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JERCRZARINE T R BE I SR~ Be )R TRYIl 518055

OB RERRMAN A SRS A MR F AR, FRARMNFRRFRALT 2L
RGBT . RAENBARAR, TR ARAF oA ESFOHEZHRLMAE, EF
Rk, AT REB GBI FEATTAIF LR B DR F . ALEEH FTRATMILRR, REDHKEYT]
AL IR BR 3hiE BAE A . AL AEBR BRI RAE R . RAHACAE A . B RAEA . AR R (B3 T &R A
WAE VAR R B R BANAERF 6 A AMAAFEZGH AR, sk T National Center for
Biotechnology Information (NCBI). Integrated Microbial Genomes (IMG). Universal Protein (UniProt).
Kyoto Encyclopedia of Genes and Genomes (KEGG). Protein Families (Pfam). Functional Gene
(FunGene). Clusters of Orthologous Groups (COG)#A= NCycDB 4 445 & 69X T B A fa o) o4 5, 4
ERFNT . FARKE . AT E At EF B R, 9T oA LRI R E R A REARE
BP R BFER TR TN, RETARRATERIEEGE KT &, AAAFRAR T ERMAIRA
B Rk Arik 48 () BB HT-F 6 RAESF .

Application of microbial gene databases in the annotation of
nitrogen cycle functional genes
ZHANG Bo-Ya YUKe’

School of Environment and Energy, Peking University Shenzhen Graduate School, Shenzhen,
Guangdong 518055, China

Abstract: Nitrogen cycle is a biogeochemical cycle mediated by both abiotic and biotic processes. The
important research hotspot in environmental genomics and microbial ecology is to use gene sequencing
technology to study microbial communities, microorganisms and functional genes involved in the nitrogen
cycle in the environment. In recent years, various types of databases are developed and applied to
functional analysis. Combining with the latest research results, we focus here on the functional genes of
six inorganic nitrogen cycle pathways driven by microorganisms, containing assimilation nitrate reduction,
dissimilation nitrate reduction, denitrification, nitrogen fixation, nitrification (including complete ammonia
oxidation) and anaerobic ammonia oxidation. We compare the design concepts and functional
characteristics of databases such as National Center for Biotechnology Information (NCBI), Integrated

Foundation item: National Natural Science Foundation of China (51709005)
*Corresponding author: E-mail: yuke.sz@pku.edu.cn
Received: 14-03-2020; Accepted: 27-05-2020; Published online: 30-06-2020
E&WH: EXAARE4(51709005)
*BIE1E&: E-mail: yuke.sz@pku.edu.cn
ks HE: 2020-03-14; #EZ HHA: 2020-05-27; MKEAZHE: 2020-06-30



3022 A

Microbiol. China

Microbial Genomes (IMG), Universal Protein (UniProt), Kyoto Encyclopedia of Genes and Genomes
(KEGG), Protein Families (Pfam), Functional Gene (FunGene), Clusters of Orthologous Groups (COG)
and NCycDB. Also, we statistically analyze the selection and application of the above databases in the
annotation of nitrogen cycle functional genes, combining with the influence factors such as environmental
media, characteristic genes, analysis methods and comparison methods, and prospected the future
development direction of the nitrogen cycle gene databases. It is expected to provide reference for
researchers to understand the nitrogen cycle gene family and choose an appropriate data analysis platform.

Keywords: Microorganisms, Nitrogen cycle, Functional genes, Databases

AP B AR Y ERAL =R 3R, A
KW 2 FEORKE BRI, SRR R
T9KAR PR XTG4, T i AR P S PR i A X
iR oA B 1 A A S Tl e Al Ak g BRI AR DG
TEFIR R YRS A h AR AL B R R g
BCLERE T L1 S R A i P Th R SR B,
BT IIREEE R 0 A, RERE IR A L &
1T AN BRSSP R R AL R
e, raEk, WA ST AN R R, JEE
PR, A% RS T G K T RO
BBV AR, SR, AR AS [ 3 D A
JEAE AT B 2 8 5 DR T o A4 P B0 B2 P
P RIS DA

ARSCHEA IR T e R Y 6 RhOCHLA
PRgAe RILINRESEIN, JEXS LT H Al H A 4
N 2 B I L S Ay SRS A R R A e R Bl
JERBETT B D REHE s B R B0 L) 2 R R
L, e A 2018 4R LUK 5 ISR 1 52 fs SCHk
NREA, WIRBEA . RALEEIN | ik A E
XI5k 4 BT T RSN R AR T R R DI fE
FE DN RIS, X (ol A W i DR B a2 )k 4% K
Ji3C, DA ORS8N B S 0 R P RS P F 15
PrRIEPRRE N SRR —E S5 1Kl

1 A R B
1.1 &EFAHIERE

TERLA I P A3 A v, 8 R X R R A%
MR sl 2R S0P AN HET TR . ThRE RIS ERE, I
Hh g ) 5 0 5 — S o B A R A T AR R
W, FFIARLIE T, i, BdEZERNTES

EREE WA e N e 8 AR R B R
FUSCRE 22 Qe

1.1.1 National
Information (NCBI)

NCBI J& HRisAUs A E Bt &,
T GenBank #(#& /% 4 K5 European Molecular
Biology Laboratory (EMBL)FIl DNA Data Bank of
Japan (DDBI)ZcHufidis, o 7 TR Ak
JEA, (AAETEE R R . RIBIRELA T 5 5 5%
7] f5 7, Reference Sequence (RefSeq)$% 4 i 45
NCBI MUHAMHLUAE, AIfERERGS, ok T
5.5 JIRMEMIIRI IR Y 9 XL E A B, 2
F o FhoE R
Sequence (NR)EHE I ZIETURE A REIHE, £
MHFEABIIREER, HF% Nucleotide Sequence
(NTY$cHs FE SR TR IR BRI . Yu 0 T
— 7N NCBI-NR % 26 b ey it Jey s et e 1k s
e, AT R Y o 5 DR 2 504 4 1 R AR A0 1
R M E B, & B ¥ Metagenome Analyzer
(MEGAN) 1 B R BAE P @ ALE T . e Ak AR
L AR AN 2 AR e 3L 4 318 J%
Integrated Microbial Genomes (IMG)%X & %2 3 T
NCBI-RefSeq #& THE W . 4E . HAZAEY .
g AN TSR DN S R o e 1 i DB SIS R
B, ARG E O/ S %, mMEZBN
B . D
1.1.2  Universal Protein (UniProt)%{3E %

