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ABSTRACT The dissemination of Escherichia coli multidrug-resistant (MDR) STc131 is 
related to its persistence in the human gastrointestinal tract as efficient gut colonizers. 
Infection and prevention measures are the cornerstones for preventing STc131 spread. 
Oral decolonization therapies that target ST131 are being developed. There are no rapid 
methods available to identify STc131 in human specimens. A loop-mediated isothermal 
amplification (LAMP) assay (named LAMP-ST131) was developed for the detection of 
STc131 on well-characterized E. coli isolates and then compared to culture and PCR for 
urines and stool swabs. With E. coli isolates (n = 720), LAMP-ST131 had a sensitivity (sens) 
of 100% [95% confidence interval (C.I.) = 98.1–100%)] and a specificity (spec) of 98.9% 
(95% C.I. = 97.5–99.5%). On urines (n = 550), LAMP-ST131 had a sens of 97.6% (95% C.I. 
= 89.68–94.33%) and a spec of 92.3% (95% C.I. = 87.68–99.88%), while on stool swabs 
(n = 278), LAMP-ST131 had a sens of 100% (95% C.I. = 88.7–100%) and a spec of 83.9% 
(95% C.I. = 78.8–87.9%). LAMP-ST131 detected 10 (urines) and 100 (stool swabs) gene 
copies/μL. LAMP-ST131 accurately identified STc131 within E. coli isolates and human 
specimens. The implementation of LAMP-ST131 will aid genomic surveys, enable the 
rapid implementation of effective infection prevention measures, and identify patients 
suitable for ST131 decolonization therapies. Such approaches will curb the spread of 
STc131 and decrease incidence rates of global MDR E. coli infections.

IMPORTANCE We developed an accurate non-culture-based loop-mediated isother­
mal amplification (LAMP) methodology for the detection of (sequence type) STc131 
among Escherichia coli isolates and human specimens. The use of LAMP-ST131 for 
global genomic surveillance studies and to identify patients that are suitable for ST131 
decolonization therapies will be important for decreasing multidrug-resistant E. coli 
infections across the globe.
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T he Escherichia coli (sequence type) ST131 is a well-established fluoroquinolone-
resistant, CTX-M- and carbapenemase-producing global high-risk clone, and is 

responsible for millions of community-acquired urinary tract infections (UTIs) and 
bloodstream infections annually (1). ST131 single locus variants (SLVs) have rarely been 
reported and, collectively with ST131, are referred to as the sequence type complex 
STc131 (2). Retrospective genomic studies have shown that STc131 had largely been 
responsible for the increase in global multidrug-resistant (MDR) extra-intestinal E. coli 
infections during the mid to late 2000s (3). ST131 belongs to three clades (A, B, and C) 
and four subclades (C0, C1, C1_M27, and C2) (4). The MDR clade ST131-C with CTX-M 
β-lactamases dominates the global population structure of this lineage. The global 
spread of ST131-C has indirectly led to the increased use of carbapenems, with the 
subsequent increase in carbapenem resistance (5).
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Multilocus sequence typing is the gold standard to identify STc131 isolates (https://
github.com/tseemann/mlst), while whole genome sequencing (WGS) phylogenetic 
analysis is necessary to confirm different ST131 clades (6). Several non-sequenced-based 
methods are available for the rapid detection of STc131 (7). These techniques are 
performed on bacterial isolates and include the following: several PCRs (7), multiplex PCR 
to identify different clades (8), PCR followed by high-resolution melting (9), matrix-assis­
ted laser desorption ionization–time of flight mass spectrometry (10), and monoclonal 
antibodies (11).

We developed a loop-mediated isothermal amplification (LAMP) assay (named 
LAMP-ST131) for the detection of E. coli STc131 on bacterial isolates and human 
specimens. LAMP-ST131 can be utilized to identify STc131 among E. coli collections in 
genomic surveys and to detect patients colonized and infected with this lineage for 
decolonization therapies.

MATERIALS AND METHODS

Overview of the study design

The LAMP-ST131 primers were designed using Primer Explorer V5. These primers were 
first validated using E. coli isolates (n = 260) that had previously been characterized with 
WGS. The next step was to evaluate the performance of LAMP-ST131 on a Calgary clinical 
E. coli collection (n = 460) that was previously tested with a ST131 PCR.

The next phase of the study was the validation of LAMP-ST131 on patient specimens 
[i.e., urines (n = 550) and stool swabs (n = 278)]. This included the level of detection on 
patient specimens.

