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Neonatal sepsis (NS) kills 750,000 infants every year.
Effectively treating NS requires timely diagnosis and antimicrobial therapy matched to the causative pathogens,
but most blood cultures for suspected NS do not recover
a causative pathogen. We refer to these suspected but
unidentified pathogens as microbial dark matter. Given
these low culture recovery rates, many non–culturebased technologies are being explored to diagnose NS,
including PCR, 16S amplicon sequencing, and whole
metagenomic sequencing. However, few of these newer technologies are scalable or sustainable globally. To
reduce worldwide deaths from NS, one possibility may
be performing population-wide pathogen discovery. Because pathogen transmission patterns can vary across
space and time, computational models can be built to
predict the pathogens responsible for NS by region and
season. This approach could help to optimally treat patients, decreasing deaths from NS and increasing antimicrobial stewardship until effective diagnostics that are
scalable become available globally.

T

he term “microbial dark matter” refers to organisms that cannot easily be cultured under available laboratory conditions (1). The knowledge that
microbial dark matter exists is not new; some of these
organisms have been responsible for human infections throughout the history of microbiology. Indeed,
Robert Koch himself recognized that the postulates
he proposed to demonstrate causality between a microorganism and a disease were not fulfilled in several common diseases, including malaria and leprosy
(2). One major reason was difficulty in cultivating the
responsible organisms.
Difficult-to-isolate organisms continue to be responsible for serious human infections, such as leptospirosis, syphilis, and many others (3,4). In fact,
organisms that cause even such relatively common
and potentially deadly syndromes as neonatal sepsis (NS) often constitute microbial dark matter, not
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because they cannot in theory be cultured but because in actual cases of NS these organisms are
rarely recovered and identified. Organisms that are
known to commonly cause NS in some areas of the
world include Escherichia coli, group B Streptococcus,
Klebsiella spp., and Staphylococcus aureus (5). However, because in most cases of NS worldwide we do
not identify the organisms involved, we often cannot
determine optimal treatments for NS or design successful prevention strategies. This problem is compounded by the fact that the organisms known to
be frequently associated with NS differ in different
parts of the world (5,6).
The inability to properly diagnose or treat NS
constitutes a substantial global health issue. NS affects ≈3 million neonates per year worldwide (7) and
causes ≈750,000 deaths per year worldwide; rates of
death are highest in sub-Saharan Africa (8). Children
who do survive are at risk for deadly or debilitating
sequelae, such as cerebral palsy, seizures, cognitive
delays, respiratory disease (9), and postinfectious hydrocephalus (10,11). Thus, timely and effective treatment of NS is imperative to prevent death and reduce
sequelae, but when the causative organisms cannot
be determined, optimal medical management of NS
is problematic.
Current State of Diagnosis in NS
Several studies illustrate the low organism recovery
