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Abstract

Quantitative polymerase chain reaction (QPCR) is limited in measuring absolute
nucleic acid copy numbers due to the inherent variability of calibrators. Here, we
introduce the Quantal PCR (quPCR), a novel method that eliminates the need for
calibrators by defining an intrinsic quantal unit derived from the thermodynamic and
kinetic properties of the replication system. This approach first determines
amplification efficiency at high template concentrations, which is then used as the
replication probability to construct quantification cycle (Cq) distribution profiles.
These profiles are compared with those from limiting dilution PCR to derive the Cq
value for the minimal quantal-replication unit (“quCq”), enabling calculation of the
sample copy number. Validation using a dual-target DNA template showed
near-identical copy numbers using two distinct target-specific replication systems.
Thus, qUPCR represents a new method for absolute nucleic acid quantification at the

single-molecule level, offering a calibrator-free alternative for absolute quantification.
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Rea-time quantitative PCR quantifies nucleic acids by comparing the
fluorescence-based quantification cycle (Cq) values of samples to calibrated
standards', yet its accuracy is limited by the calibrators' concentration measurements
(e.g., UV absorbance), which are susceptible to interferences”. Digital PCR provides
absolute quantification without calibration by partitioning samples and applying
Poisson statistics®, but it faces constraints including a limited dynamic range, partition

volume variability*, and potential deviation from Poisson distribution due to template

aggregation”.

Relative quantification presents another gPCR strategy, based on the following

equation®, where the ratio of sample copy numbers D is given:

D= (1+AE)"™ [1]

where ACq represents the difference of Cq at two different concentrations, and
amplification efficiency (AE) is defined as the fraction of template molecules copied
in each cycle’. However, it lacks an absolute reference unit and AE is usually not
exactly 100%, thus failing to provide accurate absolute quantification. Building upon
the relative quantification framework, we here developed an approach that precisely
determines AE and replaces the arbitrary calibrator with a quantal unit—the smallest
indivisible entity that represents a single-copy ssDNA molecule. We define the
guantal-replication unit Cg (quCq) as the theoretical replication cycle number at

which replication based on a single molecule reaches the fluorescence threshold.
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Substituting quCq into the relative quantification equation 1 yields the equation for

the absolute quantification of sample copy number Ns:

Ns = (1 + AE) (quCq —Cq sample) [2]

At the molecular level, amplification depends on the probability of a single
molecule being replicated—a stochastic process. In this study, we determined the AE
—conceptualized as the per-cycle replication probability—from the ACq between two
high-concentration samples. This probability, as an intrinsic property of the
replication system, exhibited remarkably low variability, providing a stable
foundation for extrapolation to the single-molecule level. The quCq was then
determined by matching the dominant peak (mode) of the experimental Cq
distribution from a limiting dilution assay to the smulated profile for a single

molecule.

The reliability of this method was tested using a dual-target DNA template, where
near-identical copy numbers were obtained from two independent replication systems.
Here, we present Quantal PCR (qQuUPCR), a method establishes a framework for
calibrator-free absolute quantification at the single-molecule level, with broad

potential utility in research and diagnostics.

We first sought to precisely determine the amplification efficiency (AE). In a

dilution experiment, the dilution factor (D) represents the ratio of concentrations
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before and after dilution, and ACq denotes the difference in Cq values between two

different dilutions. We first transformed the equation [1] into the following form:
AE = “YD -1 [3]

To illustrate the determination of the amplification efficiency AE, we performed
gPCR for the RNase P gene fragment (hereafter termed the “R system”, Table S1). A
50-fold dilution of the sample containing the fragment was used to determine Cq at
two different concentrations. We performed 10 independent experiments for this pair
of template concentrations, each with 48 gPCR replicates (Figure 1A). The AE was
calculated as AE = ““V50 — 1, yielding a mean value of 0.959 + 0.006 (SEM, n =
10). Nearly identical mean AE values were found when a 100-fold dilution (D = 100)
or a series of 5- and 10-fold dilutions were used (Figure 1B). Our method yielded
significantly lower standard deviation than the traditional calibration curve approach.
In this method, the AE detected across different dilution factors remains stable; we
therefore postulate that AE is a stable intrinsic property of the replication system
under stable thermodynamic and kinetic conditions. Consequently, to determine AE
accurately, it is essential to minimize the impact of two major stochastic error sources
prevalent at low copy numbers (<10%: binomial sampling error during dilution (Table
S2) and the probabilistic “all-or-none” initiation of replication in early cycles (Figure

S1, as described below).