LAMP-ST131 primer design, specimen preparation, and assay conditions

An ST131-specific region was chosen as the amplification target for LAMP-ST131. This 
region consisted of a 580 bp amplicon that was previously identified for a ST131 
specific PCR assay (8). The LAMP-ST131 primer set (a total of six primers) was designed 
using “Primer Explorer V5” (http://primerexplorer.jp/e/) and the specificity of the primers 
was confirmed using the Primer-BLAST website (https://www.ncbi.nlm.nih.gov/tools/
primer-blast/). The LAMP-ST131 primer sequences are shown in Table 1.

Bacterial isolates, urines, and stool swabs were processed as follows: (i) E. coli isolates 
were grown from frozen overnight on blood agar plates. Three to five colonies of 
each isolate were suspended in 300 µL of 10 mM Tris-EDTA buffer, heated at 95°C for 
10 min, and subsequently centrifuged for 2 min at 14,000 rpm. (ii) Urine specimens were 
defrosted from −80°C, then briefly vortexed, and 300 µL was aliquoted to a microfuge 
tube, heated at 95°C for 10 min, and centrifuged for 2 min at 14,000 rpm. (iii) Stool swabs 
were defrosted from −80°C, then vortexed briefly in 300 µL of 10 mM Tris-EDTA buffer in 
a microfuge tube. Stool suspensions were heated at 95°C for 10 min and subsequently 
centrifuged for 2 min at 14,000 rpm.

LAMP-ST131 reactions were set up in a MicroAmp Fast Optical 96-Well plate (Applied 
Biosystems, USA), with each well containing 12.5 µL WarmStart 2X LAMP master mix, 
0.125 µL of fluorescent dye (New England Biolabs, ON, Canada), 0.3 µM of each outer 
primer (F3/B3), 1.6 µM of each inner primer (FIP/BIP), 0.8 µM of each loop primer (LF/LB), 

TABLE 1 LAMP-ST131 primers

Primer name Nucleotide sequence (5′–3′) Size (bp)

ST131-ID20_F3 GTTCGCCAGCCAGAACAT 18
ST131-ID20_B3 CGTGATACCAGCAACGAAGT 20
ST131-ID20_FIP GCACGCCCGGTATTGGTGATGATAAAACAGTCAGCGGCAGA 41
ST131-ID20_BIP GTGGAACAGCGGCACAACCAAGCCCAGGTTACCGTATCC 39
ST131-ID20_LF GCCAGCCAGGCCTTTAACG 19
ST131-ID20_LB GACAAAGCAGAGACATAACCGT 22
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and 4 µL of each (bacterial isolate, urine, or stool swab) lysate. Nuclease-free water was 
added up to a total volume of 25 µL. LAMP-ST131 was carried out on a QuantStudio 
Dx Real-Time PCR instrument (Applied Biosystems, USA) at 64°C for 60 min (120 min—
capture sign every 30 s).

LAMP-ST131 performance using bacterial isolates

A total of 260 well-characterized global E. coli isolates were included in the initial 
validation of LAMP-ST131 (Table 2). The E. coli isolates were randomly selected and 
obtained from North America (i.e., Canada and USA), Latin America (i.e., Mexico, 
Guatemala, Colombia, Brazil, and Argentina), Europe (i.e., Spain, France, Belgium, Italy, 
Greece, Netherlands, Romania, and Serbia), Africa (i.e., Egypt, Morocco, Tunisia, and 
South Africa), Middle East (i.e., UAE, Lebanon, and Jordan), Asia (i.e., India, Vietnam, 
Thailand, Philippines, and Japan), and Oceania (i.e., New Zealand). This E. coli global 
collection previously underwent Illumina NextSeq500 short-read WGS (Illumina, San 
Diego, CA, USA) and was obtained from previous molecular epidemiology studies (12–
17). The STc131 isolates consisted of ST131 (n = 77) and ST131 SLVs (n = 7) (one each 
of ST4171, ST5941, ST9126, ST12149, and ST12151 and two each of ST8671 isolates). 
The ST131 isolates belonged to the following clades: A (n = 10), B (n = 15), C0 (n = 5), 
C1-nonM27 (n = 20), C1-M27 (n = 4), and C2 (n = 23). The non-STc131 E. coli isolates (n = 
176) consisted of 67 different sequence types and are listed in Table 2.

After the initial validation process, the performance of LAMP-ST131 was verified using 
a Calgary E. coli clinical blood collection (n = 460) (18) (Table 2). This collection consisted 
of sequential, non-repeat E. coli isolates obtained in 2010 and was previously tested with 
a ST131 specific PCR (8).

