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(57) Abstract: High throughput personal genomic testing has cre-
ated a need for robust quality control mechanisms to track sample
identity, reagent integrity, and other factors with significant influ-
ence on assay performance. A method of massively parallel se-
quencing using an accompanying barcoded molecular standard en-
ables one to track nucleic acid analytes to identify them by project,
lot, batch, or patient. The molecular standard contains sequences
present in the analyte, allowing it to be processed simultaneously
without any other additional reagents. Within the molecular stan-
dard, a calibrator sequence permits assessment of fidelity of se-
quence determination. Additional sequences in the molecular stan-
dard may be used to manipulate the molecular standard separate
from the analyte. The molecular standard can be used to bench-
mark sequencing platforms and assess error rates.
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BARCODED MOLECULAR STANDARDS

BACKGROUND OF THE INVENTION

{60601} The workflow encompassing massively parallel sequencing (MPS) of diagnostic testing is
traught with opportunities for processing errors to occur. Errors can cccur during sample transport,
transter of samples among multiple containers, processing steps such as library preparation, PCR

amplification, sequencing runs, and when reporting results.

{06002} There is a need in the art for methods and tools that will allow for identification and
correction of errors in sample identification, processing steps, and sequencing steps associated with

MPS processing.

BRIEF SUMMARY OF THE INVENTION

{8003} One aspect of the invention is a method of amplifving a sequencing template in the presence
of a calibrator molecule. A plurality of reaction mixtures are formed by mixing together in each
reaction mixture: a DNA polymerase; a DNA analyie of a patient sample; a pair of primers
complementary to a first and a second strand of the DNA analyte at respective ends of a region to be
amplified of the DNA analyte; and a calibrator DNA molecule. The calibrator DNA molecule
comprises: two non-contiguous regions which are respectively complementary on opposite strands
to the pair of primers; a unique molecular barcode which 1s unique to a specific patient sarople, a
specific set of patient samples, a specific project, a specific batch, or a specific lot; and a calibrator
region which is distinct from the region to be amplified of the DNA analvte. The unique molecular
barcode and the calibrator region are between the two non-contiguous regions. The reaction

mixture is incubated under conditions in which the region of the DNA analvte i3 amplified, forming
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at least two amplification products. A first amplification product comprises the region of the DNA
analyte and a second amplification product comprises the calibrator DNA region. The calibrator

DNA molecules in the plurality of reaction mixtures comprise distinet unique molecular barcodes.

{8004] Anocther aspect of the invention is a kit comprising (a) a plurality of calibrator DNA
molecules and (b} a pair of primers. The pair of primers is complementary to a first and a second
strand of a DNA analyte at respective ends of a region to be amplified of the DNA analyte. The
calibrator DNA molecule comprises: two non-contiguous regions which are respectively
complementary to the primers on opposite strands; a untque molecular barcode which is unique to a
specific patient sample, a specific set of patient samples, a specific project, a specific batch, or a
specific lot; and a calibrator region which 1s distinet from the region of the DNA analyte to be
amplified, wherein the unique molecular barcode and the calibrator region are between the two non-
contiguous regions. The calibrator DNA molecules in the plurality comprise distinct unique

molecular barcodes.

{8005] Yet another aspect of the invention s a plurality of sequencing reaction product mixtures.
Each sequencing reaction product mixture comprises: an amplified calibrator DNA molecule; and
an amplified DNA analyte. The DNA analyte and the calibrator DNA molecule share common 5’
and 37 sequences of at least 15 nt. The DNA analyte comprises from 1-200 nt between the common
57 and 37 sequences. The amplified calibrator molecule comprises a unique molecular barcode
which is unique a specific patient sample, a specific set of patient samples, a specific project, a
specific batch, or a specific lot; and a calibrator region whose sequence is distinct from the 1-200 ot
between the common 5 and 3’ sequences of the amplified DNA analyte. The unique molecular
barcode and the calibrator region are between the cormmon 57 and 37 sequences on the amplified
calibrator DNA molecule. The calibrator DNA molecules in the plurality of sequencing reaction
product mixtures comprise distinct unique molecular barcodes. The plurality of sequencing reaction

product mixtures may be a single project or from a single patient, for example. The plurality of
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sequencing reaction product mixtures may be contained in a single container, single sequencing

apparatus, single laboratory, or single room.

