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Onion center rot is caused by at least four species of genus
Pantoea (P. ananatis, P. agglomerans, P. allii, and P. stewartii
subsp. indologenes). Critical onion pathogenicity determinants
for P. ananatis were recently described, but whether those
determinants are common among other onion-pathogenic
Pantoea species remains unknown. In this work, we report onion
pathogenicity determinants in P. stewartii subsp. indologenes
and P. allii. We identified two distinct secondary metabolite
biosynthetic gene clusters present separately in different strains
of onion-pathogenic P. stewartii subsp. indologenes. One clus-
ter is similar to the previously described HiVir phosphonate
biosynthetic cluster identified in P. ananatis and another is a
novel putative phosphonate biosynthetic gene cluster, which we
named Halophos. The Halophos gene cluster was also identified
in P. allii strains. Both clusters are predicted to be phospho-
nate biosynthetic clusters based on the presence of a charac-
teristic phosphoenolpyruvate phosphomutase (pepM) gene. The
deletion of the pepM gene from either HiVir or Halophos clus-
ters in P. stewartii subsp. indologenes caused loss of necrosis on
onion leaves and red onion scales and resulted in significantly
lower bacterial populations compared with the corresponding
wild-type and complemented strains. Seven (halB to halH) of 11
genes (halA to halK) in the Halophos gene cluster are required
for onion necrosis phenotypes. The onion nonpathogenic strain
PNA15-2 (P. stewartii subsp. indologenes) gained the capacity
to cause foliar necrosis on onion via exogenous expression of
a minimal seven-gene Halophos cluster (genes halB to halH).
Furthermore, cell-free culture filtrates of PNA14-12 express-
ing the intact Halophos gene cluster caused necrosis on onion
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leaves consistent with the presence of a secreted toxin. Based
on the similarity of proteins to those with experimentally de-
termined functions, we are able to predict most of the steps
in Halophos biosynthesis. Together, these observations indicate
that production of the toxin phosphonate seems sufficient to
account for virulence of a variety of different Pantoea strains,
although strains differ in possessing a single but distinct phos-
phonate biosynthetic cluster. Overall, this is the first report of
onion pathogenicity determinants in P. stewartii subsp. indolo-
genes and P. allii.

Keywords: Halophos, HiVir, Pantoea allii, Pantoea stewartii subsp.
indologenes, pepM, phosphonate, toxin

Bacteria in the genus Pantoea are ubiquitous and form a wide
range of interactions with eukaryotic hosts, including plants,
fungi, insects, and humans (Coutinho and Venter 2009). Strains
of at least four Pantoea species, P. ananatis (Gitaitis and Gay
1997), P. agglomerans (Edens et al. 2006; Hattingh and Wal-
ters 1981), P. allii (Brady et al. 2011), and P. stewartii subsp.
indologenes (Stumpf et al. 2018), have been associated with
onion center rot. Onion center rot can cause severe yield losses
both in the field and in storage, and, in some cases, economic
losses up to 90% have been experienced (Gitaitis and Gay 1997).
In addition, recently, P. dispersa was reported to cause bulb de-
cay of onion (Chang et al. 2018). Commercial onion cultivars
with resistance to Pantoea spp. have not been identified (Stice
et al. 2020). Thus, there is a need to understand pathogenesis
mechanisms in Pantoea spp. that may potentially provide nec-
essary information for future breeding efforts.

Two virulence factors that distinguish between onion-
pathogenic and nonpathogenic strains of P. ananatis have re-
cently been described (Asselin et al. 2018). Most bacterial
pathogens depend on specialized virulence protein–based secre-
tion systems for pathogenicity (Chang et al. 2014). Specifically,
most gram-negative bacterial plant pathogens are dependent on
either an hrp (hypersensitive response and pathogenicity) type
III secretion system (T3SS) to deliver immune-dampening ef-
fector proteins or the type II secretion system (T2SS) to deliver
the plant cell wall–degrading enzymes associated with soft rot
diseases (Chang et al. 2014). The T3SS-mediated host-pathogen
interactions have been extensively studied in P. stewartii subsp.
stewartii and maize pathosystems (Roper 2011). P. stewartii
subsp. indologenes also encodes a T3SS that shows the closest
similarity to P. stewartii subsp. stewartii hrp-T3SS. However,
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P. ananatis lacks T2SS and T3SS (De Maayer et al. 2014). In-
stead, P. ananatis requires a HiVir gene cluster for pathogenicity
on onion (Asselin et al. 2018). Disruption of the HiVir cluster in
P. ananatis resulted in the loss of pathogenicity on onion foliage,
on scales of red onion bulbs, and on whole onion bulbs (Asselin
et al. 2018; Polidore et al. 2021; Stice et al. 2020). The HiVir
gene cluster was predicted to encode the synthesis of a phospho-
nate compound based on the presence of a characteristic pepM
phosphoenolpyruvate (PEP) phosphonomutase gene within the
cluster (Asselin et al. 2018). The novel phosphonate compound
pantaphos (2-(hydroxy[phosphono]methyl)maleate) was shown
to be synthesized by the HiVir cluster and is necessary and suffi-
cient for the typical center rot symptom on onion (Polidore et al.
2021).

P. stewartii subsp. indologenes has long been known as a
pathogen of pearl millet and foxtail millet (Mergaert et al. 1993).
This pathogen was never associated with onion until recently,
when it was reported in infected onion in the state of Georgia
(Stumpf et al. 2018). Interestingly, only specific strains were able
to cause disease on onion, which led to the proposition of two
pathovars (Koirala et al. 2021). The epithet P. stewartii subsp.
indologenes pv. cepacicola was proposed for strains (PNA03-3,
PNA14-9, PNA14-11, and PNA14-12) that are pathogenic on
Allium spp. including onion and, also, on foxtail millet, pearl
millet, and oat (Koirala et al. 2021). Interestingly, the HiVir
gene cluster was identified in the P. stewartii subsp. indologenes
strain PNA03-3 but was absent in strains PNA14-9, PNA14-11,
and PNA14-12 (Koirala et al. 2021). These observations were in-
triguing, as, despite the absence of the HiVir cluster, these strains
were pathogenic on onion. We hypothesized that the HiVir gene
cluster was important for PNA03-3 onion pathogenicity and that
other pathogenicity factors could potentially be involved in onion
pathogenicity in strains PNA14-9, PNA14-11, and PNA14-12.
Hence, the objectives of this research were to identify and char-
acterize pathogenicity and virulence factors in P. stewartii subsp.
indologenes affecting onion and the role of T3SS in P. stewartii
subsp. indologenes.

Results and Discussion
The presence of phosphonate biosynthetic gene clusters
correlated with P. stewartii subsp. indologenes
pathogenicity in onion.

