adds both an AvrRps4 T3S signal (amino 

acids 1-136; AvrRps4’) and an HA tag to the N-terminus of the protein (Fabro et al., 

2011). The positive control for this experiment is Pst D36E with the plasmid 

pCPP5388, expressing the Pseudomonas effector AvrPto with an added C-terminal 

Cya domain. An increase in detectable intracellular cAMP shown in Figure 2.6 is 

indicative of secretion of the positive control and the AvrRps4’:Cya fusion protein from 

pEDV6-a-Cya. The negative control of an AvrRps4’ protein with no Cya domain 

yielded essentially no detectable cAMP. Thus, Pst D36E can express and secrete an 

AvrRps4’ fusion protein from pEDV6-a, though this does not prove that BEC1019 was 

successfully secreted into the host cell. Any given CSEP could potentially be 

incompatible with the T3SS. 
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Figure 2.6. Pst D36E can express and secrete proteins from the vector pEDV6-a. 
Activity of adenylate cyclase (Cya) in leaf tissue measured by the amount of cAMP, 
as detected by an ELISA, per microgram of protein quantified by a Bradford assay. 
Samples were taken in triplicate ten hours after infiltration with bacterial strains 
suspended to an OD600=0.5. The empty vector (E.V.) control is pEDV3 which has no 
encoded Cya domain, but an AvrRps4 T3S signal (AvrRps4’); pEDV6-a-Cya encodes 
AvrRps4’ fused to the Cya domain; AvrPto:Cya is a positive control encoded by the 
plasmid pCPP5388; 10 mM MgCl2 is the suspension buffer and a mock inoculation 
control. Error bars denote standard deviation and each biological replicate was 
assayed in duplicate.  

 

Next, we moved 85 CSEPs (Supplemental Table 2A.2) into pEDV6-a, 

transformed those constructs into Pst D36E, and infiltrated each strain into the barley 

line CI 16151 or co-infiltrated each strain with Pst D36E expressing AvrPphB into the 

barley line Rasmusson. None of the infiltrations varied from the control infiltrations of 

Pst D36E or Pst D36E co-infiltration with Pst D36E expressing AvrPphB, respectively; 

no effector candidates were able to cause HR on their own in CI 16151 or suppress 

AvrPphB-induced HR in Rasmusson.  

 

DISCUSSION 

The use of bacterial type III secretion systems to functionally characterize 

fungal effectors allows for new insights into plant-pathogen interactions in difficult 
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systems like those involving obligate biotrophs. However, we show that using a plant 

pathogen, with its own arsenal of effectors and virulence factors, as a delivery agent 

can confound the results and conclusions. Our work to replicate the results in 

Whigham et al. (2015) and Qi (2015) did not support many of the conclusions drawn 

in those studies. Xanthomonas campestris pv. raphani and Xanthomonas 

euvesicatoria were unreliable for effector delivery in barley varieties, given their own 

ability to elicit necrotic or chlorotic responses, respectively.  

Contrary to expectations, Xcr 756C caused a stronger reaction when infiltrated 

at a lower titer, resulting in the need for additional controls in the original study, such 

as wildtype Xcr 756C at each optical density used for infiltrations. In Whigham et al. 

(2015) Figure W3 and Tables W2 and W3, infiltrations of Xcr 756C strains expected 

to cause HR were done with bacteria at a lower titer than the infiltrations expecting no 

response or suppression of HR. The difference in HR observed in these conditions 

appeared to be due to the titer difference and not the effector content difference. 

Because the host reactions were not highly replicable from plant to plant and 

repetition to repetition, it is possible that an incorrect conclusion could be reached 

based on the lack of controls and repetition, and under conditions where the high titer 

yielded little HR in planta. Why Xcr 756C causes more necrosis at a lower titer is a 

mystery, as most disease and defense symptoms are increased when more pathogen 

is present. It may be that secretion by Xcr 756C into barley is somewhat inefficient 

and at high cell density there are more native effectors, enabling the bacteria to 

somewhat overcome the host defenses that elicit the macroscopic phenotype.  

It is not clear how the results were obtained in Whigham et al. (2015) Figure 

W2 and Table W1, showing BEC1019 suppression of Xoc-elicited HR when delivered 

by Xcr. In all of our experiments in this study, Xoc BLS256 elicited a chlorotic 

response in barley, unlike the necrotic response depicted in Figure W2. When we 
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repeated the experiment with co-infiltrations of Xoc and Xcr or Pst D36E expressing 

BEC1019, we saw no reduction in the chlorotic response that Xoc triggers. Co-

infiltration of Pst D36E expressing BEC1019 was unable to reduce the HR induced by 

DC3000 in the barley line CI 16151 or by AvrPphB in the barley line Rasmusson, 

even at a ratio of 16:1.  

Furthermore, we used the new Pst D36E system to re-screen barley lines for 

a response to AvrPphB; the full results are detailed in Carter et al. (2019) and 

Chapter 3 of this thesis. In short, while Whigham et al. (2015) found 4 out of 73 lines 

screened responded to AvrPphB (Figure WS2, Table W3, Table WS1), our screen 

found that these lines did not respond to AvrPphB, but that many others did, including 

the cultivar Rasmusson which we used for Figure 2.5B of this study.  

It is important to emphasize that some conclusions from Whigham et al. 

(2015) were drawn from experiments that did not use bacterial T3S and remain valid. 

Virus-Induced Gene Silencing of BEC1019 during infection showed a decrease in 

virulence of Bgh when BEC1019 is silenced (Figure W1), indicating a role for 

BEC1019 in infection. Figure W4 shows homologs of BEC1019 across fungal species 

and Figure W7 uses a random forest analysis to identify residues associated with the 

lifestyles of those fungi. These finding all stand, including the identification of HRxxH 

and ETVIC motifs in Figure W5. However, both motifs now have an unknown role in 

protein function as we do not know the function of BEC1019 during infection. 

We developed a new system for screening fungal effectors using Pst D36E 

and pEDV6-a, and tested it with a Cya assay. A fusion of the Cya domain with the 

type III secretion signal from AvrRps4 (AvrRps4’) was expressed in pEDV6-a and 

secretion was indirectly detected by measuring cAMP produced in the host cells. Our 

data shows that a protein can be delivered by D36E into barley when expressed with 
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an AvrRps4’ fusion, which contrasts with published literature attempting to use an 

identical vector with the EtHAn strain of P. fluorescens (Upadhyaya et al., 2013).  

By employing this new system, we screened 84 CSEPs from Bgh, but found 

that none of them were able to suppress or induce HR under the conditions we 

tested. In this case, negative results do not indicate a complete lack of these 

functions, given the following critical caveats: (1) expression or secretion of the 

effector may be too low, (2) the effector may target specific HR pathways that are not 

turned on by the reaction to AvrPphB, or (3) the effector may require other effectors 

to function. An additional consideration is that we only tested HR induction in one 

barley line, and other genotypes may have resistance responses to effectors that this 

genotype did not have. Future research on Bgh CSEPs may broaden the conditions 

tested using this system, such as expanding to more barley genotypes, or move into 

other methods of effector characterization, such as yeast 2-hybrid screening or RNAi 

silencing.   

Further discussion on this study and the use of bacterial T3S to study 

eukaryotic effectors can be found in the Letter to the Editor (Appendix 2B) published 

in Molecular Plant Microbe Interactions (Carter et al., 2018) in May 2018 to 

accompany the retraction of Whigham et al. (2015) . 

 

MATERIALS AND METHODS 

Plant material and growth: 

Barley seeds were planted in Cornell mix soil (1.2 cubic yards of mix contains 

10.6 cubic feet of compressed peat moss, 20 lb of dolomitric limestone, 6 lb of 11-5-

11 fertilizer, 12 cubic ft of vermiculite) in 4” plastic pots, 4 to a pot. Barley plants were 

grown in a growth room on a 16 hr light/8 hr dark cycle with cool white fluorescent 
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lights (85 to 112 µmol/m2/s at soil level) at 20-24°C. Plants were watered as needed 

to keep soil damp. 

 

Bacterial Infiltrations: 

Bacteria were grown on agar plates for 2 days at 28°C; Glucose Yeast Extract 

(2% glucose, 1% yeast extract) for Xanthomonas spp. or King’s Media B for 

Pseudomonas spp., with appropriate antibiotics: 10 μg/mL chloramphenicol, 25 

μg/mL kanamycin, and 10 μg/mL gentamicin. Cells were scraped from a plate and 

suspended in 10 mM MgCl2 to an OD600 indicated in each figure and kept on ice 

during infiltrations. The underside of primary leaves of 10-day old barley plants were 

infiltrated in 2 to 3 spots with approximately 50 uL of cell suspension, using a 

needleless 1 mL syringe. Infiltration areas were marked with permanent marker 

immediately. Leaves were photographed 5 days post infiltrations.  

 

pEDV6-a Construction and Cya Assay: 

All cloning was done in E. coli DH5α cells that were cultured at 37°C in Luria-

Bertani medium (BD Difco) with appropriate antibiotics: 50 μg/mL spectinomycin, 25 

μg/mL kanamycin, and 10 μg/mL gentamicin. Plasmid preparation during intermediate 

steps was done with the EZNA Plasmid Mini Kit (Omega Bio-tek). 

pEDV6 (Fabro et al., 2011) was mutated with the Q5 Site-Directed 

Mutagenesis Kit (NEB) to delete a TC dinucleotide just downstream of the HA tag and 

before the attR1 site, resulting in a change to Gateway Reading Frame A. The 

resulting plasmid was sequence-verified for the mutation and named pEDV6-a. The 

coding sequence for the CyaA domain was PCR amplified from the plasmid 

pCPP3234 (Schechter et al., 2004) and cloned into the directional entry cloning 

vector pENTR/D-TOPO (Thermo Fisher). Once sequence-verified, the resulting 
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plasmid was used in a reaction with Gateway LR Clonase II Enzyme Mix (Invitrogen) 

and pEDV6-a to create an AvrRps4’:Cya fusion vector called pEDV6-a-Cya. The 

following plasmids were transformed into Pst D36E: pEDV6-a-cya, pEDV3 (Sohn et 

al., 2007), and pCPP5388 (Lam et al., 2014). 

The Cya assay was done as described in Chakravarthy et al. (2017) with 

some modifications for barley. Briefly, bacteria were suspended in 10 mM MgCl2 to an 

OD600=0.5 and infiltrated into the underside of the primary leaf of the barley line CI 

16151. Three biological replicates were done for each condition: Pst D36E pEDV6-a-

Cya, Pst D36E pEDV3 (empty vector), Pst D36E pCPP5388 (positive AvrPto:Cya 

control), and mock (no bacteria). Ten hours post infiltration, ~ 1 cm2 of leaf tissue was 

collected by cutting a rectangle from the infiltrated area. Tissue was frozen in liquid 

nitrogen and ground using copper beads, before being used for the Direct cAMP 

ELISA Kit (Enzo) following the manufacturer’s instructions. A Bradford Assay was 

conducted to determine total protein. Two technical replicates were done for the 

Bradford and ELISA assays. Standard curves of pmol cAMP/ mL and protein ug/mL 

were used to calculate sample values and then determine pmol cAMP per ug of 

protein.  

 

Candidate Effector Screening: 

Synthesized CSEPs were provided by Dr. Pietro Spanu as individual 

sequences in pENTR221 or pCR8 entry vectors. Upon arrival, every CSEP was 

Sanger sequence-verified before being digested with the restriction enzyme NsiI 

(NEB) or another restriction enzyme when the CSEP coding region contained an NsiI 

cut site. The linearized plasmid was combined with pEDV6-a and Gateway LR 

Clonase II Enzyme Mix (Invitrogen) and incubated overnight at room temperature. 

The product of this reaction was transformed into E. coli and then diagnostic colony 
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PCRs using primers common to the plasmid backbone were done to confirm insert 

sizes. Correct plasmids were harvested and transformed into Pst D36E; colonies from 

this transformation were checked with colony PCR again. 

Infiltrations were done as described above. For each CSEP, the 

corresponding D36E strain was infiltrated individually into the barley line CI 16151 at 

an OD600=0.5. They were also miXed with D36E containing pVSP61-AvrPphB in a 5 

to 1 ratio; D36E+CSEP at an OD600=0.5 and D36E+AvrPphB at an OD600=0.1. pEDV3 

was used as a negative control for the co-inoculations with AvrPphB.  
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APPENDIX 2A - SUPPLEMENTAL DATA FOR CHAPTER 2 

Table 2A.1. Lists of strains used in Qi (2015)1 and this study with indications as 
to whether the strains were remade between studies and whether they were 
verified. 

Strain Plasmid Used in 
Qi (2015) 

Sequence 
verified 

Used in 
this 
study 

Plasmid 
remade/ 
new* 

Strain 
re-trans-
formed* 

Xe 85-10  - Y - Y - - 

Xe 85-10 
hrpF 

- Y - Y - - 

Xe 85-10  pCPP3234
-AvrPphB 

Y I Y+ Y Y 

Xcr 756C - Y - Y - - 

Xcr 756C pVSP61-
AvrPphB 

Y Y Y N N 

Xcr 756C pYMAJ1 Y N Y N N 

Xcr 756C pYM5-
BEC1019 

Y I Y+ Y Y 

Xoc 
BLS256 

- Y - Y - - 

Pst 
DC3000 

- N - Y - - 

Pst D36E - N - Y - - 

Pst D36E pVSP61-
AvrPphB 

N Y Y Y Y 

Pst D36E pEDV3 N Y Y N Y 

Pst D36E pEDV6-a-
BEC1019 

N Y Y Y Y 

Pst D36E pEDV6-a-
Cya 

N Y Y Y Y 

I – Incorrect, Y – Yes, N- No, *For use in this study, +Not the original strain 

 

  

 
1 Qi S, 2015. Characterization of a novel effector from Blumeria graminis f. sp. Hordei 

that suppress host cell death (Masters Thesis). Cornell University. 
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Table 2A.2. Candidate secreted effector proteins (CSEPs) from Blumeria 
graminis f.sp. hordei screened for a role in HR suppression or elicitation.   

Gene  CSEP 
Number 

Gene  CSEP 
Number 

BGHDH14_bgh00012 0001 BGHDH14_bgh04020 0169 

BGHDH14_bgh00016 0004 BGHDH14_bgh04105 0182 

BGHDH14_bgh00020 0005 BGHDH14_bgh04206 0188 

BGHDH14_bgh00027 0007 BGHDH14_bgh04225 0192 

BGHDH14_bgh00029 0008 BGHDH14_bgh04352 0210 

BGHDH14_bgh00458 0017 BGHDH14_bgh04781 0216 

BGHDH14_bgh00804 0018 BGHDH14_bgh04832 0218 

BGHDH14_bgh01628 0036 BGHDH14_bgh04864 0219 

BGHDH14_bgh01675 0037 BGHDH14_bgh04920 0220 

BGHDH14_bgh02072 0041 BGHDH14_bgh05086 0230 

BGHDH14_bgh02245 0044 BGHDH14_bgh05096 0231 

BGHDH14_bgh02337 0047 BGHDH14_bgh05118 0241 

BGHDH14_bgh02386 0049 BGHDH14_bgh05270 0249 

BGHDH14_bgh02653 0055 BGHDH14_bgh05803 0257 

BGHDH14_bgh02774 0058 BGHDH14_bgh06532 0264 

BGHDH14_bgh02778 0059 BGHDH14_bgh06709 0269 

BGHDH14_bgh02836 0062 BGHDH14_bgh06951 0272 

BGHDH14_bgh02854 0063 BGHDH14_bghG000032000001001 0277 

BGHDH14_bgh02918 0069 BGHDH14_bghG000059000001001 0278 

BGHDH14_bgh02925 0073 BGHDH14_bghG000281000002001 0283 

BGHDH14_bgh02998 0080 BGHDH14_bghG000389000001001 0285 

BGHDH14_bgh03006 0081 BGHDH14_bghG000653000001001 0297 

BGHDH14_bgh03028 0083 BGHDH14_bghG000714000001001 0307 

BGHDH14_bgh03058 0086 BGHDH14_bghG001077000001001 0319 

BGHDH14_bgh03113 0088 BGHDH14_bghG001078000001001 0320 

BGHDH14_bgh03275 0091 BGHDH14_bghG001226000001001 0327 

BGHDH14_bgh03277 0092 BGHDH14_bghG001947000001001 0340 

BGHDH14_bgh03312 0095 BGHDH14_bghG002599000001001 0358 

BGHDH14_bgh03316 0096 BGHDH14_bgh02701 0363 

BGHDH14_bgh03375 0097 BGHDH14_bghG002806000001001 0367 

BGHDH14_bgh03377 0099 BGHDH14_bghG002822000002001 0369 

BGHDH14_bgh03425 0100 BGHDH14_bgh04046 0397 

BGHDH14_bgh03457 0104 BGHDH14_bghG004373000001001 0406 

BGHDH14_bgh03459 0105 BGHDH14_bghG004598000001001 0420 

BGHDH14_bgh03474 0110 BGHDH14_bghG005862000001001 0441 

BGHDH14_bgh03691 0132 BGHDH14_bghG006436000001001 0465 

BGHDH14_bgh03695 0136 BGHDH14_bghG006682000001001 0471 

BGHDH14_bgh03703 0137 BGHDH14_bghG009555000001001 0489 

BGHDH14_bgh03786 0153 BGHDH14_bgh02114 0495 

BGHDH14_bgh03855 0160 BGHDH14_bgh02857 0498 

BGHDH14_bgh03874 0162 BGHDH14_bgh03696 0500 

BGHDH14_bgh04014 0167 BGHDH14_bghG003307000001001 0518 
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This letter to the editor was published in Molecular Plant Microbe Interactions in May 

2018 to accompany the retraction of Whigham et al. (2015).  
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ABSTRACT 

This letter describes a newly discovered confounding effect of bacterial titer in 

a previously published type III delivery-based assay of the fungal effector BEC1019. 

The original publication has been retracted as a consequence of this discovery. The 

letter tabulates the affected and unaffected figures and conclusions in the original 

publication, and briefly reflects on potential pitfalls to bear in mind when designing 

experiments that use bacterial type III secretion to characterize eukaryotic effectors. 
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LETTER TO THE EDITOR 

Dear Editor, 

Delivery by bacterial type III secretion is a powerful and increasingly common 

approach for screening fungal and other eukaryotic candidate effectors in planta 

(Sharma et al., 2013, Upadhyaya et al., 2013, Ittig et al., 2015, Yin & Hulbert, 2010), 

especially those of genetically intractable organisms like obligate biotrophs. We used 

this approach in a study of the effector BEC1019 of the barley powdery mildew 

pathogen Blumeria graminis f. sp. hordei (Whigham et al., 2015).  In revisiting some 

of the results of that study, however, a new investigator in our group (M.E.C.) 

discovered a confounding effect of the titer of the bacterium that we had not 

controlled for, rendering some of the experimental results presented in the paper 

inconclusive. For this reason, we have retracted the paper (Whigham et al., 2015). 

We are writing this letter to provide details, including a tabulation of affected and 

unaffected figures and conclusions in the paper, and a brief reflection on potential 

pitfalls to bear in mind when designing experiments that use a bacterial type III 

secretion-based delivery assay to characterize eukaryotic effectors. 

For our type III secretion-based assays, we used Xanthomonas campestris 

pv. raphani strain 756C (Xcr) to deliver the candidate Blumeria graminis effector 

BEC1019, fused to the type III secretion signal domain of the Xanthomonas effector 

AvrBs2, into barley cells following syringe infiltration of leaves. When BEC1019 was 

present, we found a reduction in hypersensitive reaction (HR) induced by either of 

two elicitors, Xanthomonas oryzae pv. oryzicola strain BLS256 (Xoc) (Figure 2, Table 

1) or the Pseudomonas effector AvrPphB, also delivered using Xcr (Figure 3, 

Supplemental Figure S2). We concluded that BEC1019 is a nonspecific host defense 

suppressor. By testing BEC1019 mutants in this system we also concluded that its 

ETVIC motif is important for this function (Figure 6, Table 3 and 4). Following 
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publication of the paper, M.E.C. found however that at a low titer (OD600 = 0.05), 

equivalent to that of Xcr expressing AvrPphB in Figure 3, Xcr by itself consistently 

elicits an HR-like response. She then tested the effect of Xcr by itself at the higher 

titer (OD600 = 0.40) used for Xcr carrying the BEC1019 or control constructs in Figures 

2 and 3, and found, surprisingly, that at that higher titer Xcr variably does not elicit 

any HR-like response. The results presented in Figures 2, 3 and 6 of the paper 

include neither of these controls and are thus inconclusive. When those experiments 

were repeated with the controls for effects of bacterial titer, we could not conclude 

that BEC1019 can suppress HR triggered by Xoc or AvrPphB, or that the ETVIC motif 

is involved in this function.  

In our original study, we used AvrPphB as a specific HR elicitor to test 

defense suppression by BEC1019 because we had found, following a screen of 73 

diverse barley lines, that several lines apparently recognize AvrPphB delivered by 

Xcr. In light of our new observation that Xcr alone at OD600=0.40 usually but not 

always elicits no response, the results of that screen can no longer be assumed to be 

valid. Indeed, when the screen was partially repeated, we found variability that had 

not been recorded before. The data presented in the paper are therefore insufficient 

to conclude that the barley lines we reported to undergo HR to AvrPphB do so. 

Unaffected in our original study are the Barley stripe mosaic virus-virus 

induced gene silencing (BSMV-VIGS) experiment (Figure 2) showing that silencing of 

BEC1019 reduces fungal growth in barley, and the sequence analysis identifying 

BEC1019 across fungal species and finding two conserved motifs and variable 

residue correlation with lifestyle (Figures 4, 5, and 7). The conclusions that BEC1019 

contributes to pathogenicity, as quantified by haustorial index, and that it is broadly 

conserved across major fungal taxa thus stand. 
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Our failure to include all necessary controls for the type III secretion assays 

perhaps brings to light a fervor for the approach that must be tempered by careful 

consideration of caveats, one being unexpected titer-dependent effects of the 

bacterium itself, which we had not controlled for. We suggest that investigators using 

this approach, as well as reviewers, be aware of such occurrences. There are at least 

two other, more general caveats. One, relative to delivery by the fungus from which 

an effector originates, when the effector is delivered through a bacterial type III 

secretion system, there could certainly be differences in amount or location of the 

effector delivered or differences in post-translational modifications of the effector. 

Two, effector-less mutants (Wei et al., 2015) or non-phytopathogenic bacteria (e.g., 

Pseudomonas fluorescens) impact plant immune signaling, and this impact can 

confound interpretation of the functions of delivered heterologous effectors. In some 

studies, though, elicitation of plant defense by the delivery bacterium has been used 

advantageously to study function of the heterologous effector (e.g., (Ramachandran 

et al., 2016)). 

We by no means wish to discourage use of bacterial type III delivery for 

identification and characterization of eukaryotic effectors. With appropriate 

consideration of caveats such as those mentioned above and careful design of 

properly controlled experiments, type III secretion-based delivery can be a powerful 

tool. Indeed, we have recently adopted an effector-less mutant derivative of 

Pseudomonas syringae pv. tomato strain DC3000, D36E (Wei et al., 2015), for 

delivery. D36E on its own consistently induces no HR in any of more than 150 barley 

lines we have tested, at low or high titers. Using D36E for delivery, we have 

discovered that BEC1019 in this system is not able to suppress HR caused by Xoc or 

by DC3000 (which elicits robust HR in all barley lines tested). Further, we have 

repeated and expanded our screen for AvrPphB-responsive barley lines, using D36E 
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to deliver AvrPphB or a protease activity-deficient mutant derivative, AvrPphB(C98S) 

(Shao et al., 2002) as a control. We have found several lines that respond specifically 

to AvrPphB. These findings are the basis of a different study, currently in preparation 

for publication. 
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ABSTRACT 

The Pseudomonas syringae cysteine protease AvrPphB activates the 

Arabidopsis resistance protein RPS5 by cleaving a second host protein, PBS1. 

AvrPphB induces defense responses in other plant species, but the genes and 

mechanisms mediating AvrPphB recognition in those species have not been defined. 

Here, we show that AvrPphB induces defense responses in diverse barley cultivars. 

We show also that barley contains two PBS1 orthologs, that their products are 

cleaved by AvrPphB, and that the barley AvrPphB response maps to a single locus 

containing a nucleotide-binding leucine-rich repeat (NLR) gene, which we termed 

AvrPphB Response 1 (Pbr1). Transient co-expression of PBR1 with wild-type 

AvrPphB, but not a protease inactive mutant, triggered defense responses, indicating 

that PBR1 detects AvrPphB protease activity. Additionally, PBR1 co-

immunoprecipitated with barley and N. benthamiana PBS1 proteins, suggesting 

mechanistic similarity to detection by RPS5. Lastly, we determined that wheat 

cultivars also recognize AvrPphB protease activity and contain two putative Pbr1 

orthologs.  Phylogenetic analyses showed however that Pbr1 is not orthologous to 

RPS5.  Our results indicate that the ability to recognize AvrPphB evolved 

convergently, and imply that selection to guard PBS1-like proteins occurs across 

species. Also, these results suggest that PBS1-based decoys may be used to 

engineer protease effector recognition-based resistance in barley and wheat.  
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INTRODUCTION 

Plant disease resistance is often mediated by intracellular innate immune 

receptors known as nucleotide-binding leucine-rich repeat proteins (NLRs). The 

primary function of NLRs is to detect the presence of pathogen-secreted effector 

proteins, sometimes indirectly through effector-induced modification of other host 

proteins (Jones & Dangl, 2006). Recognition of effectors by NLRs usually activates a 

programmed cell death response known as the hypersensitive reaction (HR) (Coll et 

al., 2011, Z Klement & Goodman, 1967). A well-studied example of an NLR that 

indirectly detects its cognate effector is RPS5 from Arabidopsis. RPS5 detects the 

Pseudomonas syringae pv. phaseolicola effector protease AvrPphB by monitoring the 

conformational status of an Arabidopsis substrate of AvrPphB, the serine/threonine 

protein kinase PBS1 (Ade et al., 2007, DeYoung et al., 2012, Shao et al., 2003, Qi et 

al., 2014). RPS5 forms a “pre-activation complex” with PBS1, and when PBS1 is 

cleaved by AvrPphB, the resulting conformational change is sensed by RPS5, 

culminating in activation of the NLR and subsequent induction of HR (Ade et al., 

2007, DeYoung et al., 2012, Shao et al., 2003). 