[60606] Sull another aspect of the wnvention is a plurality of compositions, each composition
comprising {a) a calibrator DNA molecule and (b) a pair of primers. The pair of primers is
complementary to a first and a second strand of a DNA analyte at respective ends of a region to be
amplified of the DNA analyte. The calibrator DNA molecule comprises: two non-contiguous
regions which are respectively complementary to the primers on opposite strands; a unique
rmolecular barcode which is unique to a specific patient sample, a specific set of patient samples, a
specific project, a specific batch, or a specific lot; and a calibrator region which is distinct from the
region of the DNA analyte to be amplified. The unique molecular barcode and the calibrator region
are between the two non-contiguous regions. The calibrator DNA molecules in the plurality of
compositions comprise distinct unique molecular barcodes. The plurality of compositions may be

contained in a single container, single sequencing apparatus, single laboratory, or single room.

18007] Another aspect of the invention is a plurality of sample collection vessels each of which
contains a calibrator DNA molecule to identify a collected sample. The calibrator DNA molecule
comprises: two non-contiguous regions of the calibrator DNA molecule which are each
complementary to two non-contiguous regions of a region of a DNA analyte in the collected
sample; a unique molecular barcode which 1s unique to a specific patient sample, a specific set of
patient samples, a specific project, a specific batch, or a specific lot; and a calibrator region which is
distinct from the region of the DNA analyte to be amplified. The unique molecular barcode and the
calibrator region are between the two non-contiguous regions. The calibrator DNA molecules in the
plurality of vessels comprise distinct unique molecular barcodes. The plurality of sample collection
vessels may be contained in a single container, single amplification or sequencing apparatus, single

laboratory, or single room.
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[8008] These and other aspects of the invention which will be apparent to one of skill in the art
trom the disclosure, provide the art with a simple means to control for many different types of errors

which may occur in a scheme of massively parallel sequencing.

BRIEF DESCRIPTION OF THE DRAWINGS

{6009] FIG. | shows a basic design for a calibrator DNA molecule.

{6010] FIG. 2 shows a design for a calibrator DNA molecule with additional features {priming sites)

for additional functionality.

{6011] FIG. 3 illustrates how a calibrator DNA molecule permits in-process quality control

checking of DNA amplification.

[6012] FIG. 4 itlustrates how a calibrator DNA molecule permits in-process quality control

checking of PCR Purification.

DETAILED DESCRIPTION OF THE INVENTION

{6013] The inventors have designed a calibrator DNA molecule that can be used for processing with
analyte samples in the same vessel. Thus the fate of the calibrator BDNA molecule and the analyte
are close to identical. The calibrator DNA molecule can be used to assess, for example,

amplification errors, purification failures, and sequencing errors. A calibrator BDNA molecule may
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be double stranded or single stranded. It is preferably the same length or close to the same length as

an analyte amplicon.

{6014] The calibrator DNA molecule may be within 10, 100, 250, 500 or 1000 nucleotides of the
length of the analyte. In absolute terms it may be, for example, 20-50, 50-200, 200-500, or 500 to
4000 nucleotides in length. The calibrator DNA molecule {overall, or particularly in its calibrator
region) may be designed to be similar or distinct in GC countent from the analyte. It may have, for
example, overall or particularly in its calibrator region, within 5%, 10%, 15%, 25%, 50% or 75% of
the GC content of the analyte. In absolute terms, it may have 5%-25%, 25%-45%, 45%-65%, 65%-

85%, or 85-95% GC content overall or within its calibrator region.

{0015] The unique molecular barcode that forms a part of the calibrator DNA molecule typically
will have a distinct sequence from the analyte region to be amplified. The barcodes may be, for
example, 2, 3,4,5,6,7, 8,9, 10, 15, 20 nucleotides in length. The barcode sequences are not the
same as the calibrator region sequences or the DNA analvte sequences, or the same as adjacent
sequences to the calibrator region sequences or the DNA analyte sequence. Typically the unique
molecular barcodes will vary from one calibrator DNA molecule to another. Thus in a population
of calibrator DNA molecules, reaction mixtures, product mixtures, or sample receptacles, the unique
molecular barcode is a region of sequence variety that will distinguish one patient sample, project,

batch, or lot from another.

