HARVARD UNIVERSITY
Graduate School of Arts and Sciences

Sl e

DISSERTATION ACCEPTANCE CERTIFICATE

The undersigned, appointed by the

Division of Medical Sciences

in the subject of Biological and Biomedical Sciences
have examined a dissertation entitled

Development of nucleic acid detection methods for
object provenance and viral diagnostics

presented by Jason Qian

candidate for the degree of Doctor of Philosophy and hereby
certify that it is worthy of acceptance.

#eng Wiy

Slgnature Peng YT (May 5, 2021 11:57 EDT)

Typed Name:  Dr. Peng Yin
Cepko

Constance
Slgnature: Constance Cepko (May 26, 2021 08:32 EDT)

Typed Name:  Dr. Constance Cepko
~) ” .

£ ,",,, s f}("z‘ﬁ

Signature: / )

Typed Name: Dr Pardis Sabeti

Signature: CamcronMyhrvold May 5, m%s EDT)

Typed Name: ~ Dr. Cameron Myhrvold

Date: April 28, 2021






Development of nucleic acid detection methods for
object provenance and viral diagnostics

A dissertation presented

by

Jason Qian

to

The Division of Medical Sciences

in partial fulfillment of the requirements

for the degree of

Doctor of Philosophy

in the subject of

Biological and Biomedical Sciences

Harvard University
Cambridge, Massachusetts

April 2021



© 2021 Jason Qian

All rights reserved



Thesis Advisor: Professor Michael Springer Jason Qian
Development of nucleic acid detection methods for
object provenance and viral diagnostics

Abstract

Starting with the discovery of DNA structure, advances in molecular and systems biology in the
past few decades have propelled nucleic acid amplification and detection technologies with far-
reaching applications including diagnostics for healthcare to food industries, such as disease
prognosis and surveillance during a global pandemic, or object provenance to determine locations
of food-borne illness outbreaks. Many of these technologies require extensive instrumentation
and infrastructure, restricting access in low-resource environments; therefore, recent efforts have
been directed towards developing isothermal nucleic acid amplification methods amenable to
field-deployable applications. In this thesis, we used isothermal nucleic acid detection method to
develop field-deployable systems in two areas: object provenance and viral diagnostics. First,
determining the location history of an object is a fundamental challenge for human health,
commerce, and food safety. We leveraged location-specific barcoded microbial spores to create
a system that can determine object provenance that is rapid, fieldable, sensitive, cheap, and can
be safely introduced into and recovered from the environment. This technology has broad
potential as it can help solve object provenance challenges in a wide range of applications.
Second, the global SARS-CoV-2 pandemic has highlighted in many countries the limitations of
inadequate testing infrastructure and the pressing need for different testing modalities. Rapid,
inexpensive, and sensitive testing is essential for disease surveillance and containment strategies
to be effective. We optimized the isothermal nucleic acid detection method used for microbial
spores to develop a SARS-CoV-2 point-of-care diagnostics that can detect down to 5 viral RNA
molecules and can provide quantitative information in crude patient samples. This method can be
quickly and easily adapted to future infectious disease outbreaks. Taken together, this thesis
provides some groundwork for bringing isothermal nucleic acid detection methods closer to a

future where fully field-deployable technologies may become a reality.
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Chapter 1: Introduction



Overview

Rapid detection of nucleic acids plays a primordial role in healthcare (7), biothreat (2) or
food industry (3, 4), such as disease prognosis and surveillance, or monitoring and testing
contaminated human food (4, 5). Viral outbreaks in the past several years (e.g. Zika) (6) and the
current worldwide SARS-CoV-2 pandemic (7) highlight the urgent need and challenges for
diagnosing viral infection rapidly, sensitively, and specifically in order to contain the spread of
pathogenic agents. Failure to control the viral SARS-CoV-2 infections has amounted to millions
of deaths worldwide and put the majority of the world under lockdown which has disrupted means
of livelihood and costed trillions of dollars in economic damage (8). Food industry is another
example where there is a need for rapid DNA detection methods to identify the source of food
contamination, as it often takes weeks with current approaches due to the complex modern
market chain (9). Foodborne iliness is a global health issue with 48 million cases reported every
year in the US alone and costing the economy more than $15 billions (70). In recent years, there
has been a massive expansion of isothermal nucleic acid amplification technologies (INAATS) to
offer highly sensitive and rapid nucleic acid detection. These INAATS can be harnessed for
detection of infectious diseases and other field-deployable applications. This chapter provides an

overview of the current INAATSs and their applications.



Isothermal nucleic acid amplification technologies (INAATS)

Amplification and detection of nucleic acids are two key steps for developing accurate
diagnostics; trace amounts of specific DNA sequence need to be amplified in a specific manner
to levels that are then detectable by a readout method (7). Numerous DNA amplification methods
have been developed which can be divided into two categories, 1) those that require thermal
cycling, and 2) those that operate at constant temperature (isothermal).

For nucleic acid amplification methods that require thermal cycling, polymerase chain
reaction (PCR) or quantitative PCR (qgPCR) remain the gold standard in diagnostic assays. In
research and clinical settings, gPCR is used for sensitive amplification, detection, and quantitation
of nucleic acids in a given sample. These methods can be adapted for multiplex detection of
different targets at once (717-13). Nevertheless, in settings others than research laboratories,
PCR-based methods are often unfeasible due to the necessity of expensive thermocycling
instrument, reliable power supply, technical expertise, and other resources that may not be
available in low-resource settings (74). To circumvent the need of specialized equipment, INAATs
have been developed that often use enzymes to replace the thermocycling steps of PCR to
continuously replicate targeted DNA strands (75). In recent years, numerous INAATs have been
developed, including recombinase polymerase amplification (RPA), loop-mediated isothermal
amplification (LAMP), helicase-dependent amplification (HDA), nucleic acid sequence-based
amplification (NASBA), and rolling circle amplification (RCA). For each method, there are trade-
offs amongst sensitivity, specificity, simplicity, cost, and speed (715), which are summarized in
Table 1. The ASSURED (Affordable, Sensitive, Specific User-friendly, Robust and Rapid,
Equipment-free, and Deliverable) criteria was set by the World Health Organization (WHO) as a

general guidance to work towards when developing field-deployable diagnostic assays (76).



Recombinase Polymerase Amplification (RPA)

RPA is one of the most promising INAATs due to the low temperature requirement, the
simple primer design, the rapid amplification time. RPA uses a combination of recombinases (T4
uvsX, T4 uvsY), strand displacing DNA polymerase (Bsu) from Bacillus subtilis, and single-
stranded DNA-binding (SSB) (T4 gp32) proteins to achieve rapid DNA amplification at near
constant ambient temperature (77). RPA achieves exponential nucleic acid amplification by just
using two target-specific primers, one forward and one reverse as in PCR; however, there is no
need for melting temperature since primer annealing and elongation steps are mediated by
enzymes and not driven by temperatures. The recombinases form complexes with the primers to
scan the double stranded DNA template and facilitate strand exchange at matching sequences.
Typical RPA primers are 30-35 bases long to allow the formation of recombinase/primer filaments.
Once the primer is bound to the DNA template, the recombinases disengage and are replaced by
SSB proteins that coat to the displaced DNA strand and stabilize the resulting D-loop, which
prevents the ejection of the primer by branch migration. DNA amplification by the Bsu polymerase
can then be initiated by primer extension (Figure 1-1). Once initiated, the amplification reaction
progresses exponentially by cyclic repetition of this process at constant 37-42°C and reaches
saturation within minutes with just a few target copies of DNA (77). RPA was demonstrated to
amplify nucleic acid using just body heat (718).

One of the key reagents unique to RPA is polyethylene glycol (PEG), a high-molecular
weight crowding agent, that helps to stimulate interaction of enzymes with nucleic acids (77). In
RPA, the ATP to power the enzymes is generated by creatine kinase and phosphocreatine. Once
the enzymes are activated by magnesium acetate, the amplification of DNA template continues
until exhaustion of the phosphocreatine pool. RPA can amplify DNA template up to 1.5 kb but in

general shorter amplicons are recommended (100 — 200 bp) (77).
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Figure 1-1 Schematic of RPA amplification.

Recombinases (yellow circle) form complexes with forward and reverse primers to scan template and aid
strand exchange at homologous sequences. Concurrently, primers are inserted at cognate sites and SSB
(blue circle) stabilize D-loops. Then recombinases disengage, and Bsu polymerase (pink crescent) initiate

primer extension. Exponential amplification happens thru cyclic repetition of this process.

RPA is versatile and can be paired with different detection methods - fluorescent probes
(79), lateral flow strip assay (79, 20), and CRISPR detection readout (27) - making it suitable for
field-deployable applications. Fluorescent probes (exo and fpg) have been developed to detect
RPA reaction in real-time. Since traditional Tag-man probes are not compatible with RPA due to
the 5 &> 3’ exonuclease activity of Taqg polymerase, the exo or fpg fluorescent RPA probes rely
on having an abasic base, located between a flutophone and a quencher, that can be cleaves by

an exonuclease or a DNA glycosylase (17, 19). Post RPA amplification detection by lateral flow



strip assay is achieved by the LF-probe which usually has a 5’-FAM tag, an abasic residue, and
is 3’ blocked. The reverse RPA primer is 5’ biotinylated and forms a doubly labeled amplicon
(FAM/Biotin), which can be captured by gold nanoparticles conjugated with anti-FAM antibodies
(79). Nevertheless, these RPA probes are expensive and time-consuming to manufacture,
making them less adaptable during rapidly evolving pathogenic disease outbreaks when mutated
variants can quickly arise. More recently, CRISPR detection methods such as those using
programmable Cas12a (22) and Cas13a (27) endonucleases have been developed and paired
with RPA to sensitively detect amplified nucleic acids. Upon binding to a cognate DNA target via
the guide RNA, the CRISPR enzyme unleashes its collateral cleavage activity cutting an initial
quenched fluorescent reporter, which produces a fluorescent signal (23).

RPA carries robust nucleic acid amplification with input from various sample types with
minimal sample preparation and is tolerant to common PCR inhibitors, including urine (24), soil
samples (25), milk (26), serum or crude swab samples only requiring heat lysis and lysis buffer
(27). While each sample type and target should be optimized with RPA, the possibility of
minimizing sample preparation makes it an ideal method to portable assay development.

A shortcoming of RPA and other INAATSs is the amplification of non-specific amplicons,
arising from primer dimers and off-target hybrids. The non-specific side reactions are a common
issue found for INAATSs since in these systems, the Watson-Crick base-pairings are not formed
and reformed thermodynamically but rather mediated enzymatically. The formation of these non-
specific amplicons is not well understood, but it is well documented that in the absence of DNA
template, a reaction containing just the four nucleotide bases (dNTPs), primers, and enzymes
generates self-replicating mixture of DNA species (28, 29). This leads to high amounts of non-
specific species that compete with specific products and causes lower sensitivity or even false-
positive results. Primer designs with modified bases have been explored as potential solutions to
prevent non-specific products. Self-avoiding molecular recognition system (SAMRS) minimizes

non-specific products in PCR (30), RPA (317), and other INAATs (32, 33). The SAMRS nucleotides



are variants of the natural bases, and they are capable of binding to natural nucleotides but not
to themselves. While placing SAMRS nucleotides in the 3’-end of the primers reduced non-
specific amplicons (37), these modified nucleotides are expensive and time-consuming to
produce. Another primer modification strategy is to insert an RNA base a few nucleotides
upstream of the 3’-end of primers. Once the primer is bound its cognate target, the polymerase is
blocked from extending the primers until RNAse H2 cuts RNA/DNA hybrid at the RNA base
position, releasing the blocked end (34). To date, the best strategy to mitigate non-specific
amplificons is careful primer design (35, 36) and screening to find ones with best sensitivity for
on-target amplification.

RPA and other INAATSs currently lack simple quantitation readout. INAATs mostly output
a binary signal of either the presence or the absence of a target. A quantitative point-of-care test
would be useful to monitor the progress of viral infections or other diseases and potentially guide
drug treatment as in the case for HIV titers (37). Quantitative real-time RPA using fluorescent
probes and competitive amplification has been reported (74); however, probes with internal
modified bases are difficult and expensive to manufacture and require a sensitive instrument for
readout. A quantitative end-point LAMP method has been reported that enables order-of-
magnitude quantitation (38), but as mentioned in the next section, LAMP requires higher
temperature and a more complex primer design than RPA. Other attempts of making RPA
quantitative involve compartmentalization of reagents and require more complex setup and
instrumentation, including digital plasma separation (39), centrifugal step emulsification (40),
picowell-based technology (47), and microfluidics technology (42)
Loop-mediated Amplification (LAMP) and other methods

LAMP is another promising INAAT as it requires a set of 4 to 6 primers and a strand
displacing polymerase (Bst polymerase) and works optimally at 60-65C (43). Typically, there are
two outer primers (F3 and B3) and two inner primers (forward internal FIP and backward internal

BIP) (Figure 1-2). Two additional primers (loop F and loop B) are often used to accelerate the



LAMP reaction (44). As depicted in Figure 1-2, the inner and outer primers and strand displacing
polymerase help generate dumbbell intermediary products since both the 5’ and 3’ ends are self-
complementary to sequences further inwards creating the stem-loop structure. This intermediary
product and subsequent binding of inner, outer and loop primers generate very long cauliflower-
shaped DNA structures (>20 kbp) (43). Many methods exist to detect LAMP amplification in real-
time including fluorescent dye, turbidity, colorimetric pH dye (45). Post-amplification detection
methods also exist including oligo strand displacement probes, molecular beacons, lateral flow
strips (45), and more recently CRISPR (46—48). LAMP’s requirement of using only 1 enzyme, the
polymerase, to amplify DNA makes it an attractive INAAT; however, its 4-6 primer requirement is
more complicated than other INAATs and reduces the user’s target sequence space. LAMP
primer design tools have been reported (49).

Helicase-dependent amplification (HDA), like RPA and PCR, uses 2 primers for
amplification. HDA relies the helicase enzyme to first unwind double stranded DNA, and SSB
stabilizes single stranded DNA allowing primers to anneal and a strand displacing polymerase to
extension (50). This cyclical process achieves exponential amplification at constant temperature
between 37-65C depending on the polymerase (Figure 1-3). Despite its simplicity HDA also
suffers from non-specific amplification as with other INAATs (57). In addition to primer
modifications, reagents (e.g. DMSO, betaine, sorbitol) that reduce DNA secondary structures to
facilitate primer annealing have been used to minimize non-specific amplification (52). HDA
reaction is slower than RPA and LAMP.

Nucleic acid sequence-based amplification (NASBA) relies on 2 primers and multiple
enzymes (reverse transcriptase, RNase H, RNA polymerase) at 42C for amplification (53).
NASBA system relies on reverse transcription and in-vitro transcription to produce single stranded
RNA products. Rolling circle amplification (RCA) relies on a strand displacing polymerase to
amplify a long single stranded circular DNA product (54). RCA is linear; therefore, it amplifies

more slowly and is less sensitive than other INAATSs that rely on exponential amplification.
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Isothermal Inbut Primers Running Amplification | Limit of detection
Method P needed | temperature time (min) (copies)
RPA DNA/RNA 2 37-42 C 20-40 1
LAMP DNA/RNA 4-6 60-65 C 60 ~5
HDA DNA/RNA 2 30-65C 60-120 1
NASBA RNA 2 42 C 90-180 ~5
RCA DNA/RNA 1 65C 120 — 240 ~10

Table 1 Comparison of INAATs

INAATSs applications

INAATSs can be widely used in forensics, agriculture and disease diagnostics (55). One of
most exciting applications of INAATSs is in pathogenic disease diagnostics. In recent years, there
has been an explosion of studies that have used INAATs for diagnosing infectious diseases
including viruses (56—63), bacteria (64—70), parasites (71, 72), and SNP detection in cancer cells
(73, 74). These studies have primed the scientific community to quickly adapt their methods for
the detection of newly emerging disease outbreaks. One of the key steps to consider for
developing a sensitive INAAT is to design and screen primer pairs that minimize non-specific
reactions. For RPA, there is a lack of streamlined method to screen for primer pairs; current
studies rely on running an RPA reaction and using gel electrophoresis as readout, which is low-
throughput and inefficient (75).

Another exciting application of INAAT is to solving object provenance. Determining the
provenance of an object is a major challenge for the food and health industries, as it would permit
rapid identification of the source of foodborne illnesses or disease transmission. Foodborne illness
cases often take weeks to determine origins of the outbreaks due to the complexities of food
supply system (9). One way to help track objects through the food supply chain is using
microbiome. Recent studies have shown that naturally occurring microbial communities can be
transferred from their environment to objects that pass through it (76); thus, it has been suggested

that the microbial composition of an object could be used as a forensic tool to determine object
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provenance (77, 78). The potential use of microbiome to derive location origins and distinctive
signatures has been reported for samples collected from various locations, including soil (79, 80),
hair (87), skin, and keyboards (82). The most common technique to examine the microbiome is
analyzing the distribution of microbial species composition in a sample using sequencing of 16S
ribosomal RNA gene (83). 16S rRNA-based sequencing of office space was shown to be
predictive at city-scale resolution. Microbial species varied significantly enough between offices
in Tucson, San Francisco and New York City to have predictive power (84). While in principle
analyzing the transfer of microbiomes between that of an environment and that of objects
traversing through it to provide geolocation information is appealing, practically the microbiome
of an environment fluctuates too rapidly for this method to be useful for determining the
geographical origins of objects at high-resolution. Moreover, existing methods used to analyze
microbiome sequencing data also requires expensive instrumentation and technical expertise,
including bioinformatics, statistical analysis, and next generation sequencing, which are costly,
difficult to scale, and time-consuming (85). These current methods set the stage for the
development of a novel system which integrates INAATs to make identification of object

provenance scalable in a high-throughput manner and easily implementable.
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Chapter 2: Barcoded microbial system for high-resolution object provenance
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Chapter 2 Abstract

Determining where an object has been is a fundamental challenge for human health,
commerce, and food safety. Location-specific microbes in principle offer a cheap and sensitive
way to determine object provenance. We created a synthetic, scalable microbial spore system
that identifies object provenance in under one hour at meter-scale resolution and near single-
spore sensitivity, which can be safely introduced into and recovered from the environment. This
system solves the key challenges in object provenance: persistence in the environment,
scalability, rapid and facile decoding, and biocontainment. Our system is compatible with
SHERLOCK, a Cas13a RNA-guided nucleic acid detection assay, facilitating its implementation

in a wide range of applications.
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Chapter 2 Introduction

Globalization of supply chains has dramatically complicated the process of determining
the origins of agricultural products and manufactured goods. Determining the origin of these
objects can be critical, for example in cases of foodborne illness, but current labeling technologies
are prohibitively labor-intensive and easy to subvert (86). Tools that label persons or objects
passing through a location of interest could also be useful to law enforcement as a complement
to fingerprinting and video surveillance (87). Microbial communities offer a potential alternative to
standard labeling approaches. Any object gradually adopts the naturally occurring microbes
present in its environment (76, 78); thus, it has been suggested that the microbial composition of
an object could be used to determine object provenance (77). Challenges with this approach
include variability of resident microbial community abundance over time, similarities of microbial
composition between different locations, and the requirement for extensive, expensive, and time-
consuming mapping of natural environments.

To circumvent these challenges, we propose the deliberate introduction and use of
synthetic non-viable microbial spores harboring barcodes that uniquely identify locations of
interest (e.g. food production areas). These synthetic spores would offer a sensitive, inexpensive,
and safe way to map object provenance provided that several important criteria are met, including:
1) the microbes must be compatible with growth at industrial scale, 2) the synthetic spores must
be bio-contained and not viable in the wild to prevent adverse ecological effects; 3) the synthetic
spores must persist in the environment and reliably label objects that pass through it; and 4) the
encoding and decoding of information about object provenance must be rapid, sensitive and
specific. Similar barcoding approaches have been explored previously to model pathogen

transmission (88, 89), but did not explicitly address those challenges.
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Chapter 2 Results and Discussion
Here we report the BMS (Barcoded Microbial Spores) system, a scalable, safe and
sensitive system that uses DNA-barcoded microbial spore mixtures to permit the determination

of object provenance (Figure 2-1).

Sample
processing

Barcode synthesis BMS production Inoculation Transfer Sampling
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Detection

Figure 2-1 Schematic of the Barcoded Microbial Spores (BMS) application and detection pipeline

The BMS system leverages the natural ability of spores to persist for long periods in the
environment without growth (90). We designed unique DNA barcodes and integrated them into
the genomes of Bacillus subtilis (B. subtilis) and Saccharomyces cerevisiae (S. cerevisiae)
spores, creating a set of BMS that can be used combinatorially to provide a nearly infinite set of
unique identification codes. The BMS can be: 1) manufactured at scale using standard cloning
and culturing techniques; 2) inoculated to surfaces by spraying; and 3) transferred to objects that
come into contact with the inoculated surface. To identify barcodes, BMS sampled from objects
are lysed and can be decoded with a range of methods including SHERLOCK, a recombinase
polymerase amplification (RPA) method coupled with a Cas13a-based nucleic acid detection

assay (21), gPCR, and sequencing (Figure 2-1and Figure 2-2).
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Figure 2-2 Schematic of BMS detection pipeline SHERLOCK.
Schematic of the DNA barcode region design (160 bp) with RPA primers. Specific barcodes (28 bp) are
highlighted in yellow and blue. The group barcode (22 bp) is highlighted in pink.

17



The BMS are designed not to impact the native environment into which they are applied.
First, we used auxotrophic strains that require amino acid supplementation for growth. Second,
we made the cells germination deficient. For B. subtilis spores, we deleted the genes encoding
the germinant receptors and the genes that encode the cell wall lytic enzymes required to degrade
the specialized spore cell wall. Incubation of >10'2 spores generated from this mutant strain
showed they were unable to form colonies or grow in rich medium, and remained stable and non-

germinating at room temperature for >3 months (Figure 2-3).

A9 B. subtilis BMS

-

' 6 weeks 12 eeks 18 weeks
Figure 2-3 B. subtilis BMS remain stable and dormant over 4 months

At the indicated time points, spores when stored in PBS at room temperature were analyzed by phase-

contrast microscopy. Scale bar indicates 2 pm

For S. cerevisiae, we boiled spores for 30 minutes to heat-kill vegetative cells and spores prior to

application. Incubation of >102 boiled spores on rich medium yielded no colonies (Figure 2-4).
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S. cerevisiae

Figure 2-4 S. cerevisiae BMS are unable to germinate, outgrow, and form colonies on nutrient rich
medium after boiling.
2.5 x 108 cells before and after 1 hour of boiling were each serially diluted at 2-fold and spotted on YPD.

Note that the dim circles in the boiled sample on the YPD plate are cell debris and do not indicate growth.
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All antibiotic resistance cassettes used to generate the BMS were removed by site-specific
recombination to prevent horizontal gene transfer of resistance genes to other organisms in the
environment. Finally, the inserted barcode does not encode any gene and should not confer any
fitness advantage if horizontally transferred. We tracked the microbiome of soil samples, and
found that inoculation with BMS had insignificant effects on the microbiome compared to natural
changes over time or in response to watering (Supp Fig 2-1). We also note that B. subtilis and S.
cerevisiae are both commonly found in environmental and food samples.

Multiple BMS can be applied and then decoded simultaneously. We designed a series of
tandem DNA barcodes, each with a Hamming distance of >5, allowing more than 10° possible
unique barcodes. To test the specificity of our barcode design in a field-deployable system, we
constructed 22 barcodes and their matching crRNAs and assayed all permutations in vitro using

SHERLOCK. All 22 crRNAs clearly distinguished the correct barcode target (Figure 2-5).
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Figure 2-5 SHERLOCK specificity testing.
Heatmap of endpoint fluorescence values from in vitro SHERLOCK reactions. All combinations of 22

barcodes and 22 crRNAs assessing specificity of each barcode-crRNA pair.

To scale the system, we devised a rapid and facile method to screen a large number of barcodes
and crRNAs in parallel, to eliminate those with cross-reactivity or background; we validated and
performed pooled n-1 barcode RPA reactions in vitro with corresponding crRNA and water RPA
controls testing 94 crRNA-barcode pairs, eliminating 17 for high background and 7 for cross-

reactivity (Figure 2-6).
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Figure 2-6 In vitro DNA barcode and crRNA cross-reactivity assay.

Bars depict SHERLOCK signal from reactions using different DNA megamer at equimolar template
concentrations, with the n-1 barcode reactions in red, barcode specific reactions in blue, and H20 RPA
reactions in yellow. * denotes crRNA with high background or cross-reactivity. (n = 3 technical replicates,
error bars represent mean + s.e.m.).

To test sensitivity and specificity in vivo, we integrated 57 barcodes into B. subtilis and 11
into S. cerevisiae. We developed an efficient spore lysis protocol using heat and sodium
hydroxide (Supp Fig 2-2), which allowed us to achieve near single-spore resolution for detection

using SHERLOCK (Figure 2-7).

25000
o 20000
8]
c
& 15000
(%)
o
5 10000
(T
5000
0
100 10 25 1 0.25H,0 100 10 25 1 0.25H,0
Expected number of Expected number of
B. subtilis BMS S. cerevisiae BMS

Figure 2-7 Detection limit of B. subtilis and S. cerevisiae BMS by SHERLOCK.
(Each of the 8 biological replicates for each spore concentration are shown). Spore numbers are calculated

on a per reaction basis.
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In vivo and in vitro specificity screenings of crRNA-barcode pairs gave similar results (Supp Fig
2-3). In addition, our barcodes are tandemly designed with a unique sequence and a shared group
sequence (Figure 2-2) to aid in high-throughput detection settings where only a subset of samples
contains the BMS of interest. The group sequence is compatible with field-deployable detections
and can be used to determine whether a BMS of interest is present before using a second assay

to uniquely identify the BMS (Figure 2-8). This two-step process solves the throughput limitations

of field-deployable detection and lowers the costs of sequencing.
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Figure 2-8 Group barcode testing.

Heatmap of endpoint fluorescence values from in vitro SHERLOCK reactions testing specificity of 4

barcodes for group 1 crRNA and 4 barcodes for group 2 crRNA as detected by either unique or group
crRNA.
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Figure 2-9 BMS persistence on sand, soil, carpet, and wood over 3 months on ~1 m2 test surfaces.
y-axis: B. subtilis BMS number relative to week 1 levels. (Bars represent standard deviations).

Perturbation: simulated wind, rain, vacuuming, or sweeping in incubators.
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The BMS system is robust and can function on different surfaces in simulated real-world
environments. First, in ~1 m?-scale experiments (Supp Fig 2-4 and Table S6), we used qPCR to
detect and quantify BMS directly from surface samples or surface swabs. We found that BMS
persisted on sand, soil, carpet, and wood surfaces for at least 3 months with little to no loss over
time (Figure 2-9 and Supp Fig 2-4).

Notably, multiple tested perturbations (e.g. simulated wind, rain, vacuuming, or sweeping
in Supp Fig 2-4) did not significantly reduce our ability to detect BMS from the surface. Second,
we constructed a ~100 m? indoor sandpit (Figure 2-10 and Figure 2-12), inoculated one region
with BMS, and were able to readily detect the BMS for 3 months using SHERLOCK (Figure 2-11

and Supp Fig 2-5).
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Figure 2-10 Schematic of large-scale (~100 m?) sandpit.

B. subtilis BC-24 and BC-25 BMS, and S. cerevisiae BC-49 and BC-50 BMS were inoculated in the shaded
grey region. The yellow shadow represents the area over which the top 2 inches of sand from a 1.5 m? area
of the inoculation region was redistributed after a large fan fell over.
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Figure 2-11 BMS persistence in large-scale sandpit.

BMS persist at collection point “a” (within the inoculated region) and do not spread to collection points “d”

or “e”. Heatmap depicts the number of BMS (out of 4) detected by SHERLOCK at each collection point
over 13 weeks.
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Importantly, perturbations did not cause appreciable spreading to non-inoculated areas (Figure
2-11 and Supp Fig 2-5); even a catastrophic disturbance where a fan fell into the pit, displacing
a significant amount of sand, only spread the BMS several meters (Figure 2-12). In an outdoor
environment, BMS inoculated on grass was still detectable after 5 months of exposure to natural
weather, with minimal spreading outside of the inoculated region (Figure 2-13). This is consistent

with low levels of re-aerosolization reported for other spore-forming Bacilli (91)

This fan fell over at week 1 and sent
a significant amount of sand airborne

No
perturbation

Figure 2-12 Catastrophic disturbance.
Photographs of the large-scale sandpit, with the disturbance area from the fan falling over indicated in

yellow.

