JCM

Journals.ASM.org

Quantitative PCR for Detection of Shigella Improves Ascertainment of
Shigella Burden in Children with Moderate-to-Severe Diarrhea in
Low-Income Countries
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Estimates of the prevalence of Shigella spp. are limited by the suboptimal sensitivity of current diagnostic and surveillance
methods. We used a quantitative PCR (qPCR) assay to detect Shigella in the stool samples of 3,533 children aged <59
months from the Gambia, Mali, Kenya, and Bangladesh, with or without moderate-to-severe diarrhea (MSD). We com-
pared the results from conventional culture to those from qPCR for the Shigella ipaH gene. Using MSD as the reference
standard, we determined the optimal cutpoint to be 2.9 X 10* ipaH copies per 100 ng of stool DNA for set 1 (n = 877). One
hundred fifty-eight (18%) specimens yielded >2.9 X 10* ipaH copies. Ninety (10%) specimens were positive by traditional
culture for Shigella. Individuals with =2.9 X 10* ipaH copies have 5.6-times-higher odds of having diarrhea than those
with <2.9 X 10* ipaH copies (95% confidence interval, 3.7 to 8.5; P < 0.0001). Nearly identical results were found using an
independent set of samples. QPCR detected 155 additional MSD cases with high copy numbers of ipaH, a 90% increase
from the 172 cases detected by culture in both samples. Among a subset (n = 2,874) comprising MSD cases and their age-,
gender-, and location-matched controls, the fraction of MSD cases that were attributable to Shigella infection increased
from 9.6% (n = 129) for culture to 17.6% (n = 262) for gPCR when employing our cutpoint. We suggest that qPCR with a
cutpoint of approximately 1.4 X 10* ipaH copies be the new reference standard for the detection and diagnosis of shigello-

sis in children in low-income countries. The acceptance of this new standard would substantially increase the fraction of

MSD cases that are attributable to Shigella.

higella spp. are among the most common causes of moder-

ate-to-severe diarrhea (MSD) worldwide, disproportion-
ately affecting children <5 years of age living in developing
countries (1). Estimates of Shigella incidence are limited by
inconsistent diagnostic accuracy and inaccurate surveillance
methods. The current gold standard for the detection of Shi-
gella species in fecal specimens requires isolation, growth, and
identification in culture. Though the methods were developed
in the first half of the 20th century, they require considerable
operator training and expertise, both of which are often un-
available at the sites of greatest disease burden. Moreover, even
in experienced hands, the cultivation of Shigella spp. is im-
peded by inconsistent bacterial load, loss of bacterial viability
during specimen transport and storage, and requirements for
specific reagents that are labile and sometimes unavailable (2).
Nevertheless, advantages of cultivation are its validation and
verification of a bacterium’s identity and its availability for
downstream characterization.

Some studies have shown that the detection of Shigella using
DNA amplification techniques might suggest an increased preva-
lence compared with results using conventional methods (1, 3, 4,
5). Vuetal. (3) suggested that as many as 46% of culture-negative
diarrheal stool samples were positive for Shigella by quantitative
PCR (qPCR). When qPCR is used where Shigella is most preva-
lent, it, like culture, requires mechanical and technical expertise to
produce accurate estimates. In this study, we aim to compare the
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diagnostic accuracy of traditional culture-based techniques versus
qPCR for the detection of Shigella.

Quantitative culture methods demonstrated that volunteers
with diarrhea tend to have higher quantities of bacteria isolated
from their stool than do those without diarrhea (6, 7, 8). Similarly,
other studies have used qPCR to investigate the causes of the in-
testinal disease associated with norovirus and Escherichia coli (9,
10). In determining the cause of diarrheal illness, qPCR might
prove to be a useful tool where pathogen load might be strongly
associated with the ability to cause disease. If a new test is able to
detect the presence of Shigella in stools in a greater proportion
than traditional microbiological techniques, we must assess
whether the test is able to distinguish between those with and
without illness, which gives clinical relevance to the new diagnos-
tic test. We must also assess whether higher sensitivity comes at the
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FIG 1 (A) Standard curves for set 1 (n = 877). For each plate, a standard curve was constructed by plotting the cycle threshold (C;) values on the y axis and the
known log-dilution of DNA of 1.0 to 0.00032 ng per ml in 5-fold dilutions on the x axis. (B) Decile graph for set 1 (n = 877). The quantities of ipaH gene copies
were split into deciles with 88 or 87 samples per decile. The proportion of cases, samples positive for Shigella by culture, and samples positive for blood were

plotted for each decile.

