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Table 1  Types of microorganism according to oxygen utilization properties”
Microorganism types Oxygen required for growth Oxygen-free for growth Notes
Aerobe + -
. Grow with low concentration
Microaerobe + -
of Oz
Strict anaerobe - + 0O, is toxic to strict anaerobe

Facultative anaerobe

Aerotolerant microorganism -

Grow both with O, or no O,
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Table 2. Isolation strategies of anaerobic microorganisms
Isolation strategies Isolation methods Explanation of isolation methods References

Development of real-time

observation technology

Development of equipment

for high-throughput
cultivation and
identification

Optimization of cultivation

condition

Culturomics

“Cocktail method”

Directional isolation

16S rRNA and functional

genes sequencing
FISH

Microplate

Microfluidics

Microencapsulation

Single cell sorting

MALDI-TOF

Syntrophic cultivation

Parasitic cultivation

Agar substitution

Antibiotics addition

Pretreatment with ethanol

Pre-reduced medium

preparation by addition of
different reductant solutions

Selective addition of
electron acceptors
Cultivation under low
nutrition concentration
In-situ cultivation

Continuous flow cultivation

High throughput isolation
using different medium and

incubation conditions
Treatment with multiple
isolation methods

Reverse genome method

The growth statue of targeted microorganisms was observed [36-37]
by 16S rRNA and functional gene sequencing
Real-time monitoring the growth condition of target [34-35]
microorganisms through FISH

Lowering cultivation volume to pL-nL and improving plates [42,44]
number to hundreds and thousands

Lowering cultivation volume to pL-nL and improving plates [37,43]
number to ten thousand

Gradient dilution microorganisms and mixing low concentration [45]
agar to micro gel capsule and cultured in lipid medium
Using flow cytometry or Raman spectra technique to [40-41]
selectively pick microorganisms

Use of protein profiles obtained by Matrix Assisted Laser ~ [38]
Desorption Ionization Time-Of-Flight Mass Spectrometry
(MALDI-TOF-MS) to for bacteria identification

Co-cultured incubation with hydrogenotrophic methanogens [36,46—47]
or syntrophic bacteria to isolate syntrophic bacteria and

methanogens respectively

Providing amino acids and cofactors to target microorganism [48]

by other microorganism

Using phytagel (Glen glue) to prepare solid medium [31,49]
Selective inhibition of anaerobe by different antibiotics [51]
addition

Pretreatment with ethanol to inactivate non-spore [30]
microorganisms to isolate spore-producing anaerobes

Titanium citrate or sodium ascorbate was chosen as [52-53]

reductants

Selective enrichment and cultivation of different types of [29]
anaerobes through adding different electron acceptors

Reducing medium or substrate concentration by 10-100 [54-55]
times

Simulating in-situ environment, substance exchange and [70]
spatial separation to improve cultivability of microorganisms
Isolation and cultivation of high abundance uncultured [56-57]
microorganism through continuous dynamic cultivation

High throughput isolation using different medium and [39,66]
incubation conditions

Enrichment of targeted anaerobes by continuous flow [67]

cultivation, and cocultured incubation under low H, pressure

and low nutrition conditions

Using labelled antibody according to the speculating epitope [69]
from the membrane protein gene of uncultured

microorganisms to screen and cultivate specific binding
microorganism

http://journals.im.ac.cn/actamicrocn



950

Lei Cheng et al. | Acta Microbiologica Sinica, 2021, 61(4)

16S rRNA JE PS5 T, 454G T sh i B
F 3 AR AT B3RS Ruminococcaceae —A~ 51 J@R" .
FIH MALDI-TOF AR M7 B AR AZ A S 1 64 22
SERRAERS BRI s il R T LA B SRR
/NEE, FF RS E B R B K, X R RERRAIN S 22
50%—80% L/t . Witkowska %53 1 2 I 1 34
P T AR T AU B R KT A i

