UC Davis
UC Davis Previously Published Works

Title
A microbially derived tyrosine-sulfated peptide mimics a plant peptide hormone

Permalink
https://escholarship.org/uc/item/6004v1ve

Journal
New Phytologist, 215(2)

ISSN
0028-646X

Authors

Pruitt, Rory N
Joe, Anna
Zhang, Weiguo

Publication Date
2017-07-01

DOI
10.1111/nph.14609

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/60q4v1v6
https://escholarship.org/uc/item/60q4v1v6#author
https://escholarship.org
http://www.cdlib.org/

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

WEALTIE ¢
of “,

/ HHS Public Access

Author manuscript

ﬁ New Phytol. Author manuscript; available in PMC 2018 April 16.

Published in final edited form as:
New Phytol. 2017 July ; 215(2): 725-736. doi:10.1111/nph.14609.

A microbially derived tyrosine-sulfated peptide mimics a plant
peptide hormone

Rory N. Pruitt1:2*, Anna Joel:2”*, Weiguo Zhangl”*, Wei Feng3, Valley Stewart*, Benjamin
Schwessinger!2, José R. Dinneny3, and Pamela C. Ronald12

1Department of Plant Pathology and the Genome Center, University of California, Davis, CA
95616, USA

2Feedstocks Division, Joint BioEnergy Institute and Physical Biosciences Division, Lawrence
Berkeley National Laboratory, Berkeley, CA 94720, USA

3Department of Plant Biology, Carnegie Institution for Science, Stanford, CA 94305, USA

4Department of Microbiology and Molecular Genetics, University of California, Davis, CA 95616,
USA

Summary

. The biotrophic pathogen Xanthomonas oryzae pv. oryzae (Xoo) produces a sulfated
peptide named RaxX, which shares similarity to peptides in the PSY (plant peptide
containing sulfated tyrosine) family. We hypothesize that RaxX mimics the growth-
stimulating activity of PSY peptides.

. Root length was measured in Arabidopsis and rice treated with synthetic RaxX
peptides. We also used comparative genomic analyses and reactive oxygen species
burst assays to evaluate the activity of RaxX and PSY peptides.
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Here we found that a synthetic sulfated RaxX derivative comprising 13 residues
(RaxX13-sY), highly conserved between RaxX and PSY, induces root growth in
Arabidopsis and rice in a manner similar to that triggered by PSY. We identified
residues that are required for activation of immunity mediated by the rice XA21
receptor but that are not essential for root growth induced by PSY. Finally, we showed
that a Xanthomonas strain lacking raxX'is impaired in virulence.

These findings suggest that RaxX serves as a molecular mimic of PSY peptides to
facilitate Xoo infection and that XA21 has evolved the ability to recognize and respond
specifically to the microbial form of the peptide.

molecular mimicry; PSY1; RaxX; root growth; tyrosine-sulfated peptide; XA21; Xanthomonas
oryzae pv. oryzae

Introduction

Some plant and animal pathogens employ molecular mimicry to gain evolutionary
advantages (Mitchum et al., 2012). Such microbial molecules include those that mimic
ligands of host receptors, substrates of host enzymes, or host proteins themselves (Knodler
et al., 2001; Nesic et al., 2010). Some plant pathogens produce small molecules that mimic
plant hormones required for growth, development and regulation of innate immunity.

A well-studied case of hormone mimicry in plants is the production of coronatine by the
Gram-negative biotrophic bacterium Pseudomonas syringae (Weiler et al., 1994). Coronatine
structurally and functionally mimics jasmonoyl-L-isoleucine (JA-lle), a bioactive form of the
plant hormone jasmonic acid (JA) (Weiler et al., 1994). JA positively regulates defense
against chewing insects and necrotrophic pathogens and negatively regulates defense against
biotrophic and hemibiotrophic pathogens. Coronatine produced during 2 syringae infection
mimics JA action, suppressing the host defense response.

Plant parasitic nematodes and fungi also produce mimics of endogenous plant hormones.
For example, nematodes produce peptides similar to plant CLAVATA3/ESR (CLE) peptides
(Chen et al., 2015), which regulate shoot meristem differentiation, root growth, and vascular
development. Nematode CLEs are secreted into plant tissues where they induce specific host
cells to differentiate into feeding cells that benefit the parasite (Wang ef a/., 2005; Mitchum
et al., 2008; Yamaguchi et al., 2016). Another example is C-TERMINALLY ENCODED
PEPTIDEs (CEPs), a large and diverse family of effector peptides produced by sedentary
plant-parasitic nematodes (PPNs). Plant CEPs inhibit root growth and increase the gene
expression of a nitrogen transporter in response to nitrogen starvation. It is hypothesized that
the parasite-produced CEPs promote nitrogen uptake and reduce the size of the feeding site
where the PPNs maintain biotrophic interactions (Eves-Van Den Akker et al., 2016). Finally,
the root-infecting fungus Fusarium oxysporum secretes a functional mimic of plant
regulatory peptide RALF (rapid alkalinization factor). RALF from £ oxysporum induces
extracellular alkalinization in the host apoplast, which favors pathogen multiplication
(Murphy & De Smet, 2014; Masachis et al., 2016).
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We have recently shown that the rice receptor XA21 is activated by a sulfated protein, called
RaxX, produced by the bacterial pathogen Xanthomonas oryzae pv. oryzae (X00). RaxX
triggers a robust and effective immune response in rice expressing XA21 (Song et al., 1995;
Pruitt et al., 2015). A synthetic 21-amino acid sulfated derivative of RaxX (RaxX21-sY)
from Xoo strain PX099 (Fig. 1a) is sufficient to activate XA21-mediated immune responses
(Pruitt et al., 2015).

Sequence analysis revealed that RaxX21 is similar to the peptide hormone PSY (Plant
peptide containing Sulfated tYrosine), which promotes cellular proliferation and expansion
in Arabidopsis (Amano et al., 2007) (Pruitt et al., 2015). Arabidopsis PSY1 (AtPSY1) is the
best-characterized member of the plant PSY peptide family. AtPSY1 is an 18-amino-acid
glycopeptide with a single sulfotyrosine residue (Fig. 1a) (Amano et al., 2007) that is
secreted, processed from a 75-amino-acid precursor and promotes root elongation primarily
through regulation of cell size. AtPSY1 is widely expressed in Arabidopsis tissues (Amano
et al., 2007). AtPSY 1 promotes acidification of the apoplastic space through activation of
membrane proton pumps (Fuglsang et al., 2014). This acidification is thought to activate pH-
dependent expansins and cell wall-remodeling enzymes that loosen the cellulose network
(Cosgrove, 2000; Hager, 2003). Concomitant water uptake by the cell leads to cellular
expansion. In addition to PSY, plants produce three other classes of tyrosinesulfated
peptides: phytosulfokine (PSK) (Matsubayashi & Sakagami, 1996), root meristem growth
factor (RGF) (Matsuzaki et al., 2010) and Casparian strip integrity factor (CIF) (Doblas et
al., 2017; Nakayama et al., 2017). PSK, RGF and CIF are also processed, secreted, and play
roles in regulation of growth and development in the root.

Here we demonstrate that RaxX peptides derived from diverse Xanthomonas species
promote root growth, mimicking the growth promoting activities of PSY peptides. We also
show that a Xanthomonas strain lacking rax.Xis impaired in its ability to infect rice lacking
XA21, suggesting that RaxX is a virulence factor. Unlike RaxX, PSY peptides do not
activate XA21-mediated immunity. Thus, XA21 is a highly selective immune receptor
capable of specifically recognizing the bacterial mimic. Based on these findings we propose
a model whereby Xoo and other Xanthomonas strains produce RaxX to reprogram the host
environment by hijacking PSY signaling. XA21 later evolved to recognize and respond
specifically to RaxX.

