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Abstract 

Background In southern France, community-acquired meningitis syndrome (CAM) cases are 

typically clustered as outbreaks whose determinants remain unknown. 

Methods A 5-year retrospective investigation of CAM cases routinely diagnosed in two 

university hospital laboratories located 120 km apart in Nîmes and Marseille, southern 

France, was conducted. Relationships between CAM diagnosis (negative or undocumented 

vs. positive or documented cases), patient age and sex, and the season, causative pathogens 

and period of outbreak were screened with multiple correspondence analysis (MCA). 

Relationships between variables incorporating outbreak location (Nîmes/Marseille) and 

season and patient sex and age were further analyzed w chi-square test for 

qualitative variables and the Wilcoxon-Mann Whitney test for quantitative variables. 

Results  Over 61 months, 2,209 of 20,779 (10.6%) documented CAM cases were caused by 

62 different pathogens, including the most prevalent seasonal viral etiologies (78.8%), which 

are mostly represented by enterovirus, herpes simplex virus (HSV) and varicella-zoster virus 

(VZV) (1,620/2,209=73.4%); the results of MCA  revealed an association of infection with 

age and sex, with the risk of infection relatively higher in young men than in other groups, as 

3). Bacterial meningitis accounted for 20% of cases and 

was caused by Streptococcus pneumoniae in 27.4% of cases, Neisseria meningitidis in 12.5% 

and Haemophilus influenzae in 9.5%. Bacteria/virus coinfection occurred in 0.9% of cases, 

and only six cases of fungal meningitis were documented. In total, 62.6% of cases arose from 

10 outbreaks, of which 88.7% were undocumented; patients were aged > 60 years in 33.2% of 

undocumented cases vs. 19.2% of documented cases (P <0.001), and viral infection was more 

common in the summer (87.5% in summer vs. 72.3% in other seasons, P <0.001). Outbreaks 

most often started in Nîmes and moved eastward toward Marseille at a ~9 km/day speed, and 

these dynamics significantly correlated with the selected temperature, especially during 



summer outbreaks; for example, the incidence of enterovirus-driven outbreaks was highly 

correlated with temperature with correlation coefficients of 0.64 in Nîmes and 0.72 in 

Marseille, and its occurrence in Marseille lagged behind that in Nîmes by 1-2 weeks. 

Conclusion Tracing CAM outbreak dynamics during this retrospective investigation in 

southern France yielded a speed of displacement that correlated with the variation in 

temperature between both cities, and these results provide clues for the next occurrence of 

undocumented outbreaks.  



Introduction 

Community-acquired infectious meningitis (CAM), claiming more than 1.3 million patients 

every year worldwide, has a 40% lethality rate partially depending on the causative 

pathogen.[1-3] RNA viruses, chiefly Enterovirus, are the most frequently documented 

pathogens and are the most responsible for benign meningitis, but they rarely cause disability 

and life-threatening cases following progression of the infection to encephalitis. [3] DNA 

viruses are mainly responsible for disability and life-threatening infections. [4, 5] of bacterial 

meningitis, causing more than 50% of annual deaths from all-cause meningitis (290,000) and 

leaving one in five people who recover with chronic neurological disorder.[6] However, 40-

60% of CNS-infecting cases had an unknown etiology.[7] While CMA may evolve as sporadic 

cases, CAM outbreaks are well described for specific pathogens over a well-defined period of 

time.[3, 8 11] In Europe, enterovirus outbreaks are recorded annually in summer,[3, 12] causing 

4,537 meningitis cases in 15 European countries in 2018 and primarily infecting young 

people,[3] while herpes encephalitis incidence is estimated at 2-4 cases/1,000,000 people 

worldwide, mainly infecting older people aged > 50 years.[5] Bacterial outbreaks are usually 

associated with Haemophilus influenzae, Streptococcus pneumoniae, and Neisseria 

meningitidis infections, causing 16 million cases between 1990 and 2013, with a high 

incidence in Sub-Saharan Africa.[8, 13] Sporadic cases of infection with other bacteria with low 

infectious prevalence can be associated with CAM, depending on the region and population.[8] 

Here, investigating a large retrospective series of data from CAM syndrome patients 

diagnosed in two university hospitals in southern France provided a unique opportunity to 

describe the temporal and spatial dynamics of CAM syndrome outbreaks in this region, 

yielding a previously unreported finding of the climate-driven eastward movement of CAM 

outbreaks in which documented cases masked undocumented ones, and these results provide 

some analogical clues for the next occurrence of undocumented outbreaks. 



Patients and methods 

Study design 

This retrospective study (December 2014 to December 2019) collected only anonymous data 

issued from routinely diagnosed cases originating from the University Hospital Institute 

(IHU) Méditerranée Infection Laboratory, Marseille, and the Department of Microbiology and 

Hospital Hygiene, Nîmes, located approximately 120 km apart in southern France. This study 

was retrospective and anonymous and required no specific intervention for any patient and no 

specific clinical sample. Accordingly, this study was approved by the Ethics Committee of the 

Institut Médeiterranée Infection under numbers 2021-004 (Ethics Committee of the IHU 

Méditerranée Infection, Marseille) and 21.03.11 (Interface Recherche Bioéthique Institutional 

, CHU, Nîmes). 

 

Data selection and setting  

Annually, approximately 3,500 CSF samples from Assistance Publique-Hôpitaux de 

Marseille (APHM) were received at the POC laboratory of the IHU Méditerranée Infection at 

Marseille, and between 900 and 1,500 CSF samples were investigated at the Department of 

Microbiology and Hospital Hygiene at Nîmes University Hospital. Only CSF samples from 

patients clinically suspected of community-acquired meningitis (infections contracted outside 

of the hospital and diagnosed within 48 h of admission) were included in this study, and all 

CSF samples from patients undergoing neurosurgery, transplantation, dialysis, and 

hospitalization for more than 48 hours were excluded from the final database. Additionally, 

only the data from patients with complete clinical records, including age, sex, sampling date 

and final diagnosis, were analyzed (Appendix 1). 

 



Routine laboratory diagnosis  

CSF specimens routinely submitted to the POC laboratory of the two hospitals were examined 

for the numeration of leukocytes and red blood cells using the NucleoCounter® NC-3000TM 

apparatus and NucleoViewTM software (ChemoMetec Inc., Allerod, Denmark). In parallel, 

CSF was incorporated into the FilmArray® ME Panel assay (bioMérieux, Marcy-l'Etoile, 

France) for the multiplex PCR-based detection of 14 pathogens, as previously described. [14,15] 

Then, depending on the POC primarily diagnostic test, real-time PCR (RT PCR) and culture 

were routinely performed to confirm and complete the diagnosis. For any further molecular 

diagnosis, nucleic acids were extracted from 200 L of CSF using the EZ1 DNA Kit and the 

EZ1 Virus Mini Kit v2.0 (Qiagen, Courtaboeuf, France), and any remaining extracted DNA 

was stored at -80 °C. Target amplification using 43 cycles of RT PCR was performed in the 

LightCycler® 480 thermal cycler (Roche, Meylan, France) using a specific program for each 

targeted pathogen and incorporated 5 L of RNA and LC480 Probes MasterMix 2X (Roche) 

or 5 L of DNA and Takyon No Roxe Probe MasterMix (Eurogentec, Angers, France) in a 

20- L final reaction volume. CSF culture was systematically performed using both Chocolate 

agar PolyViteX (bioMérieux) and Columbia agar enriched with 5% sheep blood (bioMérieux) 

media incubated at 37 °C under 5% CO2 for five days [16]. In addition, Columbia agar 

enriched with 5% sheep blood (bioMérieux) was inoculated with CSF and incubated in 

anaerobic conditions for 10 days at 37 °C to select for anaerobic pathogens. Cultured 

microorganisms were identified by using matrix-assisted laser desorption/ionization time-of-

flight mass spectrometry as previously described.[17] In addition to a routine pathogen panel, 

arthropod-borne viruses, including West-Nile-Virus, Toscana Virus and Usutu Virus, were 

systematically investigated every year between May 1st and November 30th, according to the 

Regional Health Agency Surveillance Program, and outside this period according to the 



recommendations of clinicians. (https://www.paca.ars.sante.fr/surveillance-epidemiologique-

des-infections-virus). 