rates from NS cultures. One, a large retrospective
study from the United Kingdom, found that the proportion of blood cultures positive for the putative
pathogen in individual cases ranged from 0.8% at
birth to 15% on day 7 of life (12). A recent study from
rural Cambodia determined that only 2% of blood
cultures from neonates were positive for a pathogen;
10% of those cultures—5 times as many—were positive for likely contaminants (13). Similarly, in the recent ANISA (Aetiology of Neonatal Infection in South
Asia) study on the causes and incidence of community-acquired serious infections among young children
in South Asia, in which blood cultures were obtained
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in a sterile manner from >4,800 infants with suspected bacterial infection, only 2.1% of cultures were true
positives (14).
One reason for the low recovery rates is that, although blood cultures are the gold standard for discovering bacterial pathogens causing NS, their sensitivity can be extremely low (15). Blood culturing may
fail to identify NS pathogens, in part because very low
levels of bacteremia can cause symptoms in neonates
(9,16), and in part because it is difficult to obtain sufficient blood for sensitive culture recovery from small
neonates. Furthermore, even if the blood obtained
does contain bacteria known to cause NS, these bacteria may not grow well in culture (17). In addition,
nonbacterial pathogens that do not grow in common
culture media can cause NS symptoms; these include
viruses such as enteroviruses, rhinoviruses, and coronaviruses (18,19), fungi such as Candida sp. (19), and
parasites such as Plasmodium, the agent responsible
for malaria (20). Finally, any antimicrobial treatment
administered before blood is collected further reduces the chances of recovering pathogens using culturing techniques (15).
This inability to identify pathogens in many
cases has serious clinical implications. For most NS
cases, clinicians must balance the opposing risks of
undertreating a serious bacterial infection or using
broad-spectrum antimicrobial drugs that may be unnecessary in many cases. Use of narrow-spectrum
antimicrobial drugs without knowing the organisms
responsible increases the risk of providing ineffective
therapy, which is associated with increased risk for
death, infectious complications, and treatment failure
(21). On the other hand, routinely using broad-spectrum antimicrobial drugs when pathogens cannot
be identified can drive antimicrobial resistance (22),
which runs increasingly high in underresourced areas of the world (23). Antimicrobial stewardship is especially important in these communities due to limited access to the newer antimicrobial drugs needed to
treat multidrug-resistant bacterial infections (24,25).
Moreover, because the epidemiology of NS varies worldwide (6), treatment decisions in a particular
geographic location cannot be made simply on the
basis of the pathogens recovered in other settings. For
example, although group B Streptococcus is a leading
cause of NS in Europe and North America, it does not
seem to be a dominant cause of NS in many other regions of the world (26). Furthermore, recommendations that culture-negative NS be treated with short
courses of narrow spectrum antimicrobials may not
be appropriate for the low-resource settings where
most NS cases occur (5,22).
2544

