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‘Candidatus liberibacter
solanacearum’ protein CKC_05770
interacts in vivo with tomato APX6
and APX7

Julien Gad Levy®2%4>{ Adwaita Prasad Parida®™*, Junepyo Oh%*,

Azucena Mendoza-Herrera?, Brian D. Shaw? & Cecilia Tamborindeguy

Pathogens have evolved mechanisms to manipulate their hosts to facilitate effective colonization
and infection. One such mechanism involves the secretion of effectors that interfere with the host
immune response. Effectors are typically secreted by dedicated secretion machinery that delivers
the protein to the host cell. Liberibacters are intracellular bacterial pathogens that do not encode
the typical secretion systems employed to secrete effectors; therefore, other mechanisms might

be at play to allow Liberibacters to infect their hosts, such as the secretion of effectors via the sec-
secretion system or via non-classical secretion systems. In this study, we datamined the genomes

of five Liberibacter pathogens and identified from 66 to 102 putative non-classical secreted proteins
encoded. Then, we focused on two predicted non-classical secreted proteins encoded by ‘Candidatus
Liberibacter solanacearum’ haplotype B, CKC_05770 and CKC_00930, which showed similarities to
non-classical secreted effectors from other Liberibacter species. We evaluated their secretion using
alkaline phosphatase assays, if they suppressed programmed cell death or reactive oxygen species
accumulation in Nicotiana benthamiana upon transient expression, and whether they could interact
with tomato ascorbate peroxidases. We also evaluated if CKC_05770 had a peroxidase activity. Our
results suggest that CKC_05770 interacted with tomato ascorbate peroxidases in two in vivo assays but
not in vitro. Further, CKC_05770 did not suppress plant immunity nor did it have a peroxidase activity
as the ‘Candidatus Liberibacter asiaticus’ homologs did. Therefore, Liberibacter pathogens encode
non-classical secreted proteins that could be effectors, but the roles of these proteins need to be
validated in each pathosystem.
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Liberibacters are devastating pathogens of many economically important crops. They are gram-negative phloem-
limited alpha-proteobacteria transmitted by psyllids. Among them, ‘Candidatus Liberibacter solanacearum’
(Lso) infects different plant families. While at least ten Lso haplotypes have been identified and are denominated
with different letters (A, B, C, etc, hereafter refer to as LsoA, LsoB, LsoC, etc.)!”’. LsoA and LsoB haplotypes
infect solanaceous plants in the United States causing zebra chip in potato plants and permanente del tomato
(vein-greening) in tomato plants. LsoA and LsoB are transmitted by the tomato psyllid, Bactericera cockerelli
Sulc (Hemiptera: Triozidae), also known as the potato psyllid®~'?. LsoC, LsoD and LsoE infect carrot plants and
other apiaceous crops; LsoC is found in northern Europe where Trioza apicalis transmits it while LsoD and LsoE
are found in the Mediterranean basin and are transmitted by B. trigonica®!!"14. Other species of Liberibacter
pathogens exist, for example, ‘Candidatus Liberibacter asiaticus’ (CLas) infects citrus in different parts of the
world and is transmitted by Diaphorina citri'>.

In an effort to understand the molecular mechanisms involved in Liberibacter pathogenicity, a large body
of literature has focused on Lso and CLas effectors. Effectors are proteins secreted by the pathogen into the
eukaryotic host where they have different effects such as immunity disruption or favoring host colonization'.
Liberibacter pathogens lack the secretion systems commonly used by gram-negative bacterial pathogens to
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secrete effectors'”'®, However, because these bacteria are intracellular pathogens, effectors could be secreted
by the type I secretion system (T1SS) and the Sec-dependent secretory machinery. Several candidate effectors
secreted by these systems have been identified, some examples are in the following literature!*-2,

Despite the large body of studies dedicated to protein secretion by bacteria, not all mechanisms have been
identified yet. For instance, several bacterial proteins lacking the typical secretion domains are secreted”.
Liberibacter proteins secreted via non-classical secretory systems could also be effectors playing a key role in
bacterial pathogenicity. Indeed, non-classical secreted effector proteins have been identified in CLas?*3031, but
not in Lso.

In the present study, we tested if two Lso encoded non-classical secreted proteins could manipulate the
host immune responses or interact with host proteins. First, we datamined the genome of the five Liberibacter
pathogens (LsoA, LsoB, LsoC, LsoD and CLas) and the culturable Liberibacter crescens to identify putative non-
classical secreted proteins. Then, we focused on two of these proteins encoded in the LsoB genome, CKC_00930
and CKC_05770. These proteins were selected because a CLas homolog (AGH17488) was already characterized;
this protein interacts with the plant ASCORBATE PEROXIDASE6 (APX6) and inhibits reactive oxygen species
(ROS) accumulation and lipid oxidation®!. The two Lso proteins are also similar to two other CLas secreted
proteins, SC1_gp095 and SC2_gp095, the latter is a functional peroxidase®’. Further, while LsoA encoded
two genes with high similarity to CKC_05770, LsoB appears to encode CKC_05770 and a truncated version,
CKC_00930, described in detail below. Therefore, these genes could be linked to the difference in pathogenicity
reported between LsoA and LsoB3*~3. To evaluate if these two Lso proteins could be effectors, we evaluated
their secretion using Escherichia coli as a surrogate system. Then, we performed bioassays to determine if the
identified proteins could disrupt plant immunity. Finally, we tested if these proteins were able to interact with
tomato ascorbate peroxidase proteins.

