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% Check for updates Candida auris, an increasingly prevalent fungal pathogen, requires both

rapid identification and antifungal susceptibility testing to enable proper
treatment. This study introduces digital SHERLOCK (dASHERLOCK), a
platform that combines CRISPR/Cas nucleic acid detection, single-template
quantification and real-time kinetics monitoring. Assays implemented on
this platform display excellent sensitivity to C. auris from major clades 1-4,
while maintaining specificity when challenged with common environmental

and pathogenic fungi. dSSHERLOCK detects C. auris within 20 minin
minimally processed swab samples and achieves sensitive quantification
(1c.fou. pI™) within 40 min. To address antifungal susceptibility testing, we
develop assays that detect mutations that are commonly associated with
azole and echinocandin multidrug resistance. We use machine learning
and real-time monitoring of reaction kinetics to achieve highly accurate
simultaneous quantification of mutant and wild-type FKS1SNP allelesin
fungal populations with mixed antifungal susceptibility, which would

be misdiagnosed as completely susceptible or resistant under standard
reaction conditions. Our platform’s use of commercially available materials
and common laboratory equipment makes C. auris diagnostics widely
deployable in global healthcare settings.

Candida auris (C. auris) is a critical emerging fungal pathogen that
has caused outbreaks with high mortality rates in healthcare facili-
ties around the world'. Its ability to survive on physical surfaces
for prolonged durations demands rapid detection for effective out-
break control. Efficient assessment of antifungal resistance is criti-
cal to guide fast decisions on patient treatment. In the United States,
90% of all C. auris isolates show resistance to azole antifungals, while
resistance to the preferred echinocandin antifungal treatments is
increasing®. Current diagnostic pathways for detecting C. auris and
its drug susceptibility use acombination of matrix-assisted laser des-
orption ionization time-of-flight (MALDI-TOF) mass spectrometry,
quantitative PCR (qPCR) or culture-based approaches in centralized

laboratories>°. These methods are costly, slow and require complex
dedicated equipment and trained personnel, all of which impede effi-
cientclinical response’’. Thereis aneed for novel tests to diagnose C.
auristo allow accurate quantitation of fungal burden and assessment
of antifungal resistance**"°.

CRISPR-based diagnostics have emerged as tools to detect nucleic
acids" ™. CRISPR-based diagnostics are isothermal, fast, easy to use
and highly adaptable for field deployment including lyophilised,
shelf-stable fluorescent or paper-based formats'>'°. The isothermal
nucleic acid pre-amplification step in nearly all CRISPR-based diag-
nostics published thus far is essential for maximizing sensitivity'.
However, continuous amplification limits the ability to accurately
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Fig.1|Schematic representation of digital SHERLOCK assays. 1. Fluid
containing all reagents is distributed into an array of compartments. Each
compartment includes the components for RPA and multiple copies of CAS12a
ribonuclear-protein complex (Supplementary Table 1). The target analyte is
loaded in abinary (presence/absence) fashion that can be described by a Poisson
distribution. For a detailed description of the loading procedure, see Methods
and Supplementary Fig. 1. 2. In compartments containing the target template,

RPA generates multiple copies of the target amplicons. 3. Cas12a recognizes
the amplified target through hybridization with the complementary guide
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RNA (gRNA), which subsequently activates cis cleavage of both target strands.

4. Activated Casl12ainduces non-specific collateral trans cleavage of nearby
reporter molecules containing a fluorophore and quencher pair. 5. Separation of
the fluorophore and quencher generates a fluorescent signal, which is followed
over time to generate amplification curves. Quantification occurs either
‘digitally’, where compartments are classified as either ‘positive’ (signal present)
or ‘negative’ (signal absent), or via characteristics of the amplification curves.
Inthe absence of the target, no fluorescent signal is generated. Created with
BioRender (https://BioRender.com/h67z677).

quantify the pathogen concentration, which impedes applications
such as monitoring of fungal or resistance loads.

A persistent difficulty with CRISPR-based diagnostics is reliably
detecting mutations, such as single-nucleotide polymorphisms (SNPs),
which are frequently associated with antimicrobial resistance. Under
certain conditions, Cas12a can detect SNPs with high sensitivity and
specificity”. However, Cas12a can also tolerate mismatches between
itsguide RNA (gRNA) and target nucleic acids, with these mismatches
altering the kinetics of both cis and trans cleavage of Cas12-gRNA-
target complexes”°. These differences in reaction kinetics can be
used to enable SNP detection using amplification-free tube-scale
CRISPR reactions, but they have only achieved nanomolar limits of
detection (LOD)%.

Single-template methods have beenused to enable highly sensitive
pathogen quantification. In these methods, the initial sample is serially
diluted to confine individual target molecules to picolitre reaction
volumes, resulting in the binary presence or absence of the template
in each compartment. The ‘digital’ signal obtained by counting the
total number of target molecules allows accurate calculation of the
number of molecules in the initial sample. Real-time digital diagnos-
tics systems with kinetic monitoring, where the fluorescence within
a compartment is followed as a function of time, have been shown
to be useful for multiplexing of PCR reactions, when coupled with
melting temperature analysis and machine learning algorithms* %,
and for phenotypic-molecular antibiotic susceptibility testing with
loop-mediated isothermal amplification (LAMP)*”,

Recentadvances have applied digital CRISPR-Cas systems to quan-
titatively detect single templates. Digital CRISPR diagnostics have been
implemented either without amplification®® or as ‘one-step’ reac-
tions, inwhichreagents are distributed into individual compartments
andisothermalamplification occurs simultaneously with CRISPR cleav-
age and signal detection®, Typically, these digital systems rely on
endpoint fluorescence measurements, with the observed signal being
a convolution of both the isothermal amplification by recombinase
polymerase amplification (RPA) and the Cas-based collateral cleavage
ofthereporter. Multiplexing in these digital CRISPR systems has been
limited. The use of real-time kinetic measurements in CRISPR-based
digital systems could enable improvementsin sensitivity and specific-
ity,and open the door to multiplexing thatis not currently possiblein
tube-scale measurements or with classic digital CRISPR techniques.

Inthis study, we demonstrate an approach to CRISPR-based C. auris
diagnostics with high sensitivity for all four major clades of C. auris

and high specificity when challenged with simulated clinical samples,
real clinical surveillance swabs and a potentially interfering panel of
common fungi (Fig. 1). We develop a digital CRISPR diagnostic assay
platform for the quantification of C. aurisfungal load and demonstrate
the use of single-template reaction kinetics with machine learning to
harness Casl2a’s target promiscuity for the simultaneous quantifica-
tion of resistant and wild-type (WT) SNP subpopulations of the clini-
cally relevant FSK1gene, whichwould be misdiagnosed as completely
susceptible or resistant under standard reaction conditions.

Results

Sensitive and specific CRISPR-based detection of C. auris

We developed a highly sensitive CRISPR-based assay for the detection
of C. aurisfrom patient and environmental surveillance swabs based on
the specific detection of the internal transcribed spacer (ITS) region
ofitsgenome. ITS isacommon target sequence for fungal diagnostic
development and has shown high specificity in PCR-based clinical C.
auris assays*®>’. We independently identified species-specific C. auris
ITS regions using established bioinformatics techniques’®.

Wefirst determined the analytical sensitivity and specificity of abulk
C.aurisassay instandard reaction volumes with separate RPA amplifica-
tionand CRISPR detection steps (two-step) using acombination of syn-
theticITS2DNA and DNA isolated from fungal cultures (Fig. 2a,b). After
extensive optimization of RPA primers and gRNA (Supplementary Fig.2
and Table 2), ourassay successfully detected 225 aM of synthetic DNA tar-
GRS . Assay specificity was tested using DNA extracted from pure
cultures of the four major geographical clades of C. auris compared with
aclinically relevant fungal panelincluding several closely related yeasts
(Fig. 2b). The assay successfully detected all C. auris clades while show-
ing minimal background signal from other Candida and closely related
yeasts (Fig. 2b). Results from a more extensive yeast panel confirmed
the high specificity of the assay for C. auris (Supplementary Table 3),
which is particularly important given the frequent misidentification
experienced with current clinical diagnostic tests’.

