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ABSTRACT  

Both plants and animals are impacted by diverse biotic threats. To limit disease, plants use 

protein receptors to recognize and respond to pathogen protein epitopes or effectors. Pathogens 

have evolved strategies to circumvent recognition to proliferate and cause disease. Pathogens can 

also persist on non-hosts, leading to reservoir populations and subsequent costly outbreaks. Despite 

considerable resources focused on understanding the interactions between pathogens and model 

organisms, we lack considerable knowledge in how the natural diversity of bacterial pathogens, 

particularly Gram-positive actinobacteria, impact plant immune perception, colonization, and 

disease susceptibility. Using a combination of comparative genomics, genetics, and biochemistry, 

I leveraged natural genetic variation to understand the evolution of pathogen epitopes and elucidate 

a driver of pathogen evasion in a Gram-positive actinobacteria.     

Pathogen recognition and receptor signaling is crucial in host-pathogen interactions, but 

most studies use a single pathogen epitope and thus, the impact of multi-copy epitopes on pathogen 

outcomes is unknown. Through comparative genomics of thousands of plant-associated bacterial 

genomes, I characterized the naturally-evolved bacterial epitope landscape and their impact on 

pathogen outcomes. I revealed that natural variation was constrained yet experimentally testable 

and both epitope sequence and copy number variation altered pathogen-immune outcomes. 

Through genetic and biochemical analyses, I uncovered a mechanism for pathogen immune 

evasion, intrabacterial antagonism, where a non-immunogenic epitope blocks perception of 

immunogenic forms encoded in a single genome. One such intrabacterial antagonist, cold shock 

protein CspB, was conserved in actinobacteria including Clavibacter, a genus comprised of several 

crop pathogens including tomato, potato, wheat, and corn. As a non-model system, I developed a 

genetic toolkit to manipulate Clavibacter and test the role of CspB in blocking immune perception 
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of one host species, tomato. While I was able to build and validate the genetic tools through 

deletion of several critical virulence genes, I was unable to generate a null mutant of the cspB gene 

in C. michiganensis, likely due to its high GC-content between 73-78%. Instead, I validated our 

intrabacterial antagonism model though a combination of biochemical assays and genetic transfer 

of cspB to another foliar pathogen of tomato, Pseudomonas syringae pathovar tomato DC3000. I 

show via bacterial titers that expression of antagonist cspB blocked perception of other native 

encoded immunogenic cold shock proteins in a receptor-dependent manner.  

Collectively, I revealed a mechanism for immune evasion and showcased the importance 

of analyzing all epitope copies within a genome. I also provided evidence that Gram-positive 

actinobacteria interface with the plant immune system, a paradigm previously put into question 

due to insufficient evidence. Finally, I developed a genetic toolkit which may aid in characterizing 

other genotypic-phenotypic outcomes in the non-model bacterium. While my research has shown 

that we can leverage natural genetic variation to generate hypotheses and understand their impact 

on phenotypic outcomes, major questions remain in the evolution, functional biology, and 

signaling in plant-microbe interactions, which is addressed in the final chapter.  Findings from the 

research questions posed may provide critical insights for subsequent advancements in 

bioengineering for disease resistance.  
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INTRODUCTION 

The Evolution, Ecology, and Mechanisms of Infection by Gram-Positive, Plant-Associated 

Bacteria 

Shree P. Thapa, Edward W. Davis II, Qingyang Lyu, Alexandra J. Weisberg, Danielle M. 

Stevens, Christopher R. Clarke, Gitta Coaker, and Jeff H. Chang 

 

Abstract 

Gram-positive bacteria are prominent members of plant-associated microbial communities. 

Although many are hypothesized to be beneficial, some are causative agents of economically 

important diseases of crop plants. Because the features of Gram-positive bacteria are 

fundamentally different relative to those of Gram-negative bacteria, the evolution and ecology as 

well as the mechanisms used to colonize and infect plants also differ. Here, we discuss recent 

advances in our understanding of Gram-positive, plant-associated bacteria and provide a 

framework for future research directions on these important plant symbionts. 
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Abstract
Gram-positive bacteria are prominent members of plant-associated micro-
bial communities. Although many are hypothesized to be bene!cial, some
are causative agents of economically important diseases of crop plants. Be-
cause the features of Gram-positive bacteria are fundamentally different
relative to those of Gram-negative bacteria, the evolution and ecology as
well as the mechanisms used to colonize and infect plants also differ. Here,
we discuss recent advances in our understanding of Gram-positive, plant-
associated bacteria and provide a framework for future research directions
on these important plant symbionts.
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Symbiosis: intimate
and protracted
interaction between
different species with
measurable costs
and/or bene!ts to one
or both partners

Mutualist: bacteria
that directly invest
(cost) in an interaction
that bene!ts both
partners

Associative
symbionts: bacteria
that interact with
plants in a less speci!c
manner than
mutualists and
reciprocate bene!ts to
their partners

Pathogen: bacteria
that gain from the
interaction at a cost to
the host; typically
associated with disease

Horizontal gene
transfer (HGT):
transfer of genetic
material through any
mechanism other than
vertical inheritance

Disease (infectious;
strict de!nition):
biotic-induced
perturbation to
homeostasis leading to
degradation in
structure or function
and a !tness cost

Disease (infectious;
relaxed de!nition):
biotic-induced
perturbation to
homeostasis leading to
degradation in
structure or function
and economic or
!tness cost

Virulence: the degree
to which an organism
can cause disease

INTRODUCTION
Many taxa of bacteria have members that are adapted to plants and can gain access to resources
in the form of nutrients and habitable space. There are several types of symbiosis, and the ac-
tivities of symbiotic bacteria can have profound effects on plants, with mutualist and associative
symbionts reciprocating bene!ts to their hosts and pathogens exploiting the host for sel!sh gains.
When !tness costs and bene!ts of symbioses are quanti!ed, it becomes clear that there is inex-
actness in categorization and a continuum even between two symbiotic partner species. There are
interactions between the location of a symbiont on a host, the health of the host, environmen-
tal conditions, and horizontal gene transfer (HGT), to name a few, that tune outcomes. De!ning
symbioses in the context of agriculture is even more complex. Costs and categorization of plant–
microbe interactions are often de!ned on the basis of the expression of conspicuous symptoms and
economic impact (see the two de!nitions of disease and their relationships to the de!nitions for
pathogen and virulence factor). Economic impact is not a selective pressure that directly shapes
the evolution of symbiotic bacteria. Hence, it is critical to consider the natural variation and ecol-
ogy of populations, which provide the context for natural selection, or lack thereof, to understand
why and how organisms adapt.

Gram-positive bacteria generally have a single cytoplasmic membrane and a thick peptido-
glycan layer that retains crystal violet stain. Across the Bacteria domain, there is variation in the
structure of the cell envelopes, and responses to Gram staining do not always follow phylogeny.
Most members of Actinobacteria react positively to Gram staining, but the phylum also includes
mycolic acid–containing genera of bacteria that do not. Mycolic acids form an outer mycomem-
brane that is impermeable to the Gram stain (67). Our use of the termGram-positive is thus more
colloquial and admittedly short on precision.

We highlight the molecular mechanisms hypothesized to be necessary for infection and ex-
amine the evolutionary ecology of Gram-positive bacteria best known for being pathogenic and
causing signi!cant economic losses. Our focus is on six groups, each currently classi!ed as dif-
ferent genera within the Actinobacteria phylum (Figure 1). We also construct a phylogenomic
framework as a resource for comparative analyses and for generating testable hypotheses.

LIFESTYLES OF GRAM-POSITIVE, PLANT-ASSOCIATED BACTERIA
Clavibacter: A Group of Xylem-Limited Bacteria
The Clavibacter genus has experienced multiple changes to its membership (36, 47, 89). Some
members were reclassi!ed into Rathayibacter and Leifsonia genera, leaving only a single Clavibacter
michiganensis group with multiple subspecies. Recent recommendations suggested elevating the
subspecies to species rank (89).

Each species of plant-pathogenic Clavibacter primarily infects one main host species. When
arti!cially infected, pathogens can cause some symptoms on a wide range of plant species (46). In-
fection occurs through wounds and hydathodes or via contaminated seeds.Clavibacter proliferates
in xylem vessels, resulting in systemic infection (Figure 1) (45). Symptoms include wilting, canker,
necrosis, and leaf spots. Owing to its effectiveness as a seedborne pathogen, Clavibacter has a high
risk of adverse consequences, and some species have been classi!ed as quarantine organisms in
Europe and other countries (45).

Although the genus ismost known for its pathogenicmembers,multipleClavibacter strains have
been isolated as asymptomatic endophytes of monocot and dicot plant species (31, 125, 131, 150).
Endophytic Clavibacter cells colonize the internal tissues of the plant and confer no conspicuous
symptoms or negative effects on plant !tness (75, 125). Furthermore, after arti!cial inoculation,
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Figure 1
Gram-positive bacteria can persist in various tissues and organs of plants. Pathogenic and nonpathogenic Clavibacter colonize the xylem
of plants. Phytopathogenicity is often associated with serine proteases and CAZymes (carbohydrate-active enzymes), which are typically
encoded on plasmids or a pathogenicity island (PAI). Streptomyces bacteria colonize tubers and roots and, in some instances, the
endophytic compartment of their host. Common scab disease occurs only when the symbiont produces thaxtomin, the loci of which are
present in a PAI. Pathogenic and nonpathogenic Rhodococcus colonize the surface and tissues of plants. Phytopathogenicity is associated
with a cluster of virulence genes, most often vectored by a plasmid. The acquisition of this plasmid is suf!cient to transition Rhodococcus
to being pathogenic. Members of the Rathayibacter genus cause gumming disease in grasses. These bacteria are vectored by nematodes.
Rathayibacter toxicus, which produces corynetoxin, can be lethal to grazing animals. Leifsonia bacteria colonize vascular cells. Two groups
currently classi!ed as subspecies include pathogens that cause stunting diseases of grasses. Curtobacterium are vascular bacteria, and both
pathogenic and endophytic members reside in plants.
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Endophytes: bacteria
that do not cause
disease and are present
within the tissue of
plants

Virulence genes:
nonessential genes that
are necessary for a
pathogenic organism
to gain a !tness
advantage at a cost to
the host

Pathogenicity: the
ability of an organism
to cause disease

Carbohydrate active
enzymes (CAZymes):
enzymes that degrade,
modify, or cleave
glycosidic bonds

these strains do not cause disease symptoms (125, 143). It is also the case that strains of Clavibacter
pathogenic to one plant species can reside as nonpathogenic endophytes in other plant species
(17, 125).Clavibacter tesellarius, which is pathogenic to wheat, has been isolated from tomato seeds
(125). The potato pathogen Clavibacter sepedonicus has been shown to have an endophytic associ-
ation with sugar beet and Solanum rostratum (17, 130). Thus, the spread of pathogenic Clavibacter
species may be promoted via their dissemination as endophytes associated with plants that do not
succumb to their in"uence as pathogens.

Plasmids are a signi!cant source of variation in the Clavibacter genus. Strain NCPPB382 of
the tomato pathogen C.michiganensis has been well characterized and is a reference for this discus-
sion. Strain NCPPB382 possesses two plasmids, pCM1 and pCM2, both of which are implicated
in virulence, and their absence results in a delay in or complete loss of the ability of the bacteria
to cause disease symptoms (56, 95). The main virulence genes on the plasmids of NCPPB382 are
celA (pCM1), a cellulase, and pat-1 (pCM2), a serine protease (42, 66). Clavibacter insidiosus can
carry up to three plasmids, two of which are homologous to pCM1 and pCM2 (91).

Plasmid-free derivatives of C. michiganensis, C. sepedonicus, and Clavibacter capsici fail to induce
disease symptoms, demonstrating that plasmids are required for virulence on solanaceous hosts
(65, 125). But the presence/absence of plasmids is not always predictive of outcomes of symbioses.
Some strains of C. michiganensis lacking pCM2 are still pathogenic on tomato, indicating that
pCM2 is not always necessary for pathogenicity of C. michiganensis (125). It is also the case that
pCM-like plasmids in pathogenic strains isolated from !eld-grown plants differ considerably with
respect to size and composition compared to those in NCPPB382 (125). Plasmids are not univer-
sally associated with virulence in other species ofClavibacter. Clavibacter nebraskensis is typically free
of plasmids, although strains containing plasmids have been reported (1, 4).The putative virulence
factors are encoded by genes located in the chromosome of this pathogen (4, 45, 122). Plasmids
are rare in C. tesellarius and the mechanisms of virulence are unknown (25).

Within the xylem: life in a nutrient-poor environment and the role of carbohydrate-
active enzymes and serine proteases. C.michiganensis resides,moves, and grows in xylem vessels
(45). The xylem has extremely low quantities of organic and inorganic compounds, and vascular
pathogens must ful!ll their nutritional requirements by acquiring the scarce nutrients, enzymati-
cally digesting host cell walls, invading neighboring cells, and inducing nutrient leakage from sur-
rounding tissues (140).The genome sequences of pathogenicClavibacter are enriched in genes that
encode carbohydrate-active enzymes (CAZymes) (23, 55, 125).Relative to other pathogenic or en-
dophytic Clavibacter species,C.michiganensis is predicted to have the highest number of CAZymes
(Figure 2). Some families of CAZymes degrade and metabolize glycoconjugates, oligosaccha-
rides, and polysaccharides of plant cell walls and may be used to facilitate bacterial spread, col-
onization, and acquisition of nutrients (23). C. michiganensis, for example, possesses larger num-
bers of CAZymes involved in degrading cellulose (GH1, GH3) and hemicellulose (GH35) than
other members of this genus (125). Glycome pro!les of tomato plants inoculated with C. michiga-
nensis strain CASJ002 compared to those of uninoculated plants revealed differences in cell wall
chemistry with reduced arabinogalactan epitopes and loosening of xyloglucan epitopes, indicating
severe modi!cation of the integrity of the plant cell wall (125).

Streptomyces: Taxa of Root-Associated Bacteria
Streptomyces is a large and diverse genus with more than 800 named species. This group is best
known for the production of secondary metabolites (129). Fewer than twenty species are known

344 Thapa et al.
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C! (0.6%)
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Figure 2
Distribution of predicted plant cell wall–degrading enzymes across Gram-positive bacteria. Clavibacter
michiganensis subsp.michiganensis (NCPPB382, CASJ002), Clavibacter tomato endophyte (CASJ009),
Clavibacter sepdonicus (Cse; ATCC33133), Clavibacter nebraskensis (Cne; NCPPB2581), Clavibacter insidiosus
(Cin; R1–1), Clavibacter tesellarius (Cte; DOAB 609), Clavibacter capsici (Cca; PF008), Streptomyces scabiei (Ssc;
87.22), Rhodococcus fascians (Rfa; D188), Rathayibacter toxicus (Rto; WAC3373), Leifsonia xyli (Lxy; CTCB07),
and Curtobacterium !accumfaciens (C!; UCD-AKU). The percentage of predicted enzymes was calculated
relative to the total number of encoded proteins. The bars represent total numbers of predicted enzymes
within each category and scale from 1 (shortest bar) to 32 (longest bar) predicted enzymes. Abbreviations:
CE, carbohydrate esterase; GH, glycoside hydrolase; PL, polysaccharide lyase.

to include strains that cause common scab disease in plants (Figure 1) (15, 136). Some of the more
commonly studied pathogenic species include Streptomyces scabiei (syn. Streptomyces scabies), Strep-
tomyces turgidiscabiei, and Streptomyces acidiscabiei. Diseases of potato and other root crops caused by
this group are prevalent, endemic, and costly because of the expression of raised or pitted lesions
that make the tubers nonmarketable (15).

Members of the Actinobacteria phylum, particularly Streptomyces, are prominent in microbiota
of plants and potentially actively recruited by some plant species (20, 44, 92). It has been spec-
ulated that nonpathogenic Streptomyces can promote plant growth, as they often produce plant

www.annualreviews.org • Gram-Positive, Plant-Associated Bacteria 345
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Pathogenicity island
(PAI): a large genetic
element that encodes
one or more genes
necessary for
pathogenicity and has
been incorporated into
the genome of a
pathogenic bacterial
lineage

growth–promoting hormones, but direct effects have not been demonstrated (133). Non-
pathogenic Streptomyces can also directly, via production of secondary metabolites, and indirectly,
via triggering induced systemic resistance, suppress the growth of plant pathogens (105, 133).

Thaxtomin: the root of scab diseases.Thaxtomin is the most important virulence molecule as-
sociated with plant-pathogenic lineages of Streptomyces (90).Thaxtomin is a phytotoxin, a chemical
compound that compromises the normal development of plant cells. Evidence suggests that the
thaxtomin locus is necessary for expression of common scab disease, as disruption of txt and other
genes associated with thaxtomin biosynthesis eliminates thaxtomin production, and mutants fail
to elicit symptom formation on plants (61, 70, 79). The thaxtomin locus is located within a txt
pathogenicity island (PAI) and some strains of Streptomyces modi!ed to carry the txt PAI gain the
ability to cause symptoms typical of common scab disease (18, 78, 90, 147).

Cellobiose and cellotriose are considered the primary triggers for thaxtomin production.These
di- and trisaccharides of glucose bind to the CebE protein, characterized in S. scabiei, and are
shepherded through the CebEFG-MsiK ABC transporter into the cytoplasm (73). Cellobiose and
cellotriose then relieve CebR, the cellulose utilization repressor protein, from two binding sites in
the thaxtomin biosynthetic cluster (49).This leads to transcriptional upregulation of the thaxtomin
biosynthetic genes txtA and txtB and the thaxtomin biosynthesis transcriptional activator gene txtR
(70).

The ability of S. scabiei, S. acidiscabiei, and S. turgidiscabiei to hydrolyze cellulose, a process that
yields cellobiose and cellotriose, could not be demonstrated (68). This led to speculation that the
primary triggers for thaxtomin production originate in the plant, not from the action of the bacte-
ria. This is surprising considering that the S. scabiei genome encodes several putative cellulases and
other potential cell wall–degrading enzymes (Figure 2). Furthermore, these genes are speci!cally
induced by the presence of suberin, a component of the periderm of potato tubers (101). It is pos-
sible that previous attempts at quantifying S. scabiei cellulase activity did not include the speci!c
elicitor necessary to initiate expression of the cellulases of Streptomyces. Therefore, we cannot dis-
count the possibility that the action of scab-causing Streptomyces leads to the release of cellobiose
and cellotriose and control the transition between saprophyte and pathogen. How detection of
cellulose-degradation by-products controls the transition from saprophyte to pathogen remains
unknown (72).

The mode of toxicity of thaxtomin is not well established. In potato, symptom development
occurs only if the pathogen is present and producing thaxtomin during early tuber development
(80). In Arabidopsis, thaxtomin causes severe stunting as well as hypertrophy and demonstrably
inhibits cellulose synthesis (51, 115), although the inhibition of cellulose synthesis is potentially
indirect. Alternatively, the toxicity of thaxtomin may be a consequence of its targeting of Pam16
or associated proteins that likely regulate induction of mitochondrial-generated cell death signals
(Figure 1) (57, 64).

Rhodococcus: Root- and Leaf-Associated Bacteria
The Rhodococcus genus is genetically diverse, and its members have a cosmopolitan distribution
(86). They are mycolic acid–containing bacteria and have enzymes belonging to the carbohydrate
esterase family 1 (CE1) that are necessary for the biosynthesis of their cell walls. This may explain
the high number of predicted CE1 family members in this group (Figure 2). Rhodococcus has been
predominantly studied for their potential uses in bioremediation and biofuels (6, 37). Some are
associated with plants, and the majority of such strains are present within a single major group
that can be further divided into four clades (113).
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Phytopathogenic lineages of Rhodococcus are present in two of the clades. These bacteria cause
proliferations of differentiated shoots called leafy galls or witches’ brooms (Figure 1) (107). Dis-
eased tissues are hypothesized to be nutrient sinks that can be exploited by the pathogen (119).
More than 100 plant taxa, including both monocots and dicots that have herbaceous and woody
growth habits, can be infected by pathogenic Rhodococcus, and individual plant species can be host
to diverse lineages of Rhodococcus (107, 113). Pathogenic Rhodococcus can be distinguished from
nonpathogenic lineages by the unique presence of a cluster of three virulence loci. In the majority
of sequenced pathogenic lineages, these virulence loci are harbored on a plasmid (33, 34). Strains
cured of the plasmid are not pathogenic, mutants with insertions in the att locus have attenuated
virulence, and those in which fasR and fas loci are disrupted are not pathogenic (33).

The data are consistent with a scenario in which plants that associate with nonpathogenic
Rhodococcus have a selective advantage over those that do not. Rhodococcus was identi!ed in surveys
of roots and leaves of Arabidopsis, rice, clover, and soybean and hypothesized to be selected for
by these plant species (20, 38, 83, 92, 135). When inoculated onto seedlings, nonpathogenic
Rhodococcus can cause signi!cant changes in root architecture and increases in aboveground
biomass (50, 113). Rhodococcus also has antimicrobial activities and shows potential in protecting
plants against pathogens (63).

Two sides to the role of cytokinins in the virulence of Rhodococcus. Pathogenic Rhodococcus is
hypothesized to secrete a mixture of cytokinins that upset signaling in plants (119). Several lines
of evidence provide correlative support for this model. Cytokinins are a class of phytohormone
for which disruptions of their normal levels can lead to plant growth anomalies, as is the case with
symptoms associated with Rhodococcus (81). Furthermore, the levels of cytokinins are altered in
plant tissues infected with Rhodococcus (39, 54). Likewise, cytokinins are detectable in Rhodococcus
cultures (9, 32, 34, 62, 82, 103, 104). Most importantly, three of the six plasmid-borne fas vir-
ulence genes in Rhodococcus encode enzymes involved in synthesizing and modifying cytokinins
(34, 103, 104).

However, not all of the evidence is congruent with such a model of pathogenesis. The
Rhodococcus-associated changes in levels of most cytokinin types in plants are minor, the temporal
patterns are erratic, and their source cannot be de!nitively associated with the pathogen (39–41,
54). Plants encode an abundance of enzymes that modify and degrade cytokinins to guard
against excessive levels (81). Transgenic plants overexpressing cytokinin dehydrogenases, which
irreversibly degrade cytokinins, should be more immune to Rhodococcus if bacterial-synthesized
cytokinins are secreted virulence factors (53). However, contrary to predictions, such trans-
genic plants exhibited more severe symptoms (39). The necessity of fas in the accumulation
of cytokinins is also subject to interpretation. Most cytokinins accumulate to minuscule levels
in media of culture-grown bacteria and do not accumulate in a fas-dependent manner (32, 41,
43). An important confounding factor that cannot be overlooked is that cytokinins have ancient
origins and are present in bacteria and eukaryotes as modi!cations on base 37, 3′-adjacent to the
anticodon, of a subset of tRNAs (116). In fact, several studies have associated the accumulation
of cytokinin in Rhodococcus cultures with the degradation of tRNAs (93, 110, 114).

Rathayibacter: Hitchhiking to Grass Seedheads
Members of the Rathayibacter genus cause gumming disease of grasses (98). These bacteria are
vectored by juvenile parasitic nematodes of the subfamily Anguininae and gain access to the ovaries
of grasses (Figure 1). The bacteria are hypothesized to require the nematode to !rst establish
seed galls that they then inhabit, as Rathayibacter is not as capable of colonizing plant hosts when
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inoculated directly (111). Rathayibacter may then outcompete the nematode to occupy the pre-
established gall. The relatively low inventory of CAZymes may re!ect the reliance of Rathayibacter
on nematodes for plant colonization (Figure 2).

Rathayibacter toxicus is the most infamous species of Rathayibacter (98). Grazing animals that
consume grasses contaminated with R. toxicus can succumb to annual ryegrass toxicity, which is
associatedwith often lethal neurological disorders.This toxicity is due to corynetoxin, amember of
the tunicamycin family of nucleotide antibiotics that inhibit the "rst step of protein glycosylation
in eukaryotes (106).

Bacteriophages are another partner in the ecology of R. toxicus. The bacteriophages appear
to exist in multiple copies as independent replicons in a pseudolysogenic state, which is an
extended, arrested, and nonreplicative developmental state (26, 100). Bacteria with such pseu-
dolysogenic phages are also associated with the production of corynetoxin. However, ecological
sampling of R. toxicus failed to correlate the presence of toxin with the presence of a phage (85).
In addition, a putative corynetoxin-associated locus is present in the genome of the bacteria
(117). Thus, it is more likely that bacteriophages are indirect triggers for the production of the
toxin.

Leifsonia: Xylem-Limited Bacteria
There are 11 species of Leifsonia, with only two subspecies of Leifsonia xyli recognized as plant
pathogens (47, 142). L. xyli subsp. xyli is the causal agent of ratoon stunting disease of sugarcane
and contributes to signi"cant economic losses worldwide (Figure 1) (128). L. xyli subsp. xyli ad-
heres to the surface of scalariform xylem vessels and interferes with water transport, leading to the
reduction of height and diameter of sugarcane (145).L. xyli subsp. cynodontis colonizes the xylem of
Bermudagrass, causing Bermudagrass stunting disease (36). Given that these pathogens and those
in the genus Curtobacterium are similar to Clavibacter species in having xylem-limited lifestyles, it
was somewhat unexpected that the examined genome sequences had so few predicted CAZymes
(Figure 2). However, the decay in the genome of L. xyli subsp. xyli and the fastidious nature of this
pathogen could also account for the lower number of predicted CAZymes (16). In many grasses,
L. xyli subsp. cynodontis is an endophyte (97).

Curtobacterium: Xylem-Limited Bacteria
Curtobacterium !accumfaciens is a seed-transmitted vascular pathogen causing bacterial wilt of com-
mon bean (Figure 1) (2). This disease is the most important bacterial disease of dry beans in the
United States and is a quarantined pathogen in many countries (2). Like other groups of bacteria
discussed in this review, the outcomes of the symbioses of members of Curtobacterium with plants
are variable. Strains of Curtobacterium have been isolated as nonpathogenic endophytes, whereas
pathogenic C. !accumfaciens has been implicated as being bene"cial to plant species other than
bean (7, 21, 22, 127).

EVOLUTION OF VIRULENCE
Do Gram-Positive Bacteria and Their Plant Hosts Zig and Zag?
A zigzag model has been developed that "ts mechanisms of virulence and immunity into an evo-
lutionary framework of an arms race between microbes and plants (69). Depending on the mi-
crobial elicitor, different sectors of the immune system can activate and elicit a response that
varies in timing and amplitude. Pattern-triggered immunity is elicited upon the perception of
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features conserved in microbes. Many phytopathogenic organisms deploy so-called effector pro-
teins to strike key immunity nodes, dampening responses below a threshold and rendering pattern-
triggered immunity ineffective. However, certain genotypes of host species encode proteins that
perceive an effector and can mount a rapid effector-triggered immune response. The latter im-
mune response imposes a strong selective pressure, leading to continual loss and gains of effector
genes.

If the zigzag model is to serve as a paradigm, Gram-positive phytopathogens are expected to
elicit pattern-triggered immunity. Gram-positive bacteria cause changes in host plants indicative
of an immune response (10, 11, 112). Their cell envelope includes various antigenic features con-
served in bacteria, and peptidoglycan of Staphylococcus aureus and Streptomyces species, for example,
can cause changes in Arabidopsis that are consistent with an immune response (48, 59). Gram-
positive bacteria also express Ef-Tu, characterized in Gram-negative bacteria as an elicitor of plant
immunity, on their surfaces (138). It is also the case that the composition of Gram-positive bacte-
ria in microbiota associated with Arabidopsis mutants affected in immune signaling is signi!cantly
different relative to that of wild-type plants (87). However, it is unclear whether such differences
re"ect immunity acting directly on Gram-positive taxa or indirect consequences from changes in
priority effects, which are the effects that the sequence in which species arrive have on community
composition. Last, it has been suggested that Gram-positive bacteria have promise in biocontrol
because of their potential to elicit immunity (105). But we are not aware of any demonstration that
a puri!ed conserved microbial feature from a pathogenic member of Actinobacteria is suf!cient
as an elicitor.

Effector-triggered immunity has also not been demonstrated to confer resistance to Gram-
positive bacteria. For Clavibacter, quantitative trait loci (QTLs) impacting the severity of disease
symptoms have been mapped in wild tomato species (74). Resistance does not appear to be due
to classic immunity. For example, the Rcm2.0 QTL overlaps with another QTL controlling an
increased rate of stem vascular development and may affect the maturation of the vascular system
(29, 74).

Cultivars of potato resistant to Streptomyces are available for controlling common scab. But
no dominant resistance genes have been identi!ed and only a few putative resistance-associated
QTLs have been discovered in Solanum germplasm (15). Resistance to scab is hypothesized to
be due to morphological changes to the tuber. For example, common scab-tolerant potatoes de-
veloped through somatic cell selection with thaxtomin as the selectable marker uniformly have
thicker periderms, potentially limiting the accessibility of the toxin and the pathogen into the
tuber (139).

For Rhodococcus, the only form of resistance that has been characterized is via a secondary
metabolite extracted from the bark of the resistant legumeDalbergia pervillei (5, 109).Thismetabo-
lite is hypothesized to interfere with virulence gene signaling.

Sugarcane varieties with the highest levels of resistance to L. xyli subsp. xyli exhibit highly
branched xylem vessels, which presumably restrict bacterial colonization of new vascular bundles
(123).

Resistance to C. !accumfaciens is rare. The combined results from two separate screens of more
than 2,100 accessions yielded fewer than 40 accessions with reduced symptoms (60). It is unknown
whether these are conferred by dominant resistant genes or via QTLs.

In all, classic immunity has not been demonstrated to be a barrier to the proliferation of these
bacteria. Thus, the strength of plant immunity as a selective pressure on Gram-positive bacteria is
unknown, and there is little context for understanding the mechanisms hypothesized to contribute
to their virulence.
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What Other Evolutionary Processes Could Have Shaped
Gram-Positive Bacteria?
One traditional model predicts that the emergence of exploitive lineages occurs in a step-wise
fashion, with HGT !rst innovating cells with novel functions and followed subsequently by more
long-term evolutionary changes (126).Virulence evolution of Gram-positive bacteria might, how-
ever, be more appropriately modeled according to alternative paradigms.

In species of Clavibacter, the combination of both plasmids and PAIs shapes their plant-
associated lifestyle (45). The chp/tomA PAI is conserved, required for pathogenicity of C. michiga-
nensis, and absent from genomes of endophytic strains (45, 55, 125). The chp/tomA PAI is predicted
to encode many secreted serine proteases and CAZymes. The tomA region encodes tomatinase,
which is involved in deglycosylating an antibacterial saponin (77). The tomA region also encodes
several proteins potentially involved in the degradation and transport of host oligosaccharides.
But the PAI and even the genomes have undergone substantial modi!cation. In C. sepedonicus, the
PAI appears to have been fragmented or disrupted (13). C. capsici lacks the chp/tomA PAI, and the
region corresponding to a portion of chp that encodes CAZymes and serine proteases that con-
tribute to pathogenicity is present on a plasmid (65). C. nebraskensis has few homologs of genes of
the chp/tomA PAI and must rely on different virulence strategies, with toxin production hypothe-
sized to be important (96, 122). The C. sepedonicus genome has a high number of direct repeats due
to the presence of 106 insertion elements, which promote pseudogenization and genome plasticity
and adaptations to new environments (13, 122).

The divergence of pathogenic Clavibacter species, and possibly the emergence of pathogenic
Leifsonia (see below), may be explained by a model proposed for Bordetella pertussis (102). The
causative agent of whooping cough has a narrow host range and is a highly virulent pathogen.
Relative to sister taxa of Bordetella, the production of pertussis toxin is exclusive to B. pertussis.
However, few other genome gains could be identi!ed that could be associated with the change in
the lifestyle of B. pertussis. Instead, it was suggested that virulence evolution was shaped by mas-
sive losses to the genome, likely due to a proliferation of insertion sequences. The losses were
hypothesized to have led to a lineage incapable of curbing determinants that when misregulated
are detrimental to the health of hosts. For example, genome decay could have led to the overex-
pression or misexpression of virulence genes.

