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Abstract 1 

Plants and animals detect biomolecules termed Microbe-Associated Molecular Patterns 2 

(MAMPs) and induce immunity. Agricultural production is severely impacted by pathogens which 3 

can be controlled by transferring immune receptors. However, most studies use a single MAMP 4 

epitope and the impact of diverse multi-copy MAMPs on immune induction is unknown. Here we 5 

characterized the epitope landscape from five proteinaceous MAMPs across 4,228 plant-6 

associated bacterial genomes. Despite the diversity sampled, natural variation was constrained 7 

and experimentally testable. Immune perception in both Arabidopsis and tomato depended on both 8 

epitope sequence and copy number variation. For example, Elongation Factor Tu is predominantly 9 

single copy and 92% of its epitopes are immunogenic. Conversely, 99.9% of bacterial genomes 10 

contain multiple Cold Shock Proteins and 46% carry a non-immunogenic form. We uncovered a 11 

new mechanism for immune evasion, intrabacterial antagonism, where a non-immunogenic Cold 12 

Shock Protein blocks perception of immunogenic forms encoded in the same genome. These data 13 

will lay the foundation for immune receptor deployment and engineering based on natural variation. 14 

Significance Statement 15 

Plants recognize pathogens as non-self using innate immune receptors. Receptors on the 16 

cell surface can recognize amino acid epitopes present in pathogen proteins. Despite many papers 17 

investigating receptor signaling, the vast majority use a single epitope. Here, we analyzed the 18 

natural variation across five different epitopes and experimentally characterized their perception in 19 

plants. We highlight the importance of analyzing all epitope copies within a pathogen genome. 20 

Through genetic and biochemical analyses, we revealed a mechanism for immune evasion, 21 

intrabacterial antagonism, where a non-immunogenic epitope blocks perception of immunogenic 22 

forms encoded in a single genome. These data can directly inform disease control strategies by 23 

enabling prediction of receptor utility and deployment for current and emerging pathogens. 24 

 25 

Main Text 26 

Introduction 27 

 28 

Plants contain hundreds of innate immune receptors capable of recognizing diverse 29 

pathogens. Biotic organisms carry microbe-associated molecular patterns (MAMPs), fragments of 30 

larger biomolecules such as proteins, carbohydrates, and lipids, that are recognized by surface-31 

localized pattern recognition receptors (PRRs) (1-3). PRRs include receptor-like kinases (RLKs) 32 

and receptor-like proteins (RLPs) that recognize conserved MAMPs or damage-associated 33 

molecular patterns, resulting in PRR-triggered immunity (PTI) (3,4). Activation of PTI induces 34 

multiple defense responses including: the production of reactive oxygen species (ROS) and 35 

ethylene, apoplast alkalization, activation of mitogen-activated protein kinase (MAPK) cascades, 36 

transcriptional reprogramming, and callose deposition at the cell wall culminating in disease 37 

resistance (4,5).  38 

The most well-studied PRR is FLAGELLIN-SENSING 2 (FLS2), which recognizes the 22-39 

amino acid epitope, flg22, from bacterial flagellin FliC (6-9). Unlike most PRRs, FLS2 is conserved 40 

throughout the plant kingdom (7,9,10). Since the flg22-FLS2 discovery, researchers have 41 

uncovered other epitope-receptor pairs restricted to certain plant families. For instance, the 42 

Elongation Factor Tu (EF-Tu)-derived epitope elf18 interacts with the EFR receptor, which is 43 

present in the Brassicaceae family (11,12). The 22-amino acid epitope of cold shock protein (CSP), 44 

csp22, interacts with CORE and a second flagellin epitope flgII-28 interacts with FLAGELLIN-45 

SENSING 3 (FLS3), both solanaceous RLKs (13-16). Finally, the necrosis-and-ethylene inducing 46 

peptide 1 (Nep1)-like protein (NLP) epitope nlp20 interacts with RLP23 found in Brassicaceae (17-47 

19). These receptors recognize certain bacterial MAMPs, including those present in pathogens and 48 

commensals. 49 

Proteins that carry MAMP sequences are thought to be important for microbial survival and 50 

fitness. For example, bacterial flagellin enables bacterial swimming and swarming and is critical for 51 

the colonization of certain hosts (20). Different regions of ûagellin monomer, FliC, are recognized 52 

by different receptors in plants and mammals despite the flagellin apparatus requiring multiple 53 
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components (21). CSPs are an ancient protein family first described in Escherichia coli with roles 54 

in RNA chaperoning in cold environments (22). This can include unwinding RNA, maintaining RNA 55 

stability, limiting internal cleavage, and enhancing expression via antitermination. Recent genetic 56 

work on other bacterial systems has shown additional post-translational regulatory roles related to 57 

virulence, stress tolerance, pili formation, and biofilm development (23-28). CSPs are composed of 58 

two critical motifs, RNP-1 and RNP-2, near the N-terminus of the small beta-barrel like structure 59 

that binds broadly to nucleic acids (22). While the regulatory function of CSPs appear conserved 60 

across bacteria, their targets and sequences are highly variable. NLPs are cross-kingdom 61 

phytotoxic virulence factors (17,19). Flagellin, CSPs, and NLPs are considered expendable, though 62 

their loss is predicted to confer fitness costs. Conversely, EF-Tu is a highly abundant, essential 63 

protein that transports aminoacyl-tRNAs to the ribosome during translation (29). MAMP-encoded 64 

gene function and abundance likely have an impact on their evolution in the context of plant immune 65 

interactions. 66 

Using flg22 perception as a model, three general epitope outcomes have been described: 67 

immune activation, evasion, and antagonism. Many Gram-negative plant pathogens carry 68 

immunogenic epitopes, though some can evade perception (7,30-32). MAMP evasion, also known 69 

as masking, occurs by accumulating sequence variation that prevents epitope binding (33,34). 70 

MAMPs can act antagonistically and block subsequent perception of immunogenic epitopes from 71 

other bacteria by binding to the primary receptor and inhibiting proper signaling complex formation 72 

(34,35). Sequence variation within the perceived epitope is thought to be constrained by protein 73 

functionality, though this has only been studied in the flg22 epitope and FliC protein (8). How 74 

polymorphism affects protein function versus immune perception has not been investigated for 75 

other MAMP-encoded proteins. In addition, how MAMP copy number variation (CNV) encoded 76 

within a single genome impacts immune outcomes remains elusive. Therefore, many questions 77 

remain regarding how natural epitope variation interplays with protein function and plant immune 78 

perception. 79 

To broadly understand how natural evolution impacts immune outcomes across five 80 

different MAMPs, we mined 34,262 MAMP epitopes from 4,228 whole bacterial genomes. Each 81 

MAMP displayed substantial copy number and sequence variation. While the theoretical number 82 

of MAMP variants is astronomically large, natural variation is constricted, making it experimentally 83 

testable to characterize MAMP evolution. We focused on characterizing the immunogenic 84 

outcomes of the EF-Tu (elf18) and CSP (csp22) MAMPs for sequence and CNV. Elf18 displays 85 

minimal sequence variation and gene expansion, with most variants inducing strong immune 86 

responses. In contrast, csp22 displays considerable variation in epitope sequence, CNV, and 87 

immune outcomes. Using a combination of phylogenetics, genetics, and biochemistry, we revealed 88 

conserved non-immunogenic CSPs in a subset of bacterial genera, some of which antagonize 89 

perception of immunogenic forms encoded in the same genome. We then characterized an 90 

actinobacterial CSP that acts as an intrabacterial antagonist of the CORE receptor, which enables 91 

immune evasion.   92 

 93 

Results 94 

Evolutionary trajectories depend on the immunogenic feature and bacterial genera  95 

Here, we sought to assess the presence and diversity of bacterial proteinaceous MAMPs. 96 

Across 13 genera, we identified plant-associated bacterial genomes with representing members 97 

from alpha-, beta-, and gamma-proteobacteria as well as Gram-positive actinobacteria (Dataset 98 

S1). We extracted features from the following proteins and their corresponding MAMP epitopes: 99 

bacterial flagellin (flg22 and flgII-28), cold-shock protein (csp22), EF-Tu (elf18), and Nep1-like 100 

protein (nlp20). A computational pipeline was developed that extracts peptides using a modified 101 

BlastP protocol and local protein alignment, polymorphic ends and off-target correction, and 102 

clonality filtering (Fig. 1A). This enabled mining of epitopes in a gene description-dependent and -103 

independent manner allowing for comprehensive genome-derived epitope comparisons (SI 104 

Appendix, Table S1).  105 
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Differences in sequence and CNV were detected in a MAMP-dependent manner. From the 106 

4,228 genomes, 34,262 epitopes were extracted and their abundance was plotted on a 74 gene 107 

maximum-likelihood tree (Fig. 1B). Notably, there are different patterns of epitope CNV in a lineage-108 

specific manner (Fig. 1B, SI Appendix, Fig. S1A). The MAMPs elf18, flg22, flgII-28, and nlp20 are 109 

primarily encoded by single copy genes, whereas csp22 variants displayed expansion and are 110 

encoded by 1 to 15 genes (Fig. 1C, SI Appendix, Fig. S1A). Next, we investigated CNV across 13 111 

genera (SI Appendix, Fig. S1A). Strains had an average of four CSPs, with variation in a genera 112 

and species-dependent manner. For example, CSP CNV was increased in Agrobacterium and 113 

Streptomyces (average of eight and seven paralogs, respectively) compared to Dickeya, 114 

Pectobacterium, Xanthomonas, Ralstonia, Curtobacterium, Rathayibacter, and Clavibacter 115 

(average of three to five copies) (SI Appendix, Fig. S1A). Although fliC is primarily a single copy 116 

gene in 80% (2921/3631) of the genomes, additional copies can be observed in Erwinia, 117 

Pectobacterium, and Agrobacterium (SI Appendix, Fig. S1A). Similarly, EF-Tu is primarily a single 118 

copy gene in 84% (2825/3346) of analyzed genomes, with additional copies predominantly found 119 

in Gram-negative bacteria apart from Streptomyces (Fig. 1B-C, SI Appendix, Fig. S1A). Nlp20 was 120 

only found in 13% (565/4228) of the genomes and predominantly in necrotic bacteria such as 121 

Streptomyces, Pectobacterium, and Dickeya (SI Appendix, Fig. S3A-B).  122 

We investigated MAMP conservation compared to the 8consensus9 sequence commonly 123 

used in the literature for immune assays. When all genera were analyzed together, each MAMP 124 

exhibited different distributions compared to the consensus epitope (Fig. 1D). The cumulative 125 

distributions of flg22 and flgII-28 variants closely mirror each other and are derived from different 126 

regions of the same gene, FliC (Fig. 1D, SI Appendix, Fig. S1B, Fig. S3C). However, a lower 127 

number of flgII-28 epitopes were detected (3661) compared to flg22 (5042), likely due to higher 128 

sequence diversity in the flgII-28 region (S1 Appendix, Fig S2). Elf18 and nlp20 variants are the 129 

most and least conserved, respectively (Fig. 1D, SI Appendix, Fig. S3C).  130 

When analyzing MAMP distributions in individual genera, interesting trends are identified 131 

(SI Appendix, Fig. S1A). Diversification of each FliC epitope in Gram-negative bacteria does not 132 

always mirror each other. Dickeya and Pectobacterium exhibit similar amino acid similarity and 133 

CNV for both flg22 and flgII-28 (SI Appendix, Fig S1A). However, Agrobacterium has a multimodal 134 

distribution for flg22 and unimodal distribution for flgII-28 (SI Appendix, Fig S1A). Many Gram-135 

positives exhibit similar csp22 diversification, indicating ancient CSP paralog emergence (SI 136 