18016] DNA polymerases which may be used in the invention are any which are typically used in
the course of preparation of samples for massively parallel sequencing. Typically a high fidelity
polymerase is desired so that a minimum of unwanted errors are introduced during processing,
Amplification that is performed as part of the pre-sequencing processing may be a temperature

cycling or isothermal variety.

{0017] Any suitable receptacle or vessel for samples, sample preparation, amplification,

purification, and sequencing may be used. These may include tubes, wells, vials, micro-channels,



WO 2019/161031 PCT/US2019/017973

etc. The material from which the receptacles are made may be any which are employed in the art,

including glass, plastic, silicon, metal, etc.

[6018] The components of the calibrator DNA molecule can be considered as a linear arrangement
of component units. “Between” denotes that a component is before a first element and after a
second element 1n the near arrangement. “Surrounding” denotes the converse, 7.e., that one
component occurs before and a second component occurs after the surrounded element. The term
“flanking” may be considered as a type of “surrounding,” in which the elements are adjacent and

abut each other in the linear arrangement.

{0019} A kitis a packaged assemblage of elements that can typically be used together. Often the kit
will come with or be associated with instructions that provide details on how to use the elements in
a process or unified set of processes. Elements in a kit may be separately packaged or be mixed in a
single package. Reagents and/or tools and devices may be including, including vessels, measuring
devices, reconstituting buffers, enzymes, reaction bufters, lyophilized DNA etc. Some kits
according to the invention may comprise primers and a calibrator DNA molecule. Others
components may be included. Some kits may comprise a plurality of sample collection vessels with

calibrator DNA molecules pre-allocated to vessels or not.

{06028] A calibrator DNA molecule has features which permit a nmumber of useful applications.

The unigue molecular barcode enables a practitioner to identify individual patients, projects,
batches, and/or lots. This feature permits the confirmation of identities when a test report is
generated. Primers are complementary to the analyte and to segments or regions of the calibrator
DINA molecule permitting co-amplification of the analyte and the calibrator DNA molecule. If the
calibrator DNA molecule has not amplitied, then proper amplification of the DNA analyte is also
not likely to have occurred, since they both employ the same primers. Similarly, if after purification
of PCR products, the calibrator DNA molecule is absent, then the purification is unlikely to have

been accomplished correctly. The calibrator region of a calibrator DNA molecule can be used to
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determine error rates. It can provide an assay-specific error rate determination by comparing the
input and output calibrator DNA region sequence. Error-prone sequences may be used to increase
the sensitivity of error rate determination. The use of calibrator BNA molecules permits dynamic
calibration of an assay’s limit of detection, assessing inter-platform and inter-laboratory

reproducibility, and refining of error rate estimates.

{6021] Homopolymeric regions {mononuclectide repeats) in a template or molecular standard or
calibrator region may be used to increase the rate of errors of DNA synthesis, for example in
amplification or sequencing reactions. Homopolymeric regions of DNA may comprise at least two,
at least three, at least four, at least five, or at least 6, 7, 8, 9, 10, 15, or 20 of the same nuclectide in a
sequence. Repeated sequences may also be used to increase error rates of DNA synthesis. Repeated
sequences are sequences of 2, 3, 4, or 5 nucleotides that are repeated at least 2, 3, 4, or § times in

tandem. Small tandem repeats and error prone motifs can be used in the calibrator region.

{6022} High GC content roay also be used to increase the rate of errors of DNA synthesis. A region
of a nucleic acid in which guanine and cytosine bases represent over 60%, over 70% over 80%, or
over 90% of the nucleotides can be considered to have high GC content. Siumilarly, methylated CpG
motifs may be used to calibrate the error rate of bisulfite sequencing workflows. Alternatively, a
calibrator region may be cross-linked or processed with formalin. These can be used, for example,
to calibrate DNA damage and/or the fidelity effects of de-crosslinking/fixing protocols. In some
embodiments, the calibrator DNA molecules may be added to a tissue or blood sample at the time of

sample collection or optionally may be present in a sample collection vessel or device.