UniProt %4 B & Wk A5 B i 2 T A AR TR
BAEEE, 2% 3 M4 (1) UniProt
Knowledgebase (UniProtKB) "] #4738 X5 | -5 ¥ Fh
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85 (2) UniProt Reference Clusters (UniRef)n] i7F
TIASTRIARARLEE PP 9048 &, FF AR e S ARARLEE 43
UniRef100 . UniRef90 F1 UniRef50; (3) UniProt
Archive (UniParc) ] 47 J7 41 JJ5 52 B¢ RHAEAif 5 A
M =T Swiss Protein (Swiss-Prot) 5 i 24
TR, PEELR AT IR A R LA
AT RRHE, (HE B 4% ; Translation from
EMBL (TrEMBLYH AL E B Swiss-Prot
*FEETE R, RERSR I AE H 251G 2 0B A A
#1581, Protein Information Resource (PIR)%#
JE AT S B i 58 N D1 S I RN B 2R 1 B AR
D i LAY ):1 B S A e A

113 HitEERE

Kyoto Encyclopedia of Genes and Genomes
(KEGG)# 4 T HEHA . (b MAGIREFEL, B
EeE ae il ey ke = A AR T AN DU
TR . HETC BGR 60 FhAEIRER
AESELR, R AFFE N 51 22 i A P A IR 2 kA &1 A
A A B R 1 B YR Encyclopedia
of Metabolic Pathway (MetaCyc) %t & FE WL % T
1 400 Z Z%ACHT&EEFIAH G/ ; Encyclopedia of
Microbial Genome and Metabolic Pathway (BioCyc)
Bl 2L MetaCye HZ%, #1500 24 Ppik
fry 4 3 R 2P 9 0 T 4 £ 9 45 1), The SEED
Project (SEED)%#i 2 i % £ {1t 15 2 [m] 4 JE DK 1) o
B, W9 A DL H FECT Rapid Annotation using
Subsystem Technology (RAST)5 | BEAL K ZH T e
R BRI R 21, Message Digest Algorithm
5 Non-Redundant Protein (MSnr)%(Jg/ZEs28 T £~
B e pg e AN S S AR AT . ThRB IR
Mo 2RAR RS, [ AT LUAE R i ] 9 7 3 Eai
() Z R B3 Hr! ", Similarity Matrix of Proteins
(SIMAP)XcHls ¢ nl %) 2 1 iy 1) #EA 7[Rl 4E,
DA 1B e S0 ARE , IR AR P R R T
AU Gene Ontology (GOYBUHE LTI A&
WA . A IRE RN I LAY, 3 N THGT L A
LD W4T o0 S 1R, SR s o i iy

g EE
1.2 EHIEEEE

1 5T A AR S B 1 AR ) b A R
SEEE RN ST SRR Y X, X S Ay e A W] e
TR R E A B TR EE . HA AR
B 1 JoT 45 ey S Py e DAL [ A s — > B R K
W, T 2 A A ) A P B e TR 4
SEOMUER . H WL SRR AT

(1) Protein Families (Pfam)#(#i 4G T —&
I AR, B EARGRAA RS I/R TR
#i7 (hidden markov models, HMMs)HJ#ERIER,
W T2 A R RESS F s 2 i A oA 0,

(2) Functional Gene (FunGene) %4 4 J& F|
HMMs 4325, 7% T 30 FhAIER LR P41, (5
HAATETURIPI H— K R AT T #E1 TP,
HAERY,

(3) Clusters of Orthologous Groups (COG)/
Clusters of Orthologous Groups for Eukaryotic

Complete Genomes (KOG)% #2721 NCBI - & 19
FH T I TR A= Wy () B T R B P, X
21 Fhog A YRR A i i 2 LT T RGEK
BYE, REEPR AL E R MR A1 55 2 [R5 A W]
FEOPIC, HR B R R Y AR (R IR 2H 4 A
KD, AT 4631 AP

(4) Evolutionary Genealogy of Genes: Non-
supervised Orthologous Groups (EggNOG)% %
FLWBREE Y COG BEFEMEH AR 5]
it 19 DA HRFEEEREL, AR0GE T Fikin
I

(5) Simple Modular Architecture Research Tool
(SMART)H 8 2 & — Fh AL B85y T b A 7E 248 R
MAHT-6 8 R T8 S S A U A RE T
B, HAE R TR 22 5 1 T A5 AL TN AN g 3 A Y
TH, AT AR R A — 2 Y

(6) The Institute for Genomic Research defined
Protein Families (TIGRfam)%(4i/ZERENS H shilkf14E

1B S RESS M S B AR D A 732, AT P 3
FHF R 2 A 7 2
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(7) Conserved Domain Database (CDD);& NCBI
Bt P v AR 1 BT A R RO R R R, R TR A
Pfam, COG. SMART Hl TIGRfam % $4fi 27 Hh (145
i BP0,
1.3 REAREREE

NCycDB ¥ 4 [ T T2 A Rt it b &G
WHIKEN, HFHEES T KEGG. UniProt,
COG. EggNOG #il SEED %u#ii)F, kT 8 4
RIEH AL 68 FIAMEINEENAY 219 146 552%
JPa, %E T 1958 2H 5 RGP g 2 1 2 A AR
ZE Wy AR AR BE S 5 EBARIR I A T A R T
Zehr ¥ EEN X R RS T B AL nifH JP5,
2014 4F, Heller %PJF & T —A L AT A
ARBitrator, 1] %] GenBank $d& %+ ) nifH KA
J¥51; 2016 4F, Frank 2% Classification and
Regression Trees (CART) -G nifH 1375153255
I E LHRGERERFR, o T E 85
Zehr Bl tEAh, BREARIEARE T 2014 4F4R
HET —MNAN TR REMEH . TR EER
nifH 3K R,

i BRI AR AR H iR A
) 28 BY Gl A= P BE A ECE R X LG, A 1 BT

2 EEEEFBERILIEER
2.1 FERBEHREE
2.1.1 FHEREERIER

[/ fb fi§ fR £k & Jit (assimilatory nitrogen
reduction, ANRA). R{LAiffgREL A )5 (dissimilatory
nitrogen reduction, DNRA)FI/2 fitifk.(denitrification)
YERX AL NOs™, /K Ak Bl rh A W 5 R B
Bikte, Hrh, ANRA F1 DNRA 00K NOs i85
3 NHS', B = i SE 8 0F A AH IR, i L
ANRA RAETA IS, A0 NHy RN
ST, DNRA K4 FICAS B, ™
A f NHy BE Rk S A0S R 6 4 T PR 4R L AE K T s
RAR,  SCATRE IR M A Sy HAth 40 T A 4 4R R R