Materials and Methods

Identification of putative RaxX proteins

Putative PSY orthologs were identified by NCBI Protein Blast analysis using the default
settings for short sequences (Altschul et al., 1990). For Solanum lycopersicum, Blast was
performed using the Sol Genomics Network with the Blosum 62 matrix (https://
solgenomics.net/tools/blast/). Proteins were identified from a single source for each plant:
Arabidopsis thaliana Col-0 (refseq_protein, taxid: 3702), Oryza sativa Nipponbare (refseq_
protein, taxid: 39947), Triticum aestivum Chinese Spring (taxid:4565), Musa acuminata ssp.
Malaccensis (refseq_protein, taxid 214687), and S. /ycopersicum cv Heinz 1706 (ITAG
release 2.40). Blast was initially performed with the 18-amino-acid sequence of AtPSY1
(DYGDPSANPKHDPGVPPS). Criteria for selection were as follows: candidates must

New Phytol. Author manuscript; available in PMC 2018 April 16.
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match the query with an expect-value < 20 for NCBI Protein Blast analysis (PAM 30
matrix); candidates must have an invariant Asp-Tyr at the beginning of the query; the full-
length protein must be between 60 and 200 amino acids with the PSY-like motif in the
second half; and the protein must be predicted to have a secretion signal by SignalP 4.0
(Petersen et al., 2011). Additional candidates were identified by subsequent iterative Blast
with the 18-amino-acid RaxX sequences from candidate RaxX proteins identified in the
initial Blast. The final list is shown in Supporting Information Fig. S1. If multiple splicing
variants were identified in the search, only one was listed.

Sequence analysis and visualization

The sequence alignments in S9 were generated with Geneious software using default
parameters (Kearse et al., 2012). Sequence logos (Fig. 1b) were constructed using WebLogo
(Schneider & Stephens, 1990; Crooks et al., 2004) with the 13-amino-acid RaxX sequences
shown in Table S1 and the PSY ortholog sequences in Fig. S1. The bit score for a given
residue indicates the conservation at that position, while the sizes of the individual letters
within the stack indicate relative frequency of that amino acid at the position.

Arabidopsis growth conditions

All Arabidopsis thaliana used in this study were in the Col-0 background. The At7TPST
mutant, fpst-1, (SALK_009847) and homozygous Atlg72300 mutant (SALK _072802C)
were obtained from the Arabidopsis Biological Resource Center (ARBC). A homozygous
tpst-1 line was isolated from progeny of the SALK_009847 seeds. The AtPSKR1/AtPSKR2/
Atlg72300triple receptor mutant (Mosher et al.,, 2013) was obtained from Birgit
Kemmerling’s laboratory. Plants were grown on the indicated media or on Sungro
professional growing mix under continuous light.

RaxX and PSY1 peptides

The peptides used in this study are listed in Table S2. All peptides other than RaxX21-Y are
tyrosine-sulfated as indicated (YS). The synthetic AtPSY1 peptide used in these experiments
lacks the hydroxy- and L-Araz-modifications at the C-terminus. The natural processed,
modified state of OsPSY1a is not known. The 18-amino-acid OsPSY 1a peptide was
synthesized based on alignment with AtPSY 1. RaxX13-sY was obtained from Peptide 2.0
(Chantilly, VA, USA) All other peptides were obtained from Pacific Immunology (Ramona,
CA, USA). One batch of peptides was tested for each sequence. The peptides were
resuspended in ddH,O.

Arabidopsis root growth assays

Arabidopsis seeds were treated with 30% bleach for 12 min and then washed 4-5 times with
autoclaved water. Sterilized seeds were incubated in the dark at 4°C for 3—4 d. Plates were
prepared with 0.5x Murashige and Skoog (MS) medium with vitamins (MSPQ9; Caisson
(East Smithfield, UT, USA), 1% sucrose, pH 5.7, 0.5% Phytagel (P8169; Sigma). Peptide
(or water for mock treatments) was added to the indicated concentration (froma 1 mM
stock) just before pouring into a plate. Seeds were placed on the plate (20 seeds per plate),
and the lids were secured with Micropore surgical tape (1530-0). Plates were incubated
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vertically under continuous light (55 pmol m=2 s71) at 24° C. Seedlings with delayed
germination were marked after 3 d, and were not included in the analysis. Root lengths were
measured after 8 d.

Arabidopsis live imaging of root growth

Live imaging of roots was performed as described previously with modifications to the
media (Duan et al., 2013; Geng et al., 2013). Sterilized fpst-1 seeds were grown on 1% agar
media containing 1x MS nutrients (MSP01; Caisson), 1% sucrose, and 0.5 g 1”1 MES,
adjusted to pH 5.7 with KOH. After 6 d, seeds were transferred to 0.5% Phytagel (P8169;
Sigma) media containing 0.5x MS (MSP09 (Caisson), 1% sucrose, and 0.5 g I"1 MES,
adjusted to pH 5.7 with KOH) with or without the indicated peptides. Imaging and
semiautomated image analysis were performed as described previously (Geng et af., 2013).

Rice root growth assays

Seeds of Oryza sativasp. japonica cultivars Kitaake (lacking the XaZ2l gene), a transgenic
line of Kitaake carrying Xa21 (XA21-Kitaake), Taipei 309 (TP309) (lacking the XaZl gene),
or a transgenic line of TP309 carrying Xa21 driven by its native promoter (XA21-TP309)
were dehusked and sterilized with 30% bleach for 30 min. The seeds were washed four to
five times with water and plated to cups with 50 ml 0.5x MS (MSP09; Caisson), 1% sucrose
(pH 5.7 with KOH/NaOH) containing 0.25% Phytagel. Peptides were added to 100 nM just
before pouring into the cups. Twenty seedlings were added per cup, and the cups were
sealed with clear lids. The seedling roots were measured after 4-6 d incubation in a 28°C
chamber with 13: 11 h, light: dark cycle and a light intensity of 15 pmol m=2s71,

Reactive oxygen species (ROS) assays

Kitaake and XA21-Kitaake rice plants were grown as previously described (Pruitt et al.,
2015). Briefly, seeds were geminated on water-soaked paper and transplanted in sandy soil
in 5.5 inch square pots. Plants were grown in tubs filled with fertilizer water in glasshouse.
Reactive oxygen species assays were carried out using leaves of 6-wk-old rice plants as
described previously (Pruitt et a/., 2015). Briefly, leaves were cut longitudinally along the
midvein and then transversely into 1- to 1.5-mm-thick leaf pieces. After overnight
incubation floating on sterile water, leaf pieces were transferred into a 96-well white plate
(two pieces per well). Each well contained 100 pl of excitation solution (0.2mM L-012
(Wako, Osaka, Japan) and 50 ugml=1 horseradish peroxidase (Sigma)). The indicated
concentration of peptides was added (or water for mock control), and chemiluminescence
was measured for 90 min with a TriStar plate reader (Berthold, Bad Wildbad, Germany).

Xanthomonas inoculation on rice

TP309 and XA21-TP309 were glasshouse-grown as described earlier for Kitaake. Six weeks
after planting, the rice was transferred to a growth chamber set to 28°C: 24°C, 80%: 85%
humidity, and 14 h: 10 h lighting for the day: night cycle. Plants were inoculated 3 d after
transfer using the scissors clipping method (Kauffman et a/., 1973). PX099 strains were
grown on peptone sucrose agar plates at 28°C with the appropriate antibiotic(s). The bacteria
were resuspended in water at a density of 108 colony-forming units (CFU) mI~1. Water-
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soaked lesions were measured 14 d after inoculation. Bacterial growth analysis /n planta was
performed as previously described (Bahar et al., 2014). PXQ099 strains used in this study
were previously reported (Pruitt et al., 2015). PXO99AraxXis a marker free mutant and
PX099AraxST is a marker exchange mutant with a spectinomycin resistance gene. The
raxXand raxST sequences, including their predicted promoter, were cloned into pVSP61
vector (Loper & Lindow, 1994) and transformed into PX099 strains.

