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Summary
● Although much is known about the responses of model plants to microbial features, we

still lack an understanding of the extent of variation in immune perception across

members of a plant family.

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

Rutaceae genotypes with differing leaf morphologies and disease resistances. We found

that responses to microbial features vary both within and between members. Species in

two subtribes, the Balsamocitrinae and Clauseninae, can recognize all tested microbial

features (flg22, csp22, chitin), including one from Candidatus Liberibacter species

(csp22CLas), the bacterium associated with citrus greening disease aka Huanglongbing.

● Chitin perception is widespread among Rutaceae genotypes. We were able to

characterize a homolog of the Arabidopsis LYK5 receptor in ‘Tango’ mandarin that is

capable of conferring chitin perception.

● These findings shed light onto the diversity of perception of microbial features and

highlight genotypes capable of recognizing polymorphic microbial features whose

receptors have promise for transfer to susceptible varieties.
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Introduction
The perception of microbial features has typically been assessed by using a single or few plant

genotypes to make conclusions about microbial perception. Recognition of conserved features

1

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 16, 2022. ; https://doi.org/10.1101/2022.07.15.500235doi: bioRxiv preprint 

https://doi.org/10.1101/2022.07.15.500235
http://creativecommons.org/licenses/by-nc-nd/4.0/


of pathogens, known as microbe-associated molecular patterns (MAMPs), activates the plant

immune system. MAMPs can be proteinaceous or structural pathogen features and are

perceived by plant immune receptors. While many studies are focused on the immune

responses of one representative genotype, responses to MAMPs exhibit variation within and

between related species. For example, different genotypes of Arabidopsis thaliana contain FLS2

homologs that vary in binding specificity to an epitope of bacterial flagellin, and low binding

specificity correlated with high bacterial proliferation (Vetter et al. 2012). Epitopes from three

bacterial MAMPs were differentially recognized across heirloom tomato genotypes, indicating

the diversity in immune responses within a group of closely-related plants (Veluchamy et al.

2014). The extent of natural variation in immune responses to microbial features still remains

largely unexplored.

The Rutaceae plant family contains ~2100 species with worldwide distribution, including the

agriculturally important genus Citrus (Kubitzki et al. 2011). Citrus is the most extensively

produced fruit crop in the world with 124.246 million tons of fruit produced in 2016 (Zhong &

Nicolosi 2020). In the United States, the 2019 - 2020 growing season yielded a value of

production of about 3.4 billion dollars for citrus products (USDA 2020). Florida alone is the

second largest producer of orange juice in the world behind Brazil, its citrus economy

contributing billions of dollars to the state Gross Domestic Product (Hodges & Spreen 2012).

While oranges constitute more than half of worldwide citrus production, other relevant citrus

products include tangerines, limes, lemons, and grapefruits (Liu et al. 2012). These different

varieties of cultivated citrus are members of the genus Citrus in the family of Rutaceae, which

contains several non-cultivated relatives of Citrus (Wu et al. 2018). Several systems of

classification exist; in this study, we followed the classification of Swingle and Reece (1967).

Rutaceae contains six subfamilies (Appelhans et al. 2021) and the subfamily to which citrus

belongs, Aurantoideae, contains two tribes: Citreae and Clauseneae (Morton 2009). The Citreae

contains three subtribes, which are Citrinae, Triphasiinae, and Balasmocitrinae. Clauseneae

contains three subtribes: Micromelinae, Clauseninae, and Merrillinae (Nagano et al. 2018). The

Citrinae subtribe contains all cultivated citrus genotypes and is the most important group in the

family Rutaceae (Swingle and Reece 1967).

Cultivated citrus is a perennial crop that is vegetatively propagated through grafting (Castle

2010, Caruso et al. 2020). While these asexual propagation methods maintain the desired

combinations of traits in commercial cultivars, they prevent the exchange of genetic material
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(Uzun & Yesiloglu 2012, Wang et al. 2017). Because of this, crops that are primarily propagated

asexually are susceptible to devastating impacts from newly introduced citrus diseases.

Cultivated citrus varieties are susceptible to a variety of microbial pathogens including bacteria,

filamentous pathogens, and viruses. Breeding efforts often focus on developing rootstocks with

resistance to these pathogens to fend off disease in the clonally propagated scion. Examples of

citrus diseases with a significant impact on citrus production include citrus Huanglongbing (HLB)

(Bove et al. 2006, Wang 2019), citrus canker (Ference et al. 2018, Das 2003), citrus variegated

chlorosis (Colleta-Filho et al. 2020), as well as fruit and root rots (Jaouad et al. 2020).

To protect themselves from pathogens, plants have evolved multiple defense mechanisms

including MAMP perception. MAMPs can be proteinaceous, such as the flagellin or cold shock

protein of bacteria (Wang et al. 2016) or not, such as bacterial lipopolysaccharide or fungal

chitin (Newman et al. 2013). To detect MAMPs, plants possess pattern-recognition receptors

(PRRs) on the surface of their cells. PRRs include receptor-like kinases (RLKs) and

receptor-like proteins (RLPs). RLKs consist of an extracellular domain, a transmembrane

domain, and an intracellular kinase domain, whereas RLPs lack the intracellular kinase domain.

Examples of PRR extracellular domains include leucine-rich repeats (LRRs), lysine motifs

(LysM), and lectin domains, among others (Ngou et al. 2022). Binding of the MAMP to the PRR

often results in heterodimer formation with a coreceptor to activate downstream signaling

responses and host defenses ultimately leading to MAMP-triggered immunity (MTI). Hallmarks

of MTI activation include apoplastic reactive oxygen species (ROS) production, intracellular

mitogen-activated protein kinase (MAPK) activation, and global transcriptional reprogramming

(Saĳo et al. 2017, Cuoto & Zipfel 2016, Bigeard et al. 2015).

Extensive research has been performed in the last few decades to reveal PRRs that perceive

various MAMPs in model and crop plants (Ngou et al. 2022). Some well-characterized receptors

include: the Arabidopsis FLS2 receptor for a 22-amino acid epitope of bacterial flagellin

(Gómez-Gómez & Boller 2000), the Arabidopsis LysM domain receptor (LYK4/5) of chitin (Miya

et al. 2007, Cao et al. 2014), and the tomato (Solanum lycopersicum) CORE receptor for a

22-amino acid epitope of bacterial cold shock protein (Wang et al. 2016). However, more work

needs to be done to discover novel immune receptors in tree crops and other non-model plants.

Genome mining for citrus LRR-RLKs suggest that there are receptors capable of mediating

host-pathogen interactions. Although RLKs have been predicted in the C. sinensis and C.

clementina genomes, no immune receptors have been functionally validated in citrus

3

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 16, 2022. ; https://doi.org/10.1101/2022.07.15.500235doi: bioRxiv preprint 

https://doi.org/10.1101/2022.07.15.500235
http://creativecommons.org/licenses/by-nc-nd/4.0/


(Magalhães et al 2016, Dalio et al. 2017). Previous studies have identified citrus FLS2

homologs, one of which is induced in response to bacterial flagellin (Shi et al. 2016). In addition,

one Liberibacter-specific MAMP for the bacterial protein pksG was recognized in three out of 10

citrus genotypes (Chen et al. 2020).

For this study, we have examined the responses of several genotypes encompassing both

cultivated citrus and wild relatives to different microbial features. Our objective was to better

understand the landscape of immune perception within the Rutaceae family. After identifying

genotypes capable of perceiving a broad range of microbial features using a ROS-based

high-throughput screen, we further validated these responses by assessing MAPK activation.