Next, we employed a limiting dilution assay to determine the Cq value for

replication at extremely low template concentrations of ssDNA of the RNase P gene

5
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fragment, in order to identify the potential quantal unit of replication. We next
performed replication of ssDNA samples at limiting dilution in 96-well plates at the
concentration of ~1/3 of the wells were tested negative, based on the Poisson
distribution at the extremely low concentration (Figure S2, Table S3). A total of 960
gPCR assays were performed across ten 96-well plates, and Cq values of positive
reactions were plotted, and Gaussian smoothing was used to help the identification of

the peaks in the distribution patterns (Figure 1C).

Recognizing the quantized nature of nucleic acid molecules, we developed a
discrete mathematical model to simulate the amplification kinetics of the R system at
various concentrations. Under the condition of AE = 0.959, we simulated the
probabilistic replication process of each template molecule for specific starting copy
numbers until amplification reached (1+AE)® copies. Starting with a single template,
10° replication simulations were performed (Figure 1D). The threshold for all
simulations was set to a copy number of (1+AE)™% where the quantal-replication
unit Cqg (quCq = 38.34) represents the theoretical Cq value for a single copy, as
derived from the peak-matching calibration described below. The threshold
replication copy (1+0.959)*3**was then applied to the simulations for different initial
template numbers. The results of our simulations revealed skewed, multimodal Cq
distributions, with a narrow and sharp dominant peak, and with increasing skewness
and multimodality at lower template concentrations (Figure S1). The apparent

multimodal distribution in the Cq profile originates from the quantized replication of


https://doi.org/10.64898/2026.02.08.704629

bioRxiv preprint doi: https://doi.org/10.64898/2026.02.08.704629; this version posted February 9, 2026. The copyright holder has placed this
preprint (which was not certified by peer review) in the Public Domain. It is no longer restricted by copyright. Anyone can legally share, reuse,
remix, or adapt this material for any purpose without crediting the original authors.

the template. Figure 1F-I illustrates the probabilistic replication process for the single
initial template that yielded the four predominant peaks in the distribution profile in
Figure 1C, D: The highest peak corresponded to reactions in which all template
molecules are replicated in all first three cycles (Figure 1F), whereas the 2™, 3", and
4™ peak reflected a fraction (1-AE, or ~4%) replication failure in the 39, 2™ and 1%
cycle of replication (Figure 1G-1). The Cq values of the three highest peaks obtained
by simulations aligned well the profiles of the experimental results. This analysis
showed that quantal analysis at the limiting dilution allows the determination of

quantal unit of Cq.

Using the peak value of Cq distribution (CgP = 38.21) and the measured AE
(0.959 + 0.006) as inputs, we determined the quantal-replication unit Cq (quCq) via
stochastic modeling. The model iteratively refined a candidate quCq value until the
simulated dominant CgP aligned with the experimental CgP, yielding a final quCq of
38.34. This fundamental parameter represents the theoretical Cq expected for asingle
molecule to reach the detection threshold under the system's fixed AE, enabling

calibrator-free quantification via:

Ns = (1+AE) (quCq - Cq sample) — (1.959) (38.34 - Cgsample)
We aso simulated Cq distribution profiles for initial copy numbers from 1 to 7
(Figure 1E) and determined boundary values. This allowed us to "count” the initial
copy number in each well based on its Cq value (Table $S4). The sum of copy numbers

per plate was consistent with Poisson estimates from negative wells (Figure S3). We
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also observed a few reactions with Cq values higher than that of peak 4 (Figure $4).
We hypothesized that 50 cycles of PCR followed by 80 cycles of linear PCR on a
~300-base template introduced stochastic mutations in primer or probe binding sites,
causing delayed Cq. Sequencing of these deviated products confirmed mutations in

the probe binding site (Figure S5).

The entire methodology was also applied to the gPCR system for the HER2 gene
fragment (hereafter referred to as the “H system”, Table S1). The skewed multimodal
Cq distribution and stochastic amplification nature were reproduced, confirming the
genera applicability of quPCR. An AE of 0.954 + 0.006 and a quCq of 38.64 were

determined (Figure S6).

To assess the accuracy of the qUPCR method, we performed a ratio recovery
experiment on a synthetic DNA template with a predefined 1:1 stoichiometry of two
replication targets (RNase P and HER2) across five concentrations, using two
different replication systems. The measured ratios were consistently close to 1 (1.022
+ 0.035, SEM, n = 5; Table S5), demonstrating the high accuracy and robustness of

the quPCR method in the absence of an absolute certified standard.