In some Gram-positive taxa, HGT seems to operate on a shorter timescale than in Gram-
negative bacteria. Several lines of evidence suggest the txt PAI of Streptomyces is highly mobile
and its acquisition leads to the rapid emergence of new lineages that can cause common scab dis-
ease. First, the txt PAI is polyphyletic and incongruent with the phylogeny of the genus (19, 146).
Second, new lineages associated with disease are potentially emerging in real time. A lineage of
Streptomyces bottropensis, a species once considered to be nonpathogenic, was recently identi!ed on
symptomatic plants (149). In a separate study, several strains of S. bottropensis with the txt PAI were
collected, although their ability to cause scab disease has not yet been con!rmed (136). Third,
Streptomyces reticuliscabiei and Streptomyces turgidiscabies differ in that the former causes a less se-
vere netted scab disease, whereas the latter can cause severe common scab. S. reticuliscabiei and
S. turgidiscabies, despite their binomial names, are the same species, whereas only members of the
latter group have the txt PAI (14). Fourth, the Streptomyces txt PAIs are diverse, likely because of
recombination of multiple subregions (146, 148). These variants can include other genes such as
tomA or fas, which are implicated in the virulence of other Gram-positive bacteria and have been
associated with the ability of Streptomyces to cause symptoms (71, 118, 146, 147).

It is notable that following acquisition of the txt PAI, not all Streptomyces species can cause
symptoms (78, 147). Perhaps only certain lineages of plant-symbiotic Streptomyces encode the traits
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necessary for the txt PAI to function. Such traits could include speci!c cellulases necessary for the
release of the thaxtomin-inducing elicitors. Traits could also be those that enable the pathogen
to access the subperiderm, as the structure of the tuber periderm is likely a critical determinant
of susceptibility to thaxtomin. There could also be compatibility issues between txt PAIs and ge-
nomic backgrounds, as Streptomyces coelicolor transconjugants with a txt PAI integrated into their
chromosomes fail to produce thaxtomin (78). Identifying the genetic background necessary for the
txt PAI to exert its effect is critical for predicting which species of Streptomyces have the potential
to become common scab pathogens.

The virulence plasmid of Rhodococcus is key to driving evolutionary transitions between being
bene!cial and pathogenic. Eviction of the plasmid from a pathogenic strain led to one that behaves
like an associative symbiont that causes changes in the plant predicted to promote plant growth and
development (50, 113). The opposite was also observed, as introduction of the plasmid into what
were originally associative symbionts converted strains into pathogens that cause leafy galls and
terminally arrest seedlings (113). Focus has been on fas, but fasR is also necessary for pathogenicity
(124). FasR is predicted to be a member of the AraC-type transcriptional regulators (124, 141). A
model predicts that in the absence of a ligand,AraC-type regulators bind as monomers to a speci!c
DNA sequence and repress expression of target genes. Binding of the regulator to a cognate ligand
stimulates a structural change and activates transcription of genes. Despite its name, there is no
evidence to suggest that FasR directly regulates the fas locus (124).Hence, the mechanism of FasR
may be explained by the virulence gene co-option model, in which horizontally acquired genes
reprogram core genes and transition recipient bacterial cells into those that can exploit the host
(88). Strains that were once bene!cial or, at the very least, not detrimental lose control of features
that when unchecked can cause symptoms to their hosts.

Disease Symptoms Caused by Gram-Positive Bacteria: Fitness Advantage
or Collateral Damage?
A fundamental assumption is that Gram-positive pathogens gain a !tness advantage at a cost to
the host. But in the symbioses described here, the bene!ts reaped and costs exacted on the hosts
have not all been suf!ciently quanti!ed.

Of the bacterial taxa discussed here, Clavibacter most easily meets the strict de!nition of a
pathogen. Pathogenic Clavibacter tend to have higher bacterial loads compared to endophytes.
C. michiganensis strains that experienced a spontaneous deletion of the entire chp/tomA PAI have
signi!cantly lower growth (55). But bacterial growth and virulence are not always positively cor-
related (99, 125). It is also the case that the deletion of key genes encoding CAZymes or serine
proteases or loss of plasmids that compromise that ability of the bacteria to cause disease symptoms
does not lead to large decreases in bacterial titers (99, 125).

In Streptomyces, the extent to which the acquisition of the txt PAI increases the !tness of the
bacteria has not been measured. Tissue lesions may be a novel niche that promotes Streptomyces
colonization. Alternatively, the lesions may re"ect damage that is inconsequential to the bacteria.
For example, a selective advantage for producing thaxtominmay be due to its antimicrobial activity
against competing rhizosphere microbes.This hypothesized scenario is analogous to one that may
also explain the selective pressures acting on R. toxicus to produce corynetoxin, an antibiotic that
interferes with cell wall biosynthesis (106).

Pathogenic and nonpathogenic Rhodococcus achieve similar levels of growth on the surface of
plants (30). Within tissues, and relative to nonpathogenic Rhodococcus, a strain with the virulence
plasmid achieves higher population densities. However, the onset of disease occurred prior to
extensive colonization of the interior tissues.Whether entry is necessary for causing symptoms is
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unknown. Symptomatic mature plants infected with Rhodococcus can be maintained in greenhouses
for years without any obvious deleterious !tness effects. In laboratory settings and on seedlings
as well as plants propagated via tissue culture, Rhodococcus can terminally arrest or stunt primary
growth (40, 113, 132). But it has not been determined whether pathogens cause similar effects in
native environments.

It is valid to ask whether Rathayibacter !ts the strict de!nition of a pathogen. Rathayibacter is
dependent on the priority effects of plant-parasitic nematodes and participates in the ecological
succession of already established diseased plant tissues. The plant does provide habitable space for
Rathayibacter, but whether this interaction comes at an additional cost to the host that is exacted
by Rathayibacter is unknown.

The emergence of L. xyli subsp. xyli as a pathogen is speculated to be an accident resulting
from arti!cial, not natural, selection. It is suggested that an endophyte introduced by one parent
species of an interspecies cross causes symptoms in only the hybrids used for commercial sugarcane
(16, 142). A survey of more than 100 isolates cultured from diseased sugarcane growing in various
parts of the world showed there to be little genetic diversity (142). This is consistent with the
possibility of a recent single emergence and clonal expansion of this population.

Some of the Gram-positive bacteria may therefore lack bona !de virulence traits. This does
not undermine the importance of these Gram-positive bacteria, as their economic costs to agricul-
ture are undeniable. But recognizing them as pathogens in a looser sense compels us to consider
different niches, processes, and selective pressures to understand the evolution of these bacteria.

Sequencing More Genomes: When Is Enough, Enough?
The combination of broad and deep taxon sampling is extremely powerful for providing context
for informing on the mechanisms of evolution. At least one member from each of the known
species within the Clavibacter genus has been sequenced. Comparisons between species have re-
vealed signi!cant variation.C. nebraskensis lacks plasmids and has the smallest genome size, consis-
tent with its specialized lifestyle within leaf tissue of corn (122). The coding genes of C. sepedonicus
have the lowest similarity to homologs in other members of the genus, indicating increased diver-
gence (122). Of the species groups, only C. michiganensis has been deeply sampled. Comparisons
within genome sequences of pathogenicC.michiganensis revealed that all possess the chp/tomA PAI,
the virulence plasmid pCM1, and a variety of CAZyme-encoding genes, indicating these genetic
features are critical for pathogenicity (122, 125).More than 1,200 genome sequences from Strepto-
myces are available. But, regrettably, the quality for many are below levels suf!cient for comparative
genomics and only a handful are from plant pathogens (120).

The Rhodococcus data set is large and diverse (32, 113). Analyses revealed the diversity of
pathogens and the general lack of diversity in virulence plasmids. But natural variation in virulence
loci was revealed.Two pathogenic strains were discovered that have virulence genes integrated into
their chromosomes.One of these experienced a nonorthologous displacement of the fas locus with
a single gene that is predicted to encode a single protein with two of the fas-encoded functions
(32). This variant may provide valuable insights into the mechanisms of fas-dependent virulence.
The whole genome data set was also analyzed to model transmission of pathogens and identi!ed
epidemiological links, reservoir populations, and the potential for dissemination of virulence plas-
mids between strains. In addition, the data set included genetically related nonpathogenic strains,
which were critical as contrasts for developing models of HGT-driven, rapid evolutionary transi-
tions within clades (113).

Comparisons between deeply sampled taxa of Rathayibacter revealed remarkably little natural
variation in R. toxicus (35).Within species, the comparisons of genome sequences and spacer arrays
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of clustered regularly interspaced short palindromic repeat (CRISPR) loci led to a hypothesis that
R. toxicus populations are under periodic hard selection (35). In this scenario,R. toxicus populations
experience repeated bottlenecks caused by blooms of bacteriophages (121, 137). Associated with
such blooms is a diversity of bacteriophages, of which some evade CRISPR immunity, and drive
susceptible genotypes of R. toxicus to extinction while selecting for the rare lineages with spacers
that confer immunity. The result is geographically separated groups of R. toxicus with extremely
depressed levels of genetic variation (3, 8).

USING PHYLOGENOMICS TO GENERATE HYPOTHESES
How Are the Strains of Gram-Positive Bacteria Related?
We used multiple gene loci to construct a maximum-likelihood tree of strains with high-quality
genome sequences (Figure 3a; original tree provided in Newick format as Supplemental
Material 1). Two whole genome–based methods, for operationally de!ning genera and species,
were then used to provide context and cross-validate conclusions (Figure 3b,c; Supplemental
Material 2 and 3) (84, 108). Despite !ltering, we cannot exclude the possibility that the quality
of genome assemblies affected the results (Supplemental Material 4).

Streptomyces and Rhodococcus are both cohesive units that can be operationally classi!ed as dis-
tinct genus-level groups (Figure 3). The relationship among genera within theMicrobacteriaceae
family is more contentious (Figure 3b). All species of Clavibacter cluster together and with most
species of the cohesive Rathayibacter group. Leifsonia does not form a cohesive group. It can gener-
ally be divided into three subgroups. Subgroup 1, consisting of endophyticLeifsonia strains, clusters
with all Clavibacter, most Rathayibacter, and subgroup 2 of Leifsonia. Subgroup 2, also consisting of
endophytic strains, clusters with some species of Rathayibacter, most species of Clavibacter, and all
Leifsonia. Pathogenic strains of subgroup 3 of Leifsonia cluster only with subgroup 2 of Leifsonia
and R. toxicus. Curtobacterium clusters with Clavibacter, most Rathayibacter, and subgroups 1 and 2
of Leifsonia. Pseudoclavibacter forms a distinct group.

Subgroup 3 and R. toxicus consistently confounded classi!cation and the importance of their
comparisons was down-weighted because their signi!cantly smaller genome sizes likely compro-
mised the whole genome–based method used for operational classi!cation.The !ndings therefore
suggestClavibacter,Rathayibacter,Curtobacterium, and evenLeifsonia aremore closely related, as was
originally proposed, than their current classi!cation conveys (36).

There are also notable observations at the species level. Some results are consistent with previ-
ously reported !ndings. Strains CF11 and LMG 26808 of Clavibacter are distinctly different from
C. michiganensis (89). The type strain of S. reticuliscabiei (NRRL B-24446) grouped with strains
S. turgidiscabies T45 and Car8 (14). In addition, results here show the type strain of S. scabiei
(NRRL B-16523) grouped with only 10 of the 15 strains classi!ed as S. scabiei. In Leifsonia, two
pathogenic strains of L. xyli subsp. xyli cultured from sugarcane are signi!cantly different from the
L. xyli subsp. cynodontis pathogenic strain cultured from Bermudagrass, and the growth-promoting
L. xyli SE134 strain is different relative to each of the three aforementioned Leifsonia strains
(76).

Genetic distance in"uences the granularity of data, and conclusions need to be framed around
the evolutionary relationships of the strains being compared (12). As exempli!ed in the next sec-
tion, comparing two phenotypically different strains, e.g., pathogenic versus nonpathogenic, of
the same species has power in allowing one to generate a hypothesis on the genetic bases for
differences. However, comparing strains that were incorrectly assigned to the same species has
the potential to lead to erroneous conclusions. In the following, we use this new phylogenomic
framework to generate some testable hypotheses.
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Figure 3
Relationship among genera with phytopathogenic members within the Actinomycetales order. (a) A maximum-likelihood phylogenetic
tree constructed on the basis of the genes: ftsY, infH, rpoB, rsmA, secY, tsaD, and ychF. The symbiosis phenotypes of these strains have
not been characterized. Pathogenic Leifsonia were not included because some of the homologs of genes failed to meet the coverage
threshold used. Frankia of the Frankiaceae family was used to root the tree. Nodes were collapsed at the genus level. Colors are coded
to represent the taxonomic units and used throughout the !gure. Bar indicates amino acid substitutions per site. (b) A heatmap
constructed on the basis of the percentage of conserved proteins (POCP). A threshold of ≥50% POCP values (cyan) was used to
operationally classify genus-level groups; only members of the Microbacteriaceae are shown because Streptomyces and Rhodococcus were
clearly delineated (see panel c). The 1–3 subgroups of Leifsonia, Clavibacter sepdonicus (Cse), and Rathayibacter toxicus (Rto) are indicated.
A fourth group consisting of Leifsonia aquatica was not denoted because members are not known to interact with plants. (c) A heatmap
constructed on the basis of average nucleotide identity (ANI) values (see scale). A threshold of ≥94% ANI values was used to
operationally classify species-level groups. Genera in which all members met POCP thresholds are boxed in black. The numbers of
ANI groups for each of the currently recognized taxonomic units are indicated.

How Did Virulence Evolve in Taxa of Gram-Positive Bacteria?
Previously sequenced endophytic strains of Clavibacter cluster with pathogenic C. insidiosus,
C. capsici, and C. tesellarius but not C. michiganensis (125). On the basis of thresholds used here, re-
sults suggest the endophytes are in the same species-level groups as pathogens, thereby providing
contrasts to study the evolution of virulence in these species of Clavibacter. The uncharacterized
strains Z001 and Z002 cluster closely with C. michiganensis (35).We found no evidence that these
two strains carry pCM1 or pCM2 or have homologs of celA and pat-1. In addition, both lack the
chp/tomA PAI. Assuming the two strains are not pathogenic, this is consistent with the hypoth-
esis that acquisition of both the plasmid and chp/tomA is necessary to transition C. michiganensis
into being pathogenic. S. reticuliscabiei and S. turgidiscabies cluster into a single species-level group
(14). We hypothesize that the horizontal acquisition of the txt PAI by members of this group is
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suf!cient to confer upon recipients the ability to cause common scab disease. Lastly, on the basis
of having a small genome size and the relationships among Leifsonia, we hypothesize that a process
analogous to what occurred in B. pertussis led to the two subspecies of pathogenic L. xyli. Given
the low pairwise values, we cannot exclude the possibility that the two subspecies independently
emerged from different recent ancestors.

Is There Evidence for Gram-Positive Bacteria Encoding Elicitors
of Plant Immunity?
Under current models, populations under con"ict are predicted to be rapidly diversifying.
Gram-negative pathogens present evidence for diversifying selection acting on regions of can-
didate elicitors of plant immunity (94, 134). We therefore used a similar approach as previously
published for a preliminary examination of whether adaptive changes can be similarly detected
in Gram-positive bacteria (94). We focused on the deeply sampled Rhodococcus group. With
the exception of Ef-Tu, none of the candidate elicitors previously identi!ed have a homolog
in Rhodococcus. Members of clades I and II are pathogenic, whereas those in clades III and IV
are not, and Rhodococcus opacus are soil bacteria (113). There is a core (present in ≥95% of the
sequences analyzed) of 1,317 single-copy genes (Supplemental Material 5). The core genes
have an average dN/dS = 0.076, which is consistent with the core genome being under strong
negative selection. A total of 377 (28.6%) translated sequences had at least one site with evidence
for diversifying selection.We focused on those in which there was evidence for positive selection
acting on clusters of two or more sites within a window of 30 codons. A total of 85 genes present
in members of clades I + II and 27 genes present in members of clade III + IV met these criteria.
In R. opacus, 54 genes met the criteria. Of the genes associated with clades I and II, only three
were identi!ed in clades III and IV, and seven were identi!ed in R. opacus. A total of 76 were
unique to members of clades I and II; none of the genes encodes Ef-Tu but !ve are predicted to
encode membrane-associated proteins (WP_027496706.1,WP_032383528.1,WP_027495305.1,
WP_032382129.1, WP_027496936.1). These results are consistent with the possibility that
Rhodococcus encodes elicitors of plant immunity that have not been previously characterized, but
these candidates will need to be experimentally tested.

Is the Type VII Secretion System Used for Virulence?
A specialized type III secretion system is a necessary virulence factor for manyGram-negative bac-
terial pathogens of plants (27). This system deploys protein effectors into plants cells, typically to
suppress immunity. Similarly, three of the !ve type VII secretion systems (T7SSs) ofMycobacterium
tuberculosis function to secrete protein effectors and are necessary for or contribute to virulence
(58). Thus, the T7SS could possibly function in the virulence of phytopathogenic Gram-positive
bacteria. But the T7SS is also essential for viability and is involved in conjugation. In addition,
mutants of S. scabiei affected in T7SS-associated genes still caused symptoms but were altered in
development (52).

We used essC/eccC, a marker gene, to mine genome sequences for putative T7SS loci. A tree
constructed on the basis of translated sequences formed two clades (Figure 4). Most sequences
clustered with homologs from Mycobacterium. Inspection of these loci suggests that members of
Streptomyces, Rhodococcus, and subgroup 1 of Leifsonia have T7SS loci that are most similar in com-
position to the ESX-4T7SS locus,which encodes a system that has no known role in virulence and
was only recently shown inMycobacterium smegmatis to be involved inmediating social interactions
between bacteria (Figure 4b) (28).
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Figure 4
Type VII secretion system (T7SS)-encoding loci of plant-associated members of the Actinomycetales order were independently
acquired. (a) A maximum-likelihood phylogenetic tree constructed on the basis of translated sequences of essC/eccC. Nodes in which
bootstrap support are not shown have values below 50. Bar indicates amino acid substitutions per site. (b) Structures of representative
T7SS loci of Actinobacteria. (c) Structure of representative T7SSb loci of Firmicutes (Bacillus, Staphylococcus, and Clostridium). For both
panel b and panel c, translated sequences of T7SS-associated genes were used as queries to search the protein sequences. The
corresponding loci were manually inspected. The esx and ppe genes encode domains associated with T7SS-secreted proteins. Arrows
represent coding sequences, with directions indicating strand. Abbreviations: hyp, hypothetical; !, predicted pseudogene.

Unexpectedly, homologs from two species of Rathayibacter and those of subgroup 2 of Leifso-
nia clustered with essC/eccC of T7SSb loci in members of Firmicutes. In this phylum, the T7SSb
variant functions in interbacterial competition and the locus includes toxin genes and cognate
antitoxin genes (24). These toxin genes typically also encode an LXG domain, which has been
used to predict polymorphic toxins potentially translocated via the T7SS apparatus (24, 144). The
T7SSb loci of Rathayibacter include repetitive exported toxin–antitoxin modules, each of which has
a corresponding chaperone-encoding gene (Figure 4c). Most of the translated sequences of the
putative toxin-encoding genes have identi!able LXG domains. The modularity is unique relative
to other T7SS and T7SSb loci.We therefore suggest the putative T7SSs of these plant-associated
bacteria are not specialized for virulence but function to in"uence interactions between bacteria.
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There is no evidence for T7SS or T7SSb loci in the genome sequences of members of sub-
group 3 of Leifsonia. The observation that the subgroups of Leifsonia are polymorphic with respect
to this secretion system is consistent with the inferred divergence within the group re!ecting true
biological relationships as opposed to an artifact of sequence assembly or analyses (Figure 3).
Lastly, the locus we examined for Clavibacter does not appear to encode a functional system.

SUMMARY POINTS

1. Gram-positive bacteria are important symbionts that positively and negatively impact
plants.

2. Gram-positive bacteria are different from Gram-negative bacteria in how they interact
with plants.

3. HGT can rapidly enable members of some groups of Gram-positive bacteria to transi-
tion to being pathogenic.

4. Diseases caused by some Gram-positive bacteria have economic costs, but "tness costs
to the host have yet to be quanti"ed.

5. Current models in molecular plant pathology are useful for comparing and contrasting,
but not explicitly for predicting the evolution and mechanisms of interactions between
Gram-positive bacteria and plants.

6. There is currently no available classic, dominant resistance gene that confers resistance
to Gram-positive pathogens.

7. The understanding of plant symbioses with Gram-positive bacteria will be accelerated
by framing studies on the bases of their natural variation and autecology.

8. Phylogeny andwhole genome–basedmethods can be used to provide a strong framework
for studying Gram-positive bacteria.

FUTURE ISSUES

1. Models for the interactions between Gram-positive bacteria and plants need to be
developed.

2. It will be important to identify the selective advantages for Gram-positive bacteria in
adopting a plant-associated or pathogenic lifestyle.

3. The ability of Gram-positive bacteria to trigger and suppress plant immune responses
must be investigated.

4. The diversity of populations of plant-associated, Gram-positive bacteria need to be
quanti"ed.

5. We need to characterize the mechanisms by which CelA and Pat-1 perturb plants.

6. We need to characterize the mechanism by which thaxtomin causes symptoms.

7. The genes co-opted by FasR must be identi"ed.

8. The ecological features that drive HGT of plasmids and PAIs need to be identi"ed.
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CHAPTER 1 

A Genetic Toolkit for Investigating Clavibacter Species: Markerless Deletion, Permissive 

Site Identification, and an Integrative Plasmid 

Danielle M. Stevens1,2, Andrea Tang2, and Gitta Coaker2* 

Abstract 

The development of knockout mutants and expression variants are critical for understanding 

genotype-phenotype relationships. However, advancements of these techniques in Gram-positive 

actinobacteria have stagnated over the last decade. Actinobacteria in the Clavibacter genus are 

composed of diverse crop pathogens which cause a variety of wilt and cankering diseases. Here, 

we present a suite of tools for genetic manipulation in the tomato pathogen C. michiganensis 

including a markerless deletion system, an integrative plasmid, and an R package for identification 

of permissive sites for plasmid integration. The vector pSelAct-KO is a recombination based, 

markerless knockout system that uses dual selection to engineer seamless deletions of a region of 

interest, providing opportunities for repeated higher-order genetic knockouts. The efficacy of 

pSelAct-KO was demonstrated in C. michiganensis and confirmed using whole genome 

sequencing. We developed permissR, an R package to identify permissive sites for chromosomal 

integration, which can be used in conjunction with pSelAct-Express, a non-replicating integrative 

plasmid that enables recombination into a permissive genomic location. Expression of eGFP by 

pSelAct-Express was verified in two candidate permissive regions predicted by permissR in C. 

michiganensis. These molecular tools are essential advancements for investigating Gram-positive 

actinobacteria, particularly for important pathogens in the Clavibacter genus. 
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TECHNICAL ADVANCE

A Genetic Toolkit for Investigating Clavibacter Species:
Markerless Deletion, Permissive Site Identification, and
an Integrative Plasmid
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The development of knockout mutants and expression variants
are critical for understanding genotype-phenotype relationships.
However, advances in these techniques in gram-positive actino-
bacteria have stagnated over the last decade. Actinobacteria in
the Clavibacter genus are composed of diverse crop pathogens
that cause a variety of wilt and cankering diseases. Here, we pre-
sent a suite of tools for genetic manipulation in the tomato path-
ogen Clavibacter michiganensis including a markerless deletion
system, an integrative plasmid, and an R package for identifica-
tion of permissive sites for plasmid integration. The vector
pSelAct-KO is a recombination-based, markerless knockout sys-
tem that uses dual selection to engineer seamless deletions of
a region of interest, providing opportunities for repeated
higher-order genetic knockouts. The efficacy of pSelAct-KO
was demonstrated in C. michiganensis and was confirmed
using whole-genome sequencing. We developed permissR, an
R package to identify permissive sites for chromosomal inte-
gration, which can be used in conjunction with pSelAct-
Express, a nonreplicating integrative plasmid that enables
recombination into a permissive genomic location. Expression
of enhanced green fluorescent protein by pSelAct-Express was
verified in two candidate permissive regions predicted by per-
missR in C. michiganensis. These molecular tools are essential
advances for investigating gram-positive actinobacteria, partic-
ularly for important pathogens in the Clavibacter genus.

Keywords: actinobacteria, Clavibacter, permissive expression, unmarked
knockouts

Gram-positive actinobacteria in the Clavibacter genus are eco-
nomically important xylem-colonizing bacterial pathogens that
can infect both monocots and dicots, resulting in canker and

wilting diseases (Eichenlaub and Gartemann 2011; Thapa et al.
2019). Despite current disease control measures including good
horticultural practices and monitoring seed stock, outbreaks of
Clavibacter pathogens have occurred in recent years (Peritore-
Galve et al. 2021). The corn pathogen Clavibacter nebraskensis
has been problematic for many corn-producing Midwestern states
and the tomato pathogen C. michiganensis has caused notable
losses in years past (Ahmad et al. 2015; Nandi et al. 2018;
Peritore-Galve et al. 2021). While outbreaks are sporadic, four of
the six species are considered quarantine organisms by the Euro-
pean and Mediterranean Plant Protection Organization, with
C. michiganensis acting as a potential threat to both greenhouse
and field production (Nandi et al. 2018; Peritore-Galve et al.
2021). Despite their agricultural impact, little is known about
how these pathogens cause disease (Nandi et al. 2018; Thapa et al.
2019).
In other bacterial pathogens, genes important for pathogenicity

and host range include secreted protein effectors that act either in
the apoplast or inside cells to suppress host immunity, alter host
metabolism, and enable colonization, providing a fitness advan-
tage. Bacterial effectors are released by a variety of secretion sys-
tems including type II, III, IV, and V as well as Sec and Tat (Dalio
et al. 2018; Ponciano et al. 2003). The most well-studied Clavi-
bacter species is the tomato pathogen C. michiganensis. C. michi-
ganensis carries effectors on two plasmids, pCM1 and pCM2, and
within the approximately 129-kb chp/tomA pathogenicity island
(PAI) (Meletzus et al. 1993). While the entire chp/tomA PAI is
only found in C. michiganensis, fragments or homologs of PAI
members, or both, can be found in the genomes of other patho-
genic Clavibacter species (Bentley et al. 2008; Hwang et al. 2018;
Lu et al. 2018; Tambong 2017). The chp/tomA PAI encodes suites
of putative serine proteases belonging to the Sbt, Chp, and Ppa
families and carbohydrate activating enzymes (CAZymes) (Thapa
et al. 2017). A few C. michiganensis effectors have been charac-
terized, including the tomatinase tomA and the cellulase celA (Jahr
et al. 2000; Meletzus et al. 1993). However, the plant targets of
most effectors are unknown (Nandi et al. 2018).
Pioneering work in the late 1990s through the early 2010s

resulted in vectors for gene deletion and expression in Clavibacter
spp., but there is still reliance on these tools despite known limita-
tions. Mutants depend on gene replacement with an antibiotic cas-
sette or by transposon mutagenesis (Gartemann and Eichenlaub
2001; Kirchner et al. 2001; Peritore-Galve et al. 2021; Thapa et al.
2017). Engineering gene expression relies on using a plasmid
modified from the backbone of native pCM1/pCM2 plasmids
from C. michiganensis. This requires recipient strains to lack the
native plasmid, a confounding factor because known virulence
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Supplemental Figure 1: Concentration of apramycin required to restrict C. 
michiganensis on agar plates. Left: Schematic for plating. The negative sign 
represents the negative E. coli control. The positive sign represents the positive control, 
the pSelAct KO vector in E. coli. Both controls are tested at an OD600 of 1. The numbers 
1.0 through 0.01 are the tested optical densities (600 nm) of C. michiganensis isolate 
CASJ002. Right: Apramycin concentrations in TBY media.  
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Supplemental Figure 2: Counterselection can lead to loss of native plasmids. 
PCR-based verification of native plasmids pCM1 and pCM2 on a 1% TAE agarose gel. 
Top: Primers which bind to the flanking regions and span the deleted region. Middle: 
Gene specific primers for celA (indicates presence of pCM1). Bottom: Gene specific 
primers for pat-1 (indicates presence of pCM2). Lanes are products from the reactions 
including: WT; Genomic DNA from CASJ002, P: Plasmid DNA from E. coli carrying the 
pSelAct_CASJ002_chpE-ppaC_KO; MD: Genomic DNA from the merodiploid; 1-5, 1-9, 
and 1-15: Genomic DNA from three CASJ002ΔchpE-ppaC recombinant colonies. The 
estimated sizes of the PCR products are depicted. 
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Supplemental Figure 3: Pipeline for the R package permissR to predict 
permissive sites in bacterial genomes. The pipeline uses whole genome Genbank 
and Fasta files to identify sites which are at least 1.5 kB in length (for specific 
recombination), that contain no coding elements, no mobile elements (which may trigger 
structural changes), and are ranked by complexity to make cloning reasonable (i.e. too 
high GC-content). 
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CHAPTER 2 

Natural variation of immune epitopes reveals intrabacterial antagonism 

Danielle M. Stevens, Alba Moreno-Pérez, Alexandra J. Weisberg, Charis Ramsing, Judith 

Fliegmann, Ning Zhang, Melanie Madrigal, Gregory Martin, Adam Steinbrenner, Georg Felix, 

and Gitta Coaker 

 

Abstract 

Plants and animals detect biomolecules termed Microbe-Associated Molecular Patterns (MAMPs) 

and induce immunity. Agricultural production is severely impacted by pathogens which can be 

controlled by transferring immune receptors. However, the vast majority of studies use a single 

MAMP epitope and the impact of diverse multi-copy MAMPs on immune induction is unknown. 

Here we characterized the epitope landscape from five proteinaceous MAMPs across 4,228 plant-

associated bacterial genomes. Despite the diversity sampled, natural variation was constrained and 

experimentally testable. Immune perception in both Arabidopsis and tomato depended on both 

epitope sequence and copy number variation. For example, Elongation Factor Tu is predominantly 

single copy and 92% of its epitopes are immunogenic. Conversely, 99.9% of bacterial genomes 

contain multiple Cold Shock Proteins and 46% carry a non-immunogenic form. We uncovered a 

new mechanism for immune evasion, intrabacterial antagonism, where a non-immunogenic Cold 

Shock Protein blocks perception of immunogenic forms encoded in the same genome. These data 

will lay the foundation for immune receptor deployment and engineering based on natural 

variation. 
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Significance

Plants recognize pathogens as 
non- self using innate immune 
receptors. Receptors on the cell 
surface can recognize amino acid 
epitopes present in pathogen 
proteins. Despite many papers 
investigating receptor signaling, 
the vast majority use a single 
epitope. Here, we analyzed the 
natural variation across five 
different epitopes and 
experimentally characterized 
their perception in plants. We 
highlight the importance of 
analyzing all epitope copies 
within a pathogen genome. 
Through genetic and biochemical 
analyses, we revealed a 
mechanism for immune evasion, 
intrabacterial antagonism, where 
a nonimmunogenic epitope 
blocks perception of 
immunogenic forms encoded in 
a single genome. These data can 
directly inform disease control 
strategies by enabling prediction 
of receptor utility and 
deployment for current and 
emerging pathogens.
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Natural variation of immune epitopes reveals intrabacterial 
antagonism
Danielle M. Stevensa,b, Alba Moreno- Pérezb , Alexandra J. Weisbergc , Charis Ramsingb, Judith Fliegmannd , Ning Zhange,f , Melanie Madrigalb,  
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Edited by Jeffery Dangl, The University of North Carolina at Chapel Hill, Chapel Hill, NC; received November 6, 2023; accepted May 1, 2024

Plants and animals detect biomolecules termed microbe- associated molecular patterns 
(MAMPs) and induce immunity. Agricultural production is severely impacted by patho-
gens which can be controlled by transferring immune receptors. However, most studies 
use a single MAMP epitope and the impact of diverse multicopy MAMPs on immune 
induction is unknown. Here, we characterized the epitope landscape from five protein-
aceous MAMPs across 4,228 plant- associated bacterial genomes. Despite the diversity 
sampled, natural variation was constrained and experimentally testable. Immune per-
ception in both Arabidopsis and tomato depended on both epitope sequence and copy 
number variation. For example, Elongation Factor Tu is predominantly single copy, 
and 92% of its epitopes are immunogenic. Conversely, 99.9% of bacterial genomes 
contain multiple cold shock proteins, and 46% carry a nonimmunogenic form. We 
uncovered a mechanism for immune evasion, intrabacterial antagonism, where a nonim-
munogenic cold shock protein blocks perception of immunogenic forms encoded in the 
same genome. !ese data will lay the foundation for immune receptor deployment and 
engineering based on natural variation.

plant innate immunity | natural variation | pattern recognition receptor |  
microbe- associated molecular patterns

Plants contain hundreds of innate immune receptors capable of recognizing diverse path-
ogens. Biotic organisms carry microbe- associated molecular patterns (MAMPs), fragments 
of larger biomolecules such as proteins, carbohydrates, and lipids, that are recognized by 
surface- localized pattern recognition receptors (PRRs) (1–3). PRRs include receptor- like 
kinases (RLKs) and receptor- like proteins (RLPs) that recognize conserved MAMPs or 
damage- associated molecular patterns, resulting in PRR- triggered immunity (PTI) (3, 4). 
Activation of PTI induces multiple defense responses including the production of reactive 
oxygen species (ROS) and ethylene, apoplast alkalization, activation of mitogen- activated 
protein kinase (MAPK) cascades, transcriptional reprogramming, and callose deposition 
at the cell wall culminating in disease resistance (4, 5).

