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Abstract

Efficient and modular genome editing technologies that manipulate the genome of
bacterial pathogens will facilitate the study of pathogenesis mechanisms. However,
such methods are yet to be established for Xanthomonas oryzae pv. oryzae (Xoo), the
causal agent of rice bacterial blight. We identified a single type I-C CRISPR-Cas system
in the Xoo genome and leveraged this endogenous defence system for high-efficiency
genome editing in Xoo. Specifically, we developed plasmid components carrying a
mini-CRISPR array, donor DNA, and a phage-derived recombination system to enable
the efficient and programmable genome editing of precise deletions, insertions, base
substitutions, and gene replacements. Furthermore, the type I-C CRISPR-Cas system
of Xoo cleaves target DNA unidirectionally, and this can be harnessed to generate
large genomic deletions up to 212 kb efficiently. Therefore, the genome-editing strat-
egy we have developed can serve as an excellent tool for functional genomics of Xoo,

and should also be applicable to other CRISPR-harbouring bacterial plant pathogens.
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1 | INTRODUCTION

Rice (Oryza sativa) is a major staple crop in the world. Bacterial
blight caused by Xanthomonas oryzae pv. oryzae (Xoo) is one of the
major diseases threatening rice production (Joshi et al., 2020). Xoo
enters the rice leaf through wounds or hydathodes at the leaf tip
and margin, then moves to and spreads through the xylem vessels
(Mew et al., 1993). Ongoing growth of Xoo fills these vessels, and
leads to lesions expanding lengthwise on leaf blades, ultimately

killing the leaves (Nifo-Liu et al., 2006). Bacterial blight causes yield
losses ranging from 20% to 30%, sometimes reaching levels of 50%,
in tropical Asian countries and in other areas, such as Africa (Jiang
et al., 2020; Liu et al., 2014; Verdier et al., 2012). Importantly, the
rice-Xoo interaction is a fundamental model system used widely to
study plant innate immunity in monocots (Chen & Ronald, 2011).
Genetic manipulation of Xoo has greatly expanded our under-
standing of the molecular basis of its pathogenicity. Two methods are
commonly used for gene disruption in Xoo; one is transposon-based
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mutagenesis (Wang et al., 2008) and the other is targeted mutagenesis
based on homologous recombination. The Tn5 transposon is an effi-
cient tool for insertional mutagenesis in Xoo (Sun et al., 2003), which
can result in gene knockouts or affect the expression of genes sur-
rounding the insertion sites, leading to various phenotypic perturba-
tions. The targeted mutagenesis strategy typically requires two rounds
of selection to identify bacterial cells with double-crossover events
that result in either the generation of seamless mutations or reversion
to wild type (Hmelo et al., 2015; Schifer et al., 1994). However, trans-
poson insertion lacks site specificity while double-crossover-mediated
homologous recombination is relatively inefficient. Moreover, both
approaches require selective markers for selection and enrichment of
the genomic perturbation (Sun et al., 2003; Zou et al., 2011).

Recently, CRISPR-Cas systems have been developed as power-
ful tools for targeted genome modifications (Anzalone et al., 2020;
Arroyo-Olarte et al., 2021). CRISPR-Cas systems are native to most
archaea and more than 40% of bacterial species, and function as
defensive systems conferring adaptive immunity to viruses and
plasmids (Grissa et al., 2007; Kessler et al., 2004; Makarova et al.,
2015, 2018). CRISPR-Cas systems can be broadly divided into two
classes. Class 1 is composed of type |, lll, and IV CRISPR-Cas sys-
tems, characterized by multi-subunit effector complexes, whereas
class 2 is composed of type Il, V, and VI CRISPR-Cas systems, which
are characterized by single-protein effectors (Makarova et al., 2018).
Although nearly 90% of CRISPR-Cas systems belong to class 1
(Makarova et al., 2015), the class 2 single-effector nucleases, such
as Cas9 and Cas12a, have been most widely adopted as genome-
editing tools in various organisms, including bacteria (Arroyo-Olarte
et al., 2021), presumably due to their simplicity.

CRISPR-based genome editing in most bacteria is distinct due
to their lack of a nonhomologous end-joining repair pathway (Rocha
et al.,, 2005; Vento et al., 2019). CRISPR-induced double-strand
break is often lethal in bacteria, and this can be used as an alter-
native counterselection for edited cells without the need for se-
lective markers (Arroyo-Olarte et al., 2021; Jiang et al., 2013). To
date, Cas9 and Cas12a have been successfully used in a few bacte-
rial species, and among them, some are pathogenic bacteria (Hong
et al., 2018; Penewit et al., 2018). The application of these editing
systems in bacteria is not as widespread as in eukaryotes potentially
due to bacterial toxicity caused by the heterologous expression of
Cas9 or Cas12a, the requirement for time-consuming optimizations
of these editing systems in each bacterial strain, and the low effi-
ciency of transformation of editing components into certain bacteria
(Arroyo-Olarte et al., 2021; Xu et al., 2021). Therefore, there is a
need to explore the use of different CRISPR systems to achieve effi-
cient genome editing in diverse bacteria, especially transformation-
recalcitrant bacterial species.

