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ABSTRACT

Thompson, S. M., Johnson, C. P., Lu, A. Y., Frampton, R. A., Sullivan, K. L.,
Fiers, M. W. E. J., Crowhurst, R. N., Pitman, A. R., Scott, I. A. W., Wen, A.,
Gudmestad, N. C., and Smith, G. R. 2015. Genomes of ‘Candidatus
Liberibacter solanacearum’ haplotype A from New Zealand and the United
States suggest significant genome plasticity in the species. Phytopathology
105:863-871.

‘Candidatus Liberibacter solanacearum’ contains two solanaceous crop-
infecting haplotypes, A and B. Two haplotype A draft genomes were as-
sembled and compared with ZC1 (haplotype B), revealing inversion and
relocation genomic rearrangements, numerous single-nucleotide poly-
morphisms, and differences in phage-related regions. Differences in pro-
phage location and sequence were seen both within and between haplotype

comparisons. OrthoMCL and BLAST analyses identified 46 putative
coding sequences present in haplotype A that were not present in haplotype
B. Thirty-eight of these loci were not found in sequences from other
Liberibacter spp. Quantitative polymerase chain reaction (qPCR) assays
designed to amplify sequences from 15 of these loci were screened against
a panel of ‘Ca. L. solanacearum’-positive samples to investigate genetic
diversity. Seven of the assays demonstrated within-haplotype diversity;
five failed to amplify loci in at least one haplotype A sample while three
assays produced amplicons from some haplotype B samples. Eight of the
loci assays showed consistent A–B differentiation. Differences in genome
arrangements, prophage, and qPCR results suggesting locus diversity within
the haplotypes provide more evidence for genetic complexity in this emerg-
ing bacterial species.

Zebra-chip (ZC) disease is a significant disease of potato that has
emerged over the last 20 years. First observed in 1994 inMexico, it is
nowpresent in a number of countries inCentral andNorthAmerica as
well as in New Zealand (Gudmestad and Secor 2007; Liefting et al.
2008). In 2008, the putative causal agent, ‘Candidatus Liberibacter
solanacearum’, was discovered in New Zealand in potato, capsicum,
tomato, cape gooseberry, and tamarillo (Liefting et al. 2008, 2009).
‘Ca. L. psyllaurous’ was discovered independently around the same
time from tomato in the United States (Hansen et al. 2008) and is
generally regarded as a synonym of ‘Ca. L. solanacearum’. The
bacterium is vectored by phloem-feeding psyllids (Hemiptera:
Triozidae), including Bactericera cockerelli, the tomato/potato
psyllid (TPP) (Munyaneza et al. 2007), and can also be spread in
infected plant propagules (Secor et al. 2009).
Five haplotypes (A to E) of ‘Ca. L. solanacearum’ have been

described based on single-nucleotide polymorphisms (SNPs) and

insertion-deletions (indels) in the ribosomal RNA (rRNA) region
(Nelson et al. 2011, 2013; Teresani et al. 2014). Haplotypes A andB
are associated with solanaceous crops and the TPP in Central and
North America (A and B) and New Zealand (A). Haplotype C is
associated with carrot and B. apicalis in Scandinavia, while hap-
lotype D, also found in carrot, is associated with B. trigonica in
Europe. The recently described haplotype E is associated with
carrot and celery in Europe and has no confirmed psyllid vector
(Teresani et al. 2014). ‘Ca. L. solanacearum’, ZC, and the genus
Liberibacter were recently reviewed by Haapalainen (2014).
ZC disease acquired its name from the stripes of brown dis-

coloration seen in infected potato tubers that become more distinct
after frying for chip production. In the aboveground potato plant,
symptoms include curling leaves, chlorosis, aerial tubers, swollen
nodes, and pink or purple discoloration.
In New Zealand, the first report of ZC and ‘Ca. L. solanacearum’

(Liefting et al. 2008) occurred not long after the discovery of TPP
in 2006 (Gill 2006). The symptoms and pathology of ZC disease
in New Zealand are different and often less severe than the
symptoms in the United States (Berry et al. 2011; Pitman et al.
2011, 2012). Variability in symptoms has also been noted in the
United States where both haplotypes A and B are present. Field
observations in Texas suggested that ‘Ca. L. solanacearum’
haplotype B is more destructive than haplotype A (Wen et al.
2013). Many factors, individually or in combination, may con-
tribute to the differences in symptomology and pathology between
ZC disease in New Zealand and the United States, including potato
cultivar, environmental conditions, vector behavior, and genetic
differences.
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At present, the genetic variation within ‘Ca. L. solanacearum’ is
poorly understood. Currently the haplotypes can be identified by
Sanger sequencing of the rRNA operon and the solanaceaous-
infecting haplotypes A and B can be distinguished by a polymerase
chain reaction (PCR) assay based on a simple sequence repeat
(SSR) marker (Wen et al. 2013). Previous studies into solanaceous
‘Ca. L. solanacearum’ variability have used multilocus sequence
typing (MLST) (Glynn et al. 2012) andSSRmarkers (Lin et al. 2012).
Although two dominant “clades” or “lineages” were identified in
both studies (corresponding to the haplotypes A and B), there was
evidence for additional genetic variability, with some SSR markers
having up to eight different alleles (Lin et al. 2012).
Genetic variability has been investigated more extensively in

‘Ca. L. asiaticus’. ‘Ca. L. asiaticus’ is one of three ‘Candidatus
Liberibacter’ spp. (‘Ca. L. asiaticus’, ‘Ca. L. americanus’, and ‘Ca.
L. africanus’) associated with huanglongbing or citrus-greening
disease. Serotypic analysis of ‘Ca. L. asiaticus’ found seven dif-
ferent serotypes (Garnier et al. 1991). Analysis of SSR markers in
‘Ca. L. asiaticus’ samples (Katoh et al. 2011) and PCR restriction
fragment length polymorphism (RFLP) analysis of the OMP gene
(Bastianel et al. 2005; Hu et al. 2011) also indicated substantial
diversity within ‘Ca. L. asiaticus’. A number of ‘Ca. L. asiaticus’
and ‘Ca. L. americanus’ genomes have now been fully or partially
assembled (Duan et al. 2009; Katoh et al. 2014; Lin et al. 2013a, b;
Wulff et al. 2014.; Zheng et al. 2014). Liberibacter crescens, an
endophyte of papaya and the only culturable species of this
genus, has also been sequenced (Fagen et al. 2014; Leonard et al.
2012).
Traditional approaches cannot be used to investigate pathology

or the potential contribution of pathogen variability to symptom
expression for the nonculturable species; therefore, whole-genome
comparisons can provide valuable insight into differences between
the species. Genome sequences have been used to develop tools
for investigating genetic variability and improved detection of
‘Ca. L. asiaticus’ (Katoh et al. 2011, Kogenaru et al. 2014). Such
tools are important for characterizing the strains used in biological
experiments.
The ‘Ca. L. solanacearum’ ZC1 genome is from a haplotype

