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Abstract: Anaerobic ammonium—oxidizing bacteria (AnAOB) play an important role in the global nitrogen cycle and environmental
pollution control. AnAOB contain unique ladderane lipids, whose key structure is three or five linearly concatenated cyclobutane
moieties. Ladderane lipids have not been found in other bacteria so far, and their biosynthetic pathway and physiological function
remain unknown. In this work, the advances in the discovery, structure, properties, types, applications, and synthesis of AnAOB
ladderane lipids were comprehensively reviewed, and the current issues and prospected future research directions were discussed.

Key words: anaerobic ammonium-oxidizing bacteria; phospholipids; ladderane lipids; cyclobutane; biosynthesis; biomarker

I, BBE N R/ I 7T A2 3 S Anammox 172 (A
B P RL ) (B ke FEAR SR AT #5201 MRS
AR T R, T PR 7 R A TR A Jit Y

R4 & A AL 41 B (AnAOB) A2 J&8 T V% % 181 1)
(Planctomycetes) [ — S JHUER 41 141, B 4% AT A&
A (Anammox) 77 2E U, M SR I g i AR K

S AnAOB 241 P HIER S FA 10 2B 2%
FEC i AR B AR 41 N T AN AT WU ek v
DLz B S0, 0 1 v K Ak B R AT R g RS,
Anammox J N IE BT A A2 7E AnAOB 5 11 7. 41 i
&5 b R AR 3 A MR (Anammoxosome) H B R4 S 4
A ok 4 0 B S AT ) 40%~70%, T HLR A8 AL
PRI A SO - A ABIE TR AL S A KRR IR
1 A #i4¢fE(Ladderane lipids); AnAOB FTfy
16 4 0 40 A R e IR 1) Damste 26V i 3 i8 31
A 2% B DB — B e I ) R P T I R 93 2 B 1) 5
BEIER) T 1.5kg/dm’, W 5 v HAd— R4 o i 1
(K Z O 1.2kg/dm’). BRbe e 547 3 A Bk 5 A2 bk
SEFLIA T e 3 2L B IR ) CCC B
J5E TR e B AR Al A I (1) Jo g BE 8 T B I o ME A
25 B R B L& A S 1 AAE AnAOB R
LT BABE MR, D0 e B B A 45 8 AnAOB Al
Anammox 35 I E YR e )

ST b e 2 R ) DR AR 2 S A A T 5 AR

B B0, R I A Th REDOLER T
B3 IR] A R A o b i 1) Dl e 34 T RE A BHLAG 5
T MPREE SEA AR TP B O 25 K Anammox
R ZZ 12, AnAOB 75 ZE 35U I BR LTI IR 4 47 5 1k
ATP FT 5 B3 750 Iy 3587 A8 2 b 2 4 B R AR
Tofs bt N 1) e T A 5 285 SR D) 3 W o i 1) Th e Al
A fig A2 BH b 5T 3l ) B 1 i et AN 2 B B AR
AnAOB [ i 128 45 1 T B 0T 9 45
FRF TR e MR 1 AR 9 Th e AR 156 3= 2255 28 (DAE
4 Anammox A &5 H 8] 7= 4 (1) b Bt (2) 4 5 315l )
S ARTT, T H AT AR SEIL AnAOB . [ 4lish o, 5
il AR B 5T B IR M B b i TR A ) D g RN A
Anammox J W H AR AE AR A — N k.

R SAMAR L Anammox NV kAR T34
I 30 LR ) B AL o B e T Anammox

i HEA: 2023-02-14
HEEWH: WK ARFEIEEEBINH(21876016,52070031)
* THTAER, %, ypchen@cqu.edu.cn



o5 FB%: AR

AN LR T ST 4887

A AnAOB HA7 JCBEAE H, iy HLBR e I o] LU R v]
FEA . RE R P IO A ORI 123 D e g i
(R I REAN AT 43 N T A it 9 A R
AT RE R T S AS Sl it v AnAOB B el 1)
ghfy. R ThEE. A RUILN T RELEE,
It 48 HBA be I BIF T 0 AT B8 R U ), B E IR
W B IE R I Th BE . 2B & A T RE B $2F
M 2%,

1 HEREREE S5Rh3E

Damste 25712002 4E 1 Y 3E T AnAOB Ffift
NI, IX W) T e R I R H il o R B AR T e
VAT PR e S 45 6 i 1 R 8 T, E T S P o 2 1 30
e AR I R SR R DR AR Ok B e
(Ladderane)(I&] 1).AnAOB B A& H [ R SR B e H At
RIRAT PR 53 - 2548, 53 IR R X G5 R AT Y 256 (18
DL H 5 TR R BE IR B 48 BT 3 ANE A
B sn—1. sn—2. sn—3(K&] 1).sn—1 {7 5 7] PLI%E
FEE B A BB e S (UL T Tk R S R e
FE)AE Z RPN R A sn-2 A7 m I WEEIE R B X
SERIIBRESCRE, T sn=3 A R A) BLS —ANHR P
FE(Polar headgroup)AH &5 & W sn—3 {7 8 1
Fe W HR k52 #8457 I (Intact ladderane lipids), 2k 2¢
TR A B o i [T ) 4 PR R A% 0 B 4 I (Core
ladderane lipids)(|& 2, I F1 a—d)*"**2 iy 741 o 7t
T2 5, B NG 2 T3 25 i, DR ok 58 BB e iE Lok A
AnAOB 4l B % 44, HL 18 & H TR 7 IE AR b AT (1)
Anammox 5% B30 IR IR B E, T RES
H AnAOB 4 B i At ] GEi B 8 T 1 40 11, B i
A T EE RS Anammox 35555,

SE R BRI AR R AR H AT R B 3 2K, 70
& BER NE R (PC) « B R & 7 JIz (PE) A1 9 1% H vl
(PG)(I& 1).Boumann %P2 Kyl & Bl Candidatus.
Kuenenia stuttgartiensis 1'% S X525 10 10 56 2480
SRR B JE = %254 PC Ml PE.Rattray 25U 75
4 N A [Fl JE (Candidatus  Anammoxoglobus -
Candidatus Kuenenia H
Candidatus Scalindua)/¥] AnAOB(F 1) # e 3)
T PC M1 PE # 3L 58 R E IR, JF I T PG B 1%
W R HANFJE Y] AnAOB Bhibe I M 4L A 3ok
7 5t X A] e ST BT P R B IR 4 R 1 22 S i

Candidatus Brocadia

B A, Rattray 251V B 4 AN JE ¥ AnAOB 57
A Coo BB NEAT Crg BhEENE, M H. Coo Bkl 3222
[RBRLE . AnAOB . RIBR K IR 25 1 A 52 2% H AP ER
2 A H W L A A A S 10 B 2
LR 1-X 3R, 1M sn—1 A7 RUEERE ) e e e S A
A 10 M2 NS 9830 B a-j R (& 2).

A
CH,OH —> sn-1
e |
[31-B ki HO — C — H—>sn-2
I
Y CH,OH —> sn-3
[S1-F8% a2
T T T T T T W )
| 2 7. |
‘ e 7R
| N ,[ 111 |
| E% (0] |
| AL gmo
e o s :
I PC N~ o) ‘
| \/\/\/\/\O]j] |
| PG HO NS PO \
| OH |
e e it 1 ;

K1 BEEeIRI 7 145k
Fig.1 Molecular structures of ladderane lipids
(AR IRI IR T e HE LT (BY i i (O s e b i

*1 2BKRAER AnAOB
Table 1 The AnAOB containing ladderane lipids

)& i Bhke s 22 30k
Ca.
Candidatus
Anammoxoglobus + [14,36]
Anammoxoglobus o
propionicus
Candidatus Ca. Brocadia
. + [9]
Brocadia anammoxidans
Candidatus Ca. Brocadia
. + [14,37]
Brocadia Sulgida
Candidatus Ca. Kuenenia
. + [14,38]
Kuenenia stuttgartiensis
Candidatus
. + [14,37,39]
Scalindua

R TR e s R 28 5, 3= 2RI PR A 4
&) AnAOB ‘& H 55374, {H & oA Br A B Jeg
B (% W Cadidatus  Jettenia®™™*" . Cadidatus
Loosdrechtiad™ . Cadidatus Anammoxibacter™ il
Cadidatus Anammoxibacteraceae™)[¥] AnAOB 11
v NE SN AT s I P RUIE S E M AR Y]



4888

o[ F

B R %

43 %%

") RO 248 T EL A7 20 L A0 20 L e > JRRE
INFFRFIE™L R IEBR T AnAOB. LASM ) HoA VT 25 1

[0 VT CRE ) 2 P Al TR 197 1T ) PR I 2 g A

PRI HE— 2P IT.

r—— - - - - - - - - - - — - = . _‘ - _‘ ______________ A
[ BRI A i |
l & . PA R PC: I@?WAZHDW PG: ﬁﬁﬁﬁ’iﬁ(ﬂ] l
I: FAELTE Sy o, X
| 0 PE: BR LI R =a-j |
| EREOn I
| OH OH |
| \!‘ o (EO/\/\/\/\/O:D] - o ([0/\/\/\/\/03:] |
|7 ek e M I11; PE H4 Ak |
| |
| of, i (j:]:[j |
| \I o go/\/\/\/\/o:m N (> (EO |
I °<i=° IV POREHEERR, e VI: PERHEZEBR, I
[ 9 it |
! O)LR’ gof\ﬁ‘/\/\/\/ojjj |
| \L - O/V\N\/O:':D HQN’\_O_Z._O : l
| 2 ~o-f-o Vo PCEREEERR, 8 VII: PERFAEEDR I
| o PC PE |
I |
OH
: /\/\/\/\/O:D:I 5 g /\/\/\/\/O:ED |
| oH o lio HD\j\/O—s-O . |
| “°\)\/°‘ZH'° VIIIL: PG Uik o IX: PGREHEERR, |
| I |
I B Rr® |
oAt G R, o |
O e e e I e e VS A Ryl e Sg Es S e S e, =l

R M AAZ O 2EE 4

a Cu[31-H8%t b CurlsI-Bh%E ¢ Cwl31-Hkt
\/\/\/D:D:I] NN \/\/\/\/\/\)\
d CwlsI-#ikE @ £

NN NN NN NN
g h i
/\/\/\/\r\/\)\ Z\/\/\/\)\/\/\/ Z’\/\/\/\)\/\/\
i k 1
Z’\/\/\/\)\/\/\/ Z\/\/\/\/\/\/\)\ =
m n (0]
L Z = COOH or CH,OH
“,
17 P q

RIS S5

N N X

by C,, i<

R 7 DY

2

2 AnAOB & SEEFFRMIIZ LB AN e R Bl e g 1 2 701

Fig.2 Types of core lipids and intact phospholipids found in AnAOB enriched cultures

Hh AR TEIE R R T YL A

AT AT, B RS AnAOB F5G 1R85 i, IR it
" LFIYEFR 78 AnAOB il Anammox ¥ 30 [ A=) bx

[14]

WY A H AT, O KR T TR e R —
FEE XK AnAOB 1173 A8 Anammox X &G
RITTHR(E 2).Kuypers 25200 ORI I BB HE G 11 0 2E
YRR KRR UEE T ) Anammox 35311, 45 A R



9 #A TR PR AN B AR g T Fet 4889

A2 Z AR A0 A9 6 I AL 2% A8 52 AR (FISH), ik W] T
AnAOB 7EIREVEZBE P A48 T 8 Z/E L Ah, VF
22 g DS ) O RR By v At RS N LB B e i, T 2 IE B
Anammox /2 I VE B R 0 I B g 4 11T,
Jaseschke 25 °VRI -G MIAE h A% Lo BR e I
GE A A 2 S BOR T B AR AL e BR
BE) Anammox %30, 45 K W] Anammox %871 1%
WEVEIX SR A /DAFAE T 14 J74F. Zhao SR U TR
IR T BORE ) 5 o 1R ek o T o At b L AR g 0 2t
FAFE RJEZ) Anammox 3580, 431 T BREENE X & &
FrAX IR AR e S, DA A B e g o] BAAE 4y v [ AR
i 2 R AR AN TR AT B8R 7 ) 5, [ I i 6 1) 42 3 H
TR X R IR il R ) A

H a0 A FH 6 B2 R 1 R A= W bsic Y G E 7 ) %
T BRI E IS B W LA A (Wil . L5
() B I 5 R S A, BRI SR B B b
ST T A B B AR 1) A AR 7R ) (H 2 Rk
ATt 1 — AR FTIA LR DR 35 (AN AR 4 B 7R ik
JEE U KRR MR e I A S a5 B 2 TR R TR .