Fluorescence

Figure 2-13 BMS persistence on grass in an outdoor environment for at least 5 months.
Grass region was inoculated with B. subtilis BC-14 and 15 BMS. Samples from actual BMS-inoculated
region, 3.7 m, 7.3 m and 30.5 m away from the inoculated region were tested by SHERLOCK using crRNA

14 and 15 (each of the 5 biological replicates for each grass region are shown).
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The BMS can be transferred onto objects that pass through test environments. In ~1 m?
scale testing, BMS could be transferred onto rubber or wooden objects simply by placing them on
the BMS-inoculated surface for several seconds, yielding up to ~100 spores per microliter of
reaction input (Supp Fig 2-4). At ~100 m? scale, BMS were reliably transferred onto shoes worn

in the inoculated sandpit (Figure 2-14 and Supp Fig 2-6).
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Figure 2-14 BMS transfer onto shoes.

BMS were transferred onto shoes by walking in the inoculated region “a” in the sandpit, and were detected
by SHERLOCK.
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Figure 2-15 BMS maintenance on shoes.
Abundance of BMS on shoes after up to 240 minutes of walking on non-inoculated outdoor areas; y-axis:
BMS count based on qPCR standard curve.
Furthermore, the BMS transferred onto shoes could still be detected even after walking on non-
inoculated surfaces for several hours, though BMS counts decreased by 2-fold with 2 hours of
walking as quantified by qPCR (Figure 2-15 and Supp Fig 2-7). We were unable to detect spores

on non-inoculated surfaces after walking on them with shoes that had traveled through BMS-

inoculated regions (Supp Fig 2-8). We conclude that the BMS can persist in the environment
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without significant spreading; are transferable onto objects that pass through the environment;
are retained on these objects; and can be sensitively and specifically detected using SHERLOCK.

The BMS system can be used to label specific locations of interest to determine whether
a person or object has passed through them. We divided different surfaces into grids, inoculated
each grid region with 1, 2, or 4 unique BMS (Figure 2-16) and traversed them with different test
objects (e.g. shoes). To mimic in-field deployment, we used a portable light source, an acrylic
filter, and a mobile phone camera to image the SHERLOCK readout (Figure 2-16) and determine
object provenance (Figure 2-17, Supp Fig 2-9, Supp Fig 2-10 and Supp Fig 2-11). Notably,

provenance could be determined in the field within ~1 hour from sample collection.
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Figure 2-16 Schematic of experimental design for field-deployable detection.
Method to determine previous locations of an object. Each region was inoculated with 1, 2, or 4 BMS. Green

outlines indicate the object path through a subset of the regions. SHERLOCK reactions

To evaluate the sensitivity and specificity of our system for determining an object’s provenance,
we considered different criteria for classification with varying numbers of unique BMS per region.
Object provenance could be determined with a 0.6% (1/154) false positive rate and 0% (0/62)
false negative rate if regions were inoculated with 4 unique BMS based on the criteria of >=2
positive BMS calls. Inoculating with only 1 or 2 unique BMS per region still permitted object
provenance to be determined, albeit at higher error rates (Figure 2-17, Figure 2-18, and Supp
Fig 2-12). Importantly, provenance could be determined on all 4 surface types tested (sand, soil,
carpet, or wood) (Supp Fig 2-11); further validation will be needed to determine error rates in

real-world environments. This experiment demonstrates that the BMS can be used to determine
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object provenance at meter-scale resolution, which would be extremely difficult to achieve using

natural microbiome signatures (92).
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Figure 2-17 Object provenance using 2 and 4 BMS per region.
Left: 2 BMS per region. Right 4 BMS per region. Top: path of an object overlaid on reaction plate. Bottom:
photograph of SHERLOCK reaction plate, overlaid with correct or incorrect calls. The call for each region

is denoted by color (yellow check: true positive, blue cross: false negative, purple cross: false positive).

BMS Objects | False positive |False negative
per region (n) rate rate

1 IZI 32 16.9% (67/397) | 19.8% (48/243)

2 E 20 4.9% (12/245) | 9.4% (13/139)

4 (s8] 22 0.6% (1/154) | 0% (0/62)

Figure 2-18 Statistics for SHERLOCK provenance predictions of objects.
Objects traversed regions inoculated with 1, 2, or 4 unique BMS per region. The false positive and false
negative rates for 1 and 2 unique BMS per region were based on the criteria of >=1 positive call; the rates

for 4 unique BMS per region were based on the criteria of >=2 positive calls.

The BMS system offers a flexible and comprehensive approach to determining food provenance.
Foodborne iliness is a global health issue with an estimated 48 million cases each year in the US
alone (70). There is an urgent need for rapid methods for identifying the source of food
contamination; current approaches often take weeks and are costly due to the complex modern

market chain (9). Plants inoculated with B. subtilis BMS allowed us to map lab-grown leafy plants
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back to the specific pot in which they were grown (Figure 2-19). BMS were inoculated 4 times,
beginning 1 week after the first set of leaves appeared, to match recommended inoculation
protocols for Bacillus thuringiensis spores (Bt), an FDA-approved biocide that is widely used in
agriculture (93). One week after the final BMS inoculation, a leaf and soil sample from each pot
were harvested and tested using SHERLOCK. All the samples were positively detected except
for the 2 plants that had received variant group barcode sequences, demonstrating the specificity
of detection (Figure 2-19). Using Sanger sequencing, we then identified the pot in which each
plant was grown for all 18 BMS (Supp Fig 2-13). The process from DNA extraction to sequence
identification took less than 24 hours. This time frame could likely be shortened to hours with

massively parallelized hybridization-based detection (94).
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Figure 2-19 Determining the provenance of produce using BMS.
(A) 18 lettuce plants were inoculated with distinct B. subtilis BMS, inoculated once a week (4 times
total). (B) 18 plants were inoculated with distinct B. subtilis BMS, inoculated once a week (4 times total).

(C) Detection of BMS on plants and soil after harvesting by SHERLOCK with a group crRNA; y-axis:
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endpoint fluorescence values. Plants A to S were sprayed with BMS; plant T was not sprayed. (-): negative
control without DNA template; (+) positive control from DNA. Dashed line is the threshold for positive calls.

Cross-association of BMS-inoculated plants does not compromise the determination of
provenance. To simulate cross-association that could occur during food processing, we mixed
leaves from plants that were inoculated with unique BMS (Figure 2-20). Unlike the other surfaces
we inoculated, BMS-inoculated plants did not transfer as easily to objects that came into contact
with the plants (Supp Fig 2-4 vs Supp Fig 2-14). While there was detectable transfer between
leaves, the amount of transfer still allowed Sanger sequencing to cleanly determine the origin of

each leaf (Figure 2-21 and Supp Fig 2-14).
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Figure 2-20 Schematic of cross-association experiment.

Leaves from plants inoculated with different BMS were mixed together, SHERLOCK was used to confirm

the presence of the BMS, then Sanger sequencing was used to identify the origin of each leaf.
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Figure 2-21 BMS detection on cross-associated plants.
(Left) Leaves were screened for presence of BMS by SHERLOCK using a group crRNA, y-axis: endpoint
fluorescence values. (+): group 2 positive DNA; (-): group 1 DNA; (H20): water control. (Right) Sanger

sequencing identified the plant of origin of the mixed leaves.
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Bt could be used to determine food provenance. We used Bt spores applied during farming
as a surrogate to test whether BMS would persist through conditions of a real-world food supply
chain. For plants of known Bt inoculation status, we correctly identified all Bt positive and negative
plants (38 total plants). Furthermore, we detected Bt on 10 of 24 store bought produce of a priori

unknown Bt status (Figure 2-22).

Test Bt positive | Bt negative | Store-bought
Total
result plants plants produce
Positive 26 0 10 36
Negative 0 12 14 26
Total 26 12 24 62

Figure 2-22 Summary of Bt PCR detection results for produce.
Produce known to be inoculated or non-inoculated with Bt, and produce purchased from a store with a

priori unknown Bt status

Strikingly, BMS and Bt spores remained detectable even after washing, boiling, frying, and
microwaving (Figure 2-23), highlighting the potential to determine provenance from cooked

foods. These results show the potential to use the BMS system to determine produce provenance.
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Figure 2-23 BMS and Bt spores retention on plants.

(Left) BMS retention was measured by qPCR, normalized to no-treatment. BMS inoculated by spraying on
plant samples were retained after a brief rinsing, 1-hour washing, sonicating or boiling (see Methods). (-):
H20 negative control. (Right) Romaine lettuce, both positive for Bf, were 1-hour washing, boiling, frying, or
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microwaving. Bt remained detectable after these treatments. (n = 2 technical replicates, n = 4 biological

replicates for each treatment, n = 2 biological replicates for non-treated control samples).

Our work shows how rationally engineered microbial spores that can be manufactured in
a high-throughput manner provide a new solution to the object provenance problem. We have
shown that BMS: 1) persist in the environment, 2) do not spread out of the inoculation area, 3)
transfer from soil, sand, wood, and carpet to contacting objects and 4) permit sensitive and rapid
readout using laboratory and field-deployable methods. The ability to rapidly label objects and
determine their provenance in real-world environments has a broad range of applications across
agriculture, commerce, and forensics (87). Preliminary data suggests that BMS could work across
various environments, though extensive validation in a wider range of real-world conditions is
needed. Future iterations of our BMS system could be engineered for limited propagation and
actively contained for use in highly trafficked areas. This could also provide time-resolved
information about location history, making the BMS system useful for an even wider range of

applications.
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Chapter 2 Materials and Methods

Barcode generation

A collection of 28-bp DNA barcodes with a hamming distance greater than 5 were
bioinformatically generated (Table S4). The collection of generated barcodes was screened
against GenBank genome data using NCBI BLAST, and any barcodes found to align to genome
sequences of Bacillus subtilis (B. subtilis) or Saccharomyces cerevisiae (S. cerevisiae) were

eliminated from the collection.

Transformation and barcode insertion in bacteria

B. subtilis strains were derived from the wild-type strain 168 and are listed in Table S1.
Insertion-deletion mutants were from the Bacillus knock-out (BKE) collection ((95). All BKE
mutants were back-crossed twice into B. subtilis 168 before assaying and prior to antibiotic
cassette removal. Antibiotic cassette removal was performed using a temperature-sensitive
plasmid encoding the Cre recombinase (96).

DNA barcodes were produced by amplifying 164 bp synthetic megamers (Table S5) using
oligonucleotide primers oCB034 and oCB035 (Table S2) in PCR. The barcode fragments were
cloned using standard restriction digest cloning into the plasmid pCB018 (ycgO::lox66-kan-lox71),

a vector for double-crossover integration at the ycgO locus.

Bacterial sporulation

For large scale spore production, B. subtilis strains were sporulated in 1 L supplemented
Difco Sporulation Medium (DSM) by nutrient exhaustion (97) at 37°C in 4 L flasks. After 36 hours
of growth and sporulation, the spores were pellet by centrifugation at 7000 rpm for 30 min, washed
2 times with sterile distilled water, incubated at 80°C for 40 min to kill non-sporulating cells and
then washed 5 times with sterile distilled water. Spores were stored at 4°C in phosphate-buffered

saline.
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Evaluating bacterial spore lysis by microscopy

To rapidly assess the efficacy of different spore lysis protocols, we expressed a
fluorescent protein in the spore core and monitored release following lysis by fluorescence
microscopy. The mScarlett gene was PCR amplified with oligonucleotide primers oCB049 and
oCBO050 (Table S2) from plasmid pHCL147 (98), and inserted downstream of the strong
sporulation promoter Pssps in plasmid pCB137 (yycR::Pssps-spec), a vector for double-crossover
integration at the yycR locus.

Spores were immobilized on 2% agarose pads. Fluorescence and phase-contrast microscopy
was performed using an Olympus BX61 microscope equipped with an UplanF1 100x phase-
contrast objective and a CoolSnapHQ digital camera. Exposure time was 400 ms for mScarlett.

Images were analyzed and processed using MetaMorph software.

Transformation and barcode insertion in yeast

Barcodes were introduced into S. cerevisiae yeast strain BY4743 with standard lithium
acetate chemical transformation with a 15 min heat shock. Following overnight recovery in YPD
media (10 g/L yeast extract, 20 g/L peptone, 20 g/L glucose), cultures were plated on YPD +
(G418 to select for transformants. Yeast were transformed with 1 ug of barcode oligos (Table S5),
and two linearized plasmids: 50 ng of Cas9 plasmid, F48V (2u-KanR-pRPL18B-Cas9-tPGK1-
GapRepair) and 1 yg of gRNA plasmid, F51V, containing a single gRNA targeting HO and 200-
to 300-bp sequences homologous to the GapRepair region in F48V. When both are transformed
into yeast cells, the two linearized fragments would assemble into a functional plasmid granting
G418 resistance. Once the HO locus targeted by the gRNA was replaced with the barcode
sequence, the assembled Cas9 + gRNA plasmid was dispensable (99). Plasmids were cured by
culturing cells in YPD for overnight followed by spreading cells on YPD plates and replica plated

to YPD + G418 plates to select for colonies negative for plasmids.
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Yeast sporulation

Yeast cells were cultured in 5 mL of YPD medium at 30°C overnight, then transferred to 1
L of YPD medium and cultured for 24 hours. Cells were pelleted by centrifugation at 3000 g for 3
min and washed twice with sterile distilled water. Finally, cells were resuspended in 500 mL of
sporulation medium (10 g/L potassium acetate, 1 g/L yeast extract, and 0.5 g/L dextrose
anhydrate) and incubated at room temperature while shaking for 5 days. Presence of spores was
confirmed by microscopy at 60x magnification.
Spores were pelleted and the supernatant was carefully removed. The spores were then washed
once then resuspended in 25 mL of sterile distilled water and transferred to 50 mL conical tubes.
These tubes were boiled at 100°C for 1 hour to rupture any remaining vegetative cells. After

boiling, spores were pelleted, washed twice then resuspended in 25 mL of distilled water.

Production of LsCas13a

LsCas13a was purified as described in (21), with some modifications. All buffers were
made in UltraPure nuclease-free water and all labware used during purification were cleaned with
RNaseZap before use. Purification of the expressed LsCas13a protein was performed in batch
format using StrepTactin sepharose. The SUMO-protease cleaved LsCas13a was concentrated
using an Amicon Ultra-0.5 centrifugal filter with a 100 kDa molecular weight cutoff filter. The
protein was concentrated until the sample measured as 2 mg/mL using the BioRad Protein Assay.
The LsCas13a was not purified or concentrated further, and instead stored as 2 mg/mL aliquots
in lysis buffer supplemented with 1 mM DTT and 5% glycerol. The use of RNase free water for all
buffers during the preparation of LaCas13a is critical to achieving low basal activity of LaCas13a.
It is suggested that new batches of LaCas13a are tested prior to use to ensure low basal activity

in the absence of crRNA.
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Recombinase polymerase amplification reaction and primer design

Recombinase Polymerase Amplification (RPA) reactions were performed as described in
(21). The Twist-Dx Basic kit was used according to the manufacturer’s instructions. RPA primers
JQ24 and JQ42 (Table S2) were used at 480 nM final concentration to amplify a DNA amplicon
of 161-bp, containing the T7 promoter and barcode sequences. The T7 promoter sequence was
designed in-between the forward RPA primer, JQ42, and the barcode (Figure 2-2). RPA reactions
were run with 1 pL of template in a total reaction volume of 10 uL for 1-2 hours at 37°C, unless

otherwise noted.

SHERLOCK detection reactions and crRNAs

Detection reaction reactions were performed as described (27). crRNA preparation was
performed as described in (21), except the in-vitro transcription reaction volume was scaled to 60
ML. All crRNA and barcode sequences used in this study are available in Table S3,Table S$4,
Table S5. BioTek readers were used for measuring fluorescence of reactions (Synergy H1 Plate
Reader) at Excitation/Emission = 485/528 nm wavelength for 90 min. Positive threshold cutoff
value of 2500 was determined by averaging the values of negative control fluorescence values

plus 40.

Inoculating surfaces with spores

Spores were diluted to a final concentration <1 x 108 spores/mL in distilled water in order
to reduce the viscosity of the solution. Spores were routinely stored at 4°C for long periods of
time, or at room temperature for short periods of time. Diluted spores were sprayed onto surfaces
using handheld spray bottles (Fisher Scientific). At this concentration, inoculation had no visible
effect on most surfaces tried, though water stains with white residue did appear on

hydrophobically-treated wood due to water beading up on the surfaces.
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Swab collection and NaOH lysis protocol

Sterile nylon swabs (Becton Dickinson) were dipped into sterile swab solution (0.15 M
NaCl + 0.1% Tween-20) and excess liquid was wiped away. The damp swab was rubbed over
the object, covering each part of the surface, twice. The tip of the swab was clipped into a
microcentrifuge tube, and 200 pL of freshly prepared 200 mM NaOH was pipetted onto the swab.
The tube was heated to 95°C for 10 min, then the base was neutralized with 20 yL 2 M HCI, and
buffered with 20 uL 10x TE buffer (Tris-HCI 100 mM, EDTA 10 mM, pH 8.0). Lysate samples were

optionally purified with 1x AMPure XP bead protocol (Beckman Coulter).

Spore quantitation by gPCR

Quantitative Polymerase Chain Reactions (QPCR) were prepared in 10 pL reactions with
SYBR Green | Master Mix (Roche), 1uL of genomic extract as a template, 0.4 mg/mL Bovine
Serum Albumin, and 1 uM of each primer (Table S2). The reactions were carried out in a
LightCycler 480 instrument (Roche) with the following cycling conditions: (i) denaturation, 95°C/10

m (ii) amplification, 45 cycles 95°C/10 s, 60°C/5 s, 72°C/10 s.

Design of ~1 m2-scale test surfaces and perturbations

We constructed small-scale test surfaces in an incubator to simulate real world conditions
in which the Barcoded Microbial Spores (BMS) may be deployed. We assembled 20 test surfaces,
from 4 materials (sand, soil, carpet, and wood), divided into control and perturbed conditions
(Table S6). Each surface was divided into a ~0.2 m x 0.3 m grid, denoting different locations for
direct samples and transfer samples each week. The gridded area of each surface was inoculated
with different pairs of barcoded strains, using a handheld spray bottles, to a final concentration of

~1.2 x 10% B. subtilis spores and 3.8 x 10* S. cerevisiae spores per square cm.
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For outdoor conditions, twelve ~0.2 m x 0.3 m trays were filled to a ~2.5 cm depth with
either sand or potting mix, and housed on shelved in one of two incubators (Shel Labs) heated to
25°C. To simulate wind, one incubator was equipped with 140 mm computer fans, one directed
at each of the 6 perturbed trays. Simulated rain was applied to perturbed surfaces each week,
varying in intensity from handheld spray bottle (200 mL/week) on weeks 1-6 to watering can (500
mL/week) on weeks 7-12. The incubator housing the perturbed surfaces was also programmed
to fluctuate in temperature between 25°C and 35°C with a period of one week.

For indoor conditions, we cut out 4 sections of carpet and 4 sections of laminate wood
flooring and marked out ~0.2 m x 0.3 m sections on each for testing. All 8 surfaces were shelved
in an incubator (Shel labs) heated to 25°C, and humidified to 40-50% RH. To simulate cleaning,
perturbed carpet surfaces were cleaned using a handheld vacuum, while perturbed wood

surfaces were cleaned with a hand broom.

Sampling from ~1 m?-scale test surfaces over a three-month period

Each week for a 13-week period, 0.25 g of sand or soil was sampled from each surface
from a different adjacent location (~2.5 cm away) on the tray each week using a microcentrifuge
tube. Samples were processed using a DNeasy Powersoil kit (Qiagen) to isolate DNA. For carpet
and wood samples, we swabbed a different adjacent location on the surface directly using the
swab collection and NaOH lysis protocol to generate lysate for gPCR. For all surfaces, 2.5 cm x
5 cm test objects (either rubber or plywood) were used to test transferability of spores; test objects
were pressed onto the surface a single time, then processed with the swab collection and NaOH

lysis protocol to generate lysate used for gPCR without AMPure XP bead cleanup.

Design of full-scale sandpit and perturbations

A 6 mx 16 m x 0.25 m indoor sandpit was built and equipped with drainage and a slight

grade. A 1 m x 6 m section along the top edge was inoculated with B. subtilis BC-24 & BC-25
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spores with roughly 2.5 x 10" spores each, and S. cerevisiae BC-49 & BC-50 spores with roughly
1.25 x 10"% spores each. One half of the sand pit was designated for environmental perturbations,
with 1 m diameter fans placed at the inoculation end, and hose simulated rain (1.27 cm/week)

applied each week.

Sampling from full-scale sandpit over a three-month period

Each week for a 13-week period, 0.25 g of sand was sampled from 20 collection spots in
the sandpit (Figure 2-10) and processed using the NaOH lysis protocol. Each week, sampling
was performed at an adjacent location (<8 cm away) in the region each week using a
microcentrifuge tube. For testing transferability, objects (shoes or wood) were pressed onto the
surface a single time, then processed with the sample swab and NaOH lysis protocol. In this
experiment, 2 pl of lysates were used for RPA reactions followed by SHERLOCK using crRNA 24
and 25 to detect B. subtilis BMS, and crRNA 49 and 50 to detect S. cerevisiae BMS. Threshold
was determined as described above, using average values of negative control fluorescence
values plus 40. A new Cas13a batch was prepared on week 6, so subsequent reactions have

different baseline signal and threshold values accordingly.

Sampling from contained outdoor environment

A grass site was inoculated with 2 BMS (BC-14 and BC-15) on August 2019 in a contained
outdoor environment at a government research facility. After 5 months of exposure to natural
weather (sun, rain, snow, ice, hail, grass-cutting, and wildlife activities), 4 grass samples were
sent to us; 1 of which was from the inoculated grass site and the rest were from 12 feet, 24 feet
or 100 feet away from the inoculated site. For each grass sample, DNA was isolated using
DNeasy PowerSoil Pro kit (Qiagen). 5 samples of DNA were isolated for each of the four grass
samples resulting in a total of 20 samples. The extracted DNA was then amplified in 12 L

reactions of RPA using JQ24 and JQ42 primers at 37°C for 1 hour (Table S2). 1 ul of RPA product
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was then used for Cas13a detection. Each DNA sample was tested in triplicate for both BC-14

and BC-15 and the reaction was read on BioTek plate reader.

Measuring spore retainment on shoes

24 pairs of shoes were worn in the inoculation region of the ~100 m? sandpit (Figure 2-
10), accumulating spores over a 1-min walking period. These shoes were then divided into 8
groups, and were worn while walking in non-inoculated areas for 0, 1, 5, 15, 30, 60, 120 or 240
min. Non-inoculated areas included city sidewalks, dirt paths, and grassy lawns. Shoes were
processed with the swab collection and NaOH lysis protocol, followed by AMPure XP bead
purification. 2 pL of purified DNA was used for RPA reactions followed by SHERLOCK using
crRNA 24 and 25 to detect B. subtilis BMS, and crRNA 49 and 50 to detect S. cerevisiae BMS.
gPCR reactions were prepared in 10 pyL volume with PowerUP SYBR Green Master Mix
(ThermoFisher Scientific), 2 yL of purified DNA as template, and 2.5 uyM of each primer listed in

Table S2, then ran on a QuantStudio 6 instrument (ThermoFisher Scientific).

Measuring spore re-transfer on shoes

3 sandboxes were inoculated by spraying 2 BMS per sandbox. BMS were transferred to
shoes by stepping 5 times with two shoes. One shoe was sampled directly and used as a pre-
stepping control; the other shoe was used to walk into 3 different non-inoculated sandboxes. Sand
from all the sandboxes were sampled after this initial walk to determine if BMS was transferred to
these non-inoculated sandboxes. To simulate re-transfer of spore from sand back onto another
shoes, new shoes were stepped five times in the non-inoculated sandboxes. DNA from sand
samples were isolated using DNeasy PowerSoil Pro kit (Qiagen). DNA from swabbed shoes were
processed with the sample swab and NaOH lysis protocol. BC-1, 2, 23, 25, 90 and 91 gPCR

(primers in Table $2) were used for gPCR.
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Determining object provenance

Grids of varying sizes (averaging 0.25 m? per region, averaging 1 m? per region) and
materials (sand, soil, carpet, wood) were inoculated using approximately 2.5 x 10"" B. subtilis
spores and/or 1.25 x 10'° S. cerevisiae spores per region. Surfaces were inoculated by spraying
then dried for at least 24 hours before shoes and remote-control cars were used as test objects,
and were exposed to inoculated surfaces by walking or driving on the test grid surfaces. All
surfaces of test objects were swabbed and processed with the NaOH lysis protocol. For 1 unique
BMS per sand region, a region was called positive if SHERLOCK reaction was positive for the
unique BMS of that region; for 2 unique BMS per sand region, a region was called positive if
SHERLOCK reaction was positive for at least 1 of the 2 BMS of that region; for 4 unique BMS per
sand region, a region was called positive if SHERLOCK reaction was positive for at least 2 BMS
of that region. False positive and false negative rates were calculated using different threshold

criteria for a positive call of a region.

Qualitative readout of SHERLOCK using mobile phone camera

To mimic in-field deployment, we set up a portable blue light source, an orange acrylic
filter for data collection (Figure 2-16). In a dark room, a mobile phone, set at default setting (flash

off), was used to photograph the SHERLOCK reaction plate after 30-60 min of reaction.

Barcode identification from a model farm

20 garden pots were filled with potting mix and enclosed in canvas with 12 hours of daily
blue light. One seedling was planted in each pot. Temperature was controlled to be around 23°C.
Plants were watered every 2-3 days and exposed to blue light for 12 hours daily. Barcoded B.
subtilis spores were inoculated by spraying on the plants after the first set of leaves appeared.
Inoculation was done for each plant separately once a week for 4 weeks during the growth period.

In total, ~108-10° spores were inoculated onto each plant. One week after the final inoculation,
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plant samples were harvested and processed using DNeasy PowerSoil Pro Kit as described
above to isolate DNA. Barcode DNA was amplified using BTv2-F and BCv2-R (Table $2) using
Kapa Biosystems HiFi HotStart ReadyMix, then Sanger sequencing was used to identify the

barcode sequences (GENEWIZ).

Barcode identification of co-associated plants

7 leafy plants were bought and each leaf was marked allowing identification of the source
plant for each leaf after harvest. For 6 of the 7 plants, each plant was inoculated by spraying once
with one unique BMS. One control plant was not inoculated with BMS. In total, ~108-10° spores
were inoculated onto each plant. At 1 week, 4 weeks, and 6 weeks after inoculation, one leaf from
each of the 7 plants was harvested, mixed, and shaken together with other leaves for 5 min in a
Ziploc bag to simulate co-association of produce during the food supply chain. Mixed leaves were
then taken out of the bag and individually processed with DNeasy Powersoil kit (Qiagen) for gDNA
extraction. SHERLOCK was used to screen for leaf DNA samples that were positive with group 2
crRNA. For leaf DNA samples that were positive with group 2 crRNA, the amplified DNA was sent

for Sanger sequencing for identification of plant provenance.

PCR of Bacillus thuringiensis on produce

Around 250 mg of each produce sample was cut into 1-3 mm pieces using a scalpel and
then processed with the DNeasy Powersoil Pro kit (Qiagen) to isolate 50 uL of eluted DNA. 1 uL
of the DNA was used for PCR with primers BT-1F and BT-1R (Table S2) using Phire HotStart ||
DNA polymerase (ThermoFisher Scientific) with the following cycling conditions: (i) denaturation,

98°C/30 s (ii) amplification, 36 cycles 98 °‘C/5 s, 60 °C/5 s, 72 “C/10 s (iii) extension, 72 *C/4 min.
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Robustness of Bacillus thuringiensis on produce

We selected produce that were PCR-positive for Bacillus thuringiensis, then treated these
samples with various cooking methods: washing, boiling, microwaving, or frying. For washing,
the produce pieces were placed in a 50 mL conical tube covered with a screen with tap water
running over the sample for 10 min then dried in paper towels. For boiling, a piece of produce was
placed in an Eppendorf tube filled with 1 mL of water and placed in a boiling beaker of water for
15 min then dried in paper towels. For microwaving, produce pieces were placed in a petri dish
with the cover on at full power for 2 min. For frying, 1 mL of vegetable oil was added to a 250 mL
or 400 mL beaker that was pre-heated for 1 min on hotplate set to 350°C then the piece of produce
was added and heated for 1 min with occasional stirring. Around 250 mg of cooked sample was
processed with DNeasy PowerSoil Pro Kit (Qiagen). gPCR was performed using primers BT-1F
and BT-1R (Table S2) and PowerUp SYBR Green Master Mix (ThermoFisher Scientific). The
reactions were carried out with the following cycling conditions: (i) denaturation, 95°C/10 m (ii)

amplification, 45 cycles 95 °C/10 s, 60°C/5 s, 72°C/10 s.