{6023} DNA samples from blood, serum, plasma, or tissue may be identified with a calibrator DNA
molecule upon initial collection and/or receipt, or later after some initial processing. Calibrator
DNA molecules may be added to a sample or the sample may be added to the calibrator BDNA
molecule. The latter can be accomplished when the calibrator DNA molecule is in or is attached to

a sample receptacie. Optionally, a calibrator DNA molecule may be in a membrane bound vesicle
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or other nanoparticle. Breakage or lysis of the vesicle may be used to monitor breakage or lysis of

cells in a sample.

{6024} DNA may be extracted from a source of cells, if desired according to any method known in
the art. Alternatively, the DNA to be analyzed may be cell-free DNA in the blood, serum or
plasma. This is sometimes referred to as ¢fDNA or c¢tDNA {circulating DNA). Analyte DNA may
optionally be prepared for sequencing by attachment of unique identifier sequences (UlDs) and
universal priming sequences (UPS) in an initial amplification reaction. The resulting amplicons of
the initial amplification may be further processed by adding grafting primers and well barcodes.
These can be turther amplified to increase the number of copies of these DNA templates 1f desired.
A subset of amplified DNA templates may be loaded into a flow cell, which in turn may be loaded

into a massively parallel sequencing instrument.

{6023} Upon completion of a sequencing run by a massively parallel sequencing instrument, the
resulting raw sequencing data may be transferred to a bioinformatics processing workstation. The
bioinformatics processing workstation may process the raw sequencing data and output an analysis

report of a patient specimen regarding 1ts DNA countent and optionally indications of disease.

{8026] A unique molecular barcode (UMB) can be designed, fabricated and implemented to be
unique to an individual patient, project, batch, or lot. An individual patient sample may be collected
from an mdividual for whom an analytic test 13 desired. A project may be a systematic investigation
that uses one or more samples or reagents to accomplish predetermined objectives. A batch may be
a quantity or number of samples or reagents processed at one time or controlled together as a group,
often using supplies of the same origin. A lot may be a group of reagents with a common
demarcation, source of origin and/or manufactured in the same production run. Individual patient
samples, projects, batches or lots desirably should not be misidentified during processing steps. The

UMBs provide a mechanism to verify identities. For example, downstream detection of unexpected
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UMBs can be used as indicators of cross-contamination, and quantitative differential detection of

expected UMBs can identify assay failures.

{6027} A calibrator DNA molecule can be chosen to yield an assay-specific determination of error
rate through the comparison of the input and output calibrator DNA molecule sequence. This
method to determine the error rate can also facilitate the dynamic calibration of assay hmit of
detection and improve cross-laboratory and cross-platform reproducibility {e.g., Hlumina MiSeq™
vs. llumina HiSeq™ vs. Thermo Fisher fon Torrent™ efc.}. The calibrator region may optionally
be designed with error-prone sequence motifs (e.g., homopolymer repeats, GC-rich regions, efc.} to

refine error-rate calibration in a general or platform-specific manner,

{6028] Additional optional sequences may be added to a calibrator DNA molecule for additional
practical functionality. These sequences may be between the sequences that are complementary to
the primers, or they may tlank or surround those sequences. These may be used to enable pre- or
post-amplification manipulation or detection. See Fig. 2. Sequences flanking the cormmon 5 and 37
sequences can be used for indication of incomplete post-amplification purification. A second,
diagnostic amplification can be performed using primers specific to the flanking or surrounding
sequences. Optionally, excess barcoded molecular standard can be removed by annealing
complementary sequences to the flanking sequence(s), with the complementary sequences
immobilized to a solid substrate such as magnetic beads. Optionally the flanking or surrounding
sequences may be used as an alternate means to amplity the calibrator DNA molecule as a tool for

detecting assay amplification failure.

{06029} The sequences which are complementary to the prumers (Fig. 1) or the common §” and 3’
sequences (Fig. 2) allow the calibrator DNA molecule to be amplified concurrently with a
measured analyte (e.g., genomic DNA from a patient}. The calibrator region distinguishes DNA

derived from the molecular standard from DNA derived from a sample or analyte}. The calibrator
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region can be non-human, artificial, synthetic, from another species, or derived from a human

genomic region not assessed by the assay.

