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Aims:  We  describe  the development  and  interlaboratory  study  of modified  Saccharomyces  cerevisiae  as
a candidate  material  to evaluate  a full detection  workflow  including  DNA  extraction  and  quantitative
polymerase  chain  reaction  (qPCR).
Methods  and  results:  S. cerevisiae  NE095  was  prepared  by stable  insertion  of  DNA  sequence  External  RNA
Control  Consortium-00095  into  S. cerevisiae  BY4739  to convey  selectivity.  For  the  interlaboratory  study,  a
binomial  regression  model  was used  to select  three  cell  concentrations,  high  (4  ×  107 cells  ml−1),  interme-
diate  (4  × 105 cells  ml−1)  and  low  (4 ×  103 cells  ml−1), and the  number  of samples  per  concentration.  Seven
participants, including  potential  end  users,  had  combined  rates  of  positive  qPCR  detection  (quantification
cycle  <37)  of  100%,  40%, and  0%  for high,  intermediate,  and  low  concentrations,  respectively.
Conclusions:  The  NE095  strain  was  successfully  detected  by  all  participants,  with  the  high  concentration
PCR
eference material

indicating  a potential  target  concentration  for a reference  material.
Significance  and  impact  of the  study: The  engineered  yeast  has  potential  to support  measurement  assur-
ance  for the  analytical  process  of  qPCR,  encompassing  the  method,  equipment,  and  operator,  to  increase
confidence  in  results  and  better  inform  decision-making  in  areas  of  applied  microbiology.  This  material
can  also  support  process  assessment  for other  DNA-based  detection  technologies.

Published  by  Elsevier  GmbH.  This  is  an  open  access  article  under  the  CC  BY-NC-ND  license  (http://
. Introduction

Data of high quality is essential in microbial detection, identi-
cation, and quantification because of the impact these organisms
pathogenic and beneficial) have on human life in areas includ-
ng environmental monitoring, food safety, biothreat detection, and
linical outbreaks [1–3]. Despite the importance, analysis of micro-
ial samples remains a practical and technological challenge when
t comes to confidence in the measurements, especially for mea-
urements made at the point of need or point of care where results
re used to inform critical decision-making. In the biodefense field,
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214-7535/Published by Elsevier GmbH. This is an open access article under the CC BY-N
creativecommons.org/licenses/by-nc-nd/4.0/).

for example, there are over 300 technologies marketed for use in
biological detection claiming the ability to detect pathogens (bio-
threats) in suspicious materials [4–6]. However, there remains a
scarcity of standards, reference materials, and third-party testing to
demonstrate the reliability of these technologies in the hands of end
users, despite considerable efforts by the stakeholder community
and Federal government. Only a few commercially available biode-
tection technologies have been submitted to third-party validation,
including the RazorTM EX BioDetection System [7], a qPCR-based
assay.

qPCR is a well-established technique that provides selectivity
and sensitivity in detecting nucleic acid markers [8,9]. However,
obtaining reliable data can be challenging because of factors that
compromise nucleic acid amplification such as residue from the

crude sample (matrix effect) [10]. In addition, measurement inac-
curacy as a result of sample collection, processing, and nucleic acid
extraction is often observed [10–13]. The absence of method val-
idation brings into question the reliability of the generated data

C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. Workflow steps for a downstream qPCR sample analysis. Analogous to a
traffic light, the unsuccessful detection of a reference material provides a red light
indicating the analytical process is unsuccessful and potentially helping identify the
source of the problem. Successful detection of the material provides a yellow light
indicating that the analytical process is working properly, that is the methods are
appropriate, the equipment is functioning, and the user is proficient in the required
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Eurofins MWG  Operon, Alabama, USA) (Supplemental material:
kills. There is no green light since the material cannot be used to validate a specific
etection assay for an organism of interest.

14]. Further, even with the use of a successful detection assay, such
s the Biothreat Panel multiplexed PCR-based assay for the detec-
ion of Bacillus anthracis, Francisella tularensis and Yersinia pestis or
he rapid, high-throughput, culture-based PCR methods to analyze
amples for viable spores of B. anthracis and its surrogates [15],
he final result in the field still depends upon the entire analytical
rocess. The process includes the methods and protocols, the mea-
urement workflow which encompasses all steps applied to obtain
he final result, the performance of the equipment at the point of
eed, operator capabilities and skills, and proficiency testing. With-
ut all of these components in place, results cannot be used with
onfidence to support decision-making.