PBS1 is one of the most well conserved defense-related genes in flowering 

plants, and the products of PBS1 orthologs in wheat and Arabidopsis can be cleaved 

by AvrPphB (Caldwell & Michelmore, 2009, Kim et al., 2016, Sun et al., 2017). PBS1 

belongs to receptor-like cytoplasmic kinase (RLCK) family VII, which has many 

members with demonstrated roles in pattern-triggered immunity (PTI) (DeYoung et 

al., 2012, Zhang et al., 2010). For example, family VII RLCKs BIK1 and PBL1 

physically associate with the flagellin-detecting receptor FLS2 (Zhang et al., 2010). Of 

the 45 Arabidopsis proteins within RLCK family VII, 9 are PBS1-like (PBL) kinases 

cleaved by AvrPphB (DeYoung et al., 2012, Shao et al., 2003, Zhang et al., 2010), 

and AvrPphB indeed inhibits FLS2-dependent PTI, as well as defense responses 
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triggered by EfTu and chitin (Zhang et al., 2010).  However, only its cleavage of PBS1 

activates RPS5 (Ade et al., 2007, Zhang et al., 2010).  

Because of their role in PTI, RLCKs and other kinases are commonly targeted 

by pathogen effectors (Yamaguchi et al., 2013). Examples beyond the AvrPphB-

PBS1 interaction include the RLCK BIK1, which is uridylylated by AvrAC from 

Xanthomonas campestris pv. campestris, and the receptor-like kinase BAK1 which is 

bound by the Pseudomonas syringae pv. tomato effectors AvrPto and AvrPtoB to 

inhibit signaling (Feng et al., 2012, Shan et al., 2008). Some kinases targeted by 

effectors appear to play little to no primary role in immunity, but function as decoys, 

guarded by NLRs to detect effector activity. An example is the RLCK PBL2 in 

Arabidopsis, which is uridylylated by AvrAC like BIK1, and is guarded by the NLR 

ZAR1 (Wang et al., 2015).   

Determining whether PBS1 orthologs are guarded in diverse plant species is 

of particular interest because it will provide insight into the evolution of disease 

resistance gene specificity and could enable engineering of new disease resistance 

specificities in crop plants. Kim et al. (2016) demonstrated that the AvrPphB cleavage 

site sequence within PBS1 can be substituted with a sequence recognized by an 

effector protease of another pathogen, thereby generating a synthetic PBS1 decoy. 

Cleavage of PBS1 decoys in planta activates RPS5-dependent HR, effectively 

broadening the recognition specificity of RPS5 (Kim et al., 2016). Thus, in plant 

species in which a PBS1 ortholog is guarded, engineering these orthologs to serve as 

substrates of other pathogen proteases offers an attractive approach for generating 

resistance tailored to pathogens of those species. Given that plant pathogenic 

viruses, bacteria, fungi, oomycetes, and nematodes express proteases during 

infection, engineering the RPS5/PBS1 surveillance system may be an effective 
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strategy for developing resistance to many important plant diseases (Adams et al., 

2005, Antonino de Souza Júnior et al., 2013, Dean, 2011, Jashni et al., 2015).  

While it was recently reported that bread wheat (Triticum aestivum subsp. 

aestivum) encodes a homolog of Arabidopsis PBS1, TaPBS1, that can be cleaved by 

AvrPphB, it remains unknown whether TaPBS1 is guarded, i.e., whether wheat or 

other cereals can recognize and respond to AvrPphB (Sun et al., 2017). Unlike the 

PBL kinases, NLR genes are under intense selection pressure to diversify, and they 

vary greatly in number and structure across plant genomes (Jacob et al., 2013). For 

example, grasses are missing the entire TIR domain-containing family of NLRs that is 

present in many dicots (Collier et al., 2011). However, it is plausible that proteins 

functionally analogous to RPS5 guard AvrPphB-cleavable PBS1 homologs in the 

grasses, especially given the central role that RLCK proteins play in immunity. We 

investigated this hypothesis using diploid barley (Hordeum vulgare subsp. vulgare) as 

a model because of its rich genetic resources, including a high-quality genome 

sequence (Mascher et al., 2017) and large nested association mapping (NAM) 

populations (Nice et al., 2016).  

Here, we show that multiple barley varieties indeed recognize and respond to 

AvrPphB protease activity and that barley also contains PBLs that are cleaved by 

AvrPphB. Using newly developed NAM resources, we mapped the AvrPphB 

response to a single segregating locus on chromosome 3HS, and identified an NLR 

gene that we named AvrPphB Resistance 1 (Pbr1). We confirmed that PBR1 

mediates AvrPphB recognition using transient expression assays in Nicotiana 

benthamiana and determined that PBR1 associates with PBS1 homologs in planta.  

Phylogenetic analyses indicate that Pbr1 and RPS5 are not orthologous, hence the 

ability to recognize AvrPphB protease activity has evolved independently in monocots 

and dicots. Lastly, we show that wheat varieties also recognize AvrPphB protease 
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activity and harbor two putative orthologs of Pbr1, suggesting that the PBS1-decoy 

system might be deployed in barley and in wheat. 

 

RESULTS 

AvrPphB, and not a catalytically inactive derivative, triggers defense responses 

in barley 

To test whether barley can detect AvrPphB protease activity, we 

delivered AvrPphB to barley leaves using P. syringae pathovar tomato strain 

D36E, which is a derivative of strain DC3000 lacking all type III secretion 

system effectors (Wei et al., 2015). Seedlings were infiltrated with D36E 

expressing AvrPphB or the catalytically inactive mutant AvrPphB(C98S) and 

scored for visible responses at 2 and 5 days post infiltration.  

We tested a diverse set of barley lines and observed a variety of 

responses. Representative examples are shown in Figure 3.1, and the 

complete list of cultivars and their responses are provided in Supplemental 

Table 3A.1. Based on the range of responses we saw, we scored the 

phenotypes as no response (N) or one of 4 responses: low chlorosis (LC) 

indicates a weak, but noticeable response, chlorosis (C) for strong yellow, high 

chlorosis (HC) for a chlorotic response that gives way to cell death, and 

hypersensitive reaction (HR) for cell collapse and browning visible by day 2. Of 

the 150 barley genotypes screened, 29 were scored as LC, 17 as C, 13 as HC 

and 6 as HR. Both chlorotic and cell death responses were considered 

defense responses, as chlorosis has been documented as a defense 
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response in grasses, correlating with bacterial growth reduction and hydrogen 

peroxide accumulation (Smith & Mansfield, 1981, Yin & Hulbert, 2010).  

 
Figure 3.1. AvrPphB protease activity elicits a range of responses in barley 
lines.  

Representative barley leaves from 12 lines after infiltration with strains of 
Pseudomonas syringae pv. tomato DC3000(D36E) expressing AvrPphB or a 
catalytically inactive mutant, AvrPphB(C98S). Primary leaves of ten day old 
plants were infiltrated using needleless syringe with a bacterial suspension at 
an OD600=0.5 and photographed at 5 dpi. Phenotypes were scored as: N - no 
response; LC – low chlorosis; C – chlorosis; HC - high chlorosis; HR – 
hypersensitive reaction. At least six plants were infiltrated with both strains per 
line over two repeats. Asterisks (*) indicate parental lines of the mapping 
population families used for GWAS. Responses of all lines tested are recorded 
in Supplemental Table 3A.1.  
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PBS1 homologs in barley contain the AvrPphB recognition site and are cleaved 

by AvrPphB 

Having found that many barley lines recognize D36E expressing AvrPphB, we 

sought to determine whether barley contains a recognition system functionally 

analogous to the Arabidopsis RPS5-PBS1 pathway. Because PBS1 is one of the 

most well conserved defense genes in flowering plants, with orthologs present in 

monocot and dicot crop species (Caldwell & Michelmore, 2009), we first asked 

whether barley contains a PBS1 homolog cleavable by AvrPphB.  

We used amino acid sequences from all characterized Arabidopsis PBS1-like 

(AtPBL) proteins, Arabidopsis PBS1 (AtPBS1), and twenty barley PBS1-like (HvPBL) 

protein sequences homologous to AtPBS1 and AtPBL proteins to identify the barley 

proteins most closely related to Arabidopsis PBS1. Bayesian phylogenetic analyses 

showed that HORVU2Hr1G070690.2 (MLOC_13277) was the closest homolog to 

AtPBS1, whereas HORVU3Hr1G035810.1 (MLOC_12866) was the second most 

closely related (Figure 3A.2; Supplemental Figure 3A.1). Both proteins are more 

similar to AtPBS1 than to other AtPBL and HvPBL proteins, indicating that the two 

barley genes are co-orthologous to AtPBS1. Full-length amino acid alignments 

showed that HORVU2Hr1G070690.2 and HORVU3Hr1G035810.1 are 66% and 64% 

identical to Arabidopsis PBS1, respectively (Supplemental Figure 3A.2). Alignment of 

the two barley gene products and Arabidopsis PBS1 across the kinase domain 

showed 86% and 79% identity, respectively. Further characterization of the HvPBS1 

orthologs showed that each contains several domains that are conserved in AtPBS1, 

including putative N-terminal palmitoylation and myristoylation sites required for 

plasma membrane localization and the protease cleavage site sequence recognized 

by AvrPphB (Figure 3.2B; Supplemental Figure 3A.2). We therefore designated 
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HORVU2Hr1G070690.2 (MLOC_13277) as HvPbs1-1 (GenBank: MH982439) and 

HORVU3Hr1G035810.1 (MLOC_12866) as HvPbs1-2 (GenBank: MH982440). 

Conservation of the AvrPphB cleavage site sequences within the barley PBS1 

homologs led us to hypothesize that AvrPphB would cleave HvPBS1-1 and HvPBS1-

2. To test this, HvPBS1-1 and HvPBS1-2 were fused to a three-copy human influenza 

haemagglutinin (3xHA) epitope tag and transiently co-expressed with AvrPphB:myc in 

N. benthamiana. Western blot analysis indeed showed that HvPBS1-1:HA and 

HvPBS1-2:HA are each cleaved by AvrPphB:myc (Figure 3.2C). As a control, we co-

expressed HvPBS1-1:HA and HvPBS1-2:HA with protease inactive 

AvrPphB(C98S):myc, and this did not produce any cleavage products (Figure 3.2C). 

Collectively, these data show that barley contains two PBS1 homologs whose protein 

products can be cleaved by AvrPphB and whose function may be analogous to 

AtPBS1. 
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Figure 3.2. Barley contains two PBS1 homologs that are cleaved by AvrPphB.  
A) HORVU2Hr1G070690.2 (HvPBS1-1) and HORVU3Hr1G035810.1 (HvPBS1-2) are 
co-orthologous to Arabidopsis PBS1. Shown is a Bayesian phylogenetic tree 
generated from the amino acid sequences of Arabidopsis PBS1 (AtPBS1) and closely 
related barley homologs of AtPBS1. This tree is a subset of Supplemental Figure 
3A.1 displaying the proteins most similar to AtPBS1. Branch annotations represent 
Bayesian posterior probabilities as a percentage. B) Alignment of the activation 
segment sequences of AtPBS1 and the barley PBS1 homologs. The AvrPphB 
cleavage site is indicated by the arrow. Numbers indicate amino acid positions. C) 
Cleavage of HvPBS1-1 and HvPBS1-2 by AvrPphB. HA-tagged barley PBS1 
homologs or AtPBS1 were transiently co-expressed with or without myc-tagged 
AvrPphB, or a protease inactive derivative [AvrPphB(C98S)] in N. benthamiana. Six 
hours post-transgene induction, total protein was extracted and immunoblotted with 
the indicated antibodies. Equal loading was assessed by staining the blot with 
Ponceau S solution (bottom). Two independent experiments were performed with 
similar results. 
 
 

  



74 
 

A single NLR gene-rich region in the barley genome is associated with 

AvrPphB response 

Given the response to AvrPphB in some barley lines and the presence 

of conserved AvrPphB-cleavable PBS1 homologs in barley, we hypothesized 

that the responding barley lines contain a PBS1-guarding NLR analogous to 

RPS5. To identify candidates, we carried out a genome wide association study 

(GWAS). The Rasmusson spring barley nested association mapping (NAM) 

population generated by the US Barley CAP (A. Ollhoff and K. Smith, 

University of Minnesota, unpublished) contains 6,161 RILs derived from 

crosses between the elite malting line Rasmusson and 88 diverse donor 

parents, each of which has associated SNP marker data. Rasmusson, the 

common parent, displays an HR when infiltrated with D36E expressing 

AvrPphB whereas the other parents vary in their responses (Figure 3.1). For 

the GWAS, three NAM sub-populations (families) were chosen: two derived 

from non-responding parents, PI329000 (family HR656) and PI366207 

(HR658), and one from a low-chlorosis response parent, CIho15600 (HR620) 

(Figure 3.1).  

As expected for a qualitative, single gene trait, the responses 

segregated ~1:1 within each family of RILs; 39 of 73 HR656 lines, 19 of 36 

HR658 lines, and 29 of 66 HR620 lines displayed an HR following infiltration 

with D36E expressing AvrPphB (a total of 87 out of 175 RILs tested; Supp. 

Table 3A.2). Co-segregation of AvrPphB response with SNPs was analyzed 

using the R/NAM package (Xavier et al., 2015), which included 13,981 SNPs 
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in the analysis of the 175 lines (see Methods). The GWAS identified a 22.65 

Mb region between positions 660,376,398 (SNP 3H2_266065765) and 

683,030,529 (SNP 3H2_288719896) on the short arm of chromosome 3H 

associated with AvrPphB response (Figure 3.3A). Neither HvPbs1-1 nor 

HvPbs1-2 are in this region, supporting the hypothesis that an NLR, and not a 

PBS1 homolog, is the determinant of AvrPphB response. Notably, analysis of 

each of the three families individually identified the same locus on 

chromosome 3H as the only significant association (Figure 3.3B). The most 

significant SNP and the number of SNPs used in the analysis varied by 

population due to the SNP variation between Rasmusson and each of the 

other parents.  
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Figure 3.3 [Next page]. Genome wide association study identifies a single locus 
in the barley genome significantly associated with AvrPphB response.  

Manhattan plots of the association between SNPs and AvrPphB response of 
NAM barley lines for A) all 175 lines from the three subpopulations and B) the 
lines from each subpopulation individually (HR656, 658, or 620). The X-axis 
shows SNPs in the region graphed, either the whole genome or the interval 
containing the significant locus in the short arm of Chromosome 3H (3H2). The 
Y-axis shows the negative logarithm of the p-value for the association. The 
locations of NLR genes and NLR gene fragments predicted by NLR-Parser are 
indicated by open triangles; the blue triangle points to Pbr1, the orange to 
Goi2. The dotted horizontal line indicates a false discovery rate of 0.05 with 
Bonferroni correction. C) Graphical representation of 18 recombinant lines 
from four additional families used to fine map the AvrPphB response 
determinant. Green indicates regions containing SNPs matching the 
Rasmusson genotype. Blue indicates regions matching the other parental 
genotype. Uncolored regions represent the intervals in which it can be 
concluded the recombination took place, based on the nearest flanking SNPs.  
Lines labeled in green font display the Rasmusson HR phenotype (1), in blue 
the other parent phenotype (0). 
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Within the GWAS interval, there are 13 predicted NLR genes, as called 

by NLR-parser (Steuernagel et al., 2015) (Figure 3.3A and 2.3B). In the 

reference genome, only four encode putative full length NLRs; the rest are 

fragments, mostly LRR domains and some partial NB-ARC domains. The most 

significant SNP in the analysis of all lines was S3H2_279293442 

(3H:673604075; -log(p)=25.48). We selected the nearest predicted NLR to this 

SNP, HORVU3Hr1G107310 (3H: 672,928,614-672,932,121), as our top 

candidate for the determinant of the response to AvrPphB and tentatively 

named it Pbr1 (AvrPphB Response 1).  

The question of whether Pbr1 is evolutionarily related or even 

orthologous to RPS5 was investigated with a phylogenetic analysis of the NB-

ARC domains from predicted NLR genes in the barley genome (Figure 3.4). 

We included 15 Arabidopsis CC-NB-LRRs in the analysis, including RPM1, 

RPP13, and RPP8, which have the most sequence similarity (in the NB-ARC) 

with PBR1 as determined by BLASTp. In the Neighbor-Joining tree in Figure 

3.4, PBR1 is phylogenetically distant from RPS5, with many barley NLRs 

sharing a distinct clade with RPS5. The predicted protein product of one of the 

genes within the GWAS interval, HORVU3Hr1G109680 (3H: 679064240-

679072712), did cluster with RPS5 and other Arabidopsis NLRs; we selected it 

as a second gene of interest and refer to it as Goi2. In terms of identity, PBR1 

and RPS5 have 17% amino acid identity in the CC domain and 29% in the 

NBARC domain, while GOI2 and RPS5 are 24% and 45% identical to each 

other across those domains, respectively. For comparison, PBR1 and GOI2 
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are 23% identical to each other in the CC domain and 20% in the NB-ARC 

domain. 
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Figure 3.4 [Next page]. RPS5 and PBR1 are phylogenetically distant. 
 Neighbor-Joining phylogenetic tree of the amino acid sequence of the NB-ARC 
domains from 304 NLRs predicted to be encoded in the barley genome (HORVU), 
and 15 known Coiled Coil NLRs from Arabidopsis thaliana (At). For simplicity, clades 
containing >5 predicted NLRs from barley were collapsed, with the number of 
sequences represented in the adjacent parentheses. Node labels indicate confidence 
probabilities (shown for those above 50%) from an interior-branch test with 1000 
replicates. Triangles indicate predicted protein products encoded within the GWAS 
interval, and RPS5 is marked with a circle.  
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As a next step to identify the determinant of the AvrPphB response, we 

used SNP data for the entire NAM population to find additional recombinants 

within the 22.65 Mb GWAS interval. Based on haplotype data within the 

region, eighteen apparent recombinants were selected from four additional 

families with non-AvrPphB-responding parents and phenotyped (Supplemental 

Table 3A.2). Adding the genotype and phenotype data of these new lines to 

the GWAS increased the significance of many of the SNPs, but did not narrow 

the interval. However, using the estimated recombination breakpoints and the 

phenotypes of the individual RILs to fine map the determinant of the response 

resulted in a 3.04 Mb region within the GWAS peak that contains Pbr1 and no 

other NLR gene (Figure 3.3C), supporting Pbr1 rather than Goi2 as the 

determinant of AvrPphB recognition. 

 

Pbr1 is expressed in lines responding to AvrPphB and allelic variation 

correlates with phenotype  

The reference genome used in the GWAS is from the barley line Morex, 

an AvrPphB-non-responding line (Figure 3.1) (Mascher et al., 2017). 

Therefore, the reference genome is likely to have a nonfunctional copy of, or 

lack completely, the NLR hypothesized to detect AvrPphB. In the Morex 

genome, Pbr1 is annotated as containing just a truncated NB-ARC domain 

and an LRR domain, missing an N-terminal domain (Marchler-Bauer & Bryant, 

2004). In contrast, Goi2 encodes a full length NLR (965 aa) with an RPS5-like 

CC domain (aa 27-66), NB-ARC domain (aa 156-439), and LRR (aa 537-864). 
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To see if either gene sequence varies in the responding line Rasmusson, we 

sequenced Pbr1 and Goi2 from that line. The Rasmusson allele of Goi2 is 

highly similar to the Morex allele, with only 3 nonsynonymous mutations 

between them (N860I, R808H, and V282L). Among the differences between 

the two Pbr1 sequences, we found a single nucleotide insertion in Rasmusson 

that restores a larger open reading frame (Figure 3.5A), resulting in a 

predicted full-length NLR (939 aa) with an intact CCEDVID domain (aa 7-131), 

NB-ARC domain (aa 174-454), and an LRR domain containing 12 repeats (aa 

474-886). For Pbr1, we will refer to the allele in Morex as Pbr1.a (GenBank: 

MH595617) and in Rasmusson as Pbr1.b (GenBank: MH595618).   

Reverse transcriptase PCR (RT-PCR) was used to test the expression 

of Pbr1 alleles in Morex and Rasmusson, as well as a variety of other barley 

lines ranging in AvrPphB-induced responses.  Pbr1 was expressed in lines 

that respond to AvrPphB either with HR or chlorosis (Rasmusson, Haruna 

Nijo, PI061533, Gorak, PI584977, PI163409, CIho15600, and CI 16151), but 

not in non-responding lines (PI329000, PI386650, PI362207, and Morex) 

(Figure 3.5B). The primers used for RT-PCR were compatible with all 

genotypes tested, as shown by amplification from genomic DNA, and spanned 

an intron to differentiate cDNA from any genomic DNA contamination. We 

expanded our testing to 30 total lines: 12 responders, 12 non-responders, and 

6 RILS from the 3 NAM subpopulations used for GWAS. Pbr1 was expressed 

in all responding lines, but not expressed in 9 out of 12 non-responding lines 

(Figure 3.5B and Supplemental Figure 3A.3). For comparison, we assayed 
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Goi2 expression in these lines as well and found varying levels of expression 

that did not correspond to AvrPphB response (Figure 3.5B).  

Since point mutations within an NLR can lead to changes in observable 

HR in planta (Stirnweis et al., 2014), we were interested to see if the 

responses to AvrPphB that we observed across different barley lines 

corresponded with sequence polymorphism at Pbr1. We sequenced Pbr1 

alleles of 10 additional barley lines selected at random from among the 

different response phenotypes (1 HR, 2 HC, 2 C, 2 LC, and 3 non-responding 

lines) and compared them to Pbr1.a and Pbr1.b from Morex and Rasmusson, 

respectively. The nucleotide sequences cluster by phenotype (Figure 3.5C) 

when analyzed from start codon to stop codon using the Neighbor-Joining 

method. The non-responding lines, PI329000, PI386650, PI362207, and 

Morex have unique but similar alleles. The HR line Haruna Nijo, like 

Rasmusson, has the Pbr1.b allele. The PBR1 amino acid sequences from 

each of the three chlorosis response groups (LC lines CI 16151 and 

CIho15600, C lines PI584977 and PI163409, and HC lines Gorak and 

PI061533) are identical within and different across the groups; all contain 3 

common substitutions compared to the Rasmusson allele Pbr1.b, including an 

L538Q substitution in the LRR (Figure 3.5D). Together these observations 

suggest that sequence polymorphism in Pbr1 determines response to 

AvrPphB. 
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Figure 3.5. Sequence and expression polymorphism in Pbr1 across barley lines 
correlate to AvrPphB response.  
A) Schematic illustration of Pbr1.b, the allele in the AvrPphB-responding line 
Rasmusson, showing the approximate location of a C nucleotide deletion that 
disrupts the open reading frame in Pbr1.a, the allele in the non-responding line 
Morex. Below, the Pbr1.b protein product is represented, with the amino acid 
positions of the CC domain, NB-ARC domain, and LRR domain indicated. B) PCR 
amplification from cDNA and genomic DNA (gDNA) of 12 representative lines that 
differ in their response to AvrPphB, showing expression and primer compatibility, 
respectively, for Pbr1 and Goi2. cDNA was generated from RNA extracted from 10-
day old plants, the same age used for phenotyping in Figure 3.1. See Supplemental 
Figure 3A.3 for data from additional lines. C) A neighbor joining tree showing the 
sequence relationships of Pbr1 alleles from the barely lines represented in B) and the 
(at right) the responses of those lines to AvrPphB. The tree is based on aligned 
genomic DNA sequence from start codon to stop codon. Nodes are labeled with 
bootstrap values and the scale bar represents number of base substitutions per site. 

N, no response; LC, low chlorosis; C, chlorosis; HC, high chlorosis; HR, 
hypersensitive reaction. D) Schematic illustration of the PBR1.b protein annotated 

with the approximate location of amino acid substitutions present in the predicted 
protein products of other Pbr1 alleles and the responses of the corresponding 
barley lines. *C includes all 3 chlorotic responses.  
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The product of Pbr1 allele Pbr1.c recognizes AvrPphB protease activity 

in N. benthamiana 

To directly test whether PBR1 mediates recognition of AvrPphB, we 

developed a transient expression assay in N. benthamiana.  Pbr1.b from 

cultivar Rasmusson was cloned into a dexamethasone-inducible vector along 

with a C-terminal fusion to super yellow fluorescent protein (PBR1.b:sYFP).  

Unfortunately, transient expression of PBR1.b:sYFP alone resulted in HR with 

complete tissue collapse within 24 hours of transgene induction (Figure 3.6B), 

indicating that PBR1.b is auto-active when overexpressed in N. benthamiana.  

To circumvent the problem posed by auto-activity of the PBR1.b 

protein, we tested a Pbr1 allele from the LC line CI 16151 (Figure 3.1). We 

designated this allele Pbr1.c (GenBank: MH595619). PBR1.b and PBR1.c 

differ by five amino acid substitutions, of which three are located within the 

leucine-rich repeat domain (Figure 3.6A). Transient expression of a 

PBR1.c:sYFP fusion protein in the absence of AvrPphB consistently produced 

a weaker HR than PBR1.b (Figure 3.6B). This result allowed us to test 

whether the HR was enhanced in the presence of active AvrPphB.  