WP, R AEAE AT NOs S8 4ib 5N N, &2
TARAE BT . HEE— B[ (NOs —>NO,)
IR S DNRA AR, Bk, RAEfeE 5 5
P TR £ 30 I v 8 A ) 5 UK 3% v BLAT B i 5
FRFM,
212 ERER

[ % AF F (nitrogen fixation)$ K ) N,
R NHy J5, 92 9 A F A 45 Fh
TRAMNEGY, RESREPEERN FLRIE,
W W (Cyanobacteria)®? 1 y- A I
(Gammaproteobacteria)[35]% F A
R A 5 [ R A D Re BE A B, R nifH 2
515 16S rRNA LK P8R i) RS0 R 7 R H:
A BB R AR, B, PR AE
¥ nifd VERIERAE IR RAEELA , A PR v [
UM RIS A B 2B
2.1.3 fHILIER

il 1k VE F (nitrification) 7] ¥f NH, & 1k K
NO; ™, XAEBRGA ). BEIRY G LK
A PR OB, HAE AR &
4k 15 T (ammonia oxidizing archaea, AOA), %%
Ab 4l & (ammonia oxidizing bacteria, AOB)FIfiEfL
4B (nitrite oxidizing bacteria, NOB), FHo#iltsE3
W, AOA J2R PMys H 2 B ALAE Y 3 25
B, R e R AR N,O HEL A 3 529K 5
HEN H, STAERATK AOA BTN,
2006 4F, Costa %S4 76 7] B H4% NH, Mk
N ONO; A, IEH Hodw 44 58 2 A AL
& (complete ammonia oxidizer, Comammox) .
2015 4%, 3 BRI BB 3 Fhiatid w4 m
4N W (Candidatus Nitrospira nitrosa . Ca. N.
nitrificans f Ca. N. inopinata)fl 1 iR L1 4tk 3¢
B 20 B8 (Nitrospira sp.)¥J EL4& BAMCEE & E AL M il IR
RS, M AR T A E A ARA TR

L1 [39-41
FAFREA
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214 REFENIER

K & & & 1k £ F (anaerobic ammonium
oxidation, Anammox)n[ ¥ NO, #l NH, 1k
Ny, fRREK RGP A . A L),
= AT M AT RS A R A is R, HIREE
FALTRIG NG, Wil 2 A R0s AR TRREOR
(S5 AT X — R A, BRSO BY R BT
W R B Bk J5UKE 5 U8 PR (expanded granular sludge
blanket, EGSB)Suiifi, AW s A R K BORLT5 ¢
JK (carrier expanded granular sludge blanket ,
CEGSB) S # % 28 U i R & 18 22 B o g ik 3|
90%L I, BEERIELE 70%LL L, AT LA
AR R IR AR, MH Ca. Brocadia
Asahi BRW2 & W] £ S MR R s B2 ot
Keren 25" #l DNRA 75 5 i A AL AN REE A
K EER L bR, M H 2S94 DNRA K
(A2 TR BH RGN, AT 5 Brocadia sp. H¥E 5%
48R, Carrefio 25" % I Comammox B ARAAH: i,
PRAR A A TR AN AR B RS 2L, E B fm] s oy L4
HEAE A

Zr LAk, PR i EY S DR 6 FhICHLA
TER B F LA HE . AR EL RS AEN . 71k
HRRER R AR . s AR E R . IAMER . itk
VR (45 58 s A AV E D IR S S A E T 3
Tk, RS SRR D Rk
TR R I 5 PR AR A AR ™ . Comammox 5K
ARAMHEP W EAERR, AR A Y
HAE R RZARURDIAEE TR, IRASRITAEY)
IR A A PR R O A I . L, AT
qPCR . DNA $i§ 5Pl 1% Rl RS Fr 45 43 A 4
AR, R P 20 2 R R AR B - 5 BT A
TEAThae RN ACGHE S . UE YR RESS Y S B
YERFR R E L,
22 FAEAEEEREAEBEEDKER
15
221 FIHTFERBERBR

ARSCHE KEGG 1 NCBI-RefSeq 0 4 Hh

RAGAEAE, HG Tk, AR T 6 il
RAGAEAR T 50 Fhoe kD= i L 8 24 Pk B e A
B MJE, FRHSCHEI RIS T8 AR E
KEGG. NCBI-NR. UniProt il NCycDB H1firfu, &
%) o8 1, By R i DR ) I 47 8 (R OG5 XL 9100k A
https://github.com/EMBL-PKU/RP-N); [a]ff, FX}
it T ERIIREREIN G HMMSs f5E, HAARRENR
m2 2 Prs.

(1) KEGG ¥l PE(iAS 93.0, 2020 4 1
1 H)R EMTTR, X 6 FaMEH@EIE T T 8l
gy, JRRCGRAHSCThREIEA 41 P, bR
22970 45, KEGG BT [R)J5 LR BAT AT s i
W, RN A RIS —2%, K narG
narZ 5 nxrd NENEILNR, narH. narY 5 nxrB K6
WA, narl 5 narV AIREIER , amoABC 5335
HBE B AL HREIL N pmoABC M TRIJEFEAN

(2) NCBI-NR #J&7£(2019 4 2 A 14 H)I4t
121.5 Gb, H&FIFH 1.98 4055, ATHBUS R 2 G
Dire ] 48 F, ates 85 971 %%, Wm0,
AHiFLEE NCBI-NR 88 AR w5 A2 |, 1
HANEFREER P 5 i B 2E 41 B AL 0.04%,
FH P HEXT 2 B s A 2 FERT

(3) UniProt $EE(MAS 2019 09, 2019 4
10 3 16 H )nJ 1| F 2 5 22 Bk 2O F4E & T 2075 51 &
PEFRTIREIL R 49 B, HTP41 213 500 4%, AR
b, HBCREE B AP R i %

(4) NCycDB ##5/# (2019 4 7 A 29 H)Ftit
106.6 Mb, IS 219 146 2%, MBS 2
IRESLIR 44 Fh, JLITES 134 341 45, HILAT I,
N A RAE IR EL R £ 4 2 NCyceDB AHAL T K
T LA RO B o BT A, T B K48 %8 T
PR AN E X Bt R]

