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Digital PCR Technology for Detection of Palm-Infecting Phytoplasmas Belonging
to Group 16SrIV that Occur in Florida

Brian W. Bahder,† Ericka E. Helmick, and De-Fen Mou, Department of Entomology and Nematology, University of Florida, Fort Lauder-
dale Research and Education Center (FLREC), Davie 33314-7719; Nigel A. Harrison, Department of Plant Pathology, University of Florida,
FLREC; and Robert Davis, Molecular Plant Pathology Laboratory, United States Department of Agriculture–Agricultural Research Service,
Beltsville, MD 20705

Abstract

Phytoplasmas are an economically important group of plant pathogens
that negatively impact a wide variety of plants in agricultural and natural
ecosystems. In Florida, palm trees are essential elements in the nursery
and landscaping industries that suffer from diseases caused by phytoplas-
mas that are related to each other but are classified in two different
subgroups, 16SrIV-A and 16SrIV-D. In this study, a TaqMan assay was
developed for digital polymerase chain reaction (dPCR) to detect both
palm-infecting phytoplasmas found in Florida. When compared with
real-time PCR assays and nested PCR assays, dPCRwas capable of detect-
ing the phytoplasmas at much lower concentrations than was possible by

using real-time PCR and nested PCR. Additionally, the assay was capable
of detecting 16SrIV-B phytoplasma as well as isolates representing the
16SrI and 16SrIII phytoplasma groups. Due to sequence identity of primer
annealing regions across diverse phytoplasmas, the assay is likely to be
successful for detection of a wide variety of phytoplasmas. The increased
sensitivity of this dPCR assay over real-time PCR will allow for earlier de-
tection of phytoplasma infection in palm trees, as well as for screening of
salivary glands of candidate insect vector species. These advantages should
aid timely management decisions to reduce disease spread and rapid deter-
mination of phytoplasma transmission by vectors.

Phytoplasmas are an economically important group of plant path-
ogens responsible for over 700 serious diseases in plants (Weintraub
and Beanland 2006). Phytoplasma classification into a series of groups
and subgroups is based on results from restriction fragment length poly-
morphism (RFLP) analysis of the 16S gene. The groups currently iden-
tified are named sequentially from 16SrI to 16SrXXXIII (Bertaccini et al.
2014). Different groups have different biological properties, including
symptoms, vectors, and host ranges. The 16Sr group that infects palm
trees, causing lethal declines, is the 16SrIV group and consists of six sub-
groups: 16SrIV-A, -B, -C, -D, -E, and -F (Vázquez-Euán et al. 2011).
Historically, lethal yellowing (LY) has been the phytoplasma dis-

ease caused by the 16SrIV-A subgroup responsible for the death of
many coconut palm trees (Cocos nucifera) in Florida. Additionally,
LY is known to infect over 30 species of palm in the state of Florida,
including various species of date palm (Phoenix spp.) (Harrison and
Elliott 2015) which are of high economic value. The first appear-
ance of LY in Florida was recorded in 1955 (Corbett 1959) in Key
West and first appeared on the Florida mainland in the early 1970s
(Thomas 1974). Currently, LY is restricted to the southern portion
of the state of Florida, ranging as far north as Manatee County on
the west coast and Indian River County on the east coast (Harrison
and Elliott 2015). Until 2006, LY was the only known phytoplasma
disease to infect palm trees in Florida. In 2006, specimens of Phoenix
canariensis, P. dactylifera, and P. sylvestris tested positive for the
16SrIV-D phytoplasma (Harrison et al. 2008). This phytoplasma
disease, currently termed lethal bronzing disease (LBD) and synon-
ymous with Texas Phoenix palm decline, was first reported in Phoe-
nix spp. of palm in Texas (McCoy et al. 1980). This disease was
initially seen on the western coast of Florida and has subsequently
been found through much of the central and southern counties, with

sporadic occurrence in the northern portion of the state (Harrison
and Elliott 2016).
Various aspects of the biology of LY, which are shared by LBD,

