
ORIGINAL RESEARCH
published: 04 March 2019

doi: 10.3389/fpubh.2019.00038

Frontiers in Public Health | www.frontiersin.org 1 March 2019 | Volume 7 | Article 38

Edited by:

Kai Zhou,

Zhejiang University, China

Reviewed by:

A. B. Zulkiflee,

University Malaya Medical Centre,

Malaysia

Hassan Abolhassani,

Karolinska Institute, Sweden

*Correspondence:

Elisabeth Sogodogo

elisabethsogodogo@yahoo.fr

Mustapha Fellag

mus.fellag@gmail.com

Michel Drancourt

michel.drancourt@univ-amu.fr

†These authors have contributed

equally to this work

Specialty section:

This article was submitted to

Infectious Diseases-Surveillance,

Prevention and Treatment,

a section of the journal

Frontiers in Public Health

Received: 14 June 2018

Accepted: 13 February 2019

Published: 04 March 2019

Citation:

Sogodogo E, Fellag M, Loukil A,

Nkamga VD, Michel J, Dessi P,

Fournier P-E and Drancourt M (2019)

Nine Cases of Methanogenic Archaea

in Refractory Sinusitis, an Emerging

Clinical Entity.

Front. Public Health 7:38.

doi: 10.3389/fpubh.2019.00038

Nine Cases of Methanogenic
Archaea in Refractory Sinusitis, an
Emerging Clinical Entity

Elisabeth Sogodogo 1*†, Mustapha Fellag 1*†, Ahmed Loukil 1, Vanessa Demonfort Nkamga 1,

Justin Michel 2, Patrick Dessi 2, Pierre-Edouard Fournier 3 and Michel Drancourt 1*

1 Aix Marseille University, IRD, MEPHI, IHU-Méditerranée Infection, Marseille, France, 2 Assistance Publique–Hôpitaux de

Marseille, Service ORL et Chirurgie Cervico-Faciale, Hôpital de la Conception, Marseille, France, 3 Aix Marseille University,

IRD, VITROME, IHU-Méditerranée Infection, Marseille, France

The authors report the cases of 9 patients eventually diagnosed with methanogenic

archaea refractory or recalcitrant chronic rhinosinusitis, a condition known to involve

various anaerobic bacteria but in which the role of methanogenic archaea is

unknown. The authors retrospectively searched these microorganisms by PCR in

surgically-collected sinusal pus specimens from patients diagnosed with refractory

sinusitis, defined by the persistance of sinus inflammation and related-symptoms for

more than 12 weeks despite appropriate treatment. Of the 116 tested sinus surgical

specimens, 12 (10.3%) from 9 patients (six females, three males; aged 20–71 years)

were PCR-positive. These specimens were further investigated by fluorescence in-situ

hybridization, PCR amplicon-sequencing and culture. Methanobrevibacter smithii was

documented in four patients and Methanobrevibacter oralis in another four, one of

whom was also culture-positive. They were associated with a mixed flora including

Gram-positive and Gram-negative bacteria. In the latter patient, “Methanobrevibacter

massiliense” was the sole microorganism detected. These results highlight methanogenic

archaea as being part of a mixed anaerobic flora involved in refractory sinusitis, and

suggest that the treatment of this condition should include an antibiotic active against

methanogens, notably a nitroimidazole derivative.

Keywords: Methanobrevibacter oralis, Methanobrevibacter smithii, Methanobrevibacter massiliense, sinusitis,