A fundamental problem of conventional qPCR is that its accuracy hinges upon
external calibrators. We surmised that AE is an intrinsic property of the replication
system. It remains constant over template concentration corresponding to Cq of 18 to
25, within the linear dynamic range of replication where the depletion of substrate

(e.g., primers, dNTPs) and temperature-dependent changes in template structure
8
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distributions is negligible. Thus, a relatively high initial template concentration could
be used to calculate AE, which can then be used to estimate the quantal unit of

replication viathe determination of quCq.

Once the low- and high-concentration samples reach equal template copy
numbers during replication, their subsequent replication kinetics converge. Therefore,
achange in amplification efficiency (AE) by the time the Cq threshold is reached does
not affect ACq measurement. Circular or long nucleic acid templates may lower
early-cycle amplification efficiency due to secondary structures, potentialy
underestimating initial copy numbers®®. However, this structural effect diminishes in
later cycles, where efficiency is determined by the shorter amplicon. Moreover, when
such templates are used in a calibration curve, their structure systematically affects Cq
values across all dilutions, and this effect is canceled out in ACg-based AE

caculations.

With determining the AE, we anchored the Cq scale to the single molecule-the
fundamental quantal unit - through limiting dilution and stochastic modeling. This
was achieved via a “peak-matching” strategy, where the sharp dominant peak of the
experimental Cq distribution was matched to the simulated profile for a single
molecule. This confers the dual practical benefits of reducing the burden of
experimental replication and providing robustness against outlier data points. The
resulting quantification equation, Ns = (1 + AE)®<1-C15™19  renresents a powerful

differential measurement. Here, the quCq constant encapsulates and cancels out the
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complex kinetics of amplifying a single target molecule to the fluorescence threshold,

through its comparison with the sample Cq.

Furthermore, qUPCR redefines key metrological concepts of gPCR. It establishes
the single molecule as the unambiguous limit of detection (LOD)™. Positivity is
determined not by an arbitrary Cq cutoff but by the characteristic Cq distribution of

this minimal unit, inherently accounting for the stochasticity of amplification.

Our quPCR approach represents a fundamental reconceptualization of nucleic acid
quantification. It achieves a paradigm shift by replacing dependence on external
calibrators with an intrinsic, self-calibrating framework based on system-specific
constants, thus redefining the core principles of measurement itself without
introducing new reagents or instruments. We anticipate this accessible yet powerful
framework will be applicable for many precise molecular measurements from nucleic

acids to proteins and beyond.
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Figure 1. Amplification efficiency (AE) determination A) Fluorescence curves
from a 96-well plate containing ~10° copies/mL template and its 50-fold dilution (48
wells each). B) The AEs were measured for each dilution factor with 5 experimental
replicates, which showed no statistically significant differences among the groups
(pooled t-test). C) The Cq distribution from 960 gPCR assays of limiting dilution of

ssDNA, with Gaussian smoothing shown in red. Peaks 1 — 4 correspond to those in
13
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panel D. D) Simulation of the Cq distribution for a single sSDNA template copy. The
red curve shows the Gaussian-smoothed result. E) Cq distributions for 1 — 7 initial
templates (numbered 1 — 7). F-1) Mechanism underlying the main peaks in the Cq
distribution profile for a single-copy template. Panels F, G, H, and | show the

formation of peak 1, peak 2, peak 3, and peak 4 in panels C and D, respectively.

14
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Supplemental Information

Materialsand Methods
Oligos, Reagents and Equipment

The templates used in this study were synthesized by Map Biotech (Shanghai,
China). Primers and probes were synthesized by Takara Bio (Dalian, China). All
sequences are provided in Table S3. Other gPCR reagents including the reaction
buffer, INTP mixture, TagHS DNA polymerase were purchased from Takara and the
Low-adhesion gPCR 96-well plates and pipette tips were purchased from Corning
(NY, USA). All gPCR experiments were performed on a SLAN-96S real-time gPCR
machine from Hongshi Medical (Shanghai), with the relative fluorescence threshold

set at the instrument-recommended value of 0.12 unless otherwise specified.

gPCR and linear PCR protocols

All PCR amplifications were performed in a 25 pL total volume containing: 2.5
uL PCR Buffer (Takara), 1 uL of 2.5 mM dNTP mixture, 1 uL of TagHS (1 U/uL),
and 5 uL of template. The standard thermal profile was: initial denaturation at 95 °C
for 10 min, followed by cycles of 30 s a 95 °C and 60 s at 60 °C, unless otherwise
specified. The specific composition and any modifications for each application are
detailed below:
gPCR reactions for the RNase P (R) and HER2 (H) gene systems each contained 0.2
uL of the respective TagMan probe and 0.4 uL each of the corresponding 10 uM

forward and reverse primers. For the R system only, the annealing/el ongation step was

15
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extended to 90 seconds.