 

Outbreak definition  

The time series of incidence was first smoothed with a moving average using a 9-week 

window. Then, to make the data across cities comparable, the smoothed time series were 

standardized (centering and scaling). An outbreak period was defined when the maximum 

standardized value of incidence was equal to or greater than 0.5 in each period in at least one 

-point was defined as the date when the 

standardized value of incidence rose above baseline (0), and the outbreak stop-point was 

defined as the date when the standardized value of incidence fell below baseline. For cases of 

complex outbreaks featuring different behaviors (e.g., outbreaks 6 and 8), the period was set 

manually. Finally, climatic data recovered from the French National Weather Registry 

(https://www.historique-meteo.net/france/), including temperature, humidity, and wind, were 

superimposed with epidemiological data to test for any significant correlation with outbreak 

patterns. 

 

Statistical analyses  

The R software version (3.6.1) [18] was used for all the statistical analyses in this work. All 

statistical tests were two sided, and the type one error rate was set to 0.05. The quantitative 

variables are reported as the mean ± SD, and qualitative variables are reported as N (%). For 

two-group comparisons (e.g., across the two hospitals), Mann  t tests 

were used (as appropriate) for quantitative variables, and Chi- tests 

were used (as appropriate) for qualitative variables. The test results were first considered 



binary (positive or documented/negative or undocumented) and were evaluated according to 

location (Nîmes, Marseille) and season of the outbreak and patient sex and age. To compare 

the positivity status using a multivariate analysis (age, sex, ecology, city), a logistic regression 

model was used, and the adjusted odds ratio (AOR) was reported. Then, the test results were 

considered within the context of the identified pathogens. Multiple correspondence analysis 

(MCA) was performed (with the FactoMineR package [19] to explore the relationships of the 

incidence of specific pathogens with patient age group and sex and the location, season and 

period of the outbreak. To track the outbreak patterns of documented cases, cases of 

documented etiologies were placed into three major groups: DNA viruses, RNA viruses and 

bacteria. 

necessary. In a subsequent analysis, to track the outbreak patterns of documented cases, cases 

of documented etiologies were placed into three major groups: DNA viruses, RNA viruses 

and bacteria. To better explore the trends and seasonality of the series, data were then 

managed as time series using the stats and forecast packages in R [20] in particular to define 

the outbreak periods (as previously mentioned) and to compute the average delay between 

infections occurring in Nîmes and Marseille regarding the occurrence of outbreaks and 

temperatures. 

 

Results 

General data  

Based on the inclusion criteria, 20,779/28,495 (72.9%) of CSF samples (one CSF sample per 

patient presenting with a meningitis syndrome) investigated between December 2014 and 

December 2019 in IHU Méditerranée Infection, Marseille (15,246 CSFs) and CHU Nîmes 

(5,533 CSFs) laboratories were retrospectively included over this 61-month study held 



between 1 December 2014 and 31 December 2019. There was a general trend of an increase 

in the number of documented cases since 2017 in both cities, whereas we observed a 

difference in the behavior of the two cities regarding the number of undocumented cases, 

which strongly decreased in 2016 and returned to baseline in 2017 in Nîmes but increased 

from mid-2018 in Marseille. Overall, males formed a marginal majority (52.77%; 54.3% in 

Marseille, 48.6% in Nîmes) (P <10-4), while females were the majority specifically among 

documented cases (49.4% male patients; 54.5% in Marseille and 42.8% in Nîmes) (P < 10-4) 

(Table 1). Additionally, the CAM population was younger in Marseille than in Nîmes (mean 

age: 40.7 ± 27.2 years vs. 47.2 ± 25.6, respectively) (P < 0.001) (Table 1), but this difference 

did not result in any detectably significant influence on the fact that the overall prevalence of 

documented CAM cases significantly decreased with age for each age group when compared 

to the prevalence of the reference age group of [0-2[ years, except in the patients in the age 

group of 2-16 years, which presented a higher prevalence (adjusted odds ratio, AOR=0.85, p= 

0.0461) (Figure 1). Logistic regression results showed that the number of documented cases 

was significantly higher in Nîmes that in Marseille (AOR=2.8, p<0.001), in females than in 

males (AOR=1.13, p=0.01), and in the 0-2 and 2-16 age groups than in the other age groups 

(AOR=1.38, 2.18, 3.69, p<0.001). The most exhaustively diagnosed age group was that aged 

2-16 years (AOR=0.85, P = 0.11) (Figure 1). This observation was confirmed by the chi-

squared test, highlighting a significant difference in the repartition of ages between total 

(documented plus nondocumented) CAM cases and documented CAM cases (P < 0.001). 

 

General epidemiology  

A total of 2,209 (10.63%) patients were documented in both centers after laboratory 

investigations as reported above; 1,762 (78.8%) patients had viral meningitis, including 17 

coinfections with virus/virus (0.8%), 18 coinfections with virus/bacteria (0.8%), one 



coinfection with virus/bacteria/bacteria (0.04%) and two coinfections with virus/virus/bacteria 

(0.09%); 461 patients had bacterial meningitis (20.9%), including nine coinfections with 

bacteria/bacteria (0.4%), one coinfection with virus/bacteria/bacteria (0.04%) and 18 

coinfections with virus/bacteria (0.8%); and six patients had fungal meningitis (0.3%) (Table 

2, Appendix 1). CAM was caused by a total of 62 different microorganisms, including 49 

bacteria (79%), 12 viruses (19%, 7 DNA and 5 RNA viruses) and one fungal pathogen 

(Cryptococcus 2%), each with variable contributions to CAMs (Figure 2, Table 2). Viruses 

were the main causative pathogens, and 12 viral species were identified in 79.8% of 

documented CSFs, mainly Enteroviruses (797, 36.1%), HSV-1 (395, 17.9%), HSV-2 (205, 

9.3%) and VZV (223, 10.1%) (Figure 2, Table 2). Dengue and BK viruses, JC virus, Toscana 

virus and West Nile virus were detected at a very low frequency in the studied population 

(Table 2). Streptococcus pneumoniae (129, 5.8%), Neisseria meningitidis (59, 2.7%) and 

Haemophilus influenzae (45, 2%) were the most prevalent bacteria, followed by Escherichia 

coli (34, 1.5%), Cutibacterium acnes (31, 1.4%), Staphylococcus epidermidis (30, 1.4%), and 

Streptococcus agalactiae (25, 1.1%). Tropheryma whipplei, Staphylococcus aureus and 

Listeria monocytogenes were detected in rare cases. Additionally, only six cases of 

Cryptococcus meningitis were detected, all in immunocompromised patients (Table 2). 

Relationships were noted between age and pathogen type; Enterovirus was prevalent 

in patients aged <16 years (59.8%); HHV-6 in patients aged 0-16 and >60 years (71.6%); 

HSV1, HSV-2 and VZV in patients aged 16-31 and > 60 years  (60.2%, 61.5% and 60.5%, 

respectively); H. influenzae in patients aged 0-2 and >60 years (68.9%); S. pneumoniae in 

patients aged > 45 years (67.4%); N. meningitidis in patients aged < 30 years (64.4%); and 

Human parechovirus and S. agalactiae in patients aged 0-2 years (97% and 64%, 

respectively) (Table 2, Figures 2 & 3). Moreover, MCA indicated a preferential association 

between sex and the causative pathogen, as HSV-1 and HSV-2 were mainly documented in 



older female patients (73.7% and 57.7% and p<10-13 and p<10-4, respectively), whereas 

enterovirus infection was mostly identified among young male patients (55.7%, p=0.12). 

 Finally, some seasonal infections, as illustrated by MCA investigation and confirmed 

by statistical analyses for significance, were observed during the study period for some 

pathogens (p < 0.001), including enterovirus and Human parechovirus, which were mainly 

documented in the summer and fall seasons, and N. meningitidis, S. pneumoniae, S. 

agalactiae, HSV-1, HSV-2, VZV, and Cytomegalovirus, which were mainly documented in 

the winter and spring seasons (Figure 3, Appendix 3). 

 

Outbreaks  

Ten outbreaks as defined by the criteria above, comprising 12,919/20,779 (62.2%) patients 

and 1,438/2,209 (65.1%) documented cases, were observed over 61 months (Figure 4A). 

There was a trend toward an increasing frequency of outbreak occurrence over these 61 

months. Notably, outbreaks mainly started in Nîmes and appeared eastward in Marseille with 

an average lag of 1-2 weeks (~13 days). This observation was confirmed with the use of time 

series decomposition (using the decompose function of the stats package in R) and the use of 

a cross-correlation function performed on the seasonal regions of the decompositions of the 

Nîmes and Marseille series. Considering that the two cities are 120 km apart, we measured an 

average eastward displacement speed of ~0.9 km/day (Figure 4A). 