cost of a substantial decrease in specificity (11, 12). Finally, if we
find that a larger number of asymptomatic carriers of Shigella exist
than was previously thought, this might provide vital clues about
the natural history of and the risk factors associated with shigello-
sis, as well as generate information that is crucial for limiting the
spread of the disease.

MATERIALS AND METHODS

Study design and participants. Stool specimens were collected during the
Global Enteric Multisite Study (GEMS), a case-control study of moder-
ate-to-severe diarrhea (MSD) in children <5 years of age. Details of the
GEMS are presented elsewhere (13). We studied a subset of samples for
which 6 g of stool was available following collection. Cases with MSD were
enrolled upon presentation to a health clinic. MSD eligibility criteria in-
cluded dehydration (sunken eyes, loss of normal skin turgor, or a decision
to initiate intravenous hydration), presence of blood in the stool (dysen-
tery), or a decision to hospitalize the child. Cases with blood in the stool
were identified using a broad definition of positive that included blood in
the stool reported by either the primary caretaker or a technician in the
laboratory. Controls were sought following case enrollment and were
sampled from a demographic surveillance database of the area; they were
included if they reported no diarrhea within the previous 7 days. Individ-
uals were excluded if they were unable to produce 6 g of stool or they were
unable or unwilling to consent to involvement in the study. All specimens
were collected between March 2008 and June 2009. One specimen was
collected from each child at the time of enrollment. The institutional
review boards at all participating institutions reviewed and approved the
study protocol.

Microbiology methods. Stool specimens were handled following the
GEMS protocol (14). The specimens were collected in sterile containers,
kept at 2 to 8°C while in transit, and examined within 24 h (<6 h between
evacuation and placement into transport medium, which was made
weekly, and <18 h before the transport swab inoculated the culture
plates). Shorter testing times are associated with case specimens, since
they were collected from the child while in the clinic, while control spec-
imens were collected by a messenger from the child at home. Each fresh
stool specimen was aliquoted into multiple tubes, some of which were
frozen at —80°C. An aliquot was placed in Cary-Blair transport medium
and another in buffered glycerol saline. A swab from the Cary-Blair me-
dium and one from the buffered glycerol saline were applied separately to
both MacConkey and xylose lactose desoxycholate plates. The four plates
(2 MacConkey and 2 xylose lactose desoxycholate) were incubated aero-
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bically at 35 to 37°C for 24 to 48 h. Following incubation, no more than 10
isolated non-lactose-fermenting colonies and at least one representative
colony of each suspicious morphotype from each plate were then inocu-
lated into each of the following: triple sugar iron agar, motility indole
ornithine medium, lysine decarboxylase agar, citrate and urea medium;
then they were incubated overnight. If biochemical tests suggested Shi-
gella spp. were present, colonies were typed by using pure colonies by
direct slide agglutination with the appropriate antiserum (Denka Seiken
or Reagensia). Positive cultures were sent to the CDC in Atlanta, GA, for
serotype confirmation. If the colonies were not suggestive of Shigella spp.
at 48 h, the specimen was considered culture negative.

To verify the true detection limits of the assay, 200 mg Shigella-nega-
tive stool (collected in North America) was mixed with either 107 or 10°
CFU prior to DNA isolation. These two DNA samples were serially diluted
1:5 five times and were quantified by qPCR.