Bellais S5 i F¢ M 2 ve BT SO0, i =X
2 M AT I A0 43 1k H R i 18 Faecalibacterium

., .41
prausnztzzz[ N

222 FFRFIEBMRERSREBED BN
WE: WA = SRR A TR B AR i R e
W BB BOUAUZE Y A0 BB spfLoh,
A LA TS B E A . PRI Y i iE
OB, BRI A TR, A LUR
AR PN A BRI . AR ZAI 96 5 384 1
FLAR , B 85 S AR B 1) 100-200 pL, AHISEHY , <85
FEM A R BEE R BB T P2, AR
A L HE— 2 B R AL R FR AR oL HE
pL RJE ., Ma BRI EE 3h8 A 3200 4>
ALREFH T Ms3% , SR 6 nL 22407,
Villa S50 ORI RH R, ERATEM P o
B T KA ME ™) Ingham Z5Hg 00 B 1R
F, dherm AT DA B BT R L, —etERT
PIFHE 20 Z T ABEM ) Zengler 25 FAR A
TR LS A BRI TR, P LATE I sh M B 3R v rp 8
FRELE ),

2.2.3 S RALFE SR R E RSB Y B AT 5
FEME: BINPEAE TR AT LU DA i AR K
WNEEHAY R RARMEY, TEMEE
THAER ST RN E S A R AR K Qiu FFiE i
WIMAMEAE FR R e I, BRI T

actamicro@im.ac.cn

KW VSR FH I Syntrophorhabdus™® , &}, i
DR S B AT, 38 2 B PN R R A 1 ™ A
IR FE A, SRV BC /KRR B PR e HF ik )
FoR RS E T H Methanocellales®*™"

Huber 55 & BUERE TRIH] Cadidaus Nanoarchaeota
AT rE AL AR A %71 Ignicoccus A REA K.
Carbonero 55 & BUME LAAE - 18 Bl 1 % HAE KA
77 BE T Methanothrix (J5J& %4 Methanosaeta),

A RATE 0.3%Z5 8 G35 3k I v ™. AR
R R PBEIR £ 2% i 5 BN 3 T KT s T DL AR
FE I AT B IR AT AL R B R
R B I TR A TR e A SE I, BERAR
T R TE 1 2 BEHECO L IR Rk BRI i R
EAEIPY, WIS BEAR T 2RI R DR AR P

WM RREL . BRER AL E I 732 4, B m
AFEHEEGR, AiAT B R ER BT IR AR Eh , tun]
PATEREI: B AN [R] S AL Y IR SRR S g 202 s
AR AT LA 5 DR AR S E W R i) 43 B 3230, it
b, BRI AL | BRARRE IR B A i ok B
FEFE S N f T S S YIS 70T 4y Bk
19 T IRAE Y H R BT

2.2.4 R A FBORTN RS SR A Y A
TheB: il FAE PR B BOR B TR e
A DABKE UAE WG SR 8T, SRR R B SR e
YR P 91, MRS LD 20 5 A AR AR I
TR0 1. 4 Evans 25 F BEHREOM T
JZK A DNA, it — AP E AR RS 12 5
IS, fEfdE GC &, h By IR B Ay
AT IR Z BV TP HIRHIE, AP 2 A REE
FMEB RN AT Do L IX 2 5
PRI 2 P #8 EA HORSE HL 1) PP 28 7 R B i 44 1) vt
R, Ei)eT Bathyarchaeota(FN 1), 1



RESE | UEYI#AL, 2021, 61(4)

951

RNEAEGINNE Euryarchaeota®™ , Z5LH), 1E
Verstraetearchaeota , Nezhaarchaeota . Korarchaeota
1 Thaumarchaeota F ARG THAR &K BT Hr A
BTN AR R R EE SR
e E AR B o br, BER AR IE SR BUAE Y AR
BB IIRE, Aot R ANALAn TR | R R bl K Y B
[ES Y R T A U S TR L R TA T
G A, 4l CARD-FISH 1 NanoSIMS £, AJ
DAAE S0 K T S5 551 R 85 35 TR e A i D B
Chen 5 R BT Ca. Argoarchaeum N BT &
R T A AR BRER A S, AR B AR R ER A
JELRRE A £ 958 “E S R A v TR T A 2 400 A 20 i