genotyping, archaea, methanogen

INTRODUCTION

Methanogenic archaea, the only microorganisms able to produce methane, are acknowledged
members of the gut microbiota (1). In recent years, they have emerged as opportunistic pathogens
and have been isolated in mixed anaerobic floras in a case of muscular abscess (2) and several cases
of brain abscess (3, 4). In the latter situation, Methanobrevibacter smithii and Methanobrevibacter
oralis have been identified by metagenomics and sequencing of specific DNA sequences, while M.
oralis has also been isolated (3). In these cases of methanogen-associated brain abscess, the source
of infection has remained hypothetical (4).
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Herein, we report a series of nine patients in whom
methanogens were documented in refractory maxillary sinusitis.
This condition is observed in approximately 20% of patients
in whom chronic rhinosinusitis is resistant to standard
antibiotic treatments. Also named recalcitrant or hard-to-treat
rhinosinusitis, refractory sinusitis has a significant impact on
the patients’ quality of life (invalidating symptoms, repeated
demands for medical care and treatments (5). The presence
of methanogenic archaea in refractory sinusitis, which could
constitute an underlying condition preceding methanogen-
induced brain abscess, is challenging as these microorganisms are
resistant to many first-line antibiotics used in sinusitis, including
beta-lactams and macrolides (6).

CASE REPORT

A 62-year-old woman without any underlying disease, presented
with a 2-year medical history of refractory, left maxillary
sinusitis. Clinical and biological investigations did not find
any underlying deficit in humoral and cellular immunity. The
patient benefited a left maxillary puncture and routine culture of
the pus yielded Pseudomonas aeruginosa, Staphylococcus aureus,
Raoultella ornithinolytica, Streptococcus pseudointermedius, and
Corynebacterium accolens (Table 1). In parallel, complementary
investigations of the pus specimen yielded M. oralis which
was documented by microscopic examination using fluorescent
in situ hybridization (FISH), polymerase chain reaction (PCR)
amplification, and sequencing of the methanogenic archaeal 16S
rRNA and mcrA genes, and culture. The patient was treated
by intravenous ceftazidime and netilmycine combined with oral
ofloxacin and rifampin; and nasal application of mupirocin.
Over the two further years, the patient presented signs and
symptoms of refractory sinusitis despite repeated treatments with
oral pristinamycin, ciprofloxacin, and amoxicillin-clavulanate.
This case prompted the search for methanogens in a series
of sinusal pus specimens collected in patients diagnosed with
refractory sinusitis.

This study conforms to the ethical guidelines of the 1975
Declaration of Helsinki and received the approval of the local
IHU Méditerranée-Infection Ethics Committee under n◦2016–
020. Patients’ specimens were anonymized. We retrospectively
investigated the presence of methanogenic archaea in a collection
of 116 sinus surgical specimens from patients with refractory
sinusitis diagnosed at Timone public hospital from December
2016 to December 2017 by using PCR-based detection as
a screening method. In all patients, surgical drainages of
affected sinuses were part as the medical management along
medical therapeutic procedures. Pus specimens have been
collected in a transport medium 6-Transwab R© (Elitech France,
Puteaux, France) or in a sterile pot, and have been preserved
at −80◦C until further use. They were routinely analyzed
according to our laboratory procedures, including the research
of bacteria and fungi. Culture of bacteria was performed at
37◦C in 5% sheep blood–enriched Columbia agar and PVX
agar (bioMérieux, Marcy l’Etoile, France) under aerobic and
anaerobic atmosphere, for 48 h. All microbial colonies that grew

on agar plates were identified by our systematic matrix-assisted
laser desorption-ionization time-of-flight mass spectrometry
(MALDI-TOF-MS) screening using a Microflex spectrometer
(Bruker Daltonics, Bremen, Germany) (7). In addition, each pus
sample was analyzed for the search of methanogenic archaea as
described below.

In a first step, we used PCR-based assays to screen for the
presence of methanogens in the 116 pus specimens. For each
tested specimen, a 250 µL suspension of pus was used for
DNA extraction as previously described (8). A sterile water and
Transwab R© medium was used as a negative control for each
batch of DNA extraction. Amplification and sequencing of the
16S rRNA (primers used: SDArch0333aS15, 5′-TCCAGGCCC
TACGGG-3′, and SDArch0958aA19, 5′-YCCGGCGTTGAMT
CCAATT-3′) and methyl-coenzyme M reducer (mcrA) (primers
used: mcrAFor, 5′GCTCTACGACCAGATMTGGCTTGG-3′

