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1  |  INTRODUC TION

Bacterial vector- borne (VB) diseases impact agriculture world-
wide. Members of the genus ‘Candidatus Liberibacter’ (hereafter 

Liberibacter) cause diseases on a range of economically important 
crops like potatoes, carrots, celery and citrus, with impacts on citrus 
decimating the Florida citrus industry (Wang et al., 2017). Similarly, 
members of ‘Candidatus Phytoplasma’ (hereafter Phytoplasma) cause 
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Abstract
Vector- borne bacterial pathogens cause devastating plant diseases that cost billions 
of dollars in crop losses worldwide. These pathogens have evolved to be host-  and 
vector- dependent, resulting in a reduced genome size compared to their free- living 
relatives.	All	known	vector-	borne	bacterial	plant	pathogens	belong	to	four	different	
genera: ‘Candidatus Liberibacter’, ‘Candidatus Phytoplasma’, Spiroplasma and Xylella. 
To protect themselves against pathogens, plants have evolved pattern recognition 
receptors that can detect conserved pathogen features as non- self and mount an im-
mune response. To gain an understanding of how vector- borne pathogen features are 
perceived in plants, we investigated three proteinaceous features derived from cold 
shock protein (csp22), flagellin (flg22) and elongation factor Tu (elf18) from vector- 
borne bacterial pathogens as well as their closest free- living relatives. In general, 
vector- borne pathogens have fewer copies of genes encoding flagellin and cold shock 
protein compared to their closest free- living relatives. Furthermore, epitopes from 
vector- borne pathogens were less likely to be immunogenic compared to their free- 
living counterparts. Most Liberibacter csp22 and elf18 epitopes do not trigger plant 
immune responses in tomato or Arabidopsis. Interestingly, csp22 from the citrus path-
ogen ‘Candidatus Liberibacter asiaticus’ triggers immune responses in solanaceous 
plants, while csp22 from the solanaceous pathogen ‘Candidatus Liberibacter solan-
acearum’ does not. Our findings suggest that vector- borne plant pathogenic bacteria 
evolved to evade host recognition.
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diseases in a broad range of crops, from fruit trees to vegetables 
(Bertaccini et al., 2014). Witch's broom disease of lime in the Middle 
East (Donkersley et al., 2018) and coconut lethal yellowing disease 
(Gurr et al., 2016) are examples of economically important phyto-
plasma diseases. Xylella fastidiosa continues to be a costly pathogen 
in the grape industry through Pierce's disease, costing California 
$104 million per year (Tumber et al., 2014).	Another	 lineage	of	X. 
fastidiosa is causing a major epidemic on the European olive indus-
try, with a potential loss of €1.9–5.2 billion in Italy if left untreated 
(Schneider et al., 2020). There are several hundred Spiroplasma spe-
cies that have been identified (Gasparich, 2010) and mainly colonize 
insects (Hackett & Clark, 1989). While some members of Spiroplasma 
have been known to infect and cause disease in humans, arthropods 
and animals, some are not yet known to cause disease in any organ-
ism (Hackett & Clark, 1989), and three species are known to infect 
plants: S. citri, S. kunkelii and S. phoeniceum (Huang et al., 2020).

Bacterial VB plant pathogens exclusively colonize the plant 
vasculature (phloem or xylem) through insect feeding. Members of 
Phytoplasma, Spiroplasma and Liberibacter proliferate in the phloem, 
while X. fastidiosa proliferates in the xylem (Huang et al., 2020). 
These pathogens are challenging to study because many are uncul-
turable, exhibit fastidious growth and rely on an insect vector for 
transmission (Huang et al., 2020). VB pathogens also have reduced 
genome sizes compared to their non- VB counterparts, on average. 
X. fastidiosa	has	the	largest	average	size	at	2.5 Mb,	while	species	in	
the genera Spiroplasma and Liberibacter range from about 1.2 to 
1.7 Mb	(Rattner	et	al.,	2021; Thapa et al., 2020; Weng et al., 2021). 
Phytoplasmas have the smallest genomes of these pathogens at less 
than	1 Mb	 (Huang	 et	 al.,	2020). While there have been numerous 
research efforts in recent years, there are still many remaining ques-
tions to be answered on how plant hosts defend themselves against 
VB pathogens.

Plants possess innate immune receptors that can recognize 
pathogens and limit disease development. Cell- surface localized im-
mune receptors, known as pattern recognition receptors (PRRs), are 
responsible for recognizing pathogen-  or microbe- associated molec-
ular	patterns	(PAMPs	or	MAMPs)	to	induce	pattern-	triggered	immu-
nity	(PTI)	(Ngou	et	al.,	2022). Plant PRRs are frequently receptor- like 
kinases, including the flagellin receptor FLS2 (Chinchilla et al., 2007), 
cold shock protein receptor CORE (Wang et al., 2016) and the elon-
gation factor Tu receptor EFR (Zipfel et al., 2006).	MAMPs	are	often	
epitopes of microbial features rather than the whole feature itself, 
such as flg22 (from bacterial flagellin), elf18 (from elongation factor 
Tu	or	EF-	Tu)	and	csp22	(from	cold	shock	protein)	(Ngou	et	al.,	2022). 
PTI induction results in a myriad of physiological responses, includ-
ing calcium influx into the cytoplasm, production of reactive oxy-
gen species (ROS), activation of mitogen- activated protein kinases 
(MAPKs)	and	global	transcriptional	reprogramming	towards	defence.	
All	these	physiological	responses	culminate	in	pathogen	growth	in-
hibition (Tang et al., 2017). However, there are trade- offs between 
defence activation and plant growth. For example, seedling growth 
inhibition	 is	 also	 a	 commonly	 studied	MAMP	 immune	 response	 in	
Arabidopsis (Belkhadir et al., 2014). Overall, PTI plays an important 

role in preventing pathogen growth, and transfer of PRRs between 
plant	genera	can	confer	broad-	spectrum	disease	resistance	(Albert	
et al., 2015; Pfeilmeier et al., 2019; Zipfel et al., 2004).

MAMP-	encoded	 proteins	 are	 highly	 conserved	 across	 broad	
bacterial taxa and have important functions. The bacterial flagel-
lum, for example, is important for motility and adhesion within the 
host (Rossez et al., 2015; Sourjik & Wingreen, 2012). Elongation 
factor Tu (EF- Tu) performs a critical function in protein translation 
and is a highly abundant bacterial protein (Harvey et al., 2019). 
Cold shock proteins (CSPs) have a highly conserved nucleic acid- 
binding	 domain	 that	 maintains	 single-	stranded	 RNA	 structure	
under	 cold	 stress	 (Keto-	Timonen	 et	 al.,	 2016).	 Some	MAMPs	 in	
plant pathogens such as Pseudomonas have been observed to 
be under selective pressure to evade the host immune response 
(McCann et al., 2012; Mott et al., 2016). While these phenomena 
allow	MAMP	variation	to	exist	within	a	microbial	population,	there	
are constraints on which variations persist (Parys et al., 2021). In 
a	 set	 of	 naturally	 occurring	 bacterial	 flagellin	MAMPs,	 different	
homologues can result in different outcomes such as receptor an-
tagonism, recognition evasion or only inducing a subset of immune 
outputs (Colaianni et al., 2021).