DNA was isolated from frozen stool samples by using a bead beater
with 3-mm-diameter solid-glass beads (Sigma-Aldrich), and subse-
quently with 0.1-mm zirconium beads (BioSpec, Inc.), to disrupt the cells.
The cell slurry was then centrifuged at 16,000 X g for 1 min, and the
supernatant was processed using the Qiagen QIAamp DNA stool extrac-
tion kit. Extracted DNA was ethanol precipitated and shipped to the
United States.

Quantitative PCR. qPCR was conducted on three sets of specimens,
the first of which contained 877 DNAs, the second of which contained
2,656 DNAs, and the third of which contained a North American stool
sample with known quantities of Shigella; it was performed by a single lab
technician who was blinded to the case, control, and culture status of the
stool samples. Each DNA was tested by qPCR using the Applied Biosys-
tems 7500/7500 Fast real-time PCR system with software v2.0.5 and SYBR
green-based fluorescent dye. Primers for ipaH initiated the assay, which
contained 10 to 1,717 ng of DNA, 8.5 .l of water, 1.5 pl each of 5 uM
forward and reverse primers, and 12.5 pl of SYBR green PCR master mix
(Applied Biosystems) (3). The PCR was carried out for 40 cycles of 95°C
for 10 s, 95°C for 15 s, and 60°C for 1 min (2, 3). The gene copies in the
specimens were determined by absolute quantification using a standard
curve fitted for each 96-well plate. The standard curve was constructed
with the total genomic DNA isolated by Qiagen columns, according to the
manufacturer’s instructions from Shigella flexneri 2b strain ATCC 12022.
The standard curves for the first 11 plates are plotted in Fig. 1A. The R?
values of a linear model fit to the standard curves of cycle threshold (C )
versus log dilution of DNA in the standard ranged from 1.00 to 0.984
across all 42 plates. To convert the quantity given by the qPCR output to
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TABLE 1 Sample characteristics: a description of demographic and clinical characteristics of children <5 years of age from two sets of samples

included in the study

Sample characteristic

Set 1 (n = 877)

Set 2 (n = 2,656)

Total (n = 3,533)°

MSD? (1 [%])

Age (mean [SD]) (mo)

Age group (1 [%])
0to <12 mo

12 to <24 mo
24 to 59 mo

Male (n [%])
Site (n [%])

Gambia

Mali

Kenya

Bangladesh
Antibiotic use (1 [%])
Shigella-positive by culture (n [%])
Shigella quantity of <1.0 (n [%])

Shigella quantity decile (range [n])
1

O 00 N N U e W

414 (47.2)

17.6 (11.5)

337 (38.4)
326 (37.2)
214 (24.4)

506 (57.7)

348 (39.7)
130 (14.8)
170 (19.4)
229 (26.1)

12 (1.4)
90 (10.2)

78 (9.0)

0 to <1.30 (87)

1.30 to <4.96 (88)

4.96 to <12.76 (88)
12.76 to <32.23 (88)
32.23 to <71.49 (87)
71.49 to <176 (88)

176 to <593 (88)

593 to <10,935 (88)
10,935 to <525,416 (88)

1,047 (39.7)

17.8 (12.4)

1,032 (39.1)
880 (33.4)
725 (27.5)

1,460 (55.4)

563 (21.4)
112 (4.2)
1,385 (52.5)
577 (21.9)

28 (1.1)°
134 (5.1)

483 (18.2)

0(483)

1.0 to <3.60 (48)

3.60 to <6.75 (266)
6.75 to <22.71 (265)
22.71 to <54.42 (266)
54.42 to <128 (266)
128 to <334 (265)

334 to <1,503 (266)
1,503 to <22,049 (266)

1,461 (42)

17.8 (12.2)

1,369 (38.9)
1,206 (34.3)
939 (26.7)

1,966 (55.9)

911 (25.9)
242 (6.9)
1,555 (44.3)
806 (22.9)

40 (1.1)°
224 (6.4)

561 (15.8)

0 (561)