When clinical C. aurisinfection is suspected, current CDC guide-
lines recommend the use of surveillance culture collection viaan axilla
and groin skin swab, which are typically placed in Amies transport
medium (composition in Supplementary Table 5)*. To demonstrate
clinical utility and assess the potential inhibitory effects of Amies trans-
portmedium, we tested our two-step assay using a single-blind panel of
clinically relevant simulated swab samples that were created from pure
C. auris cultures resuspended at a range of relevant colony-forming
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Fig.2| SHERLOCK enables specific and sensitive detection of C. auris. a,
Two-step measurements with decreasing concentrations of synthetic ITS2
target DNA establish the two-step limit of detection (LOD) in the low aM range.
b, Two-step measurements of genomic DNA extracted from cultured cells of
four major clades of C. auris and several related species were tested at sample
concentrations of 1 ng pl™. Two isolates were available for testing our ability
to detect Clades 1,2 and 4 of C. auris; in these cases, the results are the mean
ofthe two samples, each measured as technical triplicates (n = 6). ¢, Two-step
measurements showing detection of C. auris from all four major clades in
simulated swab samples at different concentrations of colony-forming units
(high (H): 10° c.f.u.s mI™!, medium (M): 10* c.f.u.s mI™, low (L): 10° c.f.u.s mI™).
No non-specific signal is demonstrated in samples of C. haemulonii (C.h),
C.duobushaemulonii (C.d) and C. lusitaniae (C. [). Results are the mean of
technical triplicates each day, repeated on 3 different days (n = 9) using two
differentinstruments to demonstrate robustness. d, Two-step measurements
of samples with C. albicans and C. parapsilosis at high (H), medium (M) and low
(L) concentrations (c.f.u.s ml™ as in Fig. 1c). Three C. albicans and C. parapsilosis
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samples were tested at each concentration, each asa technical triplicate (n=9).
e, One-step performance of the C. auris SHERLOCK assay with agRNA perfectly
matching the ITS sequence (g2-blue) or with one engineered mismatchin the
gRNA. The mismatch was engineered at different distances from the Cas12a
protospacer adjacent motif (PAM) site, which occurs at the 5’ end of the
complementary sequence of gRNA shown (g2-5 (orange), 5 bp from PAM; g2-9
(red), 9 bp from PAM; g2-15 (purple), 15 bp from PAM). f, One-step performance of
the C. auris SHERLOCK assay with a gRNA perfectly matching the ITS2 sequence
(g2, blue) and with one engineered mismatch in the gRNA 15 bp from the Cas12a
PAM (g2-15, purple), demonstrating the increase in one-step sensitivity through
addition of adeliberate gRNA mismatch. For resultsin a-f: data are shown after
90 min; fluorescence signal (F) is normalized to the mean of the negative control
(Fy); using a threshold of F/Fy > 2, positive signals marked with an*; PC, positive
control (10 fM synthetic C. aurisITS DNA); NC, negative control (water instead of
target DNA); unless otherwise specified, data are presented as the mean + s.d. of
technical triplicates (n =3).

units (c.f.u.s ml™) in Amies medium (Fig. 2¢). Since Amies medium
is the standard transport medium used for clinical C. auris samples,
this is the only sample matrix we expect to encounter in practice.
All samples were prepared at the Wadsworth Center of the New York
State Department of Health to represent clinical samples after fungal
collectionand heatinactivation. All four C. auris clades were positively
identified from these samplesacross all concentrations tested, with no
false positive signals fromthree closely related species: C. haemulonii,
C.duobushaemuloniior C. lusitaniae.

Next, we evaluated the performance of the assay on simulated
swab samples of Candida albicans and Candida parapsilosis (Fig. 2d).
These two pathogens are observed with the highest frequencyin patient
surveillance samples and environmental surveillance swabs*°. Neither
C.albicansnor C. parapsilosis generated false positive signals at any of
the concentrations tested. The above experiments demonstrate that
our C. auris ITS2 assay reliably distinguishes C. auris from other spe-
cies, including closely related yeasts, with high specificity and is fully
compatible with swabs collected according to current clinical practice.
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After establishing the analytical sensitivity and specificity of our
assay design, we sought to streamline the protocol by combining the
amplification and Casl2a detection into a GilEIStCplommaP T his for-
mat shortens the sample time-to-result and enables quantification of
fungalload using digital microfluidics. The LOD of the one-step assay
is frequently worse than with the two-step format*, so we screened the
one-step assay using both the optimal gRNA selected for the two-step
format as well as gRNA with intentional single-nucleotide mismatches
at strategic distances from the protospacer adjacent motif (PAM) of
the Casl12a enzyme (Fig. 2e). We achieved a notable increase in signal
inthe one-step assay using agRNA with amismatch introduced in the
PAM-distal region (15 bp), whereas mismatches in the PAM-proximal
region decreased assay signal. We then compared the analytical sen-
sitivity of the one-step assays with both the perfectly matched gRNA
and the gRNA with the intentional mismatch 15 bp from the PAM
(Fig. 2f). The lowest detectable concentration of the one-step assay
using the perfectly matched gRNA was (GROENNGISENESIND than with
the two-step configuration (-25 aM). However, using the mismatched
gRNA in the one-step assay substantially improved the lowest detect-
able concentration (S580I8M). Literature studies indicate that Cas is
tolerant to PAM distal mismatches, with mismatches impacting both
the cis and trans cleavage kinetics” . These changes in kinetics are
discussed further in the context of single-nucleotide mutation detec-
tion in the sections that follow.

Optimization of real-time dASHERLOCK for absolute
quantification
Toaddress the need for amethod that enables the quantification of fun-
galloadsinsurveillance swab samples®, we developed asingle-template
version of the SHERLOCK assay called digital SHERLOCK (ASHERLOCK)
that uses the binary (presence or absence) nature of each template in
a partition when the sample is sufficiently dilute. We used commer-
cially available QuantStudio 3D Digital PCR 20 K v.2 Chip microarrays
from Applied Biosystems, which have previously been used for LAMP
assays’**2, The arrays have a 1 cm? reaction plate with 20,000 indi-
vidual partitions comprising a volume of ~750 picolitres each. The
total reaction volume loaded onto a microarray is 14.5 microlitres.
Compartmentalization occurs via capillarity using a plastic loading
‘blade’. The reaction mixture was loaded, the solution remaining on the
surface was briefly evaporated, and animmiscible fluorocarbon oil was
appliedtoisolate the compartmentsintoindividual reaction volumes.
We developed acomputational pipeline to obtain real-time reac-
tion kinetics from dSHERLOCK reactions in individual partitions. We
identified partitions and generated image segmentation masks using
the reference dye ROX (Fig. 3a), which enabled tracking of compart-
ments in a fluorescence channel independent of our reporter dye.
We occasionally observed interconnected compartments, as well as

suboptimal wetting of the microarray. Several buffer conditions were
screened and we found that addition of 0.1% Polysorbate 20 amelio-
rated these problems (Supplementary Fig.3). Onaverage, we observed
18,000 compartments per microarray.

We quantified the fluorescence intensity of dSSHERLOCK reactions
over time and extracted the reaction kinetics within individual parti-
tions using the previously generated masks and correcting for small
movements between timepoints. Increasing signals were observedin
compartments containing a target DNA molecule recognized by the
Cas as early as 20 min after initiation of heating to 37 °C (Fig. 3b). An
empirically chosen threshold was drawn to separate partitions with
activereactions from those that were not active (Fig. 3c). On the basis
of triplicate measurements at the mid-range digital concentration of
50 fM, we determined that a fluorescence intensity threshold of 3,000
relative fluorescence units (RFU) corresponded to the maximum fluo-
rescence of the negative compartments (Supplementary Fig. 4). Target
DNA concentrations were calculated using GHiSSONSIABISHES (rom the
aggregate number of partitions with fluorescence intensity greater
than the threshold.