VB pathogens are transmitted from plant to plant during feed-
ing on phloem or xylem tissues by piercing- sucking insects in the 
order Hemiptera (Huang et al., 2020; Jiang et al., 2019). Species 
in Liberibacter, Spiroplasma and Phytoplasma can replicate, circu-
late and accumulate within their respective hosts (Perilla- Henao 
& Casteel, 2016). While species in Xylella cannot circulate within 
their hosts, they are capable of propagating inside the mouthparts 
of the insect to accumulate (Rapicavoli et al., 2018). Insects car-
rying these bacteria secrete watery saliva into the plant apoplast 
during probing, which contains pathogen and symbiont cells, while 
in search of their target tissues (Moreno et al., 2011). Recent single- 
cell	 RNA-	seq	 data	 demonstrate	 vascular	 expression	 of	 immune	
receptors, including PRRs, in phloem companion, phloem paren-
chyma and procambium cells (Tang et al., 2023). Researchers have 
demonstrated that Arabidopsis thaliana and tomato can perceive 
a	MAMP	 from	an	aphid	 symbiont,	Buchnera aphidicola, which im-
pacts aphid fecundity (Chaudhary et al., 2014). This mechanism re-
quires a common co- receptor for pattern recognition (Chaudhary 
et al., 2014).	 Additionally,	 expression	 of	 the	 Arabidopsis PRR for 
bacterial EF- Tu confers resistance to the vector- borne citrus patho-
gen X. fastidiosa subsp. pauca (Mitre et al., 2021). Phloem- feeders 
will also specifically produce a sticky feeding residue called honey-
dew	(Auclair,	1963). Saliva and honeydew contain several molecular 
patterns from microbes and herbivores that can activate immunity 
in plants (Chaudhary et al., 2014;	Wari,	Alamgir,	et	al.,	2019; Wari, 
Kabir,	 et	 al.,	2019). Once deposited inside vascular cells, it is un-
likely	 that	PRRs	would	be	capable	of	perceiving	MAMPs	as	 these	
immune receptors use extracellular domains for perception (Tang 
et al., 2017).

In	 this	 study,	 we	 characterized	 MAMPs	 from	 known	 VB	 bac-
terial plant pathogens and their closest relatives to gain a greater 
understanding of how these pathogens may evolve to evade host 
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immunity. Our investigation revealed that VB pathogens tend to 
have	fewer	MAMP	copies	of	flagellin	and	CSP.	VB	pathogen	MAMPs	
are also not as immunogenic in plants as those from their closest rel-
atives.	Furthermore,	we	showed	that	a	MAMP	from	a	vector-	borne	
citrus pathogen is perceived in tomato, a non- host.

2  |  RESULTS

2.1  |  Vector- borne bacterial plant pathogens tend 
to have fewer copies of flagellin and CSPs than their 
closest relatives

Several	 genome	 assemblies	 are	 available	 on	 NCBI	 for	 insect-	
associated species in the genera Liberibacter, Phytoplasma, 
Spiroplasma and Xylella. Liberibacter and Xylella are gram- 
negative proteobacteria, but Liberibacter species belong to 
the family Rhizobiales and Xylella species belong to the family 
Xanthomonadales (Rodriguez- R et al., 2012; Thapa et al., 2020). 
Spiroplasma and Phytoplasma species are mollicutes but belong to 
different families, with Spiroplasma in the family Mycoplasmataceae 
and Phytoplasma in the family Acholeplasmataceae (Gundersen 
et al., 1994; Huang et al., 2020). Phylogenetic analyses using 
the Genome Taxonomy Database Toolkit (GTDB- Tk, Chaumeil 
et al., 2022, database version R207) reveal that Xylella species 
cluster with γ- proteobacteria, Spiroplasma and Phytoplasma clus-
ter in different families within Bacilli, and Liberibacters form a 
clade with α- proteobacteria like species in the genera Bartonella 
and Brucella (Figure 1a).

To	 find	 proteins	 containing	 potential	 MAMPs	 in	 insect-	
associated bacterial species, we used a HMMER- based approach 
to mine 977 genome assemblies for homologues of three well- 
characterized	MAMP-	containing	proteins	(Eddy,	2011, Figure 1b). 
We used the GTDB taxonomy to assign the assemblies into one of 
eight	categories:	Phytoplasma	(39	assemblies),	Non-	Phytoplasma	
Acholeplasmataceae (7 assemblies), Spiroplasma (43 assemblies), 
Non-	Spiroplasma Mycoplasmataceae (225 assemblies), Liberibacter 
(50	 assemblies),	 Non-	Liberibacter	Rhizobiaceae (184 assemblies), 
Xylella	 (32	 assemblies)	 and	 Non-	Xylella Xanthomonadaceae (399 
assemblies) (Table S1). We searched translated sequences for 
proteins containing domain models from three common bacterial 
proteins	 with	 MAMPs:	 flagellin	 (Pfam	 accessions	 PF00669	 and	
PF00700), elongation factor Tu (EF- Tu, Pfam accessions PF00009, 
PF03144 and PF03143) or cold shock protein (CSP, Pfam ac-
cession PF00313, Figure 1b).	 No	 bacterial	 flagellin	 monomers	
(also known as FliC) were detectable via HMMER in Spiroplasma 
members, Phytoplasma members or any of their close relatives 
(Figure 1c). Flagellin monomers were also not detected in Xylella 
but were found in their Xanthomonadaceae relatives, leaving 
Liberibacter members as the only VB bacteria with detectable 
flagellin	 in	 this	 study.	A	 vast	majority	 of	Xanthomonadaceae and 
Rhizobiaceae assemblies contain two copies of EF- Tu (621/665), 
though	some	Liberibacters	 (21/50)	have	fewer	than	two.	Almost	

all members of Spiroplasma, Phytoplasma and their non- VB rela-
tives have only one EF- Tu copy (Figure 1c). In contrast, CSP copy 
number differs greatly and VB species tend to only possess one 
or two copies compared to their relatives that possess multiple 
copies (Figure 1c). We were unable to detect CSPs in Spiroplasma 
based	on	 either	 a	HMMER	 search,	 a	 standard	BLAST	 search,	 or	
by genome annotation. It is possible that VB species have fewer 
copies	of	some	MAMP-	encoded	proteins	because	of	their	smaller	
genome size (Huang et al., 2020). In our study, insect- associated 
bacteria have a 37.6%–54.3% smaller genome than their closest 
relatives except for Spiroplasma species, which have a 49.5% larger 
genome on average (Figure S1 and Table S1). When plotting total 
MAMP-	containing	protein	copy	number	compared	to	genome	size,	
there was a correlation between larger genomes having more cop-
ies (R2 = 0.67,	Figure S1).

