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Large scale screening of CRISPR 
guide RNAs using an optimized 
high throughput robotics system
J. R. Spangler1*, T. A. Leski1, Z. Schultzhaus2, Z. Wang1 & D. A. Stenger1

All CRISPR/CAS systems utilize CRISPR guide RNAs (crRNAs), the design of which depend on the type 
of CAS protein, genetic target and the environment/matrix. While machine learning approaches have 
recently been developed to optimize some crRNA designs, candidate crRNAs must still be screened 
for efficacy under relevant conditions. Here, we demonstrate a high-throughput method to screen 
hundreds of candidate crRNAs for activation of Cas13a collateral RNA cleavage. Entire regions of a 
model gene transcript (Y. pestis lcrV gene) were tiled to produce overlapping crRNA sets. We tested 
for possible effects that included crRNA/target sequence, size and secondary structures, and the 
commercial source of DNA oligomers used to generate crRNAs. Detection of a 981 nt target RNA 
was initially successful with 271 out of 296 tested guide RNAs, and that was improved to 287 out of 
296 (97%) after protocol optimizations. For this specific example, we determined that crRNA efficacy 
did not strongly depend on the target region or crRNA physical properties, but was dependent on 
the source of DNA oligomers used for RNA preparation. Our high-throughput methods for screening 
crRNAs has general applicability to the optimization of Cas12 and Cas13 guide RNA designs.

The field of nucleic acid detection has exploded in recent years following the discovery of Clustered Regularly 
Interspersed Short Palindromic Repeat (CRISPR)-Cas systems1. Improved methods of predicting amino acid 
structure and function have allowed investigators to continue identifying CRISPR-Cas systems from new organ-
isms, therefore growing the field and increasing potential for biotechnological innovation. Some examples include 
applications in microbial engineering2,3, agricultural engineering4,5, novel analyte detection6, disease-mediation7, 
stem cell development8 and viral detection9. CRISPR-Cas systems generally fall into two classes based on the 
number of required Cas components for full function, wherein Class 2 (containing types II, V, and VI) consists 
of single protein systems that are most useful for biotechnological development due to their relative simplicity10. 
There is considerable functional variability within this class, including DNA-identifying Cas9 that is able to 
hydrolyze specific DNA sequences and initiate directed genome editing, along with other proteins that utilize 
the RNA-identifying Cas12 to cleave DNA reporters9 or Cas13 to cleave RNA reporters11 that have been used as 
highly sensitive methods for nucleic acid detection.

The recent global focus on genetic target detection has been met with the design of multiple systems to stream-
line the application of CRISPR-Cas to this end, and this topic has been the focus of extensive recent study12–14 
and review15,16. One particular application of interest involves coupling target amplification with Cas13a RNase 
activity that offers reproducible single molecule detection of nucleic acids with striking sequence fidelity11. The 
sensitivity of this assay, termed SHERLOCK, has generated immense interest for its potential in many areas of 
diagnostics9, sparked the generation of multiple companies, and become the focus of research programs for its 
transition to field applications. Such interest has additionally brought attention to increasing the accessibility of 
CRISPR-based detection, as there is an apparent need for universal and simplified crispr RNA (crRNA) design 
rules. Many investigators have dedicated work towards studying the required RNA structure and protein inter-
actions with various Cas systems17,18 (and reviewed in19), but a universal ruleset for guide RNA design seems to 
be fleeting. There are many examples of design strategies proven successful in a variety of settings as discussed 
above, however each crRNA or CRISPR-array design is dependent on its associated Cas protein, and each of 
these harbor slight variations in sequence fidelity and length intrinsic to their unique properties. Therefore, all 
CRISPR applications require some degree of optimization, prompting some investigators to develop algorithms20 
and methods21,22 to relieve these bottlenecks in the interest of accessibility. Extensive trial and error, however, is 
still common for the understanding and optimization of many applications.
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Recent investigations have shown the SHERLOCK assay to be a successful viral detection strategy9, and 
subsequent studies have demonstrated the application of these principles to differentially identify the lcrV gene 
from three Yersinia spp. with high sequence similarity23. This gene encodes a Y. pestis virulence factor that has 
evaded antigen-based detection methods. Furthermore, the investigators optimized shortcuts in the SHERLOCK 
protocol that greatly reduced bench time without sacrificing detection sensitivity to allow for rapid assessment 
of hundreds of tiled crRNAs. Tiled crRNAs in that study, however, yielded variable Cas13a activation results 
despite homology to adjacent target RNA sequences. We suspected that some target RNA sequences might be 
inaccessible for Cas13a activation due to inherent secondary structure or sequence bias, but it remained unclear 
how to predict such difficult intrinsic nucleic acid criteria when designing crRNAs. As such, we sought to sup-
plement the demonstrated workflow and shed light on the mechanisms crRNA efficacy.