Because nearly half of all bacterial species encode endogenous
CRISPR-Cas systems (Makarova et al., 2018), harnessing these na-
tive CRISPR systems for genome editing can avoid additional toxicity
caused by any expression of exogenous Cas nucleases. Furthermore,
using endogenous components helps with limiting the need to trans-
form additional cas genes. Native type | CRISPR systems have been

repurposed for genome editing in several bacterial species, such as
the use of subtype I-A in Sulfolobus islandicus and Heliobacterium
modesticaldum, subtype I-B systems in Clostridium pasteurianum and
Haloarcula hispanica, subtype I-E in Lactobacillus crispatus, and sub-
type I-F in Zymomonas mobilis and Pseudomonas aeruginosa (Baker
et al,, 2019; Cheng et al., 2017; Li et al., 2016; Maikova et al., 2019;
Pyne et al., 2016; Xu et al., 2019; Zheng et al., 2019). However, few
CRISPR-Cas systems have been characterized, let alone repurposed
for genome editing, in phytopathogenic bacteria (Todor et al., 2021).

In this work, we examined the use of an endogenous CRISPR-Cas
system for efficient genome editing in Xoo. Analysis of the Xoo ge-
nome sequence revealed that Xoo contains a type |-C CRISPR-Cas
locus. We first characterized the activity of this CRISPR-Cas system,
and then repurposed it for genome editing using CRISPR arrays con-
taining self-targeting spacers. In the presence of DNA repair templates
and a A-Red recombination system, high efficiency genome editing
with various outcomes was achieved in Xoo. Our work reveals an effi-
cient approach to explore functional genomics in Xoo, while also pro-
viding a technical framework applicable to other bacteria, especially

plant pathogens, that harbour native functional CRISPR-Cas loci.

2 | RESULTS

2.1 | Identification of a single CRISPR-Cas locus in
the genome of Xoo

The genome sequence of Xoo strain PXO99* was analysed using
CRISPRCasFinder (Grissa et al., 2007) and a single CRISPR-Cas
locus was identified (Figure 1a). Based on its features, this native
CRISPR-Cas system belongs to subtype I-C, members of which are
made up of the type | CRISPR-Cas signature gene cas3, together
with cas5d, cas8c, and cas7, altogether constituting the surveillance
complex Cascade (CRISPR-associated complex for antiviral defence)
(Makarova et al., 2018; Nam et al., 2012). Cas5d is also responsi-
ble for processing CRISPR RNA precursors (pre-crRNA) to generate
mature crRNAs (Hochstrasser et al., 2016; Nam et al., 2012). The
native CRISPR array contains 75 spacers separated by 31-nucleotide
(nt) direct repeat sequences (5-GTCGCGTCCTCACGGGCGCGTGG
ATTGAAAC-3'). Based on the crRNA structure from other subtype
I-C CRISPR systems (Hochstrasser et al., 2016), each mature crRNA
in Xoo is predicted to be made up of a 5’ handle (11 nt), a spacer
(33-37 nt), and a 3’ stem-loop (20 nt) (Figure 1b). RNA sequencing
of Xoo cells revealed the expression of cas genes and the CRISPR
array (Figure 1c), thus suggesting a functional endogenous type I-C
CRISPR-Cas system.

2.2 | Characterization of the protospacer
adjacent motif

A protospacer adjacent motif (PAM) is needed for target recogni-
tion by prokaryotic CRISPR defence systems (Mojica et al., 2009).
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FIGURE 1 Asingle CRISPR-Cas locus in the genome of Xanthomonas oryzae pv. oryzae PX099". (a) Schematic of the cas locus and the CRISPR
array in the genome of PX099". Diamonds represent conserved direct repeats. Rectangles in different colours represent different spacers, with
the number of total spacers indicated above. (b) Schematic representation of the pre-crRNA transcript processed by Cas5d into mature crRNA.
A mature crRNA is composed of a 11-nucleotide (nt) 5’ handle, a spacer consisting of 33-37 nt (orange), and a 20-nt 3’ stem-loop. The triangles
indicate predicted cleavage sites. (c) RNA-Seq data showing the transcriptional profile of the type I-C CRISPR locus in PXO99” (left panel). Gene
expression values (fragments per kilobase per million reads, FPKM) for cas genes based on RNA-Seq data (right panel)

To characterize the PAM required by the type I-C system of Xoo,
the native CRISPR array sequence was submitted to CRISPR Target
(Biswas et al., 2013) with default parameters to search for foreign
DNA sequences from phages and plasmids that matched with the
corresponding spacer sequences. Consistent with a previous re-
port (Martins et al., 2019), we identified 40 spacers with significant
homology to phage sequences and seven spacers with homology to
plasmid sequences, implying that this CRISPR-Cas system is impli-
cated in adaptive immunity. Further analysis of the putative target
2004) re-
vealed a 5'-TTN-3' PAM upstream of the protospacers for this type
I-C CRISPR-Cas system (Figure 2a). A similar PAM is used by the
type I-C CRISPR systems of Bacillus halodurans (Leenay et al., 2016)

sequences (protospacers) with WebLogo (Crooks et al.,

and Legionella pneumophila (Rao et al., 2016). In addition to the 5'-
TTN-3' PAM identified, other putative PAM sequences were also
identified with relatively high confidence (Table S1).