Another issue complicating diagnosis and treatment is that NS can sometimes have polymicrobial
causes (27–29). Polymicrobial infections tend to be
more severe and harder to treat than monomicrobial
infections (27,30). The true rate of polymicrobial NS
might be higher than that reported in the studies cited because 1 organism may outcompete the others in
culture and because of the detection difficulties detailed. This failure to identify all of the causal organisms may further contribute to inadequate treatment.
Limitations of Emerging Technologies for
Detecting Pathogens
Because of the low recovery rate of cultures (15), there
has been intense interest in developing alternative
methods for diagnosing febrile illnesses, including
NS (9). In theory, some of these newer technologies
could be used to more effectively diagnose the causes
of NS when a bacterial culture fails to yield results;
that is, they could help to address the problem of
microbial dark matter in NS diagnosis. All of these
methods, however, have critical drawbacks.
One group of methods relies on targeted PCR to
amplify and detect the DNA or RNA of specific organisms from body fluids such as blood or cerebrospinal fluid (CSF) (31). However, PCR-based assays
can only detect the specific organisms that are targeted by the assay; thus, one cannot discover pathogens that were not expected a priori. This method
would be most beneficial when the epidemiology of
NS is already well-established for a particular population. A similar principle applies for detecting antimicrobial resistance genes; PCRs can uncover only
the resistance genes that they are targeted to detect.
Moreover, given that there are now thousands of
known antimicrobial resistance genes, it would be
very difficult to test for all of these genes individually using PCR, and it remains a challenge for qPCR.
Furthermore, novel mutations conferring antimicrobial resistance would still be missed.
Another approach is 16S amplicon sequencing
using PCR to amplify the common 16S ribosomal
gene shared by all bacteria. DNA sequencing of this
PCR product is then used to identify the specific bacteria (32). 16S amplicon techniques can, in theory,
uncover bacterial pathogens in an unbiased manner. However, contamination from clinical collection,
laboratory reagents, or the laboratory environment
can dominate the sequencing results if pathogen
sequences in the patient sample are present in very
low concentrations (31), which is often the case in
NS. Bacterial DNA can be present in minute quantities and therefore difficult to detect within the much
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greater mass of contaminant bacterial DNA acquired
during routine sequencing workflows (32).
Methods have been developed to remove some
of this contamination, either during the sample
preparation process before amplification and sequencing occur (33,34) or during the computational
analysis after sequencing (35). In either case, suitable negative and positive controls are crucial for
accurate analysis because blood from apparently
healthy patients can harbor bacterial sequences
(36). For NS studies, healthy NS-negative infants
from similar environments would be ideal clinical
controls, but blood and CSF from healthy infants
are rarely sampled. Another control option would
be age-matched infants whose blood and CSF samples were taken for reasons unrelated to NS, such
as for elective surgery.
Yet another alternative for pathogen discovery
is sequencing the bulk DNA or RNA, or both, contained in the sample. After filtering out the human
DNA or RNA, remaining sequences can be analyzed
to detect bacteria, viruses, fungi, and parasites (37).
Some of these sequencing approaches include enrichment steps to increase the detection of viral sequences
in an otherwise overwhelming background of host
sequences (38). Sequencing total DNA and RNA is
especially attractive for unbiased discovery of panmicrobial pathogens and can additionally detect polymicrobial infections. In theory, sequencing total DNA
and RNA makes it possible to retrieve nucleic acid sequences from all pathogens, regardless of kingdom.
Sequencing of total DNA can also detect antimicrobial resistance genes and therefore guide treatment
(39,40). However, sequencing total DNA and RNA
has its own challenges, including biases potentially
being introduced during sample preparation and by
inadequate depth of sequencing, as well as by the current absence of standardized software tools and pipelines for sequence analysis (41,42). In addition, issues
with contamination and lack of suitable negative controls likewise apply to this method.
Although there are case reports of whole genome sequencing leading to actionable diagnosis
in the face of negative blood cultures (43,44), these
methods are not yet ready to be implemented in
routine diagnostics. The more complex sequencing
techniques, though effective in certain cases, remain
research laboratory endeavors at the moment. Even
if some of these sequencing-based assays could be incorporated into a diagnostic workflow, the high cost,
technical optimization required, and bioinformatic
and statistical expertise needed to analyze complex
sequencing data currently make this technology

