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Abstract

The genus Xanthomonas consists of bacterial species causing economically important
plant diseases in major crops. In a wide variety of Xanthamonas species, the transcription
activator-like (TAL) effectors (proteins) are synthesized and secreted into host cells, whereby
they enter the plant nucleus. TAL effectors bind specific host gene promoters, inducing the
expression of the targeted genes, which in some cases leads to either resistance or an enhanced
state of disease susceptibility. The TAL effectors in individual Xanthomanas species and their
targets in host plants have been characterized in relatively few cases. The premier example is the
induction of any one member of a clade of sugar transporter genes in rice by TAL effectors of
the bacterial blight pathogen X. oryzae pv. oryzae, where induction of the susceptibility (S) genes
was shown to be required for the disease process. TAL effector genes are present in a wide
variety of Xanthomonas species other than X. oryzae pv. oryzae. My dissertation focuses on the
characterization of the TAL effectors in the citrus bacterial canker (CBC) and soybean bacterial
pustule pathosystems. In CBC, CsLOB1 was identified as the S gene targeted by multiple major
TAL effectors from CBC causal strains. Furthermore, another two members in family of citrus
LBD family, although not identified as targets in the field, can serve as S genes in CBC. Initial
analysis of bacterial pustule disease of soybean indicates that the TAL effector TAL2 of X.
axonopodis pv. glycines is a virulence effector and associated with the expression of two
candidate S genes, which encode a member of the ZF-HD transcription factors and a member of
aluminum activated malate transporter family. These studies will enhance our understanding of
plant-bacterial interactions and evolution of disease susceptibility, and also inform development

of durable disease resistant crop varieties.
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Chapter 1 - TAL effectors and their host targets

Abstract

Transcription activator-like (TAL) effectors are a subset of type III effector proteins that are
translocated from pathogenic bacteria into plant host cells, whereby they enter into the nucleus and bind
to specific regions of targeted gene promoters. TAL effectors either enhance susceptibility in hosts
through activating the host susceptibility (S) genes or elicit resistance reactions by promoting expression
of effector-specific host resistance genes, known as executor resistance (E) gene. Based on the features
of the S gene products, two general categories have been proposed. One category includes sugar
transporters of the SWEET gene family and a sulphate transporter gene in rice. The second group
consists of genes encoding members of different transcription factor families, including upa20 from
pepper, encoding a bHLH transcription factor, and a bZIP transcription factor gene OsTFX1 from rice. E
genes have been classified into two groups based on the protein products. Group 1 consists of BS3,
which is predicted to have a catalytic function. Group 2 consists of relatively short proteins with
multiple hydrophobic domains and no apparent catalytic functions. S genes, E genes and TAL effector

genes facilitate interplay of the selective pressures on the host and pathogen.

Introduction

Xanthomonas infects many monocotyledonous and dicotyledous plant species, and the
pathogenicity, in most species, depends on the effector proteins secreted by a type III secretion (T3S)
system (Leyns et al., 1984; Tampakaki et.al., 2004). An important family of Xanthomonas T3S effectors
is the transcription activator-like (TAL) effector family. TAL effectors function as host gene specific
transcription factors that can target both cognate susceptibility (S) and/or resistance (R) gene, leading to

enhanced expression and consequential phenotypic effects (Gu et al., 2005; Yang et al., 2006; Kay et al.,



2007; Roemer et al., 2007). TAL effector genes are limited to members of the genus Xanthomonas and
Ralstonia (De Feyter et al., 1993; Heuer et al., 2007; Hopkins et al., 1992; Salanoubat et al., 2002). The
genes are ubiquitous in some species and have apparent critical functions in a number of diseases (Yang

et al., 2004; Cernadas et al., 2014, Hu et al., 2014; Cohn et al., 2014; Schwartz et al., 2015).