Most of our selected genotypes, including those from cultivated citrus, can perceive chitin and

chitin receptor homologs are present across higher plants, suggesting that chitin perception is

derived from an ancient receptor. We were able to isolate a homolog of the Arabidopsis chitin

receptor LYK5 from cultivated citrus and demonstrate its functionality in a non-host species. We

also uncovered citrus relatives that can perceive a conserved feature of Candidatus Liberibacter

asiaticus (CLas), the bacterium associated with citrus Huanglongbing. These results highlight

the importance of studying immunity in wild relatives, especially to identify potential genotypes

with immune mechanisms that can be transferred to disease-susceptible cultivars.

Materials and Methods
Plant materials and growth conditions

Eighty-six Rutaceae genotypes were tested for MAMP responsiveness under field and

greenhouse conditions using mature trees (>5 years old). Field-grown trees in the Givaudan

Citrus Variety Collection (GCVC) in Riverside, CA (http://www.citrusvariety.ucr.edu) were

analyzed between the spring and fall from 2018-2021. Table S1 includes all genotypes
analyzed, their accession IDs, and their location. When collecting Rutaceae samples, branches

of selected Rutaceae genotypes were retrieved either from the greenhouse or the field,

selecting branches with fully-expanded leaves that still retained flexibility. Branches were stored

by placing the cut side of the branch into a wet floral block (OasisⓇ #10-00020-CASE) until

processing.

Arabidopsis thaliana seeds (Col-0 or lyk4/lyk5-2 mutant) were stratified for 2 days in the dark at

4°C before sowing onto soil or half-strength Murashige and Skoog (MS) media (Cao et al.
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2014). Plants were grown in a Conviron growth chamber at 23°C and 70% relative humidity with

a 10-h light/14-h dark photoperiod (100 μM m−2 s−1). 10- to 14-day-old seedlings grown on MS

were used for MAPK phosphorylation and MTI marker gene induction assays, and

four-week-old soil grown plants were used for ROS and MAPK assays.

Nicotiana benthamiana was grown in a growth chamber at 26°C with a 16-h light/8-h dark

photoperiod (180 μM m−2 s−1). 30-day-old (before flowering) plants were used for

Agrobacterium-mediated transient protein expression, and three- to 4-week-old plants were

used to examine LYK5 transgene expression.

Microbe-associated molecular patterns (MAMPs)

Immunogenic epitopes for flg22 and csp22 peptides were synthesized using Genscript (≥ 95%

purity, Piscataway, NJ, USA). Hexaacetyl-chitohexaose (chitin) (Megazyme #O-CHI6) was

diluted in water. The canonical flg22 epitope (QRLSTGSRINSAKDDAAGLQIA) is based on the

sequence information from Pseudomonas aeruginosa. The canonical csp22 sequence

(AVGTVKWFNAEKGFGFITPDGG) is from Pseudomonas syringae. The csp22 CLas sequence

(HRGSIKWYNPDKGYGFITPEGS) is identical to the sequence from the CLas strain psy62

(CLIBASIA_04060).

Reactive oxygen species (ROS) burst assay

Leaf disks were collected using a #1 cork borer (4 mm) and floated overnight in 200 μL

demineralized water in a Corning™ Costar™ 96-Well White Solid Plate (Fisher #07-200-589)

with a plastic lid to prevent evaporation of the water. The subsequent day, water was replaced

with 100 μL of an assay solution containing MAMP. The assay solution contained 20 μM L-012

(a luminol derivative from Wako Chemicals USA #120-04891), 10 mg mL−1 horseradish

peroxidase (Sigma), and MAMP. Concentrations used for MAMP treatments were: 100 nM flg22,

10 μM chitin, 100 nM csp22, or 200 nM csp22CLas. Luminescence was measured using a

GloMax®-Multi+ Reader (Promega) or TriStar LB 941 plate reader (Berthold Technologies).

Significance of differences between experimental groups was determined using ANOVA and

Tukey’s test, α = 0.05. At least 8 leaf discs were used in each replication, and the experiments

were repeated at least three times with similar results.
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For each plate, an average maximum RLUs for each tested MAMP-genotype combination were

calculated from the maximum RLU of the 8 leaf disks after subtraction by the average water

RLU. Across all ROS plates, average maximum RLUs were calculated based on all plates ran

for each MAMP-genotype and a heatmap was created from the accumulated ROS data via

custom R scripts (Github repository: DanielleMStevens/Divergent_citrus_response_to_PAMPs)

including the following R packages: ComplexHeatmap (v2.5.1, Gu et al. 2016), circlize (v0.4.8,

Gu et al. 2014).

Mitogen-activated protein kinase (MAPK) induction assay

For MAPK induction assays in citrus, leaf disks were collected using a #6 cork borer (12 mm)

from accessions grown in UC Davis or UC Riverside greenhouses and floated overnight in 1 mL

deionized water in a 24-well tissue culture plate (VWR #10062-896) with a plastic lid to prevent

evaporation of the water. The subsequent day, water was replaced with 500 μL of either water

or water containing MAMP before pressure-infiltrating for 2 minutes at 30 mm Hg in a vacuum

desiccator (SP Bel-Art #F42025-0000). Leaf disks were collected at 0, 10, and 20 minutes after

vacuum infiltration, flash frozen in liquid nitrogen, and ground up with pestles attached to an

electric grinder (Conos AC-18S electric torque screwdriver) before adding 200 μL extraction

buffer and grinding until homogenous. Protein extraction buffer contained 50 mM HEPES (pH

7.5), 50 mM NaCl, 10 mM EDTA, 0.2% Triton X-100, Pierce™ Protease Inhibitor Mini Tablets,

EDTA-free (Thermo #A32955), Pierce™ Phosphatase Inhibitor Mini Tablets (Thermo #A32957).

Samples were centrifuged at 15,000 rpm for 10 minutes to pellet cell debris.

Protein concentrations were quantified with the Pierce 660 nm Protein Assay Reagent (Thermo

#22660) with Ionic Detergent Compatibility Reagent (Thermo #22663). MAPKs were visualized

by anti-p44/42 MPK immunoblotting (1:2000, Cell Signaling Technology #4370L) with goat

anti-rabbit HRP secondary antibody (1:3000, Bio-Rad #170-5046). Membranes were developed

using the SuperSignal West Pico Chemiluminescent Substrate kit (Fisher #PI34578) and

visualized on a ChemiDoc™ Touch Gel Imaging System (BioRad #1708370).

For MAPK induction assays in Arabidopsis, 5 day-old seedlings were transplanted into an

48-well tissue culture plate (Costar #3548) supplemented with half-strength MS liquid media.

After 9 days, MS liquid media were replaced with 500 μL of either water or water containing 10
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μM chitin. Three seedlings per treatment were collected at 0 and 15 minutes after chitin

induction. Protein extraction and western blotting were conducted as described above.

qPCR

RNA was extracted from plant samples with TRIzol (Fisher #15596018), following the

manufacturer’s instructions. DNase treatments for RNA preps were performed with RQ1

RNase-Free DNase (Promega #PR-M6101). cDNA synthesis was performed with the MMLV

Reverse Transcriptase (Promega #PRM1705) kit.

To examine the expression of LYK5 homologs, citrus leaves were harvested to make leaf

punches with a #9 cork borer (22.5 mm). Each leaf disk was placed in a 12-well plate (VWR

#10062-894) with 1 mL water and kept overnight at room temperature to allow the samples to

recover from wounding. The subsequent day, water was replaced with either 1 mL water or

water containing 1 mL 10 μM chitin before vacuum-infiltrating for 1.5 minutes at 30 mm Hg in a

vacuum desiccator (SP Bel-Art #F42025-0000). Three leaf disks per treatment were collected at

0 and 24 h post infiltration and RNA extraction was performed as described above.