1.0 to <2.15 (145)
2.15 to <8.18 (354)
8.18 to <25.06 (353)
25.06 to <59.19 (353)
59.19 to <136 (354)
136 to <381 (353)

381 to <1,953 (354)
1,953 to <55,261 (353)

—_
(=)

>525,416 (87)

Maximum copy number 1X 10"

>22,049 (265) >55,261 (353)

7.6 X 10'° 7.6 X 10'°

“ Some missing data account for the discrepancies in the data totals.
? MSD, moderate-to-severe diarrhea.
¢ Nineteen missing values.

an estimate of the number of target gene copies, we computed that 1 ng
of genomic DNA isolated from broth-grown S. flexneri 2b ATCC 12022
is approximately equal to 2 X 10’ gene copies of ipaH, assuming a
single copy of ipaH per genome. We used the concentration of DNA,
determined spectrophotometrically (NanoDrop ND-1000 spectro-
photometer, Thermo Scientific), in the sample and the quantitative
PCR measurement to estimate the number of gene copies based on 100
ng of total stool DNA.

Genome sequencing. Genome sequencing and analysis were per-
formed on selected Shigella isolates using the methods and software de-
scribed previously (15, 16). Identification of specific genes was completed
with a comparison with BLAST to the assembled contigs.

Statistical analysis. All statistical analyses were performed using SAS
v9.2 (SAS Institute, Cary, NC). We calculated the sensitivity and specific-
ity of (i) QPCR to MSD status, (ii) qPCR to culture status, and (iii) culture
to MSD status. Sensitivity and specificity were calculated by comparing
the results of the reference (culture or MSD diagnosis) to gPCR or culture.
Sensitivity was calculated as the number of true positives (positive by both
measures) divided by the number of reference positives. Specificity was
calculated as the number of true negatives (negative by both measures)
divided by the number of reference negatives. We constructed receiver
operating characteristic (ROC) curves from the continuous measurement
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of the number of gene copies per sample by plotting the estimated sensi-
tivity by 1 — specificity. For ROC analysis in the model, we included gene
copies as the independent variable and either case status or Shigella-cul-
ture positive as the outcome and dependent variable.

RESULTS

We selected 877 specimens from four GEMS sites: the Gambia,
Mali, Kenya, and Bangladesh. Four hundred fourteen specimens
were from patients with MSD, 463 from children without diarrhea
(i.e., controls, all of whom were reported not to have had diarrhea
in the past 7 days); 90 (74 from MSD patients, 16 from controls)
samples were positive by the standard culture procedure for Shi-
gella spp. qPCR was conducted on all 877 samples and C; values
ranged from 4.06 to 39.20, with a mean value of 25.92. Comparing
the results against those generated from the standard curve with
known quantities of Shigella genomic DNA, the calculated target
abundance ranged from 0 to 1 X 10'° gene copies of ipaH per 100
ng of stool DNA. Seven hundred ninety-nine samples had a target
abundance calculated by qPCR that was >1.0. Of these, 89 were
positive by standard culture. Target abundance was converted
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FIG2 (A) ROC curve for model case-control status versus qPCR ipaH gene quantities from set 1 (n = 877) (B) ROC curve for model Shigella culture status versus
qPCR ipaH gene quantities from set 1 (n = 877). Curves were plotted by calculating the sensitivity and 1-specificity of QPCR compared to case-control status
(panel A) or Shigella culture status (panel B) at each unit increment in qPCR ipaH gene quantity. Squares indicate the points on the curve cutpoint of
approximately 29,000 ipaH copies. The diamond in panel A indicates the values for sensitivity and 1 — specificity for culture.

into output deciles, with 87 or 88 samples per decile. The range for
each decile is listed in Table 1.

