White Paper

HDPCR™ Tick-Borne Pathogen (TBP) Panel RUO: A Novel
Approach for Cost-Effective Multiplex PCR Tick Testing

Executive Summary
The movement toward personalized diagnostics and costeffective syndromic testing is largely responsible for the increased
demand for multiplex molecular technologies. While the current
multiplex molecular solutions have made a significant impact in
the clinical and research worlds, the global penetration of these
technologies has been limited by high instrumentation and per
test cost. ChromaCode recently developed a novel multiplexing
technology called High-Definition PCR (HDPCR™) aimed at
overcoming these limitations. HDPCR does so by enhancing the
multiplexing capability of existing real-time PCR (qPCR) and digital
PCR (dPCR) instruments already in use globally, through
proprietary software and manipulation of traditional chemistries
®
(e.g. TaqMan ). ChromaCode’s first test application using this
technology is the HDPCR Tick-Borne Pathogen (TBP) Panel
Research Use Only (RUO), a single well, nine target multiplex test
that detects the most common causes of tick-borne infections
from whole blood. Across a series of analytical studies performed
®
on the Applied BioSystems 7500 Fast, QuantStudio 7, and ViiA
7 (Thermo Fisher Scientific) using synthetic DNA samples and
previously characterized clinical whole blood specimens, TBP had
an overall sensitivity and specificity of 99.0% and 99.8%, with no
single target having a sensitivity or specificity below 97.5% and
98.9%, respectively. Using HDPCR, ChromaCode is seeking to
broaden access to advanced diagnostics, reduce healthcare costs,
and rapidly address unmet healthcare testing needs.

Introduction
ChromaCode is redefining diagnostics through data science.
ChromaCode’s HDPCR multiplexing technology empowers the
enormous, global installed base of qPCR and dPCR instruments to
perform multiplex testing for 5-50 targets at a very low cost with
no instrument modifications required. Multiplexing with
traditional qPCR and dPCR relies on differentiation of targets by
color and is limited by the number of color channels available.
HPDCR differs from this approach in that multiple targets are
encoded into a single-color channel and differentiated by signal
1
intensity. To ensure reproducible results on a single instrument
and across multiple instruments, HDPCR utilizes proprietary signal
processing algorithms to account for instrument-specific noise
caused by optical and thermal variability. Figure 1 describe a
binary encoding scheme in which three unique gene targets are
coded into a single color channel. There are eight potential results
with this coding scheme, ranging from no targets detected (Level
0) to each of the three targets encoded detected (Level 7).

Figure 1: Example of an HDPCR assay simultaneously detecting three different
targets in a single color channel using a binary encoding scheme. There are eight
potential results, ranging from no targets detected to all three targets detected.

ChromaCode’s first test application of HDPCR is for tick-borne
pathogen testing, an emerging public health burden in the U.S.
Reported incidence of tick-borne infections in the U.S. has steadily
2
increased over the past two decades. Epidemiological surveying
in the U.S. between 2004 and 2016 indicated that incidence of
2
tick-borne diseases more than doubled during these years. It is
suspected that cases of Lyme disease, the most prevalent tickborne disease in the U.S., are grossly under-reported, with a
2
suspected rate potentially ten times greater than claimed.
Similarly, reported cases of anaplasmosis, ehrlichiosis, and spotted
fever group rickettsiosis have nearly doubled in this time frame
and are suspected to be greatly underdiagnosed and under
2
reported. The increasing cases and geographic spread of tickborne infections has been driven, in part, by range expansion and
population increase of ticks, lack of effective prevention
3
strategies, and improved clinical awareness.
Due to the growing public health threat of tick-borne diseases, the
st
U.S. government as a part of the 21 Century Cures Act
commissioned the Tick-Borne Disease Working Group through
the U.S. Department of Health and Human Services (HHS) to help
4
identify priorities related to tick-borne diseases. In their 2018
report to congress, the Working Group discussed the gap in
available testing solutions for tick-borne diseases, noting: “Today,
available diagnostic tests can be inaccurate and complex to
interpret, especially during the earliest stage of infection when
treatment is most effective. Unlike in other infectious disease
settings, tests to directly measure the presence of the infecting
organisms, such as culture or tissue biopsies, are not available for
some tick-borne diseases such as Lyme disease. This leaves
physicians without the tools needed to diagnose; and without
accurate diagnosis, it is challenging for physicians to provide early
4
treatment.”
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Figure 3: Design of TBP, which uses a binary coding scheme for multiplexing qPCR
testing.