Based on the annotation of secondary metabolite biosyn-
thetic gene clusters, using antiSMASH 6.0 (Blin et al. 2021),

we found that P. stewartii subsp. indologenes PNA14-12 (Ref-
Seq assembly accession GCF_004364735.1) is predicted to pos-
sess a completely distinct putative phosphonate biosynthetic
cluster. The strains that possess this putative gene cluster pro-
duced a pink halo around the necrotic tissue on red onion
scales (Koirala et al. 2021), and hence, the name Halophos
is being proposed here. To understand the onion pathogenic-
ity mechanisms of P. stewartii subsp. indologenes, the genomes
(under BioProject PRJNA676043) of onion-pathogenic strains
and onion-nonpathogenic strains reported by Koirala et al.
(2021) were analyzed for the presence of the HiVir and Halophos
gene cluster sequences. Surprisingly, the phosphonate biosyn-
thetic gene cluster HiVir was found only in PNA03-3 (Table 1).
The Halophos gene cluster including a pepM homolog was iden-
tified in onion-pathogenic strains PNA14-9, PNA14-11, and
PNA14-12 (Table 1). The phosphonate biosynthetic gene clus-
ters (HiVir or Halophos) were present only in onion-pathogenic
strains (PNA03-3, PNA14-9, PNA14-11, and PNA14-12), sug-
gesting that the putative phosphonate compounds may poten-
tially be essential for pathogenicity in onion. The Halophos
cluster is adjacent to a phage/plasmid primase gene in P. stew-
artii subsp. indologenes PNA14-9, PNA14-11, and PNA14-12.
The presence of the nearby primase gene suggests the Halophos
cluster may have been acquired through horizontal gene trans-
fer (HGT) (Hacker et al. 1997). The Halophos cluster from
PNA14-12 is located within a genomic island predicted by Is-
landViewer 4 (Bertelli et al. 2017). In addition, the Halophos
cluster has a lower percentage of guanine-cytosine (GC), higher
average effective number of codons (Nc), and lower average
codon adaptation index (CAI), compared with their correspond-
ing whole genomes (Table 2). The Nc and CAI values are mea-
sures of synonymous codon usage bias (Sharp and Li 1987;
Wright 1990). The higher Nc and lower CAI values in the
Halophos gene cluster compared with the whole genome of

Table 2. Sequence signatures of Halophos gene cluster and PNA14-12
genome

Feature
Halophos

gene clustera
PNA14-12
genomea

Open reading frame GC content (%) 46.5 ± 2.9 53.5 ± 5.6
Effective number of codons 56.09 ± 2.39 46.36 ± 5.88
Codon adaptation index 0.25 ± 0.03 0.31 ± 0.08

a Values are averages ± standard deviation.

Table 1. Pantoea stewartii subsp. indologenes strains used for bioinformatic analysis to identify the Halophos gene cluster

Gene clusters

Strain RefSeq assembly accession Onion pathogenicitya HiVir Halophos

PNA 03-3 GCF_003201175.1 + Present Absent
PNA 14-9 GCF_017052375.1 + Absent Present
PNA 14-11 GCF_017052195.1 + Absent Present
PNA 14-12 GCF_004364735.1 + Absent Present
PNA 15-2 GCF_017052175.1 − Absent Absent
PANS 07-4 GCF_017052095.1 − Absent Absent
PANS 07-6 GCF_017052115.1 − Absent Absent
PANS 07-10 GCF_017051975.1 − Absent Absent
PANS 07-12 GCF_017052015.1 − Absent Absent
PANS 07-14 GCF_017051935.1 − Absent Absent
PANS 99-15 GCF_017051945.1 − Absent Absent
NCPPB 1562 GCF_017051845.1 − Absent Absent
NCPPB 1877 GCF_017051875.1 − Absent Absent
NCPPB 2275 GCF_017051895.1 − Absent Absent
NCPPB 2281 GCF_017051805.1 − Absent Absent
NCPPB 2282 GCF_017051815.1 − Absent Absent
LMG 2632 GCF_000757405.2 − Absent Absent

a + indicates positive reaction for onion pathogenicity and − indicates negative reaction for onion pathogenicity.
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PNA14-12 implies recent acquisition via HGT event. In Georgia,
onion and millet rotation were once recommended, and some or-
ganic onion growers still follow this rotation. We speculate that
P. stewartii subsp. indologenes might have possibly horizon-
tally acquired virulence factors from environmental or plant-
associated microbes once associated with millet or other weeds
capable of supporting onion-infecting bacteria as well as P. stew-
artii subsp. indologenes populations.

The Halophos gene cluster is predicted to contain 11
co-transcribed genes, which we have named halA through
halK, putatively encoding one iron-containing alcohol dehy-
drogenase (halA), alcohol dehydrogenase (halB), N-acetyl-
gamma-glutamyl-phosphate reductase (halC), phosphoglycer-
ate dehydrogenase (halD), phosphoenolpyruvate mutase (halE),
FAD-NAD(P)-binding protein (halF), aminotransferase (halG),
phosphoglycerate kinase (halH), major facilitator superfamily
(MFS) transporter (halI), AMP-binding enzyme (halJ), and pyri-
doxamine 5′-phosphate oxidase (halK) (Fig. 1). Notably, the halJ
sequence is predicted to possess an adenylation domain and a
condensation domain, suggesting that it might be involved in
nonribosomal peptide synthetase activity.

Bioinformatics analysis of the Halophos-like gene clusters.
Analysis with antiSMASH predicted that the Halophos gene

clusters of P. stewartii subsp. indologenes PNA14-12 and P. al-
lii LMG24248 encode phosphonate secondary metabolite gene
clusters. Using PNA14-12 Halophos nucleotide and protein se-
quences for blastn and tblastn searches, we identified 34 strains
that encoded Halophos-like gene clusters (Supplementary

Table S1). The strains belonged to genera Pantoea, Erwinia,
Pseudomonas, Xenorhabdus, and Photorhabdus. Pantoea al-
lii strains shared 85% sequence identity with the PNA14-12
Halophos nucleotide sequence. Erwinia strains shared 68 to
71% sequence identity with PNA14-12 Halophos nucleotide
sequence. Xenorhabdus, Photorhabdus, and Pseudomonas
spp. had 65 to 72% nucleotide sequence identity with the
strain PNA14-12 Halophos sequence (at a sequence coverage
of 30 to 46%) (Supplementary Table S1). Except for Pseu-
domonas syringae CC1557 (isolated from snow), all other
strains that encoded Halophos-like sequences were isolated
from plants or nematodes. Xenorhabdus and Photorhabdus
species are nematode and arthropod symbionts. Interestingly,
a HiVir-like cluster was also found in Photorhabdus spp.
(Polidore et al. 2021). Many Erwinia and Pseudomonas species
are common plant pathogens on various crops (Charkowski
2007; Coutinho and Venter 2009; Xin et al. 2018). Despite the
presence of Halophos-like gene clusters in various bacterial gen-
era, it would be interesting to test if this cluster contributes
to bacterial virulence and survival under diverse hosts and
environment.