A table of qPCR primers can be found in Table S2. Citrus COX (cytochrome oxidase subunit, Li

et al. 2006) was used as the reference gene for qRT-PCR reactions. qPCR reactions were

performed with SsoFast EvaGreen Supermix with Low ROX (BioRad #1725211) in a 96-well

white PCR plate (BioRad #HSP9601) according to the manufacturer's instructions.

Fold-induction of gene expression determined using the 2-ΔΔCtmethod (Livak and Schmittgen

2001), normalizing to water-treated and 0-hour timepoints.

Phylogenetic analyses and receptor comparisons

Plant genotypes used to build LYK5 and CERK1 phylogenies can be found in Table S3 and S4,
respectively. Using the Arabidopsis thaliana (NCBI taxid: 3702) CERK1At (NCBI RefSeq:

NP_566689.2) and LYK5At (NCBI RefSeq: NP_180916.1) as queries, a blastp search was

performed to mine for homologs across higher plant species (BLAST Suite v2.11.0+, query

coverage cutoff 80%, E-value cutoff 1e-50, defaults otherwise). Partial protein hits were

removed. Hits were then compared to all LysM RLKs in A. thaliana (CERK1, LYK2, LYK3, LYK4,

and LYK5) and homologs closer to another LYK were removed. A multiple sequence alignment
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of receptor homologs was built using MAFFT (v7.310, --reorder, --maxiterate 1000, --localpair,

defaults otherwise). TrimAl was used to trim each multiple sequence alignment for large gaps

(v1.4.rev15, automated1, defaults otherwise). A maximum likelihood tree was built from the

alignment using iqtree (v2.1.2, —bb 1000, -T AUTO, -st AA, -v -m MFP -safe, defaults

otherwise), mid-rooted, and visualized using R packages phangorn (v2.7.1) and ggtree

(v3.1.2.991).

We sought to characterize the number of chitin-binding LysM domains in LYK5 and CERK1

homologs. The standard domain prediction software Interproscan was unable to accurately

predict even well characterized LYK5At and CERK1At receptors. To improve assessment of LysM

domain frequency, we used homology and a hidden Markov model approach by blastp and

HMMER, respectively. Hmmersearch using the LysM domain (query ID: PF01476.19) as a query

identified the number of LysM domains (hmmer v3.1b2, -E 1e-5, defaults otherwise) (Eddy

2011). Manually extracted LysM domains from A. thaliana Col-0 were used to build a local blast

database to calculate similarity of each LysM domain (coverage cutoff 80%, E-value cutoff

1e-50, defaults otherwise). All LysM domain analyses were plotted onto the receptor trees in R.

Ectodomains of all receptor homologs were extracted and an all-by-all comparison was

computed using blastp. Similarity to either CERK1At and LYK5At or all citrus homologs to each

other was plotted using R packages ggplot2 (v3.3.5) and ggbeeswarm (v0.6.0). Weblogos were

generated from the multiple sequence alignment corresponding to LYK5At residues Y128 and

S206 using WebLogo3 (Crooks et al. 2004).

The phylogenetic tree of citrus CORE homologs was built with CORE homologs from other

solanaceous plants (Solanum_lycopersicum: Solyc03g096190; Solanum_pennellii:

XP_015068909.1; Nicotiana_benthamiana: Niben101Scf02323g01010.1; Nicotiana_sylvestris:

XP_009803840.1; Nicotiana_tabacum: XP_016470062.1). Protein sequences were aligned via

MAFFT, tree building was performed by iqtree, and were visualized in R similarly as described

above. Sequences of cloned CORE homologs from 'Frost nucellar Eureka' lemon and

'Washington navel' orange are deposited in GenBank (ON863917 and ON863918, respectively).

For more information and raw files see Github repository:

DanielleMStevens/Divergent_citrus_response_to_PAMPs.
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Cloning citrus LYK5 homologous sequences and transcomplementation in Arabidopsis

Putative LYK5 sequences from Australian finger lime, ‘Rio Red’ grapefruit, ‘Frost Lisbon’ lemon,

‘Tango’ mandarin and Eremolemon were amplified using iProof DNA polymerase (Bio-Rad

#BR0114). The PCR products were initially cloned into a pENTR™/D-TOPO™ backbone

(Invitrogen #K2400-20), then LYK5 from ‘Tango’ mandarin (TM) was selected and inserted into a

modified pGWB14 binary destination vector with the Arabidopsis ubiquitin 10 promoter using

Gateway LR Clonase™ II enzyme mix (Invitrogen #11791-100). The Arabidopsis lyk4/lyk5-2

mutant (Cao et al. 2014) was transformed using a floral dip method with pUBQ10::TM_LYK5-HA

and pUBQ10::LYK5-HA from Arabidopsis (Zhang et al. 2006). Experiments were performed with

T4 homozygous lines.

Transient expression in Nicotiana

The closest CORE homologs from 'Frost nucellar Eureka' lemon and ‘Washington navel’ orange

were amplified using iProof DNA polymerase (Bio-Rad #BR0114). PCR products were cloned

into a pEARLY103 backbone (Earley et al. 2006) with expression mediated by a 35S promoter,

and plasmids were transformed via electroporation into Agrobacterium GV3101. Nicotiana

benthamiana CORE was used as a positive control (Wang et al. 2016). To test the function of

CORE homologs, young (non-flowering) Nicotiana benthamiana plants were infiltrated with

Agrobacterium suspensions of OD600 0.25. 24 hours after infiltration, leaf disks were collected

using a #1 cork borer (4 mm) for ROS Assays as described above. To visualize the expression

of CORE homologs, additional leaf disks were collected using a #7 cork borer at 48 hpi for

protein extraction. Leaf disks were homogenized in 100 μL Laemmli buffer and boiled for 5 min.

Western blotting was conducted as described above and visualized with anti GFP-HRP antibody

(Miltenyi Biotec #130-091-833).

Comparison of LYK5 homologs in citrus

Genome sequences surrounding LYK5 homologs in ‘Midknight Valencia’ orange, ‘Washington

navel’ orange and ‘Tango’ mandarin were compared based on BLASTp hits e-value 0.001
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(Altschul, et al. 1990) against de novo assembled genomes. Contigs were assembled using

wtgbt2 (Ruan and Li et al. 2020) and long-read sequencing was performed on the Pacific

Biosciences Sequel II platform in the CLR sequencing mode. LYK5 protein sequences of

‘Midknight Valencia’ orange, ‘Washington navel’ orange and ‘Tango’ mandarin were aligned

using MUSCLE v5.1 (Edgar 2021). The sequences of contigs and LYK5 protein of ‘Washington

navel’ orange and ‘Tango’ mandarin are deposited in GenBank (Citrus reticulata ON685188,

Citrus sinensis ON685189 and Citrus reticulata ON685190, Citrus sinensis ON685191).

Results
Members of the Rutaceae family exhibit diversity in the perception of and magnitude of

response to microbial features

To investigate the immune response capabilities of members of the Rutaceae family, we

screened 86 genotypes for the perception of three common microbial features: chitin, flg22, and

csp22. These genotypes were samples from the Givaudan Citrus Variety Collection (GCVC) at

the University of California, Riverside. The GCVC is one of the most comprehensive collections

of citrus diversity, including over 1,000 accessions that span the genus Citrus and related

genera. This study includes representatives spanning known subtribes in Rutaceae, including

both cultivated citrus and wild relatives. In total, we screened individuals from two subfamilies

(Aurantoideae and Zanthoxyloideae) and representative taxa from all six subtribes of

Aurantoideae, comprising over 30 different genera. The majority of selected genotypes fall

within the Citrinae subtribe (56 genotypes), which includes the cultivated citrus types.