impractical, even in high-resource settings. Therefore, unbiased pathogen discovery technology is at
present neither scalable nor sustainable on a global
level and remains difficult to implement effectively
in the resource-poor countries where incidence and
death from NS are highest.
Moving Forward in Neonatal Sepsis Diagnosis
Until lower-cost solutions can be disseminated,
pathogen discovery requiring costly and sophisticated technology might need to be performed at research
laboratories or specialized institutions remote from
clinical centers, which means that discovery cannot
be done effectively in real time. Therefore, reducing
neonatal death worldwide from infections caused by
microbial dark matter might require a paradigm shift.
Population-wide discovery of NS pathogens may
be a way forward. Hundreds of blood or CSF samples
with proper controls can be collected from regional
treatment sites and analyzed by sophisticated sequencing methods at separate pathogen discovery
centers. Population-wide results defining the probabilistic distributions of likely pathogens by location
could then be used to inform the most effective treatment strategies, including antimicrobial choices, at
the point of care. In other words, clinicians would better know which organisms would be the most likely
to cause NS in their patient population and, therefore,
which antimicrobials from their often limited choices
would most effectively treat the NS. Such knowledge
would increase clinicians’ ability to optimize treatment and reduce illness and death from NS. We call
this approach predictive personalized public health.
If pathogen transmission patterns were stable
across time, discovering the organisms causing NS
would only need to be done once. However, the
pathogens responsible for NS may differ by season,
akin to the seasonally varying distribution of pathogens responsible for diseases such as cholera, malaria, and melioidosis (45–47). Therefore, being able to
predict the pathogens most likely responsible for NS,
or any other syndromic disease, based on the season
as well as the patient’s geographic location would be
ideal. Predictive computational models of the diseases in question could be developed to identify the most
likely pathogens for a specific region at a specific time
of year. Combined with data on a pathogen’s resistance to specific antimicrobial drugs, this approach
could optimize the use of broad- versus narrow-spectrum antimicrobial drugs to improve both treatment
outcomes and antimicrobial stewardship.
The feasibility of initiating such an organism
discovery and modeling approach has been recently
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shown in Uganda. Over the past few decades, in
thousands of cases of infant postinfectious hydrocephalus resulting from neonatal sepsis, CSF samples
have failed to yield any positive cultures (10; S.J.
Schiff, unpub. data). However, more recently, advanced genomic techniques were used to identify a
difficult-to-culture novel bacterial strain, Paenibacillus
thiaminolyticus Mbale (48), and demonstrate frequent
co-infection with human herpesvirus 5 (cytomegalovirus) in many of these infants with postinfectious
hydrocephalus (49). Spatial GPS data demonstrated
that, compared to control cases, the bacterial infections were localized to the swampy regions north and
south of the banks of Lake Kyoga (p<0.03), whereas
the cytomegalovirus infections were distributed
widely (49). The statistically significant spatial discrimination of infection locations by GPS demonstrated in these cases, combined with an established
association of rainfall with infant postinfectious hydrocephalus in Uganda (50), highlights the substantial potential for predictive models to optimize pointof-care treatment.
In conclusion, for syndromic illnesses such as
NS that are not linked to a specific pathogen, effective diagnostics to identify microbial dark matter and
guide treatment are urgently needed. However, until
point-of-care molecular diagnostics can be sustainably implemented in regions of the world with the
greatest disease burden, alternative predictive treatment models such as the one we described may help
to reduce illness and death.
Acknowledgments
We are very grateful to Jessica Ericson and Sarah Morton
for helpful discussions.
Our work was supported by NIH Director’s Pioneer and
NIH Director’s Transformative Awards DP1HD086071
and R01AI145057.

