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Vertical transmission of group B Streptococcus (GBS) is
among the leading causes of neonatal illness and death.
Colonization with GBS usually is screened weeks before
delivery during pregnancy, on the basis of which preven-
tive measures, such as antibiotic prophylaxis, were taken.
However, the accuracy of such an antenatal screening
strategy has been questionable because of the intermit-
tent nature of GBS carriage. We developed a simple-to-
use, rapid, CRISPR-based assay for GBS detection. We
conducted studies in a prospective cohort of 412 preg-
nant women and a retrospective validation cohort to eval-
uate its diagnostic performance. We demonstrated that
CRISPR-GBS is highly sensitive and offered shorter turn-
around times and lower instrument demands than PCR-
based assays. This novel GBS test exhibited an overall
improved diagnostic performance over culture and PCR-
based assays and represents a novel diagnostic for po-
tential rapid, point-of-care GBS screening.

roup B Streptococcus (GBS) is a common com-

mensal bacteria of vaginal flora with reported
carriage rates of 4%-40% (1-3). Vertical transmission
of (GBS) through fetal aspiration of infected amniotic
fluid or during birth canal passage has been consid-
ered one of the most important causes of neonatal ill-
ness and death (3,4). GBS colonization during preg-
nancy has been a leading cause of severe neonatal
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infectious diseases, including sepsis, pneumonia, and
meningitis (5,6). Early onset neonatal infections can
be prevented in most cases by providing intrapartum
antibiotic prophylaxis to the colonized mother (7).
However, GBS carriages are often intermittent, and
the rate of GBS colonization varies during pregnancy
(1,8). On the other hand, use of antibiotic prophylaxis
solely relying on risk assessment leads to unnecessary
treatment in many women. Therefore, determination
of colonization at the time of delivery is crucial for the
prevention of neonatal infection (9).

Culture-based methods remain the most com-
monly used screening practice and the standard for
GBS detection; however, because of technical limita-
tions, including turnaround time, pregnant women
are usually screened for GBS at 35-37 weeks of gesta-
tion (6). As many studies have pointed out, the pre-
dictive value of GBS decreases as the interval time in-
creases between screening and delivery (10,11). These
studies underlie the needs for a more rapid and sensi-
tive diagnostic for intrapartum GBS screening.

CRISPR/Cas has been widely used as a pro-
grammable tool for gene editing and other in vivo
applications since 2013 (12-14). However, recently,
the collateral, promiscuous cleavage activities of a
unique group of Cas enzymes were discovered and
harnessed for in vitro nucleic acid detection (15-17).

To address the unmet clinical needs for GBS
screening, we developed CRISPR-GBS, a novel CRIS-
PR/Cas13-based in vitro diagnostic assay, and con-
ducted a prospective cohort study and a validation
study in >400 clinical cases to evaluate its diagnostic
performance among different technology platforms,
including culture and PCR-based methods. Our find-
ings demonstrate that CRISPR-GBS is rapid and easy-
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to-use, having a low instrument requirement and a
level of sensitivity that surpasses PCR-based assays.

Materials and Methods

Study Participants and Sample Collection

A total of 426 pregnant women were prospectively
admitted into Zhujiang Hospital (Guangzhou, China)
for antenatal care during March 7-November 22, 2019.
We excluded 14 from this cohort study because of in-
sufficient samples for testing, incomplete clinical or
experimental data, or invalid test results attributable
to internal control failures. We included the remaining
412 samples in the prospective cohort study, in which
direct culture, direct clinically validated PCR, and
CRISPR-GBS tests were performed for each patient.

We conducted the validation cohort retrospec-
tively, where we performed direct culture and CRIS-
PR-GBS. For the purpose of validation, we included
for enrichment culture 31 samples consisting of about
one third each of dual-positive, dual-negative and
discordant samples, according to the results of direct
culture and CRISPR-GBS.

We collected vaginal-rectal swab specimens from
the enrolled patients. Sample collection was reviewed
and approved by the Zhujiang Hospital Ethics Com-
mittee Review Board. Informed consents were signed
by patients or their surrogates.