B-positive sample sourced from northern Texas and is the only
completely assembled ‘Ca. L. solanacearum’ genome to date. It is
not known whether the SNPs and indels in the rRNA region that
define the haplotypes are representative of major differences
throughout the genome. Failure to understand underlying patterns
of genetic diversity compromises both the interpretation of research
results and the subsequent development of appropriatemanagement
strategies. Here, we describe and compare two ‘Ca. L. solanacea-
rum’ haplotype A genomes obtained by high-throughput sequenc-
ing of TPP samples from New Zealand and the United States.
Comparison of these genomes with ZC1 resulted in the identi-
fication of loci that distinguish the ‘Ca.L. solanacearum’ haplotype
A genomes from haplotype B. Fifteen of these loci were used
to investigate the genetic variability among samples of ‘Ca. L.
solanacearum’ from around North and Central America using
quantitative (q)PCR assays.

MATERIALS AND METHODS

‘Ca. L. solanacearum’ sample selection and sequencing.
‘Ca. L. solanacearum’ NZ1. TPP, originally collected from
a colony infesting tamarillo (Solanum betaceum) in Northland,
NewZealand,were established in a colony at Plant&FoodResearch,
Lincoln in June 2010. Individual TPPwere collected from the colony
in September 2010 and DNAwas extracted using cetyltrimethylam-
monium bromide, as described previously (Beard et al. 2013). The
‘Ca. L. solanacearum’ titer of individuals was determined using the
‘Ca. L. solanacearum’ 16S and psyllid internal transcribed spacer 2
SYBR green qPCR assays (Beard et al. 2013). A sample (NZ1) with
a high ‘Ca. L. solanacearum’ titer and DNA quality was whole

genome amplified using a RepliG kit (Qiagen) and further purified
using components of the Geneaid Genomic DNAMini Kit for Plant
Material.A300-bp insert librarywaspreparedand100-bppaired-end
reads were generated on one lane of an Illumina HiSeq2000 by
Macrogen Inc. (Seoul,Korea).A secondDNAsamplewas sequenced
on one PacBio RS SMRT cell (Pacific Biosciences) at Washington
State University.
‘Ca. L. solanacearum’ HenneA. TPP collected frompotato fields

in Edinburg, TX in March 2012 were established in a colony at
North Dakota State University, Fargo. In June 2012, insects were
collected and DNA from individuals was tested using qPCR to
determine ‘Ca. L. solanacearum’ 16S titer relative to the insect
mitochondrial COI gene in each sample. The two DNA samples
with the highest ‘Ca.L. solanacearum’ titers were combined, giving
one sample (HenneA). DNA library preparation was undertaken
using an Ion Plus Fragment LibraryKit (LifeTechnologies) and size
selected using the Pippen Prep instrument (Sage Science, Inc.);
then, the sample was bead loaded using an Ion OneTouch 2
instrument (Life Technologies). The bead-loaded library was then
applied to an Ion 318 chip and sequenced on the Ion Torrent PGMas
per the manufacturer’s instructions.

Genome assembly. ‘Ca. L. solanacearum’ NZ1. Sequences
were filtered to a minimum threshold quality score of 20 and low-
quality nucleotides were trimmed from the termini of sequences.
Sequences less than 50 bp in length were discarded. The filtered
reads were assembled using SOAPdenovo (Li et al. 2010). The ZC1
genome (GenBank accession numberNC_014774.1)was used as an
initial reference. A combination of iterative mapping with Bowtie
(Langmead et al. 2009) of trimmed reads and SOAPdenovo contigs,
using an in-house bash script in which consensus sequences were
generated (Li et al. 2009a), was used for contig extension and gap
closure. The PacBio sequences were used for scaffolding and
ordering of the Illumina de novo contigs. Final mapping of the
paired-end reads to the draft genome was undertaken to confirm
contiguousmappingwith the expected coverage across each contig.
‘Ca. L. solanacearum’ HenneA. Sequence files in the fastq for-

mat were generated from the Ion Torrent sequencing data. Genome
de novo assembly was performed using SeqMan NGen (DNA Star)
assembly software. A second assembly was performed using
the Newbler assembly software (454 Life Science) supported by
the iPlant Collaborative (http://www.iplantcollaborative.org/). The
two assemblies were combined and the resulting contigs were
mapped to ‘Ca. L. solanacearum’ ZC1 (NC_014774.1) and the
‘Ca. L. solanacearum’ NZ1 draft genome. The final assembly was
confirmed by mapping read data back to the draft genome using
SeqMan NGen.

Confirmation of genome assembly by PCR and Sanger
sequencing. Primers to confirm genome rearrangements and the
location of prophagewere selected usingPrimer3 (Untergasser et al.
2012) in Geneious using default settings. Products were amplified
using KAPA HiFi HotStart ReadyMix (KAPABiosystems) using
the cycling conditions listed in Supplementary Tables S3 and S4
from New Zealand ‘Ca. L. solanacearum’ haplotype A samples.
The products were gel purified using the Gel/PCR DNA Fragments
Extraction Kit (Geneaid), as per the manufacturer’s instructions.
Purified products were Sanger sequenced using the primers listed in
SupplementaryTablesS3andS4at theLincolnUniversitySequencing
Facility (Lincoln, New Zealand).