Sampling and library preparation for microbiome analysis of inoculated surfaces

For incubator-scale experiments simulating outdoor conditions, we sampled 0.25 g of sand
or soil each month from each tray, and extracted genomic DNA with a DNeasy Powersoil kit
(Qiagen). For each tray, two samples were taken from the same locations each month, one from
a region that had been inoculated with BMS the other from a non-inoculated region of the same
tray. Sequencing libraries were created in two rounds as described elsewhere (700), first targeting
the v3-v4 16S rRNA region with primers prCM509 and prCM510 (Table S2) using Kapa
Biosystems HiFi HotStart ReadyMix with the following cycling conditions: (i) denaturation, 95°C/5
min (ii) amplification, 20 cycles (or 30 cycles for low-biomass sand samples) 98°C/20 s, 55°C/15
s, 72°C/1 min (iii) extension, 72°C/5 min. Next, lllumina Nextera XT primers were used to add

barcodes using Kapa Biosystems HiFi HotStart ReadyMix with the following cycling conditions:
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(i) denaturation, 95°C/5 min (ii) amplification, 8 cycles 98°C/20 s, 55°C/15 s, 72°C/1 min (iii)
extension, 72°C/10 min. Following each round of PCR, samples were purified using AMPure XP
beads (Beckman Coulter). Sequencing was performed using a MiSeq v3 kit to collect 300 bp

paired end reads.

Sequencing analysis for 16S metagenomics samples

Sample compositions were determined using QIIME2 v2018.4 (84) on the Boston
University Shared Computing Cluster. Due to poor read quality, only single end reads (from the
v4 region) truncated to 150 bp were analyzed. Sample inference was performed with DADA2
(707), then taxonomy was assigned according to the SILVA 132 database to the phylum level for
coarse grained analysis, or genus level to determine BMS abundance. We attributed all reads
with a genus-level taxonomic assignment of Bacillus to our B. subtilis BMS. Weighted UniFrac
distance (102) calculations for soil samples were calculated from 10000 reads excluding Bacillus
reads. The distance between two samples varying only in a single parameter was calculated for
all month 2 samples. For example, to determine the effect of inoculation, weighted UniFrac
distance was calculated between wet soil +/- inoculation at month 2, and averaged with the

distance between dry soil +/- inoculation at month 2, etc.
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Supplementary Text

Developing high-throughput methods to screen barcodes and crRNAs

In order to scale the BMS, we devised a facile method to quickly screen a large number
of barcodes and crRNAs in parallel to eliminate those with high cross reactivity or background;
we performed pooled n-1 barcode RPA reactions with a corresponding crRNA and H,0 RPA
controls. A pooled n-1 barcode RPA reaction denotes a single RPA reaction with all DNA
barcodes pooled together except for one barcode that is left out, and this pooled reaction is
screened against all crRNAs. Following our initial in vitro screen of 22 barcode crRNA pairs, we
made 72 additional barcodes and tested all 94 (Table S5). Retesting our initial 22 crRNA validated
our n-1 barcode assay; 19 of the 22 passed while crRNAs 7, 11, and 12 that were just below our
cut-off in our pairwise test (see Methods) scored as cross-reactive in the pooled assay. In total,
we eliminated 17 of the 94 crRNAs due to high background and 7 additional crRNAs were
eliminated due to cross-reactivity with multiple barcodes. Cross-reactivity appeared to be caused
by crRNAs instead of barcodes as no barcodes were cross-reactive with all crRNAs (Figure 2-6).
To perform screening of crRNAs on n-1 and n BMS in vivo, one would need to mix spores at

equimolar concentration to avoid amplification biases.

Feasibility testing of BMS on incubator-scale test surfaces

Compared to in vitro tests, real-world environments often present challenges for enzyme-
based analyte detection systems, both by sequestering analyte and inhibiting reactions. Real-
world environments also present a challenge to the stability of forensic labels, by degrading or
washing away the label over time. We tested the feasibility of our forensic microbial spores by
constructing chambers to simulate different real-world environments and perturbations. We chose
four material types: sand, soil, carpet, and wood, and housed test surfaces of these materials in
modified incubators in order to simulate indoor and outdoor conditions. We also devised

perturbations (e.g. rain/wind/cleaning) that might be expected to remove spores from the surface.
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Over a 3-month period, gPCR targeted to our forensic microbial spores demonstrated no
significant loss of spores over time (Figure 2-9). Importantly, the perturbations did not significantly
reduce detection compared to control surfaces for any of the 4 materials. Furthermore, in most
cases, spores could be transferred to a rubber or wood test object after a single direct exposure
to the inoculated surface, and subsequently detected by gPCR.

We note that the diverse range of conditions present in real-world environments is difficult
to capture in a simulated incubator experiment. We did not measure or control for all potentially
relevant factors that could affect BMS integrity over time: abiotic factors like sunlight radiation,
pH, or chemical stresses (e.g. cleaning agents), or biotic factors like consumption or enzymatic
degradation by other organisms (703). We anticipate that extensive validation in real-world

environments will be needed to determine the feasibility of BMS for different applications.

Sensitivity and specificity of PCR-based detection of Bacillus thuringiensis

To validate the sensitivity of the primers we used in detecting Bt, we first tested a pool of
non-Bt bacterial gDNA (Streptomyces Hygroscopicus, S. cerevisiae, B. subtilis, E. coli and
Pseudomonas) along with Bt gDNA and only Bt gave rise to a PCR band. To test the specificity
of PCR based Bt detection we included 12 negative control produce samples either from personal
gardens or a local farm that had not been sprayed with Bt and 26 positive controls from a local
farm that we know had been sprayed with Bt. We then tested produce purchased from the grocery
store and found 10 of 24 samples were positive for Bt (Figure 2-22). To further test the validity of
the detected bands from produce, we randomly selected 6 PCR-positive samples and sent their
PCR products for Sanger sequencing. The sequences matched the Bt cry1A gene and belonged
to 3 variants. When the sequences were input into NCBI BLAST against the nr databases, the
only organism that showed up in the top 100 hits was Bt (not shown). The same primers used in
the PCR screens of produce were used in a qPCR assay to assess the level of spores on produce

after cooking. To validate our primers used in qPCR, we made a standard cure of purified Bt
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gDNA, which was sensitive enough to detect the amount of gDNA equivalent to as few as 10

spores.

Outlook on the cost and requlatory challenges to BMS

As BMS are grown in routine bacterial and yeast cell culture techniques, we do not
anticipate any major challenges to their production at an industrial scale. A good comparison
would be Bacillus thurigiensis spores, which are produced industrially for agricultural application
at low cost (7104).

For application in the United States at the time of writing, clearance from the US Environmental
Protection Agency was required for release in a contained outdoor environment. Additional

regulations may apply in other countries or for certain applications.
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Chapter 3: An enhanced isothermal amplification assay for viral detection
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Chapter 3 Abstract

Rapid, inexpensive, robust diagnostics are essential to control the spread of infectious
diseases. Current state of the art diagnostics are highly sensitive and specific, but slow, and
require expensive equipment. Here we report the development of a molecular diagnostic test for
SARS-CoV-2 based on an enhanced recombinase polymerase amplification (eRPA) reaction.
eRPA has a detection limit on patient samples down to 5 viral copies, requires minimal
instrumentation, and is highly scalable and inexpensive. eRPA does not cross-react with other
common coronaviruses, does not require RNA purification, and takes ~45 minutes from sample
collection to results. eRPA represents a first step toward at-home SARS-CoV-2 detection and can

be adapted to future viruses within days of genomic sequence availability.
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Chapter 3 Introduction

SARS-CoV-2 has rapidly spread around the world with serious consequences for human
life and the global economy (705). In many countries, efforts to contain the virus have been
hampered by a lack of adequate testing (706). Rapid, inexpensive, and sensitive testing is
essential for contact tracing and isolation strategies to be effective (707). While numerous
different tests exist, the overwhelming global need for testing has led to limitations in both the
supplies of reagents, e.g. swabs and purification kits, and instrumentation, e.g. quantitative
polymerase chain reaction (QPCR) or ID NOW machines. In most cases, overcoming these
limitations would require scaling of supply lines by several orders of magnitude over current
production capacities. Therefore, in an effort to avoid overrun health care systems and high death

tolls, many countries have resorted to costly lockdowns.

The ability to reopen economies safely depends crucially on the testing capacity available.
Efforts to increase testing capacity have included testing from saliva (108), using non-standard
storage media or dry swabs (709), and eliminating the normal RNA purification step from the
standard RT-qPCR tests (7170, 1117). Strategies such as pooling samples followed by detection
using traditional or high throughput sequencing approaches have also been proposed as a way
to allow significantly more testing at a highly reduced cost (7172, 113). In general, such strategies

force a trade-off between throughput and sensitivity.

Isothermal amplification technologies have long held promise to offer highly sensitive
detection at high throughput, and to allow for widely distributed testing including at-home/point-
of-need (PON) tests (7, 774). However, isothermal amplification is plagued by nonspecific
amplification events that require secondary amplification and detection steps. These steps add
extra complexity to the reactions, removing many of the benefits of the isothermal ampilification
approach. Many ongoing efforts aim to circumvent these problems for SARS-CoV-2 detection.

Most of the approaches developed so far still require an extraction step and/or two amplification
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steps to achieve high specificity, or have low sensitivities that give poor concordance with the gold

standard RT-qPCR test (7).

We set out to determine the underlying reasons for the poor performance of isothermal
amplification technologies in viral detection applications. We selected reverse transcription-
recombinase polymerase amplification (RT-RPA) as the most promising current technology. RT-
RPA is an isothermal amplification method in which the double stranded DNA denaturation and
strand invasion that is typically achieved by heat cycling in PCR is instead accomplished by a
cocktail of recombinase enzymes, single-stranded binding proteins, and DNA polymerases (17).
RPA has potential advantages over other isothermal amplification technologies such as loop-
mediated isothermal amplification (LAMP) (43) as it can be performed near ambient temperature
(37-42°C) and is more rapid. While several creative applications of LAMP technologies to
diagnose COVID-19, the disease caused by SARS-CoV-2, have recently been developed and

show promise (47, 115-118), RT-RPA has been less explored.

Here, we present a method to screen for efficient RPA primers and show that proper RT
enzyme selection with the addition of RNase H to a standard RPA reaction enhances detection
of viral RNA targets. We show that the enhanced RPA (eRPA) reaction allows for specific
detection of SARS-CoV-2 N and S gene down to 5 molecules per reaction. We demonstrate how
eRPA can be used to detect SARS-CoV-2 on unextracted samples from saliva or swab transport
media. eRPA is validated on clinical samples and gives concordant results with RT-gPCR in all
samples above 5 molecules per reaction. These important improvements for RPA represent a

step toward at-home SARS-CoV-2 detection using isothermal amplification.
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Chapter 3 Results and Discussion

Reverse transcriptase choice can greatly affect RPA efficiency

We designed RPA primers to both the SARS-CoV-2 N gene and S gene (Figure 3-1) and
quantified the amplification of a RT-RPA assay with ProtoScript Il reverse transcriptase by g°PCR
(Figure 3-2). The detection limit of this standard assay was poor, requiring between 100 and 300
RNA molecules for reliable detection (Figure 3-3). Some studies have used longer reaction times
to partially counteract the poor yield of RT-RPA (119), but we set out to determine whether

alternative approaches were possible.
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Figure 3-1 SARS-CoV-2 genome and location of regions in the S and N genes targeted by eRPA.
Detailed mapping of the binding site of all forward and reverse primers tested in the primer optimization
screen and of the biotin hybridization probe was shown for S gene only for display purposes. SARS-CoV-
2 was aligned to the closely related SARS-CoV and MERS to identify regions of low homology which were

targeted by primers and hybridization probes used in the assay.
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Figure 3-2 Schematic of the workflow used for optimization of eRPA.
The cDNA product amplified by recombinase polymerase amplification (RPA) using forward and reverse

unlabeled primers was quantified in a subsequent qPCR assay.
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Figure 3-3 Limit of detection of standard RPA with lateral flow strip detection.
In vitro transcribed (IVT) N gene SARS-CoV-2 RNA was amplified by RT-RPA using ProtoScript Il and

reactions were read out on a lateral flow strip.

We reasoned that the poor performance of RT-RPA could either be due to a specific inhibitor of
the RPA reaction from the RT (reverse transcription) reaction or to non-specific primer
oligomerization products that could dominate the amplification reaction before the RT reaction
occurs. These possibilities are not mutually exclusive. As the RPA reaction is both fast and
sensitive when DNA is used as an input (717, 120), we further hypothesized that the product of the
RT reaction, i.e. the RNA:DNA hybrid duplex, might inhibit the RPA reaction. We explored
methods to circumvent both of these possible problems. To address the problem of kinetic
interference by non-specific oligomerization, we screened multiple reverse transcriptases; and to
attempt to remove interference from RNA:DNA hybrids, we introduced RNase H, which selectively
degrades the RNA strand in these hybrids. Our tests showed that both RT enzyme choice and
RNase H addition affected the sensitivity of the RT-RPA reaction, suggesting that both of our
hypothesized mechanisms affect RT-RPA efficiency (Figure 3-4). The best combination we
identified was SuperScript IV reverse transcriptase with RNase H. The magnitude of the effect of
the addition of RNase H was correlated with the intrinsic RNase H activity of the RT enzyme. Both
SuperScript IV and Maxima H Minus reverse transcriptases are engineered to have minimal
RNase H activity in order to improve their processivity, robustness, and synthesis rate (121), and

we saw the largest effect of RNase H addition in RT-RPA reactions using these enzymes.
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Figure 3-4 Screen for reverse transcriptase (RT) enzyme and effect of RNase H.

(Left) SARS-CoV-2 RNA was amplified by RT-recombinase polymerase amplification (RT-RPA) using five
different RTs with or without RNase H addition and the yield of each reaction was determined by quantitative
PCR (qPCR). At least two biological and two technical replicates were used for each data point; numbers
in each square represent mean log2 fold amplification. Samples labeled as zero yielded only non-specific
amplification products. (Right) IVT N gene SARS-CoV-2 RNA was amplified by RT-RPA with or without
RNase H addition and the yield of each reaction was determined by quantitative PCR. Data represent the

average yield of two technical replicates and is staggered on the x axis for visualization purposes.

Reducing non-specific primer reactions increases RT-RPA yield

In addition to the performance issues addressed above, non-specific amplification
reactions of primer dimers can greatly inhibit the ability of RPA to amplify the sequence of interest
(774). To determine whether primer choice affects the importance of these non-specific reactions,
we designed forward and reverse primers to both the SARS-CoV-2 N gene and S gene (Figure
3-1). Our primer designs avoided regions with strong homology to other coronaviruses including
MERS and SARS-CoV, as well as HCoV-229E, HCoV-HKU1, HCoV-NL63, HCoV-OC43, which
cause respiratory illnesses such as the common cold. We also avoided regions that have high
variability across sequenced SARS-CoV-2 strains. Primer pairs were screened by performing

gPCR on diluted RT-RPA products so that both specific and non-specific reaction yield could be
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determined, using a modification of a method we previously developed (Figure 3-5) (7122). Many
primer pairs gave high levels of amplification at 100 molecules of input RNA, but only a small
fraction of those yielded significant amplification products at 10 molecules of input RNA (Figure
3-5). We selected primer pairs that gave a high yield of the desired target sequence while

minimizing the amount of non-specific amplicons for further assay development.
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Figure 3-5 Primer optimization screen.
SARS-CoV-2 RNA was amplified by RT-RPA using forward and reverse primers specific to the S gene.
The yield of each reaction was determined by qPCR using the same primer pair as for the RT-RPA reaction.

Data represent mean log2 fold amplification from 2 technical replicates for each RNA input.
An optimized RT-RPA reaction allows for simple detection

Our optimized RT-RPA assay’s product can be hybridized and detected with a commercial
lateral flow assay (LFA) without further amplification. LFAs allow accurate read-out by eye by
minimally trained personnel, and even opens up the possibility of home-based testing (7123). We
chose to use Milenia Biotec HybriDetect lateral flow test strips that contain a streptavidin band,
an anti-lg band, and carry gold nanoparticle-labeled anti-FAM antibodies for visualization. Based

on the results shown in Figure 3-5, we selected two primer pairs that amplify part of the S gene,
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added a FAM label to the reverse primer, and hybridized the product amplicon to a biotinylated
capture probe. Consistent with expectations from qPCR, both primer pairs reproducibly yielded
bands with 10 input molecules, and one gave consistent bands with 3 input molecules (Figure 3-
6).

Primer pair FP2/RP1:
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Primer pair FP3/RP1:

RNA input (copies): 100 30 10 3 1 0
RT-RPAcall: + +

+
+
+

Figure 3-6 Enhanced RT-RPA reactions of SARS-CoV-2 with lateral flow strip readout.
Reactions using primer pairs FP2/FAM-labeled RP1 and FP3/FAM-labeled RP1. All lateral flow strips

contain a control (C) and test (T) band.

To allow for increased sample input without sacrificing RPA amplification efficiency, we
modified the manufacturer's RPA recipe by using more concentrated reagents (see Materials and
Methods section). Altogether, our enhanced recombinase polymerase amplification assay (eRPA)
has a detection limit several orders of magnitude better than the manufacturer's RT-RPA assay

using ProtoScript Il (Figure 3-3 vs Figure 3-6, Figure 3-7).
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Figure 3-7 Schematic of eRPA.
Viral RNA is first copied to cDNA by RT, then degraded by RNase H. The cDNA product is amplified by
RPA using a forward and a FAM-labeled reverse pair of primers specific to the target sequence. The
amplified material is then denatured and hybridized to a biotinylated probe. Dual FAM- and biotin-labeled
products are detected on lateral flow strips.
eRPA is a sensitive, specific, rapid test for SARS-CoV-2

We designed sensitivity and specificity tests of eRPA assays targeting SARS-CoV-2 N
and S genes. The tests were conducted by two independent groups, each of whom randomized

the RNA input in a 96-well plate in a checkerboard pattern, then handed the blinded plate to the

other group for testing by eRPA (Figure 3-8).

Randomized blind sampling @ 100 SARS-CoV-2
TR O 50 (copies)

1234567829
@ 0 0.0 0 O O 20
BO@0OO0@®OOO0O0® O 10
doriorioryoryeny |
PO®0000000@e0| (O3
E@-O0C 00000 0@ Ot
FO@OO00000000
@ O O O O O
GEIOXI XJeX I I X I'Je O MERS

O SARS-CoV
1234567809101112 O Cold 229E
A@LO00000@00 © Cold HKU1
0°0°0°%0°%0%0°|  OHiNt 2009
IO oy -y |
EOCOC@C0C 0@ @ Positive control
E.OOOOOOOOOOO @ Negative control
HO@0O0@0Q000® Empty well

Figure 3-8 Blinded and randomized plate layout used for LOD of eRPA reactions.
For each gene, 52 positive samples were included with a concentration ranging from 100
molecules to 1 molecule of total RNA input (Figure 3-9).The titer of the RNA dilutions was

confirmed by RT-qgPCR (Figure 3-10, Supp Fig 3-1 Supp Fig 3-2). Strips were scored at ~20
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minutes as this decreases the variability in band intensity that can be observed at low molecule
input (Figure 3-11 and Supp Fig 3-1). At or above 10 molecules of RNA input, 31 of 32 N gene
samples and 32 of 32 S gene samples were accurately identified as SARS-CoV-2 positive (Figure
3-9). Significant detection was achieved even as low as 3 (13 of 24 tests) or 1 (5 of 16 tests)
molecules of RNA input. Critically, our assay is also highly specific, showing no cross-reactivity
(O of 80 tests) with 10,000 copies of RNA from other coronaviruses, i.e. MERS, SARS-CoV, CoV-
HKU1, or CoV-229E. It also showed no cross-reactivity with the 2009 H1N1 Influenza virus, a

respiratory virus with similar initial clinical presentation (Figure 3-9, Figure 3-11, Supp Fig 3-1).
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Figure 3-9 eRPA test results for detection of RNA from SARS-CoV-2 or from other viruses.

Synthetic full genome SARS-CoV-2 RNA was amplified by eRPA using primers targeting the N or S gene
and reactions were read out by lateral flow strip. The specificity of eRPA was tested against either in vitro
transcribed (IVT) RNA of the related viruses MERS and SARS-CoV, or IVT RNA of the common cold
coronaviruses HCoV-HKU1 and HCoV-229E, or viral genomic RNA extracted from 2009 H1N1 Influenza.
Data points represent positive (yellow circles) or negative (black squares) eRPA tests for each sample tested

and are staggered on both axes for visualization.
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Figure 3-10 RT-gPCR quantification SARS-CoV-2 RNA used as input in the eRPA assay.
The RNA is a synthetic full genome of SARS-CoV-2. Data are Ct values determined using a one-step
commercial RT-qPCR assay using primers targeting either the N or S gene of SARS-CoV-2. Data points at
Ct=40 represent non-specific or no amplification. N gene (orange triangles) and S gene (blue circles) data

are offset on the x-axis for visualization purposes.
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Figure 3-11 Lateral flow strip readouts for all N gene data.
Individual strips (data from Figure 3-9) are labeled with the test call made within 20 mins of detection
(positive (+) or negative (-)). The positive (Pos.) eRPA control is 1,000 copies of synthetic full genome
SARS-CoV-2 RNA and the negative (Neg.) eRPA control is a water-only input. Images taken for the
purpose of display were allowed to dry which reduced the intensity of some weak bands (labeled with
asterisks).

For SARS-CoV and MERS, which have the highest target sequence identity with SARS-
CoV-2 (91% and 66% respectively), cross-reactivity is dependent on probe choice; we observed

cross-reactivity with MERS and SARS-CoV when a longer biotin-probe was used for detection

(Figure 3-12).
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Figure 3-12 Comparison of the specificity and sensitivity of two N-gene probes.
IVT RNA from SARS-CoV-2, MERS, or SARS-CoV was amplified by eRPA. After splitting the reactions in
half and hybridizing with a biotinylated probe as shown, each reaction was read out on a lateral flow strip.

Individual strips are labeled with the test call made within 20 mins of detection (positive (+) or negative (-)).

We developed an RNA extraction free lysis approach as RNA extraction from clinical
samples has become a limiting factor as the global need for SARS-CoV-2 tests has increased.
RNA extraction kits are currently hard to obtain, the process of extraction depends on skilled
workers, and often involves equipment such as centrifuges. Additionally, extraction free methods
would be required for an at-home diagnostic kit. Heat-based lysis has shown promise as a way
to rapidly lyse and inactivate viruses for use in diagnostic assays (23, 124). To test whether heat-
based sample lysis made viral RNA accessible for eRPA, we initially used packaged reference
viral particles, the AccuPlex SARS-CoV-2 verification panel (Seracare). We determined the
relationship between temperature and viral lysis by heating for 5 minutes followed by RT-RPA
then gPCR for quantification. The replication-deficient virus in the AccuPlex panel is lysed at
~75°C, a temperature that is likely similar to the temperature required to lyse wild-type SARS-

CoV-2 (Figure 3-13) (125).
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Figure 3-13 Viral particle temperature lysis determination.
AccuPlex packaged SARS-CoV-2 virus was diluted into TCEP buffer and heated for 5 min at the given
temperature (see Methods). Released RNA was amplified by eRPA and product formation was quantified

by gPCR. Data represent the average of 2 technical replicates.

RNase inhibitors prevent RNA degradation from nasopharyngeal (NP) swabs suspended
in viral transport media (VTM), the standard for clinical samples. Our initial experiments using
AccuPlex samples or in vitro transcribed (IVT) RNA in VTM yielded poor signal intensities by
eRPA. Using RNaseAlert to measure RNase activity, we were surprised to find significant RNase

activity in VTM (Figure 3-14).
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Figure 3-14 Detection of RNase activity of VTM.

RNaseAlert was added to viral transport media (VTM) with or without the addition of RNasin Plus before
heating for 5 min at 94°C or added to a 1:1 VTM and viral lysis buffer mix and incubating for 10 min at 25°C.
Data represent the average of 4 technical replicates and were determined by normalizing the fluorescence

intensity 10 mins after the heating step to a fully degraded control.
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In an attempt to address this we tested TCEP, which has been used to inactivate RNases
from saliva and urine (726). Unfortunately, TCEP and heat treatment of samples with VTM led to

gelation, likely due to the presence of gelatin and bovine serum albumin in VTM (Figure 3-15).

VTM 5 mins at 25 °C VTM 5 mins at 94 °C

0 10 100 0 10 100
TCEP (mM) TCEP (mM)

Figure 3-15 Heating VTM in presence of TCEP.
VTM, TCEP and heat leads to the formation of a gelatinous substance (highlighted by red arrowhead).

As an alternative we tested RNasin Plus, a thermostable RNase inhibitor, which
significantly protected RNaseAlert from degradation during heat-based lysis in VTM. For future
compatibility with PON testing, we also tested a room temperature viral lysis buffer (Intact
Genomic FastAmp® Viral and Cell Solution for Covid-19 Testing) and found that RNaseAlert was

protected from degradation in the presence of RNasin Plus (Figure 3-14).

To confirm that this protocol is effective for patient samples, we tested heat-based lysis of
NP-swabs in VTM in the absence and presence of RNasin Plus. We found the addition of RNasin
Plus increased RNA yield by ~10-fold and significantly improved the sensitivity of eRPA (Figure
3 -16). We also measured the sensitivity of eRPA for AccuPlex viral particles diluted into VTM,
PBS, or viral lysis buffer. Sensitivity in these simulated samples, which should more closely reflect
what would be achieved from standard samples, was reduced by about 5-fold in comparison to
RNA samples in water. Most patients during the initial active phase of infection deliver NP swabs

with virus concentrations of >10* per mL, well within our detection limit (727—-130).
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Figure 3 -16 RNase inhibitor increases the RNA titer of patient samples as quantified by RT-gPCR.

(A) Unextracted known positive patient samples were heat inactivated for 5 min at 94°C with or without
RNasin Plus. Viral RNA was quantified using a commercial one-step RT-qPCR assay. (Left) Ct values for
matched samples (n=6 biologically independent samples) with and without RNase inhibitor. (Right)
Difference between Ct values in all matched samples (n=6 biologically independent samples) with mean
value of 3.6 fold +/- 1.7 SD. Error bars represent +/- 1 standard deviation. (B) Addition of RNase inhibitor
to patient samples prior to heat inactivation increases the signal of the eRPA assay. Heat inactivated

samples prepared in (A) were tested using eRPA.

Adaptation of eRPA to detect virus in saliva

Given the bottleneck in NP swabs, there has been growing interest in testing saliva instead
(7317). Saliva is a challenging fluid due to the presence of mucins and RNases (732, 133) which
can degrade RNA and clog pipettes, leading to a high rate of failed experiments or false negatives.
Nevertheless, the viral titer in saliva is sufficient for SARS-CoV-2 detection (134). To adapt eRPA
to saliva samples, we tested protocols that used TCEP, EDTA, and heat steps (23, 7124). The
addition of the reducing agent TCEP was critical to decreasing the viscosity of saliva at all
temperatures, but the inhibition of RNase activity by TCEP was not complete until the sample was

heated above 85°C (Figure 3-17).
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Figure 3-17 Inactivation of RNase activity in saliva by TCEP and heat.
Saliva was first mixed 1:1 with a buffer containing 1 mM (black diamonds) or 100 mM (red triangles) TCEP
and heated at the indicated temperature for 5 min. After cooling, RNaseAlert was added and degradation

was assessed as in Figure 3-15

Because SARS-CoV-2 viral particles lyse at around 75°C (7125), the period when the
sample is being heated from 75°C to 85°C offers a window in which released viral RNA might be
degraded during sample preparation. Indeed, RNaseAlert is completely degraded even in the
presence of 100 mM TCEP if it is added before the heat inactivation step, but protected if it is

added after heat inactivation (Figure 3-18).

