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Xanthomonas citri pv. mangiferaeindicae 
causing mango bacterial canker on susceptible 
Mangifera indica leaves.
Image by Lionel Gagnevin, CIRAD, France.
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Phytopathogenic bacteria of the Xanthomonas 
genus cause severe diseases on hundreds of  host 
plants, including economically important crops, 
such as bean, cabbage, cassava, citrus, hemp, pep-
per, rice, sugarcane, tomato or wheat. Diseases 
occurring in nature comprise bacterial blight, 
canker, necrosis, rot, scald, spot, streak or wilt. 
Xanthomonas spp. are distributed worldwide 
and pathogenic and nonpathogenic strains are 
essentially found in association to plants. Some 
phytopathogenic strains are emergent or re-emer-
gent and, consequently, dramatically impact agri-
culture, economy and food safety. During the last 
decades, massive efforts were undertaken to deci-
pher Xanthomonas biology. So far, more than one 
hundred complete or draft genomes from diverse 
Xanthomonas species have been sequenced 
(http://www.xanthomonas.org), thus providing 
powerful tools to study genetic determinants 
triggering pathogenicity and adaptation to plant 
habitats. Xanthomonas spp. employ an arsenal 
of virulence factors to invade its host, including 

extracellular polysaccharides, plant cell wall-degrading enzymes, adhesins and secreted effec-
tors. In most xanthomonads, type III secretion (T3S) system and secreted effectors (T3Es) are 
essential to bacterial pathogenicity through the inhibition of plant immunity or the induction 
of plant susceptibility (S) genes, as reported for Transcription Activation-Like (TAL) effectors. 
Yet, toxins can also be major virulence determinants in some xanthomonads while nonpatho-
genic Xanthomonas species do live in sympatry with plant without any T3S systems nor T3Es.
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In a context of ever increasing international commercial exchanges and modifications of  
the climate, monitoring and regulating pathogens spread is of crucial importance for food 
security. A deep knowledge of the genomic diversity of Xanthomonas spp. is required for  
scientists to properly identify strains, to help preventing future disease outbreaks and to achieve 
knowledge-informed sustainable disease resistance in crops.

This Research Topic published in the ‘Plant Biotic Interactions’ section of Frontiers in Plant 
Science and Frontiers in Microbiology aims at illustrating several of the recent achievements 
of the Xanthomonas community. We collected twelve manuscripts dealing with comparative 
genomics or T3E repertoires, including five focusing on TAL effectors which we hope will  
contribute to advance research on plant pathogenic bacteria.
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The Editorial on the Research Topic

Genomics and Effectomics of the Crop Killer Xanthomonas

Phytopathogenic bacteria of the Xanthomonas genus cause severe diseases on hundreds of host
plants, including economically important crops, such as bean, cabbage, cassava, citrus, hemp,
pepper, rice, sugarcane, tomato, or wheat. Diseases occurring in nature comprise bacterial blight,
canker, necrosis, rot, scald, spot, streak, or wilt. Xanthomonas spp., are distributed worldwide,
and pathogenic and non-pathogenic strains are essentially found in association to plants. Some
phytopathogenic strains are emergent or re-emergent and, consequently, dramatically impact
agriculture, economy, and food safety. During the last decades, massive efforts were undertaken
to decipher Xanthomonas biology. So far, more than 100 complete or draft genomes from
diverse Xanthomonas species have been sequenced (http://www.xanthomonas.org), thus providing
powerful tools to study genetic determinants triggering pathogenicity and adaptation to plant
habitats. Xanthomonas spp., employ an arsenal of virulence factors to invade its host, including
extracellular polysaccharides, plant cell wall-degrading enzymes, adhesins, and secreted effectors.
In most xanthomonads, type III secretion (T3S) system and secreted effectors (T3Es) are essential
to bacterial pathogenicity through the inhibition of plant immunity or the induction of plant
susceptibility (S) genes, as reported for Transcription Activation-Like (TAL) effectors. Yet,
toxins can also be major virulence determinants in some xanthomonads while non-pathogenic
Xanthomonas species do live in sympatry with plant without any T3S systems nor T3Es.

In a context of ever increasing international commercial exchanges and modifications of the
climate, monitoring and regulating pathogens spread is of crucial importance for food security. A
deep knowledge of the genomic diversity of Xanthomonas spp., is required for scientists to properly
identify strains, to help preventing future disease outbreaks and to achieve knowledge-informed
sustainable disease resistance in crops.

This research topic published in the “Plant Biotic Interactions” section of Frontiers in Plant
Science and Frontiers in Microbiology aims at illustrating several of the recent achievements of the
Xanthomonas community. We collected twelve manuscripts dealing with comparative genomics or
T3E repertoires, including five focusing on TAL effectors which we hope will contribute to advance
research on plant pathogenic bacteria.

XANTHOMONAS GENOMICS AND EFFECTOMICS

Five papers of this topic deal with genome sequencing and comparative analyses on various
Xanthomonas species highlighting commonalities and differences in several key players of

6|

http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/editorialboard
http://dx.doi.org/10.3389/fpls.2016.00071
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2016.00071&domain=pdf&date_stamp=2016-02-02
http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive
https://creativecommons.org/licenses/by/4.0/
mailto:ndenance@angers.inra.fr
http://dx.doi.org/10.3389/fpls.2016.00071
http://journal.frontiersin.org/article/10.3389/fpls.2016.00071/full
http://loop.frontiersin.org/people/54812/overview
http://loop.frontiersin.org/people/98637/overview
http://loop.frontiersin.org/people/171607/overview
http://journal.frontiersin.org/researchtopic/3173/genomics-and-effectomics-of-the-crop-killer-xanthomonas
http://www.xanthomonas.org


Denancé et al. Genomics and Effectomics of Xanthomonas

bacterial virulence such T3Es. Comparative genomics of
pathogenic and non-pathogenic strains of Xanthomonas
arboricola isolated from walnut tree identified a correlation
between absence of a T3S system or a limited repertoire of T3Es
with the capacity to live epiphytically and asymptomatically
on walnut (Cesbron et al.). Pieretti et al. reviewed the latest
findings on Xanthomonas albilineans, an atypical Xanthomonas
species pathogenic on sugarcane which has experienced a
drastic genome erosion (including the lack of hrp T3S and
type VI secretion systems) but acquired the capacity of
producing albicidin, a phytotoxin responsible of the disease
symptoms. Sequencing and comparative analysis of 26 strains of
Xanthomonas-infecting bean species (Xanthomonas axonopodis
pv. phaseoli and Xanthomonas fuscans subsp. fuscans) resulted in
the description of a new genetic lineage for lablab bean isolates
that is closely related to the soybean pathogen Xanthomonas
axonopodis pv. glycines and identified a core set of T3Es and
genetic determinants that would explain the rise of the X.
fuscans species (Aritua et al.). Schwartz et al. provide a genomic
description of more than 60 Xanthomonas strains (species
perforans, gardneri, and euvesicatoria) causing bacterial spot on
peppers and tomatoes in the US. Their predicted repertoire of
T3Es is a key resource for the rational design of disease resistance
strategies targeting conserved T3Es among these three species.
Jacobs et al. describe the sequencing, assembly, and annotation
of two new Xanthomonas strains isolated from Cannabis sativa
in distinct locations. Surprisingly, both strains lack a T3S system
and T3Es, although regulatory genes of the T3S system are
present. The authors performed a genome-wide analysis of a
number of gene families, including those related to virulence,
motility and gene regulation, from which they propose a stepwise
evolution of pathogenicity.

Additionally, two articles of this topic focused on T3Es.
Üstün and Börnke provide an up-to-date mini-review on the
role of Xanthomonas type III effectors in perturbing host
ubiquitin and ubiquitin-like pathways during plant colonization
by the pathogen and discuss examples of positive and negative
relationships between bacterial effectors and plant machinery.
Üstün et al. describe the hypersensitive response observed
in N. benthamiana-expressing the T3E XopJ upon exogenous
application of the plant hormone salicylic acid and analyzed the
role of several defense-related genes as well as the proteasome
subunit RPT6 in this response.

TRANSCRIPTION ACTIVATOR-LIKE

EFFECTORS FROM RICE-INFECTING

XANTHOMONADS

Five papers of this research topic report on the recent advances in
the rice-Xanthomonas pathosystem, which has major economic
importance worldwide. The outcome of these interactions
relies to a large extent on the repertoires of transcriptional
TAL effectors that activate the expression of host S genes
to promote bacterial growth and fitness. A first study by
Wilkins et al. investigated the diversity of rice transcriptional

response to ten distinct Xanthomonas oryzae pv oryzicola
strains causing bacterial leaf streak. Combining these RNA
sequencing approaches, TAL effector repertoires and in silico
predictions of TAL effector binding sites in rice genome
yielded a number of novel candidate S genes which now await
further experimental test. The continuous improvement of DNA
sequencing technologies has also caused a continuous increase in
the number of TAL effector genes. The article by Pérez-Quintero
et al. describes a suite of algorithms that provide a tool kit to
efficiently compare numerous TAL effector genes and establish
phylogenetic relationships.

Two reviews report on plant immune systems that mediate
resistance to xanthomonads that contain TAL effectors: the
article by Hutin et al. reviews resistance mechanisms that rely
on the suppression of TAL effector activity and/or host S
gene activation. The review by Zhang et al. focusses on TAL
effector-dependent transcriptional activation of a structurally
and functionally unique class of plant R genes. In parallel, a
rationalized framework for R gene deployment in rice fields
against X. oryzae pv. oryzae (causal agent of bacterial leaf blight)
is presented in Dossa et al. to help improve R gene durability and
limit disease outbreaks.

We hope that this special focus issue on Xanthomonas
genomics and effectomics will highlight some of the important
progress achieved by this community over the last years and serve
as an inspiration for further studies exploring the mechanisms
underlying plant pathogen interactions.
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Comparative Genomics of
Pathogenic and Nonpathogenic
Strains of Xanthomonas arboricola
Unveil Molecular and Evolutionary
Events Linked to Pathoadaptation

Sophie Cesbron 1*, Martial Briand 1, Salwa Essakhi 1 †, Sophie Gironde 1†, Tristan Boureau 2,

Charles Manceau 1†, Marion Fischer-Le Saux 1‡ and Marie-Agnès Jacques 1‡

1 INRA, UMR 1345 Institut de Recherche en Horticulture et Semences, Beaucouzé, France, 2Université d’Angers, UMR 1345

Institut de Recherche en Horticulture et Semences, Angers, France

The bacterial species Xanthomonas arboricola contains plant pathogenic and

nonpathogenic strains. It includes the pathogen X. arboricola pv. juglandis, causing

the bacterial blight of Juglans regia. The emergence of a new bacterial disease of

J. regia in France called vertical oozing canker (VOC) was previously described and the

causal agent was identified as a distinct genetic lineage within the pathovar juglandis.

Symptoms on walnut leaves and fruits are similar to those of a bacterial blight but

VOC includes also cankers on trunk and branches. In this work, we used comparative

genomics and physiological tests to detect differences between four X. arboricola strains

isolated from walnut tree: strain CFBP 2528 causing walnut blight (WB), strain CFBP

7179 causing VOC and two nonpathogenic strains, CFBP 7634 and CFBP 7651,

isolated from healthy walnut buds. Whole genome sequence comparisons revealed

that pathogenic strains possess a larger and wider range of mobile genetic elements

than nonpathogenic strains. One pathogenic strain, CFBP 7179, possessed a specific

integrative and conjugative element (ICE) of 95 kb encoding genes involved in copper

resistance, transport and regulation. The type three effector repertoire was larger in

pathogenic strains than in nonpathogenic strains. Moreover, CFBP 7634 strain lacked the

type three secretion system encoding genes. The flagellar system appeared incomplete

and nonfunctional in the pathogenic strain CFBP 2528. Differential sets of chemoreceptor

and different repertoires of genes coding adhesins were identified between pathogenic

and nonpathogenic strains. Besides these differences, some strain-specific differences

were also observed. Altogether, this study provides valuable insights to highlight the

mechanisms involved in ecology, environment perception, plant adhesion and interaction,

leading to the emergence of new strains in a dynamic environment.

Keywords: Juglans regia, vertical oozing canker, bacterial blight, ICE, copper resistance
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INTRODUCTION

Xanthomonads are bacteria associated to plants and are
commonly pathogens of plants (Vauterin et al., 2000). These
bacteria can infect a wide host range and cause diseases on more
than 124monocot species and 268 dicot species including cereals,
solanaceous and brassicaceous plants, stone and nut fruit trees
(Hayward, 1993; Vauterin et al., 2000). Symptoms and plant parts
affected are diverse, however each strain is characterized by a
narrow host range. This has led to the definition of the pathovar
concept. A pathovar is a group of strains responsible for the same
disease on the same host range (Dye et al., 1980).

X. arboricola comprises pathogenic strains distributed in
different pathovars (Fischer-Le Saux et al., 2015). The most
economically important pathovars in X. arboricola are pathovars
pruni, corylina, and juglandis, which affect stone and nut fruit
trees. X. arboricola pv juglandis is the causal agent of walnut
blight (WB), a serious disease of Persian (English) walnut. It
causes necrosis on leaves, catkins, twigs, and fruits, and can
induce important crop losses. A few years ago, a new genetic
lineage was identified within X. arboricola pv juglandis as the
causal agent of a new disease called vertical oozing canker (VOC)
(Hajri et al., 2010). Nonpathogenic X. arboricola strains were
also isolated from walnut tree during surveys of French orchards.
These strains are unable to cause any disease on walnut tree and
other plant species (Essakhi et al., 2015). Such xanthomonads,
nonpathogenic strains on their host of isolation, have already
been isolated from a range of different plants (Vauterin et al.,
1996; Vandroemme et al., 2013a; Triplett et al., 2015). Within
X. arboricola, nonpathogenic strains from Juglans regia and
from Fragaria × ananassa are phylogenetically diverse and do
not cluster according to their host of isolation contrary to
pathogenic strains from pathovars pruni, corylina, and juglandis
(Vandroemme et al., 2013a; Essakhi et al., 2015; Fischer-Le Saux
et al., 2015).

Type three effectors (T3Es) secreted in host plant cells via
the type three secretion system (T3SS) play a basic role in
pathogenicity and host specificity of xanthomonads (Hajri et al.,
2009). It was previously shown that strains causingWB and VOC
diseases differ by their T3E repertoires, which is composed of
17 T3Es (Hajri et al., 2012). The strains causing VOC could be
differentiated from other strains within the pathovar juglandis
by the absence of xopAH and the presence of xopB and xopAI,
the latter being specific to VOC strains within X. arboricola.
In contrast, some genetic lineages of nonpathogenic strains are
devoided of hrp/hrc genes encoding the T3SS and possess three
T3Es at the most (Vandroemme et al., 2013a; Essakhi et al.,
2015). Other nonpathogenic strains possess T3SS genes and
seven T3Es genes (xopR, xvrBs2, avrXccA1, xopA, xopF1, hrpW,
hpaA) among the 18 analyzed T3Es. These results indicate that
X. arboricola is a model of choice to study the evolutionary
events that lead to the emergence of epidemic populations and to
decipher the molecular determinants of virulence. Comparative
genomic analysis among Xanthomonas are useful to identify the
distinct gene contents related to virulence, to reveal new features
and to explain the differing pathogenic processes (Ryan et al.,
2011).

In this report, we present genomic comparisons of four
X. arboricola strains isolated from walnut tree that are
representative of the bacterial diversity encountered on J. regia
and that were previously analyzed by MLSA, MLVA, and T3Es
repertoire (Hajri et al., 2012; Essakhi et al., 2015; Fischer-
Le Saux et al., 2015). Strain CFBP 2528 (the type strain
of the species), which causes WB, strain CFBP 7179, which
causes VOC, both included in the pathovar juglandis and two
nonpathogenic strains, CFBP 7651 and CFBP 7634, isolated from
healthy walnut buds and representing two genetic lineages of
nonpathogenic strains with and without hrp/hrc genes coding
the T3SS respectively were chosen (Essakhi et al., 2015). The
aim of this work is to identify differences between pathogenic
and nonpathogenic strains, in order to unveil mechanisms of
emergence of pathogenic strains. Based on genomic results,
phenotypic tests were conducted in an attempt to link genomic
content to phenotypic features.

MATERIALS AND METHODS

Bacterial Strains
Bacterial strains used in this study are listed in Table S1. Strains
of X. arboricola were obtained from the International Center
for Microbial Resources, French Collection for Plant-associated
Bacteria, (CIRM-CFBP), INRA, Angers, France (http://www.
angers.inra.fr/cfbp/) or isolated from buds of healthy walnuts
in the two main walnut-growing areas in France (Rhône-Alpes
region in the southeast and Périgord in the southwest). Bacterial
strains were routinely grown at 27◦C on TSA medium (3 g/l
trypton soya broth; 10 g/l agar) for 24–48 h.

Genomic DNA Isolation, Sequencing, and

Annotation
Genomic DNAs from the strains CFBP 2528, CFBP 7179, CFBP
7634, and CFBP 7651 were isolated and purified using the
Qiagen’s genome DNA isolation kit (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions. The Genomic
DNA quality and quantity were assessed on an agarose gel and
using a NanoDrop ND-1000 spectrophotometer (the NanoDrop
Technologies, Wilmington, DE). Libraries with an average insert
size of 250 bp and 3 kb (mate- pair libraries) respectively were
sequenced using the Illumina HiSeq 2000 platform (GATC
Biotech, Germany). Paired-end reads were assembled in contigs
using SOAPdenovo 1.05 (Li et al., 2010) and Velvet 1.2.02
(Zerbino and Birney, 2008). Then contigs were scaffolded
with LYNX (Gouzy, unpublished data) using mate-pair read
information. Annotation was performed using EuGene-PP using
similarities with known protein sequences (Sallet et al., 2014). A
probably non-exhaustive list of known T3Es that were previously
identified in various pathogenic bacteria genus (Xanthomonas,
Pseudomonas, Ralstonia, Erwinia, Escherichia, Salmonella) was
used to screen for homologs of these effectors in the four X.
arboricola genomes using tBLASTN and BLASTP. Sequences
displaying high sequence similarity (observed with % of length
and% identity) with any previously described T3Ewere searched.
We also searched the presence or absence of T3E genes screened

Frontiers in Plant Science | www.frontiersin.org December 2015 | Volume 6 | Article 1126 9|

http://www.angers.inra.fr/cfbp/
http://www.angers.inra.fr/cfbp/
http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive


Cesbron et al. Comparative Genomics of X. arboricola

by Hajri et al. (2012). The two models “T4SEpre_bpbAac” and
“T4SEpre_psAac” of the T4SEpre package (Wang et al., 2014)
were used to predict type four effectors (T4E) from the four X.
arboricola genomes. Type six secretion system (T6SS) genes from
Xanthomonas campestris pv vesicatoria 85-10, Xanthomonas
fuscans subsp. fuscans 4834R, Xanthomonas oryzae pv oryzae
PXO99A, were used for BLASTN against the four X. arboricola
genomes.

Genome Accession Numbers
The X. arboricola genome sequences of strains CFBP 2528,
CFBP 7179, CFBP 7634, and CFBP 7651 have been deposited
at DDBJ/EMBL/GenBank under accession no. JZEF00000000,
JZEG00000000, JZEH00000000, and JZEI00000000, respectively.

Genomic Comparisons
Identification of orthologous groups between genomes was
achieved by orthoMCL V2.0.9 analyses on predicted full-
length protein (Li et al., 2003). OrthoMCL clustering analyses
were performed using the following parameters: P-value Cut-
off = 1 × 10−5; Percent Match Cut-off = 80; MCL
Inflation = 1.5; Maximum Weight = 316. We modified
OrthoMCL analysis by using −F′m S′ option during the
BLASTP pre-process. From results were defined unique CDSs,
corresponding to CDSs present only in one copy in one
genome, and groups of orthologs that corresponded to CDSs
present in one copy in at least two genomes. The main part
of comparative analyses of genomes and figures were deduced
from their distribution. Furthermore, genomes contained CDSs
that were present at least in two copies (paralogs) in one
or more genomes. Groups of homologs referred to groups
of orthologs having paralogs. Venn diagram were obtained
using the R package ≪ VennDiagram ≫ 1.6.5. Chromosomal
rearrangements were explored using a script adapted from the
R package ≪ genoPlotR ≫ 0.8.2 (Guy et al., 2010). A circular
representation of the orthoMCL analysis was generated with the
CGView tool (Grant and Stothard, 2008).

Phylogeny
Average Nucleotide Identity (ANI) analysis was performed as in
Scortichini et al. (2013). The Composition Vector Tree (CVTree)
tool (Xu and Hao, 2009) was used to build a phylogenetic
tree with the four genomes sequenced in this study and eight
X. arboricola genomes available in public databases (four X.
arboricola pv pruni strains: MAFF 301427, MAFF 301420, MAFF
311562, Xap 33; one X. arboricola pc corylina strain: NCCB
100457; one X. arboricola pv juglandis strain: NCPPB 1447; two
X. arboricola pv celebensis: NCPPB 1630, NCPPB 1832). The
X. campestris pv campestris ATCC 33913 strain was used as an
outgroup.

Prophages Detection
PhiSpy algorithm was used to find prophages sequences on the
four genomes (Akhter et al., 2012).

Copper Resistance
Bacterial suspensions were standardized to 1× 108 CFU/ml then
spotted (10µl) in triplicate on CYE-glycerol medium (casitone

1 g/L; yeast extract 0.35 g/L; glycerol 2ml/L, agar 12 g/L; pH =

7.2), a low nutrient medium with limited copper ion binding
capacity (Zevenhuizen et al., 1979), supplemented with Cu++:
0 (control), 4, 8, 16, 32, 64µg/ml. Copper was brought under
CuSO4, 5H2O form. Cultures were incubated at 28◦C for 72 h.
The minimum inhibitory concentration (MIC) in Cu++ that
prevented colony growth was recorded. Strains able to grow on
32µg/ml or greater were considered copper resistant (Gardan
et al., 1993).

Design of PCR Primers for Analysis of

Copper Resistance Genes
Primer pairs were designed with Primer3 (Koressaar and
Remm, 2007; Untergasser et al., 2012) on 11 genes including
copper resistance genes (Table S2) located on a CFBP 7179
strain-specific cluster. PCR assays were performed in 20µl
volumes containing 62.5µM dNTP, 0.125µM each primer
(Table S2), 4µl of GoTaq 5 X buffer, 0.3 U/µl of GoTaq
polymerase, and 5µl of a boiled bacterial suspension (1 ×

107 CFU/ml). PCR conditions were 3min at 94◦C; followed
by 35 cycles of 30 s at 94◦C, 30 s at annealing temperature
specific of each primer pair, an elongation time adapted to
amplicon size at 72◦C; and ended with 10min at 72◦C.
PCR amplifications were performed in duplicate for each
strain.

Pectinase Assays
Bacterial suspensions were standardized to 3 × 108 CFU/ml
then spotted (20µl) in triplicate on plates. Pectate lyase
and Polygalacturonase activities were determined on agar (12
g/L) plates containing polygalacturonic acid (5 g/L) (Sigma)
as substrate in Tris-HCl 0.05M, pH = 8.6 supplemented
with CaCl2 0.5mM or in citrate-NaOH 0.1M, pH = 5,
respectively. After 1 week incubation at 28◦C, the plates were
flooded with Cetyl TrimethylAmmonium Bromide (CTAB)
(Eurobio) 1% overnight. Pectate Lyase and Polygalacturonase
activities appeared as translucent halos around colonies. Pectin
methyl esterase activity was determined on agar (12 g/L)
plates containing pectin from citrus (5 g/L; 85% esterified;
Sigma) as substrate in citrate-Na2HPO4 0.1M, pH = 6.4.
Plates were flooded with malic acid 0.1M (Sigma) during
1 h and then stained with ruthenium red 0.02% (Sigma)
overnight. Pectin Methyl Esterase activity appeared as a
dark red halo surrounding the colonies. All tests were done
twice.

Motility Tests
Strain motility was tested in soft-agar assays as detailed in
Darrasse et al. (2013). Xanthomonad strains were grown at 28◦C
up to 12 days in MOKA (yeast extract 4 g/l; casamino acids 8 g/l;
KH2PO4 2 g/l; MgSO4.7H2O 0.3 g/l) and TSA 10% (tryptone soja
3 g/l) medium containing 2 g/l agar. A drop (10µl) of a 1 × 108

cfu/ml suspension was deposited in the middle of the plate and
the plates were imaged at 5 days. Two independent experiments
with three replicates each were conducted.
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Design of PCR Primers for Analysis of

Flagellar Cluster
To analyse the flagellar cluster diversity, primers developed
by Darrasse et al. (2013) to amplify fliM, fliE, fliC, and flgE
were used in the same conditions. Primer pairs to amplify
fleQ and flgB were designed on CFBP 7179 genome sequence
(Table S2).

RESULTS

General Features of the Genome

Sequences
General features of the genomes sequenced are summarized
in Table 1. The sequencing yielded about 57–71.6 million
reads giving approximately 583- to 733-fold theoretical genome
coverage. The assemblies had a total length comprised between
4.93 and 5.16MB with the lowest numbers of scaffolds
obtained for the nonpathogenic strains (Table 1). The G+C
contents of CDS ranged from 35 to 77% with an average
varying between 65.92 (CFBP 2528) and 66.04% (CFBP 7634)
(Table 1). Annotation of the genome sequences revealed between
4141 (CFBP 7634) and 4399 (CFBP 7179) putative protein-
coding sequences (CDSs), 1 (CFBP 7634) to 12 (CFBP 2528)
pseudogenes, 52 or 53 tRNA, and one rRNA operon. We noticed
that an extra 16S rRNA gene was present in CFBP 7179. The
two 16S rRNA copies exhibited less than 80% identity. The
four genome sequences of X. arboricola totalized 5126 ortholog
groups and specific CDSs of each strain (Figures 1, 2). Of those
sequences, 3383 (66% of the CDSs) have been assigned to putative
functions based on homology with other known proteins and
functional domain analysis. No extrachromosomal plasmid have
been detected in any of the four strains.

Phylogenomic Relationships Among

Completely Sequenced Xanthomonas

Strains
We used the CVTree tool to study phylogeny of whole genome
sequences fromX. arboricola strains available in public databases.
The tree obtained by this algorithm (Figure 3) showed that stone
and nut fruit tree pathogens clustered according to pathovar
classification and shared the same phylogenetic origin. The
nonpathogenic strains were included in a different clade together
with X. arboricola pv celebensis, a pathovar of minor incidence
(Fischer-Le Saux et al., 2015). The ANI values were all above 95,
ranging from 96.4 to 96.7, except between strains CFBP 2528 and
CFBP 7179, for which the value was higher (99.2).

A Differential Repertoire of Insertion

Sequences (IS) Elements is Observed

Between Pathogenic and Nonpathogenic

Strains
In their most basic form, IS elements consist of a single gene
coding for a site-specific recombinase (called a transposase) and
short terminal inverted repeat sequences that are recognized by
the transposase. CDSs corresponding to transposases were found

to be scattered over the different scaffolds. The number of IS
elements (Table S3) was strikingly different between pathogenic
and nonpathogenic strains, indeed a total of 45 (CFBP 2528),
42 (CFBP 7179), and only four (CFBP 7634 and CFBP 7651) IS
elements were found in the chromosomes of these strains.

Most IS elements in our X. arboricola strains belonged
to the IS3 and IS4 families (Table S3). IS 200-like and
IS111A/IS1328/IS1533 were encountered in the four sequenced
strains. BLASTP searches led to the identification of IS 200-
like in other Xanthomonas species such as X. hortorum, X. citri,
X. gardneri, and X. campestris. IS21 as well as Tn3 transposase
were only found in CFBP 7179 and in no other Xanthomonas
species; these IS were related to Stenotrophomonas maltophilia
and Pseudomonas aeruginosa species by BLASTP searches. Mu-
transposase was only found in the two pathogenic strains and
showed only 92% identity with protein encountered in X.
campestris.

TABLE 1 | General features of the four draft genome assemblies.

General features CFBP 2528 CFBP 7179 CFBP 7634 CFBP 7651

Size (pb) 5,089,543 5,161,669 4,935,785 5,032,592

G+C, % 65.92 65.93 66.04 65.98

N50 of contig size

(pb)

1,295,080 933,664 3,063,886 4,192,770

Number of

scaffolds

8 14 4 6

Average coverage 607 733 661 583

CDS, total 4325 4399 4141 4229

tRNA 53 52 52 53

number of

ribosomal operon

1 1a 1 1

Pseudogenes 12 9 1 3

aPresence of an extra 16S rRNA gene.

FIGURE 1 | Venn diagrams illustrating the comparisons of

Xanthomonas arboricola genomes.
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FIGURE 2 | Circular representation with CGView tool of the orthoMCL analysis of the four X. arboricola genomes. Genomic sequences were compared

against each other and BLAST results were converted in a graphical map showing the entire sequences. From inside to outside, circle 1 indicates the G+C content,

circles 2 to 5 represent CFBP 7634, CFBP 7651, CFBP 7179, CFBP 2528 locus-tags. The external circle shows COG classification of CDSs with different colors

according to the legend. In circles 2 to 5, the color indicates the BLAST score (see legend).

An Integrative and Conjugative Element

(ICE) Specific of CFBP 7179 Not Yet

Described in Xanthomonas Triggers

Copper Resistance

A genomic island (GI) of 94.8 kb (104CDSs) was identified
specifically in the CFBP 7179 genome sequence (Table S3).
This island contained CDSs predicted to be involved in
integration and conjugation (integrase/recombinase, pilus
formation, excisionase) and was flanked by tRNAgly attachment
sites, one being adjacent to an integrase gene. These features
are characteristic of what has been termed the “backbone”
of integrative and conjugative elements (ICEs) (Burrus and
Waldor, 2004). This ICE found in X. arboricola pv juglandis
CFBP 7179 will be referred here to as Xaj-ICE. The most striking

feature of this GI was the similarity with GI found in bacteria
from different genera. Most CDS (102 out of 104) of Xaj-ICE
showed high identity (100% identity on 100% of the length) with
genes from P. aeruginosa strains and S. maltophilia strain D457,
which belongs to the Xanthomonadaceae familly. Among the
genes located by this ICE, we found CDSs that are predicted
to affect the phenotype of pathogens since they are involved in
copper resistance (copA, copB, copC, copD, copF, copG, copK),
in acriflavin resistance and in detoxification (arsenate reductase,
mercuric reductase, mercury scavenger protein and mercuric
transport protein). Homologs of copA and copB were also
found elsewhere in the four genome sequences and were highly
conserved when compared with those of X. arboricola pv pruni
(96% identity; 100% similarity) and other Xanthomonas species.
These homologs showed the best identity/similarity score by
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FIGURE 3 | CVTree obtained from X. arboricola genome sequences available in public database. Xanthomonas campestris pv campestris (ATCC 33913);

Xanthomonas arboricola pv celebensis (NCPPB 1832, NCPPB 1630); Xanthomonas arboricola (CFBP 7651, CFBP 7634); Xanthomonas arboricola pv juglandis

(NCPPB 1447, CFBP 2528, CFBP 7179); Xanthomonas arboricola pv pruni (Xap 33, MAFF 311562, MAFF 301427, MAFF 301420); Xanthomonas arboricola pv

corylina (NCCPB 100457). Branch length represents the distance calculated using alignment free composition vector method.

BLASTN with copA and copB genes described by Lee (1994) in
X. arboricola pv juglandis.

To determine if the cop genes found in copABCDFGK cluster
were strain specific and were correlated with copper resistance,
we searched by PCR for 11 genes dispersed all over the Xaj-ICE
(including copper resistance genes) in the four sequenced strains
and 57 additional X. arboricola pv juglandis strains initially used
byHajri et al. (2010).We tested these strains for copper resistance
on CYE medium supplemented with different concentrations
in Cu++. For most strains, signals at the expected size were
generated indicating that these strains should harbor the entire
copABCDFGK cluster. Moreover, these strains were shown to be
copper resistant (Table 2). However, no signals were obtained for
some PCRs in 24 strains, indicating that some genes should be
missing. In these strains, no resistance to copper was observed,
except for seven strains (CFBP 1022; 12573; 12580; 12582; 12680;
12707; 12714).

Other Mobile Genetic Elements (MGEs) are

also Differential Between Pathogenic and

Nonpathogenic Strains
Other MGEs such as prophages or integrases were also examined
(Table S3). Four prophages were detected in the pathogenic strain
CFBP 2528 instead of one or two in the three other strains. No
prophage was shared between pathogenic and nonpathogenic
strains. A higher number of integrases was found in pathogenic

strains (11–15 integrases per genome) than in the nonpathogenic
strains (seven in each genome). The integron described by
Gillings et al. (2005) and Barionovi and Scortichini (2008) in
pathovars pruni and juglandis of X. arboricola, was localized
in the four genomes downstream of the acid dehydratase gene,
ilvD (Gillings et al., 2005). The integrase gene intI should be
functional in CFBP 7179 and was degenerated in CFBP 2528.
This gene was also degenerated in CFBP 7634 but has retained
an integrase domain. intI was absent in CFBP 7651 genome.
The cassettes of this integron were all different in the four
strains and were mostly composed of genes coding hypothetical
proteins.

One Hemolysin is Specific of Pathogenic

Strains
Hemolysins are toxins secreted via the type I secretion
system (T1SS). Homologous CDSs (XARJCFBP 2528_b07940
and XARJCFBP 7179_a04560) coding for a hypothetical
protein with a hemolysin BL-binding component (IPR008414
domain) were identified in both pathogenic strains, CFBP
2528 and CFBP 7179. The protein encoded from this CDS
showed 98% identity by BLASTP with protein encountered
in X. campestris. In nonpathogenic strains no CDS was
found at the same location. The genes adjacent to the
CDS encoding this hypothetical protein were conserved in
the four strains. Other CDS encoding proteins linked to
hemolysin secretion were only present in pathogenic strains;
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TABLE 2 | Copper resistance and PCR results on flagellar genes and on Xaj-ICE.

Strain numbers Flagellar genes Xaj-ICE Copper resistance

flgB flgE fleQ fliE fliM MIC (ppm)

1 CFBP 878 + + − − − − 16

2 CFBP 1022 + + + + + − 32

3 CFBP 2528T = ATCC 49083 + + − + + − 8

4 CFBP 2564 + + + + + − 8

5 CFBP 2568 + + + + + − 8

6 12572 + + + + + + 32

7 12573 + + + + + − 32

8 12574 + + + + + + 32

9 12575 + + + + + + 32

10 12576 + + + + + + 64

11 12577 + + + + + − 16

12 12578 + + + + + − 16

13 12579 + + + + + + 64

14 12580 + + + + + − 32

15 12581 + + + + + − 8

16 12582 + + + + + − 32

17 12583 + + + + + + 32

18 12584 + + + + + + 32

19 12585 + + + + + + 32

20 12586 + + + + + + 32

21 12587 + + + + + + 64

22 12588 + + + + + + 32

23 12589 + + + + − + 32

24 12590 + + + + − + 32

25 12591 + + + + + − 16

26 12592 + + + + + + 32

27 12680 + + + + + − 32

28 12681 + + + + + + 32

29 12707 + + + + + − 32

30 12709 + + + + + + 32

31 12710 + + + + + − 16

32 12711 + + + + + + 64

33 12712 + + + + + + 64

34 12713 + + + + + + 32

35 12714 + + + + + − 32

36 12762 + + + + + + 32

37 CFBP7179 + + + + + + 32

38 12764 + + + + − + 64

39 12765 + + + + + + 32

40 12766 + + + + + + 32

41 12767 + + + + + + 64

42 12768 + + + + + + 32

43 12769 + + + + + + 32

44 12770 + + + + + + 32

45 12771 + + + + + + 32

46 12772 + − + + + + 32

47 12773 + + + + + + 32

48 12774 + + + + + + 32

49 12775 + + + + + + 64

(Continued)
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TABLE 2 | Continued

Strain numbers Flagellar genes Xaj-ICE Copper resistance

flgB flgE fleQ fliE fliM MIC (ppm)

50 12776 + + + + + + 32

51 12777 + + + + + − 16

52 12778 + + + + + + 32

53 12779 + + + + + − 16

54 12780 + + + + + − 16

55 12781 + + + + + + 64

56 12782 + + + + + + 64

57 12783 + + + + + − 8

58 12784 + + + + + − 16

59 12785 + + + + + − 16

60 CFBP 7651 + + + + + − 16

61 CFBP 7634 + + + + + − 16

they possessed HlyB or HlyD domains (XARJCFBP 2528_a06990
and XARJCFBP 7179_b04000; XARJCFBP 2528_d04670 and
XARJCFBP 7179_e04740, respectively). These domains are
found in ABC transporter (HlyB) and membrane fusion protein
(HlyD) from T1SS (Kanonenberg et al., 2013).

Plant Cell Wall-Degrading Enzymes

(PCWDEs) are Active in Nonpathogenic

Strains
Orthologs of most CWDEs described in Potnis et al. (2011)
and Darrasse et al. (2013) were identified in the four X.
arboricola genomes except that no orthologs of xyn30A,
xynC, and cbhA (encoding 1,4-β cellobiosidase) were found
(Table S4).

A differential repertoire of Type 2-secreted degrading
enzymes with various activities (peptidases, pectinesterase,
pectate lyase, xylosidase. . . ) was identified between pathogenic
and nonpathogenic strains (Table S4). On the one hand,
homologs of XFF4834R_chr16290 (putative aminopeptidase),
XCC0121 (AAM39440, pectinesterase), and of XCC0122
(AAM39441, pectate lyase), were observed in the two
nonpathogenic strains. In the two pathogenic strains, only
fragments of XFF4834R_chr16290 and XCC0122 were
identified and no remnants of XCC0121 were observed. On
the other hand, homologs of XFF4834R_chr05470 (coding a
putative secreted protease), of XFF4834R_chr25520 (coding
a xylosidase), and of XFF4834R_chr23760 (coding a putative
pectate lyase), were observed only in pathogenic strains.
The putative pectate lyase was observed in pathogenic
strains near a peptidase trypsin-like gene. Both were
observed in pathogenic strains instead of a pectinesterase
gene (GROUPORTHO4194) in nonpathogenic strains.
Homologous genes of XFF4834R_chr11410 (encoding for a
putative rhamnogalacturonase B) and XFF4834R_chr03290
(encoding a putative glycoside hydrolase) were present in all
strains except in CFBP 7179.

We compared the pectinase activities of the four strains
using plate assays for pectate lyase, polygalacturonase, and
pectin methyl esterase. Only the two nonpathogenic strains
showed pectate lyase and pectin methyl esterase activities
(Figure 4). No polygalacturonase activity was detected for any
strain.

T3SS is Absent in the Nonpathogenic

Strain CFBP 7634 and T3Es Repertoire is

Reduced in Nonpathogenic Strains
Genomic comparisons of the T3SSs revealed that among
conserved genes, the six hrp genes (hrpF, hrpW, hrp D6, hrpB1,
hrpB4, and hrpB7), the six hpa genes (hpa1, hpa2, hpa3, hpaA,
hpaB, hpaC) and the 11 hrc genes (hrcC, hrcD, hrcJ, hrcL, hrcN,
hrcQ, hrcR, hrcS, hrcT, hrc U, hrcV) were present in genomes of
CFBP 2528, CFBP 7179, and CFBP 7651 and were all absent in
the genome of CFBP 7634. The genomic comparisons revealed a
high synteny for these clusters in the three strains, with the hrpF
locus followed by the hrp/hrc cluster. The sequences flanking
the hrp-island were the ltaE gene at the upstream of the hrpF
peninsula and trpG at the downstream of the hrp/hrc cluster
(Figure 5).

In the nonpathogenic strain CFBP 7634, the hrp-hrc region
and the hrpF peninsula were absent (Figure 5). In fact instead
of the hrp cluster a region of 8 kb containg genes coding for
ATP-dependent restriction enzymes, such as the hsdR, hsdS,
and prrC coding an anticodon nuclease was found between
trpG and ltaE. These genes compose the type1 Restriction-
Modification system known in Escherichia coli to be involved
in phage defense mechanism (Makarova et al., 2013). A
BLAST research with alternative T3SSs observed in other
bacteria did not lead to the identification of other T3SS (Araki
et al., 2006; Diallo et al., 2012). In CFBP 7651, the hrp/hrc
cluster was followed by a specific region of about 16.7 kb.
The first 9 kb are highly identical to regions found in X.
c. pv. raphani, X. c. pv. campestris. This region contained
genes encoding a putative xylanase-like, a glycosidase, a
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FIGURE 4 | Detection of pectate lyase activity (A) and pectin methyl esterase activity (B) from the strains CFBP 2528 (28), CFBP 7179 (79), CFBP 7651

(51), CFBP 7634 (34). The translucent halo (A) and slightly violet (B) surrounding the colony indicates the activity.

FIGURE 5 | Schematic representation of the T3SS locus of the four X. arboricola strains.

methyl-accepting chemotaxis protein (MCP), an oxydoreductase,
a transcriptional regulator and a monooxygenase. The last
7.7 kb had BLASTN hits with Methylobacterium extorquens and

BLASTX hits with dehydrogenase and epimerase implicated
in cell envelope biogenesis, two transcription regulators and a
sodium/dicarboxylate symporter.
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Examination of the Surrounding Regions of

T3Es Provides Clues Relative to their

Mechanism of Acquisition
Orthologous sets of 24 and 25 genes were predicted in the two
pathogenic strains CFBP2528 and CFBP7179, respectively (Table
S5). Among these two sets, 17 T3Es genes were already identified
by PCR by Hajri et al. (2012) in X. arboricola pv juglandis and
two (xopAL1 and xopG) were not previously identified, probably
because of a high diversity in their sequence preventing their
amplification by PCR. Two other T3E genes might be present
(xopAA, xopAB), although the percentage of length was low
(74 and 66% respectively). The other genes (awr4, sfrJ, and
xopAR) were not searched by Hajri et al. (2012) and Essakhi
et al. (2015). These three genes were predicted in pathogenic and
nonpathogenic strains.

Based on the genome sequences, xopAI and xopB were
identified only in CFBP 7179 and not in CFBP 2528. xopAI, was
close to an IS4 like in CFBP 7179. xopB was close to an integrase
and an IS4/5. The presence of an integrase close to xopB or an
IS4 like close to xopAI suggested that these T3Es were probably
acquired by lateral gene transfer (LGT) in CFBP 7179. In contrast,
xopAH was identified in CFBP 2528 and not in CFBP 7179
genome sequences as reported by Essakhi et al. (2015) by PCR.
Surrounding regions of xopAH were the same between strains.
This suggests that xopAH was probably acquired by homologous
recombination in CFBP 2528.

Other T3E coding genes such as xopN, xopX, xopZ, xopQ,
xopK, xopV, xopL, avrXccA2 were scattered in the different
scaffolds and were either integrated between genes (xopN, xopX,
xopZ) that were shared between the four strains, either found
in place of a gene shared by the nonpathogenic strains (xopL,
xopV), or associated to other genes that were not present in the
nonpathogenic strains (with transposases for xopK or without for
xopQ).

The Flagellar System is Not Functional in

the Type Strain CFBP 2528 and the

22-Amino-Acid Flagellin Epitope is

Different in the Pathogenic Strains
Annotation of the flagellar system reveals that a group of nine
contiguous genes was lacking in CFBP 2528 compared to CFBP
7179 genome and genomes of nonpathogenic strains. This group
of missing genes included fliS, a secretion chaperone for the
flagellar filament protein FliC, and rpoN, the sigma factor 54 (σ54)
regulating the flagellar system (Figure 6). No swimming motility
was observed for CFBP 2528 in a soft agar-assay (Figure 7). To
determine if this event could be observed in other X. arboricola
pv juglandis strains consensus primer pairs were used for PCR-
amplification of genes dispersed over the flagellar cluster. A
collection of X. arboricola pv juglandis strains (Hajri et al., 2010)
was used. Signals at the expected sizes were obtained suggesting
a complete flagellar cluster in all strains, excepted in CFBP878,
which gave no signal with fleQ, fliE, and fliM primers (Table 2).
We also compared the N-terminal FliC sequences with the
flagellin conserved domain Flg22, which is known as a major
pathogen-associated molecular pattern (PAMP), activating host

defense responses (Felix et al., 1999; Navarro et al., 2004; Shi
et al., 2015). Nonpathogenic strains possessed the conserved
Flg22 epitope whereas CFBP 2528 and CFBP 7179 had a different
peptide, with a polymorphism in 7 amino acids (Figure 8). One
of these six residues—aspartic acid (D)—has been shown in X.
campestris pv campestris to be critical for elicitation activity in
Arabidopsis (Sun et al., 2006). Its replacement by valine (V) in
X. campestris pv campestris eliciting strain suppress the elicitation
activity. In ourX. arboricola pv juglandis (pathogenic) strains, the
D residue is replaced by a V one (Figure 8).

The Four Strains Share a Different

Repertoire of Genes Encoding a Type IV

Secretion System (T4SS) and Type IV

Effectors (T4Es)
In X. arboricola, the T4SS encoding genes are approximately
organized as in X. citri subsp. pv citri (Jacob et al., 2014)
considering the fact that some proteins are not conserved
(Figure 9). VirB3 gene is absent in CFBP 2528. The protein
encoded by this gene is thought to be involved in the
production of the inner-membrane pore. VirB5 is lacking in
CFBP 7651 in consequence of genomic rearrangements in this
region and deletion of several genes including virB5. This gene
encodes a pilus-tip adhesin. Additional genes coding proteins
predicted to be involved in conjugative transfer were identified
in the nonpathogenic strain, CFBP 7634. For instance, a set
of CDS encoding proteins showed more than 92% identity
by BLASTP with TrbB, TrbC, TrbD, TrbE, TrbJ, TrbL, TrbF,
TrbG, TrbI from other Xanthomonas such as X. gardneri for
the best score. These CDS are embedded in an MGE starting
with an integrase/recombinase (XARJCFBP7634_b09150) and
containing phagic genes, outer membrane efflux protein
encoding genes, transcription regulator and pirin genes. A similar
MGE also containing Trb genes was identified in the other
nonpathogenic strain, CFBP 7651. This MGE also starts with a
recombinase (XARJCFBP7651_a21800) but these two arrays of
T4SS and MGE encoding genes are localized in different regions
in the chromosomes.

So far, no T4E were described in Xanthomonas. Identification
of T4Es based on T4Es already described in other species is
difficult because of the expected low sequence similarity. The
number of newly discovered effectors is increasing, but only in
a limited number of species (e.g., Legionella or Helicobacter).
According to Wang et al. (2014), amino-acid composition and
amino-acid specific positions in C-termini of T4E sequences can
be used to predict T4Es. The two models “T4SEpre_bpbAac”
and “T4SEpre_psAac” of the T4SEpre package (Wang et al.,
2014) were used here to predict T4Es in the four X. arboricola
genomes. Only locus tags predicted by bothmodels were retained
(Table S6), as advised by Wang et al. (2014) to limit the false
positive results. We observed that in a same orthologous group
of T4Es, some of them were predicted by both models whereas
others were predicted by the T4SEpre_psAac model alone (in
bold and italic in the Table S6). The number of predicted T4Es
was higher in pathogenic strains (17 in CFBP 2528 and 18 in
CFBP 7179) than in CFBP 7634 (14 predicted T4Es) and in
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FIGURE 6 | Schematic representation of the flagellar gene cluster of the four X. arboricola strains.

CFBP 7651 (10 predicted T4Es). Predicted T4Es specific to the
pathogenic strains were localized in region corresponding to
mobile genetic elements (near transposases) or in region with
low GC% that were probably acquired by LGT. Among them,
besides hypothetical proteins, one putative T4E is a cytochrome
c-type subunit, as predicted by Wang et al. (2014) in Salmonella,
and another one is a transcription repressor DNA-binding
protein.

Pathogenic Strain Genomes Encodes

Specifically Two Non-Fimbrial Adhesins,

FhaB and YadA-Like
Bacterial attachment to the host surface is mediated by
adhesins that are non-fimbrial (autotransporters; filamentous

haemagglutinin-like proteins) or fimbrial (including type IV
pili) adhesins, and both can contribute to virulence (Soto
and Hultgren, 1999; Darsonval et al., 2009; Das et al., 2009;
Gottig et al., 2009). The repertoires of genes coding non-
fimbrial adhesins varied between the pathogenic strains and the
nonpathogenic strains.

Two adhesin encoding genes were identified only in
pathogenic strains. yadA-like and fhaB (Table S7). A
yadA-like CDS was specifically found in pathogenic strains
(GROUPORTHO3996), with the predicted domains serralysin-
like metalloprotease C-terminal, trimeric autotransporter
adhesin, YadA-like C-terminal. The predicted protein was 772-
aa-long protein. This yadA sequence was associated in the two
pathogenic strains with three other CDS encoding a S8 peptidase,
a histidine kinase and a signal transduction response regulator,
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FIGURE 7 | Motility of the four X. arboricola strains. (A) CFBP 2528; (B) CFBP 7179; (C) CFBP 7651; (D) CFBP 7634, 60 h after inoculation in TSA 10% (upper

line) or MOKA (lower line), with agar 0.2%.

FIGURE 8 | Multiple alignment between the flagellin FliC N-terminal regions of the 4 X. arboricola strains and the flg22 peptide. The “D” to “V” switch

between nonpathogenic and pathogenic strains is shown with the red box.

from the cheY-like family. In the corresponding regions of
the nonpathogenic strains, five CDS encoding proteins with
unknown function and a transcriptional regulator, one tonB-
dependent receptor precursor, and one nuclease were found.
One homolog of fhaB was predicted (GROUPORTHO3859) to
encode a 4308- and 4034-aa-long protein in pathogenic strains,
CFBP 2528 and CFBP 7179, respectively. This protein had a
N-terminal filamentous hemagglutinin domain and filamentous
hemagglutinin repeats, and had also a N-terminal pectate lyase.
This encoded protein showed 86% identity and 99% similarity
with FhaB ofX. fuscans,Xanthomonas axonopodis orX. citri. This
CDS was near a predicted sequence of fhaC coding a hemolysin
activation/secretion protein also specific to pathogenic strains.
FhaC contained a polypeptide-transport-associated (POTRA)
domain in N terminus. Two autotransporters, the monomeric,
XadA, and the trimeric YapH, were encoded in the four
genomes.

The four genomes also harbored several clusters that are
predicted to be involved in the biogenesis of type IV pilus. Type
IV pili (T4p) are surface filaments involved in different functions,
such as twitching motility, adhesion, biofilm formation, natural
transformation, pathogenicity, and immune escape (Mattick,
2002; Craig et al., 2004; Nudleman and Kaiser, 2004). The
filament is composed of a major pilin PilA plus the minor
pilins PilE, PilV, PilW, PilX, and FimU encountered in P.
aeruginosa and in the type IVa system, which is the system

encountered in Xanthomonas (Burrows, 2012; Dunger et al.,
2014). Recently, the organization of pil genes have been
described in X. citri subsp citri (Dunger et al., 2014). In
CFBP 7179 genome sequence, there was no predicted protein
for PilA in the cluster (Table S8). Minor pilin PilX was
absent in CFBP 7651 and PilV was absent in the pathogenic
strains.

No T6SS was identified after BLASTNwith known T6SS genes
from Xcv85-10, Xff4834R, Xoo PXO99A against the four X.
arboricola genomes.

One Chemosensor is Specific of

Pathogenic Strains
For chemotaxis sensors, i.e., MCPs, slightly differential
repertoires were observed between pathogenic
and nonpathogenic strains (Table S9). Two MCPs
(GROUPORTHO78, GROUPORTHO3512) were present
in CFBP 2528, CFBP 7179, CFBP 7651 but absent in CFBP
7634 probably following genomic rearrangements leading
to the deletion of the gene in CFBP 7634. Two other MCPs
(GROUPORTHO4206, GROUPORTHO4237) were present
in CFBP 7651 and CFBP 7634. Moreover, additional MCP
were specific of each strain. One homologous CDS encoding
a MCP was present in each of the two pathogenic strains
(XARJCFBP2528_d01320; 733 aa and XARJCFBP7179_e01340,
733 aa) but was absent in the two nonpathogenic strains. In CFBP
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FIGURE 9 | Schematic representation of T4SS genes of the four X. arboricola strains.

7634 genes encoding for an integrase (XARJCFBP7634_b11370)
and phagic proteins were found at the same location. In CFBP
7651, two CDS were predicted (XARJCFBP7651_a35490 and
XARJCFBP7651_a35500), which each corresponded to the
C-terminal and N-terminal fragments of this MCP identified in
the pathogenic strains. This MCP was therefore nonfunctional in
CFBP 7651.

The Figure 10 highlights common and differential features of
the four strains.

DISCUSSION

Features of the Genome Sequencing
Each genome length was very similar to other strains belonging
to this species (Caballero et al., 2013; Vandroemme et al., 2013a).
It is noticeable that smallest X. arboricola genomes corresponded
to nonpathogenic strains lacking the hrp-island (this study and
Vandroemme et al., 2013a). The high GC content was a common
characteristic ofmost genera within theXanthomonadacae family
(Saddler and Bradbury, 2005). ANI values were all above the
threshold of the species level (Konstantinidis and Tiedje, 2005)
and supports the grouping of the four strains withinX. arboricola.

This is in accordance with previous study (Essakhi et al.,
2015).

Mobile Genetics Elements
IS

The IS number observed in pathogenic strains was similar to
the one found in X. campestris pv raphani (Bogdanove et al.,
2011). But the number and the diversity of IS elements can
be larger in other Xanthomonas such as X. oryzae (Salzberg
et al., 2008) with up to 245 elements distributed in six families,
or such as Xanthomonas fragariae with up to 420 elements
representing at least seven families (Vandroemme et al., 2013b).
The IS families are distinct accross Xanthomonas pathovars
and species (Bogdanove et al., 2011). Most IS elements in
our X. arboricola strains belonged to the IS3 and IS4 families
(Table S3), which are also common families in X. oryzae and
X. campestris genomes (Bogdanove et al., 2011). Similarly to
X. arboricola genomes, in X. campestris pv. vesicatoria and X.
axonopodis pv citri, the IS3 family is also highly abundant,
whereas in X. campestris pv campestris and in X. fuscans subsp.
fuscans, most IS elements belong to the IS5 family (Thieme et al.,
2005; Darrasse et al., 2013). IS21 and Tn3 transposase which
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FIGURE 10 | Schematic representation highlighting conserved and differential features between the four genome sequences. Specific features are

written using the color code: red for CFBP 7179; orange for CFBP 2528; dark green for CFBP 7651, light green for CFBP 7634.

are unique to CFBP 7179 in Xanthomonas genus, are located
on an ICE (see below). Previous genomic and genetic studies
have established that ISs are a major and powerful force in
genome evolution. The presence of multiple copies of an IS in
a genome can trigger intragenomic homologous recombination,
resulting in genome rearrangements (inversions) or deletions
of the intervening genomic region (Salzberg et al., 2008),
and interruption of genes, operons, or transcriptional signals
(Schneider and Lenski, 2004; Darrasse et al., 2013). Organisms
harboring ISs are thus subject to a variety of mechanisms that
enhance genomic plasticity. In the two pathogenic strains ISs
or transposases were found in the vicinity of several accessory
genes like T3Es linked to host specificity. The two nonpathogenic
strains have 10 times less ISs than their pathogenic counterpart.
A similar observation was previously reported for Yersinia pestis
compared to Yersinia pseudotuberculosis, its ancestral species
(Parkhill et al., 2001) and IS expansion was found to be linked
to niche specialization in several bacteria (Mira et al., 2006).
Genome sequencing has revealed that some genomes contained
large numbers of ISs, while others had none at all but Touchon
and Rocha (2007) found no association between IS frequency and
pathogenicity. ISs can be transferred between genomes by LGT
mechanisms (Frost et al., 2005). Iranzo et al. (2014) suggested
that the LGT rate might be determined by the bacterial ecological
niches. But the abundance of IS copies could be driven by
duplication-deletion mechanism (Iranzo et al., 2014). It would
be interesting to compare a higher number of genomes in the X.
arboricola species to confirm the IS number differences between
pathogenic and nonpathogenic strains and to try to reveal if
mechanisms are used by IS to choose a target (Siguier et al.,
2014).

ICE and Copper Resistance
We showed that strain CFBP 7179 and 36 X. arboricola pv.
juglandis strains harbor an ICE with copper resistant genes
and are actually copper resistant. Seven strains showed copper
resistance without positive cop gene detection by PCR. We
can’t rule out that these strains present sequence variations at
primer sites preventing their amplification but a mechanism
for copper resistance independent of ICE located cop genes
could exist in these strains. Indeed, Gardan et al. (1993) have
previously shown that copper resistance in strain CFBP 1022
(one of the seven Xaj-ICE negative strains) was linked to
the presence of a plasmid of 111 kb. Consequently, we can
hypothesize that copper resistance in strains lacking the ICE is
associated to a plasmid absent in genomes that were sequenced.
In X. campestris pv campestris, only plasmid-borne cop genes
are essential for copper resistance. Nonetheless, homologs of
these plasmid-borne copper resistance genes are present in the
chromosomes of copper-sensitive and -resistant Xanthomonas
(Behlau et al., 2011). In X. axonopodis pv vesicatoria, expression
of copAB cluster (putative copper binding proteins) is regulated
by CopL, and the corresponding gene is located immediately
upstream of copAB (Voloudakis et al., 2005). No homolog of
copL was found in our four genomes which suggests that in X.
arboricola, copAB regulation may be different. Copper is widely
used in agriculture but the efficacy of copper is now reduced
by the occurrence of copper-resistant strains in Xanthomonas
(Behlau et al., 2011; Araújo et al., 2012) or Pseudomonas
(Nakajima et al., 2002) species. The presence of this ICE in
CFBP 7179 represents an example of probably environmental
driven expansion of a bacterial genome because of a high selective
pressure due to the extensive use of copper. Indeed Xaj-ICE has
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been only retrieved in strains responsible for recent epidemics
in France (Hajri et al., 2010). The acquisition of this element
probably conferred a selective advantage to these strains. Most
CDS of the Xaj-ICE showed high identity with genes from
P. aeruginosa strains and S. maltophilia strain D457, which
belongs to the Xanthomonadaceae familly. It suggests that the
Xaj-ICE should have been taken up by lateral transmission into
the CFBP 7179 genome from a different genus donor strain.
Transfers between distantly related genomes exist even if genome
sequences dissimilarity is a barrier to LGT (Popa et al., 2011). It
is interesting to notice that Xaj-ICE is the first ICE detected in
Xanthomonas to date.

Other MGEs
The higher number in prophage in pathogenic strains could
suggest a higher sensitivity to it but it should be assessed with
other genomes. According to the evolutionary scheme proposed
by Gillings et al. (2005) for the integron, we can hypothesize that
genetic rearrangements in the cassettes of this integron could
have accompanied niche specialization of our strains after the loss
of activity of the integrase. How do the cassette arrays determine
the ecological niche of each strain? This is currently unknown
because most genes carried by the integron code for proteins with
unknown activities.

Secretion Systems
T1SS
Hemolysins are of great importance for the pathogenesis in
the host organism (Kanonenberg et al., 2013). CDSs linked
to hemolysin secretion or hemolysin were only present in
pathogenic strains. We hypothesized that these CDS were
acquired by the common ancestor of the X. arboricola pv.
juglandis strains by recombination. To our knowledge, no
Xanthomonas hemolysin mutant is described to date: it would be
interesting to realize functional analyses to study the role of these
CDSs in pathogenicity.

T2SS
The absence of a cbhA ortholog in the four X. arboricola genome
sequences is in agreement with their known inability to colonize
xylem vessels. The gene cbhA is conserved in the xylem-invading
Xanthomonas species (X. albilineans, X. oryzae pv. oryzae, X.
campestris pv. campestris, X. campestris pv. vasculorum, and X.
campestris pv. musacearum), but is missing in the non-vascular
Xanthomonas species (X. oryzae pv. oryzicola, X. axonopodis
pv. citri, X. axonopodis pv. vesicatoria) (Pieretti et al., 2012).
The cbhA gene was also shown to contribute to virulence
of the xylem-invading pathogen Ralstonia solanacearum (Liu
et al., 2005). Putative aminopeptidase and pectate lyase encoding
CDSs were present in the nonpathogenic strains, while derived
in pathogenic strains: we hypothesized that these fragments
represented remnants of the genes present in the common
ancestor of pathogenic and nonpathogenic strains. Similarly,
as homologs of pectinesterase gene present in nonpathogenic
strains, are found in genomes of pathogenic strains belonging to
other Xanthomonas species, the most parsimonious hypothesis
will be in favor of the loss of this gene in the common
ancestor of the pathogenic strains CFBP 2528 and CFBP 7179.