[0030] A patient specimen container may have a sample information label affixed to or embedded
in a surface of the container. The sample information label may have printed or affixed a unique
identifier, for example a standard, 1- or 2-dimensional barcode. A calibrator DNA molecule
{containing a molecular barcode) mayv be included with the patient sample. The calibrator DNA
molecule may be added to the patient specimen container before, concurrently, or after the patient
sample is added to the patient specimen container. The unique molecular barcode within the
calibrator DNA molecule may or may not be correlated with the unique identifier that is on the
surface of the container. The correlation can be by means of a table, database, or algorithm to create
an tdentifiable unambiguous correspondence between the calibrator DNA molecule and the unique

identifier on the container surface.

{6031} The calibrator DNA molecules may be concurrently amplified with DNA fragments
originating from the patient specimen, 7.e., analyte molecules. The calibrator DNA molecule may
be of similar composition and length to a measured analyte (e.g., DNA), such that the sequences of
the analyte and calibrator DNA molecule can be amplified and determined simultanecusly in a

single reaction.

{8032] If the calibrator DNA molecule 15 not detectable after the DNA amplification step, then a
processing error has occurred in the massively parallel sequencing workflow at or before the DNA
amplification step. See Fig. 3. Alternatively one can check for the presence or absence of the
calibrator DNA molecule after a bicinformatics processing workstation has processed the raw

sequencing data.

{0033} If the calibrator DNA molecule is detectable in its full length after a DNA purification step

to separate calibrator DNA molecules from analyte DNA molecules, then a purification of PCR

10
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products was incomplete or PCR amplification of the analyte was ineffective. Only the DNA

analyte sequences in agsay should be detected after amplification and purification. See Fig. 4.

{6034} Use of a calibrator DNA molecule has many applications and benefits. The calibrator DNA
molecule permits the advantageous determination of error rates and the concurrent identification of
individual patients, projects, batches, and/or lots. The determination of error rates in turn enables
additional functionality such as the dynamic calibration of assay limit-of-detection, improvement of
cross-taboratory and cross-platform reproducibility and refinement of error-rate calibrationin a
general or platform-specific manner. The tdentification of individual patients provides confirmation
of identities when test reports are generated. Identification of projects, batches, and/or lots is

helpful for process troubleshooting and guality control.

{3035] A calibrator DNA molecule can be added to a specimen collection medium or device in
either its naked form or in an encapsulated form to mimic intact cells {e.g., encapsulated by a
hydrophobic membrane, hydrogel, or other nanoparticle technology such as Poly Lactic Acid or
Gelatin). These two forms, naked and encapsulated, can be added as a pair to a single sample. This

would facilitate assessment of relative amounts of cellular and free nucleic acids.

{6036] An RNA calibrator molecule having a simular structure to a DNA calibrator molecule.can
also be used sinlarly to the ways of using a DNA calibrator molecule. An RNA calibrator
rnolecule can be used, for example, to monitor RNA sequencing workflows. The calibrator portion
may contain, for example, RNA editing motifs so that effects of RNA editing may be quantified.
An RNA calibrator molecule and a DNA calibrator molecule may be used in tandem in the same
sample. Such samples are typically those which contain an RNA analyte which is subsequently
processed by reverse transcription to a DNA form. Use of the two forms, RNA and DNA, permit
monitoring of the RNA form of the analyte and its processing. It also permits a comparison of error
rates and reverse transcription efficiency and vield. The RNA calibrator molecule may have any

and all the features which a DNA calibrator molecule has.

11
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{3037] A calibrator DNA molecule may include modified nucleic acid bases to facilitate reduction
of molecular contamination. For example, calibrator DNA molecules containing deoxyuridine
substituted for deoxythymidine can be efficiently degraded, if desired, 7.e., if they are found to be a
contarminant. Alternatively, click chemistry or other methodology can be used for the removal of

residual primer in purification steps.

{3038] A barcoded molecular standard may be added to individual patient samples in a clinical
massively paraliel sequencing assay at the time of sample acquisition. In the case of samples where
the isolation of cell free DNA (cfDNA) is preferred, two distinet calibrator DNA molecules may be
added. The first may be, for example, naked nucleic acid in an appropriate buffer. The second may
be, for example, encapsulated in a hydrophobic membrane. The two calibrator molecules may have
distinct unique molecular barcodes so that they may be distinguished. The sequence identity of
each standard is associated with the accessioned sample and may be tracked throughout the assay
workflow. If sample handling leads to the lysis of cells and release of genomic DNA, detection of

the second standard during sequence analysis may alert the operator.

