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Specific PCR primers and conditions for comammox bacteria

Table 1.

Gk REGR M AOB PR, HRTUA — & SCk
B THT amoB FH M 2REMALR E R, HA
IR E Y 3 amod F1 amoB FEH MY 55
JIE T 25 S,

g amod FEHFH, SRR AT 53
clade A #4F0 clade B !, HiHh clade B Rz A fb
FOCHE L R B E T clade A BY, HWE
WIS 0E . IR . BB % 3 AN R B
PEE A i 2 R0, SRR A
Pt 2 AR T (NADH : {Z Bt A ALk J5i i) , 1 H

1% PCR 3|¥) R &%

Objective (Gene) Primers (5'—3")

Annealing temperature/°C References

Total comammox bacteria comamoA AF: AGGNGAYTGGGAYTTCTGG 55 [15]
(amoA) comamoA SR: CCGVACATACATRAAGCCCAT
Total comammox bacteria Ntsp-amoA 162F: GGATTTCTGGNTSGATTGGA 48 [21]
(amoA) Ntsp-amoA 359R: WAGTTNGACCACCASTACCA
Total comammox bacteria pmoA-189b-F: GGNGACTGGGACTTYTGG 56 [6]
(amoA) Com_amoA 1 R: CGAGATCATGGTGCTGTGAC
Total comammox bacteria Cmx_amoB 148F: TGGTAY GAYACNGAATGGG 52 [16]
(amoB) Cmx_amoB 485R: CCCGTGATRTCCATCCA
Total comammox bacteria First step: 52 [28]
(amod)” A189Y: GGNGACTGGGAYTTYTGG

C576r: GAAGCCCATRTARTCNGCC 50

Second step:

CA209f: GAYTGGAARGAYCGNCA

C576r-barcode:

XXXXXXXXXXXXGAAGCCCATRTARTCNGCC
Clade A comammox bacteria A378f: TGGTGGTGGTGGTCNAAYTAT 55 [28]
(amoA) C616r: ATCATCCGRATGTACTCHGG
Clade A comammox bacteria ComaA 244F: TAYAAYTGGGTSAAYTA 52 [7]
(amoA) ComaA 659R: ARATCATSGTGCTRTG
Clade B comammox bacteria ComaB 244F: TAYTTCTGGACRTTYTA
(amoA) ComaB 659R: ARATCCARACDGTGTG
“Candidatus Nitrosa 469 F: GCGATTCTGTTTTATCCCAGCAAC 64 [22]

Nitrospira nitrosa” (amoA)  Nitrosa 812R: CCGTGTGCTAACGTGGCG

“Candidatus Inopinata 410F: TCACCTTGTTGCTAACTAGAAACTGG

Nitrospira inopinata” (amoA) Inopinata 815R: TCCGCGTGAGCCAATGT

“Candidatus Nitrospira
nitrosa” (amoA)
“Candidatus Nitrospira
inopinata” (amoA)

Nitrificans 463F: ATGTTCGCGGCACTGTT

Nitrificans 836R: CCAGAAAGTTTAGCTTTGTCGCCT

Nino 19F: ATAATCAAAGCCGCCAAGTTGC 52 [3]
Nino 252R: AACGGCTGACGATAATTGACC

* represent that primers designed for partial nested PCR.

http://journals.im.ac.cn/actamicrocn
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ALUE AL, HEA S ZCEM ) SR
A R ARA K AR AFRE R (R 2)12). Bl AOA A
AOB 1y 2 °F 18 1 B (Kwnw) N Nitrospira
inopinata 17 7.3-89.8 F1 38.8-4081.6 1% . Nitrospira
inopinata Wi Z LM A M T HAMMBA SR
SRR ARG AT A L b, MRk,
WK FRAA) . HARIKAE B R G 5 (A AL
4-60 pmol/L)AEPI I T35 K B0 T & 3 B i 4 e
AT B8 Nitrospira inopinata ()77 3 2%
(Yield)f= T AOM F1 NOB, {H iz K Ho A K3 8 (ptima)
P A AR A A AR 1-3 AN > A
TR AL SN, R LR ATP 580" 3
B, B RER AL A —RUEYIE K, A
AR T R A B AR KR A0 3l A B HE
W, B IR R ATP i & A C % AR 1Y 24 T
BEAR , A R AL O A R AR (45 ATP )7 A2
HORAL, FEAERBMREE KDY 55,
ERERALIR A CO, A€ 47 4 rTCA g3, 5 AOB
FE [K 21 24 B9 %) K /R 3C (Calvin Benson Bassham
cycle, CBBYE¥ AL, [EEHAL CO, FriHFEM
ATP /0, RRIEFIACEERGL 3, 9
I, AR AL S E AR R Y AR R AR
Yy ok R B /0N Y SR A A BRI (A Wy i) v 22
18 A KB,