Cas13a Protein

After codon optimization, we synthesized the open
reading frame (ORF) of Cas13a and cloned it by using
Gene Services (Genscript Biotech, https:/ /www.gen-
script.com). The Cas13a ORF expression vector was
transfected into Escherichia coli BL21. We first grew
transfected cells at 37°C and then incubated them
with isopropyl p-d-1-thiogalactopyranoside at 16°C.
We purified proteins from lysed bacteria by using the
Ni-NTA protocol (18) and stored aliquots of purified
protein at —80°C.

Strains and Human DNA

We purchased the S. agalactiae (group B Streptococcus)
strain from the American Type Culture Collection
(ATCC13813). S. pneumoniae, S. pyogenes, S. mitis, En-
terococcus faecalis, Acinetobacter baumannii, and Pseu-
domonas aeruginosa strains were donated by China’s
National Institutes for Food and Drug Control. We
purchased another 2 species of bacteria, E. coli and
Staphylococcus aureus, from China’s General Microbio-
logical Culture Collection Center. We purchased pure
human DNA from Solarbio (http://www.solarbio.
net), which we eluted in nuclease-free water.
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Oligos and gRNA

Primer with an appended T7 promoter used in the re-
combinase polymerase amplification (RPA) for atoB
amplification were forward primer 5-TAAT ACGA
CTCA CTAT AGGG AATT GAAT GGAA TGAA
CCAT TTGC AGCG AT-3' and reverse primer 5'-
AATA ATTC CTGA GCAG GCAT AAGG GTGT C-3'.
We used sgRNA for Cas13 (5'-GGGG AUUU AGAC
UACC CCAA AAAC GAAG GGGA CUAA AACU
CUCU CUUC AGGA UAAU AAUG AUUA AAU-3))
and ssRNA probe (5-6-FAM-UUUUUC-BHQ1) for
CRISPR detection after RPA amplification. Primer
used in the nested PCR amplification for atoB ampli-
fication for round 1 were forward primer 5-ACGG
AAAA ACTA TTAA CAGA AACT CATA CT-3' and
reverse primer 5-AATA ATTC CTGA GCAG GCAT
AAGG GTGT C-3' and for round 2 were forward
primer 5'-CTCA TACT AAAA TATC GGAT TATG
ATGC-3'" and reverse primer 5'-AGGC ATAA GGGT
GTCC GTAA GC-3'.

DNA Rapid Extraction

We eluted swabs with 1 mL of saline. We trans-
ferred 200 uL of eluate to a new sterile, nuclease-
free 1.5-mL tube. After a 5-minute centrifugation at
10,000 x g, we resuspended the pellet in lysis buf-
fer consisting of 0.1% sodium dodecyl sulfate and
1% NP40. We added glass microbeads and used a
Crystal Industries vortex mixer (https://crystalin-
dustries.com) to disrupt the bacterial cell walls. We
then heated samples at 99°C for 10 min and cen-
trifuged them again at 14,000 x g. We used 2 pL of
supernatant as template for each subsequent assay
for GBS detection.

CRISPR-GBS

The CRISPR-GBS test combines an RPA step and
a subsequent T7 transcription and Casl3 detec-
tion step, as described previously (17). In brief,
we incubated reactions containing 2 uL of sample,
0.4 uM of each primer, 1 x reaction buffer, 14 mM
of magnesium acetate, and the RPA enzyme mix at
37°C for 30 min. Then we added the amplification
product to the CRISPR reaction mix, consisting of
33.3 nM of gRNA, 66.7 nM of Cas13, 5 mmol/L of
each nucleotide triphosphate, 1 uL of T7 RNA poly-
merase (New England Biolabs, https://www.neb.
com) and 166 nM of ssRNA reporter. We incubated
the final reaction mix at 37°C and monitored it for
fluorescence signal. We collected fluorescent sig-
nals by using an ABI7500 qPCR machine (Thermo-
Fisher Scientific, https://www.thermofisher.com)
for 20 min.
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Evaluation of Limit of Detection