and mcrARev, 5′- CCGTAGTACGTGAAGTCATCCAGCA-3′)
genes were performed as previously described (8). Nucleotide
sequences were assembled using Chromas Pro software,
version 1.7 (Technelysium Pty Ltd., Tewantin, Australia) and
compared to the GenBank database by similarity search using
BLASTN (http://www.ncbi.nlm.nih.gov/blast/). Of the 116
tested refractory sinusitis surgical specimens collected from
December 2016 to December 2017, PCR-based screening yielded
12 (10.3%) positive for 16S rRNA including 10 (8.6%) that
were also positive for the mcrA gene specific for methanogenic
archaea. PCR-positive specimens were obtained from nine
patients including three Caucasian males and six Caucasian
females with an age range of 20–71 years (Table 1). Five patients
presented a medical history of Ear-Nose-Throat disorder and
two patients had a past history of atopy (Table 1). Investigations
of lymphocytes, immunoglobulins, and complement in four
patients, yielded normal results in three patients (patients
n◦1, 6, and 7) and found a 1.9G/L lymphopenia and a normal
CD4/CD8 ratio in patient 2. Information on the antibiotics
that they had received was available for 7 patients. Five of
them had received amoxicillin-clavulanate, including 2 who
had also been treated with ciprofloxacin (Table 1). None
of the 7 patients had received a nitroimidazole derivative,
fucidic acid or lovastatin. Sequencing confirmed the presence
of M. oralis in patients 1, 6, 7, and 8 and of M. smithii
in patients 2, 3, 4, and 9, all of whom had polymicrobial
cultures. In case-5, sequencing identified “Methanobrevibacter
massiliense” while routine culture remained sterile for bacteria
(Table 1).

In a second step, FISH was used to microscopically observed
methanogens. Briefly, FISH was carried-out using the Arch915
probe labeled with Alexa fluor-546 (specific for archaeal 16S
rRNA gene) and the EUB338 probe labeled with Alexa fluor-488
(specific for eubacterial 16S rRNA gene), as previously described
(9) The universal DNA stain 4′,6-diamidine-2′-phenylindole
dihydrochloride (DAPI) was added. Microscopy was performed
with an epifluorescence microscope DMI 6000 (Leica, Nanterre,
France). FISH revealed the presence of archaea in four PCR-
positive specimens but none of the PCR-negative samples. The
morphology of archaea detected by FISH was suggestive of M.
smithii in one andM. oralis in three patients (Figure 1).

Frontiers in Public Health | www.frontiersin.org 2 March 2019 | Volume 7 | Article 38

http://www.ncbi.nlm.nih.gov/blast/
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles


Sogodogo et al. Methanogens in Refractory Sinusitis

T
A
B
L
E
1
|
C
lin
ic
a
li
n
fo
rm

a
tio

n
o
n
th
e
n
in
e
p
a
tie
n
ts

fr
o
m

w
h
o
m

a
rc
h
a
e
a
w
e
re

d
e
te
c
te
d
in

si
n
u
si
tis

p
u
s.

C
a
s
e

C
li
n
ic
a
l
in
fo
rm

a
ti
o
n

M
ic
ro
b
io
lo
g
y

B
a
c
te
ri
a

M
e
th
a
n
o
g
e
n
s

S
p
e
c
ie
s

S
p
e
c
ie
s

S
e
q
u
e
n
c
e

s
im

il
a
ri
ty

F
IS
H

C
u
lt
u
re

S
e
x

A
g
e

(y
e
a
rs
)