H1 T A Wy 0 b 68 22 1 A A BRI ) S SR
P, e LA I B — B8 SRS R T 3k e 8 B AT B AR
Y. HEZFIGEFRIEMBE IR, T EE s
B <R R 2R A T AEP) 0 Lagier %
2K T 212 RhREIRACAT, N 12 D FEMERE AL
PRECT 90 JTMHATE TR, 454 MALDL-TOF #1168
rRNA JEFEMIT , JE3R15 T 1057 R Y G
FHLL 19432 303 200 )PP, 534, Imachi %
W SR YIE . IERE IR R E R R A
KRR S 1 91 W T 1 38 R 0 i (s 2R 3 18
REEFIITE), B I RIRIFECTAE, 43 IR A
WHHT] Asgard SEREFRYT . ZWE5E AT RE SN
5 A IR S LAY, Cross 853 i 72 L R 41
B LI PP B AR RAT AR B TR ) ) S R 2
G, I TR 2R 1 S A A e S 1 R R T e
RAL, R R AR IO, SRR S,
GIFIRE BARANEA , I HEA TS S8 521 i
XANFRBAT GG, T8 20R S A = Py A
JELHY E 18] T BB, O Jim 5 64 e 15 R 7 A 3
DIREWTIT B LA

3 BABRAMENWHH SR

WAIEASUEITRY, 2B ROE £ 0 EZ R E
YIORA EFRL T SC4) RA 17304 D F, 735l )&
T 38 1. 73 4., 213 H. 52 B, 3563 J& (L
2020-8-15, https://lpsn.dsmz.de/text/numbers), H:
HREUE Y HAT 2151 AR, AIRF 4548 A= —
MR, B AR A A P Rl oK 24
PERTRERIIE 10°-10" AN H ik, MAERRE
A, R G 1%, K RE R
FEW AT B IR EEAN B 0.1%, 4 KR R UE D)
A FARIEFRARES

20 20 80 44K, . TF LA IR E AL W 0 o B
BigR, FRBIE = B B B 4 s B R
#) 2003 4F, FEBAREH 1 SO S0
W 1 N BHIF LA ) A B UE S H D D
PP, #0E 2020 45 8 H, EINRAF IR 92 4
HiFp, AT 1LTT. 1849, 29 H. 47 %}, 71 )&
(32 3). Hrp, BRINEELRIIBN Tichowtungiia
S H TR E R 22 548 i IR U A W i e e o 2
e 54k, RERERCRE T 2 MHHE
(Thermosediminibacterales ¥ Moorellales). 9 /1
I NN R S O T
Xylanivirgaceae ANV, FoAth ¥ b FRATIR B2 2
HS e 92 ANHTRl R, AT 9 ANE Tl BB,
Hp 7 ANMEFTNETT, BB RE BRI 5L
FATREA L, AREIT L kI TR E 77
PR R Methanothrix harundinacea™”
Je 4 UE 52 HL A R HL 3 D AR A Al ™ R B Y
IRE, FRATIR AL & B A B L 3R B B gty
BHR Methermicoccaceae!™, JE#IFSC HA Hi%
R AR e R B SR S R e i T B

http://journals.im.ac.cn/actamicrocn



952

Lei Cheng et al. | Acta Microbiologica Sinica, 2021, 61(4)

% 3.

