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ABSTRACT

Multiple subspecies of the phytopathogenic bacterium Xylella fastidiosa (Xf) exist which are pathogenic to distinct plant
hosts, such as grapes, oleander, almonds, and citrus. Previously, DNA sequence analysis of the mopB and gyrB genes has
been used to separate Xf strains into their subspecies groups. In this study, DNA sequence analysis of the Zonula occludens
toxin (Zot) gene was used to corroborate the genetic variation found between 44 Texas strains of Xf. This approach provided
variable gene sequences that allow for categorization of Xf at both the subspecies and population level. In silico translation
of the Zot gene sequence, and subsequent protein model predictions showed conserved secondary structure, transmembrane
regions, and signal cleavage sites despite differences in amino acid code. Results of the analysis of this gene were consistent
with the phylogeny found using the more conserved mopB and gyrB genes at the subspecies level and can be used to
differentiate populations within subspecies. The analysis of these variable genes and gene regions provide additional
opportunities for new diagnostic and disease management techniques.

LAYPERSON SUMMARY

In this study, we sequenced one of the genes, the Zot gene, in the Xylella fastidiosa (Xf) genome. Xf has been implicated as
the cause of several plant diseases that cause plant death and crop loss, including Pierce’s disease (PD), almond leaf scorch,
and citrus variegated chlorosis. By identifying and comparing the sequences of Zot, which has been implicated as a disease
causing gene, we are able to determine the relationship of the different Xf subspecies, and may also be able to identify
different populations of Xf, such as those from California versus those from Texas. This will allow researchers to track the
spread of PD, among others, and may be useful in detailing the mechanisms by which Xf causes disease.

INTRODUCTION

Xylella fastidiosa (Xf) is a Gram-negative, xylem-limited, fastidious, insect-transmitted, gammaproteobacteria (Wells et al.
1987). Five subspecies of Xf exist, including Xf fastidiosa which causes Pierce’s disease (PD), Xf sandyi which cases
oleander leaf scorch (OLS), Xf multiplex which causes almond leaf scorch (ALS), Xf pauca which causes citrus variegated
chlorosis (CVC), and Xf tashke (Purcell 1997, Schaad et al. 2004, da Silva et al. 2007, Randall et al. 2009). Xf has distinctly
different host ranges; though some strains of Xf are only pathogenic in a single host species, others cause disease in a variety
of hosts (Hopkins and Purcell 2002, Almeida et al. 2003). As much as 30% of the Xf genome is prophage in origin(Simpson
et al. 2000, Van Sluys et al. 2003, Monteiro-Vitorello et al. 2005). Other research has shown that most of the sequence
variation in Xf subspecies occurs in coding regions derived from bacteriophages (de Mello Varani et al. 2008).

The Zonula occludens toxin (Zot) in Xf strains has been suggested as a new potential virulence factor in CVC caused by Xf
9a5c, a member of subspecies pauca (da Silva et al. 2007). Zot genes are also found in the genomes of several other
gammaproteobacteria, including Vibrio cholera, Xanthomonas campestris, Stenotrophomonas maltophilia and Ralstonia
solanacearum (Koonin 1992, Johnson 1993, Chang et al. 1998, Hagemann et al. 2006). The Zot gene found in V. cholerae
has great sequence similarity to the protein product I (pl) of the filamentous phage Pf1, and is most likely derived from a Pfl1-
like phage (Koonin 1992). The pl protein, which shares similarity to many Zot proteins in Xf, has both an extracellular and
intracellular region, and is necessary for phage packing and transport across the cell membrane in many filamentous phages
(Koonin 1992, Di Pierro et al. 2001, Schmidt et al. 2007). A homologous protein of the Zot family is found in many Vibrio
cholerae strains and has been linked to disruption of tight junctions (Johnson 1993), and diarrheagenicity in V. cholerae that
lack the cholerae toxin (Di Pierro et al. 2001). A Zot gene can also be found in strains of pathogens that, like Xf, are found in
the Xanthomonadaceae family, namely Xanthomonas campestris, which causes lesions and loss of water in plant tissue
(Block et al. 2005), and a Stenotrophomonas maltophilia strain, which can cause severe health problems such as endocarditis
and bacteremia (Hagemann et al. 2006). A search of available Xf genomes in NCBI reveals that each Xf strain possesses
multiple copies of Zot genes (Schreiber et al. 2010). Three distinct subgroups exist amongst these Zot genes. Most abundant
are the members of the Zot1 subgroup, which are found in PD strains Temeculal, M23, GB 514, and Ann-1 (Schreiber et al.
2010).