make it difficult to study. Some of the biggest challenges include main-
taining constant cultures of the phytoplasma for genomics and vector
studies, the sporadic nature and length of times between outbreaks,
rapid death of palm upon onset of symptoms, and difficulty in obtaining
enough genetic material from palm tissue. The latter issue is due to the
need to take trunk tissue because leafmaterial is often too high to sample
and the low titer of phytoplasma in palm trunks relative to the spearleaf
(Harrison et al. 1994). Additionally, death of the palm generally occurs
within months of the onset of symptoms and it is at this stage that the
palm is sampled. This raises the issue of the duration of time between
infection and the onset of symptoms and what titer is present during this
latent phase. Another unknown aspect that is crucial for management is
understanding the titer of phytoplasma in the leaf tissue and knowing
how long after infection before the plant becomes a source of inoculum,
where a vector can successfully acquire the phytoplasma. Levels needed
for a vector may be lower than what is detectable in leaf tissue, meaning
that transmission to new plants may occur before a palm can be con-
firmed positive by polymerase chain reaction (PCR) or real-time (quan-
titative) PCR (qPCR). Being able to detect the phytoplasma in palm
tissue, either the trunk or leaf, early in the infection (i.e., before symp-
toms appear) would be a benefit to stakeholders because earlier detec-
tion can lead to a more rapid response in terms of implementing
management strategies that can significantly reduce or eliminate spread
of the disease in the field, resulting in lower economic losses.
Traditionally, detection and classification of phytoplasmas in palm

has been done by standard PCR and nested PCR (initial detection)
followed by RFLP analysis (identification or classification) (Harrison
et al. 1994; Tymon et al. 1998). Although reliable for identification
and classification, this technique is not practical for low levels of
phytoplasma that would be anticipated at very early stages of infec-
tion or within vector salivary glands. Recently, qPCR has become a
useful technique for increasing the sensitivity and specificity for
detecting palm-infecting phytoplasmas (Córdova et al. 2014) and,
when combined with high-resolution melt analysis (Bahder et al.
2017), can differentiate various subgroups, eliminating the need for
nested reactions and RFLP. A relatively new technology in the field
of plant pathology is digital PCR (dPCR) which has only recently
begun to be adapted to plant pathogens and agricultural systems
(Bahder et al. 2016; Dreo et al. 2014; Rački et al. 2014). In the
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medical field, dPCR has been demonstrated to be more sensitive than
qPCR (Miotke et al. 2014). If the increase in sensitivity of dPCR
translates to plant pathogens, adapting dPCR would be greatly ben-
eficial in detecting phytoplasmas in lower concentrations than was
previously possible, allowing for the identification of early infections
and rapid screening of candidate vector species. By being able to de-
tect infections earlier, management decisions can be implemented
sooner and, thus, reduce the potential of further spread in the field.
Also, dPCR was used to aid in elucidating the vector of Grapevine
red blotch-associated virus (Bahder et al. 2016) and could be useful
in identifying the vector of LBD.
The primary objective of this study was to design a successful dPCR

assay that is capable of detecting both LY and LBD phytoplasmas.
A secondary objective was to evaluate the overall sensitivity of dPCR

for detection of palm-infecting phytoplasmas as compared with both
qPCR and standard nested PCR detection assays to evaluate its sen-
sitivity to other novel and established protocols. Developing a robust
TaqMan Assay with increased sensitivity would be beneficial to re-
searchers and stakeholders by aiding in vector discovery as well as
detecting infections earlier in the disease cycle.

Materials and Methods
Isolate selection and serial dilutions. Isolates of LY and LBD

used in this study were selected from samples stored at the Fort Lau-
derdale Research and Education Center (FLREC) that had previously
tested positive for the 16SrIV-A and 16SrIV-D phytoplasmas and
were confirmed by sequencing. The LY isolate was obtained from
an infected C. nucifera sampled at FLREC (isolate ID: LYJT-EF)

Table 1. Total DNA measured in all serial dilutions for both the 16SrIV-A, 16SrIV-B, and 16SrIV-D isolates and the healthy control (HC)

Quantity (ng/ml)