RaxX is similar in sequence to PSY peptides

The region of similarity between RaxX from Xooand AtPSY1 corresponds to amino acids
40-52 of RaxX. RaxX and AtPSY1 share 10 identical residues over this region (Fig. 1a).
RaxX is sulfated by the bacterial sulfotransferase RaxST on Y41, which corresponds to the
sulfated residue of AtPSY1 (Amano et al., 2007; Pruitt et al,, 2015). An aspartate precedes
the sulfated tyrosine in both RaxX and AtPSY1. The presence of a nearby acidic residue is a
common hallmark of tyrosine sulfation sites (Moore, 2009).

We extended our analysis to include PSY orthologs and RaxX peptides from diverse species
(Figs S1, S2; Table S1). Blast search using the 18-amino-acid AtPSY1 as a query identified
eight PSY-like proteins in rice (Fig. S1). One of the rice PSY proteins, OsPSY1
(0s05g40850), has four nearly identical PSY-like repeats, the first of which (OsPSY1a) is
shown in Fig. 1. Analysis of Arabidopsis using the same criteria also revealed a total of eight
PSY-like proteins, including the three that had been previously identified (Fig. S1) (Amano
et al., 2007; Matsubayashi, 2014). We also identified PSY-like proteins in tomato, banana
and wheat, three diverse and economically important crops (Fig. S1). Alignment of PSY
peptides from these different species revealed a highly conserved 13-amino-acid region
beginning with the aspartate-tyrosine residue pair (Fig. S1). This 13-amino-acid sequence
corresponds precisely to the region of sequence similarity between RaxX and AtPSY1 (Fig.
1a).

Alignment of the RaxX sequences from diverse strains reveals a region of high conservation
immediately around the tyrosine, which is sulfated in Xoo strain PX099 (Fig. S2). Sequence
logos were constructed for the PSY-like motif using the identified RaxX and PSY sequences
(Fig. 1b). These logos further highlight the similarity of the 13-amino-acid region of RaxX
and PSY sequences. Residues that are highly variable in RaxX are also highly variable in
PSY. Based on the similarity of RaxX and PSY peptides and the finding that RaxX is also
tyrosine-sulfated (Pruitt et a/., 2015), we hypothesized that RaxX serves as a functional
mimic of PSY peptides and that RaxX may have PSY-like activity.

RaxX promotes root growth similar to PSY peptides

To test our hypothesis that RaxX is a functional mimic of PSY peptides, we evaluated the
effect of RaxX21 treatment on root growth. We first tested the peptides on Arabidopsis
seedlings, because PSY signaling has been studied exclusively in this system. RaxX21-sY
promoted root growth in a similar manner to that observed for AtPSY1 in Arabidopsis (Fig.
2a,b). After 8 d on media containing 100 nM RaxX21-sY, the average root length of Col-0
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seedlings was 61 mm, whereas seedlings grown on plates without peptide had an average
root length of 54 mm. Similar root growth-promoting effects were observed in experiments
using AtPSY1 and OsPSY1a peptides (Fig. 2a,b).

We also performed root growth experiments on an Arabidopsis line lacking AtTPST, the
tyrosine sulfotransferase responsible for modification of PSY, PSK and RGF peptides
(Komori et al., 2009; Matsuzaki et al., 2010). fpst-1 mutant plants are dwarf and have
stunted roots (Komori et al., 2009). Because this mutant lacks endogenous PSY, PSK and
RGF signaling, effects of exogenous application of sulfated peptides can be better quantified
(Igarashi et al., 2012; Mosher et al., 2013). Consistent with earlier reports, we observed that
mock-treated #pst-1 mutant seedlings have much shorter roots than Col-0 (Fig. 2a—d).
Treatment of fpst-1 plants with RaxX21-sY or AtPSY1 increases root growth 1.5- to twofold
relative to mock treatment (Fig. 2¢,d).

We determined the minimum concentration of RaxX21-sY needed to induce root growth in
Arabidopsis. fpst-1 seeds were grown on plates containing 0.1-250 nM peptide. RaxX21-sY
was effective at inducing root growth at concentrations in the low nanomolar range (Fig.
S3). This activity is comparable to PSK (Fig. S3). Nonsulfated RaxX21 (RaxX21-Y) also
promoted root growth, but was less active than the sulfated version (Figs 2a—d, S3). AtPSY1
was less active than RaxX21-sY and PSK. We hypothesize that the reduced potency of the
synthetic AtPSY1 used in this study was a result of the lack of glycosylation (see Materials
and methods). Glycosylation of AtPSY1 was previously shown to be important for full
activity (Amano et al., 2007).

We next used a live root imaging system (Duan et al., 2013; Geng et al., 2013) to assess
changes in root growth rate upon exposure to RaxX21-sY. Root growth of fpst-1 seedlings
on plates containing 250 nM RaxX21-sY, AtPSY1 or no peptide (Mock) was monitored over
24 h. Within 4-5 h, seedlings grown on RaxX21-sY- or AtPSY1-containing plates had an
increased root growth rate compared with seedlings on mock plates (Fig. 2e).

Because RaxX21-sY comes from the rice pathogen Xoo, we tested whether this peptide also
has growth-promoting activity in rice seedlings. AtPSY1 and RaxX21-sY treatment
significantly enhanced root growth on rice varieties Tapei 309 (Fig. 2f) and Kitaake (Fig.
S4). We also tested if the root growth-promoting activity is attenuated in the presence of
XA21. We found that treatment of RaxX21-sY still induced longer roots in XA21-TP309
plants (Fig. S5). We hypothesize that RaxX21-sY fails to activate XA21 in young seedlings,
because XA21-mediated immune response is developmentally controlled in rice (Century et
al., 1999). Collectively, these results indicate that RaxX21-sY promotes root growth in a
similar manner to PSY and PSK peptides in both Arabidopsis and rice.

RaxX induces root growth through the same signaling pathway as PSY1

To determine if RaxX induces root growth using the same signaling pathway as AtPSY1, we
grew Arabidopsis seedlings on plates containing both RaxX and AtPSY1 peptides. Roots of
Arabidopsis seedlings grown on plates containing 100 nM RaxX21-sY and 100 nM AtPSY'1
were of a similar length to those grown on plates with 100 nM RaxX21-sY alone (Fig. 3).
Similar results were observed when seedlings were cotreated with 100 nM RaxX21-sY and
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100 nM PSK (Fig. 3). The observation that RaxX, AtPSY1, and PSK do not have additive
effects on root growth suggests that these peptides induce root growth via the same pathway.
Alternatively, it may be that the 100 nM RaxX21-sY treatment already reached the
maximum growth potential (Matsuzaki ef a/., 2010).

At1g72300 is not required for induction of root growth by RaxX or AtPSY1

The leucine-rich repeat receptor kinase encoded by At1g72300 has been proposed to serve
as the AtPSY1 receptor (Amano et al., 2007). We therefore tested whether At1g72300 is
required for perception of RaxX21-sY. For these assays we used the AtZg72300 mutant line
SALK _072802C. This is the same line used in all published studies of PSY1/At1g72300,
(Amano et al.,, 2007; Mosher & Kemmerling, 2013; Mosher et al., 2013; Fuglsang et al.,
2014; Mahmood et af., 2014) and was shown to have the lowest transcript abundance of
available mutants (Fuglsang et al., 2014). We independently validated the mutant genotype
(Fig. S6). We found that treatment of the AtZg72300 mutant line with either RaxX21-sY or
AtPSY1 increased root growth in a similar manner to that observed for treatment of wild-
type Col-0 seedlings (Figs 2a,b, 4). We also found that a mutant lacking At1g72300 and the
homologous PSK receptors, AtPSKR1 and AtPSKR2 (pskri1/pskr2/Atlg72300), also
responds to RaxX and AtPSY1 treatment (Fig. 4). pskrl/pskr2/Atlg72300 did not respond
to synthesized Arabidopsis PSK (AtPSK), whereas PSK promotes root growth of wild-type
Col-0 and At1g72300 (Fig. 4). These results indicate that At1g72300 is not required for
perception of RaxX21-sY or AtPSY1.