!e most well- studied PRR is FLAGELLIN- SENSING 2 (FLS2), which recognizes 
the 22- amino- acid epitope, "g22, from bacterial "agellin FliC (6–9). Unlike most PRRs, 
FLS2 is conserved throughout the plant kingdom (7, 9, 10). Since the "g22- FLS2 dis-
covery, researchers have uncovered other epitope- receptor pairs restricted to certain plant 
families. For instance, the Elongation Factor Tu (EF- Tu)- derived epitope elf18 interacts 
with the EFR receptor, which is present in the Brassicaceae family (11, 12). !e 
22- amino- acid epitope of cold shock protein (CSP), csp22, interacts with CORE, and a 
second "agellin epitope "gII- 28 interacts with FLAGELLIN- SENSING 3 (FLS3), both 
solanaceous RLKs (13–16). Finally, the necrosis- and- ethylene inducing peptide 1 
(Nep1)- like protein (NLP) epitope nlp20 interacts with RLP23 found in Brassicaceae 
(17–19). !ese receptors recognize certain bacterial MAMPs, including those present in 
pathogens and commensals.

Proteins that carry MAMP sequences are thought to be important for microbial survival 
and #tness. For example, "agellin enables bacterial swimming and swarming and is critical 
for the colonization of certain hosts (20). Di$erent regions of "agellin monomer, FliC, 
are recognized by di$erent receptors in plants and mammals despite the "agellin apparatus 
requiring multiple components (21). CSPs are an ancient protein family #rst described 
in Escherichia coli with roles in RNA chaperoning in cold environments (22). !is can 
include unwinding RNA, maintaining RNA stability, limiting internal cleavage, and 
enhancing expression via antitermination. Recent genetic work on other bacterial systems 
has shown additional posttranslational regulatory roles related to virulence, stress tolerance, 
pili formation, and bio#lm development (23–28). CSPs are composed of two critical 
motifs, RNP- 1 and RNP- 2, near the N terminus of the small beta- barrel like structure 
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that binds broadly to nucleic acids (22). While the regulatory 
function of CSPs appears conserved across bacteria, their targets 
and sequences are highly variable. NLPs are cross- kingdom phy-
totoxic virulence factors (17, 19). Flagellin, CSPs, and NLPs are 
considered expendable, although their loss is predicted to confer 
!tness costs. Conversely, EF- Tu is a highly abundant, essential 
protein that transports aminoacyl- tRNAs to the ribosome during 
translation (29). MAMP- encoded gene function and abundance 
likely have an impact on their evolution in the context of plant 
immune interactions.

Using "g22 perception as a model, three general epitope out-
comes have been described: immune activation, evasion, and antag-
onism. Many gram- negative plant pathogens carry immunogenic 
epitopes, though some can evade perception (7, 30–32). MAMP 
evasion, also known as masking, occurs by accumulating sequence 
variation that prevents epitope binding (33, 34). MAMPs can act 
antagonistically and block subsequent perception of immunogenic 
epitopes from other bacteria by binding to the primary receptor 
and inhibiting proper signaling complex formation (34, 35). 
Sequence variation within the perceived epitope is thought to be 
constrained by protein functionality, though this has only been 
studied in the "g22 epitope and FliC protein (8). How polymor-
phism a#ects protein function versus immune perception has not 
been investigated for other MAMP- encoded proteins. In addition, 
how MAMP copy number variation (CNV) encoded within a single 
genome impacts immune outcomes remains elusive. $erefore, 
many questions remain regarding how natural epitope variation 
interplays with protein function and plant immune perception.

To broadly understand how natural evolution impacts immune 
outcomes across !ve di#erent MAMPs, we mined 34,262 MAMP 
epitopes from 4,228 whole bacterial genomes. Each MAMP dis-
played substantial copy number and sequence variation. While 
the theoretical number of MAMP variants is astronomically large, 
natural variation is constricted, making it experimentally testable 
to characterize MAMP evolution. We focused on characterizing 
the immunogenic outcomes of the EF- Tu (elf18) and CSP (csp22) 
MAMPs for sequence and CNV. Elf18 displays minimal sequence 
variation and gene expansion, with most variants inducing strong 
immune responses. In contrast, csp22 displays considerable vari-
ation in epitope sequence, CNV, and immune outcomes. Using 
a combination of phylogenetics, genetics, and biochemistry, we 
revealed conserved nonimmunogenic CSPs in a subset of bacterial 
genera, some of which antagonize perception of immunogenic 
forms encoded in the same genome. We then characterized an 
actinobacterial CSP that acts as an intrabacterial antagonist of the 
CORE receptor, which enables immune evasion.

Results

Evolutionary Trajectories Depend on the Immunogenic Feature 
and Bacterial Genera. Here, we sought to assess the presence and 
diversity of bacterial proteinaceous MAMPs. Across 13 genera, we 
identi!ed plant- associated bacterial genomes with representing 
members from alpha- , beta- , and gamma- proteobacteria as well as 
gram- positive actinobacteria (Dataset S1). We extracted features from 
the following proteins and their corresponding MAMP epitopes: 
bacterial "agellin ("g22 and "gII- 28), cold- shock protein (csp22), 
EF- Tu (elf18), and Nep1- like protein (nlp20). A computational 
pipeline was developed that extracts peptides using a modi!ed 
BlastP protocol and local protein alignment, polymorphic ends 
and o#- target correction, and clonality !ltering (Fig. 1A). Mining 
bacterial epitopes based on gene annotation and local alignment 
is a convenient approach; however, genome annotations may not 
be consistent or completely accurate. Conversely, BlastP was not 

always consistent at detecting polymorphic epitopes. $erefore, we 
combined both approaches to identify MAMPs including those in 
genes with unique domain architecture. $is enabled mining of 
epitopes in a gene description- dependent and - independent manner 
allowing for comprehensive genome- derived epitope comparisons 
(SI Appendix, Table S1).

Di#erences in sequence and CNV were detected in a MAMP-  
dependent manner. From the 4,228 genomes, 34,262 epitopes were 
extracted, and their abundance was plotted on a 74 gene 
maximum- likelihood tree (Fig. 1B). Notably, there are di#erent 
patterns of epitope CNV in a lineage- speci!c manner (Fig. 1B and 
SI Appendix, Fig. S1A). $e MAMPs elf18, "g22, "gII- 28, and 
nlp20 are primarily encoded by single- copy genes, whereas csp22 
variants displayed expansion and are encoded by 1 to 15 genes 
(Fig. 1C and SI Appendix, Fig. S1A). Next, we investigated CNV 
across 13 genera (SI Appendix, Fig. S1A). Strains had an average of four 
CSPs, with variation in a genera and species- dependent manner. For 
example, CSP CNV was increased in Agrobacterium and Streptomyces 
(average of eight and seven paralogs, respectively) compared to Dickeya, 
Pectobacterium, Xanthomonas, Ralstonia, Curtobacterium, Rathayibacter, 
and Clavibacter (average of three to !ve copies) (SI Appendix, Fig. S1A). 
Although "iC is primarily a single- copy gene in 80% (2,921/3,631)  
of the genomes, additional copies can be observed in Erwinia, 
Pectobacterium, and Agrobacterium (SI Appendix, Fig. S1A). Similarly, 
EF- Tu is primarily a single- copy gene in 84% (2,825/3,346) of analyzed 
genomes, with additional copies predominantly found in gram- negative 
bacteria in addition to Streptomyces (Fig. 1 B and C and SI Appendix, 
Fig. S1A). Nlp20 was only found in 13% (565/4,228) of the genomes 
and predominantly in necrotic bacteria such as Streptomyces, 
Pectobacterium, and Dickeya (SI Appendix, Fig. S3 A and B).

We investigated MAMP conservation compared to the “consen-
sus” sequence commonly used in the literature for immune assays. 
When all genera were analyzed together, each MAMP exhibited dif-
ferent distributions compared to the consensus epitope (Fig. 1D). 
$e cumulative distributions of "g22 and "gII- 28 variants closely 
mirror each other and are derived from di#erent regions of the same 
gene, FliC (Fig. 1D and SI Appendix, Figs. S1B and S3C). However, 
a lower number of "gII- 28 epitopes were detected (3,661) compared 
to "g22 (5,042), likely due to higher sequence diversity in the "gII- 28 
region (SI Appendix, Fig S2). Elf18 and nlp20 variants are the most 
and least conserved, respectively (Fig. 1D and SI Appendix, Fig. S3C).

When analyzing MAMP distributions in individual genera, inter-
esting trends are identi!ed (SI Appendix, Fig. S1A). Diversi!cation 
of each FliC epitope in gram- negative bacteria does not always 
mirror each other. Dickeya and Pectobacterium exhibit similar amino 
acid similarity and CNV for both "g22 and "gII- 28 (SI Appendix, 
Fig S1A). However, Agrobacterium has a multimodal distribution 
for "g22 and unimodal distribution for "gII- 28 (SI Appendix, Fig 
S1A). Many gram- positives exhibit similar csp22 diversi!cation, 
indicating ancient CSP paralog emergence (SI Appendix, Fig. S1A). 
We also compared epitope variation independent of a consensus 
sequence by calculating amino acid similarity in an all- by- all manner 
(SI Appendix, Fig. S1B). $ese results were complementary to the 
comparison to the consensus epitope, with di#erent patterns of 
diversity for each MAMP. Overall, we observed that epitope abun-
dance and sequence diversi!cation evolved in both a MAMP- based 
and genera- derived manner.

Genes that encode MAMP epitopes are postulated to be either 
essential or conditionally essential for bacterial survival. Considering 
their ancient origin, we assessed the total degree of epitope varia-
tion, which we found was constrained. Except for nlp20, the total 
number of MAMP epitopes detected ranged from 3,661 to 20,542 
(Fig. 1E). However, the total number of unique epitope variants 
was much lower with csp22 exhibiting the highest number (622) D
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and elf18 displaying the lowest number (56, Fig. 1E). When con-
sidering the frequency of epitope variants, there was substantially 
fewer that occurred at least 10 or 100 times (between 8 and 151, 

Fig. 1E). Collectively, these data indicate it is possible to experi-
mentally test the impact of natural variation on immune outcomes 
across thousands of bacteria.
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Fig. 1.   Epitopes from diverse plant- associated bacteria exhibit different evolutionary trajectories. (A) Pipeline to mine for MAMP epitopes from 4,228 plant- 
associated bacterial genomes (see the Materials and Methods section for details). (B) Maximum- likelihood phylogeny built from 74 housekeeping genes with tips 
labeled by genera. Each bar below presents the number of epitopes (csp22, elf18, flg22, flgII- 28, and nlp20) present in each genome. (C) A violin plot showing 
the number of MAMP- encoded genes from each genome separated by MAMP type. Tukey’s boxplots are plotted on top. The number of epitopes assessed is 
listed at the Top. (D) A violin plot of percent amino acid (AA) similarity of each epitope variant in comparison to each respective consensus sequence across 
all bacteria sampled. Tukey’s boxplots are plotted on top. (E) Lollipop plot displaying the number of unique MAMP epitopes and their occurring frequencies.
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Most elf18 Variants Are Immunogenic. To characterize the 
functional diversity of elf18, 25 variants were synthesized and 
assessed for their immunogenicity using ROS, an early, quantitative 
output of immune induction (5, 35). ROS production by NADPH 
oxidases is required for biological processes, stress responses, and 
the induction of systematic acquired resistance, providing broad- 
spectrum resistance (36). !e 25 elf18 epitopes (100 nM) were 
screened for their ability to induce ROS on Arabidopsis thaliana 
Col- 0 and the EFR receptor mutant line. Water and the E. coli–
derived consensus elf18 epitope were used as controls (SI Appendix, 
Fig. S4A). Of the 25 variants tested, 76% (19/25) displayed equal 
ROS output in comparison to the consensus, 16% were weakly 
immunogenic (4/25), and 8% (2/25) were nonimmunogenic 
(SI  Appendix, Fig.  S4A). No measurable ROS was produced in 
the efr mutant line (SI Appendix, Fig. S4A). To con#rm our ROS 
screen was e$ective in classifying immunogenicity, a blinded, 
independent evaluation displayed the same conclusions as the initial 
screen (SI Appendix, Fig. S4B). Interestingly, all nonimmunogenic 
variants and half of the weakly immunogenic variants were derived 
from a second EF- Tu locus in Streptomyces, that clustered separately 
(Fig.  2A). While all epitopes were derived from annotated EF- 
Tu loci, the second Streptomyces EF- Tu copy displayed the most 
divergent elf18 sequence (Fig. 2A and SI Appendix, Fig. S4A).

Next, we characterized mid-  to late- stage immune outputs 
including MAPK induction (100 nM), callose deposition (1 μM), 
and seedling growth inhibition (100 nM) for a subset of epitopes 
that exhibited di$erent ROS immunogenicity. All secondary 
immune outputs were congruent with each other. All immune 
outputs by any elf18 epitope variant were abolished in the efr 
mutant (SI Appendix, Fig. S4 C–E). Epitopes EF- 77 and EF- 81, 
immunogenic by ROS, inhibited seedling growth, induced MAPK 
activation, and displayed high amounts of callose deposition 
(Fig. 2 B–D). In contrast, the weakly immunogenic and nonim-
munogenic variants EF- 91, 92, 96, and 97 failed to induce mid-  to 
late- stage immune responses, mirroring water or mock controls 
(Fig. 2 B–D). Elf18 variants EF- 91 and EF- 96 can uncouple their 
immune outputs, potentially enabling pathogen evasion of strong 
immune response. Similarly, EF- 80 is weakly immunogenic by 
ROS and has been previously shown to not induce robust callose 
deposition, a late- stage immune output (5, 37).

To understand the relationship between immunogenic outcomes 
and protein evolution, we developed a maximum- likelihood tree 
of EF- Tu and plotted genera, the percent amino acid similarity of 
each epitope to the consensus, and immunogenicity by ROS 
(Fig. 2A). !e EF- Tu tree structure was indicative of taxonomic 
origin (Fig. 2A). !e 25 experimentally tested epitope variants ena-
bled the determination of immunogenicity of 98.8% (3,757/3,801) 
of elf18 variants across 3346 plant- associated bacteria (Fig. 2E). 
Most elf18 encoded variants (92.2%, 3,504/3,801) induce strong 
immunity when EFR was present (Fig. 2E). Furthermore, of the 
genomes that encode for more than one EF- Tu locus, only 35 have 
one immunogenic copy and second nonimmunogenic copy 
(Fig. 2F). While immune outcomes of weakly immunogenic vari-
ants from Streptomyces, Xanthomonas, and Pseudomonas are compa-
rable, their polymorphisms are unique and their respective EF- Tu 
proteins do not cluster phylogenetically, indicating convergent 
evolution (Fig. 2A and SI Appendix, Fig. S4A) (37). Across all elf18 
variants, polymorphisms were position dependent, showcasing that 
epitope variation may be constrained by EF- Tu function 
(SI Appendix, Fig. S4A).

Diversification of CSPs Contributes to Differential Immunogenic 
Responses. Unlike EF- Tu and elf18, CSP and csp22 exhibited 
CNV and epitope diversi#cation (Fig. 1 C and D and SI Appendix, 

Fig.  S2A). !is provided an opportunity to characterize the 
functional diversity of a second MAMP with a distinct evolutionary 
trajectory. !erefore, 65 csp22 epitope variants (200 nM) were 
screened for their ability to induce ROS on Rio Grande tomatoes. 
Water and the Micrococcus luetus–derived consensus csp22 epitope 
were used as controls (SI Appendix, Fig. S6A) (13). We tested all 
variants with one of two independent core- de#cient lines developed 
in the Rio Grande cultivar via CRISPR- cas9 (SI Appendix, Figs. S5 
and S6A). Each core line failed to perceive csp22 but could still 
perceive %g22 and %gII- 28 (SI  Appendix, Fig.  S5B). Across all 
65 variants, no ROS was produced in the core mutant line, 
demonstrating CORE speci#city (SI Appendix, Fig. S6A). Only 
54% (35/65) of csp22 epitope variants displayed equal ROS 
output in comparison to the consensus, while 11% (7/65) were 
weakly immunogenic and 25% (23/65) were nonimmunogenic 
(SI Appendix, Fig. S6A). A subset of the csp22 variants (25) were 
also assessed for their ability to induce ethylene production (1 µM). 
Although the resolution was qualitative, most epitope variants 
were consistent with our ROS screen (SI Appendix, Fig. S7).

Csp22 variation was explored across diverse CSP- domain loci. 
!e CSP domain ranges from 65 to 75 amino acids in length and 
carries RPN- 1 and RPN- 2 nucleic acid binding motifs (22). While 
the CSP domain was conserved, considerable diversity in gene 
sequence length was found (SI Appendix, Fig. S6B). We identi#ed 
CSPs carrying extra domains including calcium binding and DUF 
domains (SI Appendix, Fig. S6B). We identi#ed an Agrobacterium 
CSP containing two cold shock protein domains fused together 
with a linker (SI Appendix, Fig. S6B). Classical CSPs (<75 amino 
acids, no additional domains) predominantly encoded immuno-
genic epitopes. However, several weakly or nonimmunogenic 
epitopes were encoded within CSPs with unique domain archi-
tecture (SI Appendix, Fig. S6). Some CSPs were conserved across 
multiple genera, while others were restricted to a single genus 
(SI Appendix, Fig. S6).

To understand the relationship between immunogenic outcomes 
and protein evolution, we developed a maximum- likelihood tree 
of the cold- shock domain and plotted genera, the percent amino 
acid similarity of each epitope to the consensus, and immunogenic-
ity by ROS (Fig. 3A). Unlike EF- Tu, CSP domains display intricate 
clade structure (Fig. 3A). While over 19,000 cold- shock 
domain- containing proteins were extracted, the 65 csp22 variants 
tested still managed to capture 75% (14,587/19,423) of the immu-
nogenetic landscape (Fig. 3 A and B). !ree conserved clades con-
tained divergent CSPs carrying nonimmunogenic csp22 epitopes. 
Nonimmunogenic CSPs within clade 1 were conserved across 62% 
(781/1,261) of Xanthomonas, clade 2 was conserved across 83% 
(394/475) of Pectobacterium and Erwinia with a distant relative in 
Agrobacterium, and clade 3 composed of 95% (580/612) of actin-
obacteria (Fig. 3 C, Right panel). Unlike EF- Tu, almost all genomes 
carried more than one CSP and of those, 45.7% had at least one 
nonimmunogenic form (Fig. 3 C, Left panel).

Observing the di$erences in immunogenic outcomes and 
sequence diversity, we then assessed conservation and selection 
of speci#c residues from the conserved nonimmunogenic CSP. 
Orthologous CSPs were classi#ed using a combination of phy-
logeny, protein clustering, and motif classi#cation (SI Appendix, 
Materials and Methods and Fig. S8 A and B). We then used an 
all- by- all BlastP approach to con#rm orthology (SI Appendix, 
Fig. S8C). Next, dN/dS was calculated for nonimmunogenic 
and immunogenic CSPs from the same bacterial genera. For 
nonimmunogenic and immunogenic CSP loci, selection was 
assessed and codon sites that were considered signi#cantly neg-
ative or positive were based on a set posterior probability 
(SI Appendix, Fig. S9A). Among representative immunogenic D
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and nonimmunogenic CSP members from the three clades, 
most sites are either negatively selected (purifying) or neutral 
with only a very small number of codons displaying positive 
(diversifying) selection (SI Appendix, Fig. S9A). For all tested 
immunogenic, weakly immunogenic, and nonimmunogenic 
epitopes, the RNP- 1 motif is highly conserved and under puri-
fying selection (SI Appendix, Fig. S9 A and B). Near the N 
terminus (highlighted in gray), a subset of residues between 
positions four and nine may be critical for strong immunity 
based on the residue changes, R- group chemistry, and immu-
nogenic outcomes (SI Appendix, Fig. S9A). !e epitope signa-
ture for each clade is unique and derived from distinct paralogs 
(Fig. 3A and SI Appendix, Fig. S9B).

Conserved Nonimmunogenic cps22 Variants Reduce CORE Immune 
Perception. We observed three nonimmunogenic CSP clades across 
di"erent bacterial genera (Fig. 3 A and C). !ese nonimmunogenic 
CSPs may be maintained for their role in inhibiting immune 
perception. To test this, we modi$ed our high- throughput ROS assay 
to assess epitope antagonism. Brie%y, leaf disks were %oated on one 
of two solutions: water or increasing concentrations of the candidate 
antagonist. After overnight incubation, all liquid was removed, 200 
nM of agonist was used to elicit immunity, and ROS was measured 
(SI Appendix, Fig. S10A). We selected at least one member from each 
nonimmunogenic clade and used consensus csp22 as the agonist. Most 
nonimmunogenic csp22 epitope variants reduced ROS produced by 
consensus csp22. !e variant conserved in the Clavibacter genus, Cm 
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csp22- 3, displayed the strongest ROS reduction at concentrations 
which were 2.5× and 5× the respected agonist concentration (Fig. 3D).

Clavibacter contains three CSPs with di#erent immunogenic 
outcomes, immunogenic cspA1 (Cm csp22- 1), weakly immuno-
genic cspA2 (Cm csp22- 2), and nonimmunogenic cspB (Cm 
csp22- 3) (Fig. 3A and SI Appendix, Fig. S6A). We repeated the 
antagonism assay with agonist Cm csp22- 1 alongside two negative 
controls: elf18 and a scrambled version of Cm csp22- 3 (designated 

s- csp22- 3) (SI Appendix, Fig. S10). Antagonism was observed via 
decreased ROS production after incubation with Cm csp22- 3 but 
not for the other negative control peptides (SI Appendix, Fig. S10). 
We additionally tested Cm csp22- 3 antagonism using BY- 2 
tobacco cell cultures by measuring alkalization, an output of mem-
brane depolarization through ion $uxes and inhibition of 
H+- ATPases at the plasma membrane (Fig. 3E) (38, 39). As 
expected, Cm csp22- 1 (10 nM) was immunogenic and able to 
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comparison was used to determine significance in respect to the untreated agonist control (denoted *P < 0.05). (E) Alkalization of Nicotiana tabacum cv. Bright 
Yellow (BY- 2) suspension cells after MAMP treatment (10 nM Cm csp22- 1; 10 nM Cm csp22- 3). Antagonism was assessed by first treating with 50 nM Cm csp22- 3 
for three minutes and then treating with 10 nM agonist Cm csp22- 1. Two cell aliquots were tested per treatment, and the experiment was repeated at least two 
times. (F) Diagram of Clavibacter CSP intrabacterial antagonism.
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induce a pH shift, while Cm csp22- 3 (10 nM) was not. When 5× 
Cm csp22- 3 was added 3 min before Cm csp22- 1, it was able to 
decrease the pH shift, showcasing its antagonistic nature (Fig. 3E). 
Collectively, these data indicate that nonimmunogenic CSP 
epitope variants can antagonize perception of immunogenic forms 
encoded in the same genome, which we term intrabacterial antag-
onism (Fig. 3F).

We also observed that Streptomyces carried two copies of EF- Tu 
with distinct epitope variants (Fig. 2A and SI Appendix, Fig. S12A). 

One nonimmunogenic elf18 variant was conserved across multiple 
Streptomyces genomes (EF- 92), with a second nonimmunogenic 
variant found in one genome (EF- 97). Using the same ROS antag-
onism assay, we tested both nonimmunogenic epitopes against 
two di"erent agonists, consensus elf18 and the immunogenic 
Streptomyces variant, EF- 77. We tested elf12, a truncated version 
of consensus elf18, which has been previously reported as a weak 
antagonist (11). As expected, elf12 was able to weakly reduce ROS 
induction for either agonist. However, neither EF- 92 nor EF- 97 
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Fig. 4.   Clavibacter CspB is conserved, expressed, and enables immune evasion of CORE. (A) Conservation and syntenic gene structure of CSPs in representative 
Clavibacter genomes (C. michiganensis: NCPPB382 and Z001; C. capsici: PF008; C. insidiosus: ATCC10253; C. nebraskensis: NCPPB2581; C. tessellarius: ATCC33566 
and CFBP8017). (B) Expression of CSPs from Clavibacter michiganensis NCPBB382 in xylem- mimicking media compared to expression of the housekeeping gene, 
bipA, in rich media TBY. Three technical replicates for two independent biological cultures are plotted. The experiment was repeated three times with similar 
results. Error bars = SEM. (C) Coomassie- stained SDS- PAGE gel of CSP recombinant proteins purified from E. coli. CspA1 is 13 kDa and CspB is 17kDa. (D) Maximum 
ROS production in tomato Rio Grande. Recombinant CSP proteins were mixed in the indicated concentrations at the same time and applied to leaf tissue. 
Concentrations were 100 nM for Cm CspA1 and different concentrations of recombinant nonimmunogenic Cm CspB (denoted in red font). (E) ROS induction 
of Streptomyces sp. ND05- 3B (1 μg/mL, St) and C. michiganensis NCPPB382 bacterial lysates (2.5 and 5 μg/mL, Cm) in Rio Grande tomato. (F) ROS induction of 
Pseudomonas syringae pv. tomato DC3000ΔflaA (1 μg/mL) and C. michiganensis NCPPB382 bacterial lysates (2.5 and 5 μg/mL) in Rio Grande tomato. Lysates were 
mixed in the indicated concentrations at the same time and applied to leaf tissue in E and F. In D–F the Max. RLUs include an average of four punches per plant, 
12 plants per treatment. Error bars = SEM. A one- way ANOVA and Tukey’s mean comparison was used to determine significance, P < 0.05.
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displayed consistent ROS reduction at any concentration 
(SI Appendix, Fig. S12B). !erefore, the capacity for intrabacterial 
antagonism is MAMP- dependent.

Intrabacterial Antagonism of Conserved Actinobacterial CSP. 
Antagonism has been predominantly characterized using peptide 
assays. !erefore, we investigated intrabacterial antagonism 
with full- length CSPs. !e Clavibacter genus comprises eight 
pathogenic species (40, 41). Pathogens in the Clavibacter genus 
predominantly colonize the xylem vasculature and upon systemic 
infection, colonize additional tissues (40). First, conservation and 
synteny of each Clavibacter CSP was analyzed across multiple 
species. Both immunogenic cspA1 and nonimmunogenic cspB 
were found in all Clavibacter genomes, whereas the weakly 
immunogenic cspA2 was found in 85% (74/87) (Fig.  4A). 
Across several species, each gene was highly syntenic (Fig. 4A). 
Expression of each CSP was assessed via qPCR for the tomato 
pathogen C. michiganensis in xylem- mimicking media and 
compared to a previously published housekeeping gene, bipA, in 
TBY rich medium. While all CSPs are expressed, cspA2 and cspB 
exhibited higher expression than cspA1 at both 6 and 24 h with 
cspB displaying between 2.65 and 3.63× fold change with cspA1 
(Fig. 4B). Furthermore, when recombinant protein CspA1 and 
CspB were mixed in varying concentrations, we observed a strong 
reduction in ROS at 2.5× concentrations di$erences, a realistic 
di$erence as expression and protein abundance are correlated in 
bacteria (Fig. 4 C and D) (42).

Next, we wanted to investigate the ability of C. michiganensis 
(Cm) cell lysates to suppress CORE- dependent immunity from 
another actinobacteria Streptomyces spp. ND05- 3B (St) as well as 
the proteobacteria Pseudomonas syringae pv. tomato DC3000Δ!aA 
(Pto). Both St and Pto carry immunogenic CSPs and lack cspB 
(SI Appendix, Figs. S6A and S11). Both Clavibacter and Streptomyces 
are non%agellated and lack !iC; we used a Pto !iC deletion mutant 
(Δ!aA). On Arabidopsis, Cm lysates strongly induce ROS while St 
and Pto weakly induce ROS in an EFR- dependent manner 
(SI Appendix, Fig. S11). Cm lysates were unable to induce ROS in 
tomato cv. Rio Grande or the core mutant line (SI Appendix, Fig. S11). 
However, St and Pto were able to induce ROS in a CORE- dependent 
manner. Furthermore, we were able to observe reduced ROS pro-
duction in Rio Grande when Cm lysates were mixed with either 
immunogenic St or Pto lysates at a 2.5 to 5× concentration (Fig. 4 E 
and F). Collectively, these data demonstrate Cm lysates can antagonize 
CORE- mediated perception of St and Pto protein extracts.

We were unable to generate a Clavibacter knockout of cspB using 
a variety of approaches likely due to the region’s high GC content, 
ranging from 73 to 78% (43, 44). In order to functionally assess 
intrabacterial CspB antagonism in planta, we expressed codon-  
optimized cspB in the tomato pathogen Pto DC3000 (Fig. 5). !e 
&ve CSPs found in the DC3000 genome are immunogenic and 
expressed in planta (Fig. 5A and SI Appendix, Figs. S5A and S11) 
(42). CSPs are known to act as translational chaperones and anti-
terminators during environmental conditions such as cold and stress 
(22). In vitro expression of cspB was con&rmed via western blot 
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Fig. 5.   Intrabacterial transfer of CspB antagonizes CORE perception in a gram- negative tomato pathogen. (A) Induction of Pseudomonas syringae pv. tomato 
(Pto) DC3000 CSPs based on raw count proteome data from Nobori et al. (42). Variants are labeled by their immunogenicity based on Fig. 3 and SI Appendix, 
Fig.  S6. (B) Diagram of Pto DC3000 transformed with pDSK519 carrying codon- optimized cspB where bacterial titers were tested in tomato. (C) In  vitro 
expression of pDSK519 carrying codon- optimized cspB (hereafter pDSK519- cspB) in Pto DC3000ΔavrPtoΔavrPtoBΔflaA (ΔΔΔ) (OD600 = 1). WT = wild- type strain 
DC3000ΔΔΔ. (D) Representative plot of DC3000ΔΔΔ in vitro growth with pDSK519- ngfp (ev) and with pDSK519- cspB in NYGB medium. (E and F) Bacterial 
titers of DC3000ΔΔΔ carrying pDSK519- ngfp (ev) or pDSK519- cspB in Rio Grande (RG) and core mutants. Plant genotypes are indicated in pairs. In E, leaves 
were sampled at zero and five days postinfiltration. For F, leaves were sampled from 3 to 5 d postinfiltration. At least two leaves were sampled per plant 
with at least three plants per strain. Experimental repeats in F are labeled by color. Error bars = SEM. A one- way ANOVA and Tukey’s mean comparison was 
used to determine significance, P < 0.01.
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(Fig. 5C). In vitro growth was not signi!cantly di"erent between  
P. syringae expressing cspB or empty vector, indicating that cspB 
expression does not grossly impact !tness (Fig. 5D).