About the Authors
Dr. Sinnar is an assistant professor in the Department of
Medicine at The Pennsylvania State University. Her research
focuses on the diagnostics, epidemiology, and immunology
of infant hydrocephalus and neonatal sepsis.
Dr. Schiff is Brush Chair Professor of Engineering and
Professor of Engineering Science and Mechanics,
Neurosurgery, and Physics, and member of the Centers for
Neural Engineering and Infectious Disease Dynamics at
The Pennsylvania State University. His research interests
include epilepsy, hydrocephalus, sustainable health
engineering and global health.
2546

References
1.
2.
3.
4.

5.
6.

7.

8.
9.

10.

11.

12.

13.

14.

15.
16.

Lok C. Mining the microbial dark matter. Nature.
2015;522:270–3. https://doi.org/10.1038/522270a
Evans AS. Causation and disease: the Henle-Koch postulates
revisited. Yale J Biol Med. 1976;49:175–95.
Adler B, de la Peña Moctezuma A. Leptospira and
leptospirosis. Vet Microbiol. 2010;140:287–96.
https://doi.org/10.1016/j.vetmic.2009.03.012
Radolf JD, Deka RK, Anand A, Šmajs D, Norgard MV,
Yang XF. Treponema pallidum, the syphilis spirochete:
making a living as a stealth pathogen. Nat Rev Microbiol.
2016;14:744–59. https://doi.org/10.1038/nrmicro.
2016.141
Zea-Vera A, Ochoa TJ. Challenges in the diagnosis and
management of neonatal sepsis. J Trop Pediatr. 2015;61:1–13.
https://doi.org/10.1093/tropej/fmu079
Waters D, Jawad I, Ahmad A, Lukšić I, Nair H, Zgaga L,
et al. Aetiology of community-acquired neonatal sepsis
in low and middle income countries. J Glob Health.
2011;1:154–70.
Fleischmann-Struzek C, Goldfarb DM, Schlattmann P,
Schlapbach LJ, Reinhart K, Kissoon N. The global burden of
paediatric and neonatal sepsis: a systematic review. Lancet
Respir Med. 2018;6:223–30. https://doi.org/10.1016/
S2213-2600(18)30063-8
Ranjeva SL, Warf BC, Schiff SJ. Economic burden of
neonatal sepsis in sub-Saharan Africa. BMJ Glob Health.
2018;3:e000347. https://doi.org/10.1136/bmjgh-2017-000347
Sinha M, Jupe J, Mack H, Coleman TP, Lawrence SM,
Fraley SI. Emerging technologies for molecular diagnosis
of sepsis. Clin Microbiol Rev. 2018;31:e00089-17.
https://doi.org/10.1128/CMR.00089-17
Warf BC. Hydrocephalus in Uganda: the predominance of
infectious origin and primary management with endoscopic
third ventriculostomy. J Neurosurg. 2005;102(Suppl 1):1–15.
https://doi.org/10.3171/ped.2005.102.1.0001
Dewan MC, Rattani A, Mekary R, Glancz LJ, Yunusa I,
Baticulon RE, et al. Global hydrocephalus epidemiology
and incidence: systematic review and meta-analysis.
J Neurosurg. 2019;130:1065–79. https://doi.org/10.3171/
2017.10.JNS17439
Blackburn RM, Muller-Pebody B, Planche T, Johnson A,
Hopkins S, Sharland M, et al. Neonatal sepsis—many blood
samples, few positive cultures: implications for improving
antibiotic prescribing. Arch Dis Child Fetal Neonatal Ed.
2012;97:487–8. https://doi.org/10.1136/archdischild2012-302261
Labuda SM, Te V, Var C, Iv Ek N, Seang S, Bazzano AN,
et al. Neonatal sepsis epidemiology in a rural province in
southeastern Cambodia, 2015–2017. Am J Trop Med Hyg.
2019;100:1566–8. https://doi.org/10.4269/ajtmh.18-0739
Saha SK, Schrag SJ, El Arifeen S, Mullany LC,
Shahidul Islam M, Shang N, et al. Causes and incidence of
community-acquired serious infections among young
children in south Asia (ANISA): an observational cohort
study. Lancet. 2018;392:145–59. https://doi.org/10.1016/
S0140-6736(18)31127-9
Iroh Tam PY, Bendel CM. Diagnostics for neonatal sepsis:
current approaches and future directions. Pediatr Res.
2017;82:574–83. https://doi.org/10.1038/pr.2017.134
Stranieri I, Kanunfre KA, Rodrigues JC, Yamamoto L,
Nadaf MIV, Palmeira P, et al. Assessment and comparison
of bacterial load levels determined by quantitative
amplifications in blood culture-positive and negative
neonatal sepsis. Rev Inst Med Trop São Paulo. 2018;60:e61.
https://doi.org/10.1590/s1678-9946201860061

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 26, No. 11, November 2020

Microbial Dark Matter in Neonatal Sepsis
17.

18.

19.
20.

21.

22.

23.

24.

25.

26.

27.
28.
29.

30.

31.

32.