Genotypes are referred to by their common name, if available, with the corresponding scientific

name and accession number in Table S1. To measure the ROS output of multiple genotypes,

we have optimized a plate-based assay for high-throughput screening of leaves from both

seedlings and mature trees. The genotypes we screened exhibit a variety of different leaf,

branch, and fruit morphologies (Table S1, Fig. 1b). A luminol analog, L-012, chemically reacts

with horseradish peroxidase and ROS to produce light, which is measured by the plate reader

as relative light units (RLUs). RLUs from a ROS burst can be plotted as a curve over time, area

under the curve, or in this case, the peak of ROS production (max RLU). The results from the

ROS-based assay are presented as an average of max RLUs across multiple independent

experiments in Figure 1a.
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The landscape of immune perception varied across genotypes, with the strength of the

response to each elicitor segregating across members from most surveyed tribes (Fig. 1a).
There were differences in the proportion of genotypes responding to each elicitor. For example,

nearly all genotypes screened are capable of perceiving chitin (75 out of 86 genotypes), but less

than half of the screened genotypes are capable of perceiving flg22 (40 out of 86 genotypes).

More than half of the screened genotypes (45 out of 86 genotypes) are capable of perceiving

csp22, but there appears to be no clear relationship between the taxonomic groups and csp22

perception. Because of widespread chitin perception across cultivated citrus and wild relatives,

it is likely that these genotypes share a conserved chitin receptor and maintained the ability to

perceive chitin across eight million years of evolution (Gmitter and Hu 1990, Xie et al. 2013).

There is substantial segregating variation in MAMP perception across tribes. For example,

within the Citrinae tribe, ‘Tango’ mandarin (Citrus ×aurantium L.) can perceive all three MAMPs,

but kumquat (Fortunella hindsii (Champ. ex Benth.) Swingle) cannot perceive any of the three.

Twenty-four genotypes are capable of perceiving all three MAMPs in addition to ‘Tango’

mandarin. Closely related genotypes, such as ‘Tango’ mandarin and ‘Lee’ mandarin, also have

varying responses to MAMPs: ‘Tango’ mandarin responds to all three MAMPs, but ‘Lee’

mandarin can only perceive chitin. Genotypes capable of responding to all three MAMPs are

members belonging to the subtribes Balsamocitrinae, Clauseninae, Citrinae, and Triphasiinae

(Fig. 1a). This variation may be the result of differences at the receptor level or in downstream

signaling components.

Rutaceae genotypes vary not only in their ability to perceive MAMPs but also in the magnitude

of ROS production (Figs. 1, 2). The magnitude of ROS production as a result of chitin, flg22, or

csp22 induction occurs across tribes as well as within members of a tribe. Although the majority

of the screened Rutaceae genotypes are capable of perceiving chitin, some genotypes produce

an average max RLU of less than 1,000, while others produce an average max RLU well over

10,000 in response to chitin. To categorize the strength in responses, 25th and 75th quartiles

were computed for each MAMP and cutoffs were used. Figure 2a shows examples of “weak”

(25th percentile or below), “medium” (between the 25th and 75th percentiles), and “strong” (75th

percentile or greater) responders. Across tribes, we see that members of the Triphasiinae tribe,

such as the trifoliate limeberry, are strong responders to chitin, whereas some members of the

Balsamocitrinae subtribe, such as the Chevalier’s Aeglopsis, are either weak or medium

responders (Fig. 2b). Within the Citrinae tribe, ‘Tango’ mandarin and Uganda cherry-orange are

strong responders to flg22, but ‘King’ tangor is a weak responder to flg22 (Fig. 2c). Trifoliate
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limeberry is also a strong responder to csp22 (Fig. 2d). The data showcase strong and weak
responders to MAMPs that are spread out within and between taxonomic groups.

In addition to the production of ROS, other common immune responses include MAPK

activation, defense gene expression, and callose deposition. One of the challenges of studying

Rutaceae is that many of the genotypes in this study do not have their genomes sequenced,

making primer design for defense gene expression experiments difficult. Additionally, the thick,

waxy leaves of citrus plants make it challenging to visualize callose deposition via microscopy.

MAPKs are highly conserved across eukaryotes (Meng and Zhang 2013), making them viable

immune markers to study MAMP responses in a variety of genotypes. MAPKs are

phosphorylated upon MAMP perception, which can be detected via Western blot. In order to

determine if the ROS production data is consistent with activation of other immune responses,

we analyzed a subset of Rutaceae genotypes from three different subtribes (Balsamocitrinae,

Clauseninae, and Citrinae) for PTI-induced MAPK activation. Background MAPK

phosphorylation was not observed in the water infiltration for ‘Midknight Valencia’ orange, but

MAPK phosphorylation was induced at 10 min after water infiltration in ‘Frost Lisbon’ lemon,

Orange jasmine, and Uganda powder flask (Fig. 3b). These results correspond to observations
in other species, where MAPK phosphorylation can also be weakly induced in response to water

or buffer treatment but is strongly phosphorylated in response to immune activation (Zhang et al.

2013). ‘Midknight Valencia’ orange is only able to respond to chitin based on ROS results.

Similarly, ‘Midknight Valencia’ orange only exhibits MAPK phosphorylation upon chitin treatment,

where a strong band appears at 10 and 20 minutes after induction with chitin compared to the

water treatment. ‘Frost Lisbon’ lemon responds to chitin, flg22, and csp22 based on ROS

results, but only induces sustained MAPK phosphorylation in response to chitin and flg22

treatment. For Orange jasmine and Uganda powder flask, two non-Citrinae genotypes, we can

observe ROS production in response to chitin, flg22, and csp22. While chitin induced MAPK

phosphorylation was robust in both genotypes, flg22 perception was only observed in two out of

four MAPK trials for the Uganda powder flask. Interestingly, we were not able to detect MAPK

phosphorylation for csp22 in genotypes that can respond to this MAMP in ROS assays. In

Arabidopsis, downstream immune responses can vary in presence and magnitude depending

on receptor type (Wan et al. 2018). Taken together, these data indicate that Rutaceae

genotypes can respond to MAMPs by inducing ROS and MAPK activation for flg22 and chitin.

Cultivated citrus genotypes contain functional chitin receptor homologs
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Multiple plant families are able to perceive chitin. In Arabidopsis, chitin is perceived by two LysM

domain receptor-like kinases (LYK4/5) and the co-receptor CERK1 (Miya et al. 2007, Cao et al.

2014). Knockouts of both lyk4/5-2 or the co-receptor cerk1 do not respond to chitin (Cao et al.

2014). The LysM domain and chitin binding (Y128 and S206) residues are conserved in

‘Midknight Valencia’ orange, ‘Washington navel’ orange, and ‘Tango’ mandarin (Fig. S2b-c).
Homologs of Arabidopsis CERK1 have been found in the monocots wheat (Triticum aestivum)

and rice (Oryza sativa) (Lee et al. 2014, Miyata et al. 2014, Shimizu et al. 2010). In our

experiments, chitin is widely perceived across members of the Rutaceae, including both

cultivated citrus types and wild relatives (Fig. 1a), indicating that chitin perception is likely
derived from a conserved receptor. Therefore, we sought to further investigate the presence of

LYK5, the major chitin receptor (Xue et al. 2019, Erwig et al. 2017, Cao et al. 2014), and CERK1

across the plant kingdom. Members of the LYK family are known to be involved in perception of

multiple features including Nod factor, peptidoglycan, and chitin, highlighting the importance of

accurately predicting CERK1 and LYK5 orthologs (Antolín-Llovera et al. 2014). To identify and

assess the conservation of Arabidopsis thaliana LYK5At and CERK1At across a variety of

eudicots and monocots, we used an approach based on homology, phylogeny, and hidden

Markov models. Mid-rooted maximum likelihood trees show broad conservation of LYK5 and

CERK1, with 41% of genotypes possessing multiple LYK5At homologs and 51% possessing

multiple CERK1At homologs (Fig. 4a). There are two predominant LYK5 clades, a monophyletic

monocot clade and a polyphyletic dicot clade including members from the Brassicaceae,

Fabaceae, Malvaceae, and Rutaceae families. Interestingly, LYK5At homologs from members of

the Solanaceae family were filtered out before tree building as they were closer to LYK4At than

LYK5At. CERK1 displayed two major clades split by homologs from eudicots and monocots.