TABLE 2 Performance of LAMP-ST131 with E. coli isolates, human urines, and stool swabsa

LAMP-ST131 positive LAMP-ST131 negative

Well-characterized global E. coli collection (n = 260)
  ST1c131 (n = 84)b 84 0
  Non-ST131 (n = 176)c 0 176
Calgary clinical blood E. coli collection (n = 460)
  ST131 PCR positive (n = 111) 111 0
  ST131 PCR negative (n = 349) 6d 343
Urines (n = 550)
  ST131 culture positive (n = 42) 41 1
  ST131 culture negative (n = 508) 39 469
Stool swabs (n = 278)
  ST131 culture positive (n = 30) 30 0
  ST131 culture negative (n = 248) 40 208
aLAMP-ST131 with well-characterized isolates showed a sensitivity of 100% (95% C.I. = 95.63–100%]) a specificity of 
100% (95% C.I. = 97.86–100%); with clinical blood isolates, it showed a sensitivity of 100% (95% C.I. = 96.65–100%) 
and a specificity of 98.28% (95% C.I. = 96.30–99.21%); with urines, it showed a sensitivity of 97.6% (95% C.I. = 
89.68–94.33%) and a specificity of 92.3% (95% C.I. = 87.68–99.88%); with stools, it showed a sensitivity of 100% 
(95% C.I. = 88.65–100) and a specificity of 83.87% (95% C.I. = 78.78–87.93%).
bSTc131 consisted of ST131 (n = 77) and ST131 SLVs (n = 7). The ST131 isolates belonged to the following clades: A 
(n = 10), B (n = 15), C0 (n = 5), C1-nonM27 (n = 20), C1-M27 (n = 4), and C2 (n = 23). The ST131 SLVs belonged to 
ST4171, ST5941, ST9126, ST12149, and ST12151 (one each) and two ST8671 isolates.
cNon-ST131 isolates consisted of the following: ST101 (n = 1), ST10 (n = 3), ST12 (n = 6), ST69 (n = 4), ST11316 (n = 
1), ST117 (n = 2), ST1193 (n = 5), ST1196 (n = 1), ST127 (n = 3), ST1312 (n = 1), ST14 (n = 10), ST141 (n = 3), ST1431 (n 
= 2), ST144 (n = 3), ST155 (n = 1), ST156 (n = 2), ST167 (n = 6), ST182 (n = 1), ST1858 (n = 1), ST1876 (n = 3), ST2003 
(n = 2), ST205 (n = 1), ST2038 (n = 2), ST224 (n = 2), ST297 (n = 1), ST34 (n = 1), ST345 (n = 1), ST3478 (n = 1), ST349 
(n = 1), ST354 (n = 2), ST357 (n = 1), ST361 (n = 3), ST372 (n = 2), ST38 (n = 6), ST393 (n = 3), ST399 (n = 1), ST4 (n 
= 1), ST404 (n = 8), ST405 (n = 4), ST409 (n = 4), ST410 (n = 6), ST4167 (n = 1), ST428 (n = 1), ST429 (n = 2), ST43 (n 
= 1), ST44 (n = 2), ST443 (n = 1), ST448 (n = 3), ST453 (n = 3), ST457 (n = 2), ST46 (n = 2), ST491 (n = 1), ST5021 (n = 
1), ST538 (n = 1), ST540 (n = 1), ST550 (n = 3), ST568 (n = 4), ST569 (n = 4), ST58 (n = 1), ST582 (n = 1), ST617 (n = 2), 
ST624 (n = 1), ST648 (n = 4), ST69 (n = 3), ST73 (n = 5), ST88 (n = 3), and ST95 (n = 12).
dThe isolates belonged to ST1193 (n = 1), ST73 (n = 3), and ST95 (n = 2).
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LAMP-ST131 validation using patient samples

De-identified, sequential, non-repeat clinical specimens [i.e., urines (n = 550) and stool 
Amies swabs (n = 278)] were frozen at −80°C and used to validate LAMP-ST131. 
Clinical specimens were defrosted, then cultured on Thermo Scientific Oxoid MacCon­
key Agar, and lactose fermenting colonies underwent matrix-assisted laser desorption 
ionization–time of flight mass spectrometry (bioMérieux Vitek Systems Inc., Hazelwood, 
MO). Isolates that were identified as E. coli were then screened with a ST131 PCR (8). Five 
colonies per specimen were tested.

