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Abstract: Thaumarchaeota is an important microbial group in the global ocean, accounting for
20%-40% of the total marine prokaryotic plankton. As a group of chemautotrophs, Thaumarchaeota
members are able to oxidize ammonia and leverage the released energy to fix inorganic carbon in the
dark. They thus play a crucial role in the biogeochemical cycling of carbon and nitrogen.
Thaumarchaeota are the major driver of ammonia oxidization in the ocean. The primary production by
Thaumarchaeota through chemosynthesis serves as an important energy source for marine
microorganisms, especially those in the deep-sea environments. With increasing efforts, the knowledge
on the physiological and metabolic features of this group is expanded. This includes the evidence of
heterotrophic metabolism, the discovery of thaumarchaeotal groups with no ammonia oxidation
capacity in the deep sea, and the production of oxygen, nitrous oxide, and dinitrogen under anaerobic
conditions. These studies reveal the new mechanisms of Thaumarchaeota in participating in the marine
biogeochemical cycling and regulating climate change, which provide novel insights and perspectives
for further studies and culture. In this study, we review new discoveries about marine Thaumarchaeota
in recent years in terms of community composition, environmental adaptation, ecological function,

evolutionary history, and culture status, with an aim of improving the understanding of this group.

Keywords: marine environment; Thaumarchaeota; distribution pattern; environmental adaptation;
ecological functions; culture
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Discovery of mesophilic Crenarchaeota,
Marine Group 1 (MGI)

>®

First identification and description of MGI
@« 19

1992

o/

(Ca. Cenarchacum symbiosum)

_/

Demonstrating MGI as one of the most
abundant prokaryotic taxa in the deep 2001
sea, accounting for up to 40%

>®

N

Discovery of ammonia oxidizing genes in
@« 2004 : . :
MGI genomic fragments via metagenomics

N

Isolation of the first pure culture of MGI

2005 ’ .

fixation and ammonia oxidation;

with the activity of autotrophic carbon <
Ammonia-oxidizing archaea are reported Autotrophy is the main way of carbon

acquisition in deep-sea Thaumarchaeota
@« 2006 . . .
A major role of Thaumarchaeota in oceanic

\/

to widely distribute in the ocean

nitrification

N

Reclassification of MGI and close

>®

) 2008
relatives to Thaumarchaeota

N

Ammonia-oxidizing archaea, represented
by MG, have higher ammonia affinity
.4 2009 ) than ammonia-oxidizing bacteria, as a
strategy to adapt to conditions with low
ammonia concentration

NI

Isotopic evidence of N,O production
by Thaumarchaeota

>®

2011

N

Pathway of CO, fixation in Thaumarchaeota
‘4 2014 is the most energy efficient;
Heterotrophic metabolism in MGI strains

N

Utilization of cyanate by Thaumarchaeota

as the sole source of energy;
Enrichment culture of the first 2015 > .
Thaumarchaeota (Ca. Nitrosopelagicus
brevis) from the surface open ocean

./

‘4 2016 Growth inhibition of MGI by H,0, and
alleviation of the inhibition by a-keto acids

N

Discovery and insights into the
Thaumarchaeota in the hadal 2020
zone of the deepest ocean

> ‘ Evolutionary history of Thaumarchaeota
associated with paleogeological events;

"/

Discovery of heterotrophic Thaumarchaeota
. 4 2021 in the deep sea that lacks ammonia oxidation
capacity;

Metabolic characteristics and adaptive

mechanisms of Thaumarchaeota in

Production of oxygen and nitrogen
> . deep-sea sediments

under anoxic conditions by MGI 2022

\/
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Figure 1 Timeline of significant discoveries in the Thaumarchaeota.
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Nitrosopumilus N alpha V.2 | Ca. Nitrosopelagicus
A beta W2 . WCB & gamma W.28), SRRV,
TURY H MGLE R 1 2 P v T K b i 3 U
K, (B H BTN SERER T+ AR .
Kerou 457 #1 1 Y A BRIEILAH) (>2 000 m 7K
W) 3RS T upsilon Fl eta SEZSHEAYILR 4 ¢
1, RIENEALIHER ., LM 3-205E T 5t
FE-CoA 55 R WA N8 M IR 1Y 5 77 T B
TS DR 2 1 345 0 i — 25 B i DR T UL AR )
WM RGE KA . AT AR Y
BHAEFEEE L,