We assessed the performance characteristics of our qPCR assay
in detecting Shigella as a cause of MSD. We compared the propor-
tion of MSD cases, the proportion of specimens that were positive
for Shigella spp. by culture, and the proportion of specimens re-
porting dysentery, within each decile (Fig. 1B). The proportion of
specimens in the first decile derived from MSD cases was 38%.
This proportion remained at =55% in each decile until the ninth
decile, where it increased to 70%. The highest proportion of cases,
78%, was found in the tenth decile. As the quantities of ipaH
increased, the proportion of dysenteric stools also increased: 48%,
or 42 specimens, of those in the highest decile were positive for
visible blood in the stool. The proportions of positive cases, cul-
ture-positive stools, and dysentery-positive stools by each decile
each had a significant (P < 0.0001) Cochran-Armitage test for
trend.

ROC curve analysis. ROC curves were constructed from the
sensitivity and 1-specificity of the number of gene copies deter-
mined by qPCR and either case status (Fig. 2A) or Shigella-culture
positivity (Fig. 2B) as the test reference group. The area under the
curve (AUC) was higher for predicting Shigella-culture positivity
(0.9357) than for predicting case status (0.5901). The optimal cut-
point determined by the maximum Youden index (J = [sensitiv-
ity + specificity — 1]) for predicting both case status and Shigella-
culture detection was approximately 2.9 X 10* ipaH copies per
100 ng of stool DNA; this correctly predicted 125 true-positive
cases of MSD and 428 true-negative controls (17). One hundred
fifty-eight samples (18%) were positive by this cutoff. One hun-
dred twenty-five (79%) of 158 samples with =2.9 X 10* ipaH
copies were cases of MSD. Within the 33 control samples, all four
sites and a wide distribution of ages were represented. Impor-
tantly, 13 of the 33 control samples with qPCR values >2.9 X 10*
ipaH copies were positive for Shigella using culture-based detec-
tion. Whole-genome sequencing of these 13 Shigella isolates re-
vealed them to be typical isolates (4 S. flexneri, 3 S. boydii, and 6 S.
sonnei). Additional characteristics are presented in Table 2.

We compared the sensitivities and specificities of Shigella
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qPCR and culture detection using MSD or no MSD as the refer-
ence standard (Table 3). Culture yielded a sensitivity of 17.9%, a
specificity of 96.5%, and an odds ratio association with disease of
6.4 (95% confidence interval [CI], 3.6 to 11.5; P value < 0.0001).
qPCR with =2.9 X 10" ipaH copies provided a sensitivity of 30.2%
and a specificity of 92.8%. Children in our case-control sample
population with qPCR with =2.9 X 10* ipaH copies had 5.6-
times-higher odds of having diarrhea than did those with qPCR
with <2.9 X 10* ipaH copies (95% CI, 3.7 to 8.5; P value <
0.0001). While the odds ratios for culture and qPCR with =2.9 X
10* ipaH copies are statistically indistinguishable, there were a
total of only 90 stool samples that were positive for Shigella by
culture, while there were 158 positive for Shigella using qQPCR with
=2.9 X 10* ipaH copies.

Validation of assay using spiked stools. In order to test the
efficiency of our qPCR test, 200 mg of stool was mixed with 107
CFU and another 200 mg with 10° CFU of Shigella. Each DNA
sample was serially diluted 1:5 five times. The results are shown in
Fig. 3. The linear dilution reveals a constant number of copies of

TABLE 2 Characteristics of control samples with high Shigella
quantities

Set 1 (n = 33)
controls >2.9 X

Set 2 (n = 100)
controls >1.4 X

Total (n = 143)
controls >1.4 X

Sample characteristic 10* ipaH copies  10* ipaH copies 10 ipaH copies
Site (n [%])
The Gambia 17 (51) 24 (24) 46 (32)
Mali 2(6) 5(5) 12 (8)
Kenya 5(15) 34 (34) 39 (27)
Bangladesh 9(27) 37 (37) 46 (32)
Age (mean [SD]) 18.8 (12.7) 19.24 (12.9) 19.25 (12.46)
(mo)
Age group
0to <12 mo 10 (30) 37 (37) 49 (34)
12 to <24 mo 14 (42) 32 (32) 53 (37)
24 to 59 mo 9 (28) 31(31) 41 (29)
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TABLE 3 Comparison of sensitivity and specificity of culture and gPCR”

