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Abstract 

Quantitative PCR (qPCR) is the gold standard for detection and quantitation of known DNA targets, but the scarcity of spectrally distinct fluo- 
rophores and filter sets limits the number of detectable targets. Here, we introduce color cycle multiplex amplification (CCMA) to significantly 
increase the number of detectable DNA targets in a single qPCR reaction using standard instrumentation. In CCMA, presence of one DNA target 
species results in a pre-programmed pattern of fluorescence increases. This pattern is distinguished by cycle thresholds (Cts) through rationally 
designed dela y s in amplification. For e xample, w e design an assa y wherein Staph ylococcus aureus sequentially induces FAM, then Cy5.5, then 
ROX fluorescence increases with more than 3 cy cles betw een each signal. CCMA offers notably higher potential f or multiple xing because it 
uses fluorescence permutation rather than combination. With 4 distinct fluorescence colors, CCMA theoretically allows the detection of up to 
136 distinct DNA target sequences using fluorescence permut ation. Experiment ally, we demonstrated a single-tube qPCR assay screening 21 
sepsis-related bacterial DNA targets in samples of blood, sputum, pleural effusion and bronchoalveolar lavage fluid, with 89% clinical sensitivity 
and 100% clinical specificity, showing its potential as a powerful tool for advanced quantitative screening in molecular diagnostics. 
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ost-effective and multiplexed detection of nucleic acids is
ritical for enabling molecular diagnostic assays for a vari-
ty of diseases and, particularly, for syndromic testing ( 1–
 ). In syndromic testing cases, a patient presents with non-
pecific clinical symptoms potentially caused by multiple
athogens; rapid and cost-effective identification of the spe-
ific pathogen(s) infecting a patient can help clinicians de-
ermine optimal treatment methods, thereby improving pa-
ient outcomes ( 5 ,6 ). Next-generation sequencing (NGS) has
ained research interests in pathogen identification due to its
ccuracy, genomic coverage and falling costs. However, tradi-
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tional NGS assays involve long and complex library prepara-
tion unsuitable for rapid syndromic testing in outpatient set-
ting ( 7–9 ). Despite of cost reductions, NGS remains cost pro-
hibitive for non-high throughput applications in diagnostic
laboratories ( 10–12 ). To address this gap, Oxford Nanopore’s
automated, multiplexed 16S panel offers pathogen detection
from sample to sequences with relatively low cost and fast
workflows ( 13 ,14 ). Yet specialized data analysis requirements
make it challenging to provide easily interpretable results to
clinicians ( 15 ). Further optimization for workflow, cost and
data analysis is needed to realize the potential of NGS for
point-of-care applications. 
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Table 1. Comparison of technologies for detection and identification of 
DNA sequences 

Target / 
Identification 

co ver age 
Quantitative 

readout 
Turnaround 

time Cost 

qPCR + +++ +++ +++ 
NGS +++ ++ + + 
Nanopore Sequencing 
( 13 , 14 , 64 ) 

+++ ++ ++ ++ 

BioFire FilmArray 
( 19 ,20 ) 

++ + +++ ++ 

BIOMÉRIEUX 

VITEK MS ( 54 ,55 ) 
++ + + ++ 

Color Cycle Multiplex 
Amplification 

++ +++ +++ +++ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Moreover, the variety of diagnostic platforms leveraging
different technologies has expanded options from sample col-
lection to informing patient care decisions. GenMark’s ePlex
system ( 16 ) uses microarray for blood culture identification
(BCID) of multiple pathogens and resistance gene profiling.
Additionally, T2 ( 17 ,18 ) Biosystem can directly detect up to
5–6 clinically relevant pathogens from whole blood samples
within 5 h. 

Highly multiplexed PCR platforms, such as the BioFire Fil-
mArray (Biomérieux) ( 19 ,20 ), have gained adoption for some
applications. However, the need for customized consumable
cartridges, the lack of pathogen DNA quantitation, and the
lower installed instrument base for these instruments com-
pared to qPCR limit their reach and impact on clinical prac-
tice ( 21–23 ). In contrast, quantitative PCR (qPCR) ( 24 ,25 ) in-
strument systems are broadly deployed across many clinical
laboratories and hospitals across the world ( 26 ,27 ) (Table 1 )
and provide data that is more readily accessible for clinical
reporting. 

Standard qPCR instrument platforms and assays have lim-
ited multiplexing capabilities. Typically, commercial qPCR in-
struments are restricted by the number of distinct LED light
sources, filter sets and spectrally distinct fluorophores to be-
tween four to six fluorescence channels ( 28 ). This limitation is
exacerbated by most commercial grade diagnostic assays re-
quiring at least one dedicated fluorescence channel for inter-
nal control. However, there are dozens of potential pathogens
that can result in similar clinical symptoms, and furthermore
there is geographic diversity in the DNA sequences of differ-
ent strains of bacteria and clades of viruses ( 29 ). Consequently,
highly multiplexed DNA detection is needed to provide max-
imum actionable information to the clinician to improve pa-
tient outcomes ( 30 ). 

Researchers has devoted their efforts to generate new meth-
ods that increased the multiplicity of qPCR. The color mix-
ing strategy ( 31 ) employs combinations of fluorescence to
enhance detection capabilities, and signal amplitude-based
method like Chromacode ( 32 ,33 ) and ddPCR ( 34 ,35 ) utilize
the probe concentration and different fluorophores to increase
the multiplicity. Qiuying et al utilized the amplicon length and
high-resolution melting curve analysis to increase the qPCR
multiplicity by 10-fold ( 36 ). 