In order to assess CspB antagonism, we used DC3000ΔavrPto  
ΔavrPtoBΔ!aA (referred to as DC3000ΔΔΔ) to prevent AvrPto/
AvrPtoB e"ector and #g22 recognition (45). After inoculation with 
DC3000ΔΔΔ, both core mutant lines exhibited increased disease 
symptoms and bacterial titers compared to the wild- type Rio Grande 
control (SI Appendix, Fig. S5 C and D). $ese data demonstrate that 
tomato CORE impacts P. syringae colonization. We quanti!ed bac-
terial titers at zero and !ve days postin!ltration to assess the e"ect of 
expressing cspB in Pto. In Rio Grande, DC3000ΔΔΔ expressing cspB 
exhibited higher bacterial titers at !ve days postinoculation compared 
to DC3000ΔΔΔ carrying empty vector (Fig. 5E). We then per-
formed a time course analyses between three and !ve days postin!l-
tration for DC3000ΔΔΔ expressing cspB. In Rio Grande, 
DC3000ΔΔΔ expressing cspB exhibited higher bacterial titers at four 
and !ve days postinoculation compared to DC3000ΔΔΔ carrying 
empty vector (Fig. 5F). It is likely that we detected a late increase in 
bacterial titer because cells require lysis to release CSPs and a mini-
mum concentration of CspB is required to overcome immunogenic 
CSPs from P. syringae. Importantly, when either strain was inoculated 
on the core mutant line, there were no signi!cant di"erences in bac-
terial titers between DC3000ΔΔΔ expressing cspB and DC3000ΔΔΔ 
carrying empty vector over the course of 5 d (Fig. 5F). $us, intra-
bacterial expression of CspB is su%cient to inhibit CORE perception. 
Collectively, these data demonstrate that Clavibacter CspB is an intra-
bacterial antagonist.

Discussion

Natural epitope variation showcases outcomes which can serve to 
inform evolution, mechanistic interactions, and improve engi-
neering approaches. We surveyed thousands of plant- associated 
bacteria and found variability in epitope sequence and CNV in a 
MAMP-  and genera- dependent manner. Since natural variation 
was relatively low, characterizing the immune landscape for 
MAMP perception across thousands of bacteria is possible. Our 
work showcases the predictable nature of epitope evolution, ena-
bling future rapid prediction of MAMP immunogenic outcomes. 
We uncovered a mechanism of immune evasion, intrabacterial 
antagonism, which demonstrates that all genome- encoded 
MAMPs need to be considered when characterizing bacterial- plant 
outcomes.

Millions of years of evolution led to bacterial divergence into 
di"erent phyla. Recent work has assessed sequence variation for 
the #agellin epitope, #g22, revealing diverse yet constrained var-
iation (32, 35). Colaianni et al. identi!ed 268 unique variants 
from 627 Arabidopsis- associated genomes. We also identi!ed a 
similar number of #g22 epitope variants (254) from 4,228 genomes, 
highlighting the constrained nature of epitope variation across 
plant- associated bacteria (35). In contrast, 1,059 #g22 variants were 
identi!ed from 1,414 genomes from representative proteobacterial 
genomes across diverse lifestyles (32). $ese studies revealed di"er-
ential host immunogenic outcomes based on speci!c residue positions. 
In #g22, sites 14 and 15 can have a direct impact on immune percep-
tion but consequently impair motility (8, 32, 46). $erefore, the 
prevalence of some mutations may be constrained due to negative 
!tness e"ects.

Epitope diversi!cation may shift when multiple copies are pres-
ent (35, 47). Gene expansion can impact both protein function 
and epitope variation. For some Pseudomonas strains, FliC- 1 is 
critical for both plant immune perception and motility, while 
FliC- 2 is poorly expressed and only weakly induces immune 

perception (47). For FliC, EF- Tu and CSPs, certain residues 
changes in their respective epitope sequences were speci!c to addi-
tional copies (Figs. 2 and 3) (47). With the exception of 
Streptomyces, most other bacterial genera carry a single EF- Tu locus 
and polymorphisms were highly constrained and predictable in 
position, likely re#ective of the protein’s critical function to bac-
terial life (SI Appendix, Fig. S4A) (48). In contrast, CSPs are pre-
dominantly multicopy genes, which likely in#uences their 
expanded variation (Figs. 1 and 3). Individual CSPs can have 
minimal e"ects on bacterial survival when knocked out, although 
they can a"ect pathogen virulence (22, 27, 28, 49).

Some MAMP- encoded genes have multiple epitopes which can 
be recognized by di"erent receptors (50–52). Di"erent epitopes 
of FliC can be detected from distinct PRRs in Arabidopsis, tomato, 
rice, and vertebrates (15, 21, 53). Plant genomes contain hundreds 
of candidate PRRs; thus, it is possible that lineage- speci!c, con-
vergent evolved receptors are common and the broad conservation 
of FLS2 is the exception (54). While CORE is restricted to the 
Solanaceae, other genotypes in the Vitaceae and Rutaceae families 
respond to csp22 variants (10, 55). Considering CSP diversity, it 
is likely that other convergently evolved PRRs recognize and 
respond to csp22 variants.

MAMP- derived genes have been rarely assessed beyond the 
!rst copy. One study assessed how a small number of Pseudomonas 
strains carrying two FliC genes exhibited di"erential immune 
outputs when individually assessed (47). For bacteria carrying 
one FliC, antagonism has been demonstrated against other genera 
(35, 47). Here, we found that actinobacteria contain multiple 
encoded CSPs where one copy blocks perception of additional 
immunogenic forms, thus functioning as intrabacterial antagonist 
(Figs. 3–5). Gram- positive pathogens lack the type three secretion 
system and cannot deliver immune- suppressing e"ectors directly 
into host cells (40). $erefore, intrabacterial CSP antagonism 
provides an additional mechanism of immune suppression. 
Intrabacterial MAMP antagonism may also in#uence community 
dynamics or mixed infections.

While total variation di"ers between MAMPs, csp22 epitopes 
exhibited the most variation (SI Appendix, Fig. S2). MAMP 
epitopes are proposed to undergo an arms race and are presumed 
to be under diversifying selection (56, 57). However, EF- Tu is 
under purifying selection (57). Furthermore, across multiple CSP 
orthologs present in genera with both immunogenic and nonim-
munogenic forms, most codons displayed either neutral or puri-
fying selection (SI Appendix, Fig. S9A). $ere are many CSP copies 
per genome with potentially di"erent functions, frequently ranging 
from three to nine, thus the selection pressure on any one CSP 
may be less compared to other loci (Fig. 3A and SI Appendix, 
Fig. S2). Additionally, perception of CSPs is thought to require cell 
lysis for perception, which may impact diversifying selection.

By characterizing the consequence of natural epitope variation 
on immune perception, alternate immune outcomes have been 
revealed. While reduction in ROS production by some epitope 
variants was measurable, we failed to characterize any elf18 or 
csp22 epitopes which displayed statistically signi!cantly higher 
ROS production compared to the consensus controls (SI Appendix, 
Figs. S4A and S6A). $is may reveal that a minimal number of 
residues at speci!c positions are su%cient for strong complex for-
mation and immune induction. Some #g22 variants, called devi-
ant peptides, can uncouple immune outputs; they are able to 
induce early- stage ROS production but fail to induce late- stage 
immune responses such as SGI (35). $is phenomenon of uncou-
pled immune outputs was also found for some elf18 variants 
(Fig. 2). Two weakly immunogenic variants by ROS, one from 
Xanthomonas and one from Streptomyces, were unable to induce D
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SGI, callose deposition, or MAPK phosphorylation. It is possible 
that MAMPs beyond !g22 and elf18 may also act as deviants, 
representing another strategy to reduce strong immune outputs. 
We envision two possible explanations for deviant peptide evolu-
tion. One, we may be capturing a snapshot of peptide evolution 
toward either maskers or antagonists. Two, these deviant peptides 
may occupy the space of the receptor complex, limiting robust 
immune outputs by other immunogenic peptides. "ese strategies 
are not unique to pathogens alone; bene#cial microbial commu-
nities have been shown to be enriched in antagonistic FliC vari-
ants, which block perception of FLS2 (35).

A common strategy to confer disease resistance is to transfer 
receptors between plant genotypes. EFR has been transferred to 
tomato, citrus, wheat, and apple (58–61). In each case, EFR trans-
genic plants are able to signi#cantly restrict pathogen titers and 
disease progression. "is conclusion is congruent with our elf18 
screen since most EF- Tu epitopes (92%) induce strong immune 
responses in A. thaliana (Fig. 2). In contrast, prevalent nonimmu-
nogenic epitopes exist from FliC and CSPs, of which some block 
receptor recognition (Fig. 3 and SI Appendix, Fig. S2) (30, 32, 35, 
62). "erefore, careful consideration of pathogen epitope variation 
should be considered for receptor transfer and subsequent engi-
neering (63). We encourage future work using this dataset to 
inform which receptors may be optimal for pathogen control. In 
concert, large epitope variant databases may enable new synthetic 
receptor engineering via protein modeling of receptor structure. 
Rational receptor design focused on contact with low- polymorphic 
ligand residues may delay evolution of pathogen evasion.

Materials and Methods
Bacterial genomes were pulled from NCBI’s Refseq, and bacterial epitopes were 
mined via BlastP, local alignment, and custom R scripts for filtering (Fig. 1A and 
Dataset S1) (6, 11, 13, 16, 17). Phylogenetic trees for bacteria relatedness were built 
using GToTree, and protein trees were built using MAFFT for sequence alignment 
and IQ- TREE tree building. Epitopes of interest that were assessed in planta were 
chosen based on abundance, epitope sequence, and gene annotation. ROS, MAPK, 
seedling growth inhibition, callose deposition, and alkalinization were measured 
similarly as previously described with some minor modifications (13, 31, 35).  

Gene structure was assessed in C. michiganensis using BlastN and Clinker. 
Measurement of C. michiganensis CSP expression was conducted similarly as 
previously described (64). Bacteria were cultured in liquid media or on plates and 
processed in lysis buffer via an Emulsiflex- C3 High- Pressure Homogenizer to collect 
lysates. Recombinant protein was expressed in E. coli and collected using standard 
techniques (7). Bacterial titers of P. syringae in tomato were conducted similarly as 
described before (14). Detailed Materials and Methods are found in SI Appendix.

Data, Materials, and Software Availability. Accessions of genomes used in 
this study can be found in Dataset S1. Plasmids pDSK519- cspB (#207162), pRSET- 
Cm- CspA1 (#215398), and pRSET- Cm- CspB (#215400) can be found in Addgene. 
All raw data can be found in Zenodo (DOI: 10.5281/zenodo.10724865) (65). 
Complete details and code can be found in the following GitHub repository: https://
github.com/DanielleMStevens/Mining_Known_MAMPs (66). An HTML file with all 
MAMPs mined can be found in Zenodo (DOI: 10.5281/zenodo.10724865) (65).
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SI Materials and Methods 
 
Collection of Genomes and MAMPs 

Bacterial genomes were pulled from NCBI’s RefSeq data repository. Briefly, using the –dry-run 
command for the ncbi-genome-download package (v0.3.0), candidate genomes were queried and manually 
assessed for associations with plants and/or agriculture. Once a list for each major genre in this study, 
Clavibacter, Leifsonia, Curtobacterium, Streptomyces, Rathayibacter, Rhodococcus, Agrobacterium, 
Ralstonia, Xanthomonas, Pseudomonas, Pectobacterium, Dickeya, and Erwinia, was collected, all 
Genbank, protein fasta and whole genome fasta files were downloaded for each Refseq accession number 
(Dataset S1) using ncbi-genome-download. Consensus MAMPs csp22 
(AVGTVKWFNAEKGFGFITPDDG), elf18 (SKEKFERTKPHVNVGTIG), flg22 
(QRLSTGSRINSAKDDAAGLQIA), flgII-28 (ESTNILQRMRELAVQSRNDSNSATDREA), and nlp20 
(AIMYSWYFPKDSPVTGLGHR) were used to build a custom blast database via makeblastdb. Each protein 
fasta file was queried against the database using Blastp with the following modifications: -task blastp-short 
-xdrop_gap_final 1000 -soft_masking false -evalue 1e-4 (1). Secondly, MAMPs were found by local 
alignment to proteins with typical gene annotations (flagellin, cold shock protein, elongation factor, and 
necrosis-and-ethylene inducing peptide). Custom R scripts were built process blast results, filter for missing 
MAMP hits based on protein annotation, correction for gaps on polymorphic ends, filtering for off-targets 
based on a signature motif for each MAMP and removing hits from partial protein annotations (Fig. 1A). 
Motifs used to filter for off-targets include: csp22: “KGFGF”, elf18: “NXGTXG”, flg22: 
“SXGXXXXXXXXXAA”, and flgII-28: “LQRXRXL”.  Table S1 includes the number of MAMPs detected using 
this pipeline. 
 
Comparing genome similarity and MAMP hits to filter for clonality 

To assess intra-genera genome diversity, average nucleotide identity via fastANI (v1.32) was 
calculated in an all-by-all manner within each genus using default parameters (Extended Data Fig. 1; Doi: 
10.5281/zenodo.10724865) (2,3). Custom R scripts were used to parse ANI values. Genomes which shared 
an ANI value of 99.999 percent or higher and shared identical MAMP sequences were considered clonal. 
Of those that were categorized as clonal, only one representative genome was used. Full description of the 
methods of ANI analysis can be found in the Github, DanielleMStevens/Mining_Known_MAMPs, 
particularly under methods and R scripts #10 through 13. Genome accessions which were found to be 
clonal and removed from subsequent analysis can be found in Supplemental Table 1. The final MAMP list 
was outputted into an html file using R package DT (v0.20) and can be found in Zenodo (Doi: 
10.5281/zenodo.10724865) (3).  
 
Determining epitope diversity 

After all epitopes were extracted, we assessed epitope diversity across a variety of scales. First, 
we determined how similar the epitopes are in comparison to the consensus peptide were by calculating 
protein similarity via BlastP as listed in Collection of Genomes and MAMPs section or by local-alignment 
and calculated via R package Biostrings (v2.58.0), which was used when the BlastP results dropped ends 
which were polymorphic in sequence compared to the consensus query used (R script #18). Two, to 
understand epitope variation which did not rely on consensus, a custom R script (#17) was developed to 
determine all the unique combinations found and performed all-by-all local alignment and amino acid 
similarity calculations. All-by-all similarity values were plotted as a heatmap using ComplexHeatmap 
(v2.5.1) and circlize (v0.4.8) (4,5). Three, epitope weblogos were made using ggseqlogo (v0.1) (R script 
#26) (6). Four, the number of epitope variants (described combination) was determined using a custom 
script (R script #19) and plotted using ggplot and ggbreak (v0.1.1) (7).  
 
Epitope Selection Criteria 
 To determine which epitopes to evaluate, we first selected epitope variants based on their 
abundance in the dataset (those which occurred at least 10 to 100x). Additionally, epitope variants which 
were encoded in additional paralogs with unique evolutionary history, domain structure, and/or annotation 
were selected. In total, we selected 25 elf18 variants and 65 csp22 variants for synthesis and subsequent 
testing in plants (Table S2).    
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Construction of Phylogenetic Trees 
 To assess the relatedness of plant-associated bacteria in respect to their MAMP abundance, a 
phylogenomic tree was constructed using GToTree (v1.6.31) with the MAMPs mined plotted (8). GToTree 
is an automated workflow for developing phylogenetic trees based on a pre-set list of validated conserved 
genes (74 for bacteria). First, a list of paths of all GenBank files was outputted into a text file. Genomes 
which were indicated to be clonal by ANI and MAMPs detected were manually removed. GToTree was ran 
on the text file with the GenBank file paths using default parameters with the following modifications: -H 
Bacteria -G 0.2 -k.  

Phylogenetic trees were built from the CSP domain and full-length sequences of EF-Tu. Proteins 
sequences were collected into a fasta file, and a multiple sequence alignment was built via MAFFT (v7.310) 
using the following parameters: --reorder --thread 12 --maxiterate 1000 –localpair (9). For CSP phylogeny, 
some CSPs that were longer than 180 amino acids in length were discovered to have additional domains. 
Therefore, the conserved cold shock protein domain was extracted across all CSPs using via HMMER 
(v3.3.2) using hmmsearch with the following parameters, -E 1 --domE 1 --incE 0.01 --incdomE 0.04, and 
the hmm model specific for cold shock domain (3,10). These hits were reformatted using the esl-reformat 
command in HMMER under default settings before a multiple sequence alignment was build using MAFFT 
as described above. For the EF-Tu phylogeny, no additional modifications before multiple sequence 
alignment were necessary. Maximum-likelihood phylogenetic trees were built from the multiple sequence 
alignments without trimming gaps using IQ-TREE2 (v2.1.2) with the following parameters: -st AA -bb 1000 
-mtree -nt 12 -safe (11).  
 
Classification of cold shock proteins and subsequent selection tests 

To assess selection of orthologous CSP, all loci were grouped into equivalent types. First, all 
epitope containing hits with annotations including the key words ‘cold, shock, and/or antiterminator’ were 
filtered into a fasta file in a genera dependent manner using a custom R script (R script #21, 23). The 
collected CSPs for each genus were that ran through three pipelines. One, to determine the number of CSP 
clusters, full length sequences were run through mmseq2 (v13.45111) using the easy-cluster command 
withing the following parameters: clusterRes tmp –min-seq-id 0.5 -c 0.8 –cov-mode 1 (12). Two, full length 
sequences were passed through MEME Suite Motif Discovery (v5.5.1) under the following parameters: 
Classic mode, any number of repetitions (anr), and the number of motifs selected based on the number of 
clusters outputted by mmseq2 and manual inspection (13). The XML output was downloaded for each 
genera’s CSP loci and processed via the R package ggmotif (v0.2.1) (14,15). Third, the CSP domain was 
extracted via HMMER (v3.3.2) using hmmsearch with the following parameters, -E 1 --domE 1 --incE 0.01 
--incdomE 0.04, and the hmm model specific for cold shock domain can be download (3,10). The CSP 
domains from each genus were aligned using MAFFT using –auto and a phylogenetic tree was built using 
FastTree2 (9,16). Information extracted from MEME and mmseq2 analysis was plotted onto the 
phylogenetic tree to cross reference the number of CSP types identified (R script #24). The R packages 
phangorn (v2.7.1), treeio (v1.14.4), ggtree (v3.1.2.991), ggnewscale (v0.4.5), and ggtreeExtra (v1.0.4) were 
used to parse and plot the treefile or newick file (17-20). Details on parameters for plotting can be found in 
the custom R script #14 and 22. 
 To confirm within-genera grouped CSPs were the same ortholog, an all-by-all BlastP search was 
performed using the orthologr R package (v0.4.0) (R script #25) (21). The coding sequences of associated 
orthologs CSP within a genus were extracted for selection analyses via dn/ds ratio. MACSE (v. 2.07) with 
the parameters “-prog alignSequences” was used to generate codon alignments from nucleotide gene 
sequences (22). IQ-TREE (v.1.6.12) with the default parameters was used to generate phylogenies for 
each dataset (23). HYPHY (v.2.5.48) with the parameter “cln” was used to remove stop codons from 
alignments (24). AliView (v.1.26) was used to manually inspect alignments and remove gaps present in 
>75% of sequences (25). The HYPHY algorithm FUBAR, with the codon alignment and gene phylogeny as 
input and a posterior probability threshold of 0.9, was used to identify sites under purifying or positive 
selection (24).  
 
Plant growth conditions 

Arabidopsis Col-0 and efr-1 transgenics were grown in Sunshine Mix soil in chambers at 10/12-h 
light/dark cycles, 23°C, about 100 μmol/m2/s light intensity, and at 70% humidity. For reactive oxygen 
species (ROS) assays, plants were grown to four to five-weeks (26). For MAPK induction, callose deposition 
and seedling growth inhibition assays, Arabidopsis thaliana Col-0 and efr seeds were surface sterilized with 
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bleach and then stratified for 2-3 days at 4⁰C. Seeds were then germinated on one-half-strength 

concentration Murashige and Skoog medium (½ MS) plates containing 0.8% plant agar and 1% sucrose in 

a growth chamber with 16-hrs light, 8-hrs dark at 22⁰C. Tomato Solanum lycopersicum cultivar Rio Grande 

PtoR (Pto/Pto, Prf/Prf) and CRISPR core lines were sown in agronomy mix in growth chambers under 16/8 

hr light/dark cycles, 24°C, about 200 μmol/m
2
/s light intensity, 50 to 65% humidity, and grown to six to 

seven-weeks old. 

 

Measuring ROS Production and Antagonism  
For measuring ROS, leaf punches were taken using cork borer no. 1 (diameter of 4 mm) from 

equivalent leaves or leaflets from the cotyledon leaves across biological replicates (for csp22, the 5
th
 

leaflet). Leaf punches (4 per plant) were floated on their abaxial side in 190 µl of sterile water in a 96-well 

white microtiter plate for 18 to 24 hours in the dark. To test ROS elicitation, sterile water was removed and 

a 100 µl solution of sterile water, L-012 (Wako Chemicals, Cat. No. 143556-24-5), horseradish peroxidase 

(HRP) (Sigma Aldridge, Cat. No. P6782), and 100 nM to 1 µM of MAMP peptide dissolved in sterile water 

or 100% DMSO was added (see SI Appendix Table S2 for solvent used). For elf18 (acyl-

MSKEKFERTKPHVNVGTI) and flg22 (QRLSTGSRINSAKDDAAGLQIA) tested on Arabidopsis, 20 µM L-

012 and 20 ug/mL HPR was used (27). For csp22 tested on tomato, 40 µg/mL HPR was used. For MAMPs 

which were dissolved in 100% DMSO, an equivalent volume of 100% DMSO was added to the controls. 

Assay measurements were taken every 1.5 minutes for a minimum 60 minutes. Luminescence was 

measured using a TriStar LB 941 plate reader (Berthold Technologies).	Across all ROS experiments, the 

maximum RLU was determined for each leaf punch and averaged between punches per plant.  

Peptide antagonism: For antagonist assays, the leaf disks were incubated in a solution of water 

and candidate antagonist MAMP peptide (100 nM to 1 µM) for 18 to 24 hours in the dark. The candidate 

antagonist MAMP peptide was then removed and the remainder of the assay including elicitation and 

luminescence measurements are the same as above. Recombinant protein antagonism: Recombinant 

protein concentrations were quantified and between 100 nM and 500 nM of each protein was added in 

solution with HRP and L-012. The solution was immediately used for elicitation. Lysate antagonism: Initial 

protein concentrations were quantified and between 1 and 2.5 µg/mL was added to HPR and L-012 solution 

and immediately used for elicitation. For all ROS assays, a minimum 12 plants were used. To compare 

ROS plates, plants and punches per treatment were averaged and scaled based on the appropriate 

controls. 

 

Measuring alkalinization and antagonism in Tobacco BY-2 Cells 
 The tobacco cell line BY-2 (Nicotiana tabacum L. cv. Bright Yellow 2) was culture on a modified 

MS medium supplemented with 100 µg/mL timentin (32). Callus tissue was passaged every three to four 

weeks on MS medium with 2% phytoagar. Transplanted calli in petri dishes were wrapped in parafilm and 

incubated at 25-26°C in the dark. To establish suspension cultures, a 1.5x1.5 cm slice of calli was 

transferred to 100 mL of modified MS media in a 250 mL flask, covered with autoclavable paper, sealed 

with a rubber band and wrapped in foil. The flask was incubated for 10 to 14 days in a 26°C shaker rotating 

at 130 rpm in the dark. Cultures were passed by transferring 10 mL of cells via a stereological pipette into 

~90 mL of media. After three passages, multiple cultures were grown in parallel and were grown for 

experimentation.  

To assess alkalinization changes due immune induction, cells were passage from the main line 

and grown in similar conditions for 5 to 7 days until cell density was about 3.0x10
6
, which was quantified 

using a hemi-cytometer. Cells were then aliquoted into 20 mL glass flat bottom vials (Thermo Fisher 

Scientific, Cat. No. 6PCV20-1F) and sealed the tops with Millipore tap (Micropore, Cat. No. 1530-1). The 

cell vials were then placed on a shaker rotating at 100 rpm at room temperature at ~30° angle such that 

cells were in continuous motion. After two to three hours of incubation, the pH probe and meter were 

prepared for measurements similarly to previously established protocols (33). Between 10 nM of peptides 

were used to measure induced alkalinization and antagonism was measured by first treating with 50 nM 

candidate antagonist for three minutes, then treating with 10 nM agonist. The pH change was sampled 

every 10 seconds for up to 30 minutes. 
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Plant tissue-based immune assays  
For measuring MAPK induction, Arabidopsis thaliana Col-0 and efr seeds were germinated on ½ 

MS plates for five days. The seedlings were then transferred to a 48-well plate (Costar, Cat. No. CLS3548) 
containing 600 µL of liquid ½ MS medium. Plates were sealed with 3M Micropore Surgical Tape (Micropore, 
Cat. No. 1530-1) and transferred back to the growth chamber. After nine days of growth, the 14-days-old 
seedlings were incubated with water or 100 nM of elf18 variants for 0 and 15 min before being pooled for 
harvest. Three seedlings per treatment were pooled. Seedlings were ground to fine powder in liquid nitrogen 
and resuspended in 200 µL of extraction buffer 50 mm HEPES (pH 7.5), 50 mm NaCl, 10 mm EDTA, 0.2% 
Triton X-100, 1× Pierce protease inhibitor mini tablets (Thermo Scientific, Cat. No. A32955), and 1x Pierce 
phosphatase inhibitor mini tablets (Thermo Scientific, Cat. No. A32957). Total proteins were isolated by 
centrifugation at 21,000 × g at 4 °C for 10 min and Laemmli buffer was added for subsequent SDS–PAGE. 
To measure the protein concentration, we used Pierce 660 nm Protein Assay (Thermo Scientific, Cat. No. 
22660) with Ionic Detergent Compatibility Reagent (Thermo Scientific, Cat. No. 22663). Equal 
concentration of protein was loaded per lane and separated by SDS–PAGE. Activated MAPK3 and MAPK6 
were detected by immunoblotting using p44/42 MAPK (pERK) antibodies at a concentration of 1:2000 (Cell 
Signaling Technology, Cat. No. 4370), followed by secondary rabbit antibodies at a concentration of 1:3000 
(Biorad, Cat. No. 1705046). Both primary and secondary antibody were suspended in 1x TBS-T with 5% 
BSA. The experiment was repeated three times with similar results. 

For analysis of callose deposition, Arabidopsis thaliana Col-0 and efr seeds were germinated on ½ 
MS plates for four days. The seedlings were then transferred to a 48-well plate (Costar, Cat. No. CLS3548) 
containing 500 µL of liquid ½ MS medium, sealed with 3M Micropore Surgical Tape (Micropore, Cat. No. 
1530-1) and transferred back to the growth chamber. Three seedlings were transferred per treatment. After 
four days of growth, the ½ MS medium was replaced with water or 1 µM of elf18 variants and the seedlings 
were incubated in a shaker for 18 to 20 h in the growth chamber. Seedlings were fixed in ethanol/acetic 
acid (3:1, v/v) at 37⁰C for about 2 to 3 hours or overnight at room temperature (until cotyledons were 
completely cleared), with one change of fixing solution. Seedlings were subsequently rehydrated in 70%, 
50% and 30% ethanol for 30 min each step. Then the seedlings were washed one time with 150mM 
K2HPO4, pH 9.5 and stained with 0.01% (w/v) aniline blue in 150mM K2HPO4, pH 9.5 for 1 h in dark. The 
cotyledons were loaded onto the slides with 50% glycerol and callose deposition was imaged by 
fluorescence microscopy (Leica CMS) using a DAPI filter. Callose quantification was performed with Fiji as 
previously described (28,29). Experiments were repeated three times with similar results.  

To assess seedling growth inhibition (SGI) we followed Gómez-Gómez et al., 1999 with 
modifications (30). Arabidopsis thaliana Col-0 and efr seeds were germinated on ½ MS plates for four days. 
The seedlings were then transferred to a 48-well plate (Costar, Cat. No. CLS3548) containing 500 µL of 
liquid ½ MS medium supplemented with 100 nM of elf18 variants. Plates were sealed with 3M Micropore 
Surgical Tape (Micropore, Cat. No. 1530-1) and transferred back to the growth chamber. After eight days 
of growth, the seedlings were patted dry and weighed. Each experiment included eight seedlings per 
treatment. A mock control (½ MS medium) and canonical active elf18 sequence (acyl-
SKEKFERTKPHVNVGTIG) were assayed on each plate. Experiments were repeated three times with 
similar results. 
 Ethylene induction was measured as previously described (31). For measurements of ethylene, 
each dot represents one measurement (from one tube with water and three leaf pieces); four replicates per 
treatment. Leaf pieces (squares of approx. 2 x 2-3 mm) were from two individual plants, four- to five-weeks-
old, cut the evening before, and incubated on water overnight and induced using 1 µM csp22 variants. 
Ethylene induction was measured using a Shimadzu Gas Chromatograph GC-14. 
 
Development of tomato core mutants 
 To generate the core mutants in the tomato (Solanum lycopersicum) cultivar Rio Grande (RG)-
PtoR, we designed two guide RNAs (gRNA1: 5’- GTAGCATTTGACAATGTCCC-3’; gRNA2: 5’-
GACTGGCCTGGGGTCTCATG-3’) that target the first exon of CORE using the software Geneious R11. 
The gRNA cassette was cloned into the p201N:Cas9 binary vector as described previously (34,35). Tomato 
transformation was performed at the Biotechnology Center at the Boyce Thompson Institute as described 
previously (36). Mutations were confirmed by Sanger sequencing at the Biotechnology Resource Center 
(BRC) at Cornell University. 
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Bacterial Strains and Growth conditions 
 Clavibacter michiganensis strains were grown in tryptone broth with yeast (TBY) medium at 28°C, 
Escherichia coli was grown in Luria broth (LB) medium at 37°C, Streptomyces spp. ND05-3B was grown 
on yeast malt extract (YME) at 28°C, and Pseudomonas syringae pv. tomato strains were grown in (NYGB) 
medium at 28°C. The following concentrations were used for antibiotic selection: 50 µg/mL gentamycin, 25 
µg/mL kanamycin, 25 µg/mL chloramphenicol, 50 µg/mL spectinomycin, and 100 µg/mL rifamycin.  
 
Assessing syntenic gene structure in Clavibacter 
 Seven genomes across five species in the genome were assessed for their gene structure 
surrounding the CSP loci identified in the MAMP mining pipeline. Those selected included Clavibacter 
michiganensis NCPPB382 (Accession: GCF_000063485.1), C. michiganensis Z001 (Accession: 
GCF_002931335.1), C. capsici PF008 (Accession: GCF_001280205.1), C. insidiosus ATCC10253 
(Accession: GCF_003076355.1), C. nebraskensis NCPPB2581 (Accession: GCF_000355695.1), and C. 
tessellarius ATCC33566 and CFBP8017, respectively (Accession: GCF_002240635.1 and 
GCF_002151185).1 Briefly, the region within each genome was identified via a blast search and regions of 
interest were extracted via a custom Biopython script. The extracted regions in Genbank format were fed 
into clinker, a gene clustering program (v0.0.27) (37). The outputs clustered gene structures were output 
as an SVG file and loci color was manually edited in Inkscape (v1.0.2). 
 
