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Abstract 
Rapid detection of virulent pathogens during an outbreak is critical for public 
health advisories and control of the disease in a population. While many mo-
lecular techniques for point of care and clinical diagnosis abound, the US ex-
perience with the COVID-19 testing in the early stages of the pandemic un-
derscores the critical importance of determining the appropriate target gene(s) 
with in-built controls that reliably detect pathogens with high sensitivity and 
specificity. Assays and research for diagnostics and therapy could be slowed 
during an epidemic because access to the required BSL-3 and BSL-4 laborato-
ries are limited. So, during the 2014 West Africa Ebola outbreak, we tested 
the hypothesis that using synthetic cDNA of Ebolavirus in a bacteria surro-
gate (fit for all lab settings), would remain unmutated and safe after several 
generations, serving as an effective positive control in research settings, self 
test and point-of-care detection platforms. Primers were designed for the de-
tection and quantification of the nucleoprotein (NP) gene of the 2014 Mako-
na Ebola strain (KR781608.1, 733 - 1332 bp). To test the stability of artificially 
inserted translation arrest in the Orf of the model gene, it was edited to in-
clude three STOP codons in the RNA transcript using SNAP GENE. The 
segment was then spliced into a high copy number plasmid, cloned into One 
ShotTM TOP10 Escherichia coli (Invitrogen), and tested for stability and safety 
by periodic subculture, extraction and sequencing. Unlike COVID-19, rapid 
detection of blood-borne etiologies like Ebola requires optimized protocols 
for blood matrix. Using real-time PCR and newly designed primer pairs, the 
EBOV surrogate was detected and enumerated in human blood and regular 
broth and buffers. Based on aligned sequence analysis, the EBOV synthetic 
NP gene was stable (>99.9999% similarity coefficient) for at least 3 months. 
Detection sensitivity in broth and blood was at least 100 cells/ml or about 5.8 
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× 103 to 7.3 × 103 virion equivalents per ml. While the developments of tran-
scription-and-replication-competent virus like particles (trVLP) have made it 
possible to study the infection and replication cycles of virulent pathogens in 
BSL-2 laboratories, the simplicity of our model and the reproducibility of de-
tection and enumeration show the utility of synthetic bio-components as pos-
itive controls for point of care diagnostic tools. The inserted stop codons re-
mained intact after many generations, suggesting that expressed virulent pro-
teins can be easily silenced in synthetic biology models for research in BSL-1 
and 2 and a wide range of pathogens. Synthetic bio-components can thereby 
aid further research by reducing costs and improving safety for workers and 
stakeholders.  
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1. Introduction 

Ebola virus (EBOV) is a single-stranded, negative-sense RNA virus. Electron mi-
crographs show virions to be 80 nm thick and 800 - 1400 nm in length, dimen-
sions that characterize the family filoviridae [1]. The EBOV genome contains 
approximately 19 kilobases and 7 genes: glycoprotein (GP), nucleoprotein (NP), 
RNA dependent RNA polymerase (RdRP), VP24, VP30, VP35, and VP40 [2]. 
Human infection with EBOV causes Ebola Virus Disease (EVD), hemorrhagic 
fever with a case mortality rate up to 90% [3]. EBOV virions consist of a helical 
nucleocapsid and cylindrical lipid envelope, and are spread to new hosts via 
contact with contaminated blood or body fluids from an infected individual. 
Outside of a host, the virions retain viability on surfaces for several days, and in 
fluids for up to several weeks [4]. Outbreaks of EVD have been extensively do-
cumented and the epidemiology of the disease is well known [4]. During an out-
break, healthcare and laboratory workers are at high risk of infection in regions 
with limited resources for transmission prevention and mitigation [5]. These 
features make a level 4 biosafety rating (BSL-4) a requirement for EBOV re-
search [6], a fact that limits the number of researchers studying the virus. 