Here, we present color cycle multiplex amplification
(CCMA), a qPCR approach in which each DNA target elic-
its a pre-programmed permutation of fluorescence increases
across multiple fluorescence channels (Figure 1 ). The fluo-
rescence permutation is implemented through rationally de-
signed delays in qPCR cycle threshold (Ct) using an oligonu-
cleotide blocker, via the blocker displacement amplification 

(BDA) mechanism ( 37 ,38 ). CCMA allows dramatically higher 
multiplexing for single-target-present applications, theoreti- 
cally allowing identification and quantitation of up to 136 dis- 
tinct DNA target sequences with 4 fluorescence channels. This 
color permutation strategy provides another fascinating way 
to increase the detection capability of routine qPCR without 
additional process. 

CCMA principles . In CCMA, DNA targets are identified ac- 
cording to the order of fluorescence appearance (Figure 1 A).
The number of targets that can be discriminated increases ex- 
ponentially as a function of the number of color channels used,
and also with the number of discrete Ct delays that can be pro- 
grammed (timings) (Figure 1 B, Supplementary Figure S1 ). We 
denote the number of fluorescence color channels as F, and 

the number of distinct timings as T. For example, given F = 3 

color channels (R = red, G = green, and B = blue) and T = 2
timings (1 programmable delay), a total of 9 total targets (R,
G, B, R > G, R > B, B > G, B > R, G > B and G > R) can be
simultaneously measured. This number increases to 136 given 

F = 4 and T = 4 (Figure 1 C). To clarify, when using only flu- 
orescence permutation, the number of timings (T) is set by 
default to match the number of available color channels (F). 

CCMA implementation using blocker displacement am- 
plification . The multiplexing power of CCMA depends inti- 
mately on the ability to stably control and manipulate Ct. We 
use rationally designed blockers to modulate the Ct delays for 
different fluorescence signals, by programmably attenuating 
the PCR amplification of specific amplicons. The region of the 
DNA template that the blocker binds to overlaps with that of 
the reverse PCR primer, resulting in a competitive hybridiza- 
tion reaction ( 39 ) (Figure 2 A). By strengthening the relative 
binding thermodynamics of the blockers, or by increasing the 
stoichiometry of the blocker, the reverse primer will bind less 
efficiently to the DNA template, resulting in reduced DNA am- 
plification yield. In Figure 2 B, for blocker set 1, Amplicon A 

has no blocker and amplifies maximally efficiently; Amplicon 

B has a weak blocker and is programmed to amplify with a 
Ct that is 5 cycles later than Amplicon A. Amplicon C has a 
strong blocker and is programmed with a Ct value that is 10 

cycles later than Amplicon A. The Ct value of Amplicon A de- 
pends on the concentration of the DNA template and can still 
be used for DNA quantitation purposes. 

Materials and methods 

Reagents 

TaqPath ProAmp Master Mix (Thermo Fisher Scientific,
US A), IDTE (Integrated DNA Technologies, US A), AMPure 
XP SPRI magnetic beads (Beckman Coulter Life Sciences,
USA), Carrier RNA (Roche, Switzerland), NEBNext Ultra II 
DNA Library Prep Kit for Illumina (New England Biolabs,
USA), NEBNext Multiplex Oligos for Illumina (Index Primers 
Set 1) (New England Biolabs, USA). TaqMan probes, primers,
blockers and gBlocks were purchased from IDT technologies 
and the sequences are listed in Supplementary Table S1 –S5 . 

Bacterial genomic DNA samples. Quantitative bacterial ge- 
nomic DNA (gDNA) were purchased from American Type 
Culture Collection (ATCC, Supplementary Table S6 ). Hu- 
man gDNA (NA18562) were purchased from Coriell Institute 
for Medical Research. Bacterial quantitative gDNA (ATCC) 
and human gDNA (NA18562) were fragmented using M220 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae683#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae683#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae683#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae683#supplementary-data
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Figure 1. Color cycle multiplex amplification (CCMA) concept and target identification capacity. ( A ) Diagram illustrating the principle supporting CCMA. 
CCMA introduces a programmable Ct delay (timing) between fluorescent signals to identify targets based on their order of fluorescence appearance. 
Using two color channels (G, green and R, red), CCMA can distinguish up to four targets. ( B ) Increasing the number of discrete Ct delays that can be 
programmed (timings) benefits the multiplicity of CCMA. ( C ) The theoretical number of targets discriminated by CCMA is determined by F (the number 
of a v ailable color channels) and T (the number of timings). 
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ocused-ultrasonicator (Covaris, USA) with a targeted length
f fragment set at 250bp. Fragmented DNA was quantified
y Qubit 4 Fluorometer (Thermo Fisher Scientific, USA) using
ubit dsDNA HS Assay Kit (Thermo Fisher Scientific, USA). 
Clinical samples collection and pathogen DNA extrac-

ion. The clinical blood samples and blood culture samples
rom bloodstream infection patients, patients with suspected
loodstream infection and healthy individuals were obtained
rom Zhongshan Hospital, Fudan University. The sputum
amples, bronchoalveolar lavage fluid (BALF) and pleural ef-
usion samples from patients and healthy individuals were
btained from Shanghai Pulmonary Hospital, Tongji Univer-
ity. The pathogen DNA were extracted from clinical sam-
les with Pathogen Lysis Tube L (Qiagen, Germany), QIAamp
CP Pathogen Mini Kit (Qiagen, Germany) and TissueLyser
T L (Qiagen, Germany). The extracted DNA was quantified
ith Nanodrop (Thermo Fisher Scientific, USA) and Qubit 3.0
luorometer (Thermo Fisher Scientific, USA) using a dsDNA
S assay (Q32854). 
Primer specificity validation . All 21 Bacterial DNA tem-