ASCE M NCBI-NR . UniProt 1l NCycDB %4
JE R 2R R R D RE 3 K P 4 A 01 R UA R
5 Pfam $¥a 5 XS 2] DIRE LA 9 HMMs {5
B 2T HMMER™, BB INEER 5 H 50%
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#2 ABAIEEENEIRER. HMMs EEREAERAKBEERHKRIER
Table 2 The annotation, HMMs information and collection derived from common databases of nitrogen cycle functional
genes
ARG SEA R Pfam $03fE e HMMs g5 5 A e T RS R 781 St
Nitrogen cycle pathway Gene Annotation The AC number of HMMs in  The number of gene seugences in
Pfam database common databases
KEGG NCBI-NR UniProt NCycDB
[FAfkfiEfgEE NOs —»NO, nas4  Assimilatory nitrate reductase PF00384.22, PF01568.21, 1497 1105 2812 3 848
B catalytic subunit PF04879.16, PF04324.15
L nasB  Assimilatory nitrate reductase PF07992.14, PF18267.1, 182 401 213 288
Ass1m11atory electron transfer subunit PF04324.15
nitrogen NR  Nitrate reductase (NAD(P)H) PF00970.24, PF00175.21, 349  — - 1038
reduction PF03404.16, PF00174.19,
PF00173.28, PF08030.12
narB  Ferredoxin-nitrate reductase PF00384.22, PF01568.21, 206 42 1548 2 000
PF04879.16
narC  Cytochrome b-561 PF13631.6, PF00033.19 = 149 28 68
NO, —»NH," nird Ferredoxin-nitrite reductase ~ PF03460.17, PF01077.22 713 1264 39 981
NIT-6 Nitrate nonutilizer-6 PF03460.17, PF01077.22, 69 = 2 =
PF13806.6, PF04324.15,
PF07992.14
SAbigiRE: NOs; -»NO, narG  Nitrate reductase 1, alpha PF00384.22, PF01568.21, 1525 152 5058 4254
B subunit PF14710.6, PF04879.16
. narH Nitrate reductase 1, beta subunit PF13247.6, PF14711.6 1645 116 4230 2295
Dissimilatory
nitrogen narJ  Nitrate reductase 1, delta subunit PF02613.15 - 220 2 852 1716
reduction narl]  Nitrate reductase 1, gamma  PF02665.14 1718 268 3191 1742
subunit
narZ  Nitrate reductase 2, alpha PF00384.22, PF01568.21, 357 11 429 2154
subunit PF14710.6, PF04879.16
narY  Nitrate reductase 2, beta subunit PF13247.6, PF14711.6 185 7 212 891
narW Nitrate reductase 2, delta PF02613.15 - 5 195 200
subunit
narV  Nitrate reductase 2, gamma  PF02665.14 93 7 268 154
subunit
nap4  Periplasmic nitrate reductase PF00384.22, PF01568.21, 950 3154 5801 2225
subunit NapA PF04879.16, PF10518.9
napB  Periplasmic nitrate reductase PF03892.14 908 462 1169 622
electron transfer subunit
napC  Nitrate reductase cytochrome PF03264.14 = 105 807 1 062
c-type periplasmic
NO, —NH," nirB  Nitrite reductase (NADH) PF04324.15, PF07992.14, 2961 1240 1067 4058
large subunit PF18267.1, PF01077.22,
PF03460.17
nirD  Nitrite reductase NADH) PF13806.6 2358 1352 4872 3061
small subunit
nrfA  Cytochrome c nitrite reductase PF02335.15 758 2517 2 504 1483
subunit ¢552
nrfB  Cytochrome c nitrite reductase PF09699.10, PF13435.6 = 48 487 374
pentaheme subunit
nrfC  Cytochrome c nitrite reductase PF13247.6 - 1305 627 1 306
Fe-S protein
nrfD  Cytochrome c nitrite reductase PF03916.14 = 125 914 363
subunit NrfD
nrfH  Cytochrome c nitrite reductase PF03264.14 323 1262 740 -
small subunit
(74E)
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A ER NO; —NO,

Denitrification
N027—>NO
NOHNzo
N,O—N,

[ & AEH N,—NH,"

Nitrogen

fixation

MAEAER NH—

Nitrification NH,OH
NH,OH—
NO,
N027—>NO37

REASAL NO2, —>NO

e )

Anammox ~ NOFNHs —
N,Hy
No,H;—N,

WA 5 SR ER A [TV E B D SRR R . narGHJL. narZYWV. napABC

Functional genes in this step was the same as dissimilatory nitrogen reduction: narGHJI, narZYWV, napABC

nirk
nirS

norB
norC
nosZ

anfG
nifD

nifK
niftd
nifW’
vnfD
vnfK
vnfG
vnfH
amoA
amoB
amoC
hao
nxr4

nxrB

Nitrite reductase
(NO-forming)

Nitrite reductase
(NO-forming)
Nitric-oxide reductase
subunit B

Nitric-oxide reductase
subunit C
Nitrous-oxide reductase

Nitrogenase delta subunit

Nitrogenase molybdenumiron

protein alpha chain

Nitrogenase molybdenumiron

protein beta chain
Nitrogenase iron protein
NifH
Nitrogenase-stabilizing/
protective protein
Vanadium-dependent
nitrogenase alpha chain
Vanadium-dependent
nitrogenase beta chain
Vanadium nitrogenase delta
subunit

Vanadium nitrogenase iron
protein

Ammonia monooxygenase
subunit A

Ammonia monooxygenase
subunit B

Ammonia monooxygenase
subunit C

Hydroxylamine
dehydrogenase

Nitrite oxidoreductase,
alpha subunit

Nitrite oxidoreductase,
beta subunit

PF00394.22, PF07731.14,
PF07732.15

PF02239.16

PF00115.20

PF00034.21, PF13442.6
PF18764.1, PF18793.1,

PF13473.6, PF00116.20
PF03139.15

PF00148.19, PF01968.18
PF00148.19, PF11844.8
PF00142.18
PF03206.14
PF00148.19
PF00148.19
PF03139.15
PF00142.18

PF12942.7, PF02461.16
PF04744.12
PF04896.12

PF13447.6

PF00384.22

PF13247.6

WP 5 R AR T B RESE AN : nirKS

Functional genes in this step was the same as nitrification: nirKS

hzsA

hzsB

hzsC

hzo

hdh

Hydrazine synthase
subunit A

Hydrazine synthase
subunit B

Hydrazine synthase
subunit C

Hydrazine oxidoreductase

Hydrazine dehydrogenase

PF18582.1

PF00486.28, PF00072.24,
PF03150.14
PF02239.16, PF10282.9

PF13447.6

PF00815.20, PF13561.6,
PF00106.25, PF13447.6,
PF14537.6

846

194

1121

434

538

53
794

815

900

31

27

32

27

81

122

56

911

903

5119

246

4350

197
2 766

2703

10 001

454

11

38 546

371

549

22

276

461

306

311

2078
59

16 464

23 639

2364

313

15516

79
3873

1 620

42 083

1143

108

37

51

13

60 652

140

75

582

258

625

448

710

235

2374
33

E=P)