The Halophos-like gene clusters displayed diversity in their
synteny among different bacterial genera. When the Halophos-
like cluster was compared between Pantoea and Erwinia strains,
they showed the same gene synteny (Fig. 1B). The nematode
endosymbiont genera Xenorhabdus and Photorhabdus do
not contain halI (MFS transporter) and halJ (AMP-binding
enzyme) in their Halophos-like gene clusters. The halC gene in
Xenorhabdus doucetiae FRM16 was disrupted by a transposase

Fig. 1. Halophos gene cluster structure and synteny. A, Diagram of the Halophos gene cluster of Pantoea stewartii subsp. indologenes PNA14-12. The gene locus
accessions are according to PNA14-12 annotation (accession NZ_SOAJ01000001). The scale represents 1 kb. B, A phylogenetic tree based on selected PepM
protein sequences of organisms that have Halophos-like gene clusters. Ten PepM protein sequences and Escherichia coli 2-methylisocitrate lyase sequence
(as an outgroup) were used for multiple sequence alignment, using MAFFT. The alignment was trimmed to the same length and was used for constructing
a neighbor-joining tree. The bootstrap support values >70% are shown at the node. The conserved clusters (not to scale) are colored with the same colors
representing homologous proteins. Nonconserved proteins are in white, and fragmented pseudogenes are in stripes. Transposase genes were labeled as Tn.
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gene. Also, Pseudomonas strains do not have halJ in their gene
clusters and Pseudomonas cerasi strains also have fragmented
halH (Fig. 1B).

A comparison of the two phosphonate biosynthetic gene clus-
ters, HiVir and Halophos, revealed that only two genes were
similar based on predicted annotations, i.e., pepM and the MFS
transporter gene. These pepM genes shared 35% amino acid
identity. Both PepM proteins (HalE from Halophos and HvrA
from HiVir) possessed the PEP mutase domain and the key PepM
catalytic motif (EDKXXXXXNS). Similarly, the MFS trans-
porter genes from the two phosphonate clusters shared 32% se-
quence identity. The MFS transporters from the HiVir and the
Halophos gene clusters belonged to the macrolide efflux pro-
tein A family and the multidrug resistance protein MdtH family,
respectively. These findings suggest their involvement in trans-
porting different molecules.

The HiVir or Halophos gene cluster is critical
for onion pathogenicity
in P. stewartii subsp. indologenes but the T3SS is not.

The pepM gene is present in both phosphonate biosynthetic
clusters (HiVir and Halophos) in P. stewartii subsp. indologenes.
To decipher the role of pepM genes in these gene clusters, pepM
was deleted, separately, in P. stewartii subsp. indologenes strains
containing HiVir (PNA03-3) and Halophos (PNA14-12).

The pepM deletion mutant PNA03-3�pepM did not show the
necrosis phenotype and had significantly lower population lev-
els than the wild-type strain PNA03-3 on red onion scale and
onion leaf tissues (P < 0.0001) (Fig. 2). Both bacterial load and
necrosis phenotypes were complemented by the expression of

the Halophos pepM gene (halE) from PNA14-12. Complementa-
tion of the PNA03-3 HiVir cluster pepM deletion with the pepM
gene from PNA14-12 provides genetic validation that HalE is a
functional PepM enzyme.

Deleting hrcC, the gene encoding the conserved T3SS outer
membrane secretin, inactivates the T3SS (Charkowski et al.
1997). Interestingly, the hrcC deletion mutant did not result
in phenotypic changes to population levels or onion disease
symptoms in the deletion mutant (PNA03-3�hrcC) compared
with wild-type strain PNA03-3. Overall, the results indicate that
the pepM but not the hrcC gene is important for the onion
pathogenicity in PNA03-3.

The deletion of the pepM gene in the Halophos gene cluster–
containing P. stewartii subsp. indologenes strain (PNA14-12)
resulted in significantly reduced population levels in the mu-
tant (PNA14-12�pepM) compared with in the wild-type strain
(PNA14-12 WT) on onion scale and leaf tissues (Fig. 3). The
deletion mutant PNA14-12�pepM did not cause any lesion or
necrosis on onion leaf and red onion scale (Fig. 3). In contrast,
the wild-type strain (PNA14-12WT), the hrcC mutant (PNA14-
12�hrcC), and the complemented strain (PNA14-12�pepM
pBS46::pepM14-12) showed distinct pink halo phenotypes
(Fig. 3). These lesions were distinct from those that are caused
by typical HiVir gene cluster–containing Pantoea spp. strains, as
observed in P. ananatis PNA97-1 (white clearing zone without
halo) (Stice et al. 2020). Similar to P. stewartii subsp. indolo-
genes PNA03-3, deletion of the hrcC gene in P. stewartii subsp.
indologenes PNA14-12 did not result in phenotypic changes
to population levels or necrosis phenotype compared with the
wild-type strain. This indicated that pepM in the Halophos gene

Fig. 2. A pepM (HiVir) deletion mutant in Pantoea stewartii subsp. indologenes PNA03-3 became nonpathogenic in onions and was complemented using
pepM from the P. stewartii subsp. indologenes PNA14-12 Halophos gene cluster. A, Bacterial populations in onion scale and B, leaf tissues inoculated with
P. stewartii subsp. indologenes PNA03-3 wild type (WT) and mutants. C, Representative symptoms produced on red onion scales (cv. Red Barret) and
D, 6-week-old onion leaves (cv. Century). PNA03-3 WT, 03-3�pepM mutant, 03-3�hrcC mutant, and 03-3�pepM pBS46::pepM14-12 complemented strains
were inoculated onto red onion scales and leaves at 104 colony-forming units (CFU) (n = 4) (A, B, and D) or 106 CFU (C). Samples and images were taken 4
days postinoculation. For the onion scale necrosis assay, tissue samples (0.2 × 0.2 cm) were taken 0.5 cm away from the inoculation point, were weighed, were
macerated in sterilized H2O, and were plated on Luria-Bertani agar with rifampicin. Colonies were counted 24 h after incubation and numbers were converted
to Log10 CFU per gram. For onion leaf inoculation assays, samples (0.5 cm long) were taken 0.3 cm away from the inoculation point, were processed similarly
to the scale samples, and the colonies were enumerated as Log10 CFU per square centimeter of leaf area. Center lines show the medians; box limits indicate the
25th and 75th percentiles; whiskers extend up to the furthermost data point that falls within 1.5 times the interquartile range from the 25th and 75th percentiles;
crosses represent sample means; data points are plotted as gray circles, as determined by R software. Sample points n = 8 and 12 are shown for graphs A and
B, respectively. Different letters indicate significant differences (P = 0.05) among treatments, according to Tukey-Kramer’s honestly significant difference test.
Complementation of the PNA03-3 HiVir cluster pepM deletion with the pepM gene from PNA14-12 provides genetic validation that HalE is a functional PepM
enzyme.
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cluster is important for onion pathogenicity in PNA14-12.
Also, the hrcC gene in the T3SS does not contribute to onion
pathogenicity.

Based on the initial nucleotide sequence similarity search
of the Halophos gene cluster, we found that another onion
pathogen, P. allii LMG24248, also contains the entire gene clus-
ter with complete synteny (Fig. 1; Supplementary Table S1).
Further, the role of pepM gene in the Halophos cluster from
P. allii LMG24248 was investigated. The deletion mutant
P. allii LMG24248�pepM had significantly lower population
levels than the LMG24248 wild type in onion scale and leaf tis-
sues (P < 0.0001). The deletion mutant (LMG24248�pepM)
also did not display symptoms on red onion scales and on
onion leaves (Fig. 4). Both bacterial population levels and symp-
toms were complemented by the expression of the Halophos
pepM gene (halE) from LMG24248 (Fig. 4). This indicated that
pepM gene in the Halophos gene cluster of P. allii is also im-
portant for onion pathogenicity, which has never been demon-
strated experimentally previously. We also note that none of the
P. allii strain sequences investigated in this study (LMG24248,
BD381, BD382, BD383, BD386, BD387, BD388, and BD389)
encoded T3SS; however, T3SS was present in P. stewartii subsp.
indologenes.