To confirm the function of these putative PAM sequences, we
performed a plasmid transformation interference assay using spacer
1 of the native CRISPR array (Pyne et al.,
together with various triplets of 5’ putative PAM sequences were

2016). The protospacer

1992; Innes et al,,
1988), and the resulting target plasmids were transformed into com-

cloned into the vector pHM1 (Hopkins et al.,

petent Xoo PXO99” cells. As shown in Figure 2b, significant differ-
ences in transformation efficiency were observed with plasmids
containing different PAMs. Plasmids containing PAMs 5-TTA-3’,
5'-TTT-3', 5'-TTC-3', 5'-TTG-3’, and 5'-CTC-3' yielded few colonies,
whereas plasmids harbouring other PAMs and the control plasmid
pHM1 transformed Xoo efficiently. Overall, the use of a 5-TTN-3’
or 5-CTC-3' PAM led to growth of approximately 10,000-fold fewer
transformants compared to the control plasmid (Figure 2b), confirm-
ing that these sequences were functional PAM sequences for the
type I-C CRISPR-Cas system of Xoo.

2.3 | Repurposing the endogenous CRISPR-Cas
system for gene editing in Xoo

Knowing that the CRISPR-Cas system in Xoo is functional and has
high interference activity against plasmids with the appropriate PAM
sequences and protospacer, we next repurposed this endogenous
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FIGURE 2 Functional protospacer adjacent motif (PAM) sequences for the type I-C CRISPR-Cas system. (a) PAMs were predicted for the
type I-C CRISPR-Cas. The 5'-end flanking sequences of the potential protospacers matching the 75 spacers in the PXO99* CRISPR array
were imported into WebLogo for PAM prediction. (b) Validation of putative PAMs by plasmid transformation interference assay. Putative
PAM sequences and protospacer 1 matched by spacer 1 in the CRISPR array were cloned into plasmid pHM1. Empty plasmid pHM1 was
used as a control. The plasmids were transformed into PXO99. CFU, colony-forming units. ND, not detected. Error bars represent standard

deviations,n =3

system as a genome-editing tool for Xoo. We first set out to edit an
EGFP gene on the pHM1 plasmid in PXO99AEGFP cells (Zhang et al.,
2019). To this end, we assembled an EGFP-targeting 34-nt spacer
flanked by two 31-nt direct repeats into the pSEVA vector, yield-
ing pSEVA-egfpT. We also designed a donor template consisting of
homology 500-bp upstream and 500-bp downstream of the target
region, which contains a premature stop codon in EGFP for early
translation termination and in which the PAM sequence is mutated
so any edited sequences can no longer be repeatedly targeted. The
pSEVA-egfpTD plasmid was constructed by inserting sequences of
the donor template into pSEVA-egfpT, and was then introduced into
PXO‘?‘?AEGFP cells. We used the plasmid pHM1-EGFP as a reporter
plasmid; after targeting by a crRNA, the plasmid will be degraded
and thereby lead to loss of spectinomycin resistance in the bac-
terial cells (Figure S1a). If a repair donor template is provided, the
bacterial cells can survive due to homologous recombination repair
of the cut DNA (Figure S1b). As shown in Figure 3a, the number of
colonies obtained on the plate by pSEVA-egfpTD transformation
(17 + 3 cfu/pg DNA) was moderately higher than that obtained with
pSEVA-egfpT alone (6 + 1 cfu/pg DNA), indicating Xoo strains do
not support efficient homology-based recombination following in-
duction of CRISPR-mediated double-strand DNA breaks. Therefore,
we introduced the phage-derived recombination system A-Red,
which includes the gam, beta, and exo genes (Datsenko & Wanner,
2000; Jiang et al., 2015) under control of P, , (Guzman et al., 1995),
into the pHM1-EGFP vector, yielding pHM1-EGFP-ARed. When we
transformed pSEVA-egfpTD into PXO99AEGFP_ARed cells, the num-
ber of transformants increased significantly (413 + 63 cfu/ug DNA)
(Figure 3a). These results indicate that the endogenous CRISPR-
Cas system can be modularly reprogrammed with foreign-derived
crRNA sequences and that heterologous recombinases can perform
accurate and efficient gene editing in Xoo.