11 462
14 682
1863
469
10 822

57
1755

1 006
14 757

622

37797
123
65

79

210

284

250
514
198

1 140

TE: - BURERKRPNZEER.

Note: —: The gene was not found in the database.
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KU FR X455 S KEGG il FunGene U JZE 0
B4 A ZA G T RE L HMMs {5 8 M
I, BICEL 50% R - (R e 15 B Fh ) e A I
) HMMs 15 5.
222 RERZREMREERKFEIER

MRS 2 THRAT AT, AL T 4 43 SR
Pt v B WS ) T AL B B 45 3 A2 T ek TR 1)
ook A, [FALRSIRELEEAERF nasAd. narB 1
nird LR PHVECRAH R Z , Sz R AT 7
GBI 85.21%; SHALAHIRERISIEAVER T nirB .
nirD Fl nrfd FEFRFAVEGRA KL, HiZasa i
LR FH EER 78.19%; SANLVER S norB F
nosZ FEHFAERAME L, HixRE A E
JPH R 96.61%; FEIAAER AL nifd FEH T3
BOm it ZIs R A TS SR 78.75%; fild
PEAER AL amod JEH T 9V ECREE d iz A% i 2k
P81 96.89%; KA AMIEAT hzsd.
hzsB Fl hzo FER P I ECRAMIN Z , izt
FEH A B 93.79% (UA_EITHE A4 5 FHEH
FEMIBRMINEERH, W narG %)

narGHJI . narZYWV F napABC K:[H w] [a]iH/E
FHF AL 5 5 A A R 6 38 T A FH R 26 — 26 )
(NO; —NO, ), nirKS FEF AT [FE/EHF g
PRAR B A 25— 25 I (NO, —»NO),  Fik
22 FH 45 5 DRLR 3¢ 1At 56 DR LA o ol 0k, R Ik
B B PR R A B CR A R, . 7E
SALASIRE IR JFAE I, 2 R 5 5 F 51
R 59.67%; TERESILIER T, Z &R Y
3 5 P8 ) 73.95%; TER RS EALER
Z BTGP BN 88.85%. HEHZ
FH % LR AT [R] B R AR 2 FhAE R s A, R A Skt
Z MR FE R AT T BB . Ok S AR
R EAE RS — RN H, narG . narH Fl
napA FERFHVEEAINR Z , Hi%iER A L HE
JPHLE Y 58.79%; RUAHALS IR & A AAE AT
B RN, nirS MET nirk FEHFFHVECGEE
%, itk 57.04%.

3 B B AR AR A BRI TR e 3 R B
R K

RGP A E TR K L TRAK bt |
A HEL 2 S il 5 Z R R, AR SO IS 2R 5
%% NCBI PubMed ,Google Scholar I ScienceDirect,
15 'H &< B 14 ‘nitrogen’ and ‘gene (genome)’ and
‘database’ and ‘marine (ocean, sea, etc.)’ or
‘freshwater (river, lake, groundwater, etc.)’ or
‘wastewater’ or ‘reactor’ or ‘pond’ or ‘reservoir
(drinking water)’ or ‘soil (land, forest, basin, grass,

hillslope, riparian, farm, etc.)’ or ‘microorganism
(algae, bacteria, archaea, etc.)’, ¥ ZRILE T 2018 4F

AR I FH A A= 40 2 DR B 40 P 1 A (] B 5 v BT
IRTIREHE DR 0 5 | T35 AR DG SOk 52 i, IFAR
I SCHR N 25 N2 oA B2 o3 i 1 HE AT RAE PR D fig
FEDIE R, S A YN B e A ) B R
KA AE ) BAR R =0, BARGET 45 R A 1,
3.1 IMEN R EEEIREFER R0

ARG RIAREEAN T E B RZEDT
EJEPH L )Z IR R P A [ B A AR
JEE, USARADT, B PR e B X PR
) 220 480 3 it I /T R/ I B KA B TR
PyPEONs gk A B IO S G 5 a0 A
PR RS a7 wET TR
RN /I ) Qb 1K/ @: B G R 7 NP £
#5@a ™ m g X B
H S0 4 4 e 3R 8% E 5 05 1T (Ruditapes
4k fa WL (Cephalotes
varians)®?, BP0 g A PN S 5 ) K
WAEPIRP . WRHEE LA TTHL, PR TEERRAS
R A58 A1 o R0 B0 ) fi 5 R e BT L %o %) 580 /22
TFICAATATE, R, PREEA B Es R B T
i
32 FRUBEMEBIEEEFERRIN

WYEE 1B A1, narB. nird Fl nas4 3&H £ H
TR FEACAHR LR ITAE ], nrfd F1 nirB HE N 2
TRIEAIHRER L )FAEH , nosZ. norB FZHH

philippinarum)®" .
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® NR
NT
RefSeq
GenBank
IMG
UniProt
® KEGG
MetaCyc
® SEED
MSnr
GO
Zehr
Pfam
FunGene
@ COG
EggNOG
TIGRfam

Surface water (YanTian)

Surface water (TARA Oceans)
Surface/Mesosphere/Deep water (TARA Oceans)
Surface/Bottom water (Hydrothermal vents)
Surface/Bottom water (Eutrophic Lake/humic Lake) 'S

Upper layer water (Pacific Ocean)
Deep water (Pacific Ocean)
Deepest water (Powell Lake) 'S
Low-oxygen regions (Red Sea)

Anoxic marine zones (Pacific Ocean) (@)
Ammonia/Oxygen transition zones (Oil Sands Pit Lake) &
Surface sediments (MeiliangBay)
Coastal sediments (Arabian Sea)
Shallow-deep continental shelf sediments (South Sea)