Control materials can serve to evaluate or validate analyti-
al processes, establish reliable and comparable analytical results
mong laboratories or analysts through proficiency testing or
ompetence assessment, and verify accuracy of measurement per-
ormance on a daily basis [16]. For example, human DNA Standard
eference Materials (SRMs) are used in the forensics commu-
ity to reduce variability within and among laboratories [17,18].
ontrol materials are typically thoroughly characterized using
easurement methods with well understood biases and variability.
easurement controls such as reference materials can help provide

onfidence in the application of qPCR to microbial measurements,
ith the format of the material enabling performance evaluation at

arious workflow steps (Fig. 1). For instance, a reference material
an be mixed into a matrix of interest to demonstrate a successful
NA extraction step, which is highly susceptible to matrix effects.
he use of a reference material to demonstrate a successful qPCR
nalytical process can increase confidence when the measurement
apability is applied in a real-case scenario, such as in a clinical
etting, environmental monitoring, or biothreat scenario.

One promising organism to meet these needs for a qPCR refer-
nce material is Saccharomyces cerevisiae (S. cerevisiae),  a eukaryotic

odel system widely used in biology fields such as bioengineering

19]. Yeast can be genetically modified to enable specific detection
nd offers a low DNA extraction efficiency to challenge extrac-
 and Quantification 7 (2016) 27–33

tion protocols [11]. Its physiological resilience under low nutrient
conditions and stability under various environmental conditions
make yeast suitable for different formats, including a liquid or pow-
der, for broader applicability. Moreover, S. cerevisiae has minimal
health and security risks and can be handled without special pre-
cautions or training. It can therefore serve as a surrogate material
for routine training and process evaluation in applications where
the true agent of interest is a pathogen or threat agent and not eas-
ily used. Further, use of the yeast, and not the agent of interest, can
essentially eliminate false positives during real microbial detection
situations due to residual material on equipment.

The presence of a non-native target DNA sequence in the yeast
genome can eliminate false positives from near-neighbor organ-
isms. For specificity, the target sequence should be rare and not
typically found in the environment of interest. NIST SRM 2374 con-
tains a series of nucleic acid sequences selected by the External
RNA Control Consortium (ERCC) as control sequences that are rarely
(if at all) found in normal environmental conditions (temperature
and pressure). One such sequence is ERCC-00095, derived from
Methanocaldococcus jannaschii,  a deep-sea vent archaeon found
only in extremely harsh conditions (an extremophile).

The objective of this study was to develop a S. cerevisiae strain
containing a non-yeast target DNA insert and evaluate the strain
via interlaboratory study as a potential material for assessing the
qPCR analytical process, in efforts toward a reference material for
qPCR. Yeast cells were transformed by inserting the ERCC-00095
DNA sequence into the yeast genome. The modified yeast strain,
termed NE095, was prepared at three different cell concentrations
and evaluated using qPCR in an interlaboratory pilot study involv-
ing five public health laboratories, one mobile laboratory and one
in-house laboratory. The NE095 was detectable at the expected
concentrations in multiple laboratories and is suitable for a ref-
erence material.

2. Materials and methods

2.1. Preparation and characterization of engineered S. cerevisiae

2.1.1. cerevisiae transformation
The parent organism was a URA3 deficient yeast strain: Sac-

charomyces cerevisiae BY4739 (MATalpha leu2�0 lys2�0  ura3�0)
(procured from Open Biosystems) derived from S. cerevisiae S288C.
The URA3 gene encodes for orotidine-5′-phosphate decarboxylase
from S. cerevisiae S288C. A target DNA sequence and full-length
URA3 gene were inserted via homologous recombination into chro-
mosome IV of the yeast (Fig. 2, Supplemental material: S. cerevisiae
NE095 transformation, Figs. S1 and S2). The DNA insert was pre-
pared by ligating the target sequence, ERCC-00095 (from NIST SRM
2374, Genbank accession KC702204, without the polyA tail found
in the SRM), to the URA3 gene by overlapping PCR. The full-length
URA3 gene and URA3 promoter sequence were PCR amplified from
a pYES2 vector (Life Technologies, part # V825-20). See Supplemen-
tal material for detailed methods describing the transformation
process.