We next asked whether real-time digital SHERLOCK could accu-
rately quantify DNA from C. auris, using our optimized one-step
assay (Fig. 2f). A calibration curve using the dSSHERLOCK system for
the detection of C. auris was recorded by loading microarrays with
arange of synthetic C. auris target DNA concentrations (Fig. 3d). A
4-parameter logistic curve was fit to the signal-generated concentra-
tions and the LOD was calculated to be (DENISHSO0IEEHIES in the
sample (see detailed discussion in Supplementary Information). The
linear regime of quantification was found to be BB (see Sup-
plementary Information 1). We also verified the ability of real-time
dSHERLOCK to quantify C. aurisin simulated swab samples and found
that Amies medium and non-specific DNA had negligible effects
(Supplementary Table 4 and Fig. 5). Similarly, we assessed the impact
of pre-compartmentalization reaction time on absolute quantification
by testing durations ranging from 60 to 180 s. The measured value was
found to be independent of the time before compartmentalization
in this range with p = 0.32 as obtained by weighted linear regression,
indicating that the dSSHERLOCK reactionis robust to fluctuationin reac-
tion initiation times (Supplementary Fig. 6). For practical purposes,
we selected a 1-min pre-compartmentalization time before loading
the chips to efficiently achieve all reaction steps (that is, pipetting,
mixing, loading and compartmentalization), which could rarely be
completed in (ESSHNERESS.

We wished to determine the optimal reaction time for a dSHER-
LOCK experiment. We found that real-time dSHERLOCK enables a
simple evaluation of every timepoint as a potential endpoint (Fig. 3e).
Detection of C. auris occurred SEanyESIOinananchaniy2ONRiRaieD
(EEESEHeRMRaaSEaRed v hen partitions could be statistically

Fig. 3| dSHERLOCK accurately quantifies C. auris in simulated and clinical
swab samples. a-c¢, dSSHERLOCK tracks the fluorescence of individual partitions
over time by the concurrent recording of fluorescence micrographs of (a) a
reference dye channel from which amask is generated that represents the
positions of microwells and (b) areporter dye channel, in which anincrease in
fluorescence intensity over time is observed in partitions that amplify and detect
adsDNA target molecule. Applying the positional mask to the reporter dye
channel enables the extraction of (c) plots of fluorescence intensity over time for
representative individual partitions (coloured lines). A fluorescence intensity
threshold (orange dashed line) can be employed to separate amplified partitions
from non-amplified partitions. d, Plot of signal output (% of positive partitions)
as afunction of concentration recorded in triplicate after 2.5 h of measurements
withsynthetic C. auris ITS2 DNA. Error bars represent standard deviation of 3
distinct replicates. Background was calculated as the mean of 3 distinct samples
without DNA plus 3x their standard deviation. The calibration curve was fit using
a4-parameter logistic regression, minimizing the sum of square errors, to yield
an R?value of 0.98. The LOD (98.4 aM) was calculated as the point where the fit
curve intersects the background. e, Percentage positive partitions over time,

using 3,000-RFU threshold. Error bars indicate 95% confidence intervals (Cls)
(n=3independentreplicates, 50 fM [target]). f, SSHERLOCK quantification of
C. auris clades 1-4 in simulated swab samples (high (H):10° c.f.u.s ml™, medium
(M):10* c.f.u.s mI™, low (L): 10° c.f.u.s mI™’; corresponding to 500, 50 and 5 c.f.u.s
per sample, respectively) and C. haemulonii, C. duobushaemulonii, C. lusitaniae
at10° c.f.u.s ml™ (*). Error bars indicate Poisson noise (n =15 samples). g, ddPCR
vs dSHERLOCK absolute quantification of C. auris. Curves fit as linear functions
minimizing squared error. Efficiency = [dSHERLOCK]/[ddPCR] averaged over
allsamples. h, Blinded dSHERLOCK quantification of C auris from n=30 clinical
residual composite surveillance swabs. Samples were identified as positive
(red) or negative (grey) for C. aurisby MALDI. Error bars indicate Poisson noise.
i, Receiver operating characteristic (ROC) curve plots false positive rate (FPR)
versus true positive rate (TPR) for detection of C. aurisin clinical surveillance
swabs varying fluorescence intensity threshold with anarea under the curve
(AUC) of 0.95.j, Correlation between quantification by dSHERLOCK and qPCR.
Pearson correlation coefficient (PCC) was 0.77, indicating a strong positive
correlation when excluding outliers as determined by studentized residuals
analysis (Supplementary Table 8 and Fig. 9).
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distinguished from background. Absolute quantification of the fungal
load inthe sample was achieved after only 40 min, when no additional
partitions turned positive.

Next, the performance of dASHERLOCK was tested using the
single-blind simulated swab panel, as described previously (Fig. 2c).
Sample unblinding occurred only after SSHERLOCK assay results were
obtained and reported. The concentrations measured by dASHERLOCK
agreed well with pre-assay c.f.u.sacross all four clades and concentra-
tions (Fig. 3f). Quantitative information was obtained from all four C.
auriscladesand the assay did not detect the samples of related Candida
species, indicating high specificity.

We next evaluated the quantification of SSHERLOCK compared to
digital droplet PCR (ddPCR) (Fig. 3g). In general, ddPCR and dSHER-
LOCK showed close agreement in relative concentration between
samples butdiffered in absolute c.f.u.s (detailed discussionin Supple-
mentary Information). (iSpioBaBiliNGidSEcionSHiCiEncyNNiEh
dSHERLOCK was 38% relative to ddPCR, similar to other quantitative
COERSEMAINSEReEsEd 1his difference can be ascribed to the fact that
@ESI2AIGISBIEAVES® dcstroys the target molecule, potentially occurring
before amplification*’. We observed this effect to be highly reproduc-
ibleand thus, asimple correction constant could be applied on the basis
ofthelinearity and overlapping ranges of both methods. A comparison
between dSHERLOCK and ddPCR revealed a high degree of consistency
inamplification efficiency across all four C. auris clades, as reflected by
theslope of 0.98 inthe log-log plot (Fig. 3g). This suggests that despite
slight variations, the overall performance of dSSHERLOCK remains
reliable for quantification across different clades, with the minor cor-
rection factor applied ensuring accurate alignment between the two
methods. Both ddPCR and dSHERLOCK showed reduced calculated
c.f.u.s relative to prepared c.f.u. counts (Supplementary Fig. 7), but
this may be due to target degradation during shipment and storage
because the samples were prepared and blinded at one institution,
and shipped and stored at another institution.

To further evaluate the clinical applicability of dSSHERLOCK
to detect C auris, we challenged the platform with a blinded panel
of 30 naris-axilla-groin swabs collected as surveillance samples
directly from patients. Samples were heat killed but an explicit lysis
step was omitted. After measurement using dSHERLOCK, the panel
was unblinded with results compared to MALDI mass spectrometry
and qPCR. Using the optimal reaction time of 40 min, determined in
Fig. 3e, dSSHERLOCK correctly identified 14/15 positive samples and
15/15 negative samples, resultinginanaccuracy of 96.7% (Fig. 3h). The
performance of ASHERLOCK as a tool for the detection of C. aurisis
furtherillustrated by an area under the curve (AUC) of 0.95 in a (CEEINED
GRS CaECEHSHGIROEIENAS drawn by varying the fluorescence
intensity threshold for classifying a well as positive from high to low
(Fig. 3i). Detection performance was robust to the specific choice of
fluorescence threshold, withall metrics retaining their maximum value
inarange from 2,500 to 4,000 RFU (Supplementary Fig. 8).

To examine the accuracy of fungal load quantification in clinical
samples, we compared concentrations measured by dASHERLOCK
with measurements obtained by qPCR (Fig. 3j). The analysis showed a
moderate correlation between the two quantities with a GEiSONGOR
(EECHCOEHGERMBO®NSH®, dcmonstrating that dASHERLOCK is
ableto quantify fungalload in clinical swab samples collected directly
from patients. This correlation is notably lower than the PCC of 0.78
between dSHERLOCK and PCR observed in synthetic swab samples
@EEMBEP hich exhibited a strong positive correlation. The lower
correlationin patient samplesis influenced by a single outlier (Patient
11, PCR cycle threshold (C,) =19.8, Supplementary Fig. 9), which had a
high fungalload by qPCR, but low signal by dSSHERLOCK. We identified
this point as an outlier on the basis of its studentized residual, which
is 4.92 standard deviations from the expected value derived from the
linear fit. Excluding this sample increases the PCC between dSHERLOCK
and PCR in clinical samples to a strong correlation of 0.77 (Fig. 3j),

in agreement with the synthetic swabs and supporting the utility of
dSHERLOCK for quantification across a clinically relevant range of
pathogen concentrations.