Despite the diversification that can be found within the ectodomain of LYK5 and CERK1

homologs when compared against Arabidopsis, residues in LYK5At which are known to directly

bind to chitin are conserved (Fig. 4b-c) (Cao et al. 2014).

Additional citrus LYK5 members for Australian finger lime, ‘Rio Red’ grapefruit, ‘Frost Lisbon’

Lemon and Eremolemon were PCR amplified, sequenced, and plotted on the phylogeny.

LYK5 homologs within the Citrinae tribe exhibit low copy number and diversification,

predominantly clustering in a single subclade (Fig. 4a). Only clementine and ‘Midknight
Valencia’ orange (Citrus ×aurantium L.) carried an additional copy of LYK5, which is more

closely related to those from cotton and durian (Fig. 4a). We attempted to PCR amplify
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additional CERK1 homologs in Citrinae but were only able to amplify from ‘Rio Red’ grapefruit.

Within eudicots, citrus CERK1 homologs are polyphyletic and both clementine and ‘Midknight

Valencia’ orange carry multiple homologs (Fig. 4a). Ectodomains of citrus receptor homologs
were compared, revealing a bimodal distribution for LYK5 and CERK1 and high amino acid

similarity within citrus subclades (Fig. 4b).

The LysM domain is critical and required for chitin binding. However, the ability to predict these

domains computationally is not always congruent (Shimizu et al., 2010). Standard domain

prediction software Interproscan of LYK5At and CERK1At failed to predict the correct number of

LysM domains (data not shown). Therefore, we used both homology and hidden Markov models

to predict LysM domains and found an incongruence between the number of domains predicted

(Fig. 4a). Therefore, while we can confidently predict potential chitin receptor candidates,

functional validation may still be required.

Although most cultivated citrus genotypes can perceive chitin, there is still a wide range for the

magnitude of the ROS response (Fig. 1a). ‘Washington navel’ orange (Citrus ×aurantium L.) is a

type of sweet orange and many modern type III mandarins are often derived from hybrids of

sweet oranges and other mandarin types (Wu et al. 2018). Both ‘Washington navel’ orange and

’Tango’ mandarin contain homologous LYK5 alleles in syntenic genetic regions that are highly

similar to each other (99.6% amino acid similarity, Fig. 5c, S2a). These LYK5 homologs are also

expressed similarly in both genotypes using qPCR (Fig. 5d). However, ‘Tango’ has a stronger
response to chitin, with a five-fold stronger ROS burst (Fig. 5a). Chitin also activates MAPKs in
both ‘Washington navel’ and ‘Tango’, though the magnitude of the response varies (Fig. 5b).
‘Tango’ was a stronger responder than ‘Washington navel’ in two experiments and an equal

responder in two experiments. To validate the functionality of the ‘Tango’ LYK5, we

complemented lyk4/lyk5-2 A. thaliana with the ‘Tango’ LYK5 (referred to as LYK5TM) or

Arabidopsis allele (LYK5At). Two independent A. thaliana transgenic lines expressing LYK5TM as

well as LYK5At regain the ability to produce ROS in response to chitin treatment (Fig. 6a).
Immunoblot analyses against the HA epitope tag verified protein expression of all transgenes.

We were able to further confirm the functionality of this receptor with additional immune assays.

Both LYK5TM as well as LYK5At complementation lines exhibited MAPK phosphorylation upon

chitin treatment (Fig. 6b). Taken together, we have demonstrated that cultivated citrus can

respond to chitin, possess LYK5 and CERK1 homologs, and LYK5TM can function as a chitin

receptor in Arabidopsis.
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Members from the Citrinae, Balsamocitrinae, and Clauseninae subtribes are capable of

perceiving csp22 from an important citrus pathogen

In tomato, the CORE receptor-like kinase perceives csp22, generating resistance to the

bacterial pathogen Pseudomonas syringae pv. tomato DC3000 when expressed in A. thaliana

(Wang et al. 2017). The closest Nicotiana benthamiana homolog of tomato CORE is able to

induce ROS production in response to csp22 treatment after transient expression (Wang et al.

2016). In order to gain insight into candidate citrus csp22 receptors, we analyzed citrus

genomes for the presence of CORE receptor homologs. However, the closest citrus homolog of

either Nicotiana or Solanum CORE receptors had several polymorphisms in the ectodomain

(Fig. S5d-e). Expression of the receptor recognizing csp22 is developmentally-regulated and
expressed in flowering Nicotiana benthamiana and tomato (Saur et al. 2016, Wang et al. 2016),

which makes it possible to use Agrobacterium transient expression to investigate CORE in

young Nicotiana benthamiana. We investigated the CORE homologs from ‘Frost nucellar

Eureka’ lemon and ‘Washington navel’ orange, which are responsive to csp22. When these

CORE homologs were heterologously expressed in 30 day-old Nicotiana benthamiana, they

failed to confer csp22 responsiveness, in contrast to expression of NbCORE. All CORE proteins

were expressed by immunoblot analysis (Fig. S5c). These data suggest that Rutaceae possess
an independently derived csp22 receptor.

Proteinaceous MAMPs are often conserved across pathogens. However, due to strong selection

pressure, some pathogens have evolved immunogenic epitopes that cannot be perceived, while

still retaining the presence of the entire protein (Cheng et al. 2021). The csp22 epitope from

CLas (csp22CLas) contains several polymorphisms when compared to the canonical csp22

sequence (Fig. 7a). Therefore, we investigated if there were members of the Rutaceae family

that could perceive csp22CLas (Fig. 7b). The vast majority of Rutaceae genotypes that can

respond to canonical csp22 cannot perceive csp22CLas using ROS production as an output.

Notably, members from the Balsamocitrinae and Clauseninae subtribes can perceive both

canonical csp22 and csp22CLas, such as Uganda powder-flask and Clausena harmandiana.

There is one member of the Citrinae tribe, the ‘Algerian clementine’ mandarin, that perceives

csp22CLas, but not canonical csp22. Clausena harmandiana is able to induce MAPK

phosphorylation in response to csp22CLas compared to the non-responding genotype ‘Midknight

Valencia’ orange (Fig. 7d). Genotypes that respond to csp22CLas also exhibited some level of
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reduced symptomology to HLB disease in field trials with mature trees (Fig. S4, Ramadugu et al.

2016). Data generated from our high-throughput ROS screens in members of Rutaceae reveal

members that can be used to identify novel receptors for transfer to CLas-susceptible citrus

cultivars.

Discussion
Here, we have investigated variation in MAMP perception within a family of related woody

genotypes to determine the landscape of perception in citrus and citrus relatives. Variations in

MAMP perception have been noted within genotypes of the same species, such as in tomato

(Roberts et al. 2019) and in Arabidopsis (Vetter et al 2012). Even in close relatives, the

perception of a potent immune elicitor such as flg22 varies widely (Veluchamy et al. 2014).

