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INSECT-SYMBIONT INTERACTIONS

Low-Level Detection of Candidatus Liberibacter Solanacearum in
Bactericera cockerelli (Hemiptera: Triozidae) by 16s rRNA

Pyrosequencing

ALEX P. ARP,1,2 REBEKAH CHAPMAN,1 JAMES M. CROSSLIN,3 AND BLAKE BEXTINE1

Environ. Entomol. 42(5): 868Ð873 (2013); DOI: http://dx.doi.org/10.1603/EN12260

ABSTRACT Accurate detection and quantiÞcation ofCandidatusLiberibacter solanacearum (CLs),
the putative causal agent of zebra chip disease of potato (Solanum tuberosumL.), in the potato psyllid,
Bactericera cockerelli (Sulc), has become necessary to better understand the biology of the disease
cycle. Studies on the transmission efÞciency of potato psyllids have shown inconsistencies with Þeld
surveys. There have also been reports of laboratory colonies inexplicably losing and regaining CLs
infection as detected by polymerase chain reaction (PCR). Until now, DNA primers were used to
detect CLs in potato psyllid tissue using conventional polymerase chain reaction (PCR) and gel
electrophoresis or by real-time quantitative PCR. In this study, CLs was detected using bacterial
tag-encoded FLX amplicon pyrosequencing (bTEFAP) at levels identiÞable by PCR, and low levels,
including samples with only one cell of CLs. Potato psyllids with �300 pyrosequencing reads did not
show positive using conventional PCR. These results indicate that the currently accepted PCR
diagnostic technique produces false negatives due to detection limits higher than what is generally
present in Þeld collected psyllids, and also provides an explanation as to why laboratory colonies seem
to lose and regain CLs infection.

KEY WORDS detection method, potato psyllid, Bactericera cockerelli, zebra chip, Candidatus Li-
beribacter solanacearum

The potato psyllid, Bactericera cockerelli (Sulc), is an
emerging agricultural pest of solanaceous crops (e.g.,
potato, tomato, and pepper). Potato psyllids are en-
demic to the central and western United States, Can-
ada, Mexico, and Central America (Pletsch 1947, Fer-
guson et al. 2007, Munyaneza et al. 2009, Munyaneza
2010). Historically, the potato psyllid was an agricul-
tural pest of little consequence with infrequent out-
breaks causing damages to solanaceous crops such as
tomato, potato, and pepper throughout the western
United States (Richards et al. 1927, Hill 1947, Wallis
1955). Further spread of potato psyllids was reported
in 2005, from New Zealand, where they have become
an established and costly agricultural pest (Teulon et
al. 2009).

When plants are fed on by potato psyllids, they
often present symptoms referred to as “psyllid yel-
lows,” which include the yellowing and curling of
leaves, reduced tuber growth in potatoes, and prema-
tureplantdeath(Arslanet al. 1985).ThespeciÞccause
of psyllid yellows has not been identiÞed (Abernathy
1991). In 1994, a new disease arose in potato Þelds in
Saltillo, Mexico, commonly called zebra chip (Mun-

yaneza et al. 2007). Zebra chip has foliar symptoms
similar to psyllid yellows, but was identiÞed and
named because of the physiological changes in the
tubers that are not present in psyllid yellows (Arslan
et al. 1985, Sengoda et al. 2009). Zebra chip is iden-
tiÞed by necrosis of the medullary tissues resulting
from conversion of the starches to simple sugars, and
increases in phenolic content and polyphenol oxidase,
which result in potatoes that turn dark and striped
when fried rendering them unusable for the chipping
industry and other uses (Alvarado et al. 2012). The
causal agent of zebra chip was determined to be trans-
mitted by potato psyllids, and has been identiÞed as
the bacteria Candidatus Liberibacter solanacearum
(CLs), though because this organism cannot cultured,
traditional KochÕs postulate has not been completed
(Hansen et al. 2008, Liefting et al. 2009, Secor et al.
2009). Therefore, CLs remains the putative causal
agent despite mounting circumstantial evidence of
pathogenicity. CLs is transmitted by a CLs-infected
psyllid nymph or adult feeding on the phloem of a
solanaceous plant. One infected psyllid can infect a
potato plant with CLs within 6 h of feeding, and only
a short time is required for a noninfected psyllid feed-
ing on an infected plant to acquire CLs (Buchman
et al. 2011a,b). Although some nymphs can be infected
with CLs through transovarial transmission, most
psyllids acquireCLs by feeding on infected plants as
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nymphs (Nachappa et al. 2011). When infected with
CLs, the bacteria spread throughout the plant and
can infect daughter tubers. Because of this, to pre-
vent the spread the disease, it is necessary to destroy
an entire crop where zebra chip is found (Pitman et
al. 2010).