U
n
d
e
rl
y
in
g
c
o
n
d
it
io
n

A
to
p
y

L
o
c
a
li
z
a
ti
o
n

T
re
a
tm

e
n
t

S
p
e
c
im

e
n

n
u
m
b
e
r

1
6
S
rR

N
A

m
c
rA

1
F
e
m
a
le

6
2

N
o
n
e

N
L
e
ft
m
a
xi
lla
ry

C
e
ft
a
zi
d
in
e
+

N
e
til
m
yc
in

O
flo

xa
c
in

+
rif
a
m
p
in

1
C
o
ry
n
e
b
a
c
te
ri
u
m
a
c
c
o
le
n
s

S
ta
p
h
yl
o
c
o
c
c
u
s
a
u
re
u
s

R
a
o
u
lt
e
lla

o
rn
it
h
in
o
ly
ti
c
a

S
tr
e
p
to
c
o
c
c
u
s

p
s
e
u
d
o
in
te
rm
e
d
iu
s

P
s
e
u
d
o
m
o
n
a
s
a
e
ru
g
in
o
s
a

M
.
o
ra
lis

9
9
%

1
0
0
%

P
o
si
tiv
e

P
o
si
tiv
e

2
M
a
le

6
4

U
n
d
iff
e
re
n
tia
te
d

c
a
rc
in
o
m
a

n
a
so

p
h
a
ry
n
g
e
a
lt
yp

e
,

c
a
vu

m

N
R
ig
h
t
m
a
xi
lla
ry

A
m
o
xi
c
ill
in
-
c
la
vu

la
n
a
te

2
S
.
a
u
re
u
s

S
ta
p
h
yl
o
c
o
c
c
u
s
e
p
id
e
rm
id
is

P.
a
e
ru
g
in
o
s
a

P
ro
p
io
n
ib
a
c
te
ri
u
m
a
c
n
e
s

M
.
s
m
it
h
ii

9
9
%

9
9
%

N
e
g
a
tiv
e

N
e
g
a
tiv
e

3
F
e
m
a
le

5
6

N
o
n
e

N
F
ro
n
ta
l,
e
th
m
o
id
a
l,

a
n
d
m
a
xi
lla
ry

A
m
o
xi
c
ill
in
-c
la
vu

la
n
a
te

+

c
ip
ro
flo

xa
c
in

3
.1

S
.
a
u
re
u
s

M
.
s
m
it
h
ii

9
9
%

9
9
%

N
e
g
a
tiv
e

N
e
g
a
tiv
e

3
.2

S
.
a
u
re
u
s

M
.
s
m
it
h
ii

1
0
0
%

1
0
0
%

N
e
g
a
tiv
e

N
e
g
a
tiv
e

3
.3

S
.
a
u
re
u
s

M
.
s
m
it
h
ii

1
0
0
%

1
0
0
%

N
e
g
a
tiv
e

N
e
g
a
tiv
e

4
F
e
m
a
le

6
4

M
a
xi
lla
ry

p
a
p
ill
o
m
a

N
R
ig
h
t
m
a
xi
lla
ry

N
A

4
K
le
b
s
ie
lla

o
xy
to
c
a

M
.
s
m
it
h
ii

1
0
0
%

9
9
%

N
e
g
a
tiv
e

N
e
g
a
tiv
e

5
M
a
le

2
0

N
o
n
e

N
R
ig
h
t
fr
o
n
ta
l

e
th
m
o
id
a
lm

a
xi
lla
ry

A
m
o
xi
c
ill
in
-
c
la
vu

la
n
a
te

+

c
ip
ro
flo

xa
c
in

5
S
te
ril
e

“M
.

m
a
s
s
ili
e
n
s
e
”