2.1.2. NE095 characterization
The presence of the insert was  demonstrated by PCR, and the

sequence of the amplified insert, including the ERCC-00095 and
URA3 gene, was confirmed by Sanger sequencing (analyzed by
NE095 insert sequence confirmation, Figs. S3, S4, and S5). Once the
insert was demonstrated, the yeast cells were cultured in SD/-Ura
broth for subsequent experiments.
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Fig. 2. Map of final linear construct inserted into BY4739 chromosome IV. BY4739a is a 50 bp region homologous to Open Biosystems strain S. cerevisiae BY4739 and
corresponding to the non-coding region on chromosome IV between 544595 bp and 544644 bp. The full annotation of chromosome IV can be found at http://browse.
yeastgenome.org/fgb2/gbrowse/scgenome/. URA3 is a 1106 bp sequence that encodes S. cerevisiae S288C orotidine-5′-phosphate decarboxylase, an enzyme that catalyzes
the  synthesis of pyrimidine ribonucleotides. The sequence was  PCR amplified from a pYES2 vector (Life Technologies, part # V825-20) and includes a working copy of the
804  bp URA3 gene (Gene ID: 856692) as well as the URA3 promoter sequence. ERCC-00095 represents a 438 bp sequence from NIST SRM 2374: DNA Sequence Library for
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xternal RNA Controls. ERCC-00095 (GenBank accession number KC702204.1) is d
RCC-00095 plasmid using primers 95F and 95R (Table S1). BY4739b is 51 bp homo
n  Open Biosystems strain S. cerevisiae BY4739.

.1.3. NE095 growth conditions and quantification via
icroscopy

NE095 cells were cultured in SD/-Ura broth overnight. Each cul-
ure was generated from one NE095 colony in 5 ml  of broth (30 ◦C,
16 h,) followed by a 25-fold dilution in broth and subsequent
rowth (30 ◦C, ∼8 h). The number of replicate yeast cultures used for
ach set of experiments was as follows: binomial regression anal-
sis (n = 8), stability study (n = 5) and interlaboratory study (n = 1).
amples for the interlaboratory study were collected from a single
ulture to assure that all participants obtained cells from the same
atch. Variability in number of cells between batches under the
elected experimental conditions was determined by cell count-
ng while live/dead staining experiments were applied to estimate
ell viability under different storage condition (see Supplemental
aterial: S. cerevisiae NE095 material stability, Figs. S8, S9, and S10).

ells were counted using a cellometer (disposable hemocytome-
er) following the manufacturer’s instructions (Nexcelom, USA).
ellometers were loaded with yeast and imaged, and counts were
erformed using Image J software (version 1.47 v) [20]. Throughout
his work, data are represented as the mean value ± one standard
eviation, where the standard deviation serves as the estimate for
he standard uncertainty.

.1.4. DNA extraction and qPCR detection assay
The following protocol was used to analyze the genomic DNA

gDNA) for the yeast stability study and interlaboratory study, and
o generate the regression model. gDNA from NE095 cells was
xtracted using 200 �l (800 cells, 8 × 104 cells, or 8 × 106 cells for
ow, intermediate, and high concentrations, respectively) aliquots
f cells and a QIAamp DNA Blood Mini Kit (cat# 51104 QIAGEN,
SA). The spin protocol for DNA purification from blood or body flu-

ds was followed according to the manufacturer’s directions with a
ew modifications. DNA was incubated at 56 ◦C for 1 h following the
ddition of protease and lysis buffer. Extracted DNA was  eluted in
00 �l elution buffer provided in the DNA extraction kit and stored
t 4 ◦C prior to downstream analysis.

qPCR analysis was performed on a 7900HT PCR system (Life
echnologies, Carlsbad, CA), except in the interlaboratory study
here participants used their own qPCR technology. A TaqMan