Here, we tested hundreds of candidate crRNAs for activity bias with Cas13a. Sets of hundreds of crRNAs were 
tested targeting discrete sequence ranges of the Y. pestis lcrV gene that represented regions previously observed 
to have variable Cas13a detection efficacies. Our intention was to survey sequence regions on a nucleotide by 
nucleotide basis that corresponded to consistent and inconsistent Cas13a detection to assess why some crRNAs 
fail to detect a target RNA when others do not. Considering the success of the streamlined crRNA production 
and test protocols without the loss of SHERLOCK detection sensitivity23, we decided to simply assay Cas13a 
activation to represent the end of the SHERLOCK assay using a high-throughput format via acoustic liquid 
handler. The results of this effort include thousands of Cas13a activation assays on multiple lcrV-derived targets 
in a number of experimental formats that allowed us to identify characteristics that aid or deter from success-
ful design or implementation of nucleic acid detection strategies. As a result we noted the initial success of the 
majority of our crRNA (> 91%) regardless of target region or nucleic acid physical properties. We furthermore 
found that this success could be improved to 97% through altering RNA preparations, target RNA length, and 
most importantly by changing the commercial source of DNA oligomers used for crRNA preparation. These 
findings build on previous efforts in the field to underscore the accessibility of CRISPR-Cas protocols for mod-
ern biotech applications, and demonstrate the potential scalability of multiplex assays through the use of liquid 
handling technology and optimized batch reagent preparation protocols implemented without compromising 
the specificity and sensitivity for which CRISPR-Cas is known.

Materials and methods
Design of crRNA.  The crRNA design scheme was based off of a previously published method targeting 
the lcrV gene from Y. pestis strain CO9223, where the investigators showed activity from 4 pairs of crRNA with 
either consistent (cr5/cr6 and cr10/cr11) or inconsistent (cr15/cr16 and cr20/cr21) Cas13a activation. Simi-
larly, each crRNA maintained an architecture consisting of a 39 nt direct repeat for Leptotrichia wadei Cas13a 
(LwaCas13a)24 and a 28 nt spacer region targeting the lcrV gene. For our purposes, we expanded the regions 
targeted by the four pairs of previously characterized crRNAs into four regions ranging 102–108 nt in length, 
within which the spacer sequences of 74 crRNAs were tiled per nucleotide (Fig. 1). Our resulting crRNA set 0056 
therefore targeted an expanded region based off of the previously published cr5/cr6, and the same rationale was 
followed for our crRNA sets 1011 (based off of cr10/cr11), 1516 (based off of cr15/cr16), and 2021 (based off of 
cr20/cr21).

Synthesis of crRNA and RNA target sequences.  The crRNA molecules were obtained by conducting 
in vitro transcription (IVT) of DNA oligonucleotides as previously described23. Oligonucleotides specific for 
crRNA contained three parts: the 22 nt T7 promoter, the 39 nt direct repeat for LwaCas13a, and a 28 nt spacer 
sequence. Each crRNA specific oligonucleotide was combined with another bearing the promoter for the T7 
RNA polymerase. The oligonucleotides were purchased from Eurofins Genomics (Louisville, KY) or Integrated 
DNA Technologies (Coralville, IA) and listed in Supplemental Table 1. IVT was done using the HiScribe T7 
Quick High Yield RNA Synthesis Kit (New England Biolabs, Ipswich, MA). The transcription reactions were 
conducted in high-throughput format using the strategy described in the next section. The individual transcrip-
tion reactions were performed in 25 μL of total volume. This included 0.5 μL of 100 μM T7 oligonucleotide, 1.5 
μL of 100 μM crRNA-encoding DNA oligonucleotide, 1.25 μL of T7 RNA polymerase, 9.25 μL of 2 × NTP buffer 
and 12.5 μL of nuclease-free ddH2O. The reactions were carried out for 2 h at 37 °C. The resulting crRNAs were 
used in Cas13a activity assays without additional purification following previously reported protocols for the 
streamlined production of crRNA while maintaining Cas-associated detection sensitivity23.

Target RNA sequences were prepared also using the same HiScribe in vitro transcription system as used for 
crRNA synthesis. Fragments of the lcrV gene from Yersinia pestis strain CO9225 were amplified using primers 
listed in Supplemental Table 2 using FastStart Taq DNA polymerase kit (MilliporeSigma, Burlington, MA, USA) 
according to the manufacturer’s instructions. The forward PCR primers used to amplify lcrV fragments included 
T7 promotor sequences for its incorporation into the amplicons. Two separate fragments of lcrV were ampli-
fied: the full length version (981 nt) using the primers T7lcrVF and YpestislcrVR and the short version (237 nt, 
nucleotides 37 to 273 of the gene) containing the target sequences for the first group of crRNAs using the primers 
RPA56F and RPA56R. Transcription reactions were set up using 2 μL of unpurified DNA amplicon preparation, 
2 μL of T7 RNA polymerase, 10 μL of 2 × NTP buffer and 16 μL of nuclease-free ddH2O (30 μL of total reaction 
volume) and incubated at 37 °C for 2 h, after which 5 μL Turbo DNAse (ThermoFisher, Grand Island, NY) and 
15 μL of nuclease-free ddH2O were added (increasing the total volume to 40 μL) and incubated further 30 min 
at 37 °C to remove the template DNA. The transcript preparations were cleaned up using using RNA Clean and 
Concentrator 25 kit (Zymo Research, Irvine, CA USA) according to manufacturer’s instructions. RNA concen-
tration was determined using a Qubit fluorometer and RNA BR (broad range) Assay kit (ThermoFisher, Grand 
Island, NY) and diluted to 50 ng/μL (full length target) or 12 ng/μL (short target) for use in Cas13a activity assays.
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High throughput crRNA performance testing using Echo acoustic liquid handler.  Both crRNA 
synthesis and Cas13a activity assays were conducted using a high throughput workflow in 384 well plates with 
fluid transfer handled by an Echo 525 acoustic liquid handler (Beckman Coulter, Indianapolis, IN) using the 
Plate Reformat software provided by the manufacturer.