CBB: 3C0O,+9ATP+6NADPH—C;H,;04P+

6NADP +9ADP+9Pi H((3)

rTCA: 3CO,+4ATP+NADPH+QH,+2Fd,.q—
C3H,0¢P+NADP +Q+2Fd,.s+4ADP+4Pi  (4)

1AW Oy BRI R, R
Nitrospira inopinata FAERH SRR H T AOA Fl
AOB, FRAFEAFILH; 2 AT LM, AOB
IR AR K BR T & T AOA Fl Nitrospira
inopinata, AOB ¥ HELELH . HFTFEME,
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i Dt g B PR (i) T 58 20 — 480 AR R0 A 5L il A PR
(nor), BRI b AT ESF SR/ SRR IR b7 A — AL A
(Nitric oxide, NO), {HJEAGEM LAY iEis "4
— 484k — A (Nitrous oxide, N,O)!'"?*™_ Kits £ &
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AR R R, ML RR #h AL R T8 AR E 1Y
NO LR, XATRES nirk JE R Y kA 560,
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SOk A R0 B AR Vi AL 2 #2£(0.07%+0.006%)
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(0.1%-8.0%)4 3%,

AN T A AR AL T A LAk A A
YER . AR SCHR M AR HIE Nitrospira inopinata )
SR B, (RIS & B A R A T 3 B
T AR R AL, WA R 42 (Dissolved oxygen,
DO)f) SBR W #$(D0O<0.6 mg/L), /Kj=FE5ik
TEM B X (DO<3.1 pmol/L)&EH40 41 ARl {k,

7

-

R2. WHUBEYHHEMNNFESH

Table 2.

Stoichiometry and kinetic parameters of nitrifying microorganisms

Half saturation  Half saturation

constant of constant of

Cell yield/

. Maximum specific
Maximum e
utilization rate gy

P t (mg Protein/mol ifi th Ref
arameters ammonia Ky, nuy/ nitrite K, no,-/ % spectiic grow (mmol N/[(mg elerences
» NH; or NO, ") rate (Umax/h) .
(umol/L) (umol/L) protein-h])

Nitrospira inopinata 0.049 449.2 394.7 0.0061 0.015, 0.017 [12]
NOB-Nitrospira ~ NA 9-27 120-213" 0.027-0.083"  0.147-0.694" [19,32]
NOB-Nitrobacter ~ NA 49-1380 83-108" 0.0115-0.1250* 0.138-1.501"

AOB 1.9-200.0 NA 250 0.007-0.083 0.028-0.332 [19,33]
Non_marine AOA 0.36-4.40 NA 298.4-304.3 0.010-0.050 0.011-0.024 [12,19]
Marine AOA 0.003 NA NA 0.010-0.027 0.012-0.052 [36-37]

*: parameters (i.e. Y, , q) obtained based on nitrite data; NA: not available.

http://journals.im.ac.cn/actamicrocn
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amoA gene based phylogenetic tree of comammox bacteria and the associated habitats. The tree was

constructed using the neighbor-joining methods in MEGA 7, based on [94] representative sequences collected
from [26] articles. The evolutionary distances were computed using the Tamura 3-parameter method and the rate