Dilution (%)a Factorb 16SrIV-A 16SrIV-B 16SrIV-D HC 16SrI 16SrIII

100 1 1,320 ± 50.2 80.0 ± 0.32 58.8 ± 4.0 32.5 ± 2.9 1,992 ± 86.0 1,742 ± 74.6
10 1e−1 101 ± 6.3 6.8 ± 0.12 5.8 ± 1.1 2.9 ± 0.8 723.9 ± 21.2 547.3 ± 19.7
1 1e−2 8.6 ± 1.0 0.7 ± 0.06 0.7 ± 0.1 0.4 ± 0.1 79.8 ± 0.7 48.7 ± 5.4
0.1 1e−3 0.9 ± 0.2 0.0 0.0 0.0 9.4 ± 0.2 5.3 ± 0.1
0.01 1e−4 0.0 0.0 0.0 0.0 0.7 ± 0.0 0.4 ± 0.0
0.001 1e−5 0.0 0.0 0.0 0.0 0.0 0.0
0.0001 1e−6 0.0 0.0 0.0 0.0 0.0 0.0
0.00001 1e−7 0.0 0.0 0.0 0.0 0.0 0.0
0.000001 1e−8 0.0 0.0 0.0 0.0 0.0 0.0
0.0000001 1e−9 0.0 0.0 0.0 0.0 0.0 0.0

a Percentage of original extract.
b Dilution factor.

Fig. 1. Sequence alignment of a region of the 16S gene targeted by the TaqMan Custom Copy Assay for phytoplasma strains representing each 16Sr taxonomic group compared
with the palm lethal decline phytoplasmas, 16SrIV, and eubacterial outgroups in the 5¢-to-3¢ direction.
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and the LBD isolate was obtained from an infected Sabal palmetto
sampled in Manatee County, FL (isolate ID: Sab1). Additionally, an
isolate of the 16SrIV-B phytoplasma taken from an infected coyol palm
(Acrocomia aculeate) in Honduras (Coy+12) (accession number
DQ321818) was used to determine use of the assay against other
16SrIV phytoplasmas not known from Florida but present in the Carib-
bean and that have potential for introduction. A Sabal palm (isolate ID:
Sabal4) that had previously tested negative for phytoplasma infection
was used as a healthy control. The total DNA extractions for each of
the isolates tested were serially diluted nine times (10× dilution factor),
using Qiagen Buffer AE (Qiagen, Inc.), allowing for 10 different con-
centrations of each isolate. Total DNA (1 ml) and each of the dilutions
for all isolates was quantified using the NanoDrop™ Lite spectropho-
tometer (Thermo Scientific). Two isolates of phytoplasmas belonging
to the 16SrI (Aster Yellows) group and the 16SrIII (Western-X) group
were also diluted to the optimal concentration and tested to evaluate
the utility of the assay on other phytoplasmas belonging to other
16Sr groups.
TaqMan assay design and dPCR parameters. To obtain the pri-

mers and probe necessary for dPCR, sequence data for the entire 16S
gene for the 16SrIV-D phytoplasma (Accession number AF434989)
was uploaded into Thermo-Fishers web-based portal using the cus-
tom copy number option. The region selected was aligned with the
same region of the 16SrIV-A phytoplasma to ensure sequence
identity between the two strains at the primer and probe regions. This
region was also aligned with all other subgroups of the 16SrIV tax-
onomic group available on GenBank, as well as the A subgroup from
each of the existing 16Sr groups and two outgroups, Fibrobacter
succinogenes and Staphylococcus aureus. This alignment process
was to provide insight to the range of phytoplasmas that this assay
could detect and to ensure that it would not amplify nonphytoplasma
bacterial DNA. The probe was labeled with the 5¢ reporter dye,
6-carboxyfluorescein (FAM), and a 3¢ quencher, nonfluorescent

quencher (NFQ). dPCR assays were performed in 14.5 ml, as per
the manufacturer’s instructions. Each reaction comprised 6 ml of
DNA template, 7.25 ml of QuantStudio 3D Digital PCR Master
Mix v2, 0.725 ml of the custom copy number TaqMan assay, and
1.525 ml of water. Reaction mixtures were loaded on QuantStudio
3D Digital PCR 20K Chips v2 using the QuantStudio 3D Digital
PCR Chip Loader and run on a ProFlex Base PCR System. Thermal
cycling conditions consisted of an initial denaturation stage of 95°C
for 10 min., followed by 35 cycles of denaturation at 95°C for 30 s,
annealing at 60°C for 30 s, and extension at 72°C for 30 s, and a final
extension of 5 min. at 72°C. End-point fluorescent data were col-
lected on a QuantStudio 3D Digital PCR System and analyzed using the
QuantStudio AnalysisSuite Cloud Software (https://www.thermofisher.
com/us/en/home/life-science/pcr/digital-pcr/quantstudio-3d-digital-pcr-
system/quantstudio-3d-software.html).
Real-time PCR assay parameters. Isolate dilutions used