Thessingle clinical false negative result (Patient 24; C, = 32.5) falls
eSS EREOCKIEHERSPIEEHEENNN O the basis of the

regression between the clinical sample C,values and dASHERLOCK meas-
urements, we find that the practical LOD of the system is comparable
to that of qPCR (Supplementary Fig. 9). For comparison, C. auris was
successfully detected in other clinical samples with similar C, values

(C.= 31.6and 32.4). SEBCNENES OS2 EEHeRlCORSIteED
(ERSHaoEERbTSRRSIVElaRESSaRgeS (<10 c.\.u.s m™),and

both platforms begin to approach their detection limits in this range.
These results indicate that dASHERLOCK exhibits practical analytical
sensitivity limitations comparable to those of qPCR, and GEIEEHNg

Quantification of echinocandin resistance using dSSHERLOCK
Up to 90% of all C. aurisisolates show resistance to the antifungal flu-
conazole*. Thus, echinocandin antifungals are the current preferred
treatment option and generally remain effective, although resistance
hasincreased substantially*. We designed a dSHERLOCK assay for echi-
nocandin resistance on the basis of detection of a pathogenic SNP in
the FKS1 gene, FKSI1 S639F, which results from a C1916T transition**.
Using a gRNA that was perfectly complementary to the mutant allele
resulted in detectable signal from the mutant allele and unexpectedly
high signal from the detection of the wild-type allele, despite the single
base pair mismatch between the gRNA and WT allele at the site of the
SNP (Fig. 4a). Introducing a mismatch in the gRNA two nucleotides
from the SNP of interest, in the PAM distal direction from the SNP,
resulted in improved specificity and sensitivity for the mutant allele
(Fig. 4b). This gRNA has a single intentional mismatch as compared
to the mutant allele sequence, but has two mismatches compared to
the wild-type allele (mismatch and SNP), which knocks out tube-scale
signal from the wild-type allele (Fig. 4b). This strategy has previously
been described to aid in SNP-detecting guide design*. We observed a
similar effectin our design of a dSHERLOCK one-step assay for an SNP
mutationinthe ERG11 gene conferring resistance to azole antifungals
(Supplementary Fig.10).

Given the higher signal with single mismatch gRNA compared with
gRNA perfectly complementary to the MT allele, we sought to deter-
mine whether the difference in final fluorescence intensity between the
mutant and wild-type templates was due to a difference inthe absolute
number of templates detected or aresult of distinct reaction kinetics.
We performed dSHERLOCK FKSI assaysin triplicate at 50fM and quan-
tified the results using a threshold of 3,000 RFU after 2.5 h (Fig. 4c).
Surprisingly, we observed that both the mutant FKSI allele, with one
mismatchtothe gRNA, and the wild-type allele, with two mismatches to
the gRNA, had an equal percentage of partitions amplified, indicating
anequal number of templates detected (see Supplementary Fig. 4 for
choice of fluorescence threshold). Thus, the difference in fluorescent
signal between reactions with the mutant and the wild-type alleles
observedinthetube-scalereaction (Fig.4ab) is not dueto the specific-
ity of gRNA to hybridize and detect the wild-type target molecule (that
is, adifference in the number of molecules detected), butis related to
the uniquekinetics of detecting each template (that is, template ampli-
fication, the efficiency of template recognition, or the subsequent trans
cleavage of fluorescent reporter molecules).

We next asked whether quantification of the two alleles could
be resolved temporally by comparing when a reaction reaches a fluo-
rescence intensity threshold, which we defined as time to positivity
(TTP, Fig. 4d). To ensure specificity against potentially amplifiable,
non-target DNA (for example, from skin cells or environmental contam-
inants), 50 fM of both scrambled synthetic DNA sequence of the same
length and a pure water sample were used as controls. We observed that
detection of the mutant allele occurred with faster reaction kinetics
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Fig. 4 | SNPs of the FKSI resistance gene exhibit distinct kinetics in
dSHERLOCK. Plot of fluorescence after 2.5 h as a function of concentration

for standard-scale one-step dSHERLOCK assays for detecting an SNP in the
FKSIgene with (a) a gRNA perfectly complementary to the FKSI mutant allele
and (b) agRNA that is complementary to the FKSI mutant allele except for one
intentionally added mismatch. The added mismatch is two nucleotides from the
SNP of interest, in the PAM distal direction. Data indicate mean + 95% Cl (n =3
technical replicates). ¢, Bar plot of percent positive partitions using dSSHERLOCK
to detect synthetic DNA of mutant and the wild-type allele at 50 fM sample
concentration after 2.5 hwith athreshold of 3,000 RFU. Data indicate mean + 95%
Cl(n=3technicalreplicates).d, Line plot of the percent compartments that
cross the positive fluorescence threshold as a function of time. Scrambled (SCR)
represents a synthetic DNA of ascrambled sequence, equal in length to synthetic
DNA targets of both mutant and wild type, measured at a sample concentration
of 50 fM. No DNA control (NC) represents samples of pure nuclease-free water.
Intervals betweenimages were 10 min and all reactions were prepared as 3

PC1

distinct samples (n =3). Datarepresent mean + s.d. e,f, Plot of ASSHERLOCK FKS1
calibration curves using a 3,000-RFU threshold for (e) mutant allele, evaluated
after1hand (f) wild-type allele after 2 h. Data represent mean + s.d. of distinct
triplicate measurements. g, Schematic amplification trajectories of individual
partitions (RFU over time) showing extractable features such as intensity,
velocity, AUC and timepoints to quantify curve shape. Extracted features can

be found in Supplementary Table 6. h, Scatterplot with kernel densities of
continuous features in training data, such as maximum velocity and AUC, shows
ahigh degree of correlation. Labels correspond to ground truth. i, Scatterplot
with kernel densities of principal components 1vs 4 in training data illustrates
separation between mutant and wild type with low correlation. Components
1and 4 were chosen for illustration purposes only to show maximum visual
separation of mutant and wild type in an orthogonal 2D space. Labels correspond
to ground truth. j, Confusion matrix from arandom-forest classifier on holdout
test dataset of n=1,000 reactions of each allele. Features for classification were
calculated after 2 h of measurements. Colour bar indicates reaction counts (n).

than detection of the wild-type allele, while neither scrambled DNA
nor water controls resulted in signal amplification.

Individual reaction compartments containing either mutant or
wild-typetarget alleles showed distinct reaction kinetics but compara-
ble endpoint fluorescence (Supplementary Fig. 11). However, while the
reactionkinetics betweenthe twoalleles are reliably differentinagiven
chip, the degree of the difference varies between chips within agroup
and between experimental groups. Batch effects cause positive parti-
tionstoreach varying fluorescence intensities and exhibit different reac-
tionkinetics, whichimpedes allele separation using simple thresholds.
No single threshold that was valid between all batches could be found
to accurately separate mutant and wild type (Supplementary Fig. 12).
Onthe basis of the observed difference in kinetics between alleles, we
recorded calibration curves after1 hand 2 hfor the mutant (Fig. 4e) and
wild-type (Fig. 4f) target DNA alleles, respectively, corresponding to the
timepoints when no additional partitions turned positive. We found the
assay to perform equally well at quantifying the mutant and wild type
(see detailed discussion in Supplementary Information).

Classification based on multiple reaction kinetics features
enhances allele discrimination
Due to complications arising from batch effects, which prevent the
use of simplereaction thresholds or TTP to separate targetalleles, we
extracted additional reaction kinetics features from each compart-
ment (Supplementary Table 6). Features were categorized as either
continuous variables, such as intensities and velocities, defined as the
changeinintensity between two measurements, or the timepoints when
certainreaction characteristics were observed (for example, maximum
intensity or maximum velocity) (Fig. 4g). Many continuous features
were highly correlated and scaled (Fig. 4h). Orthogonal features were
obtained using principal component analysis (PCA). All eight princi-
pal components (PCs) were retained for classification, providing the
classifier withless correlated variables, some of which presented good
separation between mutant and wild type (Fig. 4i).