Upon infection with the Xanthomonas pathogens, TAL effectors enter into the cell nuclei where
they bind to the sequence specific promoter regions, here designated as effector binding elements
(EBEs), of the targeted host genes and elevate the expression of the genes. Some targeted host genes,
upon expression, have measurable effects on disease symptomology and/or on the ability of the bacteria
to multiply on the host and are referred as disease S genes (Antony et al., 2010a; Boch et al., 2014;
White et al., 2009b; Yang et al., 2006). On the other hand, some TAL effectors induce hypersensitive
reaction, or HR, on the respective host plants and restrict pathogen growth at the site of infection on
cultivars containing TAL effector-specific resistance genes (Gu et al., 2005; Tian et al., 2014; C. Wang
et al., 2014). Resistance genes that are TAL effector dependent for expression have been designated as
terminator or executor resistance (E) genes (Bogdanove et al., 2010; Tian et al., 2014). S genes or E
genes and the cognate TAL effectors follow a gene-for-gene, and, in some cases, genes-for-gene model
analogous to the avirulence (Avr) gene and resistance (R) gene interactions in other pathogen/plant

interactions (Boch et al., 2014; White et al., 2009b).

The TAL effectors have a conserved N-terminus with an essential domain for type III effector
secretion, a C-terminus with functional nuclear localization signal motifs and a potent eukaryotic acidic
transcription activation domain, and central repetitive region, which controls DNA binding and TAL
effector specificity. The repetitive domain consists of 33 to 35 amino acid repeats and are polymorphic
at amino acid residues 12 and 13, which are referred to as the repeat-variable di-residues (RVD) (Figure

1-1). Each TAL effector repeat corresponds to one DNA base in the EBE, which is stabilized by amino

2



acid residue 13 and termed as the base-specifying residue (de Lange et al., 2014; Deng et al., 2012; Mak,
et al., 2012). Proximal to the N-terminal portion of the repetitive domain are non-canonical repeats that
mediate non-specific TAL effector—DNA interaction and pairing with the initial 5’ invariant nucleotide
thymine (Boch et al., 2009; Gao et al., 2012; Moscou et al., 2009). The most common RVDs are NI, NG,
HD, NN, NK, NS and N* (N represents Asparagine, | represents isoleucine, G represents Glycine, D
represents aspartic acid, K represents Lysine, S represents Serine, * represents no amino acid residue at

what would otherwise be position 13).

Repeats with various RVDs have preferences for different nucleotides, and a rudimentary code
for RVDs and the corresponding nucleotides have been elucidated. Using the simple code, artificially
designed TAL effectors (dTALes) have been developed by replacing the middle repeat parts with new
DNA segments targeting specific EBEs of interest (Li et al., 2012b; Li et al., 2013; Streubel et al., 2013).
Additional RVDs and the corresponding nucleotides have been reported (Figure 1-2), and public online
services for searching the EBEs for the known TAL effector sequences have been developed (Grau et al.,
2013). Two representative online services are the TAL Effector Nucleotide Targeter 2.0 from Cornell
University (Doyle et al., 2012), and the TALgetter web-server (Grau et al., 2013). At the same time,
numerous methods have been developed to construct TAL effector genes. The major principle behind
several methods is to build modules of 2, 6, 8 or 10 oligomers, which are combined into longer
components, and then ligated into the TAL effector gene backbone vector (Cermak et al., 2011; Li et al.,
2011; Morbitzer et al.,2011; Weber et al., 2011; Zhang et al., 2011). A method without ligation was also
developed (Schmid-Burgk et al., 2013). The dTALes have been used as transcription factors to either
activate or repress the transcription of user-defined targeted genes (Cong et al., 2012; Geissler et al.,

2011; Li et al., 2013; Streubel et al., 2013).