2.4 | Harnessing the native CRISPR-Cas system for
editing of endogenous genes in Xoo

As the native type I-C CRISPR-Cas system is effective at editing het-
erologous genes on plasmids, we next explored its ability to edit en-
dogenous genes. We chose xanB2 (PXO_03739), which plays a key
role in xanthomonadin biosynthesis and produces membrane-bound
yellow pigments (Zhou et al., 2013), to target with our reprogrammed
Cas system. A xanB2 deletion mutant that fails to produce xan-
thomonadin exhibits a white colony phenotype (Zhou et al., 2013).
We constructed a pSEVA-xanb2TD plasmid to carry a mini-CRISPR
array targeting the xanB2 gene and a repair donor consisting of ho-
mology 500 bp upstream and downstream of the target site to re-
move the entirety of the targeted gene (Figure 3b). These plasmids
were introduced into Xoo competent cells but resulted in a very low
number of transformants (Figure S2a). This result is in agreement with
that obtained when editing the heterologous EGFP gene on plasmids
(Figure 3a). Therefore, we constructed a helper A-Red recombination
system into the pHM1 vector, yielding pHM1-ARed (Figure 3b), and
transformed this into Xoo to improve the frequency of homologous
recombination. We ultimately used the resulting PXO99AXRed cells in
all subsequent editing experiments. The pSEVA-xanb2TD plasmid
was first transformed into PXO99A}\Red cells, and we next observed
that 99.5% + 0.7% colonies exhibited a white phenotype, suggest-
ing that they harboured the desired xanB2 mutation (Figure 3c,d).
Targeted DNA sequencing confirmed the presence of the expected
xanB2 deletion in the Xoo genome of white colonies (Figure S2b,c).
To demonstrate the versatility of our optimized editing approach in
Xoo, we next chose to edit additional chromosomal locations. We chose
to delete either the detR (detoxifying regulator) gene or the non-TAL ef-
fector xopQ gene (Figure S3a-c). AdetR or AxopQ strains resulted in edit-
ing rates of 87.9% + 1.9% and 98.3% + 2.9%, respectively (Figure S3d,e).
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FIGURE 3 Genome editing achieved by repurposing the endogenous type I-C CRISPR-Cas system in Xanthomonas oryzae pv. oryzae. (a)
Numbers of transformants were generated with the plasmids carrying different components for EGFP gene editing. Error bars represent
standard deviations, n = 3. Statistical significance was determined by two-tailed Student's t tests (***p < 0.001). (b) Schematic map of the
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and the donor sequence consisting of the upstream and downstream homologous arms of the target gene. (c) The schematic

diagram for xanB2 gene deletion by the repurposed type I-C CRISPR-Cas system. The cleavage site of the CRISPR-Cas system is indicated by
the red scissors. HA, homologous arm. (d) Colonies obtained after pSEVA-xanb2TD for xanB2 gene deletion was transformed into PXO99"
harbouring pHM1-ARed. Plasmid pSEVA-NT expressing nontargetable crRNA used as a control. Scale bar: 0.5 cm

Because the detR gene functions in extracellular polysaccharide (EPS)
synthesis, AdetR colonies appeared drier and smaller than those of wild-
type cells on peptone sucrose agar (PSA) medium (Figure S4a), which is
consistent with a previous report (Nguyen et al., 2016).

To assess the impact of donor size on genome-editing efficiency,
we constructed a new donor plasmid in pSEVA by replacing the up-
stream and downstream 500-bp homologous arms with 1000-bp
homologous arms. Although the 1000-bp homologous arms greatly
increased the transformation efficiency, the editing rate remained
comparable (Figure S3d,e). Therefore, longer repair arms can increase
transformant counts but 500-bp repair arms are sufficient for optimal
genome editing in Xoo.

2.5 | Diverse editing outcomes achieved by
repurposing the native CRISPR-Cas system in Xoo

We next explored the diversity of editing outcomes that could be
achieved by repurposing the endogenous CRISPR-Cas system. Point

mutations in the coding region of a gene that result in amino acid
changes can alter the activity of an enzyme, which is orthogonal to
the study of simple protein knockouts. A two-nucleotide change
(CCG to TTG) in xanB2 yields an amino acid substitution (P169L)
that significantly affects xanthomonadin biosynthesis (Zhou et al.,
2013). To explore the capability of our editing system in generating
programmable base substitutions, we introduced a two-base sub-
stitution into the repair template and cloned the resulting sequence
into the pSEVA plasmid carrying a 34-nt spacer targeting xanB2
(Figure 4a). After transforming this construct into PXO99Amed cells,
we observed that 74.4% +

3.4% transformant colonies obtained
were white (Figure 4b). Targeted DNA sequencing further confirmed
the presence of the desired two-base substitution in the xanB2 gene
of white transformants (Figure 4c).

To further evaluate our editing method to generate precise
gene insertions, we selected a target site between PXO_00827 and
PX0O_00828 in Xoo. We designed a repair template containing EGFP
under the control of a lacZ promoter flanked by 500-bp homologous
arms and cloned this resulting sequence into pSEVA (Figure 4d). The
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into PXO99” harbouring pHM1-ARed for base substitutions. Plasmid expressing nontargetable crRNA used as a control. Scale bar: 0.5 cm.
(c) DNA sequencing result confirmed the two-nucleotide substitutions at the xanB2 target site. (d, €) Schematic diagram for EGFP insertion
(d) and gene replacement (e) by repurposing the endogenous type I-C CRISPR-Cas system. The cleavage site of the endogenous CRISPR-
Cas system is indicated by the red scissors. HA, homologous arm. (f) Editing rate of the diverse genome-editing outcomes given by the
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resulting transformants were examined with PCR amplification and
DNA sequencing to confirm the intended insertions (c.1 kb) at an
editing rate of 98.7% + 2.2% (Figure S5a,c).