Results

Identification of putative non-classically secreted proteins

The bioinformatic analyses identified between 66 and 102 putative non-classical secreted proteins in the
Liberibacter pathogen genomes and 69 in L. crescens (Table 1 and Table S2). These proteins had a SecretomeP
score greater than 0.7 and were not identified as encoding a signal peptide by SignalP 6.0.

Bioinformatic analyses of CKC_05770 and CKC_00930

Among the SecretomeP identified proteins were LsoB CKC_05770 (SecP score of 0.948575) and CKC_00930
(SecP score of 0.914758). Both proteins were predicted by SignalP6.0 as not secreted using any of the classical
bacterial secretion systems (Other score>1).

CKC_05770 encodes a hypothetical protein that is 234 amino acids long. CKC_00930 encodes a 60-amino
acid-long hypothetical protein that is 100% identical to the last 60 amino acids in the C-terminal region of
CKC_05770. CKC_05770 and CKC_00930 are within each of the two LsoB prophage-like regions. Prophage 1
is located between the nucleotides 180,904 and 194,624 of the published LsoB genome sequence (GenBank ID
CP002371.1) and contains the predicted genes CKC_00890 to CKC_00950. Prophage 2 is located between the
nucleotides 1,218,755 to 1,232,772 and contains the predicted genes CKC_05730 to CKC_05790 (Fig. 1A shows
a diagram of the genomic regions surrounding CKC_00930 and CKC_05770).

A BLASTP search identified two genes with a high degree of similarity to CKC_05770 in the genomes of
Lso haplotypes A (strains New Zealand and RSTM) and C. These genes encoded proteins of approximately
234 amino acids long. To verify if the shorter CKC_00930 protein was not the result of a gene prediction error,
we performed a TBLASTN search using the sequence of CKC_05770 as a query against the Lso haplotype B
genome. An additional hit with a high level of similarity to the N-terminal half of CKC_05770 was identified
between the predicted genes CKC_00935 and CKC_00940 and was labeled as CKC_00931 in Fig. 1A. In silico
translation of this region yielded a putative 241-amino acid long protein, of which the first 174 amino acids
showed similarity to CKC_05770. Amplification of CKC_00931 using specific primers (931 F and 931R) failed;
similarly, attempts to validate the existence of CKC_00930; e.g. using primers 930R and 935R, also failed. Several
primers were designed to amplify the region and were used in different combinations. We successfully amplified
two amplicons of different sizes with primers 925R and 930R (Fig. 1B). The longest fragment was 759 nucleotides
long and corresponded to the Lso prophage 2 sequence, it included CKC_05770 and the end of CKC_05775. The
shorter fragment was 440 nucleotides long and contained a portion of CKC_00925, a portion of CKC_00931, and
CKC_00930. Based on these results, we concluded that this region of prophage 1 had a different rearrangement
in our laboratory strain (Fig. 1B, primer 925R also matches CKC_05775 and CKC_00935).

G (strain, bly) Number of putative non-classical secreted proteins identified
Lso haplotype A (LsoNZ, ASM96808v1) 102
Lso haplotype B (CLso-ZC1, ASM18366v1) | 75
Lso haplotype C (FIN114, ASM198367v1) 85
Lso haplotype D (ISR100, ASM291824v2) 77
CLas (psy62, ASM2376v2) 66
L. crescens (BT-0, ASM154330v1) 69

Table 1. Summary of the non-classical secreted proteins identification in liberibacter genomes.
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Fig. 1. Schematic diagram of the two phage regions containing the genes CKC_05770 and CKC_00930. Each
colored box represents a gene (the length of the genes is not at scale), with genes of the same color representing
homolog genes. A: Phage regions based on the published genome. The putative CKC_00931 gene is represented
by a box of smaller height. These regions are highly similar: 100% similarity for the region including
CKC_00925 and CKC_0930 (1237 nucleotides), 100% similarity between CKC_00935 and CKC_05775,

and 99% similarity between CKC_00940 and CKC_05780 (1649 out of 1668 nucleotides). CKC_931 shared
90% similarity with the N-terminal half of CKC_05770 (486 out of 540 nucleotides). B: Phage regions in

the LsoB strain in our laboratory. The black arrows represent whether the genes are encoded in the sense or
anti-sense strand. The orange arrows in A represent the different primers designed to validate the existence of
CKC_00930 and CKC_00931, 931 F targets phage 1 only. In B, the orange arrows represent where the primers
that allowed us to sequence CKC_00930 in our laboratory strain primed. The orange lines represent the
sequenced amplicons used to identify the rearrangement of Phage 1 in our laboratory strain. The dashed box
represents the partial sequence identical to CKC_05770 but probably not encoding a protein.

We also identified one or two homolog genes in different CLas genomes while only one gene was identified in
the ‘Ca. L. africanus’ (CLaf), ‘Ca. L. americanus’ (CLam) and ‘Ca. L. europaeus’ (CLeu) genomes. No homologs
were found in L. crescens or in Lso haplotype D.