Measuring expression of CSPs in Clavibacter michiganensis 
 To assess if all CSP loci are expressed, we cultured the type-strain Gram-positive pathogen C. 
michiganensis NCPPB382 in vitro in both rich TBY medium and minimal m9 medium supplemented with 
xylem sap, which mimics the xylem vasculature (38). To collect xylem sap, tomatoes were grown for 6 
weeks in chamber conditions described above and a similar procedure was followed (39). Briefly, using 
scissors sterilized with 70% ethanol, the stem was cut about 10-12 cm above the cotyledons and additional 
leaflets were removed. Wounds were sealed with parafilm. After re-sterilizing the scissors, a P1000 tip was 
cut such that the diameter of the tip can go on top the stem. The tips were parafilmed to the stem and a 
small bag placed over the tip. Over the next two hours, xylem sap was collected. The collected sap was 
filter sterilized after passing through a 0.22 μM filter. 
 C. michiganensis NCPPB382 was grown on TBY agar plates. After three days, the plates were 
scraped, and the bacteria transferred to 25 mL flasks of TBY broth for a starter culture. The starter cultures 
were grown at 28°C for ~20 hours and used to inoculate growth curves. Two flasks of m9 broth with xylem 
sap were inoculated with C. michiganensis NCPPB382 to a starting OD600 of 1.0 and two flasks of TBY 
broth were inoculated with C. michiganensis NCPPB382 to a starting OD600 of 0.5. One mL of culture was 
removed from each flask at 6 hours and 24 hours of growth. The flasks were grown shaking at 28°C.  
 One mL samples were removed from cultures pelleted via centrifugation. 500 µL of supernatant 
was then removed and two volumes of RNA Protect Bacteria Reagent (QIAGEN, California, USA) was 
added. The cultures were resuspended, incubated at room temperature for five minutes, and pelleted again. 
They were then frozen with liquid nitrogen and transferred to a -80°C freezer until RNA extraction. RNA 
was extracted with the SV Total RNA isolation kit (Promega, Wisconsin, USA). Growth curves and RNA 
extraction were repeated three times. All PCR primers are listed in Table S3. 

RNA was quantified by Qubit via a high sensitivity RNA kit (Thermo Fisher Scientific) and the 
concentration was standardized for each repeat. Random primers were annealed to the RNA and first-
strand synthesis performed with M-MLV reverse transcriptase (Promega, Wisconsin, USA). For qPCR, 
cDNA was diluted 1:5 and SsoFast EvaGreen Supermix was used (BioRad, California, USA). BipA was 
used as a housekeeping gene (40). Each repeat was performed in a single qPCR plate. Except for rich 
media TBY broth at 6 hours, where only one sample was used due to space constraints, two samples were 
used for each broth and time point. qPCR measurements were detected on a Bio-Rad CFX96 Real-Time 
PCR Detection System.  
 
Collection of bacterial lysates 
 An initial starter 20 mL culture of C. michiganensis NCPPB382 was incubated at 28°C at 200 rpm 
until the optical density (OD600) equals one. A subculture was made in 300 mL TBY medium and cultured 
in similar conditions until the optical density (OD600) equaled two. Pseudomonas syringae pv. tomato 
DC3000ΔflaA was cultured similarly in NYGB. For Streptomyces spp. ND05-3B, spores were populated on 
YME medium over four to five days at 28°C (41). Using a cell scraper and sterile water, spores were 
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collected in 25 mL and quantified to a concentration of 9.05 x106 spores/mL via a hemacytometer. Cells 
were spun down at 5000 rpm and resuspended in lysis buffer (300 mM NaCl, 50 mM Hepes, pH 7.0) with 
100 mM phenylmethylsulfonyl fluoride (PMSF) (Thermo Scientific) and 0.2 U/mL DnaseI (Thermo 
Scientific). The chilled cells were sheered via an Emusiveflex-C3 High-Pressure Homogenizer (Avestin, 
Ottawa, Ontario, Canada) until the solution turned clear. The collected lysates were passed through a 0.22-
micron filter, froze with liquid nitrogen and store in the -80°C until used. To test induction of immunity by 
ROS production, protein lysates were quantified using a Pierces 660 assay using BSA as a standard control 
and tested using the same procedure as describe in Plant tissue-based immune assays at 1 μg/mL 
concentration. 
 
Expression and Purification of Clavibacter CSPs 

The coding sequence of each CSP from NCPPB382 was codon-optimized for E. coli and 
synthesized into entry vector, pENTRY, from either ThermoFisher Scientific or Twist Biosciences (Waltham, 
Massachusetts or San Francisco, California, USA). Each vector was transformed into E. coli DH5a and 
after subsequent colony isolation and plasmid miniprep, each vector sequence was confirmed via whole 
plasmid sequencing (Plasmidsaurus, Eugene, Oregon, USA). Each CSP sequence was then transferred 
into expression vector pRSET via LR clonase using manufacturer’s instructions (Thermo Scientific). The 
subsequent reactions were transformed into E. coli DH5a and putative transformants were checked via 
PCR for the insert and the sequence was confirmed via whole plasmid sequencing. Subsequent CSP 
expression vectors were transformed into E. coli expression genotype BL21(DE3). 

For protein expression, confirmed vector-carrying transformants were grown in 50 mL LB media at 
37°C until OD600 at least 1. The initial culture was used to seed a larger culture of LB medium, which was 
grown until OD600 0.4 and 0.6, at which a final concentration of 0.5 mM IPTG was added to each culture 
and shaken at 200 rpms at 28°C for four hours. Bacterial cells were pelleted by centrifugation at 4°C and 
resuspended in buffer A (20 mM Tris, 10 mM Imidazole, 500 mM NaCl, pH 8.0) with 1 mM PMSF, 10 uM 
leupeptin serine protease inhibitor, and 10 ug/mL lysozyme. Cell suspension was incubated on ice for 30 
minutes, then sonicated in four 10 second cycles at 30% output and 30% duty cycle with 15 second breaks 
between each cycle. Cells were centrifuged at 5,000 rpm for 20 minutes at 4°C. The supernatant was 
incubated with prepped Ni-NTA Resin (Thermo Fisher Scientific Cat. No. 88222), previously washed 3x 
with buffer A, for one hour at 4°C on a rotating shaker. The protein-bound beads were centrifuged at 5,000 
rpm for 10 minutes at 4°C, washed 3x with buffer A, then incubated with elution buffer B (20 mM Tris, 500 
mM NaCl, 5% Glycerol, pH 8.0). Each incubating elution set had increasing concentrations of Imidazole 
from 50 to 250 mM. The eluted protein was collected after the beads were centrifuged at 5,000 rpm for 10 
minutes at 4°C. At each step from cell fraction to elution, sample was collected and prepped to run on a 
15% SDS-Page gel. The gel was either stained with Coomassie SimpleBlue SafeStain (Thermo Fisher 
Scientific, Cat. No. LC6060) or transferred to a PVDF membrane and blotted with 1:2000 anti-6xHis-HRP 
antibody in 5% BSA-TBST (Thermo Fisher Scientific, Cat. No. MA1-21315-HRP). Purified recombinant 
protein was desalted via 3.5K MWCO dialysis cassettes (Thermo Fisher Scientific, Cat. No. A52966) in 
buffer (20 mM Tris, 50 mM NaCl, 5% glycerol, pH 8.0) overnight at 4°C and concentration quantified via 
Qubit protein assay kit (Thermo Fisher Scientific, Cat. No. Q33211). 

 
Overexpression of cspB and transformation into Pst via Tri-parental mating 
 A Pst DC3000 codon-optimized gBlock of Cm NCPPB382 cspB was synthesized (Azenta, USA) 
and amplified via PCR with primers carrying restriction sites NdeI and EcoRI (Thermo Fisher Scientific). 
Both board host range plasmid pDSK519-ngfp and amplified fragment were digested with NdeI and EcoRI 
and ligated using T4 ligase (Thermo Fisher Scientific) (42). Standard DH5a E. coli transformation was 
performed and plasmid was confirmed via whole plasmid sequencing (Plasmidsaurus). For pDSK519-cspB, 
an additional restriction with BsiWI and ligation was performed to move the chloramphenicol antibiotic 
cassette from a Gateway cassette into pDSK519. 
 Cultures of donor vectors, helper plasmids (pRK2013/pRK600), and recipient strains were grown 
overnight in no antibiotics (43,44). Cultures were mixed in the following ratio (1 Donor: 1 Helper: 5 Recipient) 
and spot plated onto a NYGB plate with no antibiotics and incubated in 28°C. After two days, spots were 
re-streaked onto NYGB plates which contained antibiotics for selection of recipient strain with donor plasmid 
and grown overnight. Transformants were confirmed for the donor plasmid via standard gDNA preparation 
and PCR screening. 
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 Overexpression of cspB was confirmed via in vitro growth in NYGB media, protein lysates were 
separated using standard 15% SDS-Page Gel, probed using an anti-HA-HRP conjugated antibody (Cat. 
No. 26183-HRP, Thermo Fisher Scientific). In detail, cultures were grown to an OD of 1.0, cells were spun 
down and resuspended in water and 3x Laemmli buffer supplemented with DDT. Cells incubated at 95°C 
for five minutes, briefly put on ice and spun at max speed. Proteins samples were run on an 15% SDS-
PAGE Gel, transferred to a nitrocellulose membrane via semi-dry, and blotted with 1:1000 anti-HA-HRP 
conjugated antibody in blocking solution (Thermo Fisher Scientific). Chemiluminescence was detected 
using the Bio-Rad Chemidoc system. Protein loading for in vitro bacterial expression was visualized using 
the SilverQuest Silver Straining Kit (Thermo Fisher Scientific). 
 
Disease assays and bacterial titers of P. syringae in tomato 
 Tomato Rio Grande (RG)-PtoR and mutant line core were grown to about seven-weeks of age just 
before flowering. Three days before inoculation, strains Pto DC3000ΔΔΔ carrying empty vector pDSK519-
ngfp or constitutive expressing vector pDSK519-CO-cspB-HA (pDSK519-cspB) were streaked from 
glycerol stocks and cultured on NYGB plates with appropriate antibiotics. Cells were scraped from the plate, 
resuspended in plain NYGB and an inoculum was adjusted to an OD600 = 0.00001 (or 1x104 CFUs/mL) by 
resuspension in 5 mM MgCl2. Several leaves per plant were infiltrated with a needless syringe and a black 
sharpie was used to circle the infiltration area. After three days post inoculation, using a #3 cork borer, a 
single punch was taken from each plant with four plants per genotype per treatment and moved to a 1.5 
mL tube containing 200 μl 5 mM MgCl2. The tissues were ground and dilutions were carried out between 
10-2 and 10-5 and plated on NYGB plates containing ½ antibiotics and 50 μg/mL cycloheximide. After 2 days 
incubation at 28°C, colonies were counted and CFU per mg tissue was determined. 
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Fig. S1. Copy number and conservation differ across on immunogenic features and bacterial 
genera. (A) Violin plots of percent amino acid (AA) similarity of epitope variants in comparison to each 
respective consensus sequence across all genera sampled. Tukey’s boxplots are plotted on top. (B) All-
by-all amino acid (AA) similarity comparisons for each MAMP independent of the consensus sequence. 
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Fig. S2. Examples of divergent FliC proteins with undetectable flgII-28 epitopes. (A) Alignment of 

flagellin proteins from the reference Pseudomonas syringae pv. tomato DC3000 and Agrobacterium, 
which carry a flg22 epitope but fail detection for flgII-28. (B) Percent amino acid (AA) similarity of epitope 

variants from (a) in comparison to each respective consensus sequence. (C) Structural modeling of 

flagellin from Pto DC3000 (blue = WP_005767010.1) and Agrobacterium (green = WP_020810649.1). 

RMSD = 1.579.  
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Fig. S3. Nlp20 is present but not conserved across diverse bacteria. (A) The number of nlp20 hits in 
respect to the number of genomes analyzed. Red boxes highlight genera where nlp20 MAMPs are 
abundantly conserved. (B) Violin plot with Tukey’s boxplot on top of percent AA similarity of nlp20 epitopes 
in comparison to the consensus sequence across the three major genera’s nlp20 are found. (C) Cumulative 
probability of Fig. 1C in respect to percent amino acid (AA) similarity.  
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Fig. S4. Perception and specificity of elf18 variants. (A) Left: Cladogram based on an alignment of elf18 
epitope sequences with tips labeled by genera. Middle: ROS induction of elf18 variants (100 nM 
concentration) in Arabidopsis Col-0 and the efr mutant line. Each data point represents an average max 
reactive light unit (RLU) from 4 plants with 4 leaf disks per plant. The number of plants sampled are plotted 
to the right. For induction in Col-0, values of each plate were adjusted to a scale of 0 to 100000 maximum 
RLUs based on the controls (water and consensus elf18; also referred to as con. elf18 and elf18). A one-
way ANOVA and Tukey’s mean comparison was used to determine significance on non-scaled data, p<0.05 
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(grey = not significantly different from the consensus; blue = significantly less than the consensus but higher 
than water; red = not significantly different from water). Across all plates, water and consensus elf18 were 
tested alongside efr transgenic plants. Error bars = SEM. Right: Alignment of epitopes tested with changes 
from the consensus noted in red. (B) Independent analysis of ROS induction of a subset of elf18 variants. 
Error bars = SEM. Two plants per plate across six plates was conducted. All peptides were tested at 100 
nM.  (C) Induction of MAPK by elf18 variants (100 nM) in Arabidopsis Col-0 and the efr mutant at zero- and 
15-minutes post infiltration. CBB = protein loading. (D) Arabidopsis thaliana seedling growth inhibition by 
either water (mock) or elf18 variants (100 nM). One point = 1 plant. Eight plants per biological replicate. 
The experiment was complete three times. A one-way ANOVA and Tukey’s mean comparison was used to 
determine significance. (E) Quantified deposition of callose in Arabidopsis Col-0 and efr mutant by water 
and elf18 variants (1 µM). Values are from one representative experiment which includes an average of at 
least two images per leaf from two leaves per plant, three plants per treatment. The experiment was 
repeated three times with similar results. A one-way ANOVA and Tukey’s mean comparison was used to 
determine significance for panel (D) and (E), p<0.0001. 
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Fig. S5. Development of core mutant lines via CRISPR-cas9. (A) Gene structure of CORE 
(Solyc03g096190) with the region targeted for edits denoted in red. Bottom: Sanger sequencing reads of 
targeted edits in two independent lines compared to wild-type (WT) Rio Grande (RG)-PtoR. (B) ROS 
production in response to consensus MAMP peptides csp22 (200 nM), flg22 (100 nM), and flgII-28 (100 
nM) in two mutant lines. (C) The core mutants were more susceptible to Pseudomonas syringae pv. tomato 
DC3000ΔavrPtoΔavrPtoBΔflaA (DC3000ΔΔΔ). Four-week-old core mutants and wild-type RG-PtoR plants 
were vacuum infiltrated with 5 x 104 cfu/mL DC3000ΔΔΔ. Photographs of disease symptoms were taken 
five DPI. (D) Bacterial populations in leaves were measured at three hours (Day 0) and two days (Day 2) 
after infiltration. Error bars = SEM. Different letters indicate significant differences based on a one-way 
ANOVA followed by Student’s t test (p < 0.05). ns = no significant difference. Three plants for each genotype 
were tested per experiment. The experiment was performed twice with similar results. 
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Fig. S6: csp22 variants exhibit differential immune induction in tomato. (A) Left: Cladogram based on 
alignment of epitope sequences with tips label by genera. Middle: ROS induction of csp22 variants (200 
nM concentration) in tomato Rio Grande and a core mutant line. Each data point represents an average 
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max RLU from 4 plants with 4 leaf disks per plant. The number of plants sampled are plotted to the right. 
For immune induction in Rio Grande, values of each plate were adjusted to a scale of 0 to 100000 maximum 
RLUs based on the controls (water and consensus csp22/con. csp22). A one-way ANOVA and Tukey’s 
mean comparison was used to determine significance on non-scaled data, p<0.05  (grey = not significantly 
different from the consensus; blue = significantly less than the consensus but higher than water; red = not 
significantly different from water). Across all plates, water and con. csp22 were tested. Error bars = SEM. 
Right: Alignment of epitopes tested with changes from the consensus noted in red. (B) Domain structure of 
diverse CSPs derived from csp22 epitopes in (A) predicted using InterProScan. For CSPs with two 
domains, the epitope from the first domain was tested.   
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Fig. S7. Ethylene production induced by csp22 variants. Induction of ethylene by csp22 variants (1 μM) 
in 4- to 5-week-old tomatoes. Each dot represents one measurement (from one tube with water and 3 leaf 
pieces); four replicates per treatment. Bars are colored to match immunogenicity conclusions from ROS 
data in Figure 4A (grey = not significantly different from the consensus; blue = significantly less than the 
consensus but higher than water; red = not significantly different from water). Error bars = SEM. 
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Fig. S8. Classification of CSP Types. (A) Pipeline for CSP classification. (B) Phylogenetic trees of cold 
shock proteins in different genera. Across all trees, tips are labeled by type categorization which is based 
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on clade structure, mmseq2 cluster classification, and motif structure predicted by MEME. The motif 
classification of represented cold shock proteins can be seen on the right of each tree and similarly labeled 
by the same type classification. Genera assessed include those found in clades highlighted in Figure 3. (C) 
BlastP assessment of CSP typing across genera. Those CSP types whose average similarity are above 
70% are predicted as orthologs.   
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Fig. S9. Convergently evolved non-immunogenic CSPs are under purifying selection. (A) dN/dS tests 
of immunogenic (top) and non-immunogenic CSP types (Clades 1 - 3) across multiple bacterial genera. 
Sites which are significant by Bayesian approximation for selection are colored in blue (negative, purifying) 
or red (positive, diversifying). The region of the epitope is represented in the white bar. Typing of CSPs is 
described in Supplemental Figure 8. (B) Weblogos of immunogenic, weakly immunogenic, and non-
immunogenic csp22 variants from each major clade tested by ROS and shown in Figure 3. 
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Fig. S10. Non-immunogenic Cm csp22-3 antagonizes CORE perception. (A) Diagram of the assay to 
assess MAMP antagonism. Concentrations for antagonism were 100 nM, 200 nM, 500 nM, and 1 μM (left 
to right). Immunogenic agonist was tested at 200 nM. All antagonism assays included four punches per 
plant, four plants for each experiment, and the experiment was repeated at least three times. (B) Alignment 
of Cm csp22-3 with a scrambled version of the peptide (s-csp22-3). (C) Cm csp22-3 assessed for 
antagonism against immunogenic Cm csp22-1. ROS screen for antagonism in Rio Grande tomato. Control 
denotes positive control (untreated agonist) and concentrations listed are of the candidate antagonist. 
Maximum RLU averages were adjusted to a scale of 0 to 100,000 based on the controls (water and 
untreated agonist). The assay was also repeated using con. elf18 and s-csp22-3. A one-way ANOVA and 
Tukey’s mean comparison was used to determine significance in respect to the untreated agonist control 
(denoted *: p < 0.05). (D) Representative assays for (C).  
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Fig. S11. MAMP perception from bacterial lysates on Arabidopsis and tomato. (A) Predicted csp22 
and elf18 epitopes (highlighted in blue) encoded in bacterial genomes and their immunogenic outcomes 
based on the ROS screen. (B and C) ROS induction of bacterial lysates (1 μg/mL) in (B) Arabidopsis Col-
0 and the efr mutant and (C) tomato Rio Grande and the core mutant. Cm = C. michiganensis NCPPB382, 
St = Streptomyces spp. ND05-3B, and Pto = Pseudomonas syringae pv. tomato DC3000ΔflaA. Each dot 
represents an average of the maximum RLUs of four disks per plant (n = 12). Representative plates shown 
on the right. Error bars = SEM. 
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Fig. S12. No antagonism was identified for elf18. (A) Subset of the EF-Tu protein tree from Figure 2 
highlighting those from Streptomyces. The immunogenic variant (M-EF-77) is found in the clade outlined in 
blue and the non-immunogenic variants (M-EF-92 and M-EF-97) are found in the clade outlined in red. (B) 
ROS screen for antagonism in A. thaliana Col-0. Control denotes positive control (untreated agonist) and 
concentrations listed are of the candidate antagonist tested. Maximum RLU averages were adjusted to a 
scale of 0 to 100000. Error bars = SEM. Elf12 has been previously reported as a weak antagonist. 
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Table S1: MAMPs detected from the computational pipeline in this study. Hits detected via BlastP and 
Local Alignment were combined. Duplicates were then removed before final filtering for partial proteins and 
off-targets based on the corresponding conserved motif.  
 

MAMP MAMPs Detected via 
BlastP 

MAMPs Detected via 
Local Alignment 

Total MAMPs Detected 
Post Filtering 

Elf18 4660 3960 4404 
Csp22 20665 19851 20542 
Flg22 3217 4958 5042 
FlgII-28 3697 3419 3661 
Nlp20 124 636 613 
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Table S2. Custom Synthetic Peptides used in this study. Epitope sequence colored: green = 
immunogenic, blue = weakly immunogenic (predicted/confirmed deviant), orange = non-immunogenic 
(bolded, antagonist), not colored = not tested. Solvents colored: pink = water, yellow = 100% DMSO. 
Frequency = number of occurrences across all mined epitopes.  
 

Reference 
Name Sequence Frequency Modification Purity Solvent Company Notes 

M-CP-1 ANGTVKWFNAEKGFGFITVDGG 175 

None 

  

Biomatik, 
Cambridge, 
Ontario, 
Canada 

Unable to 
be 
synthesized 

M-CP-2 AQGTVKWFNAEKGFGFIAPEDG 151 95.22 Water  

M-CP-3 ANGTVKWFNAEKGYGFITVDGG 129   
Unable to 
be 
synthesized 

M-CP-4 ATGTVKWFNAEKGFGFIEQDGG 145   
Unable to 
be 
synthesized 

M-CP-5 ATGTVKWFNATKGYGFIQPDDG 240 96.35 Water  

M-CP-6 ATGTVKWFNDAKGFGFITPDEG 251   
Unable to 
be 
synthesized 

M-CP-7 ATGTVKWFNETKGFGFITPDGG 261   
Unable to 
be 
synthesized 

M-CP-8 PTGTVKWFNSEKGFGFIAPDDG 142   
Unable to 
be 
synthesized 

M-CP-9 STGTVKWFNNEKGFGFIAPDDG 109 95.11 Water  
M-CP-10 ANGTVKWFNDAKGFGFISPDEG 153 96.7 Water  
M-CP-11 AQGTVKWFNAEKGYGFIAVDGG 153 95.78 Water  
M-CP-12 ATGTVKWFNAEKGFGFIAQEGG 127 96.17 Water  
M-CP-13 ETGTVKWFNESKGFGFITPDAG 140 95.8 Water  
M-CP-14 NTGTVKWFNATKGFGFIQPDNG 219 96.5 Water  
M-CP-15 QSGTVKWFNDEKGFGFITPESG 860 95.33 Water  
M-CP-16 QTGTVKWFNDEKGFGFITPQGG 852 95.69 Water  
M-CP-17 QTGTVKWFNDEKGFGFITPQSG 857 95.99 Water  
M-CP-18 IKGQVKWFNESKGFGFITPADG 578 95.88 Water  
M-CP-19 IKGSVKWFNESKGFGFITPEDG 596 95.51 Water  
M-CP-20 MNGTVKWFNDAKGFGFITPESG 127 95.35 Water  
M-CP-21 MTGLVKWFDAGKGFGFITPDNG 275 96.26 Water  
M-CP-22 PNGTVKWFNDAKGFGFISPEDG 1148 95.32 Water  
M-CP-23 QSGTVKWFNDAKGFGFITPESG 483 95.54 Water  
M-CP-24 TTGTVKWFNSTKGFGFIQPDNG 337 95.15 Water  
M-CP-25 DTGTVKWFNTSKGFGFISRDSG 876 96.21 Water  
M-CP-26 ETGTVKFFNTDKGFGFIKPDNG 245 96.1 Water  
M-CP-27 ETGTVKWFNNAKGFGFICPEGG 275 96.53 Water  
M-CP-28 ETGTVKWFNNAKGFGFICPESG 126 96.97 Water  
M-CP-29 MNGIVKWFNDAKGFGFITPESG 205 97.06 Water  
M-CP-30 MTGTVKWFNNAKGFGFICPAGG 132 96 Water  
M-CP-31 PTGKVKWFNSEKGFGFLSRDDG 144 95.56 Water  
M-CP-32 QSGIVKWFNDAKGFGFITPESG 101 95.01 Water  
M-CP-33 ISGVVKWFDVAKGFGFIVPDNG 130 95.38 DMSO  
M-CP-34 ITGAVKWFDVAKGFGFIVPDNG 124 95.56 DMSO  
M-CP-35 ITGVVKWFDVAKGFGFIVPDNG 444 95.37 DMSO  
M-CP-36 MIGLVKWFSPDKGFGFISPTDG 131 95.91 DMSO  
M-CP-37 ENGLVKWFNDAKGFGFISRENG 249 96.53 Water  
M-CP-38 ENGVVKWFNDAKGFGFISRENG 824 95.22 Water  
M-CP-39 ASGKVKWFNNAKGYGFINEEGK 115 95.39 Water  
M-CP-40 LNGKVKWFNNAKGYGFIIEDGK 118 95.93 Water  
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M-CP-41 LNGKVKWFNNAKGYGFILEDGK 270 95.56 Water  
M-CP-42 YQGRLSDWNDHKGFGFVTPHGG 326 96.04 Water  
M-CP-43 YQGRLSDWNDHKGFGFVTPNGG 219 97.17 Water  
M-CP-44 MNGTITTWFKDKGFGFIKDENG 438 95.03 Water  
M-CP-45 YQGRLRDWNDHKGVGFATPNGG 198 95.11 Water  
M-CP-46 DLILGRIAGHRDGFGFLIPDDG 109 95.85 DMSO  
M-CP-47 DLILGRISGHRDGFGFLVPDDG 710 95.63 DMSO  
M-CP-48 ATGTVKWFNNEKGFGFIAPDDG 58 

None 

95.53 Water 

Biomatik, 
Cambridge, 
Ontario, 
Canada 

 
M-CP-49 PTGTVKWFDHSKGFGFIHPDDG 59 96.68 Water  
M-CP-50 TQGSVKWFNGEKGFGFIEQDGG 91 95.41 Water  
M-CP-51 FNGIVKNFDLEKGYGFIQPTDG 62 95.47 Water  
M-CP-52 PTGKVKFYDDDKGFGFITGDDG 100 96.1 Water  
M-CP-53 PTGKVKFYDDEKGFGFISTDDG 31 95.26 Water  
M-CP-54 PTGKVKFYDDQKGFGFITGDDG 50 95.97 Water  
M-CP-55 PTGKVKFYDEEKGFGFISSDDG 11 96.26 Water  
M-CP-56 PTGKVKFYDEEKGFGFISTDDG 85 95.94 Water  
M-CP-57 PTGKVKFYDDQKGFGFISGDDG 19 95.65 Water  
M-CP-58 PTGKVKFYDEEKGFGFISTDEG 31 95.48 Water  
M-CP-59 PTGKVKWYDVDKGFGFLSQEEG 88 97.33 Water  
M-CP-60 STGKVIRFDEFKGYGFVAPDEG 84 97.19 Water  
M-CP-61 KTGKILRFDEVRGYGFIVPNEG 50 97.11 Water  
M-CP-62 PSGRIIKWMTDRGFGFIQEDGA 6 95.34 Water  
M-CP-63 FDANAFNADGQRGFGFIDSDES 5 95.71 DMSO  
M-CP-64 ENGTVKWFNDAKGFGFISRENG 82 97.11 Water  
M-CP-65 ATGTVKFFAQDKGFGFITPDNG 95 95.87 Water  
M-CP-66 AHGTLTRWNTDRGFGFITPAQP 15 95.5 Water  
M-CP-67 YQGRLSDWDDHKGFGFVVPHGG 56 96.49 Water  
M-CP-68 QSGEIVDWNDARGFGFIVAAGN 1 95.57 DMSO  
M-EF-73 AKAKFDRTKPHVNIGTIG 72 

N-terminal 
acetylation 

97.31 Water  
M-EF-74 AKAKFERKKPHVNVGTIG 37 96.87 Water  
M-EF-75 AKAKFERNKLHVNVGTIG 24 96.19 Water  
M-EF-76 AKAKFERTKLHVNVGTIG 19 95.77 Water  
M-EF-77 AKAKFERTKPHVNIGTIG 582 97.08 Water  
M-EF-78 AKAKFERTKPHVNVGTIG 998 97.45 Water  
M-EF-79 AKAKFLREKLHVNVGTIG 54 96.95 Water  
M-EF-80 AKEKFDRSLPHCNVGTIG 102 96.39 Water  
M-EF-81 AKEKFDRSLPHVNVGTIG 522 97.17 Water  
M-EF-82 AKEKFERNKPHVNVGTIG 253 97.19 Water  
M-EF-83 AKEKFERSKPHVNVGTIG 124 96.6 Water  
M-EF-84 AKEKFERTKPHVNVGTIG 312 97.36 Water  
M-EF-85 AKERFDRSLPHVNVGTIG 13 96.57 Water  
M-EF-86 AKGKFERTKPHVNVGTIG 83 97.35 Water  
M-EF-87 AKSKFERNKPHVNIGTIG 360 97.18 Water  
M-EF-88 AKSKFERNKPHVNVGTIG 62 95.03 Water  
M-EF-89 AKSKFERTKPHVNIGTIG 18 98.6 Water  
M-EF-90 AKTKFERTKPHVNVGTIG 70 95.65 Water  
M-EF-91 ARAKFLREKLHVNVGTIG 42 95.74 Water  
M-EF-92 PKTAYLRTKPHLNIGTMG 38 95.76 Water  
M-EF-93 PKTAYVRTKPHLNIGTMG 28 95.83 Water  
M-EF-94 SKEKFERSKPHVNVGTIG 78 95.72 Water  
M-EF-95 SKEKFERTKPHVNVGTIG 330 96.41 Water  
M-EF-96 SKTAYVRTKPHLNIGTMG 60 95.6 Water  
M-EF-97 SKKAYVRTKPHLNIGTMG 1 95.85 Water  
Cm elf18 GKAKFERTKPHVNIGTIG 63 96.9 Water Genscript, 

Piscataway, 
New 
Jersey, 
USA 

 
Cm csp22-
1 ATGTVKWFNAEKGFGFIAPDNG 87 

None 99.2 Water  

Cm csp22-
2 ANGTVKWFNGEKGFGFITVDAV 72 96.2 DMSO  
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Cm csp22-
3 PTGKVKFYDEDKGFGFISSDDG 87 95.5 Water  

s-csp22-3 YIKPFFSFDGVGDSGGTKEDKD N/A 95.3 Water  

elf12 SKEKFERTKPHV N/A N-terminal 
acetylation 96.7 Water  
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Table S3: Oligonucleotides used in this study. 
 

Primers for amplification of Clavibacter CSPs and screening of tomato core mutants. 