Toreduce the classification task toabinary choice between mutant
and wild type, we developed an algorithm to remove non-amplifying
compartments on the basis of their maximum fluorescence intensity.
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Fig. 5| dSHERLOCK simultaneously and rapidly quantifies SNP alleles in
heterogeneous samples. a,b, Fluorescence micrographs of reporter dye channel
after 2 h, with magnification for emphasis, of microarrays containing synthetic
DNA at atotal concentration of 50 fM with allele fractions of (a) 25% mutant and
75% wild type and (b) 75% mutant and 25% wild type. Representative examples of
3and 4 independent replicates, respectively. c,d, Plots of fluorescence over time
for microarrays showninaandb. Intervals between images were 10 min.

e-g, Histogram plots of partitions with respect to representative features
extracted from trajectories shownin c and d. Visualized features are (e) AUC,

(f) maximum velocity and (g) timepoint of maximum velocity. h, Negative
partitions (orange-black) as labelled by GRANITE on the maximum fluorescence
intensity and positive partitions (blue). i,j, Scatterplots of partitions in

principal components1and4, chosen for illustration only on the basis of good
visual separation of groups. Labels for mutant (MT) and wild type (WT) were
determined by random-forest classification for illustrative purposes. k, Bar
plot of concentrations of each allele in both chips as determined by random-
forest classification and Poisson statistics. 1, Plot of concentrations of each
allele, as determined by the classification scheme, from chips containing 0%,
10%,25%,50%, 75%, 90% or 100% of mutant allele at a constant total sample DNA
concentration of 50 fM. For each mutant allele fraction, chips were prepared
atleastintriplicates across separate batches on different days. Lines represent
means and shaded areas represent 95% Cls. Marker shapes represent batches.
n=>54chipsacross 6 independent batches.
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These negative compartments followed a Gaussian distribution leading
ustoemploy a customized Gaussian fitting algorithm termed GRANITE
(Gaussian robust algorithm for negative identification via thorough
estimation) (Supplementary Fig. 13).

Arandom-forest classifier was built on 15,000 randomly selected
trajectories and tested on a holdout set of 1,000 trajectories from
each class to estimate performance (Fig. 4j). The classifier correctly
identified 97.3% of mutant alleles and 98.4% of wild-type alleles, for
a classification sensitivity of 98.3%, classification specificity of 97.3%
and classification accuracy of 98%.

Simultaneous quantification of multiple alleles in
heterogeneous mixtures

With the development of a ASHERLOCK classification scheme for
homogeneous populations, we wished to determine whether this
technique could be applied to multiplexed detection within heteroge-
neous populations. This could be useful for monitoring the develop-
ment of resistant subpopulations. We evaluated whether dSSHERLOCK
could simultaneously quantify FKSI mutant and wild-type alleles
using mixed targets at a total DNA concentration of 50 fM, maxi-
mizing the number of partitions loaded with a single template. We
recorded images every 10 min for 2 h and subsequently applied all
previously described data-processing steps to obtaina concentration
measurement for both alleles via the difference in kinetics between
the reactions. After 2 h, a difference in fluorescence intensities was
clearly visible between compartments loaded with mutant target
DNA and those with wild-type target DNA (Fig. 5a,b). However, manual
classification for each compartment was not a trivial task. Endpoint
fluorescence intensity allowed separation of wild-type and mutant
FKS1 target for many compartments, but a substantial population of
compartments had intensities that fell between allele groups. Batch
effects alsoresulted in chip-to-chip heterogeneity (Fig. 5c,d), validat-
ingtheimportance of GRANITE processingin the classification scheme
(Supplementary Fig. 10).

For the continuousreactionkinetics features, both alleles followed
approximately Gaussian or tailed Gaussian distributions (Fig. 5e,f),
while the discrete timepoint features did not follow clearly recogniz-
able distributions (Fig. 5g). Maximum intensity plus GRANITE were
used to identify negative compartments and to exclude them from
the validation dataset (Fig. 5h). Applying the previously calculated
principal component decomposition, we observed a clear separation
in some PCs (Fig. 5i,j). Subsequent classification then labelled the
remaining compartments as mutant or wild type, which enabled us
to calculate sample concentrations of each allele in each chip via the
Poisson distribution (Fig. 5k).

To evaluate whether dSSHERLOCK could be used to predict both
the identity and concentration of each allele in a mixed population,
the mutantallele was titrated as 0%,10%, 25%, 50%, 75%, 90% and 100%
relative to the wild-type allele in batches of between 2 and 6 chips for
eachallelefraction (Fig. 51). dSSHERLOCK accurately and reliably quanti-
fied the allele fractionin multiple independent batches. Although the
efficiency of the dSSHERLOCK FKSI assay caused the measured sample
concentration to be approximately six times lower than expected, the
good linearity and precision between batches showed that one could
apply aconstant factor torecover the absolute sample target concen-
tration for each allele simultaneously from asingle 2-h measurement.
We hypothesize that this low efficiency arises from the competition
between template amplification and template cleavage. Thus, split-
ting SHERLOCK reactions into single-template partitions enables
us to obtain reaction kinetics for individual target molecules. On
the basis of these kinetics, we are able to distinguish and separately
quantify different target moleculesin asample. Through this method,
dSHERLOCK detects the allelic fraction of aresistant strainin a mixed
sample, which would not be discernible under standard SHERLOCK
reaction conditions.

Discussion
In this work, we describe dASHERLOCK, a single-molecule nucleic acid
platform for the quantification of double-stranded DNA (dsDNA) tar-
gets using CRISPR/Cas and isothermal amplification. The platformwas
applied to the quantification of the emerging fungal pathogen C. aurisin
both contrived and real clinical surveillance swab samples at clinically
relevant concentrations in an appropriate sample-collection matrix.
Machinelearning was applied to features extracted fromsingle-template
reaction kinetics for the simultaneous quantification of SNP alleles
conferring resistance of C. auris to antifungals. Single-template reac-
tions revealed that tube-scale target specificity was the result of distinct
reaction kinetics for a template, rather than the absolute number of
target molecules detected. These assays show the usefulness of one-step
reaction kinetics, CRISPR diagnostickineticsinasingle-template system
and amultiplexed CRISPR diagnostic assay using a single guide.
dSHERLOCK reliably detected the presence of C. auris in both
simulated and clinical swab samples at clinically relevant concen-
trations after just 20 min and enabled absolute quantification after
40 min. Since ASSHERLOCK was shown to measure the target DNAin the
relevantsample transport medium directly, no dedicated nucleic acid
extraction step was necessary. We hypothesize that the time scales and
minimal sample preparationrequirements of these assays could enable
swift decision-making in a clinical setting, with quantitative tracking
resulting in the ability to contain outbreaks in healthcare facilities. In
the clinic, we envision that, under ideal conditions, our assay would first
provide presence/absence informationwithin the first 20 min, followed
by quantification after 40 min. Similar to standard antibiotic suscepti-
bility testing (AST), dSSHERLOCK-based geneticresistance testing would
be conducted as afollow-on experiment. Further clinical validation will
benecessary to establish the explicit relationship between genotypic
and phenotypic AST, ensuring the assay’s utility in real-world settings.
At present, clinical guidelines do not define actionable thresholds for
low-frequency resistance mutations in individual swabs being tested
for C. auris* . Future work will be needed to determine whether mixed
resistance genotypes within individual patients occur at clinically
meaningful levels and to define allele fraction thresholds that would
guide antifungal therapy.

As has been described in the literature, a competition exists
between theisothermalamplificationand the cis cleavage of the tem:
@& . In our platform, this competition may occur before orimme-
diately after compartmentalization, meaning that once atemplate is
cleaved, it canno longer serve as a substrate for RPA and is effectively

lostto the assay. Thisloss mechanism probably contributes to the lower
observed detection efficiency for dSSHERLOCK compared with ddPCR,
(RiChrElcssaIElyeRamplRiEaseRd \ onctheless, our platform offers

insightsinto the kinetics of SHERLOCK reactions, and further study may
enable more streamlined primer and guide selection, perhaps untan-
glingthetworeactions, to enable rational design. This approach stands
in contrast to tube-scale experiments, which favour the fastest or most
prevalenttemplates. Further optimization of reaction conditions, such
as compartment size, enzyme selection and buffer composition could
improve assay performance to enable direct single-molecule detection
without nucleic acid amplification.