late (gBlocks, input of ∼3000 template copies; refer to se-
uences in Supplementary Table S5 ) was mixed with the
rimers (refer to concentrations in Supplementary Table S7 ;
efer to sequences in Supplementary Table S2 ), and then un-
erwent 60 cycles of PCR using Taqpath ProAmp polymerase.
he reaction volume was 50 μl and the thermocycling proto-
ol is listed in Supplementary Table S8 . The amplicon prod-
cts were then purified by SPRI (AMPure XP beads, ratio of
eads solution to products solution = 1.8). Libraries were
onstructed using standard ligation-based NGS library prepa-
ation procedures (Kit: NEBNext Ultra II DNA Library Prep
it for Illumina and NEBNext Multiplex Oligos for Illumina)
nd then sequenced by MiniSeq / NextSeq sequencer (Illu-
ina, USA). 
Single-plex CCMA tests . A typical real-time PCR reaction

onsisted of a mixture of TaqPath ProAmp Master Mix, bacte-
ial DNA template (gBlocks, input of ∼3000 template copies;
refer to sequences in Supplementary Table S5 ), H 2 O, human
gDNA (0.7 ng / μl, 200 copies / μl), primers pair (50 nM each,
refer to sequences in Supplementary Table S2 ), TaqMan probe
(200 nM, refer to sequences in Supplementary Table S3 ) and
blocker (500 nM, refer to sequences in Supplementary Table 
S4 ). The total volume of each reaction was 50 μl. PCR was per-
formed using a Bio-Rad CFX96 Touch Real-Time PCR Detec-
tion System (Bio-Rad, USA) and the detailed procedures were
listed in Supplementary Table S8 . For blocker selection, eight
different blocker combinations were tested for each single-
plex test. 

Multiplexed CCMA tests . A typical real-time multiplexed
PCR reaction consisted of a multiplexed mixture of TaqPath
ProAmp Master Mix, bacterial DNA template (gBlocks, input
of ∼300 template copies; refer to sequences in Supplementary 
Table S5 ), H 2 O, human gDNA (0.7 ng / μl, 200 copies / μl),
primers, TaqMan probes and blockers (refer to sequences
and concentrations in Supplementary Table S2 –S4 and
Supplementary Table S7 ). The total volume of each reaction
was 50 μl. Data analysis process in shown in Supplementary 
Section 4 and Supplementary Figure S10 . 

For panel development and experiments optimization, see
details in Supplementary Section 5 . For PCR thermocy-
cling procedure optimization, different protocols (listed in
Supplementary Table S8 ) were tested. gBlocks of Staphylococ-
cus epidermidis with input amount at 300 copies were used as
the DNA template. For host DNA interference tests, gBlocks
of Staphylococcus epidermidis (300 copies) was mixed with
human gDNA (10 000 copies and 100 000 copies), cattle
DNA (100 000 copies) and chicken DNA (100 000 copies), re-
spectively. For clinical sample background interference tests,
mimic samples representing a variety of sample types were cre-
ated by mixing gBlocks of Staphylococcus epidermidis (300
copies) with 200 μl whole blood, 50 μl PBMC, 100 μl plasma,
500 μl sputum, 100 μl cheek swab and dry blood spot with
diameter at 6 mm, respectively. Then, DNA from mimic sam-
ples were extracted using QIAamp UCP Pathogen Mini Kit

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae683#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae683#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae683#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae683#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae683#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae683#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae683#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae683#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae683#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae683#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae683#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae683#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae683#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae683#supplementary-data
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Blocker set 4

Strong-Weak-None
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ΔG°rxn

Reaction

CTAGTTCTCAATCCCCAGCAGAA TTGCCTCTAGATTGATGCATGAAGAAAGAGGT

CAGGTAGATCTGAGCAAGTGTATTCA

CAAGTGTATTCAGCCGTACGAGAACAATATAT

AGACATCAGGTAGATCTGAGCAAGTGTATTCAGCCGTACGAGAACATACATACTTGTCTAGTTCTCAATCCCCAGCAGAACCCAGAGGCTCTAAGTATTGCCTCTAGATTGATGCATGAAGAAAGAGGTGGGAGATTAGATCTAATCTCCCACCTCTTTCTTCATGCATCAATCTAGAGGCAATACTTAGAGCCTCTGGGTTCTGCTGGGGATTGAGAACTAG ACAAGTATGTATGTTCTCGTACGGCTGAATACACTTGCTCAGATCTACCTGATGTCT

Reverse primerBlocker

Taqman probeForward primer

Figure 2. CCMA proof-of-concept results. ( A ) Implementation illustration of 3-color CCMA with 3 timings. For each target, a set of three amplicons were 
designed, and each amplicon had a TaqMan probe corresponding to a distinct fluorescence channel. To program 2 discrete Ct dela y s (3 timings), 2 
blockers with weak or strong �Grxn were designed and allocated to two amplicons, respectively. The stronger the blocker’s template binding affinity 
o v er that of the re v erse primer, the se v erer inhibition of the amplification efficiency of the amplicon, and a later fluorescence signal is observed. ( B ) 
Design flexibility of CCMA. Ct delays of each channel can be easily manipulated by alternating blockers sets. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(Qiagen, Germany) and followed by CCMA tests. For LoD
assessment, gBlocks of different species with input of ranging
from 5 to 1800 copies were used as the DNA template. 