Template Preparation (for both R and H systems):

Regular PCR (dsDNA template): Reactions contained 0.4 pL each of the relevant
10 uM forward and reverse primers.

Linear PCR (ssDNA template): Reactions contained 0.04 puL of the relevant 10

uM reverse primer only (no forward primer).

AE determination

For the measurement of Amplification Efficiency (AE), synthetic DNA fragments
encompassing the target regions of the human RNase P gene (for the R system) or the
HER2 gene (for the H system) were synthesized and cloned into the pUC57 plasmid.
These constructs served as the defined templates for subsequent AE determination
experiments.

The AE for each qPCR system was determined within the linear dynamic range of
replication (Cq 18-25), which corresponds to initial template concentrations of
approximately 10° to 10* copies per reaction as established by quPCR.

AE was assessed using multiple, independent dilution schemes for both systems.
For the R system, the following were prepared from a high-concentration stock (~10°
copies/mL, Cq = 18): (i) single-step 50-fold and 100-fold dilutions, and (ii) multi-step
5-fold (three steps) and 10-fold (two steps) seria dilutions. For the H system, the
single-step 50-fold dilution was performed. To control sampling error at this initial

stage, each dilution scheme was performed with a consistent number of 5 independent

16
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replicates, generating independent template of different dilutions for gPCR. Although
the mean amplification efficiency (AE) values measured at different dilution factors
showed no significant differences (Figure 1B), the 50-fold dilution offers greater
operational convenience.

In the qPCR assay, each template concentration from the above dilutions was first
thoroughly mixed with a master mix. This homogeneous pre-mixture was then
aliquoted into a defined number of technical gPCR replicates.

The minimum number of replicates (n) required to ensure with > 99% probability that
the sample mean deviates by less than a defined tolerance (o) from the expected value

(« = N-p) is derived from the following condition (based on binomial distribution):

99

8
PlI1ZI<—————=]2>0.
( \/H(l—P)/\/ﬁ>

Where Z, 495 = 2.576, N isthe total template number in the master mix aliquot, and
p is the sampling probability.

For the 50-fold dilution of the R ystem, using a stock with N = 500,000 molecules
and setting the tolerance 6 = 100 copies from the expected ¢ = 10,000, solving the
equation yields n > 6.5. Therefore, at least 7 technical replicates are required to meet
this precision goal. Our experimental design used 48 replicates for this concentration
point, substantially exceeding the statistical minimum to ensure sampling error was
rendered negligible.

For al other dilution schemes (100-fold, 5-fold series, 10-fold series for R, and

17
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50-fold for H), the required minimum number of technical replicates (n) for each
concentration point was similarly calculated based on its specific N, p, and precision
goal (9). The actual number of replicates used (e.g., 48 for single-step dilutions, 16 or
24 for steps within seria dilutions) was chosen to meet or far exceed the respective
calculated minimum in each case, thereby robustly controlling sampling variability
across the entire study.

The method for calculating AE depended on the dilution scheme:

o For single-step dilutions, the ACq for each independent dilution replicate was
calculated and applied to the formula: AE = DY - 1, where D is the dilution
factor.

o For multi-step serial dilutions, AE was derived from the slope of the linear
regression of Cq values plotted against the logarithm (base D) of the dilution
factor across all steps within that series.

The final reported AE for each system and dilution scheme represents the mean

and standard error calculated across al independent dilution replicates. This
statistically-grounded approach ensures that the derived AE is a precise and stable

estimator of the system's intrinsic replication property.

Cq distribution profiles at limiting dilution and simulated quantal analysis

In the limiting dilution assay, a total of ten 96-well plates were used, and the Cq
values from al positive replicates were employed to construct the Cq distribution

profile. The distribution was divided into 1800 equally spaced bins, as shown in
18
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Figure 1C. Gaussian smoothing with a sliding window width of 0.15 cycles was then
applied to get the low noise distribution (red line in Figure 1C). The most prominent
peak (marked with 1) corresponding to all ssDNA amplified in the first three cycles
(Figure 1F) and three other major peaks (marked with 2 - 4) corresponding to one
ssDNA not amplified in thefirst 3 cycles (Figurel G - |) were observable.