We expect that new applications could arise from the simultaneous
quantitative and multiplexing capabilities described in this manuscript.
We anticipate that dSSHERLOCK could be useful for the quantification
of emerging viral resistance, for example, testing for patients living
with HIV to quantify both the viral load as well as the status of resistance
mutations, or during viraland bacterial surveillance, asis now common
in wastewater*® and food production®, to identify outbreaks early.

Methods

Identification of species-specific target sequences

Previously established bioinformatics techniques for the identifica-
tion of species-specific nucleic acid sequences were used™. Suitable
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target sequences were required to have >99% target specificity against
other infectious agents and related species. All available high-quality
C. auris genomes were analysed and compared to reference genomes
forall other Candidarelated species, as well as broader non-redundant
nucleotidesin the NCBI database. The applied bioinformatic approach
splitsgenomesinto small20-30 nucleotide k-mers. Then, using a series
of efficient algorithms, genome-wide analyses were performed toiden-
tify regions that are specific to C. auris. In this case, the assay targets
the ITS region of C. auris, whichis in line with the gold standard qPCR
assay”’. Alignments of these areas show that our assay performs iden-
tically to the standard qPCR assay”. Both assays had perfect matches
to all 49 strains, spanning all clades, that are available in NCBI (see
Supplementary Table 7).

SHERLOCK RPA primer and gRNA screening

Conserved regions identified from the bioinformatics analysis were
used to generate target RPA primers and gRNA sequences. RPA prim-
ers were purchased from Integrated DNA Technologies (IDT). The
CRISPR gRNA was produced by in vitro transcription from synthetic
DNA sequences purchased from IDT using the HiScribe T7 Quick High
Yield RNA Synthesis kit (New England Biolabs, NEB) and purified using
the RNA Clean and Concentrator kit (Zymo). A quenched fluorescent
ssDNAreporter witha5’end-labelled FAM group and a3’ end attached
to an lowa Black quencher (56-FAM/TTATT/31ABkFQ) was purchased
from IDT. RPA primer screens were conducted using 10 pl reaction
volumes of the RPA basic kit (TwistDx) spiked with unique primer sets
tofinal concentrations asrecommended in the manufacturer instruc-
tions: 14 mM magnesium acetate, 490 pM RPA primers each and 0.6x
rehydration bufferincubated at 40 °C for 30 min. Initial screen gRNAs
were constructed for expected RPA amplicons of different sequence
targets. Collateral degradation of ssDNA reporter upon Casl2aactiva-
tionwas measured by mixing 2 pl of an RPA primer screenreactioninto
a 10 pl reaction volume with final concentrations of 100 nM Cas12a
(NEB), 200 nM gRNA, 1x NEB 2.1 buffer and 1 uM ssDNA reporter. We
incubated the mixture at 40 °C for 120 min and measured fluorescence
kineticsinaBioTek Synergy NEO HTS plate reader (BioTek Instruments)
with readings every 3 min (excitation: 485 nm; emission: 535 nm). The
best-performing RPA primer sets from sequence targets were selected
for further testing of two to three gRNAs constructed from the RPA
ampliconregion, using the same protocol.

Tube-scale two-step Sherlock

RPA reactions were prepared per TwistAmp Basic RPA pellet
(TwistDx) and following manufacturer instructions by using 29.5 pl
of RPA rehydration buffer (TwistDx) and 480 nM of each primer (IDT).
Double-stranded target DNA and nuclease-free water were combined
toaddupto47.5ul.Asalast step, 2.5 pl of 280 mM magnesium acetate
wasadded. Thereactions wereincubated at 40 °C for 30 min. Casreac-
tion mixes were prepared by using 9.4x NEB buffer 2.1,25 ng ul ™ guide
RNA, 1.25 uM Lba Cas12a (NEB) and 4 uM fluorophore-quenched ssDNA
fluorescent reporter (56-FAM/TTATT/3IABKFQ) (IDT). Cas reaction
mix (2.5 pl) was added to each 50 pl RPA reaction mix and then again
incubated for 10 min at37 °Cbefore continuous fluorescence readout
inaBiotek Synergy NEO HTS plate reader for 150 min at 37 °C. During
optimization, several reactions were run fromasingle RPA tube (using
final volumes of 10, 12.5 or 25 pl instead of 50 pl); however, the same
final concentrations of all reagents were conserved. Higher volumes
and mixing of samples and RPA reactions improve sensitivity.

Tube-scale one-step Sherlock

CRISPR-based sensor reactions were prepared using 40 nM EnGen
Lba Casl2a (NEB), 5,250 nM gRNA, 1x NEB buffer 2.1, 500 nM
each of the RPA primers (IDT), 4 mM HEPES (4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid) (pH 8.6) (Sigma-Aldrich), 12 mM
NaCl (Sigma-Aldrich), 1% polyethylene glycol 8000 (Sigma-Aldrich),

1M fluorophore-quenched ssDNA fluorescent reporter (56-FAM/
TTATT/31ABKFQ) (IDT), 14 mM magnesium acetate (TwistDx) and 1
TwistAmp Basic RPA pellet (TwistDx). Prepared sensor reactions exclud-
ing the magnesium acetate were deposited into 0.2-ml PCR tubes
together with10 pl of DNA at agiven target concentration. Magnesium
acetate was then added, and the reactions were incubated for 10 min
at 37 °C before continuous fluorescence readout in a Biotek Synergy
NEO HTS plate reader for 150 minat 37 °C.

Digital Sherlock (ASHERLOCK)

CRISPR-based sensor reactions were prepared as final concentrations
of 40 nM EnGen Lba Cas12a (NEB), 5,250 nM gRNA, 1x NEB buffer 2.1,
500 nMeachofthe RPA primers (IDT), 4 mM Tris (tris(hydroxymethyl)
aminomethane, pH 8.19) (Sigma-Aldrich), 12 mM NaCl (Sigma-Aldrich),
1% polyethylene glycol 35000 (Sigma-Aldrich), 0.01% Polysorbate 20,
1M fluorophore-quenched ssDNA fluorescent reporter (56-FAM/
TTATT/31ABKFQ) (IDT), 14 mM magnesiumacetate (TwistDx),1 uMROX
reference dye (Invitrogen) and 1 TwistAmp Basic RPA pellet (TwistDx).
From these reagents, two master mixes were prepared: an RPA mix (at
1.5x final concentrations, containing Tris (pH 8.19), NaCl, PEG 35 kDa,
Polysorbate 20 and ROX reference dye) and a CAS mix (containing 6.77x
final concentrations of Cas12a, gRNA, ssDNA fluorescent reporter and
supplemental magnesium acetate). All reagents were prepared and
kept onice before mixing. Initially, 33.3 pl RPA mix was deposited onto
eachlyophilised TwistAmp Basic pellet before mixing and splitting into
two separate tubes. To each tube, 5 pl sample or target DNA at agiven
concentration was added. The overall reaction was initiated by the addi-
tion of 3.75 pl CAS master mix, containing magnesium as a necessary
enzymatic cofactor to activate both the Cas and RPA reaction, followed
byimmediate vortexing at medium speed for 5 s. The tubes were briefly
spun down again and 14.5 pl were pipetted into the solution loading
blade. To ensure consistency between samples, exactly 1 min after add-
ing the Cas master mix, the solution was loaded into the QuantStudio
3D Digital PCR 20 K v2 Chip (Applied Biosystems) that was heated to
40 °Cwithin10 s. The bridging surface liquid was allowed to evaporate
for30 sbeforeimmersion fluid was applied, the chip lid was attached,
and the cavity filled with immersion fluid (see Supplementary Fig. 1).
Images were collected using a Hamamatsu ORCA-FLASH 4.0 CMOS
camera (Model C11440-22C, Hamamatsu) on a Zeiss Axio Zoom V16
every 2 min for 2.5 h, with the first two images at room temperature
and subsequent images at 37 °C. Temperature was controlled using
a ThermoPlate TPi-SQPX (Tokai). In other experiments, images were
collected every 10 min and for a total duration of up to 24 h. Reaction
mix not used in the digital experiment was quantified as a tube-scale
control using continuous fluorescence readout in a Biotek Synergy
NEO HTS plate reader for 150 minat 37 °C.