We sequenced seven additional P. allii strains (BD381,
BD382, BD383, BD386, BD387, BD388, and BD389) iso-
lated from onion in South Africa. Based on whole-genome
sequencing, all seven P. allii strains encoded the Halophos-
like gene cluster and their gene content and gene orientations
within the cluster were identical. All seven strains caused fo-
liar necrosis upon inoculation in onion leaf and displayed pink
halo phenotypes in the red onion scale assays (Supplementary
Fig. S2).

The hal genes (Halophos) contribute to the pathogenicity
of P. stewartii subsp. indologenes PNA14-12 in onion.

In order to determine the roles of other genes besides
pepM/halE in the Halophos gene cluster, we made single mutants
of each Halophos gene in PNA14-12, inoculated them on onion
scales and leaves, and assessed the symptoms at 5 days postinoc-
ulation (dpi). The strains P. stewartii subsp. indologenes PNA14-
12WT, �halA, �halI, �halJ, and �halK showed distinct pink
halo phenotypes on the red onion scales and caused necrosis on
onion leaf, while �halB, �halC, �halD, �halF, and �halG did
not display any symptoms on the red onion scales and on onion
leaves (Fig. 5A and B). The �halH deletion mutant showed no
symptoms on the red onion scales but showed reduced foliar
necrosis (Fig. 5A and B). The complemented strains of halB,
halC, halD, halF, halG, and halH showed pink halo phenotypes
and foliar necrosis (Fig. 5A and B). The deletion mutant strains
�halB, �halC, �halD, �halF, and �halG displayed no lesion
(Fig. 5C), while the mean lesion length for �halH was signif-
icantly shorter than that for 14-12WT, �halA, �halI, �halJ,
and �halK. The complemented strains, halBcomp, halCcomp,
halDcomp, halFcomp, halGcomp, and halHcomp, showed sig-
nificantly longer mean lesion length than that of their corre-
sponding mutant strains (P < 0.0001) (Fig. 5C). The results
indicate that halB-H but not halA, halI, halJ, halK genes con-
tribute to onion pathogenicity. To our surprise, halI, the MFS
transporter gene from the Halophos gene cluster, did not con-
tribute to onion pathogenicity (Fig. 5), while hvrI, the MFS trans-
porter gene from the HiVir cluster in P. ananatis, was shown to
be important for onion foliar necrosis (Asselin et al. 2018). We
speculate that PNA14-12 does not rely on halI but other un-
known means to transport its product of Halophos out of the
cell.

Fig. 3. The pepM (from Halophos) is vital for Pantoea stewartii subsp. indologenes PNA14-12 pathogenicity on onion scale and leaf. A, Bacterial population
levels in onion scale and B, leaf tissues inoculated with P. stewartii subsp. indologenes PNA14-12 wild type (WT) and mutants. C, Representative symptoms
produced on red onion scales (cv. Red Barret) and D, 6-week-old onion leaves (cv. Century). PNA14-12 WT, 14-12�pepM mutant, 14-12�hrcC mutant, and
14-12�pepM pBS46::pepM14-12 complemented strains were inoculated onto red onion scales and leaves at 104 colony-forming units (CFU) (n = 4) (A, B, and
D) and 106 CFU (C). Samples and images were taken 4 days postinoculation. For the onion scale necrosis assay, tissue samples (0.2 × 0.2 cm) were taken 0.5
cm away from the inoculation point, were weighed, were macerated in sterilized H2O, and were plated on Luria-Bertani agar with rifampicin. Colonies were
counted 24 h after incubation and numbers were converted to Log10 CFU per gram. For onion leaf inoculation assays, samples (0.5 cm long) were taken 0.3
cm away from the inoculation point, were processed similarly to the scale samples, and the colonies were enumerated as Log10 CFU per square centimeter of
leaf area. Center lines show the medians; box limits indicate the 25th and 75th percentiles; whiskers extend up to the furthermost data point that falls within
1.5 times the interquartile range from the 25th and 75th percentiles; crosses represent sample means; data points are plotted as gray circles, as determined by
R software. The experiment was conducted twice and all sample points (n = 8) are shown. Different letters indicate significant differences (P = 0.05) among
treatments, according to Tukey-Kramer’s honestly significant difference test.

180 / Molecular Plant-Microbe Interactions



The segment of seven contiguous hal genes (halB to halH)
was expressed in onion-nonpathogenic strain P. stewartii subsp.
indologenes PNA15-2. On onion leaves, the wild-type P.
stewartii subsp. indologenes PNA15-2 (lacks Halophos) did
not cause foliar necrosis, while the transformant PNA15-2
pBS46::halB-H induced limited necrotic lesions (Fig. 5D and
E). We showed that by transferring a minimal cluster of halB to
halH to an onion-nonpathogenic strain, PNA15-2, the strain was
able to cause foliar necrosis on onion. Furthermore, necrosis was
not observed on onion scales at 5 dpi for strain PNA15-2 and
its transformant, PNA15-2 pBS46::halB-H. We speculate that
the underlying reason could be attributed to the low expression
level of the plasmid carrying a large fragment of halB to halH
(8,614 bp). Alternatively, it is also possible that other compo-
nents could be present in PNA14-12 but absent in PNA15-2
that might be needed to facilitate its expression. It is also
possible that yet-to-determined regulators outside the cluster
might regulate its expression that resulted in reduced pheno-
type. A further detailed investigation may shed some light
in the future.

On the other hand, only pepM and the MFS transporter
gene from the HiVir cluster were previously characterized and
shown to be important for onion pathogenicity (Asselin et al.
2018; Polidore et al. 2021; Stice et al. 2020). The individ-
ual contributions of other genes in the HiVir cluster remain
to be determined. Identifying the minimal number of genes
required for phosphonate biosynthesis may help in the iden-
tification of key players involved in the biosynthetic path-
way and may aid in understanding how phosphonates are
synthesized.

Bacterial culture filtrate induced symptoms
on onion leaves.

We generated a derivative strain of P. stewartii subsp.
indologenes PNA14-12 to express the Halophos cluster un-
der the control of the PrhaB promoter. The scheme is de-
picted in Supplementary Figure S3 and is similar to the
scheme used to express pantaphos used by Polidore et al.
2021. When cultured with rhamnose supplementation, the fil-
tered culture supernatant of strain PNA14-12WT pSC201::halA
and the strain PNA14-12�pepM pSC201::halA pBS46::pepM
induced necrosis on onion leaves, while strain PNA14-12
�pepM pSC201::halA did not (Fig. 6). When cultured without
rhamnose supplementation, the culture supernatant of all three
strains did not cause any symptoms (Fig. 6). These observations
indicate that the product produced by the Halophos gene cluster
is a potential toxin and can induce necrosis similar to that caused
by a live P. stewartii subsp. indologenes.

Predicted biosynthetic pathway
for the production of Halophos.