We transiently co-expressed PBR1.c:sYFP and AvrPphB:myc in N. 

benthamiana and assessed cell death. As a control, we co-expressed 

AtPBS1:HA and RPS5:sYFP with AvrPphB:myc, a combination that activates 

cell death in N. benthamiana (Ade et al., 2007, DeYoung et al., 2012, Qi et al., 

2014). Transient co-expression of PBR1.c:sYFP with AvrPphB:myc resulted in 

observable tissue collapse 24 hours post-transgene induction, whereas co-
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expression of PBR1.c:sYFP with either empty vector (e.v.) or 

AvrPphB(C98S):myc resulted in a much weaker cell death response (Figure 

3.6C). Further, transient expression of AvrPphB:myc in the absence of 

PBR1.c:sYFP did not trigger HR, indicating that the cell death response 

requires PBR1.c (Figure 3.6C). We performed an electrolyte leakage analysis 

to better quantify PBR1.c-mediated cell death. Transient co-expression of 

PBR1.c:sYFP with AvrPphB-myc induced greater ion leakage than 

PBR1.c:sYFP co-expressed with either empty vector or AvrPphB(C98S):myc 

between 9 and 16 hours after transgene induction, confirming that 

PBR1.c:sYFP recognizes and mediates a response to AvrPphB protease 

activity (Figure 3.6D). By 26 hours post transgene induction, PBR1.c:sYFP 

expressed with AvrPphB(C98S) or empty vector induced ion leakage similar to 

that observed with co-expression of PBR1.c:sYFP and wild-type AvrPphB, 

indicating that PBR1.c:sYFP is weakly auto-active, consistent with the HR 

assays (Figure 3.6D). 

The observation that AvrPphB, but not AvrPphB(C98S), activates 

PBR1.c-mediated cell death in N. benthamiana even in the absence of a 

barley PBS1 protein suggested that AvrPphB might be cleaving an N. 

benthamiana ortholog of PBS1 and that PBR1.c is recognizing that cleavage. 

Using a reciprocal BLAST and the amino acid sequence of Arabidopsis PBS1, 

we identified two orthologs of PBS1 in the allotetraploid N. benthamiana 

genome, Niben101Scf02996g03008.1 and Niben101Scf04343g00001.1 

(Bombarely et al., 2012), and designated them NbPbs1a (GenBank: 
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MK140809) and NbPbs1b (GenBank: MK140810). Full-length amino acid 

alignment of these two proteins showed that they are 99% identical with only a 

leucine to valine substitution at position 178. Importantly, both contain the 

AvrPphB cleavage site sequence and are thus predicted to be cleaved by 

AvrPphB. To test our hypothesis that in the transient assay PBR1.c is 

guarding an endogenous PBS1 ortholog, we co-expressed NbPBS1a:HA with 

either AvrPphB:myc or AvrPphB(C98S):myc. Consistent with our hypothesis, 

co-expression with AvrPphB:myc, but not the protease inactive mutant, 

resulted in cleavage of NbPBS1a:HA within 6 hours post-transgene 

expression, showing that NbPBS1a:HA is a substrate for AvrPphB (Figure 

3.6E) and that its cleavage could be the trigger for PBR1.c.  
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Figure 3.6 [Next page]. Transient co-expression of PBR1.c with AvrPphB 
induces cell death in N. benthamiana.  
A) Schematic representation of the PBR1.b protein product from Rasmusson, an HR 
line, showing the approximate locations of amino acid substitutions between the 
PBR1.b protein product and the PBR1.c protein product from CI 16151, a low-
chlorosis line. B) Induction of cell death by PBR1.b:sYFP, but not PBR1.c:sYFP, 
independent of AvrPphB expression when transiently expressed in N. benthamiana. 
PBR1.b:sYFP or PBR1.c:sYFP were agroinfiltrated into 3-week old N. benthamiana. 
All transgenes were under the control of a dexamethasone-inducible promoter. A 
representative leaf was photographed 24 hours post-transgene induction under white 
light and UV light. Three independent experiments were performed with similar 
results. C) Activation of HR by transient co-expression of PBR1.c:sYFP and 
AvrPphB:myc in N. benthamiana. Agroinfiltrations were used to transiently express 
combinations of PBR1.c:sYFP, empty vector (e.v.), AvrPphB:myc, and a protease 
inactive derivative, AvrPphB(C98S):myc. HA-tagged Arabidopsis PBS1 co-expressed 
with RPS5:sYFP and AvrPphB:myc was used as a positive control. All transgenes 
were under the control of a dexamethasone-inducible promoter. A representative leaf 
was photographed 24 hours post-transgene induction under white light and UV light. 
Three independent experiments were performed with similar results. D) Electrolyte 
leakage as a measure of cell death resulting from co-expression of PBR1.c:sYFP with 
AvrPphB:myc relative to PBR1.c:sYFP with e.v. or AvrPphB(C98S):myc. The assay 
was performed using N. benthamiana leaf discs transiently expressing the indicated 
combinations of constructs. Conductivity is shown as mean ± S.D. (n = 4). Three 
independent experiments were performed with similar results. E) Cleavage of N. 
benthamiana PBS1 (NbPBS1a) by AvrPphB. HA-tagged N. benthamiana PBS1 or 
AtPBS1 was transiently co-expressed with or without myc-tagged AvrPphB or 
AvrPphB(C98S) in N. benthamiana. Total protein was extracted six hours post-
transgene induction and immunoblotted with the indicated antibodies. Equal loading 
was assessed by staining the blot with Ponceau S solution (bottom). Two 
independent experiments were performed with similar results. 

  



90 
 

 
 

 

 

 

 

 

  



91 
 

PBS1 proteins immunoprecipitate with barley PBR1.c when transiently 

co-expressed in N. benthamiana  

To further test the hypothesis that PBR1.c is activated by sensing 

cleavage of PBS1 proteins, we performed co-immunoprecipitation (co-IP) 

analyses of PBR1.c with HvPBS1-1:HA, HvPBS1-2:HA, AtPBS1:HA, or 

NbPBS1a:HA. As a positive control, we co-expressed AtPBS1:HA with 

RPS5:sYFP, which forms a pre-activation complex in the absence of AvrPphB 

(Ade et al., 2007). As a negative control to rule out co-precipitation of plasma 

membrane fragments, we transiently co-expressed the plasma membrane-

localized fusion protein sYFP:LTI6b with each of the PBS1 proteins (Cutler et 

al., 2000). Consistent with our hypothesis, HvPBS1-1:HA, HvPBS1-2:HA, and 

AtPBS1:HA immunoprecipitated with PBR1.c:sYFP and not with sYFP:LTI6b, 

demonstrating that PBR1.c forms a complex with PBS1 proteins from barley 

and Arabidopsis in the absence of AvrPphB (Figure 3.7). NbPBS1a:HA also 

immunoprecipitated with PBR1.c:sYFP (and not with sYFP:LTI6b) supporting 

the notion that AvrPphB-mediated cleavage of NbPBS1a activates PBR1.c-

dependent HR in N. benthamiana. Though all of the PBS1 proteins 

immunoprecipitated with PBR1.c:sYFP, PBR1.c:sYFP preferentially 

associated with HvPBS1-2:HA and AtPBS1:HA (Figure 3.7). Collectively, 

these data suggest that PBR1 forms a pre-activation complex with one or 

more barley PBS1 orthologs, providing further evidence that PBR1 is the 

guard that recognizes AvrPphB activity. Importantly, CSS-PALM 4.0 

(http://csspalm.biocuckoo.org/) predicts that PBR1.b and PBR1.c are 
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palmitoylated at Cys314, suggesting co-localization with AvrPphB and barley 

PBS1 orthologs at the plasma membrane (Dowen et al., 2009, Ren et al., 

2008, Sun et al., 2017). 

 

 
Figure 3.7. PBS1 proteins immunoprecipitate with PBR1.c when transiently co-
expressed in N. benthamiana.  
The indicated construct combinations were transiently co-expressed in leaves of 3-
week old N. benthamiana plants using agroinfiltration. All transgenes were under the 
control of a dexamethasone-inducible promoter. Total protein was extracted six hours 
post-transgene induction. HA-tagged Arabidopsis PBS1 co-expressed with 
RPS5:sYFP was used as a positive control. The sYFP:LTI6b fusion protein, which is 
targeted to the plasma membrane (Cutler et al., 2000), was co-expressed with the 
HA-tagged PBS1 proteins as a negative control. Results are representative of two 
independent experiments. 

 

Wheat (Triticum aestivum subsp. aestivum) also recognizes AvrPphB 

protease activity 

Sun et al. (2017) recently identified an ortholog of Arabidopsis PBS1 in 

wheat, TaPBS1, that localizes to the plasma membrane when transiently 

expressed in N. benthamiana and is cleaved by AvrPphB. However, it 

remained unclear whether wheat recognizes AvrPphB protease activity and 

would thus likely contain a functional analog of RPS5, such as Pbr1. We 



93 
 

screened 34 wheat varieties obtained from the U.S. Department of Agriculture 

Wheat Germplasm Collection for their response to D36E expressing AvrPphB 

(Figure 3.8A; Supplemental Table 3A.3). Twenty-nine responded with 

chlorosis, while five showed no visible response by three days post-inoculation 

(Figure 3.8A; Supplemental Table 3A.3). No line responded to the protease 

inactive mutant AvrPphB(C98S). 

To further characterize the chlorotic response in wheat, we used 3,3’-

diaminobenzidine (DAB) staining to examine hydrogen peroxide accumulation 

following leaf infiltration with D36E expressing either AvrPphB or 

AvrPphB(C98S). Consistent with the chlorotic phenotype, wheat cv. Fielder 

accumulated detectable hydrogen peroxide within the infiltrated area when 

inoculated with D36E expressing AvrPphB, whereas the mock and 

AvrPphB(C98S) treatments resulted in minimal hydrogen peroxide 

accumulation (Figure 3.8B). In contrast, there was no significant hydrogen 

peroxide accumulation in wheat cv. Centana inoculated with either strain (or 

mock), consistent with the lack of chlorotic response of this line to AvrPphB. 

The correlation of chlorosis and hydrogen peroxide accumulation specifically 

in response to active AvrPphB is consistent with recognition in wheat 

associated with defense. 

To examine whether this recognition in wheat might be mediated by a 

Pbr1 ortholog, we searched the T. aestivum subsp. aestivum genome using 

the Ensembl genome browser (release IWGSC RefSeq v1.0) (Clavijo et al., 

2017, Kersey et al., 2018). We found TraesCS3B01G541100 (3B: 779545009-
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779548231) and TraesCS3D01G485300 (3D: 582016151-582019372) to be 

the most closely related homologs to barley Pbr1.c in wheat. 

TraesCS3B01G541100 and TraesCS3D01G485300 appear to be 

homoeologous based on their genomic locations. Full-length amino acid 

alignment between TraesCS3B01G541100 and TraesCS3D01G485300 

showed 97% amino acid identity. We, therefore, designated 

TraesCS3B01G541100 as TaPbr1-B3 and TraesCS3D01G485300 as TaPbr1-

D3. TaPbr1-B3 is located on wheat chromosome 3B in a position syntenic with 

barley Pbr1 and encodes an NLR consisting of a predicted Rx-like coiled-coil 

domain (aa 7-131), a nucleotide-binding domain (aa 174-454), and a leucine-

rich repeat domain (aa 474-886) (Figure 3.8C). Full-length amino acid 

sequence alignment of barley PBR1.c and TaPBR1-B3 shows 93% amino acid 

identity (Figure 3.8C). Further, TaPBR1-B3, like barley PBR1, is predicted to 

be palmitoylated at Cys314, suggesting co-localization with AvrPphB and 

wheat PBS1. It thus seems likely that TaPBR1-B3 functions as the cognate 

NLR protein that mediates recognition of AvrPphB protease activity in wheat.  
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Figure 3.8. Recognition of AvrPphB protease activity is conserved in wheat. 
 A) Responses of wheat cultivars Fielder and Centana infiltrated with (top to bottom) 
10 mM MgCl2 (mock), P. syringae DC3000(D36E) expressing empty vector (e.v.), 
AvrPphB(C98S), or AvrPphB three days post-infiltration (dpi), photographed under 
white and UV light. Bacteria (OD600=0.5) were infiltrated into the adaxial surface of the 
second leaf of two-week old seedlings. Three independent experiments were 
performed with similar results. Responses of all lines tested are recorded in 
Supplemental Table 3A.3. B) Hydrogen peroxide accumulation. Cultivars and 
treatments assayed were as in panel A. Three dpi, leaf segments were excised from 
the infiltrated regions, stained with DAB solution, cleared with 70% ethanol, and 
photographed under white light. This experiment was repeated twice with similar 
results. C) Full-length amino acid sequence alignment between barley PBR1.c and 
the most closely related homolog in wheat, TraesCS3B01G541100 (TaPBR1-B3). 
Conserved residues and conservative substitutions are highlighted with black and 
grey backgrounds, respectively. The predicted coiled-coil (CC), nucleotide binding 
(NB-ARC), and leucine-rich repeat (LRR) domains of TaPBR1 are indicated by pink, 
green, and cyan bars, respectively. The predicted palmitoylation site is indicated by 
an orange box. 
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DISCUSSION 

Recognition of the P. syringae AvrPphB protease by the Arabidopsis 

RPS5 NLR protein is a well characterized example of indirect effector 

recognition (Kim et al., 2016). Though AvrPphB is recognized by other plant 

species such as soybean and common bean, the disease resistance genes 

responsible for recognition outside of Arabidopsis have not been cloned, and 

the underlying molecular mechanisms are unknown (Jenner et al., 1991, 

Russell et al., 2015). The evidence herein supports the conclusion that barley 

and Arabidopsis have convergently evolved NLRs able to detect effectors that 

structurally modify PBS1-like kinases: barley cultivars respond to AvrPphB but 

not to a protease inactive mutant of AvrPphB, barley contains an NLR gene 

evolutionarily distinct from RPS5 that mediates a strong HR when co-

expressed with avrPphB in N. benthamiana, and AvrPphB associates with and 

cleaves PBS1 orthologs from monocots and dicots. 

While AvrPphB is not known to be present in any pathogens of barley, it 

is a member of a family of proteases present in many phytopathogenic 

bacteria (Dowen et al., 2009, Shao et al., 2002). More generally, proteases 

that target host proteins are found in many, diverse types of pathogens, and 

we expect conserved kinases that are involved in PTI to be common effector 

targets (Xia, 2004). Though the functional roles of HvPBS1-1 and HvPBS1-2 

as well as other barley PBS1-like proteins are unknown, given their 

conservation in many flowering plant families, we can predict that they have a 

role in PTI signaling as observed in Arabidopsis (Zhang et al., 2010). Our 
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evidence supports the hypothesis that barley deploys an effector protease 

recognition mechanism similar to that of recognition of AvrPphB by 

Arabidopsis RPS5, wherein barley PBR1 guards RLCKs such as HvPBS1-1 

and HvPBS1-2 such that it is activated upon their cleavage. Within 

Arabidopsis populations, RPS5 is maintained as a balanced 

presence/absence polymorphism despite inconsistent interaction with 

Pseudomonas strains expressing AvrPphB homologs, suggesting other 

effectors are also imposing selection pressure (Karasov et al., 2014, Tian et 

al., 2002). How many and which effectors from barley pathogens target 

RLCKs is unknown. 

The convergent evolution of the shared ability of PBR1 and RPS5 to 

recognize AvrPphB aligns with the prediction that RLCKs that function in plant 

immunity are common targets of pathogen effectors and that selection to 

guard these proteins is ancient and widespread. A similar example of 

convergent evolution of NLR specificity has been described for the RPM1 and 

Rpg1b/Rpg1r proteins of Arabidopsis and soybean, all three of which detect 

effector induced modifications of RIN4 proteins (Ashfield et al., 2004, Ashfield 

et al., 2014, Selote & Kachroo, 2010). Like PBL proteins, RIN4 is targeted by 

multiple effectors, consistent with these proteins serving critical functions in 

plant immunity (Afzal et al., 2013). It is especially interesting that PBR1 and 

RPS5 independently evolved to detect PBL cleavage instead of directly 

interacting with AvrPphB or integrating a PBL decoy. Direct interaction limits 

the number of effectors a single NLR can detect, while guarding a commonly 
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targeted host protein expands the response spectrum, thus allowing the NLR 

to detect multiple pathogen effectors. The guarding strategy might impose 

purifying selection on RLCKs themselves or selection to integrate an RLCK 

decoy into an NLR: either would reduce the risk of any guard-guardee genetic 

mismatch that might lead to hybrid necrosis. However, there is no obvious 

reason why PBR1 and RPS5 would both have each evolved to guard PBS1, 

rather than distinct AvrPphB substrates, and our current data do not rule out 

the possibility that in barley PBR1 is activated by cleavage of one or more 

different RLCKs. 

When assessing the functional role of PBR1.c in AvrPphB recognition, 

we showed that its co-expression with AvrPphB elicited cell death in N. 

benthamiana even in the absence of barley PBS1 expression. Given that 

PBR1.c does not contain the AvrPphB cleavage site sequence, it is likely 

PBR1.c is sensing AvrPphB-mediated cleavage of an endogenous N. 

benthamiana PBL protein, and we showed that the PBS1 ortholog NbPBS1a 

indeed associates with PBR1 in the absence of AvrPphB and is cleaved by 

AvrPphB. This was true also of AtPBS1 and the barley PBS orthologs 

HvPBS1-1 and HvPBS1-2. Taken together, these data strongly suggest that in 

barley, PBR1.c detects AvrPphB protease activity by sensing cleavage of a 

PBS1 protein, analogous to AvrPphB-detection by RPS5. In recent work, we 

have attempted to test directly whether PBR1.c requires a PBS1 protein for 

AvrPphB recognition by silencing NbPbs1a and NbPbs1b (with a single haripin 

construct) in the N. benthamiana assay. Despite knockdown of both genes, we 
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have observed no significant reduction in PBR1.c-mediated cell death (by 

electrolyte leakage assay). It is possible that residual expression of NbPbs1a 

and NbPbs1b was sufficient, or that indeed other PBS1-like kinases in N. 

benthamiana that are predicted to be cleaved by AvrPphB interact with PBR1. 

The latter possibility is supported by our observation that PBR1 associates 

with PBS1 homologs from multiple plants. 

Pbr1 is expressed in the 12 tested barley lines that respond to 

AvrPphB, and in only 3 of 12 lines that do not respond. The sequence 

polymorphisms found in Pbr1 alleles across the 12 responding barley lines 

correlate with the presence and severity of the AvrPphB response (i.e. 

chlorosis versus strong HR). These data suggest that mutations within the 

Pbr1 coding sequence impact the macroscopic phenotype observed when 

AvrPphB is present. Mutagenesis screens of specific NLRs have been shown 

to modify the severity of phenotype and specificity of interaction (Harris et al., 

2013, Farnham & Baulcombe, 2006, Segretin et al., 2014).  Natural examples 

of the effect of single or few mutations impacting NLR function include the Pi-

ta NLR in Oryzae spp., in which a single amino acid is highly correlated to 

resistance, and the barley Mla locus, which encodes alleles with over 90% 

amino acid sequence identity that recognize different effector proteins (Huang 

et al., 2008, Lu et al., 2016). In wheat, alleles of the Pm3 gene have very little 

sequence diversity, but differ in their resistance contribution to diverse 

Blumeria graminis f. sp. tritici isolates (Brunner et al., 2010, Stirnweis et al., 

2014). Furthermore, the Pm3f allele can be modified to produce a faster, more 
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intense HR, when expressed in N. benthamiana, by mutating two residues to 

match the Pm3a/Pm3b alleles, which also expands the resistance spectrum of 

Pm3f (Stirnweis et al., 2014). These residues are in the ARC2 subdomain and 

do not affect protein stability, but may affect signaling, sensitivity of the NLR, 

or interaction with a guarded host protein (Brunner et al., 2010, Stirnweis et 

al., 2014). We have not yet functionally characterized the polymorphisms in 

PBR1 to determine which, if any, modify the response to AvrPphB, or if any 

impact specificity. However, the difference in auto-activity between PBR1.b 

and PBR1.c when expressed in N. benthamiana is further evidence that 

sequence polymorphism contributes to phenotype, as seen in the wheat Pm3 

alleles.  

The evidence that PBR1 is activated by cleavage of a PBS1 or PBS1-

like protein suggests that PBS1-based decoys can be used to expand 

protease effector recognition in barley. Barley powdery mildew (Blumeria 

graminis f. sp. hordei; Bgh) and Wheat streak mosaic virus (WSMV) are two 

barley pathogens known to deploy proteases as part of the infection process 

(Pliego et al., 2013, Singh et al., 2018). BEC1019 is a putative 

metalloprotease made by Bgh and is conserved among ascomycete fungi 

(Pliego et al., 2013, Whigham et al., 2015). Notably, silencing of BEC1019 by 

both Barley stripe mosaic virus- and single cell RNAi-based methods reduces 

Bgh virulence, suggesting BEC1019 is secreted and required for Bgh 

pathogenicity (Pliego et al., 2013, Whigham et al., 2015). Similar to other 

Potyviruses, WSMV expresses a protease, designated the nuclear inclusion 



101 
 

antigen (NIa), that is essential for viral replication and for proper temporal 

expression of potyviral genes in planta (Singh et al., 2018).  Importantly, the 

cleavage site sequence recognized by the NIa protease has been identified 

(Choi et al., 2001, Tatineni et al., 2011). Insertion of the BEC1019 or NIa 

protease cleavage site sequence into the barley PBS1 proteins should enable 

recognition of these proteases by PBR1. This approach could also be 

extended into wheat given that PBR1 and PBS1 are conserved. 

 

MATERIALS AND METHODS 

Plant Material and Growth Conditions 

Barley seeds were planted in Cornell mix soil (1.2 cubic yards of mix 

contains 10.6 cubic feet of compressed peat moss, 20 lb of dolomitric 

limestone, 6 lb of 11-5-11 fertilizer, 12 cubic ft of vermiculite) in plastic pots. 

Barley plants were grown in a growth room on a 16 hr light/8 hr dark cycle with 

cool white fluorescent lights (85 to 112 µmol/m2/s at soil level) at 22°C. Plants 

were watered as needed to keep soil damp.  

N. benthamiana seeds were sown in plastic pots containing Pro-Mix B 

Biofungicide potting mix supplemented with Osmocote slow-release fertilizer 

(14-14-14) and grown under a 12 hr photoperiod at 22°C in growth rooms with 

average light intensities at plant height of 150 µEinsteins/m2/s. 

Seed for wheat (Triticum aestivum subsp. aestivum) cultivars were 

ordered from the U.S. Department of Agriculture Wheat Germplasm Collection 

via the National Plant Germplasm System Web portal (https://www.ars-
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grin.gov/npgs/) or provided by S. Hulbert (Washington State University). 

Wheat plants were grown in clay pots containing Pro-Mix B Biofungicide 

potting mix supplemented with Osmocote slow-release fertilizer (14-14-14) 

and grown under a 12 hr photoperiod at 22°C in growth rooms with average 

light intensities at plant height of 150 µEinsteins/m2/s. 

 

P. syringae DC3000(D36E) in planta assays 

Previously generated plasmids pVSP61-AvrPphB and pVSP61-

AvrPphB(C98S) (a catalytically inactive mutant) (Shao et al., 2003, Simonich & 

Innes, 1995) were each transformed into D36E, a strain of Pseudomonas 

syringae pv. tomato DC3000 with 36 effectors removed (Wei et al., 2015). 

Bacteria were grown on King’s media B (KB), supplemented with 50 μg of 

kanamycin per milliliter, for two days at 28°C, then suspended in 10 mM 

MgCl2 to an OD600 of 0.5. Suspensions were infiltrated into the underside of 

the primary leaf of 10-day old barley seedlings by needleless syringe. Each 

leaf was infiltrated with bacteria expressing AvrPphB and bacteria expressing 

AvrPphB(C98S), and the infiltrated areas were marked with permanent 

marker. Infiltrated leaves were checked for cell collapse two days post 

infiltrations, then photographed and phenotyped for chlorosis and necrosis five 

days post infiltrations.  

For wheat inoculations, bacteria were grown and prepared in the same 

way, but the adaxial side of the second leaf of 14-day old wheat seedlings was 

infiltrated at three spots with one of the strains of bacteria per leaf. Responses 
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were photographed three days after infiltration using a high intensity long-

wave (365 nm) ultraviolet lamp (Black-Ray B-100AP, UVP, Upland, CA). 

 

Phylogenetic Analyses 

Sequence similarity searches were performed using BLASTp to gather 

barley amino acid sequences homologous to Arabidopsis PBS1 and PBS1-like 

proteins.  First, AtPBL (1 to 27), BIK1, and other PBS1-homologous 

sequences were gathered by searching the Arabidopsis genome (TAIR10, 

GCA_000001735.1) with the AtPBS1 (OAO91748.1) amino acid sequence 

and by name search.  Potential barley PBLs were collected by searching the 

barley protein database (assembly Hv_IBSC_PGSB_v2) with each 

Arabidopsis homologue and taking the top five hits derived from distinct 

genes. Amino acid sequences were aligned with Clustal Omega (Sievers et 

al., 2011), and the alignment can be found on FigShare (doi: 

dx.doi.org/10.6084/m9.figshare.7318520). Bayesian phylogenetic trees were 

generated for the collected sequences using the program MrBayes under a 

mixed amino acid model (Ronquist et al., 2012).  Parameters for the Markov 

chain Monte Carlo method were; nruns = 2, nchains = 2, diagnfreq = 1000, 

diagnstat = maxstddev.  The number of generations (ngen) was initially set at 

200,000 and increased by 100,000 until the max standard deviation of split 

frequencies was below 0.01, or until it was below 0.05 after 1,000,000 

generations.  Phylogenetic trees were visualized in FigTree v1.4.3. 
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For the analysis of the barley and Arabidopsis NLRs, barley NLR genes 

for the entire Morex genome were predicted by NLR-Parser using the high 

confidence protein predictions (Steuernagel et al., 2015, Mascher et al., 2017). 