A phylogenetic tree was constructed with the identified proteins. Only the genes from the CLas strains gxpsy,
psy62, UF506 and A4 were used for the tree (Fig. 2). Lso proteins clustered together in the tree, and among those,
the proteins encoded by the Lso genomes associated with tomato psyllids and solanaceous crops (LsoA and
LsoB) showed a higher degree of similarity among themselves. The Lso proteins shared between 59 and 100% of
identity. The proteins encoded by the pathogens causing huanglongbing (CLas, CLam, and CLaf) did not cluster
together: CLas proteins formed a cluster with high degree of similarity to Lso proteins, while the CLaf and CLam
proteins clustered in a different clade with the CLeu protein (Fig. 2).

Overall, these proteins did not share a high degree of similarity among different species. For example, the
CLas protein WP_015825009.1 (SC2_gp095) shared less than 30% identity with CKC_05770.

All the identified genes are annotated as hypothetical proteins and were predicted to encode non-classical
secreted proteins. Searches with Interproscan for specific domains only identified disordered domains in each
protein.
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Fig. 2. Phylogenetic analysis of Liberibacter proteins homologous to Lso CKC_00930 (WP_013461593.1)
and CKC_05770 (WP_013462548.1). Of note, WP_015453081.1 is AGH17488, and WP_015825009.1 and
WP_016062866.1 are SC1_gp095 and SC2_gp095, respectively. The scale bar indicates the branch length. The
protein accession numbers are given in the figure.
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Fig. 3. Relative expression of the candidate genes in LsoB-infected tomato plants and psyllids. Gene
expression was quantified using RT-q PCR and analyzed using the ACt method. Two primer sets were used,
one amplifying exclusively CKC_05770 (CKC_05770N) and one amplifying a common CKC_05770 and
CKC_00930 region (930&5770). The expression level was normalized relative to Lso RecA gene. Bars represent
mean ACt + standard error of the mean (n=3). No significant differences were observed (p-value > 0.05, ns).

Expression analysis and copy number

We evaluated the expression of the candidate genes by RT-qPCR in psyllids and tomato plants infected with LsoB.
Because CKC_00930 is identical to the C-terminal domain of CKC_05770, two sets of primers were designed,
one amplifying the common region (5770&930) and one specific to the N-terminal portion of CKC_05770
(CKC_05770N). The results indicated that CKC_05770 was expressed in LsoB-infected psyllids and tomato
plants (Fig. 3). Similar gene expression profiles were observed with both primer sets: no significant differences
in expression were observed when comparing infected tomato plants and psyllids.

Because differences in the copy number of bacteriophage genes were identified in CLas associated with
different hosts®, we also evaluated the copy number of the candidate genes when LsoB was associated with
psyllids and tomato plants. Gene copy number was calculated using LsoB RecA as a reference. Similar copy
numbers were identified with each primer pair between insects and tomato plants (Fig. 4). A copy number of
around 1 was obtained with the CKC_05770N primers and of around 5 with the primers targeting CKC_00930
and CKC_05770; this higher number is probably due to the primers targeting two genes in the genome.
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Fig. 4. Relative gene quantification of CKC_05770 (CKC_05770N) and of the common CKC_05770 and
CKC_00930 region in plants and insects. The copy number was normalized relative to the chromosomal Lso
RecA gene. Bars represent 2722t + standard error of the mean (n=3). No significant differences were observed
(p-value>0.05, ns).
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Fig. 5. Alkaline phosphatase (PhoA) assay for protein secretion from filtered supernatant. CKC_05770 and
CKC_00930 were cloned in fusion with a PhoA reporter gene. The light blue coloration in the candidate’s
supernatant validates the SecretomeP prediction.

Secretion validation

An alkaline phosphatase (phoA) gene fusion test was used to evaluate the secretion of CKC_00930 and CKC_05770
by E. coli. While E. coli cells with an empty pJDT1-SDM vector remained white in the presence of 5-bromo-4-
chloro-3-indolyl phosphate (5-BCIP), bacteria with the fusion CKC_05770-phoA and CKC_00930-phoA turned
blue. We further evaluated the secretion by testing the phosphatase activity of the filtered bacterial culture
supernatant. The filtered media from both bacterial cultures turned blue while the negative control remained
white (Fig. 5). These results suggest that both proteins can be secreted by bacteria into the surrounding medium.

Suppression of plant cell death and ROS accumulation

Transient expression of CKC_05770 or CKC_00930 did not induce cell death in Nicotiana benthamiana (not
shown). To evaluate if the candidate effectors could suppress plant cell death, they were co-infiltrated with
PrfP1416V a cell death inducer. Cell death scores following co-infiltration of the candidate effectors CKC_05770
or CKC_00930 with PrfP41V averaged 5.3 and 6.1, respectively. These scores were not significantly different
(p-value>0.05) than the scores obtained for the transient expression of PrfP!4!¢V co-infiltrated with empty
vector, the positive control for cell death (average score 5.5). The co-infiltrations of PrfP141V with AvrPtol used
as a control for the suppression of cell death resulted in significantly lower cell death scores (average score 1.6)
(Fig. 6A).

Co-infiltrations with BAX were also tested. Bax is another protein causing cell death when expressed in N.
benthamiana®.Cell death scores following co-infiltration of the candidate effectors with BAX (average score
6.63 for both effectors) were not significantly different (p-value > 0.05) than the scores obtained for the transient
expression of BAX co-infiltrated with empty vector (average score:7.15, Fig. 6B).

