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12 Abstract

13 Onion center rot is caused by at least four species of Pantoea (P. ananatis, P. 

14 agglomerans, P. allii, and P. stewartii subsp. indologenes). Critical onion pathogenicity 

15 determinants for P. ananatis were recently described but whether those determinants are 

16 common among other onion-pathogenic Pantoea species remains unknown. In this work, 

17 we report onion pathogenicity determinants in P. stewartii subsp. indologenes and P. allii. 

18 We identified two distinct secondary metabolite biosynthetic gene clusters in different 

19 strains of onion pathogenic P. stewartii subsp. indologenes. One cluster is similar to the 

20 previously described HiVir phosphonate biosynthetic cluster of P. ananatis and another 

21 is a novel putative phosphonate biosynthetic gene cluster, which we name “Halophos”. 

22 The Halophos gene cluster was also identified in P. allii strains. Both clusters are 

23 predicted to be phosphonate biosynthetic clusters based on the presence of a 

24 characteristic phosphenolpyruvate phosphomutase (pepM) gene. The deletion of pepM 

25 gene from either the P. stewartii subsp. indologenes HiVir or Halophos clusters caused 

26 loss of necrosis on onion leaves and red onion scales, and resulted in significantly lower 

27 bacterial populations compared to the corresponding wildtype and complemented strains. 

28 Seven (halB-halH) out of eleven genes (halA-halK) in the Halophos gene cluster are 

29 required for onion necrosis phenotypes. The onion non-pathogenic strain PNA15-2 

30 gained the capacity to cause foliar necrosis on onion via exogenous expression of a 

31 minimal seven gene Halophos cluster (halB –halH). Furthermore, cell-free culture filtrates 

32 of PNA14-12 expressing the intact Halophos-gene cluster caused necrosis on onion 

33 leaves consistent with the presence of a secreted toxin. Together, these observations 

34 indicated that pepM genes in both phosphonate biosynthetic gene clusters (HiVir and 
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35 Halophos) are important for Pantoea spp. onion pathogenicity and the biosynthetic 

36 product of the Halophos cluster causes necrosis on onion leaf tissue. Overall, this is the 

37 first report of onion pathogenicity determinants in P. stewartii subsp. indologenes and P. 

38 allii.

39 Author summary

40 Onion center rot is caused by multiple Pantoea species including P. stewartii subsp. 

41 indologenes and P. allii. We identified two distinct secondary metabolite biosynthetic 

42 clusters associated with onion pathogenic strains, the validated HiVir phosphonate cluster 

43 and a putative phosphonate biosynthetic cluster that we named as Halophos based on 

44 the associated “halo” phenotype on the red onion scales. We found that pepM genes from 

45 each cluster (HiVir and Halophos) are required for onion infection by P. stewartii subsp. 

46 indologenes and P. allii but not for millet infection by P. stewartii subsp. indologenes. 

47 Conversely, the T3SS was important for millet infection by P. stewartii subsp. indologenes 

48 but not onion infection. Induction of the intact Halophos cluster was associated with the 

49 accumulation of a necrosis-inducing factor in culture, which suggests it might be a 

50 secreted phytotoxin. Seven of the eleven Halophos cluster genes are required for onion 

51 necrosis phenotypes and expression of this minimal cluster conferred a limited onion 

52 necrosis phenotype to an onion-non-pathogenic Pantoea strain. We provide evidence of 

53 a Halophos biosynthetic gene cluster to be associated with onion pathogenicity in strains 

54 of P. stewartii subsp. indologenes and P. allii.

55
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56 Introduction

57 Bacteria in the genus Pantoea are ubiquitous and form a wide range of interactions 

58 with eukaryotic hosts including plants, fungi, insects, and humans [1]. Strains of at least 

59 four Pantoea species, P. ananatis [2], P. agglomerans [3, 4], P. allii [4], and P. stewartii 

60 subsp. indologenes [5], have been associated with onion center rot. Onion center rot can 

61 cause severe yield losses both in the field and in storage, and in some cases, economic 

62 losses up to 90% have been experienced [2]. In addition, recently, P. dispersa was 

63 reported to cause bulb decay of onion [6]. Commercial onion cultivars with resistance to 

64 Pantoea spp. have not been identified [7]. Thus, there is a need to understand 

65 pathogenesis mechanisms in Pantoea spp. that may potentially provide necessary 

66 information for future breeding efforts. 

67 Two virulence factors that distinguish between onion-pathogenic and non-

68 pathogenic strains of P. ananatis have recently been described [8]. Most bacterial 

69 pathogens depend on specialized virulence protein based secretion systems for 

70 pathogenicity [9]. Specifically, the majority of gram-negative bacterial plant pathogens are 

71 dependent on either a virulence-associated Hrp type III secretion system (T3SS) to 

72 deliver immune-dampening effector proteins or the type II secretion system (T2SS) to 

73 deliver the plant cell wall degrading enzymes associated with soft rot diseases [9]. 

74 However, P. ananatis lacks type II and type III secretion systems [10]. Instead, P. ananatis 

75 requires a HiVir (High Virulence) gene cluster for pathogenicity on onion [8]. Disruption of 

76 the HiVir cluster in P. ananatis resulted in the loss of pathogenicity on onion foliage, on 

77 scales of red onion bulbs, and on whole onion bulbs [7, 8, 11]. The HiVir gene cluster was 

78 predicted to encode synthesis of a phosphonate compound based on the presence of a 
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79 characteristic pepM, phosphoenolpyruvate (PEP) phosphonomutase gene within the 

80 cluster [8] and the novel phosphonate compound designated pantaphos (2-

81 (hydroxy[phosphono]methyl)maleate) was shown to be synthesized by the HiVir cluster 

82 and cause extreme tissue damage in onion bulbs [11]. 

83 Pantoea stewartii subsp. indologenes causes leaf spots on foxtail millet and pearl 

84 millet [12]. It was recently reported that some strains were also pathogenic on onion in 

85 Georgia, USA [5]. The epithet P. stewartii subsp. indologenes pv. cepacicola was 

86 proposed for strains (PNA03-3, PNA14-9, PNA14-12 and PNA14-11) based on the host 

87 range tests on Allium spp., including onion and also on foxtail millet, pearl millet, and oat 

88 [13]. Interestingly, the HiVir gene cluster was identified in P. stewartii subsp. indologenes 

89 strain PNA03-3 but absent in PNA14-9, PNA14-11, and PNA14-12 based on a PCR 

90 assay with HiVir-specific primers [13]. These observations were intriguing as despite the 

91 absence of the HiVir cluster these strains were pathogenic on onion. We hypothesized 

92 that the HiVir gene cluster was important for PNA03-3 onion pathogenicity and that other 

93 pathogenicity factors could potentially be involved in onion pathogenicity in strains, 

94 PNA14-9, PNA14-11, and PNA14-12. Based on the annotation of secondary metabolite 

95 biosynthetic gene clusters using antiSMASH 6.0 [14], we found that P. stewartii subsp. 

96 indologenes strain PNA14-12 as well as P. allii type strain LMG24248T were predicted to 

97 possess a completely distinct putative phosphonate biosynthetic cluster. The strains that 

98 possess this putative gene cluster produced pink halo around the necrotic tissue on red-

99 onion scales and hence a name “Halophos” is being proposed here. We hypothesized 

100 that the Halophos gene cluster would be important in P. stewartii subsp. indologenes and 

101 P. allii for pathogenicity in onion. Hence, here we provided evidence of the role of pepM 
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102 from Halophos in onion pathogenicity in P. stewartii subsp. indologenes and P. allii. In 

103 addition, we also characterized the role of pepM from the HiVir gene cluster in P. stewartii 

104 subsp. indologenes strain PNA03-3. Since P. stewartii subsp. indologenes also encodes 

105 T3SS, which displayed the closest similarity to P. stewartii subsp. stewartii, we also 

106 determined the role of the T3SS for P. stewartii subsp. indologenes pathogenicity on 

107 onion and pearl millet.