Each outbreak included 991-1,834 (median, 1,289) patients, of whom only 100-310 (median, 

125) were documented; this ratio of 11.3% was significantly higher than the 10.1% ratio 

found in outside outbreaks (p=0.01) (Figure 4). Specifically, outbreak-1 (January to Mid-

March 2015) included 100/1,292 (7.7%) documented patients infected by HSV-1 (29%), 

HSV-2 (8%), VZV (12%), S. pneumoniae (9%), N. meningitidis (5%) and Enterovirus (8%); 



outbreak-2 (April-July 2015) included 141/1,103 (12.8%) documented patients mainly 

infected by Enterovirus (64.5%), HSV-1 (10.6%) and VZV (9.9%), which affected children 

aged < 16 years old in 45.4% of cases; outbreak-3 (January-Mid-March 2016) included 

102/1,212 (8.4%) documented patients mainly infected by HSV-1 (27.4%), Enterovirus 

(21.6%), VZV (14.7%), S. pneumoniae (8.8%), N. meningitidis (4.9%), and HHV-6 (4.9%); 

outbreak-4 (March-July 2016) included 118/1,321 (8.94%) documented patients, of which 

44.1% of infections were caused by Enterovirus; outbreak-5 (March-July 2017) included 

205/1,399 (14.6%) documented patients, of which 70% of infections were caused by 

Enterovirus; outbreak-6 (November 2017-February 2018) included 132/1366 (9.7%) 

documented patients with infections caused by HSV-1 (27.3%), HSV-2 (10.6%), VZV 

(11.4%), S. pneumoniae (9.1%), Enterovirus (9.1%), HHV-6 (8.3%), N. meningitidis (5.3%), 

and S. agalactiae (3.8%); outbreak-7 (May-September 2018) included 310/1,834 (16.9%) 

documented patients with infections caused by Enterovirus (50.6%), and VZV (10%), HSV-1 

(8.4%), and Human parechovirus (7.1%); outbreak-8 (November 2018-February 2019) 

included 117/1,286 (9.11%) documented patients infected by HSV-1 (31.6%), VZV (8.5%), 

S. pneumoniae (12%), Enterovirus (9.4%), and H. influenza (7.7%); and outbreak-9 (May-

July 2019) included 137/991 (13.8%) documented patients mainly infected by Enterovirus 

(42.3%). Finally, outbreak 10 (August-October 2019) was the least documented outbreak, 

with only 109/1,245 (8.7%) documented patients infected, and >70% of these cases were 

caused by one of several neurotropic viruses (Figure 4). In summary, winter outbreaks 1, 3, 6 

and 8 included infections by HSV-1 (28.8%), HSV-2 (7.3%), VZV (11.5%), S. pneumoniae 

(9.7%), HHV-6 (6.2%), N. meningitidis (3.9%), S. agalactiae (2.2%), and Tropheryma 

whipplei (2%), leaving 91.2% of cases undocumented, while summer outbreaks 2, 4, 5, 7, and 

9 included infections by Enterovirus and Human parechovirus (specifically in 2018) and left 

86.48% of cases undocumented (Figure 3, 4). Incorporating the incidence of documented vs. 



undocumented cases, patient age, outbreak period, and season as variables, MCA clustered 

the occurrence of summer undocumented cases with patients aged < 31 years old and 

infection with enterovirus and Human parechovirus, and MCA clustered winter 

undocumented cases with patients aged > 45 years old and infection with N. meningitidis, S. 

pneumoniae, HSV, VZV, and Cytomegalovirus (Figure 3). Outside outbreak periods, we 

observed a persistence of infection with HSV-2, HHV-6, and some bacteria, such as H. 

influenzae, and with other nonfrequent bacteria without any detected association with sex 

(Appendix 2). After etiologies were grouped, reanalysis of the data indicated that RNA 

viruses occurred significantly more frequently in summer, with a rapid and strong increase 

(61%, p<10-4) and with 52.8% of outbreaks occurring in summer. DNA viruses were 

identified significantly more frequently in the winter/spring season (54%, p<10-4), while no 

specific relationship between bacterial infection and season was observed despite the 

significant increase in the frequency of bacterial infection that occurred during winter 

outbreaks (30.5%, p<10-4) (Figure 5). However, for outbreaks 7, 8 and 9, which occurred at 

the same time as outbreaks of RNA viruses in summer and autumn 2018 and summer 2019, 

there was no clear association between patient age and sex. The same pattern of an ~1 week 

displacement moving in the same direction was observed by superimposing temperature data. 

The one-week delay in temperature displacement from Nîmes to Marseille was significantly 

correlated (P < 0.001) with the one-week delay in CAM outbreak displacement, whereas no 

such significant shifting was observed for the variables Figure 4B). 

 

Discussion 

Retrospective investigation of a large series of CAMs in southern France yielded a complex, 

dynamic epidemiological pattern combining seemingly sporadic cases and clustered cases, 

later forming a total of ten outbreaks occurring over 61 months of investigation.[3,7] The 



investigation covered cases from two university hospitals in cities separated by 120 km but 

located in the same region, in which CAM cases were investigated using the same laboratory 

protocols, allowing for the unprecedented observation of CAM outbreak temporal and spatial 

dynamics, which were characterized in this region by an eastward displacement at an average 

of ~9 km/day. The same displacement pattern was observed with temperature records and 

correlated with outbreaks consistently originating in Nîmes before moving to Marseille, and 

these data provided the basis for an analysis of  the influence of atmospheric temperature and 

geography on the dynamics of CAM outbreaks; temperature was disclosed to be significantly 

associated with the displacement dynamics of CAM outbreaks.[3, 21, 22] 

Whether temperature was just a marker for certain changing biological conditions in 

populations, pathogens, and vectors or whether it was a direct biological determinant remains 

uncertain in this study; an unanticipated observation was that eight CAM syndrome outbreaks 

varied in the proportion of documented cases and nondocumented cases, while two outbreaks 

overwhelming comprised undocumented cases (Figure 4). Documented enterovirus cases 

were responsible for six seasonal outbreaks among the ten outbreaks observed here and 

affected young patient populations as previously described.[3, 23 28] Accordingly, in 2018,[3]  

the unusual persistence of mixed enterovirus and Human parechovirus outbreaks infecting 

newborns and children until the autumn correlated with a notable + 2 °C increase in autumnal 

temperature in October/November 2018 compared to seasonal norms.[29] Most intriguing was 

the observation that DNA viruses also adopted an outbreak pattern, with HSV-1 CAM being 

observed in elderly male patients in January-March, probably due to the HSV-1 

reactivation,[30, 31] which is potentially prompted by vitamin D deficiency related to low sun 

exposure in winter, especially in people > 70 years old, as previously reported.[32 34] 

By superimposing characteristics of undocumented patients with documented ones, 

MCA shed light on at least two seasonal patterns for such undocumented outbreaks, 



stimulating pathways of future research. In summer, undocumented cases closely clustered 

with the incidence of RNA viruses, whereas in fall and winter, they clustered with that of 

DNA viruses and bacteria. This trend could clarify that the increase in hospital admission in 

summer may be due to infection with RNA viruses, and the high admission of older patients 

in the fall/winter season is probably due to infection with DNA viruses and/or bacterial 

nonroutinely investigated at the POC laboratories.[14] Indeed, not all causative pathogens were 

routinely targeted at POC laboratories in this study, including emerging genotypes and 

arthropod-borne viruses escaping routine detection.[13,34,35] We propose that Enteroviruses and 

arthropod-borne viruses are two groups of candidate pathogens to be further examined to 

account for remaining undocumented cases. 

 

Conclusion 

This retrospective study shed light on the significant correlation between temperature and the 

occurrence of CAM outbreaks in southern France, indicating the necessity of developing new 

laboratory tools for the search for probable RNA viruses responsible for the currently 

undocumented majority of cases of CAMs in summer/fall in this region. Real-time 

metagenomics based on pathogen genome detection performed directly from CSF could be 

part of this new strategy, with the aim of reducing the number of undocumented CAMs.[35] 
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Figures. 

Figure 1: Distribution of meningitis cases according to patient age. A) Boxplot of total 

negative (undocumented) and positive (documented) meningitis cases according to patient 

age. B) Bar plot of meningitis cases and positive diagnoses according to patient age groups. 