2.2  |  Functional characterization of elf18 and 
csp22 MAMPs

Next,	we	sought	to	characterize	the	immune	perception	of	the	im-
munogenic epitopes of EF- Tu from Escherichia coli	 (elf18,	 Kunze	
et al., 2004) and Csp from Micrococcus luteus (csp22, Felix & 
Boller, 2003). Flagellin proteins were excluded from these sets of 
experiments due to Liberibacter being the only VB genus to have 
detectable	flagellin	copies.	Selected	MAMP	variants	were	based	on	
two main criteria: the abundance of the epitope and presence of an 
epitope in pathogens of interest, such as the multiple haplotypes of 
‘Candidatus Liberibacter solanacearum’ (Figure 1b). We synthesized 
17 elf18 variants and 23 csp22 variants for screening for immune 
perception, spanning VB pathogens and their closest relatives to test 
for immunogenicity (Table S2).

To assess the immunogenicity of elf18 variants, we performed 
reactive oxygen species (ROS) assays on A. thaliana, which is 
known	 to	 possess	 the	 elf18	 receptor	 EFR	 (Ngou	 et	 al.,	 2022; 
Zipfel et al., 2006).	Assays	were	performed	on	both	4-	week-	old	
wild- type Col- 0 and efr knockout plants (Figure 2). Results from 
ROS experiments are plotted as scaled relative light units (RLUs) 
showing the ratios of RLUs from elf18 variant treatments com-
pared to water- treated controls in Figure 2a. Here, scaled RLUs 
>5 have five times greater ROS and are considered intermediately 
immunogenic, while scaled RLUs >10 have 10 times greater ROS 
compared to the water control and are considered strongly immu-
nogenic. Representative raw ROS curves for non- immunogenic, 
intermediate immunogenic and immunogenic peptides are shown 
in Figure S2. Fourteen out of 19 tested elf18 variants induced ROS 
production (scaled RLUs >5) in A. thaliana.	No	variants	produced	
ROS in Arabidopsis efr knockout lines, demonstrating that the per-
ception of these elf18 variants is mediated by EFR. The five non- 
immunogenic elf18 variants were all variants from Liberibacter 
and Phytoplasma VB pathogens (Figure 2a). There was no varia-
tion in elf18 variants within a Liberibacter species. Only 33.3% 
(2/6) of tested Liberibacter elf18 variants were immunogenic in 
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F I G U R E  1 Analysis	of	immunogenic	features	from	vector-	borne	(VB)	bacterial	plant	pathogens	and	their	closest	relatives.	(a)	Mid-	rooted	
maximum- likelihood phylogenetic tree showing placement of VB species and relatives chosen for analysis on the Genome Taxonomy 
Database bacterial tree of life based on 120 conserved bacterial marker genes. Bacilli contains the families Acholeplasmataceae and 
Mycoplasmataceae that include the VB- containing genera Phytoplasma and Spiroplasma. α- proteobacteria contains the family Rhizobiaceae, 
which includes the VB- containing genus Liberibacter, and γ- proteobacteria contains the family Xanthomonadaceae, which includes the VB- 
containing genus Xylella. (b) Diagram of analysis workflow to mine selected genome assemblies for immunogenic microbial features. (c) Mid- 
rooted maximum- likelihood phylogenetic tree based on 120 bacterial marker genes showing only VB species and relatives with heatmaps of 
copy numbers for the immunogenic features flagellin, elongation factor (EF) Tu and cold shock protein (CSP) below the tree.
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F I G U R E  2 Perception	of	elf18	variants	via	reactive	oxygen	species	(ROS)	production.	(a)	Bar	plots	showing	relative	light	units	(RLUs)	
calculated	by	comparing	100 nM	elf18	or	200 nM	elf18	variant	treatments	to	water	treatments	in	both	Col-	0	and	efr Arabidopsis plants. 
Each data point represents a single experiment consisting of an average of eight individual leaf disks per plant, with at least nine plants 
per	treatment.	MAMPs	with	RLU	output	less	than	five	times	the	output	of	water-	treated	plants	are	considered	non-	immunogenic	and	are	
coloured	grey.	MAMPs	with	RLU	output	of	5–10	times	that	of	water	(highlighted	in	grey)	are	considered	intermediately	immunogenic	and	are	
represented	with	striped	bars.	Non-	Xylella Xanthomonadaceae	MAMP	data	were	included	from	Stevens	et	al.	(2023). (b) Summary bar chart 
of immunogenic and non- immunogenic elf18 variants from vector- borne (VB) and non- VB species. (c) Frequency plots of amino acid residues 
for	immunogenic	(top)	and	non-	immunogenic	(bottom)	elf18	variants.	(d)	Average	Grantham	polarity	scores	(Grantham,	1974, top) and 
average	hydropathicity	scores	(Kyte	&	Doolittle,	1982; bottom) of immunogenic (blue) and non- immunogenic (orange) elf18 variants across 
each amino acid position, with amino acid positions of interest highlighted in grey bars.
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Arabidopsis. Overall, while all the elf18 variants from non- VB spe-
cies were immunogenic, only 58.3% (7/12) of tested elf18 vari-
ants from VB species were immunogenic (Figure 2b). The five 
non- immunogenic elf18 variants have notable differences in 
amino acid composition in some residues that may affect their in-
teractions with EFR (Figure 2c,d). For example, at position #10, 
the average Grantham polarity score for tested non- immunogenic 
variants is higher than for immunogenic variants, indicating that 
non- immunogenic variants are on average more polar at that 
position. For position #13, the average polarity score for tested 
non- immunogenic variants is lower than that of the immunogenic 
variants. The identification of multiple non- immunogenic elf18 
variants from VB pathogens is striking, as a large study of elf18 
variants from over 3700 free- living bacteria only identified two 
non- immunogenic peptides (Stevens et al., 2023). Taken together, 
the data suggest that some Liberibacter and Phytoplasma patho-
gens cannot be perceived by EFR.