108 Results

109 The presence of phosphonate biosynthetic gene clusters 

110 correlated with Pantoea stewartii subsp. indologenes 

111 pathogenicity in onion.

112 In order to understand the onion pathogenicity mechanisms of P. stewartii subsp. 

113 indologenes, the genomes (under the bio-project PRJNA676043) of onion-pathogenic 

114 strains (n=4, PNA03-3, PNA14-9, PNA14-11, and PNA14-12) and onion-non-pathogenic 

115 strains (n=13, PNA15-2, PANS07-4, PANS07-6, PANS07-10, PANS07-12, PANS07-14, 

116 PANS99-15, NCPPB1562, NCPPB1877, NCPPB2275, NCPPB2281, NCPPB2282, and 

117 LMG2632) reported in Koirala et al. (2021) [13] were analyzed for the presence of the 

118 HiVir and Halophos gene cluster sequences. Surprisingly, the phosphonate biosynthetic 

119 gene cluster HiVir was found only in PNA03-3. The Halophos gene cluster including a 

120 PepM homolog was identified in onion pathogenic strains PNA14-9, PNA14-11, and 

121 PNA14-12. The phosphonate biosynthetic gene clusters (HiVir or Halophos) were present 

122 only in onion pathogenic strains (PNA03-3, PNA14-9, PNA14-11, and PNA14-12), 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 3, 2022. ; https://doi.org/10.1101/2022.03.03.482764doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.03.482764
http://creativecommons.org/licenses/by/4.0/


Zhao et al.                                                                                         
           Plos Pathogens 

7

123 suggesting that the putative phosphonate compounds may be essential for pathogenicity 

124 in onion. The Halophos cluster is adjacent to a phage/plasmid primase gene in P. stewartii 

125 subsp. indologenes PNA14-9, PNA14-11, and PNA14-12. The Halophos cluster from 

126 PNA14-12 is located within a genomic island predicted by IslandViewer 4. In addition, the 

127 Halophos cluster has a lower GC%, higher average effective number of codons (Nc), and 

128 lower average codon adaptation index (CAI), compared to their corresponding whole 

129 genomes (Table 1), altogether suggesting acquisition through horizontal gene transfer 

130 (HGT). 

131 Table 1. Sequence signatures of Halophos gene cluster and PNA14-12 genome.

Feature Halophos gene 

cluster

PNA14-12 

genome

Average ORF GC content (%) 46.5 ± 2.9 53.5 ± 5.6

Average effective number of codons 

(Nc)

56.09 ± 2.39 46.36 ± 5.88

Average codon adaptation index (CAI) 0.25 ± 0.03 0.31 ± 0.08

132 ± standard deviation.

133

134 The Halophos gene cluster is predicted to contain eleven co-transcribed genes 

135 (Table 2), which we have named halA through halK, encoding one iron-containing alcohol 

136 dehydrogenase (halA), alcohol dehydrogenase (halB), N-acetyl-gamma-glutamyl-

137 phosphate reductase (halC), phosphoglycerate dehydrogenase (halD), 

138 phosphoenolpyruvate mutase (halE), FAD-NAD(P)-binding protein (halF), 
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139 aminotransferase (halG), phosphoglycerate kinase (halH), MFS transporter (halI), AMP-

140 binding enzyme (halJ), and pyridoxamine 5'-phosphate oxidase (halK) (Fig 1 and Table 

141 2). Notably, the halJ sequence is predicted to possess an adenylation domain and a 

142 condensation domain, suggesting that it might be involved in non-ribosomal peptide 

143 synthetase activity. 

144

145 Fig 1. Halophos gene cluster structure and synteny. (A) Diagram of the Halophos 

146 gene cluster of Pantoea stewartii subsp. indologenes PNA14-12. The gene locus 

147 accessions are according to PNA14-12 annotation (accession NZ_SOAJ01000001). 

148 The scale represents 1 kb. (B) A phylogenetic tree based on selected PepM protein 

149 sequences of organisms that have Halophos-like gene clusters. Ten PepM protein 

150 sequences and Escherichia coli 2-methylisocitrate lyase sequence (as an outgroup) 

151 were used for multiple sequence alignment using MAFFT. The alignment was trimmed 
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152 to the same length and used for constructing a neighbor-joining tree. The bootstrap 

153 support values > 70% were shown at the node. The conserved clusters (not to scale) 

154 were colored with the same colors representing homologous proteins. Non-conserved 

155 proteins were in white, and fragmented pseudogenes were in stripes. Transposase 

156 genes were labeled as Tn.

157

158 Table 2. Genes in the Halophos cluster of PNA14-12. 

159 Gene, proposed gene name; Locus tag, NCBI locus tag from accession NZ_SOAJ01000001 for 

160 PNA14-12; Domain, conserved domains within the protein sequences obtained from 

161 https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi. 

Gene Locus tag NCBI Annotation Domain

halA C7434_2235 Alcohol dehydrogenase 

class IV 

Dehydroquinate synthase-like (DHQ-

like) and iron-containing alcohol 

dehydrogenases (Fe-ADH) superfamily

halB C7434_2234 L-iditol 2-dehydrogenase Medium chain 

reductase/dehydrogenase (MDR)/zinc-

dependent alcohol dehydrogenase-like 

superfamily
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halC C7434_2233 N-acetyl-gamma-

glutamyl-phosphate 

reductase

ArgC superfamily

halD C7434_2232 D-3-phosphoglycerate 

dehydrogenase

NADB_Rossmann superfamily

halE C7434_2231 Phosphoenolpyruvate 

phosphomutase

TIM superfamily; PEP_mutase

halF C7434_2230 FAD-NAD(P)-binding 

protein

NADB_Rossmann superfamily

halG C7434_2229 Putrescine-pyruvate 

aminotransferase

Aspartate aminotransferase (AAT) 

superfamily (fold type I)

halH C7434_2228 Phosphoglycerate kinase Phosphoglycerate_kinase superfamily

halI C7434_2227 MFS transporter MFS_MdtH_MDR_like

halJ C7434_2226 Nonribosomal peptide 

synthetases

AFD_class_I superfamily;

Condensation superfamily
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halK C7434_2225 Pyridoxamine 5'-

phosphate oxidase

PLN02918 superfamily

162

163 Bioinformatics analysis of the Halophos-like gene clusters

164 Analysis with antiSMASH predicted that the Halophos gene clusters of PNA14-12 

165 and P. allii LMG24248 encode phosphonate secondary metabolite gene clusters. Using 

166 PNA14-12 Halophos nucleotide and protein sequences for blastn and tblastn searches, 

167 we identified 34 strains that encoded Halophos-like gene clusters (S1 Table). The strains 

168 belonged to the genera Pantoea, Erwinia, Pseudomonas, Xenorhabdus, and 

169 Photorhabdus. Pantoea allii strains shared 85% sequence identity with the PNA14-12 

170 Halophos nucleotide sequence. Erwinia strains shared 68% to 71% sequence identity 

171 with PNA14-12 Halophos nucleotide sequence. Xenorhabdus, Photorhabdus and 

172 Pseudomonas spp. had 65%-72% nucleotide sequence identity with the PNA14-12 

173 Halophos sequence (at a sequence coverage of 30%-46%) (S1 Table). Except for 

174 Pseudomonas syringae CC1557 (isolated from snow), all other strains that encoded 

175 Halophos-like sequences were isolated from plants or nematodes. Among them, Pantoea 

176 and Erwinia strains showed the same gene synteny. Xenorhabdus and Photorhabdus 

177 strains do not have halI (MFS transporter) and halJ (AMP-binding enzyme) in their 

178 Halophos-like gene clusters. The halC gene in X. doucetiae strain FRM16 was disrupted 

179 by a transposase gene. Also, Pseudomonas strains do not have halJ in their gene clusters 

180 and P. cerasi strains also have fragmented halH (Fig 1B).
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181 Comparison of the two phosphonate biosynthetic gene clusters, HiVir and 

182 Halophos revealed that only two genes were similar based on predicted annotations: 

183 pepM and the major facilitator superfamily (MFS) transporter gene (Tables 2 and 3). 