We evaluated if the candidate proteins could suppress ROS bursts. Transient expression of CKC_05770 or
CKC_00930 did not affect ROS accumulation in N. benthamiana leaves compared to controls agroinfiltrated
with the empty vector (p-value>0.05) (Fig. 7).
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Fig. 6. Cell death suppression assays. Cell death was scored 7 days after infiltration of N. benthamiana leaves.
(A) Co-infiltration with PrfP'#1%V and each candidate, CKC_930 (Prf-930) and CKC_5770 (Prf-5770), with the
controls empty vector (Prf-Ev), or with AvrPtol (Prf-pto). (B) Similar experiments were conducted using BAX
as cell death inducer. Cell death was scored on a scale of 0 to 10. Letters represent significant differences for
each effector using Kruskal-Wallis (p-value < 0.05) and Wilcoxon post-hoc tests.
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Fig. 7. Reactive oxygen species assays. pEG101 (EV, empty vector control), CKC_05770 and CKC_00930 were
transiently expressed in N. benthamiana following A. tumefaciens infiltration. Leaf disks were taken 24 h post
infiltration, and ROS was quantified after challenged with 1 uM flg22.
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Yeast-two-hybrid interaction between LsoB CKC_05770 and CKC_00930 and tomato APX1,
APX6, and APX7

Since AGH17488, the CLas homolog, interacts with a citrus and tobacco chloroplastic ascorbate peroxidase
APX6%, we evaluated the interaction of LsoB CKC_05770 and CKC_00930 with the two tomato chloroplastic
ascorbate peroxidases, APX6 and APX7, by yeast-two hybrid assays (Fig. 8). Based on the yeast two-hybrid
results, CKC_05770 interacted with tomato APX6 and APX7. CKC_00930 autoactivated the yeast two-hybrid
system, therefore we could not test the interaction of this protein with the tomato ascorbate peroxidases (Fig.
S2).

CKC_00930 is identical to the last 60 AA in the C-terminal end of CKC_05770, thus, we also evaluated the
interaction of the 105 AA in the N-terminal portion of CKC_05770 (CKC_05770N) with tomato APX6 and
APX7. CKC_05770N did not interact with tomato APX6 or APX7 based on Y2H assays (Fig. S2).

We also evaluated whether CKC_05770 or CKC_05770N interacted with APX1, one of the three tomato
cytoplasmic APX proteins. Based on yeast-two hybrid results, tomato APX1 did not interact with CKC_05770
or CKC_05770N (Fig. 8 and Fig. S2).

As controls of the yeast two-hybrid assays, we verified that yeast did not grow in the selective QDO medium
when yeasts were transformed with the tomato APX proteins and the empty pDEST-GKBT?7 vector or when they
were transformed with CKC_05770, CKC_05770N and the empty pDEST-GADT?7 vector (not shown).

Bimolecular fluorescence complementation

The interactions between CKC_05770 and CKC_00930 with tomato APX6 and APX7 proteins were also
evaluated using BiFC. Fluorescence was observed in the cell cytoplasm when CKC_05770 fused to the C-YFP
was co-expressed with tomato APX6 or APX7 fused to the N-YFP (Fig. 9). No signal was observed when the
proteins were co-expressed in the control experiments. These results suggest that these proteins can interact in
vivo validating the Y2H assay results. Furthermore, the interaction was observed in the cytoplasm, and it did not
overlap with the chlorophyll signal, therefore, the interaction did not occur in the chloroplasts. No signal was
observed when we evaluated the interaction between CKC_00930 and APX6, or APX7 (not shown).

The subcellular localizations of CKC_05770 and CKC_00930 were evaluated by transiently expressing each
protein fused to a yellow fluorescent protein (YFP) in N. benthamiana leaves. Both proteins were observed in the
cytoplasm and some nuclei of the N. benthamiana epidermal cells (Fig S3, File S1). Therefore, while CKC_05770
has a nucleus-cytoplasmic localization, the interaction with APX6 and APX7 occurs in the cytoplasm only.

Pull-down assay
The interaction between CKC_05770 and tomato APX7 was also evaluated by pull-down assays. The interaction
between these proteins could not be validated using this in vitro approach (Fig S4).

Peroxidase assay

Because of the similarity between CKC_05770 and the functional peroxidase protein CLas SC2_gp095%, we
tested if CKC_05770 had a peroxidase function. The populations of E. coli treated with H,0, stopped growing
even when the expression of CKC_05770 was induced. The untreated populations (controls) continued to grow
(Fig. 10). These results suggest that CKC_05770 did not have a peroxidase activity.