E R IE R R | A 43

Table 3. Novel taxa of anaerobic microorganisms proposed by Chinese scholars
Domain Phylum Class Order Family Genus Species References
Archaea FEuryarchaeota Methanobacteria Methanobacteriales Methanobacteriaceae Methanobacterium Methanobacterium [90]
beijingense
Methanothermoba- Methanothermobacter ~ [91]
cter crinale
Methanomicrobiales Methanomicrobiaceae Methanoculleus Methanoculleus [92]
receptaculi
Methanoculleus [93]
hydrogenitrophicus
Methanosarcinales Methanosaetaceae  Methanosaeta Methanosaeta [87]
harundinacea
Methermicoccaceae Methermicoccus — Methermicoccus [85]
shengliensis
Methanosarcinaceae Methanolobus Methanolobus [94]
psychrophilus
Thermococci Thermococcales Thermococcaceae  Palaeococcus Palaeococcus pacificus  [95]
Thermococcus Thermococcus [96]
eurythermalis
Bacteria Actinobacteria Actinobacteria_c Actinomycetales ~ Actinomycetaceae  Actinomyces Actinomyces ruminicola [97]
Micrococcales Micrococcaceae Glutamicibacter Glutamicibacter [98-99]
ardleyensis
Microbacteriaceae  Microbacterium Microbacterium [100]
nanhaiense
Aquificae Aquificae ¢ Aquificales Desulfurobacteriaceae Desulfurobacterium Desulfurobacterium [101]
indicum
Bacteroidetes  Bacteroidia Bacteroidales Acetobacteroides Acetobacteroides  Acetobacteroides [102]
hydrogenigenes
Porphyromonadaceae Paludibacter Paludibacter jiangxiensis [103]
Parabacteroides ~ Parabacteroides chartae [104]
Parabacteroides [105]
acidifaciens
Proteiniphilum Proteiniphilum [106]
acetatigenes
Marinilabiliales ~ Marinifilaceae Ancylomarina Ancylomarina [107]
psychrotolerans
Ancylomarina longa [108]
Marinilabiliaceae ~ Mangroviflexus Mangroviflexus [109]
xiamenensis
Thermophagus Thermophagus [110]
Xxiamenensis
Firmicutes Clostridia Clostridiales Anaerovirgula Anaeromicrobium  Anaeromicrobium [111]
sediminis

Inediibacterium

Salimesophilobacter Salimesophilobacter

Wukongibacter

Anaerophilus nitritogenes [112]
[113]
vulgaris

Wukongibacter baidiensis[114]
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i3

Clostridiaceae

Defluviitaleaceae

Lachnospiraceae

Natronincola

Oscillospiraceae

Peptococcaceae

Peptostreptococcaceae Romboutsia

Clostridium Clostridium algifaecis ~ [115]
Clostridium amylolyticum [116]
Clostridium beihaiense  [117]
Clostridium bovifaecis ~ [118

Clostridium [119
fermenticellae
Clostridium guangxiense [120]

Clostridium huakuii [121]

]
]
Clostridium liquoris [122

Clostridium luticellarii  [123

]
]
Clostridium neuense [120]
Clostridium prolinivorans [124]

]

Clostridium [125
swellfunianum

Haloimpatiens Haloimpatiens [126]
linggiaonensis

Oceanirhabdus Oceanirhabdus [127]
sediminicola

Proteiniclasticum  Proteiniclasticum ruminis [128]

Defluviitalea Defluviitalea phaphyphila [129]

Defluviitalea Defluviitalea [130]
raffinosedens

Cellulosilyticum Cellulosilyticum [131]
ruminicola

Alkaliphilus Alkaliphilus [81]
crotonatoxidans

Alkaliphilus halophilus  [132]

Acetanaerobacterium Acetanaerobacterium [133]

elongatum
Ethanoligenens Ethanoligenens [134]
harbinense
Hydrogenoanaerob Hydrogenoanaerobacteri [135]
acterium um saccharovorans
Petroclostridium  Petroclostridium [84]
xylanilyticum
Saccharofermentans Saccharofermentans [136]
acetigenes
Desulfotomaculum Desulfotomaculum [137]
ferriveducens

Romboutsia sedimentorum [138]

Sporacetigenium  Sporacetigenium [139]
mesophilum
Terrisporobacter  Terrisporobacter [140]
petrolearius
Syntrophomonadaceae Syntrophomonas ~ Syntrophomonas [141]
cellicola

Syntrophomonas curvata [142)

Syntrophomonas erecta [143]

Thermosyntropha — Thermosyntropha [144]
tengcongensis
(1528)
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Thermohalobacter