A model for extraction of the Cq distribution profiles was established. Briefly, in
cycle 1 - 20, the stochastic nature of gPCR was fully considered when judging the
AE-dependent amplification of each ssSDNA molecule. A random value in the range of
0-1 was generated for each copy of ssDNA at the beginning of these cycles. When this
value < AE (0.959), an amplification event was called. When this value > AE, failure
in amplification was called. The copy number of templates in each reaction can be
calculated cycle by cycle. The copy number at the end of cycle 20 was determined to
be Nzo. This process was repeated 1x 10° times to generate 1x 10° Ny values. To
accelerate the modeling, starting from the 21% cycle, where contribution to the Cq
variation from individual sSDNA templates is much less significant, the threshold
copy number Ngcq= (1+AE) ““9= 1.959%% was used to determine 1 x 10° possible
Cq values with the formula, Cq = 1g(Nqucq /Nao) / 1g(AE+1) + 20 — 1 = 1g(1.959%%%
/N2o) /1g(1.959) + 19. It was noted that 38.34, a value obtained in a practical system
(see below) was given as the quCq value. The distribution histogram was plotted with
the Cq data divided into 1000 equal-width bins, as shown in Figure 1D. Gaussian
smoothing with a width equal to one-tenth of the 90% data range was applied to

remove noise (red line in Figure 1D). The peaks labeled with numbers 1 — 4 in Figure
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1D correspond to the four scenarios illustrated in Figures 1FI. Similar processes
were carried out for 1 — 7 ssDNA templates in Figure 1E and 2 — 10000 ssDNA
templates in Figure S1. A symmetric, approximately Gaussian distribution emerged at
initial template numbers above ~100 molecules (Figure S1F-H). The spread of the Cq
distribution profile al'so narrowed progressively with increasing template number. The

scripts for this modeling are provided in the supplementary data.

Linear PCR to generate sSDNA template

An insert containing an RNase P, Gastrin and HER2 gene fragment in tandem
were synthesized and cloned into the pUC57 vector, forming the plasmid pUC57RGH.
This plasmid was used as template with primer pairs 1F-1 and 1R-1 for PCR
amplification of linear dSDNA containing the RNase P fragment, and with primer
pairs 2F-1 and 2R-1 for dsDNA containing the HER2 fragment, as shown in Table S3.
These two PCR products were then diluted and used as template for linear PCR to
generate ssDNA using a unidirectiona primer 1F-1 and 2F-1 respectively. The linear

PCR product was then subjected to limiting dilution for gqPCR assays.

Comparison of guPCR quantitation with Poisson distribution

We modeled the Cq distribution profiles for initial copy number from 1 to 7 as

described above (Figure 1E), and determined these boundary values. The boundaries

20
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of copy number are defined by the intersection points of the distribution outlines.
These values, along with the false alarm and false rejection rates, are listed in Table
$4 and used for the determination of the initial copy numbers in each of the gPCR
assays following limiting dilution, which were also compared with Poisson

distribution estimation (Figure S3, Table S2).

Ratio deter mination between binary targets

DNA fragments containing the RNase P and HER2 genes were synthesized and
cloned into a pUC57 vector. The resulting plasmid was used as a template for PCR
amplification of a 327 bp fragment containing both targets (Table S3). This PCR
product was then diluted to roughly 10° copies/mL, approximately corresponding to a
Cq of 19, A serial five-fold dilution with TE buffer (1 mL sample into 4 mL TE) was
performed to generate QUPCR templates. qUPCR quantitation of both targets upon
measuring their AE and quCq values were carried out for each concentration. The
ratio of the two targets at each dilution was compared to a theoretical 1:1 value and

standard deviation was calculated (Table S5).
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Figure S1. Computational simulation for the Cq distribution profiles of 100,000
gPCR assayswith a ssDNA template. A-D) Initial copy numbers of the sSDNA
template: 1, 2, 4, and 8 respectively; E-H) Initial copy numbers of the sSDNA
template: 16, 100, 1000, and 10000 respectively. With increasing template copy
number, the Cq distribution narrowed progressively, such that beyond 10,000 copies,
the stochastic fluctuation arising from quantal replication was restricted to a range of