dSHERLOCK C. auris calibration curve

The calibration curve wasrecorded intriplicate after 2.5 h of measure-
ments with synthetic C. auris DNA containing the Internal Transcribed
Spacer 2 gene. Target concentrations in samples were 500 aM, 1 fM,
5fM, 50 fM, 500 fM and 1 pM in nuclease-free water. Partitions were
evaluated as positive if their background-subtracted fluorescence
crossed a threshold of 3,000 RFU. Error bars represent the standard
deviation of three biological replicates. Background was calculated as
the mean of three samples without DNA plus three times their standard
deviation. The calibration curve was fit using a 4-parameter logistic
regression, minimizing the sumof square errors. The limit of detection
was calculated as the point where the fit curve intersects the back-
ground. Intervals betweenimages were 2 min.

dSHERLOCK FKSI mutant calibration curve

The calibration curve was recorded in triplicate after 1 h of measure-
ments with synthetic FKSI DNA containing the locus of the SNP muta-
tion. Target concentrations in samples were 25 aM, 50 aM, 500 aM,
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5fM, 50 fMand100 fMin nuclease-free water. Partitions were evaluated
as positive if their background-subtracted fluorescence had crossed
athreshold of 3,000 RFU. Error bars represent the standard devia-
tion of three biological replicates. Background was calculated as the
mean of three samples without DNA plus three times their standard
deviation. The calibration curve was fit using a 4-parameter logistic
regression, minimizing the sum of square errors. The limit of detec-
tion was estimated to be below the lowest measured concentration
due to non-detectable background signal. Intervals between images
were2 min.

dSHERLOCK FKS1 wild-type calibration curve

The calibration curve was recorded in triplicate after 2 h of measure-
ments with synthetic FKSI DNA containing the wild-type locus of the
SNP. Target concentrations in samples were 25 aM, 50 aM, 500 aM, 5 fM,
50 fM and 100 fMin nuclease-free water. Partitions were evaluated as
positive if their background-subtracted fluorescence had crossed a
threshold of 3,000 RFU. Error bars represent the standard deviation
ofthreebiological replicates. Background was calculated as the mean
of three samples without DNA plus three times their standard devia-
tion. The calibration curve was fit using a 4-parameter logistic regres-
sion, minimizing the sum of square errors. The limit of detection was
calculated as the point where the fit curve intersects the background.
Intervals between images were 10 min.

Guide RNA production

Single-stranded ultramers containing the guide sequence and a
T7-promoter region, as well oligos complementary to the promoter
were purchased from IDT. Ultramers and the oligos were annealed and
the HiScribe T7 quick protocol (NEB) was used for gRNA transcription
overnightat37 °C. The product was treated with Dnase I (NEB), the RNA
was purified withaZymo Research RNA cleanup kit and then quantified
using a nanodrop spectrophotometer (ThermoFisher).

Preparation of heat-killed simulated swab surveillance
samples
Simulated swab samples were prepared from C. auris cultures. Isolates
were streaked on Sabouraud dextrose agar (SDA) plates and incubated
at 30 °C for 48 h. Subculture isolates were selected and incubated at
30 °C for ~24 h on SDA plates. Isolate identity was confirmed using
MALDI-TOF-MS. Subculture isolates were diluted into PBS-BSA, con-
centration was adjusted to an optical density at 530 nm (OD;,) of 0.1
(80% T,10° c.f.u.s ml™ stock) and serially diluted in 10-fold increments
to 10° c.f.u.s ml™. Stock (100 ml of 10® c.f.u.s ml™) was plated on SDA
induplicate and incubated at 30 °C for 48 h to confirm c.f.u. counts.
Simulated samples of 10° c.f.u.s mI™ (high), 10* c.f.u.s ml™ (mod-
erate) and 10° c.f.u.s ml™ (low) were prepared by aliquoting 100 ml
of 10x cell suspension into 900 ml BD E-swab (Amies) medium (BD
220245, Copan Italia S.P.A.). Subsequently, simulated samples were
heatinactivated by incubating at 90 °Cin awater bath for 3 h. Sample
concentrations were quantified in terms of fungal c.f.u.s ml™ and a
C. aurisreal-time qPCR assay®” (BD Max System, Becton Dickinson).
Genomic DNA samples were heat inactivated by incubating at
70 °Cin a water bath for 30 min, homogenized and extracted using
QIAcube (Qiagen).

Preparation of heat-killed patient-derived surveillance
samples

De-identified and residual composite surveillance samples (nares,
axillaand groin swabs) in Amies media were obtained from the Wads-
worth Center of the New York State Department of Health during
September and October 2024 under Wadsworth Center IRB-exempt
protocol 03-037. All swabs were tested by PCR (BD Max System) follow-
ing Wadsworth Center protocols. A100-plaliquot of each sample was
streaked onto ChromAgar Candida Plus and incubated at 37 °C for at

least 2 days. MALDI-TOF-MS was used to confirm the identity of any sin-
gle colony thatappeared to be C. auris (pink with blue halo). For positive
samples, the swab liquid was stored at 4 °C, while negative samples were
initially stored at 4 °C before being transferred to —-80 °C. The Wads-
worth Center Laboratories selected 30 total samples: 3 high (C, =-20,
~10° c.f.u.s ml™), 3 moderate (C,=-23, ~10* c.f.u.s mI™), 3 low (C,= 26,
~10%c.f.u.s ml™?) and 6 very low (C,=~29, -10% c.f.u.s ml™, or C,=~32)
samples forinclusionintheblinded paneland 15 PCR-negative swabs.
Allsamples were heat killed by incubation in a water bath at 90 °C for
3 h, and sterility was confirmed by plating swab liquid on SDA plates.

ddPCR

The BioRad QX200 digital droplet PCR system in the Boston Chil-
dren’s Hospital Intellectual and Developmental Disabilities Research
Center Molecular Genetics Core Facility was used, following
manufacturer guidelines.

Computational methods: image processing

Reporter channel images were field-flatness corrected by dividing
the image with the normalized pixel intensity from a homogene-
ously fluorescent green UV-resistant cast acrylic sheet (85635K411,
McMaster-Carr). Individual microwells were identified using a fluo-
rescence intensity threshold on the ROX channel. An approximate
global threshold was determined using Yen'’s thresholding method*°,
and multiple neighbouring thresholds were examined iteratively to
account for local variations. At each threshold, appropriately sized
connected components were retained to generate a mask that corre-
sponded to filled microwells. To account for small movements of the
chip between subsequent images, the locations of three microwells,
evenly distributed on the chip along the y axis, were tracked and a
Euclidean transformation was estimated. Inverse transformations
were applied to allimages, resulting in uniform orientation of the chip
throughout time. To ensure robustness to environmental contamina-
tion, suchas the settling of dust on the chip, the binary masks for each
timepoint were multiplied, such that partitions that became unrecog-
nizable over time were ignored. Coordinates of each microwell, as well
asintensities inboththe ROX channel and the FAM channel throughout
time were extracted.

The master maskbuilt on the ROX channel composite aligned stack
was applied toall displacement-corrected images in the FAM reporter
dye channel, and the average fluorescence intensity of pixels within
individual compartments was extracted at each timepoint. To correct
for background fluorescence, the initial fluorescence intensity of each
microwell (recorded before powering the heater on) was subtracted
fromall subsequentimages of the same microwell. A rationally chosen
threshold was drawn to separate microwells with active reactions
fromthose that did not detect target DNA. Target DNA concentration
was calculated using Poisson statistics from the aggregate number
of microwells with fluorescence intensity greater than the threshold.

Computational methods: timeseries processing

Fluorescence intensities were background corrected by subtract-
ing the FAM intensity at time zero from all subsequent images of
the same microwell. Trajectories, corresponding to the FAM fluo-
rescence intensity as a function of time, were smoothed by apply-
ing a Gaussian-weighted, rolling average over three subsequent
measurements. For thresholding-based evaluation, a microwell was
counted as positive if at any point in time its background-corrected,
smoothed FAM fluorescence intensity was greater than an appropri-
ately chosen threshold.