184 These pepM genes shared 35.1% amino acid identity. Both PepM proteins (HalE from 

185 Halophos and HvrA from HiVir) possessed the PEP mutase domain (Tables 2 and 3) and 

186 the key PepM catalytic motif (EDKXXXXXNS). Similarly, the MFS transporter genes from 

187 the two phosphonate clusters shared 32.1% sequence identity. The MFS transporters 

188 from the HiVir and the Halophos gene clusters belonged to the macrolide efflux protein A 

189 (MefA) family and the multidrug resistance protein MdtH family, respectively. These 

190 findings suggest their involvement in transporting different molecules. 

191

192 Table 3. Genes in the HiVir cluster of PNA03-3. 

193 Gene, proposed gene name; Locus tag, NCBI locus tag from accession 

194 NZ_QICO01000001 for PNA03-3; Domain, conserved domains within the protein 

195 sequences obtained from https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi. 

Gene Locus tag NCBI Annotation Domain

hvrA C7433_102431Phosphoenolpyruvate 

phosphomutase

TIM superfamily; PEP_mutase

hvrB C7433_102432LLM class flavin-dependent 

oxidoreductase

Flavin-utilizing monooxygenases 

superfamily
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hvrC C7433_102433Homocitrate synthase NifV aksA superfamily

hvrD C7433_1024343-isopropylmalate 

dehydratase large subunit

Aconitase superfamily

hvrE C7433_1024353-isopropylmalate 

dehydratase small subunit

Aconitase_swivel superfamily

hvrF C7433_102436Class I SAM-dependent 

methyltransferase

AdoMet-MTases superfamily

hvrG C7433_102437GNAT family N-

acetyltransferase

NAT_SF superfamily

hvrH C7433_102438Hypothetical protein PRK12767 superfamily (carbamoyl 

phosphate synthase-like protein)

hvrI C7433_102439MFS transporter MFS_MefA_like

hvrJ C7433_102440Hypothetical protein No putative conserved domains

hvrK C7433_102441Flavin reductase PNPOx/FlaRed_like superfamily

196

197

198
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199 The HiVir or Halophos gene cluster is critical for onion 

200 pathogenicity in P. stewartii subsp. indologenes but the T3SS 

201 is not.

202 The pepM gene is present in both phosphonate biosynthetic clusters (HiVir and 

203 Halophos) in P. stewartii subsp. indologenes. In order to decipher the role of pepM genes 

204 in HiVir and Halophos clusters, the pepM gene was deleted in these two distinct 

205 phosphonate clusters in P. stewartii subsp. indologenes strains (PNA03-3 and PNA14-

206 12). 

207 Pantoea stewartii subsp. indologenes PNA03-3ΔpepM reached significantly lower 

208 population levels than PNA03-3 wildtype (P < 0.0001) (Fig 2A) when inoculated into red 

209 onion scales in addition to losing the associated red scale necrosis phenotype. Both 

210 bacterial load and necrosis phenotypes were complemented by the expression of the 

211 Halophos pepM gene (halE) from PNA14-12. Complementation of the PNA03-3 HiVir 

212 cluster pepM deletion with the pepM gene from PNA14-12 provides genetic validation 

213 that HalE is a functional PepM enzyme.
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214

215 Fig 2. pepM was vital for Pantoea stewartii subsp. indologenes PNA03-3 

216 pathogenicity on onion scale and leaf. Bacterial populations in onion scale (A) and 

217 leaf (C) tissues inoculated with P. stewartii subsp. indologenes PNA03-3 wildtype and 

218 mutants and representative symptoms produced on red onion scales (cv. Red Barret) 

219 (B) and 6-week-old onion leaves (cv. Century) (D). PNA03-3 wildtype (WT), 03-3ΔpepM 

220 mutant, 03-3ΔhrcC mutant, and 03-3ΔpepM pBS46::pepM14-12 complement strains were 

221 inoculated onto red onion scale and leaves at 104 CFU (n = 4) for A, C, and D, and 106 

222 CFU for B. Samples and images were taken at 4 days post inoculation (dpi). For onion 

223 scale necrosis assay, tissue samples (0.2 cm x 0.2 cm) were taken 0.5 cm away from 

224 the inoculation point, weighed, and macerated in sterilized H2O, and plated on LB agar 

225 with rifampicin. Colonies were counted 24 h after incubation and converted to Log10 

226 CFU/g. For onion leaf inoculation assays, samples (0.5 cm long) were taken 0.3 cm 

227 away from the inoculation point, processed similarly to the scale samples, and the 

228 colonies were enumerated as Log10 CFU/leaf area (cm2). Center lines show the 

229 medians; box limits indicate the 25th and 75th percentiles; whiskers extend 1.5 times the 
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230 interquartile range from the 25th and 75th percentiles; crosses represent sample means; 

231 data points are plotted as grey circles as determined by R software. The experiment 

232 was conducted at least twice and sample points n = 8 and 12 were shown for graph A 

233 and C, respectively. Different letters indicate significant differences (P = 0.05) among 

234 treatments according to Tukey-Kramer’s honestly significant difference test.

235

236 On onion leaves, P. stewartii subsp. indologenes PNA03-3ΔpepM reached 

237 significantly lower population levels than the PNA03-3 wildtype at 4 dpi (P < 0.0001) (Fig 

238 2C). In terms of symptom severity, at 4 dpi, 03-3ΔpepM did not show typical necrosis on 

239 onion leaves (lesion length = 0 cm, Figs 2D and S1) and was complemented by pepM14-

240 12. Interestingly inactivation of the T3SS by deletion of the hrcC gene did not result in 

241 phenotypic changes to population levels or onion disease symptoms compared to the 

242 wildtype strain.

243 Similar to the above observations on the red onion scale, P. stewartii subsp. 

244 indologenes PNA14-12ΔpepM reached significantly lower population levels than PNA14-

245 12 wildtype (P < 0.0001) (Fig 3A). In terms of symptom development, at 4 dpi, 14-12WT, 

246 14-12ΔhrcC, and 14-12ΔpepM pBS46::pepM14-12 showed distinct pink halo phenotypes, 

247 while 14-12ΔpepM did not display any symptoms on the red onion scale (Fig 3B). 
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248

249 Fig 3. pepM was vital for Pantoea stewartii subsp. indologenes PNA14-12 

250 pathogenicity on onion scale and leaf. Bacterial population levels in onion scale (A) 

251 and leaf (C) tissues inoculated with P. stewartii subsp. indologenes PNA14-12 wildtype 

252 and mutants, and representative symptoms produced on red onion scales (cv. Red 

253 Barret) (B) and 6-week-old onion leaves (cv. Century) (D). PNA14-12 wildtype (WT), 14-

254 12ΔpepM mutant, 14-12ΔhrcC mutant, and 14-12ΔpepM pBS46::pepM14-12 complement 

255 strains were inoculated onto red onion scale and leaves at 104 CFU (n = 4) for A, C, and 

256 D, and 106 CFU for B. Samples and images were taken at 4 days post inoculation (dpi). 

257 For onion scale necrosis assay, tissue samples (0.2 cm x 0.2 cm) were taken 0.5 cm 

258 away from the inoculation point, weighed, and macerated in sterilized H2O and plated 

259 on LB agar with rifampicin. Colonies were counted 24 h after incubation and converted 

260 to Log10 CFU/g. For onion leaf inoculation assays, samples (0.5 cm long) were taken 

261 0.3 cm away from the inoculation point, processed similarly to the scale samples, and 

262 the colonies were enumerated as Log10 CFU/leaf area (cm2). Center lines show the 

263 medians; box limits indicate the 25th and 75th percentiles; whiskers extend 1.5 times the 
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264 interquartile range from the 25th and 75th percentiles; crosses represent sample means; 

265 data points are plotted as grey circles as determined by R software. The experiment 

266 was conducted twice and all sample points (n = 8) were shown. Different letters indicate 

267 significant differences (P = 0.05) among treatments according to Tukey-Kramer’s 

268 honestly significant difference test.