for dPCR assays were also screened by real-time PCR. The
primer sequences used in the real-time assays were LY16S-LSF
(5¢-CGTGTCGTGAGATGTTAGGTTAAGT-3¢), LY16S-LSR (5¢-
GCTAAAGTCCCCACCATAACGT-3¢), and LY16S-Probe (5¢-
CCCCTGTCGTTAATTG-3¢) labeled on the 5¢ end with FAM and
on the 3¢ end with NFQ quencher (Córdova et al. 2014). Assays were
performed on a StepOnePlus Real-Time PCR System (Applied Bio-
systems, Inc.) in 20-ml reactions. Each reaction consisted of 1.0 ml of
template, 0.15mMeach primer, 0.3mMFAM-labeled probe, 2% pol-
yvinylpyrolidine (PVP-40; molecular weight 40,000), and 51.5%
TaqMan Universal Master Mix II, with UNG (Applied Biosystems,
Inc.), with the remaining volume made up with water. Thermal cy-
cling conditions were as follows: 10 min of initial denaturation at
95°C, followed by 35 cycles of denaturation for 30 s at 95°C, anneal-
ing for 30 s at 60°C, and extension at 72°C for 30 s.
Nested-PCR assay parameters. Nested-PCR assays were per-

formed on the serial dilutions to determine detection sensitivity of
the standard phytoplasma detection protocol as compared with dPCR
and real-time PCR protocols. Standard laboratory detection of
LY and LBD phytoplasmas consist of a primary and nested PCR
assay. Primers for the primary PCR were forward primer P1m (5¢-
TCCTGGGCTCAGGATTAAC-3¢) (Harrison et al. 2008) and reverse
primer LY16-23Sr (5¢-TTGAGAATTTACGTTGTTTATCTAC-3¢)
(Harrison et al. 2002a). PCR (final volume of 25 ml) consisted of 5×
Green GoTaq Flexi Buffer, 25 mM MgCl2, 200 mM dNTP, 0.5 mM
each primer, 2% PVP-40, 1.5 U of GoTaq Flexi DNA polymerase,
and 2.0 ml of each DNA template, with the final volume made up with
Ultrapure sterile water. Thermocycling conditions for the primary PCR
consisted of an initial denaturation at 95°C for 90 s; followed by 34 cy-
cles of denaturation at 95°C for 30 s, annealing at 60°C for 60 s, and
extension at 72°C for 120 s; and a final extension stage of 72°C for 8
min. The nested PCRwere the same as for the primary, with the excep-
tion of the primers and the amount of template DNA. The nested PCR
primers were LY16Sf2 (5¢-AACGGGTGAGTAACACGTAAG-3¢)
and LY16-23Sr2 (5¢-TTAGACTGGTGGGCCTAAATG-3¢) (Harrison

Table 2. Digital polymerase chain reaction data for the serial dilution of the
16SrIV-A isolatea

Dilution Total wells (1) Wells (2) Wells Copies/ml Precision (%)

1 16,887 16,887 0 N/A N/A
1e−1 17,667 17,667 0 N/A N/A
1e−2 17,791 9,612 8,179 1,029.20 1.48
1e−3 16,212 1,421 14,791 121.55 5.34
1e−4 17,596 168 17,428 12.71 16.33
1e−5 17,538 15 17,523 1.13 65.88
1e−6 16,816 6 16,810 0.47 122.59
1e−7 17,122 0 17,122 N/A N/A
1e−8 17,912 0 17,912 N/A N/A
1e−9 16,545 0 16,545 N/A N/A
Healthy 17,544 0 17,544 N/A N/A
Water 18,909 0 18,909 N/A N/A

a N/A = not available.

Table 3. Digital polymerase chain reaction data for the serial dilution of the
16SrIV-B isolatea

Dilution Total wells (1) Wells (2) Wells Copies/ml Precision (%)

1 17,001 17,001 0 N/A N/A
1e−1 16,751 16,524 227 6,003 3.27
1e−2 16,968 11,101 5,863 1,413.4 1.98
1e−3 17,959 1,756 16,203 136.33 4.79
1e−4 17,382 232 17,150 17.8 13.73
1e−5 17,877 21 17,856 1.6 53.37
1e−6 17,792 2 17,790 N/A N/A
1e−7 17,630 0 17,630 N/A N/A
1e−8 17,914 0 17,914 N/A N/A
1e−9 18,112 0 18,112 N/A N/A
Healthy 17,423 0 17,423 N/A N/A
Water 17,222 0 17,222 N/A N/A

a N/A = not available.