Figure 2: Comparison of the microbial diversity of community-acquired meningitis. Patient 

age-dependent pathogen diversity: patients aged [0,2[ and [2,16[ were mostly diagnosed 

positive for enterovirus, patient of [16,46[ years-old were in majority positive for Enterovirus, 

HSV-1 and HSV-2, patient of > 46 years were positive for HSV-1, HSV-2, VZV and bacterial 

infections. The legend shows in the absolute abondance of each pathogen. Pathogens with 

global abundance less than 1% are  

Abbreviation: Evs, Enterovirus; HSV-1, Herpes Simplex Virus 1; HSV-2, Herpes Simplex 

Virus 2; VZV, Varicella Zoster Virus; HHV-6, Human Herpes Virus 6. 

 

 

Figure 3: Multiple correspondence analysis of positive/negative (documented/undocumented) 

cases, pathogens, and season according to the different outbreaks. Infections in Marseille 

were more closely associated with summer outbreaks and younger patients, whereas 

infections in Nîmes were more associated with winter outbreaks and older patients, mostly 

HSV-1, HSV-2, VZV, and H. influenzae. There was no notable difference concerning sex. 

Figure 4: Synchronisation of outbreaks and weather data between Marseille and Nîmes by 

time series analysis. A) The time series for temperatures, humidity, wind force (in Marignane 

and Montpellier, two cities close to Marseille and Nimes), undocumented and documented 

cases are represented for both Marseille (in cyan) and Nimes (in red). Each time series is 

represented in its real values (thin lines) and smoothed with moving average using a window 



size of 9 weeks (thick lines). At the right-hand size of each time series graphic, the associated 

cross-correlation function plot comparing Nimes and Marseille at different lags is shown. A 

high correlation at a negative lag should be interpreted as an event occurring before in Nimes 

and after in Marseille. 

B) Time series were first smoothed using moving average with window size 9 weeks. Then, 

in order to make the cities and different variables more comparable, a standardization was 

undocumented cases (graphic on the top). The standardized and smoothed time series of 

undocumented cases, documented

At the right-hand size of each time 

series graphic, the associated cross-correlation function plot comparing temperature and 

respectively undocumented, documented and RNA virus (from top to bottom) are shown in 

red for Nimes and in cyan for Marseille.   

Figure 5: Multiple Correspondence Analysis (MCA) of variables seasons, outbreak number, 

and Fungi), gender and age classes. In summer five outbreaks closely caused by RNA viruses 

infecting young patients (61%), represented in 52.8% (p<10-4) of summer outbreaks. DNA 

viruses occurred in all seasons in a more equal distribution but accounted for ~54% (p<10-4) 

of both spring and winter outbreaks. Although bacteria were less season-specific, they were 

nevertheless more frequent in winter (30% of bacteria were detected in winter) and accounted 

for 30.5% of winter epidemics (p<10-4). According to the ACM, RNA viruses are the furthest 

from the center of the benchmark and are associated with summer. Bacteria and DNA viruses 

are closer to the center, so less season-specific, but still closer to winter and spring. Mainly 



undocumented cases clustered with bacteria and DNA viruses in winter and with all etiologies 

in summer notably with RNA viruses in majority especially young patients.   

*Fisher's Exact Test for Count Data with simulated p value (based on 2000 replicates), (p 

value = 0.0004998).  



Tables. 

Table 1: Summary statistics for variables Age and Gender, comparisons according to cities 

and positive/negative status. 

Table 2: Prevalence of pathogens by age classes for period 12/2014-12/2019 (Date from 

Nîmes and Marseille gathered).
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Abstract
The prognosis of central nervous system infections caused by enteroviruses partially depends on the viral genotype, which is not
provided by current point-of-care diagnostic methods. In this study, next-generation sequencing identified an echovirus 9 directly
from the cerebrospinal fluid of a patient presenting with meningitis.

Keywords Enterovirus . meningitis . Next-generation sequencing . Genotype . Point-of-care diagnosis . Echovirus

Introduction

Enteroviruses are non-enveloped viruses with 7200–8500
nucleotide-long single-stranded positive RNA genomes that
comprise a genus within the Picornaviridae family [1].
Enterovirus diversity is considerable, as more than 300 geno-
types of human non-polio enteroviruses have been identified,
and they have been divided into four subgroups A–D [1].
Non-polio enteroviruses are common agents worldwide of
neurological infections that are usually asymptomatic or mild
and spontaneously resolving [2]. Nevertheless, some entero-
virus genotypes such as enterovirus-A71 or enterovirus-D68
are associated with neurovirulence and fatalities [3, 4].
Knowledge of the viral genotype is therefore of potential clin-
ical concern, and the prevalence of genotypes of enteroviruses
from patients presenting with meningitis and encephalitis is
currently not broadly characterised [5]. Current molecular di-
agnostic tests of enterovirus neurological infections based on
simplex ormultiplex real-time reverse transcription (RT)-PCR
assays [6] do not reveal the viral genotype, which is most
usually determined by analysing a fragment of the VP1
capsid-encoding gene [7]. Next-generation sequencing is a

promising approach for enterovirus genotyping that previous-
ly most often required PCR amplification [8].

Here, we implemented a protocol that used spiked primer-
based enrichment followed by next-generation sequencing
(NGS) for the detection and identification of enteroviruses
directly from the cerebrospinal fluid (CSF) of a meningitis
patient.

Materials and methods

A 25-year-old woman was admitted at the emergency depart-
ment for a 3-day history of febrile (39 °C) headache, photo-
phobia, jet vomiting, and neck stiffness. CSF analysis showed
a leukocyte count of 100 cells/mm3 with 100% polynuclear
cells, proteins at 0.39 g/L, and glucose at 3.52 mmol/L.
Microscopic examination after Gram staining was negative.
Enterovirus diagnosis was obtained at the point-of-care (POC)
laboratory using the Biofire FilmArray Meningitis/
Encephalitis panel (Biomérieux, Marcy-l ‘Etoile, France)
[9]. At the same time, enterovirus identification was per-
formed using whole genome sequencing after adapting previ-
ously described protocol that used a panel of short PCR
primers for targeted-sequence enrichment prior to NGS [10].
A total of 78 complete enterovirus genomes were downloaded
from the GenBank database (using the keyword “echovirus”),
aligned using the Clustal Omega Multiple Sequence
Alignment online tool (https://www.ebi.ac.uk/Tools/msa/
clustalo/) and manually partitioned into ≈ 500 nucleotide-
long fragments overlapping by ≈ 100–250 nucleotides (Fig.
1). Then, 46 primers comprising 13 nucleotides (online
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Appendix 1) were designed to target the extremities of each
fragment and checked using the Multiple Primer Analyzer
online software (https://www.thermofisher.com/). RT-PCR
was performed on an Applied Biosystem thermocycler
(Foster City, CA, USA) with the SuperScript One-Step RT-
PCR System (Invitrogen, Cergy-Pontoise, Germany) in a 50-
μL volume containing 10μL of total RNA extracted from 200
μL of CSF with the EZ1 Virus Mini Kit v2.0 (Qiagen,
Courtaboeuf, France) (Fig. 1). Then, 1 ng of DNA was used
for preparation of the NGS library (online Appendix 2). NGS
was performed using the Illumina Nextera XT paired-end pro-
tocol (Illumina, San Diego, USA), as previously described
[11], on iSeq 100 or MiSeq instruments (Illumina) and se-
quences were analysed with the CLC Genomics Workbench
software version 7.5.0 (Qiagen).

Results and discussion

In the absence of enrichment, NGS on MiSeq generated
1,100,212 reads but only 32 (0.003%) could be mapped onto
the Echovirus 9 genome GenBank accession no. LC321988.1,

which was the best BLASTn hit from the NCBI GenBank
nucleotide sequence database. With enrichment, NGS per-
formed on MiSeq generated 1,094,034 reads of which 1040
(0.10%) could be mapped on genome LC321988.1, and NGS
on iSeq generated 161,156 reads of which 2172 (1.35%) could
be mapped on this genome. Thus, NGS read sets were
enriched in enterovirus sequences by between 33 and 463
times, respectively. Mapping all NGS reads obtained post-
enrichment on the Echovirus 9 genome showed that 2983
reads matched and allowed generating five contigs covering
3.098 non-contiguous nucleotides of the LC321988.1 ge-
nome, corresponding to ≈ 42% of the total genome length
(Fig. 1). This represented a 4.6-fold increase in achieved ge-
nome coverage compared to without enrichment (679 nucle-
otides) (accession no. LR877187).