AM-MGB primer and probe set was custom designed and syn-

hesized by Life Technologies (Life Technologies, Carlsbad, CA) to
mplify a 105 bp region of the ERCC-00095 sequence (Figs. S6
nd S7). The reaction mixture contained 10 �l of Environmen-
al MasterMix (Life Technologies, Carlsbad, CA), 4 �l of extracted
d from donor microorganism M.  jannaschii.  The sequence was amplified from the
s to the non-coding region on chromosome IV between 545447 bp and 545497 bp

genomic DNA, 1 �l of amplification primers and probe with the
following sequences: CAGTCATCTTTAACCTCATCCCACAA (forward
primer), CATTTGGCCCAAGAATTCATGGAAT (reverse primer), and
CCCACTCAACAATCTT (probe), and 5 �l of sterilized water. Reaction
conditions were: 5 min  at 50 ◦C, 10 min  at 95 ◦C for Taq polymerase
activation, and 50 cycles of 15 s at 95 ◦C, 1 min  at 60 ◦C for DNA
amplification. A gDNA standard curve was prepared via 10-fold
serial dilutions of the transformed yeast genomic DNA. The initial
concentration was estimated by Nanodrop (Thermo Scientific, USA)
and Qubit (Invitrogen, USA). The efficiency of amplification (E) for
the transformed yeast using this customized qPCR assay (primers
and probes) was 98.4% (Fig. S7). All chemicals were purchased from
Fisher Scientific unless otherwise stated.

For the qPCR assay, primer and probe specificity was verified
using Primer BLAST (results available at http://dx.doi.org/10.6084/
m9.figshare.875419). Three primer combinations were compared
to the GenBank nr database using Primer BLAST: forward-reverse,
forward-probe, and probe-reverse. The only matches to the
database for the primer-probe set were to M. jannaschii DSM
2661 (GenBank Accession: CP001781.1) and Methanocaldococcus
vulcanius M7  complete genomes (L77117.1) as well as the ERCC-
00095 (KC702204.1) and M. jannaschii spike-in control MJ-500-42
(DQ516759.1). The probe and reverse primer sequences had no
mismatches to the Methanocaldococcus sequences or ERCC-00095,
whereas the forward primer had two mismatches at the 5′ end
(positions 1 and 3) to the M. vulcanius M7  genome, and three
mismatches at the 5′ end (positions 1–3) for the M.  jannaschii spike-
in control MJ-500-42, ERCC-00095, and M.  jannaschii DSM 2661
genome.

2.2. Interlaboratory study

2.2.1. Experimental design and statistical analysis approach
A logistic regression model was used to develop the experi-

mental design for the interlaboratory study [21], specifically the
cell concentrations and number of samples per concentration to
include in the sample panel. To generate the regression model, four
independent cultures were grown on two  separate days with an
average cell concentration of (6.3 ± 0.8) × 107 cells ml−1 (n = 8). A
ten-fold cell dilution series was  generated for each culture with cell

concentrations ranging from 103 cells ml−1 to 107 cells ml−1. gDNA
extracted from the cells was analyzed using the qPCR protocol
described above. Samples were scored as positive if the quantifi-
cation cycle (Cq) for detecting the ERCC-00095 insert was less than

http://browse.yeastgenome.org/fgb2/gbrowse/scgenome/
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Fig. 3. Logistic regression model. The model was generated based on the number
of  positive qPCR reactions (at least 1 of 3 reactions with a Cq value <37) using a cell
0 S.M. Da Silva et al. / Biomolecular De

7 for at least one of the triplicate reactions. The same Cq value
riterion was applied to evaluate the raw data from the interlab-
ratory study. The qPCR data were analyzed using the statistical
rogramming language R [22]. Source code and raw data for the
inomial regression can be found at the following location: (http://
x.doi.org/10.6084/m9.figshare.875419).

.2.2. Participants
Participants consisted of five public health laboratories, one

obile laboratory, and one in-house laboratory; six of these par-
icipants are laboratories currently active in the biosurveillance
ommunity. Each participant received the yeast sample panel, DNA
xtraction kit, primers and probes, and a detailed protocol (Supple-
ental material: Interlaboratory SOP). Participants used either the
pplied Biosystems Instruments (ABI) 7500 or the Joint Biological
gent Identification and Diagnostic System (JBAIDS) platform for
PCR. To assure an even execution of the experiments, participants
eported to the organizer laboratory the arrival date and condition
f the sample panel, the platform and software used to process the
amples and collect data, and any deviation from the recommended
rotocol. All participants submitted their results to the organizer

aboratory within one week.