*2 FABKREEAEDFCORREATEIHIRE
f[EMLHHAR
Table 2  Studies on anammox in natural environments using

ladderane lipids as biomarkers

0 WFFE X IR EN 5 E BN
2003 SR [20]
2004 Pk B 22 R ALK [45]
2005 B R PG PEAAS iz L THAE [21]
2006 Fit L7 7K B Uy [46]
2007 FATRAF i d /N 4% [18]
2009 VA (SRR ALY [35]
2009 T IR E UG AYUR TR [33]
2009 PRIEHBETE L [47]
2009 SR [48]
2010 A TG 1 b s RRef AL R AR TR [19]
2011 BT R AV i d /N 4 [22]
2011 Jit Wk R T e VS AR [17]
2012 UK A AT B NS4 UZ [23]
2013 o E 2R [25]
2016 Ko [49]
2019 o E 2R [15]
2023 thE 2R [50]

3 HhIEARRYE A

4T AnAOB BEEEHR NIRRT RAFFAA5E
T 78 R T B D 5%, DAL 4 7 B e i 1) A2 40 5 B

T S5 R v A 2 R o iR LA SRR
U, KRB0 N 10 2 6 Pl 2% 22 A 1) 3R AR i, 75
4280 AnAOB ISR I ¥ G Jli ik DA R AH DG
B H R AEA 22 B R R BRAE R AR B Ke (IR) J7 18T H i
Sl 7 EERM—IRNCTT R 2R &
B E () IR 77 1.
3.1 EWH Ak

Damste 205 E AR H T BRBE N 1044 &
Yi:AnAOB GG Coo Z AR, SR )5 Cao
ZAMARINTRE Co Rl Coo M ETEHL Cp KIF,
B85 TE R CC FUBE I 24 TE I MERE R (3R T Je ik 141
P B Jo 1 i [ £10) 5 AL ARARL, P DASE 3o 384 o i g 2>
W BRI E RGNS A 3 805 DI T Lk
P Mascitti 22T by bfidse 2242 & 1 ml B3 3k 4056
B2 A R R % RO AT BEA T RS2 T 06 &R
Cao MEWI R 9,10,12,16,18,19- —~ i /N I 1R . Uik
b Nouri 25 B H1 T 3 BT eI TR BN 2 ML
SN R e i A2 A L

SR — e 1T AR 7 R A BG(FAS 11 )3 % 3t
AT RN AR LR I I PR 1 4 1) B o R T e ot
%W % A B Strous 25BNV BLAE Ca. Kuenenia
stuttgartiensis JE R 41 g 105 1R A=) 6 1 B e ik
AL 4 ANFEPAE B I AN R DR A% AT
FASITAT S—RRH—H B 2 IR (SAM) H Hh L il 4 5 A
PRI 1) [R5 PR AL B e T SAML [ ph S5 14 i 225 (R 7
TR e DR AT A kg 2 DL iy L 6 A A7 T AL
PRI HE (%) £ 27 SO, Pl AABAT T A A7 3 S8 D R 7 g A m)
Bt SRR g A Y,

b J5 Rattray 5B A0 1 Escherichia coli
(R FE R 410 2 2% dl i LU IR DR A 2 (1) 7 ik —
Y€ T Ca. Kuenenia stuttgartiensis W NE IR A il &
K, %3 Ca. Kuenenia stuttgartiensis A FE T fabA~
JfabK. fabR F fadR VAN KB4 FAS I DyfedE A,
AN E 1 FAS T3[R AT 6 DN EEN S SAM H
ph R Bl JE AL B (Methylase enzymes), 5 2 /N 3E A
1 7= Py A J\E 7 ol 40 & B A B (Phytoene
dehydrogenases) i — & I [AI Y5 P L b Rattray 251
T PR A e 5 e T oA 137 MRS S 2R
] FAS 11 3£ [N %, KB Ca. Kuenenia stuttgartiensis )
X LETL PR AR D H I AME— 8 T 8RNI
4l B (Desulfotalea psychrophila 1 Pelobacter



4890 o

7 A S 43 %

carbinolicus) . 1 K L 1 2 N #% , I3F H D.
psychrophila Bx T #14 SAM = HFEHEAT\ S F A2l
FIE I FIIR g S L AR, 38 A 1 ST REA KN R
HAM 1 NRLEE CoA i (Phenylacetyl-CoA
ligase) It KL LKL AR, IE D. psychrophila 4 I
WA R IBRE NG AE 2 A I BASH W1 2 AR
WEY, 2 EWTE Ca. Kuenenia stuttgartiensis 4l
th EAA I 3PS BT R (77 45 B Rattray 2507
P TR Coo [S1-BELe IR TR 1K A4 G e 2 (4]
3B a, A N AMERIRE EW, R G4t

W (a)

(Kuste3339) | Fabz

0 V

anppansW\W
(Kuste3336/3607) LIRS
desaturase

; /

acp-p-pan-S )‘\/W\/m
¢ d

SAME 1137t
(Kuste3347/2803) | e

SAM radical enzyme

JEAbER

SAM  H H1 LN 1 F B R e g 107 1 3 1 b, B e
HE P T 1 R ) 5 I BT 1, SR 5 #E N B FAS 113
%, 5 Y SRR IE TR SR 1T, %) Ca. Brocadia fulgida
(B[R A7 22 bR 10 S 45 AR W, B e i ) B 45 4
T RERIFR Ce ik I AN 2l A FAS 1138
- 1, PRI AR e s (41 B T I R A T B S
JREO.Chen 5P 1 Ak SE IR TT TR AR
IR %E(Oligocyclopropane) E A R AALE D BUBRKE 1]
AT AT Y, I A — i R BTS2
M B BEAR I A R S B A B,