Here, direct whole genome sequencing identified a CSF
pathogen as echovirus 9, an identification which was not
achieved by parallel multiplex PCR which gave identification
at the family level only (enterovirus). Moreover, use of spiked
primer-based enrichment improved the depth and coverage of
an enterovirus genome directly retrieved from CSF [9]. Only
one partial genome was, however, obtained, which may be at

Fig. 1 Next-generation sequencing direct diagnosis of the echovirus 9
meningitis workflow. The total duration of the handling procedure was
less than 48 h including different steps. a Spiked primer enrichment
design. A total of 78 complete enterovirus genomes collected from the
GenBank database were partitioned into 500-bp-long fragments after the
alignment. A total of 46 13-nucleotide forward and reverse spiked
primers were designed in the conserved regions at either ends of frag-
ments. The primer selection was performed according to the Tm, identity

percentage and self or cross dimer removals. b CSF sampling and total
RNA EZ1 extraction followed by one-step RT-PCR amplification con-
taining 25 μM of each primer and 10 μL of genomic RNA, then the
amplification product was sequenced by next-generation sequencing
(NGS) using iSeq 100 andMiSeq instrument after the library preparation.
c The NGS was analyzed using the CLC Genomics Workbench, version
7.5.0 (Qiagen), identifying an echovirus E9 genome strain: (LC321988.1)

Eur J Clin Microbiol Infect Dis



least partly related to the low viral load in the CSF, and/or to
the deterioration of the viral RNA genome. Echovirus 9 (for-
merly Coxsackie A23) is a predominant enterovirus type and
among the enteroviruses the most commonly identified in
meningitis cases [5]. However, the present diagnosis strategy
approach has the potential of identifying emerging and new
genotypes. Genome enrichment based on multiplex PCR al-
lows the detection not only of common pathogens but also of
uncommon ones whereas conventional mltiplex PCR is limit-
ed only to common pathogens [10]. In addition, the imple-
mentation of NGS-based genome sequencing in a clinical mi-
crobiology laboratory for routine diagnosis will provide sig-
nificantly more precise information on the genotype than
gene-targeting Sanger sequencing, and will expand the data-
base of genomes associated with various clinical presenta-
tions, allowing for better insight into associations between
genotypes and clinical outcomes. Consequently, such an
enrichment-improved whole genome NGS strategy will
henceforth be routinely implemented in our POC laboratories,
for the accurate diagnosis of enterovirus meningitis and
encephalitis.
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Abstract: The current point-of-care diagnosis of enterovirus meningitis does not identify the vi-
ral genotype, which is prognostic. In this case report, more than 81% of an Echovirus 12 genome
were detected and identified by metagenomic next-generation sequencing, directly from the cere-
brospinal fluid collected in a 6-month-old child with meningeal syndrome and meningitis: introduc-
ing Echovirus 12 as an etiological agent of acute meningitis in the pediatric population.

Keywords: enterovirus meningitis; whole genome sequencing; metagenomic next-generation se-
quencing; Echovirus 12; cerebrospinal fluid

1. Introduction

The highly diverse viral genus Enterovirus encompasses more than 300 genotypes [1].
Some Enterovirus members are responsible for central nervous system (CNS) infections,
which clinical and epidemiological characteristics and prognosis, vary according to the
precisely identified enterovirus, and some genotypes have been associated with a particular
clinical severity and mortality [2]. The Enterovirus genotype is not routinely determined
by molecular diagnosis assays detecting enterovirus RNA at the core and point-of-care
(POC) laboratories [3–6]. Echovirus strains belonging to Enterovirus B species preferentially
infect infants and young children [1,4] and are frequently involved in aseptic meningitis
and encephalitis. Indeed, Enterovirus genotyping is most commonly based on partial VP1
gene Sanger sequencing using a generic standard protocol which is not commonly applied
during the time of care [7].

In order to challenge Enterovirus genotyping at the POC laboratory, we herein devel-
oped a unique protocol to diagnose and genotype Enterovirus CNS infection directly from
the cerebrospinal fluid (CSF) using metagenomic Next-Generation Sequencing (mNGS).
This diagnosis approach is here illustrated by the diagnosis of Echovirus 12 meningitis in a
child, a rarely reported situation in such setting [8,9].

2. Case Presentation and Methods

A 6-month-old girl born from twin pregnancy was admitted at the emergency de-
partment with fever (37.7 ◦C), cough and meningeal syndrome. She had an history of
Respiratory Syncytial Virus bronchiolitis that led to hospitalization one month prior to
meningitis. At the admission, CSF analysis after lumbar puncture showed a leukocyte
count of 1 cell/mm3, protein at 0.14 g/L and glucose at 3.41 mmol/L. Microscopic analysis
after Gram staining was negative. Investigation of the CSF at the POC laboratory using the
Biofire FilmArray Meningitis/Encephalitis panel (bioMérieux, Marcy-l, Etoile, France) [6]
was positive for Enterovirus.
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In parallel, total RNA was manually extracted from 200 μL of CSF, following an in-
house developed protocol, using QIAamp Viral RNA Mini Kit solutions (Qiagen, Hilden,
Germany) for lysing, and washing steps, then total RNA was then purified using RNA spe-
cific magnetic Dynabeads (Life technology, Oslo, Norway). Briefly, 200 μL of CSF were in-
cubated with 50 μL proteinase K (Qiagen) for 5 min at room temperature, then 300 μL AVL
lysis buffer (Qiagen) were added and incubated for 15 min at room temperature. A 150-μL
volume absolute ethanol (99%) were added to the lysis mix, 50-μL Dynabeads (40 mg/μL)
were added and incubated for 15 min at room temperature. The Dynadeads/RNA complex
washed twice with 850 μL AV1 solution (Qiagen), then two times with 450 μL AV2 solution
(Qiagen) in the presence of 70% ethanol. After the second wash, Dynabeads were dried
for 15 min at room temperature and eluted in a 60 μL-volume, then incubated for 3 min
at 70 ◦C, followed by magnetic separation. Finally, 3 μL of RNaseOUT™ Recombinant
Ribonuclease Inhibitor (Invitrogen, Illkirch, France were added to the purified RNA was
and stored at −70 ◦C.

A 40-μL volume of total RNA was treated with ezDNase (Invitrogen, Illkirch, France)
and concentrated with (Zymo Research, Irvine, CA, USA) kit, then eluted in 20 μL sterile
water (Figure 1). The complementary DNA (cDNA) synthesis was performed using Taq-
Man kit according to the manufacturer protocol (Applied Biosystem, Foster City, CA, USA)
in 50μL containing 19.25 μL eluted RNA, then 20 μL of the cDNA were used as a matrix for
double strand synthesis, using 3 units of DNA Polymerase I, Large (Klenow) Fragment (Bi-
oLabs) in a 30 μL-volume. Double stranded DNA purified with Agencourt® AMPure beads
(Invitrogen) and eluted in 17 μL of 1x-sterile Tris-EDTA solution. Finally, 1 ng of cDNA
was used for metagenomics Next-Generation Sequencing (mNGS) library preparation
(Supplementary Materials 3), using Illumina Nextera XT paired-end protocol (Illumina,
San Diego, CA, USA), as previously described [10,11] and sequenced on iSeq 100 instru-
ment in a single 17.5-h run providing 2 × 150-base pair (bp) long reads. The NGS generated
sequences were assembled by Spades on-line software available on Galaxy/Europe bioinfor-
matics (https://usegalaxy.eu, accessed on 17 June 2020) and mapped with CLC Genomics
Workbench software version 7.5.0 (Qiagen).

Figure 1. Echovirus 12 whole genome sequencing direct diagnosis workflow. The total duration of the handling process is
less than 24 h including al steps. (A) CSF sampling by lumbar puncture, followed by specific point-of-care (POC) enterovirus
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(EVs) diagnosis in FilmArray® CSF direct test (BioFire Diagnostics, Salt Lake City, UT, USA). The viral RNA was extracted
and purified following an in-house developed protocol, using QIAamp Viral RNA Mini Kit (Qiagen) and RNA was purified
by magnetic DynaBeads (Thermo Fisher, Waltham, MA, USA). The EVs POC diagnostic was confirmed by real-time
PCR using LightCycler Multiplex RNA Virus Master kit (Roche Diagnostics®, Mannheim, Germany). (B) The extracted
RNA was treated by Turbo DNase (Thermo Fisher) and purified with (Zymo Research) kit. RT-cDNA synthesis reaction
was performed in 50 μL-volume using kit TaqMan (Thermo Fisher), followed by double strand synthesis using DNA
Polymerase I, Large (Klenow) Fragment (BioLabs). (C) The double stranded cDNA sequenced in 150-cycle iSeq Illumina
instrument following Nextera NGS library preparation iSeq protocol. Finally, NGS data analysis was performed using CLC
Genomics Workbench software version 7.5.0 (Qiagen), and more than 81.68% of Echovirus 12 genome was obtained directly
by next-generation sequencing.

