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ABSTRACT The burden of meningitis in low-and-middle-income countries remains
significant, but the infectious causes remain largely unknown, impeding institution
of evidence-based treatment and prevention decisions. We conducted a validation and
application study of unbiased metagenomic next-generation sequencing (mNGS) to elu-
cidate etiologies of meningitis in Bangladesh. This RNA mNGS study was performed
on cerebrospinal fluid (CSF) specimens from patients admitted in the largest pediat-
ric hospital, a World Health Organization sentinel site, with known neurologic infec-
tions (n � 36), with idiopathic meningitis (n � 25), and with no infection (n � 30),
and six environmental samples, collected between 2012 and 2018. We used the IDseq
bioinformatics pipeline and machine learning to identify potentially pathogenic mi-
crobes, which we then confirmed orthogonally and followed up through phone/
home visits. In samples with known etiology and without infections, there was 83%
concordance between mNGS and conventional testing. In idiopathic cases, mNGS
identified a potential bacterial or viral etiology in 40%. There were three instances of
neuroinvasive Chikungunya virus (CHIKV), whose genomes were �99% identical to
each other and to a Bangladeshi strain only previously recognized to cause febrile
illness in 2017. CHIKV-specific qPCR of all remaining stored CSF samples from chil-
dren who presented with idiopathic meningitis in 2017 (n � 472) revealed 17 addi-
tional CHIKV meningitis cases, exposing an unrecognized meningitis outbreak. Or-
thogonal molecular confirmation, case-based clinical data, and patient follow-up
substantiated the findings. Case-control CSF mNGS surveys can complement conven-
tional diagnostic methods to identify etiologies of meningitis, conduct surveillance,
and predict outbreaks. The improved patient- and population-level data can inform
evidence-based policy decisions.

IMPORTANCE Globally, there are an estimated 10.6 million cases of meningitis and
288,000 deaths every year, with the vast majority occurring in low- and middle-
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income countries. In addition, many survivors suffer from long-term neurological se-
quelae. Most laboratories assay only for common bacterial etiologies using culture
and directed PCR, and the majority of meningitis cases lack microbiological diagno-
ses, impeding institution of evidence-based treatment and prevention strategies. We
report here the results of a validation and application study of using unbiased met-
agenomic sequencing to determine etiologies of idiopathic (of unknown cause)
cases. This included CSF from patients with known neurologic infections, with idio-
pathic meningitis, and without infection admitted in the largest children’s hospital
of Bangladesh and environmental samples. Using mNGS and machine learning, we
identified and confirmed an etiology (viral or bacterial) in 40% of idiopathic cases.
We detected three instances of Chikungunya virus (CHIKV) that were �99% identical
to each other and to a strain previously recognized to cause systemic illness only in
2017. CHIKV qPCR of all remaining stored 472 CSF samples from children who pre-
sented with idiopathic meningitis in 2017 at the same hospital uncovered an unrec-
ognized CHIKV meningitis outbreak. CSF mNGS can complement conventional diag-
nostic methods to identify etiologies of meningitis, and the improved patient- and
population-level data can inform better policy decisions.

KEYWORDS idiopathic meningitis, metagenomics, etiology, Bangladesh,
cerebrospinal fluid, Chikungunya virus, meningitis, virology

Globally, there are an estimated 10.6 million cases of meningitis and 288,000 deaths
every year, with the vast majority occurring in low- and middle-income countries

(LMICs) (1–3). In addition, at least a quarter of survivors suffer from long-term neuro-
logical sequelae (4). Several studies report that a significant proportion of meningitis
cases lack microbiological diagnoses, and the rate of meningitis with unknown etiology
can be as high as 85% in some settings (5, 6). More than 100 bacterial and viral
pathogens are known to cause meningitis, but most microbiology laboratories in
resource-poor settings test primarily for bacterial pathogens, namely, Neisseria menin-
gitidis, Streptococcus pneumoniae, Haemophilus influenzae, and group B Streptococcus,
using culture, directed PCR, and/or serology (5, 7). In a World Health Organization
(WHO)-supported meningitis surveillance study in Dhaka, Bangladesh (8), we collected
23,140 cerebrospinal fluid (CSF) samples from patients with suspected meningitis
between 2004 and 2016, 8,125 of which contained �10 white blood cells (WBC)/�l. We
were able to detect a bacterial etiology in only 1,585 (20%) of these cases despite the
use of multiple diagnostic tools, including culture, antigen, and pathogen-specific qPCR
assays. Such low rates of etiology detection hamper implementation of evidence-based
policy decisions for optimizing local empirical treatment protocols and disease preven-
tion strategies (5, 9).

The challenges of obtaining a microbiological diagnosis may be due to a combina-
tion of multiple factors, including the following: (i) meningitis is caused by a wide
variety of microbes, some of which are uncommon and lack diagnostic assays; (ii) prior
antibiotic exposure and delay in care-seeking can lower the yield of culture and
PCR-based methods; and/or (iii) noninfectious causes of inflammation can mimic
infectious meningitis. Drawing on recent studies demonstrating the promise of unbi-
ased metagenomic next-generation sequencing (mNGS) approaches to identify patho-
gens in diverse biological specimens (10–13), we sought to conduct a retrospective
case-control study to investigate CSF of children with idiopathic meningitis in Bangla-
desh.

RESULTS

CSF specimens were tested from 91 patients (42% female), ranging in age from 0 to
160 months (median: 9 months). Comparative clinical characteristics of the three case
types, infectious (n � 36), idiopathic (n � 25), and noninfectious (n � 30), are provided
in Fig. 1B and Table S3 in the supplemental material. The majority (71%, n � 65) of
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patients originated in Dhaka division, while the remaining cases sought care from 11
outlying districts (Fig. S2A and B).

mNGS libraries (n � 97) were prepared and sequenced, resulting in an average
depth of 72 million reads/sample (interquartile range [IQR]: 53 to 86 million). The
resulting fastq files were processed using the open-source IDseq platform (Fig. S1 and
Text S1). Using External RNA Controls 103 Consortium collection (ERCC) spike-in control
RNAs, the calculated RNA input masses were highly correlated with WBC count (log-
scaled Pearson r � 0.69) (14). RNA input masses for the noninfectious CSF samples and
template-free controls were significantly less than both the samples of known and
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FIG 1 Selection and characteristics of samples used in this study. (A) Study flow diagram. (B) Comparison
of clinical characteristics between the three types of samples, positive (�), idiopathic, and negative (�)
chosen for this study. Ag, antigen; Ser, serology; Spn, Streptococcus pneumoniae; Nmen, Neisseria
meningitidis; Hib, Haemophilus influenzae type b; GBS, group B Streptococcus; CHIKV, Chikungunya virus;
PMNs, polymorphonuclear neutrophils; �ve, positive; -ve, negative; LAMA, left against medical advice.
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unknown etiology (2 pg versus 273 pg, P � 0.0001 by Wilcoxon rank sum) (Fig. 2 and
Table S5).

Meningitis with known etiology (n � 36). Positive-control samples were drawn
from cases with previously identified pathogens, via a combination of standard lab
diagnostics, including culture (n � 8), qPCR and antigen (n � 26), and antigen-only
(n � 2). Using logistic regression, we correctly identified pathogens in 7 of 8 (88%)
samples that were culture positive (Fig. 2). For specimens that were previously PCR and
antigen or serology positive, mNGS identified 24 of 27 (89%) samples whose confir-
matory qPCR had a cycle threshold (CT) of �32. Taking into account all specimens that
were culture, PCR, and/or antigen-positive (n � 36) regardless of CT value, 25 (69%)
specimens were classified as containing potential pathogens by mNGS.

Noninfectious CSF specimens (n � 36). Among the noninfectious specimens, only
4 (11%) had an input RNA mass greater than 3.0 pg. No potential pathogens were
identified in these samples.