Many xylem and phloem-feeding insects have sym-
biotic relationships with bacteria to aid in metabolism
of amino acids not present in their diet that have been
well described (Baumann 2005). The potato psyllid is
a phytophagous insect and relies on an obligate sym-
biont bacterium, Candidatus Carsonella rudii, to pro-
vide for the lack of essential amino acids in the phloem
that the psyllids cannot synthesize (Thao et al. 2000).
Potato psyllids also harborWolbachia pipientis, a bac-
terium that is known to have an effect on reproduction
in insects, but it is not known what, if any, affect
Wolbachia has on psyllids (Liu et al. 2006, Nachappa
et al. 2011). Along with these obligate symbionts,
potato psyllids harbor many other bacteria such
as Rhizobium, Gordonia, Mycobacterium, Xanthomo-
nas, Staphylococcus, and others that can be obtained
through vertical or horizontal transfer (Hail et al.
2010). The effect these bacteria have on the psyllid is
unknown. The relationship between psyllids and CLs
is currently unknown, but has been observed to
shorten lifespan, increase nymph mortality, and lower
fecundity (Nachappa et al. 2012).

Next-generation sequencing gives the opportunity
to look at these microbial communities in more
depth, teasingout sequences that areat such low levels
that traditional sequencing missed (Kumar et al.
2011). These methods also allow for the detection and
relative abundance of nonculturable prokaryotes
(Nonnenmann et al. 2010). Ongoing studies are cur-
rently using this method to analyze global soil micro-
bial communities, the human microbiome, and marine
plankton surveys (DeLong 2009, Delmont et al. 2011,
Human Microbiome Project Consortium 2012). More
targeted research has used pyrosequencing to survey
for West Nile virus in mosquitos, identify cattle gut
bacteria through their feces, and to identify potential
causal agents of colony collapse disorder in the honey
bee (ApismelliferaL.) (Dowd et al. 2008a, CoxÐFoster
et al. 2007, BishopÐLilly et al. 2010). Using pyrose-
quencing as a more speciÞc and quantiÞable tool is
becoming more feasible, as costs have begun to de-
crease to levels similar to real-time quantitative poly-
merase chain reaction (qRT-PCR).

Detection of CLs is most commonly done with tra-
ditional PCR and gel electrophoresis methods or by
quantitative PCR. These results often show inconsis-
tencies of infection levels, such as infected lab colo-
nies of psyllids seemingly losing their CLs infection
only to regain infection in future generations, or low
numbers of CLs-positive psyllids collected from Þelds
with zebra chip. To better understand the CLs infec-
tion levels of potato psyllids in lab colonies, in wild
populations, and CLs transmission rates, 110 psyllids
collected from 2007 to 2011 from the United States,
NewZealand, andNicaraguawere subjected to testing

for CLs with PCR and bacterial tag-encoded FLX
amplicon pyrosequencing (bTEFAP).

