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Metagenomics Based Study on Community Characteristics of Ammonia-
Oxidizing Microorganisms in Acid Forest Soil

TANG Xiufeng" 2, QIN Hua®’, KUANG Lu?, WANG Xinxin®, SONG Yuxiang®, GAO Hao", LIU Linmeng®, REN Yi*,
SHAN Jun?, ZHANG Huanchaol®, WANG Baozhan® *'

(1. College of Forestry, Nanjing Forestry University, Nanjing 210037, China; 2. State Key Laboratory of Soil and Sustainable Agriculture,
Institute of Soil Science, Chinese Academy of Sciences, Nanjing 210008, China; 3. State Key Laboratory of Subtropical Silviculture, Zhejiang
Agriculture and Forestry University, Hangzhou 311300, China; 4. Shanghai Majorbio Bio-pharm Biotechnology Co., Ltd, Shanghai 201318,
China; 5. College of Life Sciences, Nanjing Agricultural University, Nanjing 210095, China)

Abstract:  Objective  The acidic forest soils are characterized by low pH and depletion of NHj substrate, which are
considered to be the major factors shaping ammonia-oxidizing communities (AOA, AOB and comammox) in soils. However,
so far little is known about the relationship between absolute and relative numbers of the three kinds of ammonia oxidizers in
acidic forest soils, especially due to the absence of reliable real-time quantitative PCR (qPCR) primers for the newly identified
comammox Nitrospira. Here this study aims to develop a strategy to determine abundance of comammox Nitrospira, and to
investigate community structures of AOA, AOB and comammox in the acidic forest soils. Method Absolute abundances of
amoA genes of AOA, AOB and comammox in soils were measured with the aid of qPCR. However, Ntsp-amoA-162F/359R
and comaB-244F/659R, the two primers for comammox amoA genes would trigger significant non-specific amplification, and
hence overestimation of the abundance of comammox. Therefore, qPCR data of comammox amoA genes needs to be calibrated
with the semi-quantitative method based on agarose gel electrophoresis of the qPCR products, and by the metagenomic
sequencing of the total soil DNA. Furthermore, community compositions of AOA, AOB and comammox in the acidic forest
soils were also characterized with the aid of metagenomic sequencing.  Result The qPCR demonstrate that the amoA genes
of AOA and AOB were 2.61x10° and 1.45x10° copies-g”', respectively in abundance, while the qPCR of comammox amoA
gene exhibits significant non-specific amplification, and the calibrated data show that comammox amoA gene, was about
1.38x10°-1.47x10° copies-g™' in abundance. Furthermore, Group 1.1b was the predominant one, accounting for ~88.07% of
AOA, while the classical 1.1a-associated acidophilic group accounted only for ~11.93%. Of AOB, Nitrosospira was the major
group, accounting for ~63.96%, while Nitrosomonas made up ~36.04% of the total AOB gene sequence. Clade B was the
major group, accounting for ~63.39% of the comammox, while Clade A accounted only for ~36.61% of total comammox amoA
gene sequence and exclusively fell into Sub-clade A.1.  Conclusion  In this study, a strategy for determining the absolute
abundance of comammox amoA genes in soil was developed based on comprehensive utilization of the techniques of qPCR,
semi-quantitation and metagenomic analysis. In the acidic forest soils studied the ratio of comammox to AOA and AOB in
amoA gene abundance is found to be ~0.55 and ~0.98, respectively. Group 1.1b, Nitrosospira and Clade B is the major group
of AOA, AOB and comammox, respectively, in the soils, and the potential molecular mechanisms underpinning the adaption of
these ammonia oxidizers to the environments low in pH and short of NH; substrates warrant further physio-biochemical
studies of pure cultures.

Key words: Acidic forest soil; Ammonia-oxidizing microorganisms; Comammox; amoA gene; Metagenomics

S AAE R & 2 BR AR PR SR 3R, 2
FH oA SR 3 Ao T A R AR, K S A B PR AR
AR R AE R AR S R G Y BRI
FHFRCRD, AN AE 7 A 0 il R R T ) i ik
BAER S BAR R AR MM T ARG Y5, LM R AR
T I S AR R A A T AR A
(N,O), H 1892 4E Winogradsky™ % ¥l 42 S 1k 40 i