Saliva + buffer H,O + buffer
containing containing RNase A
TCEP (mM)  TCEP/EDTA TCEP/EDTA spike-in
100 [ 100 | 100 | 94 44 | 43 |44 39 | 38 | 30
(1) Add RNaseAlert
(2) 94 °C for 5 mins 10 [ 100 { 98 | 100 32|31 (382 84 | 81 | 76
(3) Read fluorescence

0[100 | 98 [100 | | 28 | 2.7 | 27 / 73 | 64 | 41

(1) 94 °C for 5 mins 100 69 | 71 | 6.6 53 | 52 | 53

(2) Add RNaseAlert 10|57 | 63|62 |40 38|39 100

(3) Read fluorescence 80
0|76.4|70.6|75.9 34 | 34 | 34

(1) 94 °C for 5 mins 100 | 45 | 47 | 47 43 | 44 |44 20

(2) Read fluorescence 10| 35 | 34 | 35 32 |33 |30
(no RNaseAlert added)
0| 30| 31| 30 29 | 28 |28
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Figure 3-18 TCEP and heat (not EDTA) are required to inactivate the RNase activity in saliva.

Saliva (or water control) was mixed 1:1 with a buffer containing TCEP and EDTA as shown. RNaseAlert
was added and the sample was heated as indicated. RNase A was added to a set of water samples post
addition of RNaseAlert as control. Data represent the average of 2 technical replicates and was determined

from the fluorescence signal 10 mins after the heating step normalized to a fully degraded control.
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This distinction is critical as a common method of validating extraction-free saliva sample
preparation protocols is to first heat-inactivate the sample and then add viral RNA to determine
assay sensitivity (776). This method will overestimate assay sensitivity for saliva samples due to
the inactivation of salivary RNases. Either murine RNase inhibitor or RNasin Plus helped protect
RNA from degradation at low temperatures, with RNasin Plus being more effective at high
temperatures (Figure 3-19). The combination of RNasin Plus and TCEP protects RNaseAlert

from degradation during a heat lysis protocol (Figure 3-20).

Saliva with RI x °C Read
—_—>
Add RNaseAlert 5 min fluorescence
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Figure 3-19 RNase inhibitors protect RNA against degradation in saliva at low temperature only.

Saliva was mixed 1:1 with a buffer containing an RNase inhibitor as shown. RNaseAlert was added and the
sample heated as indicated. Data represent the fluorescence intensity 10 mins after the heating step
normalized to a fully degraded control.
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Figure 3-20 The combination of RNase inhibitor and TCEP protects RNA from degradation in saliva.
RNaseAlert was added to saliva diluted 1:1 with TCEP buffer containing an RNase inhibitor and treated as

shown. RNAseAlert degradation was assessed as in Figure 3-15.
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Using this protocol (Figure 3-21A) we detected SARS-CoV-2 signal in ~70% of samples with 25-
100 AccuPlex viral particles in saliva (Figure 3-21B), a reduction of 2 to 4-fold compared to the
sensitivity of detection in VTM. We saw similar results with IVT SARS-CoV-2 RNA which
represents the worst-case scenario for RNA degradation (Figure 3-21B). Given that titers of
SARS-CoV-2 in saliva are in the range of 10 to 10" copies per mL (7134), this extraction protocol
combined with eRPA should be able to identify COVID-19 in a high proportion of infected patients,
offering the potential for a high throughput, first pass screening approach that could be important
in large-scale testing. We note that we have not yet tested eRPA on actual saliva samples from

infected individuals, as these are not readily available.

A
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+ Rl
Saliva Input into
25°C eRPA
Viral lysis m»
buffer + RI
B
Sample Extraction condition Positive call : Negative call
] . 100
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SARS-CoV-2 ’ 80 D
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Figure 3-21 Lysis and detection of SARS-CoV-2 N gene from contrived samples.
(A) Schematic of sample processing of patient saliva samples for input into eRPA. (B) Heatmap displaying
eRPA test calls for detection of SARS-CoV-2 RNA or AccuPlex packaged virus from saliva treated as
displayed in (A). AccuPlex packaged SARS-CoV-2 virus or SARS-CoV-2 N gene IVT RNA were added to
saliva and extracted as shown. Values represent the number of positive test calls : number of negative test

calls for each condition. Each experiment was repeated three times with similar results.
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Comparison of eRPA with RT-qPCR tests on crude clinical samples

To demonstrate that eRPA can detect SARS-CoV-2 in unextracted patient samples, we
obtained 30 positive and 21 negative NP swabs from BocaBiolistics (Table S$8). We processed
the samples using our VTM heat lysis method and used this unextracted input, in parallel, in eRPA

and in a one-step RT-gPCR assay (Figure 3-22).
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Figure 3-22 Schematic of the workflow for comparing eRPA vs RT-gPCR using patient samples.

We validated our one-step RT-qPCR assay by benchmarking it against the standard CDC
N1 RT-gPCR assay (see Methods). All 21 negative samples were negative by eRPA, in duplicate,
confirming that the false positive rate for eRPA is very low (Table S$8). Of the 30 positive samples,
26 had signal by RT-qPCR; 4 may have suffered degradation during transit, see below. For each
of the 26 samples that were positive by RT-gPCR, we estimated the number of copies of input
RNA into eRPA based on standard curves (Table S8). 20 samples had an input of at least 5
molecules of RNA; all 20 of these were positive by eRPA in two repeats (Supp Fig 3-3). In 3
samples the input was between 1 and 4 copies; eRPA was positive once, inconclusive once (one
positive and one negative of two replicates), and negative once. In 3 samples the input was less
than 1 copy, and two of these three samples were inconclusive by RT-gPCR; eRPA was negative

twice and inconclusive once (Figure 3-23).
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Figure 3-23 Summary of eRPA test results of patient samples and comparison to RT-qPCR.
The y axis represents patient viral titer determined using a commercial one-step RT-gPCR assay from
unextracted samples or extracted RNA samples with a standard curve (n=51 biologically independent

patient samples).

We repeated the eRPA workflow on the S gene and obtained similar results to the N gene
(Supp Fig 3-4). In all the patient samples, the RNA copy number of the S gene was on average
4-fold lower than that for the N gene (Supp Fig 3-5). This is puzzling, as the detected copy number
for both genes are nearly identical from synthetic full genome SARS-CoV-2 RNA, AccuPlex viral
particles, and IVT RNA controls (Supp Fig 3-5). One possible explanation for this result is that
viral transcripts from patient cells present in the NP swab contribute significantly to the total RNA
detected. Because the N gene is expressed at up to 10-fold higher levels than the S gene in
infected human cells (135), if NP swabs collect cells or cellular debris this would bias the observed
N gene to S gene copy number ratio. This may be important for other assays as many COVID

tests target ORF1ab, which is one of the lower expressed transcripts in human cells.
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Figure 3-24 Extracted and unextracted lateral flow strip readouts of N gene eRPA tests

Unextracted (top) or extracted (bottom) patient samples (n=7 biologically independent samples) of known
infection status. Unextracted patient samples were run in duplicates both by eRPA (calls of positive (+) or
negative (-) were made within 20 min of detection) and by one-step RT-qgPCR (Ct values shown). RNA was
extracted from clinical samples according to standard procedure (see Methods) and was subsequently used
as input to eRPA and RT-gPCR.

To validate the results of eRPA and the RT-gPCR results from unextracted samples, we
performed RNA extraction on all samples and then repeated RT-qPCR and eRPA (Figure 3-24).
Overall, RNA extraction increased RNA titer by ~5-fold, matching expectations given that 240 L
of initial sample was concentrated into 50 pL of final volume (Table S8). eRPA gives concordant
results with RT-gPCR in all extracted samples except those with extremely low titer. Of the 26
extracted samples that were detected as positive by RT-gPCR without extraction, 23 had at least
3 copies of input RNA, and all of these were positively identified by eRPA (Supp Fig 3-6). Three
samples had <1 copy of input RNA, of which one was identified by eRPA. The four samples with
undetectable signal by RT-gPCR before extraction were still negative by both RT-gPCR and
eRPA even with extraction. We note that modest changes in sample collection methods would
make clinical diagnostics even more sensitive. Currently, NP swabs are typically collected into 3
mL of VTM. Only a small fraction of this volume is used for detection assays. If instead swabs

were resuspended in 150-200 uL of liquid, the volume required to cover the head of a swab, the
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input would become ~15-20-fold more concentrated without requiring an extraction protocol. This
could make the sensitivity of eRPA superior to the current clinical standard of sample extraction

followed by RT-qPCR.
Discussion

The eRPA protocol reported here was developed and optimized in just under 3 weeks,
with an additional 4 weeks for sample preparation optimization, and patient sample acquisition.
In future epidemics and pandemics, this process could be shortened to several days after
standardizing sample preparation methods and primer design, and streamlining IRB and COMS
approvals. eRPA addresses many of the problems of current SARS-CoV-2 testing methods: it is
scalable, compatible with both swabs and saliva samples, can be performed in parallel by

minimally trained personnel in low-resource settings (Supp Fig 3-7).

A companion manuscript shows that the improvements in RT-RPA we implemented in
eRPA also improve other detection approaches such as SHINE (736), allowing these assays to
become 1-pot, closed-tube, fluorescent readout reactions. eRPA brings us closer to an at-home
SARS-CoV-2 test and continued efforts to improve eRPA include: (i) making reactions self-
contained and not requiring the addition of reagents before readout, and (ii) making the assay
readout quantitative by integration with a lateral flow reader or smartphone app. eRPA is capable
of reliably detecting SARS-CoV-2 virus in patient samples that contain as low as 5 viral particles,
and is therefore fully adequate to detect infection during the period of peak transmission (127—

130, 137, 138).
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Chapter 3 Materials and Methods

RNA template preparation

SARS-CoV-2, SARS-CoV, and MERS N gene containing plasmids were obtained from
IDT (2019-nCoV Plasmid Controls). HCoV-229E and HCoV-HKU1 N gene, SARS-CoV-2, SARS-
CoV, MERS, HCoV-229E and HCoV-HKU1 S gene were synthesized by Twist Bioscience. All
genes were cloned into a T7 promoter expression plasmid. To produce RNA template, in vitro
transcription was performed with NxGen® T7 RNA Polymerase (Lucigen #F88904-1) according
to the manufacturer's suggested protocol with minor modifications. Final concentrations of the
reaction mixture components were 50 units T7 RNA polymerase, 1x reaction buffer, 625 yM
NTPs, 10 mM DTT, 500 ng of linearized plasmid template, and RNase-free water to a final volume
of 20 uL per reaction. After 10 h at 37 °C, 4 units of DNase | (NEB #M0303S) was added and
reactions were further incubated for 10 min at 37 °C. DNase | was heat inactivated by adding
EDTA (5 mM final) and heating at 75 °C for 10 min. RNA was purified by RNAClean XP (Beckman
Coulter) at 0.6% the volume of the reaction, washed twice with 80% EtOH, then eluted into 20 pL
RNase-free water. The size and quality of the RNA product was checked by Bioanalyzer (Agilent)
after denaturation at 70 °C for 2 min to unfold any RNA structure; all samples were determined to
contain the correct RNA product.

To quantify the concentration, each RNA stock was serially diluted in nuclease-free water
down to 0.005 molecules/uL and 2 uL was used as input to the RT-gPCR. Poisson distribution

based on Ct values of serially diluted samples was used to calculate the stock concentration.

Reverse transcription and RNase H screen

eRPA assay master mixes targeting SARS-CoV-2 N gene were prepared as described
below with or without addition of RNase H (NEB) and without reverse transcriptase. The following
RT enzymes were added to aliquots of the master mixes: SuperScript Ill (ThermoFisher),

SuperScript IV (ThermoFisher), MMLV (Moloney Murine Leukemia Virus RT, NEB), ProtoScript
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II (NEB), Maxima H Minus RT (ThermoFisher). All enzymes were added at 20 U per reaction. N
gene IVT RNA diluted with H,O was used as input to the reactions. Post isothermal amplification,
samples were diluted 1:400 in water and products were detected by gPCR using primers JQ289
and JQ223. Specific products were distinguished from primer dimers by analyzing the melting
temperature of the qPCR products. The average Ct value of all water control reactions
representing primer dimer was used as a baseline to determine the reaction yield (yield = Ct

(average water controls) — Ct (specific reaction)).

Primer oligomerization products

Four N gene forward primers (JQ217, CCMS041, CCMS047, and CCMS051) were paired
with the reverse primer JQ224. These four primer pairs as well as JQ217 + JQ223 were used in
eRPA assays with a water-only sample input. eRPA assays were incubated at 42 °C for 10 min.
Amplification products were cleaned up using RNA Clean XP (Beckman Coulter) at 2.5x
concentration and eluted in 20 pL of nuclease-free water. Purified products were cloned using the
Zero Blunt TOPO PCR Cloning Kit (Thermo Fisher Scientific) according to the manufacturer’'s
instructions and Sanger sequenced. The identity of cloned products was determined by first
aligning the sequences to the vector sequence using Samtools (v1.9) with an allowed
multimapping of k=10000. The sam files were then visualized in IGV (v2.6.2) where the direction,
sequence, and copy number of primer oligomers were manually annotated, the direction of the
primer indicates a forward or reverse direction with respect to the vector, while the space
sequence is the string of nucleotides between two primers. Overlap indicates the primers were
overlapping with respect to the vector, “*” indicates there was no space between the primers, and

listed nucleotides indicate the sequence between two primers.
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SARS-CoV-2 eRPA assay primer sequence alignment

To calculate the percent identity between the SARS-CoV-2 N and S gene primers and the
analogous sites in other betacoronaviruses, the RefSeq entries for SARS-CoV-2, SARS-CoV,
MERS, HCoV-229E, HCoV-NL63, HCoV-0OC43, and HCoV-HKU1 were obtained from NCBI. The
sequences were then compared using the EMBL-EBI web tool Clustal Omega to identify indels
and mismatches. The subsequences for the forward and reverse primers for both the N gene and
the S gene were then located within the SARS-CoV-2 sequence, and the number of mismatches
with the antagonist betacoronavirus sequence was tallied. The percent identity was then
calculated by dividing the number of matching bases by the length of the primer sequence.

To calculate the number of mismatches between eRPA assay primer and probe sequences and
known SARS-CoV-2 variants, the full set of all available SARS-CoV-2 genomes were downloaded
from NCBI and were arranged into a single fasta file. This dataset was then converted into a
BLAST database using the BLAST+ (v2.6.0) tool and then queried by each of the sequences for
the N and S gene eRPA assay. The output from BLAST was then coalesced and filtered to remove

any incomplete or partial genomes using R (v.4.0).

Primer screening

Regions of low homology between_SARS-CoV-2 and both SARS-CoV and MERS were
identified by sequence alignment and were used as target sequences for the biotinylated probe.
Unlabeled forward and reverse primers (Table S7) were designed to amplify a region of 100-200
nt encompassing the target sequence. Combinations of forward and reverse primers were
screened by testing RPA amplification at low RNA input. Reactions were prepared as described
below and S gene IVT SARS-CoV-2 RNA was used as input. Post amplification, samples were
diluted 1:625 in water and products were detected by qPCR using the same primer pair as for
RPA amplification. Specific products were distinguished from primer dimers by analyzing the

melting temperature of the gPCR products. Reactions using water only as template were used to
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identify primer dimer melting temperatures. All reactions with 10 or 100 copies input but leading
only to the formation of primer dimers were labeled as having a reaction yield of zero. The Ct of
all reactions leading to specific product formation were converted into an estimated reaction yield
by subtracting the raw Ct from the Ct of the lowest specific reaction (for the S gene screen the
lowest specific Ct was at 25). Primer pairs with high reaction yields at both 100 and 10 copies
input were tested in a secondary screen and the top two primer pairs were subsequently tested

by eRPA.

eRPA assay

Isothermal amplification reactions were based on the TwistAmp Basic RPA Kit (TwistDx)
with added modifications described below. Each lyophilized pellet was resuspended in a solution
of 38 pL rehydration buffer (TwistDx), 1 yL RNase H (5U/uL) (NEB), 0.5 pyL SuperScript IV RT
(200 U/uL) (ThermoFisher Scientific), and 0.5 pL of forward and reverse primer mix each at 50
MM (N gene, JQ217+JQ235; S gene, CCMS055+CCMS073). This mix was then activated by
addition of 1 yL 700 mM magnesium acetate followed by thorough mixing with a pipette.
Reactions were prepared by dispensing 8 pL of master mix and 2 pL of input template (RNA,
Accuplex virus, or patient samples) per reaction well, mixing the reaction by pipetting, and
incubating at 42 °C for 25 min. A hybridization mix was prepared by combining 1 uL biotinylated
probe at 5 uM (N gene, JQ241 or JQ312; S gene, CCMS069) with 19 uL 10 mM Tris pH 8. 20 uL
of hybridization mix was added to each reaction, and samples were heated at 94 °C for 3 min
followed by a cooling step at room temperature for 3 min. 50 uL of Milenia GenLine Buffer (Milenia
Biotec) was added to each reaction, mixed by pipetting, and a lateral flow strip (Milenia
HybriDetect) was added. Lateral flow strip signals can be detected and imaged starting 3 min
after addition of the strip to the hybridized reaction. Test results were called or imaged within 30
min of strip addition since background bands at the test line can appear over time and low signal

test bands can lose intensity as the strip dries.
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gdPCR and RT-gPCR

SYBR green qPCR reactions were prepared in 10 pL reaction volume using PowerUp
SYBR Green PCR Master mix (Thermo Fisher Scientific), 2 yL sample, and 0.4 yuM of primers
(JQ217 + JQ223 for N gene or CCMS055 + CCMS067 for S gene unless otherwise mentioned).
RT-qPCR reactions were prepared in 10 pL reaction volume using the Luna Universal One-Step
RT-qPCR kit (NEB), 2 uL sample, and 0.4 yM of primers following the manufacturer’s instructions.
The CDC one-step RT-gPCR assay used to benchmark our in-house RT-gPCR was performed
using the Luna Universal Probe One-step RT-gPCR kit (NEB) and N1 probe/primer mix against
SARS-CoV-2 from IDT (2019-nCoV CDC EUA Kit). Reactions were prepared according to the
manufacturer’s instructions following the CDC protocol. gqPCR and RT-qPCR reactions were
monitored on either a Bio-Rad C1000 Touch Thermo Cycler (Bio-Rad) or QuantStudio 6 Real

Time PCR system (Thermo Fisher Scientific).

Sensitivity and specificity of eRPA with RNA input

Data presented in Figure 2 was generated as a blinded and randomized experiment.
Synthetic full genome SARS-CoV-2 RNA (Twist Bioscience) was used as RNA template for eRPA
assay on SARS-CoV-2. For the cross-reactivity samples, a single dilution series of RNA input was
prepared by mixing at equimolar ratio N and S gene IVT RNA products for each of: SARS-CoV,
MERS, HCoV-HKU1, and HCoV-229E. Genomic 2009 H1N1 Influenza (ATCC) was also serially
diluted for input to the assay. All dilutions series were made in water and were adjusted for a 2
ML input into the eRPA assay. Two independent groups prepared fully randomized 96-well PCR
plates in a checkerboard pattern using those dilutions (Figure 3-8). Each group then used the
other group’s randomized plate as input to eRPA tests targeting either the N gene or the S gene
of SARS-CoV-2 performed as described above. All RNA stocks used in these tests were validated

by testing dilution series in a one-step RT-gPCR as described above (Figure 3-10).
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RNaseAlert tests with viral transport media (VTM) and saliva

The RNaseAlert substrate (IDT) was used at 2 yM to assess the RNase activity of saliva
and VTM (BD, universal viral transport medium #220220). Fluorescence intensity was determined
using an excitation of 485 nm and emission of 528 nm over the course of 10-60 min in a 96-well
plate reader (Synergy H1 Plate Reader, BioTek). In general, the degradation of the RNaseAlert
substrate was assessed after 10 minutes and fluorescence intensities were averaged over 3 time
points and reported normalized to a fully degraded control.

RNasin Plus (Promega) was added to VTM to a final concentration of 1 U/uL and was
incubated for 5 min at 25 °C before addition of RNaseAlert. When needed, viral lysis buffer
(FastAmp Viral and Cell solution, Intact Genomics) was added 1:1 (v/v) to VTM. TCEP buffer (20
mM Tris pH 8, 10 mM EDTA pH 8, TCEP 1-100 mM) was prepared as a 2x solution and was
mixed 1:1 with saliva. RNase inhibitor (RI) was added to 1 U/pL final concentration as shown. For
spike-in controls, RNase A (Lucigen) was added to 0.25 pg/uL final concentration. Saliva obtained
from two healthy donors was pooled and adjusted to 1 mM TCEP to reduce viscosity. Aliquots of
a single pooled sample stored at -20 °C were used for all assays. Saliva samples were obtained
from volunteers as approved by the Harvard Medical School Institutional Review Board (IRB 20-

0581). Informed written consents were obtained by volunteers.

Virus extraction

The AccuPlex SARS-CoV-2 verification panel (Seracare) containing the N gene, E gene,
ORF1a, and RdRp was used as a surrogate to SARS-CoV-2 to optimize the full processing of
clinical samples. To determine the temperature lysis of AccuPlex SARS-CoV-2, virus at 1e5
copies/mL was diluted 1:1 in 2x lysis buffer (final: 10 mM Tris HCI pH 8, 5 mM EDTA pH 8, 100
mM TCEP, 1 U/uL RNasin Plus), then incubated for 5 min at a temperature between 55 °C and

95 °Cin 5 °C increments. 2 yL of each condition was used as input into eRPA reactions targeting
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SARS-CoV-2 N gene as described above. Post amplification, samples were diluted 1:200 in water
and products were detected by gPCR using primers JQ289 and JQ223. Specific product formation
was distinguished from primer dimer formation by analyzing the melting temperature of the g°PCR
products and comparison to a water control. The average Ct value of all water control reactions
representing primer dimer was used as a baseline to determine the reaction yield (yield = Ct

(average water controls) — Ct (specific reaction)).

Detection of AccuPlex SARS-CoV-2 in contrived samples

AccuPlex SARS-CoV-2 was extracted using conditions mimicking patient sample
processing. eRPA assays targeting SARS-CoV-2 N gene were performed as above. For
extraction in VTM and PBS, AccuPlex SARS-CoV-2 at 100 copies/uL was serially diluted 1:1 (v/v)
in either VTM or PBS containing a final concentration of 1 U/uL RNasin Plus. After heating at 94
°C for 5 min, samples were kept on ice before being used as input into eRPA. For extraction in
viral lysis buffer at 25 °C, AccuPlex SARS-CoV-2 at 100 copies/uL was serially diluted 1:1 (v/v) in
viral lysis buffer (FastAmp Viral and Cell solution (Intact Genomics)) adjusted with RNasin Plus
to 1 U/uL. After 10 min at 25 °C, samples were kept on ice before being used as input into eRPA.
For extraction of virus in samples containing saliva, 2 vol of AccuPlex SARS-CoV-2 virus at 100
copies/uL was mixed with 1 vol of pooled saliva and 1 vol of 4x TCEP buffer + RI. TCEP buffer +
RI was prepared such that final buffer concentrations in the sample were 10 mM Tris HCI pH 8, 5
mM EDTA pH 8, 100 mM TCEP and 1 U/uL RNasin Plus. Lower input samples were prepared by
serial dilution with 1:1 (v/v) saliva in 2x TCEP buffer. After heating at 94 °C for 5 min, 1/10 vol of
1M H20, was added and samples were incubated at 25 °C for 10 min. Saliva samples were diluted
1:1 with water and kept on ice before being used as input into eRPA. For extraction of virus from
saliva with viral lysis buffer, 1 vol of AccuPlex SARS-CoV-2 virus at 100 copies/uL was mixed with
1 vol of pooled saliva and 2 vol of viral lysis buffer adjusted to 2 U/uL RNasin Plus. Lower input

samples were prepared by serial dilution with 1:3 (v/v) viral lysis buffer + RI mixed with saliva. For
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samples with SARS-CoV-2 RNA, saliva was mixed 1:1 with 2x TCEP buffer + RI. After 5 mins at
25 °C, N gene IVT SARS-CoV-2 RNA was spiked into saliva in TCEP buffer and lower input
samples were prepared by serial dilution on ice. After heating at 94 °C for 5 min, 1/10 vol of 1 M
H.0, was added and samples were incubated at 25 °C for 10 min. Samples were diluted 1:1 with
water and kept on ice before being used as input into eRPA. For RNA added post heat
inactivation, a similar protocol was followed using saliva mixed 1:1 with 2x TCEP buffer + RI that

was pre-incubated for 5 min at 94 °C.

Clinical samples

A cohort of nasal swab patient samples was purchased from BocaBiolistics, FL containing
30 SARS-CoV-2 positive samples and 21 SARS-CoV-2 negative samples. Samples were thawed
on ice and 40 uL aliquots were made and subsequently stored at -80 °C. At the time of testing,
sample aliquots were thawed and RNasin Plus was added to a final concentration of 1 U/uL. The
samples were placed on a heat block set to 99 °C for 5 min for virus inactivation and lysis. After
cooling, samples were spun down and transferred to a 96-well DNA LoBind plate (Eppendorf). 2
pL of the inactivated sample was used as input into eRPA or into RT-qPCR reactions targeting
both the N and S gene of SARS-CoV-2. GAPDH was used as a control in RT-qPCR reactions. All
patient sample tests included a positive control consisting in 100 copies of synthetic full genome

SARS-CoV-2 RNA (Twist Bioscience) and a water only negative control.

Standard RNA extraction from clinical samples

Virions were pelleted by centrifugation at approximately 21,000 xg for 2 hours at 4 °C. The
supernatant was removed and 750 pL of TRIzol-LS™ Reagent (ThermoFisher) was added to the
pellets and then incubated on ice for 10 min. Following incubation, 200 uL of chloroform
(MilliporeSigma) was added, vortexed, and incubated on ice for 2 min. Phases were separated

by centrifugation at 21,000 xg for 15 min at 4 °C, and subsequently the aqueous layer was
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removed and treated with 1 vol isopropanol (Sigma). GlycoBlue™ Coprecipitant (15 mg/mL)
(ThermoFisher) and 100 uL 3M Sodium Acetate (Life Technology) were added to each sample
and incubated on dry ice until frozen. RNA was pelleted by centrifugation at 21,000 xg for 45 min
at 4 °C. The supernatant was discarded and the RNA pellet was washed with cold 70% ethanol.

RNA was eluted in 50 uL of DEPC-treated water (ThermoFisher).

Quantitative SARS-CoV-2 RT-gPCR Assay

Levels of SARS-CoV-2 RNA in extracted samples were detected using the US CDC 2019-
nCoV_N1 primers and probe set. Each reaction contained extracted RNA, 1x TagPath™ 1-Step
RT-gPCR Master Mix, CG (ThermoFisher), 500 nM of each the forward and reverse primers, and
125 nM of probe. Viral copy humbers were quantified using N1 gPCR standards to generate a
standard curve. The assay was run in triplicate for each sample and two no template control (NTC)
wells were included to confirm there was no contamination. Quantification of the Importin-8 (IPO8)
housekeeping gene RNA level was performed to determine the quality of sample collection. An
internal virion control (RCAS) was spiked into each sample and quantified to determine the
efficiency of RNA extraction and qPCR ampilification.

In-house RT-gPCR data was converted from Ct values to copies/mL by direct comparison
to the CDC RT-qPCR quantitation. In short, the Ct values from the in-house RT-gPCR were
plotted against the CDC RT-gPCR Ct values which yielded a linear relationship, R?>0.99, with a
slope within error of 1, confirming that the amplification dynamics of both primer sets were similar.
The relationship was then re-fit with the slope set to 1 which yielded a line, R?>0.99, with an
intercept of between 33 and 34 (95% confidence interval). This fit was then used to directly convert

Ct from the in-house qPCR to viral copies/uL.
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Chapter 4: A quantitative isothermal diagnostic assay utilizing competitive
amplification
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Chapter 4 Abstract

Quantitative diagnostics that are rapid, inexpensive, sensitive, robust, and field deployable
are needed to contain the spread of infectious diseases and inform treatment strategies. While
current gold-standard techniques are highly sensitive and quantitative, they are slow and require
expensive equipment. Conversely, current rapid field-deployable assays available provide
essentially binary information about presence of target analyte, not a quantitative measure of
concentration. Here we report the development of molecular diagnostic test (QRPA) that utilizes
competitive amplification during a recombinase polymerase amplification (RPA) assay to provide
quantitative information on a target nucleic acid. We demonstrate that qRPA can quantify DNA,
RNA, and viral titers in HIV and COVID-19 patient samples and that it is more robust to
environmental perturbations than traditional RPA. These features make qRPA potentially useful

for at-home testing to monitor the progress of viral infections or other diseases.
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Chapter 4 Introduction

Rapid, inexpensive, and sensitive testing is critical for controlling the spread of diseases
with pandemic potential (7). For example, as of 2019, 1 in 5 individuals with HIV do not know they
are infected (739), and in many countries efforts to contain SARS-CoV-2 have been hampered
by a lack of adequate testing (740). Rapid diagnostic testing with quantitative outputs can lead to
more timely treatment and better knowledge of disease progression, leading to improved patient
outcomes (7). Nucleic acid amplification techniques (NAATSs) are the gold standard for identifying
infectious diseases (774). To enable comprehensive diagnoses, NAATs need to provide
specificity, sensitivity, and quantitation. Quantitative Polymerase Chain Reaction (qPCR) is the
most commonly used NAAT, but requires expensive and complex instrumentation that cannot
realistically be used outside the laboratory. For this reason, researchers have turned to isothermal
nucleic acid amplification techniques (INAATs) in an attempt to create a field-deployable

diagnostic.