For proof-of-concept experiment of modular develop-
ment of higher-plex CCMA panels, the primers, blockers
and probes of 63-amplicon sepsis-related pathogen detection
panel were mixed with 168-amplicon Pan-Cancer detection
panel ( 40 ) under different primer ratio ( Supplementary Table 
S9 –S10 ), and then followed the same multiplex CCMA test
procedure. 

Bacterial genomic DNA sample and clinical sample test .
In a typical multiplex CCMA assay with a total volume of
50 μl, bacterial quantitative gDNA sample (purchased from
ATCC, inputs of 5–1000 template copies; refer to sample list
in Supplementary Table 6S ) or clinical sample DNA (extracted
from clinical samples, inputs of 6 ng to 1 μg, see details in
Supplementary Table S11 ) were used as the DNA template.
The PCR procedure used was the same as the multiplexed
CCMA tests. 

Cross-validation . All clinical samples (blood, blood cul-
ture, sputum, sputum culture, BALF and pleural effusion)
also went through the standard automatic bacterial cul- 
ture process using Biomérieux BacT / ALERT 3D. Pathogens 
in cultured samples were identified by smear microscopy 
and VITEK Mass Spectrometry Microbial identification sys- 
tem (Biomérieux VITEK spectrometry microbial identification 

system). 

Results 

Proof-of-concept 

To demonstrate 3-color CCMA with three timings, we first de- 
signed three primer sets targeting the Chlamydia pneumoniae - 
genome using TaqMan probes labeled with ROX, Cy5 or 
FAM (Figure 2 ). For each amplicon, we designed two different 
blockers to provide different Ct delay options. For any given 

experiment, at least one primer set would stay unblocked and 

remaining primer sets would be coupled with one blocker each 

to generate the desired fluorescence order. 
To prove that CCMA can potentially accommodate higher 

multiplicity, we tested a 4-color CCMA with four timing sys- 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae683#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae683#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae683#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae683#supplementary-data
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em targeting aac(3)-II, a gene found in many pathogenic bac-
eria ( 41 ) ( Supplementary Figure S2 ). Four fluorescence chan-
els and three blockers ( Supplementary Figure S3 ) were used
o create sequential Ct delays of 6, 4 and 2 cycles. Additional
anipulation of Ct delays can be achieved by adjusting the

eaction stoichiometry ( Supplementary Figure S4 ). 

1 species pathogen detection panel 

esign specificity . Next, the utility of CCMA is demonstrated
n a massively multiplexed qPCR panel designed to detect
NA from 21 sepsis-related pathogen. Considering the high

edundancy of sequences shared between microbiome species,
 pipeline ( Supplementary Figure S5 ) is built to down-select
ignature regions that can uniquely represent each species.
rimer candidates are automatically designed against these
nique regions with minimized dimerization using our pre-
iously published SADDLE algorithm ( 42 ). Length distribu-
ion of the designed amplicons is shown in Supplementary 
igure S6 . Synthetic double-stranded bacterial DNA templates
gBlocks) of 21 species were first mixed with high concen-
ration of human genomic DNA (gDNA), and then ampli-
ed using the designed primers. PCR product was subjected
o NGS and the results confirmed high reads dominancy
f desired amplicons over off-target reads (Figure 3 A and
upplementary Figures S7 and S8 ). Genomic specificity of
rimers was validated by analyzing the minimum mismatch
ucleotide number of each primer blast to 21 microbial se-
uence database excluding target species. As shown in Figure
 B and Supplementary Figure S9 , mismatches between each
rimer sequence to the corresponding most possible off-target
inding site ranges from 1 to 20 nt with a median of 7 nt.
oreover, a similar strategy to analyze the specificity of six

rimers corresponding to each target species in the panel was
erformed, and the results are plotted in Figure 3 C. 
Blockers and TaqMan probes were computationally de-

igned for each bacterial species to result in a unique flu-
rescence order ( Supplementary Tables S2 –S5 ). For each
pecies, blockers with the best timing separation were selected
rom blocker candidates with different binding affinities by
creening 8 blocker combinations ( Supplementary Figures 
11 and S12 ). Single-plex CCMA results for each species are
hown in Supplementary Figure S13 . 

Panel development in multiplex . Multiplexed qPCR reac-
ions were then performed for each of the 21 contrived sam-
les containing human gDNA as background with all primers,
elected blockers, and TaqMan probes combined. Figure 4
hows resulting fluorescence orders. Targets were identified by
heir expected order of signal emergence for a unique combi-
ation of three fluorescence curves. Furthermore, quantitative
nformation about target concentrations could be acquired
rom the first Ct value. Our assay detected sequences from
1 bacterial species using only 5 fluorescence channels and
 timings. Detailed qPCR curves and quantitation standard
urves for 21 species are given in Supplementary Figures S14 

nd S15 . 
In developing the 21-species pathogen detection panel from

ingle-plex CCMA tests, oligonucleotide concentrations and
hermocycling conditions were optimized to enable multiplex
CR reaction. Compared to single-plex PCR, the multiplex
ystem contains more primer and probe sequences, necessi-
ating decreased concentrations of each oligonucleotide to ac-
commodate the increased sequence quantity within the overall
reaction. Details on optimized concentrations are provided in
Supplementary Table S7 . 