To further characterize these elf18 variants, we chose a sub-
set to screen by seedling growth inhibition and mitogen- activated 
protein	 kinase	 (MAPK)	 assays	 from	all	 four	VB	genera.	 Peptides	
that did not induce ROS production also did not inhibit seedling 
growth (Lcr_010, Laf_011, Lam_012, and Leu_013, Figure 3a). 
However, not all peptides that triggered ROS production induced 
seedling	 growth	 inhibition.	 Notably,	 ROS-	inducing	 Liberibacter	
(Las, Lso) and Xylella (Xfa_014, Xta_015) peptides induced little 
or no seedling growth inhibition, respectively (Figure 3a). These 
same Liberibacter peptides and Xylella Xfa_014 could induce ROS 
production	 but	 not	 strong	MAPK	 phosphorylation	 (Figure 3b,c). 
None	 of	 the	 tested	 peptides	 induced	 seedling	 growth	 inhibition	
in efr knockout A. thaliana (Figure S3). This ‘deviant peptide’ phe-
nomenon, where ROS can be uncoupled from downstream re-
sponses, has also been documented in previous studies (Colaianni 
et al., 2021; Stevens et al., 2023).

Next,	we	used	4-	week-	old	 tomato	 (cultivar	Rio	Grande),	which	
contains the CORE receptor, to assess immunogenicity of csp22 
variants	(Ngou	et	al.,	2022; Wang et al., 2016). The ROS results are 
also plotted as scaled RLUs showing the ratios of RLUs from csp22 
variant treatments compared to water- treated controls, with rep-
resentative raw ROS curves shown in Figure S4. In contrast to the 
elf18 variants (where 73.7% of variants induced ROS production in 
A. thaliana), only 42.3% of all csp22 variants induced ROS produc-
tion (scaled RLUs greater than 5) in Rio Grande tomato (Figure 4a,b). 
Furthermore, unlike elf18, there was variation in csp22 sequence 
within Lso. core tomato plants did not perceive immunogenic csp22 
variants (Figure 4a, right) but still responded to flg22 from bacte-
rial flagellin (Figure S5), which indicates that CORE mediates the 
response to these csp22 variants. Overall, 77.8% (7/9) of tested 
non- VB csp22 variants but only 23.5% (4/17) of tested VB csp22 
variants were immunogenic in tomato (Figure 4b). The differences 
between the immunogenic csp22 and the non- immunogenic csp22 
variants are less distinct compared to elf18 except for some amino 
acid positions like #9 and #20, where the residues differ slightly in 
hydrophobicity and polarity (Figure 4c,d). Collectively, our analyses 

suggest that VB pathogens are less likely to carry plant immunogenic 
elf18 and csp22 variants.

2.3  |  csp22 variants from Liberibacter species 
exhibit host- dependent immune responses

Species in the genus Liberibacter infect a wide range of host spe-
cies including citrus, tomato, potato and carrot (Wang et al., 2017). 
Specifically, ‘Candidatus Liberibacter asiaticus’ (Las) is a very dev-
astating pathogen of citrus (da Graça et al., 2016) and ‘Candidatus 
Liberibacter solanacearum’ (Lso) infects solanaceous plants includ-
ing tomato, potato and Nicotiana benthamiana (Huang et al., 2020; 
Wang et al., 2017). Lso is divided into at least 11 different hap-
lotypes, each with distinct host ranges and psyllid associations 
(Alfaro-	Fernández	 et	 al.,	2017; Grimm et al., 2022; Haapalainen 
et al., 2020; Mauck et al., 2019; Wang et al., 2017). Lso haplo-
type B (hereafter LsoB) can cause disease in tomato and potato 
(Munyaneza, 2015; Wang et al., 2017). The csp22 variant from Las 
induced ROS production in Rio Grande tomato, N. benthamiana 
and	potato	cultivar	Atlantic,	all	non-	host	plants	(Figures 4a and 5). 
In a previous study, this same Las csp22 variant showed ROS pro-
duction in only 10 out of 86 screened genotypes within Rutaceae, 
the plant family that includes citrus (Trinh et al., 2023). In contrast, 
the LsoB csp22 variant was not perceived in Rio Grande tomato, N. 
benthamiana	and	Atlantic	potato,	which	are	all	hosts	for	this	path-
ogen (Figures 4a and 5b,c). When comparing the canonical csp22 
from M. luteus and variants from Las and Lso, there are multiple 
amino acid changes near the GxG motif and the last four amino 
acids of the Lso epitope (Figure 5a). These data suggest that there 
may	be	a	 relationship	between	MAMP	 immunogenicity	and	host	
range.

2.4  |  Elongation factor Tu and CSPs in VB species 
reveal differences in phylogeny and MAMP synteny

Elongation factor Tu (EF- Tu) tends to be present in one or two 
copies in bacterial genomes and is highly conserved across bacte-
rial	 taxa.	All	 assemblies	with	more	 than	one	 copy	of	EF-	Tu	have	
copies that are near identical (>95% identity), with only one as-
sembly containing a copy below 97% identity. Furthermore, all 
but 12 assemblies with multicopy EF- Tu have 100% identity in 
the elf18 epitopes. We generated a protein phylogeny of unique 
full- length EF- Tu proteins and found that it was congruent with 
the species phylogeny, indicating there has not been horizontal 
gene transfer (Figures 6a and S6). VB bacteria in the Rhizobiaceae 
and Xanthomonadaceae can have more than one EF- Tu copy in 
their genome (Figure 6b), but almost all assemblies (80/82) have 
identical copies. Spiroplasma genomes generally have one EF- Tu 
homologue, but there are two distinct clades of EF- Tu within the 
Mycoplasmataceae. Clade 2 contains EF- Tu homologues that be-
long to plant- pathogenic Spiroplasma species, such as S. citri and 
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F I G U R E  3 elf18	variants	trigger	differential	immune	outputs.	(a)	Percentage	inhibition	of	Arabidopsis thaliana Col- 0 seedlings after 
growing	in	Murashige	and	Skoog	(MS)	medium	for	7 days	with	no	microbe-	associated	molecular	pattern	(MAMP),	100 nM	canonical	
elf18	or	200 nM	elf18	variant.	Percentage	inhibition	was	calculated	with	the	formula:	Inhibition = (Average	fresh	weight	of	water-	treated	
plants − Average	fresh	weight	of	MAMP-	treated	plants)/(Average	fresh	weight	of	water-	treated	plants) × 100.	Grey	bars	represent	treatments	
that produce statistically significant fresh weight differences compared to water treatment controls via one- way analysis of variance with 
a Dunnett's multiple comparison test (α = 0.05).	Data	for	one	experiment	are	shown,	with	each	data	point	representing	one	seedling	(n = 8).	
Experiments	were	performed	three	times	with	similar	results.	(b)	Immunoblotting	of	phosphorylated	MAPK	using	anti-	p42/44	MAPK	
antibody.	CBB = Coomassie	Brilliant	Blue.	Left:	MAPK	induction	in	response	to	either	water	or	100 nM	canonical	elf18	in	either	Col-	0	or	
efr A. thaliana	seedlings.	This	experiment	was	performed	to	show	the	specificity	of	MAPK	response	to	elf18-	responding	genotypes.	Right:	
MAPK	induction	in	response	to	either	water,	100 nM	canonical	elf18	or	200 nM	elf18	variant	in	Col-	0	seedlings.	This	experiment	was	
repeated	three	times	with	similar	results.	(c)	Table	of	selected	MAMPs	for	further	screening	with	details	on	MAMP	ID,	category	(or	species	
if	appropriate),	and	whether	it	induces	reactive	oxygen	species	(ROS)	production,	activates	mitogen-	activated	protein	kinases	(MAPK),	or	
causes seedling growth inhibition (SGI) in A. thaliana.
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S. kunkelii (Rattner et al., 2021, Figure 6a). However, these homo-
logues do not share syntenic regions with other EF- Tu homologues 
in Clade 2. Spiroplasma EF- Tu homologues from either clade share 
only a few syntenic genes with their non- VB relatives in Clade 1 
(Figure 6c).

