SCIENCE CHINA
Life Sciences

*RESEARCH PAPER"®

Genome sequencing of the bacterial blight pathogen DY89031
reveals its diverse virulence and origins of Xanthomonas oryzae pv.
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The bacterial pathogen Xanthomonas oryzae pv. oryzae (Xoo), belonging to Xanthomonas sp., causes one of the most destructive
vascular diseases in rice worldwide, particularly in Asia and Africa. To better understand Xoo pathogenesis, we performed
genome sequencing of the Korea race 1 strain DY89031 (J18) and analyzed the phylogenetic tree of 63 Xoo strains. We found
that the rich diversity of evolutionary features is likely associated with the rice cultivation regions. Further, virulence effector
proteins secreted by the type III secretion system (T3SS) of Xoo showed pathogenesis divergence. The genome of DY89031
shows a remarkable difference from that of the widely prevailed Philippines race 6 strain PXO99A, which is avirulent to rice
Xa2l, a well-known disease resistance (R) gene that can be broken down by DY89031. Interestingly, plant inoculation ex-
periments with the PXO99A transformants expressing the DY89031 genes enabled us to identify additional TAL (transcription
activator-like) and non-TAL effectors that may support DY 8903 1-specific virulence. Characterization of DY89031 genome and
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identification of new effectors will facilitate the investigation of the rice-Xoo interaction and new mechanisms involved.
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INTRODUCTION gions in southeast Asia and west Africa (Mew, 1987; Nifio-

The bacterial genus Xanthomonas, which belongs to the
Gram-negative y-proteobacteria, consists of many important
plant pathogens that cause diseases in hundreds of plant
species, including several economically important crops
such as rice. Xanthomonas oryzae pv. oryzae (Xoo) colonizes
in the vascular tissues of rice and causes the bacterial blight
disease, which is one of the most destructive diseases in rice
resulting in substantial yield loss, with the most serious re-
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Liu et al., 2006).

In the past three decades, considerable progresses have
been achieved to understand the rice-Xoo pathosystem and
interaction. To counteract Xoo infection, rice plants have
evolved innate immunity strategies similar to those in other
plant models (Jones and Dangl, 2006), such as adopting the
disease resistance (R) genes (Xa) against Xoo (Gao and He,
2013; Deng et al., 2020). Thus far, more than 45 Xa loci have
been found (Ji et al., 2020; Zhang et al., 2020), including
RLK receptor kinases and NLR immune receptors, and a few
Xa genes have been shown to be capable of conferring broad-
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spectrum resistance against Xoo (Gao and He, 2013; Jiang et
al., 2020a; Jiang et al., 2020b; Wang and Chai, 2020; Wang et
al., 2020). For example, Xa2l, the first cloned Xa gene,
confers resistance to many Xoo strains (Song et al., 1995).
Breeding application of these Xa genes ensures economical
and environmentally friendly control of the bacterial blight
disease in rice production. However, the deployment of these
Xa genes renders the co-evolution of Xoo virulence. As a
consequence, Xa2/ has lost resistance to many Korean
strains including the K1 type DY89031 (da Silva et al.,
2003), limiting its potential in rice breeding and production
(Pruitt et al., 2015).