.2.3. Yeast sample panel
Based upon the logistic regression model results, each sam-

le panel was composed of ten randomized blinded samples:
 5% ethanol no template-control (blank), and nine yeast sam-
les as follows: low (4.0 × 103 cells ml−1, n = 2), intermediate
4.0 × 105 cells ml−1, n = 5), and high (4.0 × 107 cells ml−1, n = 2). All
amples in the panel came from a single overnight cell culture batch
nd were quantified by cell counting using a cellometer. Samples
ere shipped in 5% ethanol, a condition selected to maintain cell

nd DNA integrity for short term (2 weeks), liquid storage at room
emperature. Stability of cells under the conditions used in the
nterlaboratory study was demonstrated by live/dead staining and
PCR as detailed in supporting information.

.2.4. Statistical analysis for intermediate samples
The experimental design generated 35 intermediate concentra-

ion samples, which were prepared and distributed among seven
abs (five samples to each lab; samples are nested within lab). In

ost cases, three replicate Cq measurements were taken for each
ample. Measurements with undetermined runs (no detection at
ll) were modeled as being right-censored at 40 (i.e., the corre-
ponding observed Cq was assumed to be greater than 40, but
therwise unknown). Let Cqijk

denote the natural log of the Cq value
bserved in replicate measurement k from sample j at labi. We
nalyzed the observed data with the following random effects or
ierarchical model:

n(Cqijk
) = � + ˛i + ˇjεijk

here � denotes a global average ln(Cq) across all labs and
amples, ˛i∼Normal

(
0, �2

lab

)
is a random effect for lab i

i = 1, . . .,  5, 7), ˇj∼Normal
(

0, �2
sample

)
is a random effect for sam-

le j (j  = 1, . . .,  25,  31,  . . .,  35),  and εijk∼Normal
(

0, �2
error

)
is a

andom error corresponding to replicate measurement k from
ample j at lab i. Each variance component is assigned a prior
istribution such that �lab, �sample and �error follow a uniform dis-
ribution between 0 and 0.5. The overall mean � was assigned a
niform prior distribution from 3 to 3.9, corresponding to a range of

ean Cq values given by (20.1, 49.4). The posterior distributions of

he model parameters �, �lab, �sample and �error given the observed
ata were evaluated using Markov chain Monte Carlo simulation
ia the R package rjags. The simulation included 5 chains, each
dilution series from 8 independent cultures. The filled circles represent the experi-
mental data. The solid and dashed lines indicate the regression model and the 95%
pointwise confidence interval, respectively.

recording 10,000 observations following a 50,000 iteration burn
in.

3. Results

3.1. NE095 characterization

The DNA insert was successfully prepared and incorporated into
chromosome IV to produce the NE095 strain. NE095 has a func-
tional URA3 gene and otherwise is not anticipated to have any other
changes in phenotype or traits. The modified yeast strain grows
under typical conditions in uracil-deficient medium, as expected.
Sequencing confirmed the presence of the expected 1,645 bp insert,
including the functional URA3 gene and the ERCC-00095 sequence
(Fig. S5). In addition, the insert was successfully amplified by
the selected qPCR primers and probes. An alignment of the qPCR
primers with the de-novo assembly of the insert sequence revealed
insertions 4 bp from the 5′ end of the forward and reverse primers
(Fig. S6). Additionally, positions 1–3 from the 5′ end of the forward
primer that were in disagreement with the GenBank sequences,
due to the previously identified insertions, as identified with Primer
BLAST agree with the Sanger sequence data. Primer mismatches can
decrease assay efficiency; however the mismatches are at the 5′ end
and less likely to impact the qPCR assay efficiency [23]. Even with
the mismatches the qPCR assay efficiency was over 98%, which is
suitable for quantitative assays.

The stability of the NE095 was  monitored at room tempera-
ture in three different storage conditions, where it was  determined
that 5% ethanol was  a suitable storage condition for the time frame
required in the interlaboratory study (see supporting information).
In 5% ethanol, no change in cell concentration was  observed after
two weeks of storage (p > 0.05) (Table S4). The stability of the
yeast (membrane integrity) in the medium was  also confirmed by
live/dead staining while the integrity of the DNA was confirmed
using qPCR (Figs. S8, S9, S10).