variation among sites was modeled with a gamma distribution.
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0.5 mg/L) M 45 /KA W & SR a4k B s B AR B
—(F )™, Wang FHAE T B RAKKE . HAEK
Wb BT % A T 2 vty K AL RS AL A TR A A, RN
Ffa g ug R v 2R AL R 23 91 AOA Fil AOB
) 60.7 #1 5.86 1, HERGHAL A RIK Ik 0.45 pm
TEREAL ) TR RS AL B AOB 1 19.7 51,
Fowlers 55184 T FFE /Y 12 )~ DWTPs, & Bl & F
fils Ak B 09 A0 % 32 BE (6.5%-59.8%) 5 AOB 1Y
2.1-12.0 fi5 , W F 2 E b B A sTmk BE &, H clade
B BNz, A d BRI ER 75%P,
Palomo %5 76 122 SR by it bE Al R, 1558 T
3 4~ clade B A1 1 4> clade A RYF)EFEAEAL A
MAGs, 395 HEZFEE SRR F clade B AT
PR HE HROK = 775 R 48 (Recirculating
aquaculture system, RAS)T= %38 ok F25H K PG
i P K BEUE I AR, 5 (A 2 A BT B K
HhER T R A GRDRE B K HE I A T A 1 R
P10, Van Kessel 253 K RAS Ak A M 4z
Fi#] SBR S # A, A5 2] T PRl FE A AL TR &
Y. Barteleme 2% 42 T k€18 17 15 4E 1 RAS
(NH4"-N: 9.02+4.76 pmol/L), &I AFLMLHZ
7 S AL R 27% , -3 B 2 A AL TR (AOA
I AOB)IY 1.5-2.5 1%, HIL R &R 1Y amoA
KA S H PRI amod IFH R G K B I
RS RN

SRR AL AR T BUE KR RGP Y2
R, GRS AL R L . R AB A Ak R g A A0 DR A
QAT ZEE, 2005 DR RHE R 0.28%-0.64%
(3 3). B 15 KHER e IR R, SRS
B K, SRR S IR R G
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BT YA PR G, INTEER: A ik b A AR
AR R 1.8%-19.4%, B#EHT AOB,
FLAM R P15 5] 10 4 MAGs ¥4 clade A %I, 3
H—A MAG 5“Candidatus Nitrospira nitrosa” &
A ARLEE T 95%' 7, Wang 25904 &k P4 FE
fi A w2 WWTPs 115 P 75 I8 AR X 32 5 1E
0.02%-0.36%, ZZ ALH (AOA Fl AOB)FJE
2.16-148.59 £, H FEN“Candidatus Nitrospira
nitrosa” , &7 BATERAL T FE S HY 94.34%151, Cotto
Sk B A R AL T A R 5 A B AR G AR )
AR T A K, R SRS P A
X AEFEN 0.5%-3.0% , T A= P B A T gk
17%1 . W 2 FE R A B 4 4> MAGs
Y& T“Candidatus Nitrospira nitrosa™'®, F4h,
Roots il Camejo 5543 % 7E/K DO Y SBR S 7
5 2| LL“Candidatus Nitropsira nitrosa”} 35 1]
AL E RN 5<“Candidatus Nitropsira nitrosa”
HH I, Nitrospira inopinata BI¥: H R IR G,
X T 5 HRPIR I 4 B9 A B R A A S P
Palomo %5 AT T 969 472 LR 4LFE b, &R
Nitrospira inopinata fSUEAR T 1%IREEHE i 4 4G
L BRI B R G R AR, A
W WERE KA M AEN, 5 “Candidatus
Nitropsira nitrosa” L BE AR 1 amoAd FER 751
Y2k B WWTPs, [fii Nitrospira inopinata 5 HAth
clade A BRI RFEMAL R RGOS RBIE(E 1), T
WWTPs BYEKBR RS AR R R, N
“Candidatus Nitropsira nitrosa” W) % 3 Fl S K F
Nitrospira inopinata , {8 B §i # KA 5T H3l 2
SER A IE