Computational methods: feature extraction and
dimensionality reduction

For the machine-learning-based classification of microwells contain-
ing different SNP alleles of a gene, features were extracted from the
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background-corrected, Gaussian-smoothed FAM fluorescence inten-
sity asafunction of time. Reaction velocity was calculated as the differ-
encebetween two measurements and divided by theinterval between
the measurements in minutes. Features extracted at an explicit time-
point were calculated in units of minutes, enabling the integration of
datasets collected with different imaging time intervals. All features
aredescribed in Supplementary Table 6.

PCA was applied to eight continuous features described in
Supplementary Table 6 using sci-kit learn with default parameters
and numbers of components corresponding to the number of
continuous features.

Computational methods: GRANITE

The Gaussian fitting algorithm was based on an initial estimation of a
threshold value through fitting of a partial Gaussian and subsequent
iterative improved fit to reliably label compartments as negative for
DNA (Supplementary Fig. 11). GRANITE worked well for highly active
batches in which the distributions of the compartments containing
wild-type targets were clearly separated from those lacking DNA, but
also for batches with very poor activity where two separate distri-
butions were not clearly recognizable. Employing this method, we
removed the negative compartments (that is, those lacking an active
reaction) from the dataset, rather than keeping them as a third label
for the supervised machine learning algorithm.

Computational methods: classification

Training data for the classifier were taken from chips containing tem-
plates of only a single allele that had been quantified for a minimum
of15 h, to ensure separation of positive and negative compartmentsin
their maximum fluorescence values. The negatives class was labelled by
fitting a Gaussian distribution to the microwells showing a maximum
FAM fluorescence intensity below arationally chosen threshold at the
last available timepoint. All microwells with a maximum FAM fluores-
cenceintensity above the mean of the Gaussian and with a probability
p <10~ of belonging to the Gaussian-distributed negative class were
labelled as the respective positive allele class. These labels were used
asground truth to build the classifier.

To remove outliers, z-scores were calculated for both the initial
ROX fluorescence intensity and the initial FAM fluorescence intensity
for each chip. Microwells with a z-score >2.5 were removed from the
training dataset. Microwells from the outer 5% of each edge were dis-
carded to account for reaction variance from temperature gradients.

Arandom-forest classifier with 500 individual trees was trained on
14,000 reactions for each allele, obtained from 22 chips from experi-
ments performed on 9 separate days. All timepoint-based features,
PCs and underlying continuous features, as well as the ground-truth
labels were used.

The classifier was tested on a holdout set of 1,000 trajectories for
eachallele, obtained from the same chips as the training data.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data supporting the findings of this study are available within the
paper andits Supplementary Information. Example data canbe down-
loaded fromfigshare at https://doi.org/10.6084/m9.figshare.29944823
(ref. 51). Should any raw data files be needed in another format, they
are available fromthe corresponding author on reasonable request.

Code availability

Theimage processing and machine learning scripts have been depos-
itedinthe open-access online repository GitHub and may be accessed
at https://github.com/Walt-Lab/dSherlock (ref. 52). The source code

is also available as a Code Ocean Compute Capsule at https://doi.
0rg/10.24433/C0.6935105 (ref. 53). Theimage processing and machine
learningscripts have been deposited in GitHub at https://github.com/
Walt-Lab/dSherlock (ref. 52) and in Zenodo at https://doi.org/10.5281/
zenodo.17153993 (ref. 54).
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Data analysis For this study, custom python code was developed to perform the following components of the data analysis:
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2. extraction of features describing the kinetics of the reactions from the fluorescence time series
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scikit-image=0.24.0
scikit-learn=1.1.3
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C0.6935105.
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and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender N/A

Reporting on race, ethnicity, or N/A
other socially relevant

groupings

Population characteristics De-identified and residual composite surveillance samples (nares, axilla, and groin swabs) in Amies media were obtained
from the Wadsworth Center of the New York State Department of Health during September and October 2024 under
Wadsworth Center IRB-exempt protocol 03-037. These specimens were provided solely for assay development purposes and
were not collected under a protocol involving human subject participation. Accordingly, this work was classified as Not
Human Subjects Research. The assays were not validated for safety, efficacy, or effectiveness.

Recruitment All clinical samples were de-identified and provided without any protected identifying health information.

Ethics oversight Study protocols were reviewed by Wadsworth Center IRB-exempt protocol 03-037 and the Harvard Institutional Biosafety

Committee.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample sizes for experiments were three or greater. For digital experiments, individual samples were broken into approximately 20,000
compartments. No sample size calculation for composite surveillance swabs was performed; 15 and 30 representative surveillance samples
were selected by the Wadsworth Center of the New York State Department of Health.

Data exclusions | No collected data were excluded from analysis. We did not process images of chips with broken sections due to manufacturing defects.

Replication Experiments were performed as three or greater replicates. All attempts at replication are described in the manuscript and no data were
excluded.

Randomization  Not relevant to this study.

Blinding Investigators performing dSHERLOCK were blinded to the sample identity of the clinical isolates in 2c and 3fgh. After submitting quantification
results, investigators were unblinded by Wadsworth Center of the New York State Department of Health, who prepared the panels.
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Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChIP-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms
Clinical data

Dual use research of concern

XXXOX[X &
O00OXOXO

Plants

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) HEK293FT cells were obtained from Invitrogen (catalog #R70007).
Authentication The cell line was not independently authenticated.
Mycoplasma contamination Cultures were tested for mycoplasma contamination using a commercial kit (Lonza MycoAlert, #L.T07-318) and were

confirmed negative.

Commonly misidentified lines No commonly misidentified cell lines were used in this study.
(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals N/A
Wild animals N/A
Reporting on sex N/A

Field-collected samples  Simulated swab samples were prepared from cultured isolates. Isolates were streaked on Sabouraud dextrose agar (SDA) plates and
incubated at 30 °C for 48h. Subculture isolates were selected and incubated at 30 °C for ~24h on SDA plates. Isolate identity was
confirmed using MALDI. Subculture isolates were diluted into PBS-BSA, concentration adjusted to an OD530 = 0.1 (80% T, 106 CFU/
mL stock), and serially diluted in ten-fold increments to 1073 CFU/mL. 100 mL of 1023 CFU/mL stock was plated on SDA in duplicate
and incubated at 30 °C for 48h to confirm CFU counts.




Ethics oversight

Simulated samples of 1075 CFU/mL (high), 1074 CFU/mL (moderate), and 1073 CFU/mL (low) were prepared by aliquoting 100 mL of
10x cell suspension into 900 mL BD E-swab (Amies) medium (BD 220245, Copan Italia S.P.A, Brescia, Italy). Subsequently, simulated
samples were heat-inactivated by incubating at 90 °C in a water bath for 3h. Sample concentrations were verified using real-time PCR
(BD Max System; Becton, Dickinson and Company, Franklin Lakes, NJ).

Preparation of heat-killed patient-derived surveillance samples

Nares/axilla/groin swabs were collected from patients in September and October of 2024 in Amies media. All swabs were tested by
PCR (BD Max System) following Wadsworth Center protocols. A 100 pL aliquot of each sample was streaked onto ChromAgar Candida
Plus and incubated at 37 oC for at least two days. MALDI-TOF-MS was use to confirm the identity of any single colony that appeared
to be C. auris (pink with blue halo). For positive samples, the swab liquid was stored at 4 C, while negative samples were initially
stored at 4 2C before being transferred to —80 °C. The Wadsworth Center Laboratories selected 30 total samples for inclusion in the
blinded panel: 3 high (CT =~20, ~105 CFU/mL), 3 moderate (CT = ~23, ~1074 CFU/mL), 3 low (CT =~26, ~10*3 CFU/mL), and 6 very
low (CT =~29, ~10”2 CFU/mL) or (CT =~32) samples for inclusion in the blinded panel and 15 PCR-negative swabs. All samples were
heat-killed by incubation in a water bath at 90 oC for 3 hours, and the sterility confirmed by plating swab liquid on Sabouraud
dextrose agar (SDA) plates.

Study protocols were reviewed by the Harvard Institutional Biosafety Committee.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Plants

Seed stocks

Novel plant genotypes

Authentication

N/A

N/A

N/A
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