Idiopathic meningitis specimens (n � 25). Potential pathogens were identified in
10 of 25 (40%) idiopathic cases: four cases with bacterial pathogens (Salmonella
enterica, Stenotrophomonas maltophilia, Bacillus cereus, and Mycobacterium tuberculosis)
and six with viral pathogens (Chikungunya virus [CHIKV], n � 3; mumps virus, n � 2;
and enterovirus B, n � 1) (Fig. 2 and Table 1). These cases were further confirmed with
orthogonal PCR testing, Sanger sequencing, investigation of case histories, and patient
follow-up.

Salmonella enterica. CHRF0082 was a 4-month-old boy admitted with suspected
meningitis, with fever and bulging fontanel. The CSF specimen tested in this study was
collected 8 days after admission and contained 400 WBC/�l (80% polymorphonuclear
neutrophils [PMNs]) and 450 �g/dl protein. The child was treated with ceftriaxone,
netilmicin, and amoxicillin and discharged after 23 days with residual Bell’s palsy. mNGS
identified S. enterica (Table S5), and retrospective investigation revealed that a CSF
specimen was also collected the day of admission and that first specimen was culture
positive for S. enterica. The child was healthy upon follow-up at 15 months of age.

Mycobacterium tuberculosis. CHRF0058 was a 13-year-old girl admitted after
30 days of fever, vomiting, and headache with neuroimaging observations of intracra-
nial space-occupying lesions. Her CSF had 360 WBC/�l (80% PMNs) and 200 �g/dl

FIG 2 Pathogen identification through mNGS and logistic regression in all sample types. Total input RNA (log pg) is shown for all samples. Samples for which
the input RNA values could not be reliably calculated (outliers) are shown as gray bars with imputed input RNA values based on the mean value in their
respective groups (known infection, no infection, idiopathic samples). Samples in the known infection group are ordered by increasing cycle threshold, depicted
as a heatmap below the x axis. Next, the WBC counts obtained by the clinical lab are also plotted as a heatmap. The predicted pathogens for all samples are
shown as filled-in squares. Gray squares indicate samples which were considered positive by clinical diagnostic but for which no pathogen was detected by
the pathogen-calling algorithm using mNGS data. Red boxes indicate concordant findings, and blue boxes indicate new putative pathogens identified by mNGS
data that were not identified by standard clinical methods. The light blue squares indicate pathogens that were not picked up by the logistic regression method
but were flagged as potentially interesting by manual review and followed up as if detected. Ag�, antigen positive.
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protein. After 15 days of treatment with empirical ceftriaxone, meropenem, azithromy-
cin, and acyclovir, the family left against medical advice. mNGS identified Mycobacte-
rium tuberculosis (TB). Follow-up revealed that the child went to several health care
facilities, where she was ultimately diagnosed with TB meningitis and initiated on
antitubercular chemotherapy. The grandfather of the child lived in the same household
and died from pulmonary TB 2 to 3 months before the onset of her symptoms. The
child, after almost a year, remains bedridden with persistent neurocognitive impair-
ment.

Stenotrophomonas maltophilia. CHRF0059 was a 4-month-old girl admitted for
10 days of fever, convulsion, and cough. She was treated at home with empirical
cefixime and azithromycin before seeking care at Dhaka Shishu Hospital (DSH). Her CSF
sample contained 120 WBC/�l (80% PMNs) and 300 �g/dl protein. She was treated with
ceftriaxone, meropenem, vancomycin, and amikacin and discharged after 28 days. S.
maltophilia was detected by mNGS (Table S5). This child was lost to follow-up.

Bacillus cereus. CHRF0070 was a 6-day-old boy admitted with fever, convulsion,
lethargy, and yellow coloration of skin; the treating physicians provisionally diagnosed
him with sepsis and neonatal jaundice. His CSF contained 12,000 WBC/�l (95% PMNs)
and 500 �g/dl protein. He was discharged after 15 days following empirical treatment
with ceftazidime and amikacin. mNGS identified B. cereus as the potential etiology.
Follow-up at the age of 1 year revealed that the child required ventriculoperitoneal
shunt placement for hydrocephalus. The child currently does not have any significant
health problems.