Appendix, Fig. S1A). We also compared epitope variation independent of a 8consensus9 sequence 137 

by calculating amino acid similarity in an all-by-all manner (SI Appendix, Fig. S1B). These results 138 

were complementary to the comparison to the 8consensus9 epitope, with different patterns of 139 

diversity for each MAMP. Overall, we observed that epitope abundance and sequence 140 

diversification evolved in both a MAMP-based and genera-derived manner. 141 

Genes that encode MAMP epitopes are postulated to be either essential or conditionally-142 

essential for bacterial survival. Considering their ancient origin, we assessed the total degree of 143 

epitope variation, which we found was constrained. Except for nlp20, the total number of MAMP 144 

epitopes detected ranged from 3,661 to 20,542 (Fig. 1E). However, the total number of unique 145 

epitope variants was much lower with csp22 exhibiting the highest number (622) and elf18 146 

displaying the lowest number (56, Fig. 1E). When considering the frequency of epitope variants, 147 

there was substantially fewer that occurred at least 10 or 100 times (between 8 and 151, Fig. 1E). 148 

Collectively, these data indicate it is possible to experimentally test the impact of natural variation 149 

on immune outcomes across thousands of bacteria. 150 

Most elf18 variants are immunogenic  151 

 To characterize the functional diversity of elf18, 25 variants were synthesized and 152 

assessed for their immunogenicity using ROS, an early, quantitative output of immune induction 153 

(5,35). ROS production by NADPH oxidases is required for biological processes, stress responses, 154 

and the induction of systematic acquired resistance, providing broad-spectrum resistance (36). The 155 

25 elf18 epitopes (100 nM) were screened for their ability to induce ROS on Arabidopsis thaliana 156 

Col-0 and the EFR receptor mutant line. Water and the E. coli-derived 8consensus9 elf18 epitope 157 
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were used as controls (SI Appendix, Fig. S4A). Of the 25 variants tested, 76% (19/25) displayed 158 

equal ROS output in comparison to the consensus, 16% were weakly immunogenic (4/25), and 8% 159 

(2/25) were non-immunogenic (SI Appendix, Fig. S4A). No measurable ROS was produced in the 160 

efr mutant line (SI Appendix, Fig. S4A). To confirm our ROS screen was effective in classifying 161 

immunogenicity, a blinded, independent evaluation displayed the same conclusions as the initial 162 

screen (SI Appendix, Fig. S4B). Interestingly, all non-immunogenic variants and half of the weakly 163 

immunogenic variants were derived from a second EF-Tu locus in Streptomyces, that clustered 164 

separately (Fig. 2A). While all epitopes were derived from annotated EF-Tu loci, the second 165 

Streptomyces EF-Tu copy displayed the most divergent elf18 sequence (Fig. 2A, SI Appendix, Fig. 166 

S4A).  167 

Next, we characterized mid- to late-stage immune outputs including MAPK induction (100 168 

nM), callose deposition (1 uM), and seedling growth inhibition (100 nM) for a subset of epitopes 169 

that exhibited different ROS immunogenicity. All secondary immune outputs were congruent with 170 

each other. All immune outputs by any elf18 epitope variant were abolished in the efr mutant (SI 171 

Appendix, Fig. S4C-E). Epitopes EF-77 and EF-81, immunogenic by ROS, inhibited seedling 172 

growth, induced MAPK activation, and displayed high amounts of callose deposition (Fig. 2B-D). In 173 

contrast, the weakly immunogenic and non-immunogenic variants EF-91, 92, 96, and 97 failed to 174 

induce mid- to late-stage immune responses, mirroring water or mock controls (Fig. 2B-D). Elf18 175 

variants EF-91 and EF-96 can uncouple their immune outputs, potentially enabling pathogen 176 

evasion of strong immune response. Similarly, EF-80 is weakly immunogenic by ROS and has 177 

been previously shown to not induce robust callose deposition, a late-stage immune output (5,37).  178 

 To understand the relationship between immunogenic outcomes and protein evolution, we 179 

developed a maximum-likelihood tree of EF-Tu and plotted genera, the percent amino acid 180 

similarity of each epitope to the consensus, and immunogenicity by ROS (Fig. 2A). The EF-Tu tree 181 

structure was indicative of taxonomic origin (Fig. 2A). The 25 experimentally tested epitope variants 182 

enabled the determination of immunogenicity of 98.8% (3757/3801) of elf18 variants across 3346 183 

plant-associated bacteria (Fig. 2E). Most elf18 encoded variants (92.2%, 3504/3801) induce strong 184 

immunity when EFR was present (Fig. 2E). Furthermore, of the genomes that encode for more than 185 

one EF-Tu locus, only 35 have one immunogenic copy and second non-immunogenic copy (Fig 186 

2F). While immune outcomes of weakly-immunogenic variants from Streptomyces, Xanthomonas, 187 

and Pseudomonas are comparable, their polymorphisms are unique and their respective EF-Tu 188 

proteins do not cluster phylogenetically, indicating convergent evolution (Fig. 2A, SI Appendix, Fig. 189 

S4A) (37). Across all elf18 variants, polymorphisms were position-dependent, showcasing epitope 190 

variation may be constrained by EF-Tu function (SI Appendix, Fig. S4A).  191 

Diversification of CSPs contributes to differential immunogenic responses 192 

Unlike EF-Tu and elf18, CSP and csp22 exhibited CNV and epitope diversification (Fig. 193 

1C-D, SI Appendix, Fig. S2A). This provided an opportunity to characterize the functional diversity 194 

of a second MAMP with a distinct evolutionary trajectory. Therefore, 65 csp22 epitope variants (200 195 

nM) were screened for their ability to induce ROS on Rio Grande tomatoes. Water and the 196 

Micrococcus luetus-derived 8consensus9 csp22 epitope were used as controls (SI Appendix, Fig. 197 