Name Product 
Size (bp) Sequence Tm 

(°C) Reference 

Amplify_cspB_CO_Pst_F 408 GGTGGTcatatgATGCCCACGG 60 

This Study 

Amplify_cspB_CO_Pst_R GGTGGTgaattcTCAAGCATAGTC 
Screen_cspB_pDSK519_F 441 GGTGGTcatatgATGCCCACGG 60 Screen_cspB_pDSK519_R GGTGGTgaattcTCAAGCATAGTC 
Amplify_cmx_from_pselact_ko_w_promotor_B
siWI_RS_F 827 

GGTGGTCGTACGtatccagtcactatggcggcc 
56 

Amplify_cmx_from_pselact_ko_BsiWI_RS_R GGTGGTCGTACGTTAGTAAGCCGGATC
CTCTAGA 

Screen_antibiotic_cassette_pDSK519_F 
1995/1064 

GGGCTATGTGCAACGGGAAT 
60 

Screen_antibiotic_cassette_pDSK519_R GCGATCTGGCTATCGCGG 

Primers for screening of codon-optimized Clavibacter CSPs in E. coli for recombinant protein expression  

Name Product 
Size (bp) Sequence Tm 

(°C) Reference 

attB1_F 
Varies 

GGGGACAAGTTTGTACAAAAAAGCAGG
CT 57 This Study 

attB1_R GGGGACCACTTTGTACAAGAAAGCTGG
GT 

Primers to screen for bp edits within regions of CORE targeted by gRNA 

Name Product 
Size (bp) Sequence Tm 

(°C) Reference 

Screen_CORE_CRISPR_edit_F 1184 ATGATTCTCCCAAAGAATTCTCACTT 55 This Study Screen_CORE_CRISPR_edit_R ACTTGATTATAAGACAACGAAAGCTC 

Primers for qPCR primer for relative expression in Cm NCPPB382 

Name Product 
Size (bp) Sequence Tm 

(°C) Reference 

NCPPB382_cspA1_ver1_qPCR_F 125 TTAGAGCGGGCGGATGTTC 59 

This Study 

NCPPB382_cspA1_ver1_qPCR_R TGTTCGCTCACTACTCCGC 
NCPPB382_cspA2_qPCR_F 80 GCCGAGTAGTGGACGAAGAC 59 NCPPB382_cspA2_qPCR_R GAGAAGGGGTTCGGGTTCAT 
NCPPB382_cspB_qPCR_F 51 CCGAGCTGATGAACCCGAA 59 NCPPB382_cspB_qPCR_R GCAAGGTGAAGTTCTACGACG 
NCPPB382_bipA_qPCR_F 63 GGGTGCTGGTCGTCGTA 59 Jiang et al., 

2019 NCPPB382_bipA_qPCR_R CGAGCCGCTGTTCAAG 
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CONCLUSIONS AND FUTURE DIRECTIONS  

 Plants regulate biotic threats through a variety of physical, chemical, and molecular 

barriers. This includes a two-layer signaling defense system composed of receptors that reside at 

the plant cell surface and intracellularly to respond directly or indirectly to pathogen effectors or 

epitopes (1). As pathogens attempt to overcome plant’s defense network, an evolutionary arms 

race can emerge, leading to novel virulence strategies in coordination with the plant host (1). 

However, how pathogen diversity affects immune signaling has not been well explored. This work 

has revealed undescribed diversity through comparative genomics and novel mechanisms of 

pathogen evasion, though many questions remain and will be discussed in the sections below.  

 

Quantitative immunity versus pathogen evolution 

 A classic example of understanding plant disease resistance was through the gene-for-gene 

hypothesis, where a single pathogen virulence gene was controlled by a matching resistance gene 

in the plant host (2). Alternatively, many traits including disease resistance can exhibit a 

continuous phenotypic distribution (i.e., do not follow Mendelian segregation ratios) (3). While 

resistance (R)-genes can display qualitative disease resistance, particularly in controlled, 

greenhouse conditions, diverse populations of plants and/or pathogens can display diverse 

responses.  

We find through characterizing the natural diversity of pathogen epitopes that plant 

immune responses tend to fall into three categorical responses: strongly immunogenic, weakly 

immunogenic, and non-immunogenic (4). Some elf18 variants from Xanthomonas, Pseudomonas, 

and Streptomyces displayed a weaker, though detectable, reactive oxygen species (ROS) burse but 

failed to induce other classical immune responses such as MAPK induction, callose deposition, 
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and growth inhibition (4). These peptides were termed ‘deviants’ for their ability to induce early 

(ex. ROS burse) induction but fail to induce later (ex. MAPK cascade) immune responses. Flg22 

deviant peptides have also been described; though, their epitope sequences are more closely shared 

(5). Conversely, we find elf18 deviants have convergently evolved and the bifurcating responses 

are not due to a particular sequence polymorphism (4). While not fully characterized, some csp22 

variants may also act as deviants due to their reduced ROS production (4).   

Since there is a consistent bifurcation of responses by different epitope-receptor 

combinations, it is curious why this phenotype has evolved. Below I will discuss a few possible 

explanations using flagellin as an example. One, we may be observing a new evasion strategy, 

where some bacteria induce minor ROS production but limit other stronger immune responses, 

enabling colonization. While ROS can act as an anti-microbial compound, it also acts as a signaling 

molecule to induce priming of immunity in other plant cells distal to the site of infection (6, 7). 

ROS is also required for the activation of systematic acquired resistance (SAR) (6, 8). While 

deviants are unable to induce late immune responses locally, it is unclear if ROS induced by 

deviant peptides are sufficient to activate defense and transcriptional remodeling in distal tissue. 

A lack of induction of stronger immune outputs locally and SAR in distal tissue may provide 

enough of an advantage for the bacterium to colonize and cause disease systemically. 

Alternatively, the evolution of these intermediate-immune inducing epitopes may be 

reflective of the fitness costs associated with polymorphism in certain bacterial proteins. It is 

hypothesized that antagonistic pleiotropy, where a protein experiences different selection and 

fitness pressures due to variable environments, may contribute to their evolution; in plant-microbe 

interactions, this could be framed as negative selection on the epitope-encoded protein to maintain 

core functionality and positive selection to aid in evasion of plant immune perception. For 



 88 

example, highly diverged forms of the flagellin monomer, even in artificial contexts, have direct 

consequences on swimming motility (9, 10). Many pathogens require motility via the flagellin to 

colonize a plant host and flagellin deletion mutants impact pathogen virulence (10, 11). Therefore, 

the evolution of a functional, albeit slightly immunogenic form could be a selective advantage in 

a pathogen population.  

Finally, many pathogens have other means to suppress recognition and thus, an immune-

inducing epitope may not hinder colonization and disease development. Some bacterial pathogens 

have effectors secreted via the type III-secretion system, which target and suppress signaling 

components of immune induction (12). Other effectors may downregulate protein expression 

during in planta growth or induce the production of other catalytic enzymes which mask the 

epitope before recognition (13, 14). Bacteria may also carry extra epitope-encoding proteins which 

block perception of immunogenic forms (4). In other non-plant hosts, fine tuning the interaction 

between epitope and receptor has additionally been described; flagellin monomers from 

Salmonella display direct binding with a convergently evolved mammalian PRR, TLR5, but 

circumvent subsequent TLR5 signaling (15). 

For proteins where multiple possible epitopes are encoded and perceived, major questions 

regarding the epitope evolution, protein function, and epitope processing and perception remain. 

For example, are some epitope-encoding regions more prone to polymorphisms and/or less likely 

to abolish protein function (or vice versa)? If one epitope encoding region changes in protein 

function and/or immune perception, does this influence the evolution of other epitope encoding 

regions along the protein sequence in a linked-manner or can they evolve independently of each 

other, reflective of the differences in receptor conservation from the host? Does this affect release 

of the epitope from the full-length protein? While we elucidate the influence of multi-copy epitopes 
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on immune outcomes in bacteria, would we see a similar outcome or not in other organisms such 

as fungi, oomycetes, parasitic plants, and nematodes? Research into these major questions would 

yield critical insights into the diversity and functional evolution of epitope-receptor biology. 

 

Going beyond the model plant – what is Pattern Triggered Immunity across the kingdom? 

Much of our plant immune knowledge is focused primarily on model plants such as 

Arabidopsis thaliana and Nicotiana benthamiana as well as a handful of model crops such as 

wheat, rice, tomato, potato, lettuce, and bean (2). While there has been a recent study assessing the 

diversity plant immune perception, revealing contraction and expansion of receptor number 

associated with diverse lifestyles, little has been conducted to functionally characterize this 

diversity as well as explore immunity extensively in the plant kingdom (16). The plant kingdom 

encompasses immense diversity across most climates of the world that broadly have not been 

studied (17). For non-agricultural associated plants which grow in diverse and extreme 

environments, how much of pattern triggered immunity (PTI) perception and signaling is shared 

with cultivated crops and their wild relatives remains elusive? Using comparative genomics and a 

systematic screen be applied to better understand the evolution and impact of natural diversity on 

PTI recognition and response. 

Plants have a careful balance between defense and growth, both of which can be affected 

by their environment (18, 19). In the model plant A. thaliana infected with the model pathogen 

Pseudomonas syringae pv. tomato DC3000, elevated temperatures enhance pathogen virulence 

and reduce plant hormone-mediated defense, leading to increased disease susceptibility (19). 

Overall, studying immunity in non-agricultural species from diverse and extreme environments 

may reveal novel mechanisms used by plants for immune activate and/or rely on other barriers 
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such as physiology and metabolites composition to limit biotic threats. Previous work has shown 

some extremophytes within the Brassicaceae family display differential response to the stress-

associated phytohormone ABA (20). Therefore, plant species that natively grow in extreme 

environments may have evolved differential signaling networks or other novel immune 

components that differ from model plants. Understanding how plants have evolved their immune 

responses to adapt to diverse environments will likely inspire the development of new 

bioengineering approaches that are less susceptible to pathogen and their adaption, particularly in 

the wake of climate change. 

For a particular receptor, diversity can have a considerable impact on perception abilities 

and shaping biotic communities. The most well studied PRR, the flagellin receptor FLS2, has 

shown that diverse homologs have differing recognition profiles (21-23). The csp22 receptor 

CORE is restricted to Solanaceous family with the few species assessed displaying different 

recognition capacities (22, 24). In addition, csp22 is a multi-copy epitope and members within the 

Vitaceae and Rutaceae plant families can respond to csp22 despite lacking a homologous CORE 

receptor, indicating convergent evolution (4, 25, 26). The diversity and differing recognition 

profiles may influence the groups of bacteria and other biotic pathogens a plant species may 

encounter. For other receptors, however, far less is known. Systematically characterizing receptor 

diversity across the plant kingdom may reveal functional receptors with broader and/or stronger 

epitope interactions and provide insight into how receptors shape pathogen communities.  

A final layer to which has been severely overlooked is the understanding of immune 

signaling and PTI in different plant niches, organs, and cell types. Much of our understanding of 

PTI has relied on assessing induction in mature foliar and occasionally, root tissue. For example, 

some plant receptors are only expressed in the roots or the shoots, certain tissue zones, and are 
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heavily tied to plant age/development. But much of this knowledge is restricted to a handful of 

receptors such as the flagellin receptor FLS2 and the elongation factor Tu receptor EFR (27). Many 

pathogens primarily colonize a particular tissue niche or organ (28). Thus, it would be important 

to determine if certain tissues and zones are more effective for immune engineering against 

pathogens. In A. thaliana, the first seed-to-seed single cell atlas was conducted which could serve 

as a good initial dataset to evaluate this central question (29). It would be curious to assess if there 

are expression differences, different functional isoforms of immune components across cell types, 

and differences in developmental stages that can influence the response to pathogen perception 

and disease susceptibility. Research into the expression profiles of receptors in different cell types 

and plant ages may provide insight.  

 

Leveraging computational structural biology to understand receptor-ligand interactions 

Diverse plant species can encode many receptors with diverse recognition capabilities (2, 

16). When considering the remarkable diversity of the plant kingdom, most receptor-ligand 

interactions are unknown. A common strategy to confer resistance to pathogens is to transfer 

receptors between plant species (30). However, without sufficient understanding of host-pathogen 

interactions from an evolutionary perspective, these approaches frequently fall short due to rapid 

evolution of pathogens, particularly when only a single gene transfer is involved. Pathogens 

encode an array of effectors, frequently undergoing gene gain/loss events and thus in diverse 

combinations enable them to overcome host defenses (28). 

Considering the millions of years of possible interactions, there are likely many 

uncharacterized epitopes that are recognized by plant immune systems. If characterizing their 

interactions may unlock a strategy to engineer more effective disease resistance in crops, the 
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question lies – How to scale for these interactions? Using currently established assays, this goal is 

nearly impossible. However, advances in computational and structural biology may provide a 

gateway. Using computational biology and machine learning (ML), we have gained several 

seminal advancements in prediction and modeling of biological processes and molecules (31-33). 

For epitope outcomes, predicting their immunogenicity may be possible due to an increase in large 

epitope screening studies, data which would be required to train any ML model (4, 5, 10). Such 

models could induce a paradigm shift in studying plant immunity, particularly for emerging 

pathogens, where immunogenic outcomes could be determined via amplicon or whole genome 

sequencing and biochemical screening may not be required.  

With new advancements in structure prediction both empirically via cryo-EM and 

computationally, we may build structure-guided receptor-epitope studies that provide insights into 

the biochemical requirements for strong complex formation. For example, the multi-copy epitope 

csp22 can be recognized by different receptors from Solanaceous and other plant families (4, 24-

26). While experimental screening the hundreds of candidate receptors encoded would likely yield 

the other cognate receptor(s), such approaches are tedious, time and resource consuming (34, 35). 

Using a genomics approach may yield homologous receptors rapidly but would likely fall short 

when a receptor is unknown or has convergently evolved. A ML model of epitope-receptor 

interactions could be used to predict other receptors which display similar predicted binding 

interactions, thus reducing the degree of experimental screening required. Additionally, such 

models could aid in developing synthetic receptors with expanded recognition profiles. Such 

knowledge of receptor diversity and their ligand recognition capabilities may provide insights into 

how de novo receptors develop and function, which could be potentially used to engineer receptors 

with custom perception profiles.    
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The paradigm of Gram-positive actinobacteria and plant immunity 

 For many bacterial pathogens, a zig-zag model was established to describe the arms race 

with plant species (1). This model included the initial recognition of pathogens by surface-

localized PRRs, the secretion of pathogen effector proteins to silence recognition and remodel the 

plant host for colonization and disease, and the possible subsequent recognition of pathogen 

effector proteins and/or their perturbations through intracellular receptors, triggering a strong 

immune response and restricting disease development. For actinobacteria, central questions remain 

if this model was applicable. Unlike their Gram-negative peers, actinobacteria lack the type III 

secretion system and thus, pathogen proteins are unable to be transported into the plant cell (36). 

For bacteria of the Clavibacter, Streptomyces, and Curteobacterium genus, previous QTLs have 

been described though none were a dominant resistance gene (36). Additionally, it was previously 

thought that no purified epitope was demonstrated as a clear elicitor sufficient for inducing 

immunity (36).  

Based on data presented here as well as recent studies, actinobacteria-host interaction 

seems likely. We have found common bacterial epitopes elf18 and csp22 are perceived by plant 

species Arabidopsis thaliana and tomato and for bacteria of the Clavibacter genus, can affect host 

colonization (4). Like other pathogens, Clavibacter effectors are upregulated during in planta 

infection, including some serine proteases, and are recognized by some Solanaceous plant species, 

potentially limiting pathogen host range (37-39). These data support the model that plant immunity 

can recognize Gram-positive pathogens and influence disease susceptibility.  

However, a classical zig-zag model falls short for actinobacterial pathogens. Unlike other 

pathogen groups, actinobacteria release effectors into the apoplast primarily though the basic Sec 

and Tat secretion system (36). While effector triggered-immunity (ETI) is well-known for its 
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strong induction including the localized cell death (as known as hypersensitive response - HR), 

HR has been measured in different combinations of plant species and Clavibacter pathogens (37, 

39). As a result, any R gene would likely be a PRR and any effector evasion or detection would 

occur at the cell-surface. In some ways, the interaction we observed in Clavibacter mirrors certain 

aspect of the fungal pathogen Cladosporium fulvum and tomato, another pathosystem which does 

not follow the classical zig-zag model (40, 41). In this system, they propose the model of effector-

triggered defense, where surface-localized RLPs act as R genes though the associated cell death is 

more delayed than classical ETI (40). Thus far, the data supports a similar model. However, 

question remains what receptor(s) recognize these bacteria, if recognition is direct or indirect, and 

if this mechanism is found beyond Clavibacter pathogens remains elusive. 
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Abstract 

Innate immune perception is the first line of inducible defense against invading pathogens. Plants 

lack specialized circulating immune cells. Therefore, diverse cell types are able to recognize and 

respond to pathogens. Surface-localized and intracellular plant innate immune receptors are 

capable of recognizing diverse pathogen components. Intracellular nucleotide-binding leucine-rich 

repeat (NLR) receptors recognize pathogen effectors delivered inside host cells. Recent advances 

shed light onto NLR activation, phosphorylation of defense signaling nodes and overlap in 

transcriptional responses between pathogen perception and abiotic stress. 
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Innate immune perception is the first line of inducible defense

against invading pathogens. Plants lack specialized circulating

immune cells. Therefore, diverse cell types are able to

recognize and respond to pathogens. Surface-localized and

intracellular plant innate immune receptors are capable of

recognizing diverse pathogen components. Intracellular

nucleotide-binding leucine-rich repeat (NLR) receptors

recognize pathogen effectors delivered inside host cells.

Recent advances shed light onto NLR activation,

phosphorylation of defense signaling nodes and overlap in

transcriptional responses between pathogen perception and

abiotic stress.
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Introduction
With the exception of viruses and specialized insect-
vectored bacteria, most pathogens do not replicate inside
plant cells. To cause disease and modify their hosts,
pathogens secrete proteins, called effectors, into the
extracellular space or directly into host cells [1]. Plant
innate immune receptors include surface-localized
pattern recognition receptors (PRRs) as well as intracel-
lular NLR receptors [2,3]. PRRs can recognize conserved
microbe-associated or pathogen-associated molecular
patterns (M/PAMPs), damage-associated molecular
patterns (DAMPs) and extracellular effector proteins
[1,3]. NLRs detect the presence or activity of effectors
delivered into host cells during infection [2]. Both PRR-
triggered and NLR-triggered immunity (PTI and NTI)
lead to a suite of downstream defense responses including
the generation of reactive oxygen species (ROS), an influx

of extracellular calcium, kinase activation and global
transcriptional reprogramming for defense [2,3]
(Figure 1). After immune recognition, signals of pathogen
perception are propagated from the initial infection site
to distal tissues [4]. This systemic immune signaling
primes naı̈ve tissue against subsequent attack. Despite
similarities, the timing, intensity and duration of defense
can differ between PTI and NTI (Figure 1) [5]. NLR
activation induces a quantitatively stronger, prolonged
and robust response, frequently culminating in
programmed cell death at the site of infection [2]. Here
we will focus on recent advancements in NLR biology
from receptor activation to downstream signaling.

NLR architecture and diverse modes of
effector recognition
Plant genomes possess diverse NLR repertoires, with
many species possessing hundreds of distinct NLRs that
can be used to control pathogen infection in crops [6].
NLRs are composed of a central nucleotide-binding site
(NBS) and C-terminal leucine-rich repeats (LRRs).
They can be divided into two broad classes based on
their N-termini, with CNLs carrying a coiled-coil (CC)
domain and TNLs carrying a Toll-interleukin 1 receptor
(TIR) domain (Figure 2) [2]. Both pathogen effectors and
NLRs can localize to diverse subcellular locations includ-
ing the cytoplasm, nucleus, plasma membrane, tonoplast
and endoplasmic reticulum [2]. The barley CNL MLA10
and the Arabidopsis TNL RPS4 reside in the nucleus and
cytoplasm, with both locations required for full resistance
[7,8]. The Arabidopsis CNL RPM1 constitutively
associates with the plasma membrane and recognizes a
membrane-targeted Pseudomonas effector protein [9,10].
How NLRs with diverse subcellular localizations are able
to trigger similar defense responses remains unknown.

NotonlydoNLRslocalizetodistinctcellularcompartments,
they also exhibit diversity in mechanisms of pathogen
effector recognition. Some receptors can directly bind and
recognize cognate pathogen effectors, while others monitor
for effector-mediated perturbations of host targets [2]. For
example, the NicotianaTNL Roq1 confers resistance against
Xanthomonas and is able to physically associate with the
recognized effector XopQ [11]. In contrast, RPM1
recognizes effector-induced phosphorylation of the host
protein RIN4 [12,13]. Animal NLRs recognize PAMPs as
well as monitor for pathogen-mediated perturbations, such
as the mouse NLR NOD1 that is activated by Salmonella
SopE effector activity [14]. Plant NLRs can also act as pairs
and can exhibit head-to-head chromosomal orientation to
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facilitate co-expression (Figure 2) [15,16]. These paired
NLRs have been characterized from both monocots and
dicots [17,18!!]. Most NLR pairs consist of a canonical
signaling NLR, such as RPS4, and a sensor NLR carrying
an integrated domain that interacts with an effector target,
such as RRS1-R with a WRKY domain (Figure 2) [15,16].

Finally, some receptors require downstream helper NLRs to
form a functional unit for disease resistance [19!!].

NLR activation and resistosome formation
NLR activity undergoes multilayered regulation, including
self-inhibition, dimerization or oligomerization, epigenetic
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Surface-localized and intracellular plant innate immune receptors recognize diverse pathogens. Plant immune receptors include surface-localized
pattern recognition receptors (PRRs) and intracellular nucleotide-binding leucine rich repeat (NLR) receptors. PRRs can recognize microbial
features, damage associated molecular patterns, and extracellular receptors from insects, bacteria and filamentous pathogens. NLRs perceive
pathogen effectors directly or through effector-mediated perturbations. Both PTI and NTI induce downstream defense responses including an
influx of extracellular calcium, reactive oxygen species (ROS) production, kinase activation and transcriptional reprogramming for defense. While
downstream defense responses are similar between PTI and NTI, the timing, amplitude and duration of responses differ.
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and transcriptional regulation, alternative splicing and
proteasome-mediated degradation [20]. Their similar
structure across diverse organisms, especially the presence
of theNBS, indicates thatnucleotide-bindingactsasa switch
for receptor activity. Early work in plants identified the first
NLRs, demonstrated conservation of NBS domains and
determined that the NBS is essential to their functionality
[21–23]. If any of the multiple ATP-binding motifs within
the NBS are mutated, this renders the NLR either locked in
an activated state (ATP bound) or nonfunctional (ADP
bound or unbound) in terms of its ability to elicit a defense
response [22,24]. A longstanding model within the field of
plant immunology posited NLRs are tightly folded and
bound to ADP in an inactive state and upon effector percep-
tion exhibit conformational changes enabling ATP binding
and higher order complex formation (Figure 2) [25,26].

The first structure of a plant NLR complex in inactive,
intermediate and activated states was recently elucidated

using cryo–electron microscopy [27!!,28!!] (Figure 2).
This was accomplished with the CNL ZAR1, which
recognizes the Xanthomonas effector AvrAC indirectly,
through effector-mediated uridylation of the host kinase
PBL2 [29]. When inactive, ZAR1 self-associates through
inter-domain interactions and interacts with the pseudo-
kinase RKS1 through its LRR domain [28!!]. Upon
uridylation, PBL2 recruits and binds to RKS1 [29].
The allosteric binding of PLB2 to RSK1 induces confor-
mational changes in ZAR1’s NBS domain, causing release
of ADP and formation of a ZAR1–RSK1–PBL2 trimeric
complex, likely representing a primed intermediate state
[28!!]. ZAR1 dATP or ATP binding induces conforma-
tional changes within the NBS domain, which in turn
mediates oligomerization of the complex into a higher
order wheel-like pentamer, called the resistosome [27!!].
This multistep activation of ZAR1 may function to ensure
appropriate activation of defense. When oligomerized,
the N-terminal a-helices of the ZAR1 CC domains form a
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NLRs act as molecular switches to provide robust resistance against pathogens. (a) Plant NLR domain architecture includes an N-terminal coiled-
coil (CC) or Toll/interleukin-1 receptor (TIR) domain, a central nucleotide-binding site (NBS) and C-terminal leucine-rich repeats (LRRs). Some
NLRs carry an integrated domain (ID) that can directly sense pathogen effectors. (b) NLRs can act in pairs, such as Arabidopsis RPS4 and
RRS1. Top: head-to-head genomic orientation, bottom: domain architecture from N-termini to C-termini. RRS1 is a sensor NLR with a WRKY ID.
(c) The Arabidopsis NLR ZAR1, pseudokinase RSK1, and kinase PBL2 can form a pentameric complex, or resistosome. Upon uridylation by the
Xanthomonas effector AvrAC, PBL2 is recruited to the ZAR1–RKS1 complex (intermediate state). The active ZAR1 complex exhibits enhanced
membrane affinity and the CC-domains of ZAR1 resemble a pore-like structure. Many questions remain regarding the activation of innate immune
responses upon resistosome formation.
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protruding funnel-like structure with similarity to pore-
forming toxins [27!!,30] (Figure 2). The N-terminal
a-helix is essential for enhanced membrane association
and signaling upon ZAR1 activation [27!!]. Animal NLRs
undergo higher order complex formation upon pathogen
perception, forming inflammasomes and apoptosomes
that trigger cell death [31]. Thus, ATP binding,
oligomerization and cell death induction appears to be
a common feature of NLR activation.

Resolving the resistosome structure is an important step
in understanding mechanisms of NLR activation and
opens new avenues for investigating downstream
signaling. If activated CNLs are able to form pores in
membranes, cell death may occur through disrupting
selective membrane permeability in a similar manner
to pore forming toxins. Membrane disruption could also
induce DAMP signaling and be perceived by PRRs to
amplify immune responses [3]. Alternatively, CNL
resistosomes could form selective ion channels and
transport signaling ions, such as Ca2+, but this would
need additional layers of regulation to control ion
selectivity (Figure 2). Given the diverse and dynamic
NLR sub-cellular localizations, it will be interesting to
determine whether other NLRs can form similar
structures targeted to various membranes. CNL signaling
may be twofold, with pore/ion channel formation
coupled to signaling initiated intracellularly through
the resistosome complex.

Regulation of downstream signaling
Responses downstream of CNL receptors frequently
require the NDR1 locus, while TNL receptors require a
set of lipase-like proteins including EDS1 and SAG101
[2,32,33]. NDR1 is anchored to the plasma membrane,
mediates plasma-membrane cell wall adhesions and possess
similarity to plant proteins involved in abiotic stress
responses and mammalian integrins [34]. With the recent
discovery that CNLs may form pore-like structures, it will be
important to address the role of NDR1 and other immune
signaling nodes for effects in plasma membrane integrity.
While TNLs lack CC domains, they frequently require
downstream helper NLRs of the CNL class, including
ADR1, NRG1 and NRCs [19!!,35,36]. For example, the
TNLs Roq1 and RPP1 require the helper NLR NRG1 [37].
Furthermore, multiple CNLs in Solanaceous plants that
require NRC helpers possess extended N-terminal regions
before their CC domain, including the tomato CNLs Prf
and Mi [19!!,38]. Deletion of the N-terminal 13aa from the
CC-domain of the NRG1 helper blocks its cell death
inducing activity [27!!]. It is possible that primary NLRs
with diverse subcellular localizations or N-terminal domains
unable to form pore-like structures partner with helper
NLRs to achieve a robust NTI response.

Accumulation of extracellular ROS by NADPH oxidases
is a hallmark of both PTI and NTI responses [2,3].

Extracellular ROS also physically strengthens the plant
cell wall, induces cell wall depositions and functions as a
secondary signal required for both local and systemic
innate immune responses [39]. In Arabidopsis, the primary
NADPH oxidase required for ROS production, RBOHD,
is activated by conformational changes induced by Ca2+

binding and N-terminal phosphorylation of conserved
residues [40–43]. Phosphorylation of RBOHD S343 and
S347 occurs during both PTI and NTI, but through
distinct kinases [44!!]. Downstream MAPK cascades
are also similarly induced, but it is unknown if the
upstream activating kinases are similar for both receptor
types [5]. Thus, distinct kinases may converge upon
critical signaling nodes with varying intensity to regulate
the duration and magnitude of responses during PTI and
NTI (Figure 1).

Transcriptional regulation of immunity:
overlap with general stress response
NLR recognition of pathogen effectors induces massive
transcriptional reprogramming towards defense. Genetic
studies have demonstrated that several transcription
factor families play critical roles in innate immune and
abiotic stress responses, including those in the AP2/ERF,
bHLH, MYB, NAC, WRKY, bZIP and CAMTA families
[45,46!!]. Transcriptional profiling after activation of the
barley CNL MLA1, the Arabidopsis TNL RPS4 and
various PRRs recognizing bacterial and fungal PAMPs
revealed significant overlap in early response genes [46!!].
Early response genes are enriched in loci encoding
signaling components, such as transcription factors, with
CAMTA binding motifs enriched in their promoters
[46!!]. CAMTAs are a group of calmodulin-binding
transcription factors involved in both positive and
negative regulation of various Ca2+-dependent stress
responses [47]. Upon abiotic and biotic stress, CAMTAs
rapidly and transiently induce gene expression by binding
the Rapid Stress Response Element (RSRE). RSREs are
overrepresented in the promoters of general stress
response-associated genes [48]. The enrichment of
CAMTA-binding motifs in early response genes supports
the notion that both innate immune activation and abiotic
stress induce a similar and rapid general stress response,
with differential transcriptional outputs at later time
points depending on pathogen or abiotic stimulus.

Systemic immunity and transgenerational
resistance
After pathogen perception, immune signals are
subsequently propagated within a tissue, systemically
move to distal tissues, and prime the plant for heightened
resistance against subsequent attack. Local immune
priming can be established by NLR activation as well
as crosstalk between PRRs and their co-receptors after
MAMP perception [49]. After bacterial challenge,
the flagellin co-receptor, BAK1, phosphorylates the
receptor-like kinase for chitin perception, CERK1, which
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primes the plant and enhances defense activation upon
subsequent fungal attack [49]. The plant hormone
salicylic acid (SA) is required for defense in local and
distal tissues. Systemic immunity in distal tissues induces
transcriptional and metabolic reprogramming leading to
heightened resistance against biotrophic pathogens that
typically lasts for several weeks [50,51]. SA-dependent
immune priming can be propagated between individual
Arabidopsis plants through monoterpene emissions
[52,53]. This monoterpene-associated response depends
on signals associated with systemic resistance, potentially
mediating propagation of resistance at a population
level [53].

SA application induces chromatin modifications, including
acetylation and methylation, on the promoters of defense
genes, which correlate with stronger and more robust
expression upon pathogen challenge [54–56]. Progeny of
Arabidopsis infected with Pseudomonas syringae or treated
with an SA analog displayed stronger induction of SA
defense genes and enhanced resistance to P. syringae and
the oomycete pathogen Hyaloperonospora arabidopsidis
[54,55]. Furthermore, repeated pathogen challenge within
a single generation increased the longevity of transgenera-
tional resistance [54]. A greater mechanistic understanding
of the interplay between defense priming, post-
translational modifications, epigenetic changes and plant
growth can be used to enhance disease resistance and
minimize the growth penalty.

Conclusions
Plants represent excellent model systems to study NLR
innate immune receptors. Recent evidence has revealed
the structure of an NLR complex in various states of
activation, demonstrating the formation of the first plant
resistosome. Despite differences in defense timing and
amplitude between innate immune receptor types, there is
overlap in protein phosphorylation and early transcriptional
responses. Future research focusing on how diverse NLR
receptors induce cell death and resistance upon activation
will significantly advance our understanding of this
common protein family. Furthermore, given the impact
of disease for agricultural production, a comprehensive
understanding of NLR biology has significant translational
applications for crop improvement.
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Abstract 

Although much is known about the responses of model plants to microbial features, we still lack 

an understanding of the extent of variation in immune perception across members of a plant family. 

In this work, we analyzed immune responses in Citrus and wild relatives, surveying 86 Rutaceae 

genotypes with differing leaf morphologies and disease resistances. We found that responses to 

microbial features vary both within and between members. Species in two subtribes, the 

Balsamocitrinae and Clauseninae, can recognize flagellin (flg22), cold shock protein (csp22) and 

chitin, including one feature from Candidatus Liberibacter species (csp22CLas), the bacterium 

associated with Huanglongbing. We investigated differences at the receptor level for the flagellin 

receptor FLAGELLIN SENSING 2 (FLS2) and the chitin receptor LYSIN MOTIF RECEPTOR 

KINASE 5 (LYK5) in citrus genotypes. We characterized two genetically linked FLS2 homologs 

from ‘Frost Lisbon’ lemon (Citrus ×limon, responsive) and ‘Washington navel’ orange (Citrus 

×aurantium, non-responsive). Surprisingly, FLS2 homologs from responsive and non-responsive 
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genotypes were expressed in Citrus and functional when transferred to a heterologous system. 