Mumps virus. CHRF0036 was a 13-year-old boy admitted after 7 days of fever with
irritability and headache. His CSF had 1,500 WBC/�l (60% PMNs) and 160 mg/dl protein.

TABLE 1 Summary of clinical characteristics of idiopathic casesa (n � 25)

Sample ID Age (mo)/sex
WBC/�l (% PMN)/
protein (mg/dl)

Pathogen
detected

Provisional/final
diagnosis

Hospital duration
(days)/outcome

Long-term
outcome

Resolved
CHRF0010 7/M 314 (80)/40 Enterovirus B Meningitis/meningitis 6/Dis Healthy
CHRF0058 160/F 360 (80)/200 M. tuberculosis ICSOL/ICSOL 15/LAMA Sequelae
CHRF0070 0/M 12,000 (95)/500 B. cereus Sepsis 15/Dis Healthy
CHRF0082 4/M 90 (70)/600 S. enterica Meningitis/meningitis 23/Dis Healthy
CHRF0094 0/F 1,000 (90)/220 CHIKV Meningitis/meningitis 10/Dis Healthy
CHRF0011 18/M 100 (60)/60 Mumps virus Meningitis/meningitis 9/Dis Healthy
CHRF0035 21/F 600 (90)/700 Human herpesvirus 6 Acute stroke syndrome/

acute stroke syndrome
56/Died Died

CHRF0059 4/F 120 (80)/300 S. maltophilia Meningitis/meningitis 28/Dis NA
CHRF0071 1/F 180 (80)/250 CHIKV Meningitis/meningitis 6/Dis Healthy
CHRF0012 86/F 180 (60)/55 CHIKV Acute glomerulonephritis/

meningoencephalitis
45/Died Died

CHRF0036 156/M 1,500 (60)/160 Mumps virus Meningitis/meningitis 10/LAMA Healthy

Unresolved
CHRF0081 72/M 1,100 (40)/350 NA Meningitis/meningitis 37/LAMA Died
CHRF0093 13/M 20 (80)/80 NA Heart disease/

dextrocardia
11/Died Died

CHRF0022 3/M 460 (80)/300 NA Meningitis/meningitis 9/LAMA Died
CHRF0034 23/F 70 (70)/150 NA Meningitis/meningitis 11/Dis Sequelae
CHRF0046 1/F 160 (80)/70 NA Pneumonia/pneumonia 4/LAMA Healthy
CHRF0023 4/M 74 (70)/100 NA Meningitis/meningitis 8/Dis Sequelae
CHRF0047 16/M 2,600 (90)/400 NA ARI/meningoencephalitis 5/Died Died
CHRF0083 7/M 5,600 (80)/1,000 NA Hydrocephalus/pneumonia 10/Died Died
CHRF0095 98/M 90 (70)/60 NA Meningoencephalitis/

tubercular meningitis
33/LAMA Died

CHRF0024 96/F 460 (60)/200 NA Meningitis/meningitis 8/LAMA NA
CHRF0048 2/M 3,800 (80)/400 NA Meningitis/meningitis 35/Dis NA
CHRF0060 4/M 84 (70)/150 NA Meningitis/meningitis 11/LAMA Died
CHRF0072 3/F 900 (60)/300 NA Meningitis/meningitis 44/Dis Sequelae
CHRF0084 4/F 70 (60)/250 NA Meningitis/meningitis 51/Died Died

aNumber of cases is 25. Abbreviations: NA, not available; LAMA, left against medical advice; Dis, discharged; ICSOL, intracranial space-occupying lesion; M, male; F,
female; ARI, acute respiratory infection.
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The patient was treated empirically with ceftriaxone for 10 days, after which the family
left against medical advice. The logistic regression classifier failed to identify a potential
pathogenic microbe. However, manual inspection of the data identified two reads that
mapped mumps virus. This was further confirmed with validated qPCR of the original
CSF sample to detect mumps and Sanger sequencing of the resultant amplicon. Mumps
virus was not detected in any other samples, except for CHRF0011. During a follow-up
conversation with the father, he reported that the child had had parotitis and fever
preceding the headaches and that he had made a full recovery.