TAL effectors and S genes

Since their discovery, a variety of TAL effectors have been demonstrated to be either avirulence
or virulence factors or both. The first TAL effector AvrBs3 was identified on the basis of the interaction
with the resistance gene in pepper Bs3 (Bonas et al., 1989). The first two TAL effector genes that were
known to contribute measurable phenotypic effects to the bacterial infection in the absence of resistance
responses were PthA and Avrb6 (Yang et al., 1994). Subsequently, a variety of cognate targeted host
genes of some TAL effectors, principally in Xanthomonas/rice diseases, were identified. Generally,
known S genes can be categorized into two groups, genes in group 1 are transporter genes for sugar
transporter of the SWEET family and one sulphate transporter gene. Group 2 genes encode transcription
factors, including UPA20, a member of bHLH transcription factor family, and OsTFX1, a member of
the bZIP transcription factor family (Kay et al., 2007; Sugio et al., 2007). Elevated expression of sugar
transporter genes, originally identified as members of the nodulin 3 (N3) family from Medicago, and
known now as SWEET genes, are critical for full disease symptom in bacterial blight diseases of rice
and cassava (Anthony et al., 2010a; Cohn et al., 2014; Streubel et al., 2013; Yang et al., 2006; Yu et al.,
2011; Zhou et al., 2015; Chen et al., 2010). Curiously, both causal pathogens, X. oryzae pv. oryzae and X.
axonopodis pv. manihotis, respectively, invade the vascular tissues in their hosts. The gene
OsSULTR3;6, encoding a sulphate transporter, was identified in rice bacterial leaf streak disease, which
is incited by the non-vascular pathogen X. oryzae pv. oryzicola (Cernadas et al., 2014). Whether

SWEET gene functions, per se, are involved in a xylem-specific function is unknown.

S genes in rice bacterial blight disease
Bacterial blight of rice is an endemic pathogen in most of the world rice growing regions. The
vascular pathogen enters the plant through hydathodes and wounds, multiplies in the intercellular spaces

of the underlying epithem, and enters the xylem, spreading systemically (Mew, 1987; Nifio-Liu et al.,
4



2006). TAL effectors that have an apparent critical function in virulence have been termed major TAL
effectors. TAL effectors play a critical role in bacterial blight disease of rice (White et al., 2009b). Loss
of TAL effector PthXol function due to mutations in the corresponding gene pthXo! significantly
reduces the virulence of the strain (Yang et al., 2004). The rice gene Os8N3/OsSWEETI 1 on
chromosome 8 was shown to be the direct target of PthXol, and the EBE was found 45bp upstream of
the TATA box in the promoter of the gene. Strain PX0994 cannot induce the expression of Os8N3 on
the near-isogenic rice line IRBB13 due to a 243-bp insertion of DNA that disrupts the PthXol EBE
(Figure 1-3A) (Roemer et al., 2010; Yang et al., 2006; Antony et al., 2010a). Three additional major
TAL effectors of X. oryzae pv. oryzae are PthXo2 from strain JXO1, AvrXa7 from Philippine strain
PX086, and PthXo03 from the Philippine strain PXO61 (Yang et al., 2004). The genes for any one of
these effectors can complement a pthXol mutant of PX0994 for virulence by targeting alternate SWEET
gene OsIN3/OsSWEETI4. PthXo3 and AvrXa7 recognize overlapping EBEs at the TATA box of
Os1IN3/OsSWEETI4 on rice chromosome 11 (Figure 1-3B) (Antony et al., 2010a; Roemer et al., 2010).
Two additional major TAL effectors, TalC and Tal5, were identified in X. oryzae pv. oryzae strains of
African origin that also target Os1IN3/OsSWEET14, suggesting an evolutionary convergence on the
same key target (Chu et al., 2006; Streubel et al., 2013; Yu et al., 2011). PthXo2 targets OsSWEET13 on
chromosome 12 (Zhou et al., 2015). Further analysis using dTALes revealed two close paralogs -
OsSWEETI2 and OsSWEETIS5 - in the same clade with Os8N3/OsSWEETI 1, OsSWEETI 3 and
Os1IN3/OsSWEETI4 could serve as potential S genes for X. oryzae pv. oryzae, while the paralogs in

other clades could not (Streubel et al., 2013).