‘Washington navel’ orange weakly responded to chitin, whereas ‘Tango’ mandarin (Citrus 

×aurantium) exhibited a robust response. LYK5 alleles were identical or nearly identical between 

the two genotypes and complemented the Arabidopsis (Arabidopsis thaliana) lyk4/lyk5-2 mutant 

with respect to chitin perception. Collectively, our data indicate that differences in chitin and flg22 

perception in these citrus genotypes are not the results of sequence polymorphisms at the receptor 

level. These findings shed light on the diversity of perception of microbial features and highlight 

genotypes capable of recognizing polymorphic pathogen features. 
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responses to microbial features vary both within and between members. Species in 2 subtribes, the Balsamocitrinae and 
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Introduction
The perception of microbial features has typically been as-
sessed by using a single or few plant genotypes to make con-
clusions about perception. Recognition of conserved features 
of pathogens, known as microbe-associated molecular pat-
terns (MAMPs), activates the plant immune system. 
MAMPs can be proteinaceous or structural pathogen fea-
tures and are perceived by plant immune receptors. While 

many studies are focused on the immune responses of 1 rep-
resentative genotype, responses to MAMPs exhibit variation 
within and between related species. For example, different 
genotypes of Arabidopsis thaliana contain FLAGELLIN 
SENSING 2 (FLS2) homologs that vary in binding specificity 
to an epitope of bacterial flagellin, and low binding specificity 
was associated with high bacterial proliferation (Vetter et al. 
2012). Epitopes from 3 bacterial MAMPs were differentially 
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recognized across heirloom tomato genotypes, indicating the 
diversity in immune responses within a group of closely re-
lated plants (Veluchamy et al. 2014). The extent of natural 
variation in immune responses to microbial features remains 
largely unexplored.

The Rutaceae plant family contains ∼2,100 species with 
worldwide distribution, including the agriculturally important 
genus Citrus (Kubitzki et al. 2011). Citrus is the most exten-
sively produced fruit crop in the world with 124.246 million 
tons of fruit produced in 2016 (Zhong and Nicolosi 2020). 
In the United States, the 2019 to 2020 growing season yielded 
a production value of ∼3.4 billion dollars for citrus products 
(USDA 2020). Florida alone is the second largest producer 
of orange juice in the world behind Brazil, with its citrus econ-
omy contributing billions of dollars to the state gross domes-
tic product (Hodges and Spreen 2012). While oranges 
constitute more than half of worldwide citrus production, 
other relevant citrus products include tangerines, limes, lem-
ons, and grapefruits (Liu et al. 2012). These different varieties 
of cultivated citrus are members of the genus Citrus in the 
family of Rutaceae, which contains several noncultivated 
Citrus relatives (Wu et al. 2018). Several systems of classifica-
tion exist; in this study, we followed the classification of 
Swingle and Reece (1967). Rutaceae contains 6 subfamilies 
(Appelhans et al. 2021), and the subfamily to which citrus 
belongs, Aurantioideae, contains 2 tribes: Citreae and 
Clauseneae (Morton 2009). The Citreae contains 3 subtribes, 
which are Citrinae, Triphasiinae, and Balasmocitrinae. 
Clauseneae contains 3 subtribes: Micromelinae, Clauseninae, 
and Merrillinae (Nagano et al. 2018). The Citrinae subtribe 
contains all cultivated citrus genotypes and is the most eco-
nomically important group in the Rutaceae family (Swingle 
and Reece 1967).

Cultivated citrus is a perennial crop that is vegetatively pro-
pagated through grafting (Castle 2010; Caruso et al. 2020). 
While asexual propagation methods maintain the desired 
combinations of traits in commercial cultivars, they prevent 
the exchange of genetic material (Uzun and Yesiloglu 2012; 
Wang et al. 2017). Because of this, crops that are primarily pro-
pagated asexually are susceptible to devastating impacts from 
newly introduced citrus diseases. Cultivated citrus varieties are 
susceptible to a variety of microbial pathogens including bac-
teria, filamentous fungi/oomycetes, and viruses. Breeding ef-
forts often focus on developing rootstocks with resistance to 
these pathogens to fend off disease in the clonally propagated 
scion. Examples of citrus diseases with a substantial impact on 
production include citrus Huanglongbing (HLB) (Bové 2006; 
Wang 2019), citrus canker (Das 2003; Ference et al. 2018), cit-
rus variegated chlorosis (Coleta-Filho et al. 2020), and fruit and 
root rots (Jaouad et al. 2020).

To protect themselves from pathogens, plants have evolved 
multiple defense mechanisms including MAMP perception. 
MAMPs can be proteinaceous, such as the flagellin or cold 
shock protein of bacteria (Wang et al. 2016) or not, such as 
bacterial lipopolysaccharide or fungal chitin (Newman et al. 
2013). To detect MAMPs, plants possess pattern recognition 

receptors (PRRs) on the surface of their cells. PRRs include 
receptor-like kinases (RLKs) and receptor-like proteins 
(RLPs). RLKs consist of an extracellular domain, a transmem-
brane domain, and an intracellular kinase domain, whereas 
RLPs lack the intracellular kinase domain. Examples of PRR 
extracellular domains include leucine-rich repeats (LRRs), lysin 
motifs (LysM), and lectin domains, among others (Ngou et al. 
2022). Binding of the MAMP to the PRR often results in het-
erodimer formation with a coreceptor to activate downstream 
signaling responses and host defenses ultimately leading to 
MAMP–triggered immunity (MTI). Hallmarks of MTI activa-
tion include apoplastic reactive oxygen species (ROS) produc-
tion, intracellular mitogen-activated protein kinase (MAPK) 
activation, calcium influx, and global transcriptional repro-
gramming (Jeworutzki et al. 2010; Bigeard et al. 2015; Couto 
and Zipfel 2016; Saijo et al. 2018).

Extensive research has been performed in the last few decades 
to reveal PRRs that perceive various MAMPs in model and crop 
plants (Ngou et al. 2022). Some well-characterized receptors 
include the following: the Arabidopsis FLS2 receptor for 
a 22-amino acid epitope of bacterial flagellin (flg22; 
Gómez-Gómez and Boller 2000), the Arabidopsis LysM domain 
receptor (LYK4/5) for chitin (Miya et al. 2007; Cao et al. 2014), 
and the tomato (Solanum lycopersicum) CORE receptor for a 
22-amino acid epitope of bacterial cold shock protein (csp22; 
Wang et al. 2016). However, more work needs to be done to dis-
cover immune receptors in tree crops and other nonmodel 
plants. Genome mining for citrus LRR-RLKs suggests that there 
are receptors capable of mediating host–pathogen interactions. 
Although RLKs have been predicted in the Citrus ×aurantium 
and Citrus clementina genomes, no immune receptors have 
been functionally validated in citrus (Magalhães et al 2016; 
Dalio et al. 2017). Previous studies have identified citrus FLS2 
homologs, 1 of which is induced in response to bacterial flagellin 
(Shi et al. 2016). In addition, 1 Liberibacter-specific MAMP for 
the bacterial protein pksG was recognized in 3 out of 10 citrus 
genotypes (Chen et al. 2020).

Here, we have examined the responses of several genotypes 
encompassing both cultivated citrus and wild relatives to dif-
ferent microbial features in order to better understand the 
landscape of immune perception within the Rutaceae family. 
FLS2 orthologs are present in both monocots and dicots. We 
identified 2 FLS2 homologs that are nearly identical from 
responding and nonresponding citrus genotypes. Surprisingly, 
FLS2 homologs from responding and nonresponding geno-
types were functional when transferred to a heterologous 
system, indicating that impaired flagellin perception is not 
due to differences at the receptor level. Most cultivated citrus 
and wild relatives can perceive chitin, and we were able to 
isolate a citrus homolog of the Arabidopsis chitin receptor 
LYK5 and demonstrate its functionality in a nonhost species. 
We also identified citrus relatives that can perceive a con-
served feature of Candidatus Liberibacter asiaticus (CLas), 
the bacterium associated with citrus HLB. These results 
highlight the importance of studying immunity in wild rela-
tives, especially to identify potential genotypes with immune 
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mechanisms that can be transferred to disease-susceptible 
cultivars.

Results
Members of the Rutaceae family exhibit diversity in 
the perception of and magnitude of response to 
microbial features
To investigate the immune response capabilities of members 
of the Rutaceae family, we screened 86 genotypes for the per-
ception of 3 common microbial features: chitin, flg22, and 
csp22. These genotypes were samples from the Givaudan 
Citrus Variety Collection (GCVC) at the University of 
California, Riverside. The GCVC is 1 of the most comprehen-
sive collections of citrus diversity, including over 1,000 acces-
sions that span the genus Citrus and related genera. This 
study includes representatives spanning known subtribes in 
Rutaceae, including both cultivated citrus and wild relatives. 
In total, we screened individuals from 2 subfamilies 
(Aurantioideae and Zanthoxyloideae) and representative 
taxa from all 6 subtribes of Aurantioideae, comprising over 
30 different genera. The majority of selected genotypes fall 
within the Citrinae subtribe (56 genotypes), which includes 
the cultivated citrus types. Genotypes are referred to by their 
common name, if available, with the corresponding scientific 
name and accession number in Supplemental Table S1. To 
measure the ROS output of multiple genotypes, we have op-
timized a plate-based assay for high-throughput screening of 
leaves from both seedlings and mature trees. The genotypes 
we screened exhibit a variety of different leaf, branch, and 
fruit morphologies (Supplemental Table S1 and Fig. 1B). A lu-
minol analog, L-012, chemically reacts with horseradish per-
oxidase and ROS to produce light, which is measured by the 
plate reader as relative light units (RLUs). RLUs from a ROS 
burst can be plotted as a curve over time, area under the 
curve, or in this case, the peak of ROS production (max 
RLU). The results from the ROS–based assay are presented 
as an average of max RLUs across multiple independent ex-
periments in Fig. 1A.

The landscape of immune perception varied across geno-
types, with the strength of the response to each elicitor seg-
regating across members from most surveyed tribes (Figs. 1A, 
S1, and S2). There were differences in the proportion of gen-
otypes responding to each elicitor. For example, nearly all 
genotypes screened are capable inducing ROS in response 
to chitin (75 out of 86 genotypes), but less than half of 
the screened genotypes are capable of inducing ROS in re-
sponse to flg22 (40 out of 86 genotypes). More than half of 
the screened genotypes (45 out of 86 genotypes) are capable 
of inducing ROS in response to csp22. The luminol assay used 
for ROS production can also be impacted by secondary com-
pounds, including phenolics, antioxidants, or reducing agents 
(Plieth 2018). The majority of genotypes were able to per-
ceive chitin (76 out of 86), indicating that secondary com-
pounds in leaves may not grossly affect ROS production in 

these genotypes (Figs. 1 and S1). Because of widespread chi-
tin response across cultivated citrus and wild relatives, it is 
likely that these genotypes share a conserved chitin receptor 
or multiple receptors capable of perceiving chitin of different 
lengths. There is substantial segregating variation in MAMP 
response across tribes. For example, within the Citrinae tribe, 
‘Tango’ mandarin (C. ×aurantium) can respond to all 3 
MAMPs, but kumquat (Fortunella hindsii) cannot respond 
to any of the 3. Twenty-four genotypes are capable of re-
sponding to all 3 MAMPs in addition to ‘Tango’ mandarin. 
Closely related genotypes, such as ‘Tango’ mandarin and 
‘Lee’ mandarin, also have varying responses to MAMPs: 
‘Tango’ mandarin responds to all 3 MAMPs, but ‘Lee’ manda-
rin can only respond to chitin (Figs. 1A and S1). This variation 
may be the result of differences at the receptor level or in 
downstream signaling components.

Rutaceae genotypes vary not only in their ability to re-
spond to MAMPs but also in the magnitude of ROS produc-
tion (Figs. 1, 2, S1, and S2). The magnitude of ROS production 
as a result of chitin, flg22, or csp22 treatment occurs across 
tribes as well as within members of a tribe. Although the ma-
jority of the screened Rutaceae genotypes are capable of per-
ceiving chitin, some genotypes produce an average max RLU 
of <1,000, while others produce an average max RLU well 
over 10,000 in response to chitin (Supplemental Fig. S1). To 
categorize the strength in responses, 25th and 75th quartiles 
were computed for each MAMP and cutoffs were used. 
Figure 2A shows examples of “weak” (25th percentile or be-
low), “medium” (between the 25th and 75th percentiles), 
and “strong” (75th percentile or greater) responders. 
Across tribes, we see that members of the Triphasiinae tribe, 
such as the trifoliate limeberry (Triphasia trifolia), are strong 
ROS responders to chitin, whereas some members of the 
Balsamocitrinae subtribe, such as the Chevalier’s Aeglopsis 
(Aeglopsis chevalieri), are either weak or medium ROS re-
sponders (Fig. 2B). Within the Citrinae tribe, ‘Tango’ manda-
rin and Uganda cherry orange (Citropsis schweinfurthii) are 
strong responders to flg22, but ‘King’ tangor (C. ×aurantium) 
is a weak responder to flg22 (Fig. 2C). Trifoliate limeberry is 
also a strong responder to csp22 (Fig. 2D). The data showcase 
strong and weak ROS responders to MAMPs that are spread 
out within and between taxonomic groups.

In addition to the production of ROS, other common im-
mune responses include MAPK activation, defense gene ex-
pression, and callose deposition. One of the challenges of 
studying Rutaceae is that many of the genotypes in this study 
do not have their genomes sequenced, making primer design 
for defense gene expression experiments difficult. 
Additionally, the thick, waxy leaves of citrus plants make it 
challenging to visualize callose deposition via microscopy. 
MAPKs are highly conserved across eukaryotes (Meng and 
Zhang 2013), making them viable immune markers to study 
MAMP responses in a variety of genotypes. MAPKs are phos-
phorylated upon MAMP perception, which can be detected 
via western blot. MAPK phosphorylation can be weakly in-
duced in response to water or buffer treatment but is 
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A B

Figure 1. Genotypes within the Rutaceae family, including citrus, exhibit diverse responses to common MAMPs and possess differing leaf morph-
ologies. A) Heat map compiling average max RLUs from ROS assays in genotypes within the Rutaceae family, organized by MAMP and phylogenetic 
relationship. Max RLUs are averages of at least 3 independent experiments and are represented as a heatmap, where max RLU = (max RLU MAMP −  
max RLU water). The threshold for no response is <90 RLUs. Asterisks indicate genotypes that exhibit a variable response, where 1 or 2 independent 
experiments shared a response. The MAMPs used are canonical features in the following concentrations: chitin (10 μM), flg22 (100 nM), and csp22 
(100 nM). B) Leaf, branch, and fruit morphologies of selected genotypes grown under greenhouse and field conditions. The images were digitally 
extracted for comparison. Scale bars = 2 cm. Genotypes are referred to by common name unless otherwise unavailable.

692 | PLANT PHYSIOLOGY 2023: 193; 689–707                                                                                                                 Trinh et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/plphys/article/193/1/689/7152935 by U

niversity of C
alifornia - D

avis School of Law
 user on 20 M

arch 2024



 113 

  

strongly phosphorylated in response to immune activation 
(Asai et al. 2002; Zhang et al. 2013).

In order to investigate activation of other immune re-
sponses, we analyzed a subset of Rutaceae genotypes from 
3 different subtribes (Balsamocitrinae, Clauseninae, and 
Citrinae) for MTI–induced MAPK activation in response to 
flg22 and chitin treatment. ‘Midknight Valencia’ orange (C. 
×aurantium) is only able to respond to chitin based on 
ROS results and only exhibits MAPK phosphorylation upon 
chitin treatment (Fig. 3). ‘Frost Lisbon’ lemon (Citrus ×limon) 
responds to chitin and flg22 based on ROS results and in-
duces sustained MAPK phosphorylation in response to chitin 
and flg22 treatment. For Orange jasmine and Uganda pow-
der flask, 2 non-Citrinae genotypes, we can observe ROS pro-
duction in response to chitin and flg22. While chitin-induced 
MAPK phosphorylation was robust in both genotypes, flg22 
perception was only observed in 2 out of 4 MAPK trials for 
the Uganda powder flask (Balsamocitrus dawei). Orange jas-
mine (Murraya paniculata) exhibited weak, but reproducible, 
MAPK phosphorylation after flg22 treatment. Taken to-
gether, these data indicate that Rutaceae genotypes can re-
spond to MAMPs by inducing ROS and MAPK activation.

Functional analyses of FLS2 in flagellin-responsive and 
nonresponsive citrus genotypes
FLS2 orthologs have been identified and functionally vali-
dated from diverse plant families including Brassicaceae 
(Gómez-Gómez and Boller 2000), Solanaceae (Robatzek 
et al. 2007), Vitaceae (Trdá et al. 2014), and Poaceae (Takai 
et al. 2008). Of the 86 genotypes, we surveyed, 41 were 
able to perceive flg22 (Figs. 1A and S1). Sweet orange geno-
types, including ‘Midknight Valencia’ orange and 
‘Washington navel’ orange (C. ×aurantium), were not able 
to elicit a ROS response to flg22, unlike the cultivated lemon 
genotypes ‘Frost Lisbon’ lemon and ‘Frost nucellar Eureka’ 
lemon (C. ×limon) (Figs. 1A and 4A). ‘Washington navel’ 
orange and ‘Frost Lisbon’ lemon are 2 widely grown citrus 
genotypes. Therefore, we investigated their response to 
flg22 in more detail. MAPK assays after treatment with 
flg22 verified that ‘Washington navel’ orange could not re-
spond, while ‘Frost Lisbon’ lemon was able to induce 
MAPK phosphorylation (Fig. 4B). Similarly, flg22 treatment 
induced expression of the defense marker gene WRKY22 in 
‘Frost Lisbon’ lemon but not ‘Washington navel’ orange 
(Fig. 4C). Previously, 2 FLS2 homologs (FLS2-1 and FLS2-2) 
from ‘Duncan’ grapefruit (C. ×aurantium) and ‘Sun Chu 
Sha Kat’ mandarin (C. ×aurantium) were identified and de-
monstrated to be genetically linked (Shi et al. 2016). 
Similarly, when we analyzed the genomes of ‘Washington na-
vel’ orange and ‘Frost Lisbon’ lemon, we identified FLS2-1 and 
FLS2-2 in syntenic chromosomal regions on haplotype 2 (Figs. 
4D and S3). Interestingly, FLS2-2 is absent in ‘Frost Lisbon’ 
lemon haplotype 1 and truncated in ‘Washington navel’ 
orange haplotype 1 (Fig. 4D). Due to high conservation 
between FLS2-1 alleles from each haplotype, we were unable 
to distinguish their transcripts by reverse transcription 

A

B

C

D

Figure 2. Rutaceae genotypes vary in the magnitude of their responses 
to perception of chitin, flagellin, and cold shock protein immunogenic 
epitopes. A) Distribution of all average max RLU values, with gray lines 
indicating 25th and 75th percentile markings. Box plots below are or-
ganized by the magnitude of their responses to chitin B), flg22 C), 
and csp22 D). The MAMPs used are canonical features in the following 
concentrations: chitin (10 μM), flg22 (100 nM), and csp22 (100 nM). Max 
RLUs are averages of at least 3 independent experiments, where max 
RLU = (max RLU MAMP − max RLU water). Data points on box plots 
represent the average max RLU for an individual experiment, with 
n = 8 leaf disks per experiment. Criteria for the response categories: 
“strong” responders are in the top 25th percentile, “medium” respon-
ders are between the 25th and 75th percentiles, and “weak” responders 
are in the bottom 25th percentile. The bar within the box plot depicts 
the median of the data, where the box boundaries represent the inter-
quartile range (between the 25th and 75th percentiles) of the data. Box 
whiskers represent the minimum or maximum values of the data with-
in 1.5× of the interquartile range.
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quantitative PCR (RT-qPCR). Both genotypes exhibited low, 
but detectable baseline expression of each homolog using 
RT-qPCR (Supplemental Fig. S4). FLS2-1 and FLS2-2 had high-
er baseline transcript expression in ‘Washington navel’ or-
ange, indicating that differential responsiveness is not due 
to resting-state expression (Supplemental Fig. S4). In both 
citrus genotypes, FLS2-2 expression was induced after treat-
ment with flg22, with ‘Frost Lisbon’ lemon exhibiting stron-
ger induction (Fig. 4E). The immune responses (ROS and 
MAPK) we measured occur within 10-min post-MAMP 
treatment, and both citrus genotypes express FLS2-1 and 
FLS2-2 in the absence of flg22 perception. Therefore, it is un-
likely that differences in early immune outputs would be 
regulated by de novo transcription of FLS2 PRRs.

To test if compromised flagellin perception in ‘Washington 
navel’ orange is due to sequence polymorphisms in FLS2, we 
investigated the ability of each homolog to perceive flg22 
using transcomplementation experiments in Nicotiana 
benthamiana. We used virus-induced gene silencing (VIGS) 
to silence endogenous FLS2 in N. benthamiana, followed by 
Agrobacterium-mediated transient expression of Arabidopsis 
FLS2 as well as citrus FLS2-1 and FLS2-2. Forty-eight hours 
after transient expression, we assayed silenced plants for their 
ability to induce a ROS burst in response to flg22 treatment. 
As expected, N. benthamiana FLS2-silenced lines were unable 
to elicit a flg22-induced ROS burst, but GUS-silenced lines 
were able to perceive flg22 (Fig. 4F). Expression of 
Arabidopsis FLS2, ‘Frost Lisbon’ lemon FLS2-1 and FLS2-2, 
led to a ROS burst in response to flg22 and detectable using 
anti-HA western blotting (Fig. 4, F and G). Expression of 
‘Washington navel’ orange FLS2-1, and to a lesser extent, 
FLS2-2, was also able to elicit a ROS burst in response to 
flg22 (Fig. 4F). While ‘Washington navel’ orange FLS2-1 was 
robustly expressed by western blot, FLS2-2 exhibited lower le-
vel expression, which may explain its reduced ROS burst 
(Fig. 4G). These data are consistent with the near identical 
amino acid similarity between FLS2-1 (99.16% to 99.41%) 
and FLS2-2 (97.41%) (Supplemental Fig. S3). Collectively, 
these results suggest that differences in flg22-mediated re-
sponses between both genotypes may not be regulated at 
the receptor level.

Cultivated citrus genotypes contain functional chitin 
receptor homologs
In our experiments, chitin is widely perceived across mem-
bers of the Rutaceae, including both cultivated citrus types 
and wild relatives (Figs. 1A and S1), indicating that chitin per-
ception is likely derived from a conserved receptor. 
Therefore, we sought to further investigate the presence of 
LYK5, the major chitin receptor (Cao et al. 2014; Erwig 
et al. 2017; Xue et al. 2019), and CERK1 across the plant king-
dom. To identify and assess the conservation of A. thaliana 
LYK5At and CERK1At across a variety of eudicots and mono-
cots, we used an approach based on homology, phylogeny, 

A

B

Figure 3. ROS and MAPK induction in response to MAMP treatment 
in cultivated citrus and wild relatives. A) Box plots showing the average 
max RLUs of selected Rutaceae genotypes in response to chitin and 
flg22. The MAMPs used are canonical features in the following concen-
trations: chitin (10 μM) and flg22 (100 nM). Max RLUs are averages of at 
least 3 independent experiments, where max RLU = (max RLU MAMP  
− max RLU water). Data points on box plots represent the average max 
RLU for an individual experiment, with n = 8 leaf disks per experiment. 
The bar within the box plot depicts the median of the data, where the 
box boundaries represent the interquartile range (between the 25th 
and 75th percentiles) of the data. Box whiskers represent the minimum 
or maximum values of the data within 1.5× of the interquartile range. 
B) MAPK induction visualized at 0-, 10-, and 20-min post-induction 
with water or MAMP. MAMPs are applied to leaf punches at the follow-
ing concentrations for MAPK assays: chitin (10 μM) and flg22 (100 nM), 
with water as a negative control. Western blots are performed with an 
anti-p42/44 MAPK antibody to visualize the MAPK bands and 
Coomassie Brilliant Blue (CBB) to verify equal loading of protein sam-
ples. All experiments were performed at least 3×; flg22 perception was 
not observed in 2 out of 4 trials for the Uganda powder flask.
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Figure 4. ‘Washington navel’ orange (WN) and ‘Frost Lisbon’ lemon (LL) contain FLS2 but differ in their response to bacterial flagellin. A) ROS curve 
for LL (left) and WN (right) when induced with either water or 100 nM flg22. n = 8 leaf disks; error bars denote standard error. Note the different 
scale on the y-axes. B) MAPK induction in response to either water or flg22 in WN versus LL using anti-p42/44 MAPK immunoblotting. Experiments 
were repeated 3 times. CBB = Coomassie Brilliant Blue. C) Normalized expression of WRKY22 after induction with either water or 10 μM flg22. 
Significance was determined via 1-way ANOVA with a Šidák’s multiple comparisons test to determine significance between water and flg22 treat-
ments at 24 h. ns = nonsignificant. Bullet points represent 3 technical replicates from a single tree; error bars represent SD. Experiments were re-
peated 4× with similar results. D) Genome organization of FLS2 homologs in citrus, with the 2 chromosomally linked homologs indicated. 
Haplotype data are shown for ‘Frost Lisbon’ lemon and ‘Washington navel’ orange. E) Expression of FLS2-1 and FLS2-2 transcripts measured via 
RT-qPCR at resting state and when induced with either flg22 or water, using citrus GAPDH as a reference gene. Error bars represent the SD (n =  
3 biological replicates). Note the different axes scales between FLS2-1 and FLS2-2. F) Transcomplementation experiments for FLS2 function in N. 
benthamiana. Two- to three-week post-silencing of N. benthamiana with tobacco rattle virus (TRV) targeting GUS (negative control) or endogenous 
FLS2 (TRV2:NbFLS2), FLS2 homologs from different plants were expressed using Agrobacterium-mediated transient expression. Forty-eight-hour 
post-Agrobacterium infiltration, leaf disks were subjected to ROS burst assays after treatment with 100 nM flg22, error bars = SD, n > 7. The bar within 
the box plot depicts the median of the data, where the box boundaries represent the interquartile range (between the 25th and 75th percentiles) of 
the data. Box whiskers represent the minimum or maximum values of the data within 1.5× of the interquartile range. G) Western blot demonstrat-
ing expression of all FLS2 proteins 48-h post-Agrobacterium infiltration. Top: anti-HA-HRP blot; bottom: Coomassie Brilliant Blue (CBB) staining. EV, 
empty vector; At, Arabidopsis thaliana.
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B C

Figure 5. Phylogeny of LYK5 and CERK1 receptor homologs. A) Maximum likelihood phylogenetic tree of 102 LYK5 and LYK5-like homologs (top) 
and 120 CERK1 and CERK1-like homologs (bottom) from 66 plant species. In both trees, eudicots are labeled in purple, monocots are labeled in 
green, and sequences from citrus varieties are labeled in red. A total of 1,000 ultrafast bootstrap replicates were calculated, and values over 90 
were plotted as a gray dot. To determine the number of LysM domains, hmmer (LysM domain, query ID: PF01476.19) and BLASTP were used. 
Similarity to the A. thaliana LysM domains by BLASTP from LYK5 and CERK1 was calculated and plotted. Scale bar indicates tree distance. B) 
All-by-all BLASTP of LysM receptor ectodomains. Top: BLASTP comparison of LYK5 and CERK1 homologs from the Citrinae tribe. Bottom: 
BLASTP comparison of all LYK5 and CERK1 plant homologs using Arabidopsis as a query. The bar within the box plot depicts the median of 
the data, where the box boundaries represent the interquartile range (between the 25th and 75th percentiles) of the data. Box whiskers represent 
the minimum or maximum values of the data within 1.5× of the interquartile range. C) Weblogos across 102 plant LYK5 homologs corresponding to 
critical residues for chitin binding in A. thaliana LYK5At Y128 and S206.
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and hidden Markov models. Mid-rooted maximum likeli-
hood trees show broad conservation of LYK5 and CERK1, 
with 41% of genotypes possessing multiple LYK5At homo-
logs and 51% possessing multiple CERK1At homologs 
(Fig. 5A). There are 2 predominant LYK5 clades, a mono-
phyletic monocot clade and a polyphyletic dicot clade in-
cluding members from the Brassicaceae, Fabaceae, 
Malvaceae, and Rutaceae families. CERK1 displayed 2 major 
clades split by homologs from eudicots and monocots. 
Despite the diversification that can be found within the ec-
todomain of LYK5 and CERK1 homologs when compared 
against Arabidopsis, residues in LYK5At which are known 
to directly bind to chitin are conserved (Fig. 5, B and C) 
(Cao et al. 2014).

Additional citrus LYK5 members for Australian finger lime 
(Citrus australasica), ‘Rio Red’ grapefruit (C. ×aurantium), 
and ‘Frost Lisbon’ Lemon and Eremolemon (Citrus glauca × 
C. limon) were PCR amplified, sequenced, and plotted on 
the phylogeny.

LYK5 homologs within the Citrinae tribe exhibit low copy 
number and diversification, predominantly clustering in a 
single subclade (Fig. 5A). We attempted to PCR amplify add-
itional CERK1 homologs in Citrinae but were only able to 
amplify from ‘Rio Red’ grapefruit (C. ×aurantium). Within eu-
dicots, citrus CERK1 homologs are polyphyletic, and both 
clementine and ‘Midknight Valencia’ orange carry multiple 
homologs (Fig. 5A). Ectodomains of citrus receptor homologs 
were compared, revealing a bimodal distribution for LYK5 
and CERK1 and high amino acid similarity within citrus sub-
clades (Fig. 5B).

Although most cultivated citrus genotypes can respond 
to chitin, there is still a wide range for the magnitude of 
the ROS response (Figs. 1A and S1). ‘Washington navel’ or-
ange (C. × aurantium) is a sweet orange, and many modern 
type III mandarins are often derived from hybrids of sweet 
oranges and other mandarin types (Wu et al. 2018). 
‘Tango’ mandarin has a stronger response to chitin, with a 
5-fold stronger ROS burst (Fig. 6A). Chitin also activates 
MAPKs in both ‘Washington navel’ orange and ‘Tango’ 
mandarin, though the magnitude of the response varies in 
‘Tango’ mandarin (Fig. 6B). Similarly, chitin treatment 
more robustly induced expression of the defense marker 
gene WRKY22 in ‘Tango’ mandarin compared to 
‘Washington navel’ orange (Fig. 6C). We identified LYK5 al-
leles on each chromosome of ‘Washington navel’ orange 
and ‘Tango’ mandarin (type III; Supplemental Fig. S5). 
Both genotypes contain homologous LYK5 genes in syntenic 
genetic regions that are highly similar to each other with 
conserved chitin binding residues (99.6% amino acid simi-
larity; Figs. 6D and S5). Moreover, ‘Washington navel’ orange 
and ‘Tango’ mandarin possess 1 identical allele of LYK5 (al-
lele 1) and a second nearly identical allele with 2 amino acid 
polymorphisms (allele 2; Supplemental Fig. S5). One poly-
morphic residue is between transmembrane and kinase do-
main, while the second is in the kinase domain but not in a 
known critical residue (Supplemental Fig. S5). These LYK5 

homologs are also expressed similarly in both genotypes 
using RT-qPCR (Fig. 6E).

To validate the functionality of LYK5 allele 1, we comple-
mented Arabidopsis lyk4/lyk5-2 with the ‘Tango’ mandarin 
LYK5 (identical to ‘Washington navel’ orange allele 1, re-
ferred to as LYK5TM) or Arabidopsis LYK5At. Two independ-
ent Arabidopsis transgenic lines expressing LYK5TM as well as 
LYK5At regain the ability to produce ROS in response to chi-
tin treatment (Fig. 7A). Immunoblot analyses against the HA 
epitope tag verified protein expression of all transgenes 
(Fig. 7B). We were able to further confirm the functionality 
of this receptor with MAPK assays. Both LYK5TM and 
LYK5At complementation lines exhibited MAPK phosphoryl-
ation upon chitin treatment (Fig. 7C). Taken together, we 
have demonstrated that cultivated citrus can respond to chi-
tin and possess LYK5 and CERK1 homologs. The LYK5 allele 1 
can also function as a chitin receptor in Arabidopsis.