3. Results and Discussion

BLAST analysis of the contigs generated by mNGS after assembling reads with Spades
(https://usegalaxy.eu, accessed on 17 June 2020), yielded as best match the Echovirus
12 strain Travis 2–85 gene (GenBank accession number AF295499.1). This strain was
originally isolated from a 6-year-old healthy American male, caused cytopathic effect in
tissue culture, was not neutralized by poliomyelitis antiserum, and failed inducing disease
in infant mice [12]. As the complete genome of this strain was not available in the GenBank
database, the Echovirus 12 complete genome, prototype Travis (X77708.1) was used as
reference sequence for mapping of total reads by CLC Genomics Workbench software.
The iSeq sequencing generated 114.818 reads, and 76.284 (66.4%) reads could be mapped
on the Echovirus 12 genome, generating 7 contigs (GenBank accession number; PRJEB39568)
covering 6,127 bp, hence 81.7% of this genome (Figure 1). Phylogenetic analysis based on
VP1 gene and 3D polymerase encoding genes identified that these sequences belong to
an Echovirus 12 as supported by bootstrap values of 98% and 97%, respectively (Figure 2,
Supplementary Materials).

Using this approach of whole genome sequencing, Echovirus 12 was obtained in
one-shot protocol directly from CSF sample. To confirm the NGS result, two Echovirus
12-specific primers were designated and used to target a 291-bp Echovirus 12 genome
fragment. The same strain of Echovirus 12 was identified by sequencing of the amplified
fragment at 98.44% sequence identity (not published data).

Echovirus 12 has been detected in patients with diarrhea and aseptic meningitis [9,13].
In this study, we described for the first time a clinical case of Echovirus 12 meningitis
diagnosed by near whole genome sequencing of an Echovirus 12 directly from CSF by
mNGS. This strategy proves high sensitivity in enterovirus detection, which warrants its
introduction for routine diagnostic of enterovirus meningitis in addition to viral genomic
surveillance and may even be considered for POC laboratories if the very fast Oxford
Nanopore Technology is used. Current routine diagnostic targets a short sequence covering
around 7% of the Enterovirus genome, so that is not indicative for Enterovirus genotyp-
ing [11]. The availability of the genome instead of a gene fragment necessarily provides
improved information regarding typing of the viral strain and identifying mutations and
recombinations, and correlating these genotypic features with epidemiological and/or
clinical ones. Another important benefit of mNGS upon qPCR or Sanger sequencing is its
versatility. Indeed, this is not a targeted approach but instead it is an opened approach that
can potentially detect sequences from any virus or microorganism provided these are in
sufficient amount; this is thus of particular interest in cases when no infectious agent could
be diagnosed. In addition, NGS cost per clinical sample is currently in the same order of
magnitude than that of Sanger sequencing. Indeed, we have estimated that current cost
per nucleotide is EUR 0.3 for Sanger sequencing and EUR 0.03 for NGS sequencing with
Illumina technology; such cost cannot be directly extrapolated to other laboratories due to
highly variable cost components, among which the commercial policy of suppliers or the
infrastructure of the laboratory. Overall, the present case exemplifies the powerfulness of
mNGS in the setting of the routine diagnosis of meningitis.
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Figure 2. Phylogenetic analysis based on VP1 gene. The Echovirus 12 near full-length genome obtained here by mNGS
(GenBank accession no LR862408; indicated by a white bold font and a black background, and 9 hit blast Echovirus 12
recovered from the NBCI GenBank nucleotide sequence database (http://www.ncbi.nlm.nih.gov/nucleotide/, accessed on
29 April 2021), indicated by a bold font, were incorporated in the phylogeny reconstruction in addition to Echovirus 1
sequence recovered from GenBank database. The sequence obtained in the present study is most similar to Echovirus 12 Travis
stains (X79047, X77709, AF295499) and are clustered with this sequence, confirming the BLAST result. The evolutionary
history was inferred in the MEGA 7 software version 7.0.2. This analysis involved 11 nucleotide sequences. There were a
total of 548 positions in the final dataset. The tree was performed by applying the neighbor-joining method and the Kimura
2-parameter method. The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test
(1000 replicates) is shown next to the branches. The tree was drawn to scale, with branch lengths in the same units as the
evolutionary distances used to infer the phylogenetic tree; the scale bars represent the corresponding number of nucleotide
substitutions per site. Bootstrap values ≥ 75% are indicated at the nodes.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/pathogens10050610/s1, Supplementary Material 1: Phylogenetic tree based on 3D poly-
merase encoding gene analysis. Supplementary Material 2: DNase treatment and cDNA synthesis.
Supplementary Material 3: NGS Library preparation.
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Abstract: Current routine real-time PCR methods used for the point-of-care diagnosis of infectious
meningitis do not allow for one-shot genotyping of the pathogen, as in the case of deadly Haemophilus
influenzae meningitis. Real-time PCR diagnosed H. influenzae meningitis in a 22-year-old male
patient, during his hospitalisation following a more than six-metre fall. Using an Oxford Nanopore
Technologies real-time sequencing run in parallel to real-time PCR, we detected the H. influenzae
genome directly from the cerebrospinal fluid sample in six hours. Furthermore, BLAST analysis of the
sequence encoding for a partial DUF417 domain-containing protein diagnosed a non-b serotype, non-
typeable H. influenzae belonging to lineage H. influenzae 22.1-21. The Oxford Nanopore metagenomic
next-generation sequencing approach could be considered for the point-of-care diagnosis of infectious
meningitis, by direct identification of pathogenic genomes and their genotypes/serotypes.

Keywords: bacterial meningitis; point-of-care diagnostic; Haemophilus influenzae; Oxford Nanopore
Technologies; real-time sequencing; metagenomic next-generation sequencing

1. Introduction

The microbiological diagnosis of bacterial meningitis presently carried out in point-of-
care (POC) laboratories is based on different methods of detection of nucleotide sequences
specific to the target pathogen [1,2]. More specifically, this detection is based on techniques
using polymerase chain reaction (PCR) amplification by target of pathogen-specific genomic
sequences, with the product of the amplification being detected by fluorescence in the so-
called real-time PCR (RT-PCR) modality [2–4], permitting the detection of the presence or
absence of pathogenic genomes, which is not sufficient to carry out pathogen genotyping.

Here, we report one case of Haemophilus influenzae meningitis that was diagnosed
by metagenomics next-generation sequencing (mNGS), using the technology developed
by Oxford Nanopore Technologies (Oxford Nanopore, Oxford Science Park, UK) directly
from a cerebrospinal fluid (CSF) sample, identifying the pathogen genome, based on real-
time sequencing by comparison to the Oxford Nanopore online database using EP2ME
online software.

2. Case Report and Methods

A 22-year-old male patient presented to the emergency room of the neurosurgery
department at the North Hospital of Marseille following a more than six-metre fall. The
patient presented with numerous contusions and a dislocation orbito-naso-ethmoido-
frontal type panfacial trauma complicated by subdural haematoma and subarachnoid
haemorrhage. At his arrival in the emergency room, the patient presented a Glasgow score
of 5, blood pressure of 140/70, cardiac frequency of 110 bpm and 75% saturation in ambient
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air. Ten days after his admission, the patient presented with sudden onset of febrile (39 ◦C)
meningeal syndrome. Cerebrospinal fluid (CSF) analysis showed a leukocyte count of
198 cell/mm3 (37% neutrophils, 63% lymphocytes), erythrocyte count of 4200 cell/mm3,
protein at 3.31 g/L and glucose at 0.33 mmol/L. Direct microscopic examination after
Gram staining did not reveal the presence of any bacteria. A BioFire FilmArray® assay
(Biofire bioMérieux, Marcy-l’Etoile, France), performed as previously described [1], yielded
Haemophilus influenzae according to the meningitis encephalitis panel. The patient was
treated with antibiotics for 14 days, 2 days with meropenem (4 g/day) and linezolid
(1.2 g/day), 2 days with meropenem only, 2 days with cefotaxime and finally 8 days with
amoxicillin at 12 g/day. A drastic decrease in the leukocyte count was observed from
the second day of antibiotherapy treatment. The patient suffered cognitive, memory and
consciousness disorders and left eye blindness.