A plethora of virulence determinants have been identified
in Xoo, which include extracellular polysaccharides (EPS),
lipopolysaccharides (LPS), adhesins, and cell wall degrading
enzymes (An et al., 2020; Sinha et al., 2013). Notably, Xoo is
equipped with at least six types (I-VI, or TISS-T6SS) of
virulence-associated secretion systems with a rich diversity
in structures, host targets and functions, ensuring its suc-
cessful colonization and adaptation to plant hosts (Gerlach
and Hensel, 2007; Timilsina et al., 2020). The best-char-
acterized secretion system in Xoo is the type III secretion
system (T3SS), which functions in the translocation of bac-
terial virulence proteins/effectors into host cells to hijack
host cellular processes and transcriptome, resulting in im-
mune suppression to facilitate pathogen infection. Tran-
scription activator-like (TAL) effectors are well-known
virulence factors secreted by the T3SS of Xoo (Miller et al.,
2011; Pfeilmeier et al., 2016), which are highly conserved
and possesse three functional domains: an N-terminal se-
cretion and translocation domain, a central DNA-binding
domain and a C-terminal transcription activation domain
(Bogdanove et al., 2010). TAL effectors target the promoter
motifs of a group of susceptibility (S) genes, such as the
SWEET (sugars will eventually be exported transporters)
genes, and regulate their transcriptions once they are inter-
nalized into the nuclei of host cells. For instance, the ex-
pression of OsSWEETI1and OsSWEETI3 is induced by the
TAL effectors PthXol and PthXo2, while that of OsS-
WEETI4 is induced by AvrXa7, PthXo3, TalC and Tal5
(Yang et al., 2006; Wu et al., 2007; Antony et al., 2010; Chen
etal., 2012; Streubel et al., 2013; Zhou et al., 2015). Besides
TAL effectors, several non-TAL effectors of Xoo have also
been identified to suppress the pathogen-associated mole-
cular pattern (PAMP)-triggered immunity (PTI) of hosts. For
example, XopN, XoplJ, XopB and XopS of X. campestris pv.
vesicatoria are capable of suppressing immune responses of
plants (Kim et al., 2009; Bartetzko et al., 2009; Schulze et al.,
2012). XopK of the Xoo strain PXO99A can inhibit immune
responses upstream of the mitogen-activated protein kinase
(MAPK) cascade, and XopZ of PXO99A is required for its
full virulence (Song and Yang, 2010; Qin et al., 2018).

Genome sequencing of Xoo greatly facilitates the dissec-
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tion of pathogenicity and the study of virulence factors in-
volved in host adaptation. To date, several sequenced
genomes of Xoo strains have been released including the
three most representative strains, the Korean strain
KACCI10331 (also known as KXO85), the Japanese strain
MAFF311018 (also known as T7174) and the Philippine
strain PXO99A (Lee et al., 2005; Ochiai et al., 2005; Salz-
berg et al., 2008). PXO99A is one of the most virulent strains
of Xoo worldwide, but is avirulent to Xa2/ (Pruitt et al.,
2015). Interestingly, a highly virulent Korean (K1) strain
DY89031 (also known as J18), is capable of overcoming the
Xa2I-mediated resistance (da Silva et al., 2003).

In the present study, in order to identify and deploy new Xa
gene(s) against the widespread Xoo strain DY89031, we
sequenced and assembled its complete genome and com-
pared it with other Xoo representative genomes to reveal its
distinct virulence characteristics, providing a foundation to
study the rice-Xoo interaction and discover novel Xa genes.

RESULTS

DY89031 is highly virulent to most of the rice accessions

We inoculated 2,347 globally collected rice genetic acces-
sions in the field to test the resistance against DY89031 and
PX0O99A, and found that DY89031 was virulent to most of
the rice accessions with a small fraction (22.7%) exhibiting
resistance, whereas fewer varieties were resistant to
PXO99A compared to DY89031 (Table 1, Figure 1A and C).
Xa2l confers resistance to a group of Xoo strains, including
PXO099A, KACC10331 and MAFF311018. However, plants
carrying XaZ21 are highly susceptible to DY89031 (Figure 1B
and D). Interestingly, those rice accessions, such as Kasalath,
TNI1 and 9311 that are resistant to DY89031, usually exhibit
high susceptibility to PXO99A. Thus, we propose that these
DY89031-resistant varieties likely retain race-specific R
genes against DY89031 but not PXO99A, which may arm
with special virulence strategies.

Genome sequencing of DY89031 reveals its unique fea-
tures

In order to identify the cognate avirulent protein/effector
candidates that interact directly or indirectly with the novel
resistance protein(s) to DY89031, we sequenced the genome
of DY89031 using the third generation sequencing technol-
ogy. The whole genome was submitted to the NCBI Data-
base (BioProject ID: PRINA675962). We discovered that the
genome of DY89031, with a single circular chromosome,
consists of 4.97 Mb with 63.69% GC content and shares a
similar size with that of the north Asian strains KACC10331
and MAFF311018, but is ~0.3 Mb smaller than that of
PXO099A. The DY89031 genome contains 4,794 predicted
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Figure 1 DY89031 displayed a virulence spectrum different from that of PXO99A. A and C, Disease symptoms (A) and lesion lengths (C) of rice variety
Kasalath, TN1 and 9311 at 14 dpi inoculated with Xoo strain DY89031 and PXO99A. B and D, Disease symptoms (B) and lesion lengths (D) of Xa21-
carrying plants at 14 dpi inoculated with Xoo strain DY89031, PXO99A, KACC10331 and MAFF311018, showing that DY89031 is virulent to Xa2I-
carrying plants. Data shown are means+SD from three biological replicates. Asterisks indicate statistically significant difference in comparison with the

control (Student’s z-test, ***  P<0.001).

Table 1 Inoculation results of 2,347 rice accessions with DY89031 and PX099A"
Phenotype
Strain
R MR MS S
DY89031 534 158 260 1,395
PX099A 27 20 182 2,118

a) R, resistance with 0-3 cm lesion length; MR, moderate resistance with 3—5 cm lesion length; MS, moderate susceptibility with 5—7 cm lesion length; S,

susceptibility with>7 cm lesion length.

genes, of which 3,239 (67.6%) genes encode proteins ac-
cording to COG annotation, and others are predicted to en-
code hypothetical proteins with unknown functions (Table
2). Therefore, Xoo likely diverges as South and North Asia
lineages.

A comprehensive frame of the DY89031 genome is pre-
sented in Figure 2A, including the predicted TAL genes and
the COG function classification of genes. MUMmer (Kurtz
et al., 2004) was used to perform global comparison between
the DY89031 and PXO99A genomes and analyze the re-
lative positioning and orientation of contigs in the genomes.
The result shows that the two genomes share 95% similarity
in the matched sequences. We found rich rearrangements and
inversions between the DY89031 and PXO99A genomes.
The major rearrangement events between DY89031 and
PXO99A occurs in the region from 146,726bp to
4,860,584 bp (Figure 2B, Table S1 in Supporting Informa-

tion).

Interestingly, we found that the DY89031 genome obtains
additional sequences, which contains 148 predicted genes
(Table S2 in Supporting Information). Seven vgrG1 proteins
(vgrG1-4,5,9,10, 13, 14, 17) are lost in PXO99A, which are
essential for a functional T6SS assembly and effector de-
livery (Cianfanelli et al., 2016). Particularly, VirBS and
VirB6 are two crucial components involved in T4SS which
have fundamental effects on disease development of both
animal and plant pathogens (Alegria et al., 2005; Souza et al.,
2011). These genes are also absent in PXO99A and
MAFF311018 but present in the DY89031 and KACC10331
genomes. These data suggest that unique virulence factors
may have emerged in the Korean strain but not in PXO99A
and MAFF311018.

In addition, we observed that the PXO99A genome con-
tains sequence (total ~0.3 Mb) that is absent in DY89031
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Table 2 Summary of the DY89031 genome and genomes of three other Xoo strains

[ cell division and chromosome partitioning

DY89031 PXO99A KACC10331 MAFF311018
Length (bp) 4,979,456 5,240,075 4,941,439 4,940,217
GC content (%) 63.7 63.6 63.7 63.7
Predict genes 4,794 5,083 4,637 4,372
Transfer RNA 53 55 54 53
Ribosomal RNA operons 2 2 2 2
TAL gene 13 19 13 17
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Figure 2 Graphical representation of the DY89031 genome and its rearrangement compared with the PXO99A genome. A, Graphical representation. The
Outmost circle is genome size, with 0.1 Mb intervals. The second and the third circle are CDS on the sense and antisense strands. Different colors indicate
CDS according to COG functional classification. The fourth circle represents rRNA and tRNA. The fifth circle shows the GC content, with red indicating GC
content higher than the average of the whole genome, and blue indicating the opposite. Central circle is the GC skew value. B, Comparison of the DY89031
genome against the PXO99A genome, as determined by the MUMmer tool. The line with slope 1 represents forward matching (red) while the line with slope

—1 represents reverse (blue).

(Table 2). We analyzed the large segments (>1 kb) in the
0.3 Mb region and found that these segments encode ~144
potential proteins (Table S3 in Supporting Information) and
the majority of them are transposable elements (TEs), which
is consistent with the abundant inversions spanning the
genome. Besides, there are six type IV secretion proteins Rhs
known for the transportation of molecules through mem-
branes (Ahmad et al., 2019). The type II toxin-antitoxin
RelE/ParE family is also absent in the DY89031 genome,
which functions in diverse physiological processes including
antibiotic persistence and genomic stabilization (Fraikin et
al., 2020). Together, we propose that these proteins may
contribute to different cellular processes of DY89031 as
compared with PXO99A.

Phylogenetic analysis implies that the evolution of Xoo is
influenced by rice cultivation conditions and domes-
tication

To further investigate the population structure of Xoo strains,

we performed the phylogenetic tree analysis using protein
sequences of DY89031 and other 62 Xoo strains/isolates
available (Table S4 in Supporting Information), which were
mainly collected from Asia, Africa, South America and
Oceania. The 63 strains could be divided into 2 branches
(Figure 3), one mainly consists of Asian strains, while the
other only consists of African strains, such as AX01947,
Ugll and BAI3. This result suggests that the strains from
Asia and Africa were diverged in an early stage and their
evolution might be influenced by rice domestication and
cultivation.

Moreover, five clades are classified in the first branch.
Clade I contains three strains from Yunnan, China (such as
YN18), and most strains in Clade II are located in tropical
regions, including the South America strain (CIAT from
Columbia) and South Asia strains, like Philippine strains
(such as PX0O99A), Indian strains (such as BX025), Thai
strain (SK2-3) and Nepaulese strain (NX0260). Clade III
includes strains from north Asia, such as Korean strains
(DY89031, KXOS85/KACC10331) and Chinese strains
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Figure 3 Phylogenetic tree of 63 Xoo strains from different regions. The 63 strains were divided into 2 branches. The first branch mainly consists of Asian
strains, which could be sub-grouped into five clades indicated by differ colors. Blue represents the south Asian strains including these from Philippines and
India; yellow represents north Asian strains from north China and Korea; South China strains are mainly concentrated in the green clades, strains from Japan
and other China districts are in purple, and southeast China (Yunnan) strains are in red.

(BJ84-3 and LNI1 from Beijing and Liaoning). Clade IV-V
mainly consists of other Asian strains. Based on these, we
propose that Xoo strains were likely evolved differently in
different regions. In this scenario, large scale rice cultivation
and Xoo epidemics in south Asia resulted in the early evo-
lution of Xoo in this area. Thus, PXO99A might be a pioneer
strain in comparison with the north Asia strains including
DY89031 KACC10331 and MAFF311018. Together, phy-
logenetic analysis suggests that Xoo might have coevolved
with rice domestication and its resistance gene selection.

Novel TAL effectors encoded by the DY89031 genome

TAL effectors contain multiple 33-35 amino acid long se-
quence repeats and usually bind to and activate the host S
gene promoters (Boch and Bonas, 2010; Ji et al., 2016). TAL
effectors are highly conserved in amino acid sequences,
except two variable amino acids at position 12 and 13 of each

repeat (termed “RVD”), which determine the recognition
specificity of promoter motifs of host genes (Boch and Bo-
nas, 2010). The predicted DY89031 TAL effectors contain
variable RVD sequences and their repeats range from 8.5 to
23.5 (Table 3). Importantly, a number of 7al gene clusters
and effectors are diversely distributed among the Xoo stains.

There are seven Tal loci in DY89031 encoding 12 effec-
tors, with one pseudo gene, 7a/5, and nine loci encoding 19
effectors in PXO099A, six loci with 13 effectors in
KACC10331, and seven loci with 17 effectors in
MAFF311018 (Figure 4A). These results suggest that the Tal
loci have been subjected to extensive evolutionary selection,
and that divergent effectors contribute to different virulence
toward different rice target genes. On the other hand, the
comparison of the TAL effector sequences from the four
strains, DY89031, KACC10331, MAFF311018, and
PXO99A revealed that half of the DY89031 TAL effectors
showed similarity to those of PXO99A, with only a few
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Figure 4 TAL effectors in the Xoo genomes. A, Gene orientations are indicated by arrows. TAL genes in the same clusters are numbered. The identical
effectors with significant synteny and identical RVD sequences are lined with the same colors. Note that strain-specific effectors were identified based on the
genome sequences, which are indicated in blue and not lined. B, Expression of the S gene OsSWEETII detected by qRT-PCR in TP309 at 24 h
postinoculation with DY89031 and PXO99A, which is normalized to OsActinl gene. Data shown are means+SD from three biological replicates. Asterisks
indicate statistically significant difference in comparison with the mock (Student’s #-test, ***, P<0.001).

Table 3 TAL effectors and RVD sequences in DY89031 and similar genes in 3 other strains®

Gene Repeat RVD sequence PXO099A Kléfﬁ' 1;/[1'?(]): f 8_
Tallb  12.5 NI-NN-NI-HG-HG-HD-NG-HD-HG-HD-HD-HD-NG Tal9d Tallb Talld
Talla 15.5 NI-NN-N*-NG-NS-NN-NN-NN-NI-NN-NI-NG-HD-HD-NI-NG Tal9c - Tallc
Tal2c  17.5 NI-NS-HD-NG-NS-NN-HD-N*-NN-NN-NI-NN-HD-NG-HD-HD-HD-NG - Tal2c Tal2c
Tal2b 8.5 NI-HG-NI-NI-NI-NN-HD-NS-NN Tal7a/8a Tal2b Tal2b
Tal2a  23.5 NN-HD-NS-NG-HD-NN-N*-NI-HD-NS-HD-NN-HD-NN-HD-NN-NN-NN-NN-NN-NN-NN-HD-NG - Tal2a Tal2a
Tal3b  20.5 NI-N*-NI-HG-NI-NI-NS-HD-NN-HD-NS-NG-SS-HD-NI-NI-NN-NI-NN-NI-NG Tal6b - Tal3b
Tal3a 8.5 NS-HG-NN-NN-NN-NI-NI-NG-HD Tal4 - Tal3a
Tal4a  19.5 NI-HG-NI-NG-HG-HD-NS-NG-HD-NN-NG-HG-NG-HD-HG-HD-HD-NI-NN-NG Tal7b Tal4b -
Tal4b  22.5 NI-H*-NI-NN-NN-NN-NN-NN-HD-NI-NS-HG-HD-NI-N*-NS-NI-NI-HD-N*-NS-NI-N* Tal5bh Tal4c -
Tals 5.5 NS-HD-HD-HD-NN-H* - - -
Tal6a  19.5 NI-NG-NN-NG-NK-NG-NI-NN-NI-NN-NI-NN-NS-NG-NS-NN-NI-N*-NS-NG Tal2a Tal5a Tal6b
Tal6b  18.5 HD-HD-HD-NS-N*-N*-HD-HD-NS-NS-NN-NN-NI-NG-NN-NI-N*-NS-N* - — -
Tal7 21.5 NI-HG-NI-NN-NI-NN-HD-HD-HD-HD-NS-NS-HD-NI-NI-HD-NG-HD-HD-HD-NG-NG - Tal6 -

a) * predicted deletion of the thirteenth codons in the repeats.

differences in SNPs or RVD repeat. In addition, the effectors
Tallb/2b/6a were shared by the four strains (Figure 4A,
Table 3), suggesting a same origin.

Rich diversity is found in all of the four strains (Figure
4A). The Tal2 locus in PXO99A encodes PthXo1, which has
been functionally identified as an essential virulence factor
responsible for the induction of the S gene OsSWEETII, a
wild type allele of resistance-conferring xa/3 (Eom et al.,
2019). However, PthXol (Tal2b in PXO99A) is lost in the
north Asia strains. We found that the transcript level of
OsSWEETI1 is significantly lower in DY 89031 compared to
that in PXO99A (Figure 4B), suggesting that DY89031 loses
the virulence targeting OsSWEETII. This result also sug-
gests that the Tal2 locus might be ancient and essential for
Xoo virulence on the rice host. Talla of DY89031 is a
homolog of AvrXa27, and the N-terminal truncated protein is
similar to Tal2b and Tal4a, but whether the truncated TAL

effector is still active requires further investigation. In ad-
dition, DY89031 contains a Tal6éb, which is distinct from
other strains, it also contains an additional Tal7 shared by
another Korean strain KACC10331 (Tal6). All three north
Asia strains (DY89031, KACC10331 and MAFF311018)
contain the Tal2 locus which encodes 3 TAL effectors, Tal2a,
Tal2b and Tal2c (Figure 4A), suggesting that these strains
may obtain new virulence features for infection. It would be
worthy to further identify the targets of Tal2, Tal6 and Tal7 in
the host by extensive biochemical and molecular experi-
ments.

Non-TAL effectors encoded by the DY89031 genome

Except TAL effectors, non-TAL effectors are also secreted
by the T3SS in Xoo (Furutani et al., 2009), which are in-
volved in the suppression of the host immunity (Qin et al.,
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Table 4 Non-TAL effectors in DY89031, MAFF311018, KACC10331 and PXO99A

Effector class DY89031 PXO099A KACC10331 MAFF311018
XopW J18 00141 PXO 03356 - X000037
XopF J18_00076 PXO 03413 X000074 X000103
AviBs2 J18_00017 PXO_03330 X000168 X000148
XopN 718 00357 PXO 02760 X000343 X000315
XopY J18 01663 PXO_04866 - X001488
XopK J18 01851 PXO 01625 X001768 X001669
XopT J18 02455 X004824 X002210
XopZ J18 02670 PXO 06125/PX0_01041 X002543 X002402
XopAA J18 03185 PXO 00234 X003022 X002875
XopU J18 03187 PXO_00236 - X002877
XopAB J18 03512 - X003150
XopP J18_03600 PXO 02107 X003426 X003222
XopV J18 04241 PXO 04172 X004033 X003803
XopX J18_04500 PXO_03702 X004287 X004042
XopR J18_04602 PXO 03819 X004391 X004134
XopQ J18_04681 PXO 03901 X004466 X004208
XopC J18 03598 PXO 02108 X003424 X003221
XopA J18_00098 PXO_03392 X000095 X000081
XopAD J18 04614 PXO 03833 X004401 X004145
XopAE J18_00069 PXO 03420 X000065 X000110
XopL J18 01846 PXO 01620 X001762 X001662
HpaA J18_00082 PXO 03408 X000079 X000097
XopM J18 00100 PXO 03390 - -
XopAY J18_03625/03626 PXO_02081/02079 - -
XopAV J18 03626 PXO_02079 - -
XopAZ J18 01980 PXO 01757 - -
XopAU J18 03627 PXO 02078 - -

a) These with dishes indicate non-annotated homologs.

2018). Up to now, only a few non-TAL effectors, mainly
Xop proteins, have been functionally identified in Xoo
(Jiang et al., 2020a; Jiang et al., 2020b; Kim et al., 2009).
For instance, XopQ, XopX and XopZ are reported to
function as suppressors of LipA-induced innate immunity
in rice (Sinha et al., 2013). Analysis of the DY89031 gen-
ome reveals that at least 27 Xop-like proteins are encoded
therein (Table 4). In contrast to the TAL effectors, non-TAL
effectors appear to be more conserved, suggesting their
conserved evolution and functionality in the rice-Xoo in-
teraction. Interestingly, XopT is likely absent in PXO99A.
Whether XopT contributes to its compatible phenotype
observed in the worldwide collection of rice germplasm
(Table 1) needs further investigation.

Ectopic expression reveals potential function of the
DY89031 effectors

To identify the differences of virulence factors between

DY89031 and PX0O99A, we compared the genome-wide
effector genes and mainly focused on effector-like genes
with different sequences. Totally, we focused on 27 genes
that encode proteins predicted to be secreted by T3SS and
could be expressed in the transformants of PXO99A (Tables
S5 and S6 in Supporting Information). The PXO99A trans-
formants expressing the DY89031 effector genes were in-
dividually used to inoculate Kasalath, a PXO99A-
susceptible and DY89031-resistant variety. Interestingly,
some PX099A transformants showed decreased virulence,
such as 29# and 15#, which express a copper resistance
protein and a hypothetical T3SS protein, respectively (Figure
5B and C, Table 5). The remaining PXO99A transformants
exhibited a virulence phenotype identical to PXO99A.
Therefore, we propose that the T3SS effectors with sequence
differences between PXO99A and DY89031 likely con-
tribute to virulence differentiation. Our results may also
explain the lower virulence of DY89031 in comparison with
PXO99A (Figure 1A and C).
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Figure 5 Inoculation analyses of the DY89031 effectors in PXO99A transformants. A, Expression of 27 transferred effector genes in PXO99A trans-
formants, which is detected by qRT-PCR. Transcript levels of the effector genes in the transformants were compared with DY89031 and wild type PXO99A.
Note that wild type PXO99A does not contain the same genes, only showing basal expression of endogenous homologues. 16S rRNA gene was used as an
internal control to normalize expression levels. Data shown are means+SD from three technical replicates. The primers were listed in Table S6 in Supporting
Information. B and C, Disease symptoms (B) and lesion lengths (C) of Kasalath at 14 dpi with the wild type PXO99A, DY89031 and transformants. Note that
most of the PXO99A transformants expressing the individual DY89031 effectors decreased virulence in Kasalath that is resistant to DY89031. Asterisks
indicate statistically significant difference in comparison with the control (Student’s #test, *, P<0.05; **, P<0.01; ***, P<0.001).