Bacterial	 CSPs	 can	 contain	 multiple	 cold	 shock-	related	 DNA-	
binding domains, which can cause protein lengths to vary consid-
erably	 (Amir	et	al.,	2019; Stevens et al., 2023). Therefore, we built 
a phylogenetic tree based on unique CSP domains (Pfam accession 
PF00313) rather than whole protein sequences. While CSP domain 
homologues are also congruent with species phylogeny, distinct 
clades form (Figure 7a). For example, CSP domains from Liberibacters 
and their closest relatives form three distinct clades. However, most 
of the Rhizobiaceae CSP domains in our dataset cluster into a sin-
gle large clade containing CSPs with single domains. Most of the 
CSP homologues are non- syntenic when comparing VB species to 
their non- VB counterparts except for species in Xanthomonadaceae 
(Figure S7). Five Liberibacter assemblies (from species ‘Candidatus 
Liberibacter europaeus’, ‘Candidatus Liberibacter ctenarytainae’, 
Liberibacter crescens and ‘Candidatus Liberibacter americanus’) have 
two copies, while Lso and Las only have one (Figures 1 and 7b). While 
an uncommon occurrence (195/979 genomes), we also identified 
CSPs containing multiple cold shock domains (Figure 7c). Cold shock 
domains belonging to a fusion protein tend to cluster in two clades 
in Rhizobiaceae (Figure 7a, two leftmost clades for Liberibacter and 
relatives). Interestingly, the genomic region upstream of individual 
CSPs present in L. crescens or ‘Candidatus Liberibacter americanus’ 
but absent in Las or Lso is syntenic (Figure 7d). L. crescens and 
‘Candidatus Liberibacter americanus’ are estimated to have diverged 
earlier than Las or Lso, with Las and Lso undergoing multiple ge-
nomic rearrangements during their evolution (Thapa et al., 2020). 
These observations in genome synteny and evolutionary history 
suggest that bacteria in the Liberibacter genus may have lost extra 
CSP copies during their evolution.

3  |  DISCUSSION

In our study, we observed that VB pathogens have fewer copies of 
CSP and flagellin homologues when compared to their closest rela-
tives. This may be due to a gain of a homologue by non- vectored 
relatives or the loss of one in VB species, such as in Liberibacter, 

probably due to genome reduction. Bacterial flagellin homologues 
have been observed to exhibit copy number variation across multi-
ple species (Colaianni et al., 2021; Stevens et al., 2023), though the 
correlation	 between	 MAMP-	containing	 protein	 copy	 number	 and	
genome size has not been thoroughly investigated. We also found 
that	VB	pathogen	MAMP	epitopes	are	on	average,	less	immunogenic	
in plants compared to non- VB plant- associated bacteria. VB bacte-
ria have unique lifestyles and long- standing co- evolutionary history 
with their insect vectors that probably also plays an important role 
in the patterns we have detected (Huang et al., 2020).

It	is	likely	that	VB	MAMP	evolution	is	influenced	by	the	insect	as	
well as the plant host. Like plants, insects lack adaptive immune re-
sponses	but	possess	PRRs	that	can	detect	MAMPs.	Common	insect	
immune responses include phagocytosis, encapsulation, nodulation 
and melanization to remove pathogens (Zhang et al., 2021). Humoral 
responses trigger production of antimicrobial peptides, ROS, activa-
tion	of	MAPKs	and	transcription	of	immunity-	related	genes	(Zhang	
et al., 2021). Insects can detect gram- negative and some gram- 
positive bacteria via the humoral immune deficiency (IMD) signalling 
pathway	 (Ali	Mohammadie	Kojour	 et	 al.,	2020), which can impact 
bacterial evolution. For VB bacteria, the insect is a longstanding and 
important host. Phytoplasma, Spiroplasma and Liberibacter species 
can replicate inside the host and circulate throughout the host body, 
reaching high titres (Huang et al., 2020). How the vector affects the 
evolution	of	bacterial	MAMPs	remains	poorly	understood.	The	 in-
nate immune response for hemipteran insects associated with plants 
is also poorly understood compared to Drosophila and mosquitoes 
such as Aedes spp. (Hixson et al., 2024; Sun et al., 2024). Future 
tool development that will facilitate genetic investigation of diverse 
Hemiptera is necessary for a comprehensive understanding of the 
role immunity plays in VB diseases.

Our	work	focuses	on	three	different	MAMPs	from	VB	bacteria	
and their closest relatives: flagellin, EF- Tu and cold shock protein, 
with functional characterization of the elf18 and csp22 variants. For 
csp22 variants, most epitopes from VB bacteria we tested did not 
elicit a ROS response in tomato. EF- Tu is known to be broadly con-
served, and the vast majority of elf18 variants (92%) from non- VB 
plant- associated bacteria can trigger ROS production in Arabidopsis 
(Stevens et al., 2023). In contrast, we found only 58.3% of elf18 vari-
ants from VB pathogens were immunogenic in plants. These data are 
consistent with the hypothesis that VB pathogens are stealthy and 
may evade immune responses.