Vallitaleaceae

Xylanivirgaceae
Eubacteriales Eubacteriaceae
Halanaerobiales ~ Anoxybacter
Moorellales Zhaonellaceae

Brassicibacter Brassicibacter [145]
mesophilus
Brassicibacter [146]
thermophilus

Caloranaerobacter Caloranaerobacter [147]
ferriveducens

Proteiniborus Proteiniborus [148]
ethanoligenes

Vallitalea Vallitalea okinawensis ~ [149]

Xylanivirga Xylanivirga thermophila [83]

Peptacetobacter ~ Peptacetobacter hominis [150]

Rhabdanaerobium Rhabdanaerobium [151]
thermarum

Anoxybacter Anoxybacter fermentans [152]

Zhaonella Zhaonella formicivorans [86]

Thermoanaerobact- Thermoanaerobacter- Thermoanaerobacte Thermoanaerobacterium [153]

erales ium rium calidifontis
Thermosediminiba- Tepidanaerobactera- Biomaibacter Biomaibacter acetigenes [154]
cterales ceae
Negativicutes ~ Hydrogenispora_o Hydrogenispora Hydrogenispora  Hydrogenispora [155]
ethanolica
Selenomonadales  Selenomonadaceae — Mitsuokella Selenomonas bovis [156]
Pectinatus Pectinatus brassicae [157]
Tissierellia Tissierellales Tissierellaceae Gudongella Gudongella oleilytica  [158]
Keratinibaculum  Keratinibaculum [159]
paraultunense
Tepidimicrobium  Tepidimicrobium [160]
xylanilyticum
Sedimentibacter Sedimentibacter  Sedimentibacter [161]
hongkongensis
Kiritimatiellaeota Tichowtungiia — Tichowtungiales Tichowtungiaceae  Tichowtungia Tichowtungia [82]
aerotolerans
Planctomycetes Planctomycetia Planctomycetales / Thermopirellula Thermopirellula [162]
anaerolimosa
Proteobacteria Deltaproteobact- Desulfiuromonadales Geobacteraceae Geobacter Geobacter anodireducens [163]
era Geobacter soli [164]
Desulfovibrionales Desulfovibrionaceae Pseudodesulfovibrio Pseudodesulfovibrio [165]
indicus
Syntrophobacterales Syntrophobacteraceae Syntrophobacter ~ Syntrophobacter [166]
sulfatireducens
Epsilonproteoba- Campylobacterales Sulfurimonas Sulfurimonas Sulfurimonas [167]
cteria hongkongensis
Gammaproteoba- Alteromonadales ~ Shewanellaceae Shewanella Shewanella [168]
cteria decolorationis
Synergistetes ~ Synergistia Synergistales Synergistaceae Lactivibrio Lactivibrio alcoholicus  [169]
Thermodesulfo- Thermodesulfob- Thermodesulfobacte Thermodesulfobacte- Thermodesulfatator Thermodesulfatator [170]
bacteria acteria_c riales riaceae autotrophicus
Thermotogae  Thermotogae ¢ Kosmotogales Kosmotogaceae Kosmotoga Kosmotoga shengliensis [172-173]
Kosmotoga pacifica [173]
Thermotogales Fervidobacteriaceae Fervidobacterium  Fervidobacterium [174]
changbaicum
Verrucomicrobia Spartobacteria ~ Chthoniobacterales Chthoniobacteraceae Terrimicrobium Terrimicrobium [175]
sacchariphilum
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Table 4.