Materials and Methods

Sample Collection and DNA Extraction. Adult po-
tato psyllids were collected from 2009 to 2011 growing
seasons from potato Þelds in Texas, Kansas, Nebraska,
southern California, Washington, Oregon, Auckland,
and New Zealand; and from colonies kept at Plant and
Food Research (Auckland, New Zealand) started
from the initial import of potato psyllids to New Zea-
land in 2005. In total, 110 psyllids were used in this
survey, 107 collected from wild populations and 3 from
the laboratory colonies at Plant and Food Research
(Auckland, New Zealand). The samples were placed
in 95% ethanol and stored at �20�C until processed.
Individual potato psyllid nucleic acid extractions were
done using the CTAB (cetyltriethylammonium bro-
mide) buffer method (Zhang et al. 1998). After DNA
extraction, all samples were checked with a Nanodrop
1000 (Thermo Fischer ScientiÞc Inc, Waltham, MA)
and potato psyllid haplotype detection described by
Chapman et al. (2012) to ensure the quality of the
DNA extract.
Traditional Diagnostics to Determine Liberibac-
ter-Infected Insects.ExtractedpotatopsyllidDNAwas
analyzed for the presence of the 16s rRNA gene ofCLs
using conventional simplex PCR. Each PCR reaction
contained no-template controls to ensure no contam-
ination was present in the reagents. Each 25 �l reac-
tion included 12.5 �l Ampli Taq Gold 360 master mix
(Applied Biosystems, Foster City, CA), 1 �l GC en-
hancer (Applied Biosystems), 1 �l of each primer OA2
and OI2c (Liefting et al. 2008, Crosslin et al. 2011), 7.5
�l water, and 2 �l extracted DNA suspended in buffer
AE (DNeasy Blood and Tissue DNA extraction Kit,
Qiagen, Valencia, CA). The thermal proÞle was run as
follows: cycle 1, 94.0�C for 2 min (1�), cycle 2, 94.0�C
for 30s, 65.0�C for 30s, 72.0�C for 60s (40�), and cycle
3, 72.0�C for 5 min (1�). Gel electrophoresis was run
using 1% agarose gels stained with ethidium bromide,
and visualized using a UVP Bio-Dock It Imaging Sys-
tem (Upland, CA).
Massively Parallel bTEFAP. bTEFAP was per-

formed by Research and Testing Laboratory (Lub-
bock, TX). All DNA sample concentrations were ad-
justed to 100 ng/�l. A 1 �l aliquot was used from each
sample in 50 �l PCR reactions. Primers used for py-
rosequencing were Gray28 F 5�TTTGATCNTGGCT
CAG and Gray519r 5�GTNTTACNGCGGCKGCTG
(Dowd et al. 2008a,b; Hail et al. 2010, 2011). Initial
generation of the sequencing library used a one-step
PCR with a total of 30 cycles using HotStar Taq Plus
Master Mix (Qiagen, Valencia, CA) and the following
thermal protocol: 94�C for 3 min followed by 30 cycles
of 94�C for 30 s, 60�C for 40 s, and 72�C for 1 min; and
a Þnal elongation step at 72�C for 5 min. A two-step
PCR was performed for 454 amplicon sequencing us-
ing the same conditions using fusion primers with
different tag sequences as described previously
(Dowd et al. 2008a,b). A second PCR was performed
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to prevent ampliÞcation biases, which are caused by
the tags and linkers in the Þrst PCR. Next, amplicon
products were mixed in equal volumes, and puriÞed
with Agencourt Ampule beads (Agencourt Bioscience
Corporation, Beverly, MA).

The double-stranded DNA was combined with
DNA capture beads, then ampliÞed using emulsion
PCR. After bead recovery and bead enrichment, the
bead-attached DNA strands were denatured with
NaOH, and sequencing primers were annealed. A
two-region 454 sequencing run was performed on a
PicoTiterPlate (PTP) using the Genome Sequencer
FLX System (Roche, Nutley, NJ), and all FLX pro-
cedures were performed according to the manufac-
turerÕs instructions. Tag-encoded FLX amplicon py-
rosequencing analyses used Roche 454 FLX
instrument with Titanium reagents (Roche).
Bacterial Diversity and Data Analysis. After se-

quencing, failed sequence reads and low-quality se-
quence ends, tags, and primers were removed. Black
Box Chimera Check (B2C2) (Research and Testing)
was used for the depletion of chimeras from the bac-
terial 16s data set. A distributed BLASTn.NET algo-
rithm was used to remove base substitutions and PCR
chimeras, assemble the sequences into clusters, and
query the sequences against a database of high-quality
16s bacterial sequences from National Center for Bio-
technology Information (NCBI). High-quality se-
quences were characterized similar to the Ribosomal
Database project, version nine (Cole et al. 2009). The
resulting BLASTn outputs were compiled using a
.NET and C# analysis pipeline to validate taxonomic
distance methods and data reduction analysis.
Bacterial Identification. The bacteria were classi-

Þed at appropriate taxonomic levels based on the
BLASTn outputs. The following criteria were met for
each level of taxonomy: sequence identity scores com-
pared with known or well characterized 16s sequences
with a �97% identity (�3% divergence) were re-
solved at the species level, sequences between 95 and
97% were resolved at the genus level, sequences be-
tween 90 and 95% were resolved at the family level,
sequences between 85 and 90% were resolved at the
order level, sequences between 80 to 85% were re-
solved at the class level, and sequences between 77 to
80% were resolved at the phyla level. The percentage
of sequence likeness was analyzed for each sample, as
long as there was ample information among individual
samples, based on the number of reads within each
sample. Taxonomic measurements were matched to
the identiÞcation of the closest relative.