less than 0.02 (Cq value).
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Figure S2. Schematic diagram showing template preparation for qPCR assays
with a single copy ssDNA by linear PCR and limiting dilution. The plasmid
pUC57RGH was used as template with primer pairs 1F-1 and 1R-1 for PCR
amplification of linear dsSDNA fragment containing an RNase P fragment, while the
plasmid pUC57RGH was used as template with primer pairs 2F-1 and 2R-1 for
dsDNA fragment containing a fragment. These two PCR products were then diluted
and used as template for linear PCR to generate sSDNA using a unidirectional primer
1F-1 and 2F-1 respectively. The linear PCR product was then subjected to limiting

dilution for qUPCR assays.
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Figure S3. Comparison between quPCR and Poisson distribution estimation. The
observed replicate well data (red) were obtained from ten 96-well plates, with the
number of templates per well ranging from O to 6. Of the 960 replicate wells, 270
were negative, while the remaining wells contained a total of 1,252 templates. The
average copy number per well was calculated based on the proportion of negative
wells, and equal to -In(270/960) = 1.269. The expected numbers of wells containing O
to 6 templates were then derived from the Poisson distribution (blue). The chi-square
goodness-of-fit test results (¥3(5) = 3.677, p = 0.597) indicate no significant deviation
of the experimental data distribution from the Poisson distribution. The null
hypothesis that the data follow a Poisson distribution cannot be rejected at the o =

0.05 significance level.
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Figure $4. Fluorescence curves of qPCR assaysin a representative 96-plate with
ssDNA template limiting dilution analysis. Interestingly, we also observed a few
gPCR fluorescence curves with Ct values higher than peak #4 (Figure 1C, D). This
frequency might higher than the expected frequency of amplification abortion in
multiple early cycles based on the known AE value. The fidelity of Tag polymerase
used in our assays was reported to be as high as 0.01%, and could be compromised
with increasing PCR cycles™ 2. Fifty cycles of PCR followed by 80 cycles of linear
PCR with a template of ~100 bases long are expected to introduce stochastic mutation
in each 96-well plate, which, when occurs at either the primer or probe binding site,
will result in adeviated Ct value. Cloning the gPCR product followed by sequencing
revealed mutations in the probe binding site (Figure S5). By contrast, a mutation

occurs at the primer binding site is not detectable by sequencing the PCR product.
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Probe
AAGGTCTGAGACTAGGGCCAGAGGCGGCCCTAACAGGGCTCTCCCTGAGCTTCGGGGAGGTGAGTTCCCAGAGAA

GARAGTCTGAGACTAGGGCCGGAGGCGGCCCTAACAGGGCTCTCCCTGAGCTTCGGGGAGGTGAGTTCCCAGAGAR
TGAGTCTGAGACTAGGGCCAGAGGCGGCCCTAGCAGGGCTCTCCCTGAGCTTCGGGGAGGTGAGTTCCCAGAGARA

Figure S5. Sequencing results of the gPCR productsin assayswith deviated Cq
valuesrevealing errorsin the probe binding area. The mutated base(s) within the

probe region of the two PCR products are highlighted with red characters.
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Figure S6. Cq distribution profiles for HER2-containing single copy ssDNA. A)
The Cq distribution profile of 960 gPCR assays with a ssDNA template following

limiting dilution of the template. The red curve shows the Gaussian-smoothed result.
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Table Sl | Oligonucleotides used in this study.

Oligos | Sequence (5' to 3') Application

AATGGGCGGAGGAGAGTAGTCTGAATTGGGTT
ATGAGGTCCCCTGCGGGGTACCTCACCTCAGC
CATTGAACTCACTTCGCTGGCCGTGAGTCTGT
TCCAAGCTCCGGCAAAGGAGGCATCCGCCGG
GCCCCTCCCCGAAGGGCGGGGTCCACGGCATC | A fragment of human RNase P

T 1CCTGCCCAGTCTGACCTCGCGCGGAGCCCEE | 9enomic sequence, used asthe

template for R system
TTCTCTGGGAACTCACCTCCCCGAAGCTCAGG

TCTCAGACCTTCCCAAGGGA
-CGCACTCAGCTCGTGGCCCCACT
1F-1 | AATGGGCGGAGGAGAGTAGT Forward primer for R system
1R-1 | ACTTTTTCCCATAGGGCGGA Reverse primer for R system
1F-2 | CGTTCTCTGGGAACTCACCT Forward primer for R system
1R-2 | TCCTGTCACTCCACTCCCAT Reverse primer for R system
1P | FAMPAGCCCTGTTAGCGCCCCCTCTEETAMRA | Probe for R system

