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Background and Purpose Encephalitis caused by Listeria monocytogenes (L. monocyto-
genes) is rare but sometimes fatal. Early diagnosis is difficult using routine cerebrospinal flu-
id (CSF) tests, while next-generation sequencing (NGS) is increasingly being used for the
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sequelae in survivors, an accurate initial diagnostic approach is important for applying ap-

low positivity rate of the pathogen discovered by routine CSF Gram stains and cultures.**
Next-generation sequencing (NGS) is an emerging method with the potential to im-

of NGS for the clinical diagnosis of CNS infectious diseases.”” Here we present three clini-
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METHODS

Sample collection and information

Three patients with clinically suspected listeria meningoen-
cephalitis admitted to Peking Union Medical College Hospital
(PUMCH) from January 2014 to October 2014 were included
in this study. Before administering antibiotics treatment, CSF
was collected in accordance with standard procedures, snap
frozen and stored at -20°C.

This study was approved by the Institutional Review Board
of PUMCH and Beijing Genomics Institute, Shenzhen (IRB
No. JS-890). The use of patients’ clinical data and CSF sam-
ples for this study was approved by The Ethics Committee of
PUMCH. Written informed consents were obtained from all
patients or their legal surrogates.

DNA extraction, library construction, and
sequencing

DNA was extracted directly from the clinical samples using
the TIANamp Micro DNA Kit (DP316, Tiangen Biotech, Bei-
jing, China). DNA libraries were constructed through end-
repaired adapter added overnight, and by applying polymerase
chain reaction amplification to the extracted DNA. Quality
control was carried out using a bioanalyzer (Agilent 2100, Ag-
ilent Technologies, Santa Clara, CA, USA) combined with
PCR to measure the adapters before sequencing. DNA se-
quencing was then performed using the BGISEQ-100 plat-
form (BGI-Tianjin, Tianjin, China)."

Data treatment and analysis
High-quality sequencing data were generated after filtering
out low-quality, low-complexity, and shorter reads. To elimi-
nate the effect of the human sequences, the data mapped to
the human reference genome (hgl9) were excluded using a
powerful alignment tool called Burrows-Wheeler Alignment."
The remaining data were then aligned to the Microbial Ge-
nome Database, which includes bacteria, viruses, fungi, and
protozoa. Finally, the mapped data were processed by remov-
ing duplicate reads for advanced data analysis.

A nonredundant database that included all the published
genomes of microorganisms was downloaded from the Na-
tional Center for Biotechnology Information (ftp://ftp.ncbi.

Table 1. Clinical presentations of the three cases
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nlm.nih.gov/genomes/). The database used for this study con-
tained 1,492 bacteria, 2,686 viruses, and 60 species of fungi
that can cause infections in humans, and 33 species of proto-
zoa related to human diseases. The depth and coverage of
each species were calculated using SoapCoverage from the
SOAP website (http://soap.genomics.org.cn/).

PCR and Sanger validation

To validate the results of NGS, sequence-specific PCR identi-
fication of L. monocytogenes with a target fragment was car-
ried out using the primers 5-TATGTCGGGCAAGCG TTC-
3’ and 5-GCGCTTGCGTGGTAATTC-3’ Sanger sequencing
was performed with ABI PRISM 3730 DNA Sequencer (Ap-
plied Biosystems, Foster City, CA, USA) to validate the se-
quencing results. Finally, the sequences were aligned to the
NT database with the online software NCBI Blast (http://
blast.ncbi.nlm.nih.gov/Blast.cgiZ?PROGRAM=Dblastn&PAGE_
TYPE=BlastSearch&LINK_LOC=blasthome).

RESULTS

Patient demographics

The case series included three male adult patients aged
from 40 to 66 years. All of them—who were previously oth-
erwise healthy except for hypertension in Case 1—present-
ed with an acute or a subacute onset. Two cases resulted in
rhombencephalitis while one resulted in meningoencepha-
litis. The clinical characteristics of the three cases are sum-
marized in Table 1. The most common prodromal symptoms
included vertigo, nausea, vomiting, fever, and headache. Two
of the cases experienced difficulty breathing and required
mechanical ventilation, and the third progressed rapidly to
coma. Cranial magnetic resonance imaging was performed
in Cases 1 and 2 (Fig. 1). Both cases showed multiple irreg-
ular patchy and nodular lesions with T2 prolongation pre-
dominantly involving the brainstem and cerebellar pedun-
culus with patchy or ring enhancement. Lumbar punctures
revealed increased opening pressure of the CSF in Cases 1
and 3, with a maximum of 260 mm H,O. Elevated cell counts
and protein levels but normal CSF glucose levels were ob-
served in all cases. A encephalitis virus antibody panel was
negative for herpes simplex virus, cytomegalovirus, rubella

Case Age Gender  Fever Headache Merllmgeal Altered Nau‘s ?a/ Other manifestations

no. (years) signs mental status  vomiting
1 66 Male Pos. Neg. Neg. Neg. Pos. Ataxia, dysarthria, diplopia, hypoventilation
2 40 Male Pos. Neg. Pos. Neg. Pos. Vertigo, dysarthria, hypoventilation
3 59 Male Pos. Pos. Pos. Pos. Neg. None

Neg.: negative, Pos.: positive.

www.thejen.com 447



virus, and toxoplasma gondii. CSF stains for bacteria, fungi,
and acid-fast bacilli were negative. L. monocytogenes was
cultured from blood but not from CSF in both Cases 1 and
2. As for Case 3, Gram-positive bacteria were found in a blood
culture without being further identified, while the culture of
his CSF was also negative (Table 2). All of the symptoms im-
proved gradually after administering empirical treatment with

Fig. 1. Cranial magnetic resonance imaging of Case 1 (A and B) and Case 2
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intravenous antibiotics covering L. monocytogenes.

Next-generation sequencing

There were 19.1 million, 15 million, and 31 million total reads
generated for Cases 1, 2, and 3, respectively; these quantities
fulfill the analytical standard. After filtering out low-com-
plexity and shorter reads, the reads were mapped to the hu-

(Cand D). A and B: Axial T2-weighted images showing irregular patchy

hyperintense areas predominantly in the right lateral medullary and pons, and also in the cerebellar pedunculus. C: Sagittal T2-weighted image
showing multiple patchy and nodular lesions with T2 prolongation involving the brainstem and upper cervical spinal cord. D: T1-weighted post-
contrast image showing multiple parenchymal nodular and ring-enhanced lesions in the brainstem and upper cervical spinal cord.
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Table 2. Routine laboratory evaluations of the three cases
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CSF
Case Stains for
Pressure  WBC  Protein Glucose c bacteria, fungi, TORCH  Culture Blood culture CT MRI
(mm H0) (x10%/L) (g/L) (mmol/L) (mmol/L) and acid-fast
bacilli
1 205 24 0.61 Nor. Nor. Neg. Neg. Neg. L monocytogenes ND Pos.
2 150 620 1.8 Nor. Nor. Neg. Neg. Neg. L monocytogenes ND Pos.
3 260 456 1.6 Nor. Nor. Neg. Neg. Neg Unidentified Brain ND

Gram-positive bacteria edema

CT: computed tomography, L. monocytogenes: Listeria monocytogenes, MRI: magnetic resonance imaging, ND: not done, Neg: negative, Nor.: normal,
Pos: positive, TORCH: serological tests include Toxoplasmosis, Rubella, Cytomegalovirus and Herpes infections, WBC: white blood cells.

Table 3. Number, percentage, coverage, and depth of unique reads for the sequences of Listeria monocytogenes in the CSF samples

Case no. Pathogen identified No. of unique reads Percentage, % Coverage, % Depth
1 L. monocytogenes 74 0.75 0.28 1.0
2 L. monocytogenes 665 39.14 2.40 1.1
3 L. monocytogenes 486 66.39 1.90 1.3

man genome, which yielded 16.7 million, 13.5 million, and
28.6 million mapped reads for Cases 1, 2, and 3, respective-
ly, with percentages of 93.92%, 95.35%, and 95.74% (Sup-
plementary Table 1 in the online-only Data Supplement).
The unmapped data that accounted for 5% of the cleaned
data on average were then aligned to the Microbial Genome
Database. The reads aligned to bacteria were different for
each patient, with the percentage ranging from 0.05% to
0.28% (Supplementary Table 1 in the online-only Data Sup-
plement). The number of reads aligned to viruses, fungi, and
protozoa are also listed in Supplementary Table 1 (in the on-
line-only Data Supplement).

The proportion of reads aligned to bacteria was higher
than those mapped to viruses, fungi, and protozoa in almost
all samples. We speculated that the three patients were suf-
fering from bacterial infection. The coverage and depth of
each species were calculated, and the species were sorted ac-
cording to the coverage and the number of unique reads from
high to low. Some species were excluded on the basis of their
range of reference values, and some others (Supplementary
Table 2 in the online-only Data Supplement) with high val-
ues were also excluded due to them being confirmed as con-
tamination in our preliminary research (unpublished).

Finally, DNA of L. monocytogenes was identified in the
CSF of the three patients. The identified number of unique
reads mapped on the L. monocytogenes genome sequence
ranged from 74 to 665, with percentages of 0.75-66.39%. The
coverage of the identified L. monocytogenes gene on their ge-
nome varied from 0.28% to 2.4%, with depth values of 1.0
and 1.3, respectively. The number and percentage of unique
reads, coverage, and depth on the identified L. monocyto-
genes DNA sequences are presented in Table 3 and Fig. 2.