Putative pectate lyase and xylosidase homologs were only
detected in pathogenic strains and seem to have been acquired
in pathogenic strains by LGT. PCWDEs are carbohydrate-active
enzymes that have been classified in different families based
on homology criteria (http://www.cazy.org/, Cantarel et al.,
2009). Pectin methylesterase (PME) catalyzes de-esterification
of pectin to make substrates available for subsequent action
by polygalacturonase and pectate lyase. These enzymes act in
concert in pectin degradation. The ability to degrade pectin may
facilitate pathogen invasion into the cells of host plants and is
useful for pathogens in term of virulence (Hugouvieux-Cotte-
Pattat et al., 2014). Although our in vitro tests may not detect all
pectinase activities, pectinase activities were only observed for the
nonpathogenic strains. It has obviously no role in disease process,
but may participate in nutrient uptake by these bacteria in planta.
Vorhölter et al. (2012) shown that oligogalacturonides generated
by pectate lyase activity in a pathogenic interaction involving X.
campestris pv campestris, could elicit plant defense reactions. The
two pathogenic strains which have a putative pectate lyase but
undetectable PL activity, could have evolved to avoid production
of PAMPS by PL activity.

T3SS
The hrp-hrc region and the hrpF peninsula were absent in
the nonpathogenic strain CFBP 7634 however five T3E genes
were retrieved in its genome. Given that HrpF functions as a
translocon of effector proteins into the host cell (Rossier et al.,
2000; Büttner and Bonas, 2002), we can assume that CFBP 7634
T3Es could not be translocated into plant cells. Previous studies
showed that mutation of the hrpF locus of X. oryzae pv. oryzicola
strain resulted in the loss of pathogenicity in rice and the inability
to induce HR in non-host tobacco (Zou et al., 2006). Similarly,
mutations in hrpF of X. c. pv. vesicatoria strain or X. axonopodis
pv. glycines strain resulted in strains that were nonpathogenic in
host plants and unable to elicit race-specific HRs (Rossier et al.,
2000; Kim et al., 2003).

T3Es
Pathogenic strains presented a repertoire of T3Es, which was
moderately large in comparison to other xanthomonads (Hajri
et al., 2009). The presence of awr4, sfrJ and xopAR highlighted
the limits of the PCR compared to genome sequencing. sfrJ is
secreted through SPI2 in Salmonella (Cordero-Alba et al., 2012).
However, these authors suggested a SPI2 independent role in
environment as sfrJ is also present in a commensal E. coli strain
devoided of T3SS. Differential T3Es in pathogenic strains (xopAH
in CFBP 2528; xopAI and xopB in CFBP 7179) were probably
acquired by different mechanisms (homologous recombination
or LGT). Transcription activator-like (TAL) effectors were not
detected in the four genome sequences but HiSeq technology is
not the method of choice to detect these TAL effectors, because of
internal repeats. However, Hajri et al. (2012) only detected avrBs3
by PCR in the pathovar corylina.

Flagella
CFBP 2528 is impaired in motility because of a loss of fliS
and rpoN CDSs. Mutant affected in fliS still produce functional
flagella in Salmonella (Yokoseki et al., 1995) whereas rpoN
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mutant has been shown to loose motility in X. oryzae pv oryzae
(Tian et al., 2014). Darrasse et al. (2013) also reported a lack of
motility in other X. arboricola strains, such as pathovar corylina
type-strain CFBP1159. We suggest that the modifications
observed for the flagellin epitope in both pathogenic strains
affect flagellin perception in planta and could prevent recognition
of pathogenic strains at an early stage of infection as already
observed for other Xanthomonas (Sun et al., 2006). This could be
a mechanism of evolution to avoid PAMP-triggered immunity as
previously suggested for other Xanthomonas strains (Jacobs et al.,
2015).

T4SS and T4Es
The T4SS translocates DNA and proteins to bacterial or
eukaryotic target cells by a direct cell-to-cell contact (Christie
et al., 2014). A virB cluster was found in the four X. arboricola
strains. VirB3 gene is absent in CFBP 2528. The protein encoded
by this gene seems to be essential for pilus assembly and substrate
translocation (Guglielmini et al., 2014). VirB5 is lacking in CFBP
7651. This gene encodes a pilus-tip adhesin that could initiate
contact with host cells (Backert et al., 2008). An additional
T4SS locus with Trb genes was found in nonpathogenic strains
in different regions in the chromosomes, near a recombinase,
suggesting independent LGT events in these two nonpathogenic
strains. As no T4Ewere described so far inXanthomonas, we used
the method of Wang et al. (2014) to predict T4Es. Among 10 to
18 T4Es detected in silico, a transcription repressor DNA-binding
protein was found in pathogenic strains: this latter predicted T4E
is perhaps interesting as T4Es can manipulate host pathways for
a survival strategy (Hubber and Roy, 2010). Nevertheless, these
proteins need further experimental validation analysis. It should
be noted that in X. citri subsp. citri T4SS is not induced under
infection conditions (Jacob et al., 2014).

Adhesion and Chemotaxis
Adhesion
One homolog of fhaB was detected only in pathogenic strains.
FhaB seems to be involved in the colonization of both the
leaf surface and the apoplast in X. citri subsp. citri (Gottig
et al., 2009). However, other non fimbrial adhesins (XadA and
YapH) are encoded in the four genomes. The absence of CDSs
encoding PilA in CFBP 7179, PilX in CFBP 7651 and PilV in
both pathogenic strains suggests that T4p biogenesis is probably
impaired in these strains (Nguyen et al., 2015). It could be
interesting to conduct in vivo adhesion analysis in order to
observe behaviors of the strains.

Chemotaxis
The repertoire of MCPs was different between strains with MCPs
specific of pathogenic or of nonpathogenic strains. MCPs, which
are cell membrane-bound chemoreceptors, are involved in the
detection of molecules such as attractant or repellant. Subsequent
movement of the cell through flagellar motility allow bacteria to
go toward or away from perceived molecules (Vladimirov and
Sourjik, 2009). Ability to specifically detect a molecule could
allow the pathogenic strains to colonize environment that could
remain inaccessible for nonpathogenic strains. This suggested

different chemotaxis properties. Characterizing repertoires of
MCPs in a large collection of strains and functional analyses
would be interesting to further study the role of the different
MCPs in the plant colonization.

CONCLUSION

Differences between the two pathogenic strains, CFBP 2528 and
CFBP 7179, and the two nonpathogenic strains, CFBP 7634
and CFBP 7651, all isolated from the same plant species, i.e.,
walnut, concerns a full range of functions involved in ability to
colonize plants from sensing of the environment and to cross-talk
with the immune system. Several non-fimbrial adhesins and one
hemolysin may allow pathogenic strains to adhere or aggregate
more efficiently than nonpathogenic strains to plant tissues or
to form more stable or resistant biofilms. Differential repertoires
of PCWDEs between pathogens and commensals could allow
the colonization of separate niches. A larger repertoire of T3Es
in pathogens may be an efficient means to interfere with
plant immune system allowing ingress and multiplication inside
plant tissues, but also can significantly contribute to growth.
One chemoreceptor was specifically identified in pathogenic
strains and might allow pathogens to differentially perceive the
environment. We highlighted a larger set of various mobile
genetic elements in pathogen genomes and different genome
organizations, which were driven by recombination events or
horizontal transfers. We propose that these events were closely
related to bacteria encountered in their physical environment
rather than to phylogenetically related bacteria. From these
genome comparisons it is not possible to answer the question
of the origin of these strains. Do pathogenic strains evolve from
nonpathogenic ancestor through acquisition of pathogenesis-
associated genes or in contrast do nonpathogenic strains
evolve from pathogenic ones through the loss of energetically
costly functions? Bacteria live in interaction with their biotic
environment and evolve in dynamic microbial communities,
which may act as reservoir of genes and also favor loss of genes
by providing mobile genetic elements. A better understanding of
emergence of pathotypes and finally diseases may arise from the
deciphering of whole microbial communities.
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Xanthomonas albilineans causes leaf scald, a lethal disease of sugarcane. Compared to
other species of Xanthomonas, X. albilineans exhibits distinctive pathogenicmechanisms,
ecology and taxonomy. Its genome, which has experienced significant erosion, has
unique genomic features. It lacks two loci required for pathogenicity in other plant
pathogenic species of Xanthomonas: the xanthan gum biosynthesis and the Hrp-T3SS
(hypersensitive response and pathogenicity-type three secretion system) gene clusters.
Instead, X. albilineans harbors in its genome an SPI-1 (Salmonella pathogenicity island-1)
T3SS gene cluster usually found in animal pathogens. X. albilineans produces a potent
DNA gyrase inhibitor called albicidin, which blocks chloroplast differentiation, resulting in
the characteristic white foliar stripe symptoms. The antibacterial activity of albicidin also
confers on X. albilineans a competitive advantage against rival bacteria during sugarcane
colonization. Recent chemical studies have uncovered the unique structure of albicidin
and allowed us to partially elucidate its fascinating biosynthesis apparatus, which involves
an enigmatic hybrid PKS/NRPS (polyketide synthase/non-ribosomal peptide synthetase)
machinery.

Keywords: Xanthomonas albilineans, leaf scald disease of sugarcane, genomic features, albicidin, NRPS and PKS
genes

Introduction

Xanthomonas albilineans (Ashby) Dowson is known to invade the xylem of sugarcane and to
cause leaf scald disease (Rott and Davis, 2000; Birch, 2001). Symptoms of this disease vary from
a single, white, narrow, sharply defined stripe to complete wilting and necrosis of infected leaves,
leading to plant death. Dissemination of X. albilineans occurs mainly mechanically through use of
contaminated harvesting tools and by distribution and planting of infected cuttings. However, aerial
transmission and potential for epiphytic survival have also been reported for this pathogen (Autrey
et al., 1995; Daugrois et al., 2003; Champoiseau et al., 2009).

Xanthomonas albilineans is a representative of the genus Xanthomonas, members of which
are exclusively Gram-negative plant-associated bacteria that collectively cause dramatic damage to
hundreds of plant species of ornamental or agronomical interest. Indeed, both monocotyledonous
(e.g., rice, sugarcane, or banana) and dicotyledonous (e.g., citrus, cauliflower, bean, pepper, cabbage,
and tomato) plants are targetedworldwide by variousXanthomonas species.While sharing numerous
phenotypic characteristics, at least 27 species and over 120 pathovars (variants of pathogeny)
of the genus Xanthomonas are currently recognized. Each pathovar individually exhibits a very
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restricted host range and/or tissue-specificity and this leads to
clustering of bacterial strains causing similar symptoms on the
same host.

Multilocus sequence analysis (MLSA) with four housekeeping
genes resulted in the distribution of Xanthomonas species in two
clades. The main one contains the majority of species whereas the
secondary clade contains X. albilineans, Xanthomonas sacchari,
Xanthomonas theicola, Xanthomonas hyacinthi, and Xanthomonas
translucens (Young et al., 2008). Phylogenetic analyses with the
gyrB sequence indicate that this secondary group also contains
several uncharacterized species of Xanthomonas isolated mainly
on rice, banana or sugarcane (Studholme et al., 2011, 2012).
Intriguingly, twomultiMLSA studies with 28 genes and 228 genes,
respectively, in which X. albilineans is the only representative of
this secondary clade, resulted in the branching ofXylella fastidiosa
between X. albilineans and the main clade (Rodriguez-R et al.,
2012; Naushad and Gupta, 2013). X. fastidiosa is a xylem-limited
bacterium which is insect-vectored to a variety of diverse hosts,
has a reduced genome and lacks the Hrp-T3SS (hypersensitive
response and pathogenicity–type III secretion system; Simpson
et al., 2000).

Analysis of the X. albilineans genome has revealed unusual
features compared to other xanthomonads, the most prominent
being the absence of theHrp-T3SS gene cluster and the occurrence
of genome erosion. Furthermore, to our knowledge, X. albilineans
is the only xanthomonad that produces the phytotoxin albicidin.
This mini-review aims to summarize the characteristics that,
taken together, make X. albilineans so unique.

Genome Erosion

The genome of X. albilineans strain GPE PC73 has been fully
sequenced and annotated. It consists of a 3,768,695-bp circular
chromosome with a G+C content of 63%, and three plasmids of
31,555-bp, 27,212-bp and 24,837-bp, respectively (Pieretti et al.,
2009). This genome size is much smaller than that of any other
xanthomonad sequenced to date (commonly ∼5 Mb). Examina-
tion of the genome of strain GPE PC73 together with OrthoMCL
comparative analyses performed with other sequenced xan-
thomonads highlights several genomic features that distinguish
X. albilineans from its near relatives (Pieretti et al., 2009, 2012;
Marguerettaz et al., 2011; Royer et al., 2013).

Orthologous analyses show that X. albilineans and X. fastidiosa
have experienced a convergent genome reduction during their
respective speciation, with a more extensive genome reduction
for X. fastidiosa (Pieretti et al., 2009). Based on these analyses,
X. albilineans has lost at least 592 genes that were present in the
last common ancestor of the xanthomonads. Interestingly, most of
these ancestral genes are conserved in the genome of X. sacchari
strains NCPPB4393 and LMG 476 and Xanthomonas spp. strains
NCPPB1131 and NCPPB1132, which are the sequenced strains
phylogenetically closest to X. albilineans (Studholme et al., 2011,
2012; Pieretti et al., 2015). This indicates that genome erosion
is specific to X. albilineans. Convergent genome erosion of X.
albilineans andX. fastidiosa could be linked to a similar adaptation
to a xylem-invading lifestyle in which interactions with living
plant tissues are minimal (Pieretti et al., 2009). More recently, a

study of the somewhat reduced genome ofXanthomonas fragariae
(4.2 Mb) led to the hypothesis that the convergent genome reduc-
tion observed in some xanthomonads could be linked to their
endophytic lifestyle and typically to their commitment to a single
host (Vandroemme et al., 2013).

Compared to other xanthomonads, a low number of insertion
sequences (IS) has been found in the genome of X. albilineans.
Taken together with a limited recombination of the chromosome
and a GC skew pattern containing a low number of distortions, it
was postulated that genome erosion of X. albilineans was mainly
not due to IS and other mechanisms were proposed for this
erosion (Pieretti et al., 2009). The lownumber of IS could be linked
to the activity of CRISPR (clustered regularly interspaced short
palindromic repeats) systems. Strain GPE PC73 of X. albilineans
possesses two CRISPR loci. The first one, CRISPR-1, is conserved
in X. oryzae pv. oryzae, X. axonopodis pv. citri, X. campestris
pv. vasculorum, and X. campestris pv. musacearum. The second,
CRISPR-2, is present in X. campestris pv. raphani (Pieretti et al.,
2012). Interestingly, many spacers of CRISPR-1 and CRISPR-2
of strain GPE PC73 are identical to IS or phage-related DNA
sequences present on the chromosome of this strain (Pieretti et al.,
2012).

Specific Genes Linked to a Xylem-Invading
Lifestyle

Although determinants for host- or tissue-specificity of X. albilin-
eans remain unclear, the presence in its genome of genes encoding
cell-wall-degrading enzymes (CWDEs) with specific features is
probably important for its ability to spread in xylem and for
pathogenicity. Indeed, all CWDEs from X. albilineans harbor a
cellulose-binding domain (CBD) and a long linker region both
adapted to the utilization of cell-wall breakdown products as
carbon source and to the ability to spread in sugarcane xylem
vessels (Pieretti et al., 2012). These enzymes may also be required
to disrupt pit membranes in sugarcane, thereby promoting prop-
agation of the bacteria in the plant. Interestingly, X. fastidiosa also
encodes two CWDEs containing a long linker and a CBD. It has
been shown that one of these twoCWDEs is involved in the spread
of X. fastidiosa in the xylem by increasing the pore size of pit
membranes. CWDEs are therefore considered as virulence factors
(Roper et al., 2007; Chatterjee et al., 2008; Pérez-Donoso et al.,
2010). TonB-dependent transporters (TBDTs) may be used by
X. albilineans to transport cell-wall-degrading products resulting
from the activity of CWDEs, and thus may facilitate spread of the
organism in the nutrient-poor conditions prevailing in the xylem
of sugarcane. In the genome of X. albilineans, 35 TBDT genes
have been identified, including one specific to this species and
two others that are functionally associated to pathogenicity of the
bacterium (Rott et al., 2011; Pieretti et al., 2012).

Lack of Hrp-T3SS

Most phytopathogenic bacteria rely on the type III secretion
system (T3SS) of the hypersensitive response and pathogenicity
family (Hrp1 and Hrp2, respectively). This syringe-like apparatus
allows pathogens to deliver, into their host cells, proteins (type
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III effectors) that modulate plant physiology and immunity for
the benefit of the pathogen. Interestingly, genes encoding the
injectisome and associated effectors of the Hrp-T3SS are missing
in the genome ofX. albilineans, as is also the case in the genomes of
X. sacchari strains NCPPB4393 and LMG 476 and Xanthomonas
spp. strains NCPPB1131 andNCPPB1132 (Studholme et al., 2011,
2012; Pieretti et al., 2015). Yet, an Hrp system is present in
other close neighbor species of X. albilineans, such as X. translu-
cens pv. graminis strain 29, X. translucens pv. translucens strain
DSM18974, and X. translucens strain DAR 61454 (Wichmann
et al., 2013; Gardiner et al., 2014). Although the Hrp-T3SS is
described as a crucial key component in plant–host interactions
for most Xanthomonas spp, it seems not to be essential in X.
translucens pv. graminis strain 29 for xylem colonization, even
though it is involved in symptom development (Ryan et al., 2011;
Wichmann et al., 2013). Similarly, despite being devoid of anyHrp
T3SS, X. albilineans displays pathogenicity and is able to cause
serious damage to sugarcane.

Acquisition of a SPI-1 T3SS

The annotated sequence of the genome of X. albilineans strain
GPE PC73 reveals the presence of a T3SS belonging to the
Salmonella pathogenicity island-1 (SPI-1) injectisome family.
Genes encoding this system are located near the terminus of the
replication site of the chromosome and were probably acquired
by lateral gene transfer. This secretion system, found mainly in
mammals and insects bacterial pathogens or symbionts, exhibits
high similarity to that described in Burkholderia pseudomallei—a
human pathogen causing melioidosis (Stevens et al., 2002). The
SPI-1 needle-like assemblies ofX. albilineans strainGPEPC73 and
B. pseudomallei strain K96243 are homologous. Both species share
all but two genes—orgA and orgB, encoding putative oxygen-
regulated invasion proteins involved in type three secretion that
are not conserved in B. pseudomallei. The genome composi-
tion of the SPI-1 T3SS in X. albilineans additionally includes
genes encoding translocon components (xipB, xipC, and xipD),
injectisome components (xsaJ to xsaS and xsaV to xsaZ) and a
chaperone (xicA). Furthermore, the locus contains 15 additional
genes referred to as xapA–xapO, encoding hypothetical proteins.
These genes, which show homology neither to sequences from
B. pseudomallei nor to sequences available from protein sequence
databases, are specific to X. albilineans and their products repre-
sent good candidates to be considered as effectors for this SPI-1
T3SS (Marguerettaz et al., 2011). Interestingly, this SPI-1 T3SS is
conserved in Xanthomonas axonopodis pv. phaseoli strains CFBP
2534, CFBP 6164 and CFBP 6982, which moreover possess a
second T3SS belonging to the Hrp2 family (Alavi et al., 2008;
Marguerettaz et al., 2011). Pathogenicity of X. albilineans strains
seems not to be linked to the presence of the SPI-1 T3SS in
their genome; besides, no SPI-1 T3SS locus has been identified
in strain PNG130 of X. albilineans even though it is able to
spread in sugarcane. Functional analyses showed that, in planta,
multiplication of a SPI-1 T3SS knockout mutant of X. albilineans
was not impaired when compared to the wild-type, indicating
that the SPI-1 T3SS is not required for spread in sugarcane
vessels or for development of leaf scald symptoms. The role of

the SPI-1 T3SS of X. albilineans remains unclear, although it
has been conserved during its evolution in X. albilineans with-
out frame-shifting indels or nonsense mutations (Marguerettaz
et al., 2011). It remains possible, in conditions other than those
tested with our knockout mutant, that the SPI-1 T3SS system
may be required for interaction with sugarcane, as in the case of
SPI-1 of Salmonella, which is involved in interactions with Ara-
bidopsis thaliana (Schikora et al., 2011). The SPI-1 T3SS system
may also be associated with other aspects of the X. albilineans
lifestyle, e.g., an involvement in adherence as reported for Erwinia
tasmaniensis (Kube et al., 2008) or in formation of pellicle or
biofilm-like structures (Jennings et al., 2012), which could be
related to epiphytic survival on sugarcane leaves. Although no
insect vector has been identified for X. albilineans to date, we
cannot rule out that the SPI-1 T3SS could be involved in insect
association or might mediate persistence of the bacterium in an
insect vector as was shown for Pantoea stewartii (Correa et al.,
2012).

Lack of T6SS and the Xanthan Gum Gene
Cluster

Xanthomonas albilineans lacks two other major pathogenicity
factors that are common features of most xanthomonads. First,
it lacks the gum gene cluster for extracellular polysaccharide
(EPS) synthesis. This gene cluster is responsible for biofilm and
xanthan gum formation, and is associated with pathogenesis in
xanthomonads (Katzen et al., 1998; Kim et al., 2009; Galván et al.,
2012). Exceptions are X. fragariae, which lacks the gumN, gumO
and gumP genes, and X. albilineans, which lacks the complete set
of gum genes, indicating those are not essential for virulence of
both these pathogens (Pieretti et al., 2012; Vandroemme et al.,
2013).

Xanthomonas albilineans is also devoid of any type VI secre-
tion system (T6SS) described in other xanthomonads, as for
example in Xanthomonas fuscans pv. fuscans strain 4834-R and
Xanthomonas citri subsp. citri strain 306, which each contain a
single T6SS (Potnis et al., 2011; Darrasse et al., 2013) orX. translu-
cens strain DAR61454, which encodes two distinct T6SS (Gar-
diner et al., 2014). Structurally, the T6SS looks like an inverted
bacteriophage. Functionally, this system is able to interact with
both eukaryotic and prokaryotic cells by delivering effectors or
toxins into host cells to subvert the signaling process to its own
advantage, but also into other bacteria from the same habitat to
outcompete them during infection (Filloux, 2013; Russell et al.,
2014). Despite its multifunctional roles during host–pathogen
interactions, the lack of T6SS in Xanthomonas campestris pv.
campestris strain 8004, Xanthomonas gardneri strain 101, and
X. albilineans seems to have no effect on pathogenesis of these
xanthomonads.

Albicidin and Other Non-Ribosomally
Synthesized Peptides

A unique feature of X. albilineans is the production of albi-
cidin—a phytotoxin causing the white foliar stripe symptoms
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FIGURE 1 | Xanthomonas albilineans produces the phytotoxin
albicidin—a potent gyrase inhibitor that blocks chloroplast
differentiation, resulting in sugarcane leaf scald disease
symptoms. (A) Structure of albicidin, a hybrid PKS/NRPS compound

with unique composition including p-aminobenzoic acid and
cyanoalanine. (B) Diseased sugarcane plant with characteristic leaf scald
symptoms: white foliar bleaching and necrosis of infected leaves
(© J. H. Daugrois/Cirad).

characteristic of leaf scald disease of sugarcane (Birch and Patil,
1985). Albicidin is a potent DNA gyrase inhibitor that blocks the
differentiation of chloroplasts (Figure 1). It also targets bacterial
gyrase by a mechanism different from that of other DNA gyrase
inhibitors like coumarins and quinolones (Hashimi et al., 2007).
This mode of action accounts for the potent antibacterial activity
of albicidin, which inhibits the growth of Gram-positive and
Gram-negative pathogenic bacteria at nanomolar concentrations
(Birch and Patil, 1985). Albicidin gives a competitive advantage
to X. albilineans against other bacteria within the xylem vessels
of sugarcane (Magnani et al., 2013). Interestingly, two sugarcane-
living bacteria harbor an albicidin resistance gene: Leifsonia xyli
(Monteiro-Vitorello et al., 2004) and Pantoea dispersa (Zhang and
Birch, 1997).

Albicidin is produced by a hybrid polyketide synthase
(PKS)/non-ribosomal peptide synthetase (NRPS) enzyme com-
plex. PKS andNRPS genes are often clustered together with a large
set of regulatory, transport or modification (tailoring) genes, as
well as genes involved in the biosynthesis of non-proteinogenic
amino acids. In addition to a phosphopantetheinyl transferase
required for activation of the PKS/NRPS system and a HtpG
chaperone, the role of which remains unclear, a locus (alb cluster)
containing 20 genes is required for albicidin biosynthesis. Among
these 20 genes, 3 encode the PKS/NRPS system; 15 others act
as transport, regulatory, modification or resistance genes (Royer
et al., 2004).

Non-ribosomal peptide synthetases are multimodular mega-
synthetases used by bacteria and fungi to produce peptides in a

ribosome-independent manner (Strieker et al., 2010). Each mod-
ule governs the specific incorporation of an amino acid substrate
based on signature sequences in the adenylation (A) domains
(Stachelhaus and Marahiel, 1995), which are loaded onto pep-
tidyl carrier protein (PCP) domains. Elongation of the peptide
is mediated by condensation (C) domains present within each
module. PKSs function according to the principles of fatty acid
biosynthesis (Weissman and Leadlay, 2005).

For decades, the structure elucidation of albicidin was impeded
by its extremely low production yield by X. albilineans. A first
step to overcome this bottleneck was achieved by transferring the
biosynthetic genes into a heterologous host, namelyX. axonopodis
pv. vesicatoria, resulting in a significant increase in albicidin
production (Vivien et al., 2007). Extensive HPLC purification of
albicidin and thorough analysis of the purified compound by
means of mass spectrometry and nuclear magnetic resonance
spectroscopy then allowed us to unravel its unique structure
(Figure 1). Albicidin proved to be a linear pentapeptide composed
of cyanoalanine and p-amino benzoic acidsN-terminally linked to
a p-coumaric acid derivative (Cociancich et al., 2015). Although
over 500 different monomers (amino acid substrates) have been
identified to date as being incorporated by NRPS systems, eluci-
dation of the structure of albicidin revealed for the first time the
incorporation by NRPSs of cyanoalanine and p-amino benzoic
acids.Moreover, the incorporation of p-amino benzoic acids is the
first example of incorporation of a δ-aminoacid by NRPSs, since
all NRPSs described to date incorporate only α or β aminoacids.
The use of unusual amino acid substrates is linked to unique

Frontiers in Plant Science | www.frontiersin.org April 2015 | Volume 6 | Article 289 30|

http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive


Pieretti et al. Specific features of Xanthomonas albilineans

features that were identified in silico 10 years ago within the
albicidinNRPSmodules sequence (Royer et al., 2004). The forma-
tion and incorporation of cyanoalanine most likely occurs in situ
through an additional module present in the PKS-NRPS assembly
line that was investigated in one of our present studies (Cociancich
et al., 2015).

Chemical synthesis of albicidin is now available, allowing both
production of high quantities of the compound for further study
of its mode of action and activity spectrum, and the synthesis of
analogs (Kretz et al., 2015). The uniqueness of its structure and the
specific mode of action of this compound make albicidin a strong
lead structure for antibiotic development.

Data mining of the genome of X. albilineans strain GPE PC73
has led to the identification, in addition to the albicidin biosyn-
thesis locus, of five other NRPS loci (Pieretti et al., 2012; Royer
et al., 2013). The first, named Meta-B, encodes megasynthases
performing peptidic elongation of a 16-amino acid lipopeptide.
This locus also encodes a transcription regulator belonging to the
AraC family, a cyclic peptide transporter, and enzymes involved
in biosynthesis of the non-proteinogenic amino acids di-amino
butyric acid and dihydroxyphenylglycine. Interestingly, the NRPS
locus Meta-B has been identified in the genome of strains of
three otherXanthomonas species, namelyXanthomonas oryzae pv.
oryzae strains BAI3 and X11-5A, X. translucens strain DAR61454
and Xanthomonas spp. strain XaS3 (Royer et al., 2013). Despite
a similar organization of the genes within these loci, the in silico
prediction of the sequences of the peptides produced indicates that
each strain produces a different lipopeptide.

Two other NRPS gene clusters, Meta-A and Meta-C, have been
identified in the genome of X. albilineans strain GPE PC73. They
encode megasynthases that perform the biosynthesis of peptides
of 12 and 7 amino acids, respectively. A partial sequence has been
predicted for each of these peptides (Royer et al., 2013).

Finally, two short NRPS genes have also been identified on
the chromosome of X. albilineans: they both encode only one
NRPS module. Interestingly, there is an overlap between both
these genes and a gene encoding a glycosyltransferase. It has been

hypothesized that these genes encode glycosylated amino acids, to
which, however, no precise function could yet be attributed (Royer
et al., 2013).

Conclusion

Although most xanthomonads require pathogenicity factors such
as gum genes, T3SS Hrp and T6SS for survival, growth and spread
within host plants,X. albilineans lacks these pathogenicity factors,
de facto reducing its artillery to circumvent sugarcane defense
mechanisms and innate immunity. While being “disarmed” could
be disadvantageous for a vascular plant pathogen, X. albilineans
remains able to invade and spread in sugarcane, suggesting that
it uses other strategies, such as stealth, i.e., being unobtrusive
in planta, to minimize inducible host defense responses. On the
other hand, the reduced genome of X. albilineans has specific
features that may be involved in the adaptation of the bacterium
to live and spread in sugarcane xylem vessels. For example, spe-
cific CWDEs and TBDTs appear to be optimized for life in the
nutrient-poor sugarcane xylem environment. The uniqueness of
X. albilineans resides also in the production of the phytotoxin
and antibiotic albicidin. The recently unraveled structure and
concomitant development of a chemical synthesis protocol for
this compound leads to additional prospects for its use in the
antibiotherapy field. According to the specificities deriving from
the biological, biochemical, phylogenetic and genomic analyses
described in this review, one can truly say that X. albilineans is
quite unique amongst the genus Xanthomonas.
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Common bacterial blight is a devastating seed-borne disease of common beans that

also occurs on other legume species including lablab and Lima beans. We sequenced

and analyzed the genomes of 26 strains of Xanthomonas axonopodis pv. phaseoli and

X. fuscans subsp. fuscans, the causative agents of this disease, collected over four

decades and six continents. This revealed considerable genetic variation within both

taxa, encompassing both single-nucleotide variants and differences in gene content, that

could be exploited for tracking pathogen spread. The bacterial strain from Lima bean fell

within the previously described Genetic Lineage 1, along with the pathovar type strain

(NCPPB 3035). The strains from lablab represent a new, previously unknown genetic

lineage closely related to strains of X. axonopodis pv. glycines. Finally, we identified more

than 100 genes that appear to have been recently acquired by Xanthomonas axonopodis

pv. phaseoli from X. fuscans subsp. fuscans.

Keywords: beans, Phaseolus vulgaris, Phaseolus lunatus, Lablab purpureus, Dolichos lablab, Xanthomonas

fuscans, Xanthomonas axonopodis

Introduction

Common bacterial blight (CBB) is a devastating, widespread and seed-borne disease of common
beans (Phaseolus vulgaris). The bacteria that cause CBB are genetically diverse (Gilbertson
et al., 1991; Alavi et al., 2008; Parkinson et al., 2009; Fourie and Herselman, 2011) and include
fuscous strains, which produce a brown pigment on tyrosine-containing medium, and non-
fuscous strains. Currently, the non-fuscous strains are classified as Xanthomonas axonopodis pv.
phaseoli (Xap) while the fuscous strains are classified into a different species as X. fuscans subsp.
fuscans (Xff ) (Schaad et al., 2005; Bull et al., 2012), though some authors consider the species
X. fuscans to be a subclade within X. axonopodis (Rodriguez-R et al., 2012; Mhedbi-Hajri et al.,
2013).

The main host of Xap and Xff is common bean (Phaseolus vulgaris) but they have also been
isolated from the closely related Lima bean (Phaseolus lunatus) and lablab bean (Lablab purpureus,
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formerly Dolichos lablab) as well as several other legumes,
including Vigna species (Bradbury, 1986). Lablab bean is a
drought-resistant legume that stays green during the dry season
and is used to improve soil and to feed livestock (Schaaffhausen,
1963). Lablab bean has been reported to be the main leguminous
fodder crop used in Sudan around Khartoum, where it is
known as hyacinth bean, bonavist bean or, in Arabic, lubia
afin (Schaaffhausen, 1963). It is also grown in Sudan as a
pulse legume (Mahdi and Atabani, 1992). Infection by Xap has
been observed when lablab was sown during the rainy months
(Tarr, 1958). It is not currently clear whether a single bacterial
population moves frequently between host species or to what
extent CBB agents colonizing different plant species represent
distinct and genetically isolated populations or distinct taxa.
For example, do the strains from Lima bean and lablab bean
belong to the same genetic lineages as do strains from common
bean?

A key determinant of pathogenicity in Xanthomonas species
is the Hrp type-three secretion system (T3SS), which functions
as a molecular syringe that secretes and translocates a number
of bacterial effector proteins into the cytoplasm of the host cell,
thereby modifying the host defenses to the advantage of the
pathogen (Alfano and Collmer, 1997, 2004; Galán and Collmer,
1999; Grant et al., 2006; Kay and Bonas, 2009). Host ranges
of X. axonopodis are significantly associated with the bacteria’s
repertoires of effectors and phylogenetically distinct strains’
convergence on a common host plant might be at least partially
explained by shared effectors (Hajri et al., 2009). The particular
set of effectors expressed by a pathogen has some practical
implications; many plant resistance genes trigger host defenses
in response to detection of specific pathogen effectors. Effectors
may act as virulence factors, enabling the pathogen to overcome
host defenses. Therefore, rational deployment of available genetic
resistance depends on knowledge of which effectors are likely to
be present in a pathogen population. For example, it might be
prudent to deploy resistance genes that recognize core effectors
that are present in all strains of the pathogen that the plant will
encounter rather than against rarely occurring effectors; this was
the rationale for a recent study of the genome sequences of 65
strains of Xanthomonas axonopodis pv. manihotis (Bart et al.,
2012).

CBB is currently a serious challenge to bean production
in many African countries. In order to make optimal and
rational use of limited available resources to contain and manage
the impacts of this disease, it is important to understand the
spread pathways of the Xap and Xff pathogens over both
long and short geographical distances. Studies of spread rely
on molecular markers that can be used to link strains from
different times and locations based on their sharing similar
genotypes.

According to multi-locus sequence analysis (MLSA), strains
from Phaseolus species each fell into one of four genetic
lineages (GL): GL 1, GL 2, GL 3, and GL fuscans (Mhedbi-
Hajri et al., 2013) that corresponded to genetic lineages
previously determined on the basis of amplified fragment length
polymorphism (AFLP) (Alavi et al., 2008). The MLSA-based
genetic lineages are consistent with an earlier classification of

X. axonopodis strains into “genetic groups” based on conserved
repetitive sequences BOX, enterobacterial repetitive intergenic
consensus (ERIC), and repetitive extragenic palindromic (REP)
(rep-PCR) (Rademaker et al., 2005), though the MLSA-based
classification provides higher resolution. Rademaker’s genetic
group 9.4 includes GL 1, while genetic group 9.6 includes both GL
2 and GL 3 and GL fuscans (Mhedbi-Hajri et al., 2013), implying
that GL 2 and GL 3 are more closely related to GL fuscans than to
GL 1.

Whole-genome sequencing is relatively cheap, easy and quick
and readily discovers genetic variation that can be utilized as
neutral molecular markers to track specific genotypes (Vinatzer
et al., 2014; Goss, 2015). It can also reveal biologically interesting
variation and the incidence and distribution of avirulence
factors (e.g., T3SS effectors) across the pathogen population
allowing for rational deployment of genetic resistance in host
crop plants, as was recently proposed for cassava and its
pathogen X. axonopodis pv. manihotis (Bart et al., 2012). Other
authors have pointed out that deployment of resistance without
an awareness of pathogenic variation within the pathogen
population could result in costly failure (Taylor et al., 1996;
Fourie and Herselman, 2011). At the time of writing (July 2015)
sequence assemblies are publicly available for 379 Xanthomonas
genomes. No genome sequences were currently available for
Xap, but two Xff genome sequences have been published: a
finished genome for strain 4834-R (Darrasse et al., 2013b)
and a draft assembly for strain 4844 (Indiana et al., 2014).
A previous review (Ryan et al., 2011) presented some of
the insights into Xanthomonas biology revealed by genome
sequencing.

In the current study, we aimed to exploit whole-genome
sequencing to catalog genetic diversity of CBB pathogens within
each of theMLSA-based genetic lineages from common bean and
strains from lablab and Lima beans. We also hypothesized that
there might be some genetic features that are shared between
phylogenetically distant lineages of CBB pathogens that reflect
genetic exchange or adaptation to a common host. Therefore,
we sequenced and bioinformatically analyzed the genomes of 26
strains deposited in the strain collections as Xap or Xff spanning
six continents and more than four decades.

The specific objectives of this study were:

• To determine the phylogenomic relationships between Xap
and Xff bacterial strains from different host species: common,
lablab and Lima beans.

• To identify genetic variation within Xap or within Xff. These
sequence variations could be exploited as molecular markers
for use in epidemiological and phylogeographic studies.

• To determine patterns of conservation and variation in the
complement of T3SS effectors between and within Xap and
Xff. This knowledge can inform future rational deployment of
disease resistance genes in beans.

• To identify genes or alleles that have been recently transmitted
between phylogenetically divergent CBB bacteria.

• Identify candidate genetic determinants of the fuscous
genotype, i.e., production of the brown pigment on tyrosine-
containing medium.
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Materials and Methods

Genome Sequencing
Genomic DNA was prepared from overnight liquid cultures
of bacteria revived from the NCPPB grown on Yeast
extract-Dextrose-Calcium Carbonate solid medium (i.e., agar
plates) for 2 days at 28◦C. DNA extraction was performed using
the QIAamp DNAMini kit (Qiagen, Hilden, Germany) applying
proteinase K incubation for 30min. We used the Nextera XT
kit (Illumina, San Diego, USA) for library preparation following
manufacturer’s instructions. Purification was carried after
tagmentation using AMPure XP beads (Beckman Coulter, High
Wycombe, UK) prior to pooling. The 15pM library was then
sequenced on an Illumina MiSeq using reagent kit chemistry v3
with 600 cycles.

Bioinformatics

Quality Control on Genomic Sequence Data
The quality of sequence data was checked using FastQC
(Andrews)1 Poor-quality and adaptor-containing reads were
filtered and trimmed using FastQ-MCF (Aronesty, 2011).

Alignment of Sequence Reads vs. a Reference

Genome Sequence
For alignment of genomic sequence reads against reference
genome sequences of Xff 4834-R (Darrasse et al., 2013b) and X.
axonopodis pv. citri 306 (Da Silva et al., 2002), we used BWA-
MEM (Li, 2014). Resulting alignments were visualized using IGV
(Thorvaldsdóttir et al., 2013).

Phylogenetic Analysis and Calling Single-nucleotide

Variations
Phylogenetic analysis of the multi-locus sequence data was
conducted in MEGA6 (Tamura et al., 2013). Multiple sequence
alignments were performed using Muscle (Edgar, 2004).
Evolutionary history was inferred using the maximum likelihood
method based on the general time reversible model (Nei and
Kumar, 2000). Initial tree(s) for the heuristic search were
obtained by applying the Neighbor-Joining method to a matrix
of pairwise distances estimated using the maximum composite
likelihood (MCL) approach.

For phylogenetic analysis of whole-genome assemblies, we
used the Parsnp program from the Harvest suite (Treangen
et al., 2014). Phylogenetic trees generated from Parsnp in Newick
format were imported into MEGA6 for preparation of the
final figures. Parsnp uses FastTree2 to generate approximately
maximum likelihood trees (Price et al., 2010). Distributions
of single-nucleotide variations, calculated by Parsnp, were
visualized using Gingr from the Harvest suite.

To check the reliability of the SNPs called by Parsnp, we
further checked them using our previously described method
(Mazzaglia et al., 2012; Wasukira et al., 2012; Clarke et al., 2015).
For this method, we aligned the sequence reads against the
reference genome sequence using BWA-mem version 0.7.5a-r405

1Andrews, S. FastQC A Quality Control tool for High Throughput Sequence
Data. Available online at: http://www.bioinformatics.babraham.ac.uk/projects/
fastqc/ [Accessed May 13, 2015].

(Li, 2013, 2014) with default parameter values and excluding any
reads that did not map uniquely to a single site on the reference
genome. From the resulting alignments, we generated pileup
files using SAMtools version 0.1.19-96b5f2294a (Li et al., 2009).
We then parsed the pileup-formatted alignments to examine
the polymorphism status of each single-nucleotide site in the
entire Xff 4834-R reference genome. For each single-nucleotide
site we categorized it as either ambiguous or unambiguous. A
site was considered to be un- ambiguous only if there was at
least 5× coverage by genomic sequence reads from each and
every bacterial strain and only if for each and every bacterial
strain, at least 95% of the aligned reads were in agreement.
Any sites that did not satisfy these criteria were considered to
be ambiguous and excluded from further analysis. Over the
remaining unambiguous sites, we could be very confident in the
genotype for all the sequenced strains.

De Novo Assembly
Prior to assembly, we combined overlapping reads using FLASH
(Magoč and Salzberg, 2011). Genomes were assembled using
SPAdes version 3.5.0 (Bankevich et al., 2012) with read error
correction and with the “- - careful” switch. We assessed the
quality of the assemblies and generated summary statistics using
Quast (Gurevich et al., 2013) and REAPR (Hunt et al., 2013).

Automated Annotation of Genome Assemblies
Genome assemblies were annotated via the Prokaryotic Genomes
Automatic Annotation Pipeline (PGAAP) at the NCBI.

Comparison of Gene Content
To determine the presence or absence of genes in the newly
sequenced genomes, we used alignment of genomic sequence
reads against a reference pan-genome rather than comparison
between genome assemblies. The reference pan-genome
consisted of a set of gene sequences, each being a sole
representative of a cluster of orthologous genes from all
Xanthomonas genomes whose sequences were currently
available; clustering of orthologous gene sequences was
performed using UCLUST (Edgar, 2010). The reason for taking
this approach (i.e., alignment of raw reads rather than alignment
of assemblies) was to avoid potential errors arising from gaps in
the genome assemblies. We aligned sequence reads against the
reference genome sequence using BWA-MEM (Li and Durbin,
2009; Li, 2014) and used coverageBed from the BEDtools package
(Quinlan and Hall, 2010) to determine the breadth of coverage of
each gene in the resulting alignment. These breadths of coverage
were visualized as heatmaps using the pheatmap module in R
(R Development Core Team, 2013). We also compared genome
assemblies using BRIG (Alikhan et al., 2011).

Results

Overview of Sequencing Results
We performed genomic re-sequencing on a collection of 26
Xap and Xff strains from the strain collections at NCPPB and
CIAT as summarized in Table 1. For most of the strains, we
obtained a depth of coverage of at least 40 x and thus were able
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TABLE 1 | Sequenced strains.

Strain Country and date of

isolation

Host Depth of

coverage

Clade Accession numbers

Xap NCPPB 556 (LMG 829) Sudan (Shambat) 1957 Lablab bean 15 x “Lablab” JTJF00000000 SRX1048889

Xap NCPPB 557 (LMG 830) Sudan (Wad-Medani) 1957 Lablab bean 57 x “Lablab” JWTE00000000 SRX1048890

Xap NCPPB 2064 (LMG 8015) Sudan (Wad-Medani) 1965 Lablab bean 108 x “Lablab” JSEZ00000000 SRX1048891

Xap NCPPB 1713 (LMG 8013,) Zimbabwe 1962 Lablab bean 30 x “Lablab” JWTD00000000 SRX1048892

“Xap” NCPPB 3660 Brazil 1975 Common bean 63 x “Fuscans” JSEX00000000 SRX1050058

Xff NCPPB 381* (LMG 826, CFBP 6165) Canada 1957 Common bean 40 x “Fuscans” JTKK00000000 SRX1050059

Xff CIAT X621 South Africa (Cedan) 1995 Common bean 68 x “Fuscans” JXHS00000000 SRX1050082

Xff CIAT XCP631 Colombia 2004 Unknown 33 x “Fuscans” JXLW00000000 SRX1050252

Xff NCPPB 1056* (LMG 7457) Ethiopia 1961 Common bean 44 x “Fuscans” JSEV00000000 SRX1049856

“Xap” NCPPB 1058** Ethiopia 1961 Common bean 150 x “Fuscans” JSEY00000000 SRX1049857

Xff NCPPB 1433* (LMG 8016) Hungary 1956 Common bean 51 x “Fuscans” JSBT00000000 SRX1049858

Xff NCPPB 2665* (LMG 841) Italy 1973 Common bean 70 x “Fuscans” JSBQ00000000 SRX1049859

Xff NCPPB 1654* (LMG 837) South Africa 1963 Common bean 93 x “Fuscans” JSBR00000000 SRX1049860

“Xap” NCPPB 670** (LMG 832) Uganda 1958 Common bean 32 x “Fuscans” JRRE00000000 SRX1049872

Xff NCPPB 1402* (LMG 7459) Uganda 1962 Common bean 17 x “Fuscans” JSEW00000000 SRX1049873

Xff NCPPB 1158* (LMG 7458) UK 1961 Common bean 40 x “Fuscans” JSBS00000000 SRX1049874

Xff NCPPB 1495* (LMG 8017) UK 1963 Common bean 30 x “Fuscans” JSEU00000000 SRX1049875

Xap NCPPB1646 (LMG 8011) Australia 1964 Common bean 48 x GL1 JTCT00000000 SRX1050299

Xap NCPPB 301 Canada pre-1951 Not known 50 x GL1 JTCU00000000 SRX1050300

Xap CIAT XCP123 Colombia 1974 Lima bean 30 x GL1 JXLV00000000 SRX1050292

Xap NCPPB 1420 (LMG 836) Hungary 1956 Common bean 92 x GL1 JTCV00000000 SRX1050301

Xap NCPPB 1811 (LMG 8014, CFBP 6164) Romania 1966 Common bean 54 x GL1 JWTF00000000 SRX1050302

Xap NCPPB 1680 (LMG 8012) Tanzania 1964 Common bean 66 x GL1 JWTG00000000 SRX1050303

Xap NCPPB 3035 (T) (LMG 7455, CFBP 6546) USA pre-1978 Common bean 27 x GL1 JSFA00000000 SRX1050305

Xap NCPPB 220 (NCTC 4331) USA pre-1948 Not known 62 x GL1 JWTH00000000 SRX1050306

Xap NCPPB 1138 (LMG 834) Zambia 1961 Common bean 45 x GL1 JWTI00000000 SRX1050323

“Xap” NCPPB 1128 Jamaica 1961 Common bean 80 x Unknown

Xanthomonas

species

LFME00000000.1 SRX1090401

All strains had been deposited as Xap, except for those marked with an asterisk (*), which had been deposited as “X. axonopodis pv. phaseoli variant fuscans.” Strains marked with

two asterisks (**) were deposited as Xap but are reported to produce brown pigment, according to the accession cards that were submitted along with the strains into the NCPPB.

Depth of coverage was estimated from alignments of raw sequence reads against the reference genome of X. axonopodis pv. citri 306 (Da Silva et al., 2002) using BWA-MEM (Li and

Durbin, 2009; Li, 2014). GenBank accession numbers are given for the genome assemblies and SRA accession numbers are given for the raw sequence reads. Accession numbers are

given for synonymous strains from the Belgian Coordinated Collections of Micro-Organisms (LMG), the Collection Française de Bactéries associées aux Plantes (CFBP) and National

Collection of Type Cultures (NCTC).

to generate de novo genome assemblies. However, for seven of
the genomes, there was less than 40 x coverage. We investigated
the relationship between coverage depth and assembly quality by
assembling subsets of the sequence reads from NCPPB 1058. We
found that contig N50 length peaked at around 40 x coverage,
with further increases in depth yielding little or no increase in
contig lengths.

Figure 1 shows an overview of the de novo assemblies of
each sequenced Xap and Xff genome aligned against that of
the X. axonopodis pv. citri 306 (Da Silva et al., 2002). See also
the Supplementary Figures for genome-wide alignments of the
assemblies using Mauve (Darling et al., 2004). Note that the 26
Xap and Xff genomes were assembled de novo, using SPAdes
(Bankevich et al., 2012), without use of a reference sequence.

The contiguities of the assemblies were comparable to those of
previously sequenced Xanthomonas genomes. This is illustrated

by the distribution of N50 contig lengths, which ranged from 39.4
to 123.6 kb. The range for a recent study of 65 X. axonopodis pv.
manihotis was 7.4–111.0 kb (Bart et al., 2012). A full summary of
assembly statistics, calculated using Quast (Gurevich et al., 2013),
is provided in the Supplementary Table S1.

Contiguity of an assembly does not necessarily correlate with
accuracy. Therefore, in addition to the Quast analysis of assembly
contiguity, we also assessed the accuracies of the assemblies using
REAPR (Hunt et al., 2013). This method is based on aligning to
the assembly the sequence reads from which it was generated.
This allows detection of anomalies in coverage of the assembly by
reads and flags two classes of potential errors: fragment coverage
distribution (FCD) errors and low fragment coverage errors. We
compared the frequencies of these two classes of potential error
for each of our genome assemblies and also for each of the
65 previously published X. axonopodis pv. manihotis assemblies
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FIGURE 1 | Overview of genomic conservation among Xap and Xff. The newly sequenced genome sequences and those of previously sequenced Xff strains

4834-R (Darrasse et al., 2013b) and CFBP 4884 (Indiana et al., 2014) were aligned against the Xac 306 chromosome reference sequence (Da Silva et al., 2002) using

BLASTN with an E-value threshold of 1× 10−6. The alignments are visualized using BLAST Ring Image Generator (BRIG) (Alikhan et al., 2011). The innermost ring

indicates the position on the reference chromosome. Positions covered by BLASTN alignments are indicated with a solid color; whitespace gaps represent genomic

regions not covered by the BLASTN alignments. For clarity, the three genetic lineages (GL 1, lablab-associated strains and GL fuscans) are separated by repetitions of

the plot of G+C content. The black circle indicates the previously reported (Darrasse et al., 2013b) absence of the flagellar gene cluster in Xff 4834-R. The solid-lined

black circles indicate strain-specific genomic deletions observed in the present study.

(Bart et al., 2012); see Supplementary Figure S1. The genome
assemblies generated in the present study were of comparable
quality to those from the previously published study. However,
there is a general trend toward our genome assemblies having
more “low fragment coverage” errors and fewer “FCD” errors.

To ascertain the phylogenetic positions of each sequenced
strain, we initially used a multi-locus sequence analysis (MLSA)
approach, using concatenated sequences from six genes that
had been used in previous MLSA studies (Young et al., 2008;
Almeida et al., 2010; Hajri et al., 2012; Hamza et al., 2012). This
approach had the advantage that we could include in the analysis
many Xap strains and other xanthomonads whose genomes had
not been sequenced but for which MLSA data were available.
Nucleotide sequences are available for these six genes from a large
number of xanthomonads, either from whole-genome sequence
assemblies or from the MLSA studies. We combined the publicly
available sequences with homologous sequences extracted from
the genomes newly sequenced for this study. The results of the
MLSA revealed that the newly sequenced Xap and Xff genomes
each fell into one of three distinct clades: GL 1, GL fuscans

and a previously undescribed lineage associated with lablab bean
(Figure 2).

The newly sequenced strains from lablab bean comprised a
third clade, quite distinct from both Xap GL1 and from GL
fuscans and indeed all previously described lineages of bean
pathogens. The lablab-associated strains are closely related to
members of Rademaker’s genetic group 9.5, along with strains of
pathovars bilvae, citri, malvacearum, and mangiferaeindicae that
are pathogens of diverse plants including Bengal quince, Citrus
spp., cotton andmango respectively (Bradbury, 1986; Rademaker
et al., 2005). Also falling within this MLSA-based clade are strains
of X. axonopodis pv. glycines, causative agent of bacterial pustule
in soybean (Jones, 1987).

Genome-wide SNP Analysis Elucidates

Phylogeny at Greater Resolution
Based on six-gene MLSA alone, strains could be ascribed
to one of the three genetic lineages (GL 1, GL fuscans,
and GL lablab). However, genome-wide sequence comparisons
provided additional resolution and revealed distinct clades
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FIGURE 2 | Multi-locus sequence analysis to determine the phylogenetic positions of the sequenced strains within the species X. axonopodis and X.

fuscans. The phylogenetic tree is based on alignment of six concatenated gene sequences (atpD, dnaK, efp, fyuA, glnA, and gyrB). The sequences for NCPPB 220,

301, 1138, 1420, 1646, 1680, 1811, 3035, and CIAT XCP123 were identical to those of CFBP 412, 6164, 6546, 6982, 6983, 6984, and 6985, which are classified as

belonging to “pv. phaseoli GL1” (Alavi et al., 2008; Mhedbi-Hajri et al., 2013) and genetic group 9.4 (Rademaker et al., 2005). The sequences for NCPPB 381, 670,

1056, 1058, 1158, 1402, 1433, 1495, 1654, 2665, 3660, and CIAT X621 were identical to those of CFBP 1845, and 4834-R, which are classified as “pv. phaseoli GL

fuscans” (Alavi et al., 2008; Mhedbi-Hajri et al., 2013) and genetic group 9.6 (Rademaker et al., 2005). The evolutionary history was inferred by using the Maximum

Likelihood method based on the General Time Reversible model (Nei and Kumar, 2000). The tree with the highest log likelihood (−17100.2449) is shown. The

percentage of trees in which the associated taxa clustered together is shown next to the branches. Initial tree (s) for the heuristic search were obtained by applying the

Neighbor-Joining method to a matrix of pairwise distances estimated using the Maximum Composite Likelihood (MCL) approach. The tree is drawn to scale, with

branch lengths measured in the number of substitutions per site. The analysis involved 284 nucleotide sequences. All positions containing gaps and missing data

were eliminated. There were a total of 2697 positions in the final dataset. Evolutionary analyses were conducted in MEGA6 (Tamura et al., 2013).

(or sub-lineages) within each lineage. Figure 3A illustrates
the distribution of single-nucleotide variations across the
reference sequence of the chromosome of Xff 4834-R for 160
publicly available related genome sequences. Figure 3B shows a
phylogenetic reconstruction of those 160 genomes based on those
variants. Consistent with theMLSA results, the strains sequenced
in the present study similarly fell into three clades.

Within the fuscans lineage, the genome-wide comparison
revealed at least three distinct sub-lineages, depicted in Figure 4

in red, blue and green respectively. Each of these three lineages
includes strains from diverse geographical locations and years.
For example, one sub-lineage includes strains from France
(1998), Hungary (1956), Italy (1963), South Africa (1963) and
the UK (1962). This suggests that this sub-lineage has been
circulating in Europe for nearly six decades and has spread
between Europe and South Africa at least once, perhaps indirectly
via another locality. This pattern is consistent with spread of the
pathogen via global trade of seeds.

The genome-wide sequence analysis also reveals that
multiple genetic lineages may be present within a single
geographical area. For example, NCPPB 1056 and NCPPB
1058 were both isolated in the same country and the same
year (Ethiopia, 1961) and fall into two distinct sub-lineages
(Figure 4).

Similar, intra-lineage variation can be observed for strains
within the lablab-associated strains (Figure 5) and GL 1
(Figure 6). Among lablab-associated strains, those collected in
Sudan between 1957 and 1965 cluster together and are distinct
from NCPPB 1713, which originates from Zimbabwe in 1962.
Within GL 1, there are two multi-strain sub-lineages, which
are indicated in blue and green in Figure 5. The former
sub-lineage spans Australia, Canada, and Tanzania. The latter
sub-lineage includes strains from Hungary, Romania, and the
USA. Strain NCPPB 1138 (from Zambia, 1961) is distinct
from both of these. The single GL 1 strain from Lima bean
(CIAT XCP123, Colombia, 1974) is distinct from all of the
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FIGURE 3 | Genome-wide identification of single-nucleotide variations. Panel (A) shows a density plot of single-nucleotide variations paired with a

phylogenetic tree, both generated using Harvest (Treangen et al., 2014) with the chromosome of Xff 4834-R (Darrasse et al., 2013b) as the reference sequence. Panel

(B) shows the same phylogenetic tree as in Panel (A) but with taxon labels and some clades collapsed for clarity. In addition to the 26 newly sequenced genomes, all

134 publicly available genome assemblies from X. axonopodis, X. fuscans, X. citri, and X. euvesicatoria were included.

strains from common bean (Figure 5); however, based on
MLSA alone, it is indistinguishable from the other GL 1
strains.

Across the 4,981,995-bp chromosome sequence ofXff 4834-R,
Harvest identified a total of 135,321 SNPs. This number includes
all single-nucleotide sites that show variation between any of
the 160 genome assemblies included in the analysis. A subset of
61,462 of those SNPs showed polymorphism among the 26 Xap
and Xff genomes sequenced in the present study. The Harvest

SNP calling takes as its input assembled genome sequences. Thus,
substitution errors in the assemblies then could appear as false
positives. Gaps in the assemblies are unlikely to generate false-
positive SNP calls as Harvest only considers the core genome, i.e.,
those regions of the genome that are present in all of the genome
assemblies and discards genomic regions present in only a subset
of the assemblies. To assess the reliability of theHarvest SNP calls,
we compared the results with a read-basedmethod of SNP calling
that we have used previously (Mazzaglia et al., 2012; Wasukira
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FIGURE 4 | Single-nucleotide variation within fuscans genetic lineage. A density plot of single-nucleotide variations is shown paired with a phylogenetic tree,

both generated using Harvest (Treangen et al., 2014) with the chromosome of Xff 4834-R (Darrasse et al., 2013b) as the reference sequence. The country and year of

isolation is indicated for each bacterial strain. Three multi-strain sub-lineages are indicated by coloring in red, blue, and green respectively. The geographical locations

of the countries of isolation are indicated on the world maps for each of the three sub-lineages, again colored respectively in red, blue, or green.

et al., 2012; Clarke et al., 2015). Read-based methods have the
advantage of not being reliant on assembly and they exploit the
signal from multiple independent overlapping sequence reads at
each site in the genome sequence. However, sequence reads are
not available for themajority ofXanthomonas genome sequences,
since for most studies only the assemblies and not the reads have
been deposited in the public repositories. Of the 61,462 SNPs
that Harvest called for the Xap and Xff genomes, our read-based
method confirmed 53,811 (87.5%).

It is evident from Figures 3–6 that single-nucleotide
variations occur throughout the chromosome. However, the
distribution is not uniform and there are several apparent
“hotspots” of variation. The most likely explanation for these
regions of higher-than-average sequence divergence is horizontal
acquisition of genetic material from relatively distantly related
strains. Such incongruent patterns of sequence similarity
due to horizontal transfer have been reported previously
in Xanthomonas species (Fargier et al., 2011; Hamza et al.,
2012).

Gene-content Varies between and within Each

Clade
Consistent with the indications of horizontal genetic transfer
described in the previous section, we observed significant
variations in gene presence and absence among strains within
each of the three genetic lineages (Figure 7). Within the

fuscans strains, there were 1188 clusters of orthologous genes
that were present in at least one strain and absent from
at least one other (Figure 7A). Among the lablab-associated
strains, 472 orthologous gene clusters showed presence-absence
polymorphism (Figure 7B). Among GL 1, the number was
535 (Figure 7A). Clustering of genomes according to gene
content is broadly congruent with phylogeny. Supplementary
Tables S2–S7 list genes whose presence distinguishes between
Xff, Xap GL 1 and lablab-associated strains. Additionally, the
four lablab-associated strains all contain six genes that have
no close homologs amongst other sequenced xanthomonads.
These are predicted to encode: three hypothetical proteins
(KHS05433.1, KKY05378.1, and KHS05434.1), pilus assembly
protein PilW (KHS05489.1), an oxidoreductase (KHS05432.1),
and an epimerase (KHS05485.1).

Strain-specific Large Chromosomal Deletions
A large chromosomal deletion has been previously reported in
Xff 4834-R in which a large part of the flagellar gene cluster is
absent (Darrasse et al., 2013b). This deletion is visible in Figure 1

at around position 2310 kb in the Xac 306 chromosome and
indicated by a black circle with broken line. Although, similar
deletions were reported in 5% of the strains tested (Darrasse et al.,
2013b), this flagellar gene cluster was intact in all of the genomes
sequenced in the current study as well as in the previously
sequenced Xff 4884 (Indiana et al., 2014).
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FIGURE 5 | Single-nucleotide variation among lablab-associated strains. A density plot of single-nucleotide variations is shown paired with a phylogenetic tree,

both generated using Harvest (Treangen et al., 2014) with the chromosome of NCPPB 557 as the reference sequence. The country and year of isolation is indicated

for each bacterial strain. Two sub-lineages are indicated by coloring in blue (a single strain) and red (three strains) respectively. The geographical locations of the

countries of isolation are indicated on the world maps for each of the three sub-lineages, again colored respectively in blue or red.