CHRF0011 was an 18-month-old boy admitted with fever and convulsion. His CSF
revealed 100 WBC/�l (60% PMNs) and 60 �g/dl protein. He was treated with ceftriax-
one and discharged after 9 days. mNGS identified mumps virus with sufficient read
coverage to determine the genotype as G. At the age of 2.5 years, the child was healthy.

Enterovirus B. CHRF0010 was a 7-month-old boy admitted due to fever, convulsion,

and lethargy. His CSF analysis unveiled 314 WBC/�l (80% PMNs) and 40 �g/dl protein.
He was discharged after 6 days of empirical treatment with ceftriaxone. mNGS identi-
fied enterovirus B. Almost a year after the episode, the father reported that his child falls
frequently.

Chikungunya virus. CHRF0071 was a 1-month-old girl admitted with fever, rash,

convulsion, diarrhea, and lethargy. Her CSF contained 180 WBC/�l (80% PMNs) and
250 �g/dl protein. She was treated with ceftazidime and amikacin and discharged after
6 days. mNGS detected CHIKV with complete genome coverage. The child is currently
healthy.

CHRF0094 was a 5-day-old girl admitted with fever, convulsion, and lethargy. CSF
contained 1,000 WBC/�l (90% PMNs) and 220 �g/dl protein. She was treated with
ceftazidime and amikacin, followed by meropenem, and was discharged after 10 days.
mNGS detected CHIKV with complete genome coverage. The child was healthy during
our follow up.

CHIRF0012 was an 86-month-old girl admitted with acute glomerulonephritis,
fever, convulsion, abdominal distension, edema, lethargy, and generalized weak-
ness. A lumbar puncture (LP) was performed after 36 days, presumably due to
development of meningitis-like symptoms. The CSF contained 180 WBC/�l (60%
PMNs) and 55 �g/dl protein. She was treated empirically with cefuroxime, metro-
nidazole, ciprofloxacin, ceftazidime, and acyclovir. The child died after 45 days.
mNGS identified CHIKV.

Neuroinvasive CHIKV in Bangladesh. All belonging to the East/Central/South

African (ECSA) genotype, the three CHIKV genomes were �99% identical to each other
and to the genome of the strain that caused a febrile outbreak in Dhaka in the summer
of 2017. Two of the three children with CHIKV were admitted in June and July of 2017,
the peak of the febrile outbreak. To determine if there were additional cases of
meningitis admitted in DSH during that period, we performed CHIKV-specific qPCR on
472 idiopathic CSF specimens collected and stored in 2017 and identified 17 additional
CHIKV cases. The dates of collection of the 20 CHIKV-positive CSF samples overlapped
the dates when febrile CHIKV cases appeared in our hospitals (Fig. 3). Most of these
cases originated in Dhaka city, where the febrile outbreak occurred (Fig. S2). The
median age of these 20 CHIKV-positive patients was 8 months (range: 8 days to
96 months), and 35% were female. The mean CSF WBC count was 188/�l (range: 12 to
1,200 WBC/�l), and the mean PMNs were 48% (range: 10 to 90%). The average hospital
length of stay was 11 days (range: 2 to 45 days), and the 30-day mortality rate was
0.05% (1/20).

Subsequent mNGS of CSF from these 17 additional cases identified CHIKV RNA in all
(Table S2). Comparison with other CHIKV genomes showed close relationship of the
Bangladeshi strain with other strains that caused outbreaks in Asia in recent years,
specifically to the one that caused an outbreak in Pakistan in 2016 (99.8% identity,
Fig. 4).
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DISCUSSION

Prevention and effective and timely treatment of pediatric meningitis in LMICs is
essential for achieving the United Nations’ Sustainable Development Goal 3 of ensuring
healthy lives and promoting well-being for all at all ages. Obtaining a microbiological
diagnosis can improve outcomes by informing targeted antimicrobial therapy for
individual patients. On a population level, improved surveillance better informs region-
specific treatment and prevention policy decisions and outbreak tracking. Here, we
coupled unbiased RNA mNGS and machine learning with traditional diagnostics to
bridge knowledge gaps and identify the etiologies of meningitis in Bangladesh. Met-
agenomic analysis using isolated RNA was chosen in order to detect pathogens that
lack DNA intermediates, such as CHIKV and other RNA viruses. Furthermore, previous
mNGS comparisons demonstrated a significant sensitivity advantage when using RNA
input relative to DNA input, especially for challenging agents such as fungi (11).