LAMP-ST131 limit of detection

Limit of detection (LOD) of LAMP-ST131 was done on urine and stool swab specimens. 
Specimens were initially resuspended in 1 mL of Tris-EDTA buffer. LOD was done using 
10-fold serial dilutions of ST131 culture-positive (non-contrived) specimens in Tris-EDTA 
buffer. A ST131 digital droplet PCR (ddPCR) (BioRad, Hercules, USA) assay was used to 
quantify the number of gene copies in each dilution. The design of the ST131 ddPCR 
assay and calculation of ST131 gene copies are shown in Supplementary Materials.

Statistical analysis

Sensitivity, specificity, positive predictive value (PPV), and negative predictive value 
(NPV) of LAMP-ST131 were calculated for bacterial isolates, urines, and stool swab 
specimens. Optimized cut-off cycle threshold (Ct) values were estimated for each assay 
type by finding the highest Youden index (sensitivity + specificity − 100) in the data set.

For E. coli isolates, WGS (population 1) and ST131-PCR (population 2) were considered 
as the gold standard for comparisons against LAMP-ST131 (Table 2). For urines and stool 
swabs, bacterial culture followed by ST131 PCR on cultured isolates (8) was considered 
as the gold standard for comparisons against LAMP-ST131 (performed directly on urines 
and stool swabs) (Table 2).

To determine the discrimination value of our analysis, receiver operational character­
istic (ROC) curves were generated for bacterial isolates, urines, and stool swabs, along 
with the area under the curve (AUC). All the statistical analysis, box plots, and ROC curves 
were generated in GraphPad Prism (version 9.5.1).

RESULTS AND DISCUSSION

LAMP-ST131 performance with bacterial isolates

LAMP assays are isothermal, rapid, detectable to the naked eye, room temperature 
stable, and do not require expensive/time-consuming extraction/ purification steps (19). 
LAMP methods had previously been utilized to detect E. coli isolates (20), including 
antimicrobial resistance determinants among E. coli isolates (21). LAMP is also suited for 
testing on human specimens because this technology is less susceptible to inhibitors (19) 
and has been used to detect E. coli in stools (22) as well as urines (23).

The initial validation of LAMP-ST131 used a global well-characterized E. coli popula­
tion (Table 2): STc131 (n = 84) vs known non-ST131 E. coli isolates (n = 176) (that had 
previously been characterized by WGS). LAMP-ST131 showed a perfect AUC of 100% 
with an optimal cut-off value of 36.79 Ct (Fig. S1), displaying a sensitivity of 100% (95% 
C.I. = 95.63–100%) and a specificity of 100% (95% C.I. = 97.86%–100%) (Table S1). The 
PPV and NPV were equivalent to 100% (95% C.I. = 95.63–100%) and 100% (95% C.I. = 
97.86–100%), respectively.

LAMP-ST131 performance was then verified using a Calgary clinical E. coli collection 
(Table 2) consisting of PCR-positive ST131 (n = 111) vs unknown sequence type isolates 
(n = 349) (ST131 PCR negative). LAMP-ST131 showed an AUC of 98.70% with an optimal 
cut-off value of 35.77 Ct (Fig. S2), displaying a sensitivity of 100% (95% C.I. = 96.65–100%) 
and a specificity of 98.28% (95% C.I. = 96.30–99.21%). The ST131 prevalence in this 
collection was 24% resulting in a PPV of 94.84% (95% C.I. = 89.26–97.60%) and an NPV of 
100% (95% C.I. = 98.93–100%) (Youden index = 0.9946) (Table S2).
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LAMP-ST131 can be utilized to identify STc131 among E. coli collections for genomic 
surveys. Due to the potential of user-friendly and cost-effective LAMP instrumentation, 
LAMP-ST131 has the potential for future utilization in resource-limited countries to 
identify ST131 in genomic surveys (24). We are currently in the process of converting 
LAMP-ST131 into a cost-effective point-of-care and near-patient testing versions. Such 
methodologies can easily be incorporated into global MDR molecular surveillance 
networks including lower- and middle-income countries (LMICs) (25).

LAMP-ST131 validation using clinical samples

The rapid dissemination of ST131 is related to its persistence in the human gastrointesti­
nal tract (GIT) as efficient gut colonizers (26). Prolonged gut colonization increases the 
ability of ST131 to spread among hosts and cause extraintestinal infections (e.g., UTIs) 
(26, 27).