OBJECTIVES

1. Sequence the Zot1 gene in Texas strains of Xylella fastidiosa

2. Translate the Zot1 nucleotide sequence in silico to identify amino acid changes

3. Identify changes in predicted protein structure resulting from changes in amino acid sequence
4. Analyze the phylogeny of the Zot1 gene in Texas strains of Xylella fastidiosa
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RESULTS AND DISCUSSION
Subspecies identification was performed using gyrB and mopB (Morano et al. 2008) (Table 1). Direct sequencing yielded 41
Zot1 sequences useful for phylogenetic analysis. Quality trimming yieldegd 861bp sequences that shared 96.0% sequence
identity. The sequences were fairly divergent, with XX synonymous substitutions and XX nonsynonymous substitutions. The
Texas strains identified as subspecies fastidiosa differed from California fastidiosa strains in six fixed, synonymous
substitutions. These substitutions were found in the middle region of Zot1, and may prove to be useful in identifying populations
of subspecies fastidiosa in the future. Subspecies fastidiosa sequences shared 98.9% identity, subspecies sandyi sequences
shared 99.7% identity, and subspecies multiplex sequences shared 96.1% identity. The increased divergence between subspecies
multiplex Zotl sequences may be a result of the larger number of hosts that the multiplex strains were collected from.

Table 1. Sample ID, Collection Site, County of Collection, Host Plant, Scientific Name of Host Plant, and Subspecies ID.

ample ID ollectio D 0 ost Pla e e pspecles 1D
A MCC CER 040 McCulloch  Vigonier grape Vitis vinifera fastidiosa
B VAL VAL 041 Val Verde  Herbemont grape Vitis sp. cross fastidiosa
C LLA FAL 747 Llano Chardonnay grape Vitis vinifera fastidiosa
D XFJK 13.87 Erath Glassy-winged sharpshooter ~ Homalodisca vitripennis fastidiosa
E LLA FAL 634 Llano SO4 Rootstock for grape Vitis sp. cross fastidiosa
F XFJK 12.57 Erath Cabernet Sauvignon grape Vitis vinifera fastidiosa
G XFJK 12.69 Erath Zinfandel grape Vitis vinifera fastidiosa
H XFJK 14.11 Erath Ruby Cabernet grape Vitis vinifera fastidiosa
| GIL GRA 315 Gillespie Wine grape Vitis vinifera fastidiosa
J 2018 GIL 007 Gillespie innoc. Chardonnay, Plantanus sp. (Vitis sp.) fastidiosa
reisolated

K BAN POL 055 Bandera Black Spanish grape Vitis sp. cross fastidiosa
L HEN GRA 038 Henderson  Blanc du Bois grape Vitis sp. cross fastidiosa
N LLA FAL 738 Llano SO4 Rootstock for grape Vitis sp. cross fastidiosa
(0] LLA FAL 745 Llano SO4 Rootstock for grape Vitis sp. cross fastidiosa
1 GIL BEC 514 Gillespie Wine grape Vitis vinifera fastidiosa
2 GIL BEC 519 Gillespie Wine grape Vitis vinifera fastidiosa
& GIL BEC 528 Gillespie Wine grape Vitis vinifera fastidiosa
4 GIL GRA 316 Gillespie Wine grape Vitis vinifera fastidiosa
5) MCC CER 011-1 McCulloch  Cabernet Sauvignon grape Vitis vinifera fastidiosa
7 TRA FLA 338 Travis Muscat Blanc grape Vitis vinifera fastidiosa
8 TRA FLA 380 Travis Tinta Madiera Vitis vinifera fastidiosa
9 VAL VAL 033 Val Verde  Black Spanish grape Vitis sp. cross fastidiosa
10 XFJK 21.4 Erath Ruby Seedless grape Vitis vinifera fastidiosa
11 MED PRI 023 Medina Oleander Nerium oleander sandyi