Developing a field-deployable diagnostic is especially challenging if quantitative results
are required. In many cases a quality plus/minus result is sufficient, but in other cases viral titer
is a key factor in disease treatment. Current field-deployable INAATs are not quantitative. The
products of INAATs (such as LAMP (43), RPA (17), HAD (50), and NASBA (53)) are generally
interpreted in a non-specific manner by monitoring the amount of amplification (using DNA-
intercalating or pH-sensitive dyes) or in a sequence-specific manner by detecting amplification
products using lateral flow assays (723), molecular beacons (741), or Cas13-mediated
fluorescence (742). Because these reactions all proceed to saturation, the endpoint product levels
do not depend on the input concentration. Furthermore, time course or “time-to-positive”
measurements of these techniques are not robust due to the rapid speed of amplification and the

sensitivity of the amplification rate to perturbations (74). Finally, due to the lower reaction
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temperatures of many INAATSs (114), non-specific products are produced at higher rates than in

gPCR, which affects sensitivity and further limits quantitation.

To overcome these challenges, we developed an assay that is both field-deployable and
quantitative by harnessing competitive amplification in a recombinase polymerase amplification
(RPA) assay. We selected RPA as the basis of our assay, as it can be performed near ambient
temperature (37-42 °C). In RPA, a cocktail of recombinase enzymes, single-stranded binding
proteins, and DNA polymerases carry out cyclic strand invasion and polymerization to amplify
DNA (77). We previously developed an enhanced reverse transcription (eERPA) assay to detect
SARS-CoV-2 RNA directly from patient samples with high sensitivity and specificity (720). In this
new assay, which we term Quantitative Recombinase Polymerase Amplification (QRPA), we
introduce reference molecules that are competitively amplified alongside the target (Figure 4-
1A). Both amplicons are detected separately in a sequence-specific lateral flow assay for
quantitative endpoint detection. We demonstrate the efficacy of qRPA for DNA and RNA inputs

as well as clinical samples from HIV and COVID-19 patients.
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Chapter 4 Results and Discussion

As noted above, endpoint INAATs are not quantitative for two reasons. First, in RPA,
amplification continues until reaction components are exhausted, leading to signal saturation.
Saturation is reached regardless of the amount of input material and thus input concentration
information is largely lost (Figure 4-1B). Second, INAATs are prone to non-specific product
formation (1714). The specific amplification is dependent on target level, but the non-specific
amplification is dependent on primer levels and non-specific template formation. Thus, when the
input level of target is low, non-specific side reactions can out-compete the on-target reaction,
consuming significant amounts of the reaction components and reducing the amount of target
amplicon produced (Figure 4-1B). We reasoned that RPA could be made quantitative by
harnessing competition during amplification. Non-specific side reactions cause a decrease in
endpoint target amplicon levels, so that the correlation between target input levels and amplicon
level is modest at assay completion (Figure 4-1B). Rather than relying on stochastic and
uncontrolled side reactions, we include a reference molecule in the RPA assay; we refer to this
modified RPA reaction as gRPA. In theory, the ratio of the target and reference sequence should
stay constant throughout the RPA reaction as long as both the target and reference sequence
have the same amplification kinetics (Figure 4-1C). The easiest way to achieve this is to have

both the target and reference molecules amplified by the same RPA primer set (Figure 4-1A).
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Figure 4-1 Competitive amplification in RPA can be used to maintain target concentration information.

(A) In gqRPA, addition of a reference molecule at a known concentration can be used to infer target
concentration by measuring the ratio of target to reference after amplification. (B) RPA product levels
saturate for high input concentrations and are affected by non-specific product formation, depicted by
cartoon. (C) In gRPA, though product abundances are still subject to saturation and non-specific products,
the ratio is robustly remained and can be used for quantification, depicted by cartoon. (D) Prediction of input
concentration by endpoint measurements of RPA and gqRPA. gPCR was used to quantify target or reference
sequences after amplification by RPA or qRPA. The threshold cycle Ct values (right) were used to calculate
a predicted input concentration either by fitting to a standard curve (RPA) or calculating the target to
reference ratio (QRPA). (E) Bland-Altman plot of gRPA outputs. The gqRPA data was replotted to show the
expected and observed ACt, which indicates the target/reference ratio. Points are plotted against a
horizontal line representing an ideal assay which retains ratiometric information perfectly. In each panel,

each point depicts the mean of 3 replicate RPA or gRPA reactions, error bars depict standard deviation.

To compare the performance of RPA and qRPA, we performed both reactions on varying
amounts of plasmid DNA containing a synthetic 28-bp barcode target (722). For the gRPA
reaction, we also included a fixed concentration of a reference plasmid that was identical except

in the synthetic barcode sequence. We quantified the products by gPCR using a barcode-specific
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primer paired with one universal primer (in a separate qPCR reaction for each barcode) (Figure
4-1D, right). In RPA, as the target input reaches single molecule levels there is great variation in
the amount of amplification, likely due to the stochastic difference in timing of the initial production
of non-specific products (Figure 4-1D, right). Amplification appears to be less variable in the
gRPA reactions.

We assessed the quantitative capabilities of RPA and qRPA by using endpoint
measurements as predictors of the input concentration. We calculated a predicted input
concentration for each assay using the cycle threshold values (Ct), which we either fit to a
standard curve (RPA) or calculated using the target to reference ratio (QRPA) (Figure 4-1D, left).
While the RPA assay saturates at high input concentrations, qRPA remains quantitative over a
wide range of target input concentrations. In a Bland-Altman plot, if the assay maintains the ratio
perfectly, the difference between the observed and expected ACt (Cycle threshold of the
reference minus the cycle threshold of the target) would be a horizontal line. Indeed, we find that
the ratio between target and reference is maintained during amplification for a wide range (>107
fold difference) of starting target/reference ratios (Figure 4-1E). This confirms that input
concentration may be inferred from the known amount of reference added and the ratio between
target and reference molecules after amplification.

We hypothesized that gRPA should be more robust to environmental perturbation than
RPA, since if the amplification kinetics of the target and reference sequences are identical, the
ratio of the target and reference amplicons should be maintained regardless of reaction efficiency.
To test this prediction, we performed RPA under several environmental perturbations that might
be faced in real-world settings, including different temperature, pH, and salt concentration. We
quantified the post-amplification products by gPCR as described above. For reactions at pH 2.4,
pH 11.4, or with 60mM additional NaCl, the amount of amplification product produced was less
predictive of the input level than under standard conditions (Supp Fig 4-1); since these effects

are mild, we can infer that RPA efficiency is little affected by these conditions. Nevertheless, the
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ratiometric product levels are robust to all three variant conditions, so gqRPA remains quantitative
even when amplification efficiencies are affected by environmental perturbations (Supp Fig 4-1).
RPA can be performed at different temperatures (743), but lower temperatures are known to
reduce amplification speed. We found gRPA to be robust to temperature variation and reaction
time even when the target Ct levels are reduced by sub-optimal temperatures or sub-saturating
reaction lengths which would cause an underestimate if fitting RPA product levels to a standard
curve (Supp Fig 4-2).

Detection of disease can also be hampered by sequence variation that arises during
disease spread. This sequence variation can interfere with amplification reactions, particularly if
the variation occurs in the 3’ end of the priming region. Since the qRPA method relies on the
reaction kinetics for target and reference molecules being equal, quantitation might be affected if
the priming efficiencies are affected by mutations. RPA primer efficiencies are known to
significantly affect the degree of amplification (77, 35), and polymorphisms in priming regions
have been shown to affect the sensitivity of other isothermal amplification diagnostics (744). To
quantify the potential impact of sequence variation on gqRPA, we sequenced a library of RPA
primer-region variants before and after amplification with RPA (Figure 4-2A). The library was
created by degenerate synthesis of a 37-bp RPA primer-region sequence with 91% abundance
of the original nucleotide and 3% abundance of the other three nucleotides in the RPA primer
binding region. This leads to an average error rate of 3.3 mismatches per template (Supp Fig 4-
3). In addition, each template had a random 14bp UMI in the region that would be amplified. Thus,
by comparing the UMI sequence before and after amplification it is possible to determine which
mutations in the forward RPA primer-region affect RPA amplification (Figure 4-2A). Amplification
bias was largely confined to the 3’ end of the RPA primer sequence (Figure 4-2C), suggesting
that gRPA is robust to the majority of mutations that may occur in the primer-region sequence,

even if multiple polymorphisms co-occur (Figure 4-2B). This result also has implications for the

89



optimal design of RPA primers, suggesting that primers with 3’ ends aligning to highly-conserved

regions in the target may be more robust to inevitable mutational variation.
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Figure 4-2 qRPA is robust to certain sequence variations.
(A) Measurement of amplification bias from sequence variation. A library with random sequence
mismatches in the forward priming region each linked to internal Unique Molecular Identifier (UMI)
sequences was synthesized. This input library was amplified using RPA, then both input and output libraries
were sequenced. (B) Frequency table for reads in the input and output libraries, grouped by number of
mismatches in priming sequence. (C) The abundance of library members with a single mismatch in the
priming sequence, plotted by mismatch location, with output library abundance normalized by input library
abundance.

gRPA can be combined with a fieldable detection method to measure the ratio of target

and reference amplicons and then to infer the input concentration. We followed gqRPA with
hybridization with two probes, one biotinylated and complementary to the target sequence and
one digoxigenin labeled and complementary to the reference sequence. This mixture was heat-
denatured, allowed to cool, and then run on a lateral flow strip to quantify the relative abundance
of target and reference amplicons in the reaction (Figure 4-3A). We chose to use Milenia Biotec
HybriDetect 2T lateral flow test strips that contain a streptavidin band, an anti-digoxigenin band,

and an anti-lg band. These complexes are visualized using gold nanoparticle-labeled anti-FAM
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antibodies that are captured at either test or reference bands on the lateral flow assay strip. To
demonstrate this method, we cloned the N gene of SARS-CoV-2 into a plasmid and generated a
reference target plasmid in which we replaced the RPA target portion of the sequence with a 28-
bp reference barcode. We performed qRPA on a mixture of wild-type and barcoded-reference
plasmids to demonstrate quantitation on lateral flow assays. The relative intensity of the reference
and target bands for one or more reference concentrations can be used to infer the concentration

of a target DNA input with roughly one order of magnitude precision (Figure 4-3B).
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Figure 4-3 qRPA can be combined with a lateral flow assay for fieldable detection.

(A) Target and reference amplicons are detected using different hybridization probes and visualized using
gold nanoparticles on lateral flow strips in a multiplexed sandwich assay. The relative intensity of target and
reference bands can be used to infer target concentration in the sample. (B) Samples were prepared with
1E3 copies of a plasmid carrying a wild-type SARS-CoV-2 N-gene sequence and a varying number of
copies of a reference plasmid in which a 28-bp region of the target was replaced with a synthetic barcode.
These samples were amplified using gRPA, hybridized with target and reference probes, and visualized on
the photographed lateral flow strips. Bands of equal intensity are observed when the target and reference

concentrations are equal.
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Many pathogens are composed of RNA genomes, including widespread pathogens such
as HIV and SARS-CoV-2. gqRPA may be combined with reverse transcription in a one-step RT-
gRPA assay for RNA quantitation. We hypothesized that as long as the reverse transcriptase
reaction does not exhibit significant bias, then the ratio of RT-RPA products should be retained in
an RT-gRPA assay. Building on our previously reported eRPA assay for one-pot RNA
amplification (720), we tested whether RT-qRPA could be used to quantify RNA input levels. We
cloned the integrase gene from HIV into a plasmid and replaced the RPA target portion of the
sequence with our 28-bp reference barcode (to be used as the reference sequence). We
generated RNA from wild-type and barcoded-reference plasmids using in-vitro transcription (IVT),
and then performed gRPA using combinations of these RNA products. Comparing the input ratio
of target and reference RNA (pre-amplification) by RT-qPCR and post-amplification by qPCR, we
found that RT-qRPA retains the product ratio over several orders of magnitude (Figure 4-4A) with
comparable performance to TagMan RT-qPCR (Supp Fig 4-4). The amplicons can be detected
using lateral flow analysis in a field-deployable manner as we had shown with DNA targets
(Figure 4-4B & Supp Fig 4-5). We obtained comparable results to the HIV constructs with RNA
produced from the wild-type and barcoded-reference SARS-CoV-2 N-gene plasmids described
above (Figure 4-4C, D & Supp Fig 4-5). Finally, by comparing the results from using several
different reference molecule types (e.g. RNA, cDNA, DNA), we determined that for detection of

RNA targets, an RNA reference molecule is most appropriate (Supp Fig 4-6).
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Figure 4-4 One-step RT-gRPA enables quantitation of RNA.
(A) Bland-Altman plot of RT-qRPA outputs for in-vitro HIV RNA samples containing either 1E2 or 1E4 target
RNA molecules and a varying amount of reference RNA molecules with a synthetic barcode sequence
inserted. The ratio of target to reference is maintained, as measured by ACt between target and reference
after amplification. (B) The HIV RT-qRPA reaction products were hybridized and loaded on lateral flow
strips and photographed. (C) Bland-Altman plot of RT-qRPA outputs for in-vitro SARS-CoV-2 RNA samples
performed as above. (D) Photograph of lateral flow assay for RT-qRPA on in-vitro SARS-CoV-2 RNA. In
each panel, each point depicts the mean of up to 6 replicate qRPA reactions, error bars depict standard
deviation. Reactions in which target or reference were not detected post-amplification were not plotted.
To validate our assay for diagnostic use in quantifying viral load in the context of clinical
samples, we developed a qRPA assay for HIV. HIV patients on anti-retroviral therapies may have
varying viral loads that vary over time with treatment efficacy (745); viral load also correlates with
transmissibility (37) so inexpensive rapid testing could enable better risk assessment. Viral loads
<1500/mL are often considered to be non-transmissible (37). We performed gRPA on RNA

samples extracted from the blood of individuals that were positive or negative for HIV. Using a

trio of gRPA reference standards (0, 10, or 100 copies of reference RNA, corresponding to viral
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loads of no, 1500/mL, or 15000/mL in unextracted blood), we classified 13 HIV patient and healthy
individuals (Figure 4-5A & Supp Fig 4-7). To test the assay over a higher range of viral loads,
we created and tested contrived positive samples by spiking our HIV IVT RNA into RNA samples
purified from HIV-negative blood samples (Supp Fig 4-7). We subsequently asked three different
individuals to estimate the titer of blinded samples, and 92% of calls for optimized samples were
within an order of magnitude of the true titer (Table S-9). Bland-Altman plots show the pre and
post gqRPA amplification ratios as measured by qPCR were generally conserved (Supp Fig 4-8)

as expected from our in-vitro validation experiments.
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Figure 4-5 RT-gRPA and lateral flow assays can be used to quantify viral titers in patient samples.

(A) Total RNA was extracted from whole blood samples from HIV (+) or (-) patients. Known quantities of in-
vitro HIV reference RNA containing a synthetic barcode were added to patient samples and amplified in
gRPA. Photograph depicts a selection of lateral flow strips used to sort patient samples by viral titer. (B).
Remnant nasopharyngeal swab samples from SARS-CoV-2 (+) or (-) patients were tested without
extraction. Known quantities of in-vitro SARS-CoV-2 reference RNA containing a synthetic barcode were
added to patient samples and amplified in qRPA. Photograph depicts a selection of lateral flow strips used

to sort patient samples by viral titer.
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Finally, we demonstrated that qRPA can also be used to quantitate SARS-CoV-2 levels in
unextracted clinical samples. Blood interferes with many molecular assays and hence some form
of extraction is needed, whereas nasal swabs are directly compatible with molecular assays (120).
We therefore wanted to test the ability of qRPA to quantify SARS-CoV-2 titer directly from nasal
swabs. We ran gqRPA on remnant nasopharyngeal swab samples suspended in transport medium
from individuals that were positive or negative for COVID-19. Using a trio of qRPA reference
standards (0, 100, or 10,000 copies of reference RNA), we classified 22 patient samples by viral
loads with order of magnitude precision (with one false negative on the sample with lowest viral
load) and confirmed 13 negative patient samples (Figure 4-5B & Supp Fig 4-9). We
subsequently asked three different individuals to estimate the titer of blinded samples, and 95%
of these calls were within an order of magnitude of the true titer (Table S-10). Post-amplification
ratios were biased in favor of the unencapsulated reference over the virus-encapsulated target,
which may indicate that RPA is less efficient at releasing and amplifying viral RNA than gPCR (
Supp Fig 4-8). This bias could be overcome by adjusting the amount of reference loaded, or by
developing viral mimics for use as reference species (e.g. Accuplex (146)).

Discussion

gRPA uses competitive amplification and multiplexed detection to create an assay that
could be used in field-deployable settings that require quantitation. Competitive amplification of
the target and reference amplicons overcomes the challenges posed by non-specific amplification
for quantitation, and lateral flow detection provides a simple read-out. The method works with
both purified DNA and RNA as well as unextracted nasal swab samples.

gRPA overcomes many of the limitations of other isothermal amplification and detection
techniques with quantitative outputs. Competitive-LAMP also utilizes competitive amplification to
enable order-of-magnitude quantitation of nucleic acids with similar sensitivity and specificity (38)

but gqRPA benefits from simpler assay design (fewer primers) and lower reaction temperatures
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(LAMP is performed at 65 °C). In addition, multiplexed detection of target and reference molecules
on the lateral flow strip provides more data per reaction, so fewer reactions are needed to
determine concentration in qRPA than competitive-LAMP. Real-time RPA utilizing exo probes
(and enzymatic hydrolysis) can also be used for time-to-positive dynamic measurements for direct
quantitation (77) or ratiometric quantitation (74). However, this approach requires sensitive real-
time fluorescence measurement and internally modified probes that are difficult to manufacture
at scale. Finally, although direct sample quantitation without amplification may soon be possible
for highly concentrated nucleic acid targets (747), gRPA (and other amplification techniques) can
achieve higher sensitivities while remaining quantitative.

Further work should broaden the use of gqRPA to additional settings, sample types, and
detection methods. First, there is a need for INAATSs that can be run at ambient temperatures for
point-of-need, equipment-free testing. RPA and gRPA can be performed at ambient temperatures
but at reduced speed; it may be possible to overcome this by optimizing reaction mixes for
ambient temperature reaction rates. Second, some sample types will likely remain challenging for
RPA. One notable example, unextracted blood samples, could be made compatible with gRPA
by using low-cost nucleic acid extraction methods (748). More broadly, validation of ratiometric
amplification by post-amplification gPCR will be required in the development stage for each new
sample type. Finally, on the detection side, we believe that the competitive amplification methods
used in this work combined with multiplexed fluorescence detection using SHERLOCK (23, 742)
or molecular beacon (7141) approaches could overcome challenges in using these detection
methods for endpoint samples.

We believe that qRPA is well suited for non-laboratory setting where quantitation is
needed for diagnosis. Measuring relative viral load in equipment-limited settings could help
combat the AIDS pandemic by tracking the efficacy of anti-retroviral therapies (745). gqRPA also
brings us closer to at-home testing to track the progress of viral infections like SARS-CoV-2

following a positive test, which could help determine transmission risk and ease the load on
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laboratory testing facilities (7). More broadly, higher-throughput, lower-precision testing for
infectious diseases outside laboratories enabled by isothermal techniques will have value for

contact tracing and epidemiological purposes (7) and pandemic control.
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Chapter 4 Materials and Methods

RNA template generation

SARS-CoV-2 N gene containing plasmids were obtained from IDT (2019-nCoV Plasmid
Controls). An HIV integrase gene containing plasmids was obtained from Jonathan Li’s lab at
Brigham and Women’s Hospital. Genes were then cloned into a T7 promoter expression plasmid
with or without reference sequence insertions using Gibson assembly. To produce RNA template,
in vitro transcription was performed with NxGen® T7 RNA Polymerase (Lucigen) according to the
manufacturer’s suggested protocol with minor modifications. Final concentrations of the reaction
mixture components were 50 units T7 RNA polymerase, 1x reaction buffer, 625 yM NTPs, 10mM
DTT, 500 ng of linearized plasmid template, and RNase-free water to a final volume of 20 pL per
reaction. After 2 h at 37 °C, four units of DNase | (NEB) was added and reactions were further
incubated for 10 min at 37 °C. DNase | was heat inactivated by adding EDTA (5mM final) and
heating at 75 °C for 10 min. RNA was purified by RNAClean XP (Beckman Coulter) at 0.6x the
volume of the reaction, washed twice with 80% EtOH, then eluted into 20 yL RNase-free water.
The concentration of each RNA stock was calculated based on a Poisson distribution of RT-gPCR
measurements on dilution series of RNA in nuclease-free water down to 0.003

molecules/reaction.

gPCR assays

Unless otherwise noted, SYBR green qPCR reactions were prepared in 10 pL reaction
volume using PowerUp SYBR Green PCR Master mix (Thermo Fisher Scientific), 2 yL sample,
and 0.4 uM of primers and the following cycle conditions: (i) UDG activation: 50°C for 2 min, (ii)
denaturation: 95 °C for 2 min; (iii) amplification (45 cycles): 95 °C for 15 s, 60 °C for 60 s; (iv) melt
curve: 95 °C to 60 °C. RT-gPCR reactions were prepared in 10 pL reaction volume using the Luna

Universal One-Step RT-gPCR kit (NEB), 2 uL sample, 0.4 uM of primers and the following cycle
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conditions: (i) reverse transcription: 55°C for 10 min, (ii) denaturation: 95°C for 1 min; (iii)
amplification (45 cycles): 95 °C for 10 s, 60 °C for 30 s; (iv) melt curve: 95 °C to 60 °C. TagMan
RT-gPCR reactions were prepared in 10 uL reaction volume using the Luna Universal Probe One-
Step RT-gPCR kit (NEB), 2 uL sample, 0.4 pyM of primers, 0.2 uyM probe, and the following cycle
conditions: (i) UDG activation: (i) reverse transcription: 55°C for 10 min, (ii) denaturation: 95 °C
for 1 min; (iii) amplification (45 cycles): 95 °C for 10 s, 55 °C for 30 s. All g°PCR and RT-qPCR
reactions were monitored on a QuantStudio 6 Real Time PCR system (Thermo Fisher Scientific)
or CFX96 real-time PCR system (Bio-Rad). The primers and probes used in reactions can be

found in Table S-11 and the corresponding amplicons may be found in Table S-12.

gqRPA and RT-gRPA assays

Unless otherwise noted, qPRA assays were based on the TwistAmp Basic RPA Kit
(TwistDx) with added modifications described below. For qRPA, each lyophilized pellet was
resuspended in a solution of 39.5 pL rehydration buffer (TwistDx) and 0.5 yL of forward and
reverse primer mix each at 50 yM. For RT-gRPA, 1.5 pL of rehydration buffer was replaced by 1
ML RNase H (5 U/uL) (NEB) and 0.5 pL SuperScript IV RT (200 U/uL) (ThermoFisher Scientific).
The gRPA or RT-gRPA mix was then activated by addition of 1 yL 700 mM magnesium acetate
followed by thorough mixing with a pipette. Reactions were prepared by dispensing 7.5 pL of
master mix, 0.5 pL of reference template and 2 uL of sample input per reaction well, mixing the
reaction by pipetting, and incubating at 42 °C for 25 or 30 min. Unless otherwise noted, a
hybridization mix was prepared by combining 1 pL target-specific biotinylated probe at 5 yM (HIV
JQ130; SARS-CoV-2 JQ241), 1 uL reference digoxigenated probe (JQ170) with 18 yL 10 mM
Tris pH 8. 20 uL of hybridization mix was added to each reaction, and samples were heated at
94 °C for 3 min followed by a cooling step at room temperature for 3 min. 50 pL of Milenia GenLine
2T Buffer (Milenia Biotec) was added to each reaction, mixed by pipetting, and a lateral flow strip

(Milenia HybriDetect 2T) was added. Lateral flow strip signals can be detected and imaged

99



starting 3 min after addition of the strip to the hybridized reaction. Test results were called or
imaged within 45 min of strip addition since background bands at the test and reference lines can
appear over time and low signal test bands can lose intensity as the strip dries.

In the pH and salt perturbation gqRPA assay, home-made 2X rehydration buffer was
prepared to contain 50 mM Tris, 200 mM Potassium Acetate, 11% (w/v) Polyethylene glycol
(PEG) 20,000. For pH perturbations, buffer pH was adjusted by hydrochloric acid or sodium
hydroxide and measured by pH meter. For salt perturbations, NaCl was added to 120 mM. Each
lyophilized pellet (TwistDx) was resuspended by home-made rehydration buffer to form 50 pL of
final 1X solution with 25mM Tris, 100 mM Potassium Acetate, 5.5% (w/v) PEG 20,000, 700 mM

magnesium acetate and 240 nM primers.

Sequencing analysis of primer mutational library

A mutational template library (JQ75) where each base pair constitution of the forward RPA
primer binding site (JQ42) was 91% as wild-type base and 3% of each of 3 remaining bases, was
ordered from Integrated DNA Technologies. Additionally, another library (JQ76) with 14-bp
randomized UMI was designed 11-bp downstream of the forward RPA primer binding site to
associate UMI to template variants (Figure 4-2). Template variant and UMI libraries were PCR
amplified with sequencing adaptors (JQ77,83-85 & JQ93-96), then indexing primers (Table S-11)
to build the input library. The input library was used as input template into a 50 ul RPA reaction,
where a lyophilized pellet was resuspended in a solution of 29.5 L rehydration buffer (TwistDx)
and 480 nM of forward (JQ42) and reverse primer (JQ92) and 1 ul of input library and
supplemented with RNAse-free water until 47.5 ul, then activated by addition of 2.5 yL 280 mM
magnesium acetate followed by thorough mixing with a pipette. The post-RPA amplification
product was purified with 0.8x AMPure XP beads (Beckman Coulter) and was PCR amplified with
sequencing adaptors (JQ97-100 & JQ93-96), then indexing primers (Table S-11) to build the

output library. The input and output libraries were sent for sequencing (paired-end 150-bp) on
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NextSeq550 (lllumina). For the bioinformatics analysis, Paired-End ReAd merger (PEAR) was
used to merge read 1 and read 2 of both input and output sequenced libraries. Seqtk was then
used to filter out reads smaller than 50-bp in length. Then, from the input library sequencing reads,
a look-up table of primer variants of 37-bp matched to 14-bp UMIs was built. Individual barcodes
that were matched to multiple different primer variants were discarded. Output library 14-bp UMIs
were extracted from output sequencing reads and matched to primer variants based on the look-

up table.

Clinical HIV samples

A cohort of RNA extract samples were obtained from Jonathan Li's lab at Brigham and
Women’s Hospital, collected from patients with estimated HIV viral load of 15000 copies/uL or
1500 copies/uL. Replicate 200 pL plasma samples were extracted using a Norgen Biotech Kit
and eluted into 55 pL buffer according to manufacturer instructions, then stored at -80 °C. At the
time of testing, replicate samples were pooled in groups of 3 and vacuum concentrated to 15-20
WL (such that sample inputs were ~30X more concentrated than plasma). 2 uL of the concentrated

sample was used as input into RT-qRPA or RT-qPCR reactions.

Clinical COVID samples

A cohort of nasal swab patient samples was purchased from BocaBiolistics, FL. Samples
were thawed on ice and 40 pL aliquots were made and subsequently stored at —80 °C. At the
time of testing, sample aliquots were thawed and RNasin Plus was added to a final concentration
of 1 U/uL. The samples were placed on a heat block set to 99 °C for 5 min for virus inactivation

and lysis. After cooling, samples were spun down and transferred to a 96-well DNA LoBind plate
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Supplementary Text

Proper primer design for RPA and qPCR reactions is critical to the development of a gRPA
assay. As noted in Materials and Methods, RPA primers in this work were first screened in a
modified version of a screening method we previously reported for diluted RPA products (74). A
collection of forward and reverse primer pairs were used to amplify 100, 10 or 0 template
molecules by RPA. The products were quantified using qPCR with non-nested (both primers
overlap RPA priming site) or semi-nested (one internal primer and one overlapping primer)
primers. Optimal primers were selected based on 1) high amounts of signal for on-target samples
with semi-nested primers and 2) low signal from non-nested primers for no template control
samples. To quantify post-amplification samples, the use of semi-nested or fully-nested primers
is critical to ensure that non-specific amplicons are not detected. Poor primer design for RPA or
gPCR primers will cause errors and bias in quantitation during the validation stage of qRPA assay
development.