For samples with known etiology previously determined by culture, qPCR, and/or
antigen testing, mNGS correctly identified the pathogen in 25 of 36 (69%) samples; no
false positives were detected. After excluding cases with low pathogen abundance as
defined by a confirmatory qPCR CT of �32, mNGS identified 24 of 27 (89%) known
infections. The decreased sensitivity of CSF mNGS for very-low-abundance pathogens
has been previously reported (15). A potential pathogen was identified in 40% (10/25)
of previously idiopathic meningitis cases. This included bacteria, mycobacteria, and
viruses with established CNS pathogenicity that were likely not detected due to a
variety of reasons, including prior antibiotic consumption, the lack of available clinical
laboratory assays, and in the case of the CHIKV cases, lack of clinical suspicion for a
newly emerging virus with underrecognized neuroinvasive potential.

Among potential bacterial pathogens, we identified S. enterica in one sample.
Although that CSF specimen was culture negative, a culture obtained 1 week earlier
grew S. enterica, suggesting that mNGS identified an infection even after antibiotic
treatment cleared live pathogens. Bacillus cereus, detected in a 6-day-old neonate, is

FIG 3 Chikungunya meningitis outbreak in Bangladesh. The CHIKV meningitis outbreak overlapped the
CHIKV febrile illness outbreak. The months in 2017 show when the CHIKV-positive meningitis CSF
samples were collected and when suspected febrile CHIKV cases sought care in the two largest pediatric
hospitals of Bangladesh, Dhaka Shishu Hospital and Shishu Shasthya Foundation Hospital. The blood
samples of suspected febrile CHIKV cases were detected by a specific diagnostic test for CHIKV-IgG and
IgM (SD Biosensor, South Korea) as part of clinical care, and results were collected retrospectively from
laboratory records.
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FIG 4 Genetic relationship of Bangladeshi CHIKV meningitis strain with strains that caused recent outbreak(s) in
Bangladesh and elsewhere. All CHIKV genomes identified and assembled in this study were compared with selected
CHIKV genomes available in NCBI data for time-resolved phylogenetics.
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commonly recognized as a CNS pathogen in immunocompromised patients, including
neonates, and at least 7 cases of neonatal B. cereus meningitis have been reported (16,
17). S. maltophilia was identified in a 4-month-old patient; this is a global emerging
multidrug-resistant Gram-negative species of bacteria frequently associated with infec-
tions in young or immunocompromised patients (18). Mycobacterium tuberculosis, a
well-known cause of severe and chronic meningitis in countries of TB endemicity (19),
was detected from one patient. This finding was strengthened by the patient’s poten-
tial exposure in the household and a serendipitous subsequent diagnosis unrelated to
this study. The time-consuming nature of culture and the low yield of smear-based
detection make detection of TB meningitis notoriously challenging and suggest the
potential value of mNGS for broad-range screening of diverse pathogens, including TB.

Among the viral pathogens detected in this study, mumps virus, an organism well
associated with meningitis, was detected in two cases (20, 21). Enterovirus B, also a
known cause of pediatric meningitis in South Asia, was detected in one case (22).