Schiff SJ, Kiwanuka J, Riggio G, Nguyen L, Mu K,
Sproul E, et al. Separating putative pathogens from
background contamination with principal orthogonal
decomposition: evidence for Leptospira in the Ugandan
neonatal septisome. Front Med (Lausanne). 2016;3:22.
https://doi.org/10.3389/fmed.2016.00022
Ronchi A, Michelow IC, Chapin KC, Bliss JM, Pugni L,
Mosca F, et al. Viral respiratory tract infections in the
neonatal intensive care unit: the VIRIoN-I study. J Pediatr.
2014;165:690–6. https://doi.org/10.1016/j.jpeds.2014.05.054
Simonsen KA, Anderson-Berry AL, Delair SF, Davies HD.
Early-onset neonatal sepsis. Clin Microbiol Rev. 2014;27:21–
47. https://doi.org/10.1128/CMR.00031-13
Ekanem AD, Anah MU, Udo JJ. The prevalence of congenital
malaria among neonates with suspected sepsis in Calabar,
Nigeria. Trop Doct. 2008;38:73–6. https://doi.org/10.1258/
td.2007.005274
Hsu J-F, Chu S-M, Huang Y-C, Lien R, Huang H-R, Lee C-W
et al. Predictors of clinical and microbiological treatment
failure in neonatal bloodstream infections. Clin Micro Infect.
2015;21:482.e9–17. https://doi.org/10.1016/j.cmi.2015.
01.009
Klingenberg C, Kornelisse RF, Buonocore G, Maier RF,
Stocker M. Culture-negative neonatal sepsis—at the
crossroad between efficient sepsis care and antimicrobial
stewardship. Front Pediatr. 2018;6:285. https://doi.org/
10.3389/fped.2018.00285
Le Doare K, Bielicki J, Heath PT, Sharland M. Systematic
review of antibiotic resistance rates among gram-negative
bacteria in children with sepsis in resource-limited countries.
J Pediatric Infect Dis Soc. 2015;4:11–20. https://doi.org/
10.1093/jpids/piu014
Cox JA, Vlieghe E, Mendelson M, Wertheim H, Ndegwa L,
Villegas MV, et al. Antibiotic stewardship in low- and
middle-income countries: the same but different? Clin
Microbiol Infect. 2017;23:812–8. https://doi.org/10.1016/
j.cmi.2017.07.010
Laxminarayan R, Matsoso P, Pant S, Brower C, Røttingen J-A,
Klugman K, et al. Access to effective antimicrobials:
a worldwide challenge. Lancet. 2016;387:168–75.
https://doi.org/10.1016/S0140-6736(15)00474-2
Madrid L, Seale AC, Kohli-Lynch M, Edmond KM, Lawn JE,
Heath PT, et al. Infant group B streptococcal disease
incidence and serotypes worldwide: systematic review and
meta-analyses. Clin Infect Dis. 2017;65(suppl 2):S160–72.
https://doi.org/10.1093/cid/cix656
Faix RG, Kovarik SM. Polymicrobial sepsis among intensive
care nursery infants. J Perinatol. 1989;9:131–6.
Kumhar GD, Ramachandran V, Gupta P. Bacteriological
analysis of blood culture isolates from neonates in a tertiary
care hospital in India. J Health Popul Nutr. 2002:343–7.
Nizet V, Klein JO. Bacterial sepsis and meningitis. In:
Remington JS, Klein JO, Wilson CB, Nizet V, Maldonado YA,
editors. Infectious diseases of the fetus and newborn. 7th ed.
Philadelphia: Elsevier Saunders; 2011. p. 222–75.
Pammi M, Zhong D, Johnson Y, Revell P, Versalovic
J. Polymicrobial bloodstream infections in the neonatal intensive care unit are associated with increased mortality:
a case-control study. BMC Infect Dis. 2014;14:390.
https://doi.org/10.1186/1471-2334-14-390
Pammi M, Flores A, Leeflang M, Versalovic J. Molecular
assays in the diagnosis of neonatal sepsis: a systematic
review and meta-analysis. Pediatrics. 2011;128:e973–85.
https://doi.org/10.1542/peds.2011-1208
Rutanga JP, Van Puyvelde S, Heroes A-S, Muvunyi CM,
Jacobs J, Deborggraeve S. 16S metagenomics for diagnosis