However, primer-template binding kinetics became rate-
limiting at the lowered concentrations. Extended anneal-
ing time during each thermocycling cycle was required for
complete primer-template hybridization across all 63 sets of
primers. Thermocycling parameters for the 21-species panel
were systematically examined and results are summarized in
Figure 5 A. Using 300 copies of Staphylococcus epidermidis
as template and annealing temperature as 60 

◦C, extended an-
nealing time from 20s to 90s incrementally lowered Ct values
across all color channels, allowing sufficient kinetics for oligo
binding even at low target inputs. No further Ct improve-
ments occurred beyond 90s, indicating binding equilibrium
was reached. Fixing annealing time at 90s, the optimal tem-
perature was likewise assessed. Figure 5 A demonstrates 60 

◦C
yielded maximal and most stable Ct differences between or-
dered neighboring fluorescent signals, providing optimal color
order and timing determination. 

Panel robustness . The robustness of CCMA was tested
through different approaches. For CCMA tests of 21 bacterial
species with different input amount ranging from 5 to 1800
copies, the �Ct values of between neighboring signals are
plotted in Figure 5 B and Supplementary Figure S19 . CCMA
achieved significant and stable timing discrimination with var-
ied template quantity, resulting in median Ct differences of
2.30 and 3.65 cycles between the neighboring signals, respec-
tively. A consistent maintenance of cycle threshold (Ct) differ-
ences above 0.9 demonstrates the robustness of the CCMA
color coding system. Figure 5 C shows Ct differences fluctua-
tions with different template quantity of Legionella spiriten-
sis and Streptococcus pneumoniae . While some variability is
seen for species Staphylococcus haemolyticus and Citrobacter
freundii , other species maintain delays across different tem-
plate quantity ( Supplementary Figures S16 and S17 ). From the
perspective of retaining correct color orders, CCMA is gener-
ally robust across concentrations, with refinements possible
for limited species to further stabilize quantified delays. 

Natural variation between strains within a bacterial species
was examined for assay robustness. Figure 5 D demonstrates
highly consistent �Ct values across three unique Staphylococ-
cus aureus strains relative to the gBlocks control template.
This verifies the reliability of the CCMA pipeline for uni-
versal identification of a targeted species regardless of strain
variation. 

The clinical resilience of CCMA assay was interrogated
through challenging sample conditions. As shown in Figure
5 E, CCMA detection of 300 copies of Staphylococcus epi-
dermidis under excess host DNA quantities, including hu-
man (10 

4 and 10 

5 copies), cattle (10 

5 copies) and chicken
(10 

5 copies), produced minimal Ct divergence versus gBlock-
only controls. Furthermore, a low Staphylococcus epidermidis
input (300 copies) was spiked into complex matrices like
whole blood, PBMCs, plasma, sputum, buccal swabs, and
dried blood spots for DNA extraction and followed by CCMA
tests. Across the sample types, �Ct values between 3 fluores-
cent remained stable at approximately 3 and 7 cycles, respec-
tively. Additional robustness analysis based on plateau fluores-
cence signal intensity is shown in Supplementary Figure S20 . 

Together, these results strongly supported CCMA assay’s
robustness against potential interfering host DNA and back-
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Figure 3. Sequence specificity of multiple x ed target detection. ( A ) Primer specificity analysis using next-generation sequencing (NGS). Multiplexed PCR 

w ere perf ormed using primers and synthetic double-stranded DNA templates (gBloc ks) of all 21 bacterial species with human gDNA bac k ground. T he 
multiplex PCR products were then purified, ligated, indexed and sequenced. Sequencing reads were analyzed and categorized into on-target amplicons 
(diagonal) and non-specific amplicons. The reads of corresponding primer pairs are shown in log scale in the heatmap. Full heatmap is given in 
Supplementary Figure S7 . (B, C) Genomic specificity of primers. ( B ) Histogram of the minimum number of mismatched nucleotides of each primer 
when BLASTed against the whole genome sequences of all 21 species ( Supplementary Figure S8 ). ( C ) Projection of genome specificity of six primers 
into each species. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ground matrix components, enabling reliable identification
even with low pathogen inputs across diverse clinical sampling
procedures. 

Detection sensitivity and specificity . Analytical limit-of-
detections (LoD) were assessed individually for all 21 species
with different input template quantities (5, 10, 30, 100,
300, 900 and 1800 copies). As shown in Figure 5 F, and
Supplementary Figure S14 , CCMA achieved successful detec-
tion of 30 copies for all species. For 12 out of 21 species
such as Listeria Monocytogenes , LoD as low as 5 copies was
achieved. 

DNA target quantitation accuracy and reproducibility .
CCMA allows accurate quantitation of DNA targets, a fea-
ture unavailable to many multiplex qPCR assays. The first Ct
value is not artificially delayed by any blockers, and, thus, can
be used to infer the DNA target concentration using a stan-
dard calibration curve. Furthermore, in the detection of 21
species with an input of 100 copies each, the standard de-
viation across three replicates was calculated as detailed in
Supplementary Excel 1 . The median standard deviations for
the 1st, 2nd and 3rd Ct values were 0.18, 0.25 and 0.31, re-
spectively. Regression analysis showed the calibration curve
coefficients of determination to range from 0.994 to 0.999
(Figure 5 G, Supplementary Figure S15 ). 