Results

454 Pyrosequencing Results. Pyrosequencing of the
110 samples resulted in 750,075 unique 16s r RNA
bacterial sequences; 28,959 (3.86%) of these se-
quences were identiÞed as CLs. Wolbachia sp. and
Candidatus Carsonella rudii were the most abundant
bacteria present.CandidatusCaronella rudii was iden-
tiÞed in 99 psyllids (90.0%), accounting for 343,298
(45.77%) of the total reads. Wolbachia sp. was iden-

tiÞed in 103 psyllids (93.63%), accounting for 140,470
(18.73%) reads. Rhizobium (561 reads),Gordonia (43
reads), Mycobacterium (74 reads), Xanthomonas (44
reads), andStaphylococcus(828 reads)werepresent in
many samples though at far lower amounts than the
obligate symbiont bacteria.
Comparison of Detection Methods Between PCR
andPyrosequencing.Of 110 samples sent for bTEFAP,
six samples previously tested positive for CLs using
PCR and gel electrophoresis. On return of the
bTEFAP results, 15 additional samples showed posi-
tive results at low levels (Table 1). The samples that
tested positive for CLs with PCR all had cell counts
�300 when pyrosequenced. Psyllids reared in the lab-
oratory had an average CLs cell counts of 7,847, ac-
counting for an average of 73% of overall reads. CLs-
infected Þeld-collected psyllids had CLs cell counts
from 1 to 4,901 accounting for 0.01 to 81.78% of their
overall reads, though all but one of these psyllids had
a cell count below 400 andCLs accounting for �1% of
their overall bacterial reads.

Discussion

In a traditional monitoring program, yellow sticky
cards are used to monitor populations of psyllids. Po-
tato Þelds are often treated with insecticides in re-
sponse to the Þrst inßux of these pest insects. With
these collections of insect samples, presence or ab-
sence of CLs can be determined, allowing estimations
of pathogen risk to be determined. This data are only
useful if the detection of the pathogen is correct.
Current methods may only be detecting pathogen
levels that are above a threshold that is inadequate for
determining the risk. In our study, 107 wild caught
psyllids were tested for CLs, 21 (19.63%) of the sam-
ples had positive results when tested using 454 pyro-

Table 1. Comparison of detection of CLs by pyrosequencing
and traditional PCR

Location
Date

collected
No.

reads
Percent of
total reads

PCR

New Zealand Colony Jan. 2012 12,611 94% �
New Zealand Colony Jan. 2012 6,796 69% �
New Zealand Colony Jan. 2012 4,135 57% �
LRGV, TX Mar. 2008 377 0.01% �
Kingsville, TX Mar. 2010 55 1.90% �
Auckland, New Zealand Jan. 2012 41 0.12% �
Bridgeport, NE Sept. 2009 11 0.17% �
Auckland, New Zealand Jan. 2012 2 0.02% �
Auckland, New Zealand Jan. 2012 1 0.01% �
Lower Rio Grande Valley, TX Feb. 2009 4,901 81.78% �
Riverside County, CA May 2009 1 0.01% �
Dalhart, TX June 2009 1 0.02% �
Ventura County, CA Sept. 2009 9 0.09% �
Dalhart, TX Oct. 2009 2 0.04% �
Ventura County, CA Oct. 2009 2 0.02% �
Orange County, CA June 2010 2 0.02% �
Orange County, CA Aug. 2010 1 0.01% �
Ventura County, CA Aug. 2010 2 0.03% �
Ventura County, CA Sept. 2010 1 0.01% �
Ventura County, CA Oct. 2010 2 0.02% �
Ventura County, CA Oct. 2010 2 0.03% �
Ventura County, CA Oct. 2010 2 0.03% �
Orange County, CA Nov. 2010 1 0.01% �
Ventura County, CA Nov. 2010 1 0.01% �
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sequencing; 3 (2.80%) when tested with traditional
PCR methods. In a study where potato psyllids were
collected from symptomatic potato Þelds in Texas,
�25% CLs infection using conventional PCR was re-
ported (Secor et al. 2009). Recently, in laboratory
colonies of potato psyllid positive forCLs, only 95% of
individuals tested using conventional PCR result in
positive results (Crosslin et al. 2011). In our survey, all
CLs-positive laboratory colony psyllids from Plant and
Food Research (Auckland, New Zealand) were pos-
itive for CLs by PCR and pyrosequencing. It is likely
that a higher percent of CLs-positive laboratory col-
ony psyllids will test positive with pyrosequencing
versus traditional PCR methods.