HE (b)

(Kustd2023) | Fabl

o ¥
acp.p.pan.s)l\/\/\/\

i R

unknown pathway

{

BEAFASII
¢ entry into FASII

(Kuste3606/3348) | FabF & <—

iR HIFASI
exit FASII

\ . post-processing /
HOJ\/\/\/\;D:I:D

/

ATP
IS5 A A B
(Kuste3344) acyl-CoA ligase
AMP+PPi

Co A_Sm

v

(Kuste3335) |

\4 CoA-SH

{

T
acyl transferase

o/loj\/\/\/\):]:lzlzlz|

o

'O-III’—O 2

3 Coo [S1-Bie RIS R 1 2= ) £ il )

Fig.3 Two biosynthetic pathways of Cyy—[5]-ladderane fatty acids

2016 4F Javidpour %P YGE T ISR 4
A2 T JCHIZE Ca. Kuenenia stuttgartiensis &

[55]

PRI E I 27 AN TTREW A BB lE A R
DRLE) Zh e, RS AT T g 28 5 50 1 5 B A I ) 5



9 #A TR PR AN B AR g T Fet 4891

R DAL (SR ML) i DR it 7 0 226 2k PROR e A A0k
ik RIBEAAB LTS BE RN T E. coli
FREIFAE AnAOB HEPRl 5 i) S A 1 12),(H 2
FERX TGP A AT ST T4 2L AnAOB JE [ 5+
PR FITE R AN 75 A Javidpour 5P 5 45
R WIS BTN LERR BE AR A i nT e 31 F 2
I LM ARG (B R kuste3336 F1 kuste3607 4
05, A\ B AL 3 MR Crtl AKE 30%I1)7
HUFRABIE ) AN B4\ S35 0l 40 3R 25 MR 7 A 7
Al

I, 0 TR IR B A ) R S DR
F BT Ca. Kuenenia stuttgartiensis 1) LLEEHE K 41
PP A SR TR B AR B 1 B RS 3R AR 1 SE
X% & AnAOB 53— AN&E Ca. Brocadia fulgida,¥)
A 5 ) 22 5 i) BE - B0 B K 1 22 e TR b A T

Ca. Brocadia fulgida WSEEAER AT BEAE T Ca
Kuenenia stuttgartiensis. )7 22 7] X | Ca. Kuenenia
stuttgartiensis 1'& B T2 IT e AL [F) A7 25 A
O SEHY AR H Rattray 25057 OM8 e liHETS Ik AR, %
THWCHZ4 AnAOB(E THIIA S AEELCIRN 4
A @) B PR 2 51 A A1, R 2% B8O I BE 5k PR A ik
AT BRI A o A —— 2 e e AN T AL A A% 0 IR
Ui 5 IRIE IR %, 48 Rattray 2505 560 1-30F—
A 5 5 T BERIBR K M A 44 J 8 1% Javidpour 25!
(1) &5 J oA 1 3 R R IBBER W FL Ca. Kuenenia
stuttgartiensis TFIBHBE NGB IS DR 37 1 JE Al AR oK
A2 B AT LR 2 B S BT A AR A g S A
RRBS)FHL,AIHY AnAOB BN & 1177 55 # 1]
PR A R IR A .

3.2 1Ak

(¢]

HOJ\/\/\/\/D:D:D

[5]-Fhkem

AR @
(3155

/N\/\o—g—o/\)
& °
PC & 55[3]-[3]- e

\I (o]
N*, n
= \/\O_T_O/\H

RN IENR

AER A

R e = win

PCEEL[S]-[5]-Fike

K4 e a sk
Fig.4 Chemically synthesized ladderane (lipids)

2004 4FMascitti %508 i YAl 7 RARBRBEIR I
KBRS 2 — ()~ [S]-FiHilR(Ladderanoic acid)(& 4)
HIAMNH e i(Racemic synthesis) /7125, B0 B A ]
TOCAZ 221 BRI SRT Wolff sHEER S 4 s 3. 1y
Jai Mascitti ZECMZRSEAL T 4 IS T 2006 FAIE

T (&[5 B Kt R 1 ¥ 4> & KX (Enantioselective
synthesis) /7 2, B Z 20 0% 38 T e T 1 28 PE B 1 11
T eIk [ Mercer 2P R 3R 00 4 T B R
T ()~ [S1-FRBERR, A I 55— G 1 T RARB e i
[ 5 — A~ I Bt &5 74 [3]- B K¢ i (Ladderanol ), T H. &



4892 o

KoM R % 43 %

YIRS B R B IRAE T R DL R AR
FhIENE——PC TEE[S]-[31-Bhkc (B 4) A3 1)
FWEHFH T 35T Ramberg— Bicklund S W [ 4E
H1 Zweifel Ak S5O, n] LA-G B ey 5 R0 7 A 6
B2 (R AR B IR, 1K A7 Bh T B e I 1) A= i 2
WF5%. Line 25 Sl 750 & 750 N 14 ARG
J% T We-[31-Bh kel Moss 25PN UI7ZE S5 HT Mercer
SN I o 45 OT IR 1, AT PCo Sk
[31-[3]- B (B 3 WR AR B e IE 2 —) R R AR 4
I PC B IE[S]-[5]-HBhHE( 4).500r  Hancock 2510
A Ray 21100 BIFRE T Sk (1 (+)-[5]- 86 ke 1 Al
[3]- BB ke BE (I 3R 20 B ) S mes A 3B A — 88 56 T
RARBRLE AL 2 A i g o o),

JRE AR [242]- 20N JE T Wolff FHEA!
Ramberg—Bécklund J 3 IR HE UL K Zweifel H5i 3
SN L UE W V) SE T AT R BE (IR ) B B S s,
{2 T AR 5 R AR TE FIEAR IR T fedl e 3 30
B RO J3E B 1 O R R AT AR T T B g R B AT AT
(45 7 15 BB MR 1A 24 A A T — 2838 10
7 2 AW PRI 2, ) B A 2 s o i T 7 —
SERRJE EAR R T AR e e I 0 R e R N 4L
Bt R, I Hoa] DA v 40 BE (R bR ME RS e (R, 1K
13 BT RRGEAR (A= 5 BRI Th BERIE 5T

4 FIERREEYESRBIAER

FhGE i J& AnAOB i i JI 11 = 2 pl 43, L
AnAOB A K AR B VA OC. AT AH G5 R B,
Tk 2 R of o Mg 26400 6 1 11 B IR 3% (E L At T
REMISEIn R 22 an b B . SRR B L A0 B 25 U fif
WARIE.