In order to generate crRNAs in this manner, 64 crRNA transcription reactions were set up using reagent vol-
umes as described above for an individual reaction. This included 62 test crRNAs, a positive control crRNA (set 
0056 crRNA 7) and a negative control (crRNA template oligo replaced with TE buffer) as shown in Fig. 1. First, 
master mix containing all reaction components except for template oligonucleotide was distributed using the 
Echo from a 6 well Echo qualified Reservoir plate (cat# ER-0050) to an Echo qualified 384 well microplate (cat# 
ER-0050). 23.5 μL of the master mix was transferred to each well. Subsequently 1.5 μL of the crRNA template 
oligonucleotides were added to each well containing mastermix using Echo instrument from a previously pre-
pared Echo qualified 384 well microplate. The plates were spun briefly in a centrifuge at approximately 1,500 × g 
to bring all the liquid to the bottom of the wells and remove air bubbles. The plate was sealed using MicroAmp 
Clear Adhesive Film sealer (ThermoFisher, Grand Island, NY) and incubated for 2 h at 37 °C. After incubation, 
the plates with transcribed crRNAs were stored in − 80 °C. For long term storage MicroAmp sealers were replaced 
with Adhesive PCR Sealing Foil (cat# AB-0626, ThermoFisher, Grand Island, NY).

Figure 1.   Schematic and sequences of spacer regions for crRNA guide design targeting areas of the lcrV mRNA.
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To determine the efficacy of each crRNA, Cas13a nuclease activity assays were conducted using Cas13a 
enzyme from L. wadei11 which was synthesized and purified by GenScript Biotech (Piscataway, NJ). The enzyme 
was stored and diluted in buffer (50 mM Tris–HCl, 600 mM NaCl, 5% Glycerol, 2 mM DTT at pH 7.5). Each 
nuclease activity assay was performed in 20 μL reaction that included 1 μL of 1 μM Cas13a, 1 μL of 2 μM RNase 
alert v.2 (from RNaseAlert QC System v2, ThermoFisher, Grand Island, NY), 17.2 μL of nuclease assay buffer 
(40 mM Tris–HCl, 60 mM NaCl, 6 mM MgCl2, pH 7.3), 0.4 μL of crRNA (from unpurified transcription reac-
tion) and 0.4 μL of target RNA (50 ng/μL for full length target or 12 ng/μL for short target). For each crRNA a 
total of six reactions were set up, with three target negative reactions and three target positive. First, master mix 
containing all reaction components except for crRNA and target RNA were distributed using the Echo from 6 
well Echo qualified Reservoir plate to a 384 well assay plate (black with clear flat bottom, cat#3762, Corning Life 
Sciences, Tewksbury, MA). A total volume of 19.2 μL of the master mix was transferred to each well. Next, 0.4 μL 
crRNAs from previously prepared 384 well microplate were transferred using the Echo to the wells containing 
the master mix in such a way that each crRNA was added to 6 subsequent wells in the reaction plate (e.g. crRNA 
from well A1 was added to wells A1-A6 of the reaction plate, crRNA from well A2 was added to wells A7-A12). 
Finally, 0.4 μL of the target RNAs (previously placed in the area of the crRNA plate not occupied by transcribed 
crRNAs) were added to three of the wells for each crRNA (e.g. wells A3-A5, A10-A12, and so on). The Cas13a 
reaction plates were spun briefly in a centrifuge at approximately 1500 × g to bring the liquid to the bottom of the 
wells and remove air bubbles. Immediately after spinning, the reaction plates were sealed using the MicroAmp 
sealers. The plates were incubated in a Biotek Synergy Neo2 plate reader (Biotek, Winooski, VT) at 37 °C (unless 
otherwise noted) and fluorescence was read from the bottom of the wells every 5 min for 2 h using excitation at 
490 nm, emission at 520 nm and gain set at 100.