In addition to primer design optimization, lateral flow assay conditions may need to be
optimized. The efficiency of hybridization by different probes may lead to quantitation bias, so
length and GC content should be matched for target and reference probes whenever possible.
Additionally, the amount of probe and sample loaded onto each strip may require optimization.
For example, loading 8 L of reaction product (as done in the in-vitro RNA RT-qRPA assays Fig.
4 and Fig. S4) produced strong bands with high signal, but these saturated signals made it harder
to determine relative strength of each band. Loading less RT-qRPA reaction product for the
patient samples helped distinguish band strengths more clearly. Additionally, hybridization with $
MM probe enabled us to cleanly detect SARS-CoV-2 patient samples, but caused faint
background signal at the reference band for HIV patient samples (asterisked samples in Fig S6).
HIV patient samples also contained much lower input levels of target and reference which
produced less product during the reaction time course. HIV samples were best resolved after

hybridizing 2.5 uM probe (50% less) with 4 uL sample (100% more). The optimal conditions will
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depend on the intended use case. To increase sensitivity at low concentration samples, consider
increasing the quantity of reaction product loaded and reducing the concentration of probe to
reduce background. Conversely, if high concentration samples are expected and there is a low
risk of false positives, consider decreasing the amount of reaction product loaded and increasing
the concentration of probe to improve resolution of samples.

For detection of RNA targets, an RNA reference molecule should be used. RNA is less
stable than DNA and potentially poses challenges for long-term storage and shipping of RT-qRPA
assays mixtures. We therefore we considered the use of alternative reference molecules. We also
asked whether variability in the reverse transcription step may cause introduce noise into RT-
gRPA measurements relative to gqRPA with DNA inputs. We compared the results of our SARS-
CoV-2 qRPA assay when starting from RNA, cDNA, or DNA inputs as well as competitively
amplifying a wild-type RNA molecule against a DNA reference molecule. We found that replicate
RNA vs. RNA reactions had only slightly higher variance than DNA vs. DNA reactions (Supp Fig
5). We have shown previously that efficient removal of RNA from RNA-DNA hybrids can improve
the efficiency of RPA initiation (73). Accordingly, performing reverse-transcription and RNAse H
treatment in a separate, prior step to qRPA decreased the variance, while removing RNAse H
from the one-step reaction increased variance. Most importantly, competitive amplification of an
RNA target molecule against a DNA reference molecule introduced a significant bias in favor of

the DNA reference, corresponding to a roughly 30-fold difference in ratio after amplification.
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Chapter 5: Conclusion
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In this thesis, we developed and applied nucleic acid detection methods to two systems.
In Chapter 2, we successfully developed a system that leverages barcoded microbial spores,
RPA, and CRISPR-based detection methods to solve the object provenance problem. We have
shown evidence that the spores can persist in the environment, that they can be transferred onto
various types of objects and rapidly read out with minimal instrumentation. The safety measures
built into the design of the engineered spores minimizes spread and horizontal transfer between
the inoculation area and the spores themselves. This field-deployable system can be applied in a
broad range of application in real-world environments. We have shown proof-of-concept
experiments for determining food provenance. This system could also be applied to forensics to
help investigators determining objects or person involved in crimes or trafficking. Other
applications could be for tracking animal movement for wildlife conservation (749) or for
determining counterfeiting commercial products in global supply chain (750). While this first study
suggests that our spore system could work across various environments and different surface,
more extensive validation in a wider range of real-world conditions is needed.

Future improvements of our system can be done by engineering spores with better
features, including controlled spore growth, active spore destruction, and a timer. Spores that can
be tightly controlled for propagation could be used in highly trafficked areas so that spores would
not need to be re-inoculated periodically. Controlled growth can be achieved by producing spores
from engineering microbial strains that have gene circuits to respond to an input stimulus and
have growth as an output (757). Additionally, our current spores have passive safety measures
built into them that effectively make them unable to germinate and grow. Active safety measures
would add another layer of safety. This can be engineered by integrating a toxin/anti-toxin gene
circuit into the spores, allowing specific on-demand destruction of spores (752). Finally,
implementing a timer function (753, 154) to the spores would provide important temporal
information about location history and would allow time-resolved trajectory of objects to be

determined.

105



On the detection side of our pipeline, further efforts could be aimed to integrate all the
steps into one for ease of use. Currently, NaOH spore lysis, RPA, and CRISPR-based detection
steps are separate from each other and thus require manual handling in between each step.
Therefore, combining those steps would render field-deployability of this system even more
attractive in low-resource settings. The present approach for barcode detection in each sample is
relatively low throughput (e.g. 10s to 100s of barcode per sample). To increase the capacity to
detect several orders of magnitude more barcodes in many more samples would require a high-
throughput detection setup. This could be achieved by using microfluidics, microwells or droplet-
based technologies (755).

In Chapter 3, with the quickly progressing SARS-CoV-2 pandemic and the experience we
gained developing the nucleic acid detection method in chapter 2, we set out to optimize the RPA
assay to develop a sample preparation and detection pipeline for SARS-CoV-2 point-of-care
diagnostic test. The eRPA assay was developed and optimized in just a few weeks after the
genome of SARS-CoV-2 was made available. The assay is rapid, specific, sensitive, and doesn’t
require expensive instrumentation or highly trained personnel. The eRPA protocol requires
minimal preparation of samples and is fully compatible with crude nasal swab samples. The RPA
primer screening method we developed can be adapted to any detection targets and is quickly
scalable to screen more primer pairs. While eRPA addresses many of limitations of current testing
methods and brings us a step closer to an at-home test, there are still some limitations that can
be improved in future iterations of this method.

Areas of improvement include 1) making the reaction self-contained in a single tube
without needing to opening reaction after sample input, 2) increase sensitivity for saliva samples
and using other sample types, 3) lowering optimal reaction temperature, 4) making the assay
quantitative. The current eRPA protocol requires opening and closing of post-amplification
samples, which could be a source of cross-contamination. Pairing eRPA with other detection

methods could address this limitation. CRISPR paired with eRPA allows a fluorogenic readout
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(736, 156). Pairing eRPA with fluorescent molecular beacons (757) or oligo strand displacement
techniques (777) could also be explored for ease of use. Additionally, while we have yet to fully
integrate saliva samples from patient into eRPA because of the high RNase activity in saliva
degrading viral RNA during the lysis step, our initial work on saliva inactivation with RNase
inhibitor and TCEP showed a proof-of-concept path forward that could make saliva a universal
medium used for future pathogenic diseases. Our saliva inactivation method has been
successfully able to lyse viral particles in saliva patient and been integrated into SARS-CoV-2
detection in LAMP assays (115). Sample types other than nasal swab and saliva have been used
for SARS-Co-V-2 detection, including sputum, bronchoalveolar lavage ocular samples, stool, anal
swabs, urine, or blood (758) can be explored as input into eRPA.

Future efforts for RPA and all INAATs would be to lower the optimal reaction temperature
to ambient or even lower temperature so that these methods can be truly field-deployable.
Currently, eRPA requires a heating device at 42C for 30-45 minutes and LAMP requires 65C for
60-120 min because the enzymes used in these methods catalyze reactions optimally at those
temperatures. To lower the optimal reaction temperature in INAATs will require the use of new
enzymes. The new enzymes or current enzymes would have to be discovered from cold-adapted
living organisms or engineered to acquire optimal catalytic activity at low temperatures (159),
respectively. Enzymes for nucleic acid detection methods have been successfully harnessed from
nature, including Taq polymerase which was discovered in Yellowstone from thermostable T.
aquaticus bacteria and has revolutionized PCR assays (760). Bioprospecting of enzymes in
psychrophilic or mesophilic organisms have been not been as common since there has not been
much a need for enzymes working in those temperatures; however, given the computational
resources that we have today to mine genomic data and the potential application for cold-adapted
enzymes, the discovery of new polymerases or other enzymes is particularly exciting. Other
strategies to develop enzymes with low-temperature optimal catalytic activity is protein

engineering (167) or directed evolution (762) of existing enzymes.
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Chapter 4 is a continuation of making improvements to eRPA from Chapter 3. Here, we
successfully used the principle of competitive amplification to make the eRPA assay quantitative
(qRPA), which would be useful for low-resource environments to monitor the progress of viral
infection. We harnessed the non-specific amplification of RPA and used it as a feature for
quantitation. By adding a known amount of reference sequence that shares the same primer
binding sites as the query sequence to an unknown sample, we were able to quantitatively infer
the concentration of the queried sequence quantity by separately detecting each amplicon from
the mixed saturated RPA endpoint product. A similar approach has been reported for LAMP (38),
however qRPA benefits from lower temperature and easier primer designs. Real-time RPA using
exo or fgp probes allows dynamic monitoring of RPA amplification; however, the detection method
requires expensive instrumentation, and the probes are difficult and expensive to manufacture at
scale (714). Recent efforts have reported quantitation of samples without amplification, but they
remain less sensitive than qRPA (747). Future efforts for qRPA include broadening the use to
additional settings, sample types, and detection methods.

All together this dissertation spans work across rapid nucleic acid detection methods and
their applications in object provenance and viral diagnostics. Field-deployable technologies
emerged as the overarching theme across these chapters. This body of work shows only the
beginning of the massive potential applications that fieldable nucleic acid detection methods can
be used for. Future technologies and discovery of new enzymes can bring us closer to a world

where methods are truly field deployable.
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Appendix A: Supplementary material related to Chapter 2

Saccharomyces cerevisiae strains

Strain Genotype Alias Source

BY4743 MATa/MAT & his3A1/his3AL leu2A0/1eu2A0 lvs2A0/LYS2 metlSAO/A ura3A0ura3A0. WL AICC
yBCl1 MATa/MAT & his3A1/his3A1 leu2A0/leu2AO lys2A0/LYS2 met] SAOMETLS ura3A0/ura3A0 hoA: BC1 BC1 This work
yBC2 MATa/MAT a his3A1/his3AT leu2A0/leu2 A0 lys2A0/LYS2 met] SNO/MET1S ura3A0/ura3A0 hoA: :BC2 BC2 This work
yBC3 L/his3A 1 leu2A0/leu2A0 lys2A 2 metl SAOMET1S ura3A0/ura3A0 hoA: :BC3, BC3 This work
vyBC4 MATa/MAT & his3A1/his3A1 leu2A0/leu2A0 lys2A0/LYS2 met] SAOMET1S ura3A0/ura3A0 hoA: :BC4 BC4 This work
yBCs MATa/MAT & his3A1/his3A1 leu2A0/leu2A0 lys2A0/LYS2 met] SAO/METLS ura3A0/ura3A0 hoA: BCS BCS This work
yBCe MATa/MAT & his3N1/his3A L leu2\O1eu2 N0, lys2N0/LYS2 met] SAOMETLS ura3A0/ura3ng hod; :BC6, BCo This work
yBC7 MATa/MAT & his3A1/his3A1 leu2A0/leu2A0 lys2A0/LYS2 met] SAOMET1S ura3A0/ura3A0 hoA: :BCT BC7 This work
yBC49 MATa/MATa his3A1/his3A1 leu2A0/leu2 A0 lys2A0/LYS2 met] SAO/MET1S ura3A0/ura3A0 hoA: BC49 BC49 This work
vBC350 MATa/MATa_his3A1/his3A1 leu2A0/leu2A0 lys2A0/LYS2 met! SAOMETS ura3A0/ura3A0 hoA:: BC50 BC50 This work

Bacillus subtilis strains

Strain Genotype Alias Source

168 Wild-type (irpC2) WT BGSC.
BDR3897 “::lox72 AmetA::lox72 AtrpC::lox72 ApheA::lox72 AsleB::lox72 Aewl)::lox72 AgerAB::lox72 AgerBB::lox72 AgerKB::lox72 A9 This work
BDR3900 AthrC::lox72 Ametd::lox72 AtrpC::lox72 Aphed::lox72 AsleB::lox72 Aewl]::lox72 AgerAB::lox72 AgerBB::lox72 AgerKB: :lox72 yegO:zerm A9 yegO:zerm This work
BDR3916 AthrC:: 10x72 AsleB: :10x72 AewlJ: :lox72 AgerAB::lox72 AgerBB::1ox72 AgerKB::lox72 yyeR: :cat A9 yycR::cat This work
BDR3917 AmetA::lox72 Atrp Aphed::10x72 AsleB::10x72 Aewl::lox72 AgerdB::lox72 AgerBB::1ox72 AgerKB::10x72 yycR: : s - optRBS-mSearlett (Spec) i A9 yyeR:: Py, - optRBS-m Secarlett (Spec) | This work
BDR4038 :lox72 AmetA::1ox72 AtrpC: :lox72 AsleB: :lox72 Aewl]::lox72 AgerAB::lox72 AgerBB::lox72 AgerKB::lox72 ycgO:: V2-BCl (lox72) A9 yegO:: V2-BCl1 This work
BDR4039 lox72 Ametd::lox72 AtrpC::lox72 Aphed::1ox72 AsleB. :lox72 AgerdB::lox72 AgerBB::lox72 AgerKB::lox72 ycgO:: V2-BC2 (lox72) V2-BC2 This work
BDR4040 s:lox72 Ametd: :lox72 AtrpC::lox72 ApheA: :lox72 AsleB: x72 AgerdB::lox72 AgerBB: lox72 yegO:: V2-BC3 (lox72) V2-BC3 This work
BDR404] "r:lox72 Aphed::lox72 Aslel lox72 yegQ:: V2-BC4 (lox72) V2-BC4 This work

BDR4042 “::lox72 Aph lox72 AsleB. lox72 yegO:: V2-BC5 (lox72) V2-BCs

BDR4043 ::lox72 Aph lox72 Asle. lox72 yegO:: V2-BC6 (lox72) :: V2-BC6 This work
BDR4052 "::lox72 Aphed::lox72 AsleB. lox72 yegQ:: V2-BCT (lox72) ::V2-BC7 This work
BDR4053 C::lox72 Aphed::lox72 AsleB:. lox72 yeg0:: V2-BC8 (lox72) : V2-BC8 This work
BDR4054, lox72 Aphed::1ox72 Asles lox72 yegQ:: V2-BCY (lox72) V2-BCY This work,
BDR4055 :lox72 AtrpC::lox72 Aphed::lox72 AsleB: : ::lox72 AgerBB::lox72 AgerKB::lox72 ycgO:: V2-BC10 (lox72) A9 yegO:: V2-BC10 This work
BDR4029 1ox72 Ametd:: 10x72 Aphed::lox72 AsleB:: < :lox72 AgerBB::1ox72 AgerKB: :lox72 yegO:: V2-BC11 (lox72) A9 yegO:: V2-BC11 This work
BDR4030 1ox72 AmetA::lox72 AtrpC::lox72 ApheA::lox72 AsleB: :lox72 AewlJ: lox72 AgerBB::lox72 AgerKB::lox72 ycgO:: V2-BC12 (lox72) A9 yegO:: V2-BC12 This work
BDR4031 lox72 AmetA::lox72 AtrpC::lox72 Aphed::lox72 AsleB::lox72 Acwll::lox72 AgerAB: :lox72 AgerBB::lox72 AgerKB::lox72 yegO:: V2-BC13 (lox72) A9 yegO:: V2-BC13 This work
BDR4032 t:lox72 Ametd::lox72 AtrpC::lox72 Aphed::lox72 AsleB::lox72 AcwlJ::lox72 AgerAB::lox72 AgerBB::lox72 AgerKB::lox72 ycgO:: V2-BCl4 (lox72) A9 yegO:: V2-BCl4 This work
BDR4033 10x72 AmetA::10x72 AtrpC: 0x72 AsleB::1ox72 Acw 10x72 AgerKB: :1ox72 yegO:: V2-BC15 (lox72) A9 yegO:: V2-BC15 This work
BDR4034 lox72 AmetA::lox72 AtrpC:: :lox72 AsleB::lox72 Aew ::lox72 AgerBB::lox72 Ages l0x72 yegO:: V2-BC16 (lox72) A9 yeg0:: V2-BC16 This work
BDR4056 lox72 AmetA::lox72 AtrpC: l0x72 AsleB::lox72 AcwlJ. ::lox72 yegO:: V2-BC17 (lox72) A9 yegO:: V2-BC17 This work
BDR4057 lox72 Ametd::1ox72 Atrp lox72 AsleB::lox72 Acw ::lox72 yegO:: V2-BC18 (lox72) A9 yegO:: V2-BC18 This work
BDR4064 lox72 Ametd::lox72 AtrpC: lox72 AsleB::lox72 Acw = AgerKB::lox72 yegQ:: V2-BC19 (lox72) A9 yegQ:: V2-BC19 This work
BDR4065 ::10x72 Ametd::1ox72 AtrpC: :1ox72 AsleB: :lox72 AewlJ::1ox72 AgerAB::lox72 AgerBB::1ox72 AgerKB::lox72 yegO:: V2-BC20 (lox72) V2-BC20 This work
BDR4066 lox72 Ametd::lox72 AtrpC: lox72 AsleB: :lox72 AcwlJ::lox72 Ages x72 AgerBB: :lox72 AgerKB::lox72 yegO:: V2-BC21 (lox72) ::V2-BC21 This work
BDR4067 Te:lox72 Ametd::lox72 AtrpC: l0x72 AsleB::lox72 Acwll::lox72 Ager ::lox72 AgerKB::lox72 yegO:: V2-BC22 (lox72) V2-BC22 This work
BDR4075 :lox72 Ametd ::lox72 AtrpC: ::lox72 AsleB: :lox72 Acwll::lox72 AgerAB:: AgerBB::lox72 AgerKB::lox72 ycgO:: V2-BC23 (lox72) :: V2-BC23 This work
BDR4068 t:lox72 Ametd::lox72 AtrpC: :lox72 AsleB: :lox72 Acewld: :lox72 Agerd. ::lox72 AgerKB::lox72 yegO:: V2-BC24 (lox72) V2-BC24 This work
BDR4069 “::lox72 AmetA:: » A::lox72 AsleB::lox72 AewlJ::lox72 AgerAB::lox72 AgerBB: :lox72 AgerKB::lox72 ycgO:: V2-BC25 (lox72) :: V2-BC25 This work
BDR4070 t:lox72 Ametd . :lox72 AsleB: :1ox72 Aewll::lox72 AgerAB::lox72 AgerBB::lox72 AgerKB::lox72 ycgO:: V2-BC26 (lox72) :: V2-BC26 This work
BDR4071 ::lox72 Ametd.:: A lox72 AsleB: :lox72 NewlJ::lox72 AgerAB::lox72 AgerBB: :lox72 AgerK -2 V2-BC27 (lox72) :: V2-BC27 This work
BDR4232 "::1ox72 AmetA. ::lox72 AsleB: :lox72 Aewld: :lox72 Agerd lox72 AgerBB: :lox72 AgerKB. : V2-BC52 (lox72) V2-BC52 This work
BDR4233 lox72 Ametd.:: ::lox72 AsleB::lox72 Acwll: :lox72 AgerdB. x72 AgerKB: :: V2-BC33 (lox72) V2-BC53 This work
BDR4234 :lox72 AmetA. ::lox72 AsleB: :lox72 Aewld::lox72 AgerdB:: :lox72 AgerKB::lox72 yegO:: V2-BC54 (lox72) :: V2-BC54 This work
BDR4235 "::1ox72 AmetA. :lox72 AsleB: :lox72 AewlJ::lox72 AgerAB ::lox72 AgerKB::lox72 yegO:: V2-BC55 (lox72) V2-BC55 This work
BDR4236 lox72 AmetA. l0x72 AsleB: :lox72 AcwlJ. lox72 AgerBB: :lox72 AgerKB::lox72 yegO:: V2-BC56 (lox72) V2-BCs6 This work
BDR4237 "e:lox72 Ametd. l0x72 AsleB: :1ox72 AcwlJ. lox72 AgerBB: :lox72 AgerKB::lox72 yegO:: V2-BC57 (lox72 ) V2-BC57 This work
BDR4238 t:lox72 Ametd::lox72 AtrpC:: ::lox72 AsleB: :lox72 AcwlJ: : ::lox72 AgerBB::lox72 AgerKB::lox72 vegQ:: V2-BC38 (lox72) :: V2-BCS8 This work
BDR4239 t:lox72 Ametd ::lox72 AtrpC: :lox72 AsleB: :lox72 AewlJ::lox72 AgerAB::lox72 AgerBB::lox72 AgerKB::lox72 yegQ:: V2-BC59 (lox72) :: V2-BC59 This work
BDR4240 1ox72 AmetA ::lox72 AtrpC: A::lox72 AsleB::lox72 AewlJ::lox72 AgerAB::lox72 AgerBB: :lox72 AgerKB::lox72 ycgO:: V2-BC60 (lox72) :: V2-BC60 This work
BDR4241 "::10x72 AmetA::lox72 Atrp lox72 AsleB: :lox72 Aewld: :lox72 AgerAB::lox72 AgerBB: :lox72 AgerKB::lox72 yegO:: V2-BC61 (lox72) : V2-BC61 This work
BDR4242 :lox72 AtrpC: ::lox72 AsleB: :lox72 Aewld: :lox72 AgerAB: :lox72 AgerBB: :lox72 AgerKB::lox72 yegO:: V2-BC62 (lox72) :: V2-BC62 This work
BDR4243 ::lox72 AsleB::lox72 Acwld: :lox72 AgerKB::lox72 yegO:: V2-BC63 (lox72) V2-BC63 This work
BDR4244 l0x72 AsleB::lox72 AewlJ::lox72 AgerAB::lox72 AgerBB: :lox72 AgerKB::lox72 ycgO:: V2-BC76 (lox72) V2-BC76 This work
BDR4245 l0x72 AsleB: :lox72 Acwll::lox72 AgerdB::lox72 AgerBB. :lox72 AgerKB::lox72 ycgQ:: V2-BC77 (lox72) :: V2-BC77 This work
BDR4246 "::1ox72 Ametd:: :lox72 AsleB: :lox72 AewlJ::1ox72 AgerAB::lox72 AgerBB::lox72 AgerKB::lox72 yegO:: V2-BCT8 (lox72) :V2-BC78 This work
BDR4247 t:lox72 Ametd. l0x72 AsleB: :lox72 AcwlJ::lox72 AgerAB::lox72 AgerBB: :lox72 AgerKB::lox72 ycgQ:: V2-BC79 (lox72) :: V2-BC79 This work
BDR4248 "::lox72 Ame lox72 AsleB::lox72 Acwld: :lox72 AgerdB::lox72 AgerBB::lox72 AgerKB::lox72 yegO:: V2-BC81 (lox72), V2-BC81 This work
BDR4249 l0x72 AsleB: :lox72 AcwlJ. ::lox72 AgerKB. : V2-BC82 (lox72) V2-BC82 This work
BDR4250 l0x72 AsleB::lox72 Acwll::lox72 Ager: 3 ::lox72 AgerK : V2-BC83 (lox72) V2-BC83 This work
BDR4251 ::lox72 AsleB: :lox72 AewlJ: £ rAB:: :lox72 AgerKB: : V2-BC84 (lox72) V2-BC84 This work
BDR4252 lox72 ApheA::lox72 AsleB: :lox72 AewlJ: A lox72 AgerK : V2-BC85 (lox72) V2-BC85 This work
BDR4253 "::lox72 Aphed ::lox72 AsleB: :lox72 Acwld: 2 V2-BC86 (lox72), V2-BC86 This work
BDR4254 C::lox72 AmetA:: 2 Aphed::lox72 AsleB::lox72 Acwll:: :: V2-BC87 (lox72) V2-BC87 This work
BDR4255 t:lox72 Ametd.::. :lox72 ApheA::lox72 AsleB: :lox72 Aewll. lox72 AgerBB: :lox72 AgerKB:: -2 V2-BC88 (lox72) V2-BC88 This work
BDR4256 ApheA::lox72 AsleB: :lox72 AewlJ: lox72 AgerBB: :lox72 AgerKB. : V2-BC89 (lox72) V2-BC89 This work
BDR4257 2 :lox72 AsleB: :1ox72 AcwlJ: ::lox72 AgerBB::lox72 AgerKB::lox72 yegQ:: V2-BC90 (lox72) V2-BC90 This work
BDR4258 lox72 Aphed::lox72 AsleB::lox72 AcwlJ: ::lox72 AgerBB::lox72 AgerKB::lox72 yegQ:: V2-BCI1 (lox72) :: V2-BCI1 This work
BDR4259 ::lox72 Aphed ::lox72 AsleB: :lox72 AewlJ: :lox72 AgerAB::lox72 AgerBB::lox72 AgerKB: :lox72 yegO:: V2-BC92 (lox72) V2-BC92 This work
BDR4260 l0x72 AsleB: :lox72 AcwlJ::lox72 AgerAB::lox72 AgerBB: :lox72 AgerKB. : V2-BC93 (lox72) :: V2-BC93 This work
BDR4261 l0x72 AsleB::lox72 AcwlJ::lox72 Agerd. lox72 AgerBB: :lox72 Agerk. : V2-BC94 (lox72) A9 yegO:: V2-BC94 This work

Table S1. List of strains used in chapter 2

Bacterial and yeast strains used in this study. List includes wild type strains and mutants generated as part

of this study. All unmarked B. subtilis mutations are in-frame deletions generated by Cre-mediated

recombination and contain a lox72 scar.
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Primer Name

Sequence

Target

prCM488 GATAAACACAGGAAACAGCTATGACCATGATTACG Barcode reverse
prCM515 TCGTCAGTCGTAACTTGGGAACGCACAT Barcode 1 forward
prCM516 CTTTGGGGTTGGATAAATCTGTCGTGGT Barcode 2 forward
prCM517 TGAATAAGCGCGGTCCCTAATGTTGGTG Barcode 3 forward
prCM518 ACCGGTTTATAGTTCGAACAGTCGCAGC Barcode 4 forward
prCM519 CCCGTGTGGTAACTACGCAAGCCTAAC Barcode 5 forward
prCM520 GGGCGCGTAACCACTAGCTC Barcode 6 forward
prCM521 299ctagctAGTGTCCCTTATTCTACTTTGAATTATC Barcode 7 forward
prCM522 GTTACGGGTCAGGATCATTGCGCAGG Barcode 8 forward
prCM545 CCGACTAGGTCGGCGATACCATAGCACC Barcode 24 forward
prCM546 GATGACGCCTCACGTCCGTTGCCCCCTA Barcode 25 forward
prCM547 TGCCTCAGAATGGGGTTTAACGTTCAGG Barcode 19 forward
prCM548 ACCGTCCTAGTGCGGATAGTGGGACATG Barcode 49 forward
prCM549 GTCGATACGGGTCGCTAGATAGGTTGGG Barcode 50 forward
BCv2-F GGGATCCTCTAGAAATATGG universal barcode forward
BCv2-R TGATAAACACAGGAAACAGC universal barcode reverse

gRNA gap repair F

ATCAACAACAGAGGACATATGCCC

HO-targeting gRNA

oRNA gap repair R

ATCCTGCACTCATCTACTACCCG

HO-targeting gRNA

BT-1F CAAACATGCGAAGCGACTTA detects Bt cryla
BT-1R CGCCTCCTTGGATGGTAATA detects Bt cryla
JQ 39 2aaatTAATACGACTCACTATAggg forward primer to anneal to reverse crRNA
JQ 24 GATAAACACAGGAAACAGCTATGACCATGATTACG RPA reverse primer and realtime PCR reverse primer
JO 42 GGGATCCTCTAGAAATATGGATTACTTGGTAGAACAG RPA forward primer
0CB034 cgcGGATCCtctagaaatatggattacttg megaprimer forward
oCB035 cggCTCGAGataaacacaggaaacagctat megaprimer reverse
0CB049 g2cg AAGCTTacataaggaggaactactatggtttctaaaggt mScarlett forward
0CB050 GCGGGATCCttacttatacagttcatc mScarlett reverse
prCM509 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG 16s v3-v4
prCM510 GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC 16s v3-v4
Lu BC9OF TAACTAGCGGCCTATACCCGCTGCACAT Barcode 90 forward
Lu BCI91F CAGAGATAGGTCTCGACACTTACGCGGT Barcode 91 forward
Lu BC23F GCAATATTACTAGTCCGTGTCAGCCAGA Barcode 23 forward

Table S2 List of primers used in chapter 2
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Name