We also explored the ability to result in gene replacements
using our optimized editing method. We targeted tatC, which
encodes a vital component of the twin-arginine translocation

system, to be replaced with the exogenous nptll gene encoding

a kanamycin resistance protein, neomycin phosphotransferase
(Figure 4e). The donor plasmid was generated by inserting a c.1 kb
nptll-encoding cassette between 500-bp homology arms together
with a spacer that targets tatC. Transformants were selected with
kanamycin and sequenced to confirm the desired genome replace-
ment in the target region. A larger PCR product of c.1.8 kb was
amplified in 84.8% + 5.5% transformants, which corresponds to



JIANG ET AL.

589
Molecular Plant Pathol
olecular Plant Pathology @ WILEYJ—

the length as predicted following successful gene replacement,
and the programmed edit was further confirmed by DNA sequenc-
ing (Figure S5b,d).

Overall, we achieved editing rates of base substitutions, gene
insertion, and gene replacement of 74.4% + 3.4%, 98.7% + 2.2%,
and 84.8% + 5.5%, respectively (Figure 4f). These results show that
various chromosomal loci can be targeted modularly and efficiently
using the endogenous type |-C system in Xoo to generate a variety
of genome-edited outcomes, including gene deletion, base substitu-

tions, insertion, and gene replacement.

2.6 | Large genomic deletions generated by
harnessing the type I-C CRISPR-Cas system

In type | CRISPR systems, the helicase-nuclease Cas3 degrades
target DNA processively, and this unique feature has been devel-
oped for large genomic deletions in eukaryotes and prokaryotes
(Dolan et al., 2019; Zheng et al., 2019). Thus, we tested the ability
of the native type I-C system from Xoo to delete a 16-kb gum gene
cluster, which consists of 14 open reading frames encoding pro-
teins involved in xanthan biosynthesis and pathogenicity of Xoo
(Katzen et al., 1998; Kim et al., 2009; Yoon & Cho, 2007). After
transforming plasmids that express the gumH-targeting crRNA #1
and carry a donor with c.1 kb homologous flanking regions up-
stream and downstream of the gum gene cluster, we obtained an
average of 57 + 7 cfu/ug DNA (Figure 5a,b). The transformants
obtained formed small and dry colonies (Figure S4b), which is
consistent with the phenotype of xanthan absence (Yoon & Cho,
2007).

Cas3 is a 3'-5' single-strand DNA helicase-nuclease (Sinkunas
et al., 2011). Previous reports showed that Cas3 from type I-C and
type I-E CRISPR systems translocates unidirectionally toward the
PAM-proximal direction to cleave target DNA (Dolan et al., 2019;
Mulepati & Bailey, 2013; Nimkar & Anand, 2020; Sinkunas et al.,,
2013). We next sought to evaluate the processive nature of the
Cas3 enzyme in the Xoo type I-C CRISPR system. To this end, we
designed two pairs of crRNAs to target the gum gene cluster. One
pair of crRNAs, gum crRNA #2A and #2B, was selected, whose
PAM-proximal direction is towards the gene cluster (Figure 5a). The
other pair consisted of crRNAs gum crRNA #3A and #3B, whose
PAM-proximal direction is opposite to the gene cluster (Figure 5a).
When we transformed plasmids carrying the corresponding crRNAs
into PXO‘?‘)Amed cells, the number of transformants generated with
gum crRNA #2A and #2B (270 + 4 cfu/ug DNA) was considerably
more than when delivering gum crRNA #3A and #3B (15 + 9 cfu/
ug DNA) (Figure 5b). We speculated that the gum crRNA #2A and
#2B guided the type I-C CRISPR system to cleave towards the gum
cluster, keeping the homologous arm sequences intact and thereby
facilitating recombination with repair donors. In contrast, the gum
crRNA #3A and #3B guided the type I-C CRISPR system to cleave
towards the homologous arm sequences, which would limit success-
ful repair mediated by homologous recombination. Interestingly,

the number of transformants with gum crRNA #2A and #2B was
also much higher than that obtained with the single gum crRNA #1
(Figure 5a,b). Nonetheless, the editing rate of these combinations
of crRNAs remained at a comparatively high level (Figure 5b). PCR
amplification of the genomic DNA revealed that most transformants
had our desired deletion (Figure 5b,c), which was further confirmed
by DNA sequencing (Figure 5d).

We further tested this phenomenon at the hrp gene cluster,
which encodes components of the type Il secretion system and is
essential for the pathogenicity of Xoo (Cornelis, 2006; Zhu et al.,
2000). Using a similar procedure as described above, we obtained
more transformants generated when delivering hrp crRNA #2A
and #2B (293 + 6 cfu/ug DNA), whose PAM-proximal direction is
towards the cluster, than when delivering hrp crRNA #3A and #3B
(17 + 5 cfu/pg DNA), which targets an opposite PAM-proximal di-
rection, or the single hrp crRNA #1 (166 + 5 cfu/ug DNA) (Figure 5e).
All randomly picked colonies lost the 28-kb hrp gene cluster when
analysed by PCR amplification and DNA sequencing (Figure 5e and
Figure Séa,b). These data support that the Xoo type I-C CRISPR-Cas
system primarily generates unidirectional deletions.