RaxX21-sY and PSY do not attenuate elf18-induced growth inhibition

Exogenous addition of PSK has previously been shown to attenuate the Arabidopsis immune
response to biotrophic pathogens (Igarashi et al.,, 2012; Mosher & Kemmerling, 2013;
Mosher et al., 2013). Although PSK and AtPSY1 share no sequence similarity, they have
nevertheless been hypothesized to serve similar roles (Mosher & Kemmerling, 2013; Mosher
et al., 2013; Matsubayashi, 2014). Thus, we hypothesized that induction of PSY signaling by
PSY or RaxX21-sY may also attenuate plant immune responses. To test this hypothesis, we
employed a seedling growth inhibition assay. Arabidopsis seedlings were grown in the
presence of the bacterial elicitor elf18, which causes activation of immune response and
impairs growth. We demonstrated that coincubation of seedlings with PSK attenuates elf18-
mediated growth inhibition as previously reported (lgarashi et al., 2012) (Fig. S7). However,
RaxX21-sY and AtPSY1 do not prevent elf18-triggered growth inhibition in Arabidopsis
under the conditions tested (Fig. S7). These results indicate that RaxX21-sY and PSY1 do
not have the same effects on immune modulation as PSK in Arabidopsis seedlings in
response to elf18 treatment.

RaxX and PSY peptides differentially activate PSY-like growth promotion and XA21-
immune responses

Activation of XA21-mediated immunity by RaxX21-sY triggers a number of immune
responses, including production of ROS, induction of marker gene expression, and
production of ethylene (Pruitt ef a/., 2015). These immune responses are tightly regulated,
because aberrant activation of immunity can have negative effects on plant growth and
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health (Spoel & Dong, 2012; Rodriguez et al., 2016). We therefore hypothesized that XA21
would specifically recognize RaxX but not the homologous PSY peptides.

We have previously shown that RaxX21-sY treatment induces robust ROS production in rice
leaves expressing XA21 (Pruitt et al., 2015). Therefore, to assess XA21-mediated
recognition of the sulfated peptides, we measured ROS production in XA21 rice leaves upon
treatment with water, RaxX21-sY, AtPSY1, or OsPSY1a (Fig. 5a). Unlike RaxX21-sY,
AtPSY1 and OsPSY la failed to induce ROS production in XA21 rice leaves. Robust ROS
production was not observed in rice leaves lacking XA21 (Fig. 5b). PSK also failed to
activate XA21-mediated immune response (Fig. 5a,b). These results suggest that the XA21
and PSY receptor(s) have different specificities. PSY signaling with respect to primary root
growth is activated by both PSY and RaxX (Fig. 2), whereas the XA21-mediated immune
response is only activated by RaxX.

To further delineate the region of RaxX required for PSY-like activity and activation of
XA21, we synthesized two smaller RaxX peptides based on similarity to AtPSY1. RaxX16-
sY begins with the aspartate (D40) at the beginning of the PSY-like motif (Fig. 1a).
RaxX13-sY also begins with D40 but is C-terminally truncated relative to RaxX21-sY and
RaxX16-sY (Fig. 1a). RaxX13-sY contains the region of highest similarity shared between
the RaxX and PSY peptides (Figs 1, S1). Both the RaxX13-sY and RaxX16-sY peptides are
still capable of promoting root growth in Arabidopsis and rice (Fig. 5¢,d). We next tested
whether these peptides could activate XA21-mediated immunity in the same manner as
RaxX21-sY (Pruitt et al., 2015). For this purpose, ROS production was measured in
detached XA21 rice leaves treated with water, RaxX13-sY, RaxX16-sY, or RaxX21-sY.
RaxX16-sY and RaxX21-sY triggered a ROS response characteristic of the XA21-mediated
immune response. By contrast, treatment with RaxX13-sY did not induce ROS production in
XA21 rice leaves (Fig. 5a). Thus, RaxX13-sY is able to induce AtPSY1-like growth effects,
but fails to activate an XA21-mediated immune response. These experiments reveal that
RaxX residues 53-55, which are present in RaxX16 but not RaxX13, are important for
activation of XA21 but are not required for root growth-promoting activity.

RaxX from diverse Xanthomonas species have PSY activity

We next asked whether RaxX from other Xanthomonas strains also have PSY-like activity.
To address this question, we synthesized 24-amino-acid peptides covering the PSY-like
region for three different RaxX sequences from X, oryzae pv. oryzicola (Xoc) strain BSL256
(RaxX24-Xoc-sY), X. campestris pv. musacearum (Xcm) strain NCPPB4394 (RaxX24-
Xcm-sY), and X, euvesicatoria (Xe) strain 85-10 (RaxX24-Xe-sY) (Table S2). Xoc, Xcm,
and Xe are pathogens of rice, banana, and tomato/pepper, respectively (Table S1). Xoc
colonizes the mesophyll of rice, whereas Xoo colonizes the xylem. All three RaxX sulfated
peptides promoted root growth on Arabidopsis seedlings in a manner similar to that of
RaxX21-sY derived from Xoo strain PX099 (Fig. 6). In other words, the proteins encoded
by diverse allelic variants of raxXretain PSY-like activity. These results demonstrate that the
use of RaxX as a mimic of plant PSYs is employed by many Xanthomonas species that
infect diverse plant species.
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RaxX facilitates Xoo infection

In some cases, the ability of a pathogen to mimic a host biological process can facilitate
pathogen infection (Weiler et al., 1994; Melotto et al., 2006; Mitchum et al., 2012; Chen et
al., 2015). We therefore tested whether RaxX contributes to the virulence of Xoo in plants
lacking XA21. We did not observe an effect of RaxX on disease lesion development in
TP309 rice leaves using standard scissor clipping inoculation (a high inoculum
concentration of 108 CFU ml~1) (da Silva et af., 2004; Pruitt et a/., 2015). Inoculating with a
low inoculum concentration is known to reveal subtle virulence differences between strains
(Starkey & Rahme, 2009). Thus, we challenged TP309 leaves with PX099 strains at a
density of 108 CFU mI~1. Under this condition, the PXO99Arax.X strain, but not the
complemented strain (PXO99AraxX(praxX)), formed shorter lesions compared with wild-
type PX099 (Fig. 7a). We also tested whether RaxST-mediated sulfation is required for the
virulence activity of RaxX. A PXQ099 strain lacking RaxST (PX099AraxST) also formed
shorter lesion than PX099 on TP309 rice leaves in low inoculum concentration experiments
(Fig. 7a). PXO99AraxST (praxST) regained the ability to form long lesions similar to the
wild-type strain (Fig. 7a). PX099 wild-type, PXO99AraxX (praxX) and
PXO99AraxST(praxST) form short lesions on XA21-TP309 at a lower inoculum
concentration, suggesting activation of the XA21 immune response (Fig. 7b). As previously
demonstrated, PXO99AraxX and PXO99AraxST evade XA21-mediated immune response
and form longer lesions (Fig. 7b). The bacterial populations of PXO99Arax.X and
PX099AraxST were less than those of strains PX099, PXO99AraxX(praxX), and
PX099AraxST (praxST) at 12d after inoculation (Fig. S8). These results suggest that RaxX
is a virulence factor that facilitates Xoo infection and that RaxST-mediated sulfation is also
required for this virulence activity.