No. of MSD cases/no. of

Set and method all Shigella positive cases Sensitivity (95% CI) Specificity (95% CI) OR (95% CI) P value
Set 1 (n = 877)
Shigella culture 74/89 17.87 (14.30-21.91) 96.75 (94.45-98.01) 6.47 (3.65-11.47) 4.05 X 10713
qPCR with 2.9 X 10* ipaH copies 125/158 30.19 (25.81-34.87) 92.84 (90.14-95.04) 5.61 (3.72-8.46) 2.69 X 107"
Set 2 (n = 2,656)
Shigella culture 98/133 9.40 (7.69-11.33) 97.79 (96.94-98.46) 4.59 (3.09-6.81) 4.09 X 10~ '¢
qPCR with 1.4 X 10* ipaH copies 201/300 19.27 (16.92-21.80) 93.75 (92.45-94.89) 3.58 (2.78-4.62 3.52 X 10724
Matched set (n = 2,874)
Shigella culture 129/172 10.70 (9.01-12.58) 97.42 (96.54-98.13) 5.41 (3.61-8.10) <0.0001
qPCR with 1.4 X 10* ipaH copies 262/377 21.72 (19.43-24.16) 93.11 (91.78-94.27) 4.72 (3.57-6.23) <0.0001
All samples (n = 3,533)
Shigella culture 172/222 11.81 (10.19-13.57) 97.55 (96.79-98.18) 5.34 (3.87-7.37) 3.80 X 10~%
qPCR with 1.4 X 10* ipaH copies 327/469 22.44 (20.32-24.67) 93.06 (91.87-94.12) 3.88 (3.14-4.79) 7.28 X 10740

“ Shown are the number of cases identified as positive by culture or qPCR with a threshold of 2.9 X 10* ipaH gene copies for set 1 and 1.4 X 10 for set 2, matched set, and all
samples. Sensitivities and specificities were calculated using MSD disease status as the reference.

ipaH. Averaged over the five measurements, the 200 mg of stool
with 10° Shigella CFU measured by qPCR yielded 3,740 ipaH cop-
ies, while the sample with 10’ CFU yielded 19,600 ipaH copies.
Based on these values, one copy of ipaH by our qPCR measure-
ment represents approximately 4 to 188 CFU per 200 mg of stool.

Validation using a second epidemiologic sample. We per-
formed qPCR on another group of specimens from the GEMS,
which were generated using identical clinical and microbiological
protocols but were collected at later time points than the first set.
This analysis included a total of 2,656 samples, comprising 1,047
(40%) MSD cases and 1,609 (60%) controls without diarrhea in
the previous 7 days and with a similar age and site distribution as
in the initial analysis (Table 1). Results of the second qPCR set
revealed that 82% of the samples were positive for Shigella with a
range of ipaH copies from 1 to 7.6 X 10'°. Analysis of ROC curves
constructed from this data set indicated a quantitative cutpoint of
approximately 1.4 X 10* ipaH copies as being optimal for the
detection of MSD caused by Shigella. The odds ratio between Shi-
gella status and MSD at this cutpoint was 3.58 (95% CI, 2.78 to
4.62), and using MSD status as our reference test, a sensitivity of
19% and specificity of 95% were calculated in this second set

100,000

10,000 0\
TN
. N

=
(=]
]
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FIG 3 qPCR results from spiked experiment. Two stool samples of 200 mg
were each spiked with 107 or 10° CFU of Shigella flexneri. After DNA isolation,
the samples were diluted and amplified using the primers for ipaH.
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(Table 3). The odds ratio for culture positivity and MSD in this
second sample was 4.59 (95% CI, 3.09 to 6.81). One hundred
control samples had high levels of ipaH, 21 of which were culture
positive. Among the 134 culture-positive samples, 42 (31%) pro-
duced qPCR values below, while 92 (69%) were above, the cut-
point.