For the evaluation of limit of detection by the number
of genomic copies, we purified DNA of the GBS strain
(ATCC13813) and determined the concentration by
using Qubit (ThermoFisher Scientific). We calculated
the number of genomic copies by using the formula

(6.02 x 10%3) x (concentration of DNA x 107%)
(length of DNA x 660)

copies =

We performed serial dilution with nuclease-free
water to achieve desired concentrations. For the
evaluation of limit of detection by CFU per mL, we
serially diluted a reference ATCC strain with known
CFU with a negative sample to the desired titer be-
fore subjecting it to DNA extraction. Although ac-
curate conversion is challenging, our and others’
observations comparing DNA quantity and CFU
counts showed that 1 CFU equaled ~3-5 genome
copies (data not shown) (19).

We used 2 uL of extracted DNA at each titer as tem-
plates. We performed 10 replicates at each data point.

Direct Culture and Enrichment Culture

We eluted each swab with 1 mL of saline. For direct
culture, we inoculated 200 pL of eluate onto selec-
tive chromogenic GBS screening media (CHROMID
Strepto B; bioMérieux, https://www.biomerieux-
diagnostics.com) and incubated it at 37°C for 24 h
aerobically. We incubated negative plates for an-
other 24 h before the final plate reading. For enrich-
ment culture, we first inoculated 200 pL of swab elu-
ate into selective Todd Hewitt broth and incubated
it at 37°C aerobically overnight. We then inoculated
the enriched broth onto chromogenic Brilliance GBS
agar (bioMérieux) by using the same experimental
procedures as direct culture. We subjected all sus-
pect colonies to Lancefield streptococcal grouping to
confirm GBS.

PCR and Nested PCR

We performed the regular PCR testing by using a val-
idated commercial GBS PCR kit (BEC, http://www.
biochainbj.com) according to the manufacturer’s in-
structions. We performed the nested PCR assay in 2
successive rounds of amplification. The first round
amplified a larger fragment of the atoB gene for 35
cycles. We then subjected 2 pL of the primary PCR
product to the second amplification by using a nested
set of primers targeting a shorter fragment as part of
the first amplicon. We then purified the amplicons
from the second round and subjected them to Sanger
sequencing for validation. We considered positive
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only those samples that both yielded PCR products
after the second round of amplification and had se-
quences validated by Sanger.

Statistical Analysis

We conducted comparative analysis by using
Pearson y? test, Fisher exact test, or the Student ¢-
test, where appropriate. We performed data anal-
yses by using SPSS Statistics 22.0 (IBM, https://
www.ibm.com). We considered p values <0.05 as
statistically significant. All tests were 2-tailed un-
less indicated otherwise.

Results

Development of CRISPR-GBS

To address the challenges in clinical GBS screening,
we aimed to develop a rapid, highly sensitive, and
simple-to-use GBS assay by combining an RPA reac-
tion with a CRISPR/Cas13 step for target detection
(17). We established a rapid extraction method for
high efficiency GBS DNA extraction by combining
chemical, heat, and bead beating-based cell wall dis-
ruption, which eliminated the need for any column
and organic solvents (Figure 1; Appendix Figure
1, https://wwwnc.cdc.gov/EID/article/27/9/20-
0091-Appl.pdf). This strategy takes advantage of
both the polymerase-mediated DNA amplification
and the CRISPR/Cas-mediated enzymatic signal am-
plification for greater sensitivity. Moreover, the rapid
extraction and isothermal nature of such an assay
eliminated the demand for sophisticated instruments
such as thermal cyclers.

We chose the thiolase (atoB) gene as the target re-
gion in this assay because it is highly conserved and
specific for the GBS genome (20). We screened mul-
tiple sets of RPA primers and CRISPR gRNAs target-
ing different regions within atoB (Appendix Table 2,
Figure 2). The set that showed the best overall per-
formance of sensitivity and specificity was then used
in this study for assay optimization and clinical diag-
nostic evaluation.