The quantitation reproducibility of CCMA was validated
through repetitive testing across differing production batches,
operators, and timepoints. A tight distribution was observed
in the first Ct values (0.25 cycles standard deviation), corre-
sponding to less than 20% input variation ( Supplementary 
Figures S18 ). 

Genomic DNA validation and quantification . The perfor-
mance of CCMA using gDNA derived from bacterial species
was examined to better recapitulate clinical testing settings.
gDNA yielded similar LoDs to those determined when using
gBlocks in 13 different strains of 8 bacterial species (Figure 5 F,
Supplementary Figure S14 ). The qPCR curves of the CCMA
reactions remained largely consistent across strains from the
same species ( Supplementary Figure S21 ). CCMA successfully
achieved detection of 7 out of 8 species with template quantity 
at 5 copies, and 8 out of 8 species with template quantity at 10 

copies ( Supplementary Figure S22 ). Ct values for unblocked 

amplicons showed high concordance with input quantities of 
bacterial gDNA across strains and concentrations (Figure 5 F,
Supplementary Figure S23 ). Statistical analysis of CCMA tests 
of bacteria genome samples yielded a sensitivity of 96.9% 

and a specificity of 100% (Figure 5 H). No significant corre- 
lation was observed between off-target amplicons and LoD 

( Supplementary Figure S24 ). 
Overcoming the single-target-present limitation . CCMA re- 

lies on more than one color to identify a single target. When 

multiple targets present in a s single sample, interference be- 
tween same color from different target species will signifi- 
cantly affect species identification and quantification results.
CCMA with 2-tube strategy can over overcome the single- 
target-present limitation. Successful determination of the ex- 
istence of two simultaneous species amongst a total of 20 

species can be achieved using CCMA with a modified color 
code for 2-tube detection using the same five fluorescence 
channels ( Supplementary Figure S25 ). Preliminary proof-of- 
principle data for this concept is shown in Supplementary 
Figure S26 . In tube one, targets α, β and γ are encoded 

by Blue > Red, Red > Green and Blue > Green, respec- 
tively. The co-existence of any two of these three targets ( αβ,
βγ or αγ) will all lead to the fluorescence readout order 
Blue > Red > Green, but each distinct target combination will 
be identified by distinct color codes. Thus, using this approach,
we can detect the presence of any individual or pair of the 20 

species within a sample. 
In cases of bloodstream infection (BSI), approximately 

89.3% are attributed to infections by a single bacterial species 
(Figure 5 I) ( 43–51 ). In instances of polymicrobial bloodstream 

infections (PBSI), the predominant scenario involves simulta- 
neous infection by two distinct pathogens (around 78–96% 

of PBSI cases, approximately 9.3% of all BSI cases), while 
three pathogens are found in a smaller proportion of cases 
(around 4–22% of PBSI cases, approximately 1.4% of all BSI 
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Figure 4. Ov ervie w of sepsis-related bacteria detection panel based on CCMA. A PCR reaction w as conducted with a mixture of PCR primers, 
amplicon-specific TaqMan probes, blockers of the selected 63 amplicons, gBlocks of the target species and e x cess human gDNA background. Raw 

fluorescence signals in all channels were collected and filtered into true signal vs noise. Each true signal then underwent baseline correction, color 
identification ( Supplementary Figure S9 ), resulting in PCR amplification curves with a specific order of fluorescence signal appearance and Ct calls 
unique to each bacterial species. Average Ct values across three parallel experiments (100 copies gBlock input) are shown (see details in 
Supplementary Excel 1 ). The identity of the pathogen was then determined by cross-referencing the experimental order against the color code indices. 
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ases). Infections with more than 3 pathogens are relatively
are ( 45 , 50 , 51 ). CCMA coupled with two-tube strategy en-
bles the expedited identification of BSI cases caused by either
ne or two pathogens. This approach is applicable to about
8.6% of clinical BSI cases. 
Application of CCMA to detect low concentration

athogen in clinical samples . The sepsis-related bacteria de-
ection panel based on CCMA has been applied to 45 clinical
amples and totally 16 positive samples were identified (Fig-
re 6 and Supplementary Figures S27 ). All 45 clinical samples
ere further validated by ‘gold-standard’ Biomérieux micro-
ial identification system ( 52 ,53 ). After 10–18 h of bacteria