MG K A FR G w443 £ AnAOB K £
W T T, A UL S 20~43°C 100 O (B R AE [ ARFR
B9, AnAOB A KU IS ) H T 244 b
WU UK QIR 2 2.5°0)) L R R JE i ik
65°C SO ik )2 QR Rk 75°0) ) iR
I 1 X3 (G R v ik 85°CHW R Ml B AnAOB B,
Anammox {5 8. WM, WIEFEDTRR Y E 4611 Ca.
Scalindua J& (1) AnAOB 7] LL7E 15~20°C 2 KO {145
R, M i PR ORI B — 28 Y5 UK R
i E ARG B E iR AnAOB, i ]iX %% AnAOB
AFAE SR A FAL A LU B RS8R 1 (KA1

At 557 I I TR 1 440 P 2 0 3 A Ml I IS )
Sl 2 5 A ) R B P, DU R, B S5 R 1) AR
77 ANAOB [ B 2 I HH AL 3 58 S AL 1
Rattray 2507157 7 i 226 4 FAS [ @ 1) AnAOB &
AL B IR W0 KR B R 10 5 i, ke B BE A Il R T T
Coo [SI-BRLEa TR A XS T Crg—[S1-Bh e i 107 R 1)
R T e, T B A U ) B AR, C s [51- KR bt I 107 TR
FHXS T Coo [S]-HhLE N TR 1) 7 & TH v ik T S 0
4 Rattray 25P74RH T NLs $85GR(D)) ke FA
IR O KB R AR 3y
NL,=

[C,,[5]-ladderane fatty acid]
[C,¢-[5]-ladderane fatty acid[+{C,,-[5]-ladderane fatty acid]
(1)
WE AR AT WU 5E T A A T AN [R) U BT 1) AR ER
SEEAE h FRO B e T 7 PR 5 e, R NLs F8 BORIRE i Ji
A7 P85 B HA 5 AH DGR, IR NLs #5480 7]
REAfl 7 DUAR A b B e I 1) R U (st A7 = AR st 7
E)D”.XﬂL Ca. Kuenenia stuttgartiensis W18 WY 5 0%
HIFFE R I AR SR A A Bh Je MR P 5 ) 2 AR BILAE 3
ANJT L[S ]-Bhbebe BE i B e gD L sn—1 A7 A0
FEORBE R Coy FH Coo AEBRLERERE UL PE 1K)
X5 B NP Kouba 25514t 14 iR [FIE S F
(10~37°C)J) Anammox ‘& 35 TR BR e IR I 5T 4
SAB R B IR PR E AnAOB 22Uk /b [S]-BhbEd
BEFI RGBT HAE R IRAEAIGIE T~ AnAOB 2211
TG T R e AN 57 BB e g JE AN UL L, 3K £ TG 1 BB
ot ] R 5 AR & VAT G IR AL 4y FaR AT
) S w32 B B e I A 1l B2 50 I PR AR A i
AT R e R AR 4 I B R A 9 A SRR TUAN (R
U ST A A AR o i o R R/ B 1 TR SRk B R
J 2 SRR AR AN, Oy 35 s L p g 1 A
WA

5 SRESRE

FhLENE & AnAOB A 1) A% g HAHXNT 5 5%
1, 7E 4 FhANTE] JE 1K) AnAOB & SE 55 3749 Fh &R vl LS
W, B4 1 h 575 AnAOB A Anammox #5317
WIbRAc )38 v AR A v AR R B B e R
B BB NG LAk, C BV 2 2 Tl e,
XEETR T AM1%F AnAOB. Anammox M ERE A



9 #A TR PR AN B AR g T Fet 4893

IREIRAR R 1T 5% T AnAOB BEKENR IR AFAEIR £ 1)
RO R AR A e AR SR AT I RE AN RS

5.1 n] A BA B g 45 & 55 2 A ] ) 4R B
AnAOB [FJRP SR 3 Ay M58 W GO i B b K U0
IR FE LR EAY Anammox i &G DTk, I8 AT L
g5 O A2 2 R HA g b, F A T A b BRAE
AR

5.2 FhBEE A S WU B S 1 R R, R
66 o i 4 4] 5 i WU S B B ek 2 R B A 1 e
ANV E E TR A, DL N R B0 K AR R 55 1) 5
M 2 AL A5 IR NIRRT 1) ) j8EL X ] DA A R AR S A B AR
AT LA O ) PR A .

5.3 HHWMAE AnAOB HA I 2IBL e Mg, (12 HoAh
I TR S B T TR S A AR e I T AR 2 S At
FEUNAESSERIN N

54 —%& AnAOB . J& LR S0 AN,
DRI G A A R 5T X 2 T /) AnAOB J2 75t 3 Bl bi i
T ARSI BB i, W) 5 BT AT AR b I 5
GEK) SRR IR A B T s B b IE 7 Anammox it
TP R 145 .