Discussion

In a classical evolutionary arms race, both the pathogen and host develop and deploy an
arsenal of strategies to infect or resist their partner. For example, many pathogens secrete an
array of molecular factors designed to manipulate host biology and suppress the immune
response. In turn, plants have developed a set of immune receptors that recognize these
molecules or their activities and launch mechanisms to destroy the pathogen, which the
pathogen then tries to counter.

Based on previous studies demonstrating the growth-stimulating activity of PSY and our
findings in rice and Arabidopsis, we hypothesize that Xanthomonas produces, sulfates, and
secretes RaxX to mimic the activity of PSY peptides (da Silva et a/., 2004; Pruitt et al.,
2015) (Fig. 8). We speculate that Oryza longistaminata evolved XA21 specifically to
recognize this mimic. Consequently, rice plants carrying XA21 are able to launch a defense
response in the presence of the pathogen but not in the presence of the highly similar PSY
peptide hormones, which are predicted to be necessary for normal growth and development.

The hypothesis that RaxX is a mimic of PSY is well supported by the high degree of
sequence similarity (Fig. 1), the tyrosine sulfation status of RaxX and PSY peptides (Amano
et al., 2007; Pruitt et al., 2015), and the similar growth-promoting activities of both peptides
(Figs 2, S3-S5). Significantly, both RaxX and PSY1 require tyrosine sulfation for full
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activity. Tyrosine sulfation is an important post-translational modification that mediates
protein—protein interactions. Plants and animals employ tyrosine-sulfated proteins to
regulate growth, development, immunity and other biological processes. Tyrosine-sulfated
proteins in animal cells have roles in coagulation, leukocyte adhesion, HIV entry, and
chemokine signaling (Farzan et al., 1999; Moore, 2009; Stone et al., 2009).

Based on the similar sequence and function in root growth promotion, we hypothesize that
PSY1 and RaxX target a common cognate plant receptor. The leucine-rich repeat receptor
kinase At1g72300 was originally hypothesized to serve as the receptor for AtPSY 1 based on
the observation that the root length was not increased by exogenous AtPSY1 treatment in an
Atl1g72300 mutant (Amano et al., 2007). However, the At1g72300 mutant line still partially
responds to AtPSY1 treatment in proton efflux experiments (Fuglsang et a/., 2014).
Furthermore, transcriptomic analysis reveals that many AtPSY1-regulated genes are
regulated independently of At1g72300 (Mahmood ef a/., 2014). We found that RaxX and
AtPSY1 still promote root growth in the absence of Atlg72300. Collectively, these findings
indicate that At1g72300 is not the receptor for PSY peptides or that it is not the only
receptor. Additional work is required to understand how PSY and RaxX are perceived in
plants.

The precise role of RaxX in Xoo biology is not known. Because bacteria have been
demonstrated to employ biomimics to hijack the plants’ endogenous systems and reprogram
the host environment to facilitate pathogen infection (Weiler et al., 1994; Melotto et al.,
2006; Mitchum et al., 2012; Chen et al., 2015), we hypothesize that Xoo may use RaxX in a
similar manner. Here we show that RaxX is required for the full virulence of Xooto infect
rice leaves (Fig. 7). Xoois a biotrophic pathogen and thus requires living host tissues, which
ensures prolonged supply of carbon and other nutrients necessary for bacterial survival. The
ability of Xooto promote the host growth would thus benefit a biotroph (Nino-Liu ef al.,
2006; Fatima & Senthil-Kumar, 2015).

Xanthomonads enter through hydathodes, natural openings in the leaf, or wounds and
multiply in the xylem or mesophyll tissues. To date, growth-promoting activities for RaxX
or PSY1 have only been demonstrated on roots. We used induction of root growth as an
indicator of PSY-like activity in this study because this is a robust, well-characterized effect
of AtPSY1. It is known, however, that A#PSY1 is widely expressed in various plant tissues
(Amano et al., 2007). Arabidopsis seedlings overexpressing AfPSY1 have not only longer
roots, but also larger cotyledons (Amano ef a/., 2007). Recently, a PSY-like peptide in
soybean was shown to translocate from the roots to the xylem (Okamoto et a/., 2015). These
findings suggest that PSY peptides may have important unidentified roles outside of the
roots.

The growth-promoting properties of RaxX are reminiscent of the hypertrophy in tomato and
pepper leaves induced by the Xe effector AvrBs3. AvrBs3 enhances transcription of host
genes including auxin-induced and expansin-like genes that contribute to host cell
enlargement (Marois et al., 2002). This phenotype is thought to facilitate dissemination
because hypertrophy likely allows bacteria to easily escape from the infected site to other
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plants (Marois et al., 2002; Kay et al., 2007). The AvrBs3 example suggests a possible role
for RaxX in bacterial maintenance, persistence or transmission.

In this paper we demonstrate that XA21 can be activated by RaxX16 but not by RaxX13,
indicating that the C-terminal end of the RaxX16 sequence (RaxX amino acids 53-55) is
required for XA21 recognition. This result may explain why PSY1 cannot activate XA21:
PSY1 has C-terminal residues which differ from RaxX16. Residues within the RaxX13
region are also important for recognition by XA21. In a previous study, we identified three
residues (44, 46, and 48) of RaxX from Xoo that are involved in XA21 activation (Pruitt ef
al., 2015). Mutation of RaxX P44 and P48 completely abolishes the immunogenic activity of
RaxX on XA21-rice. Mutation of A46 has a partial effect. Interestingly, these residues are
not required for root growth-promoting activity. For example, RaxX24-Xoc contains amino
acid differences at positions 44, 46 and 48, but is still capable of inducing root growth in
Arabidopsis (Figs 6, S2; Table S1).

Comparison of the RaxX-Xoo and RaxX- Xoc sequences with rice PSY sequences suggests
the possibility that RaxX from Xanthomonas strains has evolved to mimic different PSY
peptides. The three residues from RaxX-.Xoo (strain PX099) which are required for
recognition by XA21 are identical to those in OsPSY la (Fig. S9). By contrast, the amino
acids of RaxX-Xoc (strain BSL256) are similar to those in OsPSY2. If these two peptides
have evolved to mimic different PSY peptides, it would indicate that there are multiple PSY
receptors in rice, which differentially recognize diverse PSY peptides. Multiple receptors
have been reported for RGF peptides. It is not yet clear if the RGF receptors have different
affinities for specific RGF peptides (Shinohara et a/., 2016). Using multiple receptors and
multiple ligands with different affinities would allow for a more complex and tunable
signaling network.

To further investigate the possibility that RaxX may have evolved to mimic specific host
PSY peptides, we compared the sequences of RaxX13 and PSY from various species (Figs
1b, S10). We did not observe a correlation between the sequences of RaxX from the
pathogen and PSYs from a compatible host (Fig. S10). However, alignment of the 13-amnio-
acid region did highlight variation at positions 5, 7, and 9. These residues correspond to
RaxX amino acids 44, 46, and 48, which are important for XA21 recognition. Notably, the
variation is not random. For example, the most common amino acids in position 5 of the
sequences analyzed are serine and proline in both RaxX and PSY (Figs 1b, S10). The amino
acids in this position could affect the ability of the peptides to activate specific PSY
receptor(s), as they do for XA21. Alternatively, the PSY receptor(s) may simply be able to
accommodate serine or proline at this position. Further research, including the
characterization of the PSY receptor(s), will help to address questions of specificity and lead
to a greater understanding of PSY signaling.