In addition to the strain-specific flagellar deletion, Figure 1
reveals several other large genomic deletions, examples of which
are indicated with black circles. The largest example is a 50-kb
region of the Xac 306 chromosome sequence that is absent from
the three Sudanese lablab-associated strains but present in the
Zimbabwe strain. This absence is visible in Figure 1 at between
4.82 and 4.87 Mb on the reference chromosome sequence and
indicated by a black circle. The absence of this region is supported
not only by the de novo assemblies of NCPPB 556, 557 and
2064, but also by alignment of the raw sequence reads against
the Xac 306 reference genome, eliminating the possibility that it
merely represents an assembly artifact. This region is illustrated
in Supplementary Figure S6, includes locus tags XAC4111–
XAC4147 and is predicted to encode a type-6 secretion system
(Darrasse et al., 2013b).

Other examples include a deletion of approximately 9 Kb
that is deleted in Xap NCPPB 3035, resulting in loss of its
ortholog of gene XAC RS17930 and parts of the two flanking
genes XAC_RS17925 and XAC_RS17935 at around position 4.20
Mb on the reference genome (Supplementary Figure S7). A
second example of a deletion unique to NCPPB 3035 spans
approximately 10 kb at around position 5.10 Mb (Supplementary
Figure S8). The deleted region contains genes XAC_RS21755
(predicted plasmid stabilization protein) to XAC_RS21815
(predicted transposase) and likely represents a mobile element.

Strains of Xap GL1 Encode a SPI-1-like T3SS
A previously published suppression subtractive hybridizations
study comparing bean pathogens and closely related
xanthomonads revealed the presence of genes encoding several
protein components of a T3SS similar to that of Salmonella
pathogenicity island 1 (SPI-1) in the genome of Xap CFBP 6164
(Alavi et al., 2008). This strain is synonymous with NCPPB 1811
and belongs to lineage GL 1. Subsequently, genome sequencing
revealed that X. albilineans encodes a SPI-1-like T3SS (Pieretti
et al., 2009, 2015) and targeted sequencing confirmed its presence
in two further Xap GL 1 strains: CFBP 2534 (same as NCPPB
3035) and CFBP 6982 (Marguerettaz et al., 2011).Whole-genome
sequencing in the current study indicated that this SPI-1-like
T3SS was encoded in the genomes of all GL 1 strains from
common bean and Lima bean (Figure 8) but was absent from GL
fuscans and from the lablab-associated strains. All of the putative
structural genes for the T3SS are conserved in Xap GL 1 but the
xapABCDEFGH genes, hypothesized to encode effectors that
are substrates of the T3SS in X. albilineans (Marguerettaz et al.,
2011), are not conserved in Xap.

Repertoires of Hrp T3SS Effectors
Previous genome sequencing ofXff 4834-R revealed the presence
of genes encoding 30 predicted effectors potentially secreted by
the Hrp T3SS (Darrasse et al., 2013b). We searched for orthologs
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FIGURE 6 | Single-nucleotide variation within Xap GL 1. A density plot of single-nucleotide variations is shown paired with a phylogenetic tree, both generated

using Harvest (Treangen et al., 2014) with the chromosome of NCPPB 1680 as the reference sequence. The country and year of isolation is indicated for each

bacterial strain. Two multi-strain sub-lineages are indicated by coloring in blue and red respectively. The geographical locations of the countries of isolation are

indicated on the world maps for each of the three sub-lineages, again colored respectively in blue or red.

of these and other Xanthomonas T3SS effectors in the newly
sequencedXap andXff genomes using TBLASTN (Altschul et al.,
1990) to search the genome assemblies against each protein query
sequence. The results are summarized in Figure 9. There is a
core set of 14 effectors that is encoded in all sequenced strains
of Xap and Xff : XopK, XopZ, XopR, XopV, XopE1, XopN, XopQ,
XopAK, XopA, XopL, AvrBs2, and XopX. Four of these are also
included in the core set of effectors conserved among 65 strains
of X. axonopodis pv.manihotis (Bart et al., 2012), namely XopE1,
XopL, XopN, and XopV. Several others are encoded in most but
not all of the newly sequenced genomes, for example: XopC1,
XfuTAL2, and XopJ5. Others appear to be limited to just one
of the three lineages. For example, XopF2 is limited to lineage
fuscans, XopC2 is found only in Xap GL1 and XopAI is restricted
to the lablab-associated strains.

The Molecular basis for Pigmentation
Some bacterial strains from CBB infections produce a brown
pigment when grown in tyrosine-containing medium and are
therefore described as “fuscous.” The pigment is not believed
to be directly associated with virulence (Gilbertson et al., 1991;
Fourie, 2002) but fuscous strains tend to be very virulent on
bean (Birch et al., 1997; Toth et al., 1998). The brown color
arises from oxidized homogentisic acid (2,5 dihydroxyphenyl
acetic acid), an intermediate in the tyrosine catabolic pathway

that gets secreted and oxidized in these fuscous strains (Goodwin
and Sopher, 1994). Genome sequencing of the fuscous strain
Xff 4834-R revealed a single-nucleotide deletion in hmgA, the
gene encoding homogentisate oxygenase (Darrasse et al., 2013b).
This enzyme catalyzes a step in the tyrosine degradation pathway
that converts tyrosine to fumarate and hence its inactivation
likely disrupts tyrosine degradation leading to accumulation of
homogentisate and its subsequent oxidation to form the brown
pigment. Consistent with this hypothesis, we found that the
single-nucleotide deletion was present in all of the sequenced
strains belonging to GL fuscans resulting in a predicted protein
product that is truncated, while the hmgA gene was intact
in all of the Xap GL1 and lablab-associated Xap genomes
(see Figure 10).

Recent Genetic Exchange between Xap GL 1 and

GL Fuscans
Patterns of single-nucleotide variation (Figure 3A) revealed
some regions of the genome where Xap GL 1 had many
fewer variants with respect to the Xff 4384-R reference genome
than did the closely related X. axonopodis pv. manihotis.
Closer inspection revealed numerous genes where the Xap
GL 1 strains shared an identical allele with Xff, a pattern
that is incongruent with their relatively distant phylogenetic
relationship.
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FIGURE 7 | Variation in gene content within each genetic lineage. The heatmaps essentially indicate the presence or absence of each gene in each sequenced

genome. To determine the breadth of coverage of a gene, the genomic raw sequence reads are aligned against a reference pan-genome using BWA-MEM (Li, 2013,

2014) and the breadth of coverage is calculated using coverageBed (Quinlan and Hall, 2010). A coverage of one indicates complete coverage of the gene by aligned

genomic sequence reads, indicating presence of the gene. A coverage of zero indicates that no genomic sequence reads matched the gene, indicating that it is

absent (or at least highly divergent in sequence). In each heatmap, the genomes (columns) are clustered according to gene content and the genes (rows) are clustered

according to their patterns of presence and absence across the genomes. The core genome, i.e., the subset of genes that are present in all strains, is excluded from

the heatmap. (A) Summarizes the pattern of presence and absence for 1188 genes in the fuscans lineage, (B) for 472 genes in lablab-associated strains and (C) for

535 genes in Xap GL 1. Note that each gene is the representative of a cluster of orthologous genes.

To further investigate this phenomenon, we calculated
pairwise nucleotide sequence identities for each Xap GL 1 gene
vs. its closest homolog in other lineages within X. axonopodis and
X. fuscans. The results are summarized in Figure 11. Pairwise
sequence identities between Xap GL 1 and Xff (GL fuscans)
followed a bimodal distribution with peaks at around 96% and
at 100%. The peak at 100% was not observed for identities
between Xap GL 1 and other lineages (X. axonopodis pv. glycines,
X. axonopodis pv. citri, X. axonopodis pv. manihotis, X. fuscans
subsp. Aurantifolii, and lablab-associated Xap). Table 2 lists
examples of genes with 100% identity between Xap GL 1 and
Xff. Essentially the same set of genes is affected in all of the

Xap GL 1 strains and the alleles are more similar to alleles from
pathovars citri and glycines than to manihotis. Therefore, the
most parsimonious explanation is that these alleles have been
acquired by the ancestors of Xap GL 1 from the fuscans lineage.

Genome sequencing of Xap strains from lablab bean has
revealed a previously unknown distinct lineage of Xap. This
lineage is more closely related to strains of X. axonopodis pv.
glycines that to any of the previously described genetic lineages
of Xap. The existence of a separate lablab-associated lineage on
lablab suggests that there may not be frequent movement of
CBB bacteria between this species and common bean. However,
conformation of this hypothesis will require genotyping of larger
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FIGURE 8 | The SPI-1-like T3SS in Xap GL 1. The figure shows a TBLASTN alignment of the X. albilineans chromosome (Pieretti et al., 2009) vs. the genome of

Xap NCPPB 3035 (sequenced in the present study). Sequence identity is indicated by the black-gray-white color scale.

FIGURE 9 | Repertoires of T3SS effectors. The heatmap indicates the proportion covered by aligned genomic sequence reads over each T3SS effector gene DNA

sequence. GenBank accession numbers are given on the right side. Genomic sequence reads were aligned against the effector gene sequences using BWA-MEM. A

coverage of 1.0 represents complete coverage, indicating that the gene is present in the respective genome. A coverage of 0.0 represents a complete absence of

aligned sequence reads, indicating absence of the gene from the respective genome.

numbers of strains; with the availability of these genome data it
will be straightforward to design PCR-based assays to identify
bacterial strains belonging to this newly discovered lineage.

It was previously observed that a Xap strain from common
bean (NCPPB 302) was less pathogenic on lablab than bacteria
isolated from naturally infected lablab (Sabet, 1959). The same
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FIGURE 10 | Disruption of the hmgA gene in GL fuscans. The cartoon illustrates a sequence polymorphism in the hmgA gene whereby all of the sequenced GL

fuscans strains (including previously sequenced 4834-R and CFBP4884) have a single-nucleotide deletion that results in a frame-shift and premature stop codon. All

of the Xap GL 1 and lablab-associated strains encode a full-length protein product.

FIGURE 11 | Nucleotide sequence identities of Xap GL 1 genes vs. other lineages and pathovars. Each histogram shows the frequency distribution of

sequence identity between genes from a Xap GL 1 strain (NCPPB 1680) and their closest BLASTN matches in other lineages including GL fuscans (NCPPB 1058,

1494 and 1654), lablab-associated Xap (NCPPB 2064), X. fuscans subsp. aurantifolii (ICPB 10535), X. axonopodis pv. glycines (CFBP 2526), X. axonopodis pv. citri

(306) and X. axonopodis pv. manihotis (IBSBF 1411) (Da Silva et al., 2002; Moreira et al., 2010; Bart et al., 2012; Darrasse et al., 2013a). The arrowheads indicate the

positions of the peaks at 100% sequence identity between GL 1 and GL fuscans.
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TABLE 2 | Genes in Xap GL 1 that share 100% nucleotide sequence identity with Xff (GL fuscans).

GenBank accession number and predicted product of Xap

NCPPB 1680

Xag CFBP 2526 (%) Xam IBSBF 1411 (%) Xap NCPPB2064 (%) Xfa ICPB 10535 (%)

KHS20952 glutamine amidotransferase 97.73 99.47 97.61 98.14

KHS20955 preprotein translocase 97.28 94.42 98.88 99.20

KHS21044 phospholipase 96.36 93.73 96.49 99.75

KHS21241 ATPase AAA 97.92 93.84 97.92 98.67

KHS21242 histidine kinase 96.95 93.91 98.54 99.58

KHS21578 preprotein translocase subunit SecE 98.28 95.58 98.03 99.51

KHS21579 transcription antiterminator NusG 98.03 94.97 98.03 99.82

KHS21580 50S ribosomal protein L11 98.36 97.20 98.13 100.00

KHS21581 50S ribosomal protein L1 97.71 98.14 97.56 99.28

KHS21586 30S ribosomal protein S12 99.20 98.66 98.93 100.00

KHS22189 membrane protein 94.84 93.28 0.00 99.06

KHS22203 type VI secretion protein 97.93 96.69 0.00 99.17

KHS22241 UDP-2 3-diacylglucosamine hydrolase 98.25 95.42 98.12 99.46

KHS22843 cardiolipin synthetase 94.63 94.94 94.63 99.68

KHS23016 ribose-phosphate pyrophosphokinase 98.02 97.08 98.33 99.37

KHS23018 peptidyl-tRNA hydrolase 96.98 95.21 96.98 98.80

KHS23156 heat shock protein GrpE 99.23 95.56 99.23 99.81

KHS23251 membrane protein 98.83 97.96 98.98 99.56

KHS23252 membrane protein 97.67 94.25 97.67 99.46

KHS23254 methionine ABC transporter substrate-binding 97.78 95.64 97.78 98.75

KHS23255 metal ABC transporter permease 99.14 96.09 99.14 99.86

KHS23256 methionine ABC transporter ATP-binding protein 97.12 95.13 97.02 99.21

KHS23257 membrane protein 97.43 97.70 97.54 97.66

KHS23258 nucleotide-binding protein 98.56 96.91 98.14 99.38

KHS23269 type III secretion system effector protein XopAK 94.94 88.47 94.94 97.12

KHS23489 phosphomethylpyrimidine kinase 98.15 95.67 98.15 99.88

KHS23490 membrane protein 98.51 95.23 98.06 99.85

KHS23713 S-adenosylmethionine synthetase 99.01 98.02 98.92 99.83

KHS24197 molybdopterin-guanine dinucleotide biosynthesis 97.54 94.02 97.36 99.47

KHS24815 50S ribosomal protein L6 95.07 96.94 96.02 95.83

KHS24816 30S ribosomal protein S8 98.24 99.25 98.24 98.24

KHS24818 50S ribosomal protein L5 97.97 98.52 97.97 99.26

KHS24819 50S ribosomal protein L24 100.00 99.68 100.00 100.00

KHS24820 50S ribosomal protein L14 99.73 98.91 98.91 99.46

KHS24821 30S ribosomal protein S17 99.26 98.14 98.88 99.63

KHS24822 50S ribosomal protein L29 99.46 97.84 99.46 99.46

KHS25207 histone-like nucleoid-structuring protein 98.50 96.26 97.76 99.75

KHS25209 membrane protein 96.86 95.48 96.86 98.82

KHS25211 3-methyladenine DNA glycosylase 95.97 93.71 95.65 99.19

KHS25388 EF hand domain-containing protein 98.02 93.65 98.02 98.58

KHS25405 thioredoxin 99.12 97.36 98.83 100.00

KHS25407 ABC transporter 99.42 97.67 99.42 100.00

KHS25490 cupin 96.29 93.98 96.20 98.95

KHS25537 peptide ABC transporter permease 98.81 96.57 98.81 99.60

KHS26053 RNA-binding protein 98.35 96.69 99.17 99.59

KHS26541 3-demethylubiquinone-9 3-methyltransferase 97.47 98.61 97.47 97.61

KHS26908 lytic transglycosylase 95.53 86.24 94.99 99.11

KHS26912 membrane protein 97.87 96.17 97.77 99.36

KHS26916 malto-oligosyltrehalose trehalohydrolase 97.32 93.65 96.93 99.49

KHS27359 S-(hydroxymethyl)glutathione dehydrogenase 97.92 94.94 97.83 99.82

(Continued)
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TABLE 2 | Continued

GenBank accession number and predicted product of Xap

NCPPB 1680

Xag CFBP 2526 (%) Xam IBSBF 1411 (%) Xap NCPPB2064 (%) Xfa ICPB 10535 (%)

KHS27633 Crp/Fnr family transcriptional regulator 95.80 94.35 95.66 99.47

KHS27636 ATP phosphoribosyltransferase 96.28 95.30 96.50 99.67

KHS27638 histidinol-phosphate aminotransferase 96.70 90.87 97.07 99.45

KHS27639 imidazoleglycerol-phosphate dehydratase 95.21 93.17 95.12 99.65

KHS27640 imidazole glycerol phosphate synthase 95.18 93.52 95.02 99.67

KHS28695 GntR family transcriptional regulator 97.79 97.51 97.79 99.17

KHS28696 vitamin B12 ABC transporter permease 98.20 96.41 98.38 99.28

KHS28992 NlpC-P60 family protein 94.19 91.30 94.48 97.88

KHS28993 ErfK/YbiS/YcfS/YnhG family protein 96.65 91.75 96.13 99.48

KHS29058 membrane protein 98.59 95.07 97.54 100.00

KHS29941 CDP-diacylglycerol–serine 99.22 97.02 98.97 99.74

KKY054115 membrane protein 96.92 94.62 94.62 99.23

KKY05325 membrane protein 100.00 93.75 100.00 100.00

Each of the Xap NCPPB 1680 genes shares 100% identity over at least 95% of its length with its ortholog in Xff strains NCPPB 1058, 1495, and 1654. For comparison, percentage

nucleotide sequence identities are given for each gene vs. X. axonopodis pv. manihotis (Xam), lablab-associated X. axonopodis pv. phaseoli (Xap).

study also reported that the Xap strains (Dol1, 2 and 3) were less
pathogenic on common bean than was Xap NCPPB 302, hinting
at the presence of distinct populations of Xap differentially
adapted to different host species. Furthermore, a subsequent
study found thatXap strain Dol 3, isolated from lablab inMedani,
Sudan, 1965, was pathogenic only on common bean and lablab
bean; it was not pathogenic on any of the other leguminous
plants that were tested, including several Vigna spp., Rhynchosia
memnonia, mungo bean, pigeon pea, alfalfa, butterfly pea, velvet
bean, pea, and white lupin.

To the best of our knowledge, no recent quantitative data are
available for the extent and severity of common bacterial blight
on lablab. However, in 1959, leaf blight on this crop was reported
as widespread and often severe in the Gezira and central Sudan
(Sabet, 1959).

The single sequenced bacterial strain from Lima bean clearly
fell within Xap GL 1, along with strains from common bean,
including the pathovar type strain (NCPPB 3035). However,
genome-wide phylogenetic reconstruction revealed that the
Lima-associated strain was the most early-branching within
this lineage and suggests that it has been genetically isolated
from the population that is geographically widely dispersed on
common bean (Figure 6). Again, the availability of these genomic
data will facilitate development of PCR-based assays to rapidly
genotype larger panels of strains to elucidate the population
genetics.

The newly sequenced genomes confirm and extend previous
observations (Alavi et al., 2008; Marguerettaz et al., 2011; Egan
et al., 2014), suggesting that a SPI-1-like T3SS is probably
universal among Xap GL 1 but absent from Xff and from the
newly discovered lablab-associated lineage. We also confirm
that a frame-shift in the hmgA gene, resulting in a presumably
defective homogentisate 1,2-dioxygenase, is common to all
sequenced strains of Xff and probably explains the accumulation
of brown pigment in fuscous strains (Darrasse et al., 2013b).
The hmgA gene appeared to be intact in all the GL 1 and

lablab-associated strains consistent with the absence of report of
pigment in these.

Previous comparative genomics studies of Xanthomonas
species have highlighted the presence of rearrangements of
fragments of the genome (Qian et al., 2005; Darrasse et al., 2013a).
We observed no evidence of such rearrangements among the
Xff, Xap GL1 nor among the lablab-associated Xap genomes
sequenced in the present study (See Supplementary Figures S3–
S5). However, the lack of evidence should not be interpreted as
meaning that there are no such rearrangements; draft-quality
genome assemblies, such as those generated in the present other
related studies (Bart et al., 2012; Indiana et al., 2014; Schwartz
et al., 2015), are fragmented intomultiple contigs and/or scaffolds
and if the breakpoints in the genomic rearrangements coincide
with gaps or breakpoints in the assembly, then they would not be
detected.

A previous study reported large genomic deletions in about
5% of the examined Xanthomonas strains, including Xff 4834-
R, resulting in loss of flagellar motility (Darrasse et al., 2013b).
Although, none of the genomes sequenced in the present study
displayed this deletion, there were several other strain-specific
multi-kilobase deletions (see Figure 1) suggesting that this is a
relatively common phenomenon among xanthomonads.

Discussion

In the present study, we sequenced the genomes of 26 strains of
the causative agents of CBB, whose times and places of isolation
spanned several decades and several continents. This resource
adds to the already published genome sequences of Xff 4834-R
and CFBP 4884 (Darrasse et al., 2013b; Indiana et al., 2014) with
a further 13 sequenced genomes.We also present the first genome
sequences for Xap, including 9 strains belonging to a previously
described lineage known as GL 1. These 9 sequenced GL 1 strains
include 8 from common bean and one from Lima bean. We also
sequenced a further four strains from lablab bean.
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Our data reveal genetic sub-lineages within Xff and within
Xap GL 1, each having a widely dispersed geographical
distribution. The availability of these genome sequence data will
be a useful source of genetic variation for use in developing
molecular markers for distinguishing individual sub-lineages or
genotypes and thus aiding the study of routes of pathogen spread
(Vinatzer et al., 2014; Goss, 2015). We observed considerable
intra-lineage variation with respect to gene content as well as
single-nucleotide variations (Figures 4–7).

Whole-genome sequencing revealed the repertoires of
predicted T3SS effectors. Our results (Figure 9) were consistent
with a previous survey of effector genes (Hajri et al., 2009)
except for two apparent discrepancies. First, we find no evidence
for presence of avrRxo1 (xopAJ) in the genomes of Xap nor
Xff though Hajri and colleagues found this gene in Xap GL
1. Second, genome-wide sequencing sequencing was able to
distinguish between xopF1 and xopF2. We find xopF1 in both
Xff and Xap GL 1 but find xopF2 only in Xff. Hajri reported
presence of xopF2 in both Xff and Xap GL1; this might be
explained by cross-hybrisisation of xopF1 with the xopF2
probes.

Arguably the most surprising finding to arise from the
present study is the observation that Xff and Xap GL 1 share
100% identical alleles at dozens of loci even though on average
most loci share only about 96% identity. This phenomenon is
apparent from the bimodal distributions of sequence identities
in Figure 11. This phenomenon is apparently restricted to
sharing between GL 1 and Xff; no such bimodal distribution
is seen between GL 1 and the lablab-associated strain not
between GL 1 and X. fuscans subsp. aurantifolii (which is

closely related to Xff). Furthermore, many of the alleles sharing
100% identity between GL 1 and Xff show significantly less
identity between Xap GL 1 and X. axonopodis pv. manihotis,
despite the close phylogenetic relationship between these last
two. On the other hand, these shared sequences are more
similar to sequences from X. fuscans subsp. aurantifolii than to
sequence from X. axonopodis pv. manihotis, suggesting that they
were acquired by Xap GL 1 from Xff rather than vice versa.
Examples are listed in Table 2. It remains to be tested whether
these alleles are adaptive for survival on a common ecological
niche.
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Phylogenomics of Xanthomonas field
strains infecting pepper and tomato
reveals diversity in effector
repertoires and identifies
determinants of host specificity
Allison R. Schwartz 1†, Neha Potnis 2†, Sujan Timilsina 2, Mark Wilson3, José Patané4,
Joaquim Martins Jr. 4, Gerald V. Minsavage2, Douglas Dahlbeck 1, Alina Akhunova5,
Nalvo Almeida 6, Gary E. Vallad 7, Jeri D. Barak 8, Frank F. White 5, Sally A. Miller 9,
David Ritchie 10, Erica Goss 2, Rebecca S. Bart 3, João C. Setubal 4, 11, Jeffrey B. Jones 2

and Brian J. Staskawicz 1*

1 Department of Plant and Microbial Biology, University of California, Berkeley, Berkeley, CA, USA, 2 Department of Plant
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Bacterial spot disease of pepper and tomato is caused by four distinct Xanthomonas
species and is a severely limiting factor on fruit yield in these crops. The genetic diversity
and the type III effector repertoires of a large sampling of field strains for this disease have
yet to be explored on a genomic scale, limiting our understanding of pathogen evolution
in an agricultural setting. Genomes of 67 Xanthomonas euvesicatoria (Xe), Xanthomonas
perforans (Xp), and Xanthomonas gardneri (Xg) strains isolated from diseased pepper
and tomato fields in the southeastern and midwestern United States were sequenced
in order to determine the genetic diversity in field strains. Type III effector repertoires
were computationally predicted for each strain, and multiple methods of constructing
phylogenies were employed to understand better the genetic relationship of strains in
the collection. A division in the Xp population was detected based on core genome
phylogeny, supporting a model whereby the host-range expansion of Xp field strains
on pepper is due, in part, to a loss of the effector AvrBsT. Xp-host compatibility was
further studied with the observation that a double deletion of AvrBsT and XopQ allows
a host range expansion for Nicotiana benthamiana. Extensive sampling of field strains
and an improved understanding of effector content will aid in efforts to design disease
resistance strategies targeted against highly conserved core effectors.

Keywords: Xanthomonas, type III effector repertoire, phylogenomics, host specificity, bacterial spot disease,
AvrBsT, XopQ

52|

http://www.frontiersin.org/Microbiology
http://www.frontiersin.org/Microbiology/editorialboard
http://www.frontiersin.org/Microbiology/editorialboard
http://www.frontiersin.org/Microbiology/editorialboard
http://www.frontiersin.org/Microbiology/editorialboard
http://dx.doi.org/10.3389/fmicb.2015.00535
http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive
https://creativecommons.org/licenses/by/4.0/
mailto:stask@berkeley.edu
http://dx.doi.org/10.3389/fmicb.2015.00535
http://journal.frontiersin.org/article/10.3389/fmicb.2015.00535/abstract
http://community.frontiersin.org/people/u/205706
http://community.frontiersin.org/people/u/228685
http://community.frontiersin.org/people/u/231971
http://community.frontiersin.org/people/u/227687
http://community.frontiersin.org/people/u/227714
http://community.frontiersin.org/people/u/227696
http://community.frontiersin.org/people/u/231450
http://community.frontiersin.org/people/u/240822
http://community.frontiersin.org/people/u/149999
http://community.frontiersin.org/people/u/16318
http://community.frontiersin.org/people/u/121885
http://community.frontiersin.org/people/u/38684
http://community.frontiersin.org/people/u/231356
http://community.frontiersin.org/people/u/26118


Schwartz et al. Bacterial spot pathogenomics

Introduction

Species ofXanthomonas cause bacterial spot disease on cultivated
pepper (Capsicum annuum) and tomato (Solanum lycopersicum)
and are the most devastating to crops grown in warm, humid
climates such as in the southeastern and midwestern United
States (Obradovic et al., 2008). Once considered a single species,
Xanthomonas vesicatoria infecting pepper and tomato has been
reclassified several times (Stall et al., 1994; Vauterin et al., 1995;
Jones and Stall, 2000), but was most recently separated into
four distinct species: X. euvesicatoria (Xe), X. vesicatoria (Xv), X.
perforans (Xp), and X. gardneri (Xg) (Jones et al., 2004). While
Xe, Xg, and Xv infect both pepper and tomato, Xp has only been
reported on tomato. Although the four pathogens are present
and destructive on a global scale (Jones et al., 1998a; Timilsina
et al., 2015), the history and distribution of Xe, Xp, and Xg has
changed dramatically in the United States, particularly with the
emergence of Xp as the dominant tomato pathogen over Xe in
Florida beginning in the early 1990’s (Jones et al., 1998b; Tudor-
Nelson et al., 2003; Hert et al., 2005; Stall et al., 2009; Horvath
et al., 2012) and Xg as a major tomato pathogen in Ohio and
Michigan beginning in 2009 (Ma et al., 2011). Outbreaks of Xv
have not been reported in the United States (Timilsina et al.,
2015).

Different phylogenetic analyses found a close evolutionary
relationship between Xe and Xp in comparison to Xg and Xv
(Young et al., 2008; Parkinson et al., 2009; Almeida et al.,
2010; Hamza et al., 2010; Midha and Patil, 2014). Comparative
genomics of reference strains Xe85-10 (Thieme et al., 2005) with
Xp91-118, Xg101, and Xv1111 (Potnis et al., 2011) provided the
first insights into the shared and unique virulence factors of
these pepper and tomato pathogens. A major factor contributing
to the virulence and host specificity of these pathogens is the
repertoire of effectors secreted into the host plant cell via the
type III secretion system (Grant et al., 2006). Xanthomonads
have evolved effectors with diverse mechanisms to promote
virulence, even adopting processes specific to eukaryotes (Kay
and Bonas, 2009). The recognition of specific effector proteins by
specific cognate resistance (R) proteins leads to defense responses
that have been termed Effector Triggered Immunity (ETI),
which is accompanied by localized cell death, associated tissue
collapse known as the hypersensitive response (HR) at the site of
infection, and limited spread of the pathogen (Jones and Dangl,
2006). Several type III effectors are conserved across multiple
species and referred to here as core effectors. An additional
variable set of effectors may provide specialization to specific
hosts and cultivars (Hajri et al., 2009).

The deployment of R proteins in crops that can recognize
and respond to core effectors is a potentially durable disease
resistance strategy, depending on the evolutionary stability
of the targeted cognate effector (Boyd et al., 2013). Because
xanthomonads display relatively high genome plasticity, a more
comprehensive understanding of the genetic diversity of pepper
and tomato pathogens, with specific emphasis on effectors, is
necessary for designing informed disease resistance strategies
for agricultural areas afflicted by bacterial spot disease (Thieme
et al., 2005; Potnis et al., 2011; Timilsina et al., 2015). A

comparative genomic analysis considering many strains from a
given geographic region over time will provide a representative
view of the effectors present in the regional bacterial population
and add insight into the evolutionary trends of effectors, and
thus their potential usefulness as targets for R-gene mediated
resistance strategies.

To this end we sequenced the genomes of 32 Xp, 25 Xe, and
10 Xg field strains that were collected from diseased peppers
and tomatoes in the southeastern and midwestern United States.
Here we describe the genetic diversity within and between species
using core protein-coding genome phylogeny and whole genome
single nucleotide polymorphism (SNP) analysis and present the
computationally predicted type III effector repertoires of strains
in our collection. The role played by the effectors AvrBsT and
XopQ as host specificity determinants for Xp infecting pepper
and Nicotiana benthamiana was also characterized.

Materials and Methods

Xanthomonas Strain Collection
Xe, Xp, and Xg strains were collected from diseased tomatoes and
peppers in the United States (Table 1). Xp strains were collected
between 1998 and 2013 in Florida and Georgia. Xg strains were
collected in Ohio and Michigan between 2010 and 2012. Xe
strains were collected between 1994 and 2012 in Florida, North
Carolina, Georgia, and Kentucky.

Genome Sequencing and Effector Predictions
Bacterial genome sequencing and effector prediction were
completed as previously described (Bart et al., 2012). Briefly,
genomic DNA was isolated with a modified CTAB protocol
and prepared for library construction and sequencing on the
Illumina platforms. Ten Xg libraries were pooled into a single
lane of MiSeq (PE250). Xe and the Xp strains from 2006 were
sequenced by multiplexing 48 libraries per lane on an Illumina
HiSeq 2000 sequencer (PE100). The Xp strains from 2012 were
sequenced by multiplexing 20 libraries per lane on an Illumina
MiSeq (PE150). Genomic de novo assemblies were constructed
using CLC Genomics Workbench using a length fraction of 0.9
and a similarity of 1.0. Potential effectors were identified by an in-
house Python script utilizing BLAST against a database of known
effectors, using a filter of greater than 45% amino acid similarity
over 80% of the length of the target sequence (Bart et al., 2012).

Phylogenomic Inference Using Core
Protein-coding Genes
All genomes sequenced in this study were annotated using
the National Center for Biotechnology Information Prokaryotic
Genome Annotation Pipeline (PGAP) (http://www.ncbi.nlm.
nih.gov/books/NBK174280). Ortholog families were determined
using the GET_HOMOLOGUES package (Contreras-Moreira
and Vinuesa, 2013), which includes a step of all-against-all
BlastP (Altschul et al., 1997) followed by clustering based on
OrthoMCL to yield homologous gene clusters (Li et al., 2003).
This result was filtered using compare_cluster.pl (a script in the
GET_HOMOLOGUES package) with option "-t n," where n is
the number of genomes, keeping only the gene families that have
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TABLE 1 | Summary of Xanthomonas field strains sequenced in this paper.

Species Strain name Origin in US Host isolated Year isolated Isolation ID Collector

X. euvesicatoria Xe073 North Carolina P 1994 181 DR

Xe074 Raleigh, NC P 1994 199 DR

Xe075 Soutwest FL P 1995 206 DR

Xe076 Naples, FL P 1995 259 DR

Xe077 Kentucky P 1996 315 DR

Xe078 Clewiston, FL P 1997 329 DR

Xe079 Jupiter, FL P 1998 354 DR

Xe081 Ft. Pierce, FL P 1995 376 DR

Xe082 Southeast FL P 1998 455 DR

Xe083 Belle Glade, FL P 1999 490 DR

Xe085 Boynton Beach, FL P 1999 515 DR

Xe086 Delray Beach, FL P 2000 526 DR

Xe091 Boca Raton, FL P 2003 586 DR

Xe101 Sampson Co., NC P 2008 678 DR

Xe102 Manetee, FL P 2008 679 DR

Xe103 Pender Co., NC P 2009 681 DR

Xe104 Sampson Co., NC P 2010 683 DR

Xe105 Granville, NC P 2010 684 DR

Xe106 Granville, NC P 2010 685 DR

Xe107 Granville, NC P 2011 689 DR

Xe108 Pender Co., NC P 2012 695 DR

Xe109 Cook Co., GA P 2004 F4-2 DR

Xe110 Tift Co. GA P 2004 G4-1 DR

Xe111 Colquitte Co., GA P 2004 H3-2 DR

Xe112 Brooks Co., GA P 2004 L3-2 DR

X. perforans Xp4B Citra, FL T 1998 Xp4B JJ

Xp2010 Hendry County, FL P 2010 Xp2010 JJ

TB6 Hillsborough, FL T 2013 TB6 JJ

TB9 Hillsborough, FL T 2013 TB9 JJ

TB15 Hillsborough, FL T 2013 TB15 JJ

Xp3-15 Decatur Co., GA T 2006 Xp3-15 JJ

Xp4-20 Decatur Co., GA T 2006 Xp4-20 JJ

Xp5-6 Decatur Co., GA T 2006 Xp5-6 JJ

Xp7-12 Manatee Co., FL T 2006 Xp7-12 JJ

Xp8-16 Manatee Co., FL T 2006 Xp8-16 JJ

Xp9-5 Manatee Co., FL T 2006 Xp9-5 JJ

Xp10-13 Manatee Co., FL T 2006 Xp10-13 JJ

Xp11-2 Palm Beach Co, FL T 2006 Xp11-2 JJ

Xp15-11 Miami-Dade Co., FL T 2006 Xp15-11 JJ

Xp17-12 Collier Co., FL T 2006 Xp17-12 JJ

Xp18-15 Collier Co., FL T 2006 Xp18-15 JJ

GEV839 Hardee Co., FL T 2012 GEV839 JJ

GEV872 Immokalee, FL T 2012 GEV872 JJ

GEV893 Collier Co. T 2012 GEV893 JJ

GEV904 Hillsborough, FL T 2012 GEV904 JJ

GEV909 Collier Co. T 2012 GEV909 JJ

GEV915 Hillsborough, FL T 2012 GEV915 JJ

GEV917 Hillsborough, FL T 2012 GEV917 JJ

GEV936 Lee, FL T 2012 GEV936 JJ

GEV940 GCREC, FL T 2012 GEV940 JJ

(Continued)
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TABLE 1 | Continued

Species Strain name Origin in US Host isolated Year isolated Isolation ID Collector

GEV968 Manatee Co., FL T 2012 GEV968 JJ

GEV993 Hendry Co., FL T 2012 GEV993 JJ

GEV1001 Quincy, FL T 2012 GEV1001 JJ

GEV1026 West Coast, FL T 2012 GEV1026 JJ

GEV1044 Collier Co., FL T 2012 GEV1044 JJ

GEV1054 Manatee Co., FL T 2012 GEV1054 JJ

GEV1063 Collier Co., FL T 2012 GEV1063 JJ

X. gardneri Xg153 Gibsonburg, OH T 2010 SM194-10 SM

Xg156 Blissfield, MI T 2010 SM177-10 SM

Xg157 Blissfield, MI T 2010 SM182-10 SM

Xg159 Blissfield, MI T 2010 SM220-10 SM

Xg160 Blissfield, MI T 2010 SM234-10 SM

Xg164 Ottawa, OH T 2011 SM406-11 SM

Xg165 Ottawa, OH T 2011 SM413-11 SM

Xg173 Unknown, OH T 2011 SM605-11 SM

Xg174 Wayne Co., OH T 2012 SM775-12 SM

Xg177 Sandusky Co., OH T 2012 SM795-12 SM

Year, host, location, and isolation source are described. DR, David Ritchie; JJ, Jeffrey Jones; SM, Sally Miller.

exactly one representative from each genome considered; the
protein-coding genes in these families were considered the “core
genome” of these species.

Accuracy checking of each individual gene alignment (using
nucleotide sequences) was performed by Guidance (Penn et al.,
2010) using the Mafft algorithm (Katoh et al., 2002) anchored
by codons with default options, followed by the removal
of low-accuracy alignment sites. All edited alignments were
concatenated by FASconCAT yielding a nucleotide supermatrix
(Kück and Meusemann, 2010). The best partitioning scheme
and evolutionary model for each partition were calculated by
PartitionFinder (Lanfear et al., 2012),which tests all available
models under the Bayesian Information Criterion (BIC) selection
procedure (Lanfear et al., 2014). Maximum likelihood (ML)
analysis for phylogeny construction was performed using
IQTree v.1.1.5 assuming the best partitioning and respective
models according to the previous step (Nguyen et al., 2015).
A total of 1000 bootstrap pseudoreplicates were performed to
assess clade support. Additional taxa included to strengthen
the confidence in the phylogenetic relationships are as follows:
Xanthomonas fragariae (XfrLMG25863, RefSeq PRJNA80793:
Vandroemme et al., 2013), Xanthomonas arboricola pv.
corylina (XacNCCB100457, RefSeq PRJNA193452: Ibarra
Caballero et al., 2013), Xanthomonas campestris pv. musacearum
(XcmNCPB4384, RefSeq PRJNA73881: Wasukira et al., 2012),
Xanthomonas axonopodis pv. citrumelo F1 (XalfaF1, RefSeq
PRJNA73179: Jalan et al., 2011), Xanthomonas oryzae pv.
oryzae (XooKACC10331, RefSeq PRJNA12931: Lee et al., 2005),
Xanthomonas campestris pv. campestris (XccATCC33913, RefSeq
PRJNA57887: da Silva et al., 2002), Xanthomonas euvesicatoria
(also Xanthomonas campestris pv. vesicatoria, Xe85-10, RefSeq
PRJNA58321: Thieme et al., 2005).

Whole Genome SNP Analysis
Illumina reads were trimmed using Trimmomatic version
0.32 (Bolger et al., 2014) and were then mapped to the
reference genome Xanthomonas axonopodis pv. citri strain 306
(Xac306, NC_003919: da Silva et al., 2002) using bowtie2
version 2.1.0 (Langmead and Salzberg, 2012). The Best
Practices guidelines of the Broad Institute for variant calling
were followed (https://www.broadinstitute.org/gatk/guide/best-
practices). MarkDuplicates from Picard Tools version 1.118
was used to mark duplicate reads. RealignerTargetCreator and
IndelRealigner from GenomeAnalysisToolkit (GATK) version
3.3-0 were used to verify reads were aligned properly (McKenna
et al., 2010). HaplotypeCaller from GATK was used to discover
variants. SNPs were concatenated as previously described
(Bart et al., 2012). A ML phylogenetic tree with bootstrap
values was created using RAxML version 8.0 (Stamatakis,
2014).

Effector Allele Analysis
Effectors were compared within each species at the amino acid
sequence level for Xp and the nucleotide level for Xe and
Xg, and each distinct allele was assigned a number. Neighbor-
joining trees were constructed to visualize differences in effector
profiles among strains in each species. Simple genetic distances
among strains in their effector profiles were calculated for all
pairwise comparisons within each species, such that a difference
at one effector between two strains equaled a distance of 1.0
and a difference at five effectors equaled a distance of 5.0.
Xp calculations included an outgroup profile from Xe85-10.
Distance was calculated using GenAlEx 6.501. Distance matrices
were exported to MEGA format and trees were constructed in
MEGA 6.06 (Tamura et al., 2013).
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Confirmation of the TAL Effector AvrHah1 in Xg
Xg strains were infiltrated into pepper cv. ECW30R at OD600 =
0.3 in order to determine if activation of the Bs3 resistance
gene occurs in response to AvrHah1. Negative and positive
controls for AvrHah1 inXg are strain 1782 and 04T5, respectively
(Schornack et al., 2008). Pictures were taken 48 h post-infiltration
(hpi). For Southern blot analysis, 5µg of Xg DNA (extracted as
described above) was restriction digested for 2 h with BamHI
and run on a 0.7% agarose gel. DNA was transferred overnight
to a Hybond-N+ membrane and hybridized overnight with
a P32-labeled probe for the first 705bp of AvrHah1. The
size of the predicted BamHI-digested AvrHah1 fragment is
2964bp.

Effector Deletion
Insertion mutants in Xp strains (�avrBsT) were constructed
using site-directed homologous recombination of a partial
fragment linked to a gene for antibiotic resistance. Intragenetic
partial fragments (approximately 500 bp) of each targeted gene
were PCR amplified and cloned into the pCR2.1 TOPO-vector
using the TA cloning method (Invitrogen). Positive clones were
confirmed by Sanger sequencing. The plasmids were introduced
into competent cells of Xp recipient strains by electroporation,
and transformed cells were selected for kanamycin resistance
(kanR). Single homologous recombination events (due to the
integration of the TOPO plasmid containing a portion of the
respective gene) disrupted the gene of interest (Sugio et al., 2005).
Mutations were confirmed by PCR using a primer flanking the
upstream region of the targeted gene and the M13 Forward
primer (pCR2.1 TOPO internal primer), followed by Sanger
sequencing.

Whole gene knockout strains Xe85-10�XopQ, Xg153�hrcV,
Xp4B�AvrBsT, and Xp4B�XopQ�AvrBsT were constructed
using the suicide vector pLVC18 containing the contiguous 1kb
upstream and 1kb downstream fragments flanking the targeted
gene (Lindgren et al., 1986). Double homologous recombination
events resulting in markerless deletions were confirmed by PCR
or southern blot. Gene deletions were complemented back by
conjugation of the stable broad host range plasmid pVSP61
(kanR) containing the native promoter and the open reading
frame of each respective gene.

Inoculation Conditions
Xanthomonas strains were grown on nutrient yeast glycerol
agar (NYGA) supplemented, as appropriate, with 100µg/ml
rifampicin (wild type and deletion strains) and 25µg/ml
kanamycin. Strains were incubated at 28◦C for 48–72 h. Cells
were washed from agar plates with 10mM MgCl2, and the
concentration was adjusted as necessary. For growth assays,
leaves were syringe-infiltrated with bacterial suspensions of 105
CFU/mL. For virulence scoring, leaves were syringe infiltrated
at 108 CFU/mL and pictures were taken 48 h post-infiltration
(hpi) after submerging leaves in water for 10min to enhance
any water-soaked phenotypes. For lesions assays, leaves were
syringe infiltrated at 104 CFU/mL and pictures were taken 8–10
days post-infiltration (dpi) after submerging leaves in water for
10min.

Results

Genome Submission
Draft genome sequences of 32 Xp, 25 Xe and 10 Xg
field strains, respectively, from diseased peppers and
tomatoes in the United States were obtained by Illumina
sequencing (Table 1). Genome assembly statistics for each
strain and average de novo assembly statistics for Xe, Xp,
and Xg are presented in Supplemental Tables 1 and 2,
respectively. Draft genome sequences have been deposited
in the National Center for Biotechnology (Supplemental
Table 1).

Core Genome Phylogenetic Analysis Identifies a
Division in the Xp Population
The core genome for all three species was identified by sequence
similarity, yielding 1152 protein-coding gene families, of which
1017 were considered bona fide orthologs; 135 families were
discarded as spurious alignments by the program Guidance.
The 1017 families were concatenated, yielding a supermatrix
of 916,326 sites. The best partitioning scheme chosen was by
codon position in which first, second and third positions are set
as separated partitions. The best evolutionary models for each
partition were respectively GTR+I+G for the first and second
partitions, and TVM+I+G for the third partition.

The Maximum Likelihood (ML) phylogeny based on core
genome orthologs displays Xe, Xp, and Xg behaving as separate
monophyletic groups (Figure 1). Our results mirrored previous
studies, Xe and Xp being closely related, and Xg more distant
phylogenetically, with all three species forming monophyletic
groups. For Xp strains, this analysis showed a division, which
we define here as Group 1—further divided into Group 1A and
1B—and Group 2. Group 1A comprises 11 strains (out of 16)
from 2012 that form a monophyletic clade (branches in purple).
Other strains belonging to Group 1 are defined here as Group 1B
(branches in orange), which includes the reference strain Xp91-
118, Xp4B (isolated in 1998), and six strains isolated in 2006.
Group 1B does not contain any strains isolated in 2012.We define
14 strains as Group 2 (branches in green) which includes five
strains from 2006, the single strain from 2010, five strains from
2012, and all three 2013 strains.

Whole Genome SNP Analysis Resolves Genetic
Differences among Closely Related Strains
A total of 225,284 SNPs were identified between the Xe, Xg and
Xp genomes compared to the reference Xac306, ranging from
22,105 (Xg164) to 142,272 (GEV1063) (Supplemental Table 3).
Average SNPs (± standard deviations) between Xac306 and Xe,
Xp and Xg field strains are 128,376 ± 3024, 136,673 ± 3402,
and 30,462 ± 8015, respectively. Although the majority of Xp
strains carry more SNPs between Xac306 than Xe strains, two
Xp field strains (TB6 and TB9) show a number of SNPs within
the Xe range. SNPs were concatenated and used to build a
combined species ML tree (Figure 2). We note that differences
in sequencing technology used, genome coverage and large
deletions or insertions could potentially skew this analysis and
therefore conclusions about branch length between the different
species should be avoided. The Xp Group 1A clade is retained in
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FIGURE 1 | Core genome phylogenetic analysis. Phylogenetic trees
obtained by ML (IQTree) analysis, based on partitioned analysis (by codon
position) of a total of 916,326 sites (1017 genes families). Branch support

values are shown for each tree, consisting of relative bootstrap proportions.
Brackets to indicate Xp group designations are colored as follows: Group 1A,
purple; Group 1B, orange; Group 2, green.

the ML SNP phylogeny (branches marked in purple). However,
Group 2 (green branches) is interrupted by Group 1B strains
(orange branches).

Effector Predictions For Xanthomonas Field
Strains Identifies Differences in Effector Content
Compared to Reference Genomes
Type III effector repertoires from Xe, Xp, and Xg field strains
were compared to the appropriate reference strains Xe85-10,
Xp91-118, and Xg101 in order to determine if effector repertoires
differed between strains with respect to the presence or absence
of whole effectors, mutations rendering effectors inactive, or
alternate alleles of effectors (Thieme et al., 2005; Potnis et al.,
2011).

Xe
Several differences were found in the effector content of Xe field
strains compared to the reference Xe85-10 (Supplemental Table
4). Firstly, Xe85-10 does not have the effector XopAE, which
is a translational fusion of the hrp cluster members hpaG and
hpaF as seen in Xp91-118 (Potnis et al., 2011). Similar to Xe85-
10, field strains isolated before 1997 have separate hpaG and
hpaF genes, whereas Xe field strains isolated after 1997 possess
the predicted hpaG/hpaF translational fusion XopAE. Secondly,
strains collected after 1997 possess a XopAF-like effector. The
effector has 31% amino acid identity to XopAF of Xp91-118, 80%
amino acid identity to X. fuscans XopAF (WP_022560489.1) and
is identical to an effector of X. citri pv. citri (WP_015472934.1)
except for an in-frame internal 12 amino acid deletion. Similarly,
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FIGURE 2 | Phylogeny based on whole genome SNP analysis.
Sequencing reads were mapped to Xanthomonas axonopodis pv. citri (Xac)
reference number NC_003919 and bootstrap values are displayed. Scale bar

corresponds to the number of nucleotide substitutions per site. Branches for
Xp strains are colored to indicate group designations as in Figure 1: Group
1A, purple; Group 1B, orange; Group 2, green.

the Xe strains isolated after 1997 possess XopE3, which shares
97% amino acid identity with XopE3 from X. arboricola pv. pruni
(WP_014125894.1). All field strains of Xe but one lack XopG,
which is carried by the reference strain Xe85-10. A predicted
protein-tyrosine phosphatase (abbreviated PTP) was detected in
Xe075 that is not present in any other Xe strains. Twelve effectors
present in all Xe strains isolated between 1985 and 2012 have
no nucleotide polymorphisms (Table 2). Xe field strains in our
collection isolated after 1997 did not contain polymorphisms in
xopAA, xopF1, xopN, and xopO. Except for Xe85-10 and Xe075,

all Xe strains have identical sequences for effectors xopAI, xopQ
and xopV.

The neighbor-joining tree of the effector alleles displays a
grouping of the seven Xe strains isolated before 1997, and a clade
of 11 strains with nearly identical allele profiles isolated from
2004 to 2012 (Figure 3B). Although Xe111 and Xe112 group with
the clade of 11 strains and were isolated in Georgia in 2004,
two other Georgia 2004 strains, Xe109 and Xe110, are separated
from this clade due to differences in avrBs2, xopE2, and xopO.
Interestingly, Xe082 was isolated in 1998 but has an effector allele
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FIGURE 3 | Neighbor-joining trees of effector allele profiles.
Neighbor-joining trees for Xp (A), Xe (B), and Xg (C) field strains were
constructed using nucleotide (Xe and Xg) and amino acid (Xp) pairwise allele

differences between strains. Effector allele designations can be found in
Tables 2–4. A difference at one effector between two strains equals a
distance of 1.0.

profile similar to the 11-member clademade up of strains isolated
between 2004 and 2012.

Xp
A shift in pathogen populations from tomato race 3 to tomato
race 4 has been observed in Florida (Horvath et al., 2012).
All the strains sequenced here (with isolation years spanning
from 1998 to 2013 in Florida) are tomato race 4 strains
and contain null mutations in the xopAF/avrXv3 gene of the
reference strain Xp91-118 (Supplemental Table 5). All strains
possess XopJ4/AvrXv4 with the exception of the pepper strain
Xp2010. Another effector, AvrBsT, which has been associated
with hypersensitive response (HR) on pepper (Minsavage et al.,
1990), has not been previously reported in Xp. Xp4B, which was
isolated in 1998, has AvrBsT and is non-pathogenic on pepper
(Supplemental Figures 2, 3). AvrBsT is also present in nine
strains (out of 11) that were isolated in 2006, in all 16 strains
collected in 2012, and in one of the three strains collected in
2013. Interestingly, strain Xp17-12 (isolated in 2006) contains
two effectors, XopF2 and XopV, that have sequences identical to

the corresponding Xe85-10 effector sequence (Table 3). Effectors
XopD and XopAD exhibit different alleles in the strains isolated
in 2012. All strains have XopE2, which was absent in the reference
strain Xp91-118. XopE2 is also present in all Xe and Xg field and
reference strains. A subset of theXp 2006 population have XopE4,
which had been reported only in X. fuscans pv. aurantifolii
(Moreira et al., 2010). However, XopE4 is not present in any
strains from 2010, 2012, or 2013. Interestingly, strains belonging
to Xp Group 2 possess a XopQ identical to the allele from Xe85-
10. The neighbor-joining tree based on effector alleles shows the
conservation of Group 1A, but Group 1B and Group 2 strains
were intertwined (Figure 3A).

Xg
The collection of Xg field isolates spans 3 years and covers
two states (Ohio and Michigan). Effector predictions in Xg field
strains from this period revealed the presence of four potential
effectors that are not present in the reference strain Xg101, which
was isolated in the southeastern Europe in 1953 (Supplemental
Table 6). Xg field strains possess a XopJ1 that is identical to
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the allele in Xe85-10 and a type III effector protein (T3EP) that
has 78% amino acid identity to a predicted Ralstonia peptidase
effector (WP_014619440.1). A predicted effector of theXg strains
shares 65% amino acid similarity to a X. campestris pv. campestris
PTP type III effector (WP_011345706.1). Two copies of XopE2
are present in 7 out of 10 Xg field strains, while the remaining
three and the reference strain Xg101 have only one XopE2. Two
field strains carry the effector AvrBs7 (Potnis et al., 2012). Because
the repetitive nature of TAL effector genes renders them difficult
to assemble from short reads, Southern blot analysis was used
to identify potential family members (Supplemental Figure 3A).
In addition, the ability of each strain to induce a HR on pepper
cv. ECW30R, which contains the cognate R gene Bs3 to the
TAL effector AvrHah1 was tested (Supplemental Figure 3B). All
field strains of Xg contained a single TAL effector, an apparent
AvrHah1, on the basis of band size and activity.

Although the Xg strains were isolated within a 3-year
period, only three Xg field strains (Xg164, Xg165, and Xg167)
have identical effector allele profiles at the nucleotide level
(Figure 3C). Three effectors are highly polymorphic: the avrBs1-
class effector, of which three alleles were detected, and the
two xopE2 effectors, of which five and three alleles were
detected (Table 4). Two alleles of xopAD are present at equal
frequencies in the Xg field strains, with both alleles present in
field strains isolated in the same year in the same state (e.g.,
Xg165 and Xg173, Ohio 2011) and in the same year in different
states (e.g., Xg153 and Xg156, Ohio and Michigan, respectively,
2010).

Common Effectors between Species
Effector predictions of the field strains has identified two new
common putative effectors to add to the previously described
list of 11 effectors shared between Xe, Xp, and Xg (Potnis et al.,
2011). XopE2 was identified in all Xp field strains and, while
not in the reference Xp91-118, should, therefore, be considered
a commonly shared effector with Xe and Xg. The identification
of AvrBsT in the majority of Xp field strains and an identical
copy of Xe XopJ1 in Xg field strains indicates the presence of
a more broadly defined YopJ-family effector to the commonly
shared effector list.

Association of AvrBsT presence or Absence in
Host Range Expansion of Xp on Pepper
Xp has previously been considered restricted to tomato as a
host. In 2010, we isolated a strain from a greenhouse-grown
diseased pepper plant. This strain was confirmed as X. perforans
based on 16S rRNA sequencing and multilocus sequence analysis
(MLSA) (Timilsina et al., 2015), and is designated here as strain
Xp2010. Xp2010 does not induce a hypersensitive response (HR)
on pepper cv. Early CalWonder (ECW) and is able to create foliar
disease lesions (Supplemental Figure 1). Effector predictions for
Xp2010 indicated that the absence of AvrBsT, which induces HR
on pepper (Kim et al., 2010), may be responsible for its pepper
host expansion. We were curious to see if other Xp strains in
our collection displayed host expansions to pepper similar to
Xp2010 and if this could be explained solely by the absence of
AvrBsT. We used PCR to confirm the effector prediction results

for the presence or absence of AvrBsT in the Xp field strains
and inoculated pepper cv. ECW with a high inoculum (108
CFU/ml) to determine which strains induce HR (Supplemental
Table 7). We confirmed that four additional field strains, Xp5-
6, Xp17-12, TB9, and TB15 do not possess AvrBsT and also fail
to induce HR. Xp17-12, TB9, and TB15 but not Xp5-6 are able
to cause disease lesions on pepper cv. ECW when infiltrated at a
low inoculum (104 CFU/ml) (Supplemental Figure 7), indicating
that additional factors restrict the host range of Xp5-6 on
pepper.

Three of the newly identified pepper pathogens (Xp2010,
TB9, and TB15) belong to Group 2. We observed no HR but
differences in pathogenicity and lesion development for the two
Group 1B strains that lack AvrBsT (Xp5-6 and Xp17-12). Strain
Xp5-6 showed a phenotype similar to Xp91-118�avrXv3, which
is unable to cause lesions on pepper (Supplemental Figure 1).
We hypothesized that Group 2 strains carrying mutations in
AvrBsT would exhibit in planta growth and virulence similar
to that of virulent strains from pepper in our collection. At
the same time, strains belonging to Group 1 and carrying
mutations in AvrBsT would be non-pathogenic on pepper,
similar to Xp91-118�avrXv3 (Astua-Monge et al., 2000). To test
this hypothesis, AvrBsT insertion mutants were introduced into
two Group 2 strains, GEV839 and GEV1001, and two Group 1A
strains, GEV872 and GEV909. Indeed, XpGEV839�avrBsT and
XpGEV1001�avrBsT from Group 2 lose ability to elicit HR in
pepper and are virulent similar to TB15 (Figure 4). In planta
population levels for these two mutants were not significantly
different from TB15 at Days 4 and 8 post-infiltration, indicating
that AvrBsT is the lone factor restricting these two strains on
pepper. Also as predicted, insertion mutants of avrBsT in Group
1A strains GEV872 and GEV909 lose the ability to induce HR on
pepper but do not grow to the same extent as TB15. In planta
populations of XpGEV872�avrBsT and XpGEV909�avrBsT
were 100-fold higher compared to 91-118�avrXv3 but 20–50-
fold lower compared to pepper pathogens XpGEV839�avrBsT,
XpGEV1001�avrBsT and TB15, indicating the existence of
additional factors restricting the virulence of Group 1A strains
on pepper.

Loss of XopQ and AvrBsT Expands the Host
Range of Xp to Nicotiana benthamiana
Members of both the XopQ and AvrBsT effector families are
known to induce a HR in N. benthamiana (Wei et al., 2007; Kim
et al., 2010). Family members of XopQ occur in Xe, Xp and Xg.
It has previously been shown that a Pseudomonas syringae pv.
tomatoDC3000mutant deficient for the XopQ homolog HopQ1-
1 causes disease in N. benthamiana (Wei et al., 2007). Xe85-10 is
not pathogenic onN. benthamiana, causing a weakHR (Figure 5,
Xe85-10�XopQ). A deletion of XopQ in strain Xe85-10 results
in a strain that causes water soaking, disease lesions, and
grows to a high titer after 6 days on N. benthamiana (Figure 5,
Xe85-10�XopQ). Complementation of the deletion with plasmid
pVSP61 carrying the Xe85-10 allele of XopQ restored the original
phenotype of low virulence and enhanced the HR phenotype
of the complemented strain (Figure 5, Xe85-10�XopQ
cXopQ).
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TABLE 4 | Xanthomonas gardneri nucleotide type III effector alleles.

Type III effector Year 1953 2010 2011 2012

State O M M M M O O O O O

S
tr
ai
n

X
g
10

1

X
g
15

3

X
g
15

6

X
g
15

7

X
g
15

9

X
g
16

0

X
g
16

4

X
g
16

5

X
g
17

3

X
g
17

4

X
g
17

7

AvrBs1 class 1 2 3 3 3 3 2 2 3 2 2

AvrBs2 1 1 1 1 1 1 1 1 1 1 1

AvrBs7 0 0 1 0 0 0 0 0 1 0 0

AvrHah1 na na na na na na na na na na na

AvrXccA1 1 1 1 1 1 1 1 1 1 1 1

XopAD 1 1 2 2 2 2 1 1 2 1 1

XopAM 1 1 1 1 1 1 1 1 1 1 1

XopAO 1 1 1 1 1 1 1 1 1 1 1

XopAQ 1 1 0 0 1 1 1 1 1 1 1

XopAS 1 1 1 1 1 1 1 1 1 1 1

XopB 1 1 1 1 1 1 1 1 1 1 1

XopD 1 1 1 1 1 1 1 1 1 1 1

XopE2_0 1 1 4 5 3 1 5 5 4 2 5

XopE2_1 0 1 1 3 2 1 0 0 1 1 0

XopF1 1 1 1 1 1 1 1 1 1 1 1

XopG 1 FS 1 1 1 1 1 1 1 1 1

XopJ1 0 1 1 1 1 1 1 1 1 1 1

XopK 1 1 1 1 1 1 1 1 1 1 1

XopL 1 1 1 1 1 1 1 1 1 1 1

XopN 1 1 1 1 1 1 1 1 1 1 1

XopQ 1 1 1 1 1 1 1 1 1 1 1

XopR 1 1 1 1 1 1 1 1 1 1 1

XopX 1 1 1 1 1 1 1 1 1 1 1

ZopZ2 1 1 1 2 1 1 1 1CTG 1 1 1

PTP 0 1 1 1 1 1 1 1 1 1 1

T3EP 0 1 1 1 1 1 1 1 1 1 1

Each distinct nucleotide allele was assigned an arbitrary number. The number 0 indicates the effector is missing from genomic assemblies. PTP, protein tyrosine phosphatase; T3EP,
type III effector protein. The TAL effector AvrHah1 could not be assembled (na, not assembled). Superscripts are as follows: CTG, contig break in assembly unable to be confirmed via
Sanger Sequencing; FS, a frame shift mutation.