All Cas13a assays took place following this protocol using either the full length lcrV target RNA of 981 nt 
or the 237 nt truncated version as noted in each experiment. Experiments involving variations in temperature 
were assembled by hand to the same reaction concentrations as above, but were incubated in the Bio-Tek plate 
reader for fluorescence monitoring at the specified reaction temperatures of 37 °C, 42 °C, 47 °C, 52 °C or 57 °C. 
Other experiments involving temperature variations included the combination and pre-incubation of full-length 
lcrV target RNA and crRNA 0056–07 at 60 °C for 15 min before the addition of Cas13a and buffer components, 
followed by fluorescence monitoring of the reaction carried out at 37 °C.

Data analysis.  All reactions, control or experimental, were carried out in triplicate. The performance of the 
crRNA was calculated by subtracting the sum of averages of fluorescence measured for template negative sam-
ples over the course of the experiment (25 measurements) from sum of averages for template positive samples. 
Each sum was normalized to that of an internal control (crRNA 7, set 0056) that was run on each plate. Data was 
visualized using R package ggplot226. Analysis of variance was carried out where appropriate using rstatix27, and 
principal component analyses were computed with factoextra28.

Results and discussion
High‑throughput screens.  The use of Cas13a to recognize difficult pathogens provides an accessible 
method with high potential for easy adaptation for emerging targets. Successful adaptation, however, depends 
on the identification of viable crRNAs. While crRNA design criteria exist for various Cas protein activities17, we 
sought to obtain a deeper understanding of the requisite criteria for Cas13a activation. We therefore generated 
several sets of crRNAs and screened their resultant Cas13a activation potential to this end. Given the recently 
highlighted shortcomings of peptide-based identification methods against the lcrV gene from Y. pestis23, we used 
this gene as a template for the design of 296 crRNAs focusing on four distinct regions (Fig. 1). We produced 74 
crRNAs from each sub-target area (labeled as crRNA sets 0056, 1011, 1516, 2021) that consisted of 1 nt sliding 
windows of the 28 nt crRNA spacer sequence. Initial runs were all performed using crRNAs prepared from DNA 
oligonucleotides obtained from Eurofins Genomics. These sub-target areas represented expanded sequence 
regions within which previous studies had shown either consistent (represented by sets 0056 and 1011) or incon-
sistent (represented by sets 1516 and 2021) Cas13a activation via variations in crRNA targeting efficiency23. 
Considering that the SHERLOCK method requires recombinase polymerase amplification (RPA)29 that itself is 
a source of technical variability, we elected to fix target RNA concentrations throughout experiments without 
RPA to focus on the Cas13a activation potential of each crRNA. This simplification allowed us to observe activ-
ity against the 981 nt target RNA in a high throughput format using the LabCyte Echo acoustic liquid handler.

The raw data from each Cas13a activation reaction appeared as fluorescence intensity traces over the 2 h 
reaction time at 37 °C (Fig. 2A). Two aspects of our high throughput method became immediately apparent 
upon initial analysis: (1) the assayed crRNAs were stratified into successful (the majority) or unsuccessful groups 
containing little internal variation, and (2) the maximum fluorescence intensity was reached within 15 min in 
most successful assays. Our crRNAs only contained 2 nt differences localized to the spacer region, therefore we 
expected a consistent response from the majority of crRNA targeting a given region. We also expected a similar 
rate of fluorescence production considering the standardized reaction components (see Materials and Methods).

Our assessment of the first set of crRNAs (set 0056), however, also produced unexpected results such as small 
numbers of inactive crRNAs within groups of active crRNAs. These results were more easily visualized when 
transforming the data into summary plots and normalizing them to our internal controls (Fig. 2B). Certain 
samples (crRNAs 14, 30, 31, 36 38, 46, 53, 54, 55, 56 and 62) showed little to no indication of Cas13a activation 
implying failed target RNA detection. A closer look at the fluorescence traces in Fig. 2A revealed that some sam-
ples displayed a slow activation of Cas13a (to be considered “poorly active”: crRNAs 14, 31, 36, 46, 53 and 56) 
while the others showed no evidence of activation at all (considered “inactive”: crRNAs 30, 38, 54, 55 and 62). 
We initially attributed this observation to the specific area targeted by crRNA set 0056, however our continued 
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Figure 2.   (A) Fluorescence traces of Cas13a activation assay for each crRNA from the 0056 set on a single 
multi-well plate. Solid lines represent mean and shaded regions standard deviation (n = 3). Each crRNA was 
tested with a control run lacking target RNA refered to as “Control (no target)” and an experimental run refered 
to as “Experimental (with target)”. Each plate contains an internal negative control lacking crRNA labeled 
“Control ( −)” and an internal positive control with crRNA 0056–07 labeled “Control ( +)”. (B) Summary plot of 
flourescence throughout the experiment, where the difference in sums per sample between “Control (no target)” 
and “Experimental (with target)” are normalized against the difference of the internal controls. Bars represent 
mean values and standard deviation is represented by error bars (n = 3). p-values < 0.05 determined by analysis 
of variance and Tukey test against internal control are denoted by *.
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evaluation of the 222 crRNAs in the other 3 target areas produced similar trends (Fig. 3). One particularly 
unexpected result appeared within crRNA set 1011 where a range of 30 inactive crRNAs contained two with 
inexplicably high activity. We expected during our experimental design that some crRNAs might target inac-
cessible sequences representing targeting dead zones, but these observations of differential Cas13a activation 
did not appear to follow any predictable pattern expected from groups of crRNAs with similar spacer sequences.