In our GEMS MSD subset, conventional bacteriologic cul-
ture detected Shigella in 6.3% (224 of 3,533) of stool samples.
In contrast, QPCR detects Shigella at a level of =1 copy per 100
ng of stool DNA in 84.2% (2,972 of 3,533) of all samples.
Among children with MSD, 89% (1,307 of 1,461) had detect-
able ipaH genes. Thus, applying the cutpoint of qPCR with
=1.4 X 10* ipaH copies is critical for the diagnosis of MSD that
is attributed to Shigella. Using this cutpoint, 327 cases and 142
controls yielded high levels of ipaH target. Among the 172 Shi-
gella culture-positive samples, 48 (28%) were below and 124
(72%) were above the cutpoint. The asymptomatic carriage
rate of Shigella qPCR with =1.4 X 10* ipaH copies, which was
6.9% (142 of 2,072), is similar to the asymptomatic carriage
rate of 2.4% (n = 52) that was detected by culture. Among the
3,533 children, culture revealed that 12% of MSD could be
attributed to Shigella; in contrast, qPCR with =1.4 X 10* ipaH
copies yielded a distinctly larger proportion, as 22% of MSD
cases could be attributed to Shigella infection.

Within the larger GEMS sample, 2,874 samples were derived
from cases and controls that were matched at the time of en-
rollment for age, site, and time of enrollment; these included
1,206 cases and 1,668 controls. A conditional logistic regres-
sion of the matched 2,874 individuals with Shigella culture sta-
tus in cases to controls resulted in an odds ratio of 5.41 (3.61 to
8.10), while using a cutpoint of 1.4 X 10* ipaH copies resulted
in an odds ratio of 4.72 (95% CI, 3.57 to 6.23). The attributable
fraction can be calculated by culture to be 0.0962 (116 Shigella
cases), or by qPCR with =1.4 X 10 ipaH copies to be 0.1768
(213 Shigella cases).

DISCUSSION

Our study evaluates the use of Shigella qPCR as a diagnostic
method. We found that of the 1,461 stool samples from children
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with MSD and 2,072 stool samples from control children, 84% of
samples were positive for =1 Shigella ipaH target copy per 100 ng
of stool DNA. ROC analysis revealed that approximately 1.4 X 10*
ipaH copies per 100 ng of stool DNA was the cutoff value, produc-
ing the best performance in terms of sensitivity and specificity.
This cutoff identified 469 stools as having high levels of Shigella, of
which 327 (70%) were stools from children with MSD. We re-
tained the original GEMS matching of 1,206 cases and 1,668 con-
trols on age, site, gender, residence, and time. A conditional logis-
tic regression of these matched samples with a cutpoint of 1.4 X
10* ipaH copies resulted in an odds ratio comparing Shigella in
cases to controls of 4.72 (95% CI, 3.57 to 6.23). A conditional
logistic regression comparing Shigella-culture status in these cases
and controls resulted in an odds ratio of 5.41 (3.61 to 8.10). While
these two odds ratios are statistically indistinguishable, culture
clearly identified fewer cases of MSD as having Shigella than did
qPCR. The attributable fraction of MSD due to Shigella based on
culture was therefore only 54% of that estimated by the qPCR
method, suggesting that in this population, Shigella might be twice
as commonly associated with MSD as was appreciated previously
(18).

Among children who were culture positive and had a qPCR
result of =1.4 X 10* ipaH copies, some had diarrhea and some did
not. Possible explanations for this observation include genetic dif-
ferences among the isolates of Shigella, protective polymorphic
alleles in some children, differences in the gut microbiota that
enhance or decrease a child’s probability of disease, or an immune
response based on prior exposure of either the mother (via breast
milk or transplacentally acquired antibody) or child (19).