TAL effectors hijack otherwise normal host genes for the benefit of the disease process.
However, the biochemical functions of the SWEET genes in the disease process are unknown. Members

of clade Il SWEET genes have been shown to transport sucrose preferentially (Chen et al., 2012). Sugar



transport may have a nutritional benefit to pathogenic bacteria (Chen et al., 2010). Os8N3/OsSWEET1 1
was also shown to be involved in copper redistribution, which might help to overcome rice defenses
against X. oryzae pv. oryzae invasion (Yuan et al., 2010). The actual benefit to the invading pathogens

has not been determined.

PthXo06 was demonstrated to be a common TAL effector in a wide variety of X. oryzae pv.
oryzae strains and contributes virulence to X. oryzae pv. oryzae. PthXo6 specifically induces a bZIP
transcription factor gene OsTFXI in a wide range of rice lines (Sugio et al., 2007). The EBE overlaps
with the TATA box (Figure 1-3C) (Roemer et al., 2010). Ectopic expression of OsTFX]I in rice plants
conferred susceptibility to the host plants in the absence of PthXo6 (Sugio et al., 2007). Related
homologs in other species indicate that bZIP transcription factors might function in regulating
developmental and physiological response pathways (Siberil et al., 2001). The role played by OsTFXI in

infection or normal plant physiology is unknown.

S genes in cassava bacterial blight disease

X. axonopodis pv. manihotis is a foliar and vascular pathogen that penetrates the leaf tissue
through stomata or wounds, and enters the xylem, causing shoot wilt and leaf blight symptoms (Lozano
et al., 1974; Verdier et al., 2004). Most X. axonopodis pv. manihotis strains contain one to five TAL
effector genes (Bart et al., 2012; Castiblanco et al., 2013) . Three TAL effector genes were reported to
contribute to virulence to X. axonopodis pv. manihotis strains, including TALE 1 xam, TAL20xamsss and
TAL14xamsss. The gene HsfB3, encoding a heat shock transcription factor, is the gene with the highest
gene induction level in the presence of TALE1xam. TAL14xamsss Was proposed to target gene 007568a,
encoding a pectate lyase, and was chosen based on the expression profile. However, the functional
requirements of HsfB3 and 007568a in host susceptibility remain to be determined (Bart et al., 2012;

Castiblanco et al., 2013).



TAL20xamess Was shown to influence both bacterial growth and symptom development (Cohn et
al., 2014). A RNA-Seq screen revealed that the host gene MeSWEET0a was a potentially targeted gene
for TAL20xamess. The candidate EBE, which overlaps the TATA box, was tested using Agrobacteria-
mediated transient expression and electro-mobility shift assays (Figure 1-3D). The role of
MeSWEETI0a as an S gene was functionally validated using dTALes targeting two other EBEs in the
promoter of MeSWEET10a. A phylogenetic analysis placed MeSWEETI0a in the same clade as the
clade III S genes of bacterial blight of rice. MeSWEET10a is the only S gene in the SWEET family
outside of rice, indicating possible relationship between the disease processes incited by X. oryzae pv.

oryzae and X. axonopodis pv. manihotis (Cohn et al., 2014).

S genes in rice bacterial leaf streak disease
X. oryzae pv. oryzicola strains enter host plants mainly through stomata or wounds, multiply in
the sub-stomatal space, and colonize the mesophyll apoplast. X. oryzae pv. oryzicola, therefore, differs
from X. oryzae pv. oryzae in that it does not spread in the xylem. The typical symptom is water-soaked
lesions along the leaf between the veins, which then coalesced into necrotic streaks (Nifio-Liu et al.,
2006). Various X. oryzae pv. oryzicola strains carry large repertoires of TAL effector genes, ranging in
number from 25 to 30 (Gonzalez et al., 2007). The sequenced strain BLS256 has 26 TAL effector genes

and two apparent TAL effector pseudogenes (Bogdanove et al., 2011).