TR
Ocean/River/Lake

040060 o0

Upstream sediments (Mississippi River) () O

Eutrophic sediments (Lake in Wuhan) O

Oligotrophic sediments (Mid-Atlantic Ridge Flank)
Wastewater (Commercial dairy WWTPs)

Wastewater (Anammox-inoculated WWTPs)

Activated sludge (Activednitrification WWTPs)
Rotating biological contactors (Municipal WWTPs) & <
Biofilm (USA/Singapore/Denmark WWTPs)
Sulfur-driven denitrificationreactors (Georgia Aquarium)

15 7KALBRT

Jz e Wastewater treatment
plants, WWTPs

([ K 2

Denitrifying-nitrifying reactors (NanshanWWTPs)

Anaerobic reactors (Synthetic wastewater)
Anammox reactors (Synthetic wastewater) @

Reactor

Plexiglass EGSB reactors (Synthetic wastewater)

Simulated wetland reactors (High TiO, wastewater)
Surface/Bottom water/Sediments (Grass carp pond) @

Sediments (Catfish pond) (@)

Water (Permafrost thaw ponds)

Rainy/Dry water (Crystallizer ponds)

Constructed wetland (Beijing Wildlife Rescue Center)

Near-surface groundwaters (Hainich)

Chloraminated reservoirs (Drinking water system)

0000000000
*
.

Hofthk 44
Other water bodies

Organic/Mineral soil (Forest ecozones)
Intertidal sediments (Inshore mangrove) <&
Nitrogen load sandy soil (Raven-vennen)
Sandy soil (TarimBasin) @
Mediterranean grassland soil (Northern California) L 2

44
Soil

Hillslope-riparian transect soil (Colorado)
Different vegetation soil (BASE project)
Different drainage capacities soil (USA)

Different farming practices soil (Germany)

L X 4

Rudlitapes philippinarum (Yangmalsland)
Herbivorous turtle ants (USA/Peru/Brazil)
Trichodesmium (North Pacific Ocean)

Z G|

iy
v

Two species of polar marine algae (Polar Marine)
Prorocentrum lima (National Center)
Prochlorococcus (IMG database)
Ammonia-oxidizing archaea (Gulf of Mexico)
Bacteria and archaea (IMG database) O

F#5iEnvironments BiE E Databases

i

00060 0000 o

Y/
L 2 4
*00 o
L X 2

Animal/Microorganism

* 406 000
(@]
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B nasA nirB ~ narG
0.25 . nosZ 0.16 narH
NIT:6 0.20 nasB rrfH 03 wirD norC 0.12 narJ
0.15 07 norB 0.08
0.10 narl
0.05 . 0.04
0 0 nirS 0 narZ
nirA NR nrfD nrf4 ‘
nirk narY
napC narW
nrfC nrfB napB  papq4 narV
LA RRER IR S5 SALTERR R IE I SCAHAEAE
Assimilatory nitrogen reduction Dissimilatory nitrogen reduction Denitrification
anfD hzsA
H 0.4 0.5
vn i
0.3 nifD 0
0.2 nxrB amoB 0
. hdh hzsB
vnfG 0.1 nifK ZS.
- nifH nxrA amoC
hzo hzsC
vnfD nifW hao
EALEM ALt REFEANER
Nitrogen fixation Nitrification Anammox

1 XE%EitE

Figure 1 Figure of literature statistics

e A SCHRP EEPR DI RE R R B AT LU B e, v /2L (03 R A / TC AR e, 25T/ IR 43 B 3R A/ JCHEA T4 1 B 46 4
WX, NR, NT. RefSeq fil GenBank )& F NCBI ¥4 /% ; B: Uk EIGIR SR RER NTF 5K,
Note: A: The applications of databases in the annotation of nitrogen cycle functional genes in the literatures; Yellow/red indicates yes/no

reconstructed databases; Diamond/circle indicates yes/no aligned protein domains; NR, NT, RefSeq and GenBank belong to NCBI database;
B: Frequency of functional genes of different nitrogen cycle pathways in the literatures.

WA nirk . narG 2 M F R2AE I EAEH
nifH J:H Z T RAEE BAEH , amod A hao F&
N2 FRIEASER, hzsd BEHZ H T RAE
RAAEFAER . EHRTERNE, 8 bESh
[t hao PPV PRAEEALHE I hdh 5 R
A= /N CTH A I 21 R 52 R AR 8 )R B (octaheme
hydroxylamine oxidoreductase) 4 [] & 471",
I hao A7 I B[R] IF 7 R A e 4800 DR 48040 7 1) 2
AL A 1606571751

ST SR nift B T 5 B A A
HEF, i H 23] FunGene ., Zehr B /R K1)
nifH FERBR A28 Uggy AR amod

FRFAEREILVE A AOB il Comammox B, % &
BN H A B R T R bR P TR Y 2 R 4 B A O
XK, MW EFEAITAAT N B RkED
Comammox FEHFH T, 454 FunGene )%
Hh 4 HMMSs [X 43 R/ FF 0005520 115 A BR []
3 M Z R R PR AR B, B I AN 2 4%
WARRAEEL R RZ M, B RAEBE R B 1B A1
SRR R R DA CEH TS0 RS 2 A
Kl 1B AIAL, W98 N SRR AR B iR e R AR SR
DN 2R KEGG $udlafs, Ny KEGG ¥ufli
RIS narC. nrfBCD . napC ¥l nifW 3N, 7E
JIT A SCHR Th S8R B T RAE AR IMEN
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3.3 SWAEMNEEEIRER N

ARSCILE 52 FESCkd, BF9E AR BRI
OyMTT IR A4S 16S/18S rRNA JE[H | Z23E[H
AR o, Hoh, 24 G SCRIRI SR T
fAEY) 16S/18S rRNA F [H 751 fl 4 3L [H 41 DNA 7
5, SeHIH 16S/18S rRNA FE[H /T kAT 4143
K. RYGKE MBHELE o34, P8 2 2 3 20
Gy AT HEA T 4l 2y B 3 R R AR S s 4 0 T 5
15 i SCHRASUR) A 2 36 R4 40 W 2R 47 ) R 3 TR 7
B ARULERFYR ZHEE T 10 REERIT 1
AP 434 RNA JPA, F 25 54 o i)
W26 3 P R ASBRT T A A4 o 4
B ok i 0 SR ks . DA SCER R T &
R (24 16S/18S rRNA FE[RINE . R
1 M ) R B S LI ) B R, AR R R A1 K
FE OB . RERCA . LR 4 o A B G Y
GAMFLUESIE . AN, B 3 SCERERER T i
AP RESE ) PCR 729, AR v b SO 45
R, 254 16S rRNA FEH 5k 72 3L K 4 /A i B D sk
%[59—60,66]0