We propose that a quantitative test of Shigella genomes within
a stool sample might be a more suitable method of diagnosis than
is culture-based identification. qPCR identified nearly twice as
many Shigella-positive children with MSD as did culture. Com-
pared to the presence or absence of MSD, qPCR had a greater
number of Shigella-positive (or true-positive) MSD cases and
fewer Shigella-negative or (false-negative) MSD cases. Culture had
fewer Shigella-positive controls and a greater number of Shigella-
negative controls. Assuming that individuals who are without dis-
ease will not seek medical attention, the number of false positives
is clinically less relevant than is the number of true positives. Pre-
vious research has shown that PCR-diagnosed infections are clin-
ically similar to culture-proven shigellosis, and a test that accu-
rately predicts when the presence of Shigella is associated with
disease will be beneficial (20). Shigella counts of >1.4 X 10* ipaH
copies were significantly associated with MSD without a consid-
erable decrease in specificity; on the other hand, culture methods
sacrifice the limit of detection for specificity.

This study has several limitations. First, we have used the ipaH
gene as a surrogate marker for Shigella detection. Our gene target,
ipaH, is also found in enteroinvasive E. coli, and the methods of
this study do not distinguish between these similar pathogens.
Nevertheless, it is generally thought that Shigella is much more
prevalent and thus is likely to represent most of the ipaH-associ-
ated organisms that were detected. In addition, the ipaH gene is
often found in multiple copies in the genome. Although our PCR
primers are designed to detect only one ipaH copy, unless the
organism is isolated, it is difficult, at best, to identify how many
ipaH copies are present in a particular genome; this might impact
our interpretation of one ipaH copy to one Shigella bacterium in
our conversion of quantity given by the qPCR output to the esti-
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mated number of target gene copies. Our quantification of Shi-
gella compares the amplification of a standard dilution of Shigella
DNA in water compared to test DNAs isolated from stool that
might have inhibitors present that will reduce the efficiency of the
PCR. Our spike experiments revealed that 1 copy of ipaH by qPCR
represents 4 to 188 CFU per 200 mg of stool. While the spiked
stool certainly accounts for some variation in DNA isolation and
the role of inhibitors, there are likely various amounts of inhibi-
tors and DNA concentrations present across our samples; there-
fore, amounts should be interpreted as estimates rather than as
fully accurate and precise measurements. Finally, the time be-
tween when the stool was passed and culture was performed was
slightly shorter in case samples than in controls; however, further
analysis revealed that the time between stool evacuation and test-
ing was not negatively correlated with culture positivity, and
therefore, this time difference did not bias culture methods to
detect Shigella in cases.

The strengths of our study include testing a quantitative
method to assess the amount of Shigella DNA present in a stool
sample. As opposed to the binary presence-or-absence nature of
Shigella culture, qPCR gives us an approximation of the pathogen
load within a sample and also gives us the ability to create a clini-
cally relevant cutpoint from our data. When we see stools with
Shigella, indicated by either qPCR or culture techniques, quanti-
fication becomes an important tool to assess the association of the
pathogen with clinical symptoms. Our sample did not select for
MSD cases that were likely to be caused by Shigella. This can ex-
plain why the area under the ROC curve and the sensitivity for
Shigella quantity compared to disease status are relatively low. We
did not exclude cases of disease that had other pathogens present
in the sample and thus might have been caused by those rather
than by Shigella.

In addition to informing quantitative detection techniques, the
natural history and risk factors associated with diarrheal disease
caused by Shigella are shifted by our qPCR data. Assuming that the
Shigella DNA in stools from persons without diarrhea represents
viable infectious organisms (consistent with our whole-genome
sequencing data), our data suggest that the prevalence of asymp-
tomatic excretors of Shigella is higher than has been appreciated.
Further studies are required to examine the epidemiological im-
portance of such individuals. The attributable fraction of MSD
caused by Shigella as estimated by culture is substantially less than
the attributable fraction estimated with a qPCR result of =1.4 X
10* ipaH copies, consistent with a suggestion that Shigella might
be more common than was previously thought. We suggest that
future studies of Shigella epidemiology employ qPCR to ascertain
most accurately the burden of infection.
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