Based on the similarity of proteins encoded by the Halophos
gene cluster to those with experimentally determined functions,
we are able to predict most of the steps in Halophos biosyn-
thesis (Supplementary Fig. S4). The first five steps in this pu-
tative biosynthetic pathway are identical to those in the re-
cently characterized valinophos pathway (Ju et al. 2015; Zhang
et al. 2022). According to the prediction, PEP is predicted to
be converted into 2,3-dihydroxypropylphosphonic acid (DH-
PPA) by the sequential action of HalE, HalD, HalH, HalC,
and HalA, which are homologs of the valinophos biosynthetic

Fig. 4. The pepM (from Halophos) is vital for Pantoea allii LMG24248 pathogenicity on onion scale and leaf. A, Bacterial population levels in onion scale
and B, leaf tissues inoculated with P. allii LMG24248 wild type and mutants. C, Representative symptoms produced on red onion scales (cv. Red Barret) and
D, 6-week-old onion leaves (cv. Century). The 24248 wild-type (WT), 24248�pepM mutant, and 24248�pepM pBS46::pepM24248 complemented strains were
inoculated onto red onion scales and leaves at 104 CFU (n = 4) (A, B, and D) and 106 CFU (C). Samples and images were taken 4 days postinoculation. For the
onion scale necrosis assay, tissue samples (0.2 × 0.2 cm) were taken 0.5 cm away from the inoculation point, were weighed, were macerated in sterilized H2O,
and were plated on Luria-Bertani agar with rifampicin. Colonies were counted 24 h after incubation and numbers were converted to Log10 colony-forming
units per gram. For onion leaf inoculation assays, samples (0.5 cm long) were taken 0.3 cm away from the inoculation point, processed similarly to the scale
samples, and the colonies were enumerated as Log10 CFU per square centimeter of leaf area. Center lines show the medians; box limits indicate the 25th and
75th percentiles; whiskers extend up to the furthermost data point that falls within 1.5 times the interquartile range from the 25th and 75th percentiles; crosses
represent sample means; data points are plotted as gray circles, as determined by R software. The experiment was conducted three times and all sample points (n
= 12) were shown. Different letters indicate significant differences (P = 0.05) among treatments, according to Tukey-Kramer’s honestly significant difference
test.
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Fig. 5. The halB-H genes are critical for Pantoea stewartii subsp. indologenes PNA14-12 and PNA15-2 pathogenicity on onion. A, Representative symptoms
produced on red onion scales (cv. Red Barret) and B, 6-week-old onion leaves (cv. Century). PNA14-12 wild type (WT), hal mutants, and hal complemented
strains were inoculated onto red onion scales and leaves at 106 CFU (n = 4). Samples and images were taken 5 days postinoculation (dpi). C, Lesion length on
onion leaf. Complemented strains are noted as halXcomp. Center lines show the medians; box limits indicate the 25th and 75th percentiles; whiskers extend up
to the furthermost data point that falls within 1.5 times the interquartile range from the 25th and 75th percentiles; crosses represent sample means; data points
are plotted as gray circles, as determined by R software. All sample points are shown (n = 12 and 8 [C and E, respectively]). Different letters indicate significant
differences (P = 0.05) among treatments, according to Tukey-Kramer’s honestly significant difference test. D, PNA15-2 and PNA15-2 pBS46::halB-H strains
were inoculated onto onion leaves at 106 CFU (n = 4) and E, lesion length of onion leaf (n = 8). Samples and images were taken at 5 dpi.
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enzymes VlpA (40% identity), VlpB (39% identity), VlpD
(29% identity), VlpC (42% identity), and VlpE (28% identity),
respectively. HalB is not closely related to characterized phos-
phonate biosynthetic enzymes; nevertheless, it is clearly a mem-
ber of the medium chain dehydrogenases/reductase alcohol de-
hydrogenase family (Persson et al. 2008), which are known to ox-
idize secondary alcohols to ketones. Thus, we predict that HalH
might oxidize DHPPA to (3-hydroxy-2-oxopropyl) phosphonate
(HOPPA). The HOPPA is predicted to be converted to (2-amino-
3-hydroxypropyl) phosphonate (AHPPA) via the transaminase
HalG. Finally, as a homolog of the characterized amine oxi-
dase HpxL involved in phosphonocystoximic acid biosynthesis
(Goettge et al. 2018), we predict that HalF might oxidize AHPPA
to the corresponding oxime. This putative pathway accounts for
eight of the 11 hal operon genes; however, one caveat is that
the predictions are inferred based on sequence homology, and
their functions have not been experimentally validated in Pan-
toea spp. The remaining proteins include HalJ, which encodes an
adenylation domain protein, and HalK, a member of the flavin-
dependent pyrodoxamine-phosphate oxidase family. We are cur-
rently unable to predict functions for these proteins; thus, the
final structure of Halophos cannot easily be predicted. The final
unassigned gene is HalI, a member of the MFS, is predicted to
be responsible for export of the final phosphonate product. The
unaccounted-for genes in the prediction of Halophos produc-
tion, halI, halJ, and halK, also seem to be dispensable based on
mutational analysis data.

The hrcC but not the pepM gene is important for the
pathogenicity of P. stewartii subsp. indologenes on millet.

The T3SS genes of P. stewartii subsp. indologenes show
97.6% nucleotide sequence identity to T3SS genes of P. stew-
artii subsp. stewartii and the two subspecies share similar T3SS
gene organization (Supplementary Fig. S5). The P. stewartii
subsp. stewartii hrp T3SS is essential to elicit hypersensitive re-
sponse (HR) in tobacco and Nicotiana benthamiana and to cause
disease in maize (Coplin et al. 1992a and b; Ham et al. 2008).
The P. stewartii subsp. indologenes strains PNA 03-3 and PNA
14-12 possess two type III secreted effectors (T3SE) (AvrB3
(PXV73943.1 of PNA 03-3, TDS67862.1 of PNA 14-12) and
WtsE (PXV73945.1 of PNA 03-3, TDS67864.1 of PNA14-12)),
while the P. stewartii subsp. stewartii DC283 strain encodes
genes for five plant-associated T3SE (WtsE [ARF52487.1],

HopE1 [ARF52716.1], Eop3 [ARF52720.1], HopC1 [truncated;
locus tag DSJ_26290], and HopAM1 [truncated; ARF52484.1,
ARF52485.1]). The role of these P. stewartii subsp. indologenes
effectors in millet pathogenicity is yet to be elucidated; however,
in this manuscript, we demonstrated that the hrp T3SS plays a
critical role in pathogenicity in millet. Pathogenicity was lost
when hrcC, which encodes a core component of the T3SS, was
deleted.