S6A) (13). We tested all variants with one of two independent core-deficient lines developed in the 198 

Rio Grande cultivar via CRISPR-cas9 (SI Appendix, Fig. S5 and S6A). Each core line failed to 199 

perceive csp22 but could still perceive flg22 and flgII-28 (SI Appendix, Fig. S5B). Across all 65 200 

variants, no ROS was produced in the core mutant line, demonstrating CORE specificity (SI 201 

Appendix, Fig. S6A). Only 54% (35/65) of csp22 epitope variants displayed equal ROS output in 202 

comparison to the consensus, while 11% (7/65) were weakly immunogenic and 25% (23/65) were 203 

non-immunogenic (SI Appendix, Fig. S6A). A subset of the csp22 variants (25) were also assessed 204 

for their ability to induce ethylene production (1 uM). Though the resolution was qualitative, most 205 

epitope variants were consistent with our ROS screen (SI Appendix, Fig. S7). 206 

Csp22 variation was explored across diverse CSP-domain loci. The CSP domain ranges 207 

from 65-75 amino acids in length and carries RPN-1 and RPN-2 nucleic acid binding motifs (22). 208 

While the CSP domain was conserved, considerable diversity in gene sequence length was found 209 
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(SI Appendix, Fig. S6B). We identified CSPs carrying extra domains including calcium binding and 210 

DUF domains (SI Appendix, Fig. S6B). We identified an Agrobacterium CSP containing two cold 211 

shock protein domains fused together with a linker (Fig. S6B). Classical CSPs (<75 amino acids, 212 

no additional domains) predominantly encoded immunogenic epitopes. However, several weakly- 213 

or non-immunogenic epitopes were encoded within CSPs with unique domain architecture (SI 214 

Appendix, Fig. S6). Some CSPs were conserved across multiple genera, while others were 215 

restricted to a single genus (SI Appendix, Fig. S6). 216 

To understand the relationship between immunogenic outcomes and protein evolution, we 217 

developed a maximum-likelihood tree of the cold-shock domain and plotted genera, the percent 218 

amino acid similarity of each epitope to the consensus, and immunogenicity by ROS (Fig. 3A). 219 

Unlike EF-Tu, CSP domains display intricate clade structure (Fig. 3A). While over 19,000 cold-220 

shock domain-containing proteins were extracted, the 65 csp22 variants tested still managed to 221 

capture 75% (14,587/19,423) of the immunogenetic landscape (Fig. 3A-B). Three conserved 222 

clades contained divergent CSPs carrying non-immunogenic csp22 epitopes. Non-immunogenic 223 

CSPs within Clade 1 were conserved across 62% (781/1261) of Xanthomonas, Clade 2 was 224 

conserved across 83% (394/475) of Pectobacterium and Erwinia with a distant relative in 225 

Agrobacterium, and Clade 3 comprised of 95% (580/612) of actinobacteria (Fig. 3C, right 226 

panel).Unlike EF-Tu, almost all genomes carried more than one CSP and of those, 45.7% had at 227 

least one non-immunogenic form (Fig. 3C, left panel).  228 

Observing the differences in immunogenic outcomes and sequence diversity, we then 229 

assessed conservation and selection of specific residues from the conserved non-immunogenic 230 

CSP. Orthologous CSPs were classified using a combination of phylogeny, protein clustering, and 231 

motif classification (SI Appendix, Materials and Methods, Fig. S8A-B). We then used an all-by-all 232 

BlastP approach to confirm orthology (SI Appendix, Fig. S8C). Next, dN/dS was calculated for non-233 

immunogenic and immunogenic CSPs from the same bacterial genera. For non-immunogenic and 234 

immunogenic CSP loci, selection was assessed and codon sites that were considered significantly 235 

negative or positive were based on a set posterior probability (SI Appendix, Fig. S9A). Among 236 

representative immunogenic and non-immunogenic CSP members from the three clades, most 237 

sites are either negatively selected (purifying) or neutral with only a very small number of codons 238 

displaying positive (diversifying) selection (SI Appendix, Fig. S9A). For all tested immunogenic, 239 

weakly-immunogenic, and non-immunogenic epitopes, the RNP-1 motif is highly conserved and 240 

under purifying selection (SI Appendix, Fig. S9A-B). Near the N-terminus (highlighted in grey), a 241 

subset of residues between positions four and nine may be critical for strong immunity based on 242 

the residue changes, R-group chemistry, and immunogenic outcomes (SI Appendix, Fig. S9A). The 243 

epitope signature for each clade is unique and derived from distinct paralogs (Fig. 3A, SI Appendix, 244 

Fig. S9B). 245 

Conserved non-immunogenic cps22 variants reduce CORE immune perception  246 

 We observed three non-immunogenic CSP clades across different bacterial genera (Fig. 247 

3A, 3C). These non-immunogenic CSPs may be maintained for their role in inhibiting immune 248 

perception. To test this, we modified our high-throughput ROS assay to assess epitope 249 

antagonism. Briefly, leaf disks were floated on one of two solutions: water or increasing 250 

concentrations of the candidate antagonist. After overnight incubation, all liquid was removed, an 251 

100 nM of agonist was used to elicit immunity, and ROS was measured (SI Appendix, Fig. S10A). 252 

We selected at least one member from each non-immunogenic clade and used consensus csp22 253 

as the agonist. Most non-immunogenic csp22 epitope variants reduced ROS produced by 254 

consensus csp22. The variant conserved in the Clavibacter genus, Cm csp22-3, displayed the 255 

strongest ROS reduction at concentrations which were 2.5x and 5x the respected agonist 256 

concentration (Fig. 3D).  257 

Clavibacter contains three CSPs with different immunogenic outcomes, immunogenic 258 

cspA1 (Cm csp22-1), weakly immunogenic cspA2 (Cm csp22-2), and non-immunogenic cspB (Cm 259 

csp22-3) (Fig. 3A, SI Appendix, Fig. S6A). We repeated the antagonism assay with agonist Cm 260 

csp22-1 alongside two negative controls: elf18 and a scrambled version of Cm csp22-3 (designated 261 
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s-csp22-3) (SI Appendix, Fig. S10). Antagonism was observed via decreased ROS production after 262 

incubation with Cm csp22-3 but not for the other negative control peptides (SI Appendix, Fig. S10). 263 