F I G U R E  4 Perception	of	csp22	variants	via	reactive	oxygen	species	(ROS)	production.	(a)	Bar	plots	showing	relative	light	units	(RLUs)	
calculated	by	comparing	100 nM	csp22	or	200 nM	csp22	variant	treatments	to	water	treatments	in	both	Rio	Grande	and	core plants. 
Each data point represents an average of eight individual leaf disks per plant, with at least nine plants per treatment. Microbe- associated 
molecular	patterns	(MAMPs)	with	RLU	output	less	than	five	times	the	output	of	water-	treated	plants	are	considered	non-	immunogenic	
and	are	coloured	grey.	MAMPs	with	RLU	output	of	5–10	times	that	of	water	are	considered	to	be	intermediately	immunogenic	and	are	
represented	with	striped	bars.	Non-	Xylella Xanthomonadaceae	MAMP	data	were	included	from	Stevens	et	al.	(2023). (b) Summary bar 
chart of immunogenic and non- immunogenic csp22 variants from vector- borne (VB) and non- VB species. (c) Frequency plots of amino acid 
residues	for	immunogenic	(top)	and	non-	immunogenic	(bottom)	csp22	variants.	(d)	Average	Grantham	polarity	scores	(Grantham,	1974; top) 
and	average	hydropathy	scores	(Kyte	&	Doolittle,	1982; bottom) of immunogenic (blue) and non- immunogenic (orange) csp22 variants across 
each amino acid position, with amino acid positions of interest highlighted in grey bars.
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Divergent	immune	perception	for	different	MAMP	variants	has	
been observed for bacterial flagellin (Cheng et al., 2021; Colaianni 
et al., 2021).	 However,	 multiple	 proteinaceous	 bacterial	 MAMPs	
exist and not all bacteria are flagellated (Christensen et al., 2005; 
Colaianni et al., 2021;	Ngou	et	al.,	2022; Rapicavoli et al., 2018). In 

this study, Liberibacter species were the only VB species that pos-
sessed a detectable copy of flagellin. VB bacterial pathogens may not 
need functional flagellin because of their unique lifestyle, ability to 
invade insect tissues via endocytosis and their direct deposition into 
plant vascular tissues (Huang et al., 2020). It is possible that some 
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MAMPs	like	flagellin	can	be	perceived	by	the	insect	host,	because	
pathways and PRRs that respond to bacteria have been identified 
in Drosophila and other insects (Douglas, 2014; Zhang et al., 2021). 
However,	 how	 proteinaceous	 MAMPs	 could	 induce	 immune	 sig-
nalling pathways remains to be fully characterized in hemipterans 
that carry many VB bacterial pathogens (Gonella et al., 2019; Ma 
et al., 2022).

The	perception	of	a	MAMP	class	can	vary	across	multiple	geno-
types in a group of related plants (Shi et al., 2015; Trinh et al., 2023; 
Veluchamy et al., 2014; Vetter et al., 2012). In our study, csp22 from Las, 
a citrus pathogen, can be perceived by solanaceous plants, while csp22 
from Lso haplotype B, a potato and tomato pathogen, is not perceived. 
elf18 variants from both species are immunogenic in Arabidopsis, which 
is not a host for either pathogen. It is possible that these results could 
be	a	result	of	different	MAMP-	receptor	relationships.	csp22	percep-
tion has been detected in two different plant families: Solanaceae (via 
CORE, Dodds et al., 2023; Wang et al., 2016) and Rutaceae (through 
an unknown receptor, Trinh et al., 2023). EFR- mediated perception 
of elf18 has only been discovered in Brassicaceae	(Kunze	et	al.,	2004; 
Zipfel et al., 2006). However, transfer of EFR to citrus resulted in in-
creased resistance to the VB pathogen X. fastidiosa subsp. pauca (Mitre 
et al., 2021). Future research should consider host receptor variation 
when	evaluating	the	evolution	of	proteinaceous	MAMPs.

Not	all	 immunogenic	peptides	are	equally	 capable	of	eliciting	all	
downstream immune responses. ‘Deviant’ peptides, for example, are 
variants that induce some immune responses (such as ROS), but not all 
canonical responses (Colaianni et al., 2021). In our study, some elf18 
variants, including the Xylella variant Xfa_014, induced ROS produc-
tion in Arabidopsis,	but	not	seedling	growth	inhibition	or	strong	MAPK	
induction	 compared	 to	 canonical	 elf18.	 Another	 study	 has	 similarly	
found	elf18	variants	that	induce	ROS,	but	not	MAPK	activation,	callose	
deposition or seedling growth inhibition (Stevens et al., 2023). We also 
identified elf18 variants that can induce strong ROS but intermediate 
seedling grown inhibition, such as those from Las and Lso. Variants of 
flg22 that induce ROS production but not seedling growth inhibition 
have also been observed (Colaianni et al., 2021). Furthermore, flg22 
from ‘Candidatus Liberibacter asiaticus’ has been documented to in-
duce defence gene induction but not ROS production (Shi et al., 2018). 
These deviant peptides may either initiate different branches of im-
mune pathways or have altered receptor binding affinities.

Taken	together,	these	data	showcase	the	diversity	of	MAMP	im-
munogenicity across VB species compared to their non- VB relatives. 
We showed that VB pathogens tend to have fewer copies of flagellin 
and	CSP.	Investigating	a	subset	of	VB	MAMPs	revealed	they	can	be	
less immunogenic than their non- VB counterparts, particularly for 
elf18 variants. Further research should investigate the influence of 
immune perception by both plant and insect hosts on VB bacterial 
evolution.

4  |  E XPERIMENTAL PROCEDURES

4.1  |  Plant materials and growth conditions

Arabidopsis thaliana seeds (Col- 0 or the efr1- 1 mutant from Zipfel 
et al., 2006)	were	 stratified	 for	2 days	 in	 the	dark	 at	4°C	before	
sowing	 onto	 soil	 (23°C,	 70%	 humidity,	 10 h	 daylength)	 or	 half-	
strength Murashige and Skoog (MS) medium in a growth cham-
ber	(23°C,	16 h	daylength).	Four-	week-	old	Arabidopsis plants were 
used for ROS assays, 4- day- old seedlings were used for seedling 

