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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 昀椀ve 
di昀昀erent 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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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 di昀昀erent 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 
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D
o
w

n
lo

ad
ed

 f
ro

m
 h

tt
p
s:

//
w

w
w

.p
n
as

.o
rg

 b
y
 "

U
N

IV
E

R
S

IT
Y

 O
F

 W
A

S
H

IN
G

T
O

N
 L

IB
R

A
R

IE
S

, 
A

R
C

S
 -

 S
E

R
IA

L
S

" 
o
n
 J

u
n
e 

2
4
, 
2
0
2
4
 f

ro
m

 I
P

 a
d
d
re

ss
 2

0
5
.1

7
5
.1

0
6
.1

1
5
.



4 of 11   https://doi.org/10.1073/pnas.2319499121 pnas.org

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).

Diversi昀椀cation of CSPs Contributes to Di昀昀erential 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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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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results. Error bars = SEM. (C) Coomassie- stained SDS- PAGE gel of CSP recombinant proteins puri昀椀ed from E. coli. CspA1 is 13 kDa and CspB is 17kDa. (D) Maximum 
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D
o
w

n
lo

ad
ed

 f
ro

m
 h

tt
p
s:

//
w

w
w

.p
n
as

.o
rg

 b
y
 "

U
N

IV
E

R
S

IT
Y

 O
F

 W
A

S
H

IN
G

T
O

N
 L

IB
R

A
R

IE
S

, 
A

R
C

S
 -

 S
E

R
IA

L
S

" 
o
n
 J

u
n
e 

2
4
, 
2
0
2
4
 f

ro
m

 I
P

 a
d
d
re

ss
 2

0
5
.1

7
5
.1

0
6
.1

1
5
.



8 of 11   https://doi.org/10.1073/pnas.2319499121 pnas.org

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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(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 DC3000ΔavrPtoΔavrPtoBΔ昀氀aA (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 
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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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