Much more diversity remains to be discovered by analyzing multiple genotypes. Perennial

genotypes like citrus are largely unexplored due to long lifespans lengthening the time required

to perform experiments, large field or greenhouse space required to grow tree crops, reduced

access to diverse genotypes, and a lack of genomic resources.

There are multiple potential reasons why studies have observed variation in MAMP perception

among related species. While some species may contain the same receptor homolog, the

presence of the homolog does not always correlate with strong MAMP perception (Vetter et al.

2012, Trdá et al. 2013). In this study, the LYK5At homologs in ‘Washington navel’ orange and

‘Tango’ mandarin only differ by two amino acid changes that have not been previously described

as important for Arabidopsis receptor function (Cao et al. 2014). However, ‘Tango’ mandarin is a

much stronger responder to chitin than ‘Washington navel’ orange. In another study, Vetter et al.

2012 noted that the variation in FLS2 abundance for certain genotypes can reflect the variation

in flg22 binding. We have also observed a segregation in response types among related species

– in response to the csp22 MAMP, some genotypes produce ROS but do not activate MAPK

phosphorylation. This has been observed in Arabidopsis plants, where MAMPs that trigger

receptor-like kinase pathways result in different immune outputs than those that trigger

receptor-like protein pathways (Wan et al. 2018). There are multiple potential explanations for

the segregation in the ability to perceive, the magnitude of perception, and differential immune

outputs for related genotypes. Segregation of immune response types has been observed

previously, where flg22 from CLas induces defense gene induction but no ROS burst in ‘Sun

Chu Sha Kat’ mandarin (Shi et al. 2018). There is also a possibility that downstream signaling

components may play a role in the magnitude of immune responses. Signaling has not been
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investigated in detail in perennial crops or outside of flg22 perception, and further research may

reveal if downstream signaling components have a role in altering MAMP responsiveness in

citrus.

Recent studies have identified immune receptor homologs that are capable of perceiving

polymorphic flg22 epitopes that are not perceived by the canonical Arabidopsis FLS2 receptor.

Flg22 from Agrobacterium tumefaciens contains several polymorphisms that prevent perception

in Arabidopsis (Felix et al. 1999). Fürst et al. 2020 identified a novel flagellin-sensing receptor

from wild grape with expanded ligand perception, FLS2XL, capable of sensing both canonical

flg22 and the Agrobacterium flg22 epitopes. The Ralstonia solanacearum flg22 is also highly

polymorphic and is not recognized by tomato (Pfund et al. 2004). However, Wei et al. 2020

identified a FLS2/BAK1 complex in soybean that is capable of sensing the Ralstonia flg22. In

this study, we have highlighted Rutaceae genotypes that are capable of recognizing canonical

csp22 and csp22CLas. In tomato, the CORE RLK is responsible for csp22 recognition (Wang et

al. 2016). However, no obvious homolog of the CORE receptor has been identified in citrus

genomes so far. There is likely an independently-evolved receptor that members of the

Rutaceae possess to recognize csp22 epitopes. Comparative genomics of csp22-responsive

and non-responsive citrus genotypes, or segregating populations if available, could be used to

identify candidate receptor(s) for csp22 epitopes for future functional validation.

Flagellin perception is widespread amongst plants, mainly conferred by the receptor FLS2 (Saĳo

et al. 2018). FLS2 was first identified in Arabidopsis thaliana (Gómez-Gómez et al. 2000). The

sequence of FLS2 from Arabidopsis was then used to identify and functionally characterize an

FLS2 homolog in tomato (Robatzek et al. 2007). This strategy has been used to identify and

characterize functional FLS2 homologs in a variety of plants, including grapevine (Trdá et al.

2013), citrus (Shi et al. 2016), and rice (Takai et al. 2008). From our study, LYK5 and CERK1

homologs are also widespread and cluster separately between dicots and monocots. Rice

utilizes a different LysM receptor (CEBiP) along with the CERK1 co-receptor for chitin

perception (Kaku et al. 2006, Lee et al. 2014, Shimizu et al. 2010). Cotton, a dicot, has a

wall-associated kinase that interacts with LYK5 and CERK1 to promote chitin-induced

dimerization (Wang et al. 2020). These results are consistent with an ancient acquisition of

chitin perception in dicots, which may explain why a vast majority of the Rutaceae genotypes we

evaluated are capable of producing an immune response to chitin. For MAMPs that can be

17

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 16, 2022. ; https://doi.org/10.1101/2022.07.15.500235doi: bioRxiv preprint 

https://doi.org/10.1101/2022.07.15.500235
http://creativecommons.org/licenses/by-nc-nd/4.0/


recognized by a broad range of species, identifying receptors based on homology is still a useful

tactic.

Our study highlights the diversity of immune response in a genetically diverse family of plants.

We identified relatives of citrus that are capable of responding to a wide variety of MAMPs,

opening up new opportunities to study relatives with potential novel mechanisms of immune

signaling. The transfer of novel receptors for MAMPs to susceptible plants can generate

resistance to pathogens (Hao et al. 2016, Fürst et al. 2020, Wei et al. 2020). ROS-based

immune phenotyping can be a high-throughput method to accelerate selection of promising

individuals in a breeding program. Individuals that can respond to unique MAMPs are likely to

have unique immune signaling components that can be transferred to susceptible citrus

varieties. A greater understanding of immune perception repertoires in economically important

plant genotypes will also facilitate the design stacks of receptors for transfer and disease

control. Similar strategies have resulted in durable resistance against fungal and oomycete

pathogens in crop plants (Luo et al. 2021, Ghislain et al. 2018). This work has opened up

interesting avenues to examine receptor diversity and identify new receptors in non-model

species.
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Figure legends
Figure 1. Genotypes within the Rutaceae family, including citrus, exhibit diverse
responses to common MAMPs and possess differing leaf morphologies. A. Heat map
compiling average max relative light units (RLUs) from reactive oxygen species (ROS) assays in

genotypes within the Rutaceae family, organized by MAMP and phylogenetic relationship. Max

RLUs are averages of at least three independent experiments and are represented as a

heatmap, where max RLU = (max RLU MAMP – max RLU water). <90 RLU is the threshold for

no response. Asterisks indicate genotypes that exhibit a variable response, where one or two

independent experiments shared a response. The MAMPs used are canonical features in the

following concentrations: chitin (10 μM), flg22 (100 nM), csp22 (100 nM). B. Leaf, branch, and

fruit morphologies of selected genotypes grown under greenhouse and field conditions. Scale

bars = 2 cm. Genotypes are referred to by common name unless otherwise unavailable.

Figure 2. Rutaceae genotypes vary in the magnitude of their responses to perception of
chitin, flagellin and cold shock protein immunogenic epitopes. A. Distribution of all average
max RLU values, with gray lines indicating 25th and 75th percentile markings. Box plots below

are organized by the magnitude of their responses to chitin (B), flg22 (C), and csp22 (D). The

MAMPs used are canonical features in the following concentrations: chitin (10 μM), flg22 (100

nM), csp22 (100 nM). Max RLUs are averages of at least three independent experiments, where
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max RLU = (max RLU MAMP – max RLU water). Data points on box plots represent the

average max RLU for an individual experiment, with n = 8 leaf disks per experiment. Criteria for

the response categories: “strong” responders are in the top 25th percentile, “medium”

responders are between the 25th and 75th percentiles, and “weak” responders are in the bottom

25th percentile. The bar within the box plot depicts the median of the data, where the box

boundaries represent the interquartile range (between the 25th and 75th percentiles) of the

data. Box whiskers represent the minimum or maximum values of the data within 1.5x of the

interquartile range.