Table 4. Digital polymerase chain reaction data for the serial dilution of the
16SrIV-D isolatea

Dilution Total wells (1) Wells (2) Wells Copies/ml Precision (%)

1 17,224 17,224 0 N/A N/A
1e−1 17,306 17,074 232 5,905.10 3.13
1e−2 17,979 8,378 9,601 833.55 2.21
1e−3 18,401 1,131 17,270 84.03 6.00
1e−4 16,797 129 16,668 10.21 18.84
1e−5 17,435 29 17,406 2.21 43.90
1e−6 15,214 3 15,211 8.71e−2 609.93
1e−7 16,394 0 16,394 N/A N/A
1e−8 17,529 0 17,529 N/A N/A
1e−9 18,031 0 18,031 N/A N/A
Healthy 18,222 0 18,222 N/A N/A
Water 17,459 0 17,459 N/A N/A

a N/A = not available.
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et al. 2002b). TheDNA template for the nested PCR consisted of 1.0ml
of undiluted primary PCR product. The thermocycling conditions for
the nested PCR consisted of an initial denaturation at 94°C for 60 s; fol-
lowed by 34 cycles of denaturation at 95°C for 60 s, annealing at 60°C
for 120 s, and extension at 72°C for 180 s; and a final extension stage
of 72°C for 7 min. All thermocycling was performed using a Bio-Rad
T100Thermal Cycler (Bio-RadLaboratories, Inc.). Resulting PCRprod-
ucts were electrophoresed on a 1% agarose gel, stained using GelRed
Nucleic Acid Stain (Biotium, Inc.), and visualized using ultraviolet light.

Results
Isolate dilution concentrations and sequence data. The total

DNA measured for each dilution for LBD, LY, and the 16SrIV-B
phytoplasmas is presented in Table 1. Additionally, concentrations

for dilutions of the 16SrI and 16SrIII phytoplasmas are included in
Table 1. The region selected for primer design was a 73-bp product,
starting at nucleotide 872 of the 16S gene and ending at nucleotide
945. Based on the sequence alignment of the primer regions and the
probe annealing location, there is 100% identity among all strains of
the 16SrIV phytoplasmas recorded from diseased palm trees (Fig. 1)
of the target region in the dPCR assay. Also, both the primer and probe
regions share a high level of identity with other 16Sr group phytoplas-
mas outside of the 16SrIV group (Fig. 1). The primer sequences for the
TaqMan assay were 5¢-CCTGAGTAGTACGTACGCAAGT-3¢ (for-
ward) and 5¢-CAACATGATCCACCGCTTGTG-3¢ (reverse). The probe
sequence was 5¢-FAM-TCCCGTCAATTCCTTTAAGTTTC-3¢. The
probe is the reverse compliment to the region highlighted in Figure 1,
which is in a 5¢-to-3¢ direction.

Fig. 2. Digital chip images for TaqMan assays to detect the 16SrIV-A phytoplasma in a dilution series.

Fig. 3. Digital chip images for TaqMan assays to detect the 16SrIV-B phytoplasma in a dilution series.
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dPCR assay data and chip images. The TaqMan assay success-
fully amplified the target region for the 16SrIV-A phytoplasma
(Table 2), the 16SrIV-B phytoplasma (Table 3) and the 16SrIV-D
phytoplasma (Table 4). The original extract for the 16SrIV-A isolate
had a high enough titer of phytoplasma to fully saturate the dPCR
chip, resulting in amplification success of all wells passing the assay
quality threshold (Fig. 2). Additionally, the first serial dilution for the
16SrIV-A isolate was too concentrated and also yielded a fully satu-
rated chip with all wells passing threshold exhibiting amplification
(Fig. 2). The optimal reaction for 16SrIV-A was the 1e−2 (1% diluted
from original extract) dilution, with the pathogen being detectable at
the 1e−6 dilution (0.0001% diluted from original extract) (Fig. 2). This
reaction allowed for the most accurate estimate of phytoplasma ampli-
con target copies per microliter; estimates of copies per microliter in
the original extract could not be calculated from the original extract
itself or the 1e−1 dilution due to complete saturation of the chip with
target DNA. The 1e−7, 1e−8, and 1e−9 dilution reactions also did not
provide estimates of copies per microliter for the original extract due
to no positive reactions on the chips. The 1e−3, 1e−4, 1e−5, and 1e−6