2 MR E KT IR E R

w1 A RR R PR N RE ), WAk
DRI b FE R 573 A AR TR 30 s T S RT3
P R R G S FOR R A g . R
JRE IV AE T #) 22 S S i - Y T o TR A A
B FRRFPY fEg T, MGI XA
g A 35 1) Qi 4 P RE ST X B A B . BERE
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TE, I E DRI R JC A I 2P 7E R )2
RS £ E K Ca. Nitrosopelagicus brevis
CN25 B 2 A M S8 A% bl — s e Sl 224 i iy
(deoxyribodipyrimidine photolyases)Zfith i [K 3],
F3BN, e BRI E MG 53 A1 Y B 22 52 ) [A]
R, RIZEB I e Ass, ORI 0]
TR AR B DT — TR R o R W, MR
JZBE, W MGI 944532 25 11 (ammonium
transpoter, Amt) A] 3 8 5 5 AR HL # DA TTT 4 5
SHERPI SRR P8, F52 |, MGI X2 1 & 5%
A7 5 e b B SR A0 L v B A
FEFH
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HAE MG HRSFAEAE , T 5 7 AT RE it /K- 2k
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X — RN EEEFE ATP 1™ 1 ok B R R 1
(adenosine monophosphate, AMP), [AIlt,, &k
4 (1) HP/HB i A FEA 1 ARG 3R — R P H
FEIY = REREMR B IO B, [ H O AT SR A R
RE AR B O B 2 i e, B, %R
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MGI 15 DATE 28 55 0 TR T R 855 v o 4 0 3411
HE R AR R IR W) A 7 ) i DTk
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amoC Zfth, X 3 MIEPIE 2 A AL AN T Al SR AL
TR, B EEA BN e
RHEFER amoX FERNU, amod ELHE 12 N FHF
AN [R5 Hh U R A T A 0 1 2 A N O3 A LA
T SRR SN 5 A R R e 1 e
1k, AH H 2B 8 B AR & AR BIL ] 1 A7 AE S
W TR A E T, B e R e
(hydroxylamine oxidoreductase, HAO)MJAEH T
BiE AL NOPY {H NO ()5 e tbid A A v
Wb o A OFSEHEI , 5 A R 6 1A I g (nitrite
reductase, NirK) A H [F] I8 & (L4 L L H =
(nitrosocyanin, NcyA)R[REZ 5 NO W§4fk, H
X2 T ) g b A O AR RS AEAE T T A R
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AT T PR FTE R e IR S, R B AR AR L
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FRREE AN N,Oo BT/ NLO 77 A AT BEFR
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ALY, ZE B AR N,O AT (IR
TS AEAE F SRR NLO B Y 1.7%-100.0%5, 4n ik
K722 AR AT fig 55 90 X I R R 05 TR - L i
AR 25 AT P20 Qin 45Xt 2 A MG bk
PIBIFSE A B, IR ARU M B FT 25 38 5 O NLO )™
A L, AT MGL 8RR
BE OMZ X3 N,O MyEZRIEC, B T4
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N,O, —Tif I &ABL, Wik N. maritimus
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Y Ny 77 AR ] R DR AR BR S v B S A Ak AR
AAEAMSN, AR — iR,