5.5  HARME G R R AR B e I (138 3% P FU R
B Ao T 149 2 REAR mT B 2 BH 1 IR A8 2 A A A P 35
JF- B 38 AR XA T P R R AR B
Je I 1) S50 5 SR 1S, A 5 77 0T FAth (1) R AR B
Fe MR BEAT 2R W) W) B 2 A Ak — P A 30 % E 18 1)
IEA PR AR BE T2 B0, an e e DR AR 2 A A A4 5
TE U512 7 35U A il 25 (1) g — A v i

5.6 YEIATTERBEIR ARV D Re By — 2 R
HH o 6 I A e 1 DR AR 2 A A A4 B W] DL AR R
Anammox A & H A =) IC BE ie. DR AR 2 S A AR M
(R R kg B2 2%, 1T H. AnAOB T 44 P F) At 200 it fi
5 A B e M, DR UG 22 2 1 P b S — B ot T 110 4
A IE PRS2 58 45 AT A A AAERE E IR AR 15 AH L
2N EAR I Dh e o S 2T Bk 00T LA SR
R RS B ORISR S AR ) AnAOB T4, 2E 1T
3 15t DR AR A A B LA 4t B 2 4 A I 5 A 4
43 BRI At Anammox HE] =4 1) 7 R A G A6
B B TR L B e e Ak

5.7  LRAIED 2R (AL 25 b il 20 BT 0120 487
TR IR I AR I (R e I (R ) A2 O
S B R R BA T e [ ) B 20 5 it B 15 SR A o

V) B DAL, P RACR 5 368 8 5 AR 5 325 T AR AR T R
WERbRC TV EERAA Y TRRAY . iR
IBAERNAZ A e i 1) A RSC  1T J  AE R e MR 1)
P S B A5 ) o] 1 PR R A 5 A 2
ORI RS B R A 7 B e I, 388 i g I A ] 21
IR 4E STaacy B

R

[1] Kuenen J G. Anammox and beyond [J]. Environmental Microbiology,
2020,22(2):525-536.

[2] Kartal B, de Almeida N M, Maalcke W J, et al. How to make a living
from anaerobic ammonium oxidation [J]. FEMS Microbiology
Reviews, 2013,37(3):428-461.

[3] Peeters S H, van Niftrik L. Trending topics and open questions in
anaerobic ammonium oxidation [J]. Current Opinion in Chemical
Biology, 2019,49:45-52.

[4] Strous M, Fuerst J A, Kramer E H M, et al. Missing lithotroph
identified as new planctomycete [J]. Nature, 1999,400(6743):446-449.

[5] Kartal B, Kuenen J G, van Loosdrecht M C M. Sewage treatment with
anammox [J]. Science, 2010,328(5979):702-703.

[6] Wang Y, Ji X M, Jin R C. How anammox responds to the emerging
contaminants: Status and mechanisms [J]. Journal of Environmental
Management, 2021,293:112906.

[7] W6, U I B2 K B, A L o 22 TR 0 IR AR AU S A R e s
LRI [J]. H EFRE R, 2023,43(5):2220-2227.

Han X K, Wang Z R, Peng Y Z, et al. A review of several important
factors influencing the anammox process [J]. China Environmental
Science, 2023,43(5):2220-2227.

[8] Neumann S, Wessels H, Rijpstra W I C, et al. Isolation and
characterization of a prokaryotic cell organelle from the anammox
bacterium Kuenenia stuttgartiensis [J]. Molecular Microbiology,
2014,94(4):794-802.

[9] Damste J S S, Strous M, Rijpstra W I C, et al. Linearly concatenated
cyclobutane lipids form a dense bacterial membrane [J]. Nature,
2002,419(6908):708-712.

[10] Peng M W, Guan Y, Liu J H, et al. Quantitative three—dimensional
nondestructive imaging of whole anaerobic ammonium-oxidizing
bacteria [J]. Journal of Synchrotron Radiation, 2020,27(3):753-761.

[11] Nouri D H, Tantillo D J. They came from the deep: Syntheses,
applications, and biology of ladderanes [J]. Current Organic Chemistry,
2006,10(16):2055-2074.

[12] Novak I. Ring strain in [n] ladderanes [J]. Journal of Physical
Chemistry A, 2008,112(40):10059-10063.

[13] Boumann H A, Longo M L, Stroeve P, et al. Biophysical properties of
membrane lipids of anammox bacteria: 1. Ladderane phospholipids
form highly organized fluid membranes [J]. Biochimica Et Biophysica
Acta—Biomembranes, 2009,1788(7):1444-1451.

[14] Rattray J E, van de Vossenberg J, Hopmans E C, et al. Ladderane lipid
distribution in four genera of anammox bacteria [J]. Archives of
Microbiology, 2008,190(1):51-66.

[15] Zhao Z, Cao Y, Fan Y, et al. Ladderane records over the last century in



4894

o[ F

ST
5%

B

43 %%

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

the East China sea: Proxies for anammox and eutrophication changes
[J]. Water Research, 2019,156:297-304.

Hamersley M R, Lavik G, Woebken D, et al. Anaerobic ammonium
oxidation in the Peruvian oxygen minimum zone [J]. Limnology and
Oceanography, 2007,52(3):923-933.

Brandsma J, van de Vossenberg J, Risgaard—Petersen N, et al. A
multi-proxy study of anaerobic ammonium oxidation in marine
Gullmar Fjord, Sweden [J].
Microbiology Reports, 2011,3(3):360-366.

Jaeschke A, Hopmans E C, Wakeham S G, et al. The presence of

sediments of the Environmental

ladderane lipids in the oxygen minimum zone of the Arabian Sea
indicates nitrogen loss through anammox [J]. Limnology and
Oceanography, 2007,52(2):780-786.

Jaeschke A, Abbas B, Zabel M, et al. Molecular evidence for anaerobic
ammonium-oxidizing (anammox) bacteria in continental shelf and
slope sediments off northwest Africa [J]. Limnology and Oceanography,
2010,55(1):365-376.

Kuypers M M M, Sliekers A O, Lavik G, et al. Anaerobic ammonium
oxidation by anammox bacteria in the Black Sea [J]. Nature,
2003,422(6932):608-611.

Kuypers M M M, Lavik G, Woebken D, et al. Massive nitrogen loss
from the Benguela upwelling system through anaerobic ammonium
oxidation [J]. Proceedings of the National Academy of Sciences of the
United States of America, 2005,102(18):6478-6483.