Instrument Characterization: Prior to HDPCR testing on a specific
qPCR instrument, instrument characterization must be performed.
During this process, four reaction plates of synthetic DNA are run
to characterize instrument specific noise caused by optical and
thermal variability. This data is then uploaded into the
ChromaCode Cloud software to create an instrument-specific
noise mask to enable optimal HDPCR testing and results analysis.
An instrument characterization was performed on each of the
three instruments included in this study.
Figure 2: (Top) The annual cases of Lyme disease reported between 1992 – 2015
2
have increased from 10,000 cases to nearly 40,000 cases per year; (Bottom) Cases
of anaplasmosis, ehrlichiosis, and spotted fever group rickettsioses have increased at
a similar rate between 2000 and 2015. Actual cases are estimated to be at least
3
tenfold that of reported cases.

Detection of tickborne disease is challenging and has historically
relied on physical evaluation and multiple testing methodologies
(serology, microscopy, PCR) because test sensitivity varies by the
time the specimen is collected during the course of infection.
While access to serologic and microscopic methods are
widespread, there are limited singleplex PCR options and no
multiplex PCR options, which may be better suited to detect early
stages of infection. TBP is the first multiplex molecular test that
simultaneously detects nine of the most common tick-borne
pathogens from whole blood, doing so in under three hours
following nucleic acid extraction. TBP targets include Anaplasma
phagocytophilum, Babesia microti, Borrelia miyamotoi, Borrelia
Group 1 (B. burgdorferi, B. mayonii), Borrelia Group 2 (B. hermsii, B.
parkeri, B. turicatae), Ehrlichia chaffeensis, Ehrlichia ewingii, Ehrlichia
muris eauclarensis, and Rickettsia spp. TBP is compatible with the
most common qPCR instruments, including the Applied
BioSystems 7500 Fast / Dx, QuantStudio 7, 12, and Dx, ViiA 7,
and the LightCycler 480II and Cobas z480 (Roche). This study
describes the design of TBP and its performance across a series of
analytical studies.

Methods & Materials
Test Design: TBP is a qualitative qPCR assay that detects nine
common tick-borne pathogen targets and an internal control in a
single reaction from whole blood specimens. The test utilizes four
color channels and a binary coding scheme that allows three
unique targets to be identified in each color channel (Figure 3).
The test uses commonly available commercial dyes and includes
calibrators that must be run with each plate of TBP tests
performed in order to set the levels for target classification.

Analytical Studies: Method comparison, inclusivity, exclusivity,
and limit of detection (LOD) studies were performed to
characterize the performance of TBP. Testing was performed on
the ABI 7500 Fast, ViiA 7 and QuantStudio 7. For whole blood
samples (K2EDTA tubes; lavender top) tested, 10µL of internal
control was added to each sample and then nucleic acid extraction
was performed using the MagNa Pure 24 platform (Roche
®
®
Diagnostics), the NucliSENSE easyMAG (bioMerieux), or the
®
QIAmp Blood Kit (Qiagen) (1 mL input, 50 µL eluate). Results
were analyzed on ChromaCode’s cloud-based software
ChromaCode Cloud.