Table 5 Information on DY89031 effector genes showing partial avirulence phenotypes in transformed PXO99A

Transformant Gene Amino acid Annotation

4# J18 04715 161 Putative esterase

O J18 04820 200 GTP cyclohydrolase

8# J18 04831 85 Hypothetical T3SS protein
11# J18 03349 358 Hypothetical T3SS protein
15# J18_00005 278 Hypothetical T3SS protein
19# J18_00554 366 Hypothetical T3SS protein
23# J18_02024 105 Hypothetical T3SS protein
20# J18_00787 602 Copper resistance protein A

DISCUSSION cularly in effector genes, which shape the pathogenicity of

Xanthomonas oryzae pv. oryzae is an obligate vascular pa-
thogen in rice, which causes leaf blight by infecting rice
plants from stomata and wounds on leaf blade and then
multiplying in vascular bundles. To defeat this pathogen, rice
has evolved diverse strategies of immune response including
expressing different types of resistance genes, dominant or
recessive (Li et al., 2020). However, due to the rapid chan-
ges/evolution of pathogen virulence, rice production has
been threatened by this disease worldwide, particularly in
flooding regions. In this study, we sequenced the genome of
a north Asia Xoo strain, DY89031, and compared it with
other representative Xoo genomes comprehensively. We
found rich diversities in genome size, structure, and parti-

the strains. Accordingly, we show that Xoo might have
evolved with diverse origins.

Xoo strains secrete specific TAL effectors, which function
as transcription factors to activate host susceptibility genes.
Our genome analysis revealed differences in the number of
TAL loci and proteins among the strains compared. The
genetic relationship of 63 strains revealed the possible geo-
graphical and environmental adaptions. Interestingly, Xoo
strains collected from Asia where cultivated rice has evolved
and diseases prevailed with plentiful rainfall harbor more
TAL effectors than the Africa strains which only contain 8
TAL effectors (Gonzalez et al., 2007). These results not only
support the notion that the long co-evolution with the rice
host has greatly increased pathogenicity of the bacterium, but
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also suggest a direct manifestation of environmental adap-
tation to pathogenic virulence and host resistance with nat-
ural selection.

Up to 80% sequenced rice accessions are susceptible to
DY89031, indicating that many rice varieties have kept the R
gene(s) against the strain. In contrast to the south Asia strain
PXO099A, the efficient R gene identified so far to this strain is
Xa2l, which was originally derived from wild rice (Song et
al., 1995). However, DY89031 can overcome the Xa2I-
mediated resistance. Whether the occurrence of new TAL
effectors such as Tal2a, Tal2c and Tal7 may reflect new
cognate R genes specific to DY89031 remains unknown. Our
experiments on the PXO99A transformants expressing the
DY89031 effectors suggested that some of the effectors may
function in ETS (effector-triggered susceptibility). We pro-
pose that the Korean strains including DY89031 might have
evolved to possess special virulence, which is probably as-
sociated with the domestication history of cultivated rice.

Exploring the rice-Xoo pathosystem and analyzing the
pathogenic factors of Xoo will facilitate further under-
standing of the co-evolution of rice-Xoo, as well as the de-
veloping of strategies to explore new disease resistance
genes for rice breeding. Currently, more than 45 Xa genes/
loci have been discovered (Ji et al., 2020), and several of
them have been used in rice breeding and production.
However, single Xa gene-mediated resistance is easy to be
broken down in agriculture. Pyramiding different R genes
provides a practical approach for durable resistance. Among
the reported Xa genes, approximately 25% were screened
from wild rice, such as Xa2l, Xa23, Xa27, Xa29, Xa32,
Xa35, Xa36, Xa38, xa4l, and Xa45 (Bhasin et al., 2011;
Hutin et al., 2015; Ji et al., 2020). Thus, wild rice is a pre-
cious treasure to identify novel R genes against the bacterial
blight disease. Nevertheless, our finding of DY89031-re-
sistant germplasm will facilitate discovery of novel R genes
against this pathogen.