{3039] A barcoded molecular standard can also be added to the extracted and purnitied analyie
immediately prior to amplification in order to more rigorously control specifically for the quality of

the steps after amplification.

[60406] The non-interfering nature of the barcoded molecular standard permits use of the same
manipulative steps as for the massively paraliel sequencing assay without the barcoded molecular
standard. However, optional steps may be employed. For example, if contamination with molecular
standard is suspected and the molecular standard contains S-{C2-EDTA)-2’-deoxyuridine in its
sequence, samples may be treated with, for example, Fe (I} to catalyze specific cleavage of only the

contaminating molecular standard.

[8041] During analvsis of sequencing results, a bicinformatics pipeline may recognize and

segregate the sequencing reads representing the barcoded molecular standard from those

12
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representing analyte. The levels of barcoded molecular standard detected may be normalized across

samples based on input quantities.

{8042] I a molecular standard 1s selected containing an error prone motif, for example,
homopolymer repeats such as GGGGCCCCC, prior knowledge of this motf allows for calibration
of sequencing equipment between platforms, and on the same platform between runs. For each
position in the known error-prone motif, a substituted base specific error rate can be calculated in
order to tune variant base-calling algorithms. Alternatively, regions of similar complexity to the
assayed nucleic acid amplicons can be used in addition to or instead of the error prone motifs, to

benchmark sequencing platform performance in a fashion tailored to the assay in question.

{6043] As individual sequencing platforms have previously published sequencing bias and coverage
bias, the use of these previously reported bias-inducing motifs allows for the quantitation of the
context specific bias in the particular application of the assay in question. While sequencing bias
motifs can be used to train variant base-calling algorithms, coverage bias motifs can be used to train

relative expression models.

13
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We claim:

1. A method of amplifying a sequencing template in the presence of a calibrator molecule,
comprising:
o forming a plurality of reaction mixtures by mixing together in each reaction
mixture:
% a DNA polymerase;

7

% a DNA analyte of a patient sample;

% a pair of primers complementary to a first and a second strand of the
DINA analyte at respective ends of a region to be amplified of the
DINA analyte; and

% a calibrator DNA molecule comprising;

& two non-contiguous regions which are respectively
complementary on opposite strands to the pair of primers;

s aunique molecular barcode which s unique to a specific
patient sample, a specific set of patient samples, a specific
project, a specific batch, or a specific lot; and

e a calibrator region which is distinet from the region to be
amplified of the DNA analyte, wherein the unique molecular
barcode and the calibrator region are between the two non-
contiguous regions; and

o incubating the reaction mixture under conditions in which the region of the
DNA analyte 1s amplified, forming at least two amplification products,
wherein a first amplification product comprises the region of the DNA
analyte and a second amplification product comprises the calibrator DNA
region, wherein the plurality of reaction mixtures comprise calibrator DNA

molecules with distinct unique molecular barcodes.

14



WO 2019/161031 PCT/US2019/017973

N2

hall

(A

oo

12.

13.

14.

The method of claim 1 wherein the DNA polymerase is a high fidelity polymerase.

The method of claim 1 wherein temperature is cycled during the step of incubating,

The method of claim 1 wherein the step of incubating is isothermal.

The method of claim 1 wherein the calibrator region comprises damaged DNA.

The method of claim 1 wherein the calibrator region comprises one or more sequence motifs
whose amplification is error prone.

The method of claim 6 wherein the error prone sequence motifs are GC rich.

The method of claim 6 wherein the one or more error prone sequence motifs comprise a
homopolymer repeat.

The method of claim 1 wherein the calibrator region 15 a non-human DNA sequence.

. The method of claim 1 wherein the calibrator DNA molecule and the DINA analyte are pre-

mixed.

I. The method of claim | wherein the calibrator DNA molecule is present in a sample

collection vessel when a sample 1s collected from a patient.

The method of claim 1 wherein the calibrator DNA molecule comprises a pair of priming
sites distal to and surrounding the two non-contiguous regions, wherein said pair of priming
sites are not present in the analyte DNA, said pair of priming sites capable of priming
amplification of the calibrator DNA molecule without priming amplification of the DNA
analyte.

The method of claim 1 wherein the calibrator DNA molecule comprises a pair of priming
sites distal to and surrounding the calibrator region and the unique molecular barcode, said
pair of priming sites for amplifving the calibrator region and the unique molecular barcode
without amplifying the region of the DNA analyte to be amplitied.