Figure 3. ROS and MAPK induction in response to MAMP treatment in cultivated citrus
and wild relatives. A. Box plots showing the average max RLUs of selected Rutaceae
genotypes in response to chitin, flg22, and csp22. The MAMPs used are canonical features in

the following concentrations: chitin (10 μM), flg22 (100 nM), csp22 (100 nM). Max RLUs are

averages of at least three independent experiments, where max RLU = (max RLU PAMP – max

RLU water). Data points on box plots represent the average max RLU for an individual

experiment, with n = 8 leaf disks per experiment. The bar within the box plot depicts the median

of the data, where the box boundaries represent the interquartile range (between the 25th and

75th percentiles) of the data. Box whiskers represent the minimum or maximum values of the

data within 1.5x of the interquartile range. B. MAPK induction visualized at 0, 10, and 20 min

post-induction with water or MAMP. MAMPs are applied to leaf punches at the following

concentrations for MAPK assays: chitin (10 μM), flg22 (100 nM), csp22 (100 nM), with water as

a negative control. Western blots are performed with an anti-p42/44 MAPK antibody to visualize

the MAPK bands and Coomassie Brilliant Blue (CBB) to verify equal loading of protein samples.

All experiments were performed at least 3X with similar results.

Figure 4. Phylogeny of LYK5 and CERK1 receptor homologs. A. Maximum likelihood

phylogenetic tree of 102 LYK5 and LYK5-like homologs (top) and 120 CERK1 and CERK1-like

homologs (bottom) from 66 plant species. In both trees, eudicots are labeled in purple,

monocots are labeled in green, and sequences from citrus varieties are labeled in red. 1000

ultrafast bootstrap replicates were calculated and values over 90 were plotted as a gray dot. To

determine the number of LysM domains, hmmer (LysM domain, query ID: PF01476.19) and

blastp was used. Similarity to the Arabidopsis thaliana LysM domains by blastp from LYK5 and

CERK1 were calculated and plotted. Scale bar indicates tree distance. B. All-by-all blastp of

LysM receptor ectodomains. Top: blastp comparison of LYK5 and CERK1 homologs from the
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Citrinae tribe. Bottom: blastp comparison of all LYK5 and CERK1 plant homologs using

Arabidopsis as a query. C. Weblogos across 102 plant LYK5 homologs corresponding to critical

residues for chitin binding in A. thaliana LYK5At Y128 and S206.

Figure 5. ‘Washington navel’ orange and ‘Tango’ mandarin have nearly identical LYK5
homologs, but differ in magnitude of their chitin response. A. ROS curve for ‘Washington

navel’ orange and ‘Tango’ mandarin (left) and ‘Washington navel’ orange only (right) when

induced with either water or 10 μM chitin. Note the different scale on the y-axes. B. MAPK

induction in response to either water for chitin in ‘Washington navel’ orange vs. ‘Tango’

mandarin using anti-p42/44 MAPK immunoblotting. Experiments were repeated 4 times. CBB =

Coomassie Brilliant Blue. C. Genome organization of LYK5 in ‘Midknight Valencia’ orange,

‘Washington navel’ orange, and ‘Tango’ mandarin, with the LYK5 domain in ‘Tango’ mandarin

expanded to show functional domains. Arrows indicate the difference in amino acid sequence

between ‘Tango’ mandarin and ‘Washington navel’ orange. D. Normalized expression of the

citrus LYK5At homolog measured via qPCR 24 h after water and chitin induction, using citrus

COX as a reference gene. Error bars are standard deviation (n = 6 for water treatments, 9 for

chitin treatments). WN = ‘Washington navel’ orange; TM = ‘Tango’ mandarin.

Figure 6. The ‘Tango’ mandarin LYK5At homolog can complement an Arabidopsis chitin
perception mutant. A. ROS production of Arabidopsis lyk4/lyk5-2 knockouts complemented

with the indicated LYK5 constructs after treatment with 10 μM chitin. The bar within the box plot

depicts the median of the data, where the box boundaries represent the interquartile range

(between the 25th and 75th percentiles) of the data. Box whiskers represent the minimum or

maximum values of the data within 1.5x of the interquartile range. Anti-HA-HRP immunoblots

visualize the LYK5-HA bands; CBB = Coomassie Brilliant Blue (CBB). Significance of results

was determined via ordinary one-way ANOVA, with a post hoc Dunnett’s multiple comparison to

the lyk4/lyk5-2 knockout. Asterisks represent significance thresholds: **** = p<0.0001, *** =

p=0.0001 to 0.001, ** p=0.001 to 0.01, * p=0.01 to 0.05. B. MAPK induction in response to

either water for chitin in LYK5-complemented Arabidopsis lyk4/lyk5-2, using anti-p42/44 MAPK

immunoblotting. CBB = Coomassie Brilliant Blue. All experiments were performed 3 times with

similar results.

Figure 7. Three Rutaceae tribes can respond to a polymorphic csp22 from an important
citrus pathogen. A. Alignment of the canonical csp22 sequence to the csp22 of Candidatus
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Liberibacter asiaticus (csp22CLas). B. Heat map compiling average max relative light units (RLUs)

from ROS assays in genotypes within the Rutaceae family, organized by MAMP and

phylogenetic relationship. Max RLUs are averages of at least three independent experiments,

where max RLU = (max RLU PAMP – max RLU water). <90 RLU is the threshold for no

response. Asterisks indicate genotypes that exhibit a variable response, where one or two

independent experiments revealed a response. The MAMPs used for treatments are canonical

csp22 and csp22 from Candidatus Liberibacter asiaticus. C. Box plot of max RLUs for citrus

relatives that can respond to 200 nM csp22CLas. Max RLUs are averages of at least three

independent experiments. Data points on box plots represent the average max RLU for an

individual experiment, with n = 8 leaf disks per experiment. The max RLU are plotted on a log10

scale. The bar within the box plot depicts the median of the data, where the box boundaries

represent the interquartile range (between the 25th and 75th percentiles) of the data. Box

whiskers represent the minimum or maximum values of the data within 1.5x of the interquartile

range. D. MAPK induction by csp22 or csp22CLas in either Valencia orange or Clausena

harmandiana, visualized by p42/44 MAPK antibody immunoblotting. CBB = Coomassie Brilliant

Blue.

Supporting Information

Supporting Information Table S1 contains information on the Rutaceae genotypes used for

this study.

Supporting Information Table S2 contains information on primers used for this study.

Supporting Information Table S3 contains information on the LYK5 sequences used to build

Figure 4a.

Supporting Information Table S4 contains information on the CERK1 sequences used to build

Figure 4a.

Supporting Information Figure 1 contains representative ROS curves for selected weak,

medium, and strong responders of MAMPs from Figure 2.

Supporting Information Figure 2 contains amino acid alignments of LYK5 homologs.
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Supporting Information Figure 3 contains the full heat map of genotypes tested for Figure 7,
including non-responders of either csp22 or csp22CLas.

Supporting Information Figure 4 contains the visualization of MAMP perception in selected

genotypes with HLB disease susceptibility from Ramadugu et al. 2016.