RAE M AA A T PRt T S e
R, ARV U R R b i S A A R AR
B, A A S A A R i R A Y B B T RE G
BRI ERr A e T RGE K, T
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SRPEICN, ARG R 2 BT T A 1 R Ol
HFRE, (HEE TR AR B[R 3 A e 1 S8 5
ESCAR R T T T AR . SR . IRR
SRR T B B A A RO, BRI A T
[T MGI R Bt U A 249 20% A] GE R B M JEA L
YL AN, 2 A Nitrosopumilus J& I 4E8; 37
PR R LTS 4 o 3 R 55 /N4y F A HL
A BEHEATIE B A K P RAEH U548 1 ol 1%
I ARRIE, AR IR IR A T i A
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) FH R 6 R DR 22 A S RE R R LR Y, R
G4 5L 1R A AL 55 At B A LAY 0 R R
JIRAXTATBR 5 2 5 SR Gl A W ) Al B A R
F719%0, bR ER AR ELFE N. maritimus SCM1
PR AR AR B0 UEY, (H AR FLIE P A b ok SR 3
CL A AL B A A B DN, W oS a2 R Y
BRMRRE: . 7350, ERRILAERN Ca.
Nitrosopumilus aestuariumsis # & 3 24 [ fF JL
TR, XL RV 2 2R
A 1] BE & R 5 8 FF (mixotrophy) 4= 1% LA 58 H
S i#.

A T EA e IR A F I, Rl A
R — RN HA R R YR AL, JE
IS RA T, R . MwEnef B
YEA 2R A L . N Bk, A
) I ) 788 A A AL 5T ] BT R VR S R TR R
KAWL 0.1%-1.0%" . [FIWE, 23t B T TR
A AL Tk & A2 30%H) 5 & R ALY
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CRAM)"'Y, CRAM EIEHA U RIMRE, £H
0] AT A R A i SR A TR A BB
Ve, AR HERRAEMEE K I AR B ki
enfipr . RACHISL, ARk B — Le kR
A PRRRAE , BNRERS 5 M AEE R Broo TR
H A AT TR AR E S AR A AT R4 R Bo,
FEEST, TR AW AT MO ) A T IR
AR WlETERE R4 R B, BAUE
T 5 L 30%-80%, JEAEAER B Y
TR, SR ) o o B B R R it
TR SRR A TG R AR G
T C-P BERY I EERRIR , IR VF 2 AR 26
FETEBRIRER R 25 A T i R R, 40
PR X PP R R 1) 0 i RE 06 A i e, X RT REJE:
FIZEE R bR B EORIR, HA AR
LA SO N N 2 G ) 479 0)
AL E U, A K 2L B
5 24 DA 43 006 Tl LA B R B b g o AR T X
BeZERFRW], A A A A
KA HA B ARG EAE R, X AES RS
RS E 18 5 HA H 2 o