The method of claim 1 wherein the calibrator DNA molecule comprises one or more

modified nucleotide bases which are not naturally occurring in the DNA analyte.

15
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18.
19

. A kit comprising (a) a plurality of calibrator DNA molecules and (b) a pair of primers,

wherein the pair of primers is complementary to a first and a second strand of a DNA
analyte at respective ends of a region to be amplified of the DNA avalyte; and wherein the
calibrator DNA molecule comprises:

e two non-contiguous regions which are respectively
complementary to the primers on opposite strands;

e g unique molecular barcode which 1s unique to a specific
patient sample, a specific set of patient samples, a specific
project, a specific batch, or a specific lot; and

s a calibrator region which is distinct from the region of the
DNA analyte to be amplified, wherein the unique molecular
barcode and the calibrator region are between the two non-

CONtiguous regions;

wherein the plurality of calibrator DNA molecules comprise distinct unique molecular

barcodes.

. The kit of claim 15 wherein the calibrator region comprises damaged DNA.

. The kit of claim 15 wherein the calibrator region comprises one or more sequence motifs

whose amplification 1s error prone.
The kit of claim 17 wherein the one or more error prone sequence motifs are GC rich.
The kit of claim 17 wherein the one or more error prone sequences comprise a homopolymer

repeat.

. The kit of claim 15 wherein the calibrator region is a non-human DNA sequence.
. The kit of claim 15 wherein the calibrator molecule is in a sample collection vessel,

. The kit of claim 1S wherein the calibrator DNA molecule comprises a pair of priming sites

distal to and surrounding the two non-contiguous regions, wherein said pair of priming sites

are not present in the analyte DNA, said pair of priming sites capable of priming

16
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amplification of the caltbrator DNA molecule without priming amplification of the DNA

analyte.

. The kit of claim 15 wherein the calibrator molecule comprises a pair of priming sites distal

to and surrounding the calibrator region and the unique molecular barcode, said pair of
priming sites capable of priming amplification of the calibrator DNA molecule and the

unigque molecular barcode without priming amplification of the DNA analyte.

. A plurality of sequencing reaction product mixtures, wherein each sequencing reaction

product mixture comprises:

a. a plurality of amplified calibrator DNA molecules; and

b, aplurality of amplified DNA analyte molecules;

wherein the amplified DNA analyte and the amplified calibrator DNA molecule share
common 5” and 37 sequences of at least 15 nt, wherein the DNA analyte comprises from 1-

200 nt between the common 5” and 37 sequences, and

wherein the amplified calibrator molecule comprises a unique molecular barcode which is
unique to a specific patient sample, a specific set of patient samples, a specific project, a
specific batch, or a specitic lot, and a calibrator region whose sequence is distinct from the
1-200 nt between the common 5 and 37 sequences of the amplified DNA analyte, wherein
the unique molecular barcode and the calibrator region are between the common 5” and 37
sequences on the amplified calibrator DNA molecule, and wherein the plurality of
sequencing reaction product mixtures comprise calibrator DNA molecules with distinct

unigue molecular barcodes.

. The sequencing reaction product mixture of claim 24 wherein the calibrator region

comprises one or more sequence motifs whose amplification is error prone.
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. The sequencing reaction product mixture of claim 25 wherein the one or more error prone

sequence motifs are GC rich.

. The sequencing reaction product mixture of claim 25 wherein the one or more error prone

sequence motifs comprise a homopolymer repeat.

. The sequencing reaction product mixture of claim 24 wherein the calibrator region 1s a non-

buman DNA sequence.

. The sequencing reaction product mixture of claim 24 wherein the calibrator DNA molecule

comprises a pair of priming sites distal to and surrounding the common 5” and 37 sequences,
said pair of priming sites capable of priming amplification of the calibrator DNA molecule
without priming amplification of the DNA analyte.

The sequencing reaction product mixture of claim 24 wherein the calibrator DNA molecule
comprises a pair of priming sites distal to and surrounding the calibrator region and the
unique molecular barcode, said pair of priming sites capable of priming amplification of the
calibrator DNA molecule and the unique molecular barcode without priming amplification
of the common 5" and 37 sequences on the DNA molecule.