{E151E E )&, Phylogenetic Investigation of

Communities by Reconstruction of Unobserved States

(PICRUSHREfLY JE 16S tRNA FLR MM hEE, FE
FHEAE/rJS ¥ 0 (operational taxonomic units, OTU)
TN T 2 SN LB ThRESE N 4", 4. Lai
O 16S TRNA SEDIIN R0, 4347 T i5 KAk
FET 3 BRI B R DG T A M 4 i RN ) e
HFE A L, JEF Greengenes HHFEQIHES % )7
51l OTU %, F|FH PICRUSt ¥ OTU £ 44404 KEGG
HARFREEAG B2, SRBCAE P2 5 AL AR
FFE . T Greengenes ZUHZE BB T 2013 4, 1M
H. PICRUSt Joi:#iill] Greengenes %4 % Hh 347 [F]
U522 BL 2 P A A, DRIGIZ 7 ¥ A —
B, BAERKmRERASEN, TikSR
E R 3 N oM a0l

HHfE 52 F SCERGETH AT R, 16S/18S rRNA JE[K]
gy BT WX B B AR R OB AL HE SILVA A

Greengenes; 7 4 K20 73 A1 Fo X (R 88008 PR 2 AL 45
KEGG . NCBI . UniProt . IMG .,
Pfam, COG 1 EggNOG; 745552 /Mt Eb XTI %L
P F #4055 KEGG, NCBI, Swiss-Prot, COG .
GO 1 Pfam. AR [R5 BT 7125 Hoxsd i 5 e A o
AW, ARR =R W ksl 2 # i ik, )
B PR A e 01 T0 W R, T FLRTA Sk 2 )
FH 7% 55 DR A 8% 7 2 si 4 1A T R AR A T e [
PERE, PP VR T R A R S AR A ]
3.4 EEXAENEUREIRFER RN

WFFE N B AR T R PR T RE 2 R I B, R
FH X ik 20k P AU ARRUE Ee X 2R
JE R IR X, AN TR] H v o A ek A A 2 IR
Bt PR U]
3.4.1 FHHEEEXT

HWHEE 1A aJ%H, KEGG 1 NCBI $dZE7E
52 S SCHR TP A R4 BRI 75%H0 59.62%, &
WFFEN RPEA T SRR FEX A 79 5 72 NCBI F
B NREGR RN ), o 54.84%., %
JE B 5 B 2 v A A A 28 0 o 118 3 TR 41) AR
BRI R, U — g e 1 B AU 2R )
REEH 2 P AP Z ARG R, 76.92% M BF5E A B
R B 7 JL0 256 008 P o) TR 2 9 A 7 5
DRIt A B, 4l 5 e Tl RSS2 1 i IR 25
JEJEAT L X vE BE . . Zhou 25 HTVIE] £ A
KEGG. COG. SEED #1NCBI-NR %4 2 1 & G
WOy Be L R, R T VERER AL
(Gymnodinium catenatum) 73] B rh PR GAE DIy
IHBERRAE . Hu ZC?RESe /b e i i A A4
PRRER M B, SR NCBI-NR Hds T
FERRER, TS KEGG Fl MetaCyc Bdii
T T b fi SO P 2R R i R 28 BE R 5 ik
o Li SR 0MRKAE S RGP RUEYISTR . B
MAMAMN ZER, TEBEEATFIYE
NCBI-NR F1 KEGG i 4 TARBIM: HEXT 56 i A
DIRevERE, WiARIEREMTS, WE 5 EggNOG .
KA & W15 PR (carbohydrate active enzyme)FIHT

FunGene .

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



SRAEOHESS: A MR DR B e R R S RESE IR TR AR P A B 3033

He Z PP A (antibiotic resistance genes)ZE4EE I
R TURICH A HL X DASRIBCE 245 5 .

A, BESE N BA B S i T AR PR Y
DhReFE, FEA TR0 A RS DR R . 4.
Black 25045 H % 94 95 LI _E 3 ii B R iR D
(Unionoida) % 5 % A A ¥5 55 X =F 5 F0 2 B 1) 5%
M, BT YR HE ChocoPhlAn 72 & [RI 2H B4 22 L %o 2%
W, PREERE MY RRANDIRREES, MiE
FIF MetaCyc F1 KEGG #¥ e h & AR Eh e Ak e
TR B AR B % T 78 A A g 2
A F RS INEETEN , FIH NCBI-RefSeq i
JE FEX A e R IEP R, T NCBI-RefSeq HAR B
320 amod FEIH, W5 IMG #REH S
Z M 2 A X, HeHE T AOB b
Comammox .

342 ZFEHRE W EEXT
HARE 1A 751, 36.54%88F58 N R AEF 5146

Uk X A |, 456 HMMs 78 A g
WA X0, Hid, FunGene F1 Pfam %4 %7
RAIGA T Be g s bt b F )™ SRl 454
S X B A S AN T

(1) TE77FARAL M b X 7 B oh B SR R AT, 5
i Fl HMMs ffi e 5L R 40 581 . 4. Diamond 251
Sk gt b b v o R D 3 A S R S v - TR AR
T 2 5 0 A 5 R 2 0 R A S ), AR i
UniProt (4% A & X T HMMs, i & 15 %
10 158 M Z A ZE [ (ribosomal protein, rp) S3 #
§, BJEAYE KEGG BUEZEXS 1pS3 Fral iR
Bl RIEMZFES T

(2) X EAZ . R A A0 R 0 3 R A
. Lavy 2P ] 86 4~ & #H9 HMMs Hl KEGG
BARPEH KofamKOALA T H., % THZ ., JF
40T rpS3 T, FHorHER T 3k - 5
i LAY T 2 Sk . ARV E P8
Orellana 2% UniProt e rhahiis 3] 7 i
MAMEH amoAd. hao. nxrdA. narG. nirK. nirS.
norB. nosZ Fl nrfA JH 5, FHF]H FunGene #{