3.2. Experimental design for the interlaboratory study
The appropriate sample concentrations for the interlaboratory
study were determined by fitting the qPCR results from a dilu-
tion series of yeast cells to a binomial regression model (Fig. 3)
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he probability of detection for a sample with 107 cells ml−1 was
9.7% with a 95% confidence interval of 83.6–99.9%. The probabil-

ty of detection for a sample with a concentration of 103 cells ml−1

as 4.2 × 10−3% with a 95% confidence interval of 3.6 × 10−6%
o 4.7%. Based on these probabilities of detection, 103 cells ml−1

nd 107 cells ml−1 were chosen as the negative and positive con-
rol samples, respectively. A concentration of 1.9 × 106 cells ml−1

ad a 50% probability of detection with a 95% confidence inter-
al for detection of 18–81% based on the generated regression
odel. However, because of an observed increase in DNA recov-

ry with storage time (Fig. S10), a lower sample concentration
105 cells ml−1) was chosen as the intermediate value to repre-
ent samples near the limit of detection. That concentration had

 0.0052% probability of detection with a 95% confidence interval
f 0.0001–21%. Five samples were distributed to the participants for
he intermediate concentration, compared to 2 samples for the high
nd low concentration samples, to increase the statistical power to
ssess probability of detection at the intermediate concentration.

.3. Interlaboratory study

A total of 190 qPCR data points were collected from the inter-
aboratory study (Fig. 4). Laboratory 4 ran single qPCR reactions
nstead of the triplicate reactions requested in the provided proto-
ol. Despite the single run, the data were otherwise suitable to be
ncluded in the analysis. Laboratory 6 extracted DNA from 400 �l of
ells, as opposed to 200 �l as described in the protocol, and obtained
he lowest quantification cycle (Cq) values for the high concentra-
ion samples. Thus, data from laboratory 6 were excluded from
urther analysis because of deviations from the provided protocol.
otential contamination was monitored by blank samples (data not
hown) and no detection was observed as expected. High concen-
ration (107 cells ml−1) samples were positive (detection) across
ll laboratories while low samples (103 cells ml−1) scored nega-
ive since any detectable Cq values (43.1 and 38.5) were above the
hreshold of 37. For intermediate samples (105 cells ml−1), 40% of
he samples (12 out of 30) were scored as positive, suggesting that
his concentration is approaching the yeast concentration required
o produce a positive qPCR signal in essentially all measurements.

According to the posterior distributions of their respective
ariance parameters, the probability that the variability due to dif-
erences between labs exceeds the variability due to differences
etween samples is 80%. That is, in 80% of the simulated itera-
ions the standard deviation parameter for the labs, �lab, had a
arger value than the standard deviation parameter for the sam-
les, �sample. The posterior median of �lab/�sample is 1.54, with a
5% posterior credible interval given by (0.50, 5.44) (Fig. S11).

. Discussion

In this study we aimed to demonstrate the use of yeast as
 candidate reference material in a workflow composed of var-
ous steps that are not necessarily measurable individually, and

e envision the yeast having broader application, such as to
ssess performance parameters related to quantitative methods.
e  successfully developed S. cerevisiae NE095, a yeast strain with

 stable DNA insertion for qPCR measurements, and demonstrated
ts detection in the hands of potential users via interlaboratory
tudy. This work demonstrates the potential of the yeast material
o be further developed into a reference material to evaluate pro-
esses associated with nucleic acid-based detection technologies.

he insert incorporated into the yeast genome attributes specificity
y eliminating the risk of false positive amplification from environ-
ental background, near-neighbor organisms, or contaminants.

ecause the yeast is a versatile organism that can be manipulated
 and Quantification 7 (2016) 27–33 31

in a broad range of environments, the authors foresee its use as a
reference material in multiple areas of microbial detection includ-
ing environmental monitoring, food safety, biothreat detection, and
clinical outbreaks.

The modified yeast strain was  developed to evaluate analytical
processes used for microbial measurements and to instill confi-
dence in measurement capabilities, particularly for applications
where critical decision-making depends upon the measurement
results. NE095 can challenge nucleic acid detection technologies
and processes through using a pre-determined amount of cells in
a typical qPCR workflow (e.g., sample collection, DNA extraction,
qPCR with a custom assay for the target DNA sequence) with the
expectation of positive detection. Qualitative assessment would
provide a yes/no answer to detection, whereas lack of detection
may  indicate error in sample processing or defective equipment.
When used for quantitative assessment, NE095 can evaluate the
efficiency of the analytical process, track changes in efficiency
over time, or determine the effects of modifications in the pro-
cess or operator skills on efficiency. Additionally, NE095 can be
used as a confidence checker (to assure correct equipment func-
tion), in proficiency testing, training, and other applications. It is
noteworthy to mention that NE095 is not designed to validate
detection assays/technologies for a specific organism of interest
(e.g., pathogen or biothreat) but rather the analytical process in
place to assure that it is working properly.