We additionally tested Cm csp22-3 antagonism using BY-2 tobacco cell cultures by measuring 264 

alkalization, an output of membrane depolarization through ion fluxes and inhibition of H+-ATPases 265 

at the plasma membrane (Fig. 3E) (38,39). As expected, Cm csp22-1 (10 nM) was immunogenic 266 

and able to induce a pH shift, while Cm csp22-3 (10 nM) was not. When 5x Cm csp22-3 was added 267 

three minutes before Cm csp22-1, it was able to decrease the pH shift, showcasing its antagonistic 268 

nature (Fig. 3E). Collectively, these data indicate that nonimmunogenic CSP epitope variants can 269 

antagonize perception of immunogenic forms encoded in the same genome, which we term 270 

intrabacterial antagonism (Fig. 3F). 271 

We also observed that Streptomyces carried two copies of EF-Tu with distinct epitope 272 

variants (Fig. 2A, SI Appendix, Fig. S12A). One non-immunogenic elf18 variant was conserved 273 

across multiple Streptomyces genomes (EF-92), with a second non-immunogenic variant found in 274 

one genome (EF-97). Using the same ROS antagonism assay, we tested both non-immunogenic 275 

epitopes against two different agonists, consensus elf18 and the immunogenic Streptomyces 276 

variant, EF-77. We tested elf12, a truncated version of consensus elf18, which has been previously 277 

reported as a weak antagonist (11). As expected, elf12 was able to weakly reduce ROS induction 278 

for either agonist. However, neither EF-92 nor EF-97 displayed consistent ROS reduction at any 279 

concentration (SI Appendix, Fig. S12B). Therefore, the capacity for intrabacterial antagonism is 280 

MAMP-dependent. 281 

Intrabacterial antagonism of conserved actinobacterial CSP 282 

Antagonism has been predominantly characterized using peptide assays. Therefore, we 283 

investigated intrabacterial antagonism with full-length CSP proteins. The Clavibacter genus 284 

comprises eight pathogenic species (40,41). Pathogens in the Clavibacter genus predominantly 285 

colonize the xylem vasculature and upon systemic infection, colonize additional tissues (40). First, 286 

conservation and synteny of each Clavibacter CSP was analyzed across multiple species. Both 287 

immunogenic cspA1 and non-immunogenic cspB were found in all Clavibacter genomes, whereas 288 

the weakly immunogenic cspA2 was found in 85% (74/87) (Fig. 4A). Across several species, each 289 

gene was highly syntenic (Fig. 4A). Expression of each CSP was assessed via qPCR for the tomato 290 

pathogen C. michiganensis in xylem-mimicking media and compared to a previously published 291 

housekeeping gene, bipA, in TBY rich medium. While all CSPs are expressed, cspA2 and cspB 292 

exhibited higher expression than cspA1 at both 6 and 24 hours with cspB displaying between 2.65 293 

and 3.63x fold change with cspA1 (Fig. 4B). Furthermore, when recombinant protein CspA1 and 294 

CspB were mixed in varying concentrations, we observed a strong reduction in ROS at 2.5x 295 

concentrations differences, a realistic difference as expression and protein abundance are 296 

correlated in bacteria (Fig. 4C-D) (44). 297 

Next, we wanted to investigate the ability of C. michiganensis (Cm) cell lysates to suppress 298 

CORE-dependent immunity from another actinobacteria Streptomyces spp. ND05-3B (St) as well 299 

as the proteobacteria Pseudomonas syringae pv. tomato DC3000�flaA (Pto). Both St and Pto carry 300 

immunogenic CSPs and lack cspB (SI Appendix, Fig. S6A, S11). Both Clavibacter and 301 

Streptomyces are non-flagellated and lack fliC; we used a Pto fliC deletion mutant (�flaA). On 302 

Arabidopsis, Cm lysates strongly induce ROS while St and Pto weakly induce ROS in an EFR-303 

dependent manner (SI Appendix, Fig. S11). Cm lysates were unable to induce ROS in tomato cv. 304 

Rio Grande or the core mutant line (Appendix, Fig. S11). However, St and Pto were able to induce 305 

ROS in a CORE-dependent manner. Furthermore, we able to observe reduced ROS production in 306 

Rio Grande when Cm lysates were mixed with either immunogenic St or Pto lysates at a 2.5 to 5x 307 

concentration (Fig. 4E-F). Collectively, these data demonstrate Cm can antagonize CORE-308 

mediated perception of St and Pto. 309 

We were unable to generate a Clavibacter knockout of cspB using a variety of approaches 310 

likely due to the region9s high GC content, ranging from 73 to 78% (42,43). In order to functionally 311 

assess intrabacterial CspB antagonism in planta, we expressed codon-optimized cspB in the 312 

tomato pathogen Pto DC3000 (Fig. 5). The five CSPs found in the DC3000 genome are 313 
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immunogenic and expressed in planta (Fig. 5A, SI Appendix, Fig. S5A, S11) (44). CSPs are known 314 

to act as translational chaperones and antiterminators during environmental conditions such as 315 

cold and stress (22). In vitro expression of cspB was confirmed via western blot (Fig. 5C). In vitro 316 

growth was not significantly different between P. syringae expressing cspB or empty vector, 317 

indicating that cspB expression does not grossly impact fitness (Fig. 5D). 318 

In order to assess CspB antagonism, we used DC3000�avrPto�avrPtoB�flaA (referred to 319 

as DC3000���) to prevent AvrPto/AvrPtoB effector and flg22 recognition (45). After inoculation 320 

with DC3000���, both core mutant lines exhibited increased disease symptoms and bacterial titers 321 

compared to the wild-type Rio Grande control (SI Appendix, Fig. S5C-D). These data demonstrate 322 

that tomato CORE impacts P. syringae colonization. Next, we characterized bacterial titer 323 

development between three- and five-days post infiltration for DC3000��� expressing cspB. In Rio 324 