When analyzing the fluorescence intensity and the production times of the active, inactive and poorly active 
subsets, it became apparent that the poorly active subset presented a problem. Cas13a activation should be 
easily observed considering the standardized reaction components and the high rate of Cas13a hydrolysis, and 
the resulting quick production of peak fluorescence intensity was observed for most of the effective crRNAs. In 
fact, these assays were designed such that the only variable affecting fluorescence accumulation would be the 
concentration of activated Cas13a. This activity is not guaranteed, as previous studies have shown Cas enzymes 
to be poorly activated due to factors such as misfolded pre-crRNA produced in CRISPR arrays, complementarity 
of the spacer and target sequences below threshold levels18, and target homopolymer preferences30. However, 
our experiments did not involve CRISPR arrays that may have resulted in crRNA misfolding. Additionally, there 
was a poor likelihood of inactive crRNA secondary structures occurring between adjacently tiled crRNAs which 
only had a 3% change to nucleotide composition, especially considering that 60% of each crRNA sequence was 
conserved in all designs (as predicted by T-coffee). We therefore concluded that previous reports of crRNA 
structure negatively affecting Cas activation were unlikely to explain our observations of adjacent crRNAs in a 
series with different Cas13a activation capabilities.

We hypothesized that the poor Cas13a activation we observed could arise from a number of sources. One 
was the RNase contamination of the crRNA that would result in significantly less Cas13a-activation capabili-
ties. Another possible source could have been due to design flaws reducing the complementarity between the 
crRNAs and target mRNA. A third source of poor Cas13a activation could be the degree of structural heteroge-
neity of the 981 nt target RNA, wherein multiple complex secondary structures exist in equilibrium that affect 
the concentration of target RNA with accessible sequences for nucleoprotein complex formation. We therefore 
designed experiments to further investigate each of these potential sources for inconsistent Cas13a activation.

crRNA quality.  Our first hypothesis to explain poor Cas13a activation was that the quality of specific crR-
NAs was poor due to low concentrations arising from nuclease contamination. Indeed, RNase contamination 
is a ubiquitous danger to all RNA experiments. Fortunately, the indicator compound used for our assays was 
developed as a detection agent for RNase contamination, and it was therefore easy to observe whether our 

Figure 3.   Comparison of Cas13a activation from all tested crRNA across 4 target regions shown as normalized 
fluorescence sums against internal controls for each set. The crRNA numbers (x-axis) do not correspond to 
equivalent sequences, but instead crRNA position in their respective series. Bars represent mean and standard 
deviation is represented by error bars (n = 3), where p-values < 0.05 determined by analysis of variance and 
Tukey test against internal control are denoted by *.
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crRNA was contaminated by checking the fluorescence traces of negative control reactions lacking target RNA 
(Fig. 2A, black traces). Some reactions (crRNAs 11, 29, 33 and 47) showed initial fluorescence increases that did 
not increase over time, while one (crRNA 15) showed a steady increase throughout the experiment. None of the 
associated crRNAs, however, fell within the “poorly active” group described above (crRNAs 14, 31, 36, 46, 53 and 
56), and all of them showed fluorescence increases when target RNA was present (Fig. 2A, blue traces) that were 
comparable to the reactions where Cas13a was efficiently active. Therefore, neither the “poorly active” nor “inac-
tive” groups of crRNAs showed evidence of RNA hydrolysis in reactions lacking target RNA, and we concluded 
that variations in Cas13a activation were not due to poor crRNA quality with respect to RNase contamination.

We noted that poor crRNA quality could also originate from the IVT reactions. While IVT on was carried 
out in batch on whole crRNA sets, we decided to further pursue this as a possible source of observed variation. 
When we repeated the synthesis of the 0056 set of crRNAs and ran repeat screens to compare, however, the 
activity differences between sets was observed to be minimal save few exceptions (Fig. 4). We expected that if the 
original set of “poorly active” crRNAs suffered from inefficient transcription, we would see these “poorly active” 
crRNA perform similarly to their neighbors when re-synthesized. However, only 2 of the 11 crRNAs appeared 
to show this expected increase in activity (Fig. 4B, black labels). While the repeated crRNA preparations did 
provide more consistent Cas13a activation with regards to the whole 0056 set, this improvement was minimal 
and recapitulated the inefficiency of the “poorly active” crRNA subset.