Pitcher A, Villanueva L, Hopmans E C, et al. Niche segregation of
ammonia—oxidizing archaea and anammox bacteria in the Arabian Sea
oxygen minimum zone [J]. ISME Journal, 2011,5(12):1896-1904.
Rush D, Wakeham S G, Hopmans E C, et al. Biomarker evidence for
anammox in the oxygen minimum zone of the Eastern Tropical North
Pacific [J]. Organic Geochemistry, 2012,53:80-87.

Wakeham S G, Amann R, Freeman K H, et al. Microbial ecology of
the stratified water column of the Black Sea as revealed by a
comprehensive biomarker study [J]. Organic Geochemistry, 2007,
38(12):2070-2097.

Zhao Z S, Cao Y L, Li L, et al. Sedimentary ladderane core lipids as
potential indicators of hypoxia in the East China Sea [J]. Chinese
Journal of Oceanology and Limnology, 2013,31(1):237-244.

Chaban V V, Nielsen M B, Kopec W, et al. Insights into the role of
cyclic ladderane lipids in bacteria from computer simulations [J].
Chemistry and Physics of Lipids, 2014,181:76-82.

van Niftrik L A, Fuerst J A, Damste J S S, et al. The anammoxosome:
an intracytoplasmic compartment in anammox bacteria [J]. FEMS
Microbiology Letters, 2004,233(1):7-13.

Moss F R, Shuken S R, Mercer J A M, et al. Ladderane phospholipids
form a densely packed membrane with normal hydrazine and
anomalously low proton/hydroxide permeability [J]. Proceedings of
the National Academy of Sciences of the United States of America,
2018,115(37):9098-9103.

Jetten M S M, van Niftrik L, Strous M, et al. Biochemistry and
molecular biology of anammox bacteria [J]. Critical Reviews in
Biochemistry and Molecular Biology, 2009,44(2/3):65-84.

van Niftrik L, Geerts W J C, van Donselaar E G, et al. Linking

ultrastructure and function in four genera of anaerobic ammonium-

B31]

[32]

[33]

[34]

[33]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[43]

oxidizing bacteria: Cell plan, glycogen storage, and localization of
cytochrome c¢ proteins [J]. Journal of Bacteriology, 2008,190(2):
708-717.

Javidpour P, Deutsch S, Mutalik V K, et al. Investigation of proposed
ladderane biosynthetic genes from Anammox bacteria by heterologous
expression in E. coli [J]. PLoS ONE, 2016,11(3):e0151087.

Boumann H A, Hopmans E C, van de Leemput I, et al. Ladderane
phospholipids in anammox bacteria comprise phosphocholine and
phosphoethanolamine headgroups [J]. FEMS Microbiology Letters,
2006,258(2):297-304.

Jaeschke A, Rooks C, Trimmer M, et al. Comparison of ladderane
phospholipid and core lipids as indicators for anaerobic ammonium
oxidation (anammox) in marine sediments [J]. Geochimica et
Cosmochimica Acta, 2009,73(7):2077-2088.

Lanekoff I, Karlsson R. Analysis of intact ladderane phospholipids,
originating from viable anammox bacteria, using RP-LC-ESI-MS [J].
Analytical and Bioanalytical Chemistry, 2010,397(8):3543-3551.
Jaeschke A, Ziegler M, Hopmans E C, et al. Molecular fossil evidence
for anaerobic ammonium oxidation in the Arabian Sea over the last
glacial cycle [J]. Paleoceanography, 2009,24:PA2202.

Kartal B, Rattray J, van Niftrik L A, et al. Candidatus
“Anammoxoglobus propionicus” a new propionate oxidizing species
of anaerobic ammonium oxidizing bacteria [J]. Systematic and
Applied Microbiology, 2007,30(1):39-49.

Rattray J E, van de Vossenberg J, Jaeschke A, et al. Impact of
temperature on ladderane lipid distribution in anammox bacteria [J].
Applied and Environmental Microbiology, 2010,76(5):1596-1603.
Kouba V, Vejmelkova D, Zwolsman E, et al. Adaptation of anammox
bacteria to low temperature via gradual acclimation and cold shocks:
Distinctions in protein expression, membrane composition and
activities [J]. Water Research, 2022,209:117822.

Kouba V, Hurkova K, Navratilova K, et al. Effect of temperature on
the compositions of ladderane lipids in globally surveyed anammox
populations [J]. Science of the Total Environment, 2022,830:154715.
Quan Z X, Rhee S K, Zuo J E, et al. Diversity of ammonium—
oxidizing bacteria in a granular sludge anaerobic ammonium-—
oxidizing (anammox) reactor [J]. Environmental Microbiology, 2008,
10(11):3130-3139.

Mardanov A V, Beletsky A V, Ravin N V, et al. Genome of a novel
bacterium “Candidatus Jettenia ecosi” reconstructed from the
metagenome of an anammox bioreactor [J]. Frontiers in Microbiology,
2019,10:2442.

Yang Y, Lu Z, Azari M, et al. Discovery of a new genus of anaerobic
ammonium oxidizing bacteria with a mechanism for oxygen tolerance
[J]. Water Research, 2022,226:119165.

Suarez C, Dalcin Martins P, Jetten M S M, et al. Metagenomic
evidence of a novel family of anammox bacteria in a subsea
environment [J]. Environmental Microbiology, 2022,24(5):2348-2360.
Fuerst J A, Sagulenko E. Beyond the bacterium: planctomycetes
challenge our concepts of microbial structure and function [J]. Nature
Reviews Microbiology, 2011,9(6):403-413.

Rysgaard S, Glud R N. Anaerobic N, production in Arctic sea ice [J].
Limnology and Oceanography, 2004,49(1):86-94.



9 T O REE A BB IR T Ui 4895
[46] Hopmans E C, Kienhuis M V M, Rattray J E, et al. Improved analysis ent-3-ladderanol: Development and application of intramolecular

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

of ladderane lipids in biomass and sediments using high—performance
liquid chromatography/atmospheric pressure chemical ionization
tandem mass spectrometry [J]. Rapid Communications in Mass
Spectrometry, 2006,20(14):2099-2103.