We then sought to determine the analytical sensi-
tivity by serial dilutions of GBS with negative swabs at
various counts of CFU per mL. CRISPR-GBS managed
to detect samples at 30 CFU/mL in 6 of 10 runs and
at 60 CFU/mL in all 10 replicates (Figure 2, panel A).
We further assessed the limit of detection of CRISPR-
GBS by titrations of copies per reaction. The CRISPR
assay consistently detected 5 copies of GBS in 10 of 10
runs and 2 copies in 4 of 10 replicates (Figure 2, panel
B). These data indicate that CRISPR-GBS could detect
a low number of genome copies or =50 CFU/mL and

2381



RESEARCH

‘ :e’::% i
VRN Rapid
PBS elution extraction
> >
@ 5 min @ 25 min @@
@ Casl3a
E erRNA
_~ Target RNA

ssRNA reporter

ﬁ& @@ RPA and T7 P S
transcrlptlon I~ I~

s

@ 30 min

Casl3a .
detection @ 10 min

2.8

SEEN_

Signal
collection
-

@ 10 min

—_—

Figure 1. Schematic diagram of CRISPR-based diagnostic for rapid GBS screening. Swab samples are first eluted and followed by a
rapid DNA extraction step where the bacterial cell walls are disrupted by a combination of chemical, physical, and heating effects. The
extracted DNA is then subjected to the CRISPR/Cas reaction. The collateral nuclease activity of Cas proteins are activated upon specific
binding of gRNA to the atoB gene. Fluorescent signal produced from cleaved probes is captured and indicates the presence of GBS.
GBS, group B Streptococcus. gRNA, guide RNA; ssRNA, single-stranded RNA.

is more sensitive than most of the commercially avail-
able US Food and Drug Administration-approved
GBS assays, such as GeneXpert GBS (300 CFU/mL)
(Cepheid, https:/ /www.cepheid.com), BD Max GBS
(1,000 CFU/mL) (BD, https:/ /www.bd.com), Quidel
Solana GBS (2.6 x 10° CFU/mL) (Quidel, https://
www.quidel.com), and AmpliVue GBS (1.4 x 10°
CFU/mL) (Quidel) (20-22).

With such a high sensitivity of CRISPR-GBS, we
set out to confirm its specificity. For this purpose, we
assayed DNA from humans and a panel of bacteria,
including bacteria in the same genus (e.g., S. pneu-
monia, S. pyogenes, and S. mitis), microbes commonly
found in vaginal swabs (e.g., E. coli, Staphylococcus au-
reus, and Enterococcus faecalis), and bacteria common-
ly found in nosocomial infections (e.g., Acinetobacter
baumannii and Pseudomonas aeruginosa) (23). Of note,
none of these interference samples triggered a false-
positive reaction (Figure 2, panel C). Altogether, these
analytical evaluations suggest that CRISPR-GBS, with
its great sensitivity and specificity, is a promising mo-
lecular assay for GBS detection.

Clinical Diagnostic Evaluation of CRISPR-GBS

After the analytical study, we further assessed the di-
agnostic potential of CRISPR-GBS in settings of clini-
cal screening. A total of 426 pregnant women with a
median age of 29 years (20-47 years) were enrolled in
this cohort study. Sample collection was performed
at 34-38 weeks of gestation. Among these patients,
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14 were excluded because of invalid test results, an
insufficient specimen, or both. The remaining 412
patients were tested for GBS by culture, PCR, and
CRISPR-GBS on their direct swab samples. We found
no significant differences between patients who were
negative or positive for GBS on the basis of patient
age or weeks of gestation (Appendix Table 1).