In parallel to the BioFire FilmArray® diagnostic, total DNA was extracted from a
200 μL CSF sample after a 20-minute incubation with proteinase K at 37 ◦C using an
EZ1 DNA Kit (Qiagen, Courtaboeuf, France) and eluted in a 50 μL final volume. For
direct microbial genome sequencing, 1 μg of DNA was incorporated into an Oxford
Nanopore MinION library preparation according to the manufacturer’s protocol (https:
//community.nanoporetech.com/protocols/). The library was quantified and normalized
in a 47 μL volume using a QubitTM fluorometer using a Qubit dsDNA High Sensitivity
Assay Kit (Life Technology, Villebon-sur-Yvette, France). Briefly, DNA repair and end
preparation were performed in a 60 μL final volume containing 47 μL of prepared DNA,
1 μL of DNA CS (DNA control), 3.5 μL of NEBNext FFPE DNA Repair buffer, 2 μL of
NEBNext FFPE DNA Repair mix (New England BioLabs, Evry-Courcouronnes, France),
3.5 μL of Ultra II End-prep reaction buffer and 3 μL of Ultra II End-prep enzyme mix
(New England BioLabs). The repair reaction was performed in a GeneAmp PCR System
Thermal Cycler (Applied Biosystems, Foster City, CA, USA) for 5 minutes at 20 ◦C followed
by a 5 min incubation at 65 ◦C. Repaired DNA was purified using an equal volume of
Agencourt Ampure XP beads (Beckman Coulter, Villepinte, France) in the presence of
70% ethanol and then eluted in 61 μL of distilled water. The adapter ligation step was
performed in a 100 μL volume containing 60 μL of purified DNA, 25 μL of ligation buffer,
10 μL of T4 DNA ligase (New England BioLabs) and 5 μL of the adapter mix and incubated
for 10 minutes at room temperature. A second wash was carried out using Agencourt
Ampure XP beads (Beckman Coulter) in a ratio of 0.4. The final library was recovered in a
15 μL final volume, diluted in 75 μL of flow cell loading mix and sequenced for 4 hours
on a MinION instrument (Oxford Nanopore). Real-time analysis of sequencing data was
performed using EPI2ME software (version 2019.11.11-2920621). A second analysis was
performed using Kraken 2 (https://ccb.jhu.edu/software/kraken2/) and visualized by
Pavian (https://fbreitwieser.shinyapps.io/pavian/).

3. Results and Discussion

After running for 4 h, MinION sequencing generated 202,010 reads including 1277 un-
classified reads. Real-time EPI2ME data analysis yielded 192,260 human genome reads,
6598 Escherichia coli (control) reads, 29 Shigella reads, 23 Lambdavirus reads and 11 (0.00005%)
reads corresponding to the H. influenzae genome. The Shigella and Lambdavirus reads come
from repair and ligation enzymes used in the library preparation. Kraken online analysis
and visualization by Pavian online software showed only H. influenzae with high strin-
gency (Figure 1). The BLAST analysis of the longest 1298 bp sequence encoding for partial
the aerobic respiration control sensor protein ArcB gene after specific H. influenzae read
extraction using Kraken Tools yielded a non-b serotype, non-typeable H. influenzae strain
P641-4342 with 97% sequence identity (GenBank accession number CP031687.1) belonging
to H. influenzae lineage 22.1-21 (http://www.iedb.org/sourceOrgId/374927) [5]. This find-
ing has been routinely validated by positive specific H. influenzae real-time PCR at 30 Ct
using a LightCycler® 480 thermal-cycler (Roche, Wilmington, NC, USA) in a 20 μL final
reaction volume containing 5 μL DNA and Takyon No Roxe Probe MasterMix (Eurogentec),
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targeting a 167 bp fragment length of the ompP1 gene as previously described [6]. While
the patient had been vaccinated for H. influenzae serotype B, whole genome sequencing
identified a non-typeable H. influenzae serotype (NTHi), against which the patient was not
immunized. The in silico antibiotic susceptibility pattern derived from the whole genome
by ResFinder online software (Version 4.1) predicted H. influenzae strain P641-4342 to be
susceptible to all antibiotics, as experimentally confirmed by an in vitro antibiogram (File
S1).

This new approach has been proposed for real-time pathogenic genome detection,
essentially based on the time of manipulation of approximately 6 hours in total and its
sensitivity to detect microbial genomes, even at low levels. As a novel approach for POC
diagnosis, direct identification of the pathogenic genome by metagenomic next-generation
sequencing remains a challenge for routine diagnosis. Utilization of Oxford Nanopore
technology in mNGS allows real-time sequencing analysis to be performed directly from
clinical samples [7]. The H. influenzae genome was the first whole bacterial genome to be
sequenced [8]. In this case, we diagnosed H. influenzae directly from a CSF sample for
the first time in our laboratory using Oxford Nanopore Technologies sequencing. Using
metagenomics real-time sequencing allowed us to identify an H. influenzae non-b serotype
lineage 22.1-21 sensitive to all antibiotics by online analysis using ResFinder software
in less than 6 hours, which was confirmed by solid culture after three days in routine
bacteriology laboratory diagnostics. As a new alternative for POC diagnostics, this strategy
will be suitable for implementation in routine diagnostics of CNS infection and genomic
surveillance in infectious diseases, despite the variability of genome coverage depending
on the pathogenic charge in the CSF.

Figure 1. POC real-time sequencing diagnosis of H. influenzae meningitis by using Oxford Nanopore Technology. The total
process duration was less than 6 h. The cerebrospinal fluid was treated with proteinase K for 20 min at 56 ◦C, and total
DNA was eluted in a 50 μL volume. The Oxford Nanopore library was prepared according to the manufacturer’s protocol
and diluted in a 75 μL final volume of flow cell loading mix. The diluted library was sequenced on a MinION instrument,
and MinION sequencing data were analysed in real time using EPI2ME software. They were extracted by Kraken 2 Tools
and visualized by Pavian online software.
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4. Conclusions

Based on the simplicity, rapidity and sensitivity of mNGS real-time sequencing, we
are now implementing Oxford Nanopore sequencing technology in the POC laboratory for
the rapid diagnosis of bacterial meningitis, providing additional pieces of information over
routinely used syndromic real-time PCR kits with which mNGS is competing in terms of
delay and cost.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/pathogens10040461/s1, File S1: Antibiogram analysis.
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Letter to the Editor 

Real-time whole genome sequencing direct diagnosis of 

Streptococcus pneumoniae meningitis: A case report 

Dear editor , 

As reported in this Journal recently, bacterial meningitis is a 

life-threatening invasive infection that could progress to mortal- 

ity within 24 h in the absence of an appropriate treatment, caus- 

ing annually more than 50% deaths from all-cause meningitis and 

leaving one in five people recovering with chronic neurological 

disorders. 1 Current rapid point-of-care (POC) diagnosis of commu- 

nity acquired bacterial meningitis is based on PCR-based multiplex 

assays detecting pathogen-specific sequences in the cerebrospinal 

fluid (CSF). 2 These assays however do not provide all the pieces of 

information desirable for the optimal medical management of the 

patient clinically diagnosed with community-acquired meningitis. 

Antibiotic susceptibility to finely tune the antibiotic treatment and 

genotyping to guide source tracing. Real-time whole genome se- 

quencing is an alternative approach recently developed for detect- 

ing and genotyping pathogens directly from clinical samples, and 

to determine antibiotic susceptibility profile, in real time. 3 

Here, we reported a 69-year-old woman was admitted to the 

emergency department with a 38.5 °C fever which had lasted a 

day, repeated dizzy spells, and vomiting. Clinical examination dis- 

closed neck stiffness, headache, and photophobia, without rash or 

purpura. Biological testing found an inflammatory syndrome with 

C-reactive protein at 350 mg/L. CSF analyses yielded hyperpro- 

teinorrhachia at 1.16 g/L and hypoglycorrhachia at 0.11 mmol/L, a 

leukocyte count of 4 cells/mm 

3 and erythrocytes at 50 cell/mm 

3 . 

Gram staining showed Gram-positive diplococci identified as S. 

pneumoniae using a real-time multiplex PCR assay (bioFire Fil- 

mArray® Meningitis/Encephalitis panel, bioMérieux, Marcy-l’Etoile, 

France) at the POC laboratory. 2 The cultured S. pneumoniae was 

categorized in vitro susceptible to penicillin G, ceftriaxone, ery- 

thromycin, doxycycline, and chloramphenicol by Mueller-Hinton 

culture antibiogram after two days. The patient was treated with 

ceftriaxone, 6 g/day for 14 days and dexamethasone, 40 mg/day for 

five days. Further evaluations found hyperproteinemia at 110 g/L 

and a plasmatic monoclonal peak of IgG kappa quantified at 39 g/L 

(Capillarys, Sebia, Evry, France), which led to a subsequent diagno- 

sis of multiple myeloma. 