PR HMMs if—B R AMEHRITH, 5 TA
[FIHEZK ARF 1 A 3% RS P i SO 175 50

(3) S5 3G HI P vh R SR ) Dy g TR 2
B . Haas 25PN g R W0 vk 300 LK IR 4%
JE A I 2 SRR A B 4 . 5 KEGG i
JE R B AROC T RE B 2, 1 KEGG
BAEEP RO SN, WA A FunGene F
UniProt 50 i HMMs KR4 E, RA R
TR B BT A VR AR AR SRV A I I AR
fist A
343 ERHEEREWY

AR 1A AT, 19.23%A9RFFE A B 7E Bk Bk
ST IR VIRN X e n Al b, SRR
B8 B DI T S At oy A A9 . BIFSEN B A
PIECHE PR — 2P Bk i TR G U E P T
HHRER WS H S, WG R kR L
BRIUARIT A, feJa t i R 50 & & W 0 3 BT i )7
5., . Yang 4105171 A NCBI H1 UniProtKB/
Swiss-Prot il P2 R 8 T AIGFIAH G BT A A 5
BRIY5, Bt {4 USEARCH LA 80%H [F]— 1% Fir
AIrsIERI, @it IQ-TREE 1T RG LT T,
JF5 NCBI-RefSeq 4 2 Ho X} it — 4 55 5 3 51 1)
RE, I5cJia 8 T T &G 20 2h se 2L 1 7 9] d 08
PR, DAYERR 4 B T /K AL BT e 4 4R
AR5 Anammox FIURE I 9 I AT

T 5 BE LR R, e N AR S f
HMMs 38 T~ #HHCE H v, DI iR EdE
FERIUERY: . Rtk, FunGene BHEEREMIFTAS
FryE ik, By HEA U I A E PR RE L 4y
FKHE RS IRAE B . XA o — B A
BT XR8P ) ] R 2 B mifH, 98 N BITEER
FREE B T Zehr 28U R 9 S % 7
1) 5 %k oAt T A o P B A 1 B BT (O P A DA
Comammox [ amod FEF M), WA G NIH A
I5c BT i 38 AD FE IS I AH OG0 BE LA A
Cardenas 252Dl #455 b 35 Bk A A5 18 R R ad A
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A ALY 2 B R RGP R = BE 52, TE R
TRIR R nifH LR 5085 %2 1l NCBI-GenBank 4
FEP R R T 8 T AJE A OCE A F S, JFAR T8
FunGene $4 22 H 1) HMMs $00A- 52 08 o B AR AT 1)
amod FEH P, HE X TREBMAmifH). ik
(MR amoAd). FUhigtb(nirk . nirS. norB Fl
nos Z)F A H BRER I S A ] (nrfd) IR RV B DG B ity
SEBRE . Salazar ZEPDIRST nift FER A
HFRSAR, I FunGene Fl1 Zehr 4 ) nifd
FLR P, LK Farnelid 04 2 o i) 2 2180 nifH
SR 3G - e 1) A (o] R0 PR BOH R 2, BT T
He W2 % KL 4E (Ocean Microbial Reference Gene
Catalog, OM-RGC.v2)Hkaillf5 2 24 4> nifH 5
HPA 52 Hoxt, DAEH TRt nifH PyAt i Ad
Xof BELR RIS S F . Wang Z510% HUASR AL AR FH 16
BREV5 KA T H AOB Al Comammox LR
B2, FHEHGER 4 41K 8 Comammox amod H
PF515 NCBI-NR KUlsELLXT R, B EL
FHFERFS, FFELL 99.5% MR —MEREE, #EIT
&G WP 5 Y FunGene % 4 72 v 28 2 AT I
(Proteobacterial)FFANE amod F1 pmoA FE[F ¥4
WERG AT, MIREATE Comammox amod 1% 5
N FIAEE Comammox 3 KB .

4 RBE5RHE

FAT, A KRR G A6 I UG 26 )
ARSI EBE M 2R, A Fr il Y AR
I BRI S F R ARG &R o R R P R 1Y
K, PR E B I RE AL A e ) M s K
R TREAS s FOXE 32 32 ST
REAAEZ AR TR Z55 Kt 1, (B R 24T
ARGE RS R AMETIHDEER . AFTA M
P ACIE LB S5 TR AL . NCycDB
S5 /INTY SR IR DN R P i AR A P e,
HRZIE A E, ARFL X, Yflhi
BEAFIIRE . MUEASCEE TR AT, UniProt %4

JEAR S A SO P, WSO R0 B ) R i PRt
JFABCR R Z . M 2018-2020 4F 52 i SCikH f
NI X K B2\ 2 P RE p SR DO B € LA o bin
PEAN 7 2T

(1) FREEA T, RAEFEEXS 058 A B4
PETC 2500, KEGG £ S M2 98 A b1 ik 4%
RGN IRAR R FE PR Y = LRl

(2) R —MELZ R AT 5L e 4
AEE e A LR AN E S35 P S
T Sy R T ARG A D RE L R R, PN
20 B R A H5 . KEGG . NCBI
UniProt, Pfam. FunGene., COG # EggNOG.

(3) LRI R I N B PR A R R
ZHZE. KEGG I NCBI i PR 2R TE N LA T
SUARIE FEXT A BT 2E, FunGene F1 Pfam %4 EE7E
B B AS R B T B ) 2R B P A
TEAR 220 38 (1) 55 K P 9 A DR AT RS R, T
TRAMEARINGRER G - A 2R EE . X
I, WS NGN RS PR AR T vk Ry s 1) AE
Fe AR BE X i, 455 0 LR 255 4 B 122 51
FiE DRER BB e 5 2) FEJF SR F X Y
Hefifi b, A5G HE A A X, SR
HIFH . A B AR ISR R R A S S A A B
oo RS R R P 9104 5 3) TEhE g A0
FH_ERPIAP EEX i i 5Eal |, H34E FunGene . Zehr
FR AT R AE A JE DR 2 91 S A B 2

H A ) i DRSO P 2 AN T BB, AR SR B
THEE RS 58 Y R T 2020 4F 2 A DARTHY &%
P EWGRTE I . HE TR, & REREBHE BEAEUR 5
KI5 S AT A Sl BT, K 91 AR B Hex
A A B L S A S A5 4 I BRI AR
FH A AR B #4325 AOB F1 Comammox J [H 3 41 1
MK 5. WA, dr— Ak, ATREEET
W55 BAE IR RESE A B A 2T & A AE T, i
X PR AR RGP BRI OC &R, PR FIAR DR R ER
Ba s et ) 2 o H S
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