all provided an estimate of the copies per microliter of the original ex-
tract (Table 2) but were not as accurate as the 1e−2 reaction and with
accuracy decreasing as samples became more diluted (Table 2).
For the 16SrIV-B phytoplasma, the original extract possessed a

high enough titer to fully saturate the chip (Fig. 3). The first dilution
(1e−1) was also highly saturated; however, there were a small number
(227) of wells with no amplification (Fig. 3). The optimal dilution for
detection was the 1e−2 dilution that yielded high precision (Fig. 3).
This dilution factor contained total DNA at approximately 0.7 ng/ml
(Table 1). The lowest dilution factor testing positive was the 1e−6 fac-
tor, yielding two positive wells but very low precision (Fig. 3). After
this dilution, no reactions yielded positive amplification (Fig. 3).
For the 16SrIV-D phytoplasma serial dilution, the original extract

had a high enough titer to fully saturate the chip (Fig. 4). The 1e−1

dilution reaction displayed near complete saturation of the chip but
did show some wells as negative (no target and no amplification)
(Fig. 4). The 1e−3 dilution reaction was the optimal reaction (Fig. 4),
with the pathogen detectable down to the 1e−6 dilution reaction
(0.0001% diluted from original extract). At the 1e−7, 1e−8, and 1e−9

dilution reactions, the phytoplasma was undetectable (Fig. 4). For
estimates of copies per microliter, the 1e−2 gave the most accurate
estimate (Table 4) whereas the 1e−1 reaction yielded an estimate

with low accuracy (Table 4) due to the disproportionate number
of positive wells to negative wells (Table 4). Estimates for copies
per microliter were also given for the 1e−3, 1e−4, 1e−5, and 1e−6 di-
lution reactions, with decreasing accuracy from the 1e−2 reaction
due to samples becoming too diluted for detection (Table 4). An es-
timate of copies per microliter of the original extract from the reac-
tion using original extract was not given due to a high titer, resulting
in complete saturation of the chip (Table 4). The 1e−7, 1e−8, and 1e
−9 dilution reactions also did not yield estimates of copies per mi-
croliter for the original extract due to negative reactions across
the entire chip (Table 4).
Based on amplification success in the 16SrIV isolates, dilution fac-

tors of the 16SrI and 16SrIII phytoplasmas that had comparable total
DNA concentrations as the optimal reactions for the 16SrIV isolates
were tested. Based on this, the 1e−4 was selected for the 16SrI isolate
and the 1e−3 was selected for the 16SrIII isolate which contained
0.7 ng/ml and 5.3 ng/ml respectively of total DNA. Both tests against
these non 16SrIV phytoplasmas yielded high amplification success
(Fig. 5) and good precision (Table 5).
Isolate dilution real-time PCR data. The 16SrIV-A isolate was

detectable reliably by real-time PCR at the 1e−3 dilution factor
(0.1% of the original extract), with all five replicates amplifying

Fig. 4. Digital chip images for TaqMan assays to detect the16SrIV-D phytoplasma in a dilution series.

Fig. 5. Digital chip images for the TaqMan assay designed for 16SrIV phytoplasmas
used in amplification of 16SrI and 16SrIII phytoplasmas.
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(Table 6), and began to fail at the 1e−4 dilution factor (0.01% of the
original extract), with three of the five replicates successfully ampli-
fying and yielding a cycle threshold (Ct) value greater than 30. Com-
plete failure to amplify phytoplasma DNA began at the 1e−5 dilution
factor (0.001% of original extract) and all subsequent dilutions tested
negative (Table 6). The 16SrIV-D isolate was detectable reliably at
the 1e−2 dilution factor (1.0% dilution from original extract), with
all five replicates amplifying successfully (Table 6). Phytoplasma
DNA was still detectable at the 1e−3 dilution factor (0.1% dilution
from original extract) but amplified in four of the five replicates
yielding a Ct value greater than 30 (Table 6). Phytoplasma DNA
was completely undetectable beginning at the 1e−4 dilution factor
(0.01% dilution of original extract) and target DNAwas undetectable
in subsequent dilutions (Table 6). All healthy controls and water con-
trols tested negative (Table 6).
Isolate dilution nested PCR data. Standard nested PCR assay