1
0
0
%

N
e
g
a
tiv
e

N
e
g
a
tiv
e

N
e
g
a
tiv
e

6
F
e
m
a
le

4
4

A
st
h
m
a

Y
L
e
ft
m
a
xi
lla
ry

R
ig
h
t
m
a
xi
lla
ry

C
o
tr
im

o
xa

zo
le

6
.1

S
.
e
p
id
e
rm
id
is

C
o
ry
n
e
b
a
c
te
ri
u
m
p
ro
p
in
q
u
u
m

C
o
ry
n
e
b
a
c
te
ri
u
m
a
vi
d
u
m

M
.
o
ra
lis

1
0
0
%

9
9
%

P
o
si
tiv
e

N
e
g
a
tiv
e

6
.2

S
.
e
p
id
e
rm
id
is

C
.
p
ro
p
in
q
u
u
m

M
.
o
ra
lis

1
0
0
%

9
9
%

N
e
g
a
tiv
e

N
e
g
a
tiv
e

7
M
a
le

6
4

-M
A
LT

ly
m
p
h
o
m
a

-S
in
u
sa

la
sp

e
rg
ill
o
m
a

N
L
e
ft
fr
o
n
ta
l

e
th
m
o
id
a
l

N
A

7
P.
a
e
ru
g
in
o
s
a

S
.
e
p
id
e
rm
id
is

P.
a
c
n
e
s

M
.
o
ra
lis

9
9
%

1
0
0
%

N
e
g
a
tiv
e

N
e
g
a
tiv
e

8
F
e
m
a
le

7
1

U
n
d
iff
e
re
n
tia
te
d

c
a
rc
in
o
m
a

n
a
so

p
h
a
ry
n
g
e
a
lt
yp

e
,

c
a
vu

m

N
R
ig
h
t
m
a
xi
lla
ry

A
m
o
xi
c
ill
in
-
c
la
vu

la
n
a
te

8
S
.
e
p
id
e
rm
id
is

P.
a
c
n
e
s

M
.
o
ra
lis

1
0
0
%

1
0
0
%

P
o
si
tiv
e

N
e
g
a
tiv
e

9
F
e
m
a
le

5
3

N
a
sa

la
n
d
si
n
u
sa

l

p
o
ly
p
o
si
s

Y
B
ila
te
ra
lm

a
xi
lla
ry

A
m
o
xi
c
ill
in
-
c
la
vu

la
n
a
te

9
P
ro
p
io
n
ib
a
c
te
ri
u
m
g
ra
n
u
lo
ru
m

S
.
a
u
re
u
s

H
a
e
m
o
p
h
ilu
s
in
flu
e
n
za
e

M
.
s
m
it
h
ii

1
0
0
%

N
A

P
o
si
tiv
e

N
e
g
a
tiv
e

T
h
e
d
e
ta
il
o
n
m
ic
ro
o
rg
a
n
is
m
s
d
e
te
c
te
d
in
e
a
c
h
p
a
ti
e
n
t
is
a
ls
o
p
ro
vi
d
e
d
.
“N
”
s
ta
n
d
s
fo
r
a
b
s
e
n
c
e
,
“Y
”
fo
r
p
re
s
e
n
c
e
.
N
A
,
n
o
t
a
va
ila
b
le
.

Frontiers in Public Health | www.frontiersin.org 3 March 2019 | Volume 7 | Article 38

https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles


Sogodogo et al. Methanogens in Refractory Sinusitis

FIGURE 1 | Detection of Methanobrevibacter oralis in a sinusitis pus

specimen using FISH (A) Blue color represents DAPI fluorescence staining any

DNA. (B) Green color represents EUB338 fluorescence staining bacterial DNA.

(C) Red color represents ARC915 fluorescence staining the archaeal DNA (D)

Fluorescence in situ hybridization combining EUB338 fluorescence, ARC915

fluorescence and DAPI: the arrow points to archaea.

In a third step, culture was used to confirm the viability of
methanogens detected by PCR. Therefore, or each PCR-positive
specimen, 250 µL of pus was cultured for methanogenic archaea
in a Hungate tube containing 5mL anaerobe methanogenic SAB
medium complemented with 100 mg/L imipenem, 100 mg/L
vancomycin, and 50 mg/L amphotericin B and incubated in an
atmosphere made of 80% H2 + 20% CO2 at 2 bar pressure
at 37◦C, with agitation, for 12 weeks, as previously described
(10, 11). Sterile PBS was used as a negative culture control. None
of the negative control tubes mock-inoculated with PBS yielded
evidence for methane production over 12 weeks. Likewise, no
methane was detected in any of the tubes inoculated with pus
samples except for the tube inoculated with pus from patient 1 in
which methane production indicated that a growing methanogen
was detected after 12 week incubation. This isolate was identified
as M. oralis based on a 99% 16S rRNA and a 100% mcrA gene
sequence similarity withM. oralis strain ZRT (GenBank accession
NR_104878.1 and NZ_LWMU00000000.1, respectively).