The amino acid sequence of NB-ARC domains identified in this pipeline were 

extracted into a FASTA file, to which the NB-ARC domains from 15 

Arabidopsis CC-NB-LRRs were added from UniProt accessions. The 

combined 319 sequences were aligned using Clustal Omega (doi: 

dx.doi.org/10.6084/m9.figshare.7315682) and a phylogenetic tree was 

constructed using the Neighbor-Joining p-distance method in MEGA7, with 

pairwise deletions (Sievers et al., 2011, Kumar et al., 2016). An interior-branch 

test with 1000 bootstrap replications was used to determine the confidence 

probability that each branch had a length greater than zero. Clades containing 

more than 5 NLRs from barley, none of which were encoded in the GWAS 

interval, were collapsed when visualized in FigTree v1.4.3, to simplify the final 

tree. 

For the analysis of Pbr1 alleles, nucleotide sequences were selected 

from each sequenced allele that spanned from the start codon to the stop 

codon of the Rasmusson allele, including the intron. Sequences were aligned 

with Clustal Omega (doi: dx.doi.org/10.6084/m9.figshare.7315655) and then 

used to construct Neighbor-Joining trees in MEGA7 with the default 

parameters, including nucleotide substitutions type with a number of 

differences model, but with pairwise deletions (Kumar et al., 2016, Sievers et 

al., 2011). A bootstrap test of 1000 replicates was applied.  
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Genome Wide Association Study 

The University of Minnesota Spring Barley Nested Association Mapping 

(NAM) population comprises 6,161 RILs generated from the variety 

Rasmusson crossed to 88 diverse parents that represent 99.7% of captured 

SNP diversity. In total, ~24,000 SNPs were generated through use of 

genotyping by sequencing and the barley iSelect 9K SNP chip. The 89 

parental lines were assayed for AvrPphB response as part of the initial survey 

of barley lines. Because the common parent, Rasmusson, displayed a strong 

hypersensitive response, NAM families derived from Rasmusson and a parent 

showing no response were chosen for GWAS.   

Plants were assayed as described above using infiltrations of two 

Pseudomonas strains expressing either AvrPphB or AvrPphB(C98S). 

Phenotypes for at least six plants of each recombinant inbred line (RIL) were 

recorded as 0 (no response/low chlorosis) or 1 (hypersensitive reaction) 

depending on the parental phenotype they exhibited. Lines that showed 

phenotypic segregation between individuals were not included in the analysis.  

Genome wide association analysis was performed with the gwas2 

function from the R/NAM (Nested Association Mapping) package, which uses 

an empirical Bayesian framework to determine likelihood ratios for each 

marker (Xavier et al., 2015). Lines from each family were identified within a 

family vector to account for population stratification. Markers with a minor 

allele frequency below 0.05 or missing data of more than 20% were removed 
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using the snpQC function prior to analysis. A threshold of 0.05 for the false 

discovery rate was used to identify significant associations. NLR-encoding 

gene prediction was generated using NLR-parser (Steuernagel et al., 2015) 

and the high confidence Morex barley genome protein predictions (Mascher et 

al., 2017). 

For genetic fine mapping, eighteen additional RILs with recombination 

events in the GWAS interval were selected from other families that also had 

an AvrPphB-non-responding parent. To determine which RILs to select, we 

subset the master SNP file by family and removed SNPs that were not 

variable between Rasmusson and the other parent. For visualization, SNPs 

that did not match neighboring markers across RILs were assumed to be 

miscalls and were also removed; while these could indicate double 

recombination events, the probability for a double recombination occurring 

within the 22.65 Mb interval is 0.001, and would be even less between two or 

three SNPs. 

 

Construction of Transgene Expression Plasmids 

The AvrPphB:myc, AvrPphB(C98S):myc, RPS5:sYFP, and AtPBS1:HA 

constructs have been described previously (Ade et al., 2007, DeYoung et al., 

2012, Shao et al., 2003). HORVU2Hr1G070690 (HvPbs1-1) and 

HORVU3Hr1G035810 (HvPbs1-2) were PCR amplified from barley accession 

CI 16151 (Manchuria background) and Rasmusson cDNA, respectively. The 

resulting fragments were gel-purified, using the QIAquick gel extraction kit 
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(Qiagen), and cloned into the Gateway entry vector pCR8/GW/TOPO 

(Invitrogen) to generate pCR8/GW/TOPO:HORVU2Hr1G070690 and 

pCR8/GW/TOPO:HORVU3Hr1G035810, which we then designated 

pCR8/GW/TOPO:HvPbs1-1 and pCR8/GW/TOPO:HvPbs1-2, respectively.  

The following genes were PCR amplified with attB-containing primers 

from the corresponding templates: HvPbs1-1 from pCR8/GW/TOPO:HvPbs1-

1, HvPbs1-2 from pCR8/GW/TOPO:HvPbs1-2, Pbr1.b (HORVU3Hr1G107310) 

and Goi2 (HORVU3Hr1G109680) from Rasmusson cDNA, Pbr1.c from CI 

16151 gDNA, LTI6b from Arabidopsis thaliana gDNA (Col-0), and NbPbs1a 

(Niben101Scf02996g03008.1) from Nicotiana benthamiana cDNA. The 

resulting PCR products were gel-purified, using the QIAquick gel extraction kit 

(Qiagen) or the Monarch DNA gel extraction kit (NEB), and recombined into 

the Gateway donor vectors pBSDONR(P1-P4) or pBSDONR(P4r-P2) using 

the BP Clonase II kit (Invitrogen) (Qi et al., 2012). The resulting constructs 

were sequence-verified to check for proper sequence and reading frame.  

To generate protein fusions with the desired C-terminal epitope tags, 

pBSDONR(P1-P4):HvPbs1-1, pBSDONR(P1-P4):HvPbs1-2, and 

pBSDONR(P1-P4):NbPbs1a were mixed with the pBSDONR(P4r-P2):3xHA 

construct and the Gateway-compatible expression vector pBAV154 in a 2:2:1 

molar ratio. A derivative of the destination vector pTA7001, pBAV154, carries 

the dexamethasone inducible promoter (Aoyama & Chua, 1997, Vinatzer et 

al., 2006). The pBSDONR(P1-P4):Pbr1.b and pBSDONR(P1-P4):Pbr1.c 

constructs were mixed with the pBSDONR(P4r-P2):sYFP construct and 
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pBAV154 in a 2:2:1 molar ratio. The pBSDONR(P4r-P2):sYFP  and 

pBSDONR(P4r-P2):3xHA constructs have been described previously (Qi et 

al., 2012). To generate the sYFP:LTI6b fusion protein, the pBSDONR(P4r-

P2):LTI6b construct was mixed with the pBSDONR(P1-P4):sYFP construct 

and pBAV154 in a 2:2:1 molar ratio. Plasmids were recombined by the 

addition of LR Clonase II (Invitrogen) and incubated overnight at 25°C 

following the manufactures instructions. Constructs were sequence verified 

and subsequently used for transient expression assays in N. benthamiana. 

 

Transient Expression Assays in N. benthamiana 

For transient expression assays in N. benthamiana, we followed the 

protocol described by DeYoung et al. (2012) and Kim et al. (2016). Briefly, the 

dexamethasone-inducible constructs were transformed into Agrobacterium 

tumefaciens GV3101 (pMP90) strains and were streaked onto Luria-Bertani 

(LB) plates containing 30 μg of gentamicin sulfate per milliliter and 50 μg of 

kanamycin per milliliter. Cultures were prepared in liquid LB media (5 ml) 

supplemented with 30 μg of gentamicin per milliliter and 50 μg of kanamycin 

per milliliter and shaken overnight at 30°C and 250 rpm on a New Brunswick 

orbital shaker. After overnight culture, the bacterial cells were pelleted by 

centrifuging at 3000 x g for 3 minutes and resuspended in 10 mM MgCl2 

supplemented with 100 μM acetosyringone (Sigma-Aldrich). The bacterial 

suspensions were adjusted to an OD600 of 0.9 for HR and electrolyte leakage 

assays and an OD600 of 0.3 for immunoprecipitation and immunoblotting 

assays, and incubated for 3 hours at room temperature. For co-expression of 
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multiple constructs, suspensions were mixed in equal ratios. Bacterial 

suspension mixtures were infiltrated by needleless syringe into expanding 

leaves of 3-week-old N. benthamiana. Leaves were sprayed with 50 μM 

dexamethasone 45 hours after injection to induce transgene expression. 

Samples were harvested 6 hours after dexamethasone application for protein 

extraction, flash-frozen in liquid nitrogen, and stored at -80°C. HR was 

evaluated and leaves photographed 24 hours after dexamethasone 

application using a high intensity long-wave (365 nm) ultraviolet lamp (Black-

Ray B-100AP, UVP, Upland, CA). 

 

Immunoblot Analysis 

Frozen N. benthamiana leaf tissue (0.5 g) was ground in two volumes 

of protein extraction buffer (150 mM NaCl, 50 mM Tris [pH 7.5], 0.1% Nonidet 

P-40 [Sigma-Aldrich], 1% plant protease inhibitor cocktail [Sigma-Aldrich], and 

1% 2,2’-dipyridyl disulfide [Chem-Impex]) using a ceramic mortar and pestle 

and centrifuged at 10,000 x g for 10 minutes at 4°C to pellet debris. Eighty 

microliters of total protein lysate were combined with 20 μl of 5X SDS loading 

buffer, and the mixture was boiled at 95°C for 10 minutes. All samples were 

loaded on a 4-20% gradient PreciseTM Protein Gels (Thermo Fisher Scientific, 

Waltham, MA) and separated at 185 V for 1 hour in 1X Tris/Glycine/SDS 

running buffer. Total proteins were transferred to a nitrocellulose membrane 

(GE Water and Process Technologies, Trevose, PA). Ponceau staining was 

used to confirm equal loading of protein samples and successful transfer. 

Membranes were washed with 1X Tris-buffered saline (TBS; 50 mM Tris-HCl, 
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150 mM NaCl, pH 7.5) solution containing 0.1% Tween 20 (TBST) and 

blocked with 5% DifcoTM Skim Milk (BD, Franklin Lakes, NJ) overnight at 4°C. 

Proteins were detected with 1:5,000 diluted peroxidase-conjugated anti-HA 

antibody (rat monoclonal, Roche, catalog number 12013819001) and a 

1:5,000 diluted peroxidase-conjugated anti-c-Myc antibody (mouse 

monoclonal, Thermo Fisher Scientific, catalog number MA1-81357) for 1 hour 

and washed three times for 10 minutes in TBST solution. Protein bands were 

imaged using an Immuno-StarTM Reagents (Bio-Rad, Hercules, CA) and X-ray 

film. 

 

Allele Sequencing and Expression Analysis 

DNA was isolated from ground frozen leaf tissue using the GeneJET 

Plant Genomic DNA Purification Kit (Thermo Scientific™). Primers were 

designed throughout the genes of interest and fragments were amplified from 

genomic DNA using Q5 2X Master Mix (NEB), then Sanger sequenced at the 

Cornell Biotechnology Resource Center. RNA was isolated from the primary 

leaf of a 10-day old plant using the RNeasy Plant Mini Kit (QIAGEN) after 

freezing and grinding. RNA samples were quantified using a NanoDrop™ 

spectrophotometer (Thermo Scientific™) and 500 ng of RNA from each 

sample were used to make cDNA with SuperScript III Reverse Transcriptase 

(Invitrogen) and oligo dT primers.  DreamTaq™ DNA Polymerase (Thermo 

Scientific™) was used for 30-cycle PCRs of 1 μl of cDNA or 50 ng of gDNA 

template. Eight microliters of the PCR products were then visualized in a 1% 

agarose gel. Samples chosen for expression and sequence analysis were 
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done so based on NAM population parent lines and to encompass two or more 

lines for all phenotypes.  

 

Electrolyte leakage assays in N. benthamiana 

Electrolyte leakage assays were performed as described previously 

(Kim et al., 2016). In brief, after infiltration of Agrobacterium strains into N. 

benthamiana, leaf discs were collected from the infiltrated area using a cork 

borer (5 mm diameter) 2 h post dexamethasone application. Four leaf discs 

from four individual leaves of four different plants were included for each 

replication. The leaf discs were washed three times with distilled water and 

floated in 5 ml of distilled water supplemented with 0.001% Tween 20 (Sigma-

Aldrich). Conductivity was monitored using a Traceable Pen Conductivity 

Meter (VWR) at the indicated time points after dexamethasone induction. 

 

Immunoprecipitation assay in N. benthamiana 

Frozen N. benthamiana leaf tissue (four leaves) was ground in 1 ml of 

IP buffer (50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 10% Glycerol, 1 mM DTT, 1 

mM EDTA, 1% NP40, 0.1% Triton X-100, 1% plant protease inhibitor cocktail 

[Sigma-Aldrich], and 1% 2,2’-dipyridyl disulfide [Chem-Impex]) using a ceramic 

mortar and pestle and gently rotated for 1 hour at 4°C. The samples were 

centrifuged at 10,000 x g for 10 minutes at 4°C twice to remove plant debris. 

Five hundred microliters of the clarified extract were then incubated with 10 μl 

of GFP-Trap A (Chromotek) α–GFP bead slurry overnight at 4°C with constant 
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end-over-end rotation. After overnight incubation, the α–GFP beads were 

pelleted by centrifugation at 4000 x g for 1 minute at 4°C and washed five 

times with 500 μl of IP wash buffer. Eighty microliters of the 

immunocomplexes were resuspended in 20 μl of 5X SDS loading buffer, and 

the mixture was boiled at 95°C for 10 minutes. All protein samples were 

resolved on a 4-20% gradient PreciseTM Protein Gels (Thermo Scientific, 

Waltham, MA) and separated at 185V for 1 hour in 1X Tris/Glycine/SDS 

running buffer. Total proteins were transferred to a nitrocellulose membrane 

(GE Water and Process Technologies, Trevose, PA). Membranes were 

blocked with 5% DifcoTM Skim Milk (BD, Franklin Lakes, NJ) overnight at 4°C. 

Proteins were detected with 1:5,000 horseradish peroxidase-conjugated anti-

HA antibody (rat monoclonal, Roche, catalog number 12013819001) or 

1:5,000 monoclonal mouse anti-GFP antibody (Novus Biologicals, Littleton, 

CO, catalog number NB600-597), washed in 1X Tris-buffered saline (TBS; 50 

mM Tris-HCl, 150 mM NaCl, pH 7.5) solution containing 0.1% Tween 20 

(TBST) overnight and incubated with 1:5,000 horseradish peroxidase-

conjugated goat anti-mouse antibody (abcam, Cambridge, MA catalog number 

ab6789). The nitrocellulose membranes were washed three times for 15 

minutes in TBST solution and protein bands were imaged using an Immuno-

StarTM Reagents (Bio-Rad, Hercules, CA) or Supersignal® West Femto 

Maximum Sensitivity Substrates (Thermo Scientific, Waltham, MA) and X-ray 

film. 
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DAB assay for hydrogen peroxide accumulation in wheat 

Hydrogen peroxide accumulation was detected following the protocol 

described by Liu et al. (2012) and Thordal-Christensen et al. (1997). In brief, 

0.01 g of DAB powder (Sigma-Aldrich) was dissolved in 10 ml of distilled water 

(pH 3.6) and incubated at 37°C for 1 hour on a New Brunswick orbital shaker 

to dissolve the DAB powder. Wheat leaf segments were harvested from the 

infiltrated leaves 3 days post inoculation, (10 plants per treatment, experiment 

performed twice), immersed immediately in DAB solution and vacuum 

infiltrated for 10 seconds. The samples were wrapped in aluminum foil and 

incubated overnight in the dark. After overnight incubation, the stained leaf 

tissue was gently rinsed with distilled water, submerged in 70% ethanol and 

incubated at 70°C to clear the chlorophyll. The cleared leaves were rinsed and 

stored in a lactic acid/glycerol/H2O solution (1:1:1, v/v/v) for photography. 

Wheat leaves inoculated with 10 mM MgCl2 (mock) or P. syringae 

DC3000(D36E) expressing AvrPphB(C98S) were used as controls. 
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APPENDIX 3A – SUPPLEMENTAL DATA FOR CHAPTER 3 

 

 
 
 
 
 
 

Figure 3A.1 [Next page]. Bayesian phylogenetic tree based on amino acid 
alignment of full-length products of Arabidopsis PBS1 (AtPBS1), all 
characterized Arabidopsis PBS1-like (AtPBL) genes, and barley PBS1-like 
(HvPBL) genes homologous to Arabidopsis PBS1.  
AtPBS1 and AtPBL sequences were obtained from The Arabidopsis Information 
Resource (TAIR10) website (arabidopsis.org). Homology searches were performed 
using BLASTp to identify barley amino acid sequences homologous to Arabidopsis 
PBS1 and PBS1-like proteins. Thirty-two barley protein sequences were identified as 
homologous to the 29 Arabidopsis sequences used in the analysis. Bayesian 
phylogenetic trees were generated for the collected sequences using the program 
MrBayes under a mixed amino acid model. Scale bars indicate amino acid 
substitutions per site and nodes are labeled with Bayesian posterior probabilities as a 
percentage. The gray box highlights the clade presented in Figure 3.2.  
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Figure 3A.2. Full-length amino acid sequence alignment between Arabidopsis 
PBS1 and the barley PBS1 homologs.  
Conserved residues and conservative substitutions are highlighted with black and 
grey backgrounds, respectively. Predicted myristoylation and palmitoylation sites are 
indicated with red and blue boxes, respectively. The activation segment is indicated 
with a green box and the AvrPphB cleavage site with a black arrow. 
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Figure 3A.3. Expression of Pbr1 and Goi2 in additional representative barley 
lines.  
PCR amplification from cDNA showing expression and from gDNA showing primer 
compatibility for A) two recombinant inbred lines each from each of the three NAM 
subpopulations used for GWAS (HR620, HR656, and HR658), exhibiting the parental 
phenotypes B) Additional lines bringing the total lines tested (excluding RILS) to 12 
responding and 12 non-responding when considered with Figure 3.5. cDNA was 
generated from RNA extracted from 10-day old plants, the same age used for 

AvrPphB response assays. The AvrPphB response for each line is indicated: N, no 
response; LC, low chlorosis; C, chlorosis; HC, high chlorosis. 
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Table 3A.1. Responses of 150 barley lines when infiltrated with 
Pseudomonas syringae DC3000(D36E) expressing AvrPphB.  
A catalytically inactive AvrPphB(C98S) mutant was used as a negative control and 
never elicited a response. Lines were scored as no response (N), low chlorosis (LC), 
chlorosis (C), high chlorosis (HC), and hypersensitive reaction (HR). 

Barley Line Response Barley Line Response Barley Line Response 

CIho4050 HR Hv545 LC PI078609 N 

Haruna Nijo HR Hv612 LC PI087844 N 

Kamet Mugi  HR PI069521 LC PI094875 N 

PI371817 HR PI190790 LC PI173518 N 

PI640095 HR PI320217 LC PI282616 N 

Rasmusson HR PI328052 LC PI296460 N 

CIho14216 HC PI402037 LC PI298708 N 

CIho14228 HC PI452421 LC PI327680 N 

CIho14258 HC PI467758 LC PI327859 N 

Gorak  HC PI640265 LC PI328155 N 

PI048133 HC WBDC 028 LC PI328485 N 

PI061533 HC WBDC 150 LC PI328577 N 

PI135758 HC WBDC 173 LC PI328632 N 

PI410451 HC WBDC 209 LC PI329000 N 

PI410483 HC CI5541a LC PI356719 N 

PI531986 HC Barke N PI362207 N 

PI573615 HC Baronesse N PI382313 N 

PI573878 HC BCD47 N PI382860 N 

PI640226 HC CI 16137 (Mla1) N PI386650 N 

CIho10034 C CIho13743 N PI387098 N 

CIho2367 C CIho14052 N PI392524 N 

CIho4214 C CIho14319 N PI415348 N 

CIho4264 C CIho14881 N PI434794 N 

Hv586 C CIho15349 N PI449279 N 

PI057089 C CIho15362 N PI531896 N 

PI071075 C CIho2542 N PI531917 N 

PI119925 C CIho4184 N PI584786 N 

PI129482 C CIho6294 N PI640220 N 

PI163409 C Columbia N PI640376 N 

PI174431 C Diamond N Sultan 5 N 

PI223883 C Duplex N WBDC 016 N 

PI447100 C 
F4 
(SM127/Morex) N WBDC 020 N 
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Table 3A.1 continued. 

Barley Line Response Barley Line Response Barley Line Response 

PI467733 C Golden Promise N WBDC 032 N 

PI584977 C Harrington N WBDC 035 N 

PI640286 C Hv531 N WBDC 061 N 

CI 16139 LC HV587 N WBDC 082 N 

CI 16141 LC Hv602 N WBDC 092 N 

CI 16143  LC HV644 N WBDC 103 N 

CI 16145  LC Manchuria N WBDC 115 N 

CI 16147 LC Minn. Cross 299  N WBDC 142 N 

CI 16149 LC Minsturdi  N WBDC 172 N 

CI 16151 LC Morex N WBDC 213 N 

CI 16153 LC NGB9601 N WBDC 227 N 

CI 16155 LC Pallas N WBDC 234 N 

CIho15600 LC PC11 N WBDC 292 N 

CIho2205 LC PC249 N WBDC 302 N 

CIho6020 LC PC84  N WBDC 336 N 

CIho7247 LC PI039590 N WBDC 348 N 

HOR11358 LC PI054915 N WBDC 350 N 
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Table 3A.2  Responses of 193 RILs from the UMN Spring Barley Nested 
Association Mapping (NAM) population when infiltrated with Pseudomonas 
syringae DC3000(D36E) expressing AvrPphB.  
The inactive protease AvrPphB(C98S) never elicited a response. Response (R) 
phenotypes were used in genome wide association analysis. Hypersensitive reaction 
= 1; no response or low chlorosis = 0. 

Barley Line R Barley Line R Barley Line R Barley Line R 

HR656S001 0 HR656S057 1 HR658S039 0 HR620S050 0 

HR656S002 1 HR656S058 0 HR658S042 0 HR620S051 1 

HR656S003 1 HR656S059 1 HR658S044 1 HR620S052 1 

HR656S004 0 HR656S060 0 HR658S045 1 HR620S053 0 

HR656S005 1 HR656S061 0 HR658S046 0 HR620S054 0 

HR656S006 0 HR656S062 1 HR658S047 1 HR620S055 1 

HR656S007 0 HR656S064 0 HR658S048 1 HR620S056 1 

HR656S008 1 HR656S065 1 HR658S049 1 HR620S057 1 

HR656S010 1 HR656S066 1 HR658S050 1 HR620S058 0 

HR656S011 0 HR656S067 1 HR620S001 0 HR620S060 0 

HR656S012 1 HR656S068 0 HR620S002 1 HR620S061 0 

HR656S013 1 HR656S069 1 HR620S003 1 HR620S062 0 

HR656S014 0 HR656S070 0 HR620S004 1 HR620S064 0 

HR656S015 1 HR656S071 1 HR620S005 1 HR620S065 1 

HR656S016 0 HR656S072 1 HR620S006 1 HR620S066 1 

HR656S017 1 HR656S073 0 HR620S007 0 HR620S067 0 

HR656S018 0 HR656S074 1 HR620S008 1 HR620S068 0 

HR656S019 1 HR656S075 1 HR620S009 0 HR620S069 0 

HR656S020 0 HR656S076 1 HR620S010 0 HR620S070 0 

HR656S021 0 HR656S077 1 HR620S011 1 HR620S071 0 

HR656S022 1 HR656S078 0 HR620S012 1 HR620S073 1 

HR656S023 0 HR656S079 1 HR620S013 0 HR620S074 1 

HR656S024 0 HR656S081 1 HR620S015 1 HR620S075 0 

HR656S025 0 HR658S001 0 HR620S016 0 HR620S076 1 

HR656S026 0 HR658S002 1 HR620S017 0 HR620S078 0 

HR656S027 0 HR658S003 1 HR620S018 1 HR630S050* 1 

HR656S028 1 HR658S004 0 HR620S020 0 HR630S053* 1 

HR656S029 0 HR658S005 0 HR620S021 0 HR630S002* 0 

HR656S030 1 HR658S007 0 HR620S022 0 HR630S014* 0 

HR656S031 1 HR658S010 0 HR620S023 0 HR623S014* 0 

HR656S033 1 HR658S011 1 HR620S024 1 HR623S013* 1 

HR656S034 0 HR658S012 1 HR620S025 1 HR623S024* 1 
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Table 3A.2 continued. 

Barley Line R Barley Line R Barley Line R Barley Line R 

HR656S035 1 HR658S013 1 HR620S026 1 HR623S050* 1 

HR656S036 1 HR658S015 1 HR620S028 0 HR655S034* 1 

HR656S037 0 HR658S016 0 HR620S029 1 HR655S019* 1 

HR656S038 0 HR658S018 1 HR620S031 0 HR655S015* 0 

HR656S039 0 HR658S020 0 HR620S033 0 HR624S017* 1 

HR656S041 1 HR658S022 0 HR620S034 0 HR624S034* 0 

HR656S042 0 HR658S024 0 HR620S035 0 HR624S002* 0 

HR656S043 0 HR658S025 1 HR620S038 1 HR605S005* 0 

HR656S045 0 HR658S026 1 HR620S039 0 HR605S009* 0 

HR656S046 1 HR658S027 0 HR620S040 0 HR605S063* 0 

HR656S048 1 HR658S029 0 HR620S041 1 HR605S050* 1 

HR656S049 0 HR658S030 1 HR620S042 0   

HR656S050 1 HR658S031 0 HR620S043 1   

HR656S052 0 HR658S032 0 HR620S044 1   

HR656S053 1 HR658S035 1 HR620S045 1   

HR656S054 1 HR658S036 1 HR620S046 0   

HR656S055 1 HR658S037 0 HR620S048 0   

HR656S056 0 HR658S038 1 HR620S049 0   
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Table 3A.3. Responses of wheat varieties to P. syringae DC3000(D36E) 
expressing AvrPphB.  
The second leaves of 14-day old wheat seedlings were inoculated with P. syringae 
DC3000(D36E) carrying AvrPphB (OD600= 0.5) by infiltration with a needleless syringe. 
Wheat responses were scored as no response, low chlorosis, or chlorosis three days 
post-inoculation. Wheat varieties were obtained from the U.S. Department of 
Agriculture Wheat Germplasm Collection or generously provided by Scot Hulbert 
(Washington State University). Lines were scored as no response (N), low chlorosis 
(LC), and chlorosis (C). 