Alongside the bioFire FilmArray® investigation, total DNA was 

extracted from 200 μL of cerebrospinal fluid using the EZ1 DNA 

Kit and an EZ1 automaton (Qiagen, Courtaboeuf, France) follow- 

ing 20 min incubation with proteinase K at 56 °C and eluted in 
a 50 μL final volume. Next-generation sequencing was performed 

using a MinION device (Oxford Nanopore Technology, Oxford, UK), 

as previously described, 3 using 47 μL of the extracted DNA for 

the MinION library preparation (Appendix 1). The final library was 

recovered in 15 μL volume and was further diluted in 75 μL of 

flow cell loading mix and sequenced for 20 min on a MinION in- 

strument. Sequencing data were analyzed in real-time using the 

EPI2ME online software (version 2019.11.11-2920621). In a second 

analysis, we assembled and mapped the generated reads using CLC 

Genomics Workbench software version 7.5.0 (Qiagen). Furthermore, 

1 ng of DNA was used for NGS sequencing using the Illumina Nex- 

tera XT library preparation and the paired-end protocol (Illumina, 

San Diego, USA), as previously described, 4 on an iSeq 100 instru- 

ment (Illumina) and sequences were analyzed using the CLC Ge- 

nomics Workbench software (Qiagen). 5 

A twenty-minute MinION sequencing run generated 61,150 

reads, including 11,659 S. pneumoniae reads ( Fig. 1 ). Assembly pro- 

cess generated 92.5% genome coverage and further blast analy- 

sis yielded S. pneumoniae with 98.97% sequence identity with the 

reference S. pneumoniae strain A6-10, a serotype 10-A (GenBank 

accession no. CP053210.1). The clinical strain was in silico sus- 

ceptible to all routinely used antibiotics as determined using the 

ResFinder bio-tool ( http://cge.cbs.dtu.dk/services/ResFinder/ ) (Ap- 

pendix 2) ( Fig. 1 ). MinION sequencing data were confirmed by Il- 

lumina iSeq sequencing, generating 503,192 reads. Blast compari- 

son of the 73,597-bp longest contig identified a best match with 

S. pneumoniae strain A6-10 with 98.97% sequence similarity. A to- 

tal of 338,879/503,192 (67.35%) reads mapped to the reference se- 

quence, identifying 90% of the S. pneumoniae genome. Further on- 

line analysis using Multilocus Sequence Typing (MLST), revealed 

a perfect match with the S. pneumoniae reference genome, shar- 

ing common characteristics with the 128 isolates disponible in the 

GenBank database, including 104 isolates from European countries 

of which 58 were serotype 10A, all of them being susceptible to all 

antibiotics as confirmed by routine bacterial culture (Appendix 2). 

S. pneumoniae meningitis is a life-threatening invasive infec- 

tion warranting its rapid complete diagnosis. 6 , 7 Diagnosis methods 

currently available at the POC laboratory, do not provide pieces 

of information regarding typing and antibiotic susceptibility of 

the detected S. pneumoniae. 2 Here, we successfully applied direct 

near whole genome real-time sequencing diagnosis of community- 

acquired Streptococcus pneumoniae meningitis using MinION tech- 

nology, providing in less than two-hour workflow including only 

20 min sequencing time, the detection, identification, typing and 

in-silico antibiogram; after we developed a specific sequencing pro- 

cedure as here reported ( Fig. 1 ). The fact that this procedure is 

time-competitive with that of the real-time PCR multiplex assay, 

providing valuable additional pieces of information, makes real- 

time whole genome sequencing a suitable approach for the diag- 

nosis of community-acquired meningitis at the POC laboratory. 

Ethical statement 

All data were generated as part of routine work at the Assis- 

tance Publique-Hôpitaux de Marseille (Marseille University hospi- 
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Fig. 1. . Real-time whole genome sequencing of Streptococcus pneumoniae ( S. pneumoniae ). Total handling time was less than two hours, including 35 min for cerebrospinal 

fluid (CSF) processing and EZ1 DNA extraction, 60 min for the Oxford Nanopore library preparation and 20 min for MinION library sequencing. The MinION sequencing result 

was directly analyzed by EP2ME software, then the generated reads were mapped to the reference genome by CLC software. In this case, the S. pneumoniae genome was 

detected after a 20 min sequencing run, and the full data analysis yielded 92.5% genome coverage directly recovered from CSF sample. 

tals), and this study is the result of routine clinical management. 

This study was approved by our Institute’s Ethics Committee under 

number (2021-004). No specific clinical sampling was performed in 

this study. 
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Direct diagnosis of 
Pasteurella multocida 
meningitis using next-
generation sequencing 
We recently implemented a real-time 
metagenomic sequencing approach 
(Oxford Nanopore Technologies, 
Oxford, UK) for a community-
acquired, life-threatening case of 
meningitis diagnosed in a point-of-care 
laboratory,1 to complement point-of-
care diagnosis by PCR-based multiplex 
assays.2 Here we describe how real-time 
metagenomic sequencing enabled the 
direct diagnosis of meningitis caused 
by Pasteurella multocida, which is not 
routinely detected by current point-of-
care assays, from cerebrospinal fluid 
(CSF) collected from a patient.

A 77-year-old woman was admitted 
to the emergency department for 
brutal onset of febrile delirium 
(39°C). At that time, blood tests 
showed a high concentration of 
C-reactive protein (213 mg/L), and the 
patient was treated with ceftriaxone 
(1 g/day) until blood cultures collected 
at admission grew P multocida. The 
patient reported a domestic cat 
bite to the left ankle 5 days before 
admission, which was treated 
with pristinamycin immediately 
after the event and then with 
cefotaxime (4 g, four times a day) and 
intravenous ciprofloxacin (400 mg, 
three times a day) in a first hospital. 
Analysis of the CSF showed purulent 
meningitis, with 5·48 g/L proteins, 
0·54 g/L glucose, 16 g/L lactates, 
6300 white blood cells per μL, and 
800 red blood cells per μL. All routine 
microbiological assays—including 
direct examination of the CSF by 
means of Gram staining, culture, the 
BioFire FilmArray assay (bioMérieux, 
Marcy-l’Etoile, France), and 16S rRNA 
amplification—remained negative. 
Total DNA was extracted from 150 μL 
CSF by means of the EZ1 DNA Tissue 
Kit (Qiagen, Courtaboeuf, France) 
and eluted in a volume of 50 μL. 
Then, 47 μL DNA was incorporated 

into the Oxford Nanopore library as 
previously described,1 sequenced on 
an Oxford Nanopore MinION (Oxford 
Nanopore Technologies, Oxford, UK) 
sequencer for 5 h, and sequences 
were analysed in real-time using 
the EPI2ME online software (Oxford 
Nanopore Technologies, Oxford, UK). 
Seven P multocida-specific reads were 
generated over 5000 reads in a 30 min 
run, and 53 P multocida reads were 
generated over 32 000 reads after 
2 h. Read assembly and Basic Local 
Alignment Search Tool analysis using 
the CLC Genomics Workbench software 
version 21.0.3 (Qiagen, Redwood 
City, CA, USA) mapped a total of 288 
of 159 420 reads to the P multocida 
reference sequence (NZ_CP028927). 
In total, 168 260 nucleotides (7·3%) of 
the P multocida genome were obtained 
directly from the CSF. In silico analysis 
of antibiotic-resistance genes using 
the ResFinder biotool showed that this 
strain of P multocida was susceptible to 
all tested antibiotics.

Pasteurellosis, a zoonotic infection 
caused by Pasteurella bacteria, can 
arise as a complication of domestic 
animal bites. The infection causes 
bacteraemia, which in rare cases can 
progress to purulent meningitis if the 
pathogen penetrates the blood–brain 
barrier.3,4 P multocida is not routinely 
detected by current point-of-care
assays used to diagnose community-
acquired meningitis, such as the one 
reported by Vincent and colleagues.2 
Real-time metagenomic sequencing 
of total DNA extracted from the CSF 
was found to be a suitable alternative 
method for detecting the pathogen 
genome directly without a specific 
gene target, and provided additional 
information on the genotype.1 This 
technology opens new perspectives 
for the microbiological diagnosis of 
life-threatening and non-routinely 
diagnosed infections, as well as for the 
genomic surveillance of pathogens that 
are responsible for infectious diseases.
All data were generated as part of routine work at 
the Assistance Publique-Hôpitaux de Marseille 
(Marseille University Hospitals), and this study is the 

For ResFinder biotool see http://
cge.cbs.dtu.dk/services/
ResFinder/
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