Recently, the global SARS-COV-2 pandemic has highlighted the importance 
of early detection to limit transmission of the virus [7]. Detection and diagnosis 
of EBOV infection are not possible before the onset of symptoms, which can be 
non-specific in early stages of EVD [8]. Approved EBOV detection techniques 
fall under three categories: nucleic acid amplification, immunoassay, and virus 
isolation [8]. Nucleic acid amplification with reverse transcriptase PCR (RT-PCR) 
affords the highest sensitivity in the shortest amount of time, able to generate 
results for a single virion per reaction volume [9]. Loop-mediated isothermal 
amplification (LAMP) is another detection method that generates rapid results 
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with minimal technology [10]. LAMP has not yet been used to detect genuine 
EBOV virions but has potential for point-of-care detection in EBOV diagnostics 
[11].  

Although new achievements in EBOV research include the first vaccine against 
Zaire ebolavirus, Ervebo [12], and the monoclonal antibody treatments, Inma-
zeb and Ebanga [13], they do not obviate the desirability of model systems to 
study without risk of infection or illness, and without need of a BSL-4 laborato-
ry. For the study of the EBOV lifecycle, the innovative tetracistronic minige-
nome system uses a transcription and replication-competent virus-like-particle 
(trVLP). The trVLP is a plasmid with a cDNA copy of the EBOV genome and 
deletions of genes encoding the proteins VP30, VP35, NP, and L. The remaining 
genes make up the tetracistron: VP40, VP24, GP1,2, and a reporter. Infection, 
maturation, and budding can be monitored within host cells that are transfected 
with expression plasmids for the deleted genes, RdRP, and the tetracistronic mi-
nigenome [14]. Subsequent infection and budding will continue only so long as 
target cells are supplied with the expression plasmids, which allow the EBOV te-
tracistronic minigenome to be studied in a BSL-2 laboratory. 

The use of various forms of minigenome, including the trVLP (reverse genet-
ics systems for filoviruses and other negative-stranded hemorrhagic fever virus-
es) is an important albeit limited tool used to study the life cycle of Ebola viruses 
in plasmid-based expression viral proteins under BSL-2 settings [15]. Subse-
quent advances resulted in the development of multi-cistronic minigenome 
model systems that directly express a reporter and viral genes rather than from 
an expression plasmid, allowing the study of most aspects of the EBOV life cycle 
over the course of multiple infection cycles in susceptible host cells [14]. Non-
etheless, using synthetic biology to create rapid and safe protocols for the de-
velopment of point-of-care detection methods and positive controls in a BSL-2 
laboratory in a cost-efficient manner, remain an essential need. During the 
2014-2016 Ebola outbreak there were no EBOV vaccines and no FDA-approved 
treatments for EVD [16]. Rapid virus detection in blood and body fluids matric-
es at airports, for instance, was a priority. The acute need for a synthetic gene 
surrogate that is a stable mono-cistronic subgenome for point-of-care detection 
research in BSL-2 laboratories inspired the activities of the studies reported in 
this manuscript. Synthetic biology has found many practical applications in life 
science technologies, including in silico directed evolution of novel protein func-
tions [17]. The genetic material of any organism (or replicating virus) can be 
modified to eliminate pathogenicity while still retaining identity and integrity. 
Targeted molecular processes for these modifications are well known-demobi- 
lization of translation, modifying open reading frames into noncoding sequences, 
and recombinants expressing firefly luciferase genes as reporters. Such gene- 
editing is sometimes required for regulatory approvals to work with a potentially 
pathogenic synthetic gene in a BSL-2 surrogate. A parallel concern is the selec-
tion of a suitable, non-pathogenic host for the synthetic gene construct when 
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cloning, and or protein expression are desired. In this study we used a sub-mo- 
nocistronic cDNA designed from the EBOV NP gene to simulate viral titer and 
detection, without risk to researchers and the public. To test the feasibility of the 
synthetic EBOV surrogate gene model and point-of-care detection methods, we 
hypothesized that if a synthetic EBOV gene segment were inserted into a plas-
mid, and then cloned in suitable bacteria host cell, that the gene sequence will 
remain unmutated and would be detectable by reporter probes and qPCR at 
similar rates to the same surrogates in blood matrix.  