DISCUSSION

We report the first series of methanogenic archaea-associated
sinus infections in patients presenting with refractory sinusitis.
Our retrospective PCR-based analysis of 116 sinus specimens
sampled over 1 year yielded an estimated prevalence of 10%
of methanogens among surgically-sampled patients. Twelve
specimens were positive for Methanobrevibacter species in nine
unrelated patients. In these patients, we documented in six
cases M. smithii, in five cases M. oralis, and in one case “M.
massiliense” (9, 12) as part of the pus flora. The negativity
of negative controls introduced in FISH, culture and PCR-
based assays further eliminated in-laboratory contamination by
fastidious methanogens. The recovery of M. oralis in sinusitis

pus could have been anticipated asM. oralis had previously been
detected in the dental plaque and related periodontitis lesions
(13, 14), but the recovery of M. smithii in 6 of the 12 sinusitis
pus specimens that we investigated, is more surprising. Indeed,
M. smithii is an acknowledged gut methanogen (15) but it has
rarely been detected, and has been cultivated only once from the
oral cavity (15). Likewise, “M. massiliense” has primarily been
detected in ancient dental plaque specimens (9) and has only be
recently cultured from a periodontitis specimen (12).

However, we acknowledge the fact that the small number of
positive patients in this study did not enable us to draw any
conclusion on the exact role and distribution of methanogenic
archaeae in refractory sinusitis. Indeed, present study was not
properly designed to address the important question of the
relative role of methanogens in chronic sinusitis as it was a
retrospective study which eventually included only one-culture-
positive patient. This patient has not received antibiotics known
to be effective against M. oralis. Altogether, these observations
did not allow for an accurate interpretation of the relative role
of methanogens in the pathology. In addition, their isolation is
an insufficient criterion to prove their pathogenicity. Refractory
sinusitis is acknowledged as a condition linked to mixed
infections and the present cases confirm M. oralis, M. smithii,
and “M. massiliense” as three additional microorganisms linked
to this disease (16). Moreover, the presence of methanogenic
archaea in sinuses fills an anatomical gap between methanogen-
associated brain abscess (2) and oral pathologies linked to M.
oralis including severe periodontitis and peri-implantitis (14, 17)
and endodontic infections (18).

Methanogenic archaea are naturally resistant to many
antibiotics, notably beta-lactams and macrolides that are
frequently used as first-line antibiotics in sinusitis (6, 19, 20).
In addition, quinolones are inconstantly active on archaea (6).
In our study, 5 of the 7 patients for whom the treatment was
known had received amoxicillin-clavulanate and 3 had received
quinolones. Methanogenic archae are in vitro susceptible only to
fusidic acid, nitroimidazole derivatives, and lovastatin (19, 20).
In the present study, none of the 7 patients had been treated with
any of these drugs, which may, at least in part, explain why the
treatment used was inefficient.

We are now able to routinely cultivate aerobically
methanogens in anaerobic infections and have already reported
that M. smithii can be responsible for muscular abscess (2). The
present report may prompt doctors and clinical microbiologists
to document microbiologically additional cases of sinusitis and
sinusal abscess. Indeed, in case of documented methanogenic
sinusal infections, the antibiotic management should be
reconsidered to include drugs active on these microorganisms,
notably fusidic acid, ornidazole and its derivates and lovastatin
(19, 20).

AUTHOR CONTRIBUTIONS

JM and PD took care of the patients. P-EF and MD performed
microbiological analysis. ES, MF, AL, and VN performed
methanogen analyses. All the authors drafted and approved the
final version of the manuscript.