TTCTTTCTTGTCCCCAGAGTGGCGGTGGGGAC

CTGACACTAGGGCTGGAGCCCTCTGAAGAGG
A fragment of human HER2
AGGCCCCCAGGTCTCCACTGGCACCCTCCGAA
2T genomic sequence, used asthe
GGGGCTGGCTCCGATGTATTTGATGGTGACCT
template for H system
GGGAATGGGGGCAGCCAAGGGGCTGCAAAGC

CTCCCCACACATGACCCCAGCCCTCTACAGCG
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Oligos | Sequence (5' to 3') Application

GTACAGTGAGGACCCCACAGTACCCCTGCCCT
CTGAGACTGATGGCTACGTTGCCCCCCTGACC
TGCAGCCCCCAGCCTGGTATGGAGTCCAGTCT
AAGCAGAGAGACTGATGGGCAGGGGAGGTGG

GACCTTCAGECCAGEETCCACTETGEEEECA

GAGGGAGTGGCAGAGACACCGGGGTTEEHIS
CeCTARTEEETIGAGET TCTCTTGACCTTTCAGA
ATATGTGAACCAGCCAGATGTTCGGCCCCAGC
CCCCTTCGCCCCGAGAGGGCCCTCTGCCTGCT
GCCCGACCTGCTGGTGCCACTCTGGAAAGGCC

CAAGACTCTCTCCCCAGGGAAGAATGGGGTC

GTCAAAGACGT
2F-1 | TTCTTTCTTGTCCCCAGAGTGG Forward primer for H system
2R-1 | ACGTCTTTGACGACCCCATT Reverse primer for H system
2F-2 | CTAAGCAGAGAGACTGATGGGC Forward primer for H system
2R-2 AGGTGACCCATTAGGGGAAGG Reverse primer for H system
2P | FAMFAGCCCAGGGTCCACTGTCEEEETAMRA | Probe for H system

CGTTCTCTGGGAACTCACCTCCCCGAAGCTCA
GGGAGAGCECTETTAGEEECEECTCIGECCCT
AGTCTCAGACCTTCCCAAGGGACHEIGEBEAGIEE | A DNA fragment containing
BAGTEACGAGEACGCACCTCTACAGCGGTACA | both the human RNase P and
GTGAGGACCCCACAGTACCCCTGCCCTCTGAG | HER2 genomic sequences was
* ACTGATGGCTACGTTGCCCCCCTGACCTGCAG | used as the template for the
CCCCCAGCCTGGTATGGAGTCCAGTCTAAGCA | dual-target gPCR (RH)
GAGAGACTGATGGGCAGGGGAGGTGGGACCT | system.

TCAGCCCAGEETCCACTEIGEEEECAGAGGG

AGTGGCAGAGACACCGGGGTTECTICCCCIAA
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Oligos | Sequence (5' to 3') Application

1F-2 | CGTTCTCTGGGAACTCACCT Forward primer for RH system
1R-2 | TCCTGTCACTCCACTCCCAT Reverse primer for RH system
1P | FAMPAGCCCTCTTAGCCCCECCTCTCEAMRA | Probe for RH system
2F-2 | CTAAGCAGAGAGACTGATGGGC Forward primer for RH system
2R-2  AGGTGACCCATTAGGGGAAGG Reverse primer for RH system
2P | FAMFAGCCCAGGCTCCACTCTCGEEEETAMRA | Probe for RH system
NOTE:

1. The primer pairs for larger fragment amplification are labeled in yellow and green, while the
primer pairs for smaller fragment amplification are labeled in cyan and purple. The probes are
labeled in gray.

2. The target of R System is an RNase P gene fragment, and the primers used are 1F-1, 1R-1,
1F-2, and 1R-2. The template including limiting dilution template is 1T.

3. Thetarget of H System is a HER2 gene fragment, and the primers used are 2F-1, 2R-1, 2F-2,
and 2R-2. The template including limiting dilution templateis 2T.