All Xp field strains contain XopQ and the majority of Xp
strains contain AvrBsT. Therefore, Xp derivative strains in
Xp4B were constructed with single gene deletions of XopQ
and AvrBsT, and deletions of both XopQ and AvrBsT. Single
knockouts for XopQ andAvrBsT in Xp4B remained incompatible
on N. benthamiana (HR, low growth, no lesions, Figure 5),
although Xp4B�AvrBsT experienced reduced growth compared
to Xp4B and Xp4B�XopQ that was complemented back by
the addition of AvrBsT. The double effector deletion mutant
Xp4B�XopQ�AvrBsT gave disease lesions at a low inoculum,
showed water soaking at a high inoculum, and grew to levels
comparable with Xe85-10�XopQ and Xg153 after 6 days on N.
benthamiana (Figure 5). Consistent with the low virulence gain
on pepper by Group 1A AvrBsT mutants, Xp4B�AvrBsT was
able to induce weak lesions on pepper cv. ECW (Supplemental
Figure 1), but did not grow to comparable population
levels of pepper pathogens Xe85-10 or Xg153 (Supplemental
Figure 2).

Discussion

The population dynamics of Xanthomonas-infecting pepper and
tomato has shifted in the United States over the past 25 years.
Prior to 1991, Xe was the prevalent species and the only species
in tomato fields in Florida. Xp tomato race 3 was identified first
in 1991 and eventually replaced the Xe population in tomato
fields, a process attributed to the ability of Xp race 3 to produce
bacteriocins against Xe strains (Tudor-Nelson et al., 2003; Hert
et al., 2005). Xp4B, a tomato race 4 strain identified in 1998,
carries a mutation in the avrXv3 gene. Field surveys thereafter
in 2006 and 2012 recovered a majority of race 4 strains carrying
either frameshift mutations or transposon insertions in avrXv3
(Horvath et al., 2012). The first reports of Xg in the United States
occurred in Ohio and Michigan during a bacterial spot outbreak
on tomato in 2009 (Ma et al., 2011).

Here, we sequenced Xe, Xp, and Xg strains isolated
in different years, from different fields/transplant houses
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FIGURE 4 | Role of avrBsT as host range determinant on pepper cv.
Early CalWonder. In planta growth of X. perforans strains and avrBsT
insertion mutants was measured at different time points (days 0, 4, and 8)

after infiltration of leaves of pepper cv. Early CalWonder (ECW) using an
inoculum concentration of 105 CFU/ml. Group designations are marked in
white over Day 8 growth.

FIGURE 5 | Host expansion of Xanthomonas spp. on Nicotiana
benthamiana. In planta growth of X. perforans and AvrBsT and
XopQ deletion mutants measured at Days 0 and 6 with a
starting inoculum of 105 CFU/mL after infiltration of leaves of
Nicotiana benthamiana. Infiltrations on N. benthamiana were

performed at 104 CFU/ml to display lesions and photographed 8
days post-infiltration (8 dpi). High inoculum infiltrated spots were
performed at 108 CFU/ml to show HR or water soaking and
photographed 2 dpi. This experiment was repeated three times
with similar results.

throughout southeastern andmidwestern United States.We have
also sequenced strains collected during the same season from
the same field. Following typical population genomic studies,
we have taken three components into consideration; location,

time and niche (Monteil et al., 2013). Combining genomic data
with metadata such as plant host source, year and location of
isolation provides inference of population structure and clues to
host adaptation. We have computationally predicted the type III
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effector repertories for each strain, and have used two different
methods in order to infer evolutionary relationships of strains
based on whole genome data. Phylogeny based on the core
genome considers orthologous genes among the set of genomes
considered. Phylogeny based on whole genome SNPs included
core as well as variable regions of the genome, and thus provides
an additional method to describe the genetic diversity within
field strains. Phenotypic data, in particular, host range, was then
correlated with the whole genome phylogenies.

MLSA studies showed the presence of two distinct groups
of Xp populations that appeared to be clonal within the lineage
(Timilsina et al., 2015). However, these studies were based
on 6 genes out of 5000 genes. In our study, core ortholog
gene phylogeny also revealed two distinct groups among Xp
populations (Groups 1 and 2), although we were able to further
separate Group 1 into Group 1A and 1B. Group 1A contains 11
strains isolated in 2012, whereas Group 1B contains six strains
isolated in 2006 in addition to Xp4B and the reference strain
Xp91-118, isolated in 1998 and 1991, respectively. Group 2
comprises five strains from 2006, the single strain from 2010,
five strains from 2012, and all three 2013 strains. Additionally,
we detected genetic diversity among strains that appeared to be
clonal from MLSA in previous work (Timilsina et al., 2015),
particularly evident in Xp Group 1A. In our study, the Xp 2006
population was more diverse than the 2012 population, possibly
due to the fact that sampling in 2006 was carried out in a broader
geographic range in Florida and Georgia. The diversity within
the 2006 population is evident from the core genome and SNP
phylogenies.

This study re-emphasizes the role of population genomics for
identification of elements involved in host-pathogen arms race.
The data revealed the emergence of tomato race 4 strains of Xp
carrying mutations (either frameshift/transposon insertion) in
avrXv3. Strain Xp91-118 isolated in 1991 was non-pathogenic
on pepper even when mutated in avrXv3 (Astua-Monge et al.,
2000), indicating the existence of other factors that restrict its
host range on pepper. Themajority ofXp strains in our collection,
isolated after 1998, have acquired AvrBsT, an avirulence protein
responsible for restricting host range on pepper. AvrBsT has
been shown to be a virulence factor by suppressing defense
responses in tomato (Kim et al., 2010), possibly conferring
a competitive advantage to pathogens in tomato fields. Four
of the five Xp strains isolated after 1998 that do not possess
AvrBsT are pathogenic on pepper. Interestingly, mutation in
avrBsT results in differences in the in planta populations in
pepper when compared between Group 1A and Group 2. avrBsT
mutants in Group 2 experience a full virulence gain on pepper,
whereas avrBsT mutants in Group 1A acquire only a partial
growth benefit, indicating that additional factors restrict the
host expansion of Group 1A strains onto pepper. Phenotypic
characterization, including pepper pathogenicity tests of avrBsT
mutants, will need to be conducted on other strains in Groups 1
and 2 to support more definitive conclusions.

At the whole genome level, horizontal gene transfer (HGT) of
genes that determine phenotypic differences might have occurred
frequently enough during evolution to explain the differing
degree of pepper pathogenicity between strains belonging to

Group 1B. Two Xp strains in Group 1B, Xp17-12, and Xp5-
6, do not have AvrBsT and do not induce HR on pepper
cv. ECW. However, Xp17-12 is able to induce water-soaked
disease lesions on pepper when infiltrated into pepper leaves
at a low inoculum (104 CFU/mL) whereas Xp5-6 induces only
weak lesions. Similar to Xp5-6, an avrBsT deletion in the
Group 1B strain Xp4B (Xp4B�AvrBsT) induces weak disease
lesions on pepper and acquires only a partial in planta growth
increase. Incongruence in degree of pathogenicity and clade
could partly be due to the loss or gain of effectors through
HGT. Xp17-12 contains effector alleles for XopF2 and XopAD
that match those found in Xe85-10 but not those of any other
Xp strain analyzed here, suggesting the occurrence of HGT
events that may have contributed to its ability to infect pepper.
Xp5-6 does not share any common effector alleles with Xe85-
10. Interestingly, all Group 2 strains contain a XopQ allele
identical to XopQ in Xe85-10, while Xp strains in Group 1
have a different allele. Previous MLSA analysis also showed
evidence for recombination events resulting in haplotypes for
two housekeeping genes (gapA and gyrB) in Xp Group 2 strains
identical to that found in Xe85-10 (Timilsina et al., 2015).
Because mutation in avrBsT in the tested Group 2 strains
results in complete virulence on pepper, Group 2 strains may
have emerged from populations that underwent recombination
with an Xe85-10-related strain, acquiring new virulence genes
for pepper pathogenicity. Homologous recombination between
chromosomal DNA of different Xanthomonas species by
conjugation in planta has been previously observed (Basim et al.,
1999), while HGT of virulence-associated genes between different
lineages within X. axonopodis strains has contributed to host
range (Mhedbi-Hajri et al., 2013).

Field strain genomic analysis presents an efficient method for
deriving the diversity of type III effector repertories. Knowledge
of the effector load in the population will inform strategies
for achieving broad durable resistance strategies based on R
gene deployment. Within each species, we identified several
differences in the effector repertoires of Xe, Xp, and Xg field
strains, including the gain or loss of effector genes, null
mutations, and the presence of alternate alleles. We predicted
three effector additions to the overall Xe field strain repertoire
(XopE3, XopAF-like, and XopAE) and one removal (XopG)
in comparison to the reference strain Xe85-10. The most
polymorphic effector in Xe is avrBs2, a phenomenon perhaps
explained by the selective pressures of the pepper Bs2 resistance
gene deployed in the early 1990’s. Several of the previously
reported mutations in avrBs2 are represented here, with no
novel polymorphisms detected (Swords et al., 1996; Wichmann
et al., 2005). Generally, the effector predictions for Xe field
strains isolated between 1994 and 2004 show increased effector
polymorphisms compared to strains isolated between 2004 and
2012, indicating that the effector repertoires have stabilized over
time in our sampling population. Xp field strains have evolved
their repertoires by losing/gaining effectors (XopE2, XopE4,
AvrBsT), through allelic exchange (as seen with XopQ in Group
2 strains) and by frameshift mutations/transposon insertions (in
avrXv3). Diversity in effector repertoires is seen even in strains
collected from the same field during a single growing season.
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Strains TB6 and TB15 possess identical type III effector profiles
and appear clonal based on core genome phylogeny except for
the absence of AvrBsT in TB15. However, this difference has
expanded the host range of TB15 to include pepper while TB6
is restricted to tomato. Similar to TB15, TB9 does not possess
AvrBsT but has different alleles of XopD and XopE1 compared to
TB6 and TB15. We predicted four additions to the Xg field strain
effector repertoire including a second copy of XopE2 and a XopJ1
identical to Xe strains. We also detected allele differences in an
AvrBs1-like effector, XopAD, and XopE2. Through this analysis
two additional effectors can be added to the previous list of 11
commonly shared effectors between Xe, Xp, and Xg (Potnis et al.,
2011): XopE2 and a YopJ-family member (AvrBsT in Xp, XopJ1
in Xg and Xe).

In addition to strain-level variation, allelic diversification in
type III effectors was observed at the species level across Xe,
Xp, and Xg. Because type III effector repertoires are proposed
to be a major factor determining host range (Hajri et al., 2009),
it is important to understand the diversity of effectors present
in different species that infect common hosts. Although Xe, Xp,
and Xg share thirteen core effectors, effector alleles between these
three species may be considerably different. For example, the
effector AvrBs2 protein sequence shares 99% identity between
reference strains Xp91-118 and Xe85-10, but 77% identity to
the AvrBs2 in Xg101. Similarly, the XopQ alleles of Xp91-118
and Xe85-10 share 99% identity at the amino acid level, but
58% identity to XopQ from Xg101. Sampling of a genetically
diverse population can be informative to reveal the dominant
effector alleles in a specific geographical region, which would be
the most appropriate alleles to screen for R protein resistance
strategies.

Curiously, we discovered a spectrum of host expansion
for Nicotiana benthamiana involving the effectors XopQ and
AvrBsT. While wild type Xg is virulent on N. benthamiana,
a XopQ deletion in Xe85-10 (Xe85-10�XopQ) and a double
deletion of XopQ and AvrBsT in Xp4B (Xp4B�XopQ�AvrBsT)
results in a N. benthamiana host gain. Reducted in planta
growth of Xp4B�AvrBsT compared to Xp4B and Xp4B�XopQ
indicates that AvrBsT may play an important virulence role in
N. benthamiana. Because the XopQ alleles in Xe and Xp are
relatively similar and stable over time in field strains, the potential
R protein “R-XopQ” in N. benthamiana would be a promising
candidate as a resistance tool against Xe and Xp in pepper and
tomato.

The increased speed and dropping cost of DNA sequencing
technology combined with the use of genome editing techniques
are providing new opportunities for designing resistance
strategies against specific pathogens in various crop species.
The spread of agricultural pathogens into new niches, either
by increasing global movement of food or the emergence
of new niches from climate change, makes the continued
genomic surveillance of agricultural pathogens a top priority

for food security and resistance strategies. Of particular
importance are tracking shifts in dominant species and changes
in effector repertoires and alleles. Effector maintenance and
stability is a key consideration for the future design of
durable resistance strategies using R-gene employment into
crops.
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A commentary on

Phylogenomics of Xanthomonas field strains infecting pepper and tomato reveals diversity in

effector repertoires and identifies determinants of host specificity

by Schwartz, A. R., Potnis, N., Timilsina, S., Wilson, M., Patané, J., Martins, J. Jr., et al. (2015). Front.
Microbiol. 6:535. doi: 10.3389/fmicb.2015.00535

Crop diseases impact both yield and product quality and result in important health, economic,
environmental, and societal issues worldwide (Scholthof, 2003; Strange and Scott, 2005). These
diseases are caused by microorganisms like viruses, fungi, and bacteria. Among phytopathogenic
bacteria, the genus Xanthomonas comprises 20 species which together infect more than 400 plant
species, among which several important crops such as rice, cassava, cabbages, citrus, or tomato
(Mansfield et al., 2012). In contrast, individual Xanthomonas species have a narrow host range
usually restricted to a specific plant genus or species. The genetic andmolecular bases for host range
determination in Xanthomonas are essentially unknown at this date (Jacques et al., 2016): It likely
involves bacterial factors enhancing the physiological adaptation to the plant environment (e.g.,
tropism, attachment, nutrition, degradation of plant compounds) or limiting the elicitation of plant
immunity (Büttner and Bonas, 2010). Elicitors of plant immunity include both pathogen-associated
molecular patterns (PAMP) and type III effectors (T3E) (Jones and Dangl, 2006). PAMP-triggered
immunity (PTI) is the first layer of plant’s innate immunity and strongly restricts host range for
most bacteria. Key to pathogenicity and host range expansion is pathogen’s capacity to suppress
PTI. This is the prime function of most T3E known to date. T3E proteins are directly injected inside
plant cells using a molecular syringe known as the type III secretion system. As a countermeasure,
given T3E might specifically elicit potent immune responses known as effector-triggered immunity
(ETI) in a set of plant species resulting in a reduced host range. It is thus key to determine pathogen
T3E repertoires. Large scale sequencing of collections of phytopathogenic bacteria at the inter- and
intra-specific level has revealed a large diversity of T3E repertoires leading to the definition of core
vs. accessory T3E (Potnis et al., 2011; Bart et al., 2012; Roux et al., 2015).

The paper by Schwartz et al. (2015) perfectly illustrates the power of comparative
genomics to understand pathogenicity and host specificity of this important genus of
pathogens. The authors focussed on bacterial spot disease of tomato and pepper caused by
three distinct Xanthomonas species [gardneri (Xg), perforans (Xp), and euvesicatoria (Xe)].
Draft genome sequences were determined for 67 strains sampled in the southeastern and
midwestern United States between 1994 and 2013 and subjected to comparative analysis.
Importantly, core genome analysis supported the recent reclassification of these strains
in three distinct bacterial species (Jones et al., 2004) and evidenced further intraspecific
organization of Xp strains. Identification, comparison, and analysis of T3E repertoires allowed
the definition of surprisingly large core effectomes (24/29 T3E in Xp; 26/31 in Xe; 19/25
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in Xg). Thirteen T3E are conserved among all three species.
Identification of these core T3E and their sequence conservation
should prove instrumental to design durable disease resistance
strategies against bacterial spot disease in tomato and pepper.
Such large interspecific core T3E repertoire might highlight the
need for a future larger worldwide sampling of Xanthomonas
infecting tomato and pepper. Beyond presence-absence of T3E,
the conservation of T3E genes or proteins was also investigated
in Xe, Xp, and Xg revealing the evolution and dynamics of
these pathogenicity determinants. Overall, a lot more diversity is
observed in T3E gene repertoires than in core genome analyses,
suggesting a central role of horizontal gene transfer and distinct
evolutionary forces applying to T3E genes. In Xe, the authors
witnessed the evolution of T3E gene profiles over a 20 years
period which could have suggested that such effect was driven
by plant breeding and the introduction of novel tomato or
pepper varieties. However, changes in prevalent bacterial species
on tomato observed the last decade in different states (Florida,
Ohio, Michigan) is not associated with strong changes in tomato
cultivars used in commercial production fields (Potnis et al.,
2015). Abiotic conditions could drive diversity and prevalent
strains in diseased tomato fields. For instance, Xg is generally
prevalent in cooler regions as observed for Pseudomonas syringae
pv. tomato, another bacterial spot agent (Potnis et al., 2015).
These two pathogens share several T3Es that are not present
in other strains of Xanthomonas associated with bacterial spot.
Horizontal gene transfer between different pathogens found in
similar regions could be a strong source of diversity.

The second part of the analysis reports on host range
determination in Xp by two T3E, AvrBsT and XopQ. Indeed,

the authors demonstrate that the loss of avrBsT alone explains
Xp pathogenicity on pepper while the double loss of avrBsT and
xopQ renders Xp pathogenic on Nicotiana benthamiana. This
result illustrates how plant immunity might restrict host range
by ETI activation.

The manuscript by Schwartz and colleagues thus illustrates
the potential of large-scale pathogenomics in understanding
pathogen evolution and disease emergence and offers
perspectives to design durable resistance against bacterial
spot in tomato and pepper. Such approaches would be
further reinforced by an improved sampling design, an increased
number of sequenced genomes, and the use of complete genomes
now accessible by SMRT sequencing (Pacific Biosciences). Such
bioinformatics analyses should now be extended to pan genomes,
plasmids, InDels, SNPs, recombinations, and use the pioneering
approach developed by Guttman and colleagues (McCann et al.,
2012) which followed evolutionary forces applied to individual
P. syringae genes resulting in the identification of several novel
PAMP elicitors.
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Pathogenic bacteria in the genus Xanthomonas cause diseases on over 350 plant

species, including cannabis (Cannabis sativa L.). Because of regulatory limitations,

the biology of the Xanthomonas-cannabis pathosystem remains largely unexplored.

To gain insight into the evolution of Xanthomonas strains pathogenic to cannabis, we

sequenced the genomes of two geographically distinct Xanthomonas strains, NCPPB

3753 and NCPPB 2877, which were previously isolated from symptomatic plant tissue

in Japan and Romania. Comparative multilocus sequence analysis of housekeeping

genes revealed that they belong to Group 2, which comprises most of the described

species of Xanthomonas. Interestingly, both strains lack the Hrp Type III secretion system

and do not contain any of the known Type III effectors. Yet their genomes notably

encode two key Hrp pathogenicity regulators HrpG and HrpX, and hrpG and hrpX are

in the same genetic organization as in the other Group 2 xanthomonads. Promoter

prediction of HrpX-regulated genes suggests the induction of an aminopeptidase, a

lipase and two polygalacturonases upon plant colonization, similar to other plant-

pathogenic xanthomonads. Genome analysis of the distantly related Xanthomonas

maliensis strain 97M, which was isolated from a rice leaf in Mali, similarly demonstrated

the presence of HrpG, HrpX, and a HrpX-regulated polygalacturonase, and the absence

of the Hrp Type III secretion system and known Type III effectors. Given the observation

that some Xanthomonas strains across distinct taxa do not contain hrpG and hrpX,

we speculate a stepwise evolution of pathogenicity, which involves (i) acquisition of key

regulatory genes and cell wall-degrading enzymes, followed by (ii) acquisition of the Hrp

Type III secretion system, which is ultimately accompanied by (iii) successive acquisition

of Type III effectors.

Keywords: comparative genomics, Xanthomonas, hemp, cell-wall degrading enzymes, type II secretion system,

type III secretion system, hrp genes, PIP box
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Introduction

Plant pathogenic bacteria in the genus Xanthomonas collectively
cause major losses worldwide on over 350 plant species,
including crops such as banana, tomato, pepper, sugar cane,
and many cereals. Over 20 Xanthomonas species are divided
into two main phylogenetic groups based on 16S rDNA and
gyrB sequence analysis (Hauben et al., 1997; Parkinson et al.,
2007) and subdivided into pathovars loosely corresponding to
host specificity. Group 1, also known as the early branching
group, comprises highly diverse Xanthomonas species including
important sugarcane and cereal pathogens (e.g., Xanthomonas
sacchari,Xanthomonas albilineans andXanthomonas translucens,
Hauben et al., 1997; Parkinson et al., 2007). Group 2,
the largest and best-described group, includes species such
as Xanthomonas oryzae, Xanthomonas citri, Xanthomonas
vasicola, Xanthomonas euvesicatoria, Xanthomonas axonopodis
and Xanthomonas campestris (Hauben et al., 1997; Parkinson
et al., 2007). This diverse genus of bacteria infects and associates
with many plant hosts, but individual strains typically possess
very restricted host ranges limited to a single genus.

Xanthomonas spp. employ a suite of virulence factors to
colonize plant tissue, including adhesins, cell wall-degrading
enzymes, extracellular polysaccharide and protein secretion
systems (Büttner and Bonas, 2010). The Hrp (hypersensitive
response and pathogenicity) Type III secretion system (T3SS) is
a major virulence trait found in most pathogenic Xanthomonas
spp. and serves as a molecular syringe to deliver effector
proteins into host cells to suppress defenses and modulate
plant physiology to promote pathogen growth (White et al.,
2009). Plants also evolved resistance proteins that recognize
pathogen avirulence effectors and inhibit infection often via a
hypersensitivity response (HR), a form of programmed cell death
(Bent and Mackey, 2007). A majority of sequenced pathogenic
Xanthomonas strains have limited host ranges likely due to the
plant recognition of Type III (T3)-secreted avirulence effectors
(White et al., 2009). In Xanthomonas spp., HrpX, an AraC-type
regulator, is the transcriptional activator of the genes encoding
the T3SS and many of its associated effectors (Koebnik et al.,
2006; Tang et al., 2006). HrpG, an OmpR-family and major
pathogenicity regulator, positively regulates expression of hrpX
(Tang et al., 2006). Mutant strains lacking either hrpX and hrpG
are unable to activate expression of the T3SS and thus are non
pathogenic (Wengelnik et al., 1996; Tang et al., 2006; Mole
et al., 2007). The importance of the T3SS and many T3-secreted
effectors during infection is heavily studied, but the evolutionary
history of the acquisition of genes encoding the T3SS, associated
T3-secreted effectors and regulators, HrpX and HrpG, remains
unclear.

Hemp or cannabis (Cannabis sativa L.) is a major, global
cash crop with many applications such as seed for human
consumption, oil, fiber for clothing or ropes, pulp for paper,
plastic and composite material (www.hemp.com). Since 2010
worldwide hemp production has increased, and recent surges of
hemp production in the United States, China, Australia, Canada,
and many other countries have made hemp a multi-million
dollar industry (www.hemp.com, www.faostat.fao.org). A draft

genome is now available for C. sativa cv. Purple Kush (van
Bakel et al., 2011), potentially providing a base for molecular
and evolutionary understanding of this plant species. Hemp plant
production is limited by bacteria, fungi, nematodes, and viruses
(McPartland et al., 2000), but because of regulatory constraints,
little is known about hemp diseases such as bacterial leaf spot of
cannabis caused by Xanthomonas species.

Symptoms associated with Xanthomonas bacterial leaf spot
include water-soaking lesions followed by necrosis accompanied
by a yellow halo (Severin, 1978; Netsu et al., 2014). The host range
of these Xanthomonas strains appears to be quite large unlike
most xanthomonads (Severin, 1978; Netsu et al., 2014). Under
laboratory conditions, these bacteria caused symptoms on a wide
range of plants including cannabis, tomato, mulberry, geranium
and Ficus erecta (Severin, 1978; Netsu et al., 2014). These strains
further trigger an HR on tobacco, but do not elicit any response
after inoculation on common bean (Severin, 1978; Netsu et al.,
2014). The factors that contribute to pathogenicity and host range
of cannabis-infecting Xanthomonas are unknown.

To gain insight into the evolution and pathogenicity
of bacterial pathogens of cannabis, we sequenced two
geographically distinct Xanthomonas strains, NCPPB 3753
and 2877, which were previously isolated from symptomatic
hemp leaf tissue from Japan and Romania, respectively (Severin,
1978; Netsu et al., 2014). We tested their ability to infect
barley, a previously unreported, compatible monocot host. We
determined with comparative whole genome analysis based
on average nucleotide identity (ANI) and multilocus sequence
analysis (MLSA) the relationship of these cannabis strains to
each other and other xanthomonads. We provide evidence
that NCPPB 3753 and NCPPB 2877 form a unique species in
the genus Xanthomonas herein called Xanthomonas cannabis.
We further describe likely virulence traits encoded by their
genomes. Most notably these strains lack a Hrp T3SS but possess
the major hrp virulence regulators HrpX and HrpG. Based on
our comparative genomic analysis in X. cannabis, we provide a
putative model for acquisition of the T3SS, T3-secreted effectors
and the hrp regulators in Xanthomonas spp.

Results/Methods/Discussion

Phenotypic Evaluation
Two representative strains of X. cannabis (also known
as Xanthomonas campestris pv. cannabis), isolated from
symptomatic hemp leaves (C. sativa L.), were chosen for genome
sequencing. Type strain NCPPB 2877 was isolated by I. Sandru at
the Lovrin station in the Timiş judeţ (Romania) in 1974 (Severin,
1978), and strain NCPPB 3753 was isolated by Y. Takiwawa
in the Kanuma region of Tochigi Prefecture (Japan) in 1982
(isolate SUPP546; Netsu et al., 2014). X. cannabis strains were
previously reported to cause disease on many dicot host plants.
To determine if X. cannabis could infect a monocot host, we
inoculated barley (Hordeum vulgare L. cv. Morex) leaves with
the cannabis strains by infiltration. Overnight cultures grown
using PSA (Tsuchiya et al., 1982) or NB medium (Sigma-Aldrich,
USA) were pelleted and resuspended in water. Plant leaves
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FIGURE 1 | Phenotypic analysis of X. cannabis on different plants.

Symptom development and HR were evaluated on barley, pepper, and

tobacco. Leaves were inoculated by needleless infiltration with water-bacterial

suspensions of X. cannabis NCPPB 3753, NCPPB 2877 (OD600 = 0.5) or

water as a control. Images were taken 48 h post inoculation for barley and

tobacco, or 4 days post inoculation for pepper. The barley pathogen, X.

translucens pv. translucens strain UPB787, served as a positive control for

symptoms on barley. Plants were grown in a growth chamber at 22◦C, 50%

humidity and 16 h of light.

were infiltrated by a needleless syringe with a water-bacterial
suspension or water as a control. Leaves developed necrosis
around the zone of infiltration followed by leaf yellowing
(Figure 1). These symptoms closely resembled the leaf spot
symptoms on C. sativa observed by previous characterizations
(Severin, 1978; Netsu et al., 2014). Similar symptoms were
observed with lower inoculum (OD600 = 0.05 and 0.1). Tomato is
a compatible host for X. cannabis (Severin, 1978), and therefore
we decided to test X. cannabis virulence of pepper, another
solanaceous plant. Pepper leaves were infiltrated with strains
NCPPB 2877 and NCPPB 3753 as with barley. Pepper plants
displayed water-soaked lesions 48 h post inoculation (Figure 1).
Both cannabis strains elicited an HR when inoculated on tobacco
(Figure 1), but the nature of this HR remains to be determined.

Genome Sequencing and Annotation
The genomes of strains NCPPB 2877 and NCPPB 3753 were
sequenced using the Illumina Hi-Seq2500 platform (Fasteris
SA, Switzerland). The shotgun sequencing yielded 2,921,175
100-bp paired-end reads (730 Mb) for strain NCPPB 2877
and 2,464,521 paired-end reads (616 Mb) for strain NCPPB
3753, with insert sizes ranging from of 250 bp to 1.5 kb.
Draft genome sequences were assembled using the Edena
algorithm v3.131028 (Hernandez et al., 2014), yielding 257
contigs ≥200 bp (N50 = 38, 306 bp) with 69 × coverage
for strain NCPPB 2877 and 260 contigs (N50 = 35, 229 bp)
with 73 × coverage for strain NCPPB 3753. For comparison,
draft genome sequences were also assembled using the Velvet
algorithm v1.1.04 (Zerbino and Birney, 2008), yielding 564

contigs ≥200 bp (N50 = 15,608 bp) for strain NCPPB 2877
and 469 contigs (N50 = 20,963 bp) for strain NCPPB 3753.
Because of their better quality, Edena-derived contigs were
annotated with GeneMarkS + release 2.9 (revision 452131)
(Borodovsky and Lomsadze, 2014), as implemented in the
NCBI Prokaryotic Genome Annotation Pipeline (http://www.
ncbi.nlm.nih.gov/genome/annotation_prok/), which predicted a
total of 4095 genes within 4,756,730 bp for strain NCPPB 2877
and 4160 genes within 4,837,471 bp for strain NCPPB 3753.
These whole genome shotgun projects have been deposited at
DDBJ/EMBL/GenBank under the accession no. JSZE00000000
(NCPPB 2877) and JSZF00000000 (NCPPB 3753). The versions
described in this paper are the first versions, JSZE01000000 and
JSZF01000000.

Comparison of the Two Genome Sequences
ANI provides a robust method to determine bacterial species
definition based on whole genome sequence comparison
and is considered the new standard for species definition
(Konstantinidis and Tiedje, 2005; Figueras et al., 2014). To
determine if NCPPB 2877 and NCPPB 3753 are the same species,
the ANI was calculated for both genome sequences using JSpecies
(Richter and Rosselló-Móra, 2009). BLAST-based comparison
revealed 99.2% ANI for the 92.5% sequences that could be
aligned, and MUMmer-based comparison revealed 99.1% ANI
for the 96.9% sequences that could be aligned, thus confirming
that both strains belong to the same species.

Using our web-based pipeline for prediction of satellites
(http://www.biopred.net/VNTR/), we then evaluated whether
or not both strains belong to a clonal complex. For satellite
prediction, the following parameters were chosen (Zhao et al.,
2012): algorithm, TRF; region length, 30–1000 bp; unit length,
5–12 bp; and at least 6 tandem repeats with a similarity of at
least 80% among the repeats. In total, 45 microsatellites were
predicted, 35 of which were found to be present in both genome
sequences. For 34 of them, repeat numbers could be derived;
while one locus was not informative because it was located at
the end of two contigs and thus not completely assembled in
NCPPB 3753. To provide further evidence that the calculated
repeat numbers were meaningful, the corresponding loci were
also analyzed in the Velvet-based genome assemblies. Strikingly,
there was not a single discrepancy between the Edena- and
Velvet-based data, except for the fact that some satellite loci were
not completely assembled by Velvet while they were complete
in the Edena assembly. For the complete loci, 28 loci (82%)
were different between the two strains with respect to repeat
numbers. For the six loci with identical repeat numbers DNA
sequence analysis revealed that five of them were identical due to
homoplasy, i.e., these loci evolved by convergent evolution to the
same number of repeats. Thus, both strains differ by almost all
(97%) of their completely assembled microsatellite loci, a finding
that indicates that both strains do not belong to a clonal complex.

Taxonomic Position of the Two Cannabis

Pathogens
Comparison of 16S rDNA sequences is a method of choice
to elucidate the taxonomic positions of bacterial strains, and
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was previously used to analyze and delineate 20 species of
Xanthomonas (Hauben et al., 1997). It was found that the
genus Xanthomonas exhibited a relatively high level of 16S
rDNA sequence identity, with on average 14 single-nucleotide
polymorphisms (SNPs) between two different Xanthomonas
species (Hauben et al., 1997). The 16S rDNA sequences of
both cannabis pathogens were found to be identical. When we
compared the 16S rDNA sequence of the cannabis pathogens
with those of the 20 Xanthomonas type strains, the cannabis
pathogen grouped with Group 2 strains, which contains the
majority of characterized Xanthomonas species. Interestingly,
GenBank comparison revealed that another recently sequenced
strain that was isolated from symptomatic bean plants in Rwanda,
Nyagatare, contains the same 16S rDNA sequence (Aritua et al.,
2015).

Previously X. cannabis strains were also called X. campestris
pv. cannabis based on the similarity of the 16S rDNA sequence to
X. campestris, but it has been suggested that the name should be
changed to X. cannabis (Netsu et al., 2014). Since the resolution
of the 16S rDNA sequence is very low within Group 2 strains
(Hauben et al., 1997) and often only distinguishes a species by
one or two SNPs, we performed whole-genome comparisons
including one representative strain per species for which genome
sequences were available (Figure 2). The pairwise ANI of the
two cannabis strains against any of the representative strains was

below 90%, regardless of which algorithm (BLAST or MUMmer)
was used, indicating that these two strains belong to an unique
and distinct Xanthomonas species (Figure 2). We suggest that X.
cannabis is the appropriate name for this bacterial species based
on our ANI analysis and as previously suggested by Netsu et al.
(2014).

Guided by the observation that their 16S rDNA sequences
were identical to that of the Nyagatare strain, we compared the
genomes ofX. cannabisNCPPB 3753 and NCPPB 2877 and X. sp.
Nyagatare. JSpecies calculations revealed that the two cannabis
strains were 96.3–96.4% identical to the Nyagatare strain, when
calculated over the 88.6–91.0% of the genome sequence that
could be aligned by the more robust MUMmer algorithm
(Richter and Rosselló-Móra, 2009). These values are slightly
above the ≈95–96% transition zone, above which strains can be
considered to belong to the same taxonomically circumscribed
prokaryotic species (Konstantinidis and Tiedje, 2005). Therefore
the Nyagatare strain most likely belongs to the X. cannabis
species. It would be interesting to perform functional studies to
determine the similarities and differences between these closely
related X. cannabis strains because the Nyagatare strain is a
reported bean pathogen andX. cannabis strains elicit no response
when inoculated on bean (Netsu et al., 2014).

Partial sequencing of the gyrB and other housekeeping genes
for MLSA grouped all Xanthomonas species into four major

FIGURE 2 | ANI and MLSA-based phylogenetic tree of xanthomonads.

Phylogenetic analysis was performed on the Phylogeny.fr platform (Dereeper

et al., 2008). Sequences were aligned with MUSCLE (v3.7) configured for

highest accuracy (MUSCLE with default settings). After alignment,

ambiguous regions (i.e., containing gaps and/or poorly aligned) were

removed with Gblocks (v0.91b) using default parameters. The phylogenetic

tree was reconstructed using the maximum likelihood method implemented

in the PhyML program (v3.0). The HKY85 substitution model was selected

assuming an estimated proportion of invariant sites and 4 gamma-distributed

rate categories to account for rate heterogeneity across sites. The gamma

shape parameter was estimated directly from the data. Reliability for internal

branch was assessed using the aLRT test (SH-Like). Graphical representation

and edition of the phylogenetic tree were performed with TreeDyn (v198.3).

All nodes were supported by bootstrap values above 0.9, except for those

marked with an asterisk. Calculated ANI values in comparison to NCPPB

2877 and the two major phylogenetic groups are indicated on the right side.
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MLSA subgroups (Parkinson et al., 2007; Young et al., 2008). We
used MLSA of seven housekeeping genes (atpD, dnaK, efp, glnA,
gyrB, lepA, and rpoD) and ANI calculations to understand the
relationship of the cannabis and Nyagatare strains compared to
other xanthomonads. The X. cannabis NCPPB 2877 and NCPPB
3753 and Nyagatare strains appear to form a distinct grouping
according to MLSA (Figure 2). Based on the comparisons of
ANI and of seven concatenated internal portions of the genes,
we overall conclude that the cannabis and Nyagatare strains
belong to a single species, X. cannabis because: (1) they are
above the 95–96% ANI threshold for species definition and (2)
they appear to belong to a new MLSA clade (Figure 2). This
new clade corresponds to the novel species-level clade (slc) 1,
as suggested by Parkinson and co-workers, which also contains
the pathovars esculenti and zinniae (Parkinson et al., 2009).
Following the pathovar designation, we suggest to name the
two cannabis strains X. cannabis pv. cannabis, and the bean-
pathogenic Nyagatare strain X. cannabis pv. phaseoli.

Comparison of Pathogenicity-related Gene

Clusters
Several gene clusters are considered to be important for
pathogenicity of xanthomonads and their possible contribution
to host- and tissue-specificity has been studied previously (Lu
et al., 2008). We therefore analyzed whether and to which extent
these gene clusters are conserved in the cannabis strains.

The rpf (regulation of pathogenicity factors) gene cluster
plays a role in the intercellular signal-response system that links
synthesis and perception of the diffusible signal factor (DSF)
cis-11-methyl-2-dodecenoic acid to the synthesis of extracellular
enzymes, extracellular polysaccharide, and biofilm dispersal
(Dow, 2008). The genetic organization of the cannabis rpf gene
cluster resembles that of X. euvesicatoria strain 85–10, yet it
contains an additional gene, rpfI, downstream of gene XCV1913,
which is not present in X. euvesicatoria strain 85–10. Moreover,
the proteins RpfF, responsible for DSF synthesis, and the two-
component regulatory system RpfC/RpfG, which is involved in
DSF perception and signal transduction (Dow, 2008), are highly
conserved in the cannabis pathogens.

The gum gene clusters encode proteins that are involved in
the exopolysaccharide (EPS) biosynthesis (Becker et al., 1998).
The core gum gene cluster, consisting of gumB to gumM, all
transcribed in the same direction, is entirely conserved in the
cannabis pathogen. As in other xanthomonads, the first gene,
gumB, is located downstream of a proline-specific tRNA gene.
The gumA gene which is located upstream of the tRNA gene and
downstream pheS and pheT is most likely not a bona fide gum
gene. The accessory gumN gene, which for instance is disrupted
in X. euvesicatoria strain 85–10 and X. oryzae pv. oryzicola
strain BLS256, appears to be intact in the cannabis pathogen.
gumO and gumP, annotated as a 3-oxoacyl-(acyl carrier protein)
synthase and a metal-dependent hydrolase, respectively, are
located directly downstream of gumN. The contribution of
these two genes to EPS biosynthesis is questionable since it is
not present in several xanthomonads infecting monocotyledons,
such as X. sacchari, X. translucens and X. oryzae, and it is also not
present in the recently sequenced Xanthomonas maliensis strain

97M, which was isolated from rice leaves in Mali. On the other
side, this unique conservation in bacteria colonizing eudicots
could suggest a role in host specificity at the level of a division.

Lipopolysaccharide (LPS) is another bacterial polysaccharide,
which is firmly attached to the outer membrane, and an aberrant
structure of the LPS O-chain has been linked to virulence defects
(Mhedbi-Hajri et al., 2011). The gene cluster responsible for
LPS biosynthesis is always present between the highly conserved
etfA and metB genes of Xanthomonas. A remarkably high degree
of variation both in number and in identity of LPS genes has
been found in different xanthomonads, even within a single
species or pathovar (Patil et al., 2007). In the two cannabis
pathogens, 14 genes are predicted to participate in the LPS
biosynthesis. The gene content and genetic organization is largely
identical to a few other Xanthomonas strains belonging to
different species: Xanthomonas gardneri strain ATCC 19865,
Xanthomonas vesicatoria strain ATCC 35937, and strains of X.
campestris (B100, CN14, CN15, CN16, JX, Xca5, and 756C);
except that the X. campestris strains have a short, additionally
predicted gene, wxcH, just downstream of the etfA gene, which is
not present (or frame-shifted) in the other species. Interestingly,
the relatively closely related Nyagatare strain shares only the
four etfA-proximal genes, wxcK to wxcN, and the two metB-
proximal genes, wzm and wzt, with the cannabis strains, while
between them three large genes without orthologs in other
xanthomonads are predicted. As observed before on a smaller set
of Xanthomonas genome sequences (Patil et al., 2007; Lu et al.,
2008), the cannabis pathogens underscore the fact that the LPS
gene cluster varies highly between and within species, suggesting
multiple horizontal gene transfers and re-assortments. Yet, it is
unclear what evolutionary pressure drives this variation—is it
escape from recognition by plant immune receptors, and/or is it
escape from recognition by bacteriophages?

Motility is an important feature of bacteria that is governed by
flagella-based swimming and/or pilus-based twitching or gliding
(Rossez et al., 2015). The flagellum is a complex machinery, the
biosynthesis of which depends on dozens of genes, collectively
called fle, flg, flh, and fli genes, which are organized in large gene
clusters. The cannabis strain NCPPB 2877 contains the full gene
complement of flagellar biosynthesis. In contrast, strain NCPPB
3753 appears to have lost two large regions in its two genes
clusters. One deletion encompasses the genes flgG to flgJ and
the 5′ portion of flgK. Downstream of flgF, remnants of an IS
element were present in the genome assembly. The second, even
larger deletion goes from the 3′ portion of fliK until the end of
flhA, totaling to more than 11 genes. Absence of flagella under
standard culture conditions was confirmed for strain NCPPB
3753 by a swimming assay in semisolid medium (Figure 3).
Briefly overnight cultures grown in liquid NB medium were
fixed to an OD600 = 1.0 and stabbed into semi-solid NYGA
medium (0.3% agar). Motility was defined as observed turbid
growth outside the stab zone of inoculation in the semi-solid
medium. Tubes inoculated with NCPPB 3753 were turbid after
4 days of growth (Figure 3), which demonstrates that this strain
is motile. Growth of NCPPB 2877 was confined to the stab zone
of inoculation (Figure 3), which supports our hypothesis that
NCPPB 2877 is non-motile because it lacks a flagellum.
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FIGURE 3 | Motility of X. cannabis strains. Bacterial motility was

determined by stab inoculation in motility medium of either strain NCPPB 3753

or NCPPB 2877. Motility was evaluated qualitatively by turbid growth (motile)

compared to localized, fixed growth (non-motile) around the zone of

inoculation. Bacteria were grown in semi-solid NYGA agar medium (0.3%) as

previously described (Sun et al., 2006).

Loss of flagella in xanthomonads is not without precedent
(Darrasse et al., 2013). When Darrasse and co-workers tested
300 Xanthomonas strains representing different species and
pathovars, five percent of the tested strains turned out to
carry a deletion in the flagellar cluster and were non-motile.
Co-isolation of flagellate and non-flagellate variants from an
outbreak suggested that flagellar motility is not essential for
fitness within the plant and that mixed populations could be a
strategy to avoid detection by the plant defense system (Darrasse
et al., 2013). Indeed, many plants have evolved receptor-like
kinases (e.g., FLS2) that detect peptide epitopes of the FliC
subunit of the flagellum (e.g., flg22 and flgII-28) (Sun et al.,
2006), and it has been reported that otherwise isogenic flagellin-
deficient Xanthomonas bacteria have a colonization advantage
over flagellated bacteria in citrus leaves (Shi et al., 2015).
Interestingly, when we analyzed the FliC flagellin sequence
of the two cannabis strains, we detected a flg22 variant that
deviates from the consensus sequence by as much as nine
amino acid residues and is identical to the flg22 sequences
from other xanthomonads, such as X. oryzae and X. vasicola
(Supplemental Figure S1). In contrast, the related Nyagatare
strain has a flg22 sequence that only deviates from the consensus
by four residues and is similar to the elicitation-active flagellins
that are recognized by FLS2 in Arabidopsis (Sun et al., 2006).
These findings suggest that the cannabis strains use at least two
out of several strategies to escape from recognition by the plant
immune surveillance system, either by loss of the flagellum or by
allelic variation of flagellin epitope(s) (Rossez et al., 2015).

The cannabis pathogen contains two different Type II protein
secretion systems, the Xcs and the Xps system, as found in

several other xanthomonads (Lu et al., 2008). The xcs gene cluster,
consisting of 12 genes, xcsC to xcsN, is located downstream
of a TonB-dependent receptor gene and upstream of a GntR-
family regulator gene, which is also the case for X. euvesicatoria
strain 85–10 and strains of X. campestris. The related Nyagatare
strain contains another four genes between xcsN and the GntR-
family regulator gene, a feature that is shared with the X.
citri pv. citri strain 306 and the Xanthomonas arboricola strain
3004. Interestingly, the xcs gene cluster is also present in the
X. maliensis strain 97M, but absent in the Group 1 strains
X. albilineans GPE PC-73, X. sacchari NCPPB 4393, and X.
translucens pv. cerealis CFBP 2541. The second Type II secretion
system, encoded by the xps gene cluster, consists of 11 genes, xpsE
to xpsN, followed by xpsD, and is found between the adhesion
gene xadA and the pnuC gene. This position in the bacterial
chromosome is largely conserved among Xanthomonas strains
belonging to different Groups, such as the X. sacchari strain
NCPPB 4393, the X. translucens pv. cerealis strain CFBP 2541,
the X. maliensis strain 97M, and strains of Group 2.

Many Gram-negative plant-pathogenic bacteria have evolved
another protein secretion system, the T3SS, which plays a pivotal
role in the pathogen-host interaction (Büttner, 2012). The Hrp
system serves as a molecular syringe that injects T3 effector
proteins into the cytosol of the host’s cells at the benefit of
the bacterium. Yet, many injected effectors can also betray
the pathogen to the host plant, triggering a strong defense
response, which typically is accompanied by an effector-triggered
HR (White et al., 2009). Notably the early-branching Group
1 sugarcane pathogen X. albilineans does not have an Hrp
T3SS, a finding that could be attributed to the reduced genome
size of this pathogen (Pieretti et al., 2009). Since then, new
genome sequences became available, including other Group 1
strains belonging to the species X. sacchari (Studholme et al.,
2011). Some of these strains do not appear to have undergone
extensive genome reduction, yet, they do not encode a T3SS.
When we analyzed the gene content of the cannabis strains we
realized that they do not have any of the hrc, hrp, or hpa genes
encoding the T3SS. We were also not able to detect any traces
of a T3-effector gene when using the set of described genes
as queries (http://www.xanthomonas.org/t3e.html). In contrast,
the Nyagatare strain has a full gene complement for the Hrp
T3SS and also possesses a couple of effector proteins (Aritua
et al., 2015). This is an interesting finding for several reasons.
First, how do the cannabis pathogens suppress plant defense, a
function that became more and more linked to the activity of T3-
effectors (e.g., Canonne et al., 2011; Schulze et al., 2012; Sinha
et al., 2013; Li et al., 2015; Stork et al., 2015)? Second, which
molecular entities are triggering the HR in Nicotiana tabacum
if not type III effectors? Interestingly, a type II-secreted pectate
lyase, XagP, from X. axonopodis pv. glycineswas previously found
to be associated with HR induction on tobacco and pepper,
but not on cucumber, sesame and tomato, thus giving a prime
example that cell wall-degrading enzymes could trigger an HR
(Kaewnum et al., 2006). We therefore speculate that similar or
other secreted enzymes that disturb the integrity of the plant
cell wall could be responsible for HR triggered by the cannabis
pathogen independent of a T3SS. Last but not least, these Group

Frontiers in Plant Science | www.frontiersin.org June 2015 | Volume 6 | Article 431 76|

http://www.xanthomonas.org/t3e.html
http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive


Jacobs et al. Evolution of pathogenicity in Xanthomonas

2 genome sequences may serve as a valuable resource to predict
new T3 effectors. As a relative of other xanthomonads it will
provide a valuable negative training or filtering set for prediction
algorithms.

Analysis of the HrpX Regulon
Previous work has shown that the Hrp T3SS and many of
its secreted effectors are controlled by a regulatory cascade,
consisting of HpaR2/HpaS, HrpG, and HrpX (Büttner and
Bonas, 2010; Li et al., 2014). However, HrpG and HrpX
regulate pathogenesis beyond the T3SS alone (Guo et al., 2011).
We therefore wondered if these components are present in
Xanthomonas strains that do not possess the Hrp T3SS, and
if so, what genes would be controlled by these components.
BLAST searches revealed that all four regulatory genes are
conserved in the cannabis pathogens (Table 1). hpaR2 and hpaS
are also conserved in the X. maliensis strain and in strains from
Group 1, such as X. albilineans, X. sacchari and X. translucens.
Their location is always between the glmS and glmU gene, with
some extra genes for an efflux pump between glmS and hpaR2.
In contrast, hrpG and hrpX were not found in strains of X.

albilineans or X. sacchari, but they are present in X. translucens.
Interestingly, however, hrpG and hrpX fromX. translucens cluster
together with the rest of the T3SS hrp gene cluster while all
other xanthomonads have hrpG and hrpX at a distinct genomic
location between radA and hsp70 (Wichmann et al., 2013). We
could not determine their genomic organization for X. maliensis
due to the highly fragmented genome assembly.

Within the Hpa-Hrp regulatory cascade, HrpX is the most
downstream component that directly induces the synthesis of
pathogenicity factors, such as the Hrp T3SS, T3 effectors and
cell wall-degrading enzymes, by binding to a conserved cis
element, called PIP (plant-induced promoter) box, within the
promoter regions of the corresponding genes (Koebnik et al.,
2006). For gene activation, both the PIP box as well as a properly
spaced −10 promoter motif are required (Furutani et al., 2006).
We therefore analyzed the genome sequences of the cannabis
pathogens for the presence of the promoter motif TTCGB-
N15-TTCGB-N30−32-TYNNNT (B represents C, G, or T; Y
represents C or T) (Koebnik et al., 2006). Using this conservative
query, four genes were strongly predicted to belong to the
HrpX regulon, two polygalacturonases (PehA, synonymous with

TABLE 1 | Presence of type III secretion systems, type III effectors, hrp/hpa regulatory genes, and homologs of predicted HrpX regulon members of X.

cannabis pv. cannabis in representative strains of Xanthomonas.

Group Species Strain GenBank Hrp T3Es HrpG HpaS PehA PehD Amino- LPL

accession no. T3SS HrpX HpaR2 peptidase

1 X. albilineans GPE PC73 FP565176 no no no YES YES YES no YES

1 X. sacchari NCPPB 4393 AGDB01000001 no no no YES YES no YES YES

1 X. translucens pv. cerealis CFBP 2541 JWHD01000001 YES YES YES noa YES YES 9 YES

X. maliensis 97M AQPR01000001 no no YES YES no PIP PIP[5] PIP[1]

2 X. campestris pv. campestris ATCC 33913 AE008922 YES YES YES YES PIP PIP[1] PIP[1] PIP

2 X. vesicatoria ATCC 35937 AEQV01000004 YES YES YES YES PIP PIP PIP[1] PIP

2 X. vasicola pv. vasculorum NCPPB 206 AKBM01000001 YES YES YES YES PIP no PIP[1] PIP

2 X. oryzae pv. oryzae KACC110331 AE013598 YES YES YES nob 9 YES no PIP

2 X. fuscans subsp. fuscans 4834-R FO681494 YES YES YES YES PIP PIP PIP[1] PIP

2 X. citri pv. citri 306 AE008923 YES YES YES YES PIP PIP PIP[1] PIP

2 X. axonopodis pv. manihotis CIO1 AKCZ01000001 YES YES YES YES PIP no PIP[1] PIP-9

2 X. axonopodis pv. vasculorum NCPPB 900 JPHD01000001 YES YES YES noc PIP PIP PIP[1] PIP

2 X. euvesicatoria 85-10 AM039952 YES YES YES YES PIP PIP PIP[1] PIP

2 X. cassavae CFBP 4642 ATMC01000001 YES YES YES YES PIP PIP PIP[2] PIP[3]

2 X. arboricola pv. celebensis NCPPB 1832 JPHC01000001 YES YES YES YES PIP no PIP[1] PIP[1]

2 X. hortorum pv. carotae M081 AEEU01000001 YES YES YES YES PIP PIP PIP[1] PIP

2 X. gardneri ATCC 19865 AEQX01000001 YES YES YES YES PIP PIP PIP[1] PIP

2 X. fragariae LMG 25863 AJRZ01000001 YES YES YES YES PIP PIP 9 9

2 X. cannabis pv. phaseoli Nyagatare JRQI01000001 YES YES YES YES PIP PIP PIP PIP

2 X. cannabis pv. cannabis NCPPB 2877 JSZE01000001 no no YES YES PIP PIP PIP PIP

2 X. cannabis pv. cannabis NCPPB 3753 JSZF01000001 no no YES YES PIP PIP PIP PIP

“YES” indicates presence of a homolog, “no” indicates absence of the protein(s).

“9” indicates pseudogenes, i.e., the gene is split into two or more fragments.

“PIP” indices the presence of the gene along with a canonical PIP box and a properly spaced −10 promoter motif. Numbers in square brackets indicate the number of single-nucleotide

variants with respect to the canonical PIP box and −10 promoter motif.
a hpaR2 is eroded while an N-terminally truncated form of hpaS is present in X. translucens pv. cerealis strain CFBP 2541. Remnants are found in two other X. translucens strains (ART-

Xtg27 and DSM 18974). Interestingly, the hpaR2/hpaS locus is intact in X. translucens strain DAR61454. This is an example of ongoing gene erosion in one species of Xanthomonas.
b The hpaR2/hpaS locus got destroyed by an IS element in X. oryzae pv. oryzae strain KACC 10331. Yet, hpaR2/hpaS is present in X. oryzae pv. oryzicola strain BLS256. Remnants are

found in the African X. oryzae pv. oryzae strain NAI8 and in X. oryzae strains from the United States. This finding illustrates ongoing gene erosion in another species of Xanthomonas.
c hpaR2 is absent while an N-terminally truncated form of hpaS is present in X. axonopodis pv. vasculorum strain NCPPB 900.
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PghAxc, and PehD, synonymous with PghBxc and PglA; Hsiao
et al., 2008; Wang et al., 2008), one putative aminopeptidase
and one putative lysophospholipase (LPL). Indeed, the two
polygalacturonases have been previously shown to be regulated
by HrpX in X. campestris (Wang et al., 2008). For X. citri,
microarray transcriptome studies have shown previously that
three genes with a canonical PIP box and −10 promoter motif
(PehA, PehD, LPL; Table 1) are positively regulated by HrpX
(Guo et al., 2011). Finally, our own RNAseq data show that
the LPL is under control of HrpX in an African X. oryzae
strain (unpublished data). We highly suspected that the four
predicted genes with a canonical PIP box and properly spaced
−10 promoter motif were indeed under control of HrpX in the
cannabis strains.

Genome mining revealed that these four genes are present
in most xanthomonads from Groups 1 and 2 (Table 1). Yet, in
some lineages, one or the other gene apparently got lost. For
instance, X. sacchari, X. maliensis, X. arboricola, X. axonopodis
pv. manihotis, X. oryzae, and X. vasicola lack one or the
other polygalacturonase, and the aminopeptidase is absent from
X. albilineans and X. oryzae. In a few cases, these genes appear
to have suffered from pseudogenization (Table 1) but this needs
confirmation by targeted DNA sequencing due to the risk of
sequence errors in some of the draft genome sequences.

Since these four genes appear to be under control of HrpX
in the cannabis pathogens, we looked for evidence that the
same regulation occurs in the other xanthomonads. We therefore
compared the upstream regions of these four genes in a
representative set of Xanthomonas strains. Strikingly, we found
PIP boxes and properly spaced −10 promoter motifs for most
of the genes in most of the Xanthomonas strains (Figure 4,
Supplemental Figure S2), except for the Group 1 strains X.
albilineans, X. sacchari, and X. translucens. Multiple sequence
alignments of the promoter regions of the three genes show that
the PIP boxes are conserved in sequence, context and position
(PIP boxes ∼140–150 bp before start codon of pehA, ∼90 bp
before start codon of the aminopeptidase gene, and∼210–250 bp
before start codon of pehD) indicate that the PIP boxes of the
polygalacturonase and aminopeptidase genes evolved early after
separation of Group 2 from Group 1. In contrast, the PIP boxes
of the lysophospholipase gene do not align with each other and
reveal four subgroupings, which are compatible with a MLSA-
based phylogeny of Group 2 strains (Supplemental Figure S2).
This finding could suggest that the PIP box evolved several
times independently at early times after separation of the four
MLSA subgroups, or that the surrounding sequences evolved too
extensively to allow the PIP boxes to be aligned using standard
parameters.

To test if HrpX and HrpG could activate expression of the
putative targets, we quantified gene expression of pehA, one of
the four genes with a PIP box, in various mutant backgrounds of
X. cannabis NCPPB 3753. HrpG∗ from X. euvesicatoria 85–10 is
a HrpG variant that mimics the active form of HrpG (Wengelnik
et al., 1999). Mutant strains with hrpG∗ induce expression
of hrpX and further genes targeted by HrpX, which includes
primarily promoters with PIP boxes (Wengelnik et al., 1999). We
therefore transformed X. cannabis cells with either pBBR1MCS-5

(empty vector), pBBR1MCS-5::hrpX or pBBR1MCS-5::hrpG∗,
as previously described (Koebnik et al., 2006). hrpG∗ from X.
euvesicatoria was cloned into pBBR1MCS-5, as described for
hrpX (Wengelnik et al., 1999; Koebnik et al., 2006). Positive
transformants were confirmed by PCR (data not shown).
Quantitative PCR (qPCR) was used to determine the relative
expression of putative HrpX-target genes in X. cannabis NCPPB
3753 pBBR1MCS-5::hrpG∗ and NCPPB 3653 pBBR1MCS-
5::hrpX compared to NCPPB 3753 pBBR1MCS-5 (empty vector)
as a control. atpD was used as a normalization control. pehA,
pehD, and the gene encoding the putative LPL were dramatically
induced in NCPPB 3753 ectopically expressing hrpG∗ or hrpX,
compared to the empty vector control (Figure 5). NCPPB 3753
pBBR1MCS-5::hrpG∗ specifically upregulated (fold-change [SE])
pehA (54.8 ± 17.3), pehD (425.8 ± 16.6) and LPL (377.1 ±

36.5) compared to the empty vector control. A similar trend was
observed with expression of the three genes (26.2 ± 4.1, 49.4 ±

11.3, 50.7 ± 11.9, respectively) in NCPPB 3753 pBBR1MCS-
5::hrpX compared to the empty vector control. We did not detect
differential expression of the putative aminopeptidase in our hrp
regulatory variant backgrounds under the conditions mentioned
above (data not shown). We only tested one set of primers for
this gene under one condition, and further experiments need
to be performed to determine if this negative result suggests
that this gene is not a target of HrpX. We overall conclude that
the promoter of pehA, pehD, and LPL are bona fide targets of
HrpX, validating our bioinformatic analysis. This supports the
hypothesis that HrpG and HrpX regulate pathogenesis beyond
T3SS alone (Tang et al., 2006). Further investigation of the role of
HrpX andHrpX targets remains to be performed, but X. cannabis
is a potentially interesting model to understand the role of HrpX
beyond the T3SS.

One of the polygalacturonase genes, pehA, is not only
under control of HrpX but was found to be regulated
by Clp and RpfF in X. campestris (Hsiao et al., 2008).
Since Clp and RpfF are conserved over all clades it is
tempting to speculate that this layer of regulation has
evolved before separation of the clades. However, comparison
of the pehA promoter regions in a representative set of
Xanthomonas strains revealed that the predicted Clp-binding site
is not conserved (Supplemental Figure S3). Notably, multiple
sequence alignment instead revealed a conserved sequence motif
the position of which is shifted by 8 bp with respect to the
predicted Clp-binding site (Supplemental Figure S3). In fact,
this conserved box is as similar to the canonical Clp box as is
the previously predicted Clp-binding site (Dong and Ebright,
1992), and its position is compatible with the mapping of the
Clp-binding site by lacZ reporter fusions (Hsiao et al., 2008).
Probably, the Clp-binding site was slightly mispredicted at that
time due to the absence of sufficient sequence data from diverse
Xanthomonas strains, which help to uncover regulatory DNA
elements.

Conclusions

Stimulated by two new genome sequences from
cannabis-pathogenic xanthomonads, we explored the world
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FIGURE 4 | Promoter sequences of predicted HrpX regulon members

and their homologs in strains of Xanthomonas. Promoter regions

encompassing 350bp upstream of the translational start codon of a

representative set of Xanthomonas strains were aligned by MUSCLE. PIP half

boxes are shown in blue and the −10 promoter motif is shown in orange.