When we conducted the CRISPR-GBS assay, we
included a positive control of GBS DNA and a no-tem-
plate control in parallel for each run. We used a fluo-
rescent signal from no-template control normalize the
signal of other samples in the same run to calculate the
corresponding fold changes. We noticed clear distinc-
tions in signal patterns of the reactions. Specifically,
the fluorescent signal curve either remained flat (e.g.,
the no-template control runs) or had a distinguish-
able takeoff from the baseline (e.g., the positive control
runs) (Figure 3, panel A). To determine the cutoff value
as fold-changes for the CRISPR-GBS results, we first
separated all the runs into a tentatively positive group
and a tentatively negative group according to these
distinct patterns. We then analyzed the cutoff values.
The tentatively positives had fold changes ranging
from 3.9 to 90.3 (median 26.3), whereas the tentatively
negatives ranged from 0.5 to 2.9 (median 1.5) (Figure 3,
panel B; Appendix Figure 3). Therefore, we were able
to set the cutoff value at 3.5 for complete separation of
the 2 groups. Consistently, this cutoff was further con-
firmed by the receiver operating characteristic analysis
for optimal sensitivity and specificity (data not shown).
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To evaluate the diagnostic performances of dif-
ferent methodologies for GBS detection, we began
by comparing direct culture and PCR. We found
a concordance of 97.1% between these 2 traditional
methods. Specifically, only 5 (1.2%) of 412 culture-
positive and 7 (1.7%) of 412 PCR-positive cases were
missed by the other test. When culture was used as
the reference standard, PCR demonstrated a sensitiv-
ity of 90.9% (50/55 results) and specificity of 98.0%
(350/357 cases).

We further assessed the CRISPR-GBS test in com-
parison with direct culture and the PCR-based assay
(Table; Figure 4). When the comparison was made
separately, CRISPR-GBS was able to detect most of

CRISPR-Based Diagnostic for Rapid GBS Screening

the positive samples by either reference method, with
a sensitivity of 94.5% (52/55 cases) compared with
culture and 94.7% (54/57 cases) compared with PCR.
When we included only the 400 cases with concordant
culture and PCR results in the analysis, CRISPR identi-
fied 94.0% (47/50) of the positive results and offered
a negative predictive value of 99.1% (320/323 cases).

Among the cases reported negative by culture,
PCR, or both, we also found #10% of them to be posi-
tive by CRISPR, which included 37 of 357 culture-
negative cases, 35 of 355 PCR-negative cases, and 30
of 350 dual-negative cases (i.e., by culture and PCR).
These data indicate a greater sensitivity or a lower
specificity of CRISPR-GBS.
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Figure 2. Analytical assessment of the sensitivity and specificity of CRISPR-based diagnostic for rapid GBS screening. Evaluation

was performed by testing contrived negative swab samples with indicated CFUs of GBS (A), different copy numbers of GBS genomic
DNA (B), and various microbes as interfering materials (C). GBS, group B Streptococcus. A. baumannii, Acinetobacter baumannii;

E. coli, Escherichia coli; E. faecalis, Enterococcus faecalis; hDNA, human DNA; P.aeruginosa, Pseudomonas aeruginosa; S. aureus,
Staphylococcus aureus; S. mitis, Streptococcus mitis; S. pneumoniae, Streptococcus pneumoniae; S. pyogenes, Streptococcus pyogenes.
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We designed and conducted additional valida-
tion studies in an attempt to validate the improved
sensitivity of CRISPR-GBS. We developed a nested
PCR-Sanger assay targeting the afoB gene, in which
we performed 2 successive rounds of PCR in a nested
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manner to achieve greater amplification sensitivity
compared with regular single-round PCR reactions.
We then subjected the amplicons to Sanger sequenc-
ing for further validation. With this nested PCR assay,
we tested the 30 specimens that were only positive by
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Table. Positive and negative agreement of CRISPR-based diagnostic for rapid group B Streptococcus screening versus different

reference standards*

% (95% Cl)