Wheat Line Response 

Thatcher (Cltr10003) C 

Penawawa (PI495916) C 

Neepawa (Cltr15073) C 

Fielder (Cltr17268) C 

Avocet S (Hulbert) C 

Bliss (Cltr486350) C 

Colano (Cltr15333) C 

Lew (Cltr17429) C 

Scarlet (Hulbert) C 

Zak (Hulbert) C 

Nabob (Cltr8869) C 

Thorne (Cltr11856) C 

Sterling (Cltr17859) C 

Wichita (Cltr11952) C 

Blanca (PI501533) C 

Saunders (Cltr12567) C 

Chinook (Cltr13220) C 

Chaparral (Cltr14076) C 

Crim (Cltr13465) C 

Rushmore (Cltr12273) C 

Sunstar Promise (PI585232) C 

Newthatch (Cltr12318) C 

Vandal (PI546056) LC 

Ace (Cltr13384) LC 

USU-Apogee (PI592742) LC 

Justin (Cltr13462) LC 

Polk (Cltr13773) LC 

Cadet (Cltr12053) LC 

Wawawai (PI574538) LC 

Centana (Cltr12974) N 

Eltan (Hulbert) N 

Jefferson (PI603040) N 

WA6101 (Cltr17690) N 

Alpowa (PI566596) N 
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APPENDIX 3B – ADDITIONAL EXPERIMENTS AND PROPOSED 

DIRECTIONS FOR FUTURE WORK ON PBR1 

 

In the course of preparing the manuscript in Chapter 3, I also conducted 

experiments that remain in progress or did not yield conclusive results. While some of 

these experiments could be revisited and potentially improved upon, I also present 

here other ideas for how to further examine the PBR1-PBS1-AvrPphB interaction in 

barley. 

 

GENE EDITING HvPBS1 HOMOLOGS WITH CRISPR/Cas9 

While investigating whether barley responded to AvrPphB, we aimed to knock 

out the PBS1 homologs in barley to assess loss of response. We chose to use the 

increasingly popular tool of CRISPR/Cas9, a two-part system with a guide RNA and 

nuclease that together can specifically introduce double stranded breaks into targeted 

DNA sites. To create a CRISPR/Cas9 vector for use in barley (pHvCCVec), I cloned 

the rice-codon-optimized Cas9 from Zhou et al. (2014) into the Agrobacterium 

tumefaciens binary vector pWBVec20 provided by Fredy Altpeter (University of 

Florida). Cas9 is driven by the maize ubiquitin promoter with its first intron.The vector 

also has an hpt selectable marker driven by the 35S promoter and Hsp70 intron. 

Finally, as a Gateway Destination Vector, pHvCCVec allows for the addition of a 

guide RNA (gRNA) cassette from the entry vector pENTR-gRNA1 (Zhou et al., 2014). 

To target HvPBS1-1 and HvPBS1-2, I designed two different gRNAs for each 

gene using Benchling, had them synthesized by IDT, and cloned them into pENTR-

gRNA1 following the protocol outlined in Zhou et al. (2014). For each gene, both 

gRNAs were cloned into the same entry vector, to increase the chances of edits, 
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including large deletions in the coding sequence if cuts occur at both guides. LR 

Clonase II was used to recombine the gRNA entry vectors and pHvCCVec to create 2 

CRISPR/Cas9 binary vectors, each targeting a different PBS1 homolog with 2 guide 

RNAs. These two constructs were mailed to Fredy Altpeter’s lab at the University of 

Florida and were transformed into the barley line Golden Promise, which is the 

standard for barley transformations. Golden Promise is an AvrPphB-nonresponding 

line, so any edited HvPBS1 copies would need to be moved to an AvrPphB-

responding line by breeding for loss-of-function experiments. 

 Once the first transgenic (T0) lines were generated, DNA was 

extracted at the Altpeter Lab at the University of Florida and shipped to the 

Bogdanove Lab at Cornell University for PCR amplification and sequencing to identify 

edits. I designed primers to stretch across both gRNA sites and used those to amplify 

from the genomic DNA to look for large deletions. No T0s showed any large edits 

when PCR reactions were run in an agarose gel, so PCR products were gel-purified 

and sent for sequencing in batches of 4 to look for small edits (i.e. cut at one gRNA 

but not the other). Decomposition analysis with TIDE showed that no T0s had small 

edits at either of the gRNA targets for either gene (Brinkman et al., 2014). It is unclear 

why no T0 lines were edited and whether that is a fault of the vector, transformation, 

gRNA selection, or the target genes. T0s were screened for Cas9 by PCR to confirm 

transgene insertion and most plants did contain Cas9, though expression of Cas9 

was not assessed. Seeds were shipped to Roger Innes at Indiana University 

Bloomington for future attempts to develop edited lines by heat treatment (LeBlanc et 

al., 2018).  
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VIRUS-INDUCED GENE SILENCING OF HVPBS1 AND PBR1 

Virus-induced gene silencing (VIGS) is readily used to knock down host or 

pathogen genes, especially when studying genetically intractable organisms like 

powdery mildews and rusts (Becker, 2013). A small piece of DNA from the gene of 

interest is cloned into viral DNA, then the plant is inoculated with the modified virus. 

Through endogenous RNAi machinery, the targeted gene will be silenced, whether in 

the host plant or a subsequently inoculated pathogen. We sought to silence HvPbs1 

homologs or Pbr1 and then challenge the virus infected plants with polymutant 

Pseduomonas syringae pv. tomato DC3000(D36E) carrying AvrPphB. VIGS was 

pursued in parallel to gene editing because of its flexibility and speed, compared to 

making stable knock outs by CRISPR/Cas9. Meng et al. (2009) developed a system 

that relies on particle bombardment of barley leaves with beads coated in plasmid 

DNA containing the genome of barley stripe mosaic virus (BSMV). Using this system, 

the following genes were targeted with a number of viral constructs: 2 for HvPbs1-1, 1 

for HvPbs1-2, and 3 for Pbr1. Detailed safety and experimental protocols were logged 

into the Bogdanove Lab electronic laboratory notebook.  

When inoculated with Pto D36E(AvrPphB), virally infected plants showed 

inconsistent silencing of the HR phenotype, including control plants with no target 

gene silencing. When I extracted RNA from infected plant tissue adjacent to the 

bacterial inoculation site, the transcript levels of targeted genes did not correlate with 

the observed HR phenotypes (data not shown). In the final repeat of this experiment I 

only tested for effect of silencing Pbr1, to increase the biological replicates to 30 

plants in a randomized block design. When leaves were rated on a scale of 0-4 to 

indicate intensity of HR, the mock infected leaves had an average of 3.83 

(st.dev.=0.38), while the BSMV infected had an average of 1.93 (st.dev.=1.57). My 

results were consistent with BSMV itself reducing AvrPphB-induced HR, probably 



133 
 

depending on viral load, as the BSMV and mock-inoculated samples were statistically 

different (Student’s t-test; p=2.6e-08). We could draw no conclusions about the role of 

PBR1 in AvrPphB-induced HR (Fig 3B.1). While this assay could not accurately 

assess reduction in AvrPphB-induced HR because of the apparent interference by 

BSMV itself, it could be of interest to look into how the virus is affecting this response 

and could be relevant under co-infection circumstances. 

 
Figure 3B.1. Response of BSMV or mock-inoculated barley leaves challenged 
with AvrPphB.  
Leaves were photographed 5 dpi with Pto D36E(AvrPphB) by infiltration (OD600=0.5) 
and 19 dpi with BSMV by mechanical infection from a slurry of previously infected leaf 
tissue. There were 30 leaves total per treatment for this experiment and one 
representative block was chosen to show here. 

 

AvrPphB-TRIGGERED RESISTANCE TO Xanthomonas Translucens pv. Undulosa 

INFECTION 

As addressed in Chapter 1 and 2 of this dissertation, various bacteria have 

been used to deliver fungal or oomycete effectors. In one study, delivery of the 

Hyaloperonospora parasitica effector ATR13 by Pto elicits a hypersensitive reaction 

in Arabidopis thaliana containing the cognate R gene (Rentel et al., 2008). Both H. 

parasitica and Pto are pathogens of A. thaliana, but the HR elicited by ATR13 was 

able to stop disease progression caused by Pto (Rentel et al., 2008). Since Pto D36E 
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does not cause disease in planta, we questioned whether the AvrPphB-induced HR 

we observed could in fact prevent infection by a barley pathogen.  

Xanthomonas translucens pv. undulosa ICMP11055 causes bacterial leaf 

streak in wheat and barley (Falahi Charkhabi et al., 2017). I transformed Xtu with 

plasmids encoding AvrPphB or AvrPphB(C98S) and infiltrated them (OD600=0.2) into 

the youngest leaf of 20-day old barley plants. I photographed disease symptoms and 

assayed for bacterial growth at 8 dpi (Fig 3B.2). In some of the AvrPphB-responsive 

genotypes of barley, Xtu population was statistically significantly less when the 

bacteria had AvrPphB compared to AvrPphB(C98S). However, the difference was 

much smaller than one would expect from what was hypothesized to be an 

incompatible versus compatible interaction.  

There are two plausible explanations for Xtu (AvrPphB) infection success: (1) 

AvrPphB is not well secreted by Xtu and therefore is not eliciting a strong defense 

response or (2) Xtu has native virulence factors that are suppressing the HR caused 

by AvrPphB. Xtu ICMP11055 has seven TAL effectors as well as 26 other type III 

effector proteins, each of which could function as a virulence factor (Falahi Charkhabi 

et al., 2017). Notably, a BLAST search did not reveal any obvious homolog to 

AvrPphB in Xtu genomes, but other effectors could be targeting host kinases, 

necessitating ways of shutting down kinase-mediated HR. One possibility is the 

interference of the XopE family of effectors, which have been shown to reduce 

effector-triggered HR in tobacco (Medina et al., 2017).  
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Figure 3B.2. Response of barley plants to infection by Xanthomonas 
translucens pv. undulosa with and without catalytically active AvrPphB.  
A) Disease progression at 8 dpi of Xtu in barley plants that vary in their response to 
AvrPphB; NR - no response, LC – low chlorosis, C – chlorosis, HC – high chlorosis, 
and HR – hypersensitive reaction. C98S indicates the catalytically inactive mutant of 
AvrPphB. Xtu was infiltrated by needleless syringe into 10 day-old plants at an OD600 
of 0.2 and the spread of inoculum during infiltration was marked in black. B) 
Quantification of bacterial growth within the inoculation site. Averages were 
determined from 3 biological replicates, i.e. 3 leaves from different plants. 
Significance is indicated for the following p values as determined by ANOVA and a 
post-hoc Tukey’s HSD test: * <0.1, ** <0.05, *** <0.01, and not significant (ns). 

 

 

PROPOSED EXPERIMENTS FOR CONTINUED STUDY OF THE PBR1-PBS1-

AvrPphB INTERACTION 

In Chapter 3, we were unable to assess whether an HvPBS1 protein was 

required to mediate the AvrPphB-induced HR in barley. While we found that PBR1 

interacts PBS1 homologs, we did not have to express a barley PBS1 homolog to 

increase HR in N. benthamiana. Our VIGS and CRISPR experiments were intended 

to address this, as well as additional attempts by co-first author Matthew Helm to 

silence NbPBS1 that were unsuccessful.  

If one wanted to continue to investigate the necessity of PBS1s for PBR1-

mediated HR, then I would propose to use a modified PBS1. The AvrPphB cleavage 

site is conserved in all PBS1 homologs that we investigated. However, the NIa 
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protease from Tobacco Etch Virus (TEV) cleaves an amino acid sequence that does 

not naturally occur in PBS1 homologs. In Kim et al. (2016), PBS1 from A. thaliana 

was engineered to have the cleavage site of TEV NIa protease instead of AvrPphB 

(PBS1TCS), and still activated RPS5 following co-expression with RPS5 and TEV NIa 

protease in N. benthamiana. Because PBR1 appears to associate with PBS1 

homologs from many plants, including AtPBS1, one could co-express PBR1, 

PBS1TCS, and TEV NIa protease to avoid AvrPphB-cleavage of endogenous PBS1 

proteins. If a PBS1 protein is mediating the protease-dependent HR, co-expressing 

TEV NIa protease and PBR1 would not result in cell death, unless PBS1TCS was also 

expressed. 

Our assays in N. benthamiana also revealed that there are differences in the 

severity of HR elicited by PBR1 that correlate with genotypic variation, as seen in 

experiments with barley as well. Not only can PBR1 be investigated for the function of 

each domain, but it should also be investigated for which individual polymorphisms 

are responsible for phenotypic variation. The most interesting sequence difference is 

in the 538th amino acid residue, a leucine in the leucine-rich repeat domain in the 

more active PBR1.b allele, but a glutamine in the less active PBR1.c allele. To this 

end, I mutagenized the PBR1.b allele (L538Q) and PBR1.c allele (Q538L) to test if 

the HR severity changed in N. benthamiana. I have since sent these constructs to 

Matthew Helm (USDA-ARS) who is continuing this work as a postdoctoral fellow. 
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ABSTRACT  

Symbioses of bacteria with fungi have only recently been described and are 

poorly understood. In the symbiosis of Mycetohabitans (formerly Burkholderia) 

rhizoxinica with the fungus Rhizopus microsporus, bacterial type III (T3) secretion is 

known to be essential. Proteins resembling T3-secreted transcription activator-like 

(TAL) effectors of plant pathogenic bacteria are encoded in the three sequenced 

Mycetohabitans spp. genomes. TAL effectors nuclear localize in plants, where they 

bind and activate genes important in disease. The Burkholderia TAL-like (Btl) proteins 

bind DNA but lack the N- and C-terminal regions in which TAL effectors harbor their 

T3 and nuclear localization signals, and activation domain. We characterized a Btl 

protein, Btl19-13, and found that, despite the structural differences, it can be T3-

secreted and can nuclear localize. A btl19-13 gene knockout did not prevent the 

bacterium from infecting the fungus, but the fungus became less tolerant to cell 

membrane stress. Btl19-13 did not alter transcription in a plant-based reporter assay, 

but 15 R. microsporus genes were differentially expressed in comparisons both of the 

fungus infected with the wildtype bacterium vs the mutant and with the mutant vs. a 

complemented strain. Southern blotting revealed btl genes in 14 diverse 

Mycetohabitans isolates. However, banding patterns and available sequences 

suggest variation, and the btl19-13 phenotype could not be rescued by a btl gene 

from a different strain. Our findings support the conclusion that Btl proteins are 

effectors that act on host DNA and play important but varied or possibly host-

genotype-specific roles in the M. rhizoxinica-R. microsporus symbiosis.  
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SIGNIFICANCE  

Endosymbiotic bacteria are found in diverse fungi, but little is known about 

how they communicate with their hosts. Some plant pathogenic bacteria use type III-

translocated TAL effectors to control host transcription, and TAL-like proteins are 

encoded in genomes of the fungal endosymbiotic bacterium Mycetohabitans 

rhizoxinica. In this paper, we present evidence that these proteins are, like TAL 

effectors, type III-secreted, nuclear-localizing effectors that perturb host transcription, 

and show that one enhances tolerance of the fungal host to cell membrane stress. 

Our characterization of an effector in a bacterial-fungal symbiosis opens a new door 

to molecular understanding of these inter-kingdom partnerships. Our findings also 

provide insight into the functional diversity and evolution of the TAL effector protein 

family.   

 

INTRODUCTION 

Bacteria are critical partners in symbiotic interactions with a variety of animals and 

plants, ranging from bobtail squid to legumes. Many of these associations are well 

studied, and the reciprocal benefits and molecular interactions underlying them well 

understood. Recently, diverse bacterial-fungal symbioses have been described, with 

fungal hosts ranging from tree endophytes to human pathogens (Arora & Riyaz-Ul-

Hassan, 2018). One such partnership is Mycetohabitans rhizoxinica (family 

Burkholderiaceae; formerly Burkholderia rhizoxinica (Estrada-de Los Santos et al., 

2018)) and the mucoromycete Rhizopus microsporus. A rice pathogen and 

opportunistic human pathogen, R. microsporus can also be found as a free-living soil 

saprophyte and is used in soy fermentation. M. rhizoxinica produces an anti-mitotic 
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toxin, rhizoxin, which is critical for the fungus to infect rice seedlings (Partida-Martinez 

& Hertweck, 2005). 

Though challenging, M. rhizoxinica can be cultured and genetically manipulated 

independently of its fungal host, making it a useful model. R. microsporus isolates 

that harbor M. rhizoxinica or other Mycetohabitans spp. require their bacterial partner 

for asexual and sexual sporulation, while non-host isolates sporulate without bacteria 

(Lackner et al., 2009, Partida-Martinez et al., 2007, Mondo et al., 2017). As is true for 

many gram-negative bacterial pathogens and mutualists of plants and animals, M. 

rhizoxinica requires a type III secretion system (T3SS) to invade its host (He et al., 

2004, Lackner et al., 2011a). T3SSs inject effector proteins directly into host cells to 

promote infection (Alfano & Collmer, 2004). Over the past few decades, the T3 

effector repertoires of many plant and animal-associated bacteria have been 

identified, and their modes of action characterized (Hu et al., 2017).  

Despite the demonstrated importance of the T3SS in the Rhizopus-

Mycetohabitans partnership, no T3 effector proteins from M. rhizoxinica or any other 

endohyphal bacterium have been characterized (Nazir et al., 2017). However, 

homologs of transcription activator-like (TAL) effectors from plant pathogenic 

Xanthomonas spp. were identified in the first sequenced M. rhizoxinica genome (de 

Lange et al., 2014b, Lackner et al., 2011b, Juillerat et al., 2014, Estrada-de Los 

Santos et al., 2018). TAL effectors are T3-secreted, sequence-specific, DNA-binding 

proteins that act as transcription factors once inside plant cells, upregulating target 

genes. Often these targets are so-called susceptibility genes that contribute to 

bacterial proliferation, symptom development, or both; examples include sugar 

transporter, transcription factor, and other genes (Boch et al., 2014, Hutin et al., 

2015). Some strains of the phytopathogenic Ralstonia solanacearum species 

complex also have TAL effectors (called 'RipTALs') (Schandry et al., 2016, Heuer et 
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al., 2007). Outside of plant pathogens, TAL effector-like gene fragments have been 

found in the marine metagenome, although the organism or organisms of origin 

remain unknown (de Lange et al., 2015). The limited discovered distribution of this 

effector family makes its evolutionary origins and functional diversity a mystery. 

TAL effectors have four structural components (Figure 4.1A): an N-terminal T3S 

signal (Szurek et al., 2002), C-terminal nuclear localization signals (Szurek et al., 

2001, Van den Ackerveken et al., 1996), a central, repetitive DNA recognition domain 

(Deng et al., 2012, Mak et al., 2012), and a C-terminal activation domain (Szurek et 

al., 2001). The DNA recognition domain consists of highly conserved repeats each 

with two variable amino acids, the repeat variable diresidue (RVD). The repeats each 

interact with single nucleotides, in a contiguous fashion, with specificity dictated by 

the RVDs. This one-to-one recognition "code" makes it possible to predict the DNA 

sequence(s) a TAL effector will bind given its RVD sequence (Boch et al., 2009, 

Moscou & Bogdanove, 2009). Also, TAL effectors can be synthesized to target 

specific DNA sequences by putting together repeats with the appropriate RVDs, 

making these proteins useful for biotechnology (Doyle et al., 2013, Boch et al., 2014, 

de Lange et al., 2014a).   

The initial discovery of TAL effector homologs in Mycetohabitans (then 

Burkholderia) came just as TAL effectors were garnering interest as engineerable 

tools for DNA targeting applications such as genome editing. Though their repeats 

are less highly conserved, the Burkholderia proteins were found to bind DNA targets 

specifically, wrapping the DNA in a superhelical structure, like TAL effectors (Stella et 

al., 2014, Mak et al., 2012, de Lange et al., 2014b, Juillerat et al., 2014). In the 

biochemical studies, different names for the proteins were introduced, including 

BurrH, and the collective term Bat (Burkholderia TAL-like). Bat follows bacterial gene 

nomenclature convention but was in use prior to refer to bacteriopsin activator genes. 
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Therefore, we refer to the proteins as Btl (for Burkholderia TAL-like) and encoding 

genes as btl.  Though the studies to date established Btl proteins as sequence-

specific DNA binding proteins with potential for synthetic biology, none has yet 

addressed the function(s) of these proteins within the bacterial-fungal symbiosis. The 

Btl protein structure is truncated at the N- and C- termini compared with canonical 

TAL effectors, and lacks a T3S signal, nuclear localization signals, and an activation 

domain (Figure 4.1A). Thus, even whether Btl proteins act as translocated 

transcription factors is itself uncertain. 

The identification of proteins homologous to TAL effectors in Mycetohabitans spp. 

presents an opportunity to probe the molecular basis of a fungal-bacterial symbiosis 

and to better understand the functional diversity of this intriguing family of proteins. In 

this study, we carried out several experiments to test the hypothesis that Btl proteins 

function like Xanthomonas TAL effectors, transiting the T3SS and altering host 

transcription. We also probed whether Btl proteins play any role in establishing the 

symbiosis or confer a benefit to the fungus. Finally, we explored the prevalence of btl 

genes across geographically diverse Mycetohabitans spp. and tested whether distinct 

btl genes found in different isolates might be functionally interchangeable. 

 

RESULTS 

The btl gene in Mycetohabitans sp. B13 is expressed endohyphally 

We identified btl genes in each of the three publicly available genome sequence 

assemblies of Mycetohabitans spp. that are complete or largely so: Mycetohabitans 

rhizoxinica HKI 0454/B1 endosymbiont of R. microsporus ATCC 62417 (NCBI 

accession: PRJEA51915; Lackner et al., 2011b), Mycetohabitans sp. B13 

endosymbiont of R. microsporus ATCC 52813 (NCBI accession: PRJNA303198), and 
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Mycetohabitans sp. B14 endosymbiont of R. microsporus ATCC 52814 (NCBI 

accession: PRJNA303197). Strain B13 has one intact btl gene and a small btl gene 

fragment, whereas strains B1 and B14 each have three btl genes (Supplemental 

Table 4A.1). Because the RVD sequence affects the DNA binding ability and 

specificity of TAL-like proteins, homology-based nomenclature can artificially group 

TAL effectors with diverse targets and functions. To give each protein an informative 

and unique name, we used the number of repeats in the recognition domain followed 

by the strain number; for example, the single intact btl gene of strain B13, which has 

19 repeats, was named btl19-13. To facilitate functional characterization, we chose to 

avoid the possible redundancy in strains B1 and B14 and focus instead on the single 

btl gene in strain B13. 

First, to determine whether btl19-13 is expressed, we cloned it on a plasmid under 

the control of its native promoter and with a C-terminal translational fusion to 

mCherry. After transforming B13 with this plasmid, we introduced the transformant 

into the corresponding, cured R. microsporus isolate, and assayed for mCherry 

fluorescence by confocal microscopy. The plasmid we used also harbors a 

constitutively expressed EYFP gene, to enable independent visualization of the 

bacterial cells. Btl19-13:mCherry and EYFP signals were evident and coincident 

within the fungal hyphae (Figure 4.1B), indicating that the bacterium expresses btl19-

13 during the symbiosis.  

 

Btl19-13 transits the T3SS of Pseudomonas syringae 

Our next question was whether Btl19-13 could, like TAL effectors, transit a T3SS 

and thereby potentially function within the fungal host. In the fluorescence microscopy 

described above, Btl19-13:mCherry was detectable only in the bacterium, but the 

fluorophore may have prevented secretion. Computational analysis of the Btl19-13 
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protein sequence using EffectiveT3 2.0.1 (Eichinger et al., 2015) detected with low 

confidence the presence a T3S signal in the N-terminus. Upstream of btl19-13 we 

discovered a sequence that aligns with the plant-inducible promoter (PIP) element 

found in promoters of genes co-regulated with the T3SS in Xanthomonas and 

Ralstonia spp. (Fenselau & Bonas, 1995, Cunnac et al., 2004). The sequence 

upstream of the btl19-13 gene, as well as btl genes in B1 and B14, matches the 

consensus targeted by the regulator HrpB, TTCG-N16-TTCG (Supplemental Table 

4A.2) (Lackner et al., 2011a).  

To test whether Btl19-13 is a T3S substrate, we used an established assay for 

testing T3S of plant pathogen effectors by inoculating the model plant Nicotiana 

benthamiana with Pseudomonas syringae pv. tomato DC3000 (Pst) expressing the 

candidate effector fused to adenylate cyclase (Cya; the catalytic domain of the 

Bordetella pertussis toxin CyaA) (Schechter et al., 2004). Conversion of ATP to cAMP 

by Cya requires calmodulin and can be detected by ELISA, acting as a reporter of 

localization into the host cell following T3S (Ladant and Ullmann, 1999). We used the 

Pst effector AvrPto as a positive control, and included a Pst T3SS- deficient strain to 

assess T3SS-dependence of activity (Schechter et al., 2004; Badel et al., 2006). 

Following infiltration, Btl19-13:Cya resulted in increased cAMP when expressed in Pst 

but not Pst T3SS-, indicating that Btl19-13 is a T3SS substrate (Figure 4.1C). 