Supporting Information Figure 5 contains information on the closest citrus homologs of

tomato CORE.
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Figure 1. Genotypes within the Rutaceae family, including citrus, exhibit diverse responses to common MAMPs and
possess differing leaf morphologies. A. Heat map compiling average max relative light units (RLUs) from reactive oxygen
species (ROS) assays in genotypes within the Rutaceae family, organized by MAMP and phylogenetic relationship. White
indicates genotypes in an unresolved tribe. Max RLUs are averages of at least three independent experiments and are
represented as a heatmap, where max RLU = (max RLU MAMP – max RLU water). <90 RLU is the threshold for no
response. Asterisks indicate genotypes that exhibit a variable response, where one or two independent experiments shared
a response. The MAMPs used are canonical features in the following concentrations: chitin (10 μM), flg22 (100 nM), csp22
(100 nM). B. Leaf, branch, and fruit morphologies of selected genotypes grown under greenhouse and field conditions.
Scale bars = 2 cm. Genotypes are referred to by common name unless otherwise unavailable.
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Figure 2. Rutaceae genotypes vary in the
magnitude of their responses to perception of
chitin, flagellin and cold shock protein
immunogenic epitopes. A. Distribution of all
average max RLU values, with gray lines indicating
25th and 75th percentile markings. Box plots below
are organized by the magnitude of their responses to
chitin (B), flg22 (C), and csp22 (D). The MAMPs
used are canonical features in the following
concentrations: chitin (10 μM), flg22 (100 nM), csp22
(100 nM). Max RLUs are averages of at least three
independent experiments, where max RLU = (max
RLU MAMP – max RLU water). Data points on box
plots represent the average max RLU for an
individual experiment, with n = 8 leaf disks per
experiment. Criteria for the response categories:
“strong” responders are in the top 25th percentile,
“medium” responders are between the 25th and 75th

percentiles, and “weak” responders are in the bottom
25th percentile. The bar within the box plot depicts
the median of the data, where the box boundaries
represent the interquartile range (between the 25th
and 75th percentiles) of the data. Box whiskers
represent the minimum or maximum values of the
data within 1.5x of the interquartile range.
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Figure 3. ROS and MAPK induction in response to MAMP treatment in cultivated citrus and wild relatives. A. Box
plots showing the average max RLUs of selected Rutaceae genotypes in response to chitin, flg22, and csp22. The MAMPs
used are canonical features in the following concentrations: chitin (10 μM), flg22 (100 nM), csp22 (100 nM). Max RLUs are
averages of at least three independent experiments, where max RLU = (max RLU PAMP – max RLU water). Data points on
box plots represent the average max RLU for an individual experiment, with n = 8 leaf disks per experiment. The bar within
the box plot depicts the median of the data, where the box boundaries represent the interquartile range (between the 25th
and 75th percentiles) of the data. Box whiskers represent the minimum or maximum values of the data within 1.5x of the
interquartile range. B. MAPK induction visualized at 0, 10, and 20 min post-induction with water or MAMP. MAMPs are
applied to leaf punches at the following concentrations for MAPK assays: chitin (10 μM), flg22 (100 nM), csp22 (100 nM),
with water as a negative control. Western blots are performed with an anti-p42/44 MAPK antibody to visualize the MAPK
bands and Coomassie Brilliant Blue (CBB) to verify equal loading of protein samples. All experiments were performed at
least 3X with similar results.
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Figure 4. Phylogeny of LYK5 and CERK1 receptor homologs. A. Maximum likelihood phylogenetic tree of 101 LYK5 and
LYK5-like homologs (top) and 120 CERK1 and CERK1-like homologs (bottom) from 66 plant species. In both trees, eudicots
are labeled in purple, monocots are labeled in green, and sequences from citrus varieties are labeled in red. 1000 ultrafast
bootstrap replicates were calculated and values over 90 were plotted as a gray dot. To determine the number of LysM
domains, Hmmer (LysM domain, query ID: PF01476.19) and blastp was used. Similarity to the Arabidopsis thaliana LysM
domains by blastp from LYK5 and CERK1 were calculated and plotted. Scale bar indicates tree distance. B. All-by-all blastp
of LysM receptor ectodomains. Top: blastp comparison of LYK5 and CERK1 homologs from the Citrinae tribe. Bottom: blastp
comparison of all LYK5 and CERK1 plant homologs using Arabidopsis as a query. C. Weblogos across 101 plant LYK5
homologs corresponding to critical residues for chitin binding in A. thaliana LYK5At Y128 and S206.
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Figure 5. ‘Washington navel’ orange and ‘Tango’
mandarin have nearly identical LYK5 homologs, but
differ in magnitude of their chitin response. A. ROS
curve for ‘Washington navel’ orange and ‘Tango’
mandarin (left) and ‘Washington navel’ orange only (right)
when induced with either water or 10 μM chitin. Note the
different scale on the y-axes. B. MAPK induction in
response to either water for chitin in ‘Washington navel’
orange vs. ‘Tango’ mandarin using anti-p42/44 MAPK
immunoblotting. Experiments were repeated 4 times.
CBB = Coomassie Brilliant Blue. C. Genome organization
of LYK5 in ‘Midknight Valencia’ orange, ‘Washington
navel’ orange, and ‘Tango’ mandarin, with the LYK5
domain in ‘Tango’ mandarin expanded to show functional
domains. Arrows indicate the difference in amino acid
sequence between ‘Tango’ mandarin and ‘Washington
navel’ orange. D. Normalized expression of the citrus
LYK5At homolog measured via qPCR 24 h after water and
chitin induction, using citrus COX as a reference gene.
Error bars are standard deviation (n = 6 for water
treatments, 9 for chitin treatments). WN = ‘Washington
navel’ orange; TM = ‘Tango’ mandarin.
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Figure 6. The ‘Tango’ mandarin LYK5At homolog can complement an Arabidopsis chitin perception mutant. A. ROS
production of Arabidopsis lyk4/lyk5-2 knockouts complemented with the indicated LYK5 constructs after treatment with 10
μM chitin. The bar within the box plot depicts the median of the data, where the box boundaries represent the interquartile
range (between the 25th and 75th percentiles) of the data. Box whiskers represent the minimum or maximum values of the
data within 1.5x of the interquartile range. Anti-HA-HRP immunoblots visualize the LYK5-HA bands; CBB = Coomassie
Brilliant Blue (CBB). Significance of results was determined via ordinary one-way ANOVA, with a post hoc Dunnett’s multiple
comparison to the lyk4/lyk5-2 knockout. Asterisks represent significance thresholds: **** = p<0.0001, *** = p=0.0001 to
0.001, ** p=0.001 to 0.01, * p=0.01 to 0.05. B. MAPK induction in response to either water for chitin in LYK5-complemented
Arabidopsis lyk4/lyk5-2, using anti-p42/44 MAPK immunoblotting. CBB = Coomassie Brilliant Blue. All experiments were
performed 3 times with similar results.
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Figure 7. Three Rutaceae tribes can respond to a polymorphic csp22 from an important citrus pathogen. A.
Alignment of the canonical csp22 sequence to the csp22 of Candidatus Liberibacter asiaticus (csp22CLas). B. Heat map
compiling average max relative light units (RLUs) from ROS assays in genotypes within the Rutaceae family, organized by
MAMP and phylogenetic relationship. White indicates genotypes in an unresolved tribe. Max RLUs are averages of at least
three independent experiments, where max RLU = (max RLU PAMP – max RLU water). <90 RLU is the threshold for no
response. Asterisks indicate genotypes that exhibit a variable response, where one or two independent experiments
revealed a response. The MAMPs used for treatments are canonical csp22 and csp22 from Candidatus Liberibacter
asiaticus. C. Box plot of max RLUs for citrus relatives that can respond to 200 nM csp22CLas. Max RLUs are averages of at
least three independent experiments. Data points on box plots represent the average max RLU for an individual experiment,
with n = 8 leaf disks per experiment. The max RLU are plotted on a log10 scale. The bar within the box plot depicts the
median of the data, where the box boundaries represent the interquartile range (between the 25th and 75th percentiles) of
the data. Box whiskers represent the minimum or maximum values of the data within 1.5x of the interquartile range. D.
MAPK induction by csp22 or csp22CLas in either Valencia orange or Clausena harmandiana, visualized by p42/44 MAPK
antibody immunoblotting. CBB = Coomassie Brilliant Blue.
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