4 BWEFEWITNERELIE

N R N 5 R N EZ S o L P2
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Table 1 The information of thaumarchaeotal isolates and enrichments
Habitat AOA strain Source Proportion/% 7/°C pH References
Marine Ca. Nitrosopumilus koreensis AR1 Marine sediment (Svalbard, >80 25 8.0-8.2 [80]
the Arctic Circle)
Ca. Nitrosopumilus sediminis AR2 Marine sediment (Svalbard, >80 25 8.0-8.2 [80]
the Arctic Circle)
Nitrosopumilus maritimus SCM1 Tropical marine aquarium 100 32 7.3 [10,81]
Ca. Nitrosoarchaeum limnia SFB1  San Francisco Bay Estuary 84 22 N/A [82]
sediment
Nitrosopumilus cobalaminigenes The Puget Sound Estuary 100 25 7.3 [32,81]
HCA1 system 50 m depth marine
water
Nitrosopumilus ureiphilus PSO Puget Sound surface sediment 100 26 6.8 [32,81]
Ca. Nitrosoarchaeum limnia BG20 San Francisco Bay Estuary N/A N/A N/A [83]
sediment
Ca. Nitrosopumilus salaria BD31 San Francisco Bay Estuary N/A N/A N/A [84]
sediment
Ca. Nitrosopumilus maritimus Surface ocean water (the 100 22 N/A [85]
NAO2 Benguela upwelling system)
Ca. Nitrosopumilus maritimus Surface ocean water (the 100 27 N/A [85]
NAOG6 Benguela upwelling system)
Ca. Nitrosopelagicus brevis CN25 25 depth marine water in 90-95 22 N/A [36,86]
North Eastern Pacific
Ca. Nitrosopelagicus brevis CN75 75 depth marine water in N/A 22 N/A [86]
North Eastern Pacific
Ca. Nitrosopelagicus brevis CN150 150 depth marine water in =~ N/A 13 N/A [86]
North Eastern Pacific
Nitrosopumilus piranensis D3C Northern Adriatic Sea 100 32 7.1-7.3 [87-88]
from approx. 0.5 m depth
Nitrosopumilus adriaticus NF5 Northern Adriatic Sea 100 30-32 7.1 [87-88]
from approx. 0.5 m depth
Nitrosopumilus maritimus DDS1 200 m depth of seawater 100 25 7.5 [67]
Ca. Nitrosomarinus catalina San Pedro Ocean >97 23 N/A [89]
SPOTO1 Time-Series seawater
Nitrosopumilus oxyclinae HCE1 17 m depth marine water 100 25 7.3 [81]
in Hood Canal
Nitrosopumilus zosterae NM25 Shimoda coastal eelgrass 100 30 7.1 [90-91]
zone sediment
Terrigenous Ca. Nitrosocaldus yellowstonii Hot spring sediment >90 65-72 N/A [28]
HL72
Nitrososphaera viennensis EN76 Garden soil 100 42 7.5 [92-93]
Ca. Nitrososphaera sp. EN123 Garden soil >75 37 7.5 [92]
Nitrosoarchaeum koreensis MY 1 Agricultural soil 100 25 7.0 [76,94]
(F4)
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(E==0))

Ca. Nitrososphaera sp. JG1

Ca. Nitrosotenuis uzonensis N4

Kamchatka peninsula 50 46

Agricultural soil 90 37 6.5 [95]

7.6-7.8 [96]

(Russia) hot spring

Ca. Nitrososphaera evergladensis SR1 Everglades soil 50 N/A N/A [97]

Ca. Nitrosotenuis chungbukensis Agricultural soil 91 30 7.0-7.5 [98]

MY2

Ca. Nitrosotalea devanaterra Nd1 ~ Acid agricultural soil 100 25 5.0 [99-100]

Ca. Nitrosotalea sp. Nd2 Acidic paddy field soil 100 35 5.0 [100]

Ca. Nitrososphaera gargensis Ga9.2 Microbial mats (Garga hot 100 46 8.2 [101-102]
spring)

Ca. Nitrosotenuis cloacae SAT1 Activated sludge (wastewater 91 29 6.5 [103]
treatment plant)

Ca. Nitrosocosmicus oleophilus Coal tar-contaminated >99 30 6.5-7.0 [104]

MY3 sediment

Ca. Nitrosocosmicus franklandus C13 Arable soil 100 40 7.5 [105]

Ca. Nitrosocosmicus exaquare G61 Biofilm (wastewater 99 33 8.5 [106]
treatment plant)

Ca. Nitrososphaera sp. OTU-8 Wastewater treatment plant 91 30 7.5 [107]

Ca. Nitrosocaldus islandicus Hot spring biofilm 85 60 7.0-8.0 [108]

Ca. Nitrosocaldus cavascurensis Hot spring mud 92 68 N/A [109]

SCU2

Ca. Nitrosotenuis aquarius AQ6F  Freshwater aquarium 97-99 33 8.5 [110]
biofilter

Ca. Nitrosocosmicus agrestis SS Vegetable soil 92-94 30 7.0 [111-112]

Ca. Nitrosocosmicus sp. HNSD Paddy soil 91 30 7.0 [112]

Ca. Nitrosocosmicus sp. HNBJ Banana soil 89 30 7.0 [112]

N/A: no report in the related reference.
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