Discussion

Pathogens have evolved numerous secreted proteins, effectors, that inhibit host defenses and promote infection
by modifying host components. Pathogenic bacteria usually have specific secretion systems for these effector
proteins. However, Liberibacter pathogens lack the typical secretion systems employed by bacterial pathogens
to secrete effectors, but because these bacteria are intracellular pathogens, proteins secreted via the Sec-
dependent secretion system or via other mechanisms can act as effectors. Through datamining the genomes
of five Liberibacter pathogens we have predicted between 66 and 102 non-classical secreted candidate proteins
per genome. Sixty-nine putative non-classical secreted proteins were predicted in the genome of L. crescens, a
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Fig. 8. Yeast two-hybrid assay between CKC_05770 and tomato APX1, APX6 and APX7. Yeasts transformed
with each plasmid combination grew in the non-selective DDO medium, only yeasts carrying CKC_05770 and
tomato APX6 or APX7 grew in the selective media TDO and QDO.
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Fig. 9. Bi-molecule fluorescence complementation (BiFC) analysis of CKC_5770 interaction with tomato
APX6 and APX7. N. benthamiana leaves were infiltrated with a 1:1 ratio of agrobacteria containing CKC_5770
-YC and APX6-YN (A) or APX7-YN (B). Images were taken 3 days post-infiltration. Co-infiltrations of
CKC_5770-YC with empty YN vector (C), and empty YC vector with tomato APX-YN were performed as
negative control (D and E). Scale bar represents 100 pm.
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Fig. 10. CKC_05770 did not protect Escherichia coli against H,O,. Escherichia coli population growth in liquid
culture was evaluated by measuring the OD . Bacteria carried CKC_05770 cloned in pET101. CKC_05770
expression was induced in two of the four subcultures by adding IPTG at 120 min; two hours later (240 min)
one induced and one non-induced subculture were treated with 3% H,0,.
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culturable Liberibacter. The variation on the number of putative non-classical secreted proteins could result
from differences in gene content among genomes and from differences in the prediction parameters used for
each genome. Indeed, some predicted non-classical secreted proteins such as flagellin (LsoB ADR52278.1) were
identified in several Liberibacter genomes, while other candidate proteins were found in only one genome, e.g.
LsoB ADR52325.1 encoding a hypothetical protein CKC_02880.

We chose to evaluate the predicted LsoB CKC_00930 and CKC_05770 proteins because homologs of these
proteins were identified in the Liberibacter pathogens (with the exception of LsoD), but no homologs were
identified in the culturable bacterium L. crescens. Further, CLas homologs were determined to have peroxidase
activity®® and interact with citrus and tobacco APX6, a chloroplastic ascorbate peroxidase. Finally, while the
other Lso haplotypes encoded two homologs, LsoB encoded only one homolog, CKC_05770, and a shorter
protein, CKC_00930, which was identical to the C-terminal region of CKC_05770.

PhoA tests confirmed that the full-length CKC_05770 and CKC_00930 proteins were secreted when expressed
in E. coli in fusion with the phoA reporter gene. By quantifying the prophage genes and their expressions using
the specific primers CKC_5770N (prophage 2), the common primers CKC_5770&930 (prophages 1 and 2) and
using the chromosomal RecA gene as a reference (1 copy), we determined similar copy number and expression
level of the prophages in Lso-infected tomato plants, and tomato psyllids. Previous study with CLas in citrus,
periwinkle and psyllids determined that stress such as temperature or antibiotic treatment as well as interaction
with a specific host induced an increase in phage copy which is evidence of lysogenic to lytic conversion®-4,
Based on our results, we did not observe lytic conversion for LsoB between the tomato host and psyllid vector.
Also, the CLas homolog was expressed at higher level in plants than insects*, but no differences were observed
in current study.

The transient expression of CKC_05770 and CKC_00930 in N. benthamiana leaves was used to investigate
their role in plant immunity. In single infiltration assay, neither the CKC_05770 nor CKC_00930 protein

enerated visible cell death. In co-infiltration assays, the proteins could not suppress cell death induced by
PrfP1416V or by BAX. The CLas homolog AGH17488.1 from the gxpsy strain was found to suppress BAX-induced
cell death’!.

We also found that neither CKC_05770 nor CKC_00930 were able to reduce ROS accumulation. ROS burst is
a marker of plant HR, and is one of the first responses to pathogen infection and to insect infestation*!42.

Because CLas SC2_gp095°°, a CLas homolog, is a functional peroxidase, we evaluated if CKC_05770 had
a similar function. Expression of this protein could not protect E. coli cells against H,O,. These results could
explain why CKC_05770 did not reduce ROS accumulation. The CLas and Lso proteins share little similarities
(less than 30% identity) therefore it is not surprising they might have different roles during the plant infection.
Based on our results, these proteins encoded by different Liberibacter pathogens might play different roles during
plant infection which might explain some of the physiological differences between the diseases they cause.

Since the functions of these proteins appear to be different, we evaluated if CKC_05770 and CKC_00930
interacted with tomato APX6 as previously shown for AGH17488. We also evaluated the interaction with
APX7, the other tomato chloroplastic APX protein, and with APX1, one tomato cytoplasmic APX protein.
CKC_05770 interacted with APX6 and APX7 but not with APX1 in yeast two-hybrid and BiFC experiments.
Since CKC_00930 is identical to the C-terminal half of CKC_05770, we tested if both halves of CKC_05770
interacted with the APX proteins. The N-terminal part of CKC_05770 did not interact with the APX proteins
tested. We were not able to evaluate the interactions for CKC_00930 interactions (CKC_05770_ C terminal part)
with the tomato APX proteins by yeast two-hybrid because this candidate autoactivated the system. However,
we did not detect an interaction between CKC_00930 with APX6 or APX7 in the BiFC assays. We also evaluated
if CKC_05770 could interact in vitro with APX7 using pull-down assays but we failed to verify the interaction.
Based on these results, we concluded that if CKC_05770 and APX6 or APX7 interact, the interaction involved
the complete CKC_05770 protein, and not just the N- or the C-terminal domain.