2. Materials and Methods 
2.1. Gene Selection and Bioinformatics 

The EBOV NP protein is integral to the generation of new virions and is rela-
tively conserved [18]. Its purpose in this model is to demonstrate that the plas-
mid surrogate will maintain sequence integrity over many generations with mi-
nimal mutation. The gene was identified in NCBI RefSeq and run through a 
BLAST protocol to determine any areas of particularly strong conservation [19]. 
In order to gain CDC approval for work with the NP gene in BSL-2, a section of 
approximately 600 bp was selected and modified by inserting stop codons at the 
5’ end, at the 3’ end, and after every methionine codon, making translation un-
likely. The segment was then flanked by restriction sites found in the pUC19 
Multiple Cloning Site (MCS) region. SnapGene® 4.0 nucleic acid visualization 
software was used to perform these modifications. The sequence was synthesized 
de novo and ligated into a plasmid by Eurofins Genomics. For the nucleocapsid 
gene, 600 bp were found and flanked by SmaI in the 5’ direction and EcoRI in 
the 3’ direction, and this fragment was then inserted into pEX-A2, a streamlined 
high copy number plasmid featuring a convenient MCS, ampicillin resistance, 
and an origin of replication (Ori) identical to the pUC series. 

2.2. Transformation of E. Coli 

Invitrogen One ShotTM TOP10 Chemically Competent E. coli was removed from 
−80˚C and placed on ice for 20 minutes. 12.5 ng of pEX-A2 with Ebola insert 
(12.5 ng/μl) or unmodified pUC19 (5 ng/μl) was added to 50 μl of E. coli and al-
lowed to sit for 25 minutes. After that time, the cells were heat-shocked at 42˚C 
for 45 seconds and then returned to ice for 2 minutes. 450 μl of Luria Broth (LB) 
were then added to the cells, and 100 μl each of these cultures were plated on 3 
LB plates supplemented with 100 μg/ml ampicillin and 4 μl/ml x-gal/IPTG solu-
tion. These plates were then incubated overnight at 37˚C. 

2.3. Purification of Plasmid and Genomic DNA 

Genomic DNA was purified by use of the Qiagen DNeasy Blood & Tissue Kit, 
and plasmid DNA was purified using the QIAprep Spin Miniprep Kit as directed 
for bacterial cultures. The nucleic acid concentration was determined by spec-
trophotometry with a Nanodrop 2000 c Spectrophotometer.  
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2.4. PCR Confirmation of Plasmid Surrogate 

Polymerase Chain Reaction (PCR) amplification was performed to determine 
that the target insert was present. For both inserts, primer sequences were created 
using SnapGene® software, and PCR was performed to the specifications of those 
primers (Table 1).  

12.5 μl of 2× Master mix was combined with 1 μl forward primer, 1 μl reverse 
primer, 1 μl Bovine Serum Albumin (BSA), and 1 μl of sample from each puri-
fied plasmid sample. This procedure was repeated using 1 μl of a lysed cell ex-
tract obtained from 1 ml of cell culture. The culture was centrifuged at 6000 g for 
5 minutes, and 50 μl of Tris-EDTA (TE) buffer with 0.1 mM EDTA was added. 
The sample was then heated at 100˚C for 5 minutes and vortexed for 30 seconds 
to suspend the DNA in solution. PCR results were then run on a 1% agarose 
TAE gel.  

2.5. Surrogate Stability Testing 

The stability of the surrogate was determined by isolating 100 colonies and trans-
ferring them to two plates, one containing ampicillin, one without. Colonies 
from the plate without ampicillin were transferred as described above, repeated 
for ten sets of plates (Figure 1). The ampicillin plate shows which colonies main-
tain the plasmid and which—if any—lose the plasmid over multiple rounds of 
replication. 
 

 

Figure 1. Serial transfer plates for plasmid stability Testing: plates in the bottom row lack 
ampicillin (Amp−), and therefore do not select for cells transformed with pEX-A2. Plates 
in the top row contain ampicillin (Amp+) and select for cells transformed with pEX-A2. 
Plasmid stability is tested by replica-plating colonies from Amp− to Amp+ plates. Only 
colonies that retain pEX-A2 will grow on the Amp+ plates. Note that only five sets of 
colony transfers are present in this figure, however, 10 sets of colony transfers were 
used. 
 