4. The binary targets of RH System are RNase P and HER2 gene fragments, and the primers

used are 1F-2, 1R-2, 2F-2, and 2R-2. The templateis 3T.
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Table S2 Binomial distribution of sampling and dilution across multiple stocks

Within 99% confidence inter val
Initial Dilution | Expected Replicates needed for
copy fold copy Copy Average/Expected:
(0.995-1.005)
500000 50 10000 9745-10256 7
1000000 10 100000 99228-100773 1
500000 10 50000 49453-50547 2
50000 10 5000 4827-5173 14
5000 10 500 446-555 120
500 10 50 33-68 1327
50 10 5 0-11 11945

The binomial sampling error inherent in serial dilution. It quantifies the expected copy
number variation and the minimum technical replicates required to ensure (with >99%
confidence) that the mean measured concentration deviates by less than 0.5% from
the expected value after dilution. The required number of replicatesis calculated, for
instance, diluting from 500,000 to 10,000 copies requires 7 technical replicates at

|east.
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Table S3 Poisson distribution with various average copy numbers

Average copy#
per well
05 1 15 2 25 3 4
Expected
copy# per well
0 60.65% | 36.79% | 22.31% | 13.53% 8.21% 4.98% 1.83%
1 30.33% | 36.79% | 3347% | 27.07% | 20.52% | 14.94% 7.33%
2 7.58% 18.39% | 25.10% | 27.07% | 25.65% | 22.40% | 14.85%
3 1.26% 6.13% 1255% | 18.04% | 21.38% | 22.40% | 19.54%
4 0.16% 1.53% 4.71% 9.02% 13.36% | 16.80% | 19.54%
5 0.02% 0.31% 1.41% 3.61% 6.88% 10.08% | 15.63%
6 0.00% 0.05% 0.35% 1.20% 2.78% 5.04% 10.42%

The theoretical probability of finding a given number of template copiesin areaction
well at different average concentrations (A) from 0.5 to 4. It was used to guide the
dilution factor for the limiting dilution assay. Notably, across a broad range of
average copy numbersfrom A=0.5to A=1.5 — where the expected percentage of
negative wells varies from about 60% to 20% — the theoretical proportion of wells

containing exactly one molecule remains consistently around 1/3.
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Table $4 Correlation of Cq valueswith initial copy numbers

Initial copy number Cq Falsecalarm rate Falseregectionrate Accuracy

6 35.55-35.81 13.49% 11.31% 75.20%
5 35.81-36.12 9.69% 7.99% 82.32%
4 36.12-36.52 6.42% 4.67% 88.91%
3 36.52-37.10 3.76% 1.89% 94.36%
2 37.10-38.07 1.47% 0.45% 98.09%
1 38.07-50.00 0.30% 0.01% 99.68%
0

The boundaries for inferring the initial number of template molecules in a reaction
based solely on its measured Cq value.

Cq column: Defines the Cq value interval assigned to each initial copy number (1 to
6). Reactions with Cq < 35.55 contain >6 copies and are not individually resolved by
this "counting" method.

False Alarm Rate: The probability that a well containing the lower initial copy
number (e.g., 1 copy) yields a Cq value that falls within the range assigned to the
higher copy number bin (e.g., 2 copies).

False Rejection Rate: The probability that a well containing the higher initial copy
number (e.g., 2 copies) yields a Cq value that falls within the range assigned to the
lower copy number bin (e.g., 1 copy).

Accuracy: The probability that a well with the stated initial copy number yields a Cq
value within the correct interval.

This mapping enables the direct "digital counting” of molecules from Cq values

obtained in limiting dilution experiments. The sum of counted molecules per plate
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agreed with Poisson estimates derived from the fraction of negative wells,

cross-validating the quPCR quantification framework.
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Table S5 quPCR quantitation of binary targets and their ratio determination

Template H Cq R Cq H copy R copy H/R H/R
H/R

Dilution (Average) (Average) numbers numbers (Mean) (SD)
1 19.08 18.90 490040 478137 1.025
2 21.46 21.27 99223 96995 1.023

3 23.83 23.62 20276 19935 1.017 1.022 0.035
4 26.23 25.94 4073 4209 0.968
5 28.62 28.47 824 765 1.078

H: HER2 gene, R: RNase P gene
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Probe
AAGGTCTGAGACTAGG CAGAGGCGGCCCTAACAGGGCTLTCCCTGAGCTTCGGGGAGGTGAGTTCCCAGAGAA

GAAGTCTGAGACTAGGGCCGGAGGCGGCCCTAACAGGGCTCTCCCTGAGCTTCGGGGAGGTGAGTTCCCAGAGAA
TGAGTCTGAGACTAGGGCCAGAGGCGGCCCTAGCAGGGCTCTCCCTGAGCTTCGGGGAGGTGAGTTCCCAGAGAA
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