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

of bloodstream infections: opportunities and pitfalls. Expert
Rev Mol Diagn. 2018;18:749–59. https://doi.org/10.1080/
14737159.2018.1498786
Chang S-S, Hsu H-L, Cheng J-C, Tseng C-P. An efficient
strategy for broad-range detection of low abundance
bacteria without DNA decontamination of PCR reagents.
PLoS One. 2011;6:e20303. https://doi.org/10.1371/
journal.pone.0020303
Humphrey B, McLeod N, Turner C, Sutton JM, Dark PM,
Warhurst G. Removal of contaminant DNA by combined
UV-EMA treatment allows low copy number detection of
clinically relevant bacteria using pan-bacterial real-time PCR.
PLoS One. 2015;10:e0132954. https://doi.org/10.1371/
journal.pone.0132954
Davis NM, Proctor DM, Holmes SP, Relman DA,
Callahan BJ. Simple statistical identification and removal of
contaminant sequences in marker-gene and metagenomics
data. Microbiome. 2018;6:226. https://doi.org/10.1186/
s40168-018-0605-2
Nikkari S, McLaughlin IJ, Bi W, Dodge DE, Relman DA.
Does blood of healthy subjects contain bacterial
ribosomal DNA? J Clin Microbiol. 2001;39:1956–9.
https://doi.org/10.1128/JCM.39.5.1956-1959.2001
Lefterova MI, Suarez CJ, Banaei N, Pinsky BA. Nextgeneration sequencing for infectious disease diagnosis and
management: a report of the Association for Molecular
Pathology. J Mol Diagn. 2015;17:623–34. https://doi.org/
10.1016/j.jmoldx.2015.07.004
Briese T, Kapoor A, Mishra N, Jain K, Kumar A, Jabado OJ,
et al. Virome capture sequencing enables sensitive viral
diagnosis and comprehensive virome analysis. MBio.
2015;6:e01491–15. https://doi.org/10.1128/mBio.01491-15
Arango-Argoty G, Garner E, Pruden A, Heath LS,
Vikesland P, Zhang L. DeepARG: a deep learning approach
for predicting antibiotic resistance genes from metagenomic
data. Microbiome. 2018;6:23. https://doi.org/10.1186/
s40168-018-0401-z
Bossé JT, Li Y, Rogers J, Fernandez Crespo R, Li Y,
Chaudhuri RR, et al. on behalf of the BRaDP1T
Consortium. Whole genome sequencing for surveillance of
antimicrobial resistance in Actinobacillus pleuropneumoniae.
Front Microbiol. 2017;8:311. https://doi.org/10.3389/
fmicb.2017.00311
Byron SA, Van Keuren-Jensen KR, Engelthaler DM,
Carpten JD, Craig DW. Translating RNA sequencing into
clinical diagnostics: opportunities and challenges. Nat Rev
Genet. 2016;17:257–71. https://doi.org/10.1038/nrg.2016.10
Conesa A, Madrigal P, Tarazona S, Gomez-Cabrero D,
Cervera A, McPherson A, et al. A survey of best practices for
RNA-seq data analysis. Genome Biol. 2016;17:13.
https://doi.org/10.1186/s13059-016-0881-8
Wilson MR, Naccache SN, Samayoa E, Biagtan M, Bashir H,
Yu G, et al. Actionable diagnosis of neuroleptospirosis by
next-generation sequencing. N Engl J Med. 2014;370:2408–17.
https://doi.org/10.1056/NEJMoa1401268
Wylie KM, Blanco-Guzman M, Wylie TN, Lawrence SJ,
Ghobadi A, DiPersio JF, et al. High-throughput sequencing
of cerebrospinal fluid for diagnosis of chronic
Propionibacterium acnes meningitis in an allogeneic stem
cell transplant recipient. Transpl Infect Dis. 2016;18:227–33.
https://doi.org/10.1111/tid.12512
Rebaudet S, Sudre B, Faucher B, Piarroux R. Environmental
determinants of cholera outbreaks in inland Africa: a
systematic review of main transmission foci and
propagation routes. J Infect Dis. 2013;208(suppl 1):S46–54.
https://doi.org/10.1093/infdis/jit195

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 26, No. 11, November 2020

2547

PERSPECTIVE
46.

Reiner RC Jr, Geary M, Atkinson PM, Smith DL, Gething PW.
Seasonality of Plasmodium falciparum transmission: a
systematic review. Malar J. 2015;14:343. https://doi.
org/10.1186/s12936-015-0849-2
Wiersinga WJ, Virk HS, Torres AG, Currie BJ, Peacock SJ,
Dance DAB, et al. Melioidosis. Nat Rev Dis Primers.
2018;4:17107. https://doi.org/10.1038/nrdp.2017.107
Hehnly C, Zhang L, Paulson JN, Almeida M, von Bredow B,
Wijetunge DS et al. Complete genome sequences of the human pathogen Paenibacillus thiaminolyticus Mbale and Type
Strain P. thiaminolyticus NRRL B-4156. Micro
Res Ann. 2020;9:e00181-20. https://doi.org/10.1128/
MRA.00181-20

47.
48.

49.

50.