Furthermore, an N-terminal truncation of Btl19-13 abolished T3S, while Btl19-

13[1:45]:Cya resulted in increased cAMP, indicating that the first 45 amino acids of 

Btl19-13 are necessary and sufficient for T3S (Figure 4.1C).  Together, the results 

presented here support the hypothesis that Btl proteins are T3 effectors. 
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Figure 4.1. Structure, expression, T3 secretion, and nuclear localization of 
Btl19-13.  
(A) Domain structure of a Xanthomonas TAL effector, a Ralstonia TAL effector, and a 
Btl protein. T3, type III secretion signal; T3?, putative type III secretion signal; NLS, 
nuclear localization signal; "RIRK," aa sequence of a putative NLS in Btl19-13; AD, 
activation domain. (B) Confocal microscopy of Mycetohabitans sp. B13 cells 
constitutively expressing EYFP and expressing Btl19-13:mCherry under the native 
btl19-13 promoter, within a R. microsporus hypha. DAPI staining of the nuclei is 
included for reference. (C) Quantification of cAMP by ELISA in Nicotiana 
benthamiana leaf punches 6 hours after infiltration with Pseudomonas syringae pv. 
tomato DC3000 (Pst) expressing the following: AvrPto:Cya (61 kDa), Btl19-13:Cya 

(118.6 kDa), Btl19-13:Cya missing the first 45 aa (Btl19-131-45, 110 kDa), and the 
first 45 aa of Btl19-13 fused to CyaA (Btl19-13[1-45], 51 kDa). T3SS- designates a 
hrpQ-U mutant incapable of Type III secretion (Badel et al., 2006). Each bar shows 
the results from three biological replicates with two technical replicates each. Error 
bars denote standard deviation. The experiment was repeated twice with similar 
results. Below, a western blot of leaf homogenates probed with anti-Cya, shown with 
a Stain-Free loading control (Bio-Rad). Asterisks (*) indicate bands corresponding to 
the expected size. (D) Confocal microscopy of Saccharomyces cerevisiae cells 
expressing the indicated proteins and stained with NucBlue to locate nuclei. Protein 
expression was induced with galactose 24 hours prior to imaging. “AAAA” indicates 
an alanine substitution of the “RIRK” motif in Btl19-13 (residues 692-695). 



147 
 

 

Btl19-13 has a functional nuclear localization signal 

While Btl proteins bind DNA, suggesting they localize to the nucleus, their short 

C-terminus does not contain any predicted NLSs. However, we identified a short, 

NLS-like sequence, "RIRK," in the C-terminal region of Btl19-13 (residues 692-695) 

that is also present in the other Btl proteins (Supplemental Table 4A.1). Because 

there is not yet a method to genetically manipulate R. microsporus, in order to assess 

Btl19-13 subcellular localization, we transformed the yeast Saccharomyces cerevisiae 

with inducible expression plasmids encoding eGFP fusion proteins. When viewed 

with confocal microscopy, yeast cells induced to produce free eGFP showed diffuse 

localization of the protein. Conversely, as expected, eGFP-tagged TAL effector Tal1c 

cloned from Xanthomonas oryzae pv. oryzicola localized to the nucleus (Figure 4.1D). 

However, we were unable to see fluorescence in induced cells transformed with 

eGFP:Btl19-13 (Supplemental Figure 4A.1), suggesting that the full-length Btl19-13 

protein is toxic to yeast cells. We generated an N-terminally truncated derivative, 

Btl19-131-598, expressing only a little over two repeats of the DNA recognition 

domain and the entire C-terminal region, containing the “RIRK” motif. eGFP:Btl19-

131-598 localized to the nuclei of the yeast cells, demonstrating that Btl19-13 

contains at least one functional NLS (Figure 4.1D). Localization to the nucleus was 

abolished when the “RIRK” motif was mutated to alanines (AAAA). This same 

substitution in the full-length Btl19-13 protein fused to eGFP resulted in diffuse signal 

in the yeast cells and was no longer cytotoxic (Supplemental Figure 4A.1). The 

presence of a functional NLS in Btl19-13, along with the observation that wildtype 

Btl19-13 appears to be toxic to yeast while a non-nuclear localizing derivative is not, 

supports the hypothesis that Btl proteins function in the host nucleus.  
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Btl19-13 does not affect activity of a reporter gene in an in planta transient 

expression assay 

To address whether Btl proteins might directly alter transcription of host genes, as 

TAL effectors do, we used a GUS assay, an Agrobacterium-mediated transient 

expression assay in N. benthamiana that is commonly used to assess TAL effector-

dependent expression changes. To first test if Btl19-13 could upregulate expression 

of a GUS reporter gene driven by a minimal promoter from the pepper Bs3 gene 

(Römer et al., 2010; Cernadas et al., 2014), we amended the promoter with either a 

binding element (BE) for the Btl19-13 or a scrambled binding element (sBE) (Figure 

4.2A). We designed the BE based on the Btl19-13 RVD sequence and showed by 

electrophoretic mobility shift assay that Btl19-13 binds it specifically (Supplemental 

Figure 4A.2). Each of these promoter constructs was transformed into A. tumefaciens 

and co-infiltrated with another strain constitutively expressing an effector protein. The 

control proteins were AvrBs3, the native TAL effector of Xanthomonas euvesicatoria 

that activates the minimal Bs3 promoter via a separate BE, and Tal1c, which has no 

predicted BE in the promoter of the reporter constructs (Figure 4.2A-B).  For 

reference, we also tested a designer TAL effector, dT19-13, constructed to target the 

Btl19-13 BE (Figure 4.2B, Supplemental Figure 4A.3). Unlike dT19-13, which 

specifically activated the reporter harboring its binding element, Btl19-13 BE, Btl19-13 

did not alter the reporter activity of either construct (Figure 4.2B). As a first step 

towards testing the hypothesis that Btl19-13 is a repressor instead of an activator, we 

asked whether Btl19-13 could repress transcription by competing with an activator 

that binds the same target sequence or one nearby. Using the same assay and the 

construct harboring the Btl19-13 BE (and the AvrBs3 BE just downstream), we co-

introduced an activator, dT19-13 or AvrBs3, with Btl19-13 or with Tal1c, as a control. 



149 
 

Btl19-13 did not significantly reduce GUS activity relative to Tal1c in either 

combination (Figure 4.2C).  

 
Figure 4.2. Effect of Btl19-13 on reporter gene activity in a transient expression 
assay in N. benthamiana leaves.  
(A) Schematic of the two GUS constructs used. GUS is driven by a pepper Bs3 
minimal promoter harboring a binding element for the Xanthomonas TAL effector 
AvrBs3 and either a binding element for Btl19-13 (BE) or a scrambled binding 
element (sBE). (B-C) Fluorometric assays of GUS activity in planta. N. benthamiana 
leaves were co-infiltrated with Agrobacterium tumefaciens strains delivering a 
promoter:GUS fusion, indicated in the keys, and one (B) or more (C) expression 
constructs for the following effector proteins: AvrBs3; dT19-13, designer TAL effector 
with similar RVD sequence to Btl19-13; Btl19-13; Tal1c, a Xanthomonas TAL effector 
which has no predicted binding element in the Bs3 promoter.  GUS activity was 
assayed 48 hpi and is shown relative to the corresponding reporter construct with 
only Tal1c. Each value is an average of three replicates, and the experiment was 
repeated twice with similar results. An asterisk (*) over two values indicates a 
significant difference (paired student's t test, p<0.05). Error bars denote standard 
deviation.
 

Btl19-13 contributes to R. microsporus tolerance to cell membrane stress 

Having established in heterologous contexts that Btl19-13 is likely an effector that 

acts in the R. microsporus nucleus, but having not detected any transcription factor 

activity in the reporter assay, we decided to knock out the btl19-13 gene in strain B13 

to directly assess its impact on the symbiosis. We generated a btl19-13 knockout 

derivative, B13Δbtl19-13 (Figure 4A.4A). B13Δbtl19-13 was no different from wild 

type in its ability to infect the fungus. Furthermore, R. microsporus infected with 

B13Δbtl19-13 showed no difference in asexual sporulation, could still mate to 

produce sexual spores, and grew normally on nutrient-rich and poor media (Figure 

4A.4B-E).  
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Since the btl19-13 knockout had no gross effect on establishment and 

maintenance of the host-symbiont interaction, we next explored the hypothesis that 

Btl19-13 contributes to the symbiosis by increasing tolerance of the fungus to 

environmental stresses. We measured growth on half-strength potato dextrose agar 

(½ PDA) amended as follows to test specific stresses: with hydrogen peroxide (H2O2) 

for oxidative stress, with sodium chloride (NaCl) for osmotic stress, and with sodium 

dodecyl sulfate (SDS) for cell membrane stress. R. microsporus infected with 

B13Δbtl19-13 grew as well as the fungus infected with wildtype B13 on 500 mM NaCl 

and on 3 mM H2O2 (Figure 4A.4F-G), but more slowly on media amended with 

0.005% SDS (Figure 4.3A-B). The reduced growth in the presence of the detergent 

was restored to wild type levels when B13Δbtl19-13 was transformed with a plasmid 

(pBtl19-13) carrying the cloned btl19-13 gene with its native promoter (620 bp), prior 

to reinfection of the fungus. 

 

Btl19-13 alters the R. microsporus transcriptome 

To probe the mechanism underlying the contribution of Btl19-13 to cell membrane 

stress tolerance of R. microsporus, we conducted RNAseq on mycelia infected with 

B13, B13Δbtl19-13, or the complemented B13Δbtl19-13 strain and carried out 

pairwise comparisons. Fifteen genes were similarly differentially expressed (DE) in 

the comparison between B13 and B13Δbtl19-13 and in the comparison between the 

complemented strain and B13Δbtl19-13 (Figure 4.3C, Supplemental Table 4A.3). 

Fourteen of the fifteen have predicted Btl19-13 BEs within their promoters 

(Supplemental Table 4A.3). However, annotations and pfam analysis did not provide 

obvious clues to the mechanism by which the Btl19-13 contributes to SDS tolerance; 

all but two of the DE genes encode hypothetical proteins or domains of unknown 

function (Supplemental Table 4A.3).  
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Figure 4.3. Effect of Btl19-13 on R. microsporus cell membrane stress tolerance 
and global gene expression.  
(A-B) Colony diameter of R. microsporus infected with wildtype Mycetohabitans sp. 
B13 (WT), B13∆btl19-13 (Mutant), or the mutant strain carrying btl19-13 on a plasmid 
(pBtl19-13). Fungi were grown at 28°C on half-strength potato dextrose agar without 
(A) or with (B) 0.005% sodium dodecyl sulfate (SDS), for 3 and 6 days, respectively. 
Data shown represent 10 biological replicates for each bacterial genotype and were 
analyzed by ANOVA with a post-hoc Tukey’s test to determine significance as 
indicated by lower-case letters (p<0.001). The experiment was repeated twice and 
yielded similar results. (C) Venn diagram of the genes that were differentially 
expressed between R. microsporus infected with wildtype B13 or the complement, 
B13∆btl19-13(pBtl19-13), and the mutant B13∆btl19-13. Differential expression was 
determined by RNA sequencing and data analyzed with DESeq2 (Love et al., 2014) 
using an adjusted p-value < 0.05 as the threshold for significance. Three biological 
replicates were sequenced, each containing tissue from three plates.
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btl genes are present across Mycetohabitans spp. but can differ functionally 

Given that Btl19-13 does not appear to be integral to the formation or 

maintenance of the symbiosis, but instead appears to enhance the tolerance of the 

host to cell membrane stress, it was unclear whether all Mycetohabitans spp. could 

be expected to have btl genes serving the same function. The btl genes of strains B1, 

B3, and B14 encode distinct arrays of RVDs, which would indicate differences in their 

targeted BEs (Supplemental Table 4A.1). To survey btl genes across Mycetohabitans 

isolates, we assayed by Southern blot a collection of 14 geographically diverse 

strains isolated from across the variety of niches that R. microsporus inhabits (Figure 

4.4A and Supplemental Table 4A.4), including B1, B13, and B14. We used the cloned 

btl19-13 gene of B13 as a probe. The numbers and sizes of bands detected for B1, 

B13, and B14 matched what was predicted based on the genome sequences (Figure 

4.4B). While B13 only has one predicted functional btl gene, there is also a small btl 

gene fragment (435 nucleotides) that we do not believe encodes a functional Btl 

protein based on its small size, lack of non-repeat domains, and dissimilar promoter 

with no predicted HrpB binding element.  Each of the additional 11 strains yielded at 

least one strongly hybridizing band in the Southern blot, except NRRL 5549, which 

showed a faint, high-molecular weight band that is clearer at longer exposures 

(Figure 4.4B and Supplemental Figure 4A.5). A few bands were common to multiple 

strains, but no two strains shared the same overall banding pattern, suggesting that 

while btl genes are widely distributed in Mycetohabitans, they or their genomic 

contexts are variable. 

The apparent diversity of btl genes across strains suggests that Btl proteins have 

differentiated in function. To explore this possibility more directly, we cloned the 18-

repeat btl gene from strain B14 (btl18-14), which is the sequenced btl gene encoding 

the RVD sequence most similar to that of Btl19-13 (Supplemental Table 4A.1), and 
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tested whether it would rescue the B13Δbtl19-13 phenotype of reduced tolerance to 

SDS. It did not (Figure 4.4C-D), indicating that at least between these two strains, Btl 

proteins are not interchangeable. 

Figure 4.4. Presence of btl 
genes in geographically 
diverse isolates of 
Mycetohabitans spp. and the 
effect of substituting btl18-14 
for btl19-13.  
(A) World map showing the 
location and substrate from which 
the R. microsporus hosts of the 
Mycetohabitans spp. assessed 
were isolated, generated using 
rworldmap (South, 2011). More 
information on the strains is 
available in Table S3. (B) 
Southern blots of genomic DNA 
from each strain, digested with 
AatII and probed with btl19-13 
amplified from B13. Strains are 
identified by the culture collection 
accession number of their fungal 
hosts. ATCC 52813 represents 
B13, ATCC 52814 B14, and 
ATCC 62417 B1. (C-D) Growth of 
R. microsporus infected with 
wildtype B13 (WT), B13∆btl19-13 
(Mutant), the mutant strain with 
pBtl19-13, or the mutant strain 
with pBtl18-14, on half-strength 
potato dextrose agar without (C) 
or with (D) 0.005% sodium 
dodecyl sulfate (SDS) after 3 or 6 
days, respectively, at 28°C. Data 
shown represent values from 10 
replicate plates each and were 
analyzed by ANOVA with a post-
hoc Tukey’s test. The experiment 
was repeated twice and yielded 
the same result. In each plot, 
different lower-case letters above 
any two groups indicate a 
significant difference between the 
means (p<0.001)
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DISCUSSION 

The T3 translocation of Btl19-13, its nuclear localization, its contribution to host 

cell membrane stress, and the fact that it alters the host transcriptome support the 

hypothesis that Btl proteins act as effectors in Mycetohabitans-Rhizopus symbioses. 

Btl19-13 displays these properties despite largely truncated N- and C-terminal 

regions and degenerate or cryptic nuclear localization and T3S signals compared to 

Xanthomonas and Ralstonia TAL effectors. Endosymbiotic bacteria are observed to 

undergo genome reduction and to accumulate deleterious mutations relative to free-

living bacteria due to their smaller population sizes, reduced recombination, and 

stable environment, which imposes purifying selection on a smaller number of genes 

(Moran, 1996, Muller, 1964). It seems plausible that Btl proteins represent 

degenerate descendants of ancestral TAL effector-like proteins. Indeed, it is striking, 

given the structural differences, that Btl19-13 retains the ability to be T3 secreted and 

nuclear localize. Likewise striking, Btl proteins specifically bind DNA despite the 

degeneracy of their central repeat sequences relative to TAL effectors. Together 

these observations are consistent with Btl proteins being under relatively strong 

selection as effectors that act on host DNA. The properties of Btl proteins contrast 

with those of a distinct class of structurally degenerate TAL effector-like proteins, 

TruncTALEs, which are found in some strains of the rice pathogen Xanthomonas 

oryzae. TruncTALEs lack the ability to bind DNA but block the function of a certain 

class of plant disease resistance gene, possibly through protein-protein interaction 

(Read et al., 2016).  

While the data presented demonstrate that Btl19-13 alters the host transcriptome, 

the mechanism remains unclear, as we could not detect an effect of Btl19-13 on 
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transcription in an in planta reporter gene assay commonly used for TAL effector 

studies. Specifically, Btl19-13 failed to activate a reporter with a Btl19-13 BE, while a 

dTALE matching that BE did, differentiating the function of Btl proteins and TAL 

effectors. As Btl19-13 does not have the C-terminal activation domain of TAL 

effectors, it is not surprising that it was unable to upregulate gene expression in this 

assay, though it may be able to in a different context. Btl19-13 also did not 

measurably reduce dTALE-driven expression by direct competition, nor did it actively 

repress expression driven by a TAL effector targeting a downstream BE.  However, 

we did not assess the relative affinities of dT19-13 and Btl19-13 for the BE, nor did 

we test repression at other locations within the promoter or gene body. Given the 

coevolution of the endosymbiont and host, Btl proteins may be adapted to function as 

activators or repressors by partnering with specific Rhizopus proteins or other 

effectors not present in the in planta assay. Alternatively, Btl protein repressor activity 

might depend on promoter context, as Btl proteins have been observed to repress 

transcription of a reporter in E. coli when the promoter is amended with a 

corresponding BE (de Lange et al., 2015). Thus, the native function of Btl19-13 once 

bound to host DNA appears to be distinct from TAL effectors but will require further 

study within the native system to determine interactors and binding targets.  

The mechanism by which Btl19-13 increases the tolerance of Rhizopus to 

detergent is likewise unclear, but could be related to major changes in Rhizopus lipid 

metabolism observed during infection (Lastovetsky et al., 2016). Reprogramming of 

lipid metabolism in the fungus has been suggested to help meet the bacterium’s 

nutritional requirement or favor invasion by the bacterium (Lastovetsky et al., 2016). 

While our study showed that Btl19-13 is not required for host infection, the protein 

could confer a quantitative benefit we did not measure. Annotated lipid metabolism 
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genes were not present among the genes differentially expressed in response to 

Btl19-13, but some of the DE genes might still influence lipid metabolic pathways. It is 

also possible that the effect of Btl19-13 is highly localized, and not adequately 

captured by RNAseq of whole fungal colonies. Sampling of nuclei adjacent to 

bacterial cells could overcome this limitation. Furthermore, metabolome or lipidome 

analysis could reveal changes dependent on Btl19-13 and suggest genomic targets 

to investigate. Though beyond the scope of the current study, such approaches are 

an attractive first step toward understanding the connection between the observed 

influence of Btl19-13 on fungal SDS tolerance and the relevant biological function of 

Btl19-13. In other fungi, intolerance to SDS has been associated with changes not 

only in lipid metabolism (Gsell et al., 2015), but also fungal virulence (Lopez-

Fernandez et al., 2018) and amino acid metabolism (Schroeder & Ikui, 2019). Thus, 

Btl19-13 could confer a variety of biologically relevant benefits to the fungus, the 

bacterium, or both.  

The hypothesis that Btl proteins are important for the symbiosis is strengthened 

by the observation that, despite the reduced genomes of Mycetohabitans spp., btl 

genes are present in all strains we examined in a collection of R. microsporus isolates 

from diverse geographic locations and substrates. The structural features of Btl19-13 

are likely conserved in the other Btl proteins, based on similarity of the sequenced btl 

genes. However, there are a number of lines of evidence that these proteins do not 

all have the same functional target: (1) the number of btl genes in each strain varies,  

(2) the RVD sequences of the sequenced btl genes differ, and (3) B13Δbtl19-13 could 

not be rescued with btl18-14. Btl proteins in different strains may target host genes 

with distinct functions or different genes with related functions. Or, they may target 

regions of the same gene(s) that are polymorphic across Rhizopus isolates. In the 
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latter scenario, though Btl19-13 is not required for infection and is thus not a host 

specificity determinant in the strict sense, Btl proteins may influence patterns of 

association between specific bacterial and fungal isolates by contributing differentially 

to the persistence of the symbiosis depending on the host genotype. Further 

characterization of the sequence diversity of btl genes, comparative genomics of the 

corresponding host fungal isolates, and analysis of the Btl protein-dependent 

changes in the host transcriptome across a wide array of isolates will be important 

future steps toward determining the role(s) Btl proteins and their targets play in 

bacterial-fungal symbioses. 

METHODS 

Bacteria were isolated from fungi by tissue disruption and filtration, and fungi 

were cured with antibiotics and reinfected by cocultivation, as described (Lastovetsky 

et al., 2016). A variety of plasmids (Supplemental Table 4A.5) with btl gene 

derivatives were constructed by PCR, restriction enzyme digests, and mutagenesis. 

Microscopy of R. microsporus was done with a DeltaVision imaging station and yeast 

microscopy was done with a Zeiss 710 microscope. Type III Secretion was 

investigated using a Cya assay, as described (Chakravarthy et al., 2017). The 

reporter gene assay was done as described (Cernadas et al., 2014). For RNA-seq, 

RNA was extracted from day-old cultures of R. microsporus using an RNeasy Plant 

Mini Kit (Qiagen) and sent to Novogene for library preparation and Illumina 

sequencing. For amended media experiments, plates of R. microsporus were started 

with 2 mm x 2 mm plugs of 2-day-old fungus and the colony diameter was measured 

daily. For the Southern blot, bacterial genomic DNA was prepared using the 

MasterPure™ Gram Positive DNA Purification Kit (Lucigen) and fragmented by AatII 
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digestion and the blot was probed with btl19-13. Full details of methods and materials 

are presented in Appendix 4A. 
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APPENDIX 4A – SUPPLEMENTAL INFORMATION AND DATA 

FOR CHAPTER 4 

  

This appendix contains the extended Materials and Methods, supplemental 

figures, supplemental tables, and supplemental references for the manuscript in 

Chapter 4. 

 

MATERIALS AND METHODS: 

Growth of bacteria and fungi: 

R. microsporus was grown on half-strength potato dextrose agar (½PDA) at 

28°C unless otherwise noted. Mycetohabitans spp. were grown at 28°C in liquid or on 

solid Lysogeny Broth (LB) amended with 1% glycerol and 30 µg/mL ampicillin, with 10 

µg/mL gentamycin or 25 µg/mL kanamycin as needed. For cloning purposes, E. coli 

was grown at 37°C on LB amended with 10 µg/mL gentamycin, 25 µg/mL kanamycin, 

or 10 µg/mL chloramphenicol as needed. Chemically competent E. coli cells were 

used for transformation, while transformation of Mycetohabitans spp. was done by 

electroporation. 

To isolate bacteria, one to two-day-old R. microsporus cultures were scraped 

from a plate and ground with a plastic pestle in a microcentrifuge tube. LB was added 

to the tube and then twice filtered through 0.2 µM filters (Whatman) to remove fungal 

debris.  The filtered liquid was plated with sterile beads and incubated for 5 or more 

days before colonies appeared. To cure the fungus, R. microsporus was successively 

cultured on liquid and solid media amended with 20 µg/mL ciprofloxacin until no 

sporulation occurred. Reinfection is carried out by cocultivation of bacterial and fungal 
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partners on solid media as described in Lastovetsky et al. (2016) until sporulation is 

seen. 

 

Cloning of btl genes and derivatives: 

All plasmids used in this study are listed in Supplemental Table 4A.5, 

including a series of btl19-13 Gateway™ entry vectors that were created for use in 

this study. All primers used in this study as listed in Supplemental Table 4A.6. btl19-

13 was amplified with Q5 High-Fidelity 2X Master Mix (NEB) from Mycetohabitans sp. 

B13 genomic DNA (primers 1990/1991) and cloned into SacI-digested pHM1 (2) with 

NEBuilder HiFi DNA Assembly Master Mix (NEB) to create pSC31 by Gibson 

Assembly. The entry vector pENTR4 (Thermo Fisher Scientific) and pSC31 were 

digested with KpnI and EcoRI and the desired bands were gel purified with the 

Monarch DNA Gel Extraction Kit (NEB), ligated with Quick Ligase (NEB), and 

transformed into E. coli DH5α. The resulting Gateway™ entry vector plasmid, 

pMEC0, contained btl19-13 with the native promoter (600 bp), start, and stop codon. 

Other entry vectors containing derivatives with and without the promoter, start codon, 

stop codon, or first 45 amino acids were all made with the Q5 Site-Directed 

Mutagenesis Kit (NEB) and relevant primers (Supplemental Table 4A.6) and named 

sequentially as they were created (Supplemental Table 4A.5). A plasmid encoding a 

Btl19-13 derivative with the “RIRK” motif in the C-terminus (aa 692-695) mutated to 

alanines was similarly created by mutagenesis (primers 2247/2248). For the Btl19-

13:mCherry fusion, mCherry was PCR-amplified from pGEM-mCherry with primers 

2371/2947 that contained SacI restriction enzyme cut sites. The PCR product and 

pMEC6 were digested with SacI (NEB) and ligated. The resulting pMEC6-mCherry 

plasmid was transformed into E. coli DH5α and encodes Btl19-13:mCherry driven by 
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its native promoter. Similar to btl19-13, btl18-14 with a 338 bp promoter was amplified 

by PCR (primers 3188/3189) from Mycetohabitans sp. B14 genomic DNA, digested, 

gel purified, and cloned directly into the entry vector pENTR4 to make pMEC13. 

Two expression vectors were modified to be Gateway™ destination vectors 

for expression in Mycetohabitans sp. B13. Gateway™ destination vector cassettes 

(Thermo Fisher Scientific) were ligated into pBBR1-MCS5 (3) digested with SacI-HF 

and XhoI and into pCPP6260 (4) digested with SacI-HF and PvuI-HF (NEB) to create 

pMEF1 and pMEF2, respectively. The resulting plasmids were transformed into E. 

coli DB3.1. LR Clonase II (Thermo Fisher Scientific) was used to recombine pMEC6-

mCherry and pMEF2 to create pMEF6, the expression vector for Btl19-13:mCherry. 

The btl19-13 complementation plasmid, pBtl19-13, is the product of an LR reaction 

between pMEC0 and pMEF1. Similarly, pMEC13 was recombined with pMEF1 to 

make the plasmid pBtl18-14 containing btl18-14.  