Grande, DC3000��� expressing cspB exhibited higher bacterial titers at four- and five-days post-325 

inoculation compared to DC3000��� carrying empty vector (Fig. 5E). It is likely we detected a late 326 

increase in bacterial titer because cells require lysis to release CSPs and a minimum concentration 327 

of CspB is required to overcome immunogenic CSPs from P. syringae. Importantly, when either 328 

strain was inoculated on the core mutant line, there were no significant differences in bacterial titers 329 

between DC3000��� expressing cspB and DC3000��� carrying empty vector over the course of 330 

five days (Fig. 5F). Thus, intrabacterial expression of CspB is sufficient to inhibit CORE perception. 331 

Collectively, these data demonstrate that Clavibacter CspB is an intrabacterial antagonist. 332 

Discussion  333 

 334 

Natural epitope variation showcases outcomes which can serve to inform evolution, 335 

mechanistic interactions, and improve engineering approaches. We surveyed thousands of plant-336 

associated bacteria and found variability in epitope sequence and CNV in a MAMP- and genera-337 

dependent manner. Since natural variation was relatively low, characterizing the immune 338 

landscape for MAMP perception across thousands of bacteria is possible. Our work showcases the 339 

predictable nature of epitope evolution, enabling future rapid prediction of MAMP immunogenic 340 

outcomes. We uncovered a new mechanism of immune evasion, intrabacterial antagonism, which 341 

demonstrates that all genome-encoded MAMPs need to be considered when characterizing 342 

bacterial-plant outcomes.  343 

Millions of years of evolution led to bacterial divergence into different phyla. Recent work 344 

has assessed sequence variation for the flagellin epitope, flg22, revealing diverse yet constrained 345 

variation (32,35). Colaianni et al. identified 268 unique variants from 627 Arabidopsis-associated 346 

genomes. We also identified a similar number of flg22 epitope variants (254) from 4,228 genomes, 347 

highlighting the constrained nature of epitope variation across plant-associated bacteria (35). In 348 

contrast, 1,059 flg22 variants were identified from 1,414 genomes from representative 349 

proteobacterial genomes across diverse lifestyles (32). These studies revealed differential host 350 

immunogenic outcomes based on specific residue positions. In flg22, sites 14 and 15 can have a 351 

direct impact on immune perception but consequently impair motility (8,32,46). Therefore, the 352 

prevalence of some mutations may be constrained due to negative fitness effects.  353 

Epitope diversification may shift when multiple copies are present (35,47). Gene expansion 354 

can impact both protein function and epitope variation. For some Pseudomonas strains, FliC-1 is 355 

critical for both plant immune perception and motility, while FliC-2 is poorly expressed and only 356 

weakly induces immune perception (47). For FliC-2, EF-Tu and CSPs, certain residues changes in 357 

their respective epitope sequences were specific to additional copies (Fig. 2, 3) (47). With the 358 

exception of Streptomyces, most other bacterial genera carry a single EF-Tu locus and 359 

polymorphisms were highly constrained and predictable in position, likely reflective of the protein9s 360 

critical function to bacterial life (SI Appendix, Fig. S4A) (48). In contrast, CSPs are predominantly 361 

multi-copy genes, which likely influences their expanded variation (Fig. 1, 3). Individual CSPs can 362 

have minimal effects on bacterial survival when knocked out, although they can affect pathogen 363 

virulence (22,27,28,49).  364 

Some MAMP-encoded genes have multiple epitopes which can be recognized by different 365 

receptors (50-52). Different epitopes of FliC can be detected from distinct PRRs in Arabidopsis, 366 
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tomato, rice, and vertebrates (15,21,53). Each plant genome contains hundreds of candidate 367 

PRRs; thus, it is possible that linage specific, convergent evolved receptors is common and the 368 

broad conservation of FLS2 is the exception (54). While CORE is restricted to the Solanaceae, 369 

other genotypes in the Vitaceae and Rutaceae families respond to csp22 variants (10,55). 370 

Considering CSP diversity, it is likely other convergently evolved PRRs recognize and respond to 371 

csp22 variants.   372 

MAMP-derived genes have been rarely assessed beyond the first copy. One study 373 

assessed how a small number of Pseudomonas strains carrying two FliC genes exhibited 374 

differential immune outputs when individually assessed (47). For bacteria carrying one FliC, 375 

antagonism has been demonstrated against other genera (35,47). Here, we discovered 376 

actinobacteria contain multiple encoded CSPs where one copy blocks perception of additional 377 

immunogenic forms, thus functioning as intrabacterial antagonist (Fig. 335). Gram-positive 378 

pathogens lack the type three secretion system and cannot deliver immune suppressing effectors 379 

directly into host cells (40). Therefore, intrabacterial CSP antagonism provides an additional 380 

mechanism of immune suppression. Intrabacterial MAMP antagonism may also influence 381 

community dynamics or mixed infections. 382 

While total variation differs between MAMPs, csp22 epitopes exhibited the most variation 383 

(SI Appendix, Fig. S2). MAMP epitopes are proposed to undergo an arms race and are presumed 384 

to be under diversifying selection (56,57). However, EF-Tu is under purifying selection (57). 385 

Furthermore, across multiple CSP orthologs present in genera with both immunogenic and non-386 

immunogenic forms, most codons displayed either neutral or purifying selection (SI Appendix, Fig. 387 