RNA structure and sequence.  Nucleic acid structure has been known to convey interesting complex-
ity and activity to specific sequences for a long time31–33, but the structures of long sequences are notoriously 
difficult to predict34,35. Considering that nucleic acid secondary structure is thermodynamically governed and 
that longer sequences tend to contain more possibilities for viable structures, these longer nucleic acids can 
potentially exist in a diverse structural equilibrium35. These RNAs would ideally have a single dominant form 
characterized by the lowest free energy, however there are many free energy folding algorithms, each with a 
number of optimizable parameters. As such, with the increasing complexity of long RNAs, these algorithms 
can predict a number of potential structures with very similar associated free energies, resulting in a number 
of possible structures. For these reasons, it is difficult to computationally define the exact structure, or even the 
dominant structure of a long RNA36. This structural heterogeneity in the context of a long target RNA (such as 
our 981 nt target) could easily contribute to varying accessibility of sequence regions, thereby affecting the ability 
for consistent crRNA binding that ultimately leads to reduced Cas13a activation.

We decided to alter the structure of our target RNA to test whether there were any structural effects on 
Cas13a activation. As any denaturant meant for the target RNA would similarly affect the crRNA and protein, 
we sought the use of heat as a mild and accessible option to incrementally alter nucleic acid secondary structure. 
Keeping in mind that protein stability could not be compromised, we utilized incremental increases in reaction 
temperature with the expectation that they might provide structural changes to present previously inaccessible 
regions of the target RNA. Considering that the crRNAs in question appeared inactive only in narrow sequence 
windows with respect to the target RNA, we believed any existing secondary structure affecting Cas13a activa-
tion would not require extensive denaturation for its disruption. Four crRNAs were selected for these assays that 
were complementary to sequences within the 1011 region, three of which had been classified “inactive” (crRNAs 
1101-03, 1101-27 and 1101-28), and one that was “active” (crRNA 1101-07). Reactions were prepared by hand 
at room temperature and then incubated for the Cas13a assay at the specified temperatures (Fig. 5). While the 

Figure 4.   (A) Comparison of Cas13a activity from crRNAs from set 0056 prepared in batch on different days, 
shown as sums of fluorescence values normalized to internal control. Bars represent mean and error bars show 
standard deviation (n = 3), and p-values < 0.05 as determined by analysis of variance and Tukey test against the 
internal control are denoted by *. (B) Comparison of normalized sums of RFU from each crRNA preparation, 
where values represent mean, dot size represents relative standard deviation, red labels represent crRNAs that 
produce Cas13a activity significantly different from internal control with p-value < 0.05 in both runs, and black 
labels represent crRNAs where Cas13a activation improved to within 50% of the internal control after repeated 
preparation.
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maximum fluorescence at increased incubation temperatures was lower than those from 37 °C, we observed 
no temperature effects on overall Cas13a activation. Interestingly, incubation 20 °C above ideal temperatures 
appeared to neither denature protein nor crRNA enough to disrupt hydrolysis activity in control reactions. The 
combination of reagents at room temperature and induced protein conformational change37 therefore appeared 
to provide the nucleoprotein complex with stability against the subsequent temperature changes. Considering 
our relative abundance of reagents in the reaction (~ 20-fold more Cas13a and ~ 300-fold more crRNA than target 
RNA), all of the Cas13a should ideally be ready to seek the target RNA, which was set as the limiting reagent for 
the reaction. Therefore these reaction conditions showed no evidence of changing target RNA binding.

We reasoned that if the incremental increases in reaction temperature were not enough to nudge the poten-
tially inhibitory target RNA structure into an accessible one, then perhaps it may be accomplished by pre-heating 
RNA before combining with Cas13a. We therefore pre-heated both target RNA and crRNA together at 60 °C 
for 15 min before the addition of Cas13a and incubation at 37 °C. Again, we observed no changes in Cas13a 
activation. Similar to previous temperature experiments, the observed fluorescence intensities were lower than 
reactions carried out at 37 °C, but Cas13a activation was concordant with other reactions at this temperature. 
Considering that all structural changes and molecular associations took place in a cooling solution (37 °C at 
the lowest) with no incubation time before analysis, we were intrigued to find that the RNA folding, protein 
conformational change, and complex association steps were still successful. While previous investigators have 
shown small temperature changes are enough to significantly alter RNA structural equilibrium between ON and 
OFF states related to downstream activity38, our results suggested that temperature changes would not be able to 
rescue the inability to activate Cas13a by these crRNAs. Interestingly, our results also showed the resilience of the 
Cas13a assay to suboptimal reaction conditions, wherein Cas13a activity could still be observed after dramatic 
changes in both reaction temperature as well as reaction preparation.