Sequence

Group 1 crRNA

TCGTCAGTCGTAACTTGGGAACGCACATGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC

crRNA_Barcode_2
crRNA_Barcode_3
crRNA_Barcode 4
crRNA_Barcode_5

CTTTGGGGTTGGATAAATCTGTCGTGGTGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC
TGAATAAGCGCGGTCCCTAATGTTGGTGGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC
ACCGGTTTATAGTTCGAACAGTCGCAGCGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC
CCCCGTGTGGTAACTACGCAAGCCTAACGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC
ACGTAGGGGGGCGCGTAACCACTAGCTCGTTTTAGTCCCCTTCGTTITTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC,

crRNA_Barcode_8
crRNA_Barcode 9
crRNA_Barcode_10
crRNA Barcode 11

AGTGTCCCTTATTCTACTTTGAATTATCGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC
GAGTTACGGGTCAGGATCATTGCGCAGGGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC
GTGAGTCCGGCCTATCACGTTTGGTAGGGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC
TCAGGGGAAACGAGTTAAGCAGAGGCAGGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC
CTTGGTCCAATCGTATGCTAAGAGTAGCGTTTITAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC

crRNA_Barcode_12
crRNA_Barcode 13
crRNA_Barcode_14
crRNA_Barcode_15
crRNA Barcode 16

TCGGTTGCACGCGCGTCCTGCACGCTCGGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC
GTTCAAAAGCGGGAGTCCCGGTGAAACCGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC
GAGGGCTTCTACGAAATTGCCTCACCATGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC
GGGATGCCCTGATAACGTAGAGTCTCAGGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC
TAGTACGGGCCACGATCTAAGTCGGCGGGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC,

crRNA_Barcode_17
crRNA_Barcode 18
crRNA_Barcode_19
crRNA_Barcode 20
crRNA Barcode 21

GTATGTGGGTACGATTGTAGGCTAGAAAGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC
AGAACTACCTACGTGGCCACGCAAGCCCGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC
TGCCTCAGAATGGGGTTTAACGTTCAGGGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC
ATGTTGGGACGCCAGACTGACACGCAAAGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC
CCTACACCTTCACCGAGTGTGGAGCAAGGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC

crRNA_Barcode_22
crRNA_Barcode 23
crRNA_Barcode 24
crRNA_Barcode_25
crRNA Barcode 26

GTTTAACATTCGGGTATCGTCCTTACGAGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC
GCAATATTACTAGTCCGTGTCAGCCAGAGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC
CCGACTAGGTCGGCGATACCATAGCACCGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC
GATGACGCCTCACGTCCGTTGCCCCCTAGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC

GCTCCGTAGCAATTGATAAACCGCTGAGGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC

crRNA_Barcode_27
crRNA_Barcode_28
crRNA_Barcode 29
crRNA_Barcode_30
crRNA_Barcode_31
crRNA Barcode 32

CTATCGGATTTTTAGATAAATTACGAGGGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC
TTTTTAATCGGTAGCGACGATATATGACGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC
TTGATTCGTGGGGATCCGCGGATAGAAGGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC
CTAATATCTGATCCGTTATAACACCACAGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC
TTGCGGGCCTGGACATTCAATCGCATACGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC
GCCTAGACCAAAAGTCGCCTTCAGGGCAGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC

crRNA_Barcode 33
crRNA_Barcode 34
crRNA_Barcode 35
crRNA_Barcode_36
crRNA_Barcode 37
crRNA Barcode 38

ATAGGTAGGTAACGGAACTGACCGATAAGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC
CGTACTCCTTACGCCTTACACGGACAATGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC
GATTCTCTGGTCATGAGGGAAGATCGACGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC
TTTGGACGGGGTCACTACTCTTTACAGCGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC
TTCATGTATGCTGTCCTACCGCAGTAGCGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC
TACATAAGGTCGTCCTCCGGTCACGCCCGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC

crRNA_Barcode_39
crRNA_Barcode_40
crRNA_Barcode_41
crRNA_Barcode_42
crRNA_Barcode_43
crRNA Barcode 44

CAGGCCGCTACTCAAGCGGGGATAGCTTGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC
CGCTTAGCTAGATTGCCCCTGGAAGCGCGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC
CGGAGTGTTTGCGAATCCCGAGCATTAGGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC
GTCTTTCGAATCGTTCCTTATAACCCGCGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC
AGGCTGAATCCTCCGGCGGCTGTTCTAAGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC
CAGCCAAACGCTAGCAAAATAGGATATAGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC

crRNA_Barcode_45
crRNA_Barcode 46
crRNA_Barcode 47
crRNA_Barcode_48
crRNA_Barcode_49
crRNA Barcode 50

CAGACGCTGTCTACCTAGCAGAAGGGCTGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC
AAGGTATAATGTTCAAGCGTGGTGGCTAGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC
ACTGATCTCGGCGTAAATACACCGCAGAGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC
TATGTGTATCCTAAGGTACCTTTACGGGGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC
ACCGTCCTAGTGCGGATAGTGGGACATGGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC
GTCGATACGGGTCGCTAGATAGGTTGGGGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC

crRNA_Barcode_51
crRNA_Barcode 52
crRNA_Barcode_53
crRNA_Barcode_54
crRNA_Barcode_55
crRNA Barcode 56

ACAGTCAGAGGCGCTTCAATCGTCGCCCGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC
GCGACTCATTTAATTTCAACGGGTAGAAGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC
TAGACAGAGGGAGCTATATTGCGCGGCGGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC
GGCATTCAATAGCCAGTAACCTTAGACAGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC
ACAAAAGTTGGCATTTCGTAGACAAAGCGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC
TTGCATACTTTGCAGGTTAGGGCCGAGAGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC

crRNA_Barcode_57
crRNA_Barcode 58
crRNA_Barcode_59
crRNA_Barcode_60
crRNA_Barcode 61
crRNA Barcode 62,

ACCGGAGTTCAAACGACTTTGGGTCCCTGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC
CACTGGTAGGCTCGCGGGTAAATAGAGCGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC
CCGAAGCTCAGTGTGATGTGCCTTCCGTGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC
GTACGTATGACTGTGTCCCAGCTATGAAGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC
GGACCTTCACGTCAGTCCCGCTGACCTTGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC
GACCAATTATGTTGGCCACGCCACATTAGTTTTAGTCCCCTTCGTTTITTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC

crRNA_Barcode 63
crRNA_Barcode 64
crRNA_Barcode 65
crRNA_Barcode 66
crRNA_Barcode_67
crRNA Barcode 68,

GTTTTCAAGGGCTCGACACAGCAGAACGGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC
AACCCACTATAGAAGGGCCTTCGAGATTGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC
GGAACCGTCAATTCCGCACTAATAATTTGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC
CATGGCTCCGAAACGCCGTGCAAAGTGCGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC
GCTTTCTCATTGTTACTCAGCGCACATTGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC
TCAATCCTGAGGCCGATACTAACAGTCGGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC

crRNA_Barcode 69
crRNA_Barcode_70
crRNA_Barcode_71
crRNA_Barcode_72
crRNA_Barcode_73
crRNA Barcode 74

ATTCTGGCTATACCGAGCCCGGACTACTGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC

CAACCATGCTTCGGATAGCAATACCACGGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC

CTTGTCTCAAGAATAGTGCCCTATTCGTGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC
CCGTAGGTAGAAACATGTATGGCGCAGAGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC
CAGGGCCATGTCGTACTAGTAGCCTGCCGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC

CGAGCCCCCCAAAAAGTCGGGCTACCGCGTTITAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC

crRNA_Barcode 75
crRNA_Barcode_76
crRNA_Barcode_77
crRNA_Barcode 78
crRNA_Barcode_79
crRNA Barcode 80

CATATAGGTACATGAAGCCCTACTGTATGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC
CATACCGGATGGTAAACTCCGCGAACGCGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC
TGCAATGACCAGGCGATACGAATCGTAGGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC
CTCCCCCCCGCAGACACGCACGTGTTGCGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC
TTTGTGGTTAGCCTTGTCCCGGAACAGAGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC
CCCGGGTTGATGAGGAGTCACTCAACGAGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC

crRNA_Barcode 81
crRNA_Barcode_82
crRNA_Barcode 83
crRNA_Barcode 84
crRNA_Barcode_85
c’RNA_Barcode 86

ATCCATGTGCGGGGAGAAGTCTGGTGGAGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC
CCCCGGTAATTTCGATGTTCGCCCCGGCGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC
TGGGCTGCTAGTAAGTCGGGAGCCCTTAGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC
CAGGCCGCTAACCTAAACTCGACCTCGAGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC
CAACGCAAGCGCTCTTGGTTTAAGCTGTGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC
GGCACACAACGATCTCCAAATGAACCAAGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC

crRNA_Barcode_87
crRNA_Barcode_88
crRNA_Barcode 89
crRNA_Barcode_90
crRNA_Barcode_91
crRNA_Barcode 92

GTAGCGCGACCTCTTTAACTGTAGAAGGGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC
GCTTATCGCATTCCGGGTGAAAACCTAGGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC
AGGGTAATGAAGCCCCGGGATCGAACATGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC
TAACTAGCGGCCTATACCCGCTGCACATGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC

CAGAGATAGGTCTCGACACTTACGCGGTGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC
GCCTAACGGCTGCAGCACGATTGCGCAAGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC

crRNA_Barcode 93
crRNA_Barcode 94
Group 2 crRNA

GACGCCATTAAGGTGGGTCACCTTTTCAGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC
GCATATGGCTAAATTCGCTAGTCGAGCGGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC
GTCGACCTGCAGGCATGCAAGCGTTTTAGTCCCCTTCGTTTTTGGGGTAGTCTAAATCCCCTATAGTGAGTCGTATTAATTTC

Table S3 List of crRNA used in chapter 2
List of crRNA sequences used for SHERLOCK reactions in this study.
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Name Sequence
Barcode_1 | TCGTCAGTCGTAACTTGGGAACGCACAT
Barcode 2 | CTTTGGGGTTGGATAAATCTGTCGTGGT
Barcode_3 | TGAATAAGCGCGGTCCCTAATGTTGGTG
| Barcode 4 | ACCGGTTTATAGTTCGAACAGTCGCAGC
Barcode 5 | CCCCGTGTGGTAACTACGCAAGCCTAAC
Barcode 6 | ACGTAGGGGGGCGCGTAACCACTAGCTC
Barcode 7 AGTGTCCCTTATTCTACTTTGAATTATC
_Barcode 8 | GAGITACGGGTCAGGATCATTGCGCAGG
Barcode 9 | GTGAGTCCGGCCTATCACGTTTGGTAGG
Barcode_10 [ TCAGGGGAAACGAGTTAAGCAGAGGCAG
Barcode_11| CTTGGTCCAATCGTATGCTAAGAGTAGC
Barcode 12| TCGGTTGCACGCGCGTCCTGCACGCTCG,
Barcode_13 [ GTTCAAAAGCGGGAGTCCCGGTGAAACC
Barcode_14| GAGGGCTTCTACGAAATTGCCTCACCAT
Barcode 15| GGGATGCCCTGATAACGTAGAGTCTCAG
Barcode 16| TAGTACGGGCCACGATCTAAGTCGGCGG,
Barcode_17| GTATGTGGGTACGATTGTAGGCTAGAAA
Barcode 18| AGAACTACCTACGTGGCCACGCAAGCCC
Barcode_19| TGCCTCAGAATGGGGTTTAACGTTCAGG
| Barcode 20| ATGTTGGGACGCCAGACTGACACGCAAA
Barcode_21| CCTACACCTTCACCGAGTGTGGAGCAAG
Barcode 22| GTTTAACATTCGGGTATCGTCCTTACGA
Barcode 23| GCAATATTACTAGTCCGTGTCAGCCAGA
Barcode 24 CCGACTAGGTCGGCGATACCATAGCACC
Barcode 25| GATGACGCCTCACGTCCGTTGCCCCCTA
Barcode 26| GCTCCGTAGCAATTGATAAACCGCTGAG
Barcode 27| CTATCGGATTTTTAGATAAATTACGAGG
Barcode 28| TTTTTAATCGGTAGCGACGATATATGAC
Barcode_29 [ TTGATTCGTGGGGATCCGCGGATAGAAG
Barcode 30| CTAATATCTGATCCGTTATAACACCACA
Barcode 31| TTGCGGGCCTGGACATTCAATCGCATAC
Barcode 32| GCCTAGACCAAAAGTCGCCTTCAGGGCA
Barcode 33| ATAGGTAGGTAACGGAACTGACCGATAA
Barcode 34| CGTACTCCTTACGCCTTACACGGACAAT
Barcode_35 [ GATTCTCTGGTCATGAGGGAAGATCGAC
Barcode 36| TTTGGACGGGGTCACTACTCTTTACAGC
Barcode 37 TTCATGTATGCTGTCCTACCGCAGTAGC
Barcode 38| TACATAAGGTCGTCCTCCGGTCACGCCC
Barcode 39| CAGGCCGCTACTCAAGCGGGGATAGCTT
Barcode 40| CGCTTAGCTAGATTGCCCCTGGAAGCGC
Barcode_41| CGGAGTGTTTGCGAATCCCGAGCATTAG
Barcode 42| GTCTTTCGAATCGTTCCTTATAACCCGC
Barcode_43| AGGCTGAATCCTCCGGCGGCTGTTCTAA
Barcode 44| CAGCCAAACGCTAGCAAAATAGGATATA
Barcode 45 CAGACGCTGTCTACCTAGCAGAAGGGCT
Barcode_46 [ AAGGTATAATGTTCAAGCGTGGTGGCTA
Barcode 47 ACTGATCTCGGCGTAAATACACCGCAGA
Barcode 48 | TATGTGTATCCTAAGGTACCTTTACGGG
Barcode_49 [ ACCGTCCTAGTGCGGATAGTGGGACATG
Barcode 50 [ GTCGATACGGGTCGCTAGATAGGTTGGG
Barcode 51| ACAGTCAGAGGCGCTTCAATCGTCGCCC
Barcode 52| GCGACTCATTTAATTTCAACGGGTAGAA
Barcode 53 [ TAGACAGAGGGAGCTATATTGCGCGGCG
Barcode_54 | GGCATTCAATAGCCAGTAACCTTAGACA
Barcode 55| ACAAAAGTTGGCATTTCGTAGACAAAGC
Barcode_56| TTGCATACTTTGCAGGTTAGGGCCGAGA
Barcode 57 ACCGGAGTTCAAACGACTTTGGGTCCCT
Barcode 58 [ CACTGGTAGGCTCGCGGGTAAATAGAGC
Barcode 59 CCGAAGCTCAGTGTGATGTGCCTTCCGT
Barcode_60| GTACGTATGACTGTGTCCCAGCTATGAA
Barcode 61 GGACCTTCACGTCAGTCCCGCTGACCTT
Barcode_62| GACCAATTATGTTGGCCACGCCACATTA
Barcode 63| GTTTTCAAGGGCTCGACACAGCAGAACG
Barcode 64| AACCCACTATAGAAGGGCCTTCGAGATT
Barcode_65| GGAACCGTCAATTCCGCACTAATAATTT
Barcode 66 CATGGCTCCGAAACGCCGTGCAAAGTGC
Barcode 67]  GCTTTCTCATTGTTACTCAGCGCACATT
Barcode_68 [ TCAATCCTGAGGCCGATACTAACAGTCG
Barcode 69| ATTCTGGCTATACCGAGCCCGGACTACT
Barcode_70 | CAACCATGCTTCGGATAGCAATACCACG
Barcode 71| CTTGTCTCAAGAATAGTGCCCTATTCGT
Barcode 72| CCGTAGGTAGAAACATGTATGGCGCAGA
Barcode_73 | CAGGGCCATGTCGTACTAGTAGCCTGCC
Barcode 74 [ CGAGCCCCCCAAAAAGTCGGGCTACCGC
Barcode 75| CATATAGGTACATGAAGCCCTACTGTAT
Barcode_76 [ CATACCGGATGGTAAACTCCGCGAACGC
Barcode 77 [ TGCAATGACCAGGCGATACGAATCGTAG
Barcode_78| CTCCCCCCCGCAGACACGCACGTGTTGC
Barcode 79| TTTGTGGTTAGCCTTGTCCCGGAACAGA
Barcode 80 CCCGGGTTGATGAGGAGTCACTCAACGA
Barcode_81 | ATCCATGTGCGGGGAGAAGTCTGGTGGA
Barcode_82| CCCCGGTAATTTCGATGTTCGCCCCGGC
Barcode 83| TGGGCTGCTAGTAAGTCGGGAGCCCTTA
Barcode 84 CAGGCCGCTAACCTAAACTCGACCTCGA
Barcode_85| CAACGCAAGCGCTCTTGGTTTAAGCTGT
Barcode_86| GGCACACAACGATCTCCAAATGAACCAA
Barcode 87| GTAGCGCGACCTCTTTAACTGTAGAAGG
Barcode 88 GCTTATCGCATTCCGGGTGAAAACCTAG
Barcode 89 AGGGTAATGAAGCCCCGGGATCGAACAT
Barcode_90 [ TAACTAGCGGCCTATACCCGCTGCACAT
Barcode 91| CAGAGATAGGTCTCGACACTTACGCGGT
Barcode_92| GCCTAACGGCTGCAGCACGATTGCGCAA
Barcode_93| GACGCCATTAAGGTGGGTCACCTTTTCA
Barcode 94| GCATATGGCTAAATTCGCTAGTCGAGCG
Universal 2 GTCGACCTGCAGGCATGCAAGC

Table S4 List of barcodes used in chapter 2

List of unique barcode sequences used in this study, see Figure 2-2 for more detailed barcode design.
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Table S5 List of barcoded DNA megamers used in chapter 2

List of barcoded DNA megamer sequences used for SHERLOCK reactions in this study.
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Table S6: Conditions for incubator scale experiments to test spore persistence

Surface Material Count Control Conditions Perturbation Conditions Direct S?mple b ?ample
Technique Technique
Temperature: 25 C Fixed Temperature: Weekly oscillation (25-35C)
3 control & . 5 . . Object Swab,
Sand 3 perturbed Wind: None Wind: Fans, fixed speed Powersoil NaOH lysis
Rain: None Rain: weekly, varying intensity from spraying to watering can
Temperature: 25 C Fixed Temperature: Weekly oscillation (25-35C)
. 3 control & o - . . Object Swab,
Soil 3 perturbed Wind: None Wind: Fans, fixed speed Powersoil NaOH lysis
Rain: None Rain: weekly, varying intensity from spraying to watering can
Temperature: 25 C Fixed Temperature: 25 C Fixed
2 control & N o aae o Surface Swab, | Object Swab,
Carpet 2 perturbed Humidity: 40-50% Controlled Humidity: 40-50% Controlled NaOH lysis NaOH lysis
Cleaning: None Cleaning: Vacuuming
Temperature: 25 C Fixed Temperature: 25 C Fixed
2 control & P 5 e e Surface Swab, [ Object Swab,
Wood 2 perturbed Humidity: 40-50% Controlled Humidity: 40-50% Controlled NaOH lysis NaOH lysis
Cleaning: None Cleaning: Sweeping

Table S6 Description of incubator experiment in chapter 2
Description matrix of conditions used in the incubator experiment, including control conditions,

perturbations, and sampling techniques.
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Supp Fig 2-1 Changes in microbial composition of non-inoculated and inoculated sand and soil.

(A) Relative abundance of soil bacterial taxa in samples taken from sand or soil surfaces during a 2-month
long experiment. Relative abundance was measured using 16S metagenomics and classified to the class
level. The sampling locations differed in surface material, wet/dry status, and inoculation status. Sand

samples had extremely low biomass, and most reads from inoculated samples aligned to Bacilli. In all other

samples, Bacilli comprised <0.01% of the library.
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A Assessing NaOH concentration (10 min at 95°C)
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Supp Fig 2-2 Optimization of B. subtilis BMS lysis.

(A) To rapidly assess the efficacy of lysis, A9 B. subtilis BMS harboring a cytoplasmic red fluorescent protein
(mScarlet) were analyzed by fluorescence and phase-contrast microscopy after treatment. ~2 x 108 A9
BMS were resuspended in 50 yL of NaOH at the indicated concentrations and heated for 10 min at
95°C. (B) ~2 x 108 A9 BMS were resuspended in 50 pyL of 200 mM NaOH and heated at the indicated
temperatures for 10 min. (C) ~2 x 108 A9 BMS were resuspended in 50 yL of 200 mM NaOH and heated
at 95°C for the indicated amount of time. After treatment, BMS were pelleted, washed and resuspended in
PBS. An aliquot was then analyzed by fluorescence and phase-contrast microscopy. Loss of fluorescence

correlated with the transition from phase-bright to phase-dark BMS. Scale bar indicates 2 um.
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Supp Fig 2-3 in vivo BMS and crRNA cross-reactivity assay.

Bars are the SHERLOCK signal from reactions with the n-1 BMS reactions in red and H20 RPA reactions
in yellow. * denotes crRNA with high background or cross-reactivity (n = 3 technical replicates, bars
represent mean + s.e.m.).
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Supp Fig 2-4 Persistence, transferability and maintenance of BMS.

(A) Photos and schematic of lab incubator scale experiments and simulated wind, rain, and vacuuming. (B)
Dot plot of real-time gPCR Ct values (left y-axis) and BMS numbers (right y-axis) based on a gPCR standard
curve. Each dot represents a different sampling location each week, grouped by trays in the same treatment
group for all 12 weeks. (C) BMS persisted on sand, soil, carpet and wood surfaces for at least 3
months. Plots show BMS count number (relative to week 1 values) and qPCR Ct values. (D) BMS were
transferable for at least 3 months after inoculation from all 4 test surfaces. Rubber and wood objects placed
on inoculated surfaces were used for testing BMS transferability. Plots show relative BMS count numbers
and gPCR Ct values.
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Supp Fig 2-5 Persistence of BMS over time.

(A) SHERLOCK detection of BC-24, 25, 49, 50 BMS from samples taken immediately after BMS inoculation,
shown as fluorescence time-courses. BC-19, H20, and (-) RPA are negative controls. (B) SHERLOCK
detection indicates BMS persistence over 3 months with or without perturbation. SHERLOCK time-course
data (y-axis: fluorescence, x-axis: time in min) is shown for each BMS (colors) at each of 20 collection spots
(a-e, 1-4 in Figure 2-10) for 13 weeks. Signal above the threshold are counted and scored in Figure 2-11.
The Cas13a batch was changed at week 6, which changed baseline activity, but did not change conclusions

of the experiment
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Supp Fig 2-6 Transfer of BMS over time.
SHERLOCK can detect BMS on shoes and wood that come in contact with an inoculated surface.
SHERLOCK time-course data (y-axis: fluorescence, x-axis: time in min) for transfer onto shoes or wood is
shown for each barcode (colors), for 2 replicates from 2 different locations from the BMS-inoculated region
(a1 and a3 in Figure 2-10) over 13 weeks. BC-19 is a negative control. The Cas13a batch was changed at

week 6, which changed baseline activity, but did not change conclusions of the experiment.
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Supp Fig 2-7 Persistence of BMS on object after transfer.

(A) SHERLOCK and (B) qPCR showing BC-24 and 25 B. subtilis BMS and BC-49 and 50 S. cerevisiae
BMS retained on shoes after up to 4 hours of walking on non-inoculated areas. (C) Standard curves
constructed from known BMS quantities using either PowerSoil or NaOH lysis methods. (D) Estimating the

number of BMS on each shoe from Ct values using the gPCR standard curve.
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Supp Fig 2-8 Retransfer of BMS to non-inoculated surfaces.

(A) Sandbox A was inoculated with a 4 BMS mixture. Shoe A stepped in inoculated sandbox A and
subsequently stepped into 3 clean sandboxes B, C, and D. Sand from sandboxes B, C, and D after shoe A
stepping and was sampled and qPCR was performed using BMS-specific primers to quantify BMS. New
shoes B, C, and D were stepped in sandboxes B, C, and D, respectively after shoe A had stepped in each
sandbox. Shoes B, C, and D were then sampled for BMS. (B) qPCR results of BMS in sand samples from
sandboxes A, B, C, and D. (-): non-inoculated sand; H20: qPCR water negative control; the horizontal
dashed line is the threshold of detection. (C) gPCR results of BMS from swabbed shoes A, B, C, and D. (-):
non-inoculated sand; H20: gPCR water negative control; the horizontal dashed line is the threshold of

detection.
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Supp Fig 2-9 Object provenance using 4 BMS per region.