The robust protection conferred by XA21 is likely to cause a strong selective pressure on the
raxX gene in Xoo. For example, RaxX might evolve to more closely resemble endogenous
PSY peptides and thereby evade activating XA21 immunity. To date, we have not identified
Xoo strains that carry a sequence identical to PSY1. However, we have identified RaxX
variants that are able to evade detection by XA21 by altering one or two amino acids (e.g.
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P44 and/or P48) (Pruitt et al., 2015). These RaxX variants retain the ability to mimic the
PSY growth-stimulating properties (Fig. 6). We do not know if the amino acid changes in
these RaxX variants arose in response to the presence of XA21 or were pre-existing in the
Xoo population. Epidemiological studies with documentation of disease occurrence over
time and space are needed to further investigate the evolution of raxX.

The study of microbial mimicry of host molecules provides insights into both host and
pathogen biology, and can lead to novel strategies for disease prevention (Gardner et al.,
2015). Recent studies of the JA receptor have provided new insights into selective
recognition of endogenous hormones. The endogenous JA receptor is sensitive to both JA-1le
and the mimic coronatine. By making a structure-guided point mutation of a single amino
acid, Zhang et al. (2015) generated a modified JA receptor which has strongly reduced
sensitivity to coronatine while retaining endogenous JA-Ile recognition. Arabidopsis with
the modified JA receptor displayed enhanced resistance to coronatine-producing
Pseudomonas strains and has a normal phenotype in the absence of infection (Zhang et al.,
2015). The Zhang et al. study demonstrates how understanding of bacterial mimicry of host
factors can be used to engineer plants with enhanced resistance to bacterial pathogens. The
findings presented in this work provide another striking example of coevolution between the
host and pathogen and offer a framework for future work directed at understanding how
XA21 and the PSY receptor(s) differentially recognize RaxX and endogenous PSY peptides.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

This work was supported by NIH GM59962 and NSF 10S-1237975. The work conducted by the Joint BioEnergy
Institute was supported by the Office of Science, Office of Biological and Environmental Research, of the US
Department of Energy under contract no. DE-AC02-05CH11231. We thank Birgit Kemmerling (Tlbingen
University) for helpful discussion and for providing the A{PSKR1/AtPSKR2/At1g723001riple receptor mutant
seeds used in this project.

References

Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. Basic local alignment search tool. Journal of
Molecular Biology. 1990; 215:403-410. [PubMed: 2231712]

Amano Y, Tsubouchi H, Shinohara H, Ogawa M, Matsubayashi Y. Tyrosine-sulfated glycopeptide
involved in cellular proliferation and expansion in Arabidopsis. Proceedings of the National
Academy of Sciences, USA. 2007; 104:18333-18338.

Bahar O, Pruitt R, Luu DD, Schwessinger B, Daudi A, Liu F, Ruan R, Fontaine-Bodin L, Koebnik R,
Ronald P. The Xanthomonas Ax21 protein is processed by the general secretory system and is
secreted in association with outer membrane vesicles. PeerJ. 2014; 2:242. [PubMed: 24482761]

Century KS, Lagman RA, Adkisson M, Morlan J, Tobias R, Schwartz K, Smith A, Love J, Ronald PC,
Whalen MC. Developmental control of Xa21-mediated disease resistance in rice. Plant Journal.
1999; 20:231-236. [PubMed: 10571882]

Chen S, Lang P, Chronis D, Zhang S, De Jong WS, Mitchum MG, Wang X. In planta processing and
glycosylation of a nematode CLAVATA3/ENDOSPERM SURROUNDING REGION-like effector
and its interaction with a host CLAVATA2-like receptor to promote parasitism. Plant Physiology.
2015; 167:262-272. [PubMed: 25416475]

New Phytol. Author manuscript; available in PMC 2018 April 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pruitt et al.

Page 14

Cosgrove DJ. Expansive growth of plant cell walls. Plant Physiology and Biochemistry. 2000; 38:109—
124. [PubMed: 11543185]

Crooks GE, Hon G, Chandonia JM, Brenner SE. WebLogo: a sequence logo generator. Genome
Research. 2004; 14:1188-1190. [PubMed: 15173120]

Doblas VG, Smakowska-Luzan E, Fujita S, Alassimone J, Barberon M, Madalinski M, Belkhadir Y,
Geldner N. Root diffusion barrier control by a vasculature-derived peptide binding to the SGN3
receptor. Science. 2017; 355:280. [PubMed: 28104888]

Duan L, Dietrich D, Ng CH, Chan PM, Bhalerao R, Bennett MJ, Dinneny JR. Endodermal ABA
signaling promotes lateral root quiescence during salt stress in Arabidopsis seedlings. Plant Cell.
2013; 25:324-341. [PubMed: 23341337]

Eves-Van Den Akker S, Lilley CJ, Yusup HB, Jones JT, Urwin PE. Functional C-TERMINALLY
ENCODED PEPTIDE (CEP) plant hormone domains evolved de novo in the plant parasite
Rotylenchulus reniformis. Molecular Plant Pathology. 2016; 17:1265-1275. [PubMed: 26996971]

Farzan M, Mirzabekov T, Kolchinsky P, Wyatt R, Cayabyab M, Gerard NP, Gerard C, Sodroski J, Choe
H. Tyrosine sulfation of the amino terminus of CCR5 facilitates HIV-1 entry. Cell. 1999; 96:667—
676. [PubMed: 10089882]

Fatima U, Senthil-Kumar M. Plant and pathogen nutrient acquisition strategies. Frontiers in Plant
Science. 2015; 6:750. [PubMed: 26442063]

Fuglsang AT, Kristensen A, Cuin TA, Schulze WX, Persson J, Thuesen KH, Ytting CK,
Oehlenschlaeger CB, Mahmood K, Sondergaard TE, et al. Receptor kinase-mediated control of
primary active proton pumping at the plasma membrane. Plant Journal. 2014; 80:951-964.
[PubMed: 25267325]

Gardner MR, Kattenhorn LM, Kondur HR, von Schaewen M, Dorfman T, Chiang JJ, Haworth KG,
Decker JM, Alpert MD, Bailey CC, et al. AAV-expressed eCD4-1g provides durable protection
from multiple SHIV challenges. Nature. 2015; 519:87-91. [PubMed: 25707797]

Geng Y, Wu R, Wee CW, Xie F, Wei X, Chan PM, Tham C, Duan L, Dinneny JR. A spatio-temporal
understanding of growth regulation during the salt stress response in Arabidopsis. Plant Cell. 2013;
25:2132-2154. [PubMed: 23898029]

Hager A. Role of the plasma membrane H*-ATPase in auxin-induced elongation growth: historical and
new aspects. Journal of Plant Research. 2003; 116:483-505. [PubMed: 12937999]

Igarashi D, Tsuda K, Katagiri F. The peptide growth factor, phytosulfokine, attenuates pattern-
triggered immunity. Plant Journal. 2012; 71:194-204. [PubMed: 22353039]

Kauffman H, Reddy A, Hsieh S, Merca S. Improved technique for evaluating resistance of rice
varieties to Xanthomonas oryzae. Plant Disease Reporter. 1973; 57:537-541.

Kay S, Hahn S, Marois E, Hause G, Bonas U. A bacterial effector acts as a plant transcription factor
and induces a cell size regulator. Science. 2007; 318:648-651. [PubMed: 17962565]

Kearse M, Moir R, Wilson A, Stones-Havas S, Cheung M, Sturrock S, Buxton S, Cooper A,
Markowitz S, Duran C, et al. Geneious Basic: an integrated and extendable desktop software
platform for the organization and analysis of sequence data. Bioinformatics. 2012; 28:1647-1649.
[PubMed: 22543367]

Knodler LA, Celli J, Finlay BB. Pathogenic trickery: deception of host cell processes. Nature Reviews
Molecular Cell Biology. 2001; 2:578-588. [PubMed: 11483991]

Komori R, Amano Y, Ogawa-Ohnishi M, Matsubayashi Y. Identification of tyrosylprotein
sulfotransferase in Arabidopsis. Proceedings of the National Academy of Sciences, USA. 2009;
106:15067-15072.