Distance to the translational start codon is indicated on the right side of each

sequence block. Deviations from the PIP consensus sequence are

highlighted in yellow. The following Xanthomonas strains were analyzed: XAC

(X. arboricola pv. celebensis) NCPPB 1832, XAM (X. axonopodis pv.

manihotis) CIO1, XAV (X. axonopodis pv. vasculorum) NCPPB 900, XCC (X.

campestris pv. campestris) ATCC 33913, XCC (X. cannabis pv. cannabis)

NCPPB 2877 and NCPPB 3753, XCP (X. cannabis pv. phaseoli) Nyagatare,

XC (X. cassavae) CFBP 4642, XCC (X. citri pv. citri) 306, XE (X. euvesicatoria)

85-10, XF (X. fragariae) LMG 25863, XFF (X. fuscans subsp. fuscans)

4834-R, XG (X. gardneri) ATCC 19865, XHC (X. hortorum pv. carotae) M081,

XOO (X. oryzae pv. oryzae) KACC 19331, XVV (X. vasicola pv. vasculorum)

NCPPB 206, and XV (X. vesicatoria) ATCC 35937. *Denotes conserved

nucleotide.
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FIGURE 5 | Gene expression analysis of genes with HrpX-inducible PIP

boxes. Bacteria were grown overnight in liquid NB (Sigma Aldrich, USA)

supplemented with gentamycin (20µg l−1) and transferred to fresh 10mL NB

media with gentamycin for a final OD600 = 0.5. Bacteria were incubated for

3 h, shaking at 28◦C. Transcriptional profiles and RNA was preserved with 5%

phenol in ethanol as previously described (Jahn et al., 2008; Jacobs et al.,

2012). Bacterial RNA was extracted with Trizol (Invitrogen, USA), cleaned up

with Zymogen RNA concentrator (Zymo Research, USA) and treated with

Turbo DNase (Invitrogen, USA) following manufacturer’s protocols. RNA (1µg

per sample) was reverse transcribed with Superscript III (Invitrogen, USA)

following the manufacturer’s recommendation. qPCR with SYBR MESA BLUE

Master Mix (Eurogentec, Belgium) was performed following the manufacturer’s

protocol on a Roche LightCycler 480 Real-Time PCR instrument (Roche

Diagnostics Corporation, USA) with reaction parameters of 10-min polymerase

activation at 95◦C, then 40 cycles, with an individual cycle consisting of 15 s at

95◦C and 1min at 60◦C. Relative gene expression analysis of pehA, pehD and

the gene encoding the putative lysophospholipase (LPL) were calculated by

the delta-delta-Ct method (Livak and Schmittgen, 2001) for NCPPB 3753

variants ectopically expressing hrpG* or hrpX compared to NCPPB 3753

pBBR1MCS-5. Expression of atpD was used as a normalization internal

control gene. Primers are listed in Supplemental Table S1.

of pathogenicity determinants in the genus Xanthomonas.
A plethora of research data as well as our own analyses let
us speculate about a stepwise evolution of pathogenicity in
Xanthomonas. We developed a model (Figure 6) of evolution
and acquisition of Xanthomonas pathogenicity factors based on
a model proposed by Lu et al. (2008). Given the observation
that some Xanthomonas strains across distinct taxa do not
contain hrpG and hrpX, we speculate a stepwise evolution of
pathogenicity (Figure 6), which involves (i) acquisition of key
regulatory genes and cell wall-degrading enzymes, followed by
(ii) acquisition of the Hrp type III secretion system, which is
ultimately accompanied by (iii) successive acquisition of type III
effectors. In parallel, as soon as hrpG and hrpX were acquired, a
subset of genes, which can contribute to pathogenicity, evolved
PIP boxes in their promoter regions thus ensuring their efficient
expression during plant colonization.

Basic pathogenicity factors, such as the Xps type II secretion
system and its secreted cell wall-degrading enzymes, as well as the
rpf gene cluster, were probably already present in the ancestor
of Xanthomonas and Xylella. Perhaps, these components were
already expressed in response to environmental conditions, as we

FIGURE 6 | Model for virulence gene and regulator acquisition in X.

cannabis. The acquisition of various virulence traits was likely sequential in

Xanthomonas spp., which represented by a schematic phylogenetic tree.

Cell-wall modification by cell-wall degrading enzymes (CWDEs) is an ancient

trait found in both Xylella and Xanthomonas, which suggests their acquisition

predates the separation of these two pathogenic genera. Genes encoding the

regulators HpaR2 and HpaS were subsequently acquired before the

separation of the Xanthomonas Group 2 and early branching Group 1. Then

the regulatory genes hrpX and hrpG were gained by Group 2 strains and

further promoters (e.g., PIP boxes) evolved to adapt to these virulence

regulators. This is further supported by the absence of PIP boxes in front of

non-hrp genes in Group 1 strains (X. albilineans and X. sacchari). Because the

organization of hrpX and hrpG and the T3SS is more similar to R.

solanacearum, different than Group 2 xanthomonads and lacking in most

Group 1 species (X. sacchari and X. albilineans), we suspect an independent

acquisition of this system in X. translucens. hrpG and hrpX are present in a

similar location in all sequenced Group 2 species. We hypothesize that the

T3SS and core effectors were either (1) acquired independently by individual

pathovars or (2) acquired an earlier point and lost in some pathovars. After the

acquisiton of the T3SS, we posit that accessory effectors were acquired (3) by

horizontal gene transfer to alter host range and/or promote susceptibility by

suppressing plant immunity.

can still observe for the genes that are controlled by RpfF and/or
Clp. When the xanthomonads had separated into distinct genetic
clades (Group 1 vs. Group 2), hrpG and hrpX were acquired,
and perhaps evolved to be cross-regulated by the HpaR2/HpaS
two-component regulatory system. It is conceivable that the X.
translucens lineage acquired hrpX and hrpG together with the
Hrp type III secretion system since the two regulatory genes
are physically linked to the hrp gene cluster (Wichmann et al.,
2013), reminiscent of the situation in Ralstonia solanacearum.
Notably, the other early-branching xanthomonads, such as
X. albilineans and X. sacchari, did not acquire hrpX nor
hrpG. In contrast, all other xanthomonads have the oppositely
transcribed hrpG and hrpX genes in the same synteny group
between radA and hsp70, suggesting a unique acquisition
event.

Interestingly, there are xanthomonads that possess hrpG and
hrpX but not the Hrp Type III secretion system nor any type III
effectors, such as the cannabis pathogen, the new X. maliensis
clade (Triplett et al., 2015), and a recently sequenced strain of X.
arboricola (Ignatov et al., 2015). This could be taken as evidence
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that the Hrp system was either (1) acquired later or (2) got lost
in some lineages. We favor the hypothesis that the T3SS and
core effectors were gained in the case of the Nyagatare strain
and not lost from X. cannabis NCPPB 2788 and NCPPB 3753.
There seems to be no indication of any remnant features of the
T3SS or effectors in the two X. cannabis genomes. Moreover,
the Nyagatare strain possesses the T3SS and only core effectors,
which appear to be located on a pathogenicity island flanked
by insertion/transposable elements. More systematic genome
sequencing of underexamined genetic lineages will shed light on
this evolutionary puzzle.
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Supplemental Figure S1 | Flg22 epitope variants found in various strains of

Xanthomonas. On top, the prototype elicitor-active flg22 peptide from

Pseudomonas aeruginosa is shown (Felix et al., 1999). Below, homologous

sequences from different species and pathovars of Xanthomonas are aligned.

Residues that deviate from the prototype sequence are in red. The peptide that

corresponds to eliciting flagellin variants of X. campestris pv. campestris is

highlighted in green, while the peptide that corresponds to non-eliciting flagellin

variants highlighted in yellow (Sun et al., 2006).

Supplemental Figure S2 | Comparison of promoter sequences of the

Xanthomonas lysophospholipase gene. Promoter regions encompassing

350bp upstream of the translational start codon of a representative set of

Xanthomonas strains were aligned by MUSCLE. PIP half boxes are shown in blue

and the −10 promoter motif is shown in orange. Distance to the translational start

codon is indicated on the right side of the lower sequence block. Deviations from

the PIP consensus sequence are highlighted in yellow. For the set of analyzed

strains, compare with Figure 4.

Supplemental Figure S3 | Comparison of promoter sequences of the

Xanthomonas pehA gene. Promoter regions encompassing 350bp upstream

of the translational start codon of a representative set of Xanthomonas strains

were aligned by MUSCLE. Consensus CAP/CLP binding boxes, according to

Dong and Ebright (1992), are indicated above the multiple sequence alignment,

first aligned with the Clp-binding site as determined by Hsiao et al. (2008), for X.

campestris pv. campestris (highlighted in yellow, six conserved residues are

shown in green), and then aligned with the Clp-binding site as proposed by us

(conserved residues are shown in red). The PIP half boxes are shown in blue and

the −10 promoter motif is shown in orange. Distance to the translational start

codon is indicated on the right side of the lower sequence block. For better

comparison with Figure 4, PIP half boxes are shown in blue and the −10

promoter motif is shown in orange. Distance to the translational start codon is

indicated on the right side of the lower sequence block. Deviations from the PIP

consensus sequence are highlighted in yellow. For the set of analyzed strains,

compare with Figure 4.
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In eukaryotes, regulated protein turnover is required during many cellular processes,
including defense against pathogens. Ubiquitination and degradation of ubiquitinated
proteins via the ubiquitin–proteasome system (UPS) is the main pathway for the turnover
of intracellular proteins in eukaryotes. The extensive utilization of the UPS in host cells
makes it an ideal pivot for the manipulation of cellular processes by pathogens. Like many
other Gram-negative bacteria, Xanthomonas species secrete a suite of type-III effector
proteins (T3Es) into their host cells to promote virulence. Some of these T3Es exploit the
plant UPS to interfere with immunity. This review summarizes T3E examples from the
genus Xanthomonas with a proven or suggested interaction with the host UPS or UPS-like
systems and also discusses the apparent paradox that arises from the presence of T3Es
that inhibit the UPS in general while others rely on its activity for their function.

Keywords: Xanthomonas, type-III effector, ubiquitin, proteasome, plant defense

INTRODUCTION
The bacterial genus Xanthomonas consists of a large group of
Gram-negative plant pathogenic bacteria comprising 27 species
that infect a wide range of economically important crop plants,
such as rice, citrus, banana, cabbage, tomato, pepper, and
bean (Ryan et al., 2011). The infection strategies of various Xan-
thomonas species and pathovars are adapted to their different hosts
and also exhibit tissue specificity (Ryan et al., 2011). For exam-
ple, Xanthomonas campestris pv. campestris and X. campestris pv.
musacearum invade through the vascular system and spread sys-
tematically whereas X. campestris pv. vesicatoria and X. citri pv.
citri colonize the intercellular space (Buttner and Bonas, 2010).
The broad host range of the Xanthomonas species and the adapta-
tion to different tissues is also reflected in the dynamic nature
of the type III effector (T3E) repertoires in a given pathovar
or species. To date, ∼40 T3Es of the genus Xanthomonas have
been identified, which are divided into groups based on their
sequence identities (White et al., 2009). These T3Es function as
virulence and avirulence factors either by suppressing PAMP-
triggered immunity (PTI) or through the recognition by host
immune receptors (Resistance proteins) and subsequent elici-
tation of the so called effector-triggered immunity (ETI; Jones
and Dangl, 2006). Although, T3Es are assumed to contribute to
virulence of Xanthomonas, host cellular targets and biochemical
activities for many effectors remain unknown.

The ubiquitin–proteasome system (UPS) is involved in a broad
array of cellular processes, such as signaling, cell cycle, vesi-
cle trafficking, and immunity (Vierstra, 2009). Selective protein
degradation by the UPS proceeds from the ligation of one or
more ubiquitin proteins to the ε-amino group of a lysine residue
within specific target proteins catalyzed by E1, E2, and E3 enzymes
(Figure 1A). The ubiquitylated target protein is then recognized
by the 26S proteasome for degradation. The 26S proteasome itself

is a 2.5 MDa ATP-dependent protease complex composed of a 20S
core protease (CP) and two 19S regulatory particles (RPs), each of
which contains a lid and a base subunit (Figure 1A).

Beyond its role in marking target proteins for degradation via
the 26S proteasome, ubiquitination can regulate cellular signaling
processes. Mono-ubiquitination or multi-ubiquitination is asso-
ciated with endocytosis, protein sorting, gene expression, and
various other cellular pathways (Mukhopadhyay and Riezman,
2007). In addition to ubiquitination, ubiquitin-like modifica-
tions, such as SUMO (small ubiquitin-related modifier), play an
essential role in various cellular functions. Similar to the ubiq-
uitination pathway, sumoylation requires an E1-E2-E3 enzyme
cascade to conjugate SUMO to the target protein. Sumoylation
can affect localization, protein-protein interaction, and stability
of the modified protein (Vierstra, 2012).

During the past few years, evidence has emerged that ubiquitin-
and ubiquitin-like pathways play a major role in immunity and
hence are subverted by bacterial pathogens in animal and plant
hosts (Boyer and Lemichez, 2004; Perrett et al., 2011; Marino
et al., 2012). Several components of the UPS were identified
as regulators of plant immunity during PTI and ETI, such as
pepper E3 ligase CaRING1 that is induced upon Xanthomonas
infection and is required for the activation of cell death (Lee
et al., 2011). Moreover, recent studies identified that members
of the U-box E3 ligase family are negative regulators of PTI
(Trujillo et al., 2008; Stegmann et al., 2012). A direct connec-
tion between the UPS and ETI was shown by the fact that
the accumulation of certain resistance proteins is controlled
by the ubiquitin-mediated degradation via the 26S proteasome
(Furlan et al., 2012).

Considering the involvement of the UPS in plant defense mech-
anisms, co-evolution has selected for T3Es and toxins that can
manipulate ubiquitin and ubiquitin-like pathways in order to
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FIGURE 1 | (A) The ubiquitin–proteasome system (UPS) and its role
during plant-pathogen interactions. Ubiquitin–proteasome cascade.
Activated ubiquitin binds to E1 and is transferred to the
ubiquitin-conjugating enzyme (E2). The E2 carries the activated
ubiquitin to the ubiquitin ligase (E3), which facilitates the transfer of
the ubiquitin from the E2 to a lysine residue in the target protein
(S). Poly-ubiquitinated target proteins are degraded by the 26S
proteasome, consisting of a 19S regulatory Particle (RP) and 20S core
subunit (CP). (B) Xanthomonas Type III effectors targeting ubiquitin
and ubiquitin-like pathways. XopJ targets proteasome subunit RPT6 to
inhibit the proteasome, leading to an attenuation of SA-dependent
defense signaling. XopL was identified as a novel E3 Ubiquitin ligase,

possibly ubiquitinating unknown target proteins leading to the
suppression of PTI. AvrBsT associates with proteasome subunit RPN8
and is likely to affect proteasome function. AvrXv4 desumoylates
unknown target proteins inside the plant cytoplasm. X. citri effectors
PthA2/3 interact with the ubiquitin-conjugating enzyme complex formed
by Ubc13 and ubiquitin-conjugating enzyme variant (Uev) to inhibit
ubiquitination required for DNA repair. XopD from Xcc8004 targets
DELLA proteins to protect them from gibberellin (GA)-induced
proteasome-dependent degradation. XopD from Xcv 85-10
desumoylates tomato transcription factor SlERF4 leading to its
proteasome-dependent degradation. XopPXoo binds to OsPUB44 from
rice to suppress PTI.

interfere with induced defense responses. The best characterized
effector proteins or toxins with respect to exploitation of the UPS
can be found in Pseudomonas syringae pv. tomato, a bacterium
that causes bacterial speck disease on tomato plants. Some of
these effectors mimic E3 ligases, e.g., AvrPtoB, to suppress both
PTI and ETI events (Abramovitch et al., 2006; Janjusevic et al.,
2006), whereas others, such as HopM1 promote ubiquitination
of its target protein to inhibit certain induced defense responses
(Nomura et al., 2006). A more direct way to subvert the UPS is
achieved by SylA, a secreted toxin from P. syringae pv. syringae,
which directly targets the catalytic subunits of the 26S protea-
some to inhibit its activity and to suppress plant immune reactions
(Groll et al., 2008; Schellenberg et al., 2010; Misas-Villamil et al.,
2013).

In recent years, it has become evident that the UPS has a major
role during the interaction of Xanthomonas with its plant hosts.
Therefore, this mini review summarizes the current knowledge
about T3Es of different Xanthomonas species with a demonstrated
effect on ubiquitin and ubiquitin-like pathways. Possible virulence
functions and conflicting actions of T3E proteins promoting or
inhibiting the ubiquitin pathway are discussed.

T3Es FROM Xanthomonas SPECIES INTERACTING WITH THE
HOST UPS
The dual roles of UPS components in defense and development
render them to be vulnerable targets for exploitation during
infection. Several T3Es from Xanthomonas species have been

shown or suggested to interact with components of ubiquitin and
ubiquitin-like pathways of the host plant in a positive or negative
manner (summarized in Table 1; illustrated in Figure 1B).

EFFECTORS INTERACTING WITH UPS COMPONENTS
XopJ is a type III effector of X. campestris pv. vesicato-
ria (strain 85-10), although a highly similar sequence is also
found in the genome of X. campestris pv. malvacearum. Apart
from that, close homologs are also present in Pseudomonas
spp., including Pseudomonas avellanae, P. syringae pv. actini-
diae, P. syringae pv. lachrymans and appear to function at
least in part in a XopJ-like manner (Üstün et al., 2014).
XopJ belongs to the widely distributed YopJ-effector family of
cysteine proteases/acetyltransferases (Hotson and Mudgett, 2004;
Lewis et al., 2011). Members of this diverse T3E family are present
among both plant and animal pathogenic bacteria. Based on
structural similarities to cysteine proteases from adenovirus, the
archetypal member of this effector family, YopJ from Yersinia
pestis, was originally assigned to the CE clan of C55 peptidases
(Orth et al., 2000). Proteases in this clan share a catalytic triad as
a characteristic feature, consisting of the amino acids histidine,
glutamic/aspartic acid, and a cysteine. Although recent studies
demonstrated that YopJ and other members of this effector protein
act as acetyltransferases on their target proteins (Mukherjee et al.,
2006; Tasset et al., 2010; Lee et al., 2012; Jiang et al., 2013; Cheong
et al., 2014), it has also been shown for YopJ and other mem-
bers (summarized below) that these T3Es display de-sumoylating
and de-ubiquitinating activities, implying that the YopJ effector
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Table 1 | Xanthomonas effectors interacting with the host UPS.

Effector Activity/domain Target Role during infection Reference

AvrXv4 deSUMOyation ? ? Roden et al. (2004)

AvrBsT Acetyltransferase/SUMO-protease ACIP1, SnRKl, RPN8 Suppression of ETI/PTI Szczesny et al. (2010)

XopJ Cysteine protease? RPT6 Inhibition of SA signalling Üstün et al. (2013)

XopDXcv85−l0 deSUMOyation SLERF4 Suppression of ethylene responses Kim et al. (2013)

XopDXcc8004 deSUMOylation? deubiquitination? DELLAs Disease tolerance; repression of ROS Tan et al. (2014)

XopL E3 ubiquitin ligase ? Suppression of PTI Singer et al. (2013)

PthA2/3 TAL Ubcl3/Uev Interference with DNA repair mechanisms Domingues et al. (2010)

XopI F-box domain ? ? Schulze et al. (2012)

XopP Unknown OsPUB44 Suppression of PTI Ishikawa et al. (2014)

family plays a role in manipulation the UPS. Initially, XopJ was
identified as an T3E, as its expression is induced dependent on
hrpG that controls the expression of hrp genes, being essential
for the pathogenicity of Xcv (Noel et al., 2003). Further in silico
analysis of the amino-terminal part of XopJ revealed a possible
myristoylation side, being responsible for the plasma membrane
localization of XopJ after translocation into the host cytoplasm
(Thieme et al., 2007; Bartetzko et al., 2009). Subcellular local-
ization of XopJ is also associated with its function to block the
secretory pathway dependent on its catalytic triad and thereby
interfering with cell-wall based defense responses (Bartetzko et al.,
2009). Further functional analysis revealed that XopJ interacts
with the 19S RP subunit RPT6 (RP ATPase 6) of the 26S pro-
teasome. XopJ is able to recruit cytoplasmic RPT6 to the plant
plasma membrane leading to the inhibition of the proteasome
activity. This effect is dependent on both, its myristoylation and
its catalytic triad (Üstün et al., 2013). Xcv infection of susceptible
pepper plants revealed that XopJ is acting as a tolerance factor,
attenuating the accumulation of salicylic acid (SA) to delay host
tissue necrosis in a proteasome-dependent manner (Üstün et al.,
2013). XopJ-mediated inhibition of the proteasome function also
interferes with other events during plant immunity, as vesicle traf-
ficking and callose deposition are also affected by the suppression
of the proteasome. This also explains the initial observation that
XopJ blocks vesicle trafficking during immunity. It is presently
not clear how the inhibitory effect of XopJ on the proteasome is
related to the suppression of SA-mediated defense responses. Sim-
ilar to what has been proposed for SylA (Schellenberg et al., 2010),
XopJ might be affecting the proteasomal turnover of NPR1, the
master regulator of SA signaling, to interfere with SA-dependent
immunity. Future studies regarding the protein turnover of puta-
tive target proteins of XopJ will shed light on this open question
and also reveal other mechanisms implicated in XopJ-triggered
immunity suppression.

Given the fact that XopJ so far has only been found in Xcv 85-
10 and in X. campestris pv. malvacearum, it is possible that only
certain pathovars aquired this effector during evolution to directly
target the host cell proteasome as a way of adaptation to different
hosts. Alternatively, other Xanthomonas pathovars might utilize
different effector proteins involving other mechanisms to target
components of the UPS. This might be the case for AvrBsT from

Xcv 75-3 that was identified to interact with a UPS component.
Szczesny et al. (2010) identified 19S RP subunit RPN8 as a potential
interaction partner of AvrBsT in a yeast-2-hybrid assay. Similar to
XopJ, AvrBsT is a member of the YopJ-superfamily of cysteine pro-
teases/acetyltransferases, sharing 35% amino acid identity to XopJ.
In addition to RPN8, AvrBsT is targeting SNF1-related kinase 1
(SnRK1), an essential regulator of nutrient and stress signaling, to
possibly mediate suppression of AvrBs1-triggered hypersensitive
response (Szczesny et al., 2010). Intriguingly, SnRK1 is associated
with the alpha4/PAD1 subunit of the 20S proteasome to medi-
ate proteasomal binding of a plant SCF ubiquitin ligase (Farras
et al., 2001). Taken together, it is possible that AvrBsT is dis-
rupting proteasome-mediated protein turnover similar to XopJ.
However, additional experiments are required to assess the role
of YopJ-like effector AvrBsT in the manipulation of the UPS
machinery. Recently it was demonstrated that AvrBsT displays
acetyltransferase activity toward a protein associated with micro-
tubules and immunity (Cheong et al., 2014). Whether SnRK1 or
Rpn8 are targets for AvrBsT-mediated acetylation remain to be
investigated.

Another example for the exploitation of the UPS by Xan-
thomonas, is the interaction of X. axonopodis pv. citri type III
effectors PthA 2 and 3 with the ubiquitin-conjugation enzyme
complex formed by Ubc13 and ubiquitin-conjugation enzyme
variant (Uev; Domingues et al., 2010). PthA proteins belong
to the AvrBs3/PthA or TAL (transcription activator-like) family
that were recently identified to act as transcriptional activa-
tors in the plant cell nucleus, where they directly bind to
DNA via a central domain of tandem repeats (Boch et al.,
2009). Despite the fact that effectors from the TAL family have
evolved to target the plant nuclear DNA and modulate host
transcription, it could be possible that proteins from this large
effector family might associate with other host proteins to reg-
ulate host transcription. Both PthA 2 and 3 interact with the
heterodimer complex of Ubc 13-Uev, required for ubiquitina-
tion of target proteins involved in DNA repair (Domingues
et al., 2010). Taken together, this is another example of a Xan-
thomonas T3E possibly hijacking the UPS to modulate host cellular
pathways.

Recently, the T3E XopP from X. oryzae pv. oryzae was
shown to target OsPUB44, a rice ubiquitin E3 ligase with a
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unique U-box domain, to suppress peptidoglycan (PGN)- and
chitin-triggered immunity and resistance to X. oryzae (Ishikawa
et al., 2014). Although the enzymatic activity of XopP remains
unknown, the authors were able to show that XopP inhibits the
ubiquitin E3 ligase activity of OsPUB44, leading to its accumu-
lation in planta possibly due to a loss of its auto-ubiquitination
(Ishikawa et al., 2014). Whether XopP inhibits the E3 ligase
activity of OsPUB44 by its biochemical activity or simply by com-
peting for the binding site with an E2 enzyme remains to be
shown.

EFFECTORS ENCODING SUMO-PROTEASES
The initial discovery that YopJ-like effectors also share limited
structural similarities with the yeast ubiquitin-like Protease 1
[ULP1, also known as small ubiquitin-like modifier (SUMO)
protease], led to the assumption that these effectors may act as
SUMO proteases. SUMO proteases desumoylate sumo-conjugated
target proteins and as sumoylation appears to be connected to
pathogen attack and other stress responses, this process might
be an attractive target for bacterial invaders to modulate protein
functions (Hotson and Mudgett, 2004). The first evidence that
Xanthomonas effectors mimic SUMO proteases was provided by
the functional characterization of XopD (Hotson et al., 2003). In
contrast to YopJ-like effectors, XopD shares high similarities with
ULPs and hence is classified as a cysteine protease belonging to the
C48 family of the CE clan. XopD is localized to subnuclear foci
and cleaves plant-specific SUMO precursors interfering with pro-
tein sumoylation in planta (Hotson et al., 2003). In the nucleus,
XopD is able to bind DNA and to repress the transcription of
senescence- and defense-related genes leading to the attenuation
of SA-dependent senescence in tomato (Kim et al., 2008). Further
analysis revealed that XopD targets tomato transcription factor
SlERF4 for de-sumoylation to prevent ethylene-mediated defense
responses in order to enhance bacterial propagation (Kim et al.,
2013). XopD interacts with SlERF4 in the nucleus and catalyzes
SUMO1 hydrolysis from lysine 53. This in turn leads to the pro-
teasome dependent destabilization of SlERF4 (Kim et al., 2013). In
summary, XopD is an example of a T3E utilizing an ubiquitin-like
pathway by acting as a SUMO protease to destabilize its target pro-
tein and thereby enhancing the virulence of Xcv during infection
of tomato plants.

XopD is also a paradigm for strain specific functions of
homolog T3Es, as XopD from X. campestris pv. campestris (8004)
uses a different strategy to modulate plant immunity: XopDXcc8004

targets DELLA protein RGA (repressor of ga1-3) in the nucleus
to delay its gibberellin (GA)-mediated degradation via the 26S
proteasome (Tan et al., 2014). As a consequence, disease symp-
tom development is suppressed to initiate disease tolerance and
promote bacterial survival. Although the authors were not able
to show that XopDXcc8004 is de-ubiquitinating or de-sumoylating
RGA, the study strongly suggests that XopDXcc8004 somehow mod-
ifies RGA to prevent its proteasome-mediated degradation (Tan
et al., 2014).

Although members of the YopJ-like effectors share restricted
homology to SUMO proteases, Xanthomonas YopJ-like effector
AvrXv4 was shown to decrease the accumulation of SUMO-
modified proteins in plants (Roden et al., 2004). To date, it remains

unclear whether AvrXv4 possesses SUMO isopeptidase activity
and which targets are possibly de-sumoylated by AvrXv4.

EFFECTOR PROTEINS HIJACKING THE UPS BY MIMICKING
EUKARYOTIC PROTEINS
Due to the lack of structural or sequence similarities to pro-
teins with known function, enzymatic activities for T3Es of plant
pathogenic bacteria have been difficult to predict. However, the
determination of the crystal structure of a number of effectors
from different bacterial pathogens revealed conserved structural
features with components of the host UPS (Perrett et al., 2011).
For instance, crystal structure determination of Xanthomonas T3E
XopL revealed that the protein possesses a novel fold and hence
belongs to a new class of E3 ubiquitin ligases (Singer et al., 2013).
Structural analysis of XopL revealed similarities to T3E E3 lig-
ases from Salmonella or Shigella, providing first cues of an E3
ubiquitin ligase activity of XopL. Further biochemical analysis
confirmed this observation, as XopL exhibits E3 ubiquitin lig-
ase activity and interacts with specific plant E2 enzymes. The E3
ligase activity of XopL is responsible for cell death induction and
also for suppression of plant immunity (Singer et al., 2013).

Alongside E3 ligases, it has been shown that proteins harbor-
ing F-box motifs are implicated in protein ubiquitination. The
F-box domain is a structural motif that is ∼50 amino acids long
mediating protein-protein interactions (Perrett et al., 2011). F-box
proteins form a heterotetrameric ubiquitin ligase complex (SCF
complex), consisting of SKP1 (S-phase-kinase-associated protein
1), Cullin and F-box proteins, mediating ubiquitination of pro-
teins targeted for proteasomal degradation (Sadanandom et al.,
2012). The first evidence that F-box proteins play a major role in
plant immunity was provided by the identification of the F-box
protein CORONATINE INSENSITIVE 1 (COI1), which functions
as a receptor for jasmonate (Xie et al., 1998). To date, only one
T3E, XopI, from X. campestris pv. vesicatoria strain 85-10 con-
taining a F-box motif was identified, based on the presence of a
PIP (pathogen-inducible promoter) box in its promoter region
(Schulze et al., 2012). Type-III dependent secretion and translo-
cation of XopI was shown during the interaction of Xcv with
resistant pepper plants. However, plant target(s) of XopI remain
to be identified to clarify its role in the manipulation of the UPS.

CONCLUSION
Manipulation of ubiquitin and ubiquitin-like pathways has
emerged as an effective virulence strategy for pathogenic bacteria
during the past years. Several Xanthomonas species and pathovars
appear to utilize T3E proteins from widespread families such as
the YopJ-like superfamily or XopD-like family to interfere with
the UPS. In addition, newly identified T3E with novel structural
motifs, such as Xanthomonas effector XopL provide further exam-
ples. Besides T3Es acting as proteasome inhibitors, others rely on
proteasome activity for their function leading to an apparent con-
tradiction. In X. campestris pv. vesicatoria 85-10, the proteasome
inhibitor XopJ and the E3 ligase XopL constitute such a effector
pair. This conflicting action of T3E proteins might be resolved if
T3Es interfering with the UPS would act spatially separated from
each other. Posttranslational myristoylation of XopJ is responsible
for its plasma membrane localization (Bartetzko et al., 2009). This
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feature is essential for the suppression of the proteasome activity,
as XopJ interacts with RPT6 at the plasma membrane and only
myristoylated XopJ is able to inhibit proteasome activity (Üstün
et al., 2013). It is possible that XopL might act as an E3 ligase at a
different compartment and thus, action of both T3E are separated
spatially. This might be the case for XopJ and XopD, another pair
with contradictory functions, as XopD acts in the host nucleus
and XopJ at the plant plasma membrane. Another option would
be the timing of delivery by the type III secretion system of Xcv,
hence avoiding conflicting actions of both effectors.
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The Xanthomonas effector XopJ
triggers a conditional hypersensitive
response upon treatment of
N. benthamiana leaves with salicylic
acid
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XopJ is a Xanthomonas type III effector protein that promotes bacterial virulence on
susceptible pepper plants through the inhibition of the host cell proteasome and
a resultant suppression of salicylic acid (SA) – dependent defense responses. We
show here that Nicotiana benthamiana leaves transiently expressing XopJ display
hypersensitive response (HR) –like symptoms when exogenously treated with SA. This
apparent avirulence function of XopJ was further dependent on effector myristoylation
as well as on an intact catalytic triad, suggesting a requirement of its enzymatic
activity for HR-like symptom elicitation. The ability of XopJ to cause a HR-like
symptom development upon SA treatment was lost upon silencing of SGT1 and NDR1,
respectively, but was independent of EDS1 silencing, suggesting that XopJ is recognized
by an R protein of the CC-NBS-LRR class. Furthermore, silencing of NPR1 abolished
the elicitation of HR-like symptoms in XopJ expressing leaves after SA application.
Measurement of the proteasome activity indicated that proteasome inhibition by XopJ
was alleviated in the presence of SA, an effect that was not observed in NPR1 silenced
plants. Our results suggest that XopJ – triggered HR-like symptoms are closely related
to the virulence function of the effector and that XopJ follows a two-signal model in order
to elicit a response in the non-host plant N. benthamiana.

Keywords: Xanthomonas, type-III effector, XopJ, avirulence, salicylic acid

Introduction

In nature, plants are continuously attacked by a broad range of potential pathogens. However,
the majority of plants are resistant to most pathogen species. This form of resistance is known as
non-host resistance (NHR) and can be defined as a broad-spectrum plant defense that provides
immunity to all members of a plant species against all isolates of a micro-organism that is
pathogenic on other plant species (Senthil-Kumar and Mysore, 2013). In order for a pathogen
to be successful and cause disease it has to defeat the plant’s multilayered immune system.
Before it can enter the plant tissue, the pathogen is exposed to a range of preformed physical
and chemical barriers, already preventing the entry of many non-adapted pathogens at an early
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step. If a pathogen is able to overcome these barriers and comes
into contact with the plant cell surface, it will face induced plant
defenses. Surface-localized pattern recognition receptors (PRRs)
can perceive conserved pathogen molecules (PAMPs, pathogen
associated molecular patterns) which in case of bacteria are for
instance flagellin, elongation factor Tu (EF-Tu), peptidoglycan
(PGN) or lipopolysaccharides (Macho and Zipfel, 2015). This
recognition results in the initiation of intra cellular down-
stream signaling that leads to the production of reactive oxygen
species, stimulation of mitogen-activated protein kinase (MAPK)
cascades, defense gene induction, and callose deposition at the
plant cell wall (Boller and Felix, 2009). These induced defense
outputs are in most cases sufficiently effective to eradicate a
potential pathogen from infected tissue and are collectively
referred to as PAMP-triggered immunity (PTI; Jones and Dangl,
2006). As a response, several Gram-negative pathogenic bacteria
use a type-III secretion system (T3SS) to inject a suite of so
called type-III effector proteins (T3Es) into their eukaryotic
host cell (Galan et al., 2014). These T3Es are targeted to a
number of cellular compartments where they influence host
cellular processes to provide a beneficial environment for the
pathogen to promote pathogen multiplication and disease. In
order to counter this, plants have evolved the ability to recognize
specific effector proteins through resistance (R) proteins, a
class of receptor proteins that typically contain nucleotide-
binding domains (NB) and leucine rich repeats (LRRs), (Dodds
and Rathjen, 2010). Recognition of T3Es [in that case also
referred to as avirulence (Avr) proteins] by NB-LRR proteins
can either be directly through physical interaction between both
proteins or indirectly through an accessory protein that is part
of an NB-LRR protein complex (Dodds and Rathjen, 2010).
During indirect recognition, the so called guard hypothesis,
it is assumed that the effector interaction is mediated by the
effector target protein or a structural mimic thereof (Dangl
and Jones, 2001). The activity of the T3E induces structural
changes in its target protein that enables recognition by the
NB-LRR protein, leading to its activation and finally results
in effector-triggered immunity (ETI; Jones and Dangl, 2006).
Generally, PTI and ETI give rise to similar responses, although
ETI is qualitatively stronger and faster and often involves a rapid
form of localized cell death called the hypersensitive response
(HR) that is assumed to limit spread of biotrophic pathogens
from the site of infection. The NB-LRR repertoire recognition
of pathogen effector proteins is highly dynamic and depends
on the genotype of a given host cultivar. Thus, ETI primarily
protects against specific races of pathogens because it is only
triggered when an Avr factor, i.e., a particular T3E, on the
pathogen side comes together with a matching R protein on the
host side. Although ETI is a major component of host/pathogen
race specificity, its role in NHR is not well understood. In
some cases, T3Es trigger ETI in non-host plants, suggesting
a role for ETI in determining the host range of a pathogen
(Staskawicz et al., 1987; Kobayashi et al., 1989; Wei et al.,
2007; Wroblewski et al., 2009). The signal transduction and
physiological processes leading to HR during ETI are not well
understood but it appears that the defense hormone salicylic
acid (SA) plays a central role in the induction of such a

resistance response (Glazebrook, 2005). SA depletion in plants
by transgenic expression of a bacterial SA hydroxylase encoded
by nahG suppresses R gene mediated defenses elicited by a
range of bacterial, oomycete, and viral pathogens (Delaney et al.,
1994; Rairdan and Delaney, 2002). While in general SA is active
against biotrophic pathogens some necrotrophs have acquired
strategies to induce SA signaling during infection in order to
promote host cell death and thus virulence. For example, the
fungus Botrytis cinerea produces an exopolysaccharide, which
acts as an elicitor of the SA pathway. In turn, the SA pathway
antagonizes the jasmonic acid signaling pathway that would
otherwise restrict virulence of this necrotrophic pathogen (El
Oirdi et al., 2011).

The Gram-negative phytopathogenic bacterium Xanthomonas
campestris pv. vesicatoria (Xcv) is the causal agent of bacterial
spot disease on pepper and tomato plants (Ryan et al., 2011).
During infection, it secretes a cocktail of 20–40 T3Es into the
plant cell that collectively suppress defense and allow bacterial
propagation (Thieme et al., 2007; White et al., 2009). Although
these T3Es likely play a role in virulence in susceptible hosts, they
can also have Avr function and trigger ETI in certain genotypes
of pepper and tomato plants expressing cognate R proteins as
well as in non-host plants from other species (Whalen et al.,
1993; Bonshtien et al., 2005; Kim et al., 2010; Szczesny et al.,
2012). Transient expression of T3Es by infiltration of leaves
from Nicotiana benthamiana with Agrobacteria is widely used to
characterize T3E virulence functions in plants (Bartetzko et al.,
2009; Gurlebeck et al., 2009; Üstün et al., 2013; Stork et al., 2015).
In some cases, expression of T3Es from Xcv in N. benthamiana
has led to the induction of ETI associated with signs of an HR
(Thieme et al., 2007; Schulze et al., 2012; Singer et al., 2013).

The Xcv T3E XopJ is a member of the widespread YopJ-
family of effector proteins that is present among plant and animal
pathogenic bacteria and whose members are highly diversified
in virulence function (Lewis et al., 2011). XopJ and its close
homolog HopZ4 from Pseudomonas syringae pv. lachrymans
have been shown to interact with the proteasomal subunit RPT6
in planta to suppress proteasome activity (Üstün et al., 2013,
2014). XopJ-triggered proteasome suppression results in the
inhibition of SA-related immune responses to attenuate onset
of necrosis and to alter host transcription (Üstün et al., 2013).
Transient expression of XopJ in leaves of N. benthamiana was
instrumental to elucidate its function (Thieme et al., 2007;
Bartetzko et al., 2009; Üstün et al., 2013). Using a XopJ-green
fluorescent protein (GFP) fusion proteins a localization of the
effector to the plasma membrane of the host cell mediated by
myristoylation of the protein could be demonstrated (Thieme
et al., 2007; Bartetzko et al., 2009). Furthermore, XopJ’s inhibitory
effect on protein secretion was shown by transient co-expression
of the effector together with a secretable GFP variant (Bartetzko
et al., 2009). In some of these experiments XopJ was reported
to elicit a cell death reaction in N. benthamiana 2–4 days post
inoculation, suggesting recognition of the effector in this non-
host plant (Thieme et al., 2007). However, this reaction was
not observed in other studies (Bartetzko et al., 2009; Üstün
et al., 2013). Usually, first signs of an HR become apparent
within a few hours after the Avr protein is delivered to the
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host cell by the bacterial T3SS (Morel and Dangl, 1997).
Although transient overexpression could lead to different kinetics
of effector recognition in comparison to T3SS delivery, XopJ
triggered cell death in N. benthamiana at late time points of
expression could also have other reasons than weak recognition
by a cognate R protein. For instance, XopJ could interfere with
cellular functions requiring proteasome activity leading to a
general perturbation of protein homeostasis.

In the present study, we show that XopJ elicits a rapid HR-like
response in N. benthamiana when leaves transiently expressing
the effector are sprayed with SA. Development of HR-like
symptoms was closely related to XopJ’s virulence function and
appears to involve indirect recognition by an R protein. A two-
signal model leading to the elicitation of HR-like symptoms by
XopJ in N. benthamiana is discussed.

Materials and Methods

Plant Material and Growth Conditions
Tobacco plants (N. benthamiana) were grown in soil in a
greenhouse with daily watering, and subjected to a 16 h light:
8 h dark cycle (25◦C: 21◦C) at 300 μmol m−2 s−1 light and 75%
relative humidity.

Transient Expression Assays and SA Treatment
For infiltration of N. benthamiana leaves, A. tumefaciens C58C1
was infiltrated into the abaxial air space of 4- to 6-week-old plants,
using a needleless 2-ml syringe. Agrobacteria were cultivated
overnight at 28◦C in the presence of appropriate antibiotics. The
cultures were harvested by centrifugation, and the pellet was
resuspended in sterile water to a final optical density at (OD600)
of 1.0. SA treatment was performed 24 h after agro-infiltration.
Infiltrated leaves were sprayed with 5 mM SA (containing 0,005%
v/v Silwet-77) or water (containing 0,005% v/v Silwet-77) and
phenotypes were analyZed 24 h later.

Western Blotting
Leaf material was homogenized in sodium-dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE) loading buffer
(100 mM Tris-HCl, pH 6.8; 9% β-mercapto-ethanol, 40%
glycerol, 0.0005% bromophenol blue, 4% SDS) and, after heating
for 10 min at 95◦C, subjected to gel electrophoresis. Separated
proteins were transferred onto nitrocellulose membrane
(Porablot, Machery und Nagel, Düren, Germany). Proteins
were detected by an anti-HA-Peroxidase high affinity antibody
(Roche).

Measurement of Proteasome Activity
Proteasome activity in crude plant extracts was determined
spectro-fluorometrically using the fluorogenic substrate suc-
LLVY-NH-AMC (Sigma) according to Üstün et al. (2013).

Virus-Induced Gene Silencing of
N. benthamiana
Virus-induced gene silencing (VIGS) was performed as described
previously (Üstün et al., 2012). pTRV2-SGT1, pTRV2-NPR1, and

FIGURE 1 | Salicylic acid (SA) treatment of Nicotiana benthamiana
leaves transiently expressing XopJ elicits a hypersensitive response
(HR)-like response. (A) Phenotype of N. benthamiana leaves (one half)
infiltrated with Agrobacterium tumefaciens strains that mediate T-DNA-based
transfer of XopJ-HA and empty vector (EV). Leaves were sprayed with 5 mM
salicylic acid (or water) 24 h post infiltration (hpi) and leaves were
photographed 48 hpi. The number of leaves showing HR-like symptoms from
all leaves analyzed is indicated below the appropriate construct. (B) Protein
extracts from N. benthamiana leaves transiently expressing XopJ-HA or EV at
48 hpi were prepared. Equal volumes representing approximately equal
protein amounts of each extract were immunoblotted and proteins were
detected using anti-HA antiserum. Amido black staining served as a loading
control. (C) Ion leakage was measured in plants transiently expressing
XopJ-HA and EV at 48 hpi (± SA treatment). Bars represent the average ion
leakage measured for triplicates of six leaf disks each, and the error bars
indicate SD. The asterisk indicates a significant difference (∗∗∗P < 0.001)
based on results of a Student’s t-test. The experiment has been repeated
three times with similar results.
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FIGURE 2 | Continued

FIGURE 2 | Continued

XopJ-triggered cell-death after SA application requires components of
R-protein mediated signaling. (A) Phenotypes of N. benthamiana SGT1,
EDS1, and NDR1 VIGS plants transiently expressing XopJ-HA and EV in
comparison to the GFPsil VIGS control leaves expressing XopJ-HA and EV
with or without SA treatment. Photographs were taken at 48 hpi. (B) Protein
extracts from TRV:GFPsil, TRV:SGT1, TRV:NDR1, and TRV:EDS1 transiently
expressing XopJ-HA at 48 hpi were prepared. Equal volumes representing
approximately equal protein amounts of each extract were blotted onto a
nitrocellulose membrane and protein was detected using anti-HA antiserum.
Amido black staining served as a loading control. (C) Electrolyte conductivity
was measured in TRV:GFPsil, TRV:EDS1, and TRV:SGT1 and TRV1:NDR1
plants transiently expressing XopJ-HA (sprayed with 5 mM SA 24 hpi) at
48 hpi. Bars represent the average ion leakage measured for triplicates of six
leaf disks each, and the error bars indicate SD. Treatments were compared
with TRV:GFPsil transiently expressing XopJ-HA and significant differences are
indicated by asterisks (∗∗∗P < 0.001). The experiment was repeated three time
with similar results.

pTRV2-EDS1, pYL279-NDR1 (Liu et al., 2002) were obtained
from the Arabidopsis Biological Resource Center (http://www.
arabidopsis.org). Briefly, Agrobacterium strains with the pTRV1
vector and with pTRV2-GFPsil, pYL279-RPT6, (Üstün et al.,
2012, 2013), pTRV2-SGT1, pTRV2-NPR1, and pTRV2-EDS1
(OD600 = 1.0) were mixed in a 1:1 ratio, respectively, and
the mixture was infiltrated into a lower leaf of a 4-week-old
N. benthamiana plant using a 1-mL sterile syringe without a
needle. Fourteen days of post infiltration silenced plants were
used for further transient expression studies.

Ion Leakage Measurements
For electrolyte leakage experiments, triplicates of 1.76 cm2

infected leaf material were taken at 48 h post infiltration (hpi).
Leaf disks were placed on the bottom of a 15-ml tube. Eight
milliliters of deionized water was added to each tube. After 24 h of
incubation in a rotary shaker at 4◦C, conductivity was determined
with a conductometer. To measure the maximum conductivity of
the entire sample, conductivity was determined after boiling the
samples for 30 min (Üstün et al., 2012).

Results

Treatment of N. benthamiana Leaves
Transiently Expressing XopJ with SA Rapidly
Induces Cell Death
Previous results suggested that during a compatible interaction
of Xcv with pepper XopJ exerts its virulence function by
inhibiting SA-mediated defense responses (Üstün et al., 2013).
However, when Xcv infected pepper leaves were treated with
SA they developed necrotic lesions that were comparable to
those observed on Xcv �xopJ infected leaves at the same time
point without SA treatment (Üstün et al., 2013). Thus, Xcv
infected tissue remains sensitive to exogenously applied SA even
in the presence of XopJ. To further study the role of XopJ in
interfering with SA-related processes, we sought to investigate
the consequences of SA application on XopJ expressing leaves of
the non-host plant N. benthamiana. To this end, an HA-tagged
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FIGURE 3 | RPT6 is required for XopJ-induced HR-like symptoms.
(A) Phenotypes of N. benthamiana leaves infiltrated with 100 μM MG132 with
or without SA. (B) XopJ was transiently expressed in RPT6 silenced leaves or
control plants and treated with 5 mM SA 24 hpi. Plant reactions were

photographed 48 h after transient expression of XopJ. (C) Western blot analysis
of XopJ-HA protein levels in TRV:RPT6 and TRV:GFPsil control plants using an
anti-HA antibody. Amido black staining served as a loading control. The
experiment was repeated three times with similar results.

version of XopJ under control of the CaMV35S promoter (XopJ-
HA) was transiently expressed in leaves of N. benthamiana using
Agrobacterium-infiltration. Twenty four hours post infiltration
(hpi) XopJ-HA infiltrated and empty vector (EV) infiltrated
control leaves were sprayed with 5 mM SA. As shown in
Figure 1A, XopJ-HA expressing leaves showed tissue collapse
and developed necrosis 48 hpi when treated with SA. Untreated
leaves showed no signs of tissue damage even in the presence of
XopJ, indicating that XopJ alone is not able to trigger necrotic cell
death in the time period investigated but requires exogenously
applied SA. XopJ protein expression was not affected by the SA-
treatment (Figure 1B). The observed phenotype in SA-treated
XopJ expressing leaves resembles that of a HR which is usually
associated with R-protein-mediated immunity triggered upon
recognition of a pathogen-derived Avr protein. An HR is often
preceded by an increase in electrolyte leakage in dying cells,
and measurement of electrolyte leakage caused by membrane
damage is a quantitative measure of HR-associated cell death
(Mackey et al., 2003). Ion leakage was strongly increased in SA-
treated XopJ expressing leaves as compared to the EV control
(Figure 1C). This effect was completely dependent on SA
treatment as untreated XopJ expressing tissue did not show signs
of cell damage (Figure 1C). Previous results indicated that a
myristoylation motif at the N-terminus guides XopJ to the plasma
membrane and this subcellular localization as well as an intact
catalytic triad is required for the effector to function (Üstün
et al., 2013). Leaves expressing a XopJ(G2A)-HA protein, which
is no longer myristoylated, or a catalytically inactive variant
carrying a C to A substitution at position 235 [XopJ(C235A)],
developed no visible signs of tissue damage when treated with
SA (Supplementary Figure S1). This suggests that development
of SA-dependent phenotypes requires XopJ to be fully functional.
To confirm that this effect is specific to XopJ, we transiently
expressed an unrelated Xanthomonas effector, XopS, and treated
plants with 5 mM SA. No visible signs of HR-like cell death
were visible on leaves either untreated or sprayed with SA

(Supplementary Figure S2), indicating that the induction of tissue
collapse after SA application is specific for XopJ.

XopJ-Mediated Cell Death after SA Treatment
Requires Signaling Components of
R-Protein-Mediated Resistance
The results obtained thus far suggest that tissue collapse and
necrosis upon SA treatment of XopJ expressing N. benthamiana
leaves could involve an HR-like process and thus might be the
consequence of R-protein mediated recognition of the effector
triggered by SA. Defense signaling by R proteins requires further
signaling components such as SGT1 (suppressor of G2 allele
of skp1) which, in N. benthamiana was found to be required
for responses mediated by a diverse range of R proteins against
various pathogens (Peart et al., 2002). In order to investigate
an involvement of SGT1 in XopJ-mediated cell death after SA-
treatment, VIGS with Tobacco rattle virus (TRV), followed by
Agrobacterium-infiltration and SA-treatment was used. For this
purpose, young N. benthamiana plants (at the five-leaf stage)
were infiltrated with a mixture of Agrobacterium tumefaciens
strains of pTRV1 (CaMV 35S-driven TRV RNA1) and pTRV2-
SGT1 (TRV RNA2 containing the target sequence), or pTRV-
GFPsil (serving as a control for infection symptoms). Two weeks
after TRV inoculation efficacy of the silencing construct was
assessed by RT-PCR (Supplemental Figure S3) and silenced
plants and the control were infiltrated with A. tumefaciens
containing XopJ-HA and sprayed with SA 24 hpi. When SA-
treated leaves were inspected after an additional 24 h time
period, XopJ infiltrated GFPsil control plants showed clear signs
of tissues collapse and necrosis while SA-treatment of XopJ
expressing SGT1-silenced plants did not lead to phenotypic
alterations (Figure 2A), although immunoblot analysis revealed
XopJ protein expression levels to be similar in both plants at
48 hpi (Figure 2B). Measurement of electrolyte leakage showed
that SA-treatment of XopJ expressing leaves caused a significant
increase in cell membrane disintegration in TRV:GFPsil plants
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but not in TRV:SGT1 plants (Figure 2C), indicating that SGT1
silencing abrogates tissue damage under these conditions. These
results demonstrate that XopJ requires SGT1 to elicit cell death
in N. benthamiana upon SA-treatment. It is likely, therefore, that
XopJ is recognized by a plant R-protein only after treatment of
leaves with SA.

R proteins differ in their requirement for signaling
components downstream of SGT1. NBS-LRR proteins with
amino- terminal Toll and interleukin-1 receptor homology
(TIR domain) use EDS1, whereas those with CC domains
signal through NDR1 (Aarts et al., 1998). To provide first
insights into the nature of a possible R protein involved in the
recognition of XopJ after SA-treatment in N. benthamiana, VIGS
directed against EDS1 and NDR1 was used (Supplementary
Figure S3). Silencing of NDR1 resulted in a clear and consistent
decrease in HR-like symptom development upon SA-treatment
of XopJ infiltrated leaves, while plants with reduced EDS1
expression showed no apparent phenotypical differences
when compared with the TRV:GFPsil control (Figure 2A).
XopJ protein expression was confirmed by immunoblot
analyses in EDS1 and NDR1 silenced leaves (Figure 2B). In
accordance with previous findings (Üstün et al., 2012), we
realized that XopJ protein levels are reproducibly lower in
SA-treated EDS1 silenced plants which might be due to an
accelerated HR induction in these plants affecting the level
of some proteins. Consistent with the observed phenotype, a
significant decrease in ion leakage following SA-treatment of
XopJ expressing leaves was evident in TRV:NDR1 plants but not
in TRV:EDS1 and TRV:GFPsil plants, respectively (Figure 2C).
This suggests that the R protein mediating the response to
XopJ after SA-treatment is a member of the CC-NBS-LRR
class.

Elicitation of HR-Like Symptoms is Dependent
on RPT6
XopJ acts as a protease to degrade the proteasomal subunit
RPT6 in host cells (Üstün and Börnke, 2015). This results in
an inhibition of proteasomal activity which finally attenuates
SA-dependent defense responses (Üstün et al., 2013). In
order to investigate whether inhibition of proteasome activity
per se is sufficient to elicit HR-like symptoms upon SA
treatment or whether this effect requires the action of XopJ
on RPT6, N. benthamiana leaves were treated with the potent
proteasome inhibitor MG132 6 h before SA treatment. In
contrast to XopJ expressing tissue, leaves pretreated with MG132
before SA application did not develop any visible signs of
HR indicating that a general inhibition of the proteasome
is not sufficient to elicit this response in N. benthamiana
(Figure 3A). To assess the requirement of the XopJ virulence
target RPT6 for elicitation of SA-dependent HR-like symptoms,
N. benthamiana leaves transiently expressing XopJ and silenced
for RPT6 expression using VIGS (Supplementary Figure S3)
were treated with SA. As shown in Figure 3B, the pTRV2-
GFPsil control expressing XopJ showed typical signs of cell
death while RPT6 silenced plants did not develop visible
symptoms. Similar levels of XopJ protein expression were
observed in both types of VIGS plants (Figure 3C). These

FIGURE 4 | VIGS of NPR1 prevents XopJ induced HR-like cell death
after SA treatment. (A) XopJ was transiently expressed in NPR1 silenced
plants and treated with 5 mM SA 24 hpi. Leaf phenotypes were photographed
48 hpi. (B) Protein extracts from TRV:NPR1 leaves transiently expressing
XopJ-HA treated with or without 5 mM SA. Amido black staining served as a
loading control. (C) Ion leakage was determined in TRV:NPR1 and TRV:GFPsil
plants transiently expressing XopJ following SA treatment. Bars represent the
average ion leakage measured for triplicates of six leaf155 disks each, and the
error bars indicate SD. Significant differences are indicated by asterisks
(∗∗∗P < 0.001). The experiment was repeated three times with similar results.

finding lend support to the notion that elicitation of SA-
dependent HR-like symptoms in XopJ expressing leaves requires
interaction of the effector protein with its virulence target
RPT6. In order to investigate whether SA treatment would
affect the ability of XopJ to degrade RPT6, protein degradation
was assessed in leaves co-expressing both proteins after
treatment with SA versus the control (Supplementary Figure
S4). However, no difference in RPT6 protein amount could
be detected between SA treated leaves and the control. Thus,
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SA treatment per se does not influence RPT6 degradation by
XopJ.

The Role of NPR1
The experiments described above suggest a role of SA and
SA-signaling in the phenomenon of SA-dependent HR-like
symptom elicitation by XopJ. Thus, we sought to investigate
the contribution of a SA signaling component to the process.
NPR1 (non-expressor of PR1) is a key positive regulator of SA-
mediated defense responses notably by activating transcription
of a battery of genes in response to rising SA-levels (Pieterse and
Van Loon, 2004). Down-regulation by VIGS in N. benthamiana
plants was used investigate the involvement of SA-signaling
via NPR1 with GFPsil serving as a control. Two weeks after
TRV inoculation leaves of silenced plants were infiltrated with
Agrobacteria harboring XopJ-HA and 24 hpi infiltrated leaves
were sprayed with SA. As shown in Figure 4A, NPR1 silenced
plants did not develop visible signs of HR-like symptoms upon
SA treatment of XopJ infiltrated leaves, suggesting a critical role
of NPR1 in execution of this response. Western blot analysis
showed that XopJ was expressed in VIGS-NPR1 leaves with or
without SA-treatment (Figure 4B). Measurement of ion leakage
confirmed the observed phenotype, as conductivity in NPR1
silenced plants was significantly lower compared to TRV:GFPsil
control plants following SA-treatment (Figure 4C). Thus, NPR1
appears to be essential for XopJ to trigger HR-like symptoms
upon SA-treatment.

XopJ’s Inhibitory Effect on the Proteasome is
Affected by SA-Treatment and Requires NPR1
XopJ has been shown to dampen proteasome activity during the
compatible interaction of Xcv with pepper plants and this leads
to a delay in the development of host cell necrosis (Üstün et al.,
2013). Further analysis revealed that this effect was dependent on
NPR1, as proteasome activity seems to be partially regulated by
NPR1 during defense (Üstün et al., 2013). In the light of these
observations, we next investigated whether the inhibitory effect
on the proteasome is maintained when XopJ expressing plants
are treated with SA and whether the associated changes are NPR1
dependent. To circumvent the negative effect of SA-mediated
HR-like cell death on the overall proteasome function, we
monitored proteasome activity 6 h after sprayingN. benthamiana
leaves expressing either EV or XopJ with SA, as previous results
showed that the proteasome is activated upon SA treatment
reaching a peak at 6 h after SA-treatment (Üstün et al., 2013).
After transient expression of XopJ or EV and subsequent SA-
treatment for 6 h, proteasome activity was measured in NPR1
silenced and GFPsil control plants. Spraying plants with SA led to
a loss of XopJ’s ability to inhibit the proteasome in control plants,
whereas in NPR1 silenced plants XopJ was still able to suppress
proteasome activity 6 h after SA-treatment (Figure 5A). To show
that the SA-dependent activation of the proteasome function
might be affected in NPR1 silenced plants, proteasome activity
was determined in TRV:GFPsil and TRV:NPR1 treated with SA
for 1 and 6 h, respectively. In accordance with previous findings,
SA significantly elevated proteasome activity in GFPsil control
plants but not in NPR1 silenced plants (Figure 5B). These data

suggest that the ability of XopJ to interfere with the proteasome
function can be counteracted by the exogenous application of SA.

Discussion

Depending on the genetic context of the plant with which a
given bacterial pathovar interacts, T3Es can either act as virulence
factors or, upon recognition by cognate R proteins, may function
as Avr factors which then trigger a strong defense response
typically characterized by an HR (Dodds and Rathjen, 2010). In
this study, we investigated the Avr function of T3E XopJ from
Xcv in the non-host plantN. benthamiana and demonstrated that
the effector is able to trigger HR-like symptoms when transiently
XopJ expressing tissue is treated with SA. We have previously
characterized the virulence activity of XopJ and could show that it
acts as a protease to degrade the proteasomal subunit RPT6which
subsequently leads to the inhibition of proteasome activity in
host cells. Reduced proteasomal protein turnover interferes with
SA-mediated defense responses as well as vesicle trafficking and
attenuates host-induced necrosis during infection of susceptible
pepper plants (Bartetzko et al., 2009; Üstün et al., 2013; Üstün
and Börnke, 2015). Many of the defense responses that XopJ
interferes with depend on the central SA-signaling component
NPR1 and XopJ-mediated inhibition of the proteasome appears
to interfere with proper NPR1 function (Üstün et al., 2013; Üstün
and Börnke, 2015).