S9A). There are many CSP copies per genome with potentially different functions, frequently 388 

ranging from three to nine, thus the selection pressure on any one CSP may be less compared to 389 

other loci (Fig. 3A, SI Appendix, Fig. S2). Additionally, perception of CSPs is thought to require cell 390 

lysis for perception, which may impact diversifying selection.  391 

By characterizing the consequence of natural epitope variation on immune perception, 392 

alternate immune outcomes have been revealed. While reduction in ROS production by some 393 

epitope variants was measurable, we failed to characterize any elf18 or csp22 epitopes which 394 

displayed statistically significantly higher ROS production compared to the consensus controls (SI 395 

Appendix, Fig. S4A, Fig. S6A). This may reveal that a minimal number of residues at specific 396 

positions are sufficient for strong complex formation and immune induction. Some flg22 variants, 397 

called deviant peptides, can uncouple immune outputs; they are able to induce early-stage ROS 398 

production but fail to induce late-stage immune responses such as SGI (35). This phenomenon of 399 

uncoupled immune outputs was also found for some elf18 variants (Fig. 2). Two weakly 400 

immunogenic variants by ROS, one from Xanthomonas and one from Streptomyces, were unable 401 

to induce SGI, callose deposition, or MAPK phosphorylation. It is likely MAMPs beyond flg22 and 402 

elf18 may also act as deviants, representing another strategy to reduce strong immune outputs. 403 

We envision two possible explanations for deviant peptide evolution. One, we may be capturing a 404 

snapshot of peptide evolution toward either maskers or antagonists. Two, these deviant peptides 405 

may occupy the space of the receptor complex, limiting robust immune outputs by other 406 

immunogenic peptides. These strategies are not unique to pathogens alone; beneficial microbial 407 

communities have been shown to be enriched in antagonistic FliC variants, which block perception 408 

of FLS2 (35).  409 

A common strategy to confer disease resistance is to transfer receptors between plant 410 

genotypes. EFR has been transferred to tomato, citrus, wheat, and apple (58-61). In each case, 411 

EFR transgenic plants are able to significantly restrict pathogen titers and disease progression. 412 

This conclusion is congruent with our elf18 screen since most EF-Tu epitopes (92%)  induce strong 413 

immune responses in A. thaliana (Fig. 2). In contrast, prevalent non-immunogenic epitopes exist 414 

from FliC and CSPs, of which some block receptor recognition (Fig. 3, SI Appendix, Fig. S2) 415 

(30,32,35,62). Therefore, careful consideration of pathogen epitope variation should be considered 416 

for receptor transfer and subsequent engineering (63). We encourage future work using this dataset 417 

to inform which receptors may be optimal for pathogen control. In concert, large epitope variant 418 

databases may enable new synthetic receptor engineering via protein modeling of receptor 419 
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structure. Rational receptor design focused on contact with low-polymorphic ligand residues may 420 

delay evolution of pathogen evasion. 421 

 422 

Materials and Methods 423 

 424 

Bacterial genomes were pulled from NCBI9s Refseq and bacterial epitopes were mined via 425 

BlastP, local alignment, and custom R scripts for filtering (Fig. 1A, Dataset S1) (6,11,13,16,17). 426 

Phylogenetic trees for bacteria relatedness were built using GToTree and protein trees were built 427 

using MAFFT for sequence alignment and IQ-TREE tree building. Epitopes of interests that were 428 

assessed in planta were chosen based on abundance, epitope sequence, and gene annotation. 429 

ROS, MAPK, seedling growth inhibition, callose deposition, and alkalinization were measured 430 

similarly as previously described with some minor modifications (13, 31, 35). Gene structure was 431 

assessed in C. michiganensis using BlastN and Clinker. Measurement of C. michiganensis CSP 432 

expression was conducted similarly as previously described (64). Collection of bacterial lysates 433 

were cultured in liquid media or on plates, collected, and processed in lysis buffer via a Emusiveflex-434 

C3 High-Pressure Homogenizer. Recombinant protein was expressed in E. coli and collected using 435 

standard techniques (7). Bacterial titers of P. syringae in tomato was conducted similarly as 436 

described before (14). Detailed Materials and Methods are found in SI Appendix. 437 

 438 
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676 Figures and  Legends 

677 

Fig. 1. Epitopes from diverse plant-associated bacteria exhibit different evolutionary trajectories. 678 

(A) Pipeline to mine for MAMP epitopes from 4,228 plant-associated bacterial genomes (see679 

Methods Section for details). (B) Maximum-likelihood phylogeny built from 74 housekeeping genes 680 

with tips labeled by genera. Each bar below presents the number of epitopes (csp22, elf18, flg22, 681 

flgII-28, nlp20) present in each genome. (C) A violin plot showing the number of MAMP-encoded 682 

genes from each genome separated by MAMP type. Tukey9s boxplots are plotted on top. The 683 

number of epitopes assessed are listed at the top. (D) A violin plot of percent amino acid (AA) 684 
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similarity of each epitope variant in comparison to each respective consensus sequence across all 685 

bacteria sampled. Tukey9s boxplots are plotted on top. (E) Lollipop plot displaying the number of 686 

unique MAMP epitopes and their occurring frequencies.  687 
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688 

Fig. 2. elf18 exhibits minimal diversification and most variants are immunogenic. (A) Maximum-689 

likelihood phylogenetic tree of EF-Tu. Tips were colored by genera, second bar represents percent 690 

amino acid similarity to consensus, and third bar indicates immunogenicity by ROS from 691 

Supplemental Figure 4. (B) Arabidopsis seedling growth inhibition after treatment with water or 692 

elf18 peptides (100 nM). One point = 1 plant. Eight plants per biological replicate. A one-way 693 

ANOVA and Tukey9s mean comparison was used to determine significance, p<0.0001. (C) 694 