Genome annotation, ortholog determination, and comparison.
To undertake whole-genome analysis, the two assembled genomes
were concatenated in numerical order of the contigs and cir-
cularized into a pseudomolecule. The three ‘Ca. L. solanacearum’
genome sequences (‘Ca.L. solanacearum’ZC1,NZ1, andHenneA)
were then aligned in Geneious v6.1.7 (Biomatters; http://www.
geneious.com) using the progressive Mauve v2.3.1 whole-genome
aligner (Darling et al. 2010). In order to illustrate the level of se-
quence similarity or difference between the three ‘Ca.L. solanacearum’
genomes, a 100-kbp fragment from ‘Ca. L. solanacearum’ ZC1,
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between positions 300,000 and 400,000, was aligned with the cor-
responding sequence from positions 902,948 to 1,002,948 of NZ1
using progressive Mauve aligner in Geneious. The same sequence
region from NZ1 was also compared with the region 827,624 to
927,625 from HenneA.
The coding regions of the three genomes (‘Ca. L. solanacearum’

ZC1, NZ1, and HenneA) were annotated using RAST (Overbeek
et al. 2014) to provide consistent annotation. Prophage regionswere
defined based on similarity to the prophage sequences in ‘Ca. L.
solanacearum’ ZC1 (Lin et al. 2011). Bacteriophage (phage)-
related regions were identified through the presence of phage-
related genes.
In the first analysis, the coding regions of ‘Ca. L. solanacearum’

haplotype A and haplotype B were compared using OrthoMCL (Li
et al. 2003) to reveal the ortholog relationships. The E-value cut off
for the OrthoMCL reciprocal BLAST was 1E_5, with minimum
coverage of 70% over both query and subject sequence. Coding
regions from ‘Ca. L. solanacearum’ NZ1 for the ortholog clusters
present in both haplotype A sequences but not identified in ‘Ca. L.
solanacearum’ ZC1 were further screened using the BLASTn
function against ZC1 as a custom database in Geneious. Loci
without significant similarity to ZC1 (E-value greater than 1E_11)
were considered unique to ‘Ca. L. solanacearum’ haplotype A. The
same process was applied to coding regions identified only in ZC1.
A secondOrthoMCL analysis was carried out to identify loci that

distinguished ‘Ca. L. solanacearum’ haplotype A from other Li-
beribacter spp. TheLiberibacter spp. genomes listed inTable 1were
reannotated using RAST (Overbeek et al. 2014). OrthoMCL ana-
lysis was then preformed as above. The loci from ‘Ca. L. so-
lanacearum’ NZ1 identified by OrthoMCL as specific to haplotype
A were screened using the BLASTn function against the National
Center for Biotechnology Information (NCBI) nr database in
Geneious. Loci with similarity to Liberibacter spp. sequences with
an E-value of less than 1E_11 were discarded. The remaining se-
quences were considered to differentiate the haplotype A genomes
from previously published genomes and were further analyzed
using qPCR.

Primer design and assay conditions. Because a limitednum-
ber of genomes were available for the whole-genome comparison,
qPCR assays were developed to investigate the presence or absence
of loci in a broader range of samples. Primers were designed within
the putative distinguishing loci using Primer3 (Untergasser et al.
2012) inGeneious using default settings,with product size specified
as 70 to 250 bp. qPCR reactions for initial screening contained 1×
SensiFAST SYBR Hi-ROX mastermix (Bioline), 100 nM concen-
tration of each primer, and 1 µl of DNA in a total reaction volume of
11 µl. Assays were run on a StepOne Plus qPCR machine (Applied

Biosystems) using a touchdown protocol (Larsen et al. 2002) con-
sisting of 15 cycles as follows: 5 s at 95�C, then 30 s at temperatures
decreasing from 70 to 62�C, with a decrease of 2�C every 3 cycles.
An additional 25 cycleswith an annealing temperature of 60�Cwere
then performed. Following amplification, products were subjected
to melt curve analysis (60 to 95�C at 0.3�C s_1). All primers were
tested against three ‘Ca. L. solanacearum’ haplotype A samples
(from New Zealand TPP, New Zealand potato, and U.S. TPP),
a haplotype B sample (from U.S. TPP), healthy potato, and healthy
TPP (as determined by the ‘Ca.L. solanacearum’ 16S SYBR assay)
(Beard et al. 2013).

Investigating locus diversity of ‘Ca. L. solanacearum’
samples. Fifteen primer sets that amplified only haplotype A
samples were selected for screening against 43 additional samples
(Table 2) from geographically diverse sources. These samples in-
cluded haplotype A and haplotype B samples as well as samples
with haplotype A and B dual infections. Haplotype status was
determined using the SSR assay (Wen et al. 2013). qPCR reactions
for further testing contained 1× SSoAdvanced Universal SYBR
Green Supermix (Bio-Rad), 250 nM forward and reverse primers,
and 2 µl of DNA in a total reaction volume of 20 µl. Assays were
performed on a Bio-Rad CFX96 qPCR machine using a protocol
consisting of 40 cycles of 10 s at 98�C and 30 s of 60�C. Following
amplification, products were subjected tomelt curve analysis (60 to
95�C at 0.3�C s_1). The qPCR ‘Ca. L. solanacearum’ species-
specific primers LsoF and HLBr (Li et al. 2009b) were used to give
a baseline cycle threshold representative of ‘Ca. L. solanacearum’
titer.

RESULTS

Genome assembly. The New Zealand haplotype A sample,
‘Ca. L. solanacearum’ NZ1, was assembled into five contigs,
ranging in size from 18.4 to 870 kbp. These were assembled from
86,759,926 Illumina reads. The 45,111 reads from PacBio
sequencing, with an average read length of 3,183 bp, were used to
confirm the de novo contig joining, structural rearrangements in
comparison with ZC1, and locations of prophage. Mapping of the
Illumina reads to the final draft genome confirmed continu-
ous mapping of each contig, with approximately 1,000× coverage.
This draft genome of ‘Ca. L. solanacearum’ NZ1 has a length of
1,312,416 bp and a GC content of 35.3%, and contains 1,236
predicted coding sequences (CDS), as annotated by RAST (Table 1).
Thiswhole-genome shotgun assembly has been deposited at GenBank
under accession number JMTK00000000: theversion described in this
article is version number JMTK01000000. ‘Ca. L. solanacearum’
HenneA, theU.S. haplotypeA sample fromTexas,was assembled into

TABLE 1. Genome sequences used in this study

Isolate ID Sourcea Country Year
GenBank
accession Contigs

Size
(Mbp)

GC
(%)

RAST-predicted
CDSb Reference

‘Candidatus
Liberibacter
americanus’
PW_SP Periwinkle Brazil 2014 AOFG00000000.1 22 1.18 31.1 982 Lin et al. 2013a
Sao Paulo Periwinkle Brazil 2014 NC_022793.1 1 1.20 31.1 1,003 Wulff et al. 2014.