Loper JE, Lindow SE. A biological sensor for iron available to bacteria in their habitats on plant
surfaces. Applied and Environment Microbiology. 1994; 60:1934-1941.

Mahmood K, Kannangara R, Jorgensen K, Fuglsang AT. Analysis of peptide PSY1 responding
transcripts in the two Arabidopsis plant lines: wild type and psyZrreceptor mutant. BMC
Genomics. 2014; 15:441. [PubMed: 24906416]

Marois E, Van den Ackerveken G, Bonas U. The Xanthomonas type 111 effector protein AvrBs3
modulates plant gene expression and induces cell hypertrophy in the susceptible host. Molecular
Plant-Microbe Interactions. 2002; 15:637-646. [PubMed: 12118879]

New Phytol. Author manuscript; available in PMC 2018 April 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pruitt et al.

Page 15

Masachis S, Segorbe D, Turra D, Leon-Ruiz M, First U, EI Ghalid M, Leonard G, Lépez-Berges MS,
Richards TA, Felix G, et al. A fungal pathogen secretes plant alkalinizing peptides to increase
infection. Nature Microbiology. 2016; 1:16043.

Matsubayashi Y. Posttranslationally modified small-peptide signals in plants. Annual Review of Plant
Biology. 2014; 65:385-413.

Matsubayashi Y, Sakagami Y. Phytosulfokine, sulfated peptides that induce the proliferation of single
mesophyll cells of Asparagus officinalis L. Proceedings of the National Academy of Sciences,
USA. 1996; 93:7623-7627.

Matsuzaki Y, Ogawa-Ohnishi M, Mori A, Matsubayashi Y. Secreted peptide signals required for
maintenance of root stem cell niche in Arabidopsis. Science. 2010; 329:1065-1067. [PubMed:
20798316]

Melotto M, Underwood W, Koczan J, Nomura K, He SY. Plant stomata function in innate immunity
against bacterial invasion. Cell. 2006; 126:969-980. [PubMed: 16959575]

Mitchum MG, Wang X, Davis EL. Diverse and conserved roles of CLE peptides. Current Opinion in
Plant Biology. 2008; 11:75-81. [PubMed: 18078779]

Mitchum MG, Wang X, Wang J, Davis EL. Role of nematode peptides and other small molecules in
plant parasitism. Annual Review of Phytopathology. 2012; 50:175-195.

Moore KL. Protein tyrosine sulfation: a critical posttranslation modification in plants and animals.
Proceedings of the National Academy of Sciences, USA. 2009; 106:14741-14742.

Mosher S, Kemmerling B. PSKR1 and PSY 1R-mediated regulation of plant defense responses. Plant
Signaling & Behavior. 2013; 8:24119. [PubMed: 23470723]

Mosher S, Seybold H, Rodriguez P, Stahl M, Davies KA, Dayaratne S, Morillo SA, Wierzba M, Favery
B, Keller H, et al. The tyrosine-sulfated peptide receptors PSKR1 and PSY 1R modify the
immunity of Arabidopsis to biotrophic and necrotrophic pathogens in an antagonistic manner.
Plant Journal. 2013; 73:469-482. [PubMed: 23062058]

Murphy E, De Smet I. Understanding the RALF family: a tale of many species. Trends in Plant
Science. 2014; 19:664-671. [PubMed: 24999241]

Nakayama T, Shinohara H, Tanaka M, Baba K, Ogawa-Ohnishi M, Matsubayashi Y. A peptide
hormone required for Casparian strip diffusion barrier formation in Arabidopsis roots. Science.
2017; 355:284. [PubMed: 28104889]

Nesic D, Miller MC, Quinkert ZT, Stein M, Chait BT, Stebbins CE. Helicobacter pylori CagA inhibits
PAR1-MARK family kinases by mimicking host substrates. Nature Structural & Molecular
Biology. 2010; 17:130-132.

Nino-Liu DO, Ronald PC, Bogdanove AJ. Xanthomonas oryzae pathovars: model pathogens of a
model crop. Molecular Plant Pathology. 2006; 7:303-324. [PubMed: 20507449]

Okamoto S, Suzuki T, Kawaguchi M, Higashiyama T, Matsubayashi Y. A comprehensive strategy for
identifying long-distance mobile peptides in xylem sap. Plant Journal. 2015; 84:611-620.
[PubMed: 26333921]

Petersen TN, Brunak S, von Heijne G, Nielsen H. SignalP 4.0: discriminating signal peptides from
transmembrane regions. Nature Methods. 2011; 8:785-786. [PubMed: 21959131]

Pruitt RN, Schwessinger B, Joe A, Thomas N, Liu F, Albert M, Robinson MR, Chan LJG, Luu DD,
Chen H, et al. The rice immune receptor XA21 recognizes a tyrosine-sulfated peptide from a
Gram-negative bacterium. Science Advances. 2015; 1:¢1500245. [PubMed: 26601222]

Rodriguez E, El Ghoul H, Mundy J, Petersen M. Making sense of plant autoimmunity and ‘negative
regulators’. FEBS Journal. 2016; 283:1385-1391. [PubMed: 26640229]

Schneider TD, Stephens RM. Sequence logos: a new way to display consensus sequences. Nucleic
Acids Research. 1990; 18:6097-6100. [PubMed: 2172928]

Shinohara H, Mori A, Yasue N, Sumida K, Matsubayashi Y. Identification of three LRR-RKSs involved
in perception of root meristem growth factor in Arabidopsis. Proceedings of the National Academy
of Sciences, USA. 2016; 113:3897-3902.

da Silva FG, Shen Y, Dardick C, Burdman S, Yadav RC, de Leon AL, Ronald PC. Bacterial genes
involved in type | secretion and sulfation are required to elicit the rice Xa2Z-mediated innate
immune response. Molecular Plant-Microbe Interactions. 2004; 17:593-601. [PubMed: 15195942]

New Phytol. Author manuscript; available in PMC 2018 April 16.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Pruitt et al.

Page 16

Song WY, Wang GL, Chen LL, Kim HS, Pi LY, Holsten T, Gardner J, Wang B, Zhai WX, Zhu LH, et
al. A receptor kinase-like protein encoded by the rice disease resistance gene, XaZ21. Science.
1995; 270:1804-1806. [PubMed: 8525370]

Spoel SH, Dong X. How do plants achieve immunity? Defence without specialized immune cells.
Nature Reviews Immunology. 2012; 12:89-100.

Starkey M, Rahme LG. Modeling Pseudomonas aeruginosa pathogenesis in plant hosts. Nature
Protocols. 2009; 4:117-124. [PubMed: 19180083]

Stone MJ, Chuang S, Hou X, Shoham M, Zhu JZ. Tyrosine sulfation: an increasingly recognised post-
translational modification of secreted proteins. New Biotechnology. 2009; 25:299-317. [PubMed:
19658209]

Wang X, Mitchum MG, Gao B, Li C, Diab H, Baum TJ, Hussey RS, Davis EL. A parasitism gene
from a plant-parasitic nematode with function similar to CLAVATA3/ESR (CLE) of Arabidopsis
thaliana. Molecular Plant Pathology. 2005; 6:187-191. [PubMed: 20565649]

Weiler EW, Kutchan TM, Gorba T, Brodschelm W, Niesel U, Bublitz F. The Pseudomonas phytotoxin
coronatine mimics octadecanoid signalling molecules of higher plants. FEBS Letters. 1994;
345:9-13. [PubMed: 8194607]

Yamaguchi YL, Ishida T, Sawa S. CLE peptides and their signaling pathways in plant development.
Journal of Experimental Botany. 2016; 67:4813-4826. [PubMed: 27229733]

Zhang L, Yao J, Withers J, Xin XF, Banerjee R, Fariduddin Q, Nakamura Y, Nomura K, Howe GA,
Boland W, et al. Host target modification as a strategy to counter pathogen hijacking of the
jasmonate hormone receptor. Proceedings of the National Academy of Sciences, USA. 2015;
112:14354-14359.

New Phytol. Author manuscript; available in PMC 2018 April 16.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Pruitt et al.

Page 17

(a) L-Ara,

AtPSY1
OsPSY1a
RaxX21
RaxX16
RaxX13

(b)

bits

PSY

RaxX

“AJ

P
o~
-

41

Fig. 1.

Se%uence similarity of RaxX and plant peptides containing sulfated tyrosine (PSYs). (a) The
mature 18-amino-acid AtPSY1 (amino acids 48-65 of the AtPSY1 precursor protein) and a
synthetic PSY-like repeat from OsPSY1 (amino acids 64-81 of the OsPSY1 precursor
protein) were aligned with the sequences of three synthetic RaxX peptides from Xoo strain
PX099. The numbers adjacent to the sequence indicate the amino acid positions of the
terminal peptide residues within the predicted precursor protein. Endogenous AtPSY1 has
three post-translationally modified residues, which are shown at the top of alignment: a
sulfotyrosine and two hydroxyprolines. The first hydroxyproline is further modified by chain
of three L-arabinose residues (L-Araz). Residues in the black box are identical in all three
sequences. The gray boxes indicate a conserved residue in two sequences among AtPSY1,
OsPSY1la and RaxX. The sulfated tyrosine is marked in a yellow box. (b) Sequence logos
depicting the amino acid composition in the conserved 13-amino-acid region of RaxX and
PSY proteins. The logos were generated from 34 PSY orthologs (Supporting Information
Fig. S1) and 17 nonredundant RaxX13 sequences (Table S1).
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Sulfated RaxX21 promotes root growth in Arabidopsis and rice. (a, ¢) Root lengths of
Arabidopsis Col-0 (a) or #pst-1 (c) seedlings grown on 0.5x MS vertical plates with or
without 100 nM of the indicated peptides. Bars indicate the average seedling root length
measured after 8 d (7= 18). (b, d) Eight-day-old Col-0 and #pst-Iseedlings grown as in (a)
and (c), respectively. (e) Growth rate of 6-d-old #pst-1 seedlings following transfer to 0.5x
MS plates containing 250 nM RaxX21-sY, 250 nM AtPSY1, or lacking peptide (Mock) (7=
7). Growth was monitored by continual imaging over 20 h. (f) Root lengths of 6-d-old rice
seedlings (Tapei 309) grown on 0.5% MS with or without 100 nM of the indicated peptides
(n=37). Error bars indicate + SE. Statistical analysis was performed using the Tukey—
Kramer honestly significant difference test for mean comparison using the JMP software.
Different letters represent significant differences within each plant genotype (£< 0.05).
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Fig. 3.

RaxX, AtPSY1, and phytosulfokine (PSK) do not have additive effects on root growth in
Arabidopsis. fpst-1 seedlings were grown on 0.5x MS vertical plates with or without 100 nM
of each of the indicated peptides. Bars indicate the average seedling root length measured 8
d after plating seeds (r7= 18). Error bars indicate + SE. Statistical analysis was performed
using the Tukey—Kramer honestly significant difference test for mean comparison using the
JMP software. Different letters represent significant differences within each plant genotype
(P<0.05). Experiments were performed at least twice with similar results.

Root length (mm)
O

Mock

RaxX21-sY

AtPSY1

AtPSK

RaxX21-sY + AtPSY1
RaxX21-sY + AtPSK

New Phytol. Author manuscript; available in PMC 2018 April 16.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Pruitt et al.

Page 20

Col-0 At1g72300 pskr1/pskr2/At1g72300

Root length (mm)

RaxX21-sY
RaxX21-sY

>
i
N
x
X
©
14

Fig. 4.

Tr?e Arabidopsis gene Atlg72300is not required for RaxX- and plant peptide containing
sulfated tyrosine (PSY)-induced root growth. Arabidopsis Col-0, At1g72300or AtPSKR1/
AIPSKRZ/At1g72300triple receptor mutant seeds were grown on 0.5x MS plates with or
without 100 nM of the indicated peptides. Root lengths were measured 8 d after placing
seeds on plates. Error bars indicate + SE (n7= 22). Statistical analysis was performed using
the Tukey—Kramer honestly significant difference test for mean comparison using the JMP
software. Different letters represent significant differences within each plant genotype (P<
0.05). The experiment was performed at least three times with similar results.
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Differential activities of plant peptide containing sulfated tyrosine (PSY) and RaxX peptides
in growth promotion and activation of XA21-mediated immunity. (a, b) Reactive oxygen
species (ROS) production in leaves of XA21 rice XA21-Kitaake (a) and wild-type rice
(Kitaake) (b) treated with H,O (mock) or 500 nM of the indicated peptide. Bars represent
average ROS production over 90 min following addition of peptide (7= 6). RLU, relative
light units. (c) TP309 seeds were grown on 0.5x MS media for with or without 100 nM of
the indicated peptides. Root lengths were measured 5 d after placing seeds on plates (7=
25). (d) Arabidopsis fpst-1 seeds were grown on 0.5x MS vertical plates with or without 100
nM of the indicated peptides. Root lengths were measured 8 d after placing seeds on plates
(n=16). Error bars indicate + SE. Statistical analysis was performed using the Tukey—
Kramer honestly significant difference test for mean comparison using the JMP software.
Different letters represent significant differences within each plant genotype (£< 0.05).

Experiments were performed at least twice with similar results.
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Fig. 6.

Rang peptides derived from RaxX encoded by Xanthomonas oryzae pv. oryzicola,
Xanthomonas euvesicatoria, and Xanthomonas campestris pv. musacearum promote root
growth in Arabidopsis seedlings. #pst-1 seedlings were grown on 0.5x MS vertical plates
with or without 100 nM of the indicated peptides. Bars indicate the average seedling root
length measured after 8 d (7= 18). Error bars indicate + SE. Statistical analysis was
performed using the Tukey—Kramer honestly significant difference test for mean comparison
using the JMP software. Different letters represent significant differences within each plant
genotype (P< 0.05). Experiments were performed at least twice with similar results.
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Fig. 7.

The Xanthomonas oryzae pv. oryzae (Xoo) raxX mutant is impaired in virulence on rice.
TP309 (a) and XA21-TP309 (b) were inoculated by clipping with scissors dipped in the
indicated Xoo suspensions at a density of 108 colony-forming units mI~1. Bars indicate the
mean lesion length + SE measured 14 d after inoculation (7= 24). Statistically significant
difference from PX099 within each plant genotype using Dunnett’s test: *, a = 0.01.
Experiments were performed at least five times with similar results.
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Immune response

Fig. 8.

Cgmbined working model of RaxX mimicry and activation of XA21-mediated immunity
based on data from Arabidopsis and rice. plant peptide containing sulfated tyrosine (PSY) is
produced and detected by plant cells to regulate growth. RaxX is produced in Xanthomonas,
sulfated by RaxST, and secreted by a type | secretion system composed of RaxA, RaxB, and
RaxC. Secreted sulfated RaxX induces PSY signaling. The wild rice Oryza longistaminata
subsequently evolved the immune receptor XA21, which is activated by RaxX from
Xanthomonas oryzae pv. oryzae, but not endogenous PSY peptides.
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