Quantified callose deposition in Col-0 after treatment with water and elf18 variants (1 µM). Values 695 

are from one representative experiment which includes an average of at least two images per leaf 696 

from two leaves per plant, three plants per treatment. Statistical analyses were performed as 697 

described in (B), p<0.0001. (D) Induction of MAPK by elf18 variants (100 nM) in Col-0 at zero- and 698 

15-minutes post infiltration. CBB = protein loading. All experiments were repeated at least three699 

times with similar results. (E) Summary of immunogenic outcomes of EF-Tu-encoded elf18 700 

epitopes from Supplemental Figure 4. (F) Summary of immunogenic outcomes with respect to EF-701 

Tu copy number. 702 
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703 

Fig. 3 Convergently evolved non-immunogenic CSPs reduce CORE perception. (A) Maximum-704 

likelihood phylogenetic tree of CSP domains. Tips were colored by genera, second bar represents 705 

percent amino acid similarity to consensus, and third bar indicates immunogenicity based on ROS 706 

experiments in Supplemental Figure 6 (200 nM). (B) Summary of immunogenic outcomes of csp22 707 

epitopes tested by ROS. (C) Summary of immunogenic outcomes in respect to CSP copy number 708 

(Left). Summary of immunogenic outcomes from bacteria present across each non-immunogenic 709 

Clade in A and their relatives in the same genera (Right). (D) ROS screen for immune antagonism 710 

in Rio Grande tomato. Leaf disks were incubated overnight with candidate antagonist followed by 711 

elicitation with 200 nM agonist peptide. Control denotes positive control (untreated immunogenic 712 

agonist) and concentrations listed are of the candidate non-immunogenic antagonist. Maximum 713 

RLU averages were adjusted to a scale of 0 to 100,000 based on the controls (water and untreated 714 

agonist). Candidate antagonists, labeled by genera, were selected across the three conserved non-715 

immunogenic-derived CSPs from Figure 5. A one-way ANOVA and Tukey9s mean comparison was 716 

used to determine significance in respect to the untreated agonist control (denoted *: p < 0.05). (E) 717 

Alkalization of Nicotiana tabacum cv. Bright Yellow (BY-2) suspension cells after MAMP treatment 718 
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(10 nM Cm csp22-1; 10 nM Cm csp22-3). Antagonism was assessed by first treating with 50 nM 719 

Cm csp22-3 for three minutes, then treating with 10 nM agonist Cm csp22-1. Two cell aliquots were 720 

tested per treatment and the experiment was repeated at least two times. (F) Diagram of 721 

Clavibacter CSP intrabacterial antagonism. 722 

  723 
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 724 

Fig. 4. Clavibacter CspB is conserved, expressed, and enables immune evasion of CORE. (A) 725 

Conservation and syntenic gene structure of CSPs in representative Clavibacter genomes (C. 726 

michiganensis: NCPPB382 and Z001; C. capsici: PF008; C. insidiosus: ATCC10253; C. 727 

nebraskensis: NCPPB2581; C. tessellarius: ATCC33566 and CFBP8017). (B) Expression of CSPs 728 

from Clavibacter michiganensis NCPBB382 in xylem-mimicking media compared to expression of 729 

the housekeeping gene, bipA, in rich media TBY. Three technical replicates for two independent 730 

biological cultures are plotted. The experiment was repeated three times with similar results. Error 731 

bars = SEM. (C) Coomassie stained SDS-PAGE gel of CSP recombinant proteins purified from E. 732 

coli. CspA1 is 13 kDa and CspB is 17kDa. (D) Maximum ROS production in tomato Rio Grande. 733 

Recombinant CSP proteins were mixed in the indicated concentrations at the same time and 734 

applied to leaf tissue. Concentrations were 100 nM for Cm CspA1 and different concentrations of 735 

recombinant non-immunogenic Cm CspB (denoted in red font).  (E) ROS induction of Streptomyces 736 

sp. ND05-3B (1 ug/mL, St) and C. michiganensis NCPPB382 bacterial lysates (2.5 and 5 ug/mL, 737 

Cm) in Rio Grande tomato. (F) ROS induction of Pseudomonas syringae pv. tomato DC3000�flaA 738 

(1 ug/mL) and C. michiganensis NCPPB382 bacterial lysates (2.5 and 5 ug/mL) in Rio Grande 739 

tomato. Lysates were mixed in the indicated concentrations at the same time and applied to leaf 740 

tissue in (E) and (F). In (D-F) the Max. RLUs include an average of four punches per plant, 12 741 
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plants per treatment. Error bars = SEM. A one-way ANOVA and Tukey9s mean comparison was 742 

used to determine significance, p<0.05.  743 
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 744 

Fig. 5. Intrabacterial transfer of CspB antagonizes CORE perception in a Gram-negative tomato 745 

pathogen. (A) Induction of Pseudomonas syringae pv. tomato (Pto) DC3000 CSPs based on raw 746 

count proteome data from Nobori et al., 2020.44 Variants are labeled by their immunogenicity based 747 

on Figure 3 and Supplemental Figure 6. (B) Diagram of Pto DC3000 transformed with pDSK519 748 

carrying codon-optimized cspB where bacterial titers were tested in tomato. (C) In vitro expression 749 

of pDSK519 carrying codon-optimized cspB (hereafter pDSK519-cspB) in Pto 750 

DC3000�avrPto�avrPtoB�flaA (���) (OD600 = 1). WT = Wildtype strain DC3000���. (D) 751 

Representative plot of DC3000��� in vitro growth with pDSK519-ngfp (ev) and with pDSK519-752 

cspB in NYGB medium. (E and F) Bacterial titers of DC3000��� carrying pDSK519-ngfp (ev) or 753 

pDSK519-cspB in Rio Grande (RG) and core mutants three to five days post infiltration. Two leaves 754 

were sampled per plant with four plants per strain. The experiment was repeated three times. Error 755 

bars = SEM. A one-way ANOVA and Tukey9s mean comparison was used to determine 756 

significance, p<0.01. 757 
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