Frontiers in Public Health | www.frontiersin.org 4 March 2019 | Volume 7 | Article 38

https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles


Sogodogo et al. Methanogens in Refractory Sinusitis

ACKNOWLEDGMENTS

This work was supported by the French Government
under the Investissements d’avenir (Investments for the
Future) program managed by the Agence Nationale de

la Recherche (ANR, fr: National Agency for Research),
(reference: Méditerranée Infection 10-IAHU-03).
This work was supported by Région Provence Alpes
Côte d’Azur and European funding FEDER PA 0000
319 IHUBIOTK.

REFERENCES

1. Nkamga VD, Henrissat B, Drancourt M. Archaea: essential inhabitants

of the human digestive microbiota. Hum Microbiome J. (2017) 3:1–8.

doi: 10.1016/j.humic.2016.11.005

2. Nkamga VD, Lotte R, Roger PM, Drancourt M, Ruimy R.Methanobrevibacter

smithii and Bacteroides thetaiotaomicron cultivated from a chronic

paravertebral muscle abscess. Clin Microbiol Infect. (2016) 22:1008–9.

doi: 10.1016/j.cmi.2016.09.007

3. DrancourtM, Nkamga VD, Lakhe NA, Régis JM, Dufour H, Fournier PE, et al.

Evidence of archaeal methanogens in brain abscess. Clin Infect Dis. (2017)

65:1–5. doi: 10.1093/cid/cix286

4. Nkamga VD, Lotte R, Chirio D, Lonjon M, Roger PM, Drancourt M,

Ruimy R. Methanobrevibacter oralis detected along with Aggregatibacter

actinomycetemcomitans in a series of community-acquired brain

abscesses. Clin Microbiol Infect. (2018) 24:207–8. doi: 10.1016/j.cmi.201

7.08.021

5. Fokkens WJ, Lund VJ, Mullol J, Bachert C, Alobid I, Baroody F, et al.

EPOS 2012: European position paper on rhinosinusitis and nasal polyps

2012. A summary for otorhinolaryngologists. Rhinology. (2012) 50:1–12.

doi: 10.4193/Rhino50E2

6. Khelaifia S, Drancourt M. Susceptibility of archaea to antimicrobial agents:

applications to clinical microbiology. Clin Microbiol Infect. (2012) 18:841–8.

doi: 10.1111/j.1469-0691.2012.03913.x

7. Seng P, Drancourt M, Gouriet F, La Scola B, Fournier PE, Rolain JM, et al.

Ongoing revolution in bacteriology: routine identification of bacteria by

matrix-assisted laser desorption ionization time-of-flight mass spectrometry.

Clin Infect Dis. (2009) 49:543–51. doi: 10.1086/600885

8. Grine G, Boualam MA, Drancourt M. Methanobrevibacter smithii,

a methanogen consistently colonising the newborn stomach. Eur J

Clin Microbiol Infect Dis. (2017) 36:2449–55. doi: 10.1007/s10096-017-

3084-7

9. Huynh HTT, Nkamga VD, Signoli M, Tzortzis S, Pinguet R, Audoly G,

et al. Restricted diversity of dental calculus methanogens over five centuries,

France. Sci Rep. (2016) 6:25775. doi: 10.1038/srep25775

10. Khelaifia S, Raoult D, Drancourt M. A versatile medium for

cultivating methanogenic archaea. PLoS ONE. (2013) 8:e61563.

doi: 10.1371/journal.pone.0061563

11. Khelaifia S, Lagier J-C, Nkamga VD, Guilhot E, Drancourt M, Raoult

D. Aerobic culture of methanogenic archaea without an external

source of hydrogen. Eur J Clin Microbiol Infect Dis. (2016) 35:985–91.

doi: 10.1007/s10096-016-2627-7

12. Huynh HTT, Pignoly M, Drancourt M, Aboudharam G. A new methanogen

“Methanobrevibacter massiliense” isolated in a case of severe periodontitis.