Byrne N, Strous M, Crepeau V, et al. Presence and activity of
anaerobic ammonium-oxidizing bacteria at deep—sea hydrothermal
vents [J]. ISME Journal, 2009,3(1):117-123.

Jaeschke A, den Camp H, Harhangi H, et al. 16S rRNA gene and lipid
biomarker evidence for anaerobic ammonium-oxidizing bacteria
(anammox) in California and Nevada hot springs [J]. FEMS
Microbiology Ecology, 2009,67(3):343-350.

Hu J W, Zhang H L, Li L, et al. Seasonal changes of organic matter
origins and anammox activity in the Changjiang Estuary deduced from
multi-biomarkers in suspended particulates [J]. Science China-Earth
Sciences, 2016,59(7):1339-1352.

Lai X S, Li X G, Song J M, et al. Nitrogen loss from the coastal shelf
of the East China Sea: Implications of the organic matter [J]. Science
of the Total Environment, 2023,854:158805.

Damste J S S, Rijpstra W I C, Geenevasen J A J, et al. Structural
identification of ladderane and other membrane lipids of
planctomycetes capable of anaerobic ammonium oxidation (anammox)
[J]. FEBS Journal, 2005,272(16):4270-4283.

Mascitti V, Corey E J. Enantioselective synthesis of pentacycloanammoxic
acid [J]. Journal of the American Chemical Society, 2006,128(10):
3118-3119.

White S W, Zheng J, Zhang Y M, et al. The structural biology of type
II fatty acid biosynthesis [M]. Annual Review of Biochemistry,
2005:791-831.

Strous M, Pelletier E, Mangenot S, et al. Deciphering the evolution
and metabolism of an anammox bacterium from a community genome
[J]. Nature, 2006,440(7085):790-794.

Rattray J E, Strous M, den Camp H, et al. A comparative genomics
study of genetic products potentially encoding ladderane lipid
biosynthesis [J]. Biology Direct, 2009,4:8.

Rattray J E, Geenevasen J A J, Van Niftrik L, et al. Carbon isotope—-
labelling experiments indicate that ladderane lipids of anammox
bacteria are synthesized by a previously undescribed, novel pathway
[J]. FEMS Microbiology Letters, 2009,292(1):115-122.

Chen S S, Tantillo D J. Potential for ladderane (bio)synthesis from
oligo—cyclopropane precursors [J]. ACS Omega, 2020,5(40):26134~
26140.

Mascitti V, Corey E J. Total synthesis of (+/-)—pentacycloanammoxic
acid [J]. Journal of the American Chemical Society, 2004,126(48):
15664-15665.

Mercer J] A M, Cohen C M, Shuken S R, et al. Chemical synthesis and
self-assembly of a ladderane phospholipid [J]. Journal of the
American Chemical Society, 2016,138(49):15845-15848.

Line N J, Witherspoon B P, Hancock E N, et al. Synthesis of

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

chirality transfer 2+2cycloadditions of allenic ketones and alkenes [J].
Journal of the American Chemical Society, 2017,139(41):14392-
14395.

Hancock E N, Kuker E L, Tantillo D J, et al. Lessons in strain and
stability: enantioselective synthesis of (+)—-5-ladderanoic acid [J].
Angewandte Chemie—International Edition, 2020,59(1):436-441.

Ray S, Mondal S, Mukherjee S. Enantioselective total synthesis of
[3]-ladderanol through late-stage organocatalytic desymmetrization
[J]. Angewandte Chemie, 2022,134:¢202201584.

Hopf H. Step by step — From nonnatural to biological molecular
ladders [J]. Angewandte Chemie-International Edition, 2003,42(25):
2822-2825.

Hancock E N, Brown M K. Ladderane natural products: From the
ground up [J]. Chemistry—a European Journal, 2021,27(2):565-576.
Epplin R C, Paul S, Herter L, et al. [2]-Ladderanes as isosteres for
meta-substituted aromatic rings and rigidified cyclohexanes [J].
Nature Communications, 2022,13(1):6056.

Kartal B, van Niftrik L, Keltjens J T, et al. Anammox-growth
physiology, cell Biology, and metabolism [M]. Advances in Microbial
Physiology, 2012,60:211-262.

Strous M, Kuenen J G, Jetten M S M. Key physiology of anaerobic
ammonium oxidation [J]. Applied and Environmental Microbiology,
1999,65(7):3248-3250.

Liu L, Lv A-P, Narsing Rao M P, et al. Diversity and distribution of
anaerobic ammonium oxidation bacteria in hot springs of Conghua,
China [J]. Frontiers in Microbiology, 2022,12:739234.

Li H, Chen S, Mu B Z, et al. Molecular detection of anaerobic
ammonium-oxidizing (anammox) bacteria

petroleum reservoirs [J]. Microbial Ecology, 2010,60(4):771-783.

in  high-temperature

van de Vossenberg J, Rattray J E, Geerts W, et al. Enrichment and
characterization of marine anammox bacteria associated with global
nitrogen gas production [J]. Environmental Microbiology, 2008,
10(11):3120-3129.

Russell N J. Mechanisms of thermal adaptation in bacteria — blueprints
for survival [J]. Trends in Biochemical Sciences, 1984,9(3):108-112.
Sandercock S P, Russell N J. The elongation of exogenous fatty—acids
and the control of phospholipid acyl chain-length in Micrococcus
cryophilus [J]. Biochemical Journal, 1980,188(3):585-592.

Sinensky M. Homeoviscous adaptation — homeostatic process that
regulates viscosity of membrane lipids in Escherichia coli [J].
Proceedings of the National Academy of Sciences of the United States
of America, 1974,71(2):522-525.

Suutari M, Laakso S. Microbial fatty—acids and thermal adaptation [J].
Critical Reviews in Microbiology, 1994,20(4):285-328.

EZ TR : T 288(1996-), 53, DRI AL I EWF T4, BFST 7 16 ¥ 85
TAEHOR R8I 3 F bitmatrix@yeah.net.