Ca. L. asiaticus
A4 Periwinkle China 2014 JFGQ00000000.1 10 1.21 36.4 1,173 Zheng et al. 2014
Gxpsy Diaphorina citri China 2013 NC_020549.1 1 1.27 36.6 1,225 Lin et al. 2013b
psy62 D. citri United States 2009 NC_012985.3 1 1.23 36.5 1,170 Duan et al. 2009

Liberibacter
crescens BT-1 Culture Puerto Rico 2012 NC_019907.1 1 1.50 35.4 1,419 Leonard et al. 2012

‘Ca. L. solanacearum’
ZC1 Bactericera cockerelli

(TPP)
United States 2011 NC_014774.1 1 1.26 35.2 1,207 Lin et al. 2011

NZ1 B. cockerelli (TPP) New Zealand 2014 JMTK00000000.2 5 1.31 35.3 1,236 This study
HenneA B. cockerelli (TPP) United States 2014 JQIG00000000.1 7 1.21 34.9 1,225 This study

a TPP = tomato/potato psyllid.
b CDS = coding sequences.
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seven contigs, ranging in size from 3.8 to 690 kbp from 4,152,520 Ion
Torrent reads. Final mapping of the reads against the draft genome
confirmed continuous mapping with approximately 45× cover-
age. The draft genome of ‘Ca. L. solanacearum’ HenneA is
1,211,361 bp in length, contains 1,225 CDS predicted by RAST,
and has aGC content of 34.9%. This draft genome does not include
assembly of repetitive elements—primarily prophage regions. This
whole-genome shotgun assembly has been deposited at GenBank
under accession numbers JMTK00000000, JMTK00000000.1,
JQIG00000000, and JQIG00000000.1: the version described in
this article is version JQIG00000000.1.

Genome comparisons. After comparison of the haplotype A
genomes and ZC1 using a Mauve alignment, a high degree of
similarity (block synteny and direction) between NZ1 and HenneA
was visualized (Fig. 1). The most notable difference between the
haplotype A genomes is the location of their prophage domains. In
‘Ca. L. solanacearum’ NZ1, there are three prophage domains (Fig.
2, green bars in track 1). The presence of three prophage domains in
‘Ca. L. solanacearum’ NZ1 is supported by PacBio reads mapping
from the core genome into the phage domains and by the level of
coverage seen in these regions, consistent with that of the rest of the
genome. Sanger sequencing of the region from the integrase into the
adjacent core genome confirmed the presence of phage sequence
at all three locations. The locations of prophage 2 and 3 correspond
to contig ends in the incomplete ‘Ca. L. solanacearum’ HenneA
assembly, suggesting that they are located in the same positions as
NZ1. Prophage 1, however, is absent from ‘Ca. L. solanacearum’
HenneA. The Mauve alignment revealed two major structural
rearrangements between the haplotypeA genomes and the haplotype
B genome. There is an approximately 57-kbp fragment (magenta
block) starting at position 698,883 in ‘Ca.L. solanacearum’ ZC1 that
is inverted in both NZ1 and HenneA. Second, the teal-colored gene
block at position 981,006 to 1,095,345 in ‘Ca.L. solanacearum’ ZC1
is relocated in both NZ1 and HenneA. These major rearrangements
were confirmed by Sanger sequencing of PCR products at the start
and end of each rearranged block. ‘Ca. L. solanacearum’ NZ1 and
HenneA both differ from ZC1 in the location of the prophage

domains. ‘Ca. L. solanacearum’ ZC1 has two prophage regions, one
at position 176,396 and the other at position 1,214,970 (Lin et al.
2011) (Fig. 1, white gaps in the ZC1 sequence red and blue blocks,
respectively). There are no prophage sequences in the corresponding
locations in either NZ1 or HenneA. The NZ1 prophage 1 has a high
degree of similarity to both prophages in ZC1 (87.7% to prophage 1
and 84.3% to prophage 2) whereas ‘Ca. L. solanacearum’ NZ1
prophages 2 and 3 are less similar to the ZC1 prophage sequences.
The presence of this third prophage in NZ1 results in an increased
genome size of NZ1 (1.31 Mbp) compared with the ZC1 genome
(1.26 Mbp). Preliminary SNP analysis showed greater differences
between haplotypes than within haplotype A (Fig. 3).

Ortholog comparison. OrthoMCL analysis of ‘Ca. L. solana-
cearum’ ZC1, NZ1, and HenneA identified 180 orthologs potentially
unique to haplotype A (Supplementary Table S1). This set was sub-
sequently screened usingBLASTn against the ‘Ca.L. solanacearum’
ZC1 genome to remove any loci that had significant similarity to
noncoding regions. BLASTn confirmed 46 loci (highlighted in
green) as unique to haplotypeA, that are mostly concentrated in one-
half of the genome (Fig. 2, track 3) and located within 12 phage-
related regions (Fig. 2, track1).Of these 46 loci, 37wereannotatedby
RAST as hypothetical proteins. The other nine had annotations,
including type III restriction-modification system methylation
subunit, type III restriction-modification systemDNA endonuclease,
adenine or cytosine DNA methyltransferase, ISSpo3 transposase,
alcohol dehydrogenase, modification methylase EcoRI, and termi-
nase. OrthoMCL followed by BLAST analysis identified 24 loci in
‘Ca. L. solanacearum’ ZC1 with no significant sequence homology
to eitherNZ1 orHenneA (data not shown). All 24 of these hadRAST
annotations of hypothetical protein. OrthoMCL analysis also iden-
tified 839 orthologous groups common to both haplotypes.
To identify genes present in ‘Ca. L. solanacearum’ haplotype A

but not in other Liberibacter genomes, a secondOrthoMCLanalysis
was undertaken using NZ1, HenneA, and genomes of other Li-
beribacter spp. listed in Table 1. In total, 623 ortholog clusters were
common to all Liberibacter sequences used in this analysis, while
145 ortholog clusters were only found in haplotype A. These 145