We then explored the generation of deletions exceeding the
lengths of the gum and hrp gene clusters. The genome of the Xoo
strain PXO99* contains a near-perfect 212 kb tandem repeat close
to the replication terminus (Salzberg et al., 2008). We designed a
pair of crRNAs that targets one copy of the 212 kb direct repeat for
deletion (Figure 5f). This pair of crRNAs combined with the corre-
sponding repair template generated a considerable number of trans-
formants (175 + 9 cfu/pg DNA), and PCR amplification and DNA
sequencing confirmed the targeted genomic deletion in these trans-
formants (Figure 5f and Figure Séc). Together, these data support
that the Xoo type I-C system can induce large genomic deletions
efficiently, and should provide a tool for exploring the function and
essentiality of large segments of the genome.

To evaluate the pathogenicity of the Xoo Ahrp, Agum, and A212
kb mutants, leaves of the rice cultivar Nipponbare were inoculated
with these strains using the leaf-clipping method. Both the Ahrp and
Agum mutants lost the ability to cause disease symptoms in the sus-
ceptible rice leaves, but not the A212 kb mutant (Figure S7).

3 | DISCUSSION

Plant-pathogenic bacteria are widespread threats to global food pro-
duction (Mansfield et al., 2012; Savary et al., 2019). Efficient genetic
manipulation tools are needed to comprehensively understand the
molecular mechanism of pathogenesis of these bacteria and their
interactions with plants. In this study, we established an efficient
genome-editing tool in Xoo by harnessing its endogenous type I-C
CRISPR system.

The functionality of the endogenous type I-C CRISPR system in
Xoo was supported by transcriptome data and plasmid transforma-
tion interference assay (Figures 1c and 2b). However, efficient ge-
nome editing could not be achieved by simply delivering a CRISPR
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FIGURE 5 Large genomic deletions generated by harnessing the native type I-C CRISPR system in Xanthomonas oryzae pv. oryzae. (a)
Schematic diagram for targeted deletion of the 16 kb gum gene cluster. The protospacers recognized by the selected crRNAs are in blue
lines. Red dots denote the protospacer adjacent motif sequences. Pairs of half arrows in the figure indicate the target regions for the PCR
amplification. (b) Transformant numbers (top) and editing rates (%) (bottom) achieved using various crRNAs. Error bars represent standard
deviations, n = 3. Statistical significance was determined by one-way analysis of variance (****p < 0.0001). (c) Targeted PCR amplification
confirmed the gum cluster deletion. Predicted size of the PCR products of the deletion mutants (De) is indicated by the blue triangle. Clone
numbers with desired gum gene cluster deletion are highlighted in red and the clone numbers of escape colonies are in black. M, DNA size
marker. (d) DNA sequencing confirmed successful deletion of the gum gene cluster. (e) Schematic diagram for 28 kb hrp gene cluster deletion
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array together with repair templates, potentially due to the low fre-
quency of homologous recombination in Xoo. Introduction of the
A-Red recombination system allowed for efficient genome editing
mediated by enhancing recombination rates. We demonstrate that
this optimized genome-editing system can generate base substitu-
tions, insertions, and deletions, especially large deletions of up to
212 kb, at high efficiency and precision. This repurposed type I-C
CRISPR system thus provides an efficient and accurate genome-
engineering tool for this important plant pathogen.

The nonhomologous end-joining repair pathway is absent in Xoo,
so repair of double-strand breaks introduced by CRISPR-directed
chromosomal self-targeting relies on the homologous recombination
pathway, which generally requires nonchromosomal templates car-
rying the desired mutation (Vento et al., 2019). Therefore, the length
of DNA templates may also affect the editing efficiency in bacte-
rial cells. We compared 500-bp and 1000-bp homologous arms on
genome-editing efficiency. Although the 1000-bp homologous arms
greatly increased the transformant amount (Figure S3d), the 500-bp
repair arms were equally efficient for genome editing.

The double-crossover homologous recombination system has
been widely applied in Xanthomonas, but the efficiency is still lim-
ited (Zou et al., 2011). After two rounds of crossover events, recom-
bination will either restore the wild-type genotype or acquire the
mutant allele in the chromosome, indicating a theoretical maximum
mutagenesis rate of 50%. Furthermore, this double-crossover ap-
proach requires two rounds of selection, which is complicated and
time-consuming. Our CRISPR-Cas system described here offers an
efficient and easy approach for targeted genome editing in Xoo. We
demonstrated that native homologous recombination is inefficient
in Xoo cells (Figure 3a and Figure S2a), so the supplementation with
the A-Red recombination system greatly facilitates genome editing
mediated by the endogenous type I-C CRISPR system.