Among the 26 TAL effectors in BLS256, Tal2g has been identified as a contributor to virulence,
and the biologically relevant targeted host gene is called OsSULTR3,6, which encodes a putative sulfate
transporter (Cernadas et al., 2014). OsSULTR3;6 expression, as mediated by Tal2g or a dTALe,
facilitates lesion expansion and bacterial exudation. Rice is predicted to contain 14 sulfate transporter
genes in the cultivar Nipponbare, which were classified into five groups. OsSULTR3,6 belongs to group

3 and is expressed in uninfected rice at the later stages of panicle and seed developments. OsSULTR3;6
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expression levels are very low in leaf tissue, but elevated under treatment of heavy metal chromium and
drought stress (Cernadas et al., 2014; Kumar et al., 2011; Takahashi et al., 2011). In Lotus japonica, the
most closely related gene, known as ss¢/, shares 56% identity with OsSULTR3,6 and plays important
roles in normal nodule growth and symbiotic nitrogen fixation (Krusell et al., 2005). The group 3 sulfate
transporter AtSULTR3;1, AtSULTR3;2, AtSULTR3;3 and AtSULTR3:;4 in Arabidopsis were shown to
mediate sulfate assimilation in chloroplasts (Cao et al., 2013). While the chloroplast has been
demonstrated to be a place where reduced sulfate is incorporated into cysteine, which indicate a
potential function of these sulphate transporters in maintaining the antioxidant ability of the cytosol (Cao
et al., 2013; Lopez-Martin et al., 2008; Takahashi et al., 2011). The most similar member to
OsSULTR3;6 in group 3 from Arabidopsis is AtSULTR3;5 (57% identity), which is otherwise localized
in plasma membrane and assists another sulfate transporter AtSULTR?2;1 in the root-to-shoot vascular
transport of sulfate under low sulfate conditions (Kataoka et al., 2004). A hypothesis that OsSULTR3;6
promotes susceptibility through regulating redox signaling or osmotic equilibrium was proposed
(Cernadas et al., 2014). The EBE of OsSULTR3,6 is located 29 nucleotides upstream of the TATA box

(Figure 1-3E) (Cernadas et al., 2014).

S genes in bacterial spot disease of pepper
The gene avrBs3, which was identified originally as an avirulence gene, is involved in the
induction of hypertrophy in mesophyll cells of susceptible host plants (Bonas et al., 1989; Marois et al.,
2002). The host S gene of AvrBs3 is predicted to be upa20 (Kay et al., 2007). The gene upa20 is
comprised eight exons and seven introns and encodes a 340—amino acid basic helix-loop-helix (bHLH)
transcription factor. Upa20-GFP fusion proteins were shown to localize in the nucleus, which is
consistent with the predicted annotation of transcription factor. Mutations in the bHLH domain, which

generally involves in DNA binding and dimerization, led to a failure to induce hypertrophy in V.
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benthamiana. An Arabidopsis homolog BIGPETALp (BPEp) (55% identity) controls cell and, as a
consequence, petal size (Szécsi et al., 2006). Agrobacterium-mediated transient expression of upa2( or
avrBs3 induced enlarged palisade and spongy parenchyma cells, the typical symptom of hypertrophy in
N. benthamiana and other solanaceous plants. However, gene silencing of upa20 in N. benthamiana
severely interfered the normally induced hypertrophy by AvrBs3. Further observations revealed that
upa2( expression led to cell wall invaginations and starch content decreases in chloroplasts. A cell wall
modification gene a-expansin was also induced in the tissues. All the above experimental results were
interpreted to hypothesize that UPA20 enhances susceptibility by regulating the pathways of cell
enlargement and cell wall synthesis in response to TAL effector AvrBs3. The EBE, also called an upa-

box, overlaps the TATA box of upa20 (Figure 1-3F) (Kay et al., 2007).