On pearl millet leaves, the hrcC deletion mutant (PNA03-
3�hrcC) reached significantly lower population levels than the
wild-type strain (PNA03-3WT), the pepM (in HiVir cluster)
deletion mutant strain (PNA03-3�pepM), and the comple-
mented strain (PNA03-3�hrcC pBS46::hrcC03-3) at 4 dpi
(P < 0.0001) (Fig. 7A). The strains PNA03-3WT, PNA03-
3�pepM, and PNA03-3�hrcC pBS46::hrcC03-3 developed ob-
vious lesions, while PNA03-3�hrcC did not develop any symp-
toms on inoculated pearl millet leaves (Fig. 7B). Similarly, dele-
tion of hrcC gene from the Halophos-containing strain (PNA14-
12) did affect its pathogenicity on pearl millet. The deletion
mutant PNA14-12�hrcC reached significantly lower population
levels than PNA14-12WT, pepM (in Halophos cluster) dele-
tion mutant strain PNA14-12�pepM, and the complemented
strain (PNA14-12�hrcC pBS46::hrcC03-3) at 4 dpi (P < 0.0001)
(Fig. 7C). The strains PNA14-12WT, PNA14-12�pepM, and
PNA14-12�hrcC pBS46::hrcC03-3 developed obvious lesions,
while PNA14-12�hrcC did not develop any symptoms on in-
oculated pearl millet leaves (Fig. 7D). We showed, for the first
time, the importance of P. stewartii subsp. indologenes T3SS on
millet pathogenicity.

P. stewartii subsp. indologenes may utilize T3SS to colonize
and infect millets, but, on onion, it may utilize a different set of
pathogenicity factors, HiVir or Halophos, which results in host
cell death. These observations potentially suggest that onion-
pathogenic P. stewartii subsp. indologenes may utilize different
pathogenicity factors preferentially when they are present on
millet vs. on onion. Future detailed studies may shed some light
on their importance in host-range expansion.

Importance of hrcC and pepM genes
in the tobacco hypersensitive-like cell death response.

Many plant-pathogenic bacteria use secretion systems to de-
liver proteins to plant cell targets and these secretion sys-
tems are often associated with plant pathogenicity and vir-

Fig. 6. Cell-free culture filtrate in-
duced symptoms on onion leaf.
Bacteria were grown in modified
Coplin lab medium (mCLM) for
24 h and were centrifuged. The
supernatant was filtered and 20
μl was inoculated onto the cut
onion leaf tip. Images were taken
4 days postinoculation. A, PNA14-
12WT pSC201::halA in mCLM
+ trimethoprim + rhamnose;
B, PNA14-12WT pSC201::halA
in mCLM + trimethoprim; C,
PNA14-12�pepM pSC201::halA in
mCLM + trimethoprim + rhamnose;
D, PNA14-12�pepM pSC201::halA
in mCLM + trimethoprim;
E, PNA14-12�pepM pSC201::halA
pBS46::pepM in mCLM + gentam-
icin + trimethoprim + rhamnose;
F, PNA14-12�pepM pSC201::halA
pBS46::pepM in mCLM + gentam-
icin + trimethoprim. Experiments
were conducted twice with similar
results.
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ulence (Chang et al. 2014). HR assays were assessed on
tobacco to determine the function of T3SS in P. stew-
artii subsp. indologenes. We also evaluated if the prod-
ucts from the HiVir and Halophos clusters in Pantoea spp.
(P. stewartii subsp. indologenes and P. allii) induced cell-death
responses on tobacco. Leaves infiltrated with the suspensions of
P. stewartii subsp. indologenes PNA03-3WT, PNA03-3�hrcC,
PNA03-3�pepM, PNA03-3�hrcC pBS46::hrcC03-3, PNA03-
3�pepM�hrcC pBS46::hrcC03-3, and PNA03-3�pepM�hrcC
pBS46::pepM14-12 developed cell death after 48 h (Fig. 8A). The
double mutant PNA03-3�pepM�hrcC could not induce cell
death (Fig. 8A). Leaves infiltrated with suspensions of PNA14-
12WT, PNA14-12�pepM, PNA14-12�hrcC pBS46::hrcC03-3,
PNA14-12�pepM�hrcC pBS46::hrcC03-3 developed cell death
after 48 h (Fig. 8B). Leaves infiltrated with PNA14-12�hrcC,
PNA14-12�pepM�hrcC, and the control did not induce cell
death (Fig. 8B). Leaves infiltrated with suspensions of P. allii
24248WT, 24248�pepM, 24248�pepM pBS46::pepM24248,
and the control did not induce cell death (Fig. 8C). It is interest-
ing to note that PNA03-3�hrcC caused cell death but PNA03-3
�pepM�hrcC, PNA14-12�hrcC, and P. allii LMG24248WT
did not, suggesting the HiVir toxin from PNA03-3 but not the
Halophos toxins from PNA14-12 and P. allii LMG24248 is
toxic to tobacco leaf (Fig. 8). This also indicates the modes
of action between HiVir and Halophos products are poten-
tially different. We also noted that the cell death induced by
PNA03-3�hrcC was delayed compared with PNA03-3WT and
PNA03-3�pepM at 24 h but was similar at 48 h (Supplementary
Fig. S6).

The products of the predicted phosphonate biosynthetic clus-
ter we named Halophos and their biological functions are cur-
rently unknown. Understanding the products, the regulation of
phosphonate biosynthesis, and the synthetic stages may help pro-

vide targets for developing specific enzyme inhibitors against
plant-pathogenic Pantoea spp. carrying Halophos. In conclu-
sion, a unique gene cluster, Halophos, responsible for onion tis-
sue necrosis was found in P. stewartii subsp. indologenes and
also in P. allii. We characterized the genes in this cluster and
demonstrated that seven of the 11 genes are required for onion
necrosis phenotypes. Also, the expression of the Halophos clus-
ter conferred onion foliar necrosis phenotype similar to those
produced by a live P. stewartii subsp. indologenes. Based on the
similarity of proteins to those with experimentally determined
functions, we predict most of the steps in Halophos biosynthesis.
Future research on Halophos structure and its target are needed
for developing strategies to manage Pantoea spp. in onion. The
elucidation of the Halophos structure will be performed using
standardized techniques for detecting phosphonate compounds.
Nuclear magnetic resonance (NMR) spectroscopy, especially
31P NMR can be used to characterize the compounds. Modern
liquid chromatography–mass spectrometry techniques can also
be applied to facilitate compound identification.

Materials and Methods
Bacterial strains and inoculum preparation.

Bacterial strains and plasmids used in the study are listed
in Supplementary Table S2. Naturally occurring, rifampicin-
resistant strains of representative Pantoea strains were selected.
Pantoea strains were routinely cultured on nutrient agar at 28°C
for 1 day and Escherichia coli strains on Luria-Bertani broth
or agar at 37°C for 1 day. When required, media were supple-
mented with kanamycin at 50 μg/ml, trimethoprim at 100 μg/ml,
gentamycin at 20 μg/ml, X-gluc at 60 μg/ml, rifampicin at
50 μg/ml, and diaminopimelic acid (DAP) for E. coli RHO5
at 300 μg/ml. To prepare Pantoea inocula, strains were cultured