One of the most interesting findings in this study was the detection of CHIKV in
three children, two of which cases occurred amid a 2017 CHIKV outbreak in Bangladesh.
In recent years, there have been increasing reports of neurological complications
associated with CHIKV infection (23, 24), but no neuroinvasive cases have been iden-
tified previously in Bangladesh, and no clinical testing for CHIKV in CSF was being
performed in Bangladesh at the time. Our mNGS findings led us to retrospectively
screen 472 CSF samples from DSH collected through 2017 with a CHIKV qPCR assay.
This identified an additional 17 CHIKV cases, bringing the total to 20. The rate of
detection of CHIKV meningitis was consistent with the rate of detection of CHIKV fever
outbreak cases reported in Dhaka during the same time period. This study has en-
hanced the viral detection capabilities at the DSH laboratory, consistent with outbreak
preparedness goals. Future studies will include a health care utilization survey in the
catchment area surrounding the DSH to ascertain disease incidence (25), in addition to
follow-up surveillance for neurodevelopmental assessment of the affected children.

The findings of this study should be considered within the context of several
limitations. Importantly, CSF specimens were not collected and stored specifically for
metagenomic analysis; this study used samples stored according to no stringent or
consistent guidelines over a period of 6 years, which may have affected the quality of
the RNA in the samples. Furthermore, this was a retrospective study, and thus, the
timing of sample collection with respect to days of disease evolution and prior
antibiotic exposure was uncontrolled and unknown in most cases. The quantity of
pathogen material may be limiting or undetectable with time, which may contribute to
the proportion of unresolved cases in this study. Future studies will include prospective
surveillance following improved guidelines for sample collection, storage, processing,
and sequencing and conducting mNGS on site, in real time. In this validation and
application study, we used a high-output sequencing machine (Illumina NovaSeq) for
sequencing. The high read count from many of the pathogens detected here suggest
that lower-output machines (fewer reads) would be more than sufficient. However, in
cases where the quantity of input RNA is extremely low, it may be challenging to
automatically detect the pathogen, such as in the mumps virus case described here.
Encouragingly, emerging methods for efficient host depletion (26) and pathogen
enrichment (27) have shown promise for enhancing sensitivity of low-copy-number
targets using sequencers with more modest output.

Our findings have opened several avenues for further exploration, discovery, and, in
turn, evidence-based policy decisions for achieving Sustainable Development Goal 3.
Unbiased metagenomic studies, guided by careful selection of positive and negative
controls, can facilitate attribution of etiology to meningitis cases where traditional
techniques have failed. Inclusion of machine learning techniques facilitates analysis of
metagenomic data and complements methods independent of nucleic acid, such as
direct antigen testing or serology. While we do not foresee administration of meta-
genomics for everyday diagnosis in LMICs in the near future, nor foresee mNGS
replacing existing routine techniques in the near term, it is an excellent complementary
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tool that can be used in established surveillance platforms in regions of endemicity, in
both outbreak and nonoutbreak situations. As shown in this study, CHIKV RNA was
detected using metagenomics, and the outbreak of CHIKV meningitis was subsequently
revealed by a low-cost qPCR technique guided by the findings of metagenomics.
Ultimately, these improved patient- and population-level data can inform better health
policy decisions, including but not limited to vaccine deployment, antibiotic steward-
ship, vector control, and pandemic preparedness.

MATERIALS AND METHODS
Study site and population. All CSF samples used in this study were collected as part of the

meningitis surveillance study supported by the WHO conducted in Dhaka Shishu Hospital (DSH). Children
admitted at DSH were enrolled if they met WHO-defined inclusion criteria of meningitis and if a CSF
specimen was collected (see Table S1 in the supplemental material) (28).

Protocols were approved by the ethical review board of the Bangladesh Institute of Child Health.
Samples were collected for routine clinical care, at the discretion of the attending physician, and
informed consent was obtained from parents/caregivers.

Laboratory methods and data collection. CSF specimens were cultured (Fig. 1A) using standard
procedures, and pneumococcal antigen was detected by immunochromatographic test (BinaxNow)
(29–31). White blood cells (WBC) in the specimens were counted and differentiated into lymphocytes and
polymorphonuclear neutrophils (PMNs). Culture-negative and pneumococcal-antigen-negative CSF spec-
imens underwent latex agglutination and PCR testing for Haemophilus influenzae, pneumococcus, and
meningococcus. Surplus CSF was stored at 4°C until it was transferred to �80°C, usually within 2 to 72 h.
No stringent guidelines were followed, and time lag was not documented. Detection of Chikungunya
virus (CHIKV) was conducted using qPCR with published primers on all CSF specimens stored and
collected in 2017 (n � 472) (Table S2) (32).