Table 1. Primers designed in this study and PCR protocols. Note that all primers were 
designed in SnapGene® and were suitable for both PCR and qPCR. 

NP Forward Primer 5’-CTCCATCCTCTTGCAAGGAC-3’ 

NP Reverse Primer 5’-GGTCAAGTTCACGAGACTCC-3’ 

PCR Protocol 94˚C, 2 min; [94˚C, 1 min; 57˚C, 1 min; 72˚C, 30 sec] × 30; 
72˚C, 3 min; 4˚C, hold 

qPCR Protocol 95˚C, 15 min; [94˚C, 15 sec; 57˚C, 1 min] × 40; 4˚C, hold 
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2.6. Plasmid Surrogate Sequencing 

Because the specific nucleotide sequence of the plasmid surrogate is integral to 
the model, the plasmid was extracted from the colonies and sequenced to deter-
mine the exact sequence of the recombinant region. The plasmid was extracted 
from colonies on both the initial transfer plate (plate T1 above) and the final 
transfer plate (T10) for both surrogates. The randomly selected colonies were 
grown in Luria Broth (Fisher Scientific) overnight and their plasmid was ex-
tracted. The samples were then prepared for sequencing at Eurofins Genomics, 
then aligned using the SnapGene software to determine any mismatched bases. 
The differences in sequence of the insert region were used to determine an ap-
proximate rate of mutation for the insert.  

2.7. Surrogate Detection 

While authenticating the plasmid surrogate is important for determining the 
usefulness of the model for future testing, it is also necessary to prove the surro-
gate can be detected using standard molecular detection methods. For this, 
qPCR will serve as a contemporary detection technique for the surrogates. To 
determine the concentration of plasmid in cell culture, qPCR was performed on 
the recombinant section of the plasmid. Plasmid purified from cell culture was 
amplified and compared to the calculated cell density per milliliter of the cul-
tures to determine the average plasmid count per cell. qPCR for both surrogates 
was carried out with the same primers as PCR, but the cycle program was mod-
ified to fit the specifications of qPCR (Table 1). Absolute Blue qPCR mix (Ther-
mofisher) was used for the amplification and was prepared according to the 
manufacturer’s instructions. 

1 ml of overnight culture was collected and diluted to an OD of 1. 2500 μl of 
diluted culture was then centrifuged at 6000 g for 5 minutes, decanted, and 50 μl 
of TE buffer was added. The sample was then heated at 100˚C for 5 minutes and 
vortexed for 30 seconds to suspend the DNA in solution. The sample was then 
serially diluted in TE buffer 10:1 to <1 cell/μl, and 1 μl of each was used for sur-
rogate preparation. Samples were prepared in triplicate. Standards were created 
using an untransformed plasmid of a known concentration. 

2.8. Cell Spectrophotometry and Colony Plate Count 

1 ml of surrogate culture was placed in a cuvette and run through a Nanodrop 
2000 c spectrophotometer to determine the Optical Density (OD) of the bacteria 
at 600 nm, adjusted so that the OD is below 1 in the measured sample. The 
number of cells was then estimated using the equation OD600 = 1.5 × 108 cells/ml. 
The cultures were then serially diluted such that the final dilution had a cell 
concentration less than 103 cells/ml. 100 μl of these dilutions were plated on a 
LB/Amp plate and incubated at 37˚C overnight. Viable cells were then deter-
mined from the number of colonies grown to give a more accurate estimate of 
cells. 

https://doi.org/10.4236/aim.2022.121003


N. Esiobu et al. 
 

 

DOI: 10.4236/aim.2022.121003 31 Advances in Microbiology 
 

2.9. Blood Simulation 

To effectively simulate detection of EBOV in blood, 1 ml samples of whole blood 
were prepared for nucleic acid purification and PCR amplification. The blood 
was spiked with bacterial surrogate to yield known concentrations, 106, 104, and 
102 cells/ml, spun for 2 minutes at 2000 g, and the serum collected for nucleic 
acid purification. 200 μl of serum was then purified using ZymoBIOMICSTM 
DNA Miniprep Kit protocol for blood and other protein-rich fluids. PCR was 
then performed as above, and the results were run on a 2% agarose gel as above.  