Fig. 7. The hrcC gene is vital for PNA03-3 and PNA14-12 pathogenicity on pearl millet. A and C, Bacterial population levels in millet tissues inoculated
with Pantoea stewartii subsp. indologenes PNA03-3 and PNA14-12 wild type (WT) and mutants. B and D, Representative symptoms produced by 4-week-old
millet leaves. PNA03-3 WT, 03-3�pepM mutant, 03-3�hrcC mutant, and 03-3�hrcC pBS46::hrcC03-3 complemented strains, PNA14-12 WT, 14-12�pepM
mutant, 14-12�hrcC mutant, and 14-12�hrcC pBS46::hrcC03-3 complemented strains were inoculated into millet leaves at 106 CFU/ml. Samples and images
were taken 4 days postinoculation. Two leaf disks (0.4 cm diameter) were sampled from four leaves, were macerated in sterilized H2O, and were plated on
Luria-Bertani agar with rifampicin. The colonies were counted 24 h after incubation and the number converted to Log10 CFU per square centimeter of leaf
area. Center lines show the medians; box limits indicate the 25th and 75th percentiles; whiskers extend up to the furthermost data point that falls within 1.5
times the interquartile range from the 25th and 75th percentiles; crosses represent sample means; data points are plotted as gray circles, as determined by R
software. The experiment was conducted twice, and all sample points (n = 8) are shown. Different letters indicate significant differences (P = 0.05) among
treatments, according to Tukey-Kramer’s honestly significant difference test.
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in Luria-Bertani (LB) at 28°C, in a rotary shaker at 200 rpm, for
approximately 16 h. Subsequently, the cultures were centrifuged
at 16,100 × g for 1 min and the supernatants were decanted. The
resulting pellets were resuspended in sterilized distilled water
(sdH2O). The bacterial concentrations were then adjusted to an
optical density of 0.3 at 600 nm (about 108 colony-forming units
per milliliter [CFU/ml]), using a spectrophotometer, and were
adjusted to the desired concentration by 10-fold serial dilutions
in sdH2O.

Mutant constructions.
To determine the role of pepM in Pantoea pathogenicity,

unmarked deletions of pepM gene in P. allii LMG24248 and
P. stewartii subsp. indologenes PNA03-3 and PNA14-12 were
made, using the pR6KT2GW allelic exchange vector, follow-
ing the method described by Stice et al. 2020, and were
named 24248�pepM, PNA03-3�pepM, and PNA14-12�pepM,
respectively. The primers used are listed in Supplementary
Table S3. Double-stranded DNA containing the pepM flanking
sequences were synthesized (Twist Biosciences, San Francisco)
and are listed in Supplementary Table S4. Mutants were con-
firmed by PCR and Sanger sequencing. To determine the role
of hrcC in P. stewartii subsp. indologenes virulence, PNA03-
3�hrcC and PNA14-12�hrcC were made. Double mutants
of pepM and hrcC were made, using the �pepM mutant for
conjugation, following the deletion procedure as described
above.

For the complementation, the hrcC gene sequence from
PNA03-3 and pepM gene sequences from both PNA14-12
and LMG24248, including their native ribosomal bind-
ing sites, were PCR-amplified and were used to create
pBS46::hrcC03-3/pepM14-12/pepM24248 constructs for conjuga-
tion with corresponding deletion mutants, following the method
described by Stice et al. 2020.

To determine the role of hal genes from the Halophos clus-
ter, unmarked deletions of halA, halB, halC, halD, halF, halG,
halH, halI, halJ, and halK genes in PNA14-12 were made,
using the pR6KT2GW allelic exchange vector, following the
deletion procedure as described above. The complementations
were made as described above for halB, halC, halD, halF,
halG, and halH single mutants. In addition, we constructed a
plasmid-containing sequence from halB to halH and transformed
this plasmid pBS46::halB-H into onion-nonpathogenic strain
P. stewartii subsp. indologenes PNA15-2.

In planta population and symptomology
on onion caused by select Pantoea strains.

Pantoea strains (wild types, mutants, and their correspond-
ing complemented strains) were inoculated on leaves and red
onion scales as previously described (Stice et al. 2018). Briefly,
red onion bulbs (cv. Red Barret) were sliced into small square
slices (approximately 2 × 2 cm), were sterilized in 0.5% sodium
hypochlorite, and were washed with tap water. A 10-μl pipette
tip was used to penetrate the onion scale at the center with finger

Fig. 8. Tobacco cell-death response to Pantoea strains. A, Pantoea stewartii subsp. indologenes 03-3WT, mutants, and selected complemented strains; B, P.
stewartii subsp. indologenes 14-12WT, mutants, and selected complemented strains; C, P. allii 24248WT, mutant, and selected complemented strains. All
strains were grown overnight in modified Coplin lab medium (mCLM) at 28°C with shaking. The overnight culture was used to infiltrate panels of tobacco
leaves with a blunt-end syringe. Sterile mCLM was used as a control. Tobacco panels were evaluated 48 h postinoculation. Representative images of the cell
death response are presented next to our interpretation of the result. The experiment was conducted three times.
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pressure. Ten microliters of a 1 × 108 CFU/ml bacterial suspen-
sion (1 × 106 CFU) were deposited at the wounded area. The
sdH2O was used as negative control. Samples and images were
taken at 4 dpi. Scale tissue samples (approximately 0.2 × 0.2 cm)
were cut, using a sterile blade, 0.5 cm away from the inoculation
point, were weighed, and were placed in 2-ml tubes contain-
ing three sterile glass beads (3 mm) and 500 μl of sdH2O. Tis-
sue samples were macerated in a bead mill homogenizer (Omni
International Inc, Kennesaw, GA, U.S.A.) four times for 30 s
each at a speed of 4 m/s. A 10-fold dilution series of the mac-
erates was made in sdH2O to 10−6 and each dilution was plated
as 10-μl droplets on LB agar with rifampicin. Colonies were
counted 24 h after incubation and the number was converted to
Log10 CFUs per gram. Four replicates per strain were used for
one experiment and the experiment was conducted at least twice.

Foliage inoculation assays were conducted as described by
Koirala et al. (2021). Briefly, onion (cv. Century) seedlings were
established in plastic pots and were maintained in a greenhouse
at 25 to 30°C. Onion plants about six to eight weeks old were
inoculated, after cutting the leaf 1 cm from the apex, with a pair
of scissors sterilized with 70% ethanol. Using a micropipette,
10 μl of 1 × 106 CFU/ml bacterial suspension (about 1 × 104

CFU per leaf) was deposited diagonally opposite to each other at
the cut end of the leaf twice. Seedlings inoculated with sdH2O,
as described above, were used as negative controls. The strains
used in the inoculation included PNA14-12 wild type, PNA03-3
wild type, LMG24248, and their corresponding mutants and
complemented strains and are listed in Supplementary Table S2.
At 4 dpi, lesion lengths of the inoculated leaf areas were mea-
sured. Leaf tissues (0.5 cm long) were taken 0.3 cm away from
the inoculation point and were processed similarly to the scale
samples, and the enumerated colonies were converted to Log10
CFU per square centimeter of leaf area (CFU/cm2). Four repli-
cates per strain were used for one experiment and the experiment
was conducted at least twice.

Symptomology on onion caused by select Pantoea strains.
The following South Africa P. allii strains, single mutants

of hal genes and hal complemented strains, PNA14-12,
PNA15-2, and PNA15-2 pBS46::halB-H, were inoculated as de-
scribed above to compare their symptoms on onion. For both red
onion scale assays and foliage inoculation assays, 10 μl of 1 ×
106 CFU/ml bacterial suspensions were used. The pictures and
lesion lengths were recorded at 5 dpi. Four replicates per strain
were used for one experiment and the experiment was conducted
twice.