 

Microscopy of R. microsporus for btl19-13 expression: 

 The plasmid pMEF6 was transformed into Mycetohabitans sp. B13 before 

reinfection into its native R. microsporus host. Glycerol stocked spore cultures were 

suspended in ½ PDB and pipetted onto ½ PDA pads on microscope slides. These 

were incubated overnight and then stained with DAPI-Fluoromount-G® 

(SouthernBiotech) the following morning. Slides were imaged on a DeltaVision 

imaging workstation (Applied Precision). Images were deconvolved with softWoRx 

software (Applied Precision) and final images were edited with Fiji (Schindelin et al., 

2012). 
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Cya translocation assay and immunoblot: 

Derivatives of btl19-13 were transferred to pCPP5371 (Oh et al., 2007) by LR 

Clonase II (Thermo Fisher Scientific) and transformed into Pseudomonas syringae 

pv. tomato (Pst) DC3000 or the Pst DC3000 hrcQ-U mutant (T3SS-) (Badel et al., 

2006). The Cya translocation assay was modified from the protocol in Chakravarthy 

et al. (2017). Strains of Pst were grown on King’s B medium for 2 days at 28°C then 

suspended in 10 mM MgCl2 to an OD600 of 0.5. The youngest fully expanded leaves 

of 5-week-old N. benthamiana plants were infiltrated with a blunt syringe, each strain 

in triplicate on three separate plants. For each infiltration site, 1 cm2 of infiltrated leaf 

tissue was harvested 6 hours post infiltration and frozen in liquid nitrogen. Copper 

BBs (Crosman) were used to grind the tissue by vortexing before 300 µL of 0.1 M HCl 

was added. Samples were diluted 1:50 to fall within the range of the assay and 

processed with the Direct cAMP ELISA Kit (Enzo) according to manufacturer's 

instructions. Total protein content was measured with the Bio-Rad Protein Assay 

method. 

 For the corresponding immunoblot, ~1.5 cm2 infiltrated tissue samples were 

frozen and ground. Protein was extracted in 150 µL of buffer [125 mM Tris pH 8.5, 

1% SDS, 10% glycerol] with a fungal protease inhibitor (Millipore Sigma) and resolved 

by 4-20% Tris Glycine SDS-PAGE (Bio-Rad). Proteins were transferred to a 

membrane using the Trans-Blot Turbo Transfer System (Bio-Rad). Cya fusion 

proteins were detected with a 1:300 diluted primary anti-Cya (3D1) mouse 

monoclonal IgG antibody (Santa Cruz Biotechnology) and a 1:4000 diluted secondary 

HRP-conjugated goat anti-mouse IgG antibody (Thermo Fisher Scientific). Clarity 

ECL substrate (Bio-Rad) was used for visualization. 
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Microscopy of yeast for Btl19-13 localization: 

Entry vectors with btl19-13 gene derivatives and previously cloned 

Xanthomonas oryzae pv. oryzicola effector Tal1c were recombined into pAG426GAL-

eGFP-ccdB (AddGene: #14323; deposited by Susan Lindquist) with LR Clonase II 

(Thermo Fisher Scientific). For Btl19-13 truncations, the products of this reaction were 

digested with PspXI and SalI to remove the majority of the Btl19-13 coding region, 

then self-ligated to contain a little over 2 repeats from the DNA binding domain and 

the C-terminus (aa 599-714). These constructs were transformed into 

Saccharomyces cerevisiae InvSc1 (Invitrogen) and selected on yeast synthetic uracil 

drop-out (ura-) media (Sigma). Individual colonies were used to inoculate cultures of 

liquid ura- media with 2% glucose and incubated overnight at 28°C with shaking. 

Cells were spun down and resuspended in ura- media containing 0.5 % glucose then 

allowed to grow for 6 hours. Sterilized 50% galactose was added to the culture to a 

final concentration of 2% and grown overnight. NucBlue Live ReadyProbes Reagent 

(Thermo Fisher Scientific) was added to the yeast cells and incubated for at least an 

hour before imaging by LSM 710 confocal microscope (Zeiss). Final images were 

edited with Fiji (Schindelin et al., 2012).  

 

Electrophoretic mobility shift assay: 

The coding sequence of Btl19-13 was codon optimized by GenScript for 

expression in E. coli and delivered in pUC57. Btl19-13 was cut from this vector with 

NotI and BsrGI (NEB) and moved into an expression vector that adds an N-terminal 

6xHis-tag to make pFR178. E. coli Rosetta pLysS (DE3) (Novagen) cells were 

transformed with pFR178. Proteins were expressed and purified as described by 

Rinaldi et al. (2017). 
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Electrophoretic mobility shift assays were done as previously described using 

the LightShift Chemiluminescent EMSA Kit (Thermo Scientific) with slight 

modifications (Rinaldi et al., 2017). Duplexed oligonucleotides were ordered from 

Integrated DNA Technologies with biotin labels on the 5’ end of the reverse strand. 

The forward sequences were: binding element (BE) 5’-

CGTGGCGTCGTCCACGATTCCGGATTGGACCGACGGCGTC-3’ and frame-shifted 

binding element (BEFS) 5’-

CGTGGCGTCGTCCACGATTCGGATTGGACCGACGGCGTC-3’. Labeled DNA and 

purified protein were incubated at room temperature for an hour in binding buffer [10 

mM Tris–HCl pH 7.5, 100 mM KCl, 1 mM DTT, 2.5% glycerol, 5 mM MgCl2, 50 ng/μl 

Poly-dIdC, 0.05% NP-40, 0.4 mM EDTA and 0.1 mg/mL BSA]. Binding reactions were 

mixed with sample buffer and run on a 1.3% agarose gel at 110 V for ∼45 min at 4°C. 

DNA and DNA-protein complexes were transferred to a positively charged Nylon 

membrane (Sigma-Aldrich) at 100 V for 30 min at 4°C in 0.5×TBE buffer. The DNA 

was cross-linked to the nylon membrane by exposure to UV for 12 min in a ChemiDoc 

imaging system (Bio-Rad). DNA was detected by chemiluminescence following the 

manufacturer’s protocol for the EMSA kit. 

 

GUS assay: 

A designer TAL effector (dT19-13) was assembled using the Golden Gate 

TALEN and TAL Effector Kit (AddGene: Kit #1000000024) and additional modules 

created in the Bogdanove lab for ND, N*, and NS repeats (Cermak et al., 2011). The 

RVD sequence of dT19-13 was designed to resemble Btl19-13 as closely as possible 

(Figure S3) with available RVD modules: ND ND NI ND NN NI NG NG N* ND NN NN 

NS N* NG NN NN NI N*. dT19-13 was assembled into a backbone plasmid (pTAL1) 
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containing the Xanthomonas oryzae pv. oryzicola effector Tal1c N- and C-termini to 

create pMEC15. LR Clonase II (Thermo Fisher Scientific) was used to recombine the 

regions encoding dT19-13 from pMEC15, Btl19-13 from pMEC3, and Tal1c from 

pCS468 into the binary vector pGWB5, to create pMEC15G, pMEC3G, and 

pMECtal1cG, respectively. These plasmids were transformed into Agrobacterium 

tumefaciens (At) GV3101. 

The previously assembled binary vector pCS752 has the pepper Bs3 

promoter driving GUS expression with a unique AscI cut site just upstream of the 

native AvrBs3 binding element (Doyle et al., 2013). The plasmid was digested with 

AscI (NEB) and dephosphorylated with Antarctic Phosphatase (NEB). 

Oligonucleotides were ordered from IDT, annealed, phosphorylated, and ligated into 

the AscI cut site. Two vectors were made: pMEC-GUS1 has the Btl19-13 binding 

element (BE: 5’-CCACGATTCCGGATTGGAC-3’) and pMEC-GUS2 has a scrambled 

element (sBE: 5’-GTGCACTCGTTAGCCAGAC-3’). Each binding element was 

preceded by a T residue to be compatible with TAL effectors, though not required for 

Btl protein binding (Boch et al., 2009, de Lange et al., 2014). The constructs were 

sequenced confirmed for single binding element insertions and transformed into At 

GV3101. 

Strains of At were used to inoculate liquid cultures and left to grow shaking 

overnight at 28°C. The next morning, cultures were resuspended in 10 mM MgCl2 

with 150 µM of acetosyringone and mixed so each strain was at an OD600 of 0.3 in the 

final mixture. Following a 2-hour incubation, cultures were infiltrated into fully 

expanded leaves of 5-week-old N. benthamiana plants with a needleless syringe after 

scoring the leaf with a needle. Two leaf punches, each 1 cm in diameter, were 

harvested 48 hours post infiltration, frozen in liquid nitrogen, and ground with glass 
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beads by vortexing. The ground tissue was suspended in 200 μL of GUS Extraction 

Buffer [50 mM sodium phosphate (pH 7), 10 mM EDTA, 10 mM β-mercaptoethanol, 

0.1% Triton-X100, 0.1% SDS] then vortexed and centrifuged to pellet debris. The 

supernatant was used in a Bio-Rad Protein Assay to determine total protein 

concentration and a MUG assay to determine GUS activity.  

 

Creating a btl19-13 mutant: 

The 1.6 kb upstream and 1.3 kb downstream flanking regions of btl19-13 were 

each amplified by PCR from Mycetohabitans sp. B13 genomic DNA, with primers 

1720/1721 and 1724/1725 respectively, and TOPO® cloned into pCR8 (Thermo 

Fisher Scientific). The construct containing the upstream region was digested with 

EcoRI-HF and MfeI (NEB), the construct with the downstream region was digested 

with EcoRI-HF and SalI-HF (NEB), and these were gel purified, ligated, and PCR 

amplified with OneTaq (NEB) to fuse them before being TOPO® cloned into pCR8. 

SalI-HF, EcoRI-HF, and XhoI were used to digest the resulting pCR8 vector and 

EcoRI-HF and SalI-HF was used to digest pK18mobsacB (14), a broad host range 

vector for use in disrupting genes by sucrose counterselection. The btl19-13 flanking-

region fusion fragment and pK18mobsacB were ligated to create pSC29. 

Mycetohabitans sp. B13 was transformed with pSC29 via electroporation with an 

overnight recovery period before selection to get single colonies. Transformants were 

then plated on media amended with 5% sucrose to counterselect for pK18mobsacB 

loss via double crossover and recover a marker-less mutant, B13Δbtl19-13. To create 

the potentially complemented strains, pBtl19-13 and pBtl18-14 were each 

transformed into B13Δbtl19-13. 
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R. microsporus sporulation assays: 

Single sporangia from sporulating cultures were plated onto fresh ½ PDA and 

sealed with micropore paper tape (3M). The plates were kept at room temperature on 

a laboratory bench. There were 7-10 biological replicates, each from a separate 

infection event. After 22 days, spores were harvested by scraping the mycelial mat off 

of the plate surface and vortexing for 2 minutes in 0.00125% Tween-20. Spores were 

filtered through a sterile cotton swab in a 5 mL serological pipette and quantified twice 

for two technical replicates using a TC20 Automated Cell Counter (Bio-Rad). Data 

was analyzed with ANOVA in R (v3.5.3). 

For mating plates, the compatible isolates of R. microsporus, ATCC 52813 

and 52814, were both cured and infected with B13 or B13Δbtl19-13. Drops of glycerol 

stocked spore suspensions were placed on opposite sides of a ½PDA plate and 

allowed to grow together. Plates were photographed after zygospores started to 

appear on day 5 or later. Spores were imaged with a Canon EOS attached to an 

Olympus SZX12. 

 

R. microsporus growth assays: 

R. microsporus was plated from glycerol stocked spore suspension onto ½ 

PDA. Two days later, 2 mm x 2 mm patches of mycelia were used to inoculate the 

center of new plates: water agar, ½ PDA + 500 mM sodium chloride, ½ PDA + 3 mM 

hydrogen peroxide, or ½ PDA + 0.005% sodium dodecyl sulfate. Each day until 

growth reached the edge of the plate, colony diameters were measured on 2 axes 

and the average measurement was recorded. For each repeat, there were 10 plates 

of fungi infected with each bacterial genotype. The experiment was repeated twice for 
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each condition and set of genotypes. Data from each repeat was analyzed with 

ANOVA in R and each repeat showed the same trend. 

 

RNAseq: 

Glycerol stocked spore suspensions were plated on to ½ PDA and incubated 

for 24 hours. Half of the vegetative growth from 3 plates was pooled for each 

biological replicate. Three biological replicates were done for each of the three 

bacterial genotypes. RNA extractions were done with RNeasy Plant Mini Kit (Qiagen) 

according to manufacturer's protocol, except for sample homogenization. Tissue was 

directly placed into a 1.5 mL tube containing 450 uL of RLT buffer (subsidized with 

DTT as per kit instructions) and two Copper BBs (Crosman). Tubes were vortexed for 

10 sec before incubating at 55°C for 5 min, then vortexted again. This slurry was 

used as the input for the kit. RNA quality and quantity was assessed by agarose gel, 

NanoDrop (Thermo Fisher Scientific), and Qubit Fluorometer (Invitrogen) before 

being sent to Novogene for eukaryotic library preparation and paired-end (2 x 150 bp) 

Illumina sequencing. Each sample library yielded >20 million reads (>6 Gb).  RNA-

seq analysis was carried out with Trimmomatic for quality control and trimming 

adapter sequences followed by HISAT2 (Kim et al., 2019) to align the reads to the R. 

microsporus ATCC 52813 genome assembly Rhimi1_1 (Mondo et al., 2017). 

StringTie (Pertea et al., 2016) was used to generate gene counts which were fed into 

DESeq2 (Love et al., 2014) for expression analysis. Genes were considered 

differentially expressed for an adjusted p value <0.05 and a log2foldchange>|1|. 

Binding element (BE) prediction was done with TALE-NT 2.0 on the 500 bp promoter 

regions of the differentially expressed genes, with the option of a T or C in the -1 

position (Doyle et al., 2012). 
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Genomic DNA preparation and Southern blots: 

Three milliliters of turbid liquid cultures of bacteria were used in the 

MasterPure™ Gram Positive DNA Purification Kit (Lucigen) according to 

manufacturer’s instructions. For strains that were newly isolated, we tested to see if 

they were Mycetohabitans spp. by PCR using previously developed 23S primers that 

are specific for Burkholderia and related species: GlomGiGF and LSU483r (Mondo et 

al., 2012). PCR fragments were then gel-purified and sequenced to confirm. When 

we could not successfully extract bacteria from a fungal isolate with no known 

symbiont, we extracted fungal genomic DNA using the E.Z.N.A. Fungal Mini Kit 

(Omega) and attempted the same PCR to verify that no bacteria were present.    

Southern blot analysis was done using the Amersham ECL Direct Labeling 

and Detection Kit (GE Healthcare Life Sciences). About 2.5 µg of genomic DNA was 

digested overnight with the restriction enzyme AatII (NEB), then run for 18 hours at 

35 V on a 1% agarose gel at 4˚C. The gel was post-stained in a 3X GelRed solution 

to visualize equal loading and digest efficiency. The DNA was depurinated with a 10-

minute wash in 0.25 M HCl and washed in denaturation buffer [250 µM NaOH, 1.5 

mM NaCl] before being transferred to an Amersham Hybond N+ nylon membrane Kit 

(GE Healthcare Life Sciences) overnight. The blot was crosslinked and then 

hybridized at 60˚C overnight with a 2.1 kB probe of btl19-13 amplified from pMEC0. 

The membrane was washed twice for ten minutes at 60˚C in Primary Wash Buffer [2 

M Urea, 0.1% SDS, 50 mM Sodium Phosphate pH 7, 150 mM NaCl, 0.1 mM MgCl2, 

2% Blocking Reagent supplied with kit] and twice for five minutes in Secondary Wash 

Buffer [1 M Tris base, 2 M NaCl]. It was then incubated with Amersham CDP Star 

Detection Reagent Kit (GE Healthcare Life Sciences) for 4 minutes and visualized on 



 

 

175 
 

a ChemiDoc imaging system (Bio-Rad) under signal accumulation mode with the hi-

resolution blot sensing program.  
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SUPPLEMENTAL FIGURES 

 
 

 
 
 
 
 
 
 
 

 
Figure 4A.1. Expression of full-length Btl19-13 in yeast cells.   
Confocal microscopy of Saccharomyces cerevisiae expressing eGFP:Btl19-13 
(“RIRK” to “AAAA”; aa 692-695) and stained with NucBlue to indicate nuclei. Protein 
expression was induced with galactose 24 hours prior to imaging.  
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Figure 4A.2. Binding of Btl19-13 to two predicted binding elements.  
Electrophoretic mobility shift assay of Btl19-13 with BE, the binding element that is 
predicted to be the best following the TAL effector RVD code, or BEFS, the same 
binding element with a frameshift where the ** RVD would bind. For each binding 
reaction, 150 pM of DNA probe was added. The addition of 100 nM protein is 
indicated with a plus (+) or minus (-). To the right are the sequences of BE and BEFS 
as they correspond to the RVDs of Btl19-13. An asterisk (*) indicates a missing amino 
acid in the RVD. 
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Figure 4A.3. Alignment of Btl19-13 and dT19-13 RVDs with the binding element 
(BE) and scrambled binding element (sBE) used in the GUS assay.  
An asterisk (*) indicates a missing amino acid in the RVD based on alignment with 
other repeats.  



 

 

179 
 

 
Figure 4A.4. Sporulation and growth of fungi infected with B13 and a btl19-13 
mutant.  
(A) Southern blot of genomic DNA confirming that btl19-13 is not in the mutant strain 
B13∆btl19-13, though the separate btl gene fragment remains. (B) Growth of R. 
microsporus on half-strength potato dextrose agar (½ PDA), after four days of growth. 
Data represents 7-10 biological replicates, each started with a sporangium from 
separate infection plates. (C) Spores were counted from the same plates in (B) after 
21 days. (D) Photo of sporulating mating plates. A spore suspension of R. 
microsporus ATCC 52814 and ATCC 52813 infected with B13 or B13∆btl19-13 was 
each placed on one side of the plate, and they were allowed to grow together for 5 
days at 28°C. (E-G) Fungal colony diameter of R. microsporus after growing for 3 
days on water-agar, 5 days on ½ PDA with 500 mM sodium chloride, and 3 days on 
½ PDA with 3 mM hydrogen peroxide at 28°C. Data represent one repeat of 10 
biological replicates, each started with a 2 mm x 2 mm plug from a two-day old plate 
started from glycerol stocked spores. These experiments were repeated twice with 
similar results. All data were analyzed by ANOVA with a post-hoc Tukey’s test (p < 
0.05). 
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Figure 4A.5. Increased exposure time of a Southern blot from Figure 4B.  
Southern blot of genomic DNA prepared from 9 Mycetohabitans spp., probed with 
btl19-13 amplified from B13. Strains are identified by the culture collection accession 
of their fungal hosts. An arrow indicates the band that was not clearly visible in the 
shorter exposure in Figure 4B
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SUPPLEMENTAL TABLES 

 

Table 4A.1. Information about btl genes from the 3 seqeunced genomes of Mycetohabitans spp.  
Btl Protein Repeats Strain Gene Name Plasmid or 

Chromosome 
HrpB Box 
(bp upstream) 

NLS Repeat Variable Diresidue (RVD) 
Sequence 

Btl28_1 28 B1 RBRH_01770 Plasmid 2 
(173 kb) 

-239 to -216 RIRK YD NG ** NN NG ** NN NI NS NI NS NI 

NN NG ** NK NA NI NS NI NI NI ND NS 

NG KG NT NG 

Btl21_1 21 B1 RBRH_01844 Plasmid 1 
(822 kb) 

-230 to -207 RIRK YD NI NI NN NT NN NI NI NN ND NI NT 

NR NS ND NN NG NG NS N* 

Btl7_1 7 B1 RBRH_01778 Plasmid 2 
(173 kb) 

-219 to -196 QIRK HD NG NI NG NG NG NN 

Btl19_13 19 B13 SAMN04487768_
2744 

Chromosome -239 to -216 RIRK YD ND NI ND NN NI NG NG ** ND NN NN 

NS N* NG NN NN NI N* 

Btl18_14 18 B14 SAMN04487769_
0211 

Plasmid -239 to -216 RIRK YD NG NI NI NG ** ND ND NI NS NN NS 

N* NG NN NN NI N* 

Btl15_14c 15 B14 SAMN04487769_
1929 

Chromosome -239 to -216 RIRK YD ND NI NI NG ** ND NN NN NS N* NG 

NN NI N* 

Btl15_14p 15 B14 SAMN04487769_
0204 

Plasmid -219 to -196 RIRK YD NG NG NG NG NI NI NI NI NI NI S* NN 

NN NI 
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Table 4A.2. Predicted promoter regulatory elements for btl genes. 

BTL Predicted HrpB Box Predicted HrpB Box Location 
(bp upstream of start codon) 

Predicted -10 Element 

Btl28_1 TTCGctcagtaggtgaagcgTTCG -239 to -216 caaagt 

Btl21_1 TTCGttcagcacgcaatgcgTTCG -230 to -207 caaagt 

Btl7_1 TTCGccggctcggcggtgcgTTCG -219 to -196 caaggt 

Btl19_13 TTCGcccagtaggtgaagtgTTCG -239 to -216 caaagt 

Btl18_14 TTCGcccagtaggtgaagtgTTCG -239 to -216 caaagt 

Btl15_14c TTCGcccagtaggtgaagcgTTCG -239 to -216 caaagt 

Btl15_14p TTCGccggatcggtggcgcgTTCG -219 to -196 caaggt 
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Table 4A.3. Genes that were differentially expressed in R. microsporus infected with wildtype B13 (WT) and complemented 
B13∆btl19-13 (Comp) compared to B13∆btl19-13 (Mut).  

Gene Gene Description log2FC 
WT vs 
Mut 

log2FC 
Comp Vs 
Mut 

BE Ratio 
Predictiona 

BE Start 
Position 

RHIMIDRAFT_298141 hypothetical protein 7.69 7.96 2.31 219 

RHIMIDRAFT_253996 hypothetical protein 5.94 6.56 2.82 275 

RHIMIDRAFT_266868 hypothetical protein 5.52 6.37 - - 

RHIMIDRAFT_232418 DUF1960-domain-containing protein 3.76 5.23 2.97 91 

RHIMIDRAFT_313464 hypothetical protein 2.85 3.05 2.92 218 

RHIMIDRAFT_267780 hypothetical protein 2.05 2.07 2.89 88 

RHIMIDRAFT_283293 hypothetical protein 1.65 1.92 2.71 172 

RHIMIDRAFT_206793 4-dihydromethyltrisporate dehydrogenase 2.30 1.79 2.87 297 

RHIMIDRAFT_208941 DNA clamp loader 1.06 1.27 2.44 143 

RHIMIDRAFT_275463 hypothetical protein -1.32 -1.06 2.25 324 

RHIMIDRAFT_119095 hypothetical protein -1.06 -1.33 2.75 37 

RHIMIDRAFT_279123 hypothetical protein -2.22 -1.62 2.70 203 

RHIMIDRAFT_232860 hypothetical protein -3.60 -3.11 2.88 297 

RHIMIDRAFT_264374 hypothetical protein -5.40 -3.48 2.69 218 

RHIMIDRAFT_274095 hypothetical protein -5.05 -3.89 2.32 424 
a Best binding element (BE) for BTL19-13 predicted in the 500 bp promoter region of this gene by TALE-NT (Doyle et al., 2012); 
lower scores are better. 
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Table 4A.4. Isolates of Rhizopus microsporus and Mycetohabitans spp. used or identified in this study. 

Accession Taxon Origin Bacterial Species Strain Name Bacterial Presence 
Determined 

ATCC 62417 Rhizopus microsporus 
van Tieghem 

Rice seedlings, 
Japan 

Mycetohabitans 
rhizoxinica 

HKI 0454/B1  Partida-Martinez and 
Hertweck (2005) 

ATCC 20577 Rhizopus sp. strain F-
1360 

Soil, Japan Mycetohabitans sp. HKI 0512/B2 Lackner et al. (2009) 

NRRL 13479;  
CBS 699.68; 
ATCC 52813 

Rhizopus microsporus 
van Tieghem 

Soil, Ukraine Mycetohabitans 
endofungorum 

HKI 0402/ 
B4/B13 

Lackner et al. (2009) 

Dolatabadi et al. (2016); 

NRRL 13478;  
CBS 700.68; 
ATCC 52814 

Rhizopus microsporus 
van Tieghem 

Forest soil, Georgia Mycetohabitans 
endofungorum 

HKI 0403/ 
B7/B14 

Lackner et al. (2009) 
Dolatabadi et al. (2016); 

CBS 261.28; 
ATCC 52811 

Rhizopus microsporus 
van Tieghem 

Unspecified, USA Mycetohabitans 
rhizoxinica 

HKI 0513/B6 Lackner et al. (2009) 

Dolatabadi et al. (2016); 

CBS 262.28; 
ATCC 52812 

Rhizopus microsporus 
var Chinensis 

Unspecified, USA Mycetohabitans sp. - This study 

NRRL 5546 Rhizopus microsporus Soil, Brazil Mycetohabitans sp. - This study 

NRRL 5547 Rhizopus microsporus Soil, Philippines Mycetohabitans sp. - This study 

NRRL 5549; 
ATCC 46352 

Rhizopus microsporus Rabbit Dung, 
Wisconsin, USA 

Mycetohabitans sp. - This study 

NRRL 5560 Rhizopus microsporus Corn, USA Mycetohabitans sp. - This study 

CBS 112285 Rhizopus microsporus 
Tieghem 

Ground nuts, 
Mozambique 

Mycetohabitans 
endofungorum 

HKI 0456/B5 Lackner et al. (2009) 

CBS 111563 Rhizopus microsporus 
Tieghem 

Sufu starter culture, 
Vietnam 

Mycetohabitans 
endofungorum 

HKI 0455/B3 Lackner et al. (2009) 

Dolatabadi et al. (2016); 

CBS 339.61 Rhizopus microsporus 
var. oligosporus (Saito) 
Schipper & Stalpers 

Tempeh, Indonesia Mycetohabitans 
rhizoxinica 

- Dolatabadi et al. (2016); 
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Table 4A.4 continued. 