TAL effectors and E genes

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 and will 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, 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 avrBs4 also triggers 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 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
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pathogen growth at the site of infection. Five E genes and the cognate TAL effector genes have been
cloned, including Xa27, Bs3, Bs4C-R, Xal( and Xa23 (Gu et al., 2005; Roemer 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 and the
transcription acidic activator domain in Xa7-dependent resistance (Hopkins et al., 1992; Yang et al.,

2000).

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 recent reports on XA 10 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 normal plants and whose function has been hijacked by host
adaption 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 1-5) (Roemer et al., 2007; Exposito-Rodriguez et al., 2011;
Zhao et al., 2014). Group 2 members, of which there are four, are relatively short proteins that have
multiple hydrophobic potential membrane spanning domains (Figure 1-6). 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 XA 10, more specifically, has been shown to
localize to the endoplasmic reticulum (Wu et al., 2008; Tian et al., 2014). Prediction software also
indicates that BS4C-R may be localized to the endoplasmic reticulum (Strauss et al., 2012; Nakai et al.,

1999). 1t is tempting to speculate that BS3 requires catalytic activity for the R gene response and the
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group 2 proteins function as R proteins due to their interaction with the 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 X. 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 (Roemer 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 et al., 2006; Schlaich, 2007). As noted earlier, BS3 falls in a phylogenetic clade
consisting of YUCCA and ToFZY members (Figure 1-5) (Romer et al., 2007). The most closely related
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; Hentrich et al., 2013; Lee
et al., 2012; Stepanova et al., 2011; 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 (Dai et al., 2013; Hentrich et al., 2013; Kim et al., 2011; Stepanova et
al., 2011; Zhao, 2014). A homologue from tomato, ToFZY, also functions in auxin biosynthesis
(Exposito-Rodriguez et al., 2011). A more distant relative of unknown enzymatic activity, AtFMOI,
plays a role in systemic acquired resistance (Mishina et al., 2006). Transient expression of Bs3 on

pepper plants triggered an HR reaction. AvrBs3 failed to induce Bs3-E, an allele of Bs3 as a result of 13-
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bp nucleotide insertion in the EBE in the promoter (Figure 1-4D) (Kay et al., 2009; Roemer et al., 2007;

Roemer et al., 2009b).

Bs4C-R encodes a member of group 2 E proteins and is expressed in the presence of the TAL
effector AvrBs4 (Strauss et al., 2012). Bs4C-R is the only E 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 EBE of a susceptible allele Bs4C-S leads to the failure of
induction of an AvrBs4-dependent HR (Figure 1-4E) (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 an HR in N. benthamiana 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 X. 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 et al.,
2009). Three pairs of TAL effectors and cognate E genes have been cloned from rice -AvrXa27/Xa27,
AvrXal0/Xal0, and AvrXa23/Xa23. No cognate S genes or virulence effects for the TAL effectors in
compatible host cultivars have been reported for AvrXal0, AvrXa23 or AvrXa27, 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 five weeks. Moreover, Xa27 showed a
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dosage effect in the cultivar CO39 genetic background (Gu et al., 2004). At least two transmembrane Q-
helix domains were predicted, depending on the prediction software (Gu et al., 2005). Here, we show
three based on the SOSUI program (Figure 1-6, 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 the N-terminal signal anchor-
like sequence, which is also essential for resistance to X. 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 EBE 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 1-4A) (Roemer et al., 2009a). DNA sequence alignment of
Xa27 alleles from twenty-seven 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 EBE 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 Xa?27, if expressed (Li et al., 2013).