Summary of Anaerobic type strains in major culture collecting centers

Aftiliations Abbreviations Type strain (Species)
German Collection of Microorganisms and Cell Cultures DSMZ 1896
Japan Collection of Microorganisms ™M 866
American Type Culture Collection ATCC 844
China Collection of Anaerobic Microorganisms® CCAM 334
Collection de L'Institut Pasteur Of Institut Pasteur CIP 228
Belgian Co-ordinated Collections of Microorganisms LMG/BCCM 137
Korean Collection for Type Cultures KCTC 126
NITE Biological Resource Center NBRC 122
Bioresources Collection and Research Center BCRC 52
China General Microbiological Culture Collection Center® CGMCC 51
Culture Collection University of Gothenburg® CCUG 43

% Data from Global Catalogue Microorganisms website: http://gem.wfcc.info/cc/ccam. ° Data from CCUG website: https://www.ccug.
se/collections/search?t=ANAEROBIC&collection=typestrains. 47 type strains were collected from https://lpsn.dsmz.de/, another 4

(Methanolobus vulcani, M. oregonensis, M. bombayensis and Methanobacterium flexile) were from http://www.cgmcc.net/
directory/index.html. Other data from LPSN website: https://lpsn.dsmz.de/
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Table 5.

% 5.

B EREMEMEX A REIR

Type species conservation of anaerobic microorganisms in mainland of China

. . Anaerobes Methanogens .
Organization Supporting . - —Main anaerobes Dat .
names institution Strain number Type .stram Strain  Type 'stram resources ata sources
(species) number (species)

China Biogas Institute 630 334 73 45 Fermentative bacteria, http://gcm.wfcc.info/cc/ccam

Collection of of Ministry of Sulfate reducing

Anaerobic Agriculture bacteria, syntrophic

Microorganis bacteria and

ms (CCAM) methanogens etc.

China Center China National 309 19 0 0 Clostridia, http://sales.china-cicc.org/cat

of Industrial Research Bifidobacterium egory.php?id=1&sh=go

Culture Institute of

Collection Food and

(CICO) Fermentation

Agricultural  China Institute 299 17 111 10 Methanogens and ~ Data from ACCC

Culture of Agricultural Anaerobic

Collection of Resources and fermentation system

China Regional and oil deposit

(Acco) Planning

China General Microbiology 143 51 12 11 Methanogens, http://www.nimr.org.cn/page/

Microbiologic Research fermentative search/searchl.jsphttps://lpsn.

al Culture Institute of bacteria dsmz.de/

Collection China Science http://www.cgmcc.net/direct

Center Academy ory/mulu.php?number=&gen

(CGMCC) us=&species=&yiming=%E7
%94%B2%E7%83%B7&p=1

Guangdong  Guangdong 168 48 0 0 Anaerobes form Data from GDMCC

Microbial Institute of animal oral, gut or

Culture Microbiology faeces

Collection

Center

(GDMCC)

National National 77 14 0 0 Clostridium tetani  http://www.nimr.org.cn/page/

Center For  Institutes for search/searchl.jsp

Medical Food and Drug

Culture Control

Collections

(CMCC)

China Center Wuhan 18 12 0 0 Bifidobacterium http://www.nimr.org.cn/page/

for Type university Saccharomyces search/searchl.jsp

Culture

Collection

(CCTCC)

Marine Third Institute 14 14 0 0 Marine anaerobes: Data from MCCC

Culture of hot aureus. oil

Collection of Oceanography, spirochete etc.

China Ministry of

(MCCCQ) Natural

Resources
China Medicinal 5 5 0 0 Anaerobes from Data from CPCC

Pharmaceutic Biotechnology,

al Culture Chinese

Collection Academy of

(CPCC) Medical Sciences
& Peking Union
Medical College

animal faeces

The total only included anaerobic microorganisms, but not included aerotolerant and facultatively anaerobic microorganisms. #: Most

of anaerobes come from CCAM.
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Cultivation and isolation of Anaerobes: past, present and future
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Abstract: Anaerobes are the largest number of microorganisms on earth but rarely reported from the point view of
taxonomy. Owing to oxygen-sensitive and slow-growth, cultivation and isolation of fastidious anaerobe faces a
great challenge. In this review, we introduce the research history of anaerobes, and analyze the factors affecting the
isolating efficiency of anaerobes. Furthermore, we discuss the current status of isolation and cultivation methods
and strategies, and summarize the research progress on systematic taxonomy of anaerobes. In the end, we give an

outlook for isolating and cultivating anaerobes.
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