269

270 On onion leaves, P. stewartii subsp. indologenes PNA14-12ΔpepM reached 

271 significantly lower population levels than the PNA14-12 wildtype at 4 dpi (P = 0.0007) (Fig 

272 3C). In terms of symptom severity, at 4 dpi, 14-12ΔpepM did not show typical necrosis on 

273 onion (lesion length = 0 cm, Figs 3D and S1), and was complemented by the pepM14-12. 

274 Similar to PNA03-3, inactivation of the T3SS by deletion of the hrcC gene in PNA14-12 

275 did not result in phenotypic changes to population levels or onion disease symptoms 

276 compared to the wildtype strain.

277 Our initial nucleotide sequence similarity search of the Halophos gene cluster 

278 showed that another onion pathogen, P. allii LMG24248, also encodes the Halophos gene 

279 cluster (Fig 1 and S1 Table). In order to determine the role of pepM in P. allii LMG24248, 

280 the pepM gene of the Halophos was deleted. Pantoea allii LMG24248ΔpepM reached 

281 significantly lower population levels than LMG24248 wildtype (P < 0.0001) and did not 

282 display symptoms on onion scales and leaves (Fig 4). Both bacterial population levels 

283 and symptoms were complemented by the expression of the Halophos pepM gene (halE) 

284 from LMG24248.

285
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286

287 Fig 4. pepM was vital for P. allii LMG24248 pathogenicity on onion scale and leaf. 

288 Bacterial population levels in onion scale (A) and leaf (C) tissues inoculated with P. allii 

289 LMG24248 wildtype and mutants and representative symptoms produced on red onion 

290 scales (cv. Red Barret) (B) and 6-week-old onion leaves (cv. Century) (D). 24248 

291 wildtype (WT), 24248ΔpepM mutant, and 24248ΔpepM pBS46::pepM24248 complement 

292 strains were inoculated onto red onion scale and leaves at 104 CFU (n = 4) for A, C, and 

293 D, and 106 CFU for B. Samples and images were taken at 4 days post inoculation (dpi). 

294 For onion scale necrosis assay, tissue samples (0.2 cm x 0.2 cm) were taken 0.5 cm 

295 away from the inoculation point, weighed, and macerated in sterilized H2O and plated 

296 on LB agar with rifampicin. Colonies were counted 24 h after incubation and converted 

297 to Log10 CFU/g. For onion leaf inoculation assays, samples (0.5 cm long) were taken 

298 0.3 cm away from the inoculation point, processed similarly to the scale samples, and 

299 the colonies were enumerated as Log10 CFU/leaf area (cm2). Center lines show the 

300 medians; box limits indicate the 25th and 75th percentiles; whiskers extend 1.5 times the 

301 interquartile range from the 25th and 75th percentiles; crosses represent sample means; 
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302 data points are plotted as grey circles as determined by R software. The experiment 

303 was conducted three times and all sample points (n = 12) were shown. Different letters 

304 indicate significant differences (P = 0.05) among treatments according to Tukey-

305 Kramer’s honestly significant difference test.

306

307 We sequenced seven additional P. allii strains (BD381, BD382, BD383, BD386, 

308 BD387, BD388, and BD389) isolated from onion in South Africa. Based on whole genome 

309 sequencing, all seven P. allii strains encoded the Halophos-like gene cluster and their 

310 gene content and gene orientations within the cluster were identical. All seven strains 

311 caused foliar necrosis upon inoculation in onion leaf and displayed pink halo phenotypes 

312 in the red onion scale assays (S2 Fig). 

313 Contributions of the hal genes (Halophos) in P. stewartii 

314 subsp. indologenes PNA14-12 on onion pathogenicity.

315 In order to determine the roles of other genes besides pepM/halE in the Halophos 

316 gene cluster, we made single mutants of each gene in PNA14-12, inoculated them on 

317 onion scale and leaves, and assessed the symptoms at 5 dpi. The strains PNA14-12WT, 

318 ΔhalA, ΔhalI, ΔhalJ, and ΔhalK showed distinct pink halo phenotypes on the red onion 

319 scales and caused necrosis on onion leaf, while ΔhalB, ΔhalC, ΔhalD, ΔhalF, and ΔhalG 

320 did not display any symptoms on the red onion scale and on onion leaf (Figs 5A and 5B). 

321 The ΔhalH deletion mutant showed no symptoms on the red onion scales but showed 

322 reduced foliar necrosis (Figs 5A and 5B). The complement strains of halB, halC, halD, 

323 halF, halG, and halH showed pink halo phenotypes and foliar necrosis (Figs 5A and 5B). 
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324 In terms of disease severity on onion leaf, ΔhalB, ΔhalC, ΔhalD, ΔhalF, ΔhalG displayed 

325 no lesion (lesion length = 0 cm, Fig 5C), while the mean lesion length for ΔhalH was 1.0 

326 cm, which was significantly lower than the 14-12WT (2.9 cm), ΔhalA (2.1 cm), ΔhalI (2.1 

327 cm), ΔhalJ (2.4 cm), and ΔhalK (2.2 cm). The complement strains of halBcomp (1.0 cm), 

328 halCcomp (1.1 cm), halDcomp (2.5 cm), halFcomp (1.0 cm), halGcomp (2.3 cm), and 

329 halHcomp (2.3 cm) showed significantly higher mean lesion length than that of their 

330 corresponding mutant strains (P < 0.0001) (Fig 5C). The segment of seven contiguous 

331 hal genes (halB to halH) was expressed in an onion-non-pathogenic P. stewartii subsp. 

332 indologenes strain PNA15-2. On onion leaf, the wildtype P. stewartii subsp. indologenes 

333 PNA15-2 (lack Halophos) did not cause foliar necrosis, while the transformant PNA15-2 

334 pBS46::halB-H induced limited necrotic lesions (mean length = 0.4 cm) (Figs 5D and 5E).
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335

336 Fig 5. The halB-H genes are critical for Pantoea stewartii subsp. indologenes 

337 PNA14-12 pathogenicity on onion scale and leaf. Representative symptoms 

338 produced on red onion scales (cv. Red Barret) (A) and 6-week-old onion leaves (cv. 
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339 Century) (B). PNA14-12 wildtype (WT), hal mutants, hal complement strains were 

340 inoculated onto red onion scale and leaves at 106 CFU (n = 4). Samples and images 

341 were taken at 5 days post inoculation (dpi). (C) Lesion length on onion leaf. 

342 Complement strains are noted as halXcomp. Center lines show the medians; box limits 

343 indicate the 25th and 75th percentiles; whiskers extend 1.5 times the interquartile range 

344 from the 25th and 75th percentiles; crosses represent sample means; data points are 

345 plotted as grey circles as determined by R software. The experiment was conducted at 

346 least twice and all sample points were shown (n = 12 and 8 for graph C and E, 

347 respectively). Different letters indicate significant differences (P = 0.05) among 

348 treatments according to Tukey-Kramer’s honestly significant difference test.