Xal0 encodes a 126-amino acid protein, containing four potential transmembrane helices (Tian
et al., 2014). A consensus EBE is present in the promoter region of Xa/0 (Figure 1-4C). Xa 10 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.,
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2015). Ectopic and weak expression of Xa/0 in rice causes a lesion mimic-like phenotype, while
transient expression of Xal0 in N. benthamiana and rice induced HR in plants (Tian et al., 2014). Under
the appropriate promoter, Xa/0 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 XA 10 functions as a general inducer of PCD in plant and animal cells (Tian et al., 2014). Further
functional characterization revealed that XA 10 forms hexamers, localizes on the endoplasmic reticulum
(ER) membrane of plant and HeLa cells, and mediates Ca?* 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 Xa/0 and XA10, respectively (Wang et
al., 2015). An identical recessive allele is present on the basis of the coding region, and characterization
of the EBE of AvrXa23 revealed a 7-bp polymorphism accounts for the failure of xa23 induction in the
susceptible rice varieties (Figure 1-4B). The susceptible cultivar JG30, with xa23, became resistant to
PX0994 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, like Xal0, 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 comprising 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 XA 10 abolished HR activity (Tian et al., 2014).
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Summary and discussion

One type of transporter genes in group 1 S genes is the SWEET gene family induced in both X.
oryzae pv. oryzae and X. axonopodis pv. manihotis pathosystems (Antony et al., 2010a; Cohn et al.,
2014; Yang et al., 2006; Zhou et al., 2015). Both of these two species infect their plant hosts by invading
vascular tissues. Normally SWEET proteins function in regulating sugar transport (Chen et al., 2010;
Chen et al., 2012). Therefore, it was hypothesized that the abilities of transporting sugars of the SWEET
proteins facilitate these vascular Xanthomonas strains infecting their host plants by directing nutrition
resources to the site of infection. However, other hypothesis should be entertained as sugars function in
many signaling pathways for the host (Bolouri Moghaddam et al., 2012; Lastdrager et al., 2014). Group
1 sulfate transporter gene OsSULTR3; 6, serves in lesion expansion and bacterial exudation in bacterial
leaf streak of rice (Cernadas et al., 2014). The group 2 S genes of transcription factor genes are
represented by OsTFX1 and upa20 (Kay et al., 2007; Sugio et al., 2007). OsTFX1 is the target of TAL
effector PthXo6 from X. oryzae pv. oryzae. However, the biological function of OsTFX1 in disease
remains cryptic (Sugio et al., 2007). Upa20 is a bHLH transcription factor and might serve in cell
enlargement and inducing hypotrophy when challenged by AvrBs3 (Kay et al., 2007). One hypothesis is
that hypertrophy may be part of a process that releases bacteria to the surface (Duan et al., 1999).
Therefore it could be proposed that for non-vascular strains, bHLH transcription factor or sulfate
transporter might facilitate bacterial exit and aggregation on the leaf surface, which is advantageous to
bacterial dissemination (Cernadas et al., 2014; Kay et al., 2007a; Marois et al., 2002). Though the
studies on the relationship between these S genes and their normal biological functions are few,
Xanthomonas strains are manipulating plant normal development and physiology to enhance the

susceptibility of the hosts.

15



Group 1 E genes consists solely of Bs3, which is the only E gene with a clear relatedness to
genes of known function in uninfected plants. Again, the fact is that the protein phylogeny falls within a
cluster of YUCCA family members pointing to a function of auxin biosynthesis. If catalytic, Bs3, like
the S genes, may otherwise be part of the normal plant developmental process, and the catalytic function
may be required for E gene function also. BS3 is analogous to the S genes in susceptibility that are
hijacked for the benefit of the pathogen. E gene, however, are subverted by the host for host defense.
The source and function of the group 2 E genes are less clear, and have no clear relatedness to known
conserved plant genes. Group 2 E genes more likely perturb host physiology due to the structural
features of the proteins and, ultimately, trigger programmed cell death. XA27, XA10, XA23 and BS4C-
R have no predicted catalytic activity and no known function based on relatedness to other proteins. All
are short proteins with at least two predicted transmembrane domains (Figure 1-5) (Gu et al., 2005).
Weak similarity of XA10 to Ca?" pores and Ca®* depletion at the endoplasmic reticulum of XA10-
expressing cells has been observed (Tian et al., 2014). Further characterization of the group 2 E genes
may lead to insight into a common function for the encoded proteins. Regar