CRISPR-GBS Positive predictive Negative
Assay and result Positive  Negative  Total Sensitivity Specificity value predictive value
Direct culture
Positive 52 3 55 94.5(83.9-98.6) 89.6 (85.9-92.5) 58.4(47.5-68.6) 99.1(97.1-99.8)
Negative 37 320 357
Total 89 323 412
PCR
Positive 54 3 57 94.7 (84.5-98.6) 90.1 (86.4-92.9) 60.7 (49.7-70.7) 99.1 (97.1-99.8)
Negative 35 320 355
Total 89 323 412
Direct culture and PCR
Positive 47 3 50 94.0 (82.5-98.4) 91.4 (87.9-94.0) 61.0(49.2-71.7) 99.0 (97.1-99.8)
Negative 30 320 350
Total 77 323 400
Enriched culture
Positive 22 0 22 100 (81.5-100.0) 100 (62.9-100.0) 100 (81.5-100.0) 100 (62.9-100.0)
Negative 0 9 9
Total 22 9 31

CRISPR-GBS but negative by both direct culture and
regular PCR in our cohort. We were able to confirm
15 of 30 discordant cases (Figure 4, panel A). These
data supported the previous findings and again indi-
cate higher sensitivity of CRISPR-GBS compared with
direct culture or PCR.

To further rule out the possibility of false-positive
results, we set up a retrospective validation study and
compared the sensitivity of CRISPR-GBS with enrich-
ment culture, which had been shown to be more sen-
sitive than direct culture (5,24). The validation cohort

A

Total enrolled patients
n =426

Excluded, n=14
Insufficient sample;
lack of culture of PCR results

Included for
analysis, n =412

of 31 patients consisted of 13 CRISPR-positive and
direct culture-positive, 10 CRISPR-positive and direct
culture-negative, and 8 CRISPR-negative and direct
culture-negative samples. We tested each sample by
direct culture, enriched culture, and CRISPR-GBS both
before and after broth enrichment. We performed en-
riched culture by overnight culture in selective broth,
followed by inoculation onto blood agar. We found
that the samples that were negative by both direct
culture and CRISPR originally would remain nega-
tive even after broth enrichment. However, of the 10

Culture

Culture/PCR
agreed, n =400

Culture/PCR
disagreed, n =12

PCR - CRISPR-GBS

v

v

[ CuIture+/PCR+ Culture —/PCR-, Culture+/PCR-

) [

, Culture—/PCR+,
n=7

n= 50 n =350 n=5
CRISPR+, CRISPR-, CRISPR+, || CRISPR—, L CRISPR+, |¢
n=47 n=3 n=30 n=320 n=12
I
y y
Nested-PCR-Sanger+, || Nested-PCR-Sanger—,
n=15 n=15

Figure 4. Overview and summary of the prospective cohort study assessing CRISPR-GBS. A) Study enrollment and result summary as
categorized by agreements between different tests. B) Venn diagram demonstrating the overall concordance and discordance among direct
culture, regular PCR, and CRISPR-GBS in the cohort. CRISPR-GBS, CRISPR-based diagnostic for rapid group B Streptococcus screening.
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cases that were positive by CRISPR but negative by di-
rect culture, adding the broth enrichment step yielded
positive results in 90% of those cases (Figure 5). These
results validated the greater sensitivity of CRISPR and
suggested that the testing direct swabs by CRISPR-
GBS conferred comparable sensitivity as enrichment
culture. In our antepartum cohort of 412 pregnant
women, the prevalence of GBS carriage was the high-
est by CRISPR at 21.6% (89/412) and was similar by
culture (13.3% [55/412]), and PCR (13.8% [57/412]).

When we compared turnaround time, we found
that the CRISPR-GBS test required an average of <1.5
hours, which includes 30 minutes of rapid DNA ex-
traction, 30 minutes for DNA amplification by RPA,
and 20 minutes for Cas13 detection. This turnaround
time is a considerable advantage over those for con-
ventional culture-based (24-60 hours) and PCR-based
(2.5 hours for a regular PCR assay and much longer
for nested PCR-Sanger) methods.