Results
Method Comparison (Sensitivity and Specificity): A method
comparison study was performed to assess the sensitivity and
specificity of TBP. This consisted of testing previously
characterized whole blood specimens (lavender top EDTA tubes;
n = 35), genomic DNA, and synthetic samples (n = 860). Singe,
dual, and triple-presence targets were tested using synthetic DNA
serially diluted in TE buffer and spiked with internal control. In
total, 895 samples were tested and included in the final analysis
(Table 1).
Table 1. TBP Test Performance
Target

TP

TN

FP

FN

A. phagocytophilum

136

757

1

1

B. microti

144

751

0

0

B. miyamotoi

55

840

0

0

Borrelia Group 1

166

717

8

4

Borrelia Group 2

78

815

2

0

E. chaffeensis

50

844

1

0

E. ewingii

46

848

1

0

E. muris eauclarensis

57

837

0

1

Rickettsia spp.

119

770

3

3

Total

851

7,179

16

9

Sensitivity
(95% CI)

Specificity
(95% CI)

100%
(96.6% - 100%)
100%
(96.8% - 100%)
100%
(91.9% - 100%)
97.7%
(93.7% - 99.2%)
100%
(94.2% - 100%)
100%
(91.1% - 100%)
100%
(90.4% - 100%)
98.3%
(89.5% - 99.9%)
97.5%
(92.4% - 99.4%)
99.0%
(98.0% - 99.5%)

99.9%
(99.2% - 99.9%)
100%
(99.4% - 100%)
100%
(99.4% - 100%)
98.9%
(97.8% - 99.5%)
99.8%
(99.0% - 99.9%)
99.9%
(99.3% - 99.9%)
99.9%
(99.2% - 99.9%)
100%
(99.4% - 100%)
99.6%
(98.8% - 99.9%)
99.8%
(99.6% - 99.9%)
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Analytical Inclusivity: Inclusivity was established for the genus and group level TBP targets by testing synthetic template spiked into TE
buffer in triplicate at 3X LOD (Table 2).
Table 2. TBP Inclusivity
Target
Borrelia Group 1
Borrelia Group 1
Borrelia Group 1
Borrelia Group 1
Borrelia Group 1
Borrelia Group 1
Rickettsia spp.
Rickettsia spp.
Rickettsia spp.
Rickettsia spp.
Rickettsia spp.
Rickettsia spp.
Rickettsia spp.
Rickettsia spp.
Rickettsia spp.
Rickettsia spp.
Rickettsia spp.
Rickettsia spp.
Rickettsia spp.
Rickettsia spp.
Borrelia Group 2
Borrelia Group 2
Borrelia Group 2
1
2

1,2

Inclusivity Strain

Borrelia burgdorferi
1
Borrelia mayonii
Borrelia sp. LV5
Borrelia genomosp. 1
Borrelia californiensis
Borrelia andersonii
1,2
Rickettsia parkeri
1
Rickettsia akari
1
Rickettsia philipii
1
Rickettsia rickettsii
Rickettsia amblyommii
Rickettsia conorii
Rickettsia honei
Rickettsia massiliae
Rickettsia rhipicephali
Rickettsia sibirica
Rickettsia slovaca
Rickettsia felis
Rickettsia montana
Rickettsia typhi
1,2
Borrelia parkeri
1
Borrelia hermsii
1
Borrelia turicatae

Concentration (Copies/Reaction)
N/A
30
30
30
30
10,000
N/A
30
30
30
30
30
30
30
30
30
30
30
30
100,000
N/A
30
30

Strains used to develop TBP
Strain sequence used to establish 3x LOD for inclusivity

Analytical Exclusivity: Exclusivity was established using a mix of genomic DNA and synthetic samples. Strains tested were near-neighbor
strains to TBP targets. The samples were tested in triplicate at 1 million copies/reaction and/or 1,000 copies/reaction. A total of 23 unique
organisms were shown to be exclusive to TBP targets (Table 3).
Table 3. TBP Exclusivity
Target
Borrelia Group 1
Borrelia Group 1
Borrelia Group 1
Borrelia Group 1
Borrelia Group 1
Borrelia Group 1
Borrelia Group 1
Borrelia Group 1
Borrelia Group 1
Borrelia Group 1
Borrelia Group 1
E. chaffeensis
B. miyamotoi
B. miyamotoi
Rickettsia spp.
Rickettsia spp.
A. phagocytophilum
A. phagocytophilum
Borrelia Group 2
Borrelia Group 2
B. microti
B. microti
E. ewingii