349 Bacterial culture filtrate induced symptoms on onion leaves.

350 We generated a derivative strain of P. stewartii subsp. indologenes PNA14-12 by 

351 crossing the plasmid pSC201 into the halA gene. This approach aided in bringing the 

352 expression of the Halophos cluster under the control of the PrhaB promoter. The scheme 

353 is depicted in S3 Fig and is similar to the scheme used to express pantaphos used by 

354 Polidore et al, 2020 [11]. When cultured with rhamnose supplementation, the filtered 

355 culture supernatant of strain 14-12WT pSC201::halA and the strain PNA14-12ΔpepM 

356 pSC201::halA pBS46::pepM induced necrosis on onion leaves, while the strain PNA14-

357 12ΔpepM pSC201::halA did not (Fig 6). When cultured without rhamnose 

358 supplementation, the culture supernatant of all three strains did not cause any symptoms 

359 (Fig 6). 

360
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361

362

363 Fig 6. Cell-free culture filtrate induced symptoms on onion leaf. Bacteria were 

364 grown in modified Coplin lab medium (mCLM) for 24 h and centrifuged. The supernatant 

365 was filtered and 20 μl were inoculated onto cut onion leaf tip. Images were taken 4 days 

366 after inoculation. (A) PNA14-12WT pSC201::halA in mCLM + trimethoprim + rhamnose. 

367 (B) PNA14-12WT pSC201::halA in mCLM + trimethoprim. (C) PNA14-12ΔpepM 

368 pSC201::halA in mCLM + trimethoprim + rhamnose. (D) PNA14-12ΔpepM 

369 pSC201::halA in mCLM + trimethoprim. (E) PNA14-12ΔpepM pSC201::halA 

370 pBS46::pepM in mCLM + gentamicin + trimethoprim + rhamnose. (F) PNA14-12ΔpepM 

371 pSC201::halA pBS46::pepM in mCLM + gentamicin + trimethoprim. The experiments 

372 were conducted twice with similar results. 

373
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374 The hrcC but not the pepM gene is important for the 

375 pathogenicity of P. stewartii subsp. indologenes on millet.

376 On pearl millet leaves, P. stewartii subsp. indologenes PNA03-3ΔhrcC reached 

377 significantly lower population levels than PNA03-3 wildtype, 03-3ΔpepM, and 03-3ΔhrcC 

378 pBS46::hrcC03-3 at 4 dpi (P < 0.0001) (Fig 7A). In terms of symptom development, at 4 

379 dpi, 03-3WT, 03-3ΔpepM, and 03-3ΔhrcC pBS46::hrcC03-3 developed obvious lesions, 

380 while 03-3ΔhrcC did not develop any symptoms on inoculated pearl millet leaves (Fig 

381 7B). Similarly, P. stewartii subsp. indologenes PNA14-12ΔhrcC reached significantly 

382 lower population levels than PNA14-12 wildtype, 14-12ΔpepM, and 14-12ΔhrcC 

383 pBS46::hrcC03-3 at 4 dpi (P < 0.0001) (Fig 7C). In terms of symptom development, at 4 

384 dpi, 14-12WT, 14-12ΔpepM, and 14-12ΔhrcC pBS46::hrcC03-3 developed obvious lesions, 

385 while 14-12ΔhrcC did not develop any symptoms on inoculated pearl millet leaves (Fig 

386 7D).

387
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388 Fig 7. hrcC was vital for PNA03-3 and PNA14-12 pathogenicity on pearl millet. 

389 Bacterial population levels (A and C) in millet tissues inoculated with Pantoea stewartii 

390 subsp. indologenes PNA03-3 and PNA14-12 wildtype and mutants and representative 

391 symptoms produced by 4-week-old millet leaves (B and D). PNA03-3 wildtype (WT), 03-

392 3ΔpepM mutant, 03-3ΔhrcC mutant, and 03-3ΔhrcC pBS46::hrcC03-3 complement 

393 strains, PNA14-12 wildtype (WT), 14-12ΔpepM mutant, 14-12ΔhrcC mutant, and 14-

394 12ΔhrcC pBS46::hrcC03-3 complement strains were inoculated into millet leaves at 106 

395 CFU/ml. Samples and images were taken at 4 days post inoculation (dpi). Two leaf 

396 disks (0.4 cm diameter) were sampled from four leaves, macerated in sterilized H2O, 

397 and plated on LB agar with rifampicin. The colonies were counted 24 h after incubation 

398 and converted to Log10 CFU/leaf area (cm2). Center lines show the medians; box limits 

399 indicate the 25th and 75th percentiles; whiskers extend 1.5 times the interquartile range 

400 from the 25th and 75th percentiles; crosses represent sample means; data points are 

401 plotted as grey circles as determined by R software. The experiment was conducted 

402 twice and all sample points (n = 8) were shown. Different letters indicate significant 

403 differences (P = 0.05) among treatments according to Tukey-Kramer’s honestly 

404 significant difference test.

405 Importance of hrcC and pepM genes in tobacco 

406 hypersensitive-like cell death response. 

407 Hypersensitive response (HR) assays were assessed on tobacco to determine 

408 the function of T3SS in P. stewartii subsp. indologenes. We also evaluated if the 

409 products from the HiVir and Halophos clusters in Pantoea spp. (P. stewartii subsp. 

410 indologenes and P. allii) induced HR-like responses on tobacco. Leaves infiltrated with 
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411 the suspensions of P. stewartii subsp. indologenes 03-3WT, 03-3∆hrcC, 03-3∆pepM, 

412 03-3∆hrcC pBS46::hrcC03-3, 03-3∆pepM∆hrcC pBS46::hrcC03-3, and 03-3∆pepM∆hrcC 

413 pBS46::pepM14-12 developed an HR-like cell death (CD) response after 48 h (S4A Fig). 

414 The double mutant 03-3∆pepM∆hrcC could not induce cell death (S4A Fig). Leaves 

415 infiltrated with suspensions of P. stewartii subsp. indologenes 14-12WT, 14-12∆pepM, 

416 14-12∆hrcC pBS46::hrcC03-3, 14-12∆pepM∆hrcC pBS46::hrcC03-3 developed an HR-like 

417 CD response after 48 h (S4B Fig). Leaves infiltrated with 14-12∆hrcC, 14-

418 12∆pepM∆hrcC, and the control did not induce cell death (S4B Fig). Leaves infiltrated 

419 with suspensions of P. allii 24248WT, 24248∆pepM, 24248∆pepM pBS46::pepM24248, 

420 and the control did not induce an HR-like CD response (S4C Fig).

421 Discussion

422 Many plant pathogenic bacteria use secretion systems to deliver proteins to plant 

423 cell targets and these secretion systems are often plant pathogenicity determinants [9]. 

424 The T3SS was studied extensively in P. stewartii subsp. stewartii in its interactions with 

425 maize [15]. Pantoea stewartii subsp. indologenes also encodes T3SS, which shows the 

426 closest similarity to P. stewartii subsp. stewartii. However, our study showed that P. 

427 stewartii subsp. indologenes did not require a functional T3SS to infect onion. When hrcC, 

428 the gene encoding the conserved T3SS outer membrane secretin, was deleted in PNA03-

429 3 and PNA14-12, the hrcC mutants still caused onion tissue necrosis (Figs 2 and 3), but 

430 lost their pathogenicity on pearl millet and the ability to cause tobacco HR (Figs 7 and 

431 S4). This indicated that P. stewartii subsp. indologenes used alternative virulence 

432 strategies to cause disease on onion other than the typical T3SS. 
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433 The pepM deletion mutants of HiVir (PNA03-3) and Halophos (PNA14-12) clusters 

434 did not develop any obvious symptoms on onion leaves and on red onion scales 

435 compared to the corresponding wildtype strains (Figs 2 and 3). This indicated that both 

436 phosphonate biosynthetic gene clusters are important for the onion pathogenicity for the 

437 two P. stewartii subsp. indologenes strains (PNA14-12 and PNA03-3). The 

438 complementation of each gene in the corresponding mutant strains restored the 

439 phenotypes. In addition, the pepM gene from PNA14-12 could complement 03-3ΔpepM 

440 as the 03-3ΔpepM pBS46::pepM14-12 restored the onion scale clearing phenotype (Fig 

441 2B). The in planta population assays showed that pepM mutants grew to significantly 

442 lower population levels compared to the wildtype strains. This gene cluster was given the 

443 name ‘Halophos’ as the wildtype strain showed a pink halo phenotype when inoculated 

444 on red onion scales (Figs 3B, 4B and S3), a phenotype distinctive from the white hard-

445 edged clearing zones observed with P. ananatis inoculation on the red onion scale [16]. 