Like other members of the YopJ-family of effector proteins
XopJ possess a catalytic triad that is required for its protease
activity and is also essential for its virulence function (Üstün et al.,
2013; Üstün and Börnke, 2015). Mutant studies revealed that the
Avr activities of the YopJ-family members from plant pathogens
depend on the catalytic triad, suggesting that the enzymatic
function is required for the recognition by corresponding plant
R proteins (Orth et al., 2000; Roden et al., 2004; Bonshtien
et al., 2005; Whalen et al., 2008). The fact that the XopJ-induced,
SA-dependent HR-like symptom development also requires the
catalytic cysteine residue C235 indicates that XopJ is recognized
indirectly via its enzymatic activity. This is similar to the
Pseudomonas syringae T3Es AvrRpt2 and HopAR1 (formerly
AvrPphB) which are recognized by their cognate R proteins
in Arabidopsis via their protease activity (Axtell et al., 2003;
Shao et al., 2003; Ade et al., 2007). The resistance protein RPS5
recognizes the proteolytic degradation of the HopAR1 target
protein PBS1, while RPS2 is activated upon cleavage of the host
target protein RIN4 by AvrRpt2. Silencing of the XopJ host
target protein RPT6 prevents development of HR-like symptoms
after SA-treatment further supporting the notion that XopJ is
recognized indirectly via its proteolytic activity on its host target
protein. Furthermore, the predicted myristoylation site of XopJ
that localizes the protein to the host cell plasma membrane
is also required to induce an SA-dependent HR. Mutation of
the myristoylation site of XopJ has previously been shown to
abolish its virulence function, indicating that plasma membrane
localization inside the host cell is required for both activities.
Thus, the data support a model in which XopJ’s ability to elicit
HR-like symptoms in N. benthamiana is closely linked to its
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FIGURE 5 | SA treatment interferes with XopJ’s ability to
suppress proteasome activity in a NPR1-dependent manner.
(A) XopJ along with an EV control were transiently expressed in
leaves of TRV:GFPsil and TRV:NPR1 leaves using Agro-infiltration.
After 48 h, leaves were sprayed with 5 mM SA and relative
proteasome activity in total protein extracts was determined at 0
and 6 h post SA treatment by monitoring the breakdown of the
fluorogenic peptide Suc-LLVY-AMC. The EV control was set to
100%. Data represent the mean SD (n = 3). The asterisk

indicates a significant difference (∗P < 0.05; ∗∗P < 0.01) based
on results of a Student’s t-test. (B) VIGS NPR1 and GFPsil control
leaves were sprayed with 5 mM SA and proteasome activity in
total leaf extracts was determined at time points indicated in the
figure by monitoring the breakdown of the fluorogenic peptide
Suc-LLVY-AMC. Data represent the mean SD (n = 3) Significant
differences are indicated by asterisks (∗P < 0.05; ∗∗P < 0.01) and
were calculated using Student’s t-test. (ns = not significant). The
experiment has repeated three times with similar results.

virulence target in host plants and in that RPT6 is guarded by
a yet unknown R protein whose activation requires two signals
(1) degradation of RPT6 and (2) activation of SA-signaling.
Previous evidence suggests that RPT2a and RPT2b, two isoforms
of another subunit of the proteasomal RP19, interact with the
CC-NBS-LRR protein uni-1D from Arabidopsis and that this
interaction is involved in triggering uni-1D-induced defense
signaling (Chung and Tasaka, 2011). Hence, the uni-1D/RPT2
interaction provides an example of a proteasomal subunit that
appears to be guarded by an R protein. Therefore, it could be well
possible that the same is true for RPT6 in N. benthamiana.

XopJ-induced development of HR-like symptoms upon SA-
treatment was dependent on SGT1, which is required for
resistance mediated by multiple R proteins recognizing a
diverse set of pathogens. SGT1 has been shown to control
the steady-state level of preactivated R proteins (Peart et al.,
2002; Azevedo et al., 2006). Virus-induced silencing of SGT1
in N. benthamiana considerably reduced HR-like symptom
development in XopJ expressing leaves upon SA-treatment,
suggesting the involvement of R-protein-mediated signaling
in this process. The resistance protein responsible for the
recognition of XopJ in N. benthamiana remains to be identified.
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FIGURE 6 | Model of XopJ’s virulence and avirulence (Avr) function in a
host and non-host plant, respectively. (Left) pathogenic Xcv injects XopJ
via its type-III secretion system into pepper host cells where it cleaves RPT6 to
inhibit the proteasome. Reduced proteasomal activity interferes with the
turnover of defense components, suppresses SA accumulation and results in

the attenuation of SA-mediated defense responses. (Right) In the non-host
plant N. benthamiana transiently expressed XopJ cleaves endogenous RPT6.
When SA levels are increased by exogenous application of the defense
hormone, R-protein mediated recognition of RPT6 cleavage by XopJ is
activated leading to the induction of HR-like symptoms.

Based on the finding that silencing of NDR1 strongly reduces
development of XopJ-mediated HR-like symptoms, it might be
assumed that the R protein associated with these responses
belongs to the CC-NBS-LRR class (Aarts et al., 1998), similar
to what has been described for the RPT2/uni-1D couple in
Arabidopsis (Chung and Tasaka, 2011).

Although a large body of evidence suggests a central role of
SA and SA-signaling in the elicitation of cell death during HR
(Vlot et al., 2009), it remains unclear why XopJ-triggered HR-
like symptoms in N. benthamiana depend on the exogenous
application of SA to XopJ expressing leaves. Exogenously applied
SA appears to trigger the canonical SA-signaling pathway that
operates via NPR1 as the central regulator. Plants silenced for
NPR1 expression lose the ability to elicit HR-like symptoms
upon SA treatment of XopJ expressing leaves. We could show
that SA treatment induces proteasome activity in an NPR1
dependent manner and that in the presences of SA XopJ is
no longer able to inhibit the proteasome. The reason for this
phenomenon is currently unclear but a possible explanation
could be that either the induction of proteasome activity by SA
is quantitatively stronger than XopJ’s ability for its inhibition or
that SA can directly interfere with the ability of the effector to
degrade RPT6. However, western blot experiments suggest that
SA treatment has no effect on the ability of XopJ to degrade RPT6
in transient expression assays. Thus, activation of the proteasome
beyond a certain threshold in the presence of a functional XopJ
protein could act as a signal for R protein activation. HR-like
symptom elicitation by XopJ might follow a two-signal model in
which the first signal is the degradation of the host cell protein

RPT6 by XopJ and the second signal is provided by elevated
SA levels. A similar model has previously been proposed for
the Pseudomonas syringae T3Es AvrE and HopM1 (Lindeberg
et al., 2012). According to this model AvrE or HopM1 trigger
ETI by interfering with a process, e.g., vesicle trafficking, rather
than with a specific protein. Plants then reduce spurious cell
death responses resulting from vesicle trafficking perturbations
by requiring a second signal such as increases in SA to eventually
trigger ETI (Lindeberg et al., 2012). For XopJ this would mean
that the sole inhibition of proteasomal turnover by removal of
RPT6 would not be interpreted as a danger signal by the plant
immune system but cell death is only triggered when there is a
concomitant rise in SA contents. Alternatively, expression of the
R protein required to recognize XopJ action on RPT6 could be
dependent on SA as has previously been shown for the R proteins
RPW8.1 and RPW8.2 in Arabidopsis which show induction on
the transcriptional level after exogenous application of SA (Xiao
et al., 2003).

Since we used transient expression of XopJ by Agrobacterium-
infiltration we currently cannot make any statement about
the role of XopJ in triggering HR-like symptoms during an
incompatible interaction of Xcv with N. benthamiana. When
inoculated with a high titer into N. benthamiana leaves Xcv has
been shown to elicit plant cell death (Metz et al., 2005). The
T3E responsible for this host response has been identified as
XopX. Interestingly, the visual cell death response phenotype
was not elicited by Agrobacterium-mediated expression of
XopX. However, a cell death response could be elicited if the
Agrobacterium-mediated XopX expression was co-inoculated
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with XopX deficient Xcv or with Xanthomonas campestris pv.
campestris that carry a functional T3SS (Metz et al., 2005). XopX
has recently been proposed to interfere with PTI responses to
promote Xcv virulence (Stork et al., 2015). Thus, XopX triggered
cell death responses would also follow a two-signal model in
which the second signal is dependent on a functional T3SS (Metz
et al., 2005; Stork et al., 2015).

Conclusion

We could show that XopJ’s ability to trigger an SA-dependent
HR-like host response is tightly linked to its virulence function
(Figure 6) and provide another example, in addition to the
previously described T3Es XopX, AvrE, and HopM1, for an

effector following a two-signal model to elicit a defense response
in plants.
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predicted host targets distinguish
Asian from African strains of the rice
pathogen Xanthomonas oryzae pv.
oryzicola while strict conservation
suggests universal importance of five
TAL effectors
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Xanthomonas oryzae pv. oryzicola (Xoc) causes the increasingly important disease

bacterial leaf streak of rice (BLS) in part by type III delivery of repeat-rich transcription

activator-like (TAL) effectors to upregulate host susceptibility genes. By pathogen whole

genome, single molecule, real-time sequencing and host RNA sequencing, we compared

TAL effector content and rice transcriptional responses across 10 geographically diverse

Xoc strains. TAL effector content is surprisingly conserved overall, yet distinguishes Asian

from African isolates. Five TAL effectors are conserved across all strains. In a prior

laboratory assay in rice cv. Nipponbare, only two contributed to virulence in strain BLS256

but the strict conservation indicates all five may be important, in different rice genotypes

or in the field. Concatenated and aligned, TAL effector content across strains largely

reflects relationships based on housekeeping genes, suggesting predominantly vertical

transmission. Rice transcriptional responses did not reflect these relationships, and on

average, only 28% of genes upregulated and 22% of genes downregulated by a strain

are up- and down- regulated (respectively) by all strains. However, when only known TAL

effector targets were considered, the relationships resembled those of the TAL effectors.

Toward identifying new targets, we used the TAL effector-DNA recognition code to predict

effector binding elements in promoters of genes upregulated by each strain, but found

that for every strain, all upregulated genes had at least one. Filtering with a classifier

we developed previously decreases the number of predicted binding elements across

the genome, suggesting that it may reduce false positives among upregulated genes.

Applying this filter and eliminating genes for which upregulation did not strictly correlate

with presence of the corresponding TAL effector, we generated testable numbers of

candidate targets for four of the five strictly conserved TAL effectors.

Keywords: transcription activator-like (TAL) effector, single molecule real-time (SMRT) sequencing, RNA-Seq,

horizontal gene transfer, plant disease resistance, susceptibility (S) genes, population genomics
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Introduction

Plant pathogenic Xanthomonas spp. inject transcription
activator-like (TAL) effectors into host cells, where these proteins
activate genes by binding at promoters (Kay et al., 2007; Römer
et al., 2010). A TAL effector may activate a susceptibility (S) gene
that contributes to disease or may activate a resistance (R) gene
that results in host defense (Boch et al., 2014). In some cases,
TAL effectors also or instead activate genes that appear to be
inconsequential, “collateral” targets (Li et al., 2012b; Cernadas
et al., 2014; Hu et al., 2014). TAL effector targeting is mediated
by a modular central repeat region (CRR), with each repeat
recognizing one nucleotide according to a degenerate code
resulting in specific binding to a contiguous DNA sequence
called the effector-binding element (EBE) (Boch et al., 2009;
Moscou and Bogdanove, 2009). Nucleotide specificity of each
repeat is determined by the hypervariable positions 12 and 13,
together known as the repeat variable diresidue (RVD) (Boch
et al., 2009; Moscou and Bogdanove, 2009). Crystal structures
showed that only the thirteenth residue interacts with the
nucleotide, while the twelfth stabilizes the loop that projects
the thirteenth residue into the major groove (Deng et al., 2012;
Mak et al., 2012). And, while some amino acids at the twelfth
position abolish or dramatically reduce binding affinity, RVDs
that share the same thirteenth residue typically have similar
binding specificities (Boch et al., 2009; Moscou and Bogdanove,
2009; Yang et al., 2014). The thirteenth residue has therefore
been referred to as the base-specifying residue (BSR) (De Lange
et al., 2014).

Single TAL effectors often determine the outcome of the
host-pathogen interaction (Boch et al., 2014). This is clear for
TAL effectors that act as avirulence factors by activating a
corresponding R gene that blocks disease progression (Gu et al.,
2005; Römer et al., 2007; Tian et al., 2014), but it is also true for
any TAL effector that upregulates an S gene that plays a critical
role in disease. An example is TAL effector PthXo1 of the bacterial
blight of rice pathogenX. oryzae pv. oryzae (Xoo) strain PXO99A,
which upregulates the S gene OsSWEET11 (also Os8N3; Yang
et al., 2006), a member of a large family of paralogous sugar
transporters.OsSWEET11 alleles that lack the PthXo1 EBE confer
(genetically recessive) resistance (Chu et al., 2006; Yang et al.,
2006; Yuan et al., 2009). This resistance can be overcome by
strains harboring distinct TAL effectors however (Antony et al.,
2010). Indeed, five distinct TAL effectors from different Xoo
strains each activate one of five phylogenetically closemembers of
the SWEET gene family that function interchangeably as S genes
(Yang et al., 2006; Antony et al., 2010; Römer et al., 2010; Yu et al.,
2011; Streubel et al., 2013; Richter et al., 2014). Similarly, in citrus
canker caused byX. axonopodis pv. citri (divided into three types)
and X. axonopodis pv. aurantifolii (two types), representative
strains of all five types contain one unique TAL effector each
that activates the S gene CsLOB1, which is both necessary and
sufficient for the formation of the pustules that are a hallmark of
this disease (Hu et al., 2014; Pereira et al., 2014).

In light of their determinative nature, knowledge of TAL
effectors and their targets enables innovative strategies for disease
control. Removal of EBEs from OsSWEET gene promoters by

genome editing resulted in resistance to a diverse collection
of Xoo strains (Li et al., 2012a). Every discovery of a novel
S gene creates new opportunities to engineer host plants with
resistance in a similar way. TAL effector-targeted R genes can
be exploited as well. By engineering an R gene promoter to
include EBEs for multiple additional TAL effectors, it is possible
to trap a broad spectrum of strains and even different pathogens.
This strategy applied to the Xa27 rice bacterial blight R gene
yielded plants resistant to strains of Xoo lacking AvrXa27 and
to each of 10 tested strains of X. oryzae pv. oryzicola (Xoc),
which causes the distinct disease bacterial leaf streak of rice
(Hummel et al., 2012). More recently, the strategy was shown
to be effective with another bacterial blight R gene, Xa10 (Zeng
et al., 2015). Broad effectiveness and durability of these S and R
gene-centered strategies depends, however, on knowledge of TAL
effector content within and across populations of the pathogen.

Bacterial blight and bacterial leaf streak of rice constrain
production of this staple crop in many parts of the world (Nino-
Liu et al., 2006). Four Xoo strains have been fully sequenced,
KACC10331, MAFF311018, PXO99A, and PXO86. These harbor
11, 16, 18, and 18 TAL effectors, respectively. Five bacterial
blight S genes targeted by eight TAL effectors and three bacterial
blight R genes each targeted by a unique TAL effector have been
identified (reviewed in Boch et al., 2014). By comparison, Xoc
is less well-characterized, with only two fully sequenced strains,
BLS256 and CFBP7342, which secrete 28 and 24 TAL effectors,
respectively (Bogdanove et al., 2011; Booher et al., unpublished),
only one identified TAL effector-S gene pair (Tal2g of BLS256 and
the rice sulfate transporter gene OsSULTR3;6), and no known
TAL effector-activated R genes (Cernadas et al., 2014). In a
growth chamber assay of TAL effector gene knockout mutants
of BLS256, only two showed consistently reduced virulence
(including the tal2g knockout) (Cernadas et al., 2014), but it is
unclear how sensitive this assay is to differences that might be
observed in the field. Furthermore, the assay was carried out on
only a single rice genotype (cv. Nipponbare) and might have
missed other host genotype-specific virulence contributions of
TAL effectors. Generating a comprehensive TAL effector gene
knockout library is technically demanding and time consuming,
and CFBP7342 TAL effector knockouts have not yet been made
and tested.

Sequencing of multiple, diverse Xoc strains is a useful
alternative approach to identifying uniquely and broadly
important TAL effectors, i.e., those that are highly conserved.
TAL effectors that perform redundant functions in disease, or no
function at all other than perhaps as material for rapid evolution
of new TAL effectors via recombination, are likely to be less
conserved. In addition to highlighting TAL effectors most likely
to function in virulence, TAL effector conservation would inform
the design of R gene traps, since the inclusion of EBEs bound by
highly conserved TAL effectors would mediate broad resistance.
In conjunction with transcript profiling of rice inoculated with
each of multiple strains, TAL effector sequences are an enabling
resource for identifying candidate targets, using the TAL effector
DNA binding code for EBE prediction (e.g., Doyle et al., 2012). In
particular, TAL effector targets that are activated by many strains
even in the absence of TAL effector conservation could represent
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S genes to which convergent evolution has resulted in multiple
corresponding TAL effectors, or conversely, to which diversifying
selection by an R gene has resulted in several related but distinct
corresponding TAL effectors.

Here, we report comparative analyses of whole genome
sequences of 10 Xoc strains from diverse locations (including
BLS256, CFBP7342, and eightmore sequenced for this study) and
of rice transcriptional responses to each strain, with a focus on
TAL effectors and their known and candidate targets. Our results
allow inference regarding the importance of particular TAL
effectors and targets prior to experimentation, and the potential
of TAL-effector-centered strategies for durable resistance to
bacterial leaf streak.

Materials and Methods

Xoc Strains and Genome Sequences
Xoc strains used in this study are given in Table 1. Genome
sequences and raw sequence data are available under NCBI
BioProject numbers PRJNA280380 and PRJNA283315,
respectively. Raw data in.bas.h5/.bax.h5 format are available on
request.

Xoc Genome Sequencing and Assembly and TAL

Effector Sequence Parsing
Genomes were sequenced using single molecule, real-time
(SMRT) technology (Eid et al., 2009) and assembled de novo
using HGAP (Chin et al., 2013) v3.0 (Pacific Biosciences, Menlo
Park, CA) and the PBX toolkit, as described (Booher et al.,
unpublished). For each strain, 4–7 SMRT cells were used to
achieve ∼200× coverage. All cells used the XL-C2 chemistry,
except for two cells for strain B8–12, which used the P4-C2
chemistry. For RS105 and BXOR1 the large TAL effector gene

TABLE 1 | Xoc strains used in this study.

Strain Country of

isolation

Year of isolation Source or references

BLS256 Philippines 1984 Vera Cruza

BLS279 Philippines 1984 Vera Cruza

CFBP2286 Malaysia 1964 CIRM-CFBPb

RS105 China 1992 Fu and Xu, 1997; Songc,

personal communication

B8–12 China 2007 Songc

L8 China Prior to 1995 Zeng et al., 1995; Yind,

personal communication

BXOR1 India 1996 Yashitola et al., 2000

CFBP7331

(also MAI10)

Mali 2003 Gonzalez et al., 2007

CFBP7341

(also BAI5)

Burkina 2009 Wonni et al., 2011

CFBP7342

(also BAI11)

Burkina 2009 Wonni et al., 2014

a International Rice Research Institute, Los Baños, the Philippines.
b International Centre for Microbial Resources – French Collection of Plant-associated

Bacteria.
c Nanjing Agricultural University, Nanjing, China.
d Temasek Laboratories, Singapore.

cluster from the assembly generated using the PBX toolkit was
used in place of the cluster as assembled by HGAP, because
HGAP partially collapsed (RS105) or expanded (BXOR1) the
cluster. This was detected because very long reads mapping to
this region indicated the presence of additional (RS105) or fewer
(BXOR1) TAL effector genes in the cluster, matching the PBX
toolkit assembly. TAL effector sequences were extracted and
parsed using the PBX toolkit (Booher et al., unpublished). The
genomic coordinates of all TAL effector genes in each strain and
the corresponding RVD sequences are given in tab-delimited text
in Supplementary Materials, File S1 (Data Sheet 1).

The existence of any small plasmids that might have been
excluded during size selection for the PacBio sequencing was
tested by DNA isolation and agarose gel electrophoresis, using
X. campestris pv. vesicatoria strain 85-10 (Thieme et al., 2005)
as a positive control, and none were observed (Supplementary
Figure S1 in Data Sheet 2). This was carried out as described
(Chakrabarty et al., 2010) except that the E.Z.N.A. Plasmid DNA
Mini Kit I (Omega Bio-Tek, Norcross, GA) was used for DNA
isolation.

Rice Inoculations and RNA Sequencing
Oryza sativa L. ssp. japonica cv. Nipponbare plants to be
inoculated were grown in LC-1 soil mixture (Sungro, Bellevue,
WA) in PGC15 growth chambers (Percival Scientific, Perry,
IA) in trays approximately 60 cm below a combination of
fluorescent and incandescent bulbs providing approximately
1000µmoles/m2/s measured at 15 cm, under a cycle of 12 h of
light at 28◦C and 12 h of dark at 25◦C. Plants were inoculated
at 2 weeks with bacterial suspensions in 10mM MgCl2 at
approximately OD600 = 0.4 or with a mock inoculum of 10mM
MgCl2, by infiltration using a needleless syringe. For each
inoculum, the second and third leaves of each of four plants were
infiltrated at 20 contiguous spots per leaf. From each of the eight
leaves inoculated with mock inoculum or a single strain, a 12 cm
length of the inoculated portion was collected after 48 h and the
tissue from all eight leaves pooled together for RNA isolation.
For this, RNA was extracted using a modified hot Trizol protocol
(Huang et al., 2005) followed by treatment with RNase-free
DNase I (Life Technologies, Carlsbad, CA), then purified using
the RNeasy MinElute Cleanup kit (Qiagen, Valencia, CA). This
experiment was repeated three times for a total of 36 samples.
Libraries were prepared with the TruSeq RNA Sample Prep v2 kit
(Illumina, San Diego, CA). To perform RNA sequencing (RNA-
Seq), samples were indexed and run six per lane on an Illumina
Hiseq 2000 following the protocol supplied by the manufacturer
for a single-end, 100 cycle run, producing 862.6 million reads
across all samples.

RNA-Seq Data Processing, Analysis, and Access
Adapters were trimmed from raw reads using the Trimmomatic
v0.22 ILLUMINACLIP function (Bolger et al., 2014) for single
end reads, with a maximum of two seed mismatches and a
palindrome clip threshold of 30 to trim adapter matches with
scores of at least 7. Low quality bases were then trimmed from
the ends of reads using BRAT trim v2.0.1 (Harris et al., 2010)
to remove bases with Phred scores below 20 (Yu et al., 2012).
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Reads that were shorter than 24 base pairs after trimming were
dropped. The 852.2 million remaining reads were aligned to the
Oryza sativa L. ssp. japonica (cv. Nipponbare) reference genome
(v.7.0) downloaded from Phytozyme 10 using the MSU Release
7.0 annotation downloaded from the Rice Genome Annotation
Project (Kawahara et al., 2013). Alignment was completed using
Tophat v2.06 (Kim et al., 2013) except for the reads from one
BLS279 replicate. That sample caused Tophat v2.06 to crash and
so was instead aligned using Tophat v2.05 (Kim et al., 2013).
Transcripts were assembled using Cufflinks v2.1.1 and the same
reference annotation used for the alignment (Trapnell et al.,
2010; Roberts et al., 2011), and the resulting annotation files
were combined using the Cufflinks script Cuffmerge v1.0.0. The
number of reads aligned to each gene was determined using
HTSeq-count (Anders et al., 2015) from the HTSeq framework
version 0.5.4p3 with the command line options “-i ID -t gene -
s no,” which unambiguously assigned 739.2 million reads (86%
of the raw reads) to a gene. Raw reads and read counts are
available through the NCBI Gene Expression Omnibus with
accession number GSE67588. Differentially expressed genes were
identified using QuasiSeq (Lund et al., 2012) with the quartile
normalization method (Bullard et al., 2010). The replicate
number was used as a cofactor, and genes were filtered if they
did not have an average gene expression of at least 1 within every
replicate or did not have at least one read in one control sample
or in all non-control samples. After these filtering steps, 26,517
genes remained and were tested for differential expression, using
the method of Nettleton et al. (2006) to compute q-values from
p-values. All genes with q-values less than or equal to 0.05 were
taken as being differentially expressed, regardless of fold change.

Phylogenetic Tree Construction and Topology

Comparison
The nucleotide sequences of 31 housekeeping genes were
extracted from each genome using AMPHORA (Wu and Eisen,
2008), and then aligned at the codon level inMEGA v6.0 (Tamura
et al., 2013) with the MUSCLE alignment algorithm (Edgar,
2004) using default parameters and retaining gaps. The model of
nucleotide substitution that best fit these sequences was identified
with jModelTest v2.1.7 using the Bayesian information criterion
(BIC) and separately the Akaike information criterion (AIC)
(Guindon and Gascuel, 2003; Darriba et al., 2012). The best
model tested using the AIC was the general time reversible model
with invariant sites (GTR+ I). The MEGA-estimated proportion
of invariant sites was zero, so this reduced to a GTR model.
Based on the BIC, the best model tested was the Hasegawa–
Kishino–Yano model with invariant sites (HKY+ I). Each model
was used in MEGA v6.0 with 1000 rounds of bootstrapping
to create a maximum-likelihood phylogenetic tree. Since the
topologies of the two trees were identical, including bootstrap
values, arbitrarily the GTR+ I tree was retained.

Orthologous pairs of TAL effectors were identified using the
reciprocal best BLAST hits method, ranking BLASTP (Altschul
et al., 1997) results by bit score and breaking ties by E-value
(Moreno-Hagelsieb and Latimer, 2008). BLASTP was run using
default parameters. The protein sequences of all TAL effectors as
well as the protein sequences of all other genes in the genomes,

annotated using RAST (Aziz et al., 2008; Overbeek et al., 2014)
and excluding any encoded by reading frames overlapping the
TAL effector genes, were included in the search for reciprocal
best hits. For every TAL effector, a group containing all orthologs
of that TAL effector was created. TAL effectors orthologous to
half or fewer of the other TAL effectors in a group were removed
from that group, and any TAL effector that was still in two groups
after this filtering step was removed from the group in which it
had fewer orthologs. This resulted in 39 non-overlapping groups
of orthologous TAL effectors. For each strain, corresponding
nucleotide sequences were concatenated, and then concatenated
sequences were aligned inMEGA v6.0 (Tamura et al., 2013) using
the MUSCLE alignment algorithm (Edgar, 2004) using default
parameters and retaining gaps. The best model of nucleotide
substitution was identified with jModelTest v2.1.7 (Guindon and
Gascuel, 2003; Darriba et al., 2012) as above. In this case, the best
model, based on either the BIC or the AIC, was the GTR + I
model. The MEGA-estimated proportion of invariant sites was
zero, so this reduced to a GTR model. A maximum likelihood
phylogenetic tree was then created in MEGA using this model
with 1000 rounds of bootstrapping. Next, for each ortholog group
individually, a phylogenetic tree based on the alignment of the
TAL effectors in that group was created in the same way as the
tree based on all groups and, for comparison, a phylogenetic
tree was created for the strains in each group based on the 31
housekeeping genes in the same way as the housekeeping gene
tree for all 10 strains. For each group and for the concatenated
alignment of all TAL effector ortholog groups, the one-sided
Kishino-Hasegawa test based on pairwise Shimodaira-Hasegawa
tests implemented in TREE-PUZZLE (Kishino and Hasegawa,
1989; Shimodaira and Hasegawa, 1999; Goldman et al., 2000;
Schmidt et al., 2002) was used to test the null hypothesis that
the topology of the maximum likelihood tree created using the
TAL effector alignment was not a significantly better fit for those
sequence data than the corresponding housekeeping gene tree
topology, based on the log likelihood of each topology. Tree
topology comparisons were not meaningful for eight ortholog
groups containing only two TAL effectors each or for one group
containing only six TAL effector sequences that were identical at
the nucleotide level.

The tree based on the rice gene expression changes in response
to each strain was made using log10 fold change values of the
20,136 genes that had enough reads to be tested for differential
expression and were differentially expressed in at least one
sample. The tree was built using the function heatmap 0.2 from
the R package gplots (Warnes et al., 2015), which uses the
standard R function hclust from the stats package (R Core Team,
2013) to perform complete linkage clustering to cluster rows and
columns of the heatmap based on the Euclidean distance between
them. The tree created using only the known BLS256 TAL effector
targets was created in the same way.

Whole Genome Alignments and Recombination

Breakpoint Identification
Whole genome alignments were created in MAUVE using the
progressiveMauve algorithm with default parameters (Darling
et al., 2010). A codon based alignment of TAL effector genes
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created using the MUSCLE alignment algorithm (Edgar, 2004) in
MEGA v6.0 (Tamura et al., 2013) was searched for recombination
breakpoints using GARD (Kosakovsky Pond et al., 2006a,b)
on the Datamonkey webserver (Pond and Frost, 2005; Pond
et al., 2005; Delport et al., 2010). The GTR model (identified
as REV in the GARD menu) was used for this analysis with
default settings because this was the best model of nucleotide
substitution based on both the BIC and AIC, identified using
jModelTest v2.1.7 (Guindon and Gascuel, 2003; Darriba et al.,
2012).

TAL EBE Prediction
After TAL effector sequences were extracted from the 10 Xoc
genomes, all unique RVD sequences were identified. For every
TAL effector containing aberrant repeats of the lengths shown
by Richter et al. (2014) to accommodate a single nucleotide
deletion at the corresponding position in the DNA, a new TAL
effector was artificially added to the list with that repeat missing
from the RVD sequence. The original TAL effector was not
removed. No TAL effectors with multiple aberrant repeats were
observed. TAL effector repeats of atypical lengths other than
those characterized by Richter et al. were treated as normal
repeats. TAL effectors with fewer than 11 RVDs, which are
likely non-functional (Boch et al., 2009), were not included. TAL
effector sequences encoded by pseudogenes, characterized by an
early stop codon, a frameshift mutation, and or a large insertion
that resulted in the absence of any and all matches to the NLS
consensus sequence (K-K/R-X-K/R) (Garcia-Bustos et al., 1991;
Van Den Ackerveken et al., 1996) or the lack of a stretch of 35
amino acids with at least 80% sequence identity to the acidic
activation domain (Zhu et al., 1998; using BLS256 Tal1c as the
reference), were also excluded from binding site predictions.

For the retained TAL effectors, EBEs were predicted using the
TALE-NT 2.0 Target Finder tool (Doyle et al., 2012). Based on
the RVD binding preferences determined by Yang et al. (2014),
we updated our local version of Target Finder to treat HH
as NH but left treatment of other previously uncharacterized
RVDs unchanged, i.e., as having equal affinity for all nucleotides.
Predictions were carried out using the rice promoterome, defined
as the 5′ UTR (if annotated) plus 1000 base pairs upstream
of the transcriptional start site of each transcript; output for
a gene includes all unique EBEs predicted in the promoter of
any transcript of that gene. Promoters were retrieved from the
Oryza sativa L. ssp. japonica (cv. Nipponbare) reference genome
(v.7.0) downloaded from Phytozyme 10 using the MSU Release
7.0 annotation downloaded from the Rice Genome Annotation
Project (Kawahara et al., 2013). Predicted EBEs were filtered
with a previously developed machine learning classifier. To use
the classifier on these large data sets, it was first retrained with
transcriptional and translational start site locations from the
genome annotation instead of manually curated locations based
on EST support as in Cernadas et al. (2014). See Supplementary
Table S1 in Data Sheet 2 for updated performance statistics and
GitHub, https://github.com/kwilkins226/TALEffectorClassifier,
for a Weka model file containing the classifier used here and a
script to generate classifier input files from Target Finder output.
Only EBEs assigned a probability of being true greater than

or equal to 0.5 were included in lists of “passed” binding site
predictions.

Results and Discussion

Whole Genome Sequences of and Rice

Transcriptional Responses to 10 Diverse Xoc

Strains
Based on a Southern blot of BamHI-digested genomic DNAs
of 34 geographically diverse strains using a TAL effector gene
probe (Supplementary Figure S2 in Data Sheet 2), we selected
nine strains in addition to BLS256 (Table 1) that were broadly
representative of the restriction fragment length polymorphism
observed, and performed SMRT, whole genome sequencing
(NCBI BioProject number PRJNA283315). Only one strain,
CFBP2286, carries any plasmid (see also Supplementary Figure
S1 in Data Sheet 2).

In addition, we determined rice gene expression changes
in response to each strain by RNA-Seq of leaf tissue 48 h
after inoculation (NCBI Gene Expression Omnibus accession
GSE67588).

TAL Effector Sequences of the 10 Xoc Strains
Across the 10 sequenced strains, 250 TAL effector genes and
eight pseudogenes with recognizable TAL effector repeat regions
were identified, all chromosomal. One TAL effector gene per
strain, including tal2h of BLS256, encodes a TAL effector
with no activation domain. These each show 95% or greater
amino acid sequence identity throughout the C-terminal region
(downstream of the CRR) to Tal2h. The gene in the African
strain CFBP7342 is a pseudogene disrupted by an insertion
sequence element, and the genes in the other two African strains,
CFBP7331 and CFBP7341, have only six RVDs each, but in all
other strains the genes display intact CRRs of 18 or more repeats.
Seven of them contain one atypical-length repeat 28 amino
acids in length, not matching one of the types characterized
by Richter et al. (2014) as being able to accommodate a
single base deletion at the corresponding location in the EBE
(File S1, Data Sheet 1). Although BLS256 Tal2h was originally
assumed to be nonfunctional due to its truncated C-terminus
and lack of activation domain (Bogdanove et al., 2011), the
broad conservation of this TAL effector variant suggests that
it may serve an important function, perhaps as a virulence
factor (Booher et al., unpublished). The use of engineered TAL
effectors missing activation domains as transcriptional repressors
in eukaryotes suggests a mechanism by which Tal2h could
influence host gene expression (Blount et al., 2012; Werner
and Gossen, 2014). Notably, the truncated C-terminus retains
a predicted nuclear localization signal. Similarly, the atypical
repeats of lengths not characterized by Richter et al. could be
nonfunctional, but broad conservation suggests otherwise.

The remaining 241 structurally complete TAL effectors
collectively represent 98 unique binding specificities, based
(solely) on RVD composition and presence or absence of
atypical-length repeats (File S1, Data Sheet 1). Six of the 241
have a single atypical-length repeat matching one of the types
characterized by Richter et al. (2014) and none has more than
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one. Four repeats of 36 amino acids each are also observed
in four different TAL effectors. The distribution of RVDs
observed in the TAL effector sequences (excluding those encoded
in pseudogenes) is similar to that of previously sequenced
Xanthomonas TAL effectors (Boch and Bonas, 2010), with 75%
being HD, NN, NG, or NI (Supplementary Figure S3 in Data
Sheet 2). Only 40 of the total 1916 RVDs are of types not assigned
any specificity in the TALE-NT 2.0 Target Finder binding site
prediction tool (Doyle et al., 2012). Among these are two RVDs,
QD and HY, each occurring once, that have not been reported
previously in any Xanthomonas TAL effector.

TAL Effector Conservation and Known TAL

Effector Targets Upregulated by the Xoc Strains
To assess conservation of TAL effector sequences across strains,
we grouped TAL effectors by apparent orthology (descent from
the same ancestral gene with no duplication events; see Materials

and Methods) (Figure 1). To ascertain potential variation in
targeting specificity within groups, we then recorded the number
of BSR differences among the TAL effectors in each group,
using the BLS256 TAL effector in the group as a reference,
if present, or the TAL effector that was conserved exactly in
the most strains otherwise (Figure 1). For orthologs of the
13 BLS256 TAL effectors with one or more known targets
(Cernadas et al., 2014), we attempted to infer function and
targeting specificity by asking whether the ortholog is predicted
to bind the promoter for each corresponding target, and whether
each target was upregulated by the corresponding strain in
our RNA-Seq experiment. Whenever a BLS256 TAL effector
is perfectly conserved at the BSR level in another strain, that
strain upregulated the known target(s) (Figure 1). For imperfect
matches, results were mixed. With one exception discussed
below, every BLS256 TAL effector ortholog with no more than
six BSR differences has in the promoter of each corresponding

FIGURE 1 | TAL effector content of diverse Xoc strains in relation to

BLS256, and shared upregulation of BLS256 TAL effector targets.

Each column labeled in bold font represents a group of orthologous TAL

effectors, identified by finding reciprocal best BLAST hits. Columns are

labeled according to the BLS256 ortholog, or if absent, by the designation

“non-BLS256 TAL,” numbered arbitrarily. In these columns, the number of

BSRs by which each TAL effector in the group (by strain) differs from the

reference TAL effector for that group is given. The reference is the BLS256

TAL effector if present and the TAL effector with the most conserved BSR

sequence otherwise. Gray fill indicates at least one difference. An “X,” with

black fill, indicates absence of an ortholog. “9” indicates that the TAL effector

sequence derives from a pseudogene. “–(AD)” indicates a C-terminus like

that of BLS256 Tal2h, missing the activation domain. Columns labeled in

regular font with a rice gene name (locus ID) show the fold upregulation of

that gene by each strain, with black fill indicating genes that are not

significantly upregulated. The genes are grouped by the BLS256 TAL effector

that upregulates them, immediately to the right of the column for that TAL

effector. Fold change values in red font mark instances in which the gene

promoter has no predicted EBE that passes a machine learning filter for the

BLS256 TAL effector ortholog present in the strain represented in that row.
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BLS256 target gene a predicted EBE that passes a machine
learning filter for predicting functionality (see Materials and
Methods), and for 99% of these, the target is upregulated.
The exception is the BLS256 Tal6 ortholog group. Neither Tal6
nor any of its orthologs has an EBE that passes the filter in
the confirmed Tal6 target Os01g31220. The reason for this is
not clear. Nonetheless, since target activation by BLS256 in
all cases was shown to be TAL effector dependent, for any
ortholog the presence of a predicted EBE and upregulation of
the corresponding target is strong evidence of activation by that
ortholog in each case. Where this is the case, the ortholog likely
serves the same function as the BLS256 TAL effector, but we
cannot exclude the possibility that non-identical orthologs target
different genes distinct from the BLS256 TAL effector target(s).

Five TAL effector groups have an ortholog from every strain
that is neither pseudogenized nor more than two BSRs diverged
from the others. These include the group containing BLS256
Tal2g, a virulence factor that activates the S gene OsSULTR3;6
(Cernadas et al., 2014), and indeed, all 10 strains activate that
gene. That all strains use the same TAL effector to upregulate
this major S gene might reflect a targeting constraint at the
promoter that could make modification or deletion of the EBE
an effective strategy for durable resistance, one that the pathogen
might not readily overcome by targeting a different sequence in
the promoter. Another group contains BLS256 Tal11b, a TAL
effector of which a knock-out mutant showed reduced virulence
on Nipponbare (Cernadas et al., 2014) but for which a target has
yet to be identified. The remaining three TAL effector groups
include Tal3a, Tal3b, and Tal9a of BLS256, respectively. Although
no non-redundant role in virulence for these three TAL effectors
was detected based on mutant phenotypes in Nipponbare in
a growth chamber (Cernadas et al., 2014), their conservation
suggests that they might perform an important function in other
rice genotypes or in the field.

While conservation of a TAL effector suggests that the
TAL effector is important, conservation of TAL effector target
upregulation in the absence of TAL effector conservation suggests
that the target gene is important. As an example, Tal3c of BLS256,
though conserved in all non-African strains, is absent from the
three African strains, yet its two known targets, Os02g47660
and Os03g07540 (which are upregulated by all the non-African
strains), are upregulated, respectively, by CFBP7342 and by all
three African strains (Figure 1). Because the activation of these
genes by BLS256 depends on a TAL effector (Cernadas et al.,
2014), their upregulation by the African strains seems likely to as
well. Consistent with that hypothesis, a TAL effector present only
in CFBP7342 has a predicted EBE in the promoter ofOs02g47660
and several predicted EBEs in the promoter of Os03g07540
that pass the machine learning classifier. The Os02g47660 EBE
does not overlap the Tal3c EBE, but one of the Os03g07540
EBEs does. Two more TAL effectors, found in all three African
strains (one only in the three African strains and the other
also in BXOR1), both have multiple, predicted, passing EBEs
in Os03g07540. One predicted, passing EBE for each of these
TAL effectors overlaps the Tal3c EBE by 10 base pairs, and the
other overlaps it completely (Supplementary Figure S4 in Data
Sheet 2). In addition to pointing to new, strong candidate TAL

effector-target pairs, these observations suggest that Os03g07540,
the Tal3c target upregulated by all strains though apparently
by different TAL effectors, is important in bacterial leaf streak.
This is further supported by the fact that Os03g07540 encodes a
member of the bHLH protein family, which includes UPA20, the
S gene target of X. campestris pv. vesicatoria TAL effector AvrBs3
in pepper (Capsicum annuum) (Kay et al., 2007). A tal3c mutant
strain of BLS256 was not significantly less virulent in a growth
chamber using artificial inoculation, but again, it seems likely that
such an assay fails to detect differences that would be significant
under field conditions.

Relationships of TAL Effectors across Strains in

Comparison to Housekeeping Genes
Conservation of TAL effector binding specificities within the
Asian and African groups is high. As a point of reference, the
four sequenced Xoo strains (Lee et al., 2005; Ochiai et al., 2005;
Salzberg et al., 2008; Booher et al., unpublished), all from Asia, in
pairwise comparisons share at most 36% of their TAL effectors
and on average only 21% (as a percentage of whichever strain
has more TAL effectors, and based on perfect identity of BSR
sequences). Between every pair of Asian Xoc strains, a minimum
of 25% and on average 57% of TAL effectors are conserved. For
the African Xoc strains, the minimum is 32% and the average
51%. Across all the Xoc strains, the average is 33%, but there is
clear distinction between the Asian and African groups, with only
BXOR1 sharing more than 10% of its TAL effectors with any of
the African strains. The comparatively high level of TAL effector
conservation within the two Xoc groups could be the result of
purifying selection or a relative lack of diversifying selection,
but could in part reflect broad dissemination of TAL effector
genes via horizontal gene transfer. To address this possibility,
we generated and compared two phylogenetic trees (Figure 2A),
one based on the sequences of 31 housekeeping genes that are
recalcitrant to horizontal gene transfer (Jain et al., 1999; Wu
and Eisen, 2008) and the other based on the groups of TAL
effector orthologs described above. The two trees are nearly
identical, but the tree created using the TAL effector orthologs
is a significantly better fit for the TAL effector ortholog alignment
than the tree created using the housekeeping genes (Kishino–
Hasegawa test p = 0.047). This result indicates that TAL effectors
may have been horizontally transferred among these strains,
though probably infrequently given the similar overall topologies
of the two trees. Phylogenies based on individual TAL effector
ortholog groups support this conclusion, with only six of thirty
testable ortholog groups yielding a TAL effector-based topology
that is a significantly better fit for the TAL effector alignment
than is the topology of a housekeeping gene-based phylogeny
(Supplementary Figure S5 in Data Sheet 2).

For each of those six groups, represented by BL256 Tal2b,
Tal2c, Tal2g, Tal4b, and Tal12, and by B8-12 Tal5e (non-BLS256
Tal#4 ortholog group in Figure 1 and Supplementary Figure S5
in Data Sheet 2), the genomic context of each TAL effector
gene represented in the group, specifically the local spatial
relationship to other TAL effector genes, is conserved across
the genomes of the strains in the group (Supplementary Figure
S5 in Data Sheet 2 and Figure 4). This suggests that either
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FIGURE 2 | Phylogenetic relationships based on housekeeping genes

vs. TAL effectors, and whole genome alignments of the Xoc strains.

(A) Maximum likelihood trees, created using concatenated alignments of the

nucleotide sequences of either 31 housekeeping genes or the TAL effectors

in each of the 39 ortholog groups shown in Figure 1. Bootstrap values from

1000 replicates are given at the nodes. (B) Alignment of the whole genome

of every strain, generated using progressiveMauve (Darling et al., 2010).

Colored blocks represent regions of uninterrupted homology, connected

between genomes by matching colored lines. The height of the colored bars

within each block indicates relative conservation on average across all

genomes. Homologous regions above the centerline are in the same

orientation as they are in BLS256 and those below are inverted.

clusters of TAL effector genes were transferred or individual
TAL effector genes were transferred to the same locations within
those clusters. This second possibility seems unlikely given the
overall high sequence similarity across TAL effector genes and
often their flanking DNA, which should result in integration
of a horizontally transferred TAL effector gene into any cluster
randomly. Therefore, if the TAL effector genes in the six groups
were horizontally transferred, neighboring TAL effector genes
likely were as well. We saw no evidence for this however. For
the BLS256 Tal4b and Tal12 groups, TAL effectors encoded by
genes on either side yielded tree topologies that fit the TAL
effector alignments no better than the housekeeping tree-based
topologies did. Similarly, for the groups represented by BLS256
Tal2b, Tal2c, and Tal2g, which are encoded in the same cluster,
and for the group represented by B8-12 Tal5e, which is encoded
in the orthologous cluster in each of the four genomes in
which it occurs, in the same location, TAL effectors encoded
by intervening genes in the cluster (Tal2d, Tal2e, and Tal2f in

BLS256) likewise showed no evidence of horizontal transfer (the
Tal2f group represents only two strains and was therefore not
meaningful). Thus, for these six groups, either the difference
between the TAL effector-based topologies and the housekeeping
gene-based topologies is not due to horizontal gene transfer, or
the lack of difference for the groups representing flanking or
intervening genes is in each case a false negative.

Consistent with the high levels of Xoc TAL effector
conservation, the Xoc genomes overall are highly structurally
conserved. Only 53 recombination breakpoints are required
to explain the genome rearrangements observed among the
strains (Figure 2B), and no breakpoints detectable by GARD
(Kosakovsky Pond et al., 2006b) occur within a TAL effector
gene. With minor exceptions that likely arose from exchange
between two TAL effector genes by double cross-over, or in some
cases local rearrangements associated with insertion sequence
elements, all apparent orthologs reside in conserved contexts
within their respective genomes (Figure 3).
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FIGURE 3 | Rice gene expression changes induced in common by the

Xoc strains. The number of genes up- or down- regulated in rice (cv.

Nipponbare, at 48 h after syringe infiltration) in common by each of n strains

across all possible groups of strains is plotted as a function of n. The

least-square fit of an exponential decay function is shown as a dashed line,

with R2 values for the fit displayed in the upper-right of each graph. CFBP2286

and BXOR1 induced the fewest gene expression changes (up or down), and

this is reflected in stratification of the points in each plot. To make this

apparent, groups containing only one of these strains are shown in red and

groups containing both in blue.

TAL Effector Content in Relation to Rice Gene

Expression Changes
Because even similar TAL effectors may target different sets of
host genes and because different TAL effectors may share targets
(Yang et al., 2006; Antony et al., 2010; Römer et al., 2010; Yu et al.,
2011; Streubel et al., 2013; Richter et al., 2014), differences in TAL
effector content between strains by itself may not be predictive
of differences in the changes to rice gene expression each strain
causes. To examine this, we compared the host gene expression
changes in response to all the strains in relation to their TAL

effector content. The RNA-Seq results we obtained show that
the Xoc strains on average upregulate 5152 rice genes, but only
1437 (28%) of these are upregulated by every strain (Table 2).
The number of genes downregulated by each strain is similar,
5608 genes on average, with 1248 (22%) of these downregulated
in common. Every gene expression change uniformly required
for the development of bacterial leaf streak of rice by definition
is represented among the genes up- or down- regulated by all 10
strains. The relatively small number of these genes up- or down-
regulated in commonmight be explained in part by the exclusion
of any gene expression change that serves a required function but
is substituted for in the case of some strains by a distinct induced
change. Upregulation of different SWEET gene family members
by different TAL effectors of different Xoo strains in bacterial
blight of rice is an example of such essential but interchangeable
TAL effector induced changes to host gene expression (Yang
et al., 2006; Antony et al., 2010; Römer et al., 2010; Yu et al.,
2011; Streubel et al., 2013; Richter et al., 2014). Incidentally,
the list of gene expression changes induced in common by
every strain almost certainly contains a number of non-essential
changes: plotting the number of shared up- and down-regulated
genes among all possible combinations of the strains reveals that
an exponential decay function fits the data poorly (Figure 4);
in other words, the rate at which the number of shared gene
expression changes decreases does not decrease as more strains
are added, up to the 10 total.

Overall, relationships among the rice transcriptional
responses to the 10 Xoc strains, shown as a tree in Figure 5A

(see Materials and Methods), do not match those observed
for the TAL effectors (Figure 2A). Of particular note are the
Asian strains, which cluster distinctly in the TAL effector based
tree, but not in the tree based on rice gene expression changes.
This greater conservation of induced host gene expression
changes than TAL effector content may be due to TAL effector-
independent changes, and or convergent evolution having
resulted in diverse TAL effectors sharing targets, as suggested by
the targets of BLS256 Tal3c and exemplified by the SWEET genes
in bacterial blight, discussed above. Perhaps not surprisingly,
however, when only the expression changes of the known targets
of BLS256 TAL effectors are examined (Figure 5B), the clustering
more closely recapitulates the tree based on the orthologous TAL
effector groups (Figure 2A).

Toward Identification of New TAL Effector

Targets in Bacterial Leaf Streak of Rice
TAL effectors often determine whether an interaction leads to
disease or to successful plant defense. In addition to augmenting
the promoter of an R gene with EBEs for conserved TAL effectors
to broaden its effectiveness (Hummel et al., 2012; Zeng et al.,
2015), genetic manipulation of host S gene promoters to prevent
activation, through breeding or by genome editing, can be a
successful disease control strategy (Yang et al., 2006; Li et al.,
2012b). For broad effectiveness and durability, identification of
genes widely targeted by strains within and across pathogen
populations, either by conserved TAL effectors or distinct ones
in different strains, is an important starting point. Toward this
goal, we first sought to identify candidate TAL effector targets
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TABLE 2 | Numbers of TAL effectors, induced rice gene expression changes, and target predictions for each Xoc strain.

Strain or value TAL effectorsa Upregulated Downregulated Predicted Passed Predicted candidate Passed candidate

genesb genesc EBEsd EBEse genesf genesg

B8-12 27(1) 6966 7112 55,980 23,602 6966 3930

BLS256 27(1) 6881 8043 55,980 24,980 6881 3976

BLS279 25(1) 6191 6872 55,980 23,539 6191 3538

BXORI 25(2) 2592 2373 55,981 30,117 2592 1771

CFBP2286 27(1) 2708 2713 55,980 25,581 2708 1609

CFBP7331 19(3) 5117 5554 55,980 32,080 5117 3623

CFBP7341 19(3) 5306 5213 55,980 31,977 5306 3715

CFBP7342 22(2) 5830 6531 55,983 45,973 5830 5065

L8 26(3) 5835 7157 55,980 24,994 5835 3479

RS105 22(2) 4093 4509 55,980 21,604 4093 2186

Average 24 5152 5608 55,980 28,445 5152 3289

Sharedh 5 1437 1248 55,979 16,425 1437 648

a The number in parentheses is the number of pseudogenes.
b The number of genes upregulated in rice (cv. Nipponbare) leaves at 48 h after syringe infiltration of the strain relative to mock inoculated leaves (q < 0.05).
c The number of genes downregulated in rice (cv. Nipponbare) leaves at 48 h after syringe infiltration of the strain relative to mock inoculated leaves (q < 0.05).
d The number of genes with at least one predicted EBE in the promoter.
e The number of genes with at least one EBE in the promoter that passes the machine learning classifier filter.
f The number of upregulated genes with at least one predicted EBE in the promoter.
g The number of upregulated genes with at least one EBE in the promoter that passes the machine learning classifier filter.
h Shared TAL effectors are defined as having no more than two BSR differences.

FIGURE 4 | Identity, order, and orientation of TAL effector genes

across the Xoc strains. Each arrow represents a TAL effector (tal) gene

and points in the 5′ to 3′ direction. The genes are to scale relative to one

another, as are the intergenic regions, but the genes have been magnified

relative to the rest of the genome. Arrows of the same color and pattern

represent orthologs. The same color or pattern alone does not indicate any

particular relationship. Genes are numbered and lettered according to

Salzberg et al. (2008). An apostrophe indicates a pseudogene, and a minus

sign indicates that the encoded TAL effector has a BLS256 Tal2h-like

C-terminus, lacking the activation domain.
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FIGURE 5 | Relationships of the Xoc strains based on the rice gene

expression changes each induces. Trees were created using (A) for each

strain, fold change values for all genes that are significantly differently

expressed (q ≤ 0.05) at 48 h following syringe infiltration, relative to mock

(see Methods) and (B) only the fold change values for the known targets of

BLS256 TAL effectors. Each tree was generated by complete linkage

clustering based on the Euclidean distance between vectors of log10 fold

change. For each tree, five subdivisions of the log10fold change values

observed in the data for that tree were used: the minimum, half of the

minimum, the maximum, and half of the maximum.

for each of the 10 Xoc strains by predicting whether any of
the genes upregulated by a strain contains a possible EBE in its
promoter for any of the TAL effectors of that strain. For this,
we used the Target Finder tool of TALE-NT 2.0 with a score
ratio threshold of 3.0 (Doyle et al., 2012). For any TAL effector
with an atypical-length repeat of a type characterized by Richter
et al., we ran predictions using the complete RVD sequence
as well as that sequence with the RVD of the repeat left out.
We treated repeats of other atypical lengths as typical repeats.
We did not do predictions for TAL effectors with the truncated
Tal2h-like C-terminus, reasoning that if they are functional (1)
they might act by targeting outside the promoter (Politz et al.,
2013), and (2) their targets might include genes not differentially
expressed in comparison to the mock control used in the RNA-
Seq experiment, but instead prevented from being otherwise
activated by the pathogen. Somewhat surprisingly, every gene
upregulated by any strain has a predicted EBE for at least one TAL
effector of that strain, meaning that the predictions provide no
additional information beyond the RNA-Seq data. In fact, Target
Finder predicts an EBE for at least one TAL effector per strain in
nearly all of the 55,986 gene promoters in the MSU7 (Kawahara
et al., 2013) annotation (Table 2). Consequently, in order to
identify a testable list of candidate TAL effector targets from this
and like studies of wild type strains with multiple TAL effectors,
either more specific (fewer false positive) EBE predictions, or
methods to rank and filter candidate genes are essential.

A modified version of the machine learning classifier from
Cernadas et al. (2014) (see Methods) appears to perform well
as a way to filter candidate genes. If instead of starting with
upregulated genes, the whole genome is examined, using only
EBEs passing this classifier reduces the number of candidate
genes by 36% across all samples, compared to not using the
classifier (Table 2). Of the resulting set of genes with passing
EBEs, 12% are upregulated, a significant increase from the 9%

of all genes with predicted EBEs that are upregulated (p < 0.01).
This enrichment suggests that the filtering is beneficial and could
be applied to the list of candidates from the upregulated gene set.
Having RNA-Seq data for the host interacting individually with
each of multiple strains for which the TAL effector content is
known enables a second, independent method of filtering (the
machine learning classifier does not use the RNA-Seq data as
input), eliminating any candidate target that is not upregulated
by every strain that contains the corresponding TAL effector.
All known BLS256 TAL effector targets pass this filter. Though
expected, this result provides some assurance that requiring
a candidate gene to be upregulated by all strains containing
the relevant TAL effector will not eliminate true TAL effector
targets from consideration. The two filters discussed here, the
classifier and the shared TAL effector-shared target criterion,
can be used together or independently. Supplementary Table S2
(Data Sheet 3) provides a list of candidates for the five TAL
effectors shared, with no more than two BSR differences, by
all 10 strains, generated using both filters together. These lists
and others that could be generated for geographical subsets
of these strains represent promising starting points for future
experimental analyses to identify additional TAL effector targets,
including new BLS S genes.

Conclusion

As discussed in the introduction, new strategies centered on
TAL effectors and their targets show great promise for control
of plant diseases in which TAL effectors play determinative
roles (Boch et al., 2014). One of these, amending an R gene
promoter with one or more additional EBEs, for breadth and
durability requires using EBEs that correspond to conserved TAL
effectors or to a minimal set of representative TAL effectors
so that it will trap the diversity of strains in a population.
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Another, integrating or engineering an allele of a major S
gene that is immune to activation due to disruption of its
EBE(s), requires identifying an S gene on which the strains
in a population uniformly depend. Characterizing population
level TAL effector conservation addresses the first of these
requirements, and assessing host genome-wide expression data
alongside TAL effector sequences helps address the second by
enabling identification of conserved and potentially important
candidate TAL effector targets. The analyses we present in this
paper of TAL effector sequences from 10 diverse Xoc strains
(from eight genome sequences we present here and two we
determined previously), and RNA-Seq data we captured for rice
responding to each strain, are a significant advance toward these
objectives for the increasingly globally important rice disease
bacterial leaf streak.

Our RNA-Seq results are consistent with the microarray-
based study of BLS256-inoculated rice we published previously
(Cernadas et al., 2014): all TAL effector targets identified in that
study are upregulated in the RNA-Seq data for all strains that
contain a TAL effector with the corresponding RVD sequence.
However, because RNA-Seq is more sensitive than hybridization
to a microarray, and because, for reasons outlined below, we
predicted a greater number of binding sites per TAL effector,
on average, than we previously predicted for the BLS256 TAL
effectors (Cernadas et al., 2014), here we were able to identify,
with filtering, candidate targets for all of the 27 intact BLS256
TAL effectors except Tal2b (which is not, as it was originally
described, a pseudogene; Booher et al., unpublished), in contrast
to the 19 TAL effectors for which we were able to identify
candidate targets using the microarray data, without filtering
(Cernadas et al., 2014).

The greater number of EBE predictions here is due, in
part, to the presence of more uncharacterized RVDs in this
larger collection of TAL effectors. Among the BLS256 TAL
effectors, Tal2g contains the only two uncharacterized RVDs.
In our previous work, we replaced these with RVDs of known
specificity that shared the same BSR (Cernadas et al., 2014).
The TAL effectors in the present study include 40 previously
uncharacterized RVDs, and based on recent experimental results
(Yang et al., 2014; Miller et al., 2015), we chose to replace
only some of these with observed RVDs of known specificity.
The impact of uncharacterized RVDs on binding site prediction
specificity is evident in the filtered candidate gene lists for the
five highly conserved groups of orthologous TAL effectors. The
filtered candidate gene lists for four of the ortholog groups
contain fewer than 11 genes. The TAL effectors in these ortholog
groups contain no uncharacterized RVDs. The gene list for the
fifth group, which includes Tal2g, has 521 candidate genes that
pass both filtering steps. Each TAL effector in that group contains
two uncharacterized RVDs. The large number of candidate
genes identified for this group almost certainly results from the
binding site prediction algorithm treating uncharacterized RVDs
as having equal affinity for all four nucleotides.

Another reason for the greater number of candidates in this
study is our having considered all potential EBEs in a promoter,
instead of just the best scoring one. This allows for the possibility
that a poorer scoring EBE that is closer to the transcriptional
start site is more likely to activate a gene than a better scoring

EBE that is at a distance, and results in more candidates passing
the machine learning filter. We also redefined the promoter as
the 5′ UTR plus 1000 bp upstream of the transcriptional start
site, instead of just the latter, which was used previously. This
allows for the possibility that some TAL effectors activate their
targets by binding within the 5′ UTR of the basal transcript and
resetting the transcriptional start site. Finally, in our previous
study (Cernadas et al., 2014), we determined the EBE score
cutoff for each TAL effector individually using the distribution
of the best predicted binding sites in each gene in the rice
genome. In the present study, we fixed the score cutoff at three
times the best possible score, reflecting the current Target Finder
algorithm.

With the greater sensitivity of RNA-seq and the prediction
parameters we used, absent a method to more specifically predict
EBEs, the filtering is essential to obtain a testable number of
candidate targets from RNA-Seq studies using wildtype strains
with multiple TAL effectors. Generating individual TAL effector
knockout strains for comparison to the wild type is desirable, but
not always feasible. Comparison across distinct wildtype strains
is a powerful alternative. In the case of BLS256 Tal3c target
Os03g07540, this approach enabled us to distinguish this gene
from among the several targets of that TAL effector as potentially
important, because it was the only Tal3c target upregulated by all
strains, ostensibly due to being targeted by a TAL effector distinct
from Tal3c in some strains.

In light of our overall results, TAL effector-centered strategies
for control of BLS appear promising. We observed that within
geographic regions, Xoc TAL effectors are highly conserved
relative to Xoo TAL effectors. They are not disrupted by
breakpoints that lead to large, genomic rearrangements, and they
appear rarely or never to have been horizontally transferred
within Xoc, consistent with the observation of Ferreira et al.
(2015) that Xoc TAL effector genes do not localize with
TnXax1short inverted repeat sequences to form mobile cassettes,
unlike TAL effector genes in other Xanthomonas species.
Moreover, we identified five Xoc TAL effectors that are shared by
all 10 sequenced strains with no more than two BSR differences.
As discussed above, one of these groups, the BLS256 Tal2g group,
targets the major S gene OsSULTR3;6, indicating that edited or
naturally occurring alleles lacking the corresponding EBE might
be broadly effective for disease control. An R gene amended with
EBEs to capture all five groups also seems likely to be broadly
effective and durable.