Ascorbate peroxidase (APX) is a H,O,-scavenging enzyme and is indispensable for the protection of
chloroplasts and other cell constituents from damage by H,0,%. A number of studies have succeeded in
improving plant abiotic stress resistance by stabilizing the APX enzymes®!. Further, Durner and Klessig®
showed that salicylic acid inhibited APX activity which correlated with the induction of defense-related genes
in tobacco and enhanced resistance to tobacco mosaic virus. Therefore, APX proteins may be good targets to
improve plant defense against Liberibacter pathogens®”*¢ as suggested by the interaction of these Liberibacter
proteins with APX6 and/or APX7. In the case of CLas, the interaction could promote the APX enzyme activity
which would inhibit HR and facilitate bacterial infection. CKC_05770 interacted with APX6 and APX7 in vivo
assays but did not suppress ROS, HR or exhibited a peroxidase activity. Based on our results, we propose that
interacting with APX proteins might not be sufficient to suppress these reactions. Further, our results suggest
that the suppression of the ROS burst might not be linked to the interaction with APX6, but to the peroxidase
function determined for the CLas protein.

Seven tomato APX genes have been identified and classified in three subgroups: cytoplasmic, chloroplastic
and peroxisomal?’. Our tests demonstrated that CKC_05770 interacted in vivo with the chloroplastic APX6 and
APX7 but not the cytoplasmic APX1 proteins. Furthermore, based on the BiFC results, the interaction occurred
in the cell cytoplasm. APX6 and APX7 encode the thylakoid and stromal APX proteins, respectively. However,
in S. lycopersicum, the stromal APX is targeted to chloroplast stroma and mitochondrial matrix*®*°. Therefore,
this interaction could indeed play a significant role in the ROS responses against Liberibacter pathogens which
are phloem restricted pathogens.

In conclusion, based on our results, LsoB non-traditional secreted proteins can be secreted and some of these
proteins might play a role in plant defense mechanisms. We determined that LsoB prophages do not replicate
when the pathogen is associated with psyllids or tomato plants in laboratory conditions. Finally, while we did
not find any evidence that the non-classical secretory LsoB proteins CKC_05770 or CKC_0930 can induce or
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reduce HR or ROS responses in the performed bioassays, and that while CKC_05770 did not have a peroxidase
function, it interacted with the APX6 and APX7 in vivo and therefore could have a role in the defenses against
LsoB. The role of CKC_00930, if any, remains unknown. Overall, our results highlight that Liberibacter
pathogens use different mechanisms to suppress plant defenses. Although the effectors and their interactors
might be conserved, the role of these proteins and their function for plant defenses might be different.

Materials and methods

Bioinformatic analyses

LsoA (LsoNZ, ASM96808v1), LsoB (CLso-ZC1, ASM18366v1), LsoC (FIN114, ASM198367v1), LsoD (ISR100,
ASM291824v2), CLas (psy62, ASM2376v2) and L. crescens (BT-0, ASM154330v1) predicted proteins were
analyzed to identify non-classical secreted proteins using SecretomeP2.0?° and SignalP6.0%°. A protein was
considered a non-classical secreted protein candidate if it had a SignalP prediction as NO_SP, meaning that it
was not predicted to be secreted by any of the classical bacterial secretion systems by SignalP, and a SecretomeP
score SecP>0.7. While a SecP score>0.5 can be used to identify non-classical secreted proteins, we applied a
more stringent cut-off in this study.

BLASTP and BLASTN (https://blast.ncbi.nlm.nih.gov/Blast.cgi) analyses were performed to identify protein
homologs to CKC_05770 and CKC_00930 (Accession numbers: ADR52899.1 and ADR51937.1). The identified
homolog sequences were downloaded and a phylogenetic analysis was performed with the “one click” mode
using phylogeny.fr°!. Briefly, the sequences were aligned using MUSCLE®? and the alignment was curated with
Gblocks™. Finally, PhyML was used to build the tree> and TreeDyn to draw it>. All the sequence accession
numbers are provided in the text. The tomato ascorbate peroxidase family has been previously studied in detail*’
and information available in NCBI such as sequence for primer design was retrieved as needed. Interproscan
was used to identify domains.

Plants

Nicotiana benthamiana and Solanum lycopersicum L. ‘Moneymaker’ (Thompson & Morgan Inc., Jackson, NJ)
were grown from seeds in Jolly Gardener ProLine C25 soil. Miracle-Gro Water-Soluble Tomato Plant Food
following the label rate (18-18-21 NPK; Scotts Miracle-Gro Company, Marysville, OH) was used as fertilizer.

RNA and DNA extraction, and gene expression analysis

DNA and RNA were purified from LsoB-infected psyllids and tomato plants. DNA purifications were performed
as previously described®®. RNA was purified using a RNeasy Mini kit (Qiagen, Hilden, Germany) followed by
DNase treatment with Turbo DNase (Ambion, Invitrogen, CA). Complementary DNA was synthesized using
Verso cDNA Synthesis kit (Thermo Fisher Scientific, Waltham, MA) kit.