The CRISPR-Cas system described here is also capable of achiev-
ing efficient large genomic deletions, which is difficult using classical
genetic manipulation methods. Large genomic deletions can be ob-
tained with high efficiencies in Xoo by using endogenous CRISPR-
Cas systems attributed to the processive helicase-nuclease activity
of Cas3. The largest deletion size achieved thus far can reach up to
212 kb. Therefore, type I-C CRISPR-based strategies offer a great
tool for programmable large-scale genome engineering, such as
the manipulation of repetitive and noncoding regions and genome
minimization.

Further work can be carried out to develop more editing tools
based on the endogenous type I-C CRISPR-Cas system in Xoo.
Compared to other type | CRISPR systems, the type I-C is stream-
lined, requiring only four proteins to perform genome editing
(Makarova et al., 2015). Furthermore, the minimal Cascade/I-C
complex is composed of only three unique proteins, demonstrating
the potential applicability of this system for heterologous editing in
bacteria that do not naturally encode an endogenous CRISPR-Cas
system. The type I-B, type I-E, and type I-F CRISPR systems have
been harnessed for efficient transcriptional repression on the dele-
tion of Cas3 (Luo et al., 2015; Stachler & Marchfelder, 2016; Zheng

591
Molecular Plant Pathol
L N i ) wiLEY-L2

et al., 2019); therefore, we speculate that our type I-C CRISPR-Cas
system may be repurposed for targeted transcriptional modulation
and metabolic engineering in the future.

In summary, we present a new and optimized genome-editing
tool that enables a variety of precise genetic manipulations in Xoo
through repurposing the endogenous type I-C CRISPR system.
This method will be essential to the study of plant innate immunity
when using the critical rice-Xoo system as a model. Although we
have focused on the plant pathogen Xoo, any active endogenous
CRISPR-Cas system in other plant-pathogenic bacteria should be
readily repurposed using a similar strategy. This strategy allows for
efficient and diverse genetic manipulations, which will facilitate
functional genomics studies of bacterial pathogens. Moreover, le-
veraging endogenous CRISPR systems outperforms conventional
methods when engineering microorganisms because delivering mul-
tiple editing components and repair templates simultaneously to the
same cell is very inefficient. We envision that the genome-editing
system developed herein will have broad application in the study
of host-pathogen interactions, microbiome engineering, and many

other uses.

4 | EXPERIMENTAL PROCEDURES

4.1 | Insilico identification and characterization of
the native CRISPR-Cas system

The Xoo PXO99" genome sequence is available in the National
Center for Biotechnology Information (NCBI) GenBank (NCBI
Reference Sequence: NC_010717.2). When the sequence was sub-
mitted to the CRISPRCasFinder website (https://crisprcas.i2bc.paris
-saclay.fr/CrisprCasFinder/Index) (Grissa et al., 2007), one CRISPR-
Cas locus was identified. The CRISPR type I-C subtype is defined
by possession of a signature Cas protein and the constitution of the
associated proteins, as previously reported (Nam et al., 2012). To
predict the PAM sequences based on spacer-protospacer matching,
the CRISPR array sequence was first submitted to the CRISPRTarget
tool (http://bioanalysis.otago.ac.nz/CRISPRTarget/crispr_analysis.
html) with default parameters (Biswas et al., 2013). The output from
this initial prediction was considered as putative protospacers. The
flanking regions of each protospacer were aligned and analysed
by WebLogo (http://weblogo.berkeley.edu/logo.cgi) (Crooks et al.,
2004) to determine the PAM preference.

4.2 | RNA sequencing analysis

Xoo PXO99” was grown in liquid peptone sucrose (PS; 10 g/L tryp-
tone, 10 g/L sucrose, 1 g/L glutamic acid, pH 7.0) medium to reach
0Dy, 0.6. Then the bacterial cells were collected and total RNA was
extracted using a RiboPure Bacteria Kit (Thermo Fisher Scientific)
following the manufacturer's instructions. The rRNA-depleted
RNA was fragmented and reverse transcribed to cDNA for library


https://crisprcas.i2bc.paris-saclay.fr/CrisprCasFinder/Index
https://crisprcas.i2bc.paris-saclay.fr/CrisprCasFinder/Index
http://bioanalysis.otago.ac.nz/CRISPRTarget/crispr_analysis.html
http://bioanalysis.otago.ac.nz/CRISPRTarget/crispr_analysis.html
http://weblogo.berkeley.edu/logo.cgi

JIANG ET AL.

592 =
_I_Wl LEY- Molecular Plant Patholgm% @

construction. The cDNA library was sequenced using an lllumina
HiSeq X Ten platform with PE150 mode. Raw data were filtered by
removing reads with adapters, reads with poly-N sequences, and
reads of low-quality to obtain clean data. The clean reads were then
mapped to the Xoo genome using Geneious Prime software with
default settings (Kearse et al., 2012). The expression levels for cas
genes were calculated based on the fragments per kilobase per mil-
lion reads (FPKM) values.