3. Results 
3.1. Dry Lab/Bioinformatics 

Ebola virus genomes from the four most important EBOV outbreaks (1979, 
1995, 2001, and 2014) were downloaded from NCBI RefSeq and aligned with the 
EBOV type strain in SnapGene. Areas with minimal base pair mismatch were 
identified visually and their sequence recorded. The highly conserved regions 
were then sized for optimal insertion into the target plasmids. Large, highly 
conserved regions were found in both the GP and NP genes (Figure 2(a)). 

From the bioinformatics performed during this project, a 600 bp segment 
from the nucleocapsid gene (Figure 2(b)) was identified and used to construct 
the plasmid surrogate.  

Results from transforming E. coli with the recombinant NP surrogate (Figure 
3) indicate that the plasmid was taken up effectively. All of the transformed co-
lonies contained the recombinant plasmid, and E. coli transformed with pUC19 
showed the x-gal/IPTG solution was working and present. 

3.2. Authentication 

Electrophoresis of the NP PCR amplification was also consistent with expectations  
 

 

Figure 2. Annotation of EBOV: (a) location of the nucleoprotein (NP) gene; (b) region of the NP gene inserted into pEX-A2. 
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Figure 3. Recombinant NP plasmid surrogate. Insert sequences highlighted to correspond to plasmid diagrams (image from 
SnapGene®). 

 
(Figure 4). A band of approximately 300 bp was returned for all samples, and no 
amplification was seen in the negative controls. 
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Figure 4. Gel electrophoresis of NP PCR. L = ladder (O’Generuler 1 kb plus), 11 = transformed colony 11, 13 = transformed co-
lony 13, + = pure recombinant plasmid, -p = pUC19, -w = water. 
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Results from culture stability testing indicate that after a minimum of 300 
generations (30 generations per transfer) all 100 colonies maintained the plas-
mid without selective pressure by ampicillin. This was true for both the NP sur-
rogate and for pUC19.  

Results from the plasmid sequencing indicate that the plasmid surrogate was 
taken up effectively. Three NP colonies were sequenced twice, once in the for-
ward direction and once in the reverse, and no base changes in the inserts were 
found over both sequencing reactions (Figure 5).  

3.3. Detection and Quantification 

Spectrophotometry and surrogate plating indicated that the standard cell density 
estimate for E. coli (1.5 × 108 cells/ml/OD) is considerably less than this experi-
ment’s estimated culture density. Averaged over 3 samples, culture 11 had a 
standard cell density of 4.45 × 108 CFU/ml/OD, and culture 13 had a cell density 
of 3.56 × 108 CFU/ml/OD. These results were used to calculate the plasmid 
equivalents per cell in the qPCR and blood experiments. 

For qPCR the standard curve was generated from 10 tenfold serial dilutions of 
known plasmid concentration, in duplicate (Figure 6). For least-squares linear 
regression, R2 = 0.9936. 
 

 

Figure 5. Sequence alignment of nucleoprotein colonies 1 (a), 35 (b), and 74 (c). (a) Corresponds to the colony sequenced from 
plate T0. (b) Corresponds to the colony sequenced from plate T10. (c) Corresponds to the original recombinant plasmid (image 
from SnapGene®). 
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Figure 6. Standard curve for qPCR amplification of the nucleoprotein insert in pEX-A2. 
The curve was generated with known plasmid concentrations to correlate cycle threshold 
(Ct) values. Least squares regression analysis yielded a trendline with R2 = 0.9936. The 
trendline was then used to calculate unknown plasmid copy numbers from their respec-
tive Ct values. 
 
qPCR results of the NP colony 11 (NP-11) surrogate indicated a concentration 
of between 59 and 73 plasmid equivalents per cell (Figure 7). 