For cloning, Lso and tomato genes were amplified from these cDNAs using the Phusion High-Fidelity DNA
Polymerase (New England Biolabs, Ipswich, MA). For sequence validation, amplicons were cloned into pGEM-T
Easy (Promega, Madison, WI), transformed into Escherichia coli One Shot TOP10 (Thermo Fisher Scientific)
competent cells and sequenced. All primers are reported in Table S1.

For gene expression analyses, RT-qPCR was performed using SensiFAST SYBR Hi-ROX Kit (Bioline,
Taunton, MA) following the manufacturer’s recommendations. For each reaction, 5 ng of cDNA was combined
with 250 nM of each primer and 1X of SYBR Green Master Mix. The final volume was adjusted to 10 pL using
nuclease-free water. The RT-qPCR program was 95 °C for 2 min followed by 40 cycles at 95 °C for 5 s and
60 °C for 30 s. RT-qPCR assays were performed using a QuantStudio™ 6 Flex Real-Time PCR System (Applied
Biosystems). Each sample was tested in triplicates with a negative control in each run and three independent
replicates. The relative expression of the candidate genes was estimated with the ACT method using RecA as the
reference gene®. For gene quantification, qPCRs were performed similarly using DNA as template using RecA
as the reference.

Protein secretion validation

To validate if the candidate proteins were secreted, the full-length sequence was cloned in frame with the gene
PhoA into the pJ]DT-SDM1. The construct was transformed into One Shot TOP10 competent cells. Then, the
bacteria were grown on Lysogeny Broth agar supplemented with ampicillin at 100 ug/mL, chromogenic substrate
5-bromo-4-chloro-3-indolyl phosphate (5-BCIP) at 90 pg/mL, and 75 mM Na,PO, to block the endogenous
phosphatase activity. We also evaluated the secretion by culturing the bacteria in liquid medium and filtering the
media through a 0.2 um filter before adding 5-BCIP. Detailed procedures are described in?¢8,

Yeast two hybrid (Y2H) assays

Amplified PCR amplicons were cloned into pPDONR-207 vector (Thermo Fisher Scientific) using Gateway BP
Clonase IT (Thermo Fisher Scientific) according to the manufacturer’s directions. The resulting clones were used
to subclone into the destination vectors for further work. For the Y2H assays, the sequence encoding CKC_05770
and CKC_00930 and well as the N-terminal portion of CKC_05770, hereafter named CKC_05770N, were cloned
into the pDEST-GBKT?7 vector as bait and transformed into Y2H Gold yeast (Takara, San Jose, CA). Full-length
S. lycopersicum APX1, APX6 and APX7 coding sequences were cloned separately into the pDEST-GADT7 vector
as prey and transformed into Y187 yeast (Takara).

Yeast carrying specific combinations of prey and bait constructs were mated and plated on the SD-Leu-Trp
(double drop-out, DDO) medium. Yeast clones with paired constructs that grew on the DDO medium were
resuspended in 100 pL of sterile water then 10 uL droplets of the culture dilutions were transferred onto plates
containing DDO, SD-Leu-Trp-His- (triple drop-out, TDO) and on SD-Leu-Trp-His-Adenine (quadruple drop-
out, QDO) media.
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Bi-molecular fluorescence complementation (BiFC)

The full-length sequences of LsoB CKC_05770 and CKC_00930, and S. lycopersicurn APX6 and APX7 genes
were cloned into pEarleyGate-201-YN (pEG201-YN) vector (Lso genes), and pEarleyGate202-YC (pEG202-YC)
vector (tomato genes). The cloning constructs were introduced separately into Agrobacterium tumefaciens strain
LBA4404 by electroporation.

Agrobacterium tumefaciens culture and plant infiltration were performed as in Kan, et al.>’. Briefly, A.
tumefaciens cultures were pelleted and resuspended in freshly prepared infiltration buffer (10 mM MgCI2, 10
mM morpholineethanesulfonic acid (MES), and 200 uM acetosyringone (AS)) at a final OD ., of 0.7. The bacteria
with the BiFC constructs were co-infiltration at v/v ratio=1:1 into the leaves of 4-week-old N. benthamiana
plants using a needleless syringe. The plants were maintained at room temperature. After 48 to 80 h following
infiltration, the infiltrated leaves were observed using a fluorescent microscope (Axio Imager Al microscope,
Carl Zeiss Microscopy, White Plains, NY, USA) with a FITC (488 nm, green) filter for YFP signal.