RNA sequence.  We continued to probe the structural limitations of crRNA targeting by redesigning our 
target RNA. The target up to this point had been the transcribed 981 nt Y. pestis lrcV gene, and previous experi-

Figure 5.   Fluorescence traces of Cas13a experimental variations with increased reaction temperatures (37 °C, 
42 °C, 47 °C, 52 °C, 57 °C rxn) and pre-heating of Cas13a + crRNA before addition of target RNA (preheat 
60 °C). Solid lines represent mean and shaded regions represent standard deviation (n = 3) of Cas13a activation 
with selected crRNAs. “Control ( −)” samples contained no crRNA and “Control ( +)” contained the internal 
standard 0056–07 crRNA.
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ments had indicated that if target RNA structure was altering the Cas13a activation potential of similar crRNAs, 
then that structure was not easily disrupted with heat. We therefore shortened our target RNA to a 237 nt sec-
tion within the 0056 region of the lcrV gene (Fcigure 6A). As discussed above, this set contained 8 crRNAs that 
continued to display poor Cas13a activation after repeating assays with freshly prepared RNA. We therefore 
repeated crRNA preparation and carried out assays against the new shortened target (denoted as “Target B” 
in Fig. 6), and observed that most of the questionable crRNA continued to perform poorly compared to their 
neighbors (Fig. 6B,C). On the other hand, we did note crRNAs 0056-14 and 0056-55 induced Cas13a activation 
similar to their neighbors, bringing the number of “inactive” crRNAs down to 6 for the tested set. Considering 
the lack of Cas13a activation recovery from repeated RNA preparations, Cas13a assay conditions, and target 
RNA length, we concluded the Cas13a variations may not have been the result of target RNA structure.

We then moved to consider the possibility that RNA sequence fidelity was influencing Cas13a activation. Our 
crRNA sequences were designed based on the isolated lcrV gene23, which was generated via IVT for all experi-
ments. We confirmed the sequence of this gene after multiple rounds of PCR replication to produce the IVT 
template, and this confirmation led us to again focus on the quality of our crRNA. While we had shown there 
was no RNase contamination in crRNA preparations, and that our IVT batch reactions resulted in no issues 
preparing full crRNA sets, we did observe that different preparations of crRNA displayed increases in Cas13a 
activation. Considering our protocols, we decided there was a possibility the increase in Cas13a activation 
between preparations was the result of poor IVT template quality. While all DNA oligomers used as templates 
for IVT up to this point had been ordered together dispensed in 96 well plates, and therefore had all progressed 
through the same lot of commercial QC checks, these oligomers were the only unique sample-to-sample vari-
able among our experiments. We therefore chose to order DNA for 20 specific crRNA IVT templates from a 
different DNA synthesis company and repeat the analysis. Oligos for the synthesis of crRNA 0056-20, 0056-63, 
1011-07, 2021-09, and 2021-11 represented 5 “active” reactions to use as positive controls. The other crRNAs 
(0056-14, 0056-30, 0056-31, 0056-38, 0056-46, 0056-54, 0056-62, 0056-69, 0056-70, 1101-05, 1101-06, 1101-08, 
1101-09 and 2021-10) represented 15 crRNAs that previously were either “poorly active” or “inactive”. We used 
these oligos to perform batch IVT using the same methods as before and observed large differences in Cas13a 
activity (Fig. 7). Of the 20 tested crRNAs, only 2 remained inactive when comparing oligo templates from both 
sources (crRNAs 0056-38 and 0056-14). The other 18 crRNAs induced appreciable Cas13a activation, whereas 
the majority (15 of the 20) were comparable to the internal standard crRNA 0056-07. Previous experiments had 
shown that alterations in RNA preparation, Cas13a assay conditions, and target RNA length all affected Cas13a 
activation to some degree, but repeat experiments showed the importance of DNA quality to the success of the 
Cas13a assay. While the renewed Cas13a activity from our methods did not account for 100% success of our 

Figure 6.   (A) Schematic of lcrV RNA of different lengths and the complementary region associated with 
crRNA set 0056. (B) Comparison of fluorescence sums normalized to internal control between different target 
lengths (Target A and Target B, as defined in panel A), where bars represent mean and error bars represent 
standard deviation (n = 3). (C) Comparison of normalized fluorescence sums from different target regions, 
where values represent mean, dot size represents relative standard deviation (n = 3), red labels represent crRNAs 
bearing unimproved activity (p-value < 0.5 as determined by analysis of variance and Tukey test against internal 
control) against both target lengths, and black labels represent Cas13a activation from crRNA that improved to 
within 50% of internal control after shortening target length.
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tested crRNAs, we were able to conclude that our largest variable in the design of successful crRNAs was the 
source (and/or unknown handling steps) relating to commercially procured DNA that initiated our workflow.

Previous studies have developed algorithms to predict the potential of crRNAs to successfully activate Cas13a 
for emerging target RNA detection capabilities22 (and reviewed in39). While algorithm development for crRNA 
performance prediction can indeed be useful, we believe the true value of a design tool to be the target identifica-
tion capabilities of broad-targeting crRNAs across sequence diversity with minimal experimental input. With this 
application in mind, the above-mentioned tools in addition to unpublished ones such the ADAPT algorithm20 
show promise in minimizing the number of crRNAs required to span the phylogenetic diversity of emerging 
bacterial and viral species. Building from previous structural and activity studies on various Cas proteins, the 
guidelines for mature crRNA design employed in this study are streamlined. Our experiments furthermore 
appear to indicate that finding the “perfect” target sequence for crRNA design is relatively unimportant, allow-
ing design algorithms that can focus on capturing phylogenetic diversity. While we tested neither a variety of 
targets nor an extensive set of crRNAs, we did note that the systematic production of 296 crRNAs varying only 
within the 28 nt spacer region of a 67 nt shell and targeting 4 distinct regions of a single 981 nt RNA resulted in 
successful Cas13a activation in > 91% of experiments without optimization (271 of 296 crRNAs, Fig. 3). Of the 
271 successful crRNAs, 21 of these (~ 7.7%) showed relatively “poor” Cas13a activation, but activation nonethe-
less. The fluorescence signals produced by each crRNA set varied slightly with the occurrence of each experi-
ment (Fig. S1A), however normalization to internal standards allowed us to conclude that the target regions 
used had minimal impact on Cas13a activation potential despite the intrinsic and unpredictable RNA structure 
of the target RNA (Fig. S1B). The Cas13a activation variations we did observe were subsequently determined 
to be independent of both experimental variability (Fig. S1C) and crRNA physical properties (Fig. S1D). We 
showed in addition to the success of the assayed crRNAs that Cas13a activation could still be improved through 
experimental optimizations, and that success was achievable through a variety of experimental conditions leav-
ing us with 287 viable crRNAs out of 296 (~ 97%). Finally, we highlighted the impact of high quality DNA on 
the success of any experiment.

Conclusions
Our high throughput methods allowed us to probe previously reported variable Cas13a activation localized to 
specific target sequence regions. We found, however, that expanding the scope of targeted sequence regions and 
tiling large sets of crRNAs per nucleotide against different length versions of the lcrV gene resulted in success-
ful Cas13a activation the majority of the time. We were able to further improve the viability of crRNA designs 
by altering the source of commercial DNA used in RNA preparation, for 70% of the crRNAs derived from one 
vendor’s oligonucleotides were comparable to internal controls where cognate crRNAs derived from a different 
vendor’s oligonucleotides failed. This was not a systematic study between different commercial sources, and vari-
ations could be due to unknown factors associated with shipment, storage and handling of different DNA oligo 
batches. We therefore noted a successful Cas13a activation from of 97% our tested crRNA. While it is unclear 
why the remaining 3% of crRNA did not successfully detect the lcrV target, we did note an improvement of target 
detection when altering target length that was not observed when altering DNA vendor, suggesting that target 
RNA may remain a factor for the ultimate Cas13a activity.

The feasibility of generating large amounts of reproducible data with minimal user input further improves 
each day. Here, we have shown that by employing Acoustic Liquid Handling technology we continued to increase 

Figure 7.   (A) Comparison of fluorescence sums normalized to internal control crRNA when crRNA are 
prepared from DNA oligos from different companies, where bars represent mean and error bars represent 
standard deviation (n = 3). (B) Comparison of normalized fluorescence sums via dot plot where red labels 
represent crRNAs with p-value < 0.05 as determined by analysis of variance and Tukey test against internal 
controls that remained poorly active despite DNA oligo source.
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workflow efficiency of Cas13a assays building on previous work23, which provided us with wide-scoped snap-
shots of the targetable areas of a chosen RNA. We believe that this workflow still maintains the potential for 
massive scale-up. Considering the success of our crRNA screens, extending the analysis to identify members 
of a sequence-diverse group of targets could be as simple as modifying our current workflow to multiplex a 
variety of crRNA combinations across multiple experiments, so long as the crRNA designs were made by com-
petent evaluation of high fidelity target sequences and the initial input reagents for RNA production maintained 
high quality standards. While emergent target sequences are not always predictably available, the use of such 
screening methods could provide the basis for the development of rapid and specific nucleic acid identifica-
tion protocols. While our data indicated neither sequence bias towards either crRNA design nor target RNA 
sequence to preclude Cas13a activation, the assembly and assessment of large reaction pools were achievable in 
a minimal amount of time. This efficiency allowed us the opportunity to probe a number of different variables 
wherein the longest steps were the 2 h IVT and Cas13a reactions, respectively. The deployment of derivatives 
of this method in addition to associated scale-up is therefore feasible where the limiting aspect seems to only 
be the preliminary identification of a target. Given the existence of 64 defined sequence variations of a specific 
target, one could follow our method to design crRNAs and perform a single sample screen of all variants on a 
single 384-well plate (in triplicate, including controls) less than half a day. Compared to the production times 
of antibodies and their efficacy shortfalls, our data reinforce the power of modern nucleic acid identification 
methods that, coinciding with the numerous examples of associated sequence discrimination capabilities in the 
last decade, indicate the value of a concerted direction and organization for the continued implementation of 
wide-scoped diagnostic tools.

Data availability
The datasets generated and analyzed during the current study are available in supplemental information, as well 
as the sequences of all DNA oligos used to generate RNA.
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