BMC Res Notes (2017) 10:657. doi: 10.1186/s13104-017-2980-3

13. Bringuier A, Khelaifia S, Richet H, Aboudharam G, Drancourt M. Real-

Time PCR quantification ofMethanobrevibacter oralis in periodontitis. J Clin

Microbiol. (2013) 51:993–4. doi: 10.1128/JCM.02863-12

14. Vianna ME, Conrads G, Gomes BPFA, Horz HP. Identification and

quantification of archaea involved in primary endodontic infections. J Clin

Microbiol. (2006) 44:1274–82. doi: 10.1128/JCM.44.4.1274-1282.2006

15. Nkamga VD, Huynh HTT, Aboudharam G, Ruimy R, Drancourt M.

Diversity of human-associated Methanobrevibacter smithii isolates

revealed by multispacer sequence typing. Curr Microbiol. (2015) 70:810–5.

doi: 10.1007/s00284-015-0787-9

16. Boase S, Foreman A, Cleland E, Tan L, Melton-Kreft R, Pant H,

et al. The microbiome of chronic rhinosinusitis: culture, molecular

diagnostics and biofilm detection. BMC Infect Dis. (2013) 13:210.

doi: 10.1186/1471-2334-13-210

17. Huynh HTT, Pignoly M, Nkamga VD, Drancourt M, Aboudharam G. The

repertoire of archaea cultivated from severe periodontitis. PLoS ONE. (2015)

10:e0121565 doi: 10.1371/journal.pone.0121565

18. Raskin L, Stromley JM, Rittmann BE, Stahl DA. Group-specific 16S rRNA

hybridization probes to describe natural communities of methanogens. Appl

Environ Microbiol. (1994) 60:1232–40.

19. Dridi B, Fardeau M-L, Ollivier B, Raoult D, Drancourt M. The antimicrobial

resistance pattern of cultured human methanogens reflects the unique

phylogenetic position of archaea. J Antimicrob Chemother. (2011) 66:2038–44.

doi: 10.1093/jac/dkr251

20. Demonfort Nkamga V, Armstrong N, Drancourt M. In vitro susceptibility of

cultured human methanogens to lovastatin. Int J Antimicrob Agents. (2017)

49:176–82. doi: 10.1016/j.ijantimicag.2016.09.026

Conflict of Interest Statement: All authors have submitted the ICMJE Form for

Disclosure of Potential Conflicts of Interest. Conflicts that the editors consider

relevant to the content of the manuscript have been disclosed.

Copyright © 2019 Sogodogo, Fellag, Loukil, Nkamga, Michel, Dessi, Fournier and

Drancourt. This is an open-access article distributed under the terms of the Creative

Commons Attribution License (CC BY). The use, distribution or reproduction in

other forums is permitted, provided the original author(s) and the copyright owner(s)

are credited and that the original publication in this journal is cited, in accordance

with accepted academic practice. No use, distribution or reproduction is permitted

which does not comply with these terms.

Frontiers in Public Health | www.frontiersin.org 5 March 2019 | Volume 7 | Article 38

https://doi.org/10.1016/j.humic.2016.11.005
https://doi.org/10.1016/j.cmi.2016.09.007
https://doi.org/10.1093/cid/cix286
https://doi.org/10.1016/j.cmi.2017.08.021
https://doi.org/10.4193/Rhino50E2
https://doi.org/10.1111/j.1469-0691.2012.03913.x
https://doi.org/10.1086/600885
https://doi.org/10.1007/s10096-017-3084-7
https://doi.org/10.1038/srep25775
https://doi.org/10.1371/journal.pone.0061563
https://doi.org/10.1007/s10096-016-2627-7
https://doi.org/10.1186/s13104-017-2980-3
https://doi.org/10.1128/JCM.02863-12
https://doi.org/10.1128/JCM.44.4.1274-1282.2006
https://doi.org/10.1007/s00284-015-0787-9
https://doi.org/10.1186/1471-2334-13-210
https://doi.org/10.1371/journal.pone.0121565
https://doi.org/10.1093/jac/dkr251
https://doi.org/10.1016/j.ijantimicag.2016.09.026
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles

	Nine Cases of Methanogenic Archaea in Refractory Sinusitis, an Emerging Clinical Entity
	Introduction
	Case Report
	Discussion
	Author Contributions
	Acknowledgments
	References