The sequencing reaction product mixture of claim 24 which comprises a reagent selected
from the group consisting of: a reversible dye terminator, native deoxyribonucleotide
triphosphates, phospholinked fluorescent deoxyribonucleotides, a DNA polymerase, a DNA

ligase, and a fluorescently labeled one-base or two-base probe.

A plurality of compositions, each composition comprising {(a) a calibrator DNA molecule
and (b} a pair of primers, wherein the pair of primers ts complementary toa fustand a
second strand of a DNA analyte at respective ends of a region to be amplified of the DNA
analyte; and wherein the caltbrator BNA molecule comprises:

® two non-contiguous regions which are respectively complementary to the

primers on opposite strands;
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40.

8 a unique molecular barcode which is unique 1o a specific patient sample, a
specific set of patient samples, a specific project, a specific batch, or a
specific lot; and

® a calibrator region which is distinct from the region of the DNA analyte to
be amplified, wherein the unique molecular barcode and the calibrator

region are between the two non-contiguous regions; and

wherein the plurality of compositions comprise calibrator DNA molecules with distinct

unigue molecular barcodes.

. The composition of claim 32 wherein the calibrator region comprises damaged DNA.

. The composition of claim 32 wherein the calibrator region comprises one or more sequence

motifs whose amplification is error prone.

5. The composition of claim 34 wherein the one or more error prone sequence motifs are GC

rich.

. The composttion of claim 34 wherein the one or more error prone sequence motifs comprise

a homopolymer repeat.

. The composition of claim 32 wherein the calibrator region is a non-human DNA sequence.

. The composition of claim 32 wherein the calibrator molecule is in a sample collection

vessel

. The composttion of claim 32 wherein the calibrator DNA molecule comprises a pair of

priming sites distal to and surrounding the two non-contiguous regions, said pair of priming
sites capable of priming amplification of the calibrator DNA molecule without priming
amplification of the DNA analyte.

The composition of claim 32 wherein the calibrator molecule comprises a pair of priming
sites distal to and surrounding the calibrator region and the unigue molecular barcode, said
pair of priming sites capable of priming amplification of the calibrator DNA molecule and

the unique molecular barcode without priming amplification of the DNA analyte.
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41.

43,

44,

A plurality of sample collection vessels each of which contains a calibrator DNA molecule

to wdentify a collected sample, wherein the calibrator DNA molecule comprises:

two non-contiguous regions of the calibrator DNA molecule which are each
complementary to two non-contiguous regions of a region of a DNA analyte in the

collected sample;

a unique molecular barcode which 1s unique to a specific patient saraple, a specific

set of patient samples, a specific project, a specific batch, or a specific lot; and

a calibrator region which is distinct from the region of the DNA analvte to be
amplified, wherein the unique molecular barcode and the calibrator region are

between the two non-contiguous regions;

wherein the calibrator DNA molecules in the plurality of vessels comprise distinet unique

molecular barcodes.

. The sample collection vessel of claim 41 wherein the calibrator DNA molecule is

encapsulated in a membrane or lipid vesicle.

The sample collection vessel of claim 41 wherein the calibrator region comprises damaged
DNA.

The sample collection vessel of claim 41 wherein the calibrator region comprises one or

more sequence motifs whose amplification is error prone.

. The sample collection vessel of claim 44 wherein the one or more error prone sequence

motifs are GC rich.

. The sample collection vessel of claim 44 wherein the one or more error prone sequence

motifs comprise a homopolymer repeat.
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43.

49.

7. The sample collection vessel of claim 44 wherein the one or more error prone sequence

motifs comprise a repeated sequence.

The sample collection vessel of claim 41 wherein the calibrator region is a non-human DNA
sequence.

The sample collection vessel of claim 41 wherein the calibrator DNA molecule comprises a
pair of priming sites distal to and surrounding the two non-contiguous regions, said pair of

priming sites capable of priming amplification of the calibrator DNA molecule without

priming amplification of the DNA analyte.

. The sample collection vessel of claim 41 wherein the calibrator DNA molecule comprises a

pair of priming sites distal to and surrounding the calibrator region and the unique
molecular barcede, said pair of priming sites capable of priming amplification of the
calibrator DNA molecule and the unique molecular barcode without priming amplification

of the DNA analvyte.
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