4.3 | Bacterial strains and growth conditions

Xoo PXO99* and derivative strains employed in this study are
listed in Table S2. Bacteria were grown in PS medium or on PS
agar (PSA) plates containing suitable antibiotics at 28°C for 3 days
(Tsuchiya et al., 1982). Escherichia coli DH5a was used for plasmid
culture and grown in Luria Bertani medium on 1.5% agar plates
at 37°C, supplemented with spectinomycin (100 pg/ml) or gen-
tamicin (50 pg/ml).

4.4 | Plasmid construction

For the plasmid interference assay, we chose spacer 1 of the native
CRISPR array in Xoo as the protospacer sequence to combine with
different PAM sequences. A pair of complementary oligonucleotides
corresponding to each PAM-protospacerl combination was synthe-
sized with a desired 4-nucleotide 5’-overhang introduced to each oli-
gonucleotide. The complementary oligonucleotides were annealed
and then ligated into EcoRI/Hindlll sites of pHM1 vector to yield the
interference plasmids pHM1-PAM(s).

To increase the frequency of homologous recombination, the
phage-derived recombination system A-Red under the control of
the P,z promoter, which is induced by L-arabinose, was inserted by
Gibson assembly into Kpnl/Hindlll-digested pHM1 vector to yield
pHM1-)\Red.

For gene targeting, pPSEVA-gRic6T (Sun et al., 2018) was modified
by adding two repeat sequences separated by two Bsal sites yield-
ing pSEVA-XT (“x” represents the name of targeted gene), and the
synthetic constitutive promoter J23119 was retained. Then spacer
fragments were generated by annealing of complementary oligonu-
cleotides and inserted into pSEVA-XT at the Bsal sites by Golden Gate
cloning, yielding a plasmid carrying an artificial mini-CRISPR array.

For genome editing, 500-bp or 1000-bp sequences upstream
and downstream of the target gene were individually amplified and
connected via overlap-PCR. The resulting homologous DNA frag-
ment was then inserted into BamHI/Hindlll-digested pSEVA-XT by
Gibson assembly, yielding pSEVA-XTD.

The reaction products were then transformed into E. coli DH5«
cells with selection using suitable antibiotics. All final plasmids were
confirmed by Sanger sequencing (RuiBiotech). All oligonucleotides
were synthesized by BGI and restriction enzymes were purchased
from NEB. All the primers used in this work are listed in Table S3.

4.5 | Transformation of Xoo

Plasmids were transformed into Xoo PXO99* by electroporation.
First, strains stored at -80 °C were streaked on PSA plates and cul-
tured at 28°C for 2-3 days. Next, a single Xoo colony was selected
and cultivated in 5 ml of liquid M210 medium (8 g/L casein enzymatic
hydrolysate, 5 g/L sucrose, 4 g/L yeast extract, 17.2 mM K,HPO,,
1.2 mM MgSO,.7H,0, pH 7.0) at 28°C and 220 rpm overnight, then
transferred to a 1 L flask containing 250 ml of M210 to OD,, 0.5-
0.6. After concentration, electrocompetent cells were prepared by
three washes in ice-cold 10% glycerol. Finally, the cells were resus-
pended in 1 ml of ice-cold 10% glycerol (vol/vol) and split into 100-pl
aliquots for direct use. For electroporation, 100 pl of bacterial sus-
pension and plasmid DNA were transferred to a 1-mm gap ice-cold
electroporation cup and electroporated using a Bio-Rad MicroPulser.
After electroporation, 900 pl of PS medium was added and the mix-
ture was transferred into a 1.5-ml Eppendorf tube and incubated at
28°C for 4 h before being spread on PSA selection plates.

For interference assays, 1 ng of pHM1-PAM(s) plasmid was used
for transformation. For genome editing, first the auxiliary pHM1-
ARed vector was introduced into wild-type PX099" by electropo-
ration, yielding PXO‘?‘?AARed cells as the basic strain. Second, these
cells were grown to OD,,, 0.2-0.3, 10 mM L-arabinose was added,
and the cells were grown further to OD,, 0.5-0.6 and harvested.
Finally, 2 pg pSEVA-derived plasmid was transformed into the
PXO‘?‘)Ame(j competent cells by electroporation and the cells were
plated on PSA plates with spectinomycin (100 pg/ml) and gentamicin
(50 pg/ml) for 3 days.

4.6 | Mutant screening

DNA was extracted from single colonies with a TIANamp Bacteria
Kit (Tiangen) and tested by PCR for the wild-type target gene and
mutated alleles using the primers listed in Table S3. The result-
ing PCR products were analysed by agarose gel electrophoresis
and sequenced to confirm the presence of the desired mutation
(RuiBiotech).

4.7 | Pathogen virulence assay

Virulence was assayed by the leaf-tip clipping method (Yang &
Bogdanove, 2013). Briefly, bacterial cells were washed twice in
10 mM MgCl, and OD,,, adjusted to 0.5. The two most recent fully
expanded leaves of rice seedlings at the six-leaf stage were clipped
about 2 cm from the tip, then immersed in the bacterial suspension.
Lesion lengths on individual leaves were measured 12 days after
inoculation.
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