Symptomology on onion leaf caused by culture filtrates
of Pantoea strains.

We hypothesized that the Halophos gene cluster in P. stewartii
subsp. indologenes PNA14-12 produced a secondary metabo-
lite product, and the product alone could cause symptoms on
onion leaves. A single crossover approach similar to that used
by Polidore et al. 2021 for in vitro induction of HiVir was
used to drive the expression of the Halophos cluster from the
rhamnose-inducible PrhaB promoter by recombining plasmid
pSC201::halA before the halA gene of the Halophos. The scheme
is depicted in Supplementary Figure S3. The first gene, halA, in
the Halophos gene cluster from PNA14-12, including 39 bp be-
fore the start codon, was PCR-amplified, was purified, and was
mixed with the plasmid pSC201 (cut with XbalI and SphI) in a
Gibson-assembly mix (NEB, Ipswich, MA, U.S.A.). The reac-
tion was transformed into E. coli DH5α and was plated on LB
agar with trimethoprim. The resulting plasmid was confirmed by
sequencing and was transformed into E. coli RHO5. Bi-parental
conjugation was performed by plating a mixture of E. coli RHO5

pSC201::halA with the PNA14-12 wild type, PNA14-12�pepM,
and PNA14-12�pepM pBS46::pepM on LB agar with DAP. The
mixed cultures were streaked onto LB agar with trimethoprim.
The single colonies were streaked on LB agar with trimethoprim
and were stored. The chromosomal insertion of the plasmid was
confirmed by PCR (Supplementary Table S3).

Bacteria were grown in the modified Coplin lab medium
(mCLM) (Asselin et al. 2018) at 28°C for 24 h, with shaking
at 200 rpm. In order to maintain plasmid insertion, the medium
was amended with trimethoprim. For the complemented strain,
the medium was also amended with gentamicin. All strains were
grown in 5 ml of this broth with and without 0.5% rhamnose.
The cultures were centrifuged and the supernatants were filter-
sterilized through a 0.2-μm filter to obtain a crude culture filtrate.
Before use, 100 μl of this crude culture filtrate was plated on the
nutrient agar medium in duplicates to confirm if it was devoid
of any bacterial contamination. No colonies were grown after
2 days of incubation at 28°C. Twenty microliters of the crude
culture filtrates were inoculated onto the cut end of onion leaf
tips as described previously. Inoculated seedlings were assessed
for foliar necrosis at 4 dpi and, subsequently, images were taken.
The experiments were conducted twice.

In-planta population and symptomology
on pearl millet caused by Pantoea strains.

We hypothesized that hrcC but not pepM was important for
pearl millet pathogenicity. To determine the role of pepM and
hrcC in the pathogenicity of P. stewartii subsp. indologenes on
pearl millet, Pantoea strains were inoculated on 4-week-old pearl
millet seedlings (Pennisetum glaucum cv. TifGrain 102) at 1 ×
106 CFU/ml by syringe infiltration. Pearl millet seedlings were
established under the same growth condition as described above
for onion seedlings. Symptoms were documented on the inocu-
lated leaves by taking photographs at 4 dpi. In-planta populations
of inoculated bacterial strains were assessed at 4 dpi by excising
two leaf discs per replicate, using a 0.4 cm diameter cork-borer.
Four replicates were sampled per strain and the experiments were
conducted twice. Samples were macerated in sdH2O and were
plated on LB agar with rifampicin. Colonies were counted 24 h
after incubation and numbers were converted to Log10 CFU/cm2.

Analysis of variance was conducted on Log10 CFU/cm2,
Log10 CFU/g, and lesion length data, using JMP statistical anal-
ysis software (version Pro 16; SAS Institute Inc., Cary, NC,
U.S.A.). The effect of strain on the data collected was compared
using Tukey-Kramer’s honestly significant difference test. The
boxplot was generated using the BoxPlotR web tool (Spitzer
et al. 2014).

Tobacco infiltration assay.
Pantoea spp. strains were grown overnight in mCLM (Asselin

et al. 2018) at 28°C, with shaking at 200 rpm. The following day,
overnight cultures (108 CFU) were infiltrated into tobacco leaf
panels, using a plastic needleless syringe. The infiltrated areas
were outlined with a black permanent marker. Sterile mCLM
was used as a control. Leaf panels were observed at 24 and 48 h
for cell-death responses. The assay was performed on two or
three leaves from different plants and was conducted three times.

Identification and analysis of homologous Halophos
biosynthetic gene clusters in bacteria.

To assess whether the Halophos gene cluster was introduced
by HGT, genomic islands in PNA14-12 were predicted, using
IslandViewer 4 (Bertelli et al. 2017). We also computed the GC
content, the effective Nc, and the CAI, using CodonW Version
1.4.4 (Peden 1999). In addition, National Center for Biotechnol-
ogy Information (NCBI) blastn and tblastn were used to iden-
tify bacterial genomes that contain Halophos-like gene clusters.

186 / Molecular Plant-Microbe Interactions



First, the nucleotide sequence of the Halophos gene cluster from
PNA14-12 was used to search the NCBI Nucleotide collection
database. After identifying Halophos-like gene clusters in sev-
eral genera, the nucleotide sequence was searched against the
NCBI Whole-Genome Shotgun contigs database, by specify-
ing genera Pantoea, Pseudomonas, Erwinia, Xenorhabdus, and
Photorhabdus in the search options. The query coverage and
percent identity of the blastn searches were recorded.

In order to show the gene synteny of Halophos-like gene clus-
ters, the PepM protein sequence from PNA14-12 was used as the
query in the NCBI blastp search. The NCBI protein accessions
of the PepM protein sequences that were in the Halophos-like
gene clusters were downloaded and were used as the query in
the WebFlaGs web tool (Saha et al. 2021). Results from repre-
sentative Halophos types of different species were illustrated in
PowerPoint, along with a phylogenetic tree based on the cor-
responding selected PepM protein sequences. Ten PepM pro-
tein sequences and Escherichia coli 2-methylisocitrate lyase
sequence (as an outgroup) were used for multiple sequence
alignment, using MAFFT v7.450 (Katoh and Standley 2013)
in Geneious Prime 2021.1.1. The alignment was trimmed to the
same length and was used for constructing a neighbor-joining
tree, using the Jukes-Cantor model (Jukes and Cantor 1969). The
bootstrap support values were calculated using 1,000 replicates.

T3SS and T3SE analysis.
Pairwise alignment of Pantoea stewartii subsp. stewartii

DC283 (CP017591) and P. stewartii subsp. indologenes
PNA03-3 (QICO01000005) hrp-T3SS genes and surrounding
genes was performed in Geneious Prime using MAFFT (Katoh
and Standley 2013). The T3SE in strains DC283, PNA03-3,
and PNA14-12 were identified by BLAST, using known Pseu-
domonas syringae T3SE sequences listed on figshare (Baltrus
and Clark 2019) as queries, and were named based on the clos-
est effector homologs in the NCBI database.

Author-Recommended Internet Resource
T3SE sequence figshare list:

https://figshare.com/s/4e2fdb486d1c31375b52
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