was able to detect the 16SrIV-A isolate from total DNA through
dilution factor 1e−4 (0.01% of the original extract) (Fig. 6). Subse-
quent dilutions were undetectable using the nested PCR protocol.
For 16SrIV-D isolate dilutions, amplification was only present from

the total DNA through the 1e−2 dilution factor (1.0% dilution from
original extract) (Fig. 6). Phytoplasma DNA was not detected in
the healthy control at any of the dilution factors and all water controls
tested negative (Fig. 6).

Discussion
Based on the results of this study, the TaqMan assay presented

herein reliably amplifies target DNA for the 16SrIV-A, 16SrIV-B,
and 16SrIV-D phytoplasmas as well as phytoplasmas belonging to
the 16SrI and 16SrIII groups. Based on the sequence similarity of
the assay’s primer annealing sites among phytoplasma strains be-
longing to both these and other subgroups in group 16SrIV, as well
as other phytoplasmas classified in other 16Sr groups, this assay
should be capable of detecting phylogenetically widely diverse phy-
toplasmas, and possibly all phytoplasmas. Based on these results, it
also appears that the optimal concentration for detection of palm-
infecting phytoplasmas from infected plants is total DNA at between
0.5 and 1.0 ng/ml. The data also show that this assay used with dPCR
is more sensitive than real-time PCR and standard nested PCR as-
says, allowing for detection of phytoplasma DNA at two dilution fac-
tors more in the dPCR assays in the case of the 16SrIV-A isolate and
three dilution factors more in the case of 16SrIV-D isolate. The dif-
ference in detection between the two isolates for the real-time PCR
assays is likely due to different concentration of phytoplasma in
the eluate that could be the result of different sampling methods and
extraction methods that were used for the 16SrIV-A and 16SrIV-D
isolates, respectively. Regardless, in both instances, dPCR was more
sensitive for detection of phytoplasma DNA in the respective sam-
ples. The chip-based dPCR system used in this study possesses
20,000 wells that are 755 picoliters in volume. The reaction mixture
uses 6 ml of template that is then distributed over the 20,000 wells.
The 14.5-ml reaction mixture that includes the template, probe, and
master mix is thus partitioned into 20,000 separate PCR for the same
sample. Based on the amount of template and the number of wells,
each individual PCR relies on a volume of template that is 3.9% of
the total volume. In contrast, qPCR rely on templates representing
5.0% of the reaction volume. This implies that dPCR would be more
sensitive still if the qPCR assays in this study had been adjusted to
have the same percentage of template per reaction as was present
in the dPCR chip wells.
These results are consistent with findings from other studies that

compare dPCR assays to qPCR assays for evaluating mtDNA dele-
tions (Belmonte et al. 2016) andKRASmutations in colorectal cancer
patients (Taly et al. 2013), and for detection of HIV in humans (Strain
et al. 2013), and found that dPCR was more sensitive for target de-
tection from an applied perspective. Although chip-based dPCR
has been used for the detection of viruses in plants (Bahder et al.
2016), this is the first use of chip-based dPCR for the detection of
phytoplasmas in plant tissue.
The increased sensitivity of dPCR over qPCR and standard nested

PCR assays will allow for earlier detection of phytoplasmas in palm.
Currently, the time between inoculation and onset of symptoms for
both the 16SrIV-A and 16SrIV-D phytoplasmas in palm hosts is

Fig. 6. Nested polymerase chain reaction (PCR) product run on a 1.5% agarose stained with GelRed for the 16SrIV-A and 16SrIV-D phytoplasma dilution series used in digital PCR
and real-time PCR assays: lane 1= undiluted eluate, lane 2= 1e−1, lane 3= 1e−2, lane 4= 1e−3, lane 5= 1e−4, lane 6= 1e−5, lane 7= 1e−6, lane 8= 1e−7, lane 9= 1e−8, lane 10= 1e−9,
and lane (−) = water control.