( Ammonia-oxidizing bacteria, AOB) LIk, Af]—
HN RSt B PSS A W4 1 e i, 4l ok
AOB i 1k 1 2 A Ak 1o F& #0018 46 40 4k 40 1/
( Nitrite-oxidizing bacteria, NOB ) 4k it VA iz 48
fhid 8, Hoh S B A S SR A Ak FH A R 3
ABRY, 2005 4F, FEEFLK David A. Stahl A1 AP
MR T a3 g AR — BRI ( Ammonia-
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W

oxidizing archaea, AOA ), UEPIBRANFESL, A
REASHEIL LBk I 0 & A kit 2. 2015 4F, Daims!®
Fil van Kessel 4534 & B T B & AL 16 M1k
IRTEZH A ( Nitrospira ), JFFiEBH LA NH; S A0 AR
NO; , W AsE MM EY ( Complete ammonia
oxidizer, comammox ), Comammox &I FT i T
A AR ANTIA R il A R 20 R PR S A 4 T
SEMIE G &, AT YGAR B R A P Y
Yy Z A AR A PL I Y 2 5%

FRYE pH FUIRZ 3 Mk FE & AR AR 1 3 1) i 4>
HERE . —MOIAHTRTE pH HEHE T ™% B R
group 1.1a-associated AOA ZE#EE19 . H DNA-SIP
(R e R R s ) SLIIENZ2E AOA 7T
AR A e R, H s — ST &
group 1.1b AOA FJf£7E TR ME 3! 2, HAEE:
SRR A H A A Y, LR group
1.1b AOA TEM AR AR L b 2 f2 7, HIES%
YUK R 5 T 8w i el R 6T AOB
N R PE pH FCHAH X N AR NH; SREE ) HLE 5
R 22 g 4 O B A R AR A 3 P S A A
B-proteobacterium ( B-ZZJE ] ) A" Nitrosospira
(AL A2 E R ) JB AOB, i Nitrosomonas ( V. fil§
L ¥R ) AOB /K 21200 f it H ACRL 2%
Z M\ pH 3.0 2247 B 14 4% bl 4 1 v 4359 21 i 112
y-proteobacterium ( -2 L[] ) AOB H#EP!, 4k
M A% AR 1 338 v J& & 77 76 T 2 y-proteobacterium
AOB 5 ANV 4 . A i %5 32 RTERY comammox,
JLAEFRAR L b A= AR S W F S IR A5, i
2438 B9 comammox amoA 3 PCR 5| W1 5 7= A4
R Y 3G, AT fRE S BOH I T S SO
PCR ( qPCR ) {3 B 9™ & i i P2, 325 DNA
Z2 LR i T A2 PCR 314t v 25 B 1
AL AE 3 s S A A= Y amoA Bk PRURH X = B A
FET A L i 52 v B B

D EAABK (Pinus massoniana ) J& 3k E R 512
S EBZNTMHZ —, BASEFNE. T2
TORR SR Y A Ry R R R AR AR LR A
SCUAWITAR S8 N T 5 bk L3R s X 42,
LG FI qPCR | BERCHL VK A 1 R 1 HE S DNA &
FER AW P AETF B, PR IE R - AOA |
AOB I comammox —Fh & AL HAE Y 09 =F B
TEARAE, AR PRt R AE S R g b 2 A Ak
LA P T A A A R 2R R IR o

1 BRI

1.1 ks

- ERE S T 2017 4F 4 H SR B WA SN T
THERAAK (119°28'E, 29°48'N ), %M X J& W HH 1
FERI R NS, K2 200 m, 4ESRE 174 C,
AEIREK 1 600 mm, 3T R EE A R IEI LT
e, HEE 3 DRI 55 AR S REAAM (RIFRZY
2000 m), ZHIARICH M1, M2 Fil M3, %R
£ 0~20 cm +4, HAHREMMCREE 3 MM, B
i A, — R AT -20 CH T HRE 448 0
DNA, 55— 4 CLORAFHT T 3L Bl o .
12 TEEAERNE

B K E R M. pH R AL A
KB HER S Lo AT AR 5 i 3 R A R - B 6 PR B
DU o A RURB AR 2000 % 2t 430 R R B LG e
R R HOL . AR 2 R A 0.05 mol-L!
HCI1 £1 0.025 mol-L™" ( 1/2H,S0,) iZ4E—4E 1
ok, SR I SR FH R R F— JER T
ZME=/FFR L pH & 3.88~4.16, S/K&E
173.1~203.4 gkg', AHLEK 14.01~16.62 gkg ',
4 A 076 ~ 1.02 gkg', B A 123.24 ~
142.81 mgkg ', AR 6.34~10.49 mgkg ', #HiK
B 56.12~60.15 mg-kg '
1.3 11 DNARE

T A Y) S DNA 2 HCK FH Fast DNA Spin kit
for soil 7 & ( MP Biomedicals, [ ). M5
ERAFEUL IR M A Y S DNA, IR
Nanodrop ND-1000 #7436 11 ( NanoDrop
Technologies, Wilmington, DE, JE[E ) Fl 1%&EHKE
HL VKA DNA WREEFIETEE, # DNA T-20 CHi-
1.4 ERKHEE PCRIBKEXKEEENH

FIHZEEARA T CFX96 Seif 58 )GE = PCR
{% ( