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 24 

Data Deposition Statement: Analysis scripts and input files associated with 25 

reconstruction of phylogenetic trees are available at 26 

https://github.com/lshapiro31/gh5.expansin.phylogenetics 27 
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Abstract 28 

All land plants depend on proteins called ‘expansins’ that non-enzymatically loosen structural 29 

cellulose, enabling cell wall extension during normal growth. Surprisingly, expansin genes are 30 

also present – but functionally uncharacterized – in taxonomically diverse bacteria and fungi that 31 

do not produce cellulosic cell walls. Here, we find that Erwinia tracheiphila 32 

(Enterobacteriaceae), the causative agent of bacterial wilt of cucurbits, has horizontally acquired 33 

an operon with a microbial expansin (exlx) gene and a glycoside hydrolase family 5 (gh5) gene. 34 

E. tracheiphila is an unusually virulent plant pathogen that induces systemic wilt symptoms 35 

followed by plant death, and has only recently emerged into cultivated cucurbit populations in 36 

temperate Eastern North America. Plant inoculation experiments with deletion mutants show that 37 

EXLX-GH5 is a secreted virulence factor that confers efficient xylem movement and 38 

colonization ability to E. tracheiphila. Bacterial colonization of xylem blocks sap flow, inducing 39 

wilt symptoms and causing plant death. Together, these results suggest that the horizontal 40 

acquisition of the exlx-gh5 locus was likely a key step driving the recent emergence of E. 41 

tracheiphila. The increase in E. tracheiphila virulence conferred by microbial expansins, the 42 

presence of this gene in many other bacterial and fungal wilt-inducing plant pathogen species, 43 

and the amenability of microbial expansins to horizontal gene transfer suggest this gene may be 44 

an under-appreciated virulence factor in taxonomically diverse agricultural pathogens. 45 

  46 
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Importance 47 

Erwinia tracheiphila is a bacterial plant pathogen that causes a fatal wilt infection in cucurbit 48 

crop plants. Here, we report that E. tracheiphila has horizontally acquired a microbial expansin 49 

gene (exlx) adjacent to a glycoside hydrolase family 5 (gh5) gene. Expansins are predominantly 50 

associated with plants due to their essential role in loosening structural cell wall cellulose during 51 

normal growth. We find that the EXLX and GH5 proteins in E. tracheiphila function as a single 52 

complex to facilitate xylem colonization, possibly by manipulating the size of xylem structures 53 

that normally exclude the passage of bacteria. This suggests that horizontal acquisition of the 54 

exlx-gh5 locus was likely a key step in the recent emergence of E. tracheiphila as an unusually 55 

virulent plant pathogen. The presence of microbial expansin genes in diverse species of bacterial 56 

and fungal wilt-inducing pathogens suggests it may be an under-appreciated virulence factor for 57 

other microbes. 58 

 59 

Introduction  60 

The surfaces of all land plants are colonized by complex microbial communities. For a microbe, 61 

the ability to colonize a plant increases access to the nutritional resources produced by that plant 62 

(1-3). This has driven the evolution of diverse molecular mechanisms for plant colonization that 63 

can be found in commensal, beneficial and pathogenic microbes (4-6). A group of particularly 64 

intriguing, yet largely uncharacterized genes identified in an increasing number of plant-65 

associated bacterial and fungal species encode proteins called ‘expansins’ (7-10). Expansins are 66 

non-enzymatic, two-domain proteins of ~250 amino acids; the N-terminal domain is related to 67 

glycoside hydrolase family 45 functional domains, and the C-terminal domain is related to grass 68 

pollen allergens (11-13). Expansin-coding genes are ubiquitous in all species of land plants and 69 
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green algae, where they fulfill the essential role of non-enzymatically loosening cell wall 70 

cellulose during normal growth of any rapidly expanding tissues (11, 14-18). In bacteria and 71 

fungi – which do not have cellulosic cell walls – expansin genes are variably present in species 72 

that interact with live or dead plant or algal matter (7, 8, 10, 19). The function(s) of expansins in 73 

microbes are unknown for almost all species, but are thought to promote colonization of plants 74 

through interactions with plant cell wall cellulose (7, 8, 20).  75 

In the few microbial species where expansin functions have been empirically 76 

investigated, their contributions to plant colonization have been diverse. The microbial expansin 77 

in the plant commensal Bacillus subtilis (BsEXLX1) has only a fraction of the in vitro ability to 78 

extend plant cell walls compared to plant expansins, but BsEXLX1 deletion mutants are either 79 

severely impaired, or unable to successfully colonize the surface of maize roots (20, 21). In some 80 

species of plant beneficial fungi, expansins (also referred to as ‘swollenins’) increase fungal 81 

mutualistic capabilities towards plant hosts (22, 23). Expansin function has also been 82 

investigated in several pathogens. In the bacterial plant pathogen Ralstonia solanacearum, an 83 

expansin deletion mutant has decreased virulence (24), and in Clavibacter michiganensis, studies 84 

have described contradictory expansin roles for virulence and ability to colonize xylem (24-28). 85 

Overall, fundamental questions surrounding how microbial expansins mediate plant colonization 86 

in divergent genetic backgrounds and variable ecological contexts, and the molecular 87 

mechanism(s) by which microbial expansins interact with plant structural carbohydrates remain 88 

enigmatic (7, 8, 10, 19, 20, 24, 26, 29, 30). 89 

The bacterial plant pathogen Erwinia tracheiphila Smith (Enterobacteriaceae), the 90 

causative agent of bacterial wilt of cucurbits, contains an operon with an expansin gene (exlx) 91 

and a gene fragment with a glycoside hydrolase family 5 functional domain (gh5) (8, 31-33). The 92 
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only geographic region where E. tracheiphila occurs is temperate Eastern North America, and it 93 

only infects species in two genera of cucurbit host plants: summer and winter squash (cultivars 94 

of Cucurbita spp.) and cucumber and muskmelon (Cucumis sativus and Cucumis melo) (34). The 95 

E. tracheiphila genome has undergone dramatic structural changes consistent with an 96 

evolutionarily recent emergence, including the horizontal acquisition of multiple genes likely 97 

important for virulence (34-38). Unlike most bacterial plant pathogens, E. tracheiphila cannot 98 

persist in environmental reservoirs, and instead is only transmitted by two species of highly 99 

specialized leaf beetle vectors (39-42). Bacterial cells can enter xylem when beetle frass 100 

containing E. tracheiphila is deposited near recent foliar feeding wounds or on floral nectaries 101 

(40, 43). Bacterica can then move systemically through xylem and block sap flow to induce 102 

systemic wilting, which is followed by plant death within 2-3 weeks after the first wilt symptoms 103 

appear (35, 44-46). E. tracheiphila costs farmers millions of dollars annually through direct yield 104 

losses and indirect control measures (34). Despite the economic burden caused by E. 105 

tracheiphila, no genetic determinants of bacterial pathogenesis or virulence have yet been 106 

empirically assessed.  107 

Here, we characterize the role of the expansin-GH5 operon from E. tracheiphila for 108 

colonization of squash (Cucurbita pepo). First, we reconstruct the evolutionary histories of both 109 

the exlx and gh5 open reading frames (ORFs), and find that the phylogenies of both exlx and gh5 110 

are consistent with horizontal acquisition by E. tracheiphila. Then, we create deletion mutants to 111 

determine the individual and combined roles of exlx and gh5 for E. tracheiphila colonization of 112 

host plants. In planta inoculation experiments with the wild type and mutant strains show that 113 

these proteins are secreted, and suggest that they function as a single assembled EXLX-GH5 114 

complex. The EXLX-GH5 protein complex is necessary for E. tracheiphila to efficiently 115 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted July 2, 2019. ; https://doi.org/10.1101/681643doi: bioRxiv preprint 

https://doi.org/10.1101/681643
http://creativecommons.org/licenses/by-nc-nd/4.0/


	

	
	

	

7	

colonize xylem, induce systemic wilt symptoms, and cause high rates of plant death. Together, 116 

these results suggest that the exlx-gh5 locus as a non-canonical yet potent virulence factor, and 117 

horizontal acquisition of this locus was a key event driving the recent emergence of E. 118 

tracheiphila as a fatal plant pathogen that can efficiently colonize xylem. These findings 119 

highlight the continued risk of horizontal gene transfer driving an increase in pathogen virulence, 120 

and the continuing vulnerability of agricultural populations to invasion by pathogen variants or 121 

species with increased virulence. 122 

 123 

Results 124 

Identification of a locus with an expansin gene in Erwinia tracheiphila  125 

A locus with two open reading frames (ORFs) flanked by mobile DNA elements was identified 126 

during manual curation of ab initio gene predictions in the Erwinia tracheiphila reference strains 127 

(31, 32) (Figure 1A). The first ORF, Et-exlx (AXF78871.1), is predicted to encode a protein 128 

product with 243 amino acids and both domains found in canonical expansin proteins (17, 47). 129 

The second ORF, Et-gh5 (AXF77819.1), has 315 codons and is predicted to encode a putatively 130 

pseudogenized endo-1,4-beta-xylanase A precursor (EC 3.2.1.8) with a glycoside hydrolase 131 

family 5 (GH5) functional domain (www.CAZy.org) (48). Many Et-gh5 homologs in the NCBI 132 

nr database are between 415 – 450 amino acids, and RAST ab initio gene annotation predicts 133 

that the truncation to 315 amino acids eliminates cellulase activity and renders Et-gh5 non-134 

enzymatic (49). The sequences of both ORFs predict a signal peptide for secretion and a Signal 135 

Peptidase cleavage site (50), suggesting that the protein products are secreted and their function 136 

is extracellular. 137 

 138 
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Phylogenetic distribution of the Erwinia tracheiphila expansin and gylocoside hydrolase family 5 139 

open reading frames 140 

Because mobile DNA elements are common agents of horizontal gene transfer, the phylogenies 141 

of both the exlx and gh5 genes were reconstructed and evaluated for conflict with the species 142 

phylogeny (37, 51-53). Homologs of both genes are only found in species that interact with live 143 

plants, or soil-dwelling species that likely interact with dead plant matter. The γ-proteobacterial 144 

expansin homologs are recovered as two distinct groups, separated by Firmicutes (Figure 1B). 145 

The expansin homologs in the Enterobacterial plant pathogens (Pectobacterium spp., Dickeya 146 

spp., Pantoea stewartii and E. tracheiphila) comprise one group, and the expansin homologs 147 

from Xanthomonadaceae comprise a second group (8). Erwinia tracheiphila and Pantoea 148 

stewartii are the only species with microbial expansin homologs from the Erwinia and Pantoea 149 

genera, respectively. This suggests that an expansin gene was horizontally acquired by an 150 

ancestral plant-associated Enterobacteriaceae species, and this original acquisition was followed 151 

by vertical and horizontal transmission between other plant-associated Enterobacteriaceae (8). 152 

The expansin phylogeny is consistent with additional horizontal gene transfer events, such as an 153 

expansin acquisition by the β-proteobacterial plant pathogen Ralstonia solancearum from a 154 

Xanthomonadaceae donor (8, 10).  155 

Gh5 homologs have a relatively sparse distribution in bacteria and some plant pathogenic 156 

nematodes, and the gh5 phylogeny is also consistent with multiple horizontal gene transfer 157 

events (Figure 1C). Gh5 homologs are present in the genomes of Enterobacteriaceae, Firmicutes, 158 

Myxobacteria and β-proteobacteria that also have expansin genes. Homologs are also present in 159 

species of Bacteroidetes and γ-proteobacteria species that do not have expansin genes. In 160 

Enterobacteriaceae, the gh5 homologs separate into three distinct groups. One group is 161 
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comprised of Erwinia tracheiphila, Pantoea stewartii, Dickeya dianthicola, and Phaseolibacter 162 

sp. (recently reclassified to Enterobacteriaceae (54)). The other plant-pathogenic Dickeya spp. 163 

comprise a second group of Enterobacterial gh5 homologs, and plant-pathogenic Pectobacterium 164 

and Brennaria spp. are a third group.  165 

 166 

Distribution of expansin fusions to carbohydrate active domains in bacteria 167 

In approximately 10% of microbial species, expansin genes are fused to domains from 168 

carbohydrate active proteins (8, 10). Out of the hundreds of families of carbohydrate active 169 

domains in the CAZy database (www.cazy.org), only GH5 and carbohydrate binding module 170 

family 2 (CBM2) domains repeatedly co-occur with bacterial expansin genes (8, 48). Bacterial 171 

species that have an expansin co-occurring with a carbohydrate active domain are more likely to 172 

be xylem-colonizing pathogens (8). The co-occurrence of GH5 domains with expansins in 173 

bacterial plant pathogens is especially apparent (Figure 2).  174 

A gh5 homolog is present in the genomes of multiple plant-pathogenic Pectobacterium 175 

and Dickeya species that harbor an exlx homolog (Figure 1B, 1C). However, only three 176 

enterobacterial species (Erwinia tracheiphila, Pantoea stewartii, and Dickeya dianthicola) have 177 

the exlx and gh5 ORFs in the same operon. In these three species, the exlx and gh5 genes have 178 

distinct signal peptides and are separated by ~50 nucleotides. In P. stewartii, the exlx-gh5 locus 179 

is on a plasmid (pDSJ08), which may increase the probability of acting as a donor for horizontal 180 

gene transfer.  181 

Many plant pathogenic Xanthomonadaceae have a gh5 domain fused to an exlx as a 182 

single ORF (8, 55). The gh5 domain in Enterobacteriaceae is non-homologous to the GH5 183 

domain in Xanthomonadaceae, and the exlx and gh5 domain structure in some 184 
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Enterobacteriaceae is in reverse orientation compared to the gh5-exlx domain order in 185 

Xanthomonadaceae. A distinct gh5 domain that is truncated to 289 amino acids is found in 186 

Clavibacter michiganensis (CelA), and this is the only known microbial expansin that is fused to 187 

both a GH5 and CBM2 domain in a single coding sequence (27). This suggests there have been 188 

at least three independent origins of an expansin adjacent or fused to a gh5 family functional 189 

domain in bacterial plant pathogens. These multiple independent co-occurrences of bacterial 190 

expansins with evolutionarily distinct gh5 domains may be an example of functional 191 

convergence. 192 

 193 

Expansin and GH5 genes both contribute to Erwinia tracheiphila virulence  194 

The functional significance of a microbial expansin co-occuring with a carbohydrate 195 

active domain has not yet been empirically tested. To evaluate the role of EXLX and GH5 to E. 196 

tracheiphila virulence – and the possible synergistic effects of both proteins together – we 197 

generated a deletion mutant of the complete operon (strain Δexlx-gh5), and mutants in only the 198 

expansin ORF (strain Δexlx) and only the GH5 ORF (strain Δgh5). Strains that complemented 199 

the three deletion mutations (Δexlx-gh5(cEXLX-GH5), Δexlx(cEXLX) and Δgh5(cEXLX-GH5), 200 

respectively) were also constructed (Supplemental Table 1). Variation in virulence between the 201 

wild type (Wt), mutants and complemented strains were measured via squash seedling 202 

inoculation experiments. Virulence was compared by quantifying differences in the amount of 203 

time it took each strain to induce disease symptoms at three stages: 1) at initial wilt symptom 204 

development on the inoculated leaf, 2) at systemic spread of wilt symptoms to a second non-205 

inoculated leaf, and 3) at plant death. 206 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted July 2, 2019. ; https://doi.org/10.1101/681643doi: bioRxiv preprint 

https://doi.org/10.1101/681643
http://creativecommons.org/licenses/by-nc-nd/4.0/


	

	
	

	

11	

In plants inoculated with Δexlx-gh5, wilt symptoms were delayed in the inoculated leaf 207 

and in a second systemic leaf, and significantly fewer plants inoculated with Δexlx-gh5 died 208 

(23%; 5 of 22) compared to plants inoculated with Wt (85%; 17 out of 20) (Figure 3A, Tables 1 209 

and 2). Wilt symptoms in plants inoculated with Δexlx-gh5 were more likely to be localized to 210 

the inoculated leaf (i.e., symptoms did not progress to systemic infection or plant death) 211 

compared to plants inoculated with Wt (Figure 4). The Δexlx-gh5(cEXLX-GH5) complemented 212 

strain had restored ability to induce wilting symptoms at a second non-inoculated leaf, and 213 

partially restored the mortality rate (60%; 13 out of 22). 214 

Individual deletions of the Et-exlx and Et-gh5 ORFs also caused a decrease in virulence 215 

compared to Wt (Figure 3, Tables 1-4). Plants inoculated with either Δexlx or Δgh5 exhibited 216 

delays in the initial appearance of wilt symptoms in the inoculated leaf, delays in the appearance 217 

of systemic wilt symptoms in a second leaf and decreased mortality compared to Wt. Genetic 218 

complementation of Δexlx in strain Δexlx(cEXLX) did not restore the Wt ability to cause wilt 219 

symptoms in the inoculated leaf, but did restore the ability to cause systemic wilt symptoms and 220 

plant death (Figure 3A, Tables 1 and 2).  221 

Promoter regions for expression of the exlx-gh5 operon have not been characterized, but 222 

expression of individual ORFs in an operon is often directed from an upstream shared promoter. 223 

It is therefore reasonable to assume expression of the gh5 ORF is directed from a shared 224 

promoter region upstream of exlx (56). For this reason, the single Δgh5 mutant was 225 

complemented with the full operon (exlx-eng) to include the promoter region of exlx. 226 

Complementation of Δgh5 with Δexlx-gh5(EXLX-GH5) restored the Wt ability to cause wilt 227 

symptoms in the inoculated leaf, systemic wilt symptoms in a second leaf, and plant death 228 

(Figure 3B Tables 3 and 4). 229 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted July 2, 2019. ; https://doi.org/10.1101/681643doi: bioRxiv preprint 

https://doi.org/10.1101/681643
http://creativecommons.org/licenses/by-nc-nd/4.0/


	

	
	

	

12	

 230 

The Δexlx-gh5 mutant is impaired in systemic movement 231 

The correlation between within-plant movement of E. tracheiphila to systemic wilt symptom 232 

development and plant death has been hypothesized, but not yet demonstrated (34, 57). It is 233 

assumed that systemic movement of bacteria through xylem – along with bacterial replication 234 

and increase in biomass far from the initial inoculation point – is necessary to occlude xylem 235 

vessels to cause wilt symptoms and plant death (Figure 4) (34, 57). To explicitly test whether 236 

Δexlx-gh5 has impaired within-host movement, squash seedlings were inoculated with either Wt 237 

or Δexlx-gh5. At 12 DPI, bacteria were quantified at two sites in the same plant: the petiole of the 238 

inoculated leaf, and the petiole of a second, non-inoculated leaf. At 12 DPI, all of the plants 239 

inoculated with the Wt strain were systemically wilting, but none of the plants inoculated with 240 

Δexlx-gh5 had wilt symptoms beyond the inoculated leaf. At the inoculation site of all plants, the 241 

Wt and Δexlx-gh5 both reached similar cell counts (>109 CFU/g for Wt, and 108-109 CFU/g for 242 

Δexlx-gh5) (Figure 5). However, in a petiole of a second, non-inoculated leaf Δexlx-gh5 only 243 

reached cell counts of 103 CFU/g, while the Wt reached 109 CFU/g (Figure 5). The Δexlx-gh5 244 

strain does not have a growth deficiency in vitro compared to the Wt (Supplemental Figure 1), 245 

showing that the attenuation of wilt symptom development and decrease in plant death rates 246 

(Figures 3 and 4) is due to impaired systemic movement of Δexlx-gh5 and not a difference in 247 

growth rate per se.  248 

 249 

Systemic wilt symptoms are correlated with local Erwinia tracheiphila concentration 250 

A second inoculation experiment using only the Δexlx-gh5 mutant was conducted to quantify 251 

how wilt symptom severity is correlated with the ability of E. tracheiphila to move through, and 252 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted July 2, 2019. ; https://doi.org/10.1101/681643doi: bioRxiv preprint 

https://doi.org/10.1101/681643
http://creativecommons.org/licenses/by-nc-nd/4.0/


	

	
	

	

13	

replicate in xylem beyond the inoculation point. Thirty plants were inoculated with Δexlx-gh5, 253 

and after 21 days symptoms in each plant were scored as either no symptom in any leaf 254 

(healthy), wilt symptoms restricted to the site of inoculation, systemic wilt symptoms beyond the 255 

inoculated leaf, or death. Bacteria were then quantified with CFU counts from the petiole of the 256 

inoculated leaf and a petiole of a second non-inoculated leaf. 257 

 At 21 DPI, 8 plants were healthy and had not developed any wilt symptoms, 12 only had 258 

wilt symptoms in the inoculated leaf, 10 had systemic wilting symptoms, and none had died 259 

(Figure 6). In the petiole of the inoculated leaf, the bacterial concentration reached ~108 to 109 260 

CFU/g in 26 out of the 30 experimental plants regardless of symptom severity. Cell counts from 261 

the inoculation site were lower (below <107 CFU/g) in the remaining 4 plants, three of which 262 

were healthy and one that had symptoms only in the inoculated leaf (Figure 6). In the petiole of a 263 

second non-inoculated leaf, bacterial concentration was correlated with overall severity of wilt 264 

symptoms, with lower severity corresponding to lower bacterial numbers. In 6 of the 8 healthy 265 

plants that did not develop any wilt symptoms, bacterial cells were undetectable at a non-266 

inoculated leaf, and bacterial cells in a second non-inoculated leaf of the remaining two healthy 267 

plants were just barely over the ~ 103 CFU/g threshold of detection (Figure 6). In the 12 plants 268 

that developed wilt symptoms only in the inoculated leaf, the bacterial numbers at a non-269 

inoculated leaf were highly variable (ranging from 104 to 108 CFU/g). In 7 out of 10 systemically 270 

wilting plants, the bacterial concentration recovered at a second non-inoculated leaf was similar 271 

to the cell counts recovered at the local inoculation site (~108 CFU/g). These results explicitly 272 

correlate severity of wilt symptoms with the ability of E. tracheiphila to move systemically and 273 

increase in population far from the initial inoculation site to block xylem sap flow (Figure 4). 274 

 275 
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Erwinia tracheiphila does not have cellulase or xylanase activity 276 

All expansin proteins (from plants, bacteria, fungi, or other microbial eukaryotes) do not have a 277 

detectable enzymatic activity (7, 13, 19, 58). However, glycoside hydrolases are enzymes that 278 

break the glycosidic bond between two or more carbohydrate subunits, and the predominant 279 

target of these enzymes is cellulose (48). It is therefore possible that the gh5 ORF adjacent to or 280 

fused to bacterial expansin genes in some species may confer enzymatic activity. To test whether 281 

the gh5 ORF confers carbohydrate degrading ability to E. tracheiphila, the Wt strain (with the 282 

intact exlx-gh5 locus) was evaluated for enzymatic degradation of cellulose and xylan, the two 283 

main structural components of plant cell walls and the putative targets of active GH5 enzymes 284 

(59). Neither E. tracheiphila culture supernatant nor colonies had detectable hydrolytic activity 285 

against cellulose or xylan (Supplemental Figure 2). The absence of enzymatic activity is 286 

consistent with previous results from both plant and microbial expansins where no enzymatic 287 

activity has ever been detected (7, 13, 19).  288 

 289 

Neither flagella nor Type IV Pili contribute to Erwinia tracheiphila systemic xylem colonization 290 

Type IV Pili and flagella are used by some bacterial plant pathogens during systemic 291 

movement through xylem (60-63). To assess whether these cellular components may also 292 

contribute to E. tracheiphila xylem colonization, deletion mutants were generated for Type IV 293 

Pili (ΔT4P) and flagella (ΔfliC) (Supplemental Table 1). In squash inoculation experiments, the 294 

virulence phenotypes of ΔT4P and ΔfliC mutants were indistinguishable from Wt. There was no 295 

difference in the development of wilt symptoms or death rate from inoculation with either ΔT4P, 296 

ΔfliC, or Wt (Figure 7, Tables 5 and 6). This indicates that neither Type IV Pili nor flagellar 297 
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movement contribute to xylem colonization by E. tracheiphila, although it is still possible that 298 

these loci contribute in other, more subtle, ways to pathogenesis.  299 

 300 

The Et-exlx-gh5 protein is secreted during infection  301 

To test whether the protein products of the Et-exlx-gh5 locus are secreted (as predicted by the 302 

presence of signal peptides), plants were co-inoculated with a 1:1 mix of Wt & Δexlx-gh5. 303 

Successful restoration of Δexlx-gh5 colonization from in trans complementation by the Wt strain 304 

would indicate that the EXLX and GH5 proteins provided by the Wt strain are secreted and 305 

function extracellularly. An equal number of plants were inoculated with only the Wt or only the 306 

Δexlx-gh5 mutant. In singly inoculated plants, the Wt or Δexlx-GH5 reached the same 307 

concentration in the inoculated site at 1 DPI, but only the Wt was detected in a petiole of a non-308 

inoculated leaf at 12 DPI (Figure 8A).  309 

In co-inoculated plants, both Wt & Δexlx-gh5 strains were present at similar 310 

concentrations at the inoculation site at 1 DPI (Figure 8B). After 12 days, two of the 4 plants co-311 

inoculated with the 1:1 mix of Wt & Δexlx-gh5 developed systemic wilt symptoms. In these two 312 

co-inoculated plants, the cell count of Wt in the petiole of a non-inoculated leaf reached 107-108 313 

CFU/g, and the cell count of Δexlx-gh5 reached 105-106 CFU/g (Figure 8B). This is a notably 314 

higher cell count than Δexlx-gh5 reaches at the same 12 day time point when singly inoculated 315 

(103-104 CFU/g) (Figure 5, Figure 8A). The ability of the Wt to partially rescue the systemic 316 

colonization defect of Δexlx-gh5 in trans (when the Wt and Δexlx-gh5 are co-inoculated) 317 

indicates that EXLX and GH5 are secreted and function extracellularly.  318 

To test whether the EXLX and GH5 proteins function independently or as a single 319 

assembled unit, plants were co-inoculated with a 1:1 mix of Δexlx and Δgh5. The Δexlx deletion 320 
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mutant is expected to still secrete an intact GH5 protein, and the Δgh5 deletion mutant is 321 

expected to still secrete an intact EXLX protein. If the EXLX and GH5 proteins function 322 

independently, the two strains would complement each other in trans. However, co-inoculating 323 

the Δexlx and Δgh5 single deletion mutants did not rescue the attenuated virulence phenotype of 324 

the individual deletion mutants (Figure 9, Tables 7 and 8). This indicates that these proteins 325 

function as a single EXLX-GH5 protein complex that assembles before or during secretion, and 326 

therefore both proteins must be produced by the same cell.  327 

 328 

Discussion 329 

Here, we find that the emerging plant pathogen Erwinia tracheiphila has horizontally 330 

acquired an exlx-gh5 locus that functions as a virulence factor by conferring the ability to 331 

systemically colonize xylem, block sap flow and cause high rates of plant death. The ability of a 332 

pathogen to move systemically through host vasculature – either plant xylem or animal 333 

cardiovascular systems – is a high-virulence phenotype, and is associated with development of 334 

more severe symptoms than localized infections (64, 65). The ability of a pathogen to reach a 335 

high titre and be distributed throughout the host's vasculature is also necessary for vector 336 

transmission by providing more opportunities for acquisition (64, 66). In E. tracheiphila, the 337 

development of systemic wilt symptoms induces a chemical volatile phenotype that attracts 338 

significantly more foraging vectors to wilting leaves (45, 67), and a physical phenotype that 339 

facilitates insect vector feeding – and increased pathogen acquisition opportunities – from 340 

symptomatic foliage (40, 45). This increase in virulence conferred by the Et-exlx-gh5 locus 341 

induces more severe symptoms in infected plants that both attract obligate insect vectors to 342 

infected plants, and facilitates preferential feeding on wilting tissue once they arrive. Together, 343 
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this suggests that the horizontal acquisition of the exlx-gh5 locus was a key step in the recent 344 

emergence of E. tracheiphila as a virulent wilt-inducing pathogen that is obligately insect vector 345 

transmitted (34, 37).  346 

In ~10% of bacterial species that have expansin genes, the expansin is fused to domains 347 

from carbohydrate active proteins. The formation of new genes via fusions of multiple modular 348 

domains is a key source of evolutionary innovation for organisms across the tree of life (68, 69). 349 

Expansin co-occurrence with gh5 domains is over-represented in pathogenic bacterial species 350 

that can move through xylem (8), suggesting there may be emergent properties of the EXLX-351 

GH5 protein complex that are uniquely adaptive for xylem-colonizing plant pathogenic bacteria. 352 

Healthy plants have effective physical barriers to allow the flow of xylem sap while excluding 353 

bacteria; pit membranes between adjacent tracheids and perforation plates between xylem 354 

vessels are openings on a nanometric scale, while most bacteria are ~1µm (70). One hypothesis 355 

is that bacterial expansins may non-enzymatically ‘loosen’ the cellulose and pectin matrix at the 356 

perforation plates or at the pit membranes in order to increase their size enough to allow the 357 

passage of bacterial cells (71-74). The ability of E. tracheiphila Wt strain to complement Δexlx-358 

gh5 in trans is consistent with the hypothesis that the EXLX-GH5 protein complex functions 359 

extracellularly by interacting with xylem structrual carbohydrates that would normally prevent 360 

bacterial passage. This also suggests that, while the Et-gh5 enzymatic activity has been lost due 361 

to truncation, the remaining fragment may have been neofunctionalized and is providing an 362 

essential (though mechanistically undefined) role in virulence. One possibility is that the gh5 363 

functional domain may physically (but non-enzymatically) interact with plant structural 364 

carbohydrates at perforation plates or pit membranes in a way that aids expansin function for 365 

loosening of cellulose microfibrils, or vice versa. 366 
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The distinct phylogenies of the Et-exlx and Et-gh5 ORFs, and their genomic architecture 367 

as distinct genes in the same operon, may offer mechanistic insight into how bacterial expansins 368 

fuse to carbohydrate active domains. In many Firmicutes, Pectobacterium spp. and most Dickeya 369 

spp. plant pathogens, the exlx and gh5 homologs are present in the same genome, but are not 370 

located directly adjacent to each other in the same operon. Only in E. tracheiphila, P. stewartii, 371 

and D. dadantii is the exlx homolog directly adjacent – but not fused to – the gh5 homolog. This 372 

suggests that during a horizontal gene transfer event between an Enterobacteriaceae donor and 373 

recipient, an expansin integrated by random chance adjacent to a GH5, and the two ORFs in this 374 

operon are now being horizontally transferred together. The assembled protein complex 375 

produced by the exlx-gh5 locus may provide a more efficient mode of action for movement 376 

through xylem, promoting the fitness of the host bacteria and providing opportunities for further 377 

horizontal transfer of this construct as a single virulence island. From a shared promoter and only 378 

~50 nucleotide separation, a fusion of exlx and gh5 into a single ORF is possible from a small 379 

deletion mutation. We also note that all three of the bacterial plant pathogens with this construct 380 

are agricultural pathogens emerging into intensively cultivated, homogeneous crop plant 381 

populations. Erwinia tracheiphila has recently emerged into cucurbit agricultural populations 382 

(34, 37) and Pantoea stewartii infects sweet corn (75). Both of these pathogen species only occur 383 

in temperate Eastern North America – one of the world’s most intensively cultivated regions – 384 

despite global distrubtion of susceptible host plants (76). D. dianthicola causes a virulent wilt 385 

disease and is emerging into cultivated potato crops, and is also geographically restricted to 386 

Eastern North America and Europe (77-79).  387 

There is constant risk that agro-ecosystems will be invaded by virulent microorganisms, 388 

and the increasing homogeneity in crop plant populations may select for novel pathogens with 389 
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non-canonical virulence mechanisms. The recent realization that microbial expansin genes are 390 

present in phylogenetically diverse xylem-colonizing bacterial and fungal species – including 391 

almost all of the most economically damaging bacterial and fungal wilt pathogens – and the 392 

function of expansins to increase E. tracheiphila virulence suggest these genes may be an under-393 

appreciated virulence factor (7, 8, 80, 81). The emergence of virulent plant pathogens that 394 

systemically colonize xylem is especially alarming because plants do not have inherent genetic 395 

resistance against xylem-dwelling vascular pathogens (82). That expansin genes can confer an 396 

increase in pathogen virulence, are present in many damaging wilt-inducing agricultural plant 397 

pathogens, and are amenable to horizontal gene transfer should raise concerns about whether this 398 

gene is a more important virulence factor of agricultural plant pathogens than currently 399 

recognized.  400 

  401 

Methods 402 

Study System 403 

E. tracheiphila is one of the few plant pathogenic bacterial species that moves 404 

systemically through xylem and causes host death, compared to most species that cause localized 405 

foliar lesions (83). E. tracheiphila is obligately vector-transmitted by two species of highly 406 

specialized leaf beetles, the striped cucumber beetle Acalymma vittatum and the spotted 407 

cucumber beetle Diabrotica undecimpunctata howardii (Coleoptera: Chrysomelidae: Luperini: 408 

Diabroticina). These herbivores have co-evolved with wild Cucurbita spp. in the New World, 409 

and are among the only herbivores that can detoxify ‘cucurbitacins’ (oxygenated tetracyclic 410 

triterpene), which are a class of secondary metabolites produced by many Cucurbitaceae (35, 84, 411 

85). The striped cucumber beetle (Acalymma vittatum), which is obligately dependent on 412 
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Cucurbita in all life stages, is the predominant vector species driving E. tracheiphila epidemics 413 

(40, 67, 86). Striped cucumber beetles acquire E. tracheiphila by feeding on wilting, infective 414 

foliage, which is physically easier for them to consume than non-wilting foliage (36, 45). E. 415 

tracheiphila colonizes the beetle hindgut (40, 87-89), and beetles can transmit E. tracheiphila 416 

when frass (poop) from infective beetles is deposited near recent feeding wounds on foliage, or 417 

on floral nectaries (36, 40, 43, 86). The only known overwinter reservoir for E. tracheiphila is 418 

infective cucumber beetles, which diapause as adults and infect new seedlings in early spring 419 

when they emerge (39, 40, 45, 86, 89, 90).  420 

Erwinia tracheiphila is an example of a plant pathogen that has recently emerged into a 421 

new ecological niche created by construction of homogeneous agro-ecosystems (34, 35, 37). 422 

Analysis of the E. tracheiphila genome shows this species has undergone among the most 423 

dramatic structural genomic changes of any bacterial pathogen, of any host species. These 424 

changes include genome decay through pseudogenization, invasion and proliferation of mobile 425 

genetic elements, and horizontal gene acquisitions. Together, these are the canonical genomic 426 

signatures of a recent specialization on a new host species or population (34, 37, 38). Erwinia 427 

tracheiphila only infects few species in two genera of the cosmopolitan plant family 428 

Cucurbitaceae. One of the genera that suffers economic losses, Cucurbita spp. (squash, pumpkin, 429 

zucchini and some gourds), are native to the New World tropics and subtropics (91, 92). Two 430 

Cucumis spp. (cucumber Cucumis sativus; and muskmelon Cucumis melo) native to the Old 431 

World tropics and subtropics are the most susceptible hosts to E. tracheiphila infection, and the 432 

introduction of highly susceptible Cucumis crop plants into temperate Eastern North America 433 

likely drove the recent emergence of this pathogen (93-95). While these susceptible cucurbit 434 
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cultivars are among the highest acreage crop plants globally (http://www.fao.org/faostat/), E. 435 

tracheiphila only occurs in temperate Eastern North America (34, 96).  436 

 437 

Bacterial strains, culture media and plant cultivation 438 

All bacterial strains used in this study are listed in Supplemental Table 1. Throughout this work, 439 

we used a rifampicin resistant variant of Erwinia tracheiphila BHKYR (Wt) (34). Escherichia 440 

coli TOP10 and PIR1 strains for used for routine cloning, and the E. coli strain S17-1λ was used 441 

as the donor for conjugation. E. tracheiphila was grown in KB liquid media or agar at room 442 

temperature (RT), and E. coli strains in LB media or agar at 37°C, unless otherwise specified. 443 

Antibiotics were added to liquid or agar media at the following concentrations: rifampicin, 50 444 

µg/ml; ampicillin or carbenicillin, 100 µg/ml; chloramphenicol 5 µg/ml; kanamycin 50 µg/ml. 445 

All in planta experiments were conducted with organic ‘Dixie’ variety crookneck squash bought 446 

from Johnny’s Seeds (https://www.johnnyseeds.com/). Plants were grown in potting mix in 447 

standard six cell seedling trays in a greenhouse environment set to 25°C, 70% humidity, and a 12 448 

hr day: 12hr night light cycle.  449 

 450 

Visualization of fluorescent Erwinia tracheiphila in wilting squash seedlings  451 

E. tracheiphila BuffGH was transformed with a plasmid carrying the mCherry gene for 452 

visualization of fluorescent cells in symptomatic squash seedlings. Competent E. tracheiphila 453 

were prepared as described previously (34, 97). Briefly, cells were prepared by growing E. 454 

tracheiphila to an OD600 of 0.02. Cells were then washed with decreasing volumes, once with 455 

chilled sterile Milli-Q water and twice with 10% glycerol, and resuspended in 1/100 volume of 456 

chilled 10% glycerol. Plasmid pMP7605 was used for electroporation in a 0.2-cm cuvette, at 2.5 457 
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kV for 5.2 to 5.8 ms. Cells were incubated at room temperature without shaking for 1 h in 3 ml 458 

KB liquid and then plated in KB agar with ampicillin. Colonies of fluorescent E. tracheiphila Et 459 

(pMP605) were obtained after 5 days at room temperature. Ten µl of a Et (pMP7605) stationary 460 

culture were used for inoculating two week-old squash seedlings (at the two leaf stage), and 461 

confocal microscopic observations were performed once symptoms appear using fresh 462 

longitudinal cuts of the inoculated petiole. 463 

 464 

Phylogenetic reconstruction of the expansin and endoglucanase genes and comparison of 465 

domain architecture  466 

The amino acid sequences of the expansin (WP_046372116.1) and gh5 (WP_016193008.1) 467 

ORFs in the Erwinia tracheiphila reference strain (31) were used as queries to identify expansin 468 

and gh5 homologs using the BLASTP web interface (98). A taxonomically representative sample 469 

of the top BLASTP hits for each gene were aligned using MAFFT v. 7.305b and default 470 

parameters (99). The expansin alignment was trimmed visually such that the two canonical 471 

expansin domains were conserved in the alignment, and the gh5 alignment was trimmed with 472 

trimAI using the –automated 1 option (100). For both alignments ProtTest v. 3.4.2 was used to 473 

identify the best-fitting substitution model by BIC score, which was WAG+G for the expansin 474 

gene alignment and LG+I+G for the GH5 alignment (101). The GyrB species tree was 475 

constructed by using the E. tracheiphila GyrB sequence (KKF36621.1) as a query on the 476 

BLASTP web interface (98). The GyrB amino acid sequences from species known to have an 477 

expansin gene or an expansin fusion to a domain from a carbohydrate active protein were 478 

downloaded and added to a multi-fasta. The GyrB sequences were aligned with MAFFT v. 479 

7.305b and default parameters (99).  480 
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Phylogenetic trees were reconstructed using maximum likelihood with RAxML (102) and 481 

the appropriate evolutionary model on the CIPRES server (103). The expansin tree was 482 

reconstructed with 1000 bootstrap pseudoreplicates, and the GH5 and GyrB trees were 483 

reconstructed with 100 bootstrap pseudoreplicates. The bootstrapped pseudosamples were 484 

summarized with SumTrees v. 4.4.0 (104). The resulting phylogeny was visualized in the R 485 

statistical environment using the ggtree library (105, 106). Amino acid sequences were analyzed 486 

with NCBI CBD tool to identify domain architecture (47), and signal peptides were predicted 487 

with SignalP (50). The genomic context of the Et-exlx-gh5 locus was visualized with genoPlotR 488 

(107). Alignment files and phylogenetic scripts are available at 489 

https://github.com/lshapiro31/gh5.expansin.phylogenetics. 490 

 491 

Construction of deletion mutants 492 

Mutants with a deletion in the exlx-gh5 operon, exlx gene, gh5 gene, the Type IV pili operon and 493 

the fliC gene were generated from an E. tracheiphila isolate BHKYR parental strain by double 494 

homologous recombination, using the suicide plasmid pDS132 (108). This plasmid was 495 

improved by inserting in the XbaI site, a constitutive mCherry gene amplified from plasmid 496 

pMP7605 (109) using primers JR72 and JR73 (Supplemental Table 2). The resulting plasmid 497 

(pJR74, Supplemental Table 1) allows rapid screening of conjugants colonies and colonies that 498 

have lost the plasmid. For the target genomic region to create each mutant, regions upstream of 499 

the target locus were amplified with primers pair F5 and R5, and downstream regions were 500 

amplified with primer pair F3 and R3 (See Supplemental Table 2 for specific primer names and 501 

sequences). An ampicillin resistance bla gene, coding for Beta-lactamase was amplified from 502 

pDK46 (97) using primers LS23 and LS24. Constructions consisting on each upstream and 503 
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downstream region flanking the bla gene were used for exlx-gh5, gh5, fliC and Type 4 Pili 504 

mutants, while a construction with no flanked antibiotic cassette was prepared for the exlx 505 

deletion. All constructions were assembled using the Gibson Assembly Master Mix (New 506 

England Biolabs, Ipswich, MA), and then each was reamplified with nested primers containing 507 

SacI restriction site (primers SacI-F and SacI-R, Supplemental Table 2). Constructions for exlx-508 

gh5, exlx, gh5, fliC and Type 4 Pili deletion were inserted into the SacI site of plasmid pJR74, 509 

obtaining plasmids pJR150, pJR323, pJR324, pJR74a and pJR149, respectively (Supplemental 510 

Table 1). These plasmids were transformed into Ec-PIR1 for preservation, and then into Ec-S17 511 

for conjugation using E. tracheiphila as recipient. MCherry fluorescent E. tracheiphila 512 

conjugants were obtained in KB agar with rifampicin and chloramphenicol, then a few colonies 513 

were picked and grown in 3 ml liquid KB with chloramphenicol to stationary phase, and 100 µl 514 

were spread in KB agar with 5% sucrose and carbenicillin (or no antibiotic in the case of exlx 515 

deletion). Non-fluorescent, chloramphenicol-sensitive colonies were picked, PCR checked for 516 

the correct deletion and cryogenically stored in 15% glycerol at -80C. 517 

 518 

Genetic complementation 519 

A new integration plasmid, specific for a neutral region in the chromosome of Et-520 

BHKYR, was constructed from plasmid pJR74. To create this plasmid, two ≈0.8 Kb adjacent 521 

DNA fragments were PCR amplified form Et-BHKYR genomic DNA using primer pairs JR143-522 

JR144, and JR145-JR146 (Supplemental Table 2). These fragments were ligated using the 523 

Gibson Assembly Master Mix (New England Biolabs, Ipswich MA), and reamplified using 524 

primers JR143 and JR146. The ≈1.6 Kb product was inserted in the SacI site of pJR74, 525 

generating plasmid pJR315 (Supplemental Table 1). Single cutting XhoI and BglII sites were 526 
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engineered in the middle of the amplified neutral regions, which can be used for the insertion of 527 

complementation genes. For the complementation of the exlx-gh5 locus or the individual exlx 528 

gene, the genomic region together with its natural promoter were amplified from E. tracheiphila 529 

genomic DNA using primers JR152 and JR154, or JR152 and JR153 (Supplemental Table 2) 530 

respectively, and DNA products were inserted into the XhoI site of pJR315. Each resulting 531 

plasmid was transformed into Ec-S17-1λ cells, which were then used as donors for conjugation 532 

with mutant strains Δexlx-gh5, Δexlx or Δgh5 as recipients. Conjugant colonies were used for 533 

negative selection with sucrose, as described above, and colonies carrying the exlx-gh5 operon or 534 

the exlx gene integrated in the expected site were confirmed by PCR.  535 

 536 

In planta inoculation experiments 537 

In planta virulence assays were performed by inoculating squash seedlings with E. tracheiphila 538 

Wt and derived strains, and monitoring wilt symptom development for approximately three 539 

weeks (between 21-25 days per experiment). To create inoculum, one bacterial colony of each 540 

strain was picked and added to 3 ml of liquid KB media with the appropriate antibiotic, and 541 

grown with shaking for 24 h. Then, 2-3 week-old squash seedlings (2-3 true leaves) were 542 

inoculated by manually inducing a wound where xylem was exposed in the petiole at the base of 543 

the first true leaf and adding 10 µl of culture containing ≈ 1x107 bacterial cells directly into the 544 

wound. Plants were kept at 25°C, 70% humidity, and a 12 hr day: 12hr night light cycle 25C, and 545 

monitored daily for appearance of first symptoms in the inoculated leaf, appearance of wilt 546 

symptoms in a second non-inoculated leaf, and plant death.  547 

 548 

In planta Colony Forming Unit (CFU) counts 549 
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Bacterial colony forming units (CFU) counts were determined from plants inoculated with Et-550 

BHKY and derived strains. Bacterial cells can be obtained directly from petioles of infected 551 

plants (Figure 4D). Two cm samples of the petiole from the inoculated leaf, or from a second 552 

non-inoculated leaf were cut from the plants and washed briefly with 70% ethanol (EtOH). 553 

Excess EtOH was removed with a paper towel and petioles were surface-sterilized over a gas 554 

flame for 1 second and placed in a sterile plastic petri dish. From each petiole sample, 10-15 555 

disks small disks (<1 mm) were manually cut with a sterile blade and collected in a 2 ml 556 

microtube. The weight of each 2ml tube with all leaf disks was recorded to be used for 557 

normalizing CFU per gram of plant tissue in each sample, and 500 µl of chilled PBS was added 558 

to each tube. After an incubation of 40 min on ice (vortexing every 10 min) 200 µl of PBS from 559 

each tube was pipetted into a new microtube and used for serial dilutions and plating onto KB 560 

agar with rifampicin. Bacterial CFU per gram of fresh tissue was calculated.  561 

For obtaining CFUs of individual strains in plants co-inoculated with E. tracheiphila Wt 562 

and Δexlx-gh5 mutant, serial dilutions were plated in both KB with rifampicin and KB with 563 

rifampicin and carbenicillin agar plates. CFU of carbenicillin resistant colonies represent the 564 

Δexlx-gh5 strain. CFUs of Wt was determined as the count of total CFUs – carbenicillin resistant 565 

CFUs. 566 

 567 

Statistics 568 

Statistical analyses were performed using Prism version 7.0 (GraphPad Software, La Jolla 569 

California USA, www.graphpad.com). Curves following initial symptoms in first leaf, systemic 570 

wilt in second leaf, and plant death from each experiment were compared using the built-in Log-571 

rank (Mantel-Cox) test for survival analysis. In the cases where significant differences were 572 
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found (p < 0.05), pairwise comparisons were tested using the same analysis (110). For 573 

comparisons of bacterial CFU in planta, CFU data and its log10-transformed values were checked 574 

for Gaussian distribution using the Shapiro-Wilk normality test. Since neither CFU data 575 

distribution nor the transformed Log10 values distribution passed the normality test, the Kruskal-576 

Wallis non-parametric was used test to analyze if the medians vary significantly among 577 

experimental groups (p < 0.05). In the cases where differences were found, Dunn's multiple 578 

comparisons test was used to test for pairwise differences between groups. 579 

 580 

Testing for cellulase and xylanase activity 581 

Cellulase activity from cell-free supernatants of Wt and Δexlx-gh5 cultures were tested for 582 

extracellular enzymatic activity against cellulose. The Wt and Δexlx-gh5 strains were grown in 583 

10 ml of liquid KB media for 48 H. Cultures were centrifuged at 7,000 rpm for 10 min, and each 584 

supernatant was filter-sterilized. Supernatants and 1 mg/ml cellulase (Sigma), were spotted in 1% 585 

agar, 1% Carboxy Methil Cellulose (CMC) plates. Plates were then incubated at 30°C for 48 h, 586 

and flooded with Gram’s Iodine. Halos were imaged after 24 h at RT. 587 

A colony of E. tracheiphila grown on KB agar plates was used to test for extracellular 588 

xylanase activity. A xylanase producing strain of Streptomyces lividens was used as a positive 589 

control. Bacterial culture from each species was spotted on the surface of a KB agar plate, and 590 

grown at RT for 4 days. An overlay of 1% agar and 1% xylan was spread on top of the grown 591 

colonies, and plates were incubated at 30°C for 48 h. Plates were flooded with 1% congo red and 592 

incubated for 10 min before discarding the congo red solution. Plates were then flooded with 1N 593 

NaOH, and incubated for 10 min. NaOH was discarded and plates were imaged after 24 h at 594 

room temperature. 595 
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 604 
Tables 605 
 606 
Table 1. Summary of in planta inoculation experiment comparing virulence traits between 607 

strains Wt, Δexlx-gh5 mutant, Δexlx-gh5 (cEXLX-GH5) complemented mutant, Δexlx mutant 608 

and Δexlx (cEXLX) complemented mutant (corresponding to Figure 3A). 609 

 610 

Inoculated 
strain 

No. of plants  
(% of total) Average no. of days until: 

Total 
inoculated 

Showing 
local 

symptoms  

Showing 
systemic 

symptoms 
Died 

Local 
symptoms 

in first 
leaf 

Systemic 
symptoms 
in second 

leaf 

Death 

Wt 20 22  
(100%) 

20  
(100%) 

17  
(85%) 7.40 13.70 15.29 

Δexlx-gh5 22 22  
(100%) 

20  
(91%) 

5  
(22%) 10.45 17.65 19.40 

Δexlx-gh5 
(cEXLX-GH5) 22 22  

(100%) 
22  

(100%) 
13  

(59%) 10.14 14.77 16.31 

Δexlx 24 24  
(100%) 

23  
(95%) 

12  
(50%) 10.29 17.43 20.33 

Δexlx 
(cEXLX) 24 24  

(100%) 
24  

(100%) 
15  

(62%) 8.83 14.46 15.53 

 611 
 612 
 613 

Table 2. Log-rank (Mantel-Cox) tests for assessing statistical differences in virulence between 614 

Wt, Δexlx-gh5 mutant, Δexlx-gh5 (cEXLX-GH5) complemented mutant, Δexlx mutant and Δexlx 615 
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(cEXLX) complemented mutant via in planta inoculation experiments (corresponding to Figure 616 

3A). 617 

 618 

Compared treatment groups 

First leaf 
symptoms 

Second systemic 
leaf symptoms Death of plants 

Chi 
square p value Chi 

square p value Chi 
square p value 

All groups 17.45 0.0016 28.51 <0.0001 22.02 0.0002 
Wt vs Δexlx-gh5 9.787 0.0018 16.4 <0.0001 20.87 <0.0001 
Wt vs Δexlx-gh5 (cEXLX-GH5) 11.04 0.0009 1.5 0.2206 3.939 0.0472 
Wt vs Δexlx 12.09 0.0005 16.44 <0.0001 9.348 0.0022 
Wt vs Δexlx (cEXLX) 4.321 0.0376 0.9923 0.3192 2.497 0.1141 

 619 
 620 

 621 

Table 3. Summary of in planta inoculation experiment comparing virulence traits of Wt, Δgh5 622 

mutant and Δgh5 (cEXLX-GH5) complemented mutant (corresponding to Figure 3B). 623 

 624 

Inoculated 
strain 

No. of plants  
(% of total) Average no. of days until: 

Total 
inoculated 

Showing 
local 

symptoms  

Showing 
systemic 

symptoms 
Died 

Local 
symptoms 

in first 
leaf 

Systemic 
symptoms 
in second 

leaf 

Death 

Wt 22 
22  

(100%) 
18  

(81%) 
17  

(77%) 11.82 13.61 18.82 

Δgh5 21 
12  

(57%) 
8  

(38%) 
6  

(28%) 13.25 15.38 19.33 
Δgh5  

(cEXLX-GH5) 22 
21  

(95%) 
14  

(66%) 
13  

(59%) 12.67 13.00 18.54 
 625 
 626 

Table 4. Log-rank (Mantel-Cox) tests for assessing statistical differences in virulence between 627 

strains Wt, Δgh5 mutant and Δgh5 (cEXLX-GH5) complemented mutant (corresponding to 628 

Figure 3B). 629 

 630 
Compared treatment 

groups 

First leaf 
symptoms 

Second systemic 
leaf symptoms Death of plants 

Chi p value Chi p value Chi p value 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted July 2, 2019. ; https://doi.org/10.1101/681643doi: bioRxiv preprint 

https://doi.org/10.1101/681643
http://creativecommons.org/licenses/by-nc-nd/4.0/


	

	
	

	

30	

square square square 

All groups 15.53 0.0004 9.216 0.01 9.833 0.0073 

Wt vs Δgh5 14.11 0.0002 9.906 0.0016 10.25 0.0014 

Wt vs Δgh5 (cEXLX-GH5) 1.059 0.3034 0.8276 0.363 1.187 0.276 
 631 
 632 
Table 5. Summary of in planta inoculation experiment comparing virulence traits between 633 

strains Wt, ΔfliC mutant and ΔT4P mutant (corresponding to Figure 7). 634 

Inoculated 
strain 

No. of plants (% of total) Average no. of days until: 

Total 
inoculated 

Showing 
local 

symptoms  

Showing 
systemic 

symptoms 
Died 

Local 
symptoms 

in first 
leaf 

Systemic 
symptoms 
in second 

leaf 

Death 

Wt 21 
21  

(100%) 
21  

(100%) 
14  

(66%) 9.43 13.62 18.86 

ΔfliC 22 
22  

(100%) 
22  

(100%) 
13  

(59%) 10.23 13.45 17.54 

ΔT4P 17 
17  

(100%) 
17  

(100%) 
9  

(52%) 9.18 14.53 19.67 
 635 
 636 
Table 6. Log-rank (Mantel-Cox) tests for assessing statistical differences in virulence between 637 

strains Wt, ΔfliC mutant and ΔT4P mutant (corresponding to Figure 7). 638 

 639 

Compared 
treatment groups 

First leaf 
symptoms 

Second systemic leaf 
symptoms Death of plants 

Chi 
square p value Chi 

square p value Chi 
square p value 

All groups 1.623 0.6543 1.324 0.7235 2.156 0.5406 
 640 
 641 
Table 7. Summary of in planta inoculation experiment comparing virulence traits between 642 

mutant strains Δexlx, Δgh5 and a 1:1 mix of both Δexlx and Δgh5 mutants (corresponding to 643 

Figure 9).  644 

 645 

Inoculated 
strain 

No. of plants (% of total) Average no. of days until: 

Total 
inoculated 

Showing 
local 

symptoms  

Showing 
systemic 

symptoms 
Died 

Local 
symptoms 

in first 
leaf 

Systemic 
symptoms 
in second 

leaf 

Death 

Δexlx 18 
15  

(83%) 
8  

(44%) 
3  

(16%) 9.33 16.25 17.33 
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Δgh5 18 
16  

(88%) 
8  

(44%) 
4  

(22%) 11.69 16.88 17.25 
Δexlx and 
Δgh5 mix 18 

15  
(83%) 

8  
(44%) 

4  
(22%) 11.11 14.76 19.05 

 646 
 647 
Table 8. Log-rank (Mantel-Cox) statistical test results for experiment comparing virulence of 648 

mutant strains Δexlx, Δgh5 and a 1:1 mix of both Δexlx and Δgh5 mutants (corresponding to 649 

Figure 9). 650 

 651 
 652 

Compared treatment 
groups 

First leaf 
symptoms 

Second systemic leaf 
symptoms Death of plants 

Chi 
square p value Chi 

square p value Chi 
square p value 

All groups 0.5335 0.7659 0.05808 0.9714 0.2023 0.9038 
 653 
 654 

Figure captions 655 

Figure 1. Genomic context and phylogenies of the expansin and glycoside hydrolase 5 genes 656 

in Erwinia tracheiphila 657 

A) Genomic context of the expansin (exlx) and glycoside hydrolase 5 (gh5) open reading frames 658 

(ORFs) in Erwinia tracheiphila. The ORFs and intergenic spaces are drawn to scale, with the 659 

black line representing position on the chromosome, and each ORF as an arrow color-coded 660 

according to ab initio annotated function. The scale bar is the length in nucleotides of the ORFs 661 

and intergenic spaces.  662 

B) Distribution of expansin (exlx) homologs in a taxonomically representative set of bacterial 663 

species. Branches are colored according to taxonomic assignments. The tree was reconstructed 664 

using maximum likelihood and should be considered unrooted. Numbers at nodes are bootstrap 665 

pseudoreplicate supports, and the scale bar is the number of amino acid substitutions per site. 666 
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C) Distribution of glycoside hydrolase 5 (gh5) homologs in a taxonomically representative set of 667 

species. Branches are colored according to taxonomic assignments, using the same color 668 

assignments as Figure 1B. The tree was reconstructed using maximum likelihood and should be 669 

considered unrooted. Numbers at nodes are bootstrap pseudoreplicate supports, and the scale bar 670 

is the number of amino acid substitutions per site. 671 

 672 

Figure 2. Co-occurrence of expansin genes with carbohydrate active domains. The GyrB 673 

species tree of selected bacteria with an expansin gene, and several species without expansins. 674 

The expansin and carbohydrate active domains are depicted as arrows if that species has an 675 

expansin gene, and the rectangles within the arrows indicate whether that ORF has an expansin 676 

domain, a carbohydrate active domain, or both. Homologous carbohydrate active domains are 677 

color-coded. Both expansin genes are shown for Streptomyces scabiei, the only microbial species 678 

to harbor two expansin homologs with signal peptides for secretion. Accession numbers of the 679 

depicted protein sequences, and accession numbers of several expansin homologs that do not 680 

have predicted signal peptides for secretion and are not depicted in the figure, can be found in 681 

Supplemental Table 3. The domains are drawn to scale. The tree was reconstructed using 682 

maximum likelihood with 100 bootstrap pseudoreplicates and should be considered unrooted.  683 

 684 

Figure 3. Contribution of the Erwinia tracheiphila exlx-gh5 locus to wilt symptom 685 

development and plant death A) In planta inoculation experiment comparing virulence of Wt, 686 

Δexlx-gh5, Δexlx-gh5 (cEXLX-GH5), Δexlx and Δexlx(cEXLX) strains. B) A second in planta 687 

inoculation experiment comparing virulence of Wt, Δgh5, and Δgh5(cEXLX-GH5). In both A) 688 

and B), inoculated plants were monitored for first appearance of wilt symptoms in the inoculated 689 
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leaf, first appearance of systemic wilt symptoms in a second non-inoculated leaf and plant death 690 

for 23 days post inoculation (DPI). Summary and statistical analyses are in Tables 1-4. All 691 

samples sizes were between 18-22 individual plants per treatment.  692 

 693 

Figure 4. Visual comparison of wilt symptoms in squash seedlings after inoculation with 694 

either the Δexlx-gh5 mutant or wild type Erwinia tracheiphila.  695 

A) Non-inoculated squash seedling with no wilt symptoms B) Squash seedling inoculated with 696 

wild type E. tracheiphila that has developed systemic wilt symptoms C) Representative 697 

symptoms caused by inoculation with the Δexlx-gh5 mutant strain, where wilt often remains 698 

localized to the inoculated leaf without causing systemic wilt symptoms. D) Visible E. 699 

tracheiphila oozing from xylem in all vascular bundles of a symptomatic plant after a horizontal 700 

stem cross section cut. E) 20X confocal miscroscopy image of a longitudinal section of a 701 

symptomatic, E. tracheiphila infected Cucurbita pepo stem. Image is falsely colored so that plant 702 

structures are shown in blue and live E. tracheiphila bacterial cells are red. 703 

 704 

Figure 5. Systemic colonization capability of Wt and Δexlx-gh5 strains. 705 

Squash seedlings were inoculated with either Wt or Δexlx-gh5. At 12 days post inoculation 706 

(DPI), bacterial concentration was determined in the inoculation site and in a petiole of a second, 707 

non-inoculated leaf. Mean ± SE are plotted, and grey circles are individual biological replicates 708 

(Sample sizes, n=9 per treatment). Y-axis is the log10 CFU/gram fresh weight and is scaled to the 709 

lower limit of detection for the assay (log10CFU/gram fresh weight = 3). Brackets indicate 710 

pairwise statistical comparisons (Dunn’s test) between two groups: ** P < 0.005; ns, non 711 

significant. 712 
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  713 

Figure 6. Correlation of Δexlx-gh5 concentration with symptom severity. Thirty squash 714 

seedlings were inoculated with Δexlx-gh5, and at 21 days post inoculation (DPI) all plants were 715 

scored according to whether they remained healthy (n=8), had developed wilt symptoms only in 716 

the inoculated leaf (n= 12), or had developed systemic wilt symptoms (n=10). CFU were then 717 

counted at the inoculation site and at a second non-inoculated leaf requiring systemic movement. 718 

Bars show mean ± SE, and grey circles are individual biological replicates. Y-axis is scaled to 719 

the lower limit of detection for the assay (log10 CFU/gram fresh weight = 3). Brackets indicate 720 

pairwise statistical comparisons (Dunn’s test) between two groups: * P < 0.05; ** P < 0.005; ns, 721 

non significant. 722 

 723 

Figure 7. Comparison of virulence between wild type, flagellar deletion mutant and Type 724 

IV Pili deletion mutant. Squash seedlings were inoculated with either Wt, a flagellar deletion 725 

mutant (ΔfliC) or a Type IV Pili deletion mutant (ΔT4P). Inoculated plants were monitored for 726 

first appearance of wilt symptoms in the inoculated leaf, first appearance of systemic wilt 727 

symptoms in a second non-inoculated leaf and plant death for 25 days post inoculation (DPI). All 728 

samples sizes were between 17-22 individual plants per treatment. Summary and statistical 729 

analyses are in Tables 5 and 6. 730 

 731 

Figure 8. In trans complementation of Δexlx-gh5 and Wt. (A) Plants were singly inoculated 732 

with either Wt or Δexlx-gh5, and (B) Plants were co-inoculated with a 1:1 mix of Wt & Δexlx-733 

gh5. In both single and co-inoculation experiments, CFU were counted at 1 day post inoculation 734 

(DPI) from the local inoculation site and at 12 DPI from the petiole of a second non-inoculated 735 
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leaf. Y-axis is scaled to the lower limit of detection for the assay (log10 CFU/gram fresh weight = 736 

3). Bars show mean ± SE, and grey circles are individual biological replicates. Sample size, n = 4 737 

per treatment. 738 

Figure 9. In trans complementation of Δexlx and Δgh5. Plants were co-inoculated with both 739 

the Δexlx and Δgh5 deletion mutants. Inoculated plants were monitored for first appearance of 740 

wilt symptoms in the inoculated leaf, first appearance of systemic wilt symptoms in a second leaf 741 

and plant death for 21 days post inoculation (DPI). Sample sizes are n = 18 per treatments. 742 

Summary and statistical analyses are in Tables 7 and 8. 743 

 744 

 745 
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