TABLE 2. Fifteen primer sets selected for further analysis

Locus tag (NZ1) Annotation Primer name Primer sequence Product size (bp)

DJ66_0348 Hypothetical protein D348F AAAGGCGAAAAAGGTCAGTTC 119
D348R AAGAATCCCCCACTACCACA

DJ66_0385 Modification methylase EcoRI D385F TGAAGCCATTAGAAAGTGATGGTG 105
D385R CACGGAAAAGAGAAAATGGAGGA

DJ66_0388 Hypothetical protein D388F GTTTTCTCCGCCCCAATTGC 106
D388R TGAGCAGCCCTGATAACGAC

DJ66_0405 Hypothetical protein D405F ACCGTTGTGCCATTGATCCT 224
D405R GCATGTCCGCACATCCTTTT

DJ66_0406 Adenine/cytosine DNA methlytransferase D406F CAACATCGCGGGGCTATAGT 200
D406R CCAGCAGGACAAGGACCATT

DJ66_0411 Hypothetical protein D411F AGGGTTTTTCTGTGGCTTTAGC 83
D411R ATCGGTTTGGGTTCTGAGCC

DJ66_0426 Hypothetical protein D426F TGGTACTTGCATCAATCGGGAA 144
D426R TCTCAGGAACACCTACGGGA

DJ66_0427 Hypothetical protein D427F TGGCGTTATGATCATGTCGGA 118
D427R AGGTGGAGTAGGGCGTTATG

DJ66_0429 Alcohol dehydrogenase D429F TTCCGCCAATGAGATCCTCG 173
D429R ACGCGTTTCAGATGTCGGTA

DJ66_0840 Type III restriction-modification system DNA endonuclease D840F ATCCCTATCAACCGCACCTT 75
D840R GAACATGCTGAAAACGCTGA

DJ66_0228 Phage terminase large subunit D228F CCGCCACGTCTAAACCCATA 136
D228R CGCCATGATGTGTACGGACA

DJ66_0231 Hypothetical protein D231F TCTTTGCCCCTTCTTTCCAACT 137
D231R GAGAATGAAGACCCTGGTTTTCC

DJ66_0253 Hypothetical protein D253F AGCAACAGCGATATCTAAAGGTT 112
D253R GTGCATGCAGGTGGAAAACA

DJ66_0266 Hypothetical protein D266F CAAACACCTCCCCTCTCCAG 171
D266R TTCCCCCTTAGGTGTTGGGA

DJ66_0267 Hypothetical protein D267F ACGTCTCTAAAGCTCATACTGGA 107
D267R AGCATGATCCTGTTTCCTTTGA
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loci from ‘Ca.L. solanacearum’NZ1were screened usingBLASTn
against the NCBI nr database. Thirty loci appeared to be unique to
‘Ca. L. solanacearum’ haplotype A because they had no significant
similarity to any entries in the nr database (SupplementaryTable S2;
highlighted in gray). Most candidate loci with BLAST E-values
lower than 1E_11 were against other Liberibacter spp. sequences;
however, eight loci gave significantBLASTscores to non-Liberibacter
bacteria species (Supplementary Table S2; highlighted in pink). In
total, 38 loci differentiated the haplotype A sequences from those of
other Liberibacter spp.

Investigating locus diversity of ‘Ca. L. solanacearum’
samples. Primers were designed to amplify DNA sequences from
the 38 loci that distinguished haplotype A from other Liberibacter

spp. by qPCR. To assess primer performance, these primers were
initially screened against three ‘Ca. L. solanacearum’ haplotype
A-positive samples, one ‘Ca. L. solanacearum’ haplotype B-positive
sample, and ‘Ca. L. solanacearum’-negative samples of potato and
TPP in a qPCR touchdown assay (data not shown). From these
results, 15 primer sets were selected and subsequently assessed
against awider panel of 43DNAsamples from‘Ca.L. solanacearum’
haplotype A- or B-positive insect or plant material from geo-
graphically diverse sources. This screen was conducted in a second
laboratory, on a different qPCR platform, and with different reagents
and protocol to independently validate the primer sets. In all, 8 of the
15 primer sets specifically amplified a PCR product from both
haplotype A and mixed-haplotype samples, suggesting that the

Fig. 1.Mauve alignment of the two ‘Candidatus Liberibacter solanacearum’ haplotype A genomes (NZ1 and HenneA) and haplotype B genome ZC1. Two contigs
(5 in HenneA, and 2 in NZ1) have been broken during alignment of the pseudomolecules to ZC1. The white blocks at 200 and 1,200 kbp in ZC1 and 550, 800, and
950 kbp in NZ1 are prophage domains; the prophage domains in HenneA are not assembled. The block at 981 to 1,095 kbp in ZC1 is relocated in both haplotype
A genomes and the block at 699 to 756 kbp in ZC1 is inverted (presented below the other blocks) in both haplotype A genomes.

Fig. 2. Genomic location of regions specific to ‘Candidatus Liberibacter solanacearum’ haplotype A. Track 1: Location of prophage (green) and phage-related
regions (blue) in the ‘Ca. L. solanacearum’ NZ1 genome. Track 2: Concatenated contigs of NZ1, ordered in relation to ‘Ca. L. solanacearum’ ZC1. Track 3:
Location of regions on the NZ1 genome that are specific to haplotype A as defined by OrthoMCL comparative genome analysis against other Liberibacter
genomes, and subsequent BLAST screen.