Discussion

We developed and demonstrated a CRISPR-based
assay that offered short turn-around time and great
sensitivity, which makes it a potential rapid, point-
of-care assay for intrapartum GBS diagnosis, even in
low-resource settings. Debates have occurred over ap-
proaches of preventing neonatal diseases caused by
GBS infection (25). However, both of the 2 commonly
used conventional strategies (i.e., risk-based screen-
ing or late antenatal microbiologic testing) have their
own limitations (3,26). A point-of-care, rapid intra-
partum GBS diagnosis at the onset of labor or mem-
brane rupture is highly desired clinically because it
would enable more accurate antibiotic prophylaxis
and better antimicrobial stewardship (5). Successful
development of such a diagnostic has been hindered
by its requirement for a combination of short turn-
around time, high diagnostic performance, low tech-
nical complexity, and low instrument requirement. In
our study, we took advantage of the programmable

n=13 ——»

>n=10

L~

Positive

Negative

Positive

CRISPR

A

Negative n=8 ——»
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CRISPR/ Cas system for GBS detection. The CRISPR-
GBS assay as established and demonstrated in our
study takes <1.5 hours to complete, has a sensitivity
comparable to enriched culture, and does not require
any sophisticated instruments. These features illus-
trate its great potential to be an onsite, rapid diag-
nostic for intrapartum GBS screening. Given the low
complexity of the CRISPR-GBS assay established in
our study, integration of the entire testing into a com-
pact desktop instrument for an automated sample-in-
report-out assay is highly feasible.

In our prospective study, we found the preva-
lence of GBS in our cohort to be slightly higher than
20% by CRIPSR. Although studies have shown differ-
ential prevalence between rectal and vaginal screen-
ing, the question of whether this could be caused by
a lack of assay sensitivity for detecting borderline
bacterial level remains controversial (1,24,27). In cur-
rent clinical practice, vaginal-rectal swab specimens
are commonly collected for optimized GBS detection,
despite reported discomfort or even pain associated
with rectal swabs (28,29). Determining whether pa-
tients could be spared the discomfort of rectal speci-
mens without compromising the results with a more
sensitive assay would be worthwhile. With this sensi-
tive and rapid CRISPR assay, further studies are also
warranted to evaluate its diagnostic and clinical value
as an intrapartum assay by comparing it to antepar-
tum culture (30).

Apart from GBS diagnosis, obtaining the infor-
mation on drug susceptibility is also of great clini-
cal value. For instance, recent reports have showed
a trend of increased erythromycin and clindamycin
resistance internationally (31-33). Genotypic analysis
has been proven to have great predictive value for
drug resistance. Given the highly sensitive nature of
this CRISPR diagnostic technology, it holds the po-
tential to simultaneously detect genes related to drug
susceptibility (34). An expanded CRISPR-GBS assay
would be able to not only diagnose GBS colonization

13 of 13 culture +/CRISPR+

Figure 5. Overview of the
validation study with enrichment
culture for CRISPR-based
diagnostic for rapid group B
Streptococcus screening. Testing
results by culture and CRISPR
before (left) and after (right)
broth enrichment are shown.

9 of 10 culture +/CRISPR+

1 of 10 culture—/CRISPR-

8 of 8 culture—/CRISPR-
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but also provide genetic insight into drug susceptibil-
ity for first-line antibiotics. On the basis of the proof-
of-principle demonstrated in our study for direct-
from-swab testing, rapid CRISPR detection of both
pathogen and drug sensitivities would permit the
precise approach to identification of GBS colonization
and prevention of related neonatal diseases.

Because GBS is an important infection agent for
multiple invasive infectious diseases such as men-
ingitis, CRISPR-GBS could also be a promising tool
for potentially much wider applications. A future
multicenter study with a larger cohort would pro-
vide a more thorough evaluation of its diagnostic
value, including its performance under different
clinical settings.

In summary, the CRISPR-based rapid GBS assay
we established in this study exhibits great diagnostic
performance for GBS colonization under analytical
and clinical settings. This novel test offers improved
diagnostic performance over culture- and PCR-based
assays and represents a novel option for potential
rapid, point-of-care GBS screening.
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