ST131 is often the most common and most MDR clone among E. coli bloodstream 
infections (28). The elimination of ST131 will lead to significant overall decreases in 
incidence and MDR rates among E. coli isolates causing bloodstream infections (12, 29) 
(e.g., the removal of ST131 will decrease the overall incidence rate of Calgary E. coli 
bloodstream infections from 48.8 to 38.4/100,000 patient years). This was especially 
evident among Calgary long-term-care facility residents where the removal of ST131 
will decrease the overall incidence rates of E. coli bloodstream infections from 857 to 
544/100,000 patient years (12, 29).

Oral decolonization therapies (e.g., phages) targeting ST131 are being developed 
(30–32). Animal studies have shown that ST131-specific phages can decolonize the GIT 
of mice previously colonized with ST131 (30–32). Such therapies have the potential to 
decrease ST131 numbers and perhaps eliminate this lineage from the human GIT. The 
implementation of effective IP&C measures and the potential elimination of ST131 will 
decrease MDR E. coli infections and aid in curbing the MDR pandemic (33).

Culture-based approaches followed by ST131 PCR of E. coli isolates are the only 
methodologies available to identify ST131 from patient specimens (33). These methodol­
ogies are not sensitive, not standardized, labor-intensive, and time-consuming. There are 
no rapid specimen methods available for the detection of patients colonized or infected 
with ST131.

The best cut-off Ct value of LAMP-ST131 for urine specimens was 60.05 min, with a 
Youden index of 89.94. A sensitivity of 97.6% (95% C.I. = 89.68–94.33%) and a specificity 
of 92.3% (95% C.I. = 87.68–99.88%) were recorded with this cut-off. The AUC of the ROC 
was equivalent to 97.38, suggesting that this cut-off value is sufficient as a proxy for 
discrimination (Fig. S3). The ST131 prevalence among urines was 8% resulting in a PPV of 
51.3% (95% C.I. = 44.90–60.01%) and an NPV of 99.8% (95% C.I. = 98.47–99.97%) (Table 
S3).

The best cut-off Ct value of LAMP-ST131 for stool swab specimens was 57.94 min with 
a Youden index of 83.87. A sensitivity of 100 (95% C.I. = 88.65–100%) and a specificity 
of 83.87% (95% C.I. = 78.78–87.93%) were recorded with this cut-off. The AUC of the 
ROC was equivalent to 93.76, suggesting that this cut-off value is sufficient as a proxy for 
discrimination (Fig. S4). The ST131 prevalence among stool swabs was 11% resulting in 
a PPV of 42.9% (95% C.I = 36.59–50.44%) and an NPV of 100% (95% C.I. = 98.24–100%) 
(Table S4).

One of the limitations of this study is that we used non-sensitive culture-based 
methodologies as the gold standard to evaluate the performance of LAMP-ST131 for 
the detection of STc131 on human specimens: 39/508 (7.6%) culture-negative urines 
and 40/248 (16%) culture negative stool swabs were false positive with LAMP-ST131. 
Is it likely that some of these specimens were actually positive for ST131 due to the 
inaccuracies of culture-based methodologies (34). It is also possible that LAMP-ST131 
caused false negative results.

LAMP-ST131 will be able to identify patients colonized or infected with ST131 
resulting in the rapid implementation of effective IP&C measures (33). LAMP-ST131 will 
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also detect patients suitable for ST131 decolonization therapies. The potential elimina­
tion of ST131 from the GIT of patients will aid in decreasing the overall incidence rates of 
E. coli bloodstream infections, especially among LTCF residents and will also help to curb 
the spread of this MDR lineage (12, 29).

Limit of detection

The LOD for LAMP-ST131 was determined for urine and stool swab specimens. A 
10-fold serially diluted sample from each sample type was tested with LAMP-ST131 and 
quantified with ddPCR. The LOD for urines and stool swabs were confirmed at 10 and 100 
gene copies/μL, respectively (Table 3).

Conclusion

We developed an accurate non-culture-based LAMP methodology for the detection of 
STc131 among E. coli isolates and human specimens. Youden index analysis showed 
similar Ct cut-offs for bacterial populations when compared to Ct cut-offs for clinical 
specimens. This is likely due to the lower number of gene copies in clinical specimens. 
Cost-effective LAMP methodologies that contain LAMP-ST131 can easily be incorpo­
rated into LMIC MDR molecular surveillance networks. The use of LAMP-ST131 for 
global genomic surveillance studies and to identify patients that are suitable for ST131 
decolonization therapies will be important for decreasing MDR E. coli infections across 
the globe.
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