Fig. 3. Alignment of corresponding 100-kbp regions of ‘Candidatus Liberibacter solanacearum’ haplotypes. A, Alignment of ZC1 (position 300,000 to 400,000)
and corresponding region (902,948 to 1,002,948) of NZ1 reveals significant single-nucleotide polymorphisms (SNPs) between the two genomes, while B, the
comparison of NZ1 (902,948 to 1,002,948) to HenneA (827,624 to 927,624) shows few SNPs. Red: <30% similarity, brown: 30% to <100%, green: 100%. Orange
blocks indicate one rRNA operon (of the three in the genomes) and blue triangles represent tRNAs.
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targeted loci were specific to haplotype A. Five of the primer sets
failed to amplify putative haplotype A loci (D348, D405, D406,
D840, and D231) from individual haplotype A or mixed-haplotype
samples, indicating that these lociwere not present in all haplotypeA
populations. Primer sets for three loci (D348, D388, and D427)
amplified PCR products from a limited number of haplotype BDNA
samples (Table 3). PCR primers to amplify locus D1204 generated
nonspecific amplicons from almost all haplotype B samples.

DISCUSSION

The draft genome of ‘Ca. L. solanacearum’ haplotype A was
sequenced and assembled from two sources of TPP, one from the
United States and one fromNewZealand. Subhaplotype (intraA-A)
and interhaplotype (inter A-B) comparisons using the two haplotype
A genomes and the complete genome of ‘Ca. L. solanacearum’ ZC1
(haplotype B) enabled the identification of haplotype A-specific
loci. The specificity of a number of the loci to haplotype A was
subsequently confirmed by qPCR using primer sets designed to
amplify part of each locus. These provided sequences and genomic
locations for the differentiation of haplotype A not previously
described in ‘Ca. L. solanacearum’; previous studies focused on

rRNA (Nelson et al. 2011, 2013; Teresani et al. 2014), SSR (Lin
et al. 2012; Wen et al. 2013), or MLST (Glynn et al. 2012).
The two ‘Ca. L. solanacearum’ haplotype A genomes, HenneA

andNZ1, are 34.9 to 35.3%GC rich, with 1,225 and 1,236 predicted
coding sequences, respectively. These values are consistent with
other Liberibacter spp. genomes, including ‘Ca. L. solanacearum’
ZC1, with 35.2% GC and 1,246 predicted coding sequences (Lin
et al. 2011). Of interest, the three rRNA operons of the two ‘Ca. L.
solanacearum’ haplotype A draft genomes were identical. Lin et al.
(2011) reported SNPs between the three operons in ZC1. No SNPs
were apparent when all reads from NZ1 were mapped to a single
operon. ‘Ca. L. americanus’ Sao Paulo also has three identical
operons (Wulff et al. 2014.) although, in most Liberibacter
genomes, the operon sequences vary. The evolutionary significance
of this difference is not known.
In total, 839 core ortholog clusters were identified for ‘Ca. L.

solanacearum’ haplotypes A and B by OrthoMCL analysis, con-
taining 840 HenneA CDS and 854 NZ1 CDS. The nucleotide se-
quences encoding these core orthologs are highly conserved between
NZ1 and HenneA, with relatively few SNPs differentiating the two
strains. Such conservation between the two haplotype A sequences
from such geographically distinct sources suggests that haplotype

TABLE 3. Cycle threshold values for screen of 15 loci quantitative polymerase chain reaction assays against 43 samplesa

Sample Typeb Host Collection location Year LsoF-HLBrc D348 D385 D388 D405 D406

Olsen Kt5 A Potato Idaho 2012 25.4 _ 27.9 27.3 28.9 29.1
Olsen Kt2 A Potato Idaho 2012 27.8 _ 30.1 30.2 31.1 31.2
ZC675 A Potato Nebraska 2014 22.0 23.7 22.9 22.7 23.5 23.2
ZC675-5 A Potato Nebraska 2014 24.7 26.7 25.6 25.7 27.2 26.3
ID258-2 A Potato Texas 2008 25.8 _ 27.7 27.4 29.1 28.9
450T15 A Potato Texas 2011 23.4 25.5 24.5 24.3 26.5 25.5
ZC369 A Potato Texas 2010 27.8 30.4 29.4 28.9 30.9 29.9
WA471-3 A Potato Washington 2011 21.8 23.8 23.3 23.2 25.7 24.8
Tunnel2 A Psyllids Guatemala 2013 24.2 27.7 26.1 26.1 28.9 28.5
HenB2 A Psyllids Texas 2013 15.1 17.9 16.6 16.7 18.4 17.9
HenneB A Psyllids Texas 2013 20.2 27.3 21.3 22.7 _ _

EggRootSe1 AB Eggplant Guatemala 2013 17.2 21.2 19.4 19.2 22.6 21.3
EggRootSe3 AB Eggplant Guatemala 2013 17.1 20.4 19.4 19.1 21.9 20.6
Olsen817 AB Potato Idaho 2013 24.2 26.8 26.0 26.0 27.4 27.0
Olsen859 AB Potato Idaho 2013 24.7 27.4 26.7 26.2 28.0 27.6
ZC457T1 AB Potato Washington 2011 26.6 34.0 32.1 32.3 34.1 _

TunnelVV AB Psyllids Guatemala 2013 18.2 21.4 20.0 19.9 22.1 21.7
PO AB Psyllids Texas 2013 16.6 19.1 18.4 18.1 18.5 18.4
HenF AB Psyllids Texas 2013 13.9 18.8 26.1 25.7 27.7 27.6
HenL AB Psyllids Texas 2014 17.8 19.6 18.7 19.3 18.8 19.1
ZC398-2 B Potato Colorado 2010 25.6 _ _ _ _ _

FM7wSto B Potato Colorado 2012 21.2 _ * _ * _

ZC673-14 B Potato Colorado 2014 23.8 _ _ _ _ _

ZC673-12 B Potato Colorado 2014 23.8 _ _ _ _ _

ZC673-7 B Potato Colorado 2014 23.3 _ _ _ _ _

TX418Sto2 B Potato Texas 2011 19.4 _ _ 29.4 _ _

ZC674-2 B Potato Texas 2014 25.2 _ _ _ _ _

ZC672-5 B Potato Texas 2014 26.8 _ _ _ _ _

ZC431T8 B Potato Texas 2011 22.5 _ _ _ _ _

ZC429T3b B Potato Texas 2011 19.5 _ _ _ _ _

ZC367-adj1 B Potato Texas 2010 22.0 _ _ * _ _

ZC416T4b B Potato Texas 2011 24.2 _ _ _ _ _

ZC414T1 B Potato Texas 2011 24.8 _ _ _ _ _

ZC421 T7 B Potato Texas 2011 25.7 _ _ _ _ _

ZC456T1 B Potato Washington 2011 24.6 _ _ _ _ _

Herm B Psyllids Oregon 2012 13.7 19.9 _ * _ *
HenneA1 B Psyllids Texas 2013 26.5 _ _ _ _ _