Sample selection. Samples collected between 2012 and 2018 were selected, and clinical details of
all selected samples are provided in Table S3. For positive controls, CSF specimens where an etiology
could be successfully established through culture, antigen testing, and/or qPCR were chosen. For
idiopathic samples, specimens were randomly chosen from a set that contained �20 WBC/�l (�40%
PMNs) (median: 314 WBC/�l) and �40 mg/dl protein (median: 220 mg/dl; normal range: 15 to 45 mg/dl).

Negative controls consisted of randomly chosen CSF specimens from patients in whom an alternate
diagnosis was ultimately made, the child was discharged within 6 days of hospitalization, and CSF
samples contained �6 WBC/�l (median: 0 WBC/�l) and �30 mg/dl protein (median: 20 mg/dl). This set
also included environmental samples, which were nuclease-free water (Invitrogen, 10977-015) samples
(n � 5) transferred into CSF collection tubes in the patient wards and treated and stored in the laboratory
like CSF specimens in a blinded fashion. A “no-template” water control sample was included during RNA
extraction.

mNGS and confirmatory testing. Total RNA was extracted from 100 �l of CSF, and mNGS libraries
were prepared following published methods (14). External RNA Controls 103 Consortium collection
(ERCC) (ThermoFisher, 4456740) spike-in controls were used in every sample as markers of potential
library preparation errors and for input RNA mass calculation. Libraries were sequenced on a NovaSeq
6000 to generate 150-bp, paired-end sequences.

Pathogens were identified from the raw fastq files using the IDseq portal, a cloud-based, open-source
bioinformatics platform designed for detection of microbes from metagenomic data (https://IDseq.net,
v1.8 [Fig. S1 and Text S1]). Similar to published methods, potentially pathogenic microbes were
distinguished from both ubiquitous environmental contaminants and commensal flora using a Z-score
metric for each genus relative to a background distribution derived from the set of CSF specimens from
nonmeningitis cases and water controls (10). Taxa with a Z-score less than 1 were removed from analysis.
To further aid analysis, we employed a published logistic regression method to classify and assign
potential etiological candidates in each sample (12). We retrained the model using the following features:
RNA sequence reads per million (rpM), rank among all detected microbes within the sample, and a binary
variable indicating whether the microbe has established pathogenicity (12, 33) (Table S4). Microbes with
probability scores �0.2 were reported as potential pathogens. In cases where more than one potential
pathogen was identified, only the top-scoring pathogen was considered. Based on the water controls, a
minimum calculated RNA input threshold of 3.0 pg was required for pathogen prediction. The average
RNA input of the set of noninfectious CSF samples was 1.6 pg (range: 0.9 to 2.8). Potential pathogens
identified by mNGS were confirmed through PCR and Sanger sequencing (Table S2).

Genome assembly, microbial typing, and phylogenetics. For de novo assembly and annotation of
draft genomes, we used the St. Petersburg genome assembler (SPAdes, v3.11.1) (34) and Geneious
(v10.3.2) (35). Genotype assignments for viruses were identified using BLASTn, with the assembled
genome sequence of the virus as query. We specifically compared the assembled CHIKV genomes with
selected CHIKV genomes available in NCBI data for time-resolved phylogenetics (Text S2).

Clinical data collection and patient follow-up. Clinical and demographic data were collected from
electronically stored surveillance forms. The number and distribution of suspected and confirmed CHIKV
febrile cases were collected from the microbiology laboratory records of Shishu Shasthya Foundation
Hospital and DSH, the two largest pediatric hospitals of Bangladesh, serving the same catchment area.
Clinical follow-up was conducted through telephone and/or home visits using structured questionnaires.
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Data availability. All nonhuman sequence reads were deposited in the Sequence Read Archive,
National Center for Biotechnology Information (NCBI), under BioProject no. PRJNA516582.
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