Sequence-specific PCR identification for L. monocyto-
genes revealed the presence of L. monocytogenes in two sam-
ples (Supplementary Fig. 1 in the online-only Data Supple-
ment). No sample for validation was available for Case 1.

DISCUSSION

Three clinically suspected cases of listeria meningoencepha-
litis with negative CSF cultures but confirmed by NGS were
found in the present study. To our knowledge, this is the first
study focusing on the application of NGS of CSF to the iden-
tification of L. monocytogenes.

Listeria encephalitis is a rare disease with a high mortali-
ty rate that is observed predominantly in previously healthy
adults without a history of immunosuppression,” as also found
in the present study. Listeria encephalitis usually presents
with a biphasic course. The prodromal symptoms include fe-
ver, headache, nausea, vomiting, and fever, and are then fol-
lowed by the development of progressive neurological signs.
Respiratory failure is commonly observed in cases of listeria
rhomboencephalitis,” as occurred in two of the present cas-
es. The survival rate is greater than 70% if appropriate anti-
biotic therapy is started early.* Prompt diagnosis and appro-
priate early antibiotic treatment are thus critical to an optimal
outcome. However, the early diagnosis of this disease is chal-
lenging due to the deceptive CSF findings in these patients.
First, the CSF findings in listeria rhombencephalitis often
appears similar with that of viral meningoencephalitis.>'>"
The CSF profile is less likely to show an excessive white blood
cell count or protein concentration as observed in our patient
(Case 1). Second, L. monocytogenes is one of the few CNS
pathogens associated with red blood cells in CSE, which
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Fig. 2. NGS results of pathogen identification. A: In Case 1, 0.75% of bacterial reads corresponded to L. monocytogenes, with a coverage of 0.28%.
B: In Case 2, 39.14% of bacterial reads corresponded to L. monocytogenes, with a coverage of 2.4%. C: In Case 3, 66.39% of bacterial reads corre-
sponded to L. monocytogenes, with a coverage of 1.9%. L. monocytogenes: Listeria monocytogenes, NGS: next-generation sequencing.

cannot exclude the possibility of herpes simplex virus-1 en-
cephalitis. Third, the Gram stains of CSF are negative in
most cases, with a positivity rate of only 14%, due to its pleo-
morphism and its tendency to become over-decolorized.>*
Finally, CSF and blood cultures have been reported to be
positive only in 41% and 61% of cases, respectively.* All of
these features make an early diagnosis challenging and lead
to a delay in appropriate treatment.

The sensitivity of conventional CSF tests of CNS infectious
diseases has been low due to the diversity of pathogens and
the absence of standardization among assays. An etiological
diagnosis based on cultures, serological identification, and
pathogen-specific PCR assays could be difficult because nu-
merous pathogens can cause encephalitis. NGS has the po-
tential to revolutionize the ability to identify common, rare,
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or even newly identified pathogens. Wilson et al.” used unbi-
ased NGS to identify Leptospira santarosai in the CSF of a
case with meningoencephalitis in 2014, since when there
has been great interest in the application of NGS technology
for the comprehensive identification of infectious agents from
CSF samples. Theoretically, according to the length of a long
read, the number of hits to the microbial genome, the specif-
ic nucleic acid sequence and the completeness of reference
database, almost all pathogens can be identified. The present
study detected a significant amount of unique reads of the
L. monocytogenes genome in the CSF of three patients. More-
over, no trace of these unique reads of L. monocytogenes was
detected in control samples from three patients with autoim-
mune encephalitis processed concomitantly. Unique reads of
Propionibacterium acnes and Micrococcus luteus were present



in the control samples, which were confirmed in our prelimi-
nary research as environmental contamination from non-
pathogenic DNA. The DNA sequence of L. monocytogenes
identified by NGS was further confirmed by the PCR and
Sanger methods in Cases 2 and 3. In addition, the diagnosis
of L. monocytogenes infection made by NGS was consistent
with the clinical symptoms and the CSF and neuroimaging
evaluations. The favorable response to antibiotic therapy for
L. monocytogenes further supported our diagnosis.

NGS has been found to be a rapid and precise method
for the molecular diagnosis of simple to complex diseases.
More than 43,000 microbial genomes have been released,
comprising 38,000 bacteria and 5,000 viruses."* These data
also contain representatives of important human pathogens,
and its availability will have great implications for the detec-
tion of microbial pathogens with the application of NGS."*¢

This study highlights the practicability of deploying NGS
of CSF as a rapid diagnostic assay for CNS L. monocyto-
genes infection. It can be predicted that its routine application
to the panmicrobial identification of CSF could have a major
impact on diagnosis approaches to CNS infectious diseases in
the near future.
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