Edbg3 B Psyllids Texas 2011 17.3 _ * _ _ _

551Bulk B Psyllids Texas 2012 16.4 _ _ _ _ _

572C B Psyllids Texas 2012 16.1 _ _ _ _ _

ZC572b B Psyllids Texas 2012 17.7 _ * _ _ _

HenW B Psyllids Texas 2012 25.3 _ _ _ _ _

HenT B Psyllids Texas 2012 19.1 24.8 _ _ _ _

a NT = not tested, * = alternative amplicon (different melt curve), _ = no amplicon, and bold = positive quantitative polymerase chain reaction (qPCR) result.
b Haplotype.
c ‘Ca. L. solanacearum’-specific LsoF-HLBr qPCR primers (Li et al. 2009b).

(continued on next page)
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A is highly homogeneous within the core genome. However genome
analyses of other bacteria have shown that the sequencing of one or
two genomes is not sufficient to understand subspecific diversity and
that sequencing of multiple strains is required to present a more
consistent definition of the species (or, in this case, the haplotype)
(Mann et al. 2013; Medini et al. 2005; Tettelin et al. 2008). A second
‘Ca.L. solanacearum’ genome (R1) has recently become available in
GenBank (GCA_000756225.1). Because of the number of contigs
(99), it is difficult to undertake a robust analysis to define the
haplotype or to compare it with the NZ1 and HenneA haplotype A
genome sequences presented here. The sequencing of additional ‘Ca.
L. solanacearum’ haplotype A genomes is required to define the
extent of homogeneity of the core genome.
Although the core genome of the two haplotype A sequences is

highly homogeneous, there are significant differences in the ac-
cessory genome. The key difference between the two haplotype
A sequences is the location of the prophage sequences. Although
the complete assembly and placement of the prophages in HenneA
is yet to be elucidated, it appears that prophage 1 of ‘Ca. L.
solanacearum’ NZ1 is not present in HenneA at the corresponding
genomic location. In addition, few HenneA reads map to the NZ1
prophage 1 (data not shown). Thus, NZ1 contains at least one

prophage that differentiates it fromHenneA. Phage typing has been
used to differentiate strains of bacterial species (Baggesen et al.
2010). Profiling the prophage in ‘Ca. L. solanacearum’ isolates
may be useful in identifying the sources of disease outbreaks or
incursions such as that of ‘Ca. L. solanacearum’ in New Zealand
in 2008.
The genome structure and organization of ZC1 was distinct from

that of HenneA and NZ1. SNP analysis also differentiated the
haplotype B genome from the two haplotype A genomes. The
existence of two haplotypes of ‘Ca. L. solanacearum’ associated
with ZCwas revealed in previous studies (Glynn et al. 2012; Nelson
et al. 2011). Our findings confirm that differences between the
haplotypes are present throughout the genome and not restricted to
the rRNA operon or a limited number of housekeeping genes.
The composition and genomic locations of the prophages are also

amajor difference between ZC1 and the haplotypeA samples. Only
two prophages are present in ZC1. NZ1 prophage 1 has 84.3 to
87.7% identity to the ZC1 prophages (that is, below the threshold
for the Mauve comparison in Figure 1 to indicate an alignment),
suggesting that these may be related but distinct. NZ1 prophages 2
and 3 are similar to each other but divergent from both the NZ1
prophage 1 and the ZC1 prophages. They may represent a different

TABLE 3. (continued from preceding page)

D411 D426 D427 D429 D840 D228 D231 D253 D266 D267

27.8 27.9 27.8 28.4 26.9 27.5 28.1 27.4 28.4 27.7
29.7 30.1 30.1 31.3 29.0 30.2 30.2 29.5 31.2 30.2
23.4 22.8 22.9 NT 28.2 22.8 23.3 23.0 22.9 23.1
26.3 26.0 25.8 25.6 25.2 25.6 26.4 25.9 26.1 26.2
28.4 28.5 28.1 28.2 27.0 28.1 28.7 27.4 28.8 28.1
25.1 24.6 24.6 24.6 _ 24.6 25.3 24.6 25.1 24.6
29.5 29.5 30.2 29.3 28.7 29.7 30.6 29.7 31.1 29.5
23.5 23.8 23.4 24.1 22.5 24.0 24.1 23.4 24.5 23.6
26.3 27.4 26.1 28.0 25.1 27.4 27.0 26.8 28.3 26.5
17.2 17.3 17.0 17.4 16.2 17.3 17.1 16.8 18.1 17.2
20.4 29.3 21.1 24.8 21.2 22.3 22.0 24.3 30.3 22.3
19.6 20.1 19.3 19.7 19.0 20.0 20.5 19.7 20.6 19.9
19.6 19.7 19.2 19.6 18.8 19.7 20.0 19.5 20.4 19.6
26.5 27.7 26.3 27.1 25.5 26.5 27.0 26.2 27.0 26.4
26.6 26.7 26.5 26.8 25.8 26.8 27.1 26.8 27.2 26.8
33.7 32.2 31.1 33.4 32.2 32.7 _ 33.1 31.4 32.3
20.1 20.7 20.2 21.2 19.1 21.0 20.6 20.5 21.5 20.4
18.8 18.1 18.1 17.8 18.1 18.3 18.5 18.3 18.3 18.5
26.0 26.4 20.4 26.8 25.2 26.8 26.6 26.1 26.9 26.2
19.3 NT 18.6 NT 18.4 19.0 19.0 NT 18.5 19.0
_ _ _ _ _ _ _ _ * _
_ _ 25.9 _ _ _ _ _ * _
_ _ 29.3 _ _ _ _ _ _ _
_ _ 29.3 _ _ _ _ _ _ _

* _ 28.9 _ * _ _ _ _ _
_ _ 25.4 * _ _ _ _ * _
_ _ 31.8 _ _ _ _ _ _ _
_ _ 31.0 _ _ _ _ _ _ _