222 FBEEWETF: (1) DEMRE: HHRK"
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*3. EREHUEERRKLEBRZNSH
Table 3. Distribution of comammox bacteria in Water Treatment Systems
. Reactor/ . ) o Abundance and diversity of
Habitats Sample type Environmental/Operating conditions comammox bacteria References
Freshwater SBR? Influent ammonium: 0.1-0.5 mmol/L, Relative abundance: ~15% (4]
recirculating anoxic: DO<3.1 umol/L
aquaculture  UWM fluidized pH: 7.01+0.09; influent ammonium: 21% of the total nitrifying communities,
system sand biofilter 9.02+4.76 pmol/L; DO: 8.20+0.18. and 1.5-2.5 times more abundant than [6]
AOA and AOB
Drinking Drinking water Influent ammonium and nitrate: 0.50%—59.82%, 2.1-12.0 times more
water treatment plants 0.01-0.53 mg N/L, 0.01-2.42 mg N/L; abundant than AOB; clade B accounted [21]
system (DWTPs) DO: 4.41-11.04 mg/L; for about 75% of total comammox
Temperature: 8.6-13.2 °C bacteria
Rapid sand filters ~ 9.3+0.4 °C; pH: 7.4+0.3; DO: 1.09+0.59; Nitrospira: 26.08%+0.94%; 3 clade B [11.56-57]
(RSF) Ammonium: 0.41+0.2 mg N/L bins and 1 clade A bins. ’
Household tap water Ammonium <0.2 mg N/L, Number of amoA sequences divided by
filters (0.2 pmor  Nitrate: 0—4.6 mg N/L the sequencing size (GB): AOA: 8]
0.45 pm) 0.24-76.81; AOB: 7.02-251.19;
comammox bacteria: 59.63—138.51
Wastewater SBR? Anaerobic-microaerobic (DO<0.6 mg/L)- 4.52% of the total sequencing reads;
treatment precipitation. similar to “Canditatus Nitrospira nitrosa” [40]
plants ~91% ammonia removal without NO and
(WWTPs) N,O production
Biological nitrogen Reactor configurations were covered: 0.28%—0.64% of the total sequencing
removal system conventional BNR, MBBR, DEMON, reads [14]
(BNR) ClearGreen cyclic low-energy ammonium
removal, and a hydrocyclone.
Activated sludge in Influent ammonia:16.1-43.6 mg N/L; 0.02%—0.36% of the total community.
BNR system COD: 161-430 mg/L; pH: 6.85-7.75; dominated by “Canditatus Nitrospira [15.58]
DO: 1.20-5.19; SRT: 8-30 d. nitrosa” (93.34%), with amo transcription ’
activity
SBR*? 20.3%1.1 °C; DO during intermittent aeration: Comammox bacteria amoA gene
0.2-1.0 mg/L, influent ammonia: accounted for 94% of the total
14.3+3.8 mg N/L, SRT: 99 d ammonia-oxidizing microorganisms, the [41]
majority were “Canditatus Nitrospira
nitrosa”
SBR*? Influent: municipal sewage; pH: 7.3-7.8; amoA gene abundance : 6.25%x10"—
15.0-18.5 °C, influent ammonia: 4.16x10° copies/gram VSS; The addition 55]
69.3-77.8 mg N/L; COD: 229.6-305.4 mg/L; of hydroxylamine can inhibit the nitrite
DO: 2-4 mg/L. oxidation activity of comammox bacteria
BNR (ND, SND, PNA influent ammonium: Abundance positively correlated with
PNA) 468.1-1085.1 mg N/L, ND and SND influent SRT, relative abundance in suspended [16]
ammonium: 12.4-52.1 mg N/L. flocs: 0.5%—3%, in biofilm: up to 17%.
Rotating biological Influent ammonium, nitrite and nitrate: 1.8%—19.4% of the total community, all

contactors (tertiary
treatment)

0.2-16.3 pmol/L; 0.9-66.1 umol/L;
358.5-1777.8 umol/L

belong to clade A

[17]

% Lab-scale reactors with inoculum from specific habitats. SBR: sequencing batch reactor; COD: chemical oxygen demand; ND:

nitrification-denitrification;

SND:

simultaneous nitrification-denitrification; PNA: partial nitrification-Anaerobic ammonia
oxidation; DMEON: deammonification; MBBR: moving bed biofilm reactor.
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(NH,"-N<0.53 mg/L). =ZhbHjiess 4= ¥y fib it
(NH,"-N: 0.003-0.230 mg/L)Z K& AW R4+
AR R R ATk 59.82%, N F A
EY) . FIE KA RS (NH, -N<77.8 mg/L)
Hh RS AL TR 12 A ) (X = BE<5%) , T i vk 4
PR AL- DA AL T2 GF7K NH,-N>400 mg/L)
FrOR RN B R AL (R 3). FAT, RAEAfL-
PRAAESEAL T2 F 2 T b P = vk B s B K,
T 5 2 RN 25 A R v] B[Rl NOB. A= 4 JA
1717 S5 PR R Ak (3 16 B 53 51124 < 0.08-4.00 mg/L
A 0.06-0.83 mg/L)P' ) SRR ILE S5 NOB-
Nitrospira TEigtf& S A #LA AL ARAE 5 A A AL
P3RS e R R e AR i - DR AR R A T
ZrP R A I R U i /i S Y R T RE X 4 AR
fiFf Ak TRt FLA Ak RO PR o PP AR B2 P K e
RSP 2R AT Bl P H . Wang
S5 SBR I i H 42 5 sl Ak S 0 75 8
(#F7K NH,*-N: 58.1-77.8 mg/L), ki izt k
Wb FEE AOB F Nitrobacter B
5.52-5.63. 4.64-9.86 fi%, H 5 mg/L My¥EHEI] B/
T SEA N AT A B AR A R, S A
P A R R B BB 3 90% 7). (2) DO A5 Tl
{5 B4 B} [B] (Solids retention time, SRT): Cotto Z£1/f
T 14 DK R S0 2 RERS AL 8 7 A A
R AEBRMLEFEE S T2 M SRT fIEM <, 4
SRT>12.5 d B, FEAE 10 B 1A X 4= B2 20
AT A 20% , ELTE AR J0 I 2 BT 4 75 T8 &
Gi(IFAS)FE i HpAH ST Bl |k 17%10,
il Camejo %543 H /X DO (<lmg/L). £ SRT
(80 d A1 99 d)y SBR J i #% A th 15 F] DA
“Candidatus Nitrospira nitrosa” 3 ¥ 5 104 FE A
fL#1 " Annavajhala %5 & 38 BLUR  FRhil AL T 7E

Roots
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WA T L R AR, (HAEY AL B TR 2
TR SRR RS AL AR OGS 11 AR B 15 e 5
BN IRIAR A, — Ty i ) oy g R A e S 11 B o
i, HRBUKFIPE s R vhil s Sy —T5 i, AW
5 PR LA 1A A (U 4800 B B AT ) T e R A AL 1R
TE TR JE Tk i T S A FR D

3 2BEMAWERABMA T WM
R#

AL I AFE T ROK B R e, Al
REXT A AL B A B Tk, 5 2 P R R AR
Y Z B S 2R 5 5 PR G R, I AOA (AOB
NOB . & fiffb I . K % A %A 1k 7 (Anaerobic
ammonia oxidation bacteria, AnAOB). fi§fR%h/
Wi R AR AW B %A 4k (Nitrate/nitrite
dependent
N-DAMO)A M5 (K 2), BARE o+ 40T
BCREARAT A PR A Ak TR 72 R /K Ak 3 1 23 A B
{H TG ¥ ME B PEAS HAE 15 7K A0 21 R 58 vh i i A i
s, 5 Rk AR Y e A A B AR G R i
ANBHRT o HET H AT A AR A T A A A
PE, AR AN AL R R K Ak PRI ) 1 PR 2R AT A
LN = mirE: (1) IRERAEKTEM DO #1F
TR, DL B RE AR IR I TS e
T (2) R A AR A AL TR Y A R R AUk T
Pk, SEIRE R K R 3) SRl
WS R DAL . DA T e A A S R
VIR SR B I A
3.1 MREREK. 1K DO &M T Wk

AT BA m =R AR T K
A KGR AR R, LAHAE Sy S AL D BE AR W)
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Figure 2. Metabolic network of comammox bacteria and other N-cycle microorganisms.
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methane-based membrane biofilm reactor (MB{R).
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Microbial characteristics and application potential of complete
ammonia oxidation bacteria in water treatment system
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Abstract: The discovery of complete ammonia oxidation (comammox) bacteria was one of the major hotspots in
microbial nitrogen cycle fields, and thus caused widespread concern about their global distribution, phylogenetic
characteristics, physiological and biochemical properties. This review first summarizes the distribution pattern of
comammox bacteria in soil, surface water, wastewater treatment systems, etc, then expounds the mechanism of
interaction and niche separation between comammox bacteria and traditional nitrifying microorganisms from the
aspects of substrate affinity and metabolic diversity. Based on the above, coupling of comammox bacteria with
other denitrifying microorganisms, e.g, denitrifying bacteria, anaerobic ammonia oxidizing bacteria, and anaerobic
methane oxidizing bacteria, is proposed to achieve advanced wastewater nitrogen removal under low ammonia and
dissolved oxygen conditions, thereby saving energy consumption and reducing greenhouse gas emission. Future
research should focus on identifying the physiological and biochemical characteristics of comammox bacteria,
evaluating the ecological function and contribution to the biogeochemical nitrogen cycle, and then sequentially
tapping their application potential in biological wastewater treatment process and other fields.
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