(A) This layout was used to test our field-deployable detection system: a portable light source and an orange

acrylic filter were used for imaging SHERLOCK signals. A mobile phone (not shown) was used for

photographing the SHERLOCK reaction plates. (B) Four trays were filled with sand, and inoculated by
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spraying either 4 unique BMS or H20. (C) SHERLOCK reaction plate image for six shoe samples that had
stepped in one of the 4 trays. Reaction signal matches expectation shown on left. (D) A subsequent
experiment, in which 12 sand regions (squares: a-l) were inoculated with 4 unique BMS each. 15 shoe
samples took different paths through the regions and were tested for all possible BMS using SHERLOCK.
Endpoint fluorescence values are plotted, with expected positives to the left of the vertical dashed line and
expected negatives to the right of the vertical dashed line. The call for each lettered region is denoted by
color (yellow: true positive, blue: false negative, purple: false positive), the horizontal dashed line is the
threshold for positive calls.
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Supp Fig 2-10 Object provenance using 2 BMS per region.
(A) A grid of 24 regions was laid out on a clean area of sand, and each region was inoculated with 2 unique
BMS. (B) Top: path of object overlaid on reaction plate. Bottom: photograph of SHERLOCK reaction plate,
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overlaid with correct or incorrect calls. The call for each region is indicated in the corresponding area of the
plate (yellow check: true positive, blue cross: false negative, purple cross: false positive). (C) A subsequent
experiment, in which 18 trays of sand (squares: a-r) were inoculated with 2 unique barcodes each. 16 shoe
samples that took different paths through the regions were tested using SHERLOCK. Endpoint fluorescence
values are plotted, with expected positives to the left of the vertical dashed line and expected negatives to
the right of the vertical dashed line. The call for each lettered region is denoted by color (yellow: true
positive, blue: false negative, purple: false positive), the horizontal dashed line is the threshold for positive
calls.
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Supp Fig 2-11 Object provenance using 1 BMS per region.
(A) A grid of 20 regions (squares: a-t) were laid out on clean sand, soil, carpet, and wood surfaces, and

each region was inoculated with a single unique BMS. 8 remote control car samples, and 24 shoe samples
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that took different paths through the regions on different surfaces were tested using SHERLOCK. Endpoint
fluorescence values are plotted, with expected positives to the left of the vertical dashed line and expected
negatives to the right of the vertical dashed line. The call for each lettered region is denoted by color (yellow:

true positive, blue: false negative, purple: false positive), the horizontal dashed line is the threshold for
positive calls.
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BMS Total number Objects False positive False negative
per region of regions (n) rate rate
1 El 640 32 16.9% (67/397) 19.8% (48/243)
>= 1 BMS positive
e 4.9% (12/245) 9.4% (13/139)
2 E 384 20
2 BMS positive 0.4% (1/245) 36.7% (51/139)
per region
>=1BMSpositive | 5 gor, (4/154) 0% (0/62)
per region
E=E 2?"2 ﬁgﬁ““’e 0.6% (1/154) 0% (0/62)
4 @ 216 22 et
>=3BMSpositive | g gy, (1/154) 12.9% (8/62)
per region
REMSIpoSitive 0% (0/154) 66.1% (41/62)
per region

Supp Fig 2-12 Statistics for determining provenance with different numbers of BMS.
All the experiments were collated together, and the false positive and false negative rates were calculated

using the listed threshold criteria for a positive call. Yellow highlighting indicates the suggested usage
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Supp Fig 2-13 Sanger sequencing of leaf and soil samples to the BMS inoculated on plants.
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Supp Fig 2-14 BMS remain on plant leaves and can determine leaf provenance.
(A) gPCR measurement of different BMS-inoculated leaves that had been mixed with each other, as shown
in Fig 4C. Blue: different BMS-inoculated leaves that were mixed; gPCR signal of the specific BMS

inoculated on the sampled leaf (leaf numbers, n = 7 for week 1, n = 3 for weeks 4 and 6). Red: different
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BMS-inoculated leaves that were mixed. gPCR signal from a different BMS than that of the sampled leaf
(leaf numbers, n = 10 for week 1, n = 12 for weeks 4 and 6). Green: gPCR signal of non-mixed and non-
inoculated (leaf numbers, n = 3 for week 1, 4 and 6). (B) gPCR measurement of BMS from swabbing directly
the inoculated plant, swabbing the gloves after the glove touched the inoculated plant, or DNA extractions
of different BMS sprayed cabbage and spinach. (-): non-BMS sprayed plant is the negative control. (C)
SHERLOCK endpoint fluorescence values for BMS-inoculated leaves after mixing. Detection reactions
were performed for multiple BMS for each leaf, though each leaf had been inoculated with a single BMS.
(D) Sanger sequencing alignment identifies the barcode that had been inoculated. Non-inoculated leaves
that had been mixed with inoculated leaves has positive SHERLOCK signal, but does not specifically align

to any of the barcode references.
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Appendix B: Supplementary material related to Chapter 3

Oligo name | Alternate name Oligo sequence Description of use
CCMS052 S gene FP1 GTTTTTCTTGTTTTATTGCCACTAGTCTCTA SARS-CoV-2 S Gene forward primer
CCMS055 S gene FP2 TCTTGTTTTATTGCCACTAGTCTCTAGTCAGT SARS-CoV-2 S Gene forward primer
CCMS019 S gene FP3 CTCTAGTCAGTGTGTTAATCTTACAACCAGAACT SARS-CoV-2 S Gene forward primer
CCMS053 S gene FP4 TCAGTGTGTTAATCTTACAACCAGAACTCAAT SARS-CoV-2 S Gene forward primer
CCMS054 S gene FP5 GTGTTAATCTTACAACCAGAACTCAATTACCCC SARS-CoV-2 S Gene forward primer
CCMS067 S gene RP1 GAATGTAAAACTGAGGATCTGAAAACTTTG SARS-CoV-2 S gene reverse primer
CCMS014 S gene RP2 AGAACAAGTCCTGAGTTGAATGTAAAACTGAGG SARS-CoV-2 S gene reverse primer
CCMS056 S gene RP3 AAGAAAGGTAAGAACAAGTCCTGAGTTGAATGT SARS-CoV-2 S gene reverse primer
CCMS030 S gene RP4 CCATTGGTCCCAGAGACATGTATAGCATGG SARS-CoV-2 S gene reverse primer
CCMS008 S gene RP5 CTCTTAGTACCATTGGTCCCAGAGACATGT SARS-CoV-2 S gene reverse primer
CCMS068 S gene RP6 ATCAAACCTCTTAGTACCATTGGTCCCAGA SARS-CoV-2 S gene reverse primer
CCMS073 /56-FAM/GAATGTAAAACTGAGGATCTGAAAACTTTG SARS-CoV-2 S gene reverse primer

JQ217 CAACTTCCTCAAGGAACAACATTGCCAAAA SARS-CoV-2 N gene forward primer
JQ289 GGCTTCTACGCAGAAGGGAGCAGAGGCGGCAG SARS-CoV-2 N gene forward primer
JQ214 CAACTGGCAGTAACCAGAATGGAGAACGCA SARS-CoV-2 N gene forward primer
JQ215 TCGAGGACAAGGCGTTCCAATTAACACCAA SARS-CoV-2 N gene forward primer
JQ216 CCTAGGAACTGGGCCAGAAGCTGGACTTCC SARS-CoV-2 N gene forward primer
JQ218 AACTTCTCCTGCTAGAATGGCTGGCAATGG SARS-CoV-2 N gene forward primer
JQ219 ATGAAACTCAAGCCTTACCGCAGAGACAGA SARS-CoV-2 N gene forward primer
CCMS041 CAATCCTGCTAACAATGCTGCAATCGTGCTA SARS-CoV-2 N gene forward primer
CCMS047 CACCAAAAGATCACATTGGCACCCGCAATCC SARS-CoV-2 N gene forward primer
CCMS051 CTGAGGGAGCCTTGAATACACCAAAAGATCACA SARS-CoV-2 N gene forward primer
JQ235 /56-FAM/TGGAGTTGAATTTCTTGAACTGTTGCGACT SARS-CoV-2 N gene reverse primer
JQ223 TGGAGTTGAATTTCTTGAACTGTTGCGACT SARS-CoV-2 N gene reverse primer
JQ220 CTTCCTTGCCATGTTGAGTGAGAGCGGTGA SARS-CoV-2 N gene reverse primer
JQ221 CTTGGACTGAGATCTTTCATTTTACCGTCA SARS-CoV-2 N gene reverse primer
JQ222 GCAGGATTGCGGGTGCCAATGTGATCTTTT SARS-CoV-2 N gene reverse primer
JQ224 TGGCCTTGTTGTTGTTGGCCTTTACCAGAC SARS-CoV-2 N gene reverse primer
JQ225 TTGAGTCAGCACTGCTCATGGATTGTTGCA SARS-CoV-2 N gene reverse primer
XL12 CTCCAGGGAAACTTTGGTGA MERS N gene RT-gPCR primer
XL13 CCCATAAAAGCACTGGCTGT MERS N gene RT-gPCR primer
1Q297 GGCGCAAGAATTCAGAACCAGAGATA HCoV-229E N gene RT-qPCR primer
JQ298 GGATTCCGAGATTGAGATTTGGATTCAC HCoV-229E N gene RT-qPCR primer
JQ303 ACTACTCAAGAAGCTATCCCTACTAGG HCoV-HKU1 N gene RT-gPCR primer
JQ304 GAGAACGTGAACCTGGTCGACTATTAG HCoV-HKU1 N gene RT-qPCR primer
CCMS083 ACGTTGATGTAGGGCCAGAT MERS S gene RT-gPCR primer
CCMS084 ACCGTCAGCCTTAGAAACATCA MERS S gene RT-gPCR primer
CCMS086 CCGGTGCACCACTTTTGATG SARS-CoV S gene RT-gPCR primer
CCMS087 CCCCCTCATAGATGAAGTATGTTGA SARS-CoV S gene RT-qPCR primer
CCMS077 CTGTTTGCAACGGCTGTGTT HCoV-229E S gene RT-qPCR primer
CCMS078 ACCACCACTCTCAACAGCAA HCoV-229E S gene RT-qPCR primer
CCMS080 AAACACCACAGTTCCTCGCA HCoV-HKU1 S gene RT-qPCR primer
CCMS081 CCCAAACCATAAGAAACATCCACA HCoV-HKU1 S gene RT-gPCR primer
CC039 TCATGGTCCTACATTGTGGAAA 2009 HIN1 influenza RT-gPCR primer
CC040 GACACTGAGCTCAATTGCT 2009 HIN1 influenza RT-qPCR primer
GAPDH F GGACTCATGACCACAGTCCA GAPDH RT-gPCR primer
GAPDH R GATGTTCTGGAGAGCCCCG GAPDH RT-gPCR primer
JQ241 /5Biosg/TCAAGCCTCTTCTCGTTCCTCATCACGT SARS-CoV-2 N gene Hybridization Probe
JQ312 /5Biosg/CAAGCCTCTTCTCGT SARS-CoV-2 N gene Hybridization Probe
CCMS069 /5Biosg/TGCATACACTAATTCTTTCACACGTGGT SARS-CoV-2 S gene Hybridization Probe

Table S7 List of all primers used in chapter 3.
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RNA input (copies): MERS (1e4)  SARS-CoV (1e4) 229E (1e4) HKU1 (1e4) H1N1 2009 (1e3) Pos/Neg
(R e | B e e e S e G s S s s e oS Gt

Cp»r —m———" B S oSS S IS S A

Tr» i - —

SARS-CoV-2
RNA input (copies): 100 50 20 10 3 1

eRPAcall: ++++++ ++++++ ++++++++ ++++++++++++ ++++----+-4+- +4+----++

- - N —— ~:;:L_ e ———— ot T B
| | \[
, *,‘,w“ g ) '

Supp Fig 3-1 Lateral flow strip readouts for all S gene data.

Individual strips (data from Figure 3-9) are labeled with the test call made within 20 mins of detection
(positive (+) or negative (-)). The positive (Pos.) eRPA control is 1,000 copies of synthetic full genome
SARS-CoV-2 RNA and the negative (Neg.) eRPA control is a water-only input. Images taken for the

purpose of display were allowed to dry which reduced the intensity of some weak bands (labeled with
asterisks).
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Supp Fig 3-2 RT-qPCR quantification of in vitro transcribed (IVT) RNA

MERS, SARS-CoV, HCoV-229E, and HCoV-HKU1 used as specificity control tests in eRPA; N gene shown

in top row and S gene in middle row. Bottom graph RT-qPCR quantification of RNA extracted from 2009

H1N1 Influenza.
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RT-gPCR: 28.7 - RT-gPCR: 282,301 - 224,256 256, 27.724.1,27.3 188,202 22.8, 253 21.5,243 152,17.0 24.2,26.0353,35.1 25.4,27.8
eRPAcall: + + - - == eRPA call: ++ - ++ ++ ++ ++
= ry
o PET PR :H — TR ? ;
| ! J | ‘
T o [ -—p—1 ——* -Q—q —7—1‘ -
Patient ID: 13 14 15 17 18 19 20 21 22 23 24 46 47 48 49 50 51 52
8 RT—qPCH 18.1,20.1 22.4,24.3 18.0,20.721.5,23.6 25.2,27.0 26.6,28.3 19.5,21.9 324,335 27.5,29.0 20.7,22.6 31.5,33.5 - - - - - - 199,222
g eRPAcall:  ++ ++ ++ ++ ++ ++ ++ ++ - - - - -- - - - - ++
£ o i '
: nkn . e e _T_ - :F 1 ; = = - -
= ‘ | | |
T —_— Ll | [ | L}
PatientID: 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45
RT-gPCR: - - - - - - e
eRPAcall: - e - - - - - - - - - - - -
cr» abiabiat @ 'F - = MM r - = = = =
| |
T 314 { {4y '

Supp Fig 3-3 Lateral flow strips detection of N-gene from crude clinical samples

Lateral flow strip readouts of all eRPA tests from crude patient samples summarized in Figure 3-23.
Individual strips are labeled with the eRPA test call made within 20 mins of detection (positive (+) or negative
(-)). The positive (Pos.) eRPA control is 100 copies of synthetic full genome SARS-CoV-2 RNA and the
negative (Neg.) eRPA control is a water-only input.
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Supp Fig 3-4 Lateral flow strips detection of S-gene from crude clinical samples

Lateral flow strip readouts of S gene eRPA performed on patient samples of known infection status.
Individual strips are labeled with the test call made within 20 mins of detection (positive (+) or negative (-)).
The positive (Pos.) eRPA control is 100 copies of synthetic full genome SARS-CoV-2 RNA and the negative

(Neg.) eRPA control is a water-only input. Negative control samples 25-29 were not screened by RT-qPCR.
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Supp Fig 3-5 Comparison of N and S gene detection from crude patient samples

(A) Comparison of Ct values obtained by RT-qPCR targeting SARS-CoV-2 N and S genes on the same
input patient samples. (Left) Matched patient samples (n=22 biologically independent samples) are
connected by a solid line. Synthetic full genome SARS-CoV-2 RNA (n=3 biologically independent samples)
and AccuPlex packaged SARS-CoV-2 (n=3 biologically independent samples) were used as controls as
they both contain an equal amount of N and S gene. (Right) Difference between the Ct values for each
patient sample (n=22 biologically independent samples) is plotted with mean value 2.1 fold +/- 0.9 SD. For
synthetic full genome SARS-CoV-2 RNA the mean value is 0.1 fold; For AccuPlex packaged SARS-CoV-2
the mean value is -0.6 fold +/- 0.3 SD. (B) Comparison between S gene SARS-CoV-2 eRPA and one-step
RT-gPCR performed on the same input samples. The y axis is RNA copies in patient input samples

determined by one-step RT-gPCR with standard curve.
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Supp Fig 3-6 Lateral flow strips detection of N-gene from extracted clinical samples

Lateral flow strip readouts of all eRPA tests from extracted patient samples summarized in Figure 3-23.
Individual strips are labeled with the eRPA test call made within 20 mins of detection (positive (+) or negative
(-)). The positive (Pos.) eRPA control is 100 copies of synthetic full genome SARS-CoV-2 RNA and the

negative (Neg.) eRPA control is a water-only input.
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Supp Fig 3-7 Equipment required for eRPA assay
eRPA only requires a limited set of equipment including micropipettes and disposable plastic tips, a heat

block capable of reaching 42°C and 94°C, and plastic microtubes or multi-well plates.
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Appendix C: Supplementary material related to Chapter 4

Type Titer CZ:;::; B::::‘; 4 | Blinded 1| Blinded 2 | Blinded 3 HIV Scale
Spikeln | 500 3 3 3 3 3 3 >>100
cpsirxn
Spike In 500 3 3 2 3 2 2 ~100
cpsirxn
Spike In 250 2 3 3 3 3 1 =10
cpsirin
Spike In 125 2 2 2 3 2 0 Negative
Spike In 62.5 2 2 2 3 3
HIV + 76 2* 2 2 2 2
HIV + 64 2 2 2 2 2
HIV + 26 2 2 1 1
HIV + 23 1 2 2 1 0
HIV + 5.9 1* 1 2 1 0
HIV + 3.9 1 1 2 2 2
HIV + 2.6 1 1 2 1 1
HIV + 1.7 1 1 1 1 0
MNegative 0 o 0 2 1 0
Megative 0 0 0 2 1 0
Negative 0 0 0 0 0 0
Megative 0 0 0 0 0 0
Negative 0 [ 0 [ 0 [

Table S-9 Classification of HIV lateral flow strips.

Classification calls were made for each trio of strips by three individuals who were blinded to the
distribution of titers. A call was also made by one individual unblinded to the distribution of sample
titers. Samples marked with * were hybridized with 5 uM probe, causing some background signal

in the reference band. All other samples were hybridized using 2.5 uM probe.
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Type Titer GZ:;::; B:‘:::; 4 |Biinded 1 [ Blinded2 | Blinded 3 COVID Scale

CovID + | 1400000 5 5 5 5 4 5 >>1E4
cpsirxn

COVID + | 640000 5 4 4 4 3 4 ~1E4
cpsirxn

COVID + | 140000 5 5 5 5 4 3 ~1E3
cpsirxn

COVID + | 100000 5 5 5 5 5 2 ~1E2
cpsirkn

coviD+ | 88000 5 5 5 5 5 1 <<1E2
cpsirxn

COVID + 26000 4 4 5 5 4 0 Negative

COVID + 19000 4 4 4 4 4

COVID + 11000 4 4 5 4 5

COVID + 10000 4 4 4 4 4

COVID + 5000 4 4 4 4 4

COVID + 4600 3 3 3 3 3

COVID + 3000 3 3 4 4 3

COVID + 460 2 3 4 3 3

COVID + 280 2 3 3 4 3

COVID + 280 2 2 3 3 3

COVID + 160 2 2 2 2 2

COVID + 144 2 2 2 1 1

COVID + 126 2 2 2 2 2

COVID + 62 2 2 2 2 2

COVID + 42 1 1 1 1 1

COVID + 14 1 1 2 2 2

COVID + 2.4 1 0 0 0 0

MNegative 0 0 0 0 0 0

Megative 0 1] 0 1] 0 1]

Megative 0 0 0 1 0 0

MNegative 0 0 0 0 0 0

Megative 0 1] 0 1] 0 1]

Megative 0 0 0 0 0 0

MNegative 0 0 0 0 0 0

Megative 0 1] 0 1] 0 1]

Megative 0 0 0 0 0 0

MNegative 0 0 0 0 0 0

Megative 0 1] 0 1 1 1]

Megative 0 0 0 0 0 0

MNegative 0 0 0 0 0 0

Table S-10 Classification of COVID lateral flow strips.
Classification calls were made for each trio of strips by three individuals who were blinded to the distribution

of titers. A call was also made by one individual unblinded to the distribution of sample titers.

143



Narma vaiyts [ oiiga Typa | Doserption Soquanca
oz | Symvetcbacode | RPA | BacodsRPAfr | GOGATCCTCTAGAAATATGGATTACTIGGTAGAACAG
064 | Syrmvetcbarcode | RPA | Garcode RPA v rraTaceTTT
DPO4 | Syntholcbarcode | @PGR | Barode 1GPCRIsr | CTAGCTCOTGAGTCGTAAGTIGGGAACGCACATC
0P0t9 | Synmetcbarcode | aPCR | Barods SaPGRIr | CTAGCOCCCOTGTOGTAACTACGCARGCCTAACE
102t | Symatcbarase | PR | Barcods PCRmY | GATAAACACAGGAMACAGCTATGACCATGATTACG
aa7 | sanscovz | mea | samscavemeader CAACTICCTCAAGGAACAACATIGCCAA
sz | sascwz | A | saRscovzreawy | sserAwTOGAGTIGAATITCTIGAACTGTTGOGACT
I I e [SUS—
=Lk SARS-Cov-2 QPCR Target pre-amekfication TCAAGCCTCTTCTCGTTC
Referoncs re-
aws | smscove | gpon |, Releeness AGTAAGCAGAATECCGS
omse | sarscovz | aecw fea GGCTICTACGCAGARGBGAG
cMs7 SARS-CoV-2 aPCR gt post. oy
M58 SARS-Cov-2 PCR Raferance post: CTCTCTIGACAGCGGGATTCTG
oV o ampification gPCR rev
ows | sarscave | Teavan | Teaken cpcrir CAACTICOTCAAGBAACAAC
oy | saRscoviz | Taoan | Taawan Targetione | seaMTCAAGCETETTCTEGTTCCTCATERCGT
Taquan Ratarence )
oz | saRscavz | Tagwan n ot SVICAGTAAGCAGAATCCOGCTOTCAAGAGAG 3 Quanchar
Jaz41 SARSCoV-2 | LFAprobs | SARSCOV-2biotin 15Biosg/TCAAGCCTCTICTCGTTCCTCATCACGT
sa170 | sars.cova v | Loa prabe | RSN BIOHIRIN | o TAAGOAGAATEOCOCTOTOAAGAGAS
Janas v Ren v ke o GAAGGGGCAGTAGTAATACAAGATAATAGT
sar v reA HIV RPA ov
cuso v R | v arcRler GACATAAAAGTAGTGCGAAGAAGAARAGEA
) v PR | MVaPCRey GCCATCTGTITICCATANTCCCTAATGATC
css v R | Reteranca aPCR or GTAAGCAGAATCCCGCTOTCAAG
Jan v LA proba | v biotn prob 1B oAgIATARAAGTAGTGCCAAGARGAAARGCAR
082 | symvetcbarcose | oA | sarcou ReArav acgecasgetgeaigesigeaggiogaciaa
10329
0391)(N4: 1)N2:
3)(nse TIN)
1% bases s wikype |2 ot 1030291
Sars Synthate barcade ReA and 3% of each of 3 1HNE THN2.
remaining basas N3 0302008 1 103)
o 103z
'91030303)(N4:03910303)(N2:91030303)(N1:03039 103 )gctacac
eri
wrs | symatebarase | oA | 45wy
NINMINCGTCGCREAGS
1Q77 | Synthetic bareode | pregpa | oA sequencing
fonvard sequancing
w83 | yetibarode | oA | o setuenens .
¢ sequencing
sass | symore vasce | romoa | foordseauenchn o
farvard soquencng
wass | syeteoarods | weea | oot seduenens rora
revase saquencing
ISR Rri— R e e
Jagsa Synthetic barcade pra-RPA. [ovarse sequencing
adaptor (staggared 1N)| ctge.
Jass Synthetic barcode pra-RPA. [overse sequencha
adapior (iaggored 2N agetge
1096 | Synthetic barcode | prerea | foVOrSe seduencing
adapior (saggared 3h) angeige
ssos paen | tumin s nsex ssas
s peEA | tumina 7 index s
fonwart sequencig
097 | syntmate barease | posien
" ks cagegggatecictagaaatatag
¢ secuencng
Jos8 | Syt barode | pasipa
w L4 ‘adaptor (staggarad 1N} ‘gragegggatectciagaaatatgg
forward sequencing
w039 | synnete seesc | posnn | fordseauencng
fanvard soquencng
10100 | Syntnotc barcode | postPA
" ¥ adaptor (staggared 3N)| gtegeagegggatesictagaaatatgg
ss05 postAPA | tumion  index 5505
w1 postRPA | turion 7 indox w1

Table S-11 Primers and Probes.
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MName Analyte Description Sequence MNotes
gogatcciclagaaatalggattactiggtagaacagaatictaatacyg
Barcade 5 Targat Synthetic Synthatic banx!dﬂ aclcactalagggelageCCCCGTGTGGETAACTACGCAAG Barcode 5
Plasmid Barcode saquanca from Qian el | CCTAACCcHaaglegacclgcaggeatgeaagetiggegtaateat capitalizad
al. Science 2020 gatcatagetgittecigigittatclgeageglacgacgceattitaagice
aaaggcacaalittacgitgy
gagateciclagaaatalggattactiggltagaacagaatictaatacy
Barcods 1 Synthetic Synthatic ba IDC!dEI aclcactataggoelageTCGTCAGTCGTAACTTGGGAAC Barcods 1
Reference Plasmid Barcode saquaence from Qian et | GCACATcllaaglegacelpeaggealgeaagettggegtaateaty capitalizad
al. Science 2020 gleatagetgittectgigitatelgeageglacgacgecatittaagicea 4
aaggcacaalittacattog
M-gane target sequeance| caaclicclcaaggaacaacallgocaaaaggelictacgeagaagg
SARS-CoV-2 T L T 1 prob:
Fl:smid A% s ARS-Cov-2| from Gian et al. Mature | gagcagaggeggeag TCAAGCCTCTTCTCGTTCCTCATC e u:r:gc: :'amn:”za ’
Communications 2020 ACGTaglegcaacagiicaagaaaticaactcea q P
Refarence inserted into
caacllcclcaaggaacaacallgecaaaaggeticlacgeagaagg
SARS-CoV-2 f Ref: b
N2 s coyp| NaENe sequenca fram | sa0ac0qcanAGTAAGCAGAATCOCGCTGT A | TEferenca prabe
Referance Plasmid Qian et al. Nature GAGAGaq! i Heaact saquence capitalized
Communications 2020 agicgraacaglicaagaaaticaacicea
tgaaggggcagltaglaatacaagataataglgacATAAAAGTAG
Int: target T 1 prob.
HIV Target Plasmid HIV niegrase gena Wt | rp e CAAGAAGAAAAGCAAagalcatlagggatiatggaaaa arget praks
saquanca saquance capitalized
cagalggeaggtgatgatiglglggeaagtagaca
Rafarence inserted into | lgaaggggcaglaglaatacaagataataglgacAGTAAGCAG
HIV Rafarance ) Refarance proba
Plasmid HIv integrase gene target | AATCCCGCTGTCAAGAGAGagalcatlagggattatggaaa saquence capitalizad

sequance

acagalggeagalgalgatiglglggeaaglagaca

Table S-12 Amplicons Sequences for each RPA amplicon in the study.
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Supp Fig 4-1 gRPA is robust to chemical perturbations.

(A) Prediction of input concentration by endpoint measurements of qRPA performed under various chemical
perturbations to the reaction. gPCR was used to quantify target or reference sequences after amplification
by qRPA. The threshold cycle Ct values were used to calculate a predicted input concentration either by
fitting target product levels to a standard curve (RPA) or calculating the target to reference ratio (QRPA).
(B) Bland-Altman plot of gRPA outputs under environmental perturbations. Despite variations in product
production, the ratio of target to reference is maintained, as measured by ACt between target and reference
after amplification. In each panel, each point depicts the mean of 3 replicate RPA or qRPA reactions, error

bars depict standard deviation.
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Supp Fig 4-2 qRPA is robust to time and temperature variation.

(A) Prediction of input concentration by endpoint measurements of RPA and qRPA performed with varying
reaction temperatures and durations. Standard qRPA assays are performed at 42 °C for 30 minutes. gPCR
was used to quantify target or reference sequences after amplification by qRPA. The threshold cycle Ct
values were used to calculate a predicted input concentration either by fitting target product levels to a
standard curve (RPA) or calculating the target to reference ratio (QRPA). (B) Bland-Altman plot of qRPA
outputs for different reaction temperatures and times. Regardless of amount of product produced, the ratio

of target to reference is maintained, as measured by ACt between target and reference after amplification.

In each panel, each point depicts a single RPA or gRPA reaction.
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Supp Fig 4-3 Frequency of different numbers of mismatches in input library.
A library was created by degenerate synthesis of a 37-bp target sequence with 91% abundance of the
original nucleotide and 3% abundance of the other three nucleotides in the RPA primer binding region. The

frequency of sequences with different numbers of mismatches is plotted.
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Supp Fig 4-4 Target to reference ratio is maintained in a multiplexed TagMan assay.

Bland-Altman plot of RT-qPCR TagMan assay on in vitro SARS-CoV-2 RNA. In a multiplexed reaction,
wild-type and reference SARS-CoV-2 RNA molecules at different starting ratios were amplified and
separately detected with fluorescent hydrolysis probes. The difference between the measured ACt in a
duplex reaction versus the ACt calculated in separate reactions for each sample input was plotted for each

ratio. Solid line indicates linear fit.
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Supp Fig 4-5 Photographs of lateral flow assays run with RT-qRPA for in-vitro RNA samples.

(A) RT-gRPA reactions were performed on in-vitro HIV RNA samples containing either 1E2 or 1E4 target
RNA molecules and a varying amount of reference RNA molecules with a synthetic barcode sequence
inserted. The HIV RT-qRPA reaction products were hybridized and loaded on lateral flow strips and

photographed. (B) Photograph of lateral flow assay for RT-gRPA on in-vitro SARS-CoV-2 RNA performed
similarly.
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Supp Fig 4-6 RT-qRPA bias and variance depend on choice of reference molecule.

RT-qRPA or gRPA reactions were performed on 1000 target and 1000 reference molecules of
varying type. DNA inputs were plasmids encoding SARS-CoV-2 N-gene with or without a
synthetic reference barcode inserted. RNA inputs were produced from these plasmids by in-vitro
T7 transcription. In the “no RNAse” reaction, RNAseH was excluded from the RT-gRPA
mastermix. In the “separate RT” reaction, 1000 molecules each of target and reference DNA were
treated with reverse transcriptase for 10 mins at 55 °C, then with RNAseH for 10 mins at 37 °C,
and used as input to a qRPA reaction (no reverse transcriptase). The mean and standard

deviation of 8 reactions was calculated to determine bias and noise for each reaction condition.
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Supp Fig 4-7 Photographs of lateral flow assays run with RT-qRPA for HIV patient samples.

RT-gRPA reactions were performed on RNA extracted from HIV (+) or (-) patient blood samples spiked with
100, 10 or O in-vitro HIV RNA molecules containing a synthetic reference barcode. 4 positive control
samples were prepared by spiking wild-type in-vitro HIV RNA into (-) patient samples. The RT-qRPA
reaction products were hybridized and loaded on lateral flow strips and photographed. Calls were made for
each sample based on the relative strength of test and reference lines across all three strips by an individual
blinded to the identity of each sample, but unblinded to the distribution of titers. Due to the low concentration
of HIV samples, test bands are faint. The titer of each sample was measured by RT-qPCR; the estimated
quantity of target molecules in the 2 yL sample input is listed below each set of strips. Samples marked
with * were hybridized with 5 uM probe, causing some background signal in the reference band. All other

samples were hybridized using 2.5 yM probe
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Supp Fig 4-8 Target to reference ration is maintained in RT-qRPA assays for patient samples.

(A) Bland-Altman plot of gRPA outputs for HIV patient samples. The target to reference ratio was measured
prior to qRPA using a pair of fully nested gPCR reactions. The difference in ACt between target and
reference post-amplification vs pre-amplification was plotted for each sample. (B) Bland-Altman plot of
gRPA outputs for SARS-CoV-2 patient samples measured as above. In each panel, each point depicts a

single qRPA reaction. Dashed line indicates ideal, solid line depicts linear fit.
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Supp Fig 4-9 Photographs of lateral flow assays run with RT-gRPA for SARS-CoV-2 patient samples.

RT-qRPA reactions were performed on remnant nasopharyngeal swab samples from SARS-CoV-2 (+) or
(-) patients were tested without extraction. Samples were spiked with 100, 10 or O in-vitro HIV RNA
molecules containing a synthetic reference barcode. 4 positive control samples were prepared by spiking
wild-type in-vitro HIV RNA into (-) patient samples. The titer of each sample was measured by RT-qPCR;
the estimated quantity of target molecules in the 2 uL sample input is listed below each set of strips in blue
alongside the sample number in grey. The RT-gRPA reaction products were hybridized and loaded on
lateral flow strips and photographed. Calls were made for each sample based on the relative strength of
test and reference lines across all three strips by an individual blinded to the identity of each sample, but

unblinded to the distribution of titers.
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