Finally, the conserved TAL effector groups represent footholds
for further dissecting the functions of TAL effectors and their
targets. The fact that one of the groups contains BLS256 Tal11b,
for which a mutant strain showed reduced virulence but for
which no target was identified (Cernadas et al., 2014), supports
the conclusion that Tal11b and the orthologs are important but
may act in a non-canonical way, such as downregulating a gene
by binding to its 5′ UTR. The three groups for which no virulence
contribution of the BLS256 TAL effector was observed in the
growth chamber assay of Nipponbare plants, as discussed, may
exemplify TAL effectors with host genotype-specific virulence
contributions, or functions not measured by our virulence assay
but important under field conditions. These might include
contributing to the ability of the pathogen to initiate infection
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from a low titer or to disseminate. Broad conservation of the
TAL effectors in each of these cases recommends them for further
experimentation to test these possibilities.
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MorTAL Kombat: the story of
defense against TAL effectors
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Many plant-pathogenic xanthomonads rely on Transcription Activator-Like (TAL)
effectors to colonize their host. This particular family of type III effectors functions as
specific plant transcription factors via a programmable DNA-binding domain. Upon
binding to the promoters of plant disease susceptibility genes in a sequence-specific
manner, the expression of these host genes is induced. However, plants have evolved
specific strategies to counter the action of TAL effectors and confer resistance. One
mechanism is to avoid the binding of TAL effectors by mutations of their DNA binding
sites, resulting in resistance by loss-of-susceptibility. This article reviews our current
knowledge of the susceptibility hubs targeted by Xanthomonas TAL effectors, possible
evolutionary scenarios for plants to combat the pathogen with loss-of-function alleles,
and how this knowledge can be used overall to develop new pathogen-informed
breeding strategies and improve crop resistance.

Keywords: Xanthomonas, plant disease susceptibility S genes, hubs, TAL effectors, agricultural biotechnology,
loss-of-function alleles

Introduction

Xanthomonas are a genus of plant pathogenic bacteria that cause devastating diseases on a wide
range of hosts, leading to severe impact on yield quantity and quality of important crops such as
rice, cassava, cotton, wheat, banana, mango, citrus, and cabbage (Schornack et al., 2013). In order to
colonize their host, most of these pathogens rely on a type three secretion system (T3SS) specialized
in the injection of virulence factors into the host cell. Also called type three effectors (T3Es),
these proteins collectively promote the pathogen’s adaptation to specific host tissues, species, and
genotypes. This adaptation includes suppression of plant immunity, nutrient acquisition, dispersal,
or other virulence-related processes that benefit the pathogen. Upon translocation, T3Es localize
to various subcellular compartments such as the plasma membrane or organelles.

The Transcription Activator-Like (TAL) effectors form a particular family of T3Es that act
as bona fide plant transcription factors able to reprogram the host transcriptome following
nuclear localization. They have a highly conserved structure that is modular and characterized
by an N-terminal type three secretion signal, a C-terminal region bearing two to three nuclear
localization signals and an acidic transcription activation domain. In between is a central region
built of quasi-identical tandem direct repeats of 33–35 amino-acids forming a unique type of DNA-
binding domain. Each repeat folds into a super-helical structure that wraps the DNA. Each repeat
forms a two-helix bundle in which so-called repeat variable di-residues (RVDs) at positions 12 and
13 reside on the interhelical loop that projects into the DNA major groove. More precisely, RVDs
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mediate the binding of TAL effectors to the double-strand DNA
in a sequence-specific manner with residue 12 stabilizing the
overall interaction while residue 13 specifically contacts the
DNA base (reviewed in Mak et al., 2013). Functional differences
between TAL effectors are therefore mainly due to the nature of
the string of RVDs that determine the sequence of the so-called
TAL effector binding element (EBE) in host promoters. TAL
effectors can be found in most Xanthomonas species and related
proteins are also present in Ralstonia solanacearum (RipTALs; de
Lange et al., 2013) and Burkholderia rhizoxinica (Bats; Juillerat
et al., 2014; Lange et al., 2014).

Several Xanthomonas TAL effectors are known to play an
essential role during infection, i.e., the deletion of the genes
encoding them leads to reduced disease. Plant genes may
contribute to disease susceptibility in different ways, notably
by favoring pathogen attraction and attachment to the host,
controlling the establishment of a favorable environment for host
tissue penetration, colonization, or pathogen dispersal (reviewed
by Lapin and Van den Ackerveken, 2013). In the case of
plant pathogenic bacteria our knowledge on the diversity and
function of disease determinants is still scarce. However, recent
breakthroughs in the field of TAL effector biology are significantly
improving our understanding of bacterial disease processes,
thereby fostering innovative disease control strategies. In this
review, we analyze host–pathogen interactions over evolutionary
time using the popular video game Mortal Kombat1, in which
combatants strike and counter to survive an epic battle, as a
metaphor. We initially focus on the mechanisms underlying
susceptibility caused by TAL effectors. Then we explore the
strategies that plants have evolved to counter the action of TAL
effectors, with emphasis on the strategy of “resistance through
loss-of-susceptibility” achieved by avoiding the binding of TAL
effectors to host DNA using mutations of their binding sites.
Finally, we discuss how, in light of these findings, natural or
engineered resistance can be bred to control TAL effector-
mediated diseases.

Round 1: Bacteria Attack Using TAL
Effectors to Induce Susceptibility Genes

Transcription Activator-Like effectors are found in many
plant pathogenic Xanthomonas species where they significantly
contribute to disease development but their exact function as
minor or major virulence factors has been disentangled for
only a few of them (Boch and Bonas, 2010). The number of
TAL effectors genes contained in the genome of a Xanthomonas
strain is highly variable between strains. For example, strains
of Xanthomonas oryzae pv. oryzae (Xoo) contain from 9 up to
more than 15 different TAL effectors. Yet it has been shown that
only one or two of them play an essential role in pathogenicity
and encode major virulence factors (Yang and White, 2004). For
these strains the mutation of the corresponding genes leads to no
development of the disease (Yang and White, 2004). The genes
targeted by these TAL effectors are called (S) susceptibility genes

1http://www.mortalkombat.com/, Warner Bros. Interactive Entertainment.

because their induction is essential to the complete development
of the disease. Unlike resistance (R) genes that are usually
expressed only in the presence of the pathogen, most of the
known S genes play roles in plant development, and are exploited
by pathogens through their overexpression during the infection.
The discovery of the TAL effector-DNA binding code combined
with transcriptomic data has led to the identification of a S
gene list for different Xanthomonas/host interactions (Table 1).
Notably, many of these S genes encode either transporters
(sugar or sulfate) or transcription factors, and their induction
is hypothesized to facilitate bacterial colonization and symptom
development.

The SWEET family of sugar transporters represents the best
characterized group of S genes induced by TAL effectors (Chen,
2014). In rice, these include OsSWEET11 (a.k.a Xa13/xa13)
activated by PthXo1 from strain Xoo PXO99A, OsSWEET13
(a.k.a Xa25/xa25) activated by PthXo2 from Xoo strains JXO1A
and MAFF311018, and OsSWEET14 activated by AvrXa7,
PthXo3, TalC, and Tal5 from Xoo strains PXO86, PXO61, BAI3,
and MAI1, respectively (Yang and White, 2004; Chu et al.,
2006; Antony et al., 2010; Yu et al., 2011; Streubel et al.,
2013; Zhou et al., 2015). They are all members of clade III
of the SWEET gene family. It was shown that in rice, all five
members of clade III can act as a major S gene (Li et al., 2013;
Streubel et al., 2013). Interestingly, related genes are also induced
by Xanthomonas TAL effectors in other hosts. For instance
MeSWEET10a and CsSWEET1 are, respectively, induced by
TAL20 from X. axonopodis pv. manihotis (Xam) in cassava and
the PthA series from X. citri ssp. citri in citrus (Cohn et al.,
2014; Hu et al., 2014).Xam-mediated induction of MeSWEET10a
which also belongs to clade III is essential for full development
of watersoaking as infiltration of strain Xam668�TAL20 leads to
reduced symptoms (Cohn et al., 2014). Intriguingly the induction
ofMeSWEET10a is necessary for symptom expansion but not for
bacterial growth. In contrast, CsSWEET1 belongs to clade I and
no function for citrus canker has been demonstrated to date (Hu
et al., 2014). Similarly, AvrBs3 from X. axonopodis pv. vesicatoria
induces UPA16 from pepper which also belongs to the SWEET
family but there is no evidence for this gene to play a role for
bacterial spot of pepper and tomato (Kay et al., 2009).

At least twomembers of the SWEET family in rice were shown
to play a crucial role in plant development. Homozygous lines
containing a T-DNA insertion in OsSWEET14 display delayed
growth and seeds smaller than the wild type plant (Antony et al.,
2010), and plants silenced for OsSWEET11 have reduced fertility
(Yang et al., 2006). They encode sugar transporters that allow
the efflux of carbohydrates from the cell to the intercellular
space. Thus, their induction could make carbohydrates easily
available for bacteria (Chen et al., 2012), though to date it
has not been clearly demonstrated that these carbohydrates
help bacterial growth directly. SWEET genes may play a role
in multiple plant pathogen interactions (Lemoine et al., 2013).
VvSWEET4 in grapevine is up regulated during the interaction
with the gray mold fungus Botrytis cinerea and a knockout
mutant in Arabidopsis for the orthologous gene AtSWEET4
becomes less susceptible to this pathogen (Chong et al., 2014).
Also in Arabidopsis, differential expression of SWEET genes is
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observed after infection by Pseudomonas syringae pv. tomato,
Golovinomyces cichoracearum, and Plamodiophora brassicae
(Siemens et al., 2006; Chen et al., 2010) suggesting that numerous
pathogens target the sugar transport mechanisms of the host
upon infection.

While SWEET genes are essential for the vascular pathogen
Xoo to cause Bacterial Blight in rice, they are curiously not
targeted by the closely related non-vascular pathovar X. oryzae
pv. oryzicola (Xoc) that is responsible for bacterial leaf streak of
rice. It is then tempting to speculate that induction of S genes
by TAL effectors may explain tissue specificity to some extent.
However, transformation of Xoc with OsSWEET-inducing TAL
effectors from Xoo does not allow vascular colonization by Xoc
(Verdier et al., 2012). Nevertheless, the role of TAL effectors
in defining host-ranges and colonization mechanisms is still a
field worth exploring. Recently, the systematic mutagenesis of
each TAL effector gene of Xoc strain BLS256 completed with the
functional analysis of their potential targets unmasked a new S
gene specifically required for leaf streak. OsSULTR3;6 encodes a
sulfate transporter targeted by Tal2g and its induction is necessary
for lesion expansion and bacterial exudation but not for bacterial
growth (Cernadas et al., 2014). How this sulfate transporter
contributes to disease has yet to be elucidated. One hypothesis
is that its induction modifies the redox potential in a favorable
manner for symptom establishment and bacterial expansion.
Some orthologous genes have been identified to play a similar
role in other pathosystems and in establishment of symbiosis
(Cernadas et al., 2014).

Another group of functionally related genes targeted by TAL
effectors are transcription factors. The first identified was UPA20
in pepper. This transcription factor induced by AvrBs3 from
X. axonopodis pv. vesicatoria belongs to the bHLH family and
trans-activates the secondary target UPA7 (Kay et al., 2007). The
expression of UPA7 leads to enlargement of mesophyll cells of
pepper leaves that could promote propagation of bacteria (Kay
et al., 2007). Another transcription factor acting as a major
susceptibility gene is CsLOB1, required for pustule formation
during citrus bacterial canker. This gene is targeted by five
different TAL effectors, including PthA4, PthAw, and PthA∗ from
X. citri ssp. citri and PthB and PthC from X. citri ssp. aurantifolii
(Hu et al., 2014). Interestingly an Arabidopsis protein belonging
to the LOB family is described as a susceptibility gene for the
fungal pathogen Fusarium oxysporum (Thatcher et al., 2009).
The specific functions in development of CsLOB1 are not known
but it was shown that proteins with LOB domain are responsive
to numerous phytohormones, play a role in anthocyanin and
nitrogen metabolism and are involved in the regulation of lateral
organ development (Majer and Hochholdinger, 2011; Gendron
et al., 2012).OsTFXI a bZIP transcription factor andOsTFIIAγ1 a
general transcription factor, are targeted, respectively, by PthXo6
and PthXo7 from Xoo strain PXO99A (Sugio et al., 2007).OsTFXI
is particularly interesting as it is induced by all Xoo strains
assessed to date (White and Yang, 2009). In contrast to the
wild type, a transgenic plant overexpressing OsTFXI is fully
susceptible to a pthXo6 mutant confirming that it is an S gene
(Sugio et al., 2007). How OsTFXI promotes disease is not yet
understood.

In summary, for Xoo species, the SWEET transporters are a
major target in rice and among them OsSWEET14 is targeted by
four different TALs from genetically and geographically distant
Xoo strains. The SWEET genes are targeted by at least three other
Xanthomonas species in three other hosts. There is undoubtedly
an evolutionary convergence for the induction of this family inter
species and intra pathovar. This convergence occurs also for the
transcription factors. Five different TAL effectors with different
RVD content are able to induce CsLOB1, which seems to be
the single susceptibility gene induced by both X. citri pathovars
for the establishment of citrus canker (Hu et al., 2014). Thus,
convergence seems to be a good indicator for the discovery of
S genes (Figure 1). A similar behavior of convergence toward
a selected group of targets in the host has also been found for
non-TAL effectors from different pathogen groups in Arabidopsis
(Mukhtar et al., 2011). In addition, computational predictions
suggest that targeting of functional “hubs” is indeed a common
feature for TAL effectors (Perez-Quintero et al., 2013).

Taking this into account, new potential S genes arise, including
for example OsHEN1 in rice. OsHEN1 encodes a methyl
transferase and is the only common target of Xoo and Xoc
via, respectively, PthXo8 and Tal1c (Moscou and Bogdanove,
2009). Although a tal1cmutant showed no reduction in virulence
(Cernadas et al., 2014), and data for PthXo8 are yet to be reported,
the convergence of different pathovars onto this target may
suggest an important role in the respective diseases. OsHEN1
plays important roles in different physiological processes through
the stabilization of small RNAs, introducing the exciting question
of how induction of this gene aids in bacterial colonization.
On the other hand, there are some TAL effector for which a
role in pathogenicity has been shown but the target remains
unknown or unconfirmed (Yang et al., 1994; Castiblanco et al.,
2012; Munoz-Bodnar et al., 2014).

Round 2: Plant Dodges Bacteria’s TAL
Effectors Through Mutation in Promoters
of S Genes

The evolutionary convergence of TAL effector activity on a
restricted set of key host genes of physiological importance
(Figure 1) implies that some allelic variants (those that can
avoid binding on the effector) could confer broad-spectrum
resistance to Xanthomonas. To date, EBE variants that abolish
TAL effector binding have been found in the promoter of
two major susceptibility genes: OsSWEET11 and OsSWEET13,
resulting in the recessive resistance alleles known, respectively, as
xa13 and xa25 (Chu et al., 2006; Yang et al., 2006; Liu et al., 2011;
Zhou et al., 2015).

The promoter of the susceptible allele of OsSWEET11:Xa13
but not of xa13 is induced directly by the TAL effector
PthXo1 from PXO99A (Yang et al., 2006; Romer et al., 2010).
Varieties containing xa13 are resistant to PXO99A and the
recessive resistance observed is not characterized by the typical
hypersensitive response phenotype as it results only on the loss
of the induction of a gene essential to disease development
(Yuan et al., 2009, 2011). There is a collection of rice varieties
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FIGURE 1 | Functional convergence in bacterial Transcription
Activator-Like (TAL) effectors and plant targets. Several susceptibility
targets of Xanthomonas oryzae pv. oryzae belong to Clade III of the SWEET
family. Four TAL effectors from diverse Xoo strains belonging to different
lineages and from distinct geographical origins target OsSWEET14. TalC and
Tal5 from the two Xoo African strains BAI3 (Burkina Faso) and MAI1 (Mali) bind
to two distinct effector binding elements (EBEs). In addition, the OsSWEET14
promoter is targeted by two Xoo Philippine strains, PXO86 and PXO61
through the TAL effectors AvrXa7 and PthXo3. The corresponding EBEs
partially overlap with the Tal5 EBE. The repeat variable di-residue (RVD) arrays
and the number of repeats (not represented in the figure) for these three TAL
effectors are significantly different, highlighting evolutionary convergence. Not
shown in the figure is the case of the resistance gene Xa7 that recognizes
AvrXa7 but not PthXo3 that is slightly divergent from AvrXa7. A similar case of
convergence is observed for the induction of CsLOB1 which is targeted by
PthB and PthC from X. citri ssp. aurantifolii and the PthA series from X. citri
ssp. citri. PthA4, PthAw, and PthA∗ (but not PthB and PthC) induce
CsSWEET1 belonging to the Clade I of the SWEET family. However, a role in
disease development has not been shown. A third species, X. axonopodis pv.
manihotis, targets through TAL20 a member of the SWEET family,
MeSWEET10a, that belongs to Clade III and acts as a susceptibility gene.

naturally presenting an xa13 allele. All these alleles differ from
the Xa13 genotype by insertion, deletion, or substitution in
the PthXo1 EBE (Romer et al., 2010). Interestingly a single
substitution in the second nucleotide of the EBE is sufficient
to avoid induction of OsSWEET11 by PthXo1. In the case of
OsSWEET13, the susceptible allele Xa25 but not the race specific
recessive resistance gene xa25 is induced by the Xoo strain
PXO339 (Liu et al., 2011). Transformation of Xa25 in a resistant

variety with a xa25 genotype led to susceptibility to PXO339 (Liu
et al., 2011). Recently it was shown that PthXo2 directly induces
Xa25. Xa25 differs from xa25 by a one nucleotide deletion in the
EBE of PthXo2. Promoter mutation generated by CRISPR/Cas9
technology confirmed that OsSWEET13 induction is essential for
strains that depend on PthXo2 to lead to disease susceptibility
(Zhou et al., 2015).

ForOsSWEET14, no naturally occurring resistance alleles have
been reported yet, but they have been genetically engineered. Li
et al. (2012) generated loss of susceptibility alleles altered in the
box targeted by AvrXa7 and PthXo3 using the TALEN strategy, an
approach based on TAL effector binding domains coupled with
nucleases (reviewed in Bogdanove and Voytas, 2011; Carroll,
2014). They showed that a deletion of 4 bp is sufficient for
loss-of-susceptibility to AvrXa7 and PthXo3. As discussed below
Round 4), this genome editing strategy could be extensively used
to develop resistant varieties to Xanthomonas in various systems.

It is expected that more naturally occurring loss-of-
susceptibility alleles can be found by promoter screening of S
genes in different host germplasm collections (see Round 4). An
example of a resource for this type of screening is the recently
released SNP data from rice obtained from the sequencing of the
genomes of 3000 rice varieties, available in the SNPseek database
(Alexandrov et al., 2015). Surprisingly when using this data to
look for SNPs in a set of known EBEs in rice (not all from S genes)
very few SNPs are found within the EBEs (Table 2). It is worth
noting, that no indels are included in the SNPseek data and that
all the SNPs were obtained from mapping NGS reads onto only
one reference genome (Alexandrov et al., 2015). So it is possible
that more SNPs in these regions will be found using different tools
and datasets.

Nonetheless, this raises the question: how common are loss-

of-susceptibility alleles of S genes?
Gaining resistance through loss-of-susceptibility alleles

requires the plant to mutate a region of the promoter to avoid
binding of the TAL effector without altering physiologically
important regulatory elements in the promoter. This might be
particularly hard to achieve given that many TAL effectors seem
to bind to crucial elements of the promoter. As a matter of fact,
most of the known functional binding sites for TAL effectors
are located in a region overlapping with that of core promoter
elements of the gene (between 300 bp upstream and 200 bp
downstream of the transcription start site). Indeed, TAL effectors
seem to bind predominantly to functional motifs, such as the
TATA box and the TC box (Grau et al., 2013; Pereira et al., 2014).

Regulatory elements in plant promoters are usually very
short; median observed length of 8 bp and notoriously
conserved (Reineke et al., 2011). Point mutations (transversions
and transitions) in these elements may prevent binding of
endogenous plant TFs and probably will not be selected unless
they offer a great improvement in fitness (i.e, resistance to
pathogenic bacteria). However, point mutations in an EBE could
fail to prevent binding since the way TAL effectors bind to
DNA allows for enough flexibility to tolerate “mismatches”. For
instance some RVDs are able to indiscriminately accommodate
different nucleotides, particularly those RVDs with weaker
interactions with DNA (Streubel et al., 2012). Also, RVDs in
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FIGURE 2 | A simplified model for combat involving bacterial TAL
effectors and plant susceptibility genes. To cause disease, bacteria use
TAL effectors that bind to the promoter regions of susceptibility (S) genes.
The plant might defend itself against these effectors through mutations in the
promoter that prevent binding of the TAL effector(s): so called
loss-of-susceptibility alleles. Alternatively, plants can trick bacteria into
inducing defenses via an executor gene. Bacteria can in turn counter by
mutating TAL effectors to recognize the loss-of-susceptibility alleles using for

example aberrant repeats that can accommodate single base deletions in the
EBE or by mutating TAL effectors to avoid binding to the promoters of
executor genes. Bacteria can also acquire new TAL effectors to redundantly
induce S genes, the plant can evolve new loss-of-susceptibility alleles and
executor genes, and the process becomes cyclical. Bars for plant and
bacterium represent “health bars” typically used in video games to indicate
the extent to which a combatant is winning or losing. Bold black arrows
represent genes.

virus and to some extent Xanthomonas is mediated by recessive
genes, efforts mainly focused on the identification of dominant
R genes and the transformation of susceptible varieties using
these genes. This type of resistance is often strain-specific and
can be easily overcome by the pathogen through mutations in
unique and specific avirulence genes (Dangl et al., 2013). In
contrast, the knowledge of TAL effector mechanisms offers new
exciting opportunities for researchers aiming to develop resistant
varieties. A research strategy that exploits TAL effector knowledge
to generate broad-spectrum and durable resistance (Figure 3)
might include:

The Identification of Major TAL Effectors in
Pathogen Populations of Interest
The characterization of a complete or near-complete TAL effector
repertoire for a large group of strains of a particular Xanthomonas
species, collected in geographically diverse regions and through
different time periods, allows for the establishment of the more
prevalent TAL effectors for that population (Figure 3). The
sequencing of TAL effectors is a very complicated task given
their repetitive nature. However, through the employment of
new, relatively low cost, long-read sequencing technologies such
as single molecule, real-time sequencing (Pacific Biosciences),
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FIGURE 3 | Exploiting TAL effector knowledge to identify S genes and
loss-of-function alleles. Based on diversity studies conducted on a
particular Xanthomonas species, it is possible to direct the research for
virulence targets from the most prevalent TAL effectors. Field surveys allow
the collection of strains at a regional or national scale. All or representative
ones are selected to characterize the TALomes, i.e., their complete repertory
of TAL effectors. The corresponding S genes can be identified employing
three complementary strategies. First, the expected major virulence role of a
prevalent TAL effector has to be assessed in planta (by loss of function
mutational analysis or heterologous expression for example). Second,
different bioinformatics algorithms (TALVEZ, TAL Effector Nucleotide Targeter,

Talgetter) based on the TAL-DNA binding specificity code are employed to
predict TAL effector targets in the host genome (assuming that at least a
reference genome is available). Finally, RNA profiling strategies are employed
to identify TAL effector-dependent differentially expressed genes. Any such
genes with a predicted EBE for the TAL effector are strong candidates. For
these, functional characterization using designer TAL effectors is the next
step (Boch et al., 2014). Then, bioinformatics and functional analyses can be
used to identify S hubs. The identification of natural variants in the EBEs
from germplasm databases or Ecotilling or the generation of EBE mutations
by genome editing in specific EBEs will lead to loss-of-function alleles as
new plant disease resistance sources.

it is possible to accurately assemble complete TAL effector
sequences from whole genome data (A. Bogdanove, personal
communication). A more difficult and time-consuming strategy
is to clone and sequence TAL effectors individually. A non-
tested way could be to generate TAL effector-specific libraries and
sequence them. The knowledge gained on “TALome” diversity
will allow estimation of the durability of a loss-of-susceptibility
allele or an executor gene, which can be anticipated depending
on the conservation of a particular TAL effector or a group of
functionally equivalent TAL effectors in a given population. Also,
a prevalent TAL effector can be taken as candidate virulence
factor and prioritized for functional characterization. These TAL
effectors can then be tested experimentally to confirm whether or
not they have a role in virulence. This knowledge about TALome
diversity will be key to design the best breeding resistance
strategy. The next step would be:

The Prediction and Validation of Susceptibility
Hubs in the Host
Any host gene representing a benefit to bacteria is a potential
plant susceptibility gene and can be considered as a candidate

for transformation strategies. However, considering that
the aim is to provide broad and durable resistance, those
S genes that constitute convergence hubs for various
TAL effectors (like the SWEET family) are ideal. These
could be identified by combining EBE prediction using
the RVD sequences for the major virulence TAL effectors
identified and expression data (RNA-seq or microarray).
Functional characterization of the S gene would also be
ideal.

Once a key S gene targeted by one or moremajor TAL effectors
is identified, a logical step is:

The Screening for Natural
Loss-of-Susceptibility Alleles in the
Germplasm
For this, researchers can take advantage of the new sequencing
technologies and the public genome sequence databases. In
addition to the Rice SNPSeek data (Alexandrov et al., 2015), and
other genomic databases for rice (Yonemaru et al., 2014; Zhao
et al., 2015), similarly large datasets exist for other hosts worth
exploring. In Arabidopsis, the 1001 project as of September 2014
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includes the sequencing of over 1000 lines, representing a
valuable resource to find resistance sources for X. campestris
(Weigel and Mott, 2009). In cassava, an important resource
consisting of the partial genome for 600 accessions is available
and can be exploited to identify polymorphism in EBEs for targets
of TAL effectors from X. axonopodis pv.manihotis2. In tomato the
sequence of 84 accessions has been recently reported (Tomato
Genome Sequencing Consortium et al., 2014). For important
crops with no such databases, alternatives like ecotilling or
amplicon sequencing can be considered for identifying natural
loss-S alleles (Wang et al., 2012). These alleles could then be
introgressed into susceptible lines. An alternative to breeding is:

The Application of Genome Editing Strategies
to Achieve Resistance
Once an S gene targeted by a particular TAL effector is identified,
genome editing using tools such as TALENs and CRISPR-Cas9
can be employed to modify the EBE to prevent TAL effector
binding. As mentioned before, this poses the risk of altering the
endogenous regulation of the gene, so ideally several variants
should be created and screened for any deleterious effects.
The introduction of loss-of-function alleles to commercial,
agronomically important varieties using these genome edition
strategies can be expected to be subject to less restrictive
regulation and greater public acceptance than GMOs (Araki and
Ishii, 2015).

Alternatively, an artificial executor gene can be created
by engineering the promoter of a classical R gene to have
several EBEs corresponding to different TAL effectors. This
approach has already been applied in rice and was shown to
successfully confer resistance to the desired strains (Hummel
et al., 2012; Zeng et al., 2015). A predicted, but not
tested, alternative involves silencing of the S gene upon
pathogen infection. For example an artificial microRNA can
be designed directed specifically against the S host gene.
However, to avoid the above-mentioned problem of affecting
endogenous function, the expression of this microRNA should
be under the control of a pathogen-inducible promoter. In
this scenario, the EBE for a particular, prevalent TAL effector

2 http://dev.cassava-genome.cirad.fr/?q=snp

could be employed. The identification of naturally occurring
and selected mutations presents a major advantage over
de novo edited EBE knockouts since it avoids the risk of
affecting endogenous cis-regulatory elements and thus plant gene
functions. Yet, one should also raise the possibility that viability of
such alleles might be genotype-dependent, they need therefore to
be tested when moved to any elite recipient variety. In summary,
if bacteria have evolved TAL effectors to take advantage of the
presence of host genes to induce their expression for their benefit,
plant breeders can counter with strategies directed at these TAL
effectors to combat these plant pathogens.

Conclusion

The discovery of the TAL effector-DNA binding code is greatly
increasing our ability to identify new S proteins and better
understand how diseases caused by Xanthomonas species occur
in several major crops. Because of the highly conserved structure
of TAL effectors and their mode of action to promote disease,
standardized experimental pipelines can be developed in various
Xanthomonas-host interactions to search for major S genes,
provided that TAL effectors are at play. There is no doubt that
in the near future, notably with the help of new sequencing
technologies, extensive lists of new S genes will be generated to
guide the search for pathogen-adapted loss-of-function alleles
useful for marker-assisted breeding of loss-of-susceptibility. Less
straightforward will be the challenge of finding such recessive
resistance genes that cannot be easily broken, which will require
better understanding of TAL effector diversity and evolution in
pathogen populations.
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Transcription Activator-Like (TAL) effectors from Xanthomonas plant pathogenic bacteria

can bind to the promoter region of plant genes and induce their expression. DNA-binding

specificity is governed by a central domain made of nearly identical repeats, each

determining the recognition of one base pair via two amino acid residues (a.k.a. Repeat

Variable Di-residue, or RVD). Knowing how TAL effectors differ from each other within

and between strains would be useful to infer functional and evolutionary relationships,

but their repetitive nature precludes reliable use of traditional alignment methods. The

suite QueTAL was therefore developed to offer tailored tools for comparison of TAL

effector genes. The program DisTAL considers each repeat as a unit, transforms a TAL

effector sequence into a sequence of coded repeats and makes pair-wise alignments

between these coded sequences to construct trees. The program FuncTAL is aimed

at finding TAL effectors with similar DNA-binding capabilities. It calculates correlations

between position weight matrices of potential target DNA sequence predicted from the

RVD sequence, and builds trees based on these correlations. The programs accurately

represented phylogenetic and functional relationships between TAL effectors using either

simulated or literature-curated data. When using the programs on a large set of TAL

effector sequences, the DisTAL tree largely reflected the expected species phylogeny.

In contrast, FuncTAL showed that TAL effectors with similar binding capabilities can

be found between phylogenetically distant taxa. This suite will help users to rapidly

analyse any TAL effector genes of interest and compare them to other available TAL

genes and should improve our understanding of TAL effectors evolution. It is available at

http://bioinfo-web.mpl.ird.fr/cgi-bin2/quetal/quetal.cgi.

Keywords: TAL effectors, phylogeny, Ralstonia, Xanthomonas, functional convergence, EBE

Introduction

Transcription activator-like (TAL) effectors are Xanthomonas proteins that are translocated into
the plant cell through the type III secretion system and directed to the nucleus where they
commandeer the cell metabolism by specifically activating plant genes (Bogdanove et al., 2010). In
several pathovars they were demonstrated to be major aggressiveness determinants responsible for
symptoms. In some situations they also act as avirulence factors, i.e., triggering the hypersensitive
response notably when activating “executor” resistance genes (Boch and Bonas, 2010). Their mode
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of action has been detailed and their most outstanding feature is
their central repeat domain, which is responsible for their highly
specific attachment to DNA in regions known as EBE (effector
binding elements). This domain contains 1.5–33.5 repeats of 33–
35 amino acids. In each repeat the 12th and 13th amino acids
are variable (therefore called “Repeat Variable Di-residue” or
RVD) and dictate the specific interaction with a single nucleotide
of the target DNA. Hence the successive RVDs in the protein
are involved in specific attachment to a sequence of contiguous
nucleotides located in the promoter of the gene to be activated.
The correspondence between RVD and nucleotide, the “TAL
code,” has been deciphered and demonstrated experimentally and
may be used to predict targets of TAL effectors in plants (Boch
et al., 2009; Moscou and Bogdanove, 2009). Researchers are now
confronted by a wide array of potential TAL effector targets that
can be experimentally explored to understand the mechanisms
of Xanthomonas pathogenicity (through susceptibility targets),
as well as some mechanisms underlying plant resistance to
Xanthomonas (through executor resistance genes). Eventually
this may help to develop new tools to breed resistant plants, either
by escaping susceptibility or by introgressing executor resistance
genes (Bogdanove et al., 2010; Boch et al., 2014).

As more TALomes, i.e., repertoires of TAL effector genes,
are discovered and sequenced, one challenging issue has been
to classify and compare them in order to (1) understand
phylogenetic relatedness between TAL effector genes and
decipher their modes of evolution; (2) assess functional
similarities between TAL effectors and predict cases of functional
convergence.

Alignment and distance calculation between TAL effector
genes at the DNA or protein level are not straightforward
due to the high sequence similarity between repeats, which
are often identical over the majority of their sequence, with
few variable residues not providing enough weight to correctly
align orthologous repeats. To avoid this problem several works
use alignments of the N-terminal and/or C-terminal regions of
TAL effectors (Bogdanove et al., 2011; Yu et al., 2011; Pereira
et al., 2014). However, sequences for these regions are not
always available because sequencing efforts usually concentrate
on the central repeat region which is more useful for functional
studies. Furthermore, the distal regions are highly similar and
may not allow discriminating between genes. In addition, the
evolution and diversification of TAL effector genes may rely
heavily on duplication and recombination, which is facilitated by
their frequent localization on mobile insertion cassettes (MICs)
(Ferreira et al., 2015) and their repeated structure (Lau et al.,
2014). This produces multiple paralogous copies of similar genes
sequences differing through insertion, deletion or reshuffling of
their repeat units.

Currently, there is no systematic way to predict similar DNA
binding capabilities among TAL effectors, other than through
comparison of outputs from TAL effector binding site prediction

Abbreviations: EBE, Effector binding element; Gb, Gigabyte; GHz, Giga hertz;
indel, insertion/deletion; LRR, Leucine-rich repeat; PWM, Positional weight
matrix; RVD, Repeat variable di-residue; TAL, Transcription activator-like; Xoc,
Xanthomonas oryzae pv. oryzicola; Xoo, Xanthomonas oryzae pv. oryzae.

software (Noel et al., 2013; Booher and Bogdanove, 2014). This
turns to be impractical when dealing with large sets of sequences
particularly when different species and pathovars are involved or
through visual comparisons of RVD sequences, which in addition
to being unworkable leaves out the variable binding inherent in
the RVD-DNA code.

In this paper we describe twomethods, DisTAL and FuncTAL,
to align and classify TAL effector gene sequences according
to their central repeat region. With DisTAL, we propose a
tool that infers phylogenetic relationships between genes by
considering each repeat as a unit and calculating distances
between arrays of repeats, using an algorithm initially designed
to compare microsatellite sequences (ARLEM version 1.0,
Abouelhoda et al., 2010). FuncTAL aims to find functionally-
related TAL effectors by calculating similarities in binding
probabilities according to the RVD-DNA code. Together, these
programs will help researchers infer evolutionary and functional
relationships within and between groups of TAL effectors.

Materials and Methods

Datasets
The sequences of 229 TAL effectors were obtained from the
NCBI protein and nucleotide databases (http://www.ncbi.nlm.
nih.gov/; accession numbers in Supplementary Table 1). This set
was used for all analyses unless indicated and is referred to as the
public dataset. 496 additional sequences (awaiting publication)
were provided by collaborating laboratories, including those
reported in Wilkins et al. (2015). These, together with public
TAL effectors sequences are referred to as the full dataset.
The species composition of the full dataset is found in
Supplementary Table 2.

Program Specifications
FuncTAL and DisTAL are implemented in the Perl and R
programming languages, they use the Perl modules Statistics::R,
Bio::Perl (Stajich et al., 2002), and the R library APE (Paradis
et al., 2004).

DisTAL additionally uses the module
Algorithm::NeedlemanWunsch (http://search.cpan.org/∼vbar/
Algorithm-NeedlemanWunsch-0.03/lib/Algorithm/Needleman
Wunsch.pm) to align repeats and the C++ program ARLEM
version 1.0 (Abouelhoda et al., 2010) to align sequences of
coded repeats. Penalty parameters values for NeedlemanWunsch
alignments are gap: 0, mismatch: −1, match: +1, alignment
scores are normalized by dividing the score by the maximum
length among the analyzed sequences and multiplying by 100 so
they can be used by ARLEM. Parameters values for ARLEM are:
align = TRUE, -insert = TRUE, ARLEM alignment scores are
divided by 100 (so they can be used to build trees). Neighbor-
joining trees are generated using the nj function of the package
APE with default parameters (Paradis et al., 2004). The input file
for DisTAL is a FASTA file containing amino acid sequences of
TAL effectors. An additional file containing information on the
TAL effectors can be used to color code the trees generated by
the program. The following parameters can be modified: layout
of the output tree (default = unrooted), include and compare
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input to TAL effectors from the public dataset (default = false),
number of similar TAL effectors to output if the public database
option is active (default = 5), exclude RVDs from analysis
(default = false). Additional parameters can be modified in the
standalone version: ARLEM indel penalization (default = 10),
ARLEM duplication penalization (default = 10), and Create
repeat distance matrix de novo (default = false). The outputs
generated by DisTAL are:

• a pseudo-FASTA file (Outputname_CodedRepeats.fa) with the
TAL effectors coded as a string of numbers,

• the set of unique repeats in the input file and their number
codes (Outputname_RepeatsCode.txt)

• amatrix (Outputname.mat) showing the distances between the
TAL effectors,

• a tree file (Outputname.tre) in Newick format to be used in any
tree visualization program,

• a hits file (Outputname.hits) if the option to compare to a
database was used; this file shows, for each TAL effector, the
closest matches in our database.

DisTAL took an average of 0m 22.3 s to process 200 TAL effector
sequences in a computer with a Linux operating system with
15.6 Gb of RAM and an Intel R© Core™ i7-4600U CPU @ 2.10
GHz processor. When the option to compare against public TAL
effectors is activated, time goes up to 0m 35.5 s.

FuncTAL uses modified subroutines (readMotifFile,
compMotifs, scoreComparison, correlation) from the
program compareMotifs.pl from the Homer (Hypergeometric
Optimization of Motif EnRichment) suite (Heinz et al., 2010).
The program can take as an input a text file with RVD sequences
in the format “>RVD_id<tab>HD-NN-HD....” or a FASTA file
containing nucleotide or amino acid sequences of TAL effectors.
If a FASTA file is entered, the program will first recognize repeats
in the TAL effector sequence as described for DisTAL. For each
repeat the program next extracts the RVDs, i.e., the 12th and 13th
amino acid (e.g., NN-HD). If the 13th amino acid is missing, as
is the case for some repeats, the program inserts an asterisk “∗.”
Neighbor-joining trees are generated using the nj function of
the package APE with default parameters (Paradis et al., 2004).
The following parameters can be modified: layout of the output
tree (default = unrooted), include and compare input to TAL
effectors from the public dataset (default = false), and number
of similar TAL effectors to output if the public database option is
active (default= false). The outputs generated by FuncTAL are:

• a text file (Outputname.cons) showing the theoretical most
likely binding site for each TAL effector,

• amatrix (Outputname.mat) showing the distances between the
TAL effectors,

• a tree file (Outputname.tre) in Newick format to be used in any
tree visualization program,

• a hits file (Outputname.hits) if the option to compare to a
database was used, this file shows, for each TAL effector, the
closest matches in our database according to their binding
sites.

FuncTAL took an average of 1m 22.3 s to process 200 TAL
sequences in a computer with a Linux operating system with

15.6 Gb of RAM and an Intel R© Core™ i7-4600U CPU @ 2.10
GHz processor. When the option to compare against public TAL
effectors is activated, time goes up to 7m 48.5 s.

The script used for simulated evolution of TAL effectors
(Evolve.pl) is also made available at http://sourceforge.net/
projects/quetaleffectors. This program uses the dist.topo function
of the program APE (Paradis et al., 2004) to calculate topological
distances between trees using the Penny and Hendy method
(Penny and Hendy, 1985). The topological distance is defined
as twice the number of internal branches defining different
bipartitions of the tips (Penny and Hendy, 1985). The distances
were normalized by the number of nodes in a tree. In this way a
distance of 0 means identical trees, and the maximum distance of
2 means completely different trees.

The version of DisTAL that uses only sequences of
RVDs (DistTAL-OnlyRVDs.pl) is also made available at http://
sourceforge.net/projects/quetaleffectors. This version extracts the
12th and 13th amino acid from each repeats and then uses the
same method for DisTAL, possible alignment scores between
RVDs using the Needleman-Wunsch algorithm are 0, 50, and
100, and Indel penalization for ARLEM is 100 (both amino acids
are deleted). This version was not extensively tested, thus it is not
included in the web version.

ClustalW (Larkin et al., 2007) alignements were made using
Clustal 2.1 with default parameters in two steps: clustalw -ALIGN
and clustalw –TREE.

Muscle (Edgar, 2004) alignments were made using version
3.8.31 with default parameters. Alignments for t-coffee
(Notredame et al., 2000) were made using version 10.00.r1613
(-gapopen=−50, -gapext= 0). AndMAFFT (Katoh et al., 2005)
alignments used the version 7.123b (E-INS-i –ep 0 –genafpair –
maxiterate 1000). Parameters were chosen to allow long gaps in
alignments. Trees were generated from these alignments using
the dist-align function from the “seqinr” R package (http://
seqinr.r-forge.r-project.org/) and the nj function from the APE
package (Heinz et al., 2010).

Programs Availability
Packages containing the scripts of the FuncTAL and DisTAL
programs, as well as additional scripts used in this work are
available for download from Sourceforge at http://sourceforge.
net/projects/quetaleffectors. A web interface and the source code
for the suite are also available at http://bioinfo-web.mpl.ird.fr/
cgi-bin2/quetal/quetal.cgi. The web version was created in Perl
cgi-bin with w3c recommendations for CSS level 3 and Html 5.0
http://www.w3.org/standards/webdesign/htmlcss.

Results

QueTAL: DisTAL, A Program for the Phylogenetic

Classification of TAL Effector Repeat Regions
The overall strategy to compare TAL effectors based on the
sequence of their central repeat region consists in considering
each repeat as a separate unit, and comparing the TAL effectors
according to the nature and order of these units. This strategy is
based on the assumption that repeats are the evolutionary units
of TAL effector genes and can be deleted and duplicated as a
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whole. This is supported by the sequence and structural features
of TAL effectors (Deng et al., 2012; Mak et al., 2012), recent
models of TAL effectors evolution (Ferreira et al., 2015), as well as
by works indicating that TAL effectors’ functional specificity can
be modified by changing the sequence of repeats (Herbers et al.,
1992; Boch et al., 2009; Streubel et al., 2012), and that deletions
or duplications occur in nature or and may be responsible for
change in virulence and aggressiveness (Vera Cruz et al., 2000).

To phylogenetically classify TAL effectors, we developed the
program DisTAL, which classifies the input TAL effectors as a
string of coded repeats and then uses the program ARLEM to
calculate distances between these strings. The workflow for this
program is depicted in Figure 1, and described next in detail.

Identification and Coding of Repeats
The program takes as input a set of TAL effectors to be analyzed,
and if desired, the input TAL effectors can be compared to
a dedicated database of 229 TAL effectors available in public
DNA sequence databases (Supplementary Table 1). The input
file should be a FASTA file containing either nucleotide or
amino acid sequences of TAL effectors. If the input is nucleotide
sequences these are translated to amino acids (in reading frame
+1). It identifies and separates repeats in the input sequences
by finding matches to motifs of 7 amino acids found at the
start of repeats of known TAL effectors as traditionally defined
(Boch and Bonas, 2010) (i.e., LTPDQVV). The program can also
identify aberrant repeats (longer or shorter than average) and
keep them for analyses. If they exist, the program also identifies
and uses missing repeats (identified as strings of X’s) which are
sometimes included in TAL sequences due to sequencing gaps.
It is however not recommended to include sequences with these
gaps since these repeats will be assigned the maximum distance
to any others.

Each unique repeat type is then assigned a numeric code
and the original TAL effector sequences from the input file are
transformed into sequences of coded repeats. Additionally the
user can decide whether or not to exclude the RVDs from the
analyses. If this option is chosen, the sequence analyzed for each
repeat will be a concatenation of the 1st to 11th amino acid
plus the amino acids from the 14th to the end of the repeat.
This reduces the size and complexity of the repeat alphabet and,
in theory, avoids biasing effects caused by different selection
pressures acting on the RVDs.

Calculating Distances between Unique Repeats
Next, a distance matrix is generated by calculating distances
between every pair of unique repeats. For this, a global alignment
with sliding ends (no gap penalty) is made for each pair
of unique repeats using the Needleman-Wunsch algorithm
(Needleman and Wunsch, 1970) as implemented in the Perl
package Algorithm::NeedlemanWunsch (http://search.cpan.
org/~vbar/Algorithm-NeedlemanWunsch-0.03/lib/Algorithm/
NeedlemanWunsch.pm). The distances are normalized so
that the repeat matrix information can be interpreted as the
percentage of amino acids that change between repeats (based
on the longest repeat among the two aligned). A distance matrix
was generated for a set of 1110 unique TAL effector repeats

found in our full dataset. It is included in the web version and the
standalone version of the program to save computational time. If
new repeats are found in the input file these are compared to the
existing matrix and added to it.

Alternatively, the user can choose to generate thismatrix using
the Smith-Waterman (Smith and Waterman, 1981) algorithm
for pairwise alignments as implemented in the Perl package
Bio::Tools::pSW (http://search.cpan.org/dist/BioPerl/Bio/Tools/
pSW.pm) using different amino acid substitution matrices
(PAM30, PAM50, and Blosum62). This strategy is so far only
available in the standalone version and it has not been extensively
tested, however the results obtained with either matrix are
often similar; the average topological distances for 50 trees
obtained from 10 randomly selected TAL effector sequences
when comparing the trees obtained with the Needleman-Wunsch
algorithm to those obtained using Smith-Waterman + PAM30,
PAM50, and Blosum62 were 0.36, 0.42, and 0.27, respectively.

Aligning and Calculating Distances between Strings

of Coded Repeats
To compare the sequences of coded repeats DisTAL uses the
program ARLEM (also referred to as WAMI) (Abouelhoda
et al., 2010) which was designed to compare minisatellite maps.
A minisatellite map is a sequence of symbols that represents
tandem arrays of short repetitive DNA segments such that
the set of symbols is in one-to-one correspondence with the
set of distinct repeats (Abouelhoda et al., 2010). We propose
that, like minisatellites, TAL effector repeats when considered
as evolutionary units can undergo three non-mutually exclusive
processes: Unit mutation (change from one repeat to another),
duplication (tandem copies of a repeat), and insertion/deletion
(indels= loss or gain of new repeats) as described in Abouelhoda
et al. (2010). In ARLEM each of these events is assigned a cost
when aligning the sequences of units (Abouelhoda et al., 2010).
In our case, the cost of unit mutation would be defined by
the distance matrix generated in the previous steps, that is, the
penalization for changing one repeat to another depends on the
percentage of amino acids that are different between said repeats.
The duplication and indel penalization is 10 for both events by
default (a penalization equivalent to changing 10% of the amino
acids from one repeat to another). These values were estimated by
optimizing the length and score of sample alignments as shown
below.

The alignment scores outputted by ARLEM for each pair
of TAL effectors are the sums of the penalization values for
mismatches, indels and duplications; the scores are then divided
by 100. Consequently two TAL effectors with identical repeats
will get an alignment score of zero. In contrast, two TAL effectors
of the same length (i.e., 15 repeats), aligned with no gaps, and
where each pair of aligned repeats differ from each other in 50%
of the amino acids will have a score of 50× 15/100= 7.5.

Creating Trees of TAL Effectors
The scores outputted by ARLEM are organized into a matrix,
which is then used to create a neighbor-joining tree using the R
package APE (Heinz et al., 2010) in a user-defined format. The
tree tip labels can be colored using an additional input file from
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FIGURE 1 | DisTAL workflow. The diagram shows a summarized version of the DisTAL workflow. An example is shown for 3 hypothetical TAL effectors from two

strains containing 7–8 repeats each, and 10 unique repeats in total. Processes are shown in the orange squares, inputs (lighter blue) and outputs in blue squares.
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the user that contains the TAL effector IDs and categories used to
group them (e.g., species or strain).

Optimizing the Values of DisTAL Parameters
To establish adequate penalizations for indels and duplications
we optimized the alignments for the TAL effectors PthA1, PthA2,
PthA3, and PthA4 from the X. citri pv. citri strain IAPAR 306
(Da Silva et al., 2002) since these TAL effectors are closely
related (Pereira et al., 2014). When aligning the coded sequences
for these TAL effectors, too many gaps are introduced if no
penalizations for indels or duplications are used, thus resulting in
very long alignments where the sequences may not even overlap.
In contrast, using penalization values for indels and duplications
that are too high results in alignments with fewer gaps but
those gaps increase highly the alignment score (Figures 2A–C).
As a consequence, the difference in score between gapped and
ungapped alignments increases (Figures 2C,D), which could
result in biased trees where TAL effectors with the same number
of repeats tend to be grouped together.

We used DisTAL to run all pairwise alignments between
these four X. citri pv. citri TAL effectors using different
penalization values for indels and duplications, and looked for
values that produced short alignments with little variation in the
alignment scores for different TAL effector pairs. When keeping
a high duplication penalization (100) and changing the indel
penalization, the best alignments were found for penalization
values between 5 and 10, with 10 producing shorter alignments
(Figure 2D). Likewise when keeping a high indel penalization
of 100 and changing the duplication penalization, the best
alignments were found for penalization values between 5 and
10 (Figure 2E). The same results are found when changing both
penalizations simultaneously (Supplementary Figure 1). Similar
results were obtained using TAL effectors from the X. oryzae
pv. oryzae (Xoo) strain PXO99A and those from X. oryzae
pv. oryzicola (Xoc) strain BLS256 (Supplementary Figure 2).
The default value for both penalizations was then decided
as 10.

DisTAL Accurately Recreates the Phylogeny of In

silico-evolved TAL Effectors
To test the ability of DisTAL to decipher the phylogeny of TAL
effectors, we designed a script to simulate the evolution of TAL
effectors under the assumption of repeats acting as evolutionary
units (Figure 3). For this, an initial hypothetical TAL effector
is created by randomly selecting 10 repeats out of a set of 344
unique repeats found in Xoo TAL effectors in the public dataset.
Two copies (descendants) are then generated from this TAL
effector and each descendant undergoes 100 evolutionary cycles
where in each cycle two different events can occur:

(i) Replacement: a repeat is chosen at random and replaced by
another one from the set of 344 repeats. This process is equivalent
to mutating a series of amino acids in one repeat, the probability
of this occurring in each cycle is designated α.

(ii) Insertion/deletion: a series of X (X= random value from
0 to 3) contiguous repeats are selected in the parent sequence
and they have an equal probability of either being deleted, or
being inserted into a random position in the TAL effector. The

probability of this event occurring in each cycle is designated β.
Note that this event also produces tandem duplications when the
repeats are inserted next to their original position.

After 100 cycles the resulting two sequences are duplicated
to produce a total of 4 descendants that each undergo the same
process again. Finally, eight TAL effector sequences (named A–
H) are produced from the initial TAL effector. We expect that
a phylogenetic tree of these eight sequences should have this
grouping as shown in Figure 3: [((A B)(C D))((E F)(G H))].

Next the resulting eight TAL effectors were fed into DisTAL
(under default parameters with duplication and indel penalties
equal to 10) and the resulting tree was compared to the expected
tree. The topological distance between the trees was calculated
using the Penny and Hendy method (Penny and Hendy, 1985),
as implemented in the R package APE (Paradis et al., 2004).
As shown in Figure 4, this process was repeated 100 times for
different combinations of α and β values, from 0 to 0.1 with 0.005
increments (40,000 trees total), to account for different evolution
scenarios. DisTAL consistently produced trees that differed little
from the expected tree (mean topological distance = 0.09,
median = 0). The program worked better when α and β were
both higher than 0.02 (at zero all the TAL effectors have the
same distance and all the nodes are at the same distance), and
slightly better when β was higher than α. The trees obtained
with DisTAL were also compared to trees obtained by doing
multiple alignments of the repeat regions of the simulated TAL
effectors using the programs for multiple alignment ClustalW
(Larkin et al., 2007), MAFFT (Katoh et al., 2005), Muscle (Edgar,
2004), and T-coffee (Notredame et al., 2000) and then generating
neighbor-joining trees. DisTAL consistently produced trees with
closer resemblance to the expected tree than those obtained after
alignment with other multiple alignment programs (Figure 4,
Supplementary Figure 3).

QueTAL: FuncTAL, A Program for Comparison of

TAL Effectors Based on DNA Binding Specificities
TAL effectors act as transcription factors and their binding
sites can be predicted according to a code (Boch et al., 2009;
Moscou and Bogdanove, 2009; Noel et al., 2013). It is therefore
feasible to compare the probable binding sites for TAL effectors
using similar strategies as those devised to compare DNA motifs
(Heinz et al., 2010). The program FuncTAL was designed to
compare DNA binding capabilities for TAL effectors. Briefly, the
program translates the RVD sequence of a TAL effector into a
position weight matrix (PWM) stating the binding probabilities
to nucleotides according to the TAL effector-DNA binding code
(Boch et al., 2009; Moscou and Bogdanove, 2009). The PWMs
are then compared using the strategy from the program HOMER
(Heinz et al., 2010) to compare DNA motifs, which relies
on calculating correlations for each position for two PWMs.
The workflow for this program is depicted in Figure 5, and is
explained in detail below.

Identification of RVDs and Creation of PWMs
The program reads either a tabular file containing RVD
sequences or, a FASTA file with nucleotide or amino acid
sequences and then extracts RVDs. The sequence of RVDs
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FIGURE 2 | Indel and duplication penalization for DisTAL. The effect of

different penalization values was assessed by generating alignments for 4 TAL

effectors from strain IAPAR 306 of Xanthomonas citri pv citri. (A–C) Alignments

between PthA2 and PthA4 are shown as an example. (A) Unique TAL repeats

found in PthA2 and PthA4. (B) Scoring matrix between repeats as calculated

by DisTAL using the Needleman-Wunsch algorithm. (C) Visualization of

alignments of the coded sequences of PthA2 and PthA4. (D) Variation in

alignment length and score for TAL effectors from Xcc IAPAR 306 using Distal

with different indel penalization values. Duplication penalization was kept as

100, each point represents a pairwise alignment between two TAL effectors,

red lines indicate range between 5 and 10. (E) Variation in alignment length

and score for TAL effectors from Xcc IAPAR 306 using Distal with different

duplication penalization values. Indel penalization was kept as 100. Alignment

scores were multiplied by 10 for scaling.

for each TAL effector is then transformed into a position
weight matrix according to a modified version of the RVD-
nucleotide association matrix used by the program Talvez (Perez-
Quintero et al., 2013) which was shown to perform well for
the identification of known binding sites (Perez-Quintero et al.,
2013). The matrix was modified to include updated RVD
specificities according to the literature (Streubel et al., 2012; De
Lange et al., 2013; Deng et al., 2014). The specificities are shown
in Supplementary Table 3.

The program also builds and outputs a consensus binding site
for each TAL effector by identifying the most probable nucleotide
for each position. As with DisTAL, the user can choose whether
to compare the input RVD or TAL effector sequences amongst
each other or to include a set of RVD sequences available from
public databases in the comparison.

Alignment and Scoring of PWMs
To align and score the PWMs the program uses code from the
script comparemotifs.pl of the HOMER suite (Heinz et al., 2010),
which is designed to compare the binding sites of eukaryotic
transcription factors.

The PWM comparisons are made for each pair of TAL
effectors in the input. Every possible alignment between two
matrices is evaluated by sliding the starting position (offset) of
one matrix in respect to another. This process is unidirectional
(i.e., the reverse or reverse complement of the binding sites
are not compared), the alignments are ungapped, and the
unmatched ends at either side of either matrix are filled with
equal probabilities of matching any nucleotide.

For each offset, the Pearson correlation coefficient is calculated
between two arrays A and B, where A is the ordered binding
probabilities for each nucleotide and each position in one PWM,
and B is the corresponding probabilities in a second PWM. The
best alignment between the two PWMs is chosen by identifying
the offset that produced the highest correlation. If x is the highest
correlation between two PWMs, 1 – x is considered the distance
between the matrices. A distance of 0 will correspond to TAL
effectors that are identical in length and RVD sequence.

Creating Trees of Binding Probabilities
The distances for each pair of TAL effector PWMs are organized
into a matrix, which is then used to create a neighbor-joining
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FIGURE 3 | In silico evolution of hypothetical TAL effectors. A

hypothetical TAL effector is created and “evolved” as shown in the workflow

for an example of a TAL effector with 10 repeats. α, replacement probability; β,

indel probability; rand, randomly generated number between 0 and 1; X, TAL

effector length in number of repeats. Intermediate TAL effectors in the process

are named with numbers, the first number indicates generation (it increments

after each evolutionary cycle) and subsequent numbers indicate descendance:

when a TAL effector is copied, a number (0.1 or 0.2) is added to the name.
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FIGURE 4 | DisTAL performance with in silico-evolved TAL effectors.

Sets of eight TAL effectors (named A–H) resulting from simulated evolution

were fed into DisTAL, ClustalW, MAFFT, Muscle and T-coffee, the resulting

trees were compared to the expected tree [((A B)(C D))((E F)(G H))], the scatter

plot shows the topological distance. (A) Different values of alpha (probability

of repeat replacement) were used to generate the sets of TAL effectors while

keeping beta (probability of repeat indel) at a value of 0.06. (B) Different

values of beta were used to generate the sets of TAL effectors while keeping

alpha at a value of 0.06. Each bar represents the average topological

distance for 100 sets of TAL effectors, error bars indicate standard deviation.

tree using the R package APE (Paradis et al., 2004) in a user-
defined format. As with DisTAL the tree tip labels can be colored
using an additional input file from the user that contains the TAL
effector IDs and categories used to group them (e.g., species or
strain).

FuncTAL Accurately Represents Relations

between Functionally Convergent TAL Effectors
To show that FuncTAL can identify TAL effectors with unrelated
RVD arrays but similar binding specificities, we decided to take
advantage of three cases of experimentally observed functional
convergence among TAL effectors.

One of the best-studied cases of functional convergence
among TAL effectors is that of the rice S susceptibility
gene SWEET14 which is induced by multiple X. oryzae pv.
oryzae TAL effectors targeting at least three different EBEs
(Figure 6A). AvrXa7 and PthXo3, from strains PXO86 and

PXO61 respectively, target overlapping EBEs in the SWEET14
promoter (Yang and White, 2004; Chu et al., 2006; Antony et al.,
2010). Another TAL effector from Xoo strain KACC10331, with
similar RVDs but different length than AvrXa7 and PthXo3, is
predicted to target the same site (accession number AAW77509.1
or YP_202894.1) (Perez-Quintero et al., 2013). Tal5 from Xoo
strain MAI1 binds to another EBE in this promoter with minor
overlap to that of AvrXa7/PthXo3 (Streubel et al., 2013), and TalC
from Xoo strain BAI3 binds to an EBE with no overlap to the two
other target sites (Yu et al., 2011). From this we expect that when
fed to FuncTAL, TAL effectors that target completely overlapping
sequences (AvrXa7, PthXo3 and the predicted AAW77509.1) will
group together. As an outgroup, we included the TAL effector
PthXo1 from Xoo strain PXO99A known to target SWEET11
which is another SWEET member acting as an S gene in rice
(Yang et al., 2006). Indeed, using FuncTAL on these TAL effectors
results in a tree where, AvrXa7, PthXo3, and YP_202894.1 are
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FIGURE 5 | FuncTAL workflow. The diagram shows a summarized version

of the FuncTAL workflow. An example is shown for three hypothetical TAL

effectors with 4 or 5 RVDs. The values in the TAL code are the relative binding

specificities for each nucleotide used by FuncTAL. Processes are shown in

orange squares, inputs (lighter blue) and outputs are shown in blue squares.

grouped together (Figure 6D). And although the EBE targeted
by this group and that of Tal5 EBE overlap by 3 nucleotides, this
is not enough for the program to consider them as functionally
similar.

Another example of functional convergence is that of AvrBs3
from X. euvesicatoria strain 71–21 and AvrHah1 from X. gardneri
strain XV444. These TAL effectors both bind to overlapping EBEs
in the promoter of the pepper resistance gene Bs3 (Schornack
et al., 2006, 2008; Boch et al., 2009). Additionally, AvrBs31rep16
and AvrBs31rep109 are two artificial deletion derivatives of
AvrBs3 (Herbers et al., 1992). When tested, it was found that
AvrBs31rep16 lost the ability to bind to the AvrBs3 EBE in the
Bs3 promoter (Boch et al., 2009) (Figure 6B). AvrBs4, a TAL
effector that activates the resistance gene Bs4 was used as an
outgroup (Schornack et al., 2004).When using FuncTAL on these
TAL effectors, the resulting tree reflected the functional relation
shown experimentally (Figure 6E).