Attempts to detect the NP surrogate with nucleic acid extraction, purification, 
and PCR were successful. After interpolating plasmid concentration from the 
standard curve (Figure 6), qPCR Ct values indicated that plasmid equivalents 
per cell were approximately 10 fold greater in colony 11 compared to colony 13. 
Above the threshold of 102 cells the detection of plasmid equivalents increased 
steadily for both colonies. Finally, the nucleoprotein insert was detectable with 
the most dilute cell suspensions in the series.  

Results from blood contamination simulation (Figure 8) show NP-11 surro-
gate cells were detected down to approximately 102 cells/ml, or 20 cells in 200 μl. 
Based on analysis of plasmid equivalents per cell (Figure 7), this is equivalent to 
between 5.8 × 103 and 7.3 × 103 plasmid equivalents/ml for the NP-11 surrogate.  

4. Discussion 
4.1. Bioinformatics 

For these experiments the NP gene demonstrated the speed and flexibility of the 
surrogate creation process. The NP gene is one of the most common targets for 
detection, is relatively conserved, and its importance in EVD is considerable be-
cause of its role in virion assembly. Nucleic acid visualization software facilitated 
the disruption of all open reading frames, as required by the CDC for work in 
BSL-2. The sequence was truncated and modified with stop codons in silico to 
minimize the possibility of translation while disrupting the sequence as little as 
possible. Thus, the usefulness of the surrogate was maintained without compro-
mising safety. 
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Figure 7. To estimate nucleoprotein plasmid equivalents per cell, optical density from 
cultures 11 and 13 was used to measure cell density. Then, nucleic acid was extracted and 
purified, serially diluted tenfold, and the samples amplified with primers for the nucleo-
protein insert in pEX-A2. Finally, the measured Ct values were interpolated with the 
standard curve in Figure 6 to calculate plasmid equivalents for each dilution. Error bars 
are not visible for data where they would be too small to see on the graph. 
 

 

Figure 8. Gel electrophoresis of blood PCR targeting unsuccessful glycoprotein (GP) and 
nucleoprotein (NP) surrogates. L = ladder (O’Generuler 1 kb plus), GE6 = 106 cells/ml, 
GE4 = 104 cells/ml, GE2 = 102 cells/ml, NE6 = 106 cells/ml, NE4 = 104 cells/ml, NE2 = 102 
cells/ml, N+ = nucleoprotein insert positive control, G+ = glycoprotein positive control, 
P− = pUC19 negative control, W− = Water. 
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4.2. Surrogate Construction 

The gene fragment was synthesized de novo with inserted stop codons to pre-
vent translation and inserted into pEX-A2, a high copy number plasmid that 
encodes ampicillin resistance. This was then inserted into our selected E. coli 
strain, which was chosen for its low rate of mutation and chemically induced 
competence. These features made the transformation easy and relatively inex-
pensive, requiring no specialized equipment. Furthermore, E. coli is a relatively 
robust organism, and can grow on a number of different media, making it easy 
to use in most molecular biology laboratories. This is in contrast with EBOV, 
which requires very stringent and expensive containment procedures, and can 
only be used in the most well-equipped labs. The limitation of this technique is 
that the maximum size of the insert is limited, and while an insert could be 
created approximating a single 2 kbp gene, it would be difficult to construct a 
surrogate for a larger gene. That said, the use of a cosmid or other larger-scale 
genetic construct would allow for a larger surrogate to be created, and in silico 
modification allows for rapid design of new surrogates. 

4.3. Surrogate Stability Testing 

The serial transfer of the surrogate colonies served as a test of the surrogate’s 
stability in a laboratory environment, and as a test for the recovery of the 
pEX-A2 plasmid from a culture. While some cells could cure themselves of the 
plasmid in the absence of ampicillin, both pEX-A2 and pUC19 contain the 
AmpR gene, so the reintroduction of ampicillin selection would remove un-
transformed cells from culture. 