* _ 27.4 _ _ _ _ _ * _

* _ 25.8 _ _ _ _ _ _ _
_ _ 32.6 * _ _ _ _ _ _
_ _ 29.4 _ _ _ _ _ * _
_ _ 31.0 _ _ _ * _ * _
_ _ 32.0 _ _ _ _ _ * _
_ _ _ _ _ _ _ _ * *
* * 20.0 _ _ * _ * * *
_ _ _ _ _ _ _ _ * _
_ _ 23.6 _ _ _ _ * _ _
_ _ 23.0 _ _ _ _ _ * _
_ _ 22.3 _ _ _ _ _ _ _
_ _ 23.6 _ _ _ _ _ _ _
_ _ _ _ _ _ _ _ _ _
_ _ 24.6 _ _ _ _ _ * _
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lineage of prophage. The divergence of prophage sequence in
haplotype A in comparison with haplotype B is consistent with
the two haplotypes being genetically distinct. This variability in
prophage sequence is not unexpected. In ‘Ca. L. asiaticus’, at least
seven prophage variants have been described (Gao et al. 2011; Zhou
et al. 2013). In addition, in the assembled genomes, the number of
prophage present varies: Psy62 has one, Gxpsy has two tandem
prophages,while the Japanese strain Ishi has none (Duan et al. 2009;
Katoh et al. 2014; Lin et al. 2013b). However the variability in
location of the prophage sets ‘Ca.L. solanacearum’ apart from ‘Ca.
L. asiaticus’: in the two fully assembled ‘Ca. L. asiaticus’ genomes
with prophage (Psy62 and Gxpsy), the prophages are present in
the same location within the genome. The number and diversity of
the prophages in ‘Ca. L. solanacearum’ may be important in the
variation of virulence observed between haplotypeA and haplotype
B (or even between strains), because the genotype of ‘Ca. L.
asiaticus’ prophages appears to correlate with disease development
in plant hosts (Zhou et al. 2013). If prophages have a similar role in
pathogenicity in ‘Ca. L. solanacearum’, then the differences in
prophages within and between haplotypes may result in differences
in virulence. We speculate that such differences may contribute
to the variation in severity of ZC observed in New Zealand and
theUnited States. A better understanding is required of the diversity
of prophage genomes in ‘Ca. L. solanacearum’ and how they con-
tribute to the biology of the pathogen.
Forty-six haplotype A orthologs were identified as unique to

haplotype A using OrthoMCL and BLAST analysis, because no
equivalent ortholog was identified in the genome of ZC1.Many (37
of 46) of the orthologs identified as specific to haplotype A were
annotated by RAST as hypothetical proteins and were less than 70
amino acid residues in size. In total, 24 orthologs from ‘Ca. L.
solanacearum’ ZC1 were also predicted to be specific to this
genome and annotated by RAST as hypothetical proteins (again,
most were less than 70 amino acid residues in length). The lack of
clarity surrounding the predicted function of many of these
haplotype- or species-specific orthologs is consistent with
Kogenaru et al. (2014),who identified18coding sequences in ‘Ca.L.
asiaticus’ that were not present in ‘Ca. L. americanus’ and ‘Ca. L.
africanus’, the other two citrus-infecting Liberibacter spp. All 18
sequences were annotated as hypothetical proteins. The extent
of hypothetical proteins that are unique between the ‘Ca. L.
solanacearum’ A and B genomes makes interpreting biological differ-
ences between the haplotypes from genomic sequence impossible.
One potential contribution to differences in pathology between the
A and B haplotypes, however, is the presence of a shorter coding
domain predicted to encode a serralysin (or hemolysin-related protein)
in the haplotype B genome comparedwith that in the haplotypeA
genomes. The coding domain is shorter because two units of a
N-terminal tandem repeat is absent. Hemolysin-like proteins are
required for virulence of both animal pathogens (Nishibuchi and
Kaper 1995) and plant pathogens (Agrios 2004).
Further, a number of the putative haplotype A unique orthologs

cluster in what appear to be phage-related regions of the bacterial
genome, which perhaps represent remnants of chromosomal in-
sertion of phages or the presenceof othermobile elementswith phage
homologs. Thiswould support the suggestion byLin et al. (2011) that
phage integration is involved in genome variation in ‘Ca. L.
solanacearum’.For thedevelopmentofhaplotype-specificdiagnostics,
it is important to understand whether these loci are mobile or fixed.
In this study, 15 of the loci were selected to further investigate

genetic variability among haplotypes. Screening of a panel of insect
and plant material known to be positive for ‘Ca. L. solanacearum’
using qPCRrevealed that eight loci differentiated ‘Ca.L. solanacearum’
haplotype A from haplotype B. These appear to be fixed in the ‘Ca.
L. solanacearum’ haplotype A genome and may prove to be useful
as diagnostic targets. The other seven showed variability. These loci
were present in PacBio reads that confirmed the assembly of the
Illumina data and their presence in the ‘Ca. L. solanacearum’ NZ1

genome. This variability of loci, particularly in regions in proximity
to genes such as transposase and integrase, suggests the presence
of mobile genetic elements. These results reiterated that intra-
haplotype variation is probably significant, consistent with the
findings of previous studies (Glynn et al. 2012; Lin et al. 2012).
In summary, this study provides genome-wide evidence for

genetic diversitywithin ‘Ca.L. solanacearum’ populations. Together,
the genomic rearrangements, the presence of three prophage se-
quences in ‘Ca. L. solanacearum’ NZ1 (including one that is highly
similar to that in ‘Ca. L. solanacearum’ ZC1), and the variation in
the presence or absence of other loci in ‘Ca. L. solanacearum’
samples confirm genome plasticity in ‘Ca. L. solanacearum’. Our
analysis indicates that major variation in the accessory genome
occurswithin haplotypes aswell as betweenhaplotypes.Wepropose
that differences in the disease symptoms described in the United
States andNewZealand, and evenwithin Texas,may be the result of
this genetic variation and, hence, disease symptom variability may
occur not just between haplotypes but also within haplotypes. This
highlights the need to characterize genotypes used in research, and
the tools we have developed based on our genome comparisons
allow us to begin addressing this.
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