446 Two distinct phosphonate clusters (HiVir and Halophos) were responsible for the 

447 onion pathogenicity of P. stewartii subsp. indologenes. Host range expansion of P. 

448 stewartii subsp. indologenes was likely associated with the acquisition of the HiVir or 

449 Halophos clusters. The sequence features (GC/Nc/CAI) of the Halophos gene cluster are 

450 different from the whole genome features (Table 1), indicating an HGT origin. The 

451 presence of the nearby primase gene can also indicate an HGT region [17]. The Nc and 

452 CAI values are measures of synonymous codon usage bias. The higher Nc and lower 

453 CAI values in the Halophos gene cluster compared to the whole genome of PNA14-12 

454 implies recent acquisition via horizontal gene transfer. In Georgia USA, onion and millet 

455 rotation were once recommended and some organic onion growers still follow this rotation. 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 3, 2022. ; https://doi.org/10.1101/2022.03.03.482764doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.03.482764
http://creativecommons.org/licenses/by/4.0/


Zhao et al.                                                                                         
           Plos Pathogens 

29

456 We speculate that P. stewartii subsp. indologenes might have horizontally acquired 

457 virulence factors from environmental or plant-associated microbes associated with millet 

458 or other weeds capable of supporting onion-infecting bacteria as well as P. stewartii subsp. 

459 indologenes populations. 

460 Plant pathogens can be classified according to their lifestyles. Biotrophic 

461 pathogens require living plant cells to proliferate, whereas necrotrophic pathogens kill 

462 plant cells to proliferate. Hemibiotrophic pathogens initially colonize hosts via biotrophic 

463 invasion and later switch to necrotrophic growth [18]. Likewise, we speculate that P. 

464 stewartii subsp. indologenes may utilize T3SS, which is an indicator of biotrophic or hemi-

465 biotrophic lifestyle to colonize and infect millets, but on onion it may utilize a different set 

466 of pathogenicity factors, HiVir or Halophos, which results in host cell death, an indicative 

467 of a necrotrophic lifestyle. These observations potentially suggest that onion-pathogenic 

468 P. stewartii subsp. indologenes may utilize hemi-biotrophic or necrotrophic lifestyles 

469 preferentially when they are present on millet vs. on onion. Future detailed studies may 

470 shed some light on this dual lifestyle and its importance in host-range expansion. 

471 Similar to PNA14-12, P. allii LMG24248 also showed a pink halo phenotype on the 

472 red onion scale, while its pepM mutant did not develop any symptoms (Fig 4). This 

473 indicated that pepM of the Halophos gene cluster was also important for onion 

474 pathogenicity in P. allii, which has never been demonstrated experimentally earlier. We 

475 also note that P. allii strains do not possess T3SS; however, it was present in P. stewartii 

476 subsp. indologenes.

477 In this study, we showed that pepM was essential for causing necrosis on both 

478 onion leaves and scales in two Pantoea spp., P. stewartii subsp. indologenes and P. allii. 
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479 Furthermore, Halophos-like gene clusters were also present in strains belonging to the 

480 genera Erwinia, Pseudomonas, Xenorhabdus, and Photorhabdus. Xenorhabdus and 

481 Photorhabdus are nematode and arthropods symbionts. Interestingly, a HiVir-like cluster 

482 was also found in Photorhabdus [11]. Many Erwinia and Pseudomonas species are 

483 common plant pathogens on various crops [1, 19, 20]. Despite their presence in various 

484 bacterial genera, it would be interesting to test if Halophos toxins are host-specific, and 

485 their interactions with insects or nematodes. It is interesting to note that PNA03-3∆hrcC 

486 caused an HR-like CD response but PNA03-3∆pepM∆hrcC, PNA14-12∆hrcC, and P. allii 

487 LMG24248WT did not, suggesting the HiVir toxin from PNA03-3 but not the Halophos 

488 toxins from PNA14-12 and P. allii LMG24248 is toxic to tobacco leaf (S4 Fig). This also 

489 indicates the modes of action between HiVir and Halophos products are different.

490 Halophos was predicted in silico to encode a putative phosphonate biosynthetic 

491 gene cluster. In this study, we characterized individual genes in the Halophos gene cluster, 

492 and found that halB-H but not halA, halI, halJ, halK genes contribute to onion 

493 pathogenicity (Fig 5). We showed that by transferring a minimal cluster of halB to halH to 

494 an onion-non-pathogenic strain PNA15-2, the strain was able to cause foliar necrosis on 

495 onion (Figs 5D and 5E). However, the mean lesion length of PNA15-2 pBS46::halB-H 

496 was relatively small. This may be due to the low expression level of the plasmid carrying 

497 a large fragment of halB to halH (8,614 bp) or other components present in PNA14-12 

498 but absent in PNA15-2 that might be needed to facilitate the expression of halB to halH. 

499 In addition, to our surprise, halI, the MFS transporter gene from the Halophos cluster did 

500 not contribute to onion pathogenicity (Fig 5), while hvrI, the MFS transporter gene from 

501 the HiVir cluster in P. ananatis was shown to be important for onion leaf virulence [8]. We 
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502 speculate that PNA14-12 does not rely on halI but other unknown means to transport its 

503 product of Halophos out of the cell. 

504 On the other hand, only pepM and the MFS transporter gene from the HiVir cluster 

505 were previously characterized and shown to be important for onion pathogenicity [7, 8, 

506 11]. The individual contributions of other genes in the HiVir cluster remain to be 

507 determined. Identifying the minimal number of genes required for phosphonate 

508 biosynthesis may help in the identification of key players involved in the biosynthetic 

509 pathway and may aid in understanding how phosphonates are synthesized. The 

510 phosphonate structure of the HiVir gene cluster was recently determined as 2-

511 (hydroxy[phosphono]methyl)maleate [11]; however, the products of the predicted 

512 phosphonate biosynthetic cluster ‘Halophos’ and their biological functions are currently 

513 unknown. An unknown thiotemplated cluster type (S5 Fig) was predicted by the PRISM 

514 program (version 4.4.5) [21] based on halE/pepM gene and halJ gene from the PNA14-

515 12 Halophos gene cluster. However, the predicted structure did not incorporate the 

516 function of the other genes in the Halophos cluster. Understanding the products, the 

517 regulation of phosphonate biosynthesis, and the synthetic stages may help provide 

518 targets for developing specific enzyme inhibitors against plant-pathogenic Pantoea 

519 carrying Halophos.

520 In conclusion, a unique gene cluster Halophos, responsible for onion tissue 

521 necrosis was found in P. allii and P. stewartii subsp. indologenes. Future research on 

522 Halophos structure and its target are needed for developing strategies to manage 

523 Pantoea spp. in onion.
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524 Materials and Methods

525 Bacterial strains and inoculum preparation.

526 Bacterial strains and plasmids used in the study are listed in S2 Table. Naturally 

527 occurring, rifampicin-resistant strains of representative Pantoea strains were selected. 

528 Pantoea strains were routinely cultured on nutrient agar at 28°C for 1 day and Escherichia 

529 coli strains on Luria-Bertani broth or agar at 37°C for 1 day. When required, media were 

530 supplemented with kanamycin at 50 µg/ml, trimethoprim at 100 µg/ml, gentamycin at 20 

531 µg/ml, X-gluc at 60 µg/ml, rifampicin at 50 µg/ml, and diaminopimelic acid (DAP) for E. 

532 coli RHO5 at 300 µg/ml. To prepare Pantoea inocula, strains were cultured in LB at 28°C 

533 in a rotary shaker at 200 rpm for approximately 16 h. Subsequently, the cultures were 

534 centrifuged at 16,100 x g for 1 min and the supernatants were decanted. The resulting 

535 pellets were resuspended in sterilized distilled water (sdH2O). The bacterial 

536 concentrations were then adjusted to an optical density of 0.3 at 600 nm [~ 108 colony 

537 forming units (CFU/ml)] using a spectrophotometer, and adjusted to the desired 

538 concentration by 10-fold serial dilutions in sdH2O.

539 Mutant constructions.

540 To determine the role of pepM in Pantoea pathogenicity, unmarked deletions of 

541 pepM gene in Pantoea allii LMG 24248, and P. stewartii subsp. indologenes PNA03-3 

542 and PNA14-12 were made using the pR6KT2GW allelic exchange vector following the 

543 method described in [7], and named 24248ΔpepM, PNA03-3ΔpepM, and PNA14-

544 12ΔpepM, respectively. The primers used are listed in S3 Table. dsDNA containing the 

545 pepM flanking sequences were synthesized (Twist Biosciences, San Francisco, CA) 
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546 and listed in S4 Table. Mutants were confirmed by PCR and Sanger sequencing. To 

547 determine the role of hrcC in P. stewartii subsp. indologenes virulence, PNA03-3ΔhrcC 

548 and PNA14-12ΔhrcC were made. Double mutants of pepM and hrcC were made using 

549 the ΔpepM mutant for conjugation following the deletion procedure as described above. 

550 For the complementation, the hrcC gene sequence from PNA03-3 and pepM gene 

551 sequences from both PNA14-12 and LMG24248 including their native ribosomal binding 

552 sites were PCR amplified and used to create pBS46::hrcC03-3/pepM14-12/pepM24248 

553 constructs for conjugation with corresponding deletion mutants following the method 

554 described in [7].

555 To determine the role of hal genes from the Halophos cluster, unmarked deletions 

556 of halA, halB, halC, halD, halF, halG, halH, halI, halJ, and halK genes in PNA14-12 were 

557 made using the pR6KT2GW allelic exchange vector following the deletion procedure as 

558 described above. The complementations were made as described above for halB, halC, 

559 halD, halF, halG, and halH single mutants. In addition, we constructed a plasmid 

560 containing sequence from halB to halH and transformed this plasmid pBS46::halB-H into 

561 an onion-non-pathogenic P. stewartii subsp. indologenes strain PNA15-2. 

562 In planta population and symptomology on onion caused by 

563 select Pantoea strains

564 Pantoea strains (wildtypes, mutants and their corresponding complemented 

565 strains) were inoculated on leaves and red onion scale as previously described [16]. 

566 Briefly, red onion bulbs (cv. Red Barret) were sliced into small square slices 

567 (approximately 2 cm x 2 cm), sterilized in 0.5% sodium hypochlorite, and washed with tap 
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568 water. A 10 µl pipette tip was used to penetrate the onion scale at the center with finger 

569 pressure. Ten microliters of a 1 x 108 CFU/ml bacterial suspension (1x106 CFU) were 

570 deposited at the wounded area. The sdH2O was used as the negative control. Samples 

571 and images were taken at 4 days post inoculation (dpi). Scale tissue samples 

572 (approximately 0.2 cm x 0.2 cm) were cut using a sterile blade 0.5 cm away from the 

573 inoculation point, weighed, and placed in 2 ml tubes containing three sterile glass beads 

574 (3 mm) and 500 μl sdH2O. Tissue samples were macerated in a bead mill homogenizer 

575 (Omni International Inc, Kennesaw, GA, USA) four times for 30 seconds each at 4 m/s 

576 speed. A ten-fold dilution series of the macerates was made in sterile sdH2O to 10−6 and 

577 each dilution was plated as 10 μl droplets on LB agar with rifampicin. Colonies were 

578 counted 24 h after incubation and converted to Log10 CFU/g. Four replicates per strain 

579 were used for one experiment and the experiment was conducted at least twice. 

580 Foliage inoculation assays were conducted as described by Koirala et al. (2021) 

581 [13]. Briefly, onion (cv. Century) seedlings were established in plastic pots and maintained 

582 in a greenhouse at 25-30°C. Onion plants about six- to eight-week-old were inoculated 

583 after cutting the leaf 1 cm from the apex with a pair of scissors sterilized with 70% ethanol. 

584 Using a micropipette, 10 μl of 1 x 106 CFU/ml bacterial suspension (~ 1 x104 CFU/leaf) 

585 was deposited diagonally opposite to each other at the cut end of the leaf twice. Seedlings 

586 inoculated with sdH2O as described above were used as negative controls. The strains 

587 used in the inoculation included PNA14-12 wildtype, PNA03-3 wildtype, LMG24248, and 

588 their corresponding mutants and complements are listed in S2 Table. At 4 dpi, lesion 

589 lengths of the inoculated leaf areas were measured. Leaf tissues (0.5 cm long) were taken 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 3, 2022. ; https://doi.org/10.1101/2022.03.03.482764doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.03.482764
http://creativecommons.org/licenses/by/4.0/


Zhao et al.                                                                                         
           Plos Pathogens 

35

590 0.3 cm away from the inoculation point, processed similarly to the scale samples, and the 

591 enumerated colonies were converted to Log10 CFU/leaf area (cm2). 

592 Symptomology on onion caused by select Pantoea strains

593 The following strains, South Africa P. allii strains, single mutants of hal genes and 

594 hal complement strains, PNA14-12, PNA15-2, PNA15-2 pBS46::halB-H, were inoculated 

595 as described above to compare their symptoms on onion. For both red onion scale assays 

596 and foliage inoculation assays, 10 μl of 1 x 106 CFU/ml bacterial suspensions were used. 

597 The pictures and lesion lengths were recorded at 5 dpi.

598 Symptomology on onion leaf caused by culture filtrates of 

599 Pantoea strains

600 We hypothesized that the Halophos gene cluster in P. stewartii subsp. indologenes 

601 PNA14-12 produced a secondary metabolite product, and the product alone could cause 

602 symptoms on onion leaves. A single crossover approach similar to that used by Polidore 

603 et al. 2021 [11] for in vitro induction of HiVir was used to drive the expression of the 

604 Halophos cluster from the rhamnose inducible PrhaB promoter by recombining plasmid 

605 pSC201::halA before the halA gene of the Halophos. The scheme was depicted in S3 

606 Fig. The first gene halA in the Halophos gene cluster from PNA14-12 including 39 bp 

607 before the start codon was PCR amplified, purified, and mixed with the plasmid pSC201 

608 (cut with XbalI and SphI) in a Gibson-assembly mix (NEB). The reaction was transformed 

609 into E. coli DH5α, and plated on LB agar with trimethoprim. The resulting plasmid was 

610 confirmed by sequencing, and transformed into E. coli RHO5. Bi-parental conjugation 
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611 was performed by plating a mixture of E. coli strain RHO5 pSC201::halA with the PNA14-

612 12 wildtype, PNA14-12ΔpepM, and PNA14-12ΔpepM pBS46::pepM on LB agar with DAP. 

613 The mixed cultures were streaked onto LB agar with trimethoprim. The single colonies 

614 were streaked on LB agar with trimethoprim and stored. The chromosomal insertion of 

615 the plasmid was confirmed by PCR (S3 Table). 