F I G U R E  5 A	csp22	variant	from	‘Candidatus Liberibacter 
asiaticus’, a citrus pathogen, is perceived in non- host solanaceous 
plants.	(a)	Alignment	of	canonical	csp22	and	csp22	variants	
from the citrus ‘Candidatus Liberibacter asiaticus’ (Las) and the 
solanaceous pathogen ‘Candidatus Liberibacter solanacearum’ 
(haplotype B, LsoB). Canonical csp22 is derived from Micrococcus 
luteus. (b) Graphs depicting the average (n = 8	leaf	disks	per	
treatment) relative light units (RLUs) measured from reactive 
oxygen species production over time in Nicotiana benthamiana (top) 
and Solanum tuberosum	‘Atlantic’	(bottom)	when	treated	with	either	
water,	100 nM	canonical	csp22,	or	200 nM	csp22Las or csp22LsoB. 
Experiments were repeated two or three times with similar results.
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F I G U R E  6 Phylogeny,	copy	number	variation	and	synteny	of	Ef-	Tu	homologues	across	vector-	borne	(VB)	bacteria	and	their	relatives.	(a)	
Unrooted maximum- likelihood phylogenetic tree of unique EF- Tu homologues generated with 1000 bootstrap replicates with tips labelled 
by genera. Dots on nodes represent support values >80. The heatmap below the tree depicts percent identity of homologues compared 
to canonical EF- Tu from Escherichia coli	(Kunze	et	al.,	2004; Laursen et al., 1981). Two clades of EF- Tu in Mycoplasmataceae are highlighted. 
(b) Violin plots showing copy number variation of EF- Tu across VB and non- VB species. (c) Clinker synteny plots of EF- Tu homologues from 
Mycoplasmataceae	relatives,	with	EF-	Tu	homologues	highlighted	with	a	gold	box	and	pink	arrows.	The	NCBI	accession	numbers	for	each	
genome are noted in parentheses.
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F I G U R E  7 Phylogeny,	copy	number	variation	and	synteny	of	bacterial	cold	shock	protein	(CSP)	homologues	across	vector-	borne	(VB)	
bacteria and their relatives. (a) Unrooted maximum- likelihood phylogenetic tree of CSP domains generated with 1000 bootstrap replicates 
with tips labelled by genera. Dots on nodes represent support values >80. The heatmap below the tree represents percent identity of 
CSP domains compared to Csp from Staphylococcus aureus (Felix & Boller, 2003).	Note	that	there	are	no	detectable	CSP	homologues	from	
Spiroplasma in the dataset. (b) Violin plots showing copy number variation of CSPs across VB and non- VB species. (c) Diagrams of common 
CSP	fusion	proteins	found	in	the	dataset.	CSD = cold	shock	protein	domain.	(d)	Clinker	synteny	plots	of	a	CSD	fusion	found	in	Liberibacter 
crescens and ‘Candidatus	Liberibacter	americanus’,	but	not	other	Liberibacter	species,	with	the	homologues	highlighted	in	a	gold	box.	NCBI	
accession numbers for each genome are noted in parentheses.
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growth	inhibition,	and	12-	day-	old	seedlings	were	used	for	MAPK	
assays. Tomato (S. lycopersicum ‘Rio Grande 76R’ and core knock-
out CRISPR lines from Stevens et al., 2023) were germinated and 
grown in soil (containing equal parts sand, redwood sawdust, 
pumice	 rock	 and	 sphagnum	peat	moss	with	1.8 kg/0.25 m3	 [4 lb/
yd3]	of	dolomite	lime)	in	15 cm	(6-	inch)	pots	in	a	growth	chamber	
(18–25°C,	 65%	 humidity,	 16 h	 daylength).	N. benthamiana plants 
were	 germinated	 and	 grown	on	 Sunshine	mix	 soil	 in	 7.6 × 6.4 cm	
(3 × 2.5-	inch)	pots	 in	a	growth	chamber	 (18–25°C,	65%	humidity,	
16 h day	 length),	and	Atlantic	potato	plants	were	germinated	and	
grown	 in	 a	 growth	 chamber	 (18–25°C,	 65%	 humidity,	 16 h	 day-
length). Flowering 8- week- old N. benthamiana and potato were 
used for ROS assays.

4.2  |  Genome assembly selection and 
MAMP mining

To compare genomes of VB bacterial plant pathogens to those of 
their closest known free- living relatives, assemblies were chosen ac-
cording to the classifications from the Genome Taxonomy Database 
(ver. R207, https:// gtdb. ecoge nomic. org/ , Parks et al., 2020). 
Chromosome- level or complete genome- level assemblies were 
chosen	 for	 non-	VB	 relatives.	 Assemblies	 classified	 as	 VB	 or	
insect- associated belonged to the genera Spiroplasma, ‘Candidatus 
Phytoplasma’, Xylella and ‘Candidatus Liberibacter’, and non- VB as-
semblies were pulled from the database if they were in the same 
family as the VB genera. Relatives of Spiroplasma are in the fam-
ily Mycoplasmataceae, relatives of ‘Candidatus Phytoplasma’ are in 
the family Acholeplasmataceae, relatives of Xylella are in the family 
Xanthomonadaceae, and relatives of ‘Candidatus Liberibacter’ are in 
the family Rhizobiaceae.

MAMP	 homologues	 were	 identified	 from	 assembled	 genomes	
using HMMER v. 3.3.2 (http:// hmmer. org/ ,	e < 10−10, default param-
eters otherwise). HMMER identified proteins using the following 
domain models: flagellin (Pfam accessions PF00669 and PF00700), 
elongation factor Tu (Pfam accessions PF00009, PF03144 and 
PF03143) and cold shock protein (Pfam accession PF00313). The 
resulting hits were then matched to the Pfam database (Pfam 33.1, 
Mistry et al., 2021) with HMMER to ensure the hits were exclusively 
matching to domains from elongation factor Tu or cold shock pro-
teins.	A	custom	Python	script	was	written	to	retrieve	the	immuno-
genic epitopes elf18 and csp22 based on highly conserved residues 
(https://	github.	com/	jesst	rinh/	VB_	MAMP_	Manus	cript	). Genomes 
and	their	corresponding	MAMPs	are	provided	in	Table S1.

Canonical	 csp22	 (AVGTVKWFNAEKGFGFITPDDG)	 and	 N-	
terminal	 acetylated	 elf18	 (Ac-	SKEKFERTKPHVNVGTIG)	 peptides	
were	 synthesized	 by	 GenScript	 (Piscataway,	 USA,	 >95% purity). 
For	the	functional	screening	of	MAMPs,	23	csp22	variants	and	17	
elf18 variants were selected based on two main criteria: the abun-
dance of the exact sequence within related strains and whether 
the sequence was present in a VB pathogen of interest (Table S2). 
csp22Las, csp22LsoB, elf18Las and elf18Lso were synthesized by 

GenScript (>95% purity) and the remaining peptides synthesized by 
Shanghai	Apeptide	(>95% purity). elf18 variants were modified with 
N-	terminal	 acetylation.	 MAMPs	 were	 solubilized	 in	 either	 water,	
phosphate- buffered saline (PBS) or dimethyl sulphoxide (DMSO) ac-
cording to the manufacturer's guidance.