Accession Taxon Origin Bacterial Species Strain 
Name 

Bacterial Presence 
Determined 

NRRL 28628; 
CBS 308.87 

Rhizopus microsporus 
van Tieghem 

Necrotic tissue from 
a man’s hand, 
Australia 

Mycetohabitans sp. HKI 0404/B8 Lackner et al. (2009) 

CBS 
113206 

Rhizopus microsporus 
var. tuberosus 

Koji beer, China None NA This study 

NRRL 1508 Rhizopus microsporus Soil, USA None NA This study 

 

  



186 
 

Table 4A.5. Plasmids used in this study with a description of their relevant 
features and their source. 
PLASMID DESCRIPTION SOURCE 

pK18mobsacB Broad host range marker-less deletion 
vector 

Schafer, et al. 
(14) 

pSC29 pK18mobsacB with btl19-13 flanking 
regions 

This study 

pHM1 Broad host range cosmid vector Hopkins, White, 
Choi, Guo and 
Leach (2) 

pSC31 pHM1 containing btl19-13 with native 
promoter 

This study 

pMEC0 pENTR4-Btl19-13 with native promoter, 
native start codon, and native stop codon 
in pENTR4 (Invitrogen) 

This study 

pMEC1 pENTR4-Btl19-13 without native promoter 
or stop codon, but with start codon 

This study 

pMEC2 pENTR4-Btl19-13 without native promoter 
or start codon, but with stop codon 

This study 

pMEC5 pMEC2 with RIRK NLS mutated to AAAA 
(aa 692-695) 

This study 

pMEC6 pMEC0 with no stop codon; btl19-13 with 
native promoter and native start codon 

This study 

pMEC6-
mCherry 

btl19-13 with native promoter, native start 
codon, and a C-terminal mCherry fusion 

This study 

pMEC7 pMEC3 with N-terminal 45 aa truncation This study 
pMEC8 pMEC3 with only first 45 aa This study 
pMEC13 btl18-14 with native promoter, native start 

codon, and native stop codon 
This study 

pBBR1-MCS5 Broad host range expression vector with 
multiple cloning site 

Obranić, Babić 
and Maravić-
Vlahoviček (3) 

pMEF1 pBBR1-MCS5 with a Gateway Destination 
vector cassette added at the MCS 

This study 

pBtl19-13 pMEF1 containing btl19-13 with native 
promoter from pMEC0 

This study 

pBtl18-14 pMEF1 containing btl18-14 with native 
promoter from pMEC13 

This study 

pCPP6260 NptII promoter driving EYFP expression Worley (4) 
pMEF2 pCPP6260 with a Gateway Destination 

vector cassette 
This study 

pMEF6 pMEF2 encoding Btl19:13:mCherry with its 
native promoter 

This study 

pCPP5371 Gateway destination vector for Cya fusion 
proteins 

Oh, Kvitko, 
Morello and 
Collmer (6) 

pCPP5388 pCPP5371 expressing AvrPto:Cya  Lam, et al. (24) 
pMEC1C pCPP5371 expressing Btl19-13:Cya This study 
pMEC7C pCPP5371 expressing Btl19-13[45:]:Cya  This study 
pMEC8C pCPP5371 expressing Btl19-13[1:45]:Cya  This study 
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Table 4A.5 continued. 
PLASMID DESCRIPTION SOURCE 

pAG426GAL-
eGFP-ccdb 

Gateway destination vector for yeast 
expression; GAL1 promoter driving N-
terminal eGFP tagged expression 

Addgene plasmid 
# 14323 
deposited by 
Susan Lindquist 

pCS468 A Gateway entry vector containing Tal1c 
cloned from Xanthomonas oryzae pv. 
oryzicola 

C. Schmidt 

pYeGFP-Tal1c pAG426GAL-eGFP-tal1c This study 
pMEC2Y pAG426GAL-eGFP-Btl19-13 This study 
pMEC5Y pAG426GAL-eGFP-Btl19-13 NLS mutant; 

RIRK mutated to AAAA (aa 692-695) 
This study 

pMEC2Yc pAG426GAL-eGFP-Btl19-13[599-714] This study 
pMEC5Yc pAG426GAL-eGFP-Btl19-13[599-714] 

NLS mutant; RIRK mutated to AAAA (aa 
692-695) 

This study 

pFR178 Expression of codon-optimized Btl19-13 
with a N-terminal 6xHis tag under lac 
induction 

This study 

pTal1 A gateway entry vector with the Tal1c N- 
and C- termini; created as part of the kit to 
make designer TAL effectors  

Cermak, et al. (10) 

pMEC15 Gateway entry vector with dT19-13; 
pTAL1 with the RVD sequence most 
closely related Btl19-13 assembled in 
between the Tal1c N- and C-termini 

This study 

pGWB5 Binary Gateway Destination vector with a 
35S promoter 

Nakagawa, et al. 
(25) 

pCS752 Binary vector with 343 bp Bs3 promoter 
from pepper driving GUS expression 

Doyle, et al. (11) 

pGWB5-AvrBs3 pGWB5 expressing AvrBs3 cloned from 
Xanthomonas euvesicatoria 

Cernadas, et al. 
(26) 

pMEC3G pGWB5 expressing Btl19-13 from pMEC3 This study 
pMEC15G pGWB5 expressing dT19-13 from 

pMEC15 
This study 

pMECtal1cG pGWB5 expressing Tal1c from pCS468 This study 
pMEC-GUS1 pCS752 with a Btl19-13 binding element 

inserted into the AscI cut site 
This study 

pMEC-GUS2 pCS752 with a scrambled binding element 
inserted into the AscI cut site 

This study 
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Table 4A.6 Primers used for cloning in this study. 
PRIMER NUMBER PRIMER SEQUENCE PRIMER PURPOSE 

1720 AATCGAATTCGTTGTGTAGATGATCTTGCGA Forward primer, with EcoRI site, for Btl19-13 KO, Flank A 
1721 AAACAATTGGGCATGGTTGGTAAGCTGAGCCCAAAC Reverse primer, with MfeI site, for Btl19-13 KO, Flank A 
1724 AAACAATTGCCCGTTGCCGTGCGCGTGAGTAAG Forward primer, with MfeI site, for Btl19-13 KO, Flank B 
1725 TAGGTCGACGCGAGCTTCTTGATTTC Reverse primer, with SalI site, for Btl19-13 KO, Flank B 
1990 CCAGTGAATTCGAGCTTCACTGGCCTTCAATGCTG Reverse primer to amplify Btl19-13 for pSC31 
1991 CCCGGGTACCGAGCTGTTGGCTCCTTTGCCAATAG Forward primer for amplify Btl19-13 for pSC31 
2247 GCAGCGATGGTGGCCTCTTTGCTAGG Forward primer to change “RIRK” to “AAAA” in Btl19-13  
2248 TGCTGCACCAGCTCCTCCTCGGCG Reverse primer to change “RIRK” to “AAAA” in Btl19-13  
2307 ATGCCGGCGACGTTTATG Forward primer to delete Btl19-13 promoter 
2308 AGCTCGGTACCGGATCC Reverse primer to delete Btl19-13 promoter  
2309 CCGGCGACGTTTATGCATC Forward primer to delete Btl19-13 promoter and start 

codon  
2310 AGCTCGAATTCGCGGCCG Forward primer to delete stop codon in Btl19-13 
2311 CTGGCCTTCAATGCTGGTAAC Reverse primer to delete stop codon in Btl19-13  
2371 ATAAATGAGCTCCTACTTGTACAGCTCGTCCA mCherry amplification with SacI cut site (reverse) 
2405 CTTGCTCAAGTACTAAGTCG Forward primer for Q5 mutagenesis to delete first 45 

amino acids in Btl19-13  
2406 CATAGCTCGGTACCGGAT Reverse primer for Q5 mutagenesis to delete first 45 

amino acids in Btl19-13  
2407 AGCTCGAATTCGCGGCCG Forward primer for Q5 mutagenesis to delete everything 

but the first 45 amino acids in Btl19-13  
2408 CTCATCGTGCTGATTTGAGATAAACGC Reverse primer for Q5 mutagenesis to delete everything 

but the first 45 amino acids in Btl19-13  
2947 AAATAAAGAGCTCAGTGAGCAAGGGCGAGGAG mCherry amplification with SacI cut site (forward) 
3188 ATTACCATGGGCTGTCAAGACTTCGAGCCA Forward primer for cloning Btl18_14 with its promoter  
3189 ATATGAATTCTCACGGGCCTTCAATGCT Reverse primer for cloning Btl18_14 with its promoter  
3390 CGCGTCCACGATTCCGGATTGGAC Btl19-13 BE for inserting in pCS752 (forward) 
3391 CGCGGTCCAATCCGGAATCGTGGA Btl19-13 BE for inserting in pCS752 (reverse) 
3392 CGCGTGTGCACTCGTTAGCCAGAC Scrambled Btl19-13 BE for inserting in pCS752 (forward) 
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APPENDIX 4B – GENOME SEQUENCING AND ADDTITIONAL 

STRAIN RESOURSES FOR STUDYING TYPE III EFFECTOR 

PROTEINS FROM MYCETOHABITANS SPP. 

 

There are many unanswered questions around Btl proteins and other effectors 

involved in the Mycetohabitans spp.-Rhizopus microsporus symbiosis. I present here 

a summary of unfinished projects and potential resources for future experiments. I 

also propose new avenues of discovery to begin to answer the questions about the 

function of BTL proteins that was outside of the scope of Chapter 4.   

 

GENOME SEQUENCING OF MYCETOHABITANS SPP. TO DETERMINE Btl 

DIVERSITY 

At the end of Chapter 4, we discussed that more Mycetohabitans spp. 

genome sequences would be required to adequately capture the diversity of btl genes 

beyond what was seen in the Southern blot. I chose 7 isolates (Table 4B.1) of 

Mycetohabitans spp. to sequence with the PacBio Sequel I system. PacBio 

technology generates high quality, long-read sequencing that can generate complete 

genomes including resolving repetitive regions like btl genes. Genomic DNA was 

extracted from turbid bacterial cultures using the MasterPureTM Gram Positive DNA 

Purification Kit (Lucigen). Preparation of libraries, sequencing, and initial genome 

assembly was done at the Icahn School of Medicine at Mount Sinai. Some additional 

polishing is necessary to complete the genomes of some of the strains, while others 

assembled into full circular genomes and plasmids.  
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We will be able to compare these genomes to the previously published 

Mycetohabitans rhizoxinica reference genome (Lackner et al., 2011b) and the 2 

genomes that we previously generated using the PacBio RSII system from R. 

microsporus ATCC 52813 and ATCC 52814 (Table 4B.2). The latter genomes were 

separately sequenced and assembled at the Joint Genome Institute (JGI), also with 

PacBio sequencing technology, and are publicly available; the btl genes are identical 

between our assemblies and the JGI assemblies.  

Table 4B.1. Mycetohabitans spp. that were sequenced in this study and the 
accessions of their Rhizopus microsporus hosts. 

Accession Taxon Origin Bacterial Species Strain 
Name 

CBS 262.28; 
ATCC 
52812 

Rhizopus 
microsporus 
var Chinensis 

Unspecified, 
USA 

Mycetohabitans sp. - 

NRRL 5546 Rhizopus 
microsporus 

Soil, Brazil Mycetohabitans sp. - 

NRRL 5547 Rhizopus 
microsporus 

Soil, 
Philippines 

Mycetohabitans sp. - 

NRRL 5549; 
ATCC 
46352 

Rhizopus 
microsporus 

Rabbit Dung, 
Wisconsin, 
USA 

Mycetohabitans sp. - 

NRRL 5560 Rhizopus 
microsporus 

Corn, USA Mycetohabitans sp. - 

CBS 112285 Rhizopus 
microsporus 
Tieghem 

Ground nuts, 
Mozambique 

Mycetohabitans 
endofungorum 

HKI 
0456/B5 

CBS 111563 Rhizopus 
microsporus 
Tieghem 

Sufu starter 
culture, 
Vietnam 

Mycetohabitans 
endofungorum 

HKI 
0455/B3 

 
 

With these additional genomes, I would propose to identify the btl genes and 

assess variation in genomic location and RVD sequence. Additionally, we may also 

be able to determine more thoroughly the diversity of Mycetohabitans spp. and more 

accurately identify each isolate as Mycetohabitans endofungorum, Mycetohabitans 



 

 

194 
 

rhizoxinica, or novel species based on phylogenetic analysis and/or average 

nucleotide identity (ANI) (Konstantinidis & Tiedje, 2005).  

Table 4B.2. Previously sequenced or published Mycetohabitans spp. genomes 
and the accessions of their Rhizopus microsporus hosts.  

Accession Taxon Origin Bacterial 
Species 

Strain 
Name 

Sequenced 
by 

ATCC 62417 Rhizopus 
microsporus 
van 
Tieghem 

Rice 
seedlings, 
Japan 

Mycetohabitans 
rhizoxinica 

HKI 
0454/B1  

Lackner et 
al. (2011b) 

NRRL 
13479;  
CBS 699.68; 
ATCC 52813 

Rhizopus 
microsporus 
van 
Tieghem 

Soil, 
Ukraine 

Mycetohabitans 
endofungorum 

HKI 
0402/ 
B4/B13 

JGI; 
Bogdanove 
Lab 

NRRL 
13478;  
CBS 700.68; 
ATCC 52814 

Rhizopus 
microsporus 
van 
Tieghem 

Forest 
soil, 
Georgia 

Mycetohabitans 
endofungorum 

HKI 
0403/ 
B7/B14 

JGI; 
Bogdanove 
Lab 

 

CREATION OF A HrpB OVEREXPRESSION STRAIN TO IDENTIFY EFFECTOR 

PROTEINS 

Within the promoter region of btl genes from the 3 previously sequenced 

genomes are predicted HrpB binding elements: TTCG-N16-TTCG. The same motif 

was identified in Lackner et al. (2011a) during the characterization of the Type III 

Secretion System (T3SS), which includes a homolog of hrpB,  the T3SS master 

regulator. In Ralstonia solancearum, HrpB-regulated genes were identified using 

transposon-based screening and RT-PCR on hrp-inducing medium (Mukaihara et al., 

2004, Cunnac et al., 2004). I wanted to test the hypothesis that HrpB regulates btl 

gene expression, using the strain Mycetohabitans sp. B13. However, we have not 

investigated what would constitute a hrp-inducing medium for Mycetohabitans spp. 

Instead, I sought to overexpress hrpB in B13 and look for changes in btl19-13 

expression by qRT-PCR.  
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I PCR amplified hrpB from B13 and ligated it into pENTR4 digested with NcoI-

HF and NotI-HF (NEB). The resulting entry vector was named pMEC14 and was 

sequence verified. The expression vector, pMEC14E, was generated with LR 

Clonase II to move hrpB from pMEC14 into pBS46, a Gateway Destination vector 

with a NptII promoter driving expression of the inserted gene. I transformed B13 with 

pMEC14E, under gentamicin selection. B13 transformed with pBS46-EYFP 

(pCPP6260) serves as a negative control strain, having the same plasmid but 

constitutively expressing the fluorophore EYFP instead of HrpB. 

While I did not complete my intended experiment of RNA extraction and pRT-

PCR with these strains, they are generated and available for future work. The utility of 

these strains stretches beyond just looking at btl gene expression. As there are no 

characterized T3S effectors from Mycetohabitans spp. besides Btl proteins, the hrpB-

overexpression strain could be useful for further identification of effectors. When the 

M. rhizoxinica genome was published, effector candidates were predicted using 

EFFECTIVET3, but were not investigated further (Lackner et al., 2011c). Based on 

the low-confidence prediction of btl19-13 as a T3S effector by the same software, it is 

unlikely that prediction based on the N-terminal signal is reliable (Eichinger et al., 

2015). RNAseq of a hrpB-overexpression strain could be cross referenced with a list 

of effector candidates based on the presence of HrpB binding elements as well as 

T3S signal prediction to more accurately determine the co-regulated effector 

repertoire.  

T3S effectors could then examined across sequenced genomes to begin to 

identify B13 effector proteins that are conserved across Mycetohabitans spp., i.e. 

“core” effectors. This would highlight genes that should be the priority of future 

functional studies, as core effectors could be causal for the inability of T3SS- mutants 
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to infect R. microsporus (Lackner et al., 2011a). Uncovering the mechanism of T3SS 

involvement in infection could then inform our knowledge of fungal protein function 

based on effector targets. Furthermore, a comparison of effector repertoires between 

horizontally transmitted plant and human symbionts and vertically transmitted fungal 

symbionts could add to our understanding of the evolutionary pressures at play and 

the unique difficulties of engaging with each host. 

 

FLUOROPHORE LABELED MYCETOHABITANS SPP. OFFER A WINDOW INTO 

THE SPATIOTEMPORAL DYNAMICS OF SYMBIOSIS 

In determining whether btl19-13 was expressed by B13 inside of fungal 

hyphae, I made a constitutively-expressed YFP strain with a Btl19-13:mCherry-

encoding gene under native expression. When I imaged bacteria within fungal 

hyphae, I found that bacteria are not evenly dispersed. They appeared to be mostly 

towards the growing edge of the mycelial colony, but I was inconsistent in my ability 

to find fluorescent bacteria. I used both a DeltaVision deconvolution microscope and 

a Zeiss confocal microscope, based on availability. The most successful slide 

preparation technique I used was to take a clean slide, make a flat patch of ½ PDA 

with 50 µL of molten medium, and then spot spore suspensions on the patches 

before incubating on a wet paper towel in a petri dish overnight at 28°C. Additionally, I 

acquired some images of R. microsporus stained with the chitin-binding stain 

Calcofluor White (Sigma-Aldrich). The stained hyphae are very bright, making it 

virtually impossible to see fluorescent bacteria in the same sample.  

Going forward, it may be of interest to follow how the bacteria move and 

replicate within their fungal host during growth and sporulation. In the past, Sara 
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Carpenter (Bogdanove Lab) and undergraduate assistants attempted to knock-in eyfp 

but were unsuccessful. I generated a B13 strain with a plasmid that constitutively 

expressed eyfp gene (pBS46-EYFP; pCPP6260), as was done previously 

(Lastovetsky et al., 2016). This strain could be useful for observing bacterial 

movements in fungi, especially by someone more skilled in fungal microscopy. It 

would also be interesting to see if the bacteria are only near some nuclei, to inform 

sample collection for experiments such as RNAseq or other protocols that involve 

nuclei isolation. I am also curious as to how far effectors are distributed across 

hyphae, but have not figured out a way to observe this as most fluorophores are 

incompatible with the T3SS. Methods involving transgenic plants have been useful for 

answering the same question in planta, but R. microsporus cannot be reliably 

transformed.  

 

UNCOVERING THE MODE OF ACTION FOR BTL PROTEINS  

Traditional in planta assays did not provide a mechanism for Btl19-13. First, I 

attempted to use a Dual Luciferase Assay that I was never able to get accurate 

results from; I created vector for such purpose (pMECL) that had a 35S promoter 

driving Renilla luciferase (RLuc), a modified OsSULTR3;6 promoter driving Firefly 

luciferase (FFLuc), and a Gateway Destination cassette for inserting a TAL effector to 

be expressed under control of a 35S promoter. The modified OsSULTR3;6 promoter 

has 3 unique restriction enzyme binding for inserting effector binding elements as 

various places in the promoter. However, there must have been some flaw in this 

vector or the protocol I used, because even empty vectors and negative controls 

would have large relative FFLuc activity. Promega, the company that supplies Dual 
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Luciferase Kits, encouraged the use of two separate vectors, one with the protein of 

interest (I.e. TAL effector) and one with the FFLuc and RLuc genes. I would 

discourage the use of the pMECL vector going forward and would encourage the 

creation of a two-vector system or the use of β-glucoronidase (GUS) assays instead. 

Once I switched to a GUS assay previously used by the lab (Cernadas et al., 

2014), I got repeatable, negative results for gene activation by Btl19-13 in planta (see 

Chapter 4). Activity of Btl19-13 in planta may differ from its activity in a fungus, which 

could be investigated in a model fungus. Btl19-13 appears to be toxic in yeast cells, 

but one could test to see if other Btl proteins are similarly toxic to find one that would 

be amenable to experiments in a model fungus. Regardless, I switched to a 

hypothesis that Btl19-13 acts as a repressor and tried to see if direct competition 

between Btl19-13 and a designer TAL effector targeting the same site, or Btl19-13 

and AvrBs3 targeting a site just downstream would result in reduced GUS activity. 

There was no evidence of repression by Btl19-13 under these conditions.  

Transcriptional repression by a protein can be accomplished in a variety of 

ways: directly blocking RNA polymerase binding to DNA, binding DNA with RNA 

polymerase to inhibit opening of the DNA or promoter escape, binding downstream of 

transcript initiation to block elongation, or recruiting corepressors or chromatin 

modifying enzymes (Payankaulam et al., 2010). TAL effectors have been shown to 

function as repressors when targeted to exons in planta (Lin et al., 2016). The TAL 

effector DNA recognition domain can competitively inhibit activation by a trans-

activator when targeting the same promoter site in mammalian cells (Werner & 

Gossen, 2014). Btl proteins themselves can act as repressors in a synthetic promoter 

set-up in bacteria (de Lange et al., 2015). However, the diversity of repressor 

mechanisms makes identifying a repressor challenging, especially in Rhizopus 
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microsporus which is genetically intractable and divergent from model fungi. A more 

thorough survey of assays to test for repression should be done to determine the best 

course of action moving forwards. 

One approach to addressing the question of Btl protein function is to focus on 

where Btl proteins are binding in vivo. Binding targets could provide insight into their 

function depending on whether Btls are observed binding to promoters, untranslated 

regions, or gene bodies. Chromatin immunoprecipitation sequencing (ChIP-seq) 

involves isolating nuclei to pull down a protein of interest and sequencing the DNA 

bound to the protein. ChIP-seq has not been regularly done in fungi outside of 

Aspergillis and Neurospora spp. and has never been done in a zygomycete to my 

knowledge (Boedi et al., 2012). One would have to generate a tagged-Btl construct to 

facilitate pulling down Btl protein and then optimize nuclei extraction from R. 

microsporus. Yet, this would be a straightforward way to characterize BTL binding 

targets in vivo and to confirm that BTL proteins are nuclear localizing effectors.  

A potential pitfall for ChIP-seq is the amount of Btl protein that could be pulled 

down in a fungal nuclei prep; I am unaware of any studies that have done ChIP-seq 

on a secreted protein under native levels of expression. Perhaps spores could be 

used for nuclei extraction, if Btl proteins are expressed within spore structures; spores 

vertically transmit bacteria, enriching for nuclei in close proximity to bacteria. An 

alternative strategy could be to do protein/DNA binding sequencing (PB-seq) with R. 

microsporus genomic DNA and purified Btl protein, but this would neglect chromatin 

structure and likely give false positives. 
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PROPOSED FURTHER INVESTIGATION OF FUNGAL SUSCEPTIBILITY TO SDS 

STRESS 

We demonstrated that Btl19-13 confers increased tolerance of R. microsporus 

to sodium dodecyl sulfate (SDS), a chemical that causes cell membrane stress. 

However, we did not tie this to a biological role or find that Btl18-14 had the same 

effect. To address the former, I propose quantifying the lipid profiles of R. 

microsporus infected with B13 versus B13∆btl19-13, as done in Lastovetsky et al. 

(2016). Because SDS is a cell membrane stress and cellular membranes are made of 

a phospholipid bilayer, it is a plausible hypothesis that Btl19-13 is one of the 

instigators of this lipid shift during infection (Lastovetsky et al., 2016). Assaying R. 

microsporus infected with B13 versus B13∆btl19-13 to see if there is a difference in 

lipid content may potentially tie these two lines of research together and answer how 

the bacterium is able to alter the fungal lipid profile. 

 

ARE BTL PROTEINS SERVING THE SAME FUNCTION? 

Despite the diversity in sequence and genomic context, it seems unlikely that 

Btl proteins are serving entirely different functions across isolates given their 

presence across strains; in Xanthomonas and Ralstonia spp., TAL effectors appear to 

converge on similar host targets. For example, many species of Xanthomonas target 

related sugar transporters (Perez-Quintero & Szurek, 2019). While Xanthomonas spp. 

have variable numbers of TAL effectors inter- and intraspecies, strains of Ralstonia 

solanacearum tend to only have one (Perez-Quintero & Szurek, 2019). The Ralstonia 

TAL effectors have similar predicted binding elements, based on their RVD 

sequence, that correlate to host specificity (Heuer et al., 2007).   Given the low 
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number of btl genes that we observe in Mycetohabitans spp. (less than 5 per strain) 

and their presence across strains, it seems plausible that Btl proteins have not 

differentiated in function.  

However, the opposite could also be argued in that Btl proteins may have 

diversified in function once partnerships were formed. Since they are not critical for 

initial establishment or maintenance of the symbiosis, they may serve more 

accessory functions and be under inconsistent selection pressure based on host 

environment. If a Btl protein is conferring tolerance to a stress that the fungus is not 

regularly facing, the selection pressure is minimal, allowing the btl gene to mutate and 

potentially diversify as other stresses arise. 

When I tried to rescue t B13∆btl19-13 with Btl18-14, the host fungus, R. 

microsporus ATCC 52813 (R13), remained less tolerant of SDS. Btl18-14 may have 

the same target gene as Btl19-13, but with a polymorphic binding site(s) between the 

two Rhizopus accessions, making it host specific. To test this hypothesis, I would 

expand my experiments to include Mycetohabitans sp. B14 and R. microsporus 

ATCC 52814 (R14).  First, I would infect R13 with B14 and B14(pBtl19-13). If the Btl 

proteins are targeting the same thing, but are host specific, I would expect that 

exposing these bacterial-fungal pairings to SDS would result in reduced growth by 

R13 infected with B14 that could be rescued by the presence of Btl19-13. Conversely, 

R14 infected with B13 would yield reduced fungal growth on ½ PDA + SDS, 

potentially being rescued by B13(pBtl18-14). These experiments could be done with 

no additional mutants needing to be made and with existing genetic constructs, 

making the timeline much faster. However, B14 has 3 btl genes which may be 

functionally redundant or may play different roles; I have only cloned btl18-14 and not 

the other two from B14.  
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