ncubation, the existence and morphology of the bacteria were
dentified by smear microscopy. The bacteria type of positive
amples was further identified by VITEK MALDI-TOF MS
 54 ,55 ). Figure 6 A shows the test results of three clinical sam-
les (S3-blood, S13-sputum and S18-blood culture) by CCMA
s well as the smear microscopy and mass spectrum of the
orresponding cultured samples. The test results of CCMA
show good concordance with the ‘gold-standard’ methods. S3,
S13 and S18 were identified as positive for Enterococcus fae-
cium , Klebsiella pneumoniae and Staphylococcus epidermidis ,
respectively. Figure 6 B and Supplementary Figure S28 shows
the comparison summary of CCMA and Biomérieux micro-
bial identification system for the detection of bacteria in clin-
ical samples. Overall, the identification results of two meth-
ods showed a fairly good concordance (98.8%) regardless of
the sample types variations. Moreover, bacteria in three spu-
tum samples (S22, S27 and S28) could be easily identified by
CCMA with first Ct values at 29.4, 30.7 and 34.1, respec-
tively, indicating that the bacteria load of the sample present
at low level. However, the pathogen existence of the 3 sam-
ples cannot be identified by BIOMÉRIEUX system. Taken to-
gether, across of a total of 45 unknown clinical samples (Fig-
ure 6 B and Supplementary Figure S27 ), we observed an 88.9%
(16 / 18) clinical sensitivity and a 100% (27 / 27) clinical speci-
ficity. Two false negative results were observed for samples
with low bacteria load. 
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Figure 5. Performance of sepsis-related bacteria detection panel based on CCMA. ( A ) Ct values of Staphylococcus epidermidis with input amounts of 
50 0 0 copies using CCMA with different PCR annealing times and annealing temperatures. Optimal condition used in f ollo wing figures is emphasized in 
shallo w gre y. ( B ) Sequential Ct dela y. Violin plots sho w �Ct betw een the first 2 fluorescent signals (Order 2–Order 1, sho wn in maple) and betw een the 
last 2 fluorescent signals (Order 3–Order 2, shown in navy). n = 3 biological replicates for 21 species, SD = 1.0 and 2.4, respectively. The color code 
used for the �Ct values also applies to (C) and (D). ( C ) Relationship between �Ct values and input amount of template (gBlocks of Legionella spiritensis 
and Streptococcus pneumoniae). ( D ) Ct delay concordance for Staphylococcus aureus using different PCR template types (gBlocks and extracted DNA 

from three cell lines). ( E ) Robustness testing. Comparison of �Ct values for Staphylococcus epidermidis gBlocks with different host DNA interferences 
(human genomic DNA, cattle DNA, chicken DNA) or background interferences (human whole blood, PBMC, plasma, sputum, cheek swab, dry blood 
spot). ( F ) Limits of detection (LoD) for all 21 bacterial species. For each species, synthetic bacterial DNA was mixed with human gDNA to desired copy 
numbers and tested in triplicate. Missing or extra colors, incorrect order, or failed separations were considered detection failures. Colors represent 
number of successful measurements across three tests. Negative control (NC) represents human gDNA background only. Individual species data in 
Supplementary Figure S13 . ( G ) Quantitative copy number detection using the first Ct value of CCMA. Linear regression of the logarithm of template 
quantities (3 Staphylococcus aureus genomes from ATCC) and the first Ct value. Complete results for all species in Supplementary Figure S14 . ( H ) 
Statistical analysis of CCMA tests for bacterial genome samples. TP = true positive, FP = false positive, FN = false negative, TN = true negative. ( I ) 
Occurrence of bloodstream infections caused by monomicrobial and polymicrobial pathogens ( 43–51 ). 
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S19 Pleural effusion Not Detected Prevotella speciesGram-negative rods Effusion culture

S5 Blood Not Detected Not DetectedBlood culture Not Detected

S23 Blood culture Klebsiella pneumoniae Klebsiella pneumoniaeBlood culture  Nonmotile gram-negative rods

S25 Colony Enterococcus faecalis Enterococcus faecalisSputum culture Gram-negative cocci

S27 Sputum Enterococcus faecium -Sputum culture Not Detected

S28 Sputum Enterococcus faecium -Sputum culture Not Detected

S29 Blood culture Staphylococcus epidermidis Staphylococcus epidermidisBlood culture Gram-positive cocci 

S30 Blood culture Streptococcus pneumoniae Streptococcus pneumoniaeBlood culture Gram-positive

S31 Blood Streptococcus pneumoniae Streptococcus pneumoniaeBlood culture Gram-positive

Concordant
Positive

Concordant
Negitive

Discordant

Not included
in panel

S34 BALF Not Detected Not DetectedBlood culture Not Detected

S37 Pleural effusion Not Detected -Blood culture Not Detected

S24 Blood < LoD Pseudomonas aeruginosaBlood culture Gram-negative rods

S33 Blood Not Detected Enterococcus faecalisBlood culture -

S41

S42

Blood

Sputum Klebsiella pneumoniae

Enterococcus faecium Blood culture Gram-negative cocci

Sputum culture  Nonmotile gram-negative rods Klebsiella pneumoniae

Enterococcus faecium

Figure 6. Comparison of CCMA and Biomérieux microbial identification system for the detection of pathogen in clinical samples. ( A ) The pathogen 
existence in the three clinical samples (S3-blood, S13-sputum and S18-blood culture) were identified by CCMA, and Biomérieux microbial identification 
sy stem respectiv ely. L eft panel: CCMA fluorescence curv e and corresponding identified pathogen results; middle: smear microscop y photos of cultured 
samples with magnification of 10 × 40 (magnification of zoom-in: 10 × 100); right: MALDI-TOF mass spectrum and corresponding identified pathogen 
results using Biomérieux VITEK MS. ( B ) Summary of cross-validation results. CCMA applied to 45 clinical samples (18 blood, 10 blood culture, 10 
sputum, 3 pleural effusion, 3 bronchoalv eolar la v age fluid (BALF) and 1 colon y). T he infectious pathogen e xistence in the sample is identified by the color 
order. The pathogen existence in samples were also identified by Biomérieux microbial identification system including standard automatic bacteria 
culture, smear microscopy identification and VITEK MALDI-TOF MS microbial identification. The results of the cross-validation were divided into four 
categories: (i) concordant positive, (ii) concordant negative, (iii) discordant and (iv) not included in panel. 
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Discussion 

In this report, we introduce the CCMA assay design approach.
CCMA allows simultaneous screening of many different DNA
targets in a single tube reaction using conventional qPCR in-
strumentation. Experimentally, we demonstrated a CCMA as-
say using 4 fluorescence channels targeting 21 sepsis-related
pathogenic bacterial DNA, as these bacteria remain a signif-
icant cause of global morbidity and mortality ( 56 ,57 ). Previ-
ously characterized techniques have leveraged melting temper-
ature analysis, amplitude modulation of TaqMan probes and
ligation fluorescence coding of primers ( 58 ,59 ). However,
these techniques have not achieved the 21 actual DNA tar-
gets or the 136 possible targets given 4 colors and 4 timings
identified by CCMA. Other attempts to increase the utility of
qPCR have leveraged novel pooling strategies ( 60 ). 