The probability of detection at a given concentration was mod-
eled using binomial regression with a logistic link function (Fig. 3).
Binomial regression has been used traditionally in toxicology stud-
ies [24] but has gained application in microbiology in the last
10 years. For instance, Janse et al. [25] used binomial regres-
sion analysis to support the development of a rapid qPCR assay
to distinguish Burkholderia mallei and Burkholderia pseudomallei
strains, two  closely related, highly virulent bacteria. Results from
the regression model were used to select the concentration levels,
including a positive control (high concentration), negative control
(low concentration), and intermediate concentration samples, for
the interlaboratory study. We  believe the logistic regression model
was adequate for this study, where the main goal was to deter-
mine the probability of detection at various concentration levels,
e.g., probit [26].

The interlaboratory study revealed that all participants suc-
ceeded in detecting the yeast as predicted by the organizer
laboratory. Laboratories 4 and 5 observed Cq’s for samples at the
low concentration level (103 cells ml−1); however those values did
not meet the established criteria for positive scoring (Cq < 37) and
were therefore scored as negative in agreement with predictions.
Although a common cycle threshold for qPCR analysis is 40, a
threshold of 37 was  selected to reduce the chance of false pos-
itives due to low levels of contamination or instrument noise.
Statistical analysis also showed that variability between samples
(within labs) is about the same scale as the variability between
repeated measurements made on a single sample (within sam-
ple) (Fig. S11). The estimated variability among laboratories is
larger than the estimated variability between samples and between
repeated measurements for 80% of the iterations. Variations in Cq
values observed across all laboratories might be due to differences
in arrival date, sample processing date, calibration of the qPCR
instrument, adherence to the distributed protocol, or other factors.

This work is the initial phase of a larger project with the end goal
of providing a material for process evaluation in qPCR and other
nucleic acid-based techniques as a means to improve confidence
in the analytical process and ultimately the measurement results.

This study established cell concentrations that can be expected to
produce a positive or negative qPCR result using this protocol and
gives insight into an appropriate cell concentration for the devel-
opment of a reference material. The next step is to preserve the
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Fig. 4. Boxplots describing the quantification cycle (Cq) as a function of laboratory for the 10 samples analyzed in the interlaboratory study. The concentration of samples was
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ndividually randomized and blinded for each participant. The circles (�) in the plo
he  samples. A value of 45 was  assigned for undetectable Cq values in order to visua
ositive detection. Note that data from laboratory 6 were not included in the statis

east in a format that provides stability over longer time periods,
uch as a dry format (e.g., via lyophilization). Using the system
escribed herein, the results indicate that a yeast concentration of
07 cells ml−1 should result consistently in positive detection. Dry
east cells could be rehydrated to challenge the qPCR workflow or
rushed into a powder to challenge additional steps involved in
eld microbial risk assessment, such as sampling [27]. In addition
o challenging the qPCR analytical process, a quantitative reference

aterial composed of intact yeast cells has potential application
or a broad range of other processes where microbial cells or cell
omponents are measured.

. Conclusions

The need for stable, well-characterized biological materials to
id in reproducible and reliable analytical processes and improve
onfidence in microbial measurements is relevant to nearly any
ctivity involving detection or quantification of microorganisms.
n this study, we describe the development and assessment of a
andidate material based on S. cerevisiae to evaluate nucleic-acid
ased detection technologies (e.g., qPCR). We  successfully incorpo-
ated the ERCC-00095 DNA sequence into the S. cerevisiae genome
o confer selectivity, and demonstrated via interlaboratory study
he detection of NE095 in blinded samples in the hands of poten-
ial future users. In addition to a qualitative (yes/no) detection of
he yeast, quantitative detection was also achieved by challenging
he capability of qPCR to detect predetermined cell concentrations.
hese results support the further development of NE095 as a refer-
nce material for qPCR technologies involved in microbial detection
nd risk assessment.
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