Exclusivity Strain
Borrelia afzelii, Strain P-Ko
Borrelia afzelii, ATCC 51567
Borrelia garinii, Strain 20047
Borrelia bissettii, Strain DN127
Borrelia valaisiana, Strain VS 116
Borrelia bavariensis, Strain PBi
Borrelia carolinensis, Strain SCW-22
Borrelia genomospecies 2, Strain CA28, CA28-91
Borrelia kurtenbachii, Strain 25015
Borrelia sinica, Strain CMN3
Borrelia spielmanii, Strain PC-Eq17, PC-eq17N5
Ehrlichia canis
Borrelia turcica, Strain IST7
Borrelia yangtze
Rickettsia prowazekii
Rickettsia australis
Bartonella henselae
Ehrlichia canis
Borrelia turcica, Strain IST7
Borrelia yangtze, Strain Okinawa-CW62
Plasmodium falciparum
Babesia duncani
Ehrlichia canis

Genomic/Double Stranded DNA
Genomic DNA DSM 16073, DSMZ
Genomic DNA DSM 10508, DSMZ
Genomic DNA DSM 10534, DSMZ
Genomic DNA DSM 17990, DSMZ
Genomic DNA DSM 21467, DSMZ
Genomic DNA DSM 23469, DSMZ
Genomic DNA DSM 22119, DSMZ
Genomic DNA DSM 17992, DSMZ
Genomic DNA DSM 26572, DSMZ
Genomic DNA DSM 23262, DSMZ
Genomic DNA DSM 16813, DSMZ
Double Stranded Synthetic DNA
Genomic DNA DSM 16138, DSMZ
Genomic DNA DSM 24625, DSMZ
Double Stranded Synthetic DNA
Double Stranded Synthetic DNA
Double Stranded Synthetic DNA
Double Stranded Synthetic DNA
Genomic DNA DSM 16138, DSMZ
Genomic DNA DSM 24625, DSMZ
Double Stranded Synthetic DNA
Double Stranded Synthetic DNA
Double Stranded Synthetic DNA

TBP Result
1,2,3
Negative
1
Negative
1,2,4
Negative
1,2,5
Negative
1,2,5
Negative
1
Negative
1
Negative
1
Negative
1
Negative
1
Negative
1
Negative
2
Negative
1
Negative
1
Negative
1,2
Negative
1,2
Negative
2
Negative
2
Negative
1
Negative
1
Negative
2
Negative
2
Negative
2
Negative

1

Exclusivity strain tested at 1e3 copies/rxn
Exclusivity strain tested at 1e6 copies/rxn
Borrelia afzelii was negative at 1e3 copies/rxn and positive for Borrelia Group 1 at 1e6 copies/rxn with a corresponding signal of 10 copies/rxn. The assay oligos for Borrelia Group 1 have one mismatch in
the forward primer, four mismatches in the reverse primer and three mismatches in the probe when aligned to Borrelia afzelii genomic DNA. Borrelia afzelii may have low level cross-reactivity with Borrelia
Group 1 or the Borrelia afzelii sample tested may be contaminated with a Borrelia Group 1 strain. Borrelia afzelii infections are present in Europe.
4
Two replicates of Borrelia garinii were negative at 1e3 copies/rxn and one replicate was positive for Borrelia Group 2. Three replicates of Borrelia garinii were positive for Borrelia Group 2 at 1e6 copies/rxn.
Borrelia Group 2 strain Borrelia hermsii presence in the Borrelia garinii sample was confirmed by sequencing.
5
Three replicates of Borrelia bissettii and Borrelia valaisiana were negative at 1e3 copies/rxn. When tested at 1e6 copies/rxn the three replicates of Borrelia bissettii and Borrelia valaisiana were positive for
Borrelia Group 2. Borrelia Group 2 strain Borrelia hermsii presence in the Borrelia bissettii and Borrelia valaisiana samples was confirmed by sequencing.
2
3