Paulson JN, Williams B, Hehnly C, Mishra N, Sinnar SA,
Zhang L, et al. Paenibacillus infection with frequent
viral coinfection contributes to postinfectious
hydrocephalus in Ugandan infants. Sci Transl Med. 2020;
12:eaba0565.
Schiff SJ, Ranjeva SL, Sauer TD, Warf BC. Rainfall drives
hydrocephalus in East Africa. J Neurosurg Pediatr.
2012;10:161–7. https://doi.org/10.3171/2012.5.PEDS11557

Address for correspondence: Shamim Sinnar, The University of
Pennsylvania, 320 Millennium Science Complex, University Park,
PA 16802, USA; email: shamimsinnar@gmail.com

June 2020
• Identifying and Interrupting
Superspreading Events—Implications
for Control of Severe Acute Respiratory
Syndrome Coronavirus 2

Prions

•E
 ndemic Chromoblastomycosis Caused
Predominantly by Fonsecaea nubica,
Madagascar
•E
 mergence of New Non–Clonal
Group 258 High-Risk Clones
among Klebsiella pneumoniae
Carbapenemase–Producing
K. pneumoniae Isolates, France

• Risks Related to Chikungunya
Infections among European Union
Travelers, 2012–2018
• Manifestations of Toxic Shock
Syndrome in Children, Columbus,
Ohio, USA, 2010–2017

•Z
 oonotic Vectorborne Pathogens and
Ectoparasites of Dogs and Cats in
Eastern and Southeast Asia

• Genomic Epidemiology of 2015–2016
Zika Virus Outbreak in Cape Verde

•M
 ultihost Transmission of Schistosoma
mansoni in Senegal, 2015–2018

• Epidemiologic Changes of Scrub
Typhus in China, 1952–2016

•E
 stimating Risk for Death from
Coronavirus Disease, China, January–
February 2020

• Pharmacologic Treatments and
Supportive Care for Middle East
Respiratory Syndrome

•E
 pidemiology of Coronavirus Disease
in Gansu Province, China, 2020

• Distribution of Streptococcal
Pharyngitis and Acute Rheumatic
Fever, Auckland, New Zealand,
2010–2016
• Temporary Fertility Decline after Large
Rubella Outbreak, Japan
• Radical Change in Zoonotic Abilities
of Atypical BSE Prion Strains as
Evidenced by Crossing of Sheep
Species Barrier in Transgenic Mice

• I ncreased Risk for CarbapenemResistant Enterobacteriaceae
Colonization in Intensive Care
Units after Hospitalization in
Emergency Department
•A
 ntimicrobial Resistance in Salmonella
enterica Serovar Paratyphi B Variant
Java in Poultry from Europe and
Latin America

• Characterization of Sporadic
Creutzfeldt-Jakob Disease and History
of Neurosurgery to Identify Potential
Iatrogenic Cases

• I nvasive Group B Streptococcus
Infections in Adults, England,
2015–2016

• Failures of 13-Valent Conjugated
Pneumococcal Vaccine in AgeAppropriately Vaccinated Children
2–59 Months of Age, Spain

•Z
 oonotic Alphaviruses in Fatal and
Neurologic Infections in Wildlife and
Nonequine Domestic Animals,
South Africa

• Statin Use and Influenza Vaccine
Effectiveness in Persons ≥ 65 Years
of Age, Taiwan

•E
 ffectiveness and Tolerability of Oral
Amoxicillin in Pregnant Women with
Active Syphilis, Japan, 2010–2018

•S
 evere Acute Respiratory Syndrome
Coronavirus 2 from Patient with
Coronavirus Disease, United States
•S
 yphilis in Maria Salviati (1499–1543),
Wife of Giovanni de’ Medici of the
Black Bands
•Y
 aws Disease Caused by Treponema
pallidum subspecies pertenue in Wild
Chimpanzee, Guinea, 2019
•F
 atal Encephalitis Caused by Cristoli
Virus, an Emerging Orthobunyavirus,
France
• I ncreased Community-Associated
Clostridioides difficile Infections in
Quebec, Canada, 2008–2015
•M
 elioidosis in a Resident of Texas with
No Recent Travel History, United States
•N
 o Adaptation of the Prion Strain
in a Heterozygous Case of Variant
Creutzfeldt-Jakob Disease

To revisit the June 2020 issue, go to:
®

2548

https://wwwnc.cdc.gov/eid/articles/issue/26/6/table-of-contents

Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 26, No. 11, November 2020