Members from the Citrinae, Balsamocitrinae, and 
Clauseninae subtribes are capable of perceiving csp22 
from an important citrus pathogen
In tomato, the CORE RLK perceives csp22, generating resist-
ance to the bacterial pathogen Pseudomonas syringae pv. to-
mato DC3000 when expressed in Arabidopsis (Wang et al. 
2016). The closest N. benthamiana homolog of tomato 
CORE is able to induce ROS production in response to 
csp22 treatment after transient expression (Wang et al. 
2016). In order to gain insight into candidate citrus csp22 re-
ceptors, we analyzed citrus genomes for the presence of RLKs 
with similarity to the CORE receptor. However, the closest 
citrus RLK to either Nicotiana or Solanum CORE receptors 
had limited sequence similarity (Supplemental Fig. S8). 
Expression of the receptor recognizing csp22 is developmen-
tally regulated and expressed in flowering N. benthamiana 
and tomato (Saur et al. 2016; Wang et al. 2016), which makes 
it possible to use Agrobacterium-mediated transient expres-
sion to investigate CORE in young N. benthamiana. We inves-
tigated the RLKs identified from ‘Frost nucellar Eureka’ 
lemon and ‘Washington navel’ orange, which are responsive 
to csp22. However, when these RLKs were heterologously ex-
pressed in 30-d-old N. benthamiana, they failed to confer 
csp22 responsiveness, in contrast to expression of NbCORE. 
All proteins were expressed by immunoblot analysis 
(Supplemental Fig. S8C). These data suggest that Rutaceae 
possesses an independently derived csp22 receptor.

Proteinaceous MAMPs are often conserved across patho-
gens. However, due to strong selection pressure, some patho-
gens have evolved immunogenic epitopes that cannot be 
perceived, while still retaining the presence of the entire pro-
tein (Cheng et al. 2021). The csp22 epitope from CLas 
(csp22CLas) contains several polymorphisms when compared 
to the canonical csp22 sequence (Fig. 8A). Therefore, we in-
vestigated if there were members of the Rutaceae family that 
could perceive csp22CLas (Figs. 8, B to D, and S7). The vast ma-
jority of Rutaceae genotypes that can respond to canonical 
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csp22 cannot perceive csp22CLas using ROS production as an 
output. Notably, members from the Balsamocitrinae and 
Clauseninae subtribes can perceive both canonical csp22 
and csp22CLas, such as Uganda powder flask and Clausena 
harmandiana. There is 1 member of the Citrinae tribe, the 
‘Algerian clementine’ mandarin (C. ×aurantium), that per-
ceives csp22CLas, but not canonical csp22. C. harmandiana 
is able to induce MAPK phosphorylation in response to 
csp22CLas compared to the nonresponding genotype 
‘Midknight Valencia’ orange (Fig. 8D). Genotypes that re-
spond to csp22CLas also exhibited some level of reduced 
symptomology to HLB disease in field trials with mature trees 
(Figs. 8 and S7; Ramadugu et al. 2016). However, not all gen-
otypes with HLB tolerance can respond to csp22CLas 
(Supplemental Figs. S7 and S8). Data generated from our 
ROS screens in members of Rutaceae reveal members that 
can be used to identify receptors for transfer to 
CLas-susceptible citrus cultivars.

Discussion
Here, we have investigated variation in MAMP perception 
within the Rutaceae family to determine the landscape of 
perception in citrus and citrus relatives. Variations in 
MAMP perception have been noted within genotypes of 
the same species, such as in tomato (Roberts et al. 2019) 
and in Arabidopsis (Vetter et al 2012). Even in close relatives, 
the perception of a potent immune elicitor such as flg22 var-
ies widely (Veluchamy et al. 2014). Much more diversity re-
mains to be discovered by analyzing multiple genotypes. 
Perennial plants like citrus are largely unexplored due to 
long lifespans lengthening the time required to perform ex-
periments, large field or greenhouse space required to grow 
tree crops, reduced access to diverse genotypes, and a lack 
of genomic resources.

There are multiple potential reasons why studies have ob-
served variation in MAMP perception among related species. 
While some species may contain the same receptor homolog, 
the presence of the homolog does not always correspond 
with strong MAMP perception (Vetter et al. 2012; Trdá 
et al. 2014). In this study, the LYK5At homologs in 
‘Washington navel’ orange and ‘Tango’ mandarin are identi-
cal for allele 1 and only differ by 2 amino acid changes in allele 
2. These polymorphisms have not been previously described 
as important for LYK5 receptor function (Cao et al. 2014). 
However, ‘Tango’ mandarin is a much stronger ROS respond-
er to chitin than ‘Washington navel’ orange. Similarly, 
‘Washington navel’ orange does not respond to flg22, while 
‘Frost Lisbon’ lemon does. Similar to our LYK5 results, both 
responsive and nonresponsive genotypes contain a function-
al FLS2 homolog when expressed in Arabidopsis or N. 
benthamiana. In another study, Vetter et al. 2012 noted 
that the variation in FLS2 protein abundance for certain gen-
otypes can reflect the variation in flg22 binding. While we 
were unable to determine protein abundance for LYK5 
and FLS2 in citrus, both receptors were transcriptionally 

expressed at a similar basal level in responding and nonre-
sponding genotypes. Minor variations in the rice OsCERK1 
coreceptor have been linked to variation in mycorrhizal sym-
biosis; thus, it is possible minor allelic variation could also ex-
plain responsiveness to flagellin or chitin in citrus (Huang 
et al. 2020).

The segregation of immune response outputs has been ob-
served previously, where flg22 from CLas induces defense 
gene induction but no ROS burst in ‘Sun Chu Sha Kat’ man-
darin (Shi et al. 2018). Overexpression of the N. benthamiana 
FLS2 receptor in ‘Hamlin’ orange (C. ×aurantium) is able to 
confer flg22 responsiveness, indicating that boosting PRR ex-
pression may be a viable strategy to gain MAMP recognition 
(Hao et al. 2016). There is also a possibility that downstream 
signaling components may play a role in the presence and 
magnitude of immune responses. Signaling has not been in-
vestigated in detail in perennial crops, and further research 
may reveal if downstream signaling components have a 
role in altering MAMP responsiveness in citrus.

Flagellin perception is widespread amongst plants, mainly 
conferred by the receptor FLS2 (Saijo et al. 2018). Additional 
receptors were identified based on homology to Arabidopsis 
FLS2 in tomato, grapevine, citrus, and rice (Robatzek et al. 
2007; Takai et al. 2008; Trdá et al. 2014; Shi et al. 2016). 
From our study, LYK5 and CERK1 homologs are also wide-
spread and cluster separately between dicots and monocots. 
Rice utilizes a different LysM receptor (CEBiP) along with the 
CERK1 coreceptor for chitin perception (Kaku et al. 2006; 
Shimizu et al. 2010; Lee et al. 2014). Cotton (Gossypium hir-
sutum), a dicot, has a wall-associated kinase that interacts 
with LYK5 and CERK1 to promote chitin-induced dimeriza-
tion (Wang et al. 2020). These results are consistent with 
an ancient acquisition of chitin perception in dicots, which 
may explain why a vast majority of the Rutaceae genotypes 
we evaluated are capable of producing an immune response 
to chitin. For MAMPs that can be recognized by a broad 
range of species, identifying receptors based on homology 
is a useful tactic.

Recent studies have identified immune receptor homologs 
that are capable of perceiving polymorphic flg22 epitopes 
that are not perceived by the canonical Arabidopsis FLS2 re-
ceptor. Flg22 from Agrobacterium tumefaciens contains sev-
eral polymorphisms that prevent perception in Arabidopsis 
(Felix et al. 1999). Fürst et al. (2020) identified a flagellin- 
sensing receptor from wild grape with expanded ligand per-
ception, FLS2XL, capable of sensing both canonical flg22 and 
the Agrobacterium flg22 epitopes. The Ralstonia solanacear-
um flg22 is also highly polymorphic and is not recognized by 
tomato (Pfund et al. 2004). Wei et al. (2020) identified a FLS2/ 
BAK1 complex in soybean that is capable of sensing the 
Ralstonia flg22. In this study, we have identified Rutaceae 
genotypes that are capable of recognizing canonical csp22 
and csp22CLas. In tomato, the CORE RLK is responsible for 
csp22 recognition (Wang et al. 2016). However, no obvious 
homolog of the CORE receptor has been identified in citrus 
genomes so far. While homology can be a fruitful approach 
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A E

B

C

D

Figure 6. ‘Washington navel’ orange (WN) and ‘Tango’ mandarin (TM) contain LYK5 homologs but differ in magnitude of their chitin response. A) 
ROS curve for ‘Washington navel’ orange and ‘Tango’ mandarin (left) and ‘Washington navel’ orange only (right) when induced with either water or 
10 μM chitin. n = 8 leaf disks; error bars denote standard error. Note the different scale on the y-axes. B) MAPK induction in response to either water 
for chitin in ‘Washington navel’ orange versus ‘Tango’ mandarin using anti-p42/44 MAPK immunoblotting. Experiments were repeated 4 times. CBB  
= Coomassie Brilliant Blue. C) Normalized expression of WRKY22 after induction with either water or 10 μM chitin. Significance was determined via 
1-way ANOVA with a Šidák’s multiple comparisons test to determine significance between water and chitin treatments at the 24-h mark. Asterisks 
represent significance thresholds, with **** meaning P ≤ 0.0001. Bullet points represent technical replicates from a single tree. Experiments were 
repeated 4×; significant ‘Washington navel’ orange induction with chitin was only observed in 2 out of 4 trials. D) Genome organization of 
LYK5 in ‘Midknight Valencia’ orange, ‘Washington navel’ orange, and ‘Tango’ mandarin, with the LYK5 domain in ‘Tango’ mandarin expanded 
to show functional domains. Arrows indicate the difference in amino acid sequence between ‘Tango’ mandarin and ‘Washington navel’ orange. 
E) Transcript expression of citrus LYK5 measured via RT-qPCR at resting state, using citrus GAPDH as a reference gene. Error bars represent the 
SD (n = 4 biological replicates). E) Transcript expression of citrus LYK5 transcript via qPCR at resting state (left, ΔCt) and when induced with water 
or chitin (right), using citrus GAPDH as a reference gene. Error bars represent the SD (n = 4 biological replicates).
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to identify candidate receptors, convergent receptor evolu-
tion to recognize the same MAMP is also possible. There is 
likely an independently evolved receptor that members of 
the Rutaceae possess to recognize csp22 epitopes. Comparative 
genomics of csp22-responsive and csp22-nonresponsive citrus 
genotypes, or segregating populations if available, could be 
used to identify candidate receptor(s) for csp22 epitopes for 
future functional validation.

HLB induces some hallmarks of defense in susceptible 
plants, including callose and elevated ROS production, indi-
cating that it can be a pathogen-triggered immune disease 
(Ma et al. 2022). The HLB susceptible orange genotypes we 
analyzed were unable to robustly respond to most MAMPs, 
unlike the more HLB tolerant ‘Frost Lisbon’ lemon. These re-
sults are consistent with weak, continuous, and ineffective 
defense activation in HLB susceptible citrus resulting in det-
rimental immune responses. It is possible that introduction 
of multiple PRRs capable of robustly inducing defense against 
CLas, including the csp22CLas receptor, may result in active 
pathogen clearing. C. ×aurantium overexpressing the SA 
receptor and master immune regulator NPR1 exhibited 

increased tolerance to HLB and decreased pathogen titers 
(Dutt et al. 2015; Robertson et al. 2018; Peng et al. 2021). 
Appropriate regulation of defense and careful introduction 
of candidate receptors/genes should be considered with re-
spect to HLB mitigation.

Our study highlights the diversity of immune response in a 
genetically diverse plant family. We identified relatives of cit-
rus that are capable of responding to different MAMPs, 
opening up opportunities to study relatives with potential 
novel mechanisms of immune signaling. The transfer of 
MAMP receptors to susceptible plants can generate resist-
ance to pathogens (Hao et al. 2016; Fürst et al. 2020; Wei 
et al. 2020). ROS–based immune phenotyping can be a high- 
throughput method to accelerate selection of promising in-
dividuals in a breeding program. Individuals that can respond 
to unique MAMPs are likely to have unique immune signal-
ing components that can be transferred to susceptible citrus 
varieties. A greater understanding of immune perception re-
pertoires in economically important plant genotypes will also 
facilitate the design stacks of receptors or signaling compo-
nents for transfer and disease control. Similar strategies 

A

C

B

Figure 7. The ‘Tango’ mandarin LYK5At homolog can complement an Arabidopsis chitin perception mutant. A) ROS production of Arabidopsis 
lyk4/lyk5-2 knockouts complemented with the indicated LYK5 constructs after treatment with 10 μM chitin. We complemented Arabidopsis 
with LYK5 allele 1, which is referred to as LYK5TM and is identical between ‘Tango’ mandarin and ‘Washington navel’ orange. The bar within the 
box plot depicts the median of the data, where the box boundaries represent the interquartile range (between the 25th and 75th percentiles) 
of the data. Box whiskers represent the minimum or maximum values of the data within 1.5× of the interquartile range. Significance of results 
was determined via ordinary 1-way ANOVA, with a post hoc Dunnett’s multiple comparison to the lyk4/lyk5-2 knockout. Asterisks represent sig-
nificance thresholds: ***P = 0.0001 to 0.001 and *P = 0.01 to 0.05. B) Anti-HA-HRP immunoblots visualize the expression of LYK5-HA homologs in 
Arabidopsis; CBB = Coomassie Brilliant Blue (CBB). C) MAPK induction in response to either water for chitin in LYK5-complemented Arabidopsis 
lyk4/lyk5-2, using anti-p42/44 MAPK immunoblotting. CBB = Coomassie Brilliant Blue. All experiments were performed 3 times with similar results.
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have resulted in durable resistance against fungal and oomy-
cete pathogens in crop plants (Ghislain et al. 2019; Luo et al. 
2021). This work has opened up interesting avenues to iden-
tify additional receptors in nonmodel species and highlight 
genotypes capable of recognizing polymorphic pathogen 
features.

Materials and methods
Plant materials and growth conditions
Eighty-six Rutaceae genotypes were tested for MAMP re-
sponsiveness under field and greenhouse conditions using 
mature trees (>5 yr old). Field-grown trees in the GCVC in 

Riverside, CA (http://www.citrusvariety.ucr.edu), were ana-
lyzed between the spring and fall from 2018 to 2021. 
Supplemental Table S1 includes all genotypes analyzed, their 
accession IDs, and their location. When collecting Rutaceae 
samples, branches of selected Rutaceae genotypes were re-
trieved either from the greenhouse or the field, selecting 
branches with fully expanded leaves that still retained flexi-
bility. Branches were stored by placing the cut side of the 
branch into a wet floral block (Oasis #10-00020-CASE) until 
processing.

A. thaliana seeds (Col-0 or lyk4/lyk5-2 mutant) were strati-
fied for 2 d in the dark at 4 °C before sowing onto soil or half- 
strength Murashige and Skoog (MS) media (Cao et al. 2014). 

A C

D

B

Figure 8. Three Rutaceae tribes can respond to a polymorphic csp22 from an important citrus pathogen. A) Alignment of the canonical csp22 
sequence to the csp22 of CLas (csp22CLas). B) Heat map compiling average max RLUs from ROS assays in genotypes within the Rutaceae family, 
organized by MAMP and phylogenetic relationship. Max RLUs are averages of at least 3 independent experiments, where max RLU = (max RLU 
MAMP − max RLU water). The threshold for no response is <90 RLUs. Asterisks indicate genotypes that exhibit a variable response, where 1 or 
2 independent experiments revealed a response. The MAMPs used for treatments are canonical csp22 and csp22 from CLas. C) Box plot of max 
RLUs for citrus relatives that can respond to 200 nM csp22CLas. Max RLUs are averages of at least 3 independent experiments. Data points on 
box plots represent the average max RLU for an individual experiment, with n = 8 leaf disks per experiment. The max RLU are plotted on a 
log10 scale. The bar within the box plot depicts the median of the data, where the box boundaries represent the interquartile range (between 
the 25th and 75th percentiles) of the data. Box whiskers represent the minimum or maximum values of the data within 1.5× of the interquartile 
range. D) MAPK induction by csp22 or csp22CLas in either ‘Midknight Valencia’ orange or C. harmandiana, visualized by p42/44 MAPK antibody 
immunoblotting. CBB = Coomassie Brilliant Blue.
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Plants were grown in a Conviron growth chamber at 23 °C 
and 70% relative humidity with a 10-h light/14-h dark photo-
period (100 μM m−2 s−1). Ten- to 14-day-old seedlings 
grown on MS were used for MAPK phosphorylation and 
MTI marker gene induction assays, and 4-wk-old soil grown 
plants were used for ROS and MAPK assays.

N. benthamiana was grown in a growth chamber at 26°C 
with a 16-h light/8-h dark photoperiod (180 μM m−2 s−1). 
Thirty-day-old (before flowering) plants were used for 
Agrobacterium-mediated transient protein expression, and 
3- to 4-wk-old plants were used to examine LYK5 transgene 
expression.

MAMPs
Immunogenic epitopes for flg22 and csp22 peptides were 
synthesized using Genscript (≥95% purity, Piscataway, NJ, 
USA). Hexaacetyl-chitohexaose (chitin) (Megazyme #O- 
CHI6) was diluted in water. The canonical flg22 epitope 
(QRLSTGSRINSAKDDAAGLQIA) is based on the sequence 
information from Pseudomonas aeruginosa. The canonical 
csp22 sequence (AVGTVKWFNAEKGFGFITPDGG) is from P. syr-
ingae. The csp22 CLas sequence (HRGSIKWYNPDKGYGFITPEGS) 
is identical to the sequence from the CLas strain psy62 
(CLIBASIA_04060).

ROS burst assay
Leaf disks were collected using a #1 cork borer (4 mm) and 
floated overnight in 200-μL demineralized water in a 
Corning Costar 96-Well White Solid Plate (Fisher 
#07-200-589) with a plastic lid to prevent evaporation of 
the water. On the subsequent day, water was replaced with 
100 μL of an assay solution containing MAMP. The assay so-
lution contained 20 μM L-012 (a luminol derivative from 
Wako Chemicals USA #120-04891), 10 mg mL−1 horseradish 
peroxidase (Sigma), and MAMP. Concentrations used for 
MAMP treatments were as follows: 100 nM flg22, 10 μM 

chitin, 100 nM csp22, or 200 nM csp22CLas. Luminescence 
was measured using a GloMax-Multi + Reader (Promega) 
or TriStar LB 941 plate reader (Berthold Technologies). 
At least 8 leaf discs from a single leaf were used in 
each replication, and the experiments were repeated at least 
3 times. Samples that only responded once were considered 
variable.

For each plate, the average maximum RLUs for each tested 
MAMP–genotype combination were calculated from the 
maximum RLU of the 8 leaf disks after subtraction by the 
average water RLU. Across all ROS plates, average maximum 
RLUs were calculated based on all plates ran for each 
MAMP–genotype, and a heatmap was created from the ac-
cumulated ROS data via custom R scripts (Github repository: 
DanielleMStevens/Divergent_citrus_response_to_PAMPs) 
including the following R packages: ComplexHeatmap 
(v2.5.1; Gu et al. 2016) and circlize (v0.4.8; Gu et al. 2014).

MAPK induction assay
For MAPK induction assays in citrus, leaf disks from the same 
leaf were collected using a #6 cork borer (12 mm) from acces-
sions grown in UC Davis or UC Riverside greenhouses and 
floated overnight in 1-mL deionized water in a 24-well tissue 
culture plate (VWR #10062-896) with a plastic lid to prevent 
evaporation of the water. On the subsequent day, water was 
replaced with 500 μL of either water or water containing 
MAMP before pressure-infiltrating for 2 min at 30 mm Hg 
in a vacuum desiccator (SP Bel-Art #F42025-0000). Leaf disks 
were individually collected at 0, 10, and 20 min after vacuum 
infiltration, flash frozen in liquid nitrogen, and ground up 
with pestles attached to an electric grinder (Conos AC-18S 
electric torque screwdriver) before adding 200-μL extraction 
buffer and grinding until homogenous. Protein extraction 
buffer contained 50 mM HEPES (pH 7.5), 50 mM NaCl, 
10 mM EDTA, 0.2% v/v Triton X-100, Pierce Protease 
Inhibitor Mini Tablets, EDTA-free (Thermo #A32955), 
Pierce Phosphatase Inhibitor Mini Tablets (Thermo 
#A32957). Samples were centrifuged at 15,000 × g for 
10 min to pellet cell debris.

Protein concentrations were quantified with the Pierce 
660 nm Protein Assay Reagent (Thermo #22660) with Ionic 
Detergent Compatibility Reagent (Thermo #22663). MAPKs 
were visualized by anti-p44/42 MPK immunoblotting 
(1:2,000, Cell Signaling Technology #4370L) with goat antirab-
bit HRP secondary antibody (1:3,000, Bio-Rad #170-5046). 
Membranes were developed using the SuperSignal West 
Pico Chemiluminescent Substrate kit (Fisher #PI34578) and vi-
sualized on a ChemiDoc Touch Gel Imaging System (BioRad 
#1708370).

For MAPK induction assays in Arabidopsis, 5-d-old seed-
lings were transplanted into a 48-well tissue culture plate 
(Costar #3548) supplemented with half-strength MS liquid 
media. After 9 d, MS liquid media were replaced with 
500 μL of either water or water containing 10 μM chitin. 
Three seedlings per treatment were collected at 0 and 
15 min after chitin induction. Protein extraction and western 
blotting were conducted as described above. Experiments 
were performed 3 times.

RT-qPCR
To examine the expression of LYK5 homologs, citrus leaves 
were harvested to make leaf punches with a #9 cork borer 
(22.5 mm). Each leaf disk was placed in a 12-well plate 
(VWR #10062-894) with 1-mL water and kept overnight at 
room temperature to allow the samples to recover from 
wounding. On the subsequent day, water was replaced 
with either 1-mL water or water containing 1-mL 10 μM chi-
tin before vacuum infiltrating for 1.5 min at 30 mm Hg in a 
vacuum desiccator (SP Bel-Art #F42025-0000). Three leaf 
disks per treatment were collected at 0- and 24-h postinfiltra-
tion, and RNA extraction was performed as described above. 
To examine the expression of FLS2 homologs, citrus leaves 
were syringe-infiltrated with water or 1 μM flg22 and plant 
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samples harvested 6 hpi. RNA extraction was performed as 
described above. Samples for resting state expression of 
LYK5 and FLS2 homologs were taken at 0 h as described 
above without infiltrating with water or MAMP.

To examine the expression of MTI marker genes, individual 
citrus leaves were infiltrated on trees with either water or 
10 μM MAMP. At 0 and 24 h after infiltration, a #6 cork borer 
(12 mm) was used to make 6 leaf punches of infiltrated areas 
from the same leaf and was pooled as 1 sample. Leaf punches 
were manually ground with liquid nitrogen into a fine pow-
der before transferring the powder to tubes to perform RNA 
extractions. RNA was extracted from plant samples with 
TRIzol (Fisher #15596018), following the manufacturer’s in-
structions. DNase treatments for RNA preps were performed 
with RQ1 RNase-Free DNase (Promega #PR-M6101). cDNA 
synthesis was performed with the MMLV Reverse 
Transcriptase (Promega #PRM1705) kit.

A table of RT-qPCR primers used is listed in Supplemental 
Table S2. Citrus glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH; Pang et al. 2020) was used as the reference gene for 
RT-qPCR reactions. qPCR reactions were performed with 
SsoFast EvaGreen Supermix with Low ROX (BioRad #1725211) 
in a 96-well white PCR plate (BioRad #HSP9601) according to 
the manufacturer’s instructions. Fold induction of gene expres-
sion was determined using the 2−ΔΔCt method (Livak and 
Schmittgen 2001), normalizing to water-treated and 0-h time-
points. Significance was determined via 1-way ANOVA with a 
Šidák’s multiple comparisons test to determine significance be-
tween water and MAMP treatments at the 24-h mark. Marker 
gene expression experiments were performed 4 times.

Phylogenetic analyses and receptor comparisons
Plant genotypes used to build LYK5 and CERK1 phylogenies 
can be found in Supplemental Tables S3 and S4, respectively. 
Using the A. thaliana (NCBI taxid: 3702) CERK1At (NCBI 
RefSeq: NP_566689.2) and LYK5At (NCBI RefSeq: 
NP_180916.1) as queries, a BLASTP search was performed 
to mine for homologs across plant species (BLAST Suite 
v2.11.0+, query coverage cutoff 80%, E-value cutoff 1e−50, de-
faults otherwise). Partial protein hits were removed. Hits 
were then compared to all LysM RLKs in A. thaliana 
(CERK1, LYK2, LYK3, LYK4, and LYK5), and those closer to 
another LYK were removed. LYK5At hits from members of 
the Solanaceae family were removed because they were clo-
ser to LYK4At than LYK5At. A multiple sequence alignment 
was built using MAFFT (v7.310, –reorder, –maxiterate 
1000, –localpair, defaults otherwise). TrimAl was used to 
trim each multiple sequence alignment for large gaps 
(v1.4.rev15, automated1, defaults otherwise). A maximum 
likelihood tree was built from the alignment using iqtree 
(v2.1.2, —bb 1000, -T AUTO, -st AA, -v -m MFP -safe, defaults 
otherwise), mid-rooted, and visualized using R packages 
phangorn (v2.7.1) and ggtree (v3.1.2.991).

We sought to characterize the number of chitin-binding 
LysM domains in LYK5 and CERK1 homologs. The standard 
domain prediction software Interproscan was unable to 

accurately predict even well-characterized LYK5At and 
CERK1At receptors. To improve assessment of LysM 
domain frequency, we used homology and a hidden 
Markov model approach by BLASTP and HMMER, respective-
ly. Hmmersearch using the LysM domain (query ID: 
PF01476.19) as a query identified the number of LysM do-
mains (hmmer v3.1b2, -E 1e-5, defaults otherwise) (Eddy 
2011). Manually extracted LysM domains from A. thaliana 
Col-0 were used to build a local BLAST database to calculate 
similarity of each LysM domain (coverage cutoff 80%, 
E-value cutoff 1e−50, defaults otherwise). All LysM domain ana-
lyses were plotted onto the receptor trees in R.

Ectodomains of RLKs were extracted and an all-by-all com-
parison was computed using BLASTP. Similarity to either 
CERK1At and LYK5At or all citrus homologs to each other 
was plotted using R packages ggplot2 (v3.3.5) and ggbees-
warm (v0.6.0). Weblogos were generated from the multiple 
sequence alignment corresponding to LYK5At residues 
Y128 and S206 using WebLogo3 (Crooks et al. 2004).

The phylogenetic tree of citrus RLKs using CORE as a 
query was built with CORE homologs from other 
solanaceous plants (S. lycopersicum: Solyc03g096190; Solanum 
pennellii: XP_015068909.1; N. benthamiana: Niben101 
Scf02323g01010.1; Nicotiana sylvestris: XP_009803840.1; and 
Nicotiana tabacum: XP_016470062.1). Protein sequences 
were aligned via MAFFT (tree building was performed by iq-
tree) and were visualized in R similarly as described above. 
Sequences of cloned CRLKs from ‘Frost nucellar Eureka’ lemon 
(C. ×limon) and ‘Washington navel’ orange (C. ×aurantium) are 
deposited in GenBank (ON863917 and ON863918, 
respectively).

For more information and raw files, see Github repository: 
DanielleMStevens/Divergent_citrus_response_to_PAMPs.

Cloning citrus LYK5 homologous sequences and 
transcomplementation in Arabidopsis
Putative LYK5 sequences from Australian finger lime (C. aus-
tralasica), ‘Rio Red’ grapefruit (C. ×aurantium), ‘Frost Lisbon’ 
lemon (C. ×limon), ‘Tango’ mandarin (C. ×aurantium), and 
Eremolemon (C. glauca × C. ×limon) were amplified using 
iProof DNA polymerase (Bio-Rad #BR0114). The PCR pro-
ducts were initially cloned into a pENTR/D-TOPO backbone 
(Invitrogen #K2400-20), and then LYK5 from ‘Tango’ manda-
rin (TM) was selected and inserted into a modified pGWB14 
binary destination vector with the Arabidopsis ubiquitin 10 
promoter using Gateway LR Clonase II enzyme mix 
(Invitrogen #11791-100). The Arabidopsis lyk4/lyk5-2 mutant 
(Cao et al. 2014) was transformed using a floral dip method 
with pUBQ10::TM_LYK5-HA and pUBQ10::LYK5-HA from 
Arabidopsis (Zhang et al. 2006). Experiments were performed 
3 times with T4 homozygous lines.

VIGS
VIGS was performed as described in (Chakravarthy et al. 
2010). Two-week-old N. benthamiana seedlings were 
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infiltrated with pTRV1(RNA1), along with silencing con-
structs: pTRV2:GUS, pTRV2:PDS, and pTRV2:FLS2 
(Chakravarthy et al. 2010). After 2 to 3 weeks, silenced plants 
were infiltrated with Agrobacterium harboring FLS2 con-
structs for transient expression and ROS assays. Arabidopsis 
Col-0 FLS2, ‘Washington navel’ orange FLS2, and ‘Frost 
Lisbon’ lemon FLS2 homologs were amplified and inserted 
into a modified pGWB14 binary destination vector with 
the Arabidopsis ubiquitin 10 promoter as described above. 
Plasmids were transformed via electroporation into 
Agrobacterium C58C1, and VIGS-silenced N. benthamiana 
plants were infiltrated with Agrobacterium suspensions of 
OD600 0.6. Forty-eight hours after infiltration, leaf disks 
were collected using a #1 cork borer (4 mm) for ROS assays 
after challenging with 100 nM flg22 as described above. To 
visualize the expression of FLS2 homologs, additional leaf 
disks were collected using a #7 cork borer at 48 hpi for pro-
tein extraction. Leaf disks were homogenized in 100-μL 
Laemmli buffer and boiled for 5 min. Western blotting was 
conducted as described above and visualized with anti 
HA-HRP antibody (Roche 39 #12013819001; 1:2,000).

Transient expression of CORE in Nicotiana
RLKs with the highest similarity to tomato COREs from ‘Frost 
nucellar Eureka’ lemon (C. × limon) and ‘Washington navel’ 
orange were amplified using iProof DNA polymerase 
(Bio-Rad #BR0114). PCR products were cloned into a 
pEARLY103 backbone (Earley et al. 2006) with expression 
mediated by a 35S promoter, and plasmids were transformed 
via electroporation into Agrobacterium GV3101. N. 
benthamiana CORE was used as a positive control (Wang 
et al. 2016). To test the function of CORE homologs, young 
(nonflowering) N. benthamiana plants were infiltrated with 
Agrobacterium suspensions of OD600 0.25. Twenty-four hours 
after infiltration, leaf disks were collected using a #1 cork 
borer (4 mm) for ROS assays as described above. To visualize 
the expression of CORE homologs, additional leaf disks were 
collected using a #7 cork borer at 48 hpi for protein extrac-
tion. Leaf disks were homogenized in 100-μL Laemmli buffer 
and boiled for 5 min. Western blotting was conducted as de-
scribed above and visualized with anti GFP-HRP antibody 
(Miltenyi Biotec #130-091-833).

Comparison of LYK5 and FLS2 homologs in citrus
Genome sequences surrounding LYK5 and FLS2 homologs in 
cultivated citrus were compared based on BLASTP hits with 
an E-value of 0.001 (Altschul et al. 1990) against de novo as-
sembled genomes. Contigs were assembled using wtgbt2 
(Ruan and Li 2020), and long-read sequencing was performed 
on the Pacific Biosciences Sequel II platform in the CLR se-
quencing mode. LYK5 and FLS2 protein sequences were 
aligned using MUSCLE v5.1 (Edgar 2021).

Accession numbers
Sequence data from this article can be found in the GenBank 
data libraries under these accession numbers: LYK5 from 

“Washington navel” orange and “Tango” mandarin: 
ON685188, ON685189, ON685190, ON685191; FLS2 from 
“Washington navel” orange and “Frost Lisbon” lemon: 
OP718785, OP718786, OP718788, OP718789; RLKs from 
“Frost nucellar Eureka” lemon and “Washington navel” or-
ange in Supplemental Fig. S8B: ON863917 and ON863918.
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