Pull-down assay

In vitro pull-down assays were conducted to validate the interactions of CKC_05770 with APX7. CKC_05770
was cloned into the pFN2A (GST) (Promega) vector using Sgfl and Pmel restriction enzymes. Also, the pFN2A
(GST) vector was modified to remove barnase and express GST only; this construct was used as control. Tomato
APX?7 were cloned into pET101 vector (Thermo Fisher Scientific). The resulting constructs were transformed
into E. coli BL21, and the transformed cells were cultured overnight. The next day, one subculture from each
transformation was prepared, and induced with 0.5 mM IPTG. The GST pull-down assay was conducted in
accordance with the manufacturer’s instructions using the Pierce GST Protein Interaction Pull-Down Kit (Pierce
Biotechnology, Rockford, IL). Briefly, the cells harboring the pFN2A (bait) and the pET101 (prey) vectors were
lysed using the Pull-Down Lysis Buffer. The bait proteins were immobilized to glutathione affinity resin columns
at 4 °C. The prey samples were added to the bait columns and incubated at 4 °C for one hour; the columns were
then washed several times with the wash solution. The bait and prey bounded protein were then mixed with 4X
LSD sample buffer and loaded onto each lane of 4-12% Bis-Tris NuPage gel (Invitrogen) and separated by SDS-
PAGE. The proteins were transferred onto an Immobilon-P PVDF membrane (Millipore-Sigma, Burlington,
MA) using a normal blotting procedure. The Ponceau $ staining was used to visualize the loading of proteins.
The membrane was subsequently blocked using 5% dry milk in TBST buffer, followed by incubation with the
primary antibodies, rabbit anti-GST (Invitrogen, A-5800) or mouse anti-His (Thermo Fisher Scientific) at 4 °C
overnight. The blots were washed and then probed with HRP-conjugated secondary antibodies for 1 h at room
temperature. The bound antibody was detected with the SuperSignal West Pico substrate (Invitrogen) and
imaged on an iBright 1500 imaging system (Thermo Fisher Scientific).

Agrobacterium tumefaciens-mediated transient expression, cell death and reactive oxygen
species responses

Agrobacterium tumefaciens grown as described above carrying CKC_05770 or CKC_00930 cloned into the
pEarleyGate 101 (pEG101) plasmid were infiltrated singly or in co-infiltration with A. tumefaciens carrying
PrfP1416V a5 described in Levy et al.? into five-week-old N. benthamiana leaves. The plants were maintained on
light shelves at room temperature (approximately 24°C). Cell death was scored on a scale of 0 (no reaction) to 10
(cell death in all the infiltrated area) for each infiltration. The co-infiltration of Prf®141%V with AvrPtol and with
an empty pEG101 vector were used as control. The experiments were performed at least three times. Each time,
a minimum of 3 leaves per plant, and between 3 and 5 plants were infiltrated. Similar assays were performed
co-infiltrating A. tumefaciens carrying CKC_05770 or CKC_00930 cloned into the pEG101 plasmid with A.
tumefaciens carrying BAX. Co-infiltration of BAX with an empty pEG101 was used as control.

Agroinfiltrated leaves were also used to evaluate ROS responses following the procedure described by
Bisceglia, Gravino and Savatin®. To do so, 24 h after single infiltration, leaf disks were excised from agroinfiltrated
zones and placed in 96-well plates. The disks were incubated overnight in water. The next day, the water was
removed and replaced with 100 uL of an assay solution (17 mM luminol and 1 pM horseradish peroxidase). The
luminescence was measured for 5 cycles using an Infinite 200 PRO NanoQuant plate reader (Tecan, Mannedorf,
Switzerland), then 1 uM flg22 was added to each well and the luminescence was measured for 35 additional
cycles. The experiment was repeated three times, each repetition included at least four plants. There were three
technical replicates each time (leaf disks). The luminescence produced by the leaf disks agroinfiltrated with the
candidates and with the empty vector was compared.

Additionally, to evaluate the subcellular localization of the proteins, N. benthamiana infiltrated leaves were
observed using the fluorescent microscope as previously described and cells expressing CKC_05770 were also
observed with an Olympus FV3000 laser scanning confocal system mounted to an Olympus IX83 (Olympus
America, Center Valley, PA, USA). YFP fluorescence was excited at a wavelength of 512 nm, with emission
detected within the range of 525 nm to 600 nm. The nucleus was stained using DAPI, excited at 358 nm, and
detected at 461 nm. The autofluorescence from chloroplasts was excited at 695 nm, with emission measured
between 715 nm and 740 nm. The images were combined using Fiji Image] software®!. Western blot analyses
were performed from proteins purified from infiltrated leaves using the HA-tag to detect the expression of the
CKC_05770 and CKC_00930 proteins two days after the agroinfiltration (Fig. S1).

Peroxidase assay

CKC_05770 was cloned into Champion pET101 (Thermo Fisher Scientific) vector by directional TOPO cloning.
Escherichia coli BL21 cells were transformed with the construct and grown overnight at 37 °C. The next day, four
subcultures were made, and two of them were induced with 0.1 mM IPTG. Two hours after IPTG induction,
one induced and one non-induced culture were treated with 3% H,0,. From the original subculture, we had
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four treatments: 05770, 05770+ IPTG, 5770 + H,0,, and 5770 +IPTG + H,0,. For each culture, the ODy,, was

measured every 60 min for five hours. The experiment was repeated three times. The expression of CKC_05770
in E. coli was verified by Western blot using anti His Tag antibodies (Thermo Fisher Scientific).

Data analysis

R (https://www.r-project.org/) and GraphPad Prism (GraphPad Software, San Diego, CA, USA) were used for
data analysis. Student’s T-tests were performed for gene expression and copy number analyses between infected
plants and infected psyllids. The results from the HR assays and the ROS assays were analyzed by Kruskal-
Wallis followed by pairwise comparisons using Wilcoxon rank sum test with continuity correction to identify
significant differences.

Data availability

Data is provided within the manuscript or supplementary information files.
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