4.3  |  Phylogenetic tree building and bioinformatic 
analyses

The Genome Taxonomy Database Toolkit (GTDB- Tk 2.1.1 clas-
sify_wf with default settings, Chaumeil et al., 2022) was used to 
highlight the placement of VB species on the bacterial tree of life. 
Briefly,	 genome	 FASTA	 files	were	 annotated	with	 Prodigal	 (Hyatt	
et al., 2010), and a set of 120 bacterial marker genes were identi-
fied using HMMER (Eddy, 2011). The markers were then aligned 
with HMMER before being concatenated into a multiple sequence 
alignment and trimmed with GTDB- Tk before being placed into the 
GTDB reference tree using pplacer (Matsen et al., 2010). To show 
the	phylogeny	of	only	the	species	selected	for	MAMP	analysis,	only	
the GTDB- Tk identify (default settings), align (- - skip_gtdb_refs, de-
fault settings otherwise) and infer (default settings) were used. The 
phylogenetic tree was inferred using FastTree2 (Price et al., 2010). 
Weblogos for immunogenic and non- immunogenic peptides were 
generated using WebLogo 3 as frequency plots (https:// weblo go. 
berke ley. edu/ , Crooks et al., 2004).

To separate CSP domains for further analysis, amino acid po-
sitions of CSP domains detected via HMMER were used to obtain 
individual domains from multidomain CSP homologues. To generate 
alignments for tree- building, unique EF- Tu homologues and CSP do-
mains	were	aligned	using	MAFFT	v.	7.481	 (Nakamura	et	al.,	2018, 
with flags - - reorder - - thread 12 - - maxiterate 1000 - - localpair). 
Alignments	were	not	 trimmed	or	 altered	before	 constructing	pro-
tein trees. Protein trees were constructed with IQtree2 v. 2.1.2 
(Minh et al., 2020)	using	the	following	flags:	-	-	seqtype	AA	-	B	1000	
-	T	AUTO	-	-	mtree	-	-	keep-	ident	-	m	LG	and	were	plotted	using	ggtree	
(Yu et al., 2017). Synteny plots were made with clinker (Gilchrist & 
Chooi, 2021)	 using	 the	10 kb	 region	upstream	and	downstream	of	
either CSP or EF- Tu in each assembly.

4.4  |  ROS burst assay

Leaf disks from all plant varieties 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) with a plastic lid to 
prevent evaporation of the water. The next day, water was replaced 
with	 100 μL	 of	 an	 assay	 solution	 containing	 a	 MAMP.	 The	 assay	
solution	 contained	 20 μM L-	012	 (a	 luminol	 derivative	 from	 Wako	
Chemicals	USA),	 10 mg mL−1 horseradish peroxidase (Sigma), and a 
MAMP.	 Concentrations	 used	 for	MAMP	 treatments	were	 100 nM	
elf18,	100 nM	csp22	or	200 nM	MAMP	variant.	Treatment	concen-
trations	of	MAMP	variants	are	higher	than	the	canonical	to	ensure	

https://gtdb.ecogenomic.org/
http://hmmer.org/
https://github.com/jesstrinh/VB_MAMP_Manuscript
https://weblogo.berkeley.edu/
https://weblogo.berkeley.edu/
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any immunogenic response is documented, especially if the response 
is weak. Positive and negative controls also contained an equivalent 
amount	of	PBS	or	DMSO	depending	on	the	custom	MAMPs	tested.	
Luminescence was measured using a BioTek Synergy H1 micro-
plate	reader	(Agilent).	For	each	independent	experiment,	eight	leaf	
punches were harvested from three individual plants each for a total 
of	24	leaf	punches	per	treatment.	At	least	three	independent	experi-
ments	were	performed	for	each	MAMP.	To	compile	the	data	from	all	
experiments into Figures 2a and 4a, results for each individual plant 
are	plotted	as	scaled	RLUs	comparing	MAMP-	treated	leaf	punches	
to water- treated leaf punches by dividing each plant's RLU count by 
the average luminescence of the no- peptide treated control. In this 
way,	scaled	RLUs	of	the	no-	peptide	control = 1,	an	average	of	5	for	a	
target	peptide = 5× greater RLUs than the control, and an average of 
10	for	a	target	peptide = 10× greater RLUs than the control. Peptides 
with scaled RLUs >10 are immunogenic, and scaled RLUs between 5 
and 10 are considered intermediately immunogenic.

4.5  |  Seedling growth inhibition

Four- day- old seedlings on solid half- strength MS medium were 
transferred into individual wells in a 48- well plate (Fisher) con-
taining	500 μL ½- strength liquid MS medium or media containing 
100 nM	 canonical	 elf18	 or	 200 nM	 elf18	 variant.	 Eight	 seedlings	
were	used	per	 treatment	 for	one	experiment.	After	7 days,	 seed-
lings were briefly dried with paper before fresh weights were meas-
ured. To compare the results between experiments, values from 
each experiment are reported as percentage inhibition compared 
to the negative control:

4.6  |  MAPK induction assay

Four- day- old seedlings of Arabidopsis were transplanted into a 48- 
well tissue culture plate (Costar) supplemented with half- strength 
MS	liquid	medium.	After	7 days,	MS	liquid	medium	was	replaced	with	
500 μL	of	either	water	or	water	containing	either	100 nM	canonical	
elf18	or	200 nM	elf18	variant.	Three	seedlings	per	treatment	were	
collected	at	0	and	15 min	post-	induction,	flash	frozen	in	liquid	nitro-
gen and ground with a pestle attached to an electric grinder (Conos 
AC-	18S	electric	torque	screwdriver)	before	adding	200 μL extraction 
buffer and grinding until homogenous.

Protein	extraction	buffer	for	all	MAPK	assays	contained	50 mM	
HEPES	 (pH 7.5),	 50 mM	 NaCl,	 10 mM	 EDTA,	 0.2%	 Triton	 X-	100,	
Pierce	 Protease	 Inhibitor	Mini	 Tablets,	 EDTA-	free	 (Thermo),	 and	
Pierce Phosphatase Inhibitor Mini Tablets (Thermo). Samples were 
centrifuged	at	27,000 g	for	10 min	to	pellet	cell	debris.	Protein	con-
centrations	were	quantified	with	the	Pierce	660 nm	Protein	Assay	
Reagent (Thermo) with Ionic Detergent Compatibility Reagent 
(Thermo).	 MAPKs	 were	 run	 on	 a	 12%	 SDS-	PAGE	 gel	 before	

transferring to a PVDF membrane (Fisher Scientific) and visual-
ized	by	anti-	p44/42	MAPK	immunoblotting	(1:2000,	Cell	Signaling	
Technology) with goat anti- rabbit horseradish peroxidase sec-
ondary antibody (1:3000, Bio- Rad). Membranes were developed 
using the SuperSignal West Pico Chemiluminescent Substrate kit 
(Fisher) and visualized on a ChemiDoc Touch Gel Imaging System 
(BioRad).
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