616 Bacteria were grown in the modified Coplin lab medium (mCLM) [8] at 28°C for 24 

617 h with shaking at 200 rpm. In order to maintain plasmid insertion, the medium was 

618 amended with trimethoprim. For the complemented strain, the medium was also amended 

619 with gentamicin. All strains were grown in 5 ml of this broth with and without 0.5% 

620 rhamnose. The cultures were centrifuged and the supernatants were filter-sterilized 

621 through a 0.2-μm filter to obtain a crude culture filtrate. Before use, 100 μl of this crude 

622 culture filtrate was plated on the nutrient agar medium in two replicates to confirm if it was 

623 devoid of any bacterial contamination. No colonies were grown after two days of 

624 incubation at 28°C. Twenty microliters of the crude culture filtrates were inoculated onto 

625 the cut end of onion leaf tips as described previously. Inoculated seedlings were assessed 

626 for foliar necrosis at 4 dpi and subsequently images were taken. The experiments were 

627 conducted twice.

628 In planta population and symptomology on pearl millet caused 

629 by Pantoea strains

630 We hypothesized that hrcC but not pepM was important for pearl millet 

631 pathogenicity. To determine the role of pepM and hrcC in the pathogenicity of P. stewartii 

632 subsp. indologenes on pearl millet, Pantoea strains were inoculated on 4-week-old pearl 
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633 millet seedlings (Pennisetum glaucum cv. TifGrain 102) at 1 x 106 CFU/ml by syringe 

634 infiltration. Pearl millet seedlings were established under the same growth condition as 

635 described above for onion seedlings. Symptoms were documented on the inoculated 

636 leaves, by taking photographs at 4 dpi. In planta populations of inoculated bacterial strains 

637 were assessed at 4 dpi by excising two leaf discs per replicate using a 0.4 cm diameter 

638 cork-borer. Four replicates were sampled per strain and the experiments were conducted 

639 twice. Samples were macerated in sdH2O and plated on LB agar with rifampicin. Colonies 

640 were counted 24 h after incubation and converted to Log10 CFU/leaf area (cm2). 

641 Analysis of variance (ANOVA) was conducted on Log10 CFU/leaf area (cm2), Log10 

642 CFU/g, and lesion length data using JMP statistical analysis software (version Pro 16; 

643 SAS Institute Inc., Cary, NC). The effect of strain on the data collected was compared 

644 using the Tukey-Kramer’s honestly significant difference (HSD) test. The boxplot was 

645 generated using the BoxPlotR web tool [22].

646 Tobacco infiltration assay

647 Pantoea spp. strains were grown overnight in mCLM [8] at 28°C with shaking at 

648 200 rpm. The following day, overnight cultures were infiltrated into tobacco leaf panels 

649 using a plastic needleless syringe. The infiltrated areas were outlined with a black 

650 permanent marker. Sterile mCLM was used as a control. Leaf panels were observed 

651 after 48 h for hypersensitive-like cell death responses. The assay was performed on two 

652 or three leaves from different plants and was conducted three times. 
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653 Identification and analysis of homologous Halophos 

654 biosynthetic gene clusters in bacteria. 

655 To assess whether the Halophos gene cluster was introduced by horizontal gene 

656 transfer, genomic islands in PNA14-12 were predicted using IslandViewer 4 [23]. We also 

657 computed the guanine-cytosine (GC) content, the effective number of codons (Nc), and 

658 the codon adaptation index (CAI) using CodonW Version 1.4.4 [24]. In addition, NCBI 

659 blastn and tblastn were used to identify bacterial genomes that contain Halophos-like 

660 gene clusters. First, the nucleotide sequence of the Halophos gene cluster from PNA14-

661 12 was used to search the NCBI Nucleotide collection database. After identifying 

662 Halophos-like gene clusters in several genera, the nucleotide sequence was searched 

663 against the NCBI Whole-genome shotgun contigs database, by specifying genera 

664 Pantoea, Pseudomonas, Erwinia, Xenorhabdus, and Photorhabdus in the search options. 

665 The query coverage and percent identity of the blastn searches were recorded. 

666 In order to show the gene synteny of Halophos-like gene clusters, the PepM 

667 protein sequence from PNA14-12 was used as the query in the NCBI blastp search. The 

668 NCBI protein accessions of the PepM protein sequences that were in the Halophos-like 

669 gene clusters were downloaded, and used as the query in the WebFlaGs web tool [25]. 

670 Results from representative Halophos types of different species were illustrated in 

671 PowerPoint along with a phylogenetic tree based on the corresponding selected PepM 

672 protein sequences. Ten PepM protein sequences and Escherichia coli 2-methylisocitrate 

673 lyase sequence (as an outgroup) were used for multiple sequence alignment using 

674 MAFFT v7.450 [26] in Geneious Prime® 2021.1.1. The alignment was trimmed to the 
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675 same length and used for constructing a neighbor-joining tree using the Jukes-Cantor 

676 model [27]. The bootstrap support values were calculated using 1,000 replicates. 
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752 Supporting information captions

753 S1 Fig. Lesion length of onion leaf. Onion leaves were inoculated with wildtype and 

754 mutants of Pantoea stewartii subsp. indologenes PNA03-3 (A) and PNA14-12 (B), and P. 

755 allii LMG24248 (C). Strains were inoculated on the cut end of the onion leaf tip at 104 

756 CFU/leaf. Four replicates per strain were used for one experiment. Lesion lengths were 

757 measured at 4 days post inoculation. Center lines show the medians; box limits indicate 

758 the 25th and 75th percentiles; whiskers extend 1.5 times the interquartile range from the 

759 25th and 75th percentiles; crosses represent sample means; data points are plotted as 

760 grey circles as determined by R software. The experiment was conducted at least three 

761 times and all sample points were shown (n = 12, 40, and 16 for graph A, B, C, 

762 respectively). Different letters indicate significant differences (P = 0.05) among treatments 

763 according to Tukey-Kramer’s honestly significant difference test.

764 S2 Fig. Representative symptoms produced on onion scales and leaves 

765 inoculated with Pantoea allii. Pantoea allii strains were inoculated onto the red onion 

766 scales and leaves at 106 CFU. The experiments were conducted twice with similar 

767 results.

768 S3 Fig. Steps involved in Halophos expression induction with rhamnose. (A) 

769 Plasmid pSC201::halA, which carries the halA gene under the control of the rhamnose-

770 inducible PrhaB promoter, was introduced to PNA14-12 wildtype, PNA14-12ΔpepM, 

771 and PNA14-12ΔpepM pBS46::pepM via biparental conjugation. (B) The graph (not to 

772 scale) showed the chromosomal insertion of the plasmid pSC201::halA after 
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773 homologous recombination. The resulting strains, maintained by growing in 

774 trimethoprim, expressed the entire Halophos operon from the PrhaB promoter. 

775 S4 Fig. Tobacco Hypersensitive Response (HR) like Cell Death (CD) response to 

776 Pantoea strains. (A) Pantoea stewartii subsp. indologenes 03-3WT, mutants, and 

777 selected complement strains. (B) P. stewartii subsp. indologenes 14-12WT, mutants, 

778 and selected complement strains (C) P. allii 24248WT, mutant, and selected 

779 complement strains. All strains were grown overnight in mCLM at 28°C with shaking. 

780 The overnight culture was used to infiltrate panels of tobacco leaves with a blunt end 

781 syringe. Sterile mCLM was used as a control. Tobacco panels were evaluated 48 h post 

782 inoculation. Representative images of the HR-like CD response are presented next to 

783 our interpretation of the result. The experiment was conducted three times.

784 S5 Fig. The predicted structure of an unknown thiotemplated cluster type 

785 associated with Halophos. The structure was predicted by the PRISM program based 

786 on halE/pepM gene and halJ gene from the PNA14-12 Halophos gene cluster. The 

787 predicted structure did not incorporate the function of the other genes in the Halophos 

788 cluster.

789 S1 Table. Strains carrying Halophos-like gene clusters identified in the GenBank 

790 databases.

791 S2 Table. Strains and plasmids used in this study.

792 S3 Table. Oligonucleotide primers used in this study.

793 S4 Table. Synthesized dsDNA synthesized by Twist Biosciences for making 

794 deletion constructs.
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