4.4. Plasmid Sequencing 

While extraction of a considerable amount of plasmid was possible, the NP sur-
rogate had suboptimal concentrations for sequencing, and because these values 
were considerably less than what was suggested (30 ng/μl as opposed to the rec-
ommended 100 ng/μl), two sets of sequencing reactions were performed for each 
sample (Figure 5). No mismatches occurred, except near the 3’ end of the se-
quencing reaction, where errors in sequencing are more likely. This result indi-
cates that no mutations are likely to have occurred in the surrogate, which is es-
pecially important for its role as a positive control, as the point of the surrogate 
is to replicate a piece of DNA with high fidelity while specifically not translating 
the sequence into protein.  

4.5. Blood Simulation 

The inoculation of blood samples with the bacterial surrogate, while not perfect, 
acts as a reasonable facsimile for infected cells in blood. The exact concentration 
could not be determined, but the cell density was estimated to 106, 104, and 102 
cells/ml. As a result, the lowest plasmid concentration was likely between 5.9 × 
103 and 7.3 × 103 plasmid equivalents/ml. This is higher than the 1 × 103 virion 
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equivalents/ml that is the current bottom limit of detection, and further testing 
in blood may be required to determine the bottom limit of detection for this 
surrogate system. However, the concentration of surrogates used in this experi-
ment is within the range that can be seen in an infected blood sample [20]. Be-
cause of the rapid doubling rate of E. coli, it is problematic to get an exact con-
centration of bacterial surrogates in a solution. However, the same is true of in-
fected cell samples collected in the field, and it is possible to determine the con-
centration of plasmid surrogates from purified surrogate stocks, should greater 
precision be required. As a result, the surrogate system can be used both as a 
stand-in for infected samples and as a standard for determining concentration. 
Indeed, the rapid growth rate may be preferable for experiments dealing with 
detection limits or other detection-over-time protocols. 

While pUC and pEX plasmids are suitable for most cloning experiments, they 
present a few challenges when attempting to create gene surrogates. First, while 
they have high copy numbers per cell, their specific concentrations are not tightly 
controlled. As a result, it is difficult to accurately determine the exact amount of 
plasmid that exists within any single bacterial cell. Second, these plasmids are 
both double-stranded DNA, which has limited utility for comparison to sin-
gle-stranded RNA. These plasmids also have a limited maximum insert size, 
which may become important when working with larger gene segments. Addi-
tionally, the pEX-A2 plasmid lacks a functioning lacZ gene, which, by compari-
son, removes the redundant authentication measure for blue/white selection. 
The pUC19 plasmid has this selection authentication where inserted surrogate 
nucleotides interrupt lacZ and prevent the encoded galactosidase from cleaving 
x-gal into indole, the “blue” in blue/white screening. It is potentially more diffi-
cult to authenticate bacteria that have been transformed with the surrogate plas-
mid pEX-A2 and not unaltered pUC19 plasmid. However, the pEX-A2 plasmid 
had the EBOV NP surrogate synthesized directly into the plasmid, and was vali-
dated through PCR, qPCR and sequencing. 

5. Conclusion 

The results of both the surrogate authentication and detection experiments in-
dicate that the plasmid surrogate had the expected sequence and could be de-
tected with techniques similar to those used to detect the NP gene in EBOV. 
The insert was found to be oriented correctly, and the sequence was confirmed 
by plasmid sequencing. The plasmid did not impair the bacterial host, and it 
did not mutate over a reasonable growth period and 10 replica platings. The 
observed stability indicates that the surrogate is suitable for work in a typical 
laboratory setting. For point-of-care diagnostics, the bacterial surrogate’s syn-
thetic insert was detected in blood at concentrations as low as 5.8 × 103 
plasmid equivalents/ml, which approaches EBOV detection sensitivity (1 × 
103 virion equivalents/ml), and the primers designed to be specific to EBOV 
were able to bind to the surrogate plasmids. Furthermore, because of the an-
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ti-translational modifications, the bacterial surrogate can be used in a BSL-2 
laboratory environment. While it does not mimic EBOV infection and viral 
replication, the surrogate can serve as a suitable positive control and prelimi-
nary test for EBOV NP molecular detection platforms, and the demonstrated 
techniques could be modified to create reliable surrogates for other pathogens 
and infectious diseases.  
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