Table 5. Digital polymerase chain reaction data for other phytoplasmas out-
side the 16SrIV group

Parameters 16SrI 16SrIII

Total wells 17,084 17,469
(+) Wells 11,299 15,610
(−) Wells 5,785 1,859
Copies/ml 1,440.2 2,989.4
Precision (%) 2.13 1.95

Table 6. Real-time polymerase chain reaction (PCR) data for serial dilutions
of the 16SrIV-A and 16SrIV-D phytoplasmas used in the digital PCR TaqMan
assays

Cycle threshold (Ct) valuea

Dilution 16SrIV-A 16SrIV-D Healthy control Water control

1 18.9 ± 0.3 16.5 ± 0.1 No Ct No Ct
1e−1 22.1 ± 0.2 23.5 ± 0.1 No Ct N/A
1e−2 26.9 ± 0.3 27.7 ± 0.02 No Ct N/A
1e−3 30.4 ± 0.2 32.0 ± 0.1b No Ct N/A
1e−4 34.8 ± 0.2c No Ct No Ct N/A
1e−5 No Ct No Ct No Ct N/A
1e−6 No Ct No Ct No Ct N/A
1e−7 No Ct No Ct No Ct N/A
1e−8 No Ct No Ct No Ct N/A
1e−9 No Ct No Ct No Ct N/A

a N/A = not available.
b One of five replicates did not amplify, resulting in No Ct.
c Two of five replicates did not amplify, resulting in No Ct.
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unknown. Phytoplasma DNA is easily detectable in trunk tissue once
symptoms are apparent but is undetectable using current methods in
healthy-appearing trees that later become symptomatic (N. A. Harrison,
unpublished data). This assay will allow for a more accurate under-
standing and monitoring of disease progression in infected palm
and palm trees that are at risk. Also, being able to detect phytoplasma
in this latent phase before plants become symptomatic will allow for
earlier implementation of management decisions such as removing
the palm or treating with oxytetracycline. Effective management
of diseased palm trees earlier will also reduce the risk of spread of
the phytoplasma in the environment by the vector. Although the in-
creased sensitivity of dPCR provides a valuable tool for addressing
basic questions about the epidemiology of LBD, it is not optimal at
this time for use as a diagnostic tool for stakeholders due to the high
cost of materials per sample. Currently, qPCR remains the cheapest
and fastest method from a diagnostic perspective. Despite the current
high cost of running dPCR assays, current research is focusing on the
development of protocols that would allow dPCR to be used in a cost-
effective manner that will benefit palm growers.
In addition to being able to detect lower titers of phytoplasma in

plant host tissue, this assay should be useful for detecting phyto-
plasma DNA in insect vectors. This level of sensitivity is valuable be-
cause it may allow for the screening of a candidate vector by using
the hemolymph and salivary glands, which can aide in vector discov-
ery. For the 16SrIV-D strain of phytoplasma causing LBD, a vector
has not been identified and the putative vector for the 16SrIV-A phy-
toplasma which causes LY is Haplaxius crudus (Howard and
Thomas 1980, Howard et al. 1983). Although the status of H. crudus
as a vector of LY is generally accepted, it is not known if other, less
common, species within the genus Haplaxius or species in other
closely related genera are capable of transmitting the 16SrIV-A phy-
toplasma. Being able to rapidly screen potential insect vectors for
their capacity to transmit phytoplasma (presence in salivary glands)
should allow for more efficient transmission assays that eliminate
conducting experiments on species that cannot truly acquire the phy-
toplasma. Due to the extended period of time between inoculation
and initial detection of a phytoplasma in palm, as well as the gener-
ally large size of infected palm trees, transmission assays are logisti-
cally difficult and it is not cost effective to screen many different
insect species in this manner. By screening salivary glands for the
presence or absence of phytoplasma DNA, transmission assays can
focus only on insect species that can acquire the pathogen in the sal-
ivary glands and, thus, would be most likely to transmit the phyto-
plasma to a new host.
Overall, the development of a TaqMan assay for use with dPCR to

detect phytoplasmas in palm allows for a higher degree of sensitivity.
This increased sensitivity will allow for earlier detection in infected
palm trees and potentially prior to symptom onset, earlier confirma-
tion of new infections either occurring in the field or from transmis-
sion assays, as well as detection of phytoplasma in vector candidate
species. By detecting infections sooner, proper management prac-
tices can be implemented quickly to reduce the amount of time the
inoculum is present in the environment, thus reducing the probability
of further spread.
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