The programmed timing delay of the Ct values for distinct
fluorophores offers a powerful mechanism for increasing the
plexity of CCMA. For example, with two fluorescence chan-
nels and three programmable Ct timings, we can achieve 6-
plex rather than 4-plex based on two programmable Ct tim-
ing. In principle, BDA optimization can generate reproducible,
discrete delays < 3 cycles and the increased number of timings
can vastly increase the plexity beyond the two timings shown
here. 

Modular development can be a potential approach to fur-
ther increase the multiplicity of CCMA with limited resource
consumption. Developing a 136-species assay for instance, we
can potentially optimize reactions by splitting into modules
(i.e. ∼20 species per module in one tube, with 7 total mod-
ules) before mixing for final unified fine-tuning. 

To demonstrate that Ct delays can be preserved when con-
solidating modules, we tested the 21-species CCMA panel in
the presence of an additional 168-amplicon Pan-Cancer PCR
assay targeting human genomic DNA ( 40 ) under different
primer ratio between two assays. This reference assay was de-
rived from SADDLE design algorithm and optimized for tar-
get specificity and primer dimer internally. Considering obvi-
ous difference in genome sequences between CCMA and Pan-
Cancer assays, there is no extra primer screening and primer
dimer analysis conducted before experiments. As shown in
Supplementary Tables S9 and S10 , for the detection of Staphy-
lococcus epidermidis, the Ct values for all three color chan-
nels remained highly consistent with or without the presence
of 168-plex assay primers, indicating the primer / blocker sys-
tem is working as expected without interference from back-
ground primers targeting other potential species. In addition,
the clean detection of target species confirmed the absence
of non-specific amplification and false positive probe signals.
These results provide evidence that a modular development
workflow is viable for expansive CCMA with computational
specificity screening of primer sequences. Rational primer de-
sign algorithm limits risks of primer cross-reactivity upon as-
say merging by optimizing primer interaction orthogonality in
advance to experiments. 

Despite that SADDLE algorithm successfully generated
primers for the 21-species panel shown in Figures 4 and 5
and offered potential in modular CCMA assay development,
the variation in the first Ct values for the different DNA tar-
gets suggest that these primers have different amplification ef-
ficiencies. The variations in first Ct values indicates the mul-
tiplexed design of the primer sequences for many targets po-
tentially limits the design of higher-plex CCMA assays. We
expect the variability in Ct values for distinct primers to in- 
crease at higher plexity; achieving 100-plex or higher single- 
tube qPCR assays will likely require additional research in 

multiplex primer design algorithms that result in more uni- 
form PCR amplification. 

We successfully applied CCMA 21-species pathogen detec- 
tion panel to clinical samples and the test results were cross- 
validated by ‘gold-standard’ Biomérieux microbial identifica- 
tion system. Overall, the identification results of two meth- 
ods showed a fairly good concordance (85%) regardless of the 
sample types variations. Compared to the bacteria incubation 

and detection methods, CCMA could identify the bacteria ex- 
istence in clinical sample without bacteria incubation, which 

could reduce the turnaround time from days to hours. More- 
over, the clinical sample volume requirements for CCMA as- 
says are substantially reduced versus traditional methods. The 
‘gold-standard’ Biomérieux microbial identification system re- 
quires three tubes of 8–12 ml whole blood for three bottles of 
blood culture. By comparison, CCMA provides rapid quanti- 
tative screening using < 200 μl of whole blood. This significant 
reduction in sample volume relieves the companion diagnostic 
burden. 

We envision CCMA assuming the role of NGS in mid-plex 

scenarios that require a large panel of targets, such as syn- 
dromic testing and companion diagnostic testing in cancer.
Currently available cancer companion diagnostic tests have 
turnaround times of 4–14 days ( 61 ,62 ). Turnaround time for 
CCMA is expected to be similar to that of routine qPCR as- 
says, potentially within the time frame of hours. Furthermore,
currently FDA-cleared adjunct tests, including the Biofire Fil- 
mArray, use multiplex PCR to detect multiple targets. How- 
ever, these tests can only confirm the presence of DNA targets.
CCMA can not only detect, but also quantify DNA targets 
and, therefore, can provide insight into bacterial load in sep- 
tic intensive care patients. 

As hypothesis-free NGS ( 63 ) is being increasingly applied to 

many areas of medicine, our knowledge of the DNA markers 
that contribute to disease is being becoming more complete.
For routine deployment of diagnostics to known DNA mark- 
ers, qPCR offers significant advantages in time, cost and ease- 
of-use. Here, CCMA offers another fascinating way to ad- 
vance the multiplicity of the routine qPCR using color permu- 
tation. CCMA and other approaches that can empower qPCR 

can accelerate the onset of a world with frequent and afford- 
able molecular diagnostic testing, improving patient outcomes 
through rapid and accurate guidance of optimal treatment. 
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