It has been reported that life stage, age, feeding
behaviors, and temperature can impact CLs titer in
potato psyllids (Rush et al. 2010). Random sampling of
Þeld collected adult potato psyllids from many loca-
tions and years should alleviate any bias that these
variables could have caused.

In research studies involvingcoloniesofpotatopsyl-
lids that are being maintained in the laboratory, a
phenomenon of insect colonies testing negative for
CLs, and then becoming positive, has been observed
by several research teams. In these studies, plants
grown from seeds and in isolation from the psyllids
were used throughout the life of the colony, and the
likelihood of contamination (infected individuals be-
ing accidentally introduced) was low, and an expla-
nation has yet to be derived. This study provides cir-
cumstantial evidence that individuals in these colonies
probably had levels of CLs that was below the detec-
tion threshold; thus, the insects exhibited false nega-
tives.

The extremely high bacterial load of CLs in the
laboratory-reared potato psyllids in comparison with
Þeld-collected psyllids is an important factor that fu-
ture research into CLs transmission and the effects of
CLs on psyllids need to address. It has been reported
that life stage, age, feeding behaviors, and temperature
can impact CLs titer in potato psyllids (Rush et al.
2010), though random sampling of Þeld- and labora-
tory-collected adult potato psyllids should alleviate
any bias that these variables could have caused in our
survey. The disproportionately high bacterial load of
CLs was possibly caused by keeping laboratory colo-
nies on too few plants, with multiple generations of
psyllid feeding on the same infected plants com-
pounding CLs exposure.

In a recent study, Nachappa et al. (2012) found that
laboratory psyllids infected with CLs had lower fe-
cundity and a shorter lifespan than noninfected psyl-
lids. Using 454 pyrosequencing analysis could help to
explain whether these results were caused by an un-
natural overabundance of CLs interfering with the
potato psyllidÕs natural microbial biota and thus af-
fecting reproduction or nutrition. In studies by Buch-
man et al. (2011a,b), the transmission efÞciency ofCLs
by potato psyllids at different life stages was observed.
This study also used laboratory colonies of CLs-in-
fected psyllids. The psyllids were tested for CLs with
the OA2/OI2c primer pair for presence of CLs only.

Because of our Þndings of laboratory psyllidsÕ high
infection levels, it is possible that the results from this
study could be skewed by the inßatedCLs presence of
laboratory psyllids.

Even though bTEFAP can be a valuable tool in the
management of CLs, the advantages and disadvan-
tages of this method must be weighed. Traditional
PCR cannot compare with the diagnostic clarity that
bTEFAP gives, as bTEFAP can detect the presence of
one cell, and PCR requires hundreds of cells for de-
tection. Unfortunately, bTEFAP is much more costly
than PCR. PCR is more readily available, as equipment
is relatively inexpensive and can be done in-house in
most labs. Pyrosequencing requires expensive equip-
ment, so the work needs to be contracted out in most
cases. However, price is becoming more reasonable
with the nextÐnext generation of sequencers making
their way to the commercial market.

This study was used to give a baseline of CLs data
using the pyrosequencing platform. The extra cost of
454 pyrosequencing has advantages other than low-
level detection of CLs; it also provides additional
data, which can be mined to identify potential in-
teractions between CLs and other microbes. In the
end, this highly sensitive method may be too ex-
pensive for high volume sampling, but it can be used
to determine how effective other methods of de-
tection are.
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