12 MED PRIO 45-1 Medina Oleander Nerium oleander sandyi

13 MED PRI 047 Medina Oleander Nerium oleander sandyi

14 MED PRI 049-2 Medina Oleander Nerium oleander sandyi

15 MED PRI 054 Medina Oleander Nerium oleander sandyi

18 BAN POL 039 Bandera Golden Rod Solidago sp. multiplex
20 GIL BEC 626B Gillespie Giant Ragweed Ambrosia trifida L. var. Texana Scheele ~ multiplex
21 GIL BEC 627 Gillespie Giant Ragweed Ambrosia trifida L. var. Texana Scheele  multiplex
22 GIL BEC 628A Gillespie Giant Ragweed Ambrosia trifida L. var. Texana Scheele ~ multiplex
24 GIL GRA 281 Gillespie Giant Ragweed Ambrosia trifida L. var. Texana Scheele  multiplex
27 KIM 001 Kimble Redbud Cercis canadensis multiplex
28 KIM 004 Kimble Redbud Cercis canadensis multiplex
30 LLA FAL 651 Llano Heart leaf Peppervine Ampelopsis cordata multiplex
31 LLA FAL 718A Llano Narrow leaf Sumpweed lva texensis multiplex
33 LLA FAL 752 Lamar Giant Ragweed Ambrosia trifida L. var. Texana Scheele  multiplex
34 MCC CER 044 McCulloch ~ Giant Ragweed Ambrosia trifida L. var. Texana Scheele  multiplex
36 UVA 122A Uvalde Sycamore Plantanus sp. multiplex
37 UVA 521-2B Uvalde Red Bud Cercis sp. multiplex
38 UVA TAM 115 Uvalde Western Soapberry Sapindus saponaria L. var. drummondii ~ multiplex
39 VAL VAL 072A Val Verde  Giant Ragweed Ambrosia trifida L. var. Texana Scheele  multiplex
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The Zot1 nucleotide sequences were then translated in silico to identify amino acid differences. This produced sequences of
281 amino acids long that shared 96.4% identity. These sequences were submitted to Pfam for identification (Finn et al.
2008). Each sequence was noted as belonging to the Zot protein family with an error value greater than 5¢*°. Tertiary
structure homology was predicted using the PHYRE program (Kelly and Sternberg 2009). The PHYRE search identified the
N-Terminus of the Zot protein of Neisseria meningitidis (PDB code 2R2A) (data not shown) as the most similar structure to
the sequences submitted, with a minimum error value of 2e™. This, too, points to a conserved structure in the Zot1 protein in
Xf. The Zotl protein sequences were then subjected to secondary-structure prediction, transmembrane region prediction, and
signal sequence cleavage site prediction (Figure 1) (Drummond et al. 2009). The predicted secondary structures, signal
sequence cleavage sites, and transmembrane regions were very similar, indicating a degree of conservation amongst the
structure of Zot1 proteins, despite the divergent nucleotide sequences. Particularly promising, the signal cleavage site
predictions indicate two areas where cleavage may occur. The Zot protein is known to have a cleaved, exotoxic C-Terminus
in Vibrio cholerae (Di Pierro et al. 2001). The predicted cleavage sites closest to the C-Terminus in the Zotlsequences from
Xf correspond to the expected cleavage site of the Zot protein in other bacteria. Additionally, these regions of the Zot1
protein exhibits 98.7% sequence identity, higher than the average for the entire sequence. Further research to determine the

exact cleavage site of the Zot1 protein.
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Figure 1. Protein structure prediction produced using EMBOSS tool plug-in for Geneiousv. 5.1. A
representative sequence from each phylogenetic cluster is represented to display structure homology across
groups. Cellular region is indicated by pink arrows, transmembrane regions are indicated by red arrows,
signal cleavage sites are indicated by green arrows. Secondary structure prediction is above the amino acid
sequence. Blue arrows indicate turns, yellow arrows indicate alpha helices, and purple cylinders indicate
beta sheets.
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Phylogenetic analysis yielded a tree topology that was predicted by the gyrB and mopB identification (Figure 2). The Texas
samples of this study were supplemented with sequences retrieved from NCBI’s GenBank, including two sequences from
both Xf M23 and Temeculal, one sequence from Xf Ann-1, and three Zot1 sequences previously sequenced in house. Though
recombination blurred distinctions between groups, sequences separated into complexes according to their subspecies. These
complexes are highly supported, as evidenced by their high bootstrap values. Additionally, the California fastidiosa strains
(Xf M23 and Temeculal) separated from the Texas fastidiosa strains (Xf Texas 1 and Samples 10, K, N, and O). The group
composition of the complexes was not reflective of geographic proximity or host plant identity (data not shown). The high
degree of similarity between sequences despite geographic range, and the high levels recombination indicate a large amount
of mixing between different strains of Xf.
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Figure 2. Phylogenetic tree produced using the Maximum-Likelyhood method and the HKY
evolutionary model with a ratio of 0.774 invariable sites, four categories of substitution, and a gamma
shape of 0.931.

Little is known about the Zot protein’s structure due to the complexity of isolating Zot for analysis as a result of its
transmembrane region (Koonin 1992, Hagemann et al. 2006, Schmidt et al. 2007). In silico translations and structure
predictions offer great insights into protein function and classification and has been found to be accurate and sensitive. By
using in silico analysis, the sequence variation found in Zot1 genes between subspecies has been shown to yield differences
in protein structure. Predictive modeling shows that the variation found in the amino acid code does not translate to altered
protein structure. This similarity in structure, despite changes in both the nucleotide and amino acid code, indicates that the
Zotl gene may not be evolving due to host-pathogen interactions.

The first step in determining host range in differentially pathogenic bacteria is placing the bacteria into clades (Morano et al.
2008). Many techniques for identification and classification exist; however, the complexity of Xf pathogen makes
categorization based on morphology or pathogenicity difficult (Almeida et al. 2003). Additionally, Xf has been shown to
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have limited genomic variability within clades and region, and that the majority of strain specific genes occur in prophage
regions, though they contain genomic islands which enable rapid evolution (Van Sluys et al. 2003). Techniques that focus on
classification based on well conserved regions shared by all Xf subspecies might then miss putative evolutionary growth and
adaptation. The Zot1 gene insertion is an excellent target for QRT-PCR, and the small sequence differences can be targeted
by restriction enzyme digestion analysis for quick and accurate identification and classification of Xf subspecies and
populations.

CONCLUSIONS

Comparative analysis Zotlgenes and proteins provide accurate, population level differentiation therefore allows researchers
greater ability to track the spread of economically important phytopathogens. Additionally, in silico translation and analysis
of Zotl describes in greater detail differences between strains, and describes possible conformation changes that result from
sequence changes between strains. Taken together, these results show that Zot1 is a useful target for differential sequence
analysis and can be used to elucidate the phylogenetic history of Xf, and its spread through the U.S.
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