MATERIALS AND METHODS

Plant material and bacterial growth

Rice varieties used in this study included Kasalath, TNI,
9311, and Xa2! transgenic line 106 in TP309 background. A
total of 2,347 rice germplasm resources were obtained from
3,000 rice genomes project (Wang et al., 2018). Leaves of 8-
week-old plants were inoculated with the Xoo strains,
DY89031, PXO99A (wild type and transformants),
KACC103311 and MAFF311018.

Genome sequencing and assembly

Genomic DNA of Xoo strain DY89031 was extracted by
DNeasy Blood Tissue Kit (Qiagen, German) and used for
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sequencing, which was performed using PacBio® RS II
System (Pacific Biosciences, USA) by Shanghai Bio-
technology Corporation. The data provided by PacBio was
qualified by the index of mean read length and quality, and
assembled by SPAdes-3.5.0. Prokka software combined
with Swiss-prot library profile was employed in gene pre-
diction. The predicted genes were annotated with the GO
function by blast2GO algorithm, and the COG, KEGG and
ARDB annotations were obtained using RPS-BLAST,
KOBAS and BLASTP tools by comparing the predicted
genes with the CDD/COG, KO and ARDB databases, re-
spectively. The tRNA and rRNA data are predicted by the
tRNAscan-SE-1.23 and RNAmmerl.2 software. The
DY89031 genome diagram was drawn by the Circosv0.69
software. The TAL effector coding sequences were scanned
using BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi) and
Software ANNOTALE 1.4.1. The DY89031 genome in-
formation was applied to draw the rearrangement file by
Mummer plot. The whole genome sequence of DY89031
was deposited in the NCBI BioProject Database (BioPro-
ject ID: PRINA675962).

Virulence assays

Xoo strains were cultivated for 48—72 h, washed and re-
suspended in sterile distilled water at a concentration of
Ago=1.0 for inoculation on rice. Plant leaves were inoculated
with strains by the leaf-clipping method (Yang et al., 2008).
Disease evaluation was performed 14 days after inoculation
(dpi) by measuring the lesion length. All Xoo strains were
cultivated in PSA medium (10 g L' peptone, 10 g L' su-
crose, 1 g L' glutamine, 15 g L' agar) with antibiotics at
28°C.

Quantitative real-time PCR

RNAs were extracted using TRIzol reagent (Invitrogen,
USA) from rice leaves inoculated. Total RNAs (0.5 pg) were
used for cDNA synthesis with ReverTra Ace qPCR RT
Master Mix with gDNA remover (TOYOBO, Japan).
Quantitative real-time PCR (qQRT-PCR) was conducted using
the SYBR Premix Ex Taq kit (TaKaRa Biotechnology, Ja-
pan) on CFX96 Real-time PCR Instrument (Bio-Rad, USA)
following the manufacturer’s instructions. The rice gene
OsActinl was used as a control to normalize expression le-
vels, and the result was repeated with three technical and
biological repeats. Primers used to amplify OsSWEETII and
OsActinl were listed as follows: OsActinl-F, 5'-
TGTATGCCAGTGGTCGTACCA-3’;  OsActinl-R, 5'-
CCAGCAAGGTCGAGACGAA-3'; OsSWEETI11-F, 5'-
AGGAGGTTTCTTGTCCATGG-3"; and OsSWEET11-R,
5'-CCTCGAGTTGGTCTTCACCA-3".
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Phylogenetic tree

The genome sequences of 62 Xoo strains were retrieved from
NCBI database (https://www.ncbi.nlm.nih.gov/genome/
browse/#!/prokaryotes/529/), and OrthoFinder2.2.7 was
served to construct phylogenetic trees based on Multiple
Sequence Alignment (MSA) results according to maximum
likelihood method. RAXML-NG was used to infer the evo-
lutionary tree and Figtree was used to visualize the phylo-
genetic tree. Different clades were colored.

Plasmid construction and Xoo transformation

The sequences of candidate genes were amplified by PCR
and then cloned into vector pUFR034 digested by Ecorl and
BamHI. The resulting plasmids were first amplified in E. coli
and sequenced, and then transformed into competent re-
cipient cells of PXO99A.
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