Limit of Detection (LOD): The LOD for each TBP target was established using synthetic DNA spiked into TE buffer. Each of the nine TBP
targets had an LOD of 10 copies/reaction.
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Visualization of Results in ChromaCode Cloud Software: With
HDPCR being largely platform agnostic, ChromaCode developed
a cloud-based software called ChromaCode Cloud to house the
proprietary signal processing algorithms for test analysis.
ChromaCode Cloud provides an extremely user-friendly interface
for data upload, analysis and management. ChromaCode Cloud
automates data upload from all of the study qPCR instrumentation
and from additional qPCR instruments not tested in this study.
Figure 4 below shows the plate summary and well summary pages
in ChromaCode Cloud.

The first unmet testing need being addressed with HDPCR is tickborne pathogen testing. The U.S. is seeing an increase in disease
from infected ticks, tick species that carry multiple diseases, and
expanding geography of tickborne cases. There is a noticeable
testing gap for tick-borne pathogens utilizing direct nucleic acid
detection, with limited singleplex PCR options, and no multiplex
PCR options. In this study, the overall analytical sensitivity and
specificity of TBP was 99.0% and 99.8%, respectively, with a limit
of detection of 10 copies per reaction for each of the nine
analytes. Extensive inclusivity and exclusivity studies
demonstrated broad inclusivity to relevant tick-borne pathogen
species and strains and extremely limited cross-reactivity with
organisms not intended to be detected with this test. The
comprehensive target coverage and high sensitivity and specificity
rates, taken alongside the low limit of detection, address the major
testing gap in this space, which was acknowledged by the TickBorne Disease Working Group. The direct detection of tick-borne
pathogen DNA with TBP provides a new, viable testing option for
laboratories at time points when serologic-based testing methods
provide inconclusive or no results. The analytical data presented
in this study was generated on multiple qPCR instruments highly
represented in diagnostic laboratories. Additionally, whole blood
samples were extracted using multiple automated extraction
methods popular in laboratories in the U.S. Together, this ensures
TBP will be compatible with the instrumentation and workflow at
most labs in the U.S. currently performing CLIA high-complexity
qPCR-based assays.

Conclusions

Figure 4: (Top) ChromaCode Cloud Plate Summary Page, which provides clear
visualization of results across a 96-well plate and streamlined navigation to a well of
interest; (Bottom) ChromaCode Cloud Well Summary Page depicting a 2 x 2 plot of
the channels used in TBP and any amplification events that occur in a given color
channel. The internal control is located in the bottom left plot.

Discussion
Existing multiplex molecular technologies have made a significant
impact across clinical and research applications the past decade.
Further scale of multiplex testing, however, has been and is being
limited by the high cost burden of the instrumentation and
consumables necessary for this testing. The HDPCR multiplexing
technology provides an opportunity to address these limitations
by leveraging the more than 80,000 high-throughput qPCR and
dPCR instruments already deployed in labs globally. HDPCR
provides a cost-effective multiplexing alternative by avoiding the
need for new capital and service investment for new
instrumentation that takes benchtop space and only supports a
narrow menu of test applications. Furthermore, with all HDPCR
test workflow being identical to traditional qPCR, integration of
this testing into lab workflow is frictionless. With HDPCR,
ChromaCode is broadening access to advanced molecular testing
and rapidly addressing unmet testing needs.

HDPCR is a novel multiplexing technology that breathes new life
into existing qPCR and dPCR instrumentation by enabling these
systems to perform multiplex testing for 5-50 targets without
requiring hardware alterations. ChromaCode’s first HDPCR test
application, TBP, is a cost-effective way for laboratories to
identify the most common causes to tick-borne diseases in whole
blood samples using existing qPCR workflow. TBP is a very timely
test that will aid in understanding the prevalence and diversity of
a growing public health burden in the U.S.
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