Finally, another interesting case is that of a group of TAL
effectors from X. citri (Figure 6C). PthA4, PthA∗ and PthAw

originate from X. citri pv. citri strains IAPAR 306, X0053 and
Xc270 respectively. These TAL effectors have somewhat similar
RVD sequences, they bind to EBEs situated upstream of the
CsSWEET1 and CsLOB1 genes, and induce their expression in
sweet orange (Hu et al., 2014). Additionally, the X. citri pv.
aurantifolii TAL effectors PthB and PthC effectively bind to an
EBE in the CsLOB1 promoter which is overlapping to that of
PthA (Al-Saadi et al., 2007), however PthB and PthC fail to
induce CsSWEET1 (Hu et al., 2014). From this we expect all these
TAL effectors to form a “functionally related” group with two
subgroups: one comprising the PthA homologs and the other
made of PthB and PthC.We thus fed the RVD sequences for these
TAL effectors into FuncTAL. As an outgroup we included PthA3
which is a TAL effector from Xcc strain IAPAR 306 that fails to
induce either CsLOB1 or CsSWEET1. The resulting tree reflected
the expected relations (Figure 6F).

In these analyses the maximum pairwise distances for
TAL effectors binding overlapping EBEs were 0.70 in the
X. citri TAL effectors (between PthC and PthAw), 0.67 in
the X. oryzae TAL effectors (between AAW77509.1 and
AvrXa7) and 0.44 in the Bs3-targeting TAL effectors (between
AvrHah1 and AvrBs31rep109). Ideally, this data would
serve to establish thresholds to group TAL effectors with
functional convergence. However, these values might be
too variable to make accurate recommendations. More
experimental data will be needed to accurately define these
thresholds. Meanwhile, FuncTAL distances below 0.5 may be an
adequate suggestion to consider TAL effectors as functionally
similar.

FuncTAL and DisTAL Show Different Groupings

of TAL Effectors
To assess how the results from DisTAL and FuncTAL differ from
each other based on different settings we followed an approach
based on the comparison of topological distances. For this, a set
of n complete TAL amino acid sequences was selected at random
from our dataset and five trees were created for that set with the
following methods (Figure 7A):

Frontiers in Plant Science | www.frontiersin.org August2015 | Volume 6 | Article 545 137|

http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive


Pérez-Quintero et al. Comparing and classifying TAL effectors

FIGURE 6 | Performance of FuncTAL with cases of functional

convergence. (A–C) Experimentally confirmed cases of functional

convergence are shown for TAL effectors from X. oryzae pv. oryzae (TalC,

AvrXa7, PthXo3, Tal5, AAW77509.1, and PthXo1) (A), X. euvesicatoria

(AvrBs3, AvrBs31rep16, AvrBs31rep109, and AvrBs4) and X. gardneri

(AvrHah1) (B), and X. citri pv. citri (PthA4, PthAW and PthA*) and X. citri pv.

aurantifolii (PthB and PthC) (C). Targeted genes are shown as black arrows,

and EBEs are depicted as colored boxes in the promoters. TAL effectors

names are highlighted in a color panel corresponding to the color of the EBE

they bind to. The 5′ region with a purple font in the EBETal5 corresponds to

the 3′-end of the EBEPthXo3. TAL effectors RVD sequences are shown

aligned to the corresponding EBEs, similar RVDs between TAL effectors are

indicated by shading (darker RVDs are similar). + and – respectively indicate

experimentally confirmed induction and absence of induction in the literature,

* indicates prediction of binding without experimental confirmation. AvrBs4,

PthXo1, and PthA3 were included as outgroups for each case, respectively.

(D–F) Trees obtained by feeding the RVD sequences in (A–C) to FuncTAL with

default parameters (phylogram layout), scale corresponds to FuncTAL scores.

• DisTAL using default parameters (using the full repeat),
• DisTAL excluding RVDs,
• DisTAL using only RVDs,
• FuncTAL using default parameters,
• ClustalW alignment and neighbor-joining phylogenetic tree

using only the N-terminal region, to be used as a reference.

The topological distance was calculated as before between each
tree and the one obtained with the N-terminal region using
ClustalW. As a negative control, the trees were also compared
to a random tree [using rtree from the R package APE, (Paradis
et al., 2004)]. The process was repeated 100 times for different
values of n. As a result, the trees obtained with DisTAL using
either the full repeats or excluding the RVDs were the most
similar to the N-terminal reference (Figure 7B), suggesting that
these methods infer a phylogeny similar to that obtained using a
more traditional approach. Yet, the average normalized distance
between each of the two methods when compared to ClustalW
(N-terminal) was higher than 1. This indicates that at least half

the nodes in the trees differed from each other, suggesting that
there is different information in the repeat sequences to that in
the N-terminal region.

When compared to each other, the trees obtained with DisTAL
with or without the RVDs also had a relatively high topological
distance (mean = 1.25 when n = 20). This difference between
the trees may be explained by RVDs being under different
selective pressure (related to target sequence specificity) than the
rest of the repeat sequence (which is probably under selective
pressure for protein conformation). Also, the mean topological
distance was higher when comparing the N-terminal trees to
those obtained with FuncTAL or with DisTAL using only RVDs
(Figure 7B). This indicates that the information contained in
RVD sequences is somewhat different from that in the rest of the
protein, thus, binding similarities are expected to not necessarily
follow the phylogeny due to the selection for them to bind a
specific sequence element in the host genome.

Finally, we ran our complete set of 725 TAL effector
sequences through DisTAL and FuncTAL (default parameters),
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FIGURE 7 | Comparison of trees obtained with FuncTAL and DisTAL

using different parameters. Trees were obtained by running the programs

of the QueTAL suite with different parameters using different sets of randomly

selected TAL effectors. Reference trees were generated with ClustalW using

the N-terminal region of the TAL effectors and randomly-generated trees

were used as negative controls. (A) Diagram showing the features of a TAL

effector sequence that was used for each treatment: PWMs obtained from

RVD sequences for FuncTAL, RVD sequences for Distal-OnlyRVDs, repeats

without RVDs for DisTAL-noRVDs, full repeats for DisTAL (default), and

N-terminal for ClustalW. z, number of repeats in a TAL effector; n, number of

randomly selected TAL effectors from our dataset used to build the trees.

(B) Topological distance between the trees obtained with each treatment and

those obtained with ClustalW using the N-terminal region for sets comprised

of different numbers of TAL effectors, each bar represents the mean obtained

for 100 sets, error bars indicate standard deviation. The topological distance

was normalized by dividing by the number of nodes in the tree. Lowercase

letters on top of the bars indicate groups with equal means as determined by

two-tailed Wilcoxon tests (p > 0.05).

and compared the distribution of taxonomic groups. As seen
in Figure 8, the tree obtained with DisTAL seems to follow at
least partially the expected phylogeny of the groups analyzed.
For example, the TAL and RipTAL proteins from respectively
X. citri pv. citri and Ralstonia solanacearum form discrete well-
defined groups. In contrast, the TAL effectors from the two main
pathovars of the species X. oryzae appear distributed in many
clusters. Additionally, the recently discovered TAL effectors-
like proteins from an unknown marine organism identified in
metagenomic data (Juillerat et al., 2014) as well as those of
Burkholderia rhizoxinica (De Lange et al., 2014; Juillerat et al.,
2014) appear as separated from the Xanthomonas TAL effectors
and closer to the R. solanacearum RipTAL proteins.

On the other hand, the tree obtained by FuncTAL shows
that clusters of “functionally similar” TAL effectors often include
sequences coming from different taxa (Figure 8). However, TAL
effectors from certain clades seem to have very specific clustering,
particular examples of this are the R. solanacearum RipTAL
proteins as well as the TAL effectors from X. translucens to some
extent, that form clusters in the tree that are distinct from the
other clades. This might be due to specific RVD usage in these
groups. Indeed RipTAL proteins are predicted to bind to G-C rich
DNA regions in contrast to the A-T rich regions predicted for
most TAL effectors (De Lange et al., 2013). Naturally occurring
targets for these effectors are yet to be confirmed.

Altogether these results show that DisTAL and FuncTAL
display different but complementary information that can be
used to infer evolutionary relationships between taxons and
predict cases of functional convergence between TAL effectors.

Discussion

In order to understand how TAL effectors or other related
proteins differ from each other within and between strains of
one or several pathovars, current approaches mainly rely on the
evaluation of genetic distances through the alignment of the N-
terminal and/or C-terminal regions, thus excluding the central
region due its repetitive nature. To fill this gap, the first aim of this
work was to adapt existing methods to compare the sequences
of TAL effectors repeats and infer evolutionary scenarios. The
program DisTAL, used to calculate phylogenetic distances, relies
on the hypothesis that one of the major driving forces of
evolution of TAL effectors is probably through recombination
between repeats or slipped strand mispairing during DNA
replication, resulting in duplication, deletion or reorganization
of one or several repeats. This hypothesis is supported by the
fact that in several strains the TALome appears to be the result of
numerous duplications (e.g., in Xoo strain PXO99A (Bogdanove
et al., 2011), that deletions occur in nature (Vera Cruz et al.,
2000), and that internal recombination events were detected
upon experimental evolution assays (Yang et al., 2005) and for
TALEN systems in vitro (Lau et al., 2014). Since the structure of
the genes and the mechanisms of evolution are expected to be
similar to that of microsatellites, we chose to adapt an algorithm
and program designed to compare coded “maps” representing
tandem repeats (Abouelhoda et al., 2010).

DisTAL considers repeats as evolutionary units and finds
similarities between arrays of repeats. Using simulated data
we showed that the program can accurately infer relationships
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FIGURE 8 | Trees obtained for a large set of TAL effectors using

DisTAL and FuncTAL. DisTAL (left) and FuncTAL (right) were used to build

trees (fan layout) for a set of 725 TAL effector sequences from 18 different

taxonomic groups. The group of each TAL effector is indicated by the tip

colors in the tree. The “marine metagenome” TAL effectors correspond to

TAL effector sequences from an unidentified organism (Juillerat et al., 2014).

Scales are shown below the trees, these are not comparable between the

programs due to the methods used.

between arrays of repeats derived from one ancestor that
underwent processes of insertions, deletions and replacement
(mutation) of repeats, performing better than a traditional
multiple alignment methods. Possible caveats of the method
include the fact that duplication breakpoints might not
correspond to the way the repetitions have been traditionally
defined, though so far there is not enough data to accurately
pinpoint where these events occur. A possible workaround this
problem that we will try to implement in future versions of
DisTAL is to adapt amethod that does not restrict tandem repeats
by unit boundaries like a graph-based applied to study LRR
tandem units in GALA effector proteins from R. solanacearum
(Szalkowski and Anisimova, 2013).

The DisTAL parameters for penalizations for insertions,
deletions and duplications to be used by the ARLEM algorithm
were optimized by finding short alignments with low variability
in their scores for TALomes of fully sequenced strains. These
parameters may not accurately reflect the rate at which these
events occur. Studies are needed where the evolution of TAL
effectors is followed on natural bacterial populations for which
short term evolutionary patterns are known. Alternatively,
mutagenesis or artificial evolution experiments on TAL effectors
would also be a great resource to understand variation in these
proteins, in a similar way as to what has been done to create
TAL effector variants with reduced virulence (Yang and White,
2004) or in the way mutational events were studied in viral
vectors carrying TAL repeats (Lau et al., 2014). These types of
experiments will also help determine the recombination points
on these proteins.

So far, DisTAL uses amino acid sequences for all of the
comparisons instead of nucleotides because the former are
shorter, reducing greatly the computational time to calculate
distances. This could represent a loss of information since

synonymous mutations are not taken into account. However, this
loss may be minor since, for example, a set of 169 complete and
unique nucleotide TAL repeat sequences (from public available
databases) corresponds to 168 unique amino acid sequences.

A robust scientific framework to understand and anticipate
TAL effector diversity, evolution and dynamics is essential to
assess the value of control strategies based on manipulation
of their host targets (Boch et al., 2014). DisTAL is the first
program to allow classification of TAL effectors in a manner
which includes the possibility of repeat rearrangement and
duplication as a major determinant of TAL effectors evolution.
The program includes pre-processing of any TAL sequence, and
alignment of repeat sequences based on the ARLEM program
(Abouelhoda et al., 2010). We believe this tool not only is more
reliable at comparing and classifying TAL effectors according
to their phylogeny but will also offer precious help for future
experimental and modeling works on TAL effector evolution.

An important feature of TAL effectors is that their function
can, to some extent, be predicted from their RVDs sequence
thanks to their modular and specific interaction with DNA
(Boch et al., 2009; Moscou and Bogdanove, 2009). Indeed
tools already exist to predict candidate EBEs in plant genomes
(Doyle et al., 2012; Grau et al., 2013; Perez-Quintero et al.,
2013). As more TAL effectors are discovered, notably through
sequencing of entire TALomes (e.g., Wilkins et al., 2015), it is
essential to classify them according to what can be hypothesized
about their function. The second main output of this study
is the design of a tool for comparing TAL effectors through
their EBEs, which will facilitate the identification of cases of
functional convergences and therefore candidate susceptibility
hubs. FuncTAL calculates correlations between potential TAL
effector binding sites by translating RVD sequences into PWMs
according to the RVD-DNA code. The program successfully
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inferred functional relations for known cases of functional
convergence among TAL effectors targeting overlapping EBEs.
Notably it associated TAL effectors that have very different RVD
sequences and for which convergence would normally be difficult
to predict (i.e., the association between PthB and PthC to the
PthA group).

For now, the program does not take into account binding
specificities not encoded by RVDs, such as those for position
0 in the EBE. For Xanthomonas TAL effectors, a thymine
(T0) preceding the EBE is required in most cases for binding
and activity (Boch et al., 2009) whereas for Ralstonia RipTAL
effectors, a guanine is required instead (De Lange et al., 2013).
Because these requirements are encoded by the degenerated -1
repeat situated upstream of the central repeats, binding is not
determined by RVDs but rather by the overall structure of this
region (Mak et al., 2012). The specific features in the -1 repeat
determining the preference for different nucleotides have yet to
be identified. Structure studies suggest that in Xanthomonas TAL
effectors, binding to T0 is coordinated by a tryptophane (W232)
in the -1 repeat (Mak et al., 2012). However, repeat number
and RVD-composition seem to also affect the specificities at
position zero (Schreiber and Bonas, 2014). A future version of
the program may account for position zero specificity once it is
possible to predict it from the TAL effector sequence and calculate
binding probabilities from it.

So far the alignments made with FuncTAL are ungapped
because TAL effectors bind to DNA in a sequential manner,
with one RVD corresponding to one base pair, without gaps.
A possible exception to this rule are TAL effectors that contain
aberrant or longer than normal repeats, that have been shown
to allow flexibility in binding and tolerating short gaps in their
corresponding EBE (Richter et al., 2014). However, biological
examples for this type of flexibility are rare, the only TAL effectors
with aberrant repeats for which binding has been extensively
studied are AvrXa7 and PthXo3 (Richter et al., 2014). Once the
exact mechanisms of aberrant repeat binding specificities are
described they may be included in the program.

It is worth stressing that FuncTAL does not use promoter
sequences to infer the relations. This means that cases of
functional convergence where the EBEs are not overlapping,
such as TalC and AvrXa7 EBEs in rice, will be impossible to
predict using these method. Yet, FuncTAL can be of interest
to follow the evolution of TALomes in epidemics, notably
under selective pressures, e.g., when pathogen populations are
constrained by host varieties carrying resistance genes such as
recessive loss-of-susceptibility alleles or dominant R genes. As
for the analysis of the full TAL effectors dataset corresponding
to 18 different taxonomic groups, the associations found by
FuncTAL are more likely reflective of RVD usage and general
binding preference than actual potential for convergent gene
induction. We expect that to be the case for the well-defined
group found for R. solanacearum and X. translucens. Indeed,
the effectors in this group may have different targets, but their
association reflects a preferential targeting for a certain type
of sequences (GC rich regions), which may be of biological
relevance.

Developing methods to predict true evolutionary and
functional convergence is still needed, particularly since TAL

effectors tend to preferentially target specific genes or gene
families that are crucial for disease development [Reviewed in
Hutin et al. (2015), and elsewhere (Boch et al., 2014)]. Future
work will be aimed at predicting these relations by combining
expression data, binding site prediction and distances generated
with the methods presented here.

Here we obtained trees with DisTAL and FuncTAL from a
large set of TAL effector (and related) proteins showing in some
cases well-defined groups that often coincide with the species or
pathovar phylogeny. In the future, it will be of interest to go more
in detail in the analysis of some of these groups and scrutinize
which relations arise between particular strains. In particular,
it is worth noting that for a few TAL effector genes, Xoo and
Xoc orthologs seem closer than to any of their paralogs. This
contrasts with results obtained upon alignment of the N- and
C-termini regions of some of these TAL effectors, showing Xoc
and Xoo TALomes to cluster separately (Bogdanove et al., 2011;
Yu et al., 2011). Such contrasted results potentially highlight
DisTAL’s higher accuracy to infer phylogenetic relations, notably
because it relies on information coming from the central repeat
region. It would also be of interest to evaluate the nature and the
function of these “conserved” TAL effectors, knowing that a few
rice genes are known to be targeted by both pathovars (Cernadas
et al., 2014).

We expect this suite to be a constantly expanding project.
Other than the possible improvements mentioned above we
expect to be able to add new functionalities and features to the
suite including: (1) a way to use TAL effector distances obtained
from either FuncTAL or DisTAL to calculate similarities between
strains with fully sequenced TALomes, (2) a tool to find over-
represented strings of RVD or repeat sequences in TAL effectors
that may constitute functional evolutionary units, (3) tools to
compare TAL effectors binding sites to plant transcription factor
binding sites (aiming to help in genetic engineering strategies
where resistance against bacteria is to be achieved by mutating
EBEs without altering endogenous regulation of genes).

In conclusion, this work provides a more accurate tool for
inferring genetic distances between TAL effector genes through
the use of the phylogenetic information encoded by the repeat
region. It also offers the possibility to classify groups of TAL
effectors with similar DNA-binding specificities, i.e., targeting the
same EBEs, thereby highlighting cases of functional convergence
on key susceptibility genes. Such information can be precious
when dealing with a high number of candidate host targets from
which a selection has to be made to choose for the best S genes
candidates. Overall in the present context where a relentless flow
of TALomes and host genomes are made available through next-
generation sequencing methods, we hope the QueTAL suite will
be helpful to push forward our understanding of TAL effectors
evolution and functional diversity.
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loss-of-function alleles

A corrigendum on

MorTAL Kombat: the story of defense against TAL effectors through loss-of-susceptibility

by Hutin, M., Pérez-Quintero, A. L., Lopez, C., and Szurek, B. (2015). Front. Plant Sci. 6:535. doi:
10.3389/fpls.2015.00535

There is an error in the statement about MeSWEET10a function in cassava bacterial blight. The
TAL20-dependent activation of MeSWEET10a contributes to water soaking symptoms and also
to bacterial growth in the plant, in contrast to what is reported in the review. The growth defect
seen upon inoculation of Xam6681TAL20 is small but it is statistically significant (Cohn et al.,
2014). Accordingly, one should also read in Table 1 that TAL20 increases growth and water soaking
(column “effect”).
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Transcription activator-like (TAL) effectors are bacterial type III secretion proteins that
function as transcription factors in plants during Xanthomonas/plant interactions,
conditioning either host susceptibility and/or host resistance. Three types of TAL effector
associated resistance (R) genes have been characterized—recessive, dominant non-
transcriptional, and dominant TAL effector-dependent transcriptional based resistance.
Here, we discuss the last type of R genes, whose functions are dependent on direct TAL
effector binding to discrete effector binding elements in the promoters. Only five of the so-
called executor R genes have been cloned, and commonalities are not clear. We have
placed the protein products in two groups for conceptual purposes. Group 1 consists
solely of the protein from pepper, BS3, which is predicted to have catalytic function on
the basis of homology to a large conserved protein family. Group 2 consists of BS4C-
R, XA27, XA10, and XA23, all of which are relatively short proteins from pepper or rice
with multiple potential transmembrane domains. Group 2 members have low sequence
similarity to proteins of unknown function in closely related species. Firm predictions await
further experimentation on these interesting newmembers to theR gene repertoire, which
have potential broad application in new strategies for disease resistance.

Keywords: TAL effectors, R gene, Xanthomonas

Introduction

Xanthomonas infects monocotyledonous and dicotyledonous plant species, and the pathogenicity of
many species depends in part on the effector proteins secreted by a type III secretion (T3S) system
(Leyns et al., 1984; Tampakaki et al., 2004). The transcription activator-like (TAL) effector family is
a distinct family of type III effectors, which includes members with cognate susceptibility (S) and/or
resistance (R) genes. TAL effectors function as host gene specific transcription factors that can target
both S and R genes, leading to enhanced expression and consequential phenotypic effects (Gu et al.,
2005; Yang et al., 2006; Kay et al., 2007; Römer et al., 2007). Susceptibility (S) genes are genes with
TAL effector-dependent expression and have measurable effects on disease symptoms (Yang et al.,
2006; Boch et al., 2014). TAL effector genes are limited to members of the genus Xanthomonas and
Ralstonia (Hopkins et al., 1992; De Feyter et al., 1993; Salanoubat et al., 2002; Heuer et al., 2007). The
genes are ubiquitous in some species and have apparent critical functions in a number of diseases
(Yang andWhite, 2004; Cernadas et al., 2014; Cohn et al., 2014; Hu et al., 2014; Schwartz et al., 2015).

Three types of TAL effector associated R genes have been reported-recessive, dominant non-
transcriptional (classical) and dominant TAL effector-dependent transcriptional based resistance.
TAL effector-dependent recessive resistance occurs in rice lines with DNA polymorphisms in S gene
effector binding elements andwill not be discussed in detail here (Hutin et al., 2015). Dominant non-
transcriptional based resistance is represented solely by the NBS-LRR resistance gene from tomato,
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Bs4, which was identified as the cognate R gene to the TAL
effector gene avrBsP/avrBs4 (Bonas et al., 1993; Schornack et al.,
2004). However, a transcriptionally functional TAL effector is not
required for Bs4 resistance elicitation as truncated versions of the
cognate avirulence gene also trigger resistance. Here, we discuss
the third type, namely, TAL effector-dependent R genes that are
both direct targets of TAL effectors in the host and identified as
R genes. The genes have been referred to as terminator or, here,
executor R (E) genes (Bogdanove et al., 2010; Tian et al., 2014). E
gene expression, like Avr/R gene interactions, is associated with
hypersensitive response (HR) on the respective host plants and
restricts pathogen growth at the site of infection. Five E genes
and the cognate TAL effector genes have been cloned, including
Xa27, Bs3, Bs4C-R, Xa10, and Xa23 (Gu et al., 2005; Römer et al.,
2007; Strauss et al., 2012; Tian et al., 2014; Wang et al., 2015). The
TAL effector AvrXa7 may target an as yet uncharacterized E gene
Xa7 due to the requirements for the effector nuclear localization
signals (NLSs) and the transcription acidic activator domain in
Xa7-dependent resistance (Hopkins et al., 1992; Yang et al., 2000).

E Gene Variation is in the Promoter

E genes are unique in the panoply of R genes in that specificity is
not in the R gene coding sequence but in the expression of the R
gene in the presence of the effector (Gu et al., 2005; Römer et al.,
2007). The TAL effector, itself, contains two notable regions—the
central repetitive region and a C-terminal region with NLS motifs
and a potent transcription activation domain (AD). The NLS and
AD were shown to be required for E gene function in the case
of Bs3, Xa10, Xa7, and Xa27 (Van den Ackerveken et al., 1996;
Zhu et al., 1998, 1999; Yang et al., 2000; Szurek et al., 2001).
TAL effector specificity is determined by the central repetitive
region (Herbers et al., 1992; Yang and Gabriel, 1995; Yang and
White, 2004; Yang et al., 2005), and is the structural basis for the
TAL effector code, where each repeat specifies the probability of
accommodating individual nucleotides (Boch et al., 2009;Moscou
and Bogdanove, 2009; Deng et al., 2012; Gao et al., 2012; Mak
et al., 2012). The repetitive domain consists of 33–35 amino acid
repeats that are polymorphic at amino acid residues 12 and 13,
which are referred to as the repeat-variable di-residues (RVDs),
each of which can be represented by amino acid residue 13 and
corresponds to one DNA base in the effector binding element.
Proximal to the N-terminal portion of the repetitive domain
are non-canonical repeats that mediate pairing with an initial 5′
thymine (Boch et al., 2009; Moscou and Bogdanove, 2009). E gene
expression occurs upon cognate effector binding to a compatible
effector binding element in the respective promoter (Figure 1A).
The known E genes, with the exception of Xa10, have dominant
and recessive alleles that differ in DNA sequence polymorphisms
in the promoter region (Figure 1B). AvrBs3, for example, fails to
induce Bs3-E, an allele of Bs3with a 13-bp insertion in the effector
binding element in the promoter (Figure 1B, iv; Römer et al.,
2007, 2009b; Kay et al., 2009). E genes, S genes, and TAL effector
genes, therefore, reflect selective pressures in the evolution of the
host and pathogen interaction. In this regard, it is important to
note that naturally occurring TAL effectors are not necessarily
optimized for the cognate promoters simply in terms of the

binding requirements. Natural TAL effector configurations may
reflect adaptive responses to other factors, including the level of
target gene expression and frequency of binding sites within a
genome.

E Proteins are not Homologs of Classical R
Proteins

E proteins are not related on the basis of sequence to any other
type of R protein. In fact, the proteins, with the exception of the
recently reported XA10 and XA23, share no sequence identity
with each other. Conceptually, the E genes and their products
can be divided into two groups. Group 1 consists of proteins that
likely have a function in plant development or physiology and
whose function has been hijacked by host adaptation to disease.
Group 1 consists solely of BS3, which is a member of a conserved
family of proteins known as flavin mono-oxygenases (FMO) and,
more specifically, a subclass of FMOs known variously as YUCCA
or FLOOZY (Figure 2A; Römer et al., 2007; Exposito-Rodriguez
et al., 2011; Zhao, 2014). Group 2 members, of which there are
four, are relatively short proteins that have multiple hydrophobic
potential membrane spanning domains (Figure 2B). The proteins
share no sequence relatedness with proteins of known function
and the relatively few related coding sequences occur within
close relatives. One related sequence outside the Solanaceae, from
grapevine, was reported for Bs3C-R. Several of the E proteins
may have structural similarities. XA27 and XA10 are predicted
or have been shown to localize to host cellular membranes
and XA10, more specifically, has been shown to localize to the
endoplasmic reticulum (ER; Wu et al., 2008; Tian et al., 2014).
Prediction software also indicates that BS4C-R may be localized
to the ER (Nakai and Horton, 1999; Strauss et al., 2012). It is
tempting to speculate that BS3 requires catalytic activity for the
R gene response and the group 2 proteins function as R proteins
due to their interaction with host organelles. However, whether
the predicted catalytic functions of BS3 are required for the R
gene response has not been reported, and future analysis of the
mechanism-of-action for the respective proteins may indicate
some common feature.

E Genes in Bacterial Spot Disease on
Pepper

E genes for groups 1 and 2 have been cloned from pepper.
The group 1 Bs3 is recognized by both TAL effectors AvrBs3
and AvrHah from the pathogens Xanthomonas campestris pv.
vesicatoria and Xanthomonas gardneri, respectively, both causal
organisms of bacterial spot disease of pepper and tomato (Bonas
et al., 1998; Schornack et al., 2008). The gene product BS3 is a 342
amino acid protein with a high degree of relatedness with FMOs
(Römer et al., 2007; Schornack et al., 2008). FMO proteins are
a family of enzymes functioning in all phyla (van Berkel et al.,
2006), and play roles in pathogen defense, auxin biosynthesis and
metabolism of glucosinolates (Bartsch et al., 2006; Koch et al.,
2006; Mishina and Zeier, 2006; Schlaich, 2007). As noted earlier,
BS3 falls in a phylogenetic clade consisting of YUCCA and ToFZY
members (Figure 2A; Römer et al., 2007). Themost closely related
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FIGURE 1 | TAL effector and E gene interactions. (A) Schematic of the
interaction between AvrXa27 and Xa27. Lower case r indicates the ineffective
allele that lacks the AvrXa27 effector binding element. The r allele is missing
three nucleotides and different in one nucleotide in the effector binding element
of Xa27 and does not permit binding of AvrXa7 leading to a compatible
interaction (Römer et al., 2010). R indicates the dominant and functional allele of
Xa27. Xa27 expression leads to a resistance response and HR on leaves,
indicated by the dark discoloring of the inoculation site (here, on a rice leaf). NLS,
nuclear localization signal. AD, transcription activation domain of TAL effector.
(B) Promoters of E genes and polymorphisms in dominant and recessive alleles.
(i) Sequence alignment of a part of the promoters of Xa27 from the rice cultivar
IRBB27 (gi 66735941 gb AY986491.1) and xa27 from the rice cultivar IR24 (gi
66735943 gb AY986492.1). (ii) Sequence of a part of the promoter of rice Xa10
from the rice cultivar IRBB10 (gi|448280729|gb|JX025645.1|). (iii) A part of the

promoters of Xa23 from the rice cultivar CBB23 (gi|721363841|gb|KP123634.1|)
and xa23 from the rice cultivar JG30 (gi|721363854|gb|KP123635.1|). (iv) A part
of the promoters of Bs3 from Capsicum annuum L. cultivar ECW-30R
(gi|158851516|gb|EU078684.1) and Bs3-E from C. annuum L. cultivar ECW
(gi|158851512|gb|EU078683.1|). (v) A part of the promoters of Bs4C-R from
pubescens cultivar PI 235047 (gi|414148024|gb|JX944826.1|) and Bs4C-S from
Capsicum pubescens cultivar PI 585270 (gi|414148026|gb|JX944827.1|). The
ATG start codon in each case is displayed in red letters. Nucleotides that are
identical between the alleles are displayed as black letters. Predicted TATA
boxes are underlined. Effector binding elements are highlighted in yellow with
blue letters indicating differences between alleles. The TAL effectors are
represented by the repeat regions using a single letter represents each RVD
(I-NI; G-NG or HG; S-NS; D-HD or ND, *-N*, N-NN). *Represents no amino acid
residue at what would otherwise be position 13.

proteins to BS3 have been demonstrated to be involved in auxin
biosynthesis and a variety of developmental and physiological
responses (Exposito-Rodriguez et al., 2011; Stepanova et al.,
2011; Lee et al., 2012; Hentrich et al., 2013; Zhao, 2014).
YUCCA/FLOOZY members catalyze a key intermediate in the
plant pathway from indole-3-pyruvate (IPA) into indole-3-acetic

acid (IAA) through oxidative decarboxylation reaction (Kim et al.,
2011; Stepanova et al., 2011; Dai et al., 2013; Hentrich et al.,
2013; Zhao, 2014). A homolog from tomato,ToFZY, also functions
in auxin biosynthesis (Exposito-Rodriguez et al., 2011). A more
distant relative of unknown enzymatic activity, AtFMO1, plays a
role in systemic acquired resistance (Mishina and Zeier, 2006).
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FIGURE 2 | The known E proteins. (A) A phylogenetic tree of BS3 related
proteins. Proteins from closely related YUCCA proteins of C. annuum L. (Ca), A.
thaliana (At), Tomato (To), Citrus sinensis (Cs) and the BS3 protein
(Capana02g001306) were aligned. Names of proteins are given with the
Phytozome ID or Pepper Genome Database ID (in parentheses). A monophyletic
group that contains the predicted BS3 protein and tomato YUCCA-like proteins
is boxed in red. Sequences were aligned with the online ClustalW server
(http://www.ch.embnet.org/software/ClustalW.html) using the default values.
MEGA6.0 was used for generating a tree on the basis of ClustalW output.
Phylogenetic calculations are based on the maximum likelihood method, and

Bootstrap analysis was used to evaluate the reliability of the nodes of the
phylogenetic trees. Bootstrap values are based on 1000 replications. The
branch lengths of the tree are proportional to divergence. The 0.1 scale
represents 10% change. (B) Structural predictions for group 2 E proteins. (i)
Bs4C-R; (ii) XA27; (iii) XA10 and XA23. Alignment of XA10 and XA23 was
conducted using the online program ClustalW2 using the default parameters
(http://www.ebi.ac.uk/Tools/msa/clustalw2/). Transmembrane helices predicted
by the SOSUI program (http://bp.nuap.nagoya-u.ac.jp/sosui/sosui_submit.html)
are highlighted in yellow. *Represents no amino acid residue at what would
otherwise be position 13.
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Bs4C-R encodes a member of our group 2 E proteins and is
expressed in the presence of theTAL effectorAvrBs4 (Strauss et al.,
2012).Bs4C-R is the onlyE gene isolated on the basis of differential
expression between resistant and susceptible cultivars and not the
typical gene mapping strategy. A two-nucleotide polymorphism
in the region of the effector binding element of a susceptible allele
Bs4C-S leads to the failure of induction of an AvrBs4-dependent
HR (Figure 1B, v; Strauss et al., 2012). Both the dominant
and recessive alleles encode functionally competent proteins as
constitutive expression of either Bs4C-R or Bs4C-S triggered HR
Nicotiana benthamiana in leaves (Strauss et al., 2012).

E Genes in Bacterial Blight Disease of Rice

The E genes of rice are all included in our group 2 and provide
resistance to bacterial blight disease. Bacterial blight of rice is
caused by Xanthomonas oryzae pv. oryzae, and TAL effectors
are major avirulence factors for X. oryzae pv. oryzae when the
cognate E genes are present in host plants (Mew, 1987; White and
Yang, 2009). Three pairs of TAL effectors and cognate E genes
have been cloned from rice—AvrXa27/Xa27, AvrXa10/Xa10, and
AvrXa23/Xa23. No cognate S genes or virulence effects for the
TAL effectors of AvrXa10, AvrXa23, or AvrXa27 in compatible
host cultivars have been reported, despite the presence of AvrXa27
and AvrXa23 in many extant strains of X. oryzae pv. oryzae (Gu
et al., 2004; Wang et al., 2014).

The Xa27 product is a protein of 113 amino acids without
any clear homologs based on sequence similarity in plants other
than rice and several related species of the Oryza genus (Gu
et al., 2005; Bimolata et al., 2013). The resistance conferred by
Xa27 is affected by developmental stage, increasing with the
age of the plants and reaching maximum resistance at 5 weeks.
Moreover, Xa27 showed a dosage effect in the cultivar CO39
genetic background (Gu et al., 2004). At least two transmembrane
α-helix domains were predicted, depending on the prediction
software (Gu et al., 2005). Here, we show three based on the
SOSUI program (Figure 2B, Hirokawa et al., 1998). Further
experimentation has shown that the protein XA27 localizes to
cytoplasmic membrane, and some protein appears in the apoplast
after plasmolysis (Wu et al., 2008). Localization is dependent on
theN-terminal signal anchor-like sequence, which is also essential
for resistance toX. oryzae pv. oryzae (Wu et al., 2008). The protein
itself appears to be toxic as gene transfer to compatible rice lines
occurs with a reduced efficiency. Nevertheless recombinant lines
were recovered, demonstrating that the AvrXa27-dependency of
the resistance is indeed linked to the Xa27 locus (Gu et al.,
2005). At the same time, lines were obtained that had elevated
expression of Xa27 and displayed defense reactions, including
thickened vascular elements, even in the absence of bacterial
inoculation (Gu et al., 2005). The effector binding element is
located immediately downstream of the predicted TATA box,
and the recessive allele xa27 in the susceptible rice cultivar IR24
encodes the same protein but has a three-nucleotide deletion and
one nucleotide difference in comparison to Xa27 (Figure 1B, i;
Römer et al., 2009a). DNA sequence alignment of Xa27 alleles
from 27 lines representing four Oryza species revealed that a
Xa27-related coding sequence was indeed present in all of the

lines. However, only the IRBB27 allele appears to possess the
necessary effector binding element for AvrXa27 (Bimolata et al.,
2013). A synthetic TAL effector directed at the recessive allele in
IR24 induced a resistance reaction, indicating the product of the
recessive allele could function similarly to Xa27, if expressed (Li
et al., 2013).

Xa10 encodes a 126-amino acid protein, containing four
potential transmembrane helices (Tian et al., 2014). A consensus
effector binding element is present in the promoter region ofXa10
(Figure 1B, iii). Xa10 differs from Xa27 and Bs4C-R in sequence
and by the lack of a nearly identical coding sequence in susceptible
plant lines. At the same time, related sequences are found in
other lines, including Xa23 (Wang et al., 2015). Ectopic and weak
expression of Xa10 in rice causes a lesion mimic-like phenotype,
while transient expression of Xa10 in N. benthamiana and rice
induced HR in plants (Tian et al., 2014). Under the appropriate
promoter, Xa10 also induced programmed cell death (PCD) in
mammalian HeLa cells (Tian et al., 2014). In both rice and N.
benthamiana cells, hydrogen peroxide, swelling and degradation
were detected in chloroplasts. Degradation of mitochondria was
also observed, supporting the model that XA10 functions as a
general inducer of PCD in plant and animal cells (Tian et al.,
2014). Further functional characterization revealed that XA10
forms hexamers, localizes on the ERmembrane of plant andHeLa
cells, and mediates Ca2+ depletion, which is consistent with some
processes of PCD (Pinton et al., 2008; Williams et al., 2014).

The E gene Xa23 encodes a 113-amino acid protein that
shares approximately 50% amino acid sequence identity and 64%
nucleotide sequence similarity with XA10 and Xa10, respectively
(Wang et al., 2015). An identical recessive allele is present on the
basis of the coding region, and characterization of the effector
binding element of AvrXa23 revealed a 7-bp polymorphism
accounts for the failure of xa23 induction in the recessive rice
varieties (Figure 1B, ii). The susceptible cultivar JG30, with xa23,
became resistant to PXO99A harboring a designed TAL effector
specifically targeting the xa23 promoter region including the 7-bp
polymorphism (Wang et al., 2015). Moreover, Agrobacterium-
mediated transient transformation of Xa23 indicated that, like
Xa10, Xa23 induced an HR in N. benthamiana, and also induced
an HR in tomato (Wang et al., 2015). Both XA10 and XA23 have
a motif of unknown function that is comprised of five acidic
amino acid residues (EDDEE and DNDDD, respectively) at the
C-termini (Tian et al., 2014). Alteration of the so-called ED motif
in XA10 abolished HR activity (Tian et al., 2014).

Prospects for E Genes in Disease Control

The question arises whether, as dominant major genes for
resistance, the genes are effective in control of the respective
diseases. In rice, only Xa10 has been deployed in field conditions
and is effective against a few extant races of the pathogens (Vera-
Cruz et al., 2000; Mishra et al., 2013). Xa27 has been introduced
into breeding programs (Luo et al., 2012; Luo and Yin, 2013).
Xa23 and Xa7 are also in the process of introduction into various
breeding programs (Perez et al., 2008; Huang et al., 2012). But how
durable is E gene mediated resistance? Bacteria can rapidly evolve
to avoid R gene recognition through avirulence gene loss under
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high selection pressure for virulence (Koskiniemi et al., 2012).
More specifically, TAL effectors appear to reflect exquisitely the
selective forces of evolution in the form of the repetitive domain.
Deletion of repeats in AvrBs3, for example, resulted in the loss
of the induction of Bs3 (Römer et al., 2007). Deployment of an
E gene that targets a critical TAL effector for virulence has been
proposed as an approach to make adaptation less likely as the
pathogen would have to maintain virulence in addition to losing
Xa7 recognition. Indeed, Xa7, which is triggered by the major
TAL effector AvrXa7, was found to be durable in field tests in
the Philippines (Vera-Cruz et al., 2000). Field isolated strains
that arose showed loss of the ability to induce resistance and
were weakly virulent presumably due to associated mutations in
avrXa7 (Vera-Cruz et al., 2000). However, in vitro rearrangements
and in vivo selection for loss of AvrXa7-mediated resistance
produced gene variants that maintained strain virulence and
avoidedXa7-mediated resistance (Yang et al., 2005). Furthermore,
a number of extant TAL effectors target the same S gene as
AvrXa7, namely OsSWEET14, without activating Xa7-dependent
resistance (Antony et al., 2010; Yu et al., 2011; Streubel et al., 2013).
Strains can also acquire other major TAL effectors that target
alternative paralogs of that S gene (Yang et al., 2006; Streubel et al.,
2013; Zhou et al., 2015).

In India, field strain surveys have found a diversity of strains,
many without AvrXa7 activity, indicating that any benefits in the
deployment of Xa7 would be short-lived (Mishra et al., 2013).
Thus, broad application of a single E gene like Xa7 in some
environments appears to be limited. At the same time, local
conditions, such as in the Philippine tests, may limit the invasion
of a particular TAL effector gene into extant pathogen populations
and deployment may be both broad and durable (Vera-Cruz et al.,
2000). Xa27 and Xa23 are interesting from the perspective that
the cognate avirulence genes are present in many strains and,
therefore, broadly effective (Gu et al., 2004; Wang et al., 2014).
In contrast to AvrXa7, no cognate S genes have been reported for
AvrXa27 or AvrXa23, so we can speculate that these effectors may
provide some fitness to the pathogen which has not been detected
in laboratory or greenhouse assays so far. AvrBs3 has a phenotypic
effect for strains of Xanthomonas euvesicatoria harboring the
gene; a fitness benefit for the effector has been observed (Marois
et al., 2002; Wichmann and Bergelson, 2004), and Bs3 is effective
for many pepper strains of X. euvesicatoria. In addition, Bs3 is
also effective against the emerging pepper pathogen X. gardneri,
which harbors the TAL effector AvrHah1 (Schornack et al., 2008;
Schwartz et al., 2015).

E Genes and New Strategies for
Resistance

Despite possible shortcomings of endogenous E genes, E genes
hold great potential for breeding broadly and durably resistant
crop varieties. Specifically for TAL effector associated diseases,
E genes can be constructed with so-called super-promoters,
consisting of multiple effector binding sites, each recognizing
specific corresponding TAL effectors that are expressed in the
pathogen populations (Römer et al., 2009a; Hummel et al., 2012;
Zeng et al., 2015). Xa27 was fused to a super promoter including

binding sites for three TAL effectors from X. oryzae pv. oryzae
and three from the bacterial leaf streak pathogen X. oryzae pv.
oryzicola. The plants were resistant to several X. oryzae pv. oryzae
and X. oryzae pv. oryzicola strains that were originally compatible
on wild type homozygous Xa27 plants (Hummel et al., 2012).
Similarly, transgenic rice lines containing Xa10E5 with binding
elements to five TAL effectors proved to be resistant to 27 of the
28 selectedX. oryzae pv. oryzae strains gathered from 11 countries
(Zeng et al., 2015). Judicial choices of the effector binding sites
for TAL effectors in extant populations may provide resilient
barriers to TAL effector associated diseases. However, due to the
risk that an added effector binding element might coincidently
contains a cis regulatory element which could induce the E gene
expression in response to particular stimuli and cause cell death
without challenge of TAL effectors, such amended promoters
should be tested thoroughly before deployment (Hummel et al.,
2012). Another approach is to engineer an E gene to be under
the control of a different type of pathogen inducible promoter.
For example, expression of Xa27 under the control of an disease
inducible or defense gene promoter, in this case, the rice PR1
promoter, which is induced by both compatible and incompatible
bacteria, conferred broad resistance to X. oryzae pv. oryzae strains
(Gu et al., 2005). This strategy need not be limited toXanthomonas
related diseases.

Conclusion

Thirteen R genes have been cloned for resistance to Xanthomonas
diseases—all coming from rice, pepper, or tomato. Four, in
addition to Bs4, are representatives of the two major classes of R
genes, the receptor linked kinases (RLK) and nucleotide binding
site leucine rich repeat (NBS-LRR) genes which are represented
by Xa21 (RLK, rice), Xa26 (RLK, rice), Xa1 (NBS-LRR, rice), and
Bs2 (NBS-LRR, pepper; Yoshimura et al., 1998; Tai et al., 1999;
Zhang and Wang, 2013). Three cloned genes are recessive genes
from rice and, although not discussed here, can be considered
cases of loss of susceptibility (White and Yang, 2009). The five
E genes and the protein products bear little or no resemblance
to the other R genes, or, for that matter, other common defense
response components.E genes, at least phenotypically, trigger host
responses, in particular the HR, similarly to some other R gene
mediated resistances. Whether the E proteins intersect other R
proteinmediated resistance pathways in plants remains unknown.
Evidence for XA10 indicates that the protein activates PCD,
possibly through ER-stress in light of the association with the ER
(Williams et al., 2014). Further research into E gene functions
should enhance their utility for new resistance strategies as well as
improve our understanding on plant defense and PCD pathways.
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Attempting to achieve long-lasting and stable resistance using uniformly deployed rice
varieties is not a sustainable approach. The real situation appears to be much more
complex and dynamic, one in which pathogens quickly adapt to resistant varieties. To
prevent disease epidemics, deployment should be customized and this decision will
require interdisciplinary actions. This perspective article aims to highlight the current
progress on disease resistance deployment to control bacterial blight in rice. Although the
model system rice-Xanthomonas oryzae pv. oryzae has distinctive features that underpin
the need for a case-by-case analysis, strategies to integrate those elements into a unique
decision tool could be easily extended to other crops.

Keywords: customized deployment, forward breeding, TAL effectors, R-genes, genome editing

Why Customize the Deployment of Bacterial Blight Resistance
Genes?

Very often, elite rice varieties carrying effective resistance genes are distributed across broad geo-
graphic areas to maximize their socioeconomic impact. Eventually, the resistance gene will overlap
with virulent pathogen populations that persist in low frequency. Prolonged exposure will increase
selected population and leads to an outbreak. In this case, deployment is perhaps themost influential
event compromising durability. Preventing disease epidemics requires a deeper understanding of
the biological systems and interdisciplinary approaches to interconnect the factors that account for
conducive environments, locally effective genes, and pathogen dynamics. A systematicmonitoring of
the pathogen population, which incorporates current understanding of effector biology, emerges as
a key aspect to drive pathogen-informed deployment. However, it is essential that such information
is readily transferred to breeding pipelines to guarantee the right variety profiles. We also believe
that geographic information systems can be used to couple disease forecasting models with in-field
surveys and other on-the-ground work to map epidemics in real time and therefore be integrated
into a unique decision tool.

Bacterial blight (BB), caused by Xanthomonas oryzae pv. oryzae (Xoo), is the most important
bacterial disease of rice. At least 39 resistance genes (Xa) have been identified from wild and
cultivated accessions (Khan et al., 2014; Zhang et al., 2014a); among which Xa4, xa5, xa13, and Xa21
appear to be widely used in breeding programs across Asia (Khan et al., 2014). Disease resistance
deployment to control Xoo emerges as a perfect case for analysis because (i) the disease is widely
distributed across rice-growing regions worldwide, (ii) resistance has a strong race-specific com-
ponent, and (iii) many Xa genes have been incorporated into released varieties. A game-changing
feature of the pathosystem is that Xoo uses transcription activator-like (TAL) effectors to promote
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colonization and ensure nutrient uptake. In contrast to other rice
pathosystems, Xa genes can be classified into distinct functional
categories and only a small number appears to encode for NBS-
LRR proteins (Boch et al., 2014). In this paper, we describe the
key elements that need to be considered if we are to imple-
ment a strategy to customize the deployment of Xa genes in rice
agroecosystems.

Breeding Fast, Breeding Precisely

Conventional breeding in rice uses pedigree breeding and selec-
tion, which employs a forward breeding approach based on traits
of interest. The selection of advanced pedigree lines and recom-
binant inbred lines requires a long process that can take 8-9 years
to generate elite lines for varietal release. With the recent advances
in technologies, breeding for target traits can be fast-tracked by
the application of marker-assisted selection (MAS) focusing on
improving tolerance to abiotic stresses—drought, submergence,
salinity, and soil problems—for unfavorable environments, along
with increased yield, biotic stress resistance, and improved grain
quality, traits that are also required for a favorable environ-
ment. Recently, the duration for developing improved varieties
through forward breeding was decreased to 5-6 years through
implementing rapid generation advance and MAS techniques.
Further enhancement usesmarker-assisted backcrossing (MABC)
retaining the good traits of the recipient parents, combined with
precision in incorporating specific traits of interest into high-
yielding mega-varieties with superior grain quality, thus further
reducing the time of producing elite lines to 3-4 years. Recently,
a further transformation in breeding has been revolutionizing
precision breeding while doubling the rate of genetic gains. The
availability of 3,000 sequenced rice genomes provides an unprece-
dented wealth of data to mine alleles for novel genes (Li et al.,
2014). This is coupled with advances in high-throughput SNP
genotyping across large breeding populations in various platforms
(Fluidigm’s Dynamic ArraysTM, Douglas Scientific Array TapeTM,
and LGC’s automated systems for running KASPTM markers) to
accelerate rice improvement (Thomson, 2014). Likewise, geno-
typing by sequencing (GBS) is currently becoming a choice
for low-cost high-density genome-wide scans using multiplexed
sequencing.

At IRRI, in-house genotyping services for various breeding
programs contribute to fast-tracking the breeding cycle from
hybridization to population advancement in 2-3 years to gener-
ate elite lines. Structurally, IRRI breeding hubs facilitate multi-
environment testing with strategically selected locations in South
Asia (India), Southeast Asia (Myanmar and the Philippines), and
East and Southern Africa (Burundi), in partnership with other
partners from both the public and private sector. Through this
transformed breeding process, we envision generating various
combinations of effective Xa genes in similar or different elite
backgrounds for market segmentation. The strategy will likely
promote shuffling of resistancemechanisms displayed on the field
to prevent rapid pathogen adaptation to single-gene virulence,
deployed in a customized manner (Figure 1). Real-time deploy-
ment of resistant varieties with various combinations of effective
Xa genes can be customized through gene rotation or mixture

FIGURE 1 | Simplified scheme showing the deployment of resistant
varieties using traditional versus customized approaches. R1 and R2
represent resistant elite varieties carrying hypothetical genes 1 and 2. Yellow
and green plants represent susceptible and resistant phenotypes, respectively.
Locations A, B, and C represent cropping regions that do not share
boundaries. Nr1, Nr2, Nr3, and Nr4 are near-isogenic lines (NILs) for each of
the available resistance genes 1, 2, 3, and 4. During traditional deployment,
variety R1 is bred and released in large areas but is effective only in particular
locations. During customized deployment, the effectiveness of the resistance
genes and pathogen population structures are monitored using disease
hotspots, seasonal collections, and pathogenicity tests done in a confined
setting. Using a decision tool, breeding programs can rapidly customize the
elite varieties to be deployed in targeted locations based on variety profiles.

in a single genetic background targeted for evolving or dynamic
pathogen populations, especially in a BB-endemic rice-growing
environment. In a broader context, breeding programs are allowed
to prioritize genes that are effective across multiple locations,
but also genes that combine different mechanisms and show low
turnover rate.

Monitoring of Effective Genes

In order to customize deployment, we need to assess the effec-
tiveness of R-genes in specific target areas and understand the
evolutionary potential of the localXoo population. Seasonal mon-
itoring, when timely executed and concerted in a cost-effective
manner, could be very useful for breeders to direct breeding
efforts (Figure 2). The first aspect of monitoring entails a collec-
tion of field strains to understand population genetic structure
and local distribution. So far, all markers based on restriction
fragment length polymorphism profiling or repeated sequences
(Choi et al., 1998; Chen et al., 2012; Mishra et al., 2013) have
not succeeded in describing functional groups or simply are not
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currently available in high-throughput platforms. However, many
large-scale shotgun sequencing projects involving short-reads are
underway and would potentially allow us to identify a set of
SNP markers for standard use in field genotyping across different
regions. Ultimately, the hope is that current advances in long-
reads sequencing chemistry will resolve TAL effector sequences
within complex samples, thus opening the door for more infor-
mative monitoring initiatives. The second aspect may involve
the use of near-isogenic lines (NILs) carrying updated sets of
Xa genes. Traditionally, this material has been used as a tool to
identify phenotypic groups under controlled conditions (Ogawa
et al., 1988). NILs are also suitable for deployment in disease-
endemic areas or “hotspots” to capture low-prevalence genotypes
that might escape from seasonal collection or to assess the effec-
tiveness of Xa genes at a local scale (Figure 1). Ideally, both
aspects could provide regional breeders with real-time decision
support for small-scale interventions. Since 2013, IRRI has been
deploying NILs in target areas of Asia and Africa and coordi-
nating efforts to collect Xoo samples with local partners. Lessons
learned from engaging rice research programs suggest that moni-
toring must be a participatory exercise and information exchange
between national partners ismore likely to occur under a common
platform.

Exploiting Effectors to Drive Deployment

Scientists defined effectors as molecular instruments that facili-
tate a parasitic life style (Hogenhout et al., 2009). Translational
research done in a number of crops has tailored effector biol-
ogy into a useful tool for disease resistance breeding (Gawehns
et al., 2013; Vleeshouwers and Oliver, 2014). In oomycetes and
fungal pathosystems, effectors have been used to facilitate cloning
R-genes, discovering novel specificities, or avoiding unnecessary
breeding effort (Vleeshouwers et al., 2011; Oliver et al., 2012;
Rietman et al., 2012). Recent advances in the biochemical function
of bacteria TAL effectors suggest that their activity has a major
impact on virulence (Kay and Bonas, 2009). TAL effectors activate
the expression of specific host susceptibility genes (S) in order to
create a favorable environment. For instance, increasing sucrose
availability or reducing copper-mediated toxicity within the xylem
vessels appears to be a clear output of its virulence function during
rice-Xoo interaction (Chen et al., 2010; Yuan et al., 2010).With the
TAL-DNA recognition decoded (Boch et al., 2009; Moscou and
Bogdanove, 2009), it is now possible to have a catalog of validated
TAL targets in the rice genome (Noël et al., 2013). The increasing
evidence that TAL repertoires can determine host specificity in
a gene-for-gene fashion (Yang and White, 2004; Gu et al., 2005;
Yang et al., 2006; Antony et al., 2010; Tian et al., 2014; Wang et al.,
2014) highlights their potential use in translational research. For
instance, Xoo strains carrying TAL effectors Avrxa10, AvrXa23,
and AvrXa27 are unable to colonize rice accession containing
Xa10, Xa23 and Xa27, respectively (Gu et al., 2009; Tian et al.,
2014; Wang et al., 2014).

Theoretically, the allelic diversity of TAL effectors in a region
can be used to help deployment interventions, but in practice
we need to overcome some technical issues: (i) What is the best
way to efficiently capture TAL repertoires (TALome)? Probably,

FIGURE 2 | A model representing key elements supporting the
decision tools for customized deployment of resistance genes in rice.
Disease-prone areas are predicted and geo-referenced with other
environmental constraints using GIS. Pathogen surveillance and the
effectiveness of R-genes can be adapted to a seasonal base and used by
breeding programs to timely direct breeding efforts. R1 and R2 represent
resistant elite varieties carrying hypothetical genes 1 and 2. Yellow and green
plants represent susceptible and resistant phenotypes, respectively. Locations
A, B, and C represent cropping regions that do not share boundaries. A
resistance tool kit provides adequate technologies that allow fast-tracking the
response to particular needs. For instance, R1+ represents an elite variety
with an artificially expanded spectrum of recognition that can be deployed in
additional areas. All elements are gathered and interconnected through a
unique platform (decision tool) for customized deployment in targeted areas.

a combination of TAL enrichment methods and high-throughput
sequencing using long-reads will be enough to map the TALome,
although cost-efficiency remains a major limitation. (ii) How do
we improve current algorithms to efficiently catalog TAL targets?
While many candidate S-genes have been validated experimen-
tally, we expect an enhanced accuracy of prediction tools (Doyle
et al., 2012; Grau et al., 2013; Pérez-Quintero et al., 2013) as
more Xoo genomes become available and the algorithms can be
trained on natural alleles of candidate targets using enlarged rice
data sets (Li et al., 2014). (iii) Is it worthwhile assessing epial-
lelic variation of TAL effectors among field isolates? So far, no
evidence suggests that Xoo actively uses this pathway to adapt
to the selection pressure imposed by agricultural deployment.
For now, it does not seem likely that a diagnostic test will be
included in regular surveys because detecting gene expression in
field samples can be technically challenging and economically not
feasible (Gijzen et al., 2014). In summary, we cannot afford to
exclude effectors-based information from a modern rice breed-
ing and deployment program, but addressing these questions
is essential for fine tuning the overall strategy. Beside effectors
biology, the study of cell to cell signaling pathways or virulence
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regulation in response to abiotic factors are some of the emerg-
ing areas of research that will need some attention in the near
future.

Mapping Disease in Real Time

The technologies currently exist to merge all of these concepts
into a working system for targeted deployment. For example,
the Philippine Rice Information System (PRiSM1) gathers data
from farmers’ fields throughout the Philippines. Trained indi-
viduals use a standardized survey portfolio based on the IRRI
publication “A Survey Portfolio to Characterize Yield-Reducing
Factors in Rice” (Savary and Castilla, 2009), collecting data on
yield-reducing (biotic stresses) and also yield-limiting (abiotic
stresses) factors, current yields, and farmers’ agronomic prac-
tices using smartphones. The data are submitted via a wireless
connection (Wi-Fi or cellular) to a centralized database in near
real time. These data allow us to create a profile of a local
targeted environment for breeders to reference by linking with
other sources of information. The profile could include the most
common pathogen population structure (collected in the fields
being surveyed), farmers’ market preferences, farmers’ agronomic
practices, and biotic and abiotic stresses in the target area. For
example, using this technology, breeders working to develop a
variety for an area where flooding is common could see where
BB and flooding are most likely to occur together. Then, these
data could be coupled with the localXoo population structure and
local market preferences to develop a variety that farmers would
be likely to adopt and that is tailored to that specific environment’s
stresses (Figure 2).

Broadening the Spectrum of Recognition,
Only if Necessary

Genome editing techniques enable targeting specific DNA
sequences and introducing a broad range of precise genetic modi-
fications (Fichtner et al., 2014). Beside the current direction of the
regulatory debate, the outcome of this technology is not a GMO
product because it does not contain any foreign DNA (Waltz,
2012). While most of the available genome editing tools (ZFNs,
TALENs, CRISPR-Cas9) have been successfully tested in rice (Li
et al., 2012;Miao et al., 2013; Zhang et al., 2014b; Zhou et al., 2014),
current progress on virulence mechanisms promoted by TAL
effectors has inspired new ways to immunize crops using such an
approach. For instance, resistance can be acquired by disrupting
the TAL effector binding site of major S-gene promoters, such
as members of the SWEET sucrose-efflux transporter family (Li
et al., 2012). Eventually, broad-spectrum resistance can be created
if several family members are targeted at the same time, thus
limiting the access of the bacteria to alternative nutrient resources.
Resistance can also be engineered using multiple decoy TAL-
binding sites fused upstream of a single executor R-gene (Römer
et al., 2009). Among all the rice R-genes that have been reported
(Gu et al., 2005; Tian et al., 2014; Wang et al., 2014), few have

1http://philippinericeinfo.ph

potential applications as executors because they trigger strong
localized cell-death and are induced only in the presence of the
pathogen. We predict that genome editing tools will be integrated
into the next-generation resistance tool kit, but might be consid-
ered only when no other alternative is available (Figure 2). For
instance, elite varieties with an artificially expanded spectrum of
recognition (eitherR or S)may become a solution in regionswhere
management practices or pyramiding of existing Xa genes are
no longer options. Swarna-Sub1 is a high-yielding mega-variety
that shows a yield advantage in flood-prone areas of Asia (Ismail
et al., 2013) but it is quite susceptible to Xoo infection in some
of these unfavorable environments. Current attempts to precisely
fast-track effective combinations of Xa genes into Swarna-Sub1
are under way, but the number of effective Xa genes available is
limited and alternative strategies to increase the diversity ofmech-
anisms are key for sustainable deployment-based management
(Figure 2). Whether we are planning to exploit R- or S-genes to
broaden the spectrum of resistance, it is clear that genome edit-
ing tools will be important assets for next-generation resistance
breeding.

One Tool to Rule Them All

It is only a matter of time before information and commu-
nication technologies (ICTs) lead the research revolution on
the agricultural landscape. Currently, very precise informa-
tion can be retrieved and/or delivered to and from farmers’
hands in real time. Platforms that incorporate crop health sta-
tus under well-characterized environments are coming and will
soon become tools for informed interventions. Therefore, it
becomes very important that pathologists, breeders, and epi-
demiologists endeavor to integrate diagnostics, disease models,
and breeding efforts into a unique platform for customized
deployment (Figure 2). This vision does not exclude other fields
of research that also contribute to increased variety adoption
and are important in the rice value chain. These are excit-
ing times, like never before, rice scientists have the possibil-
ity to adapt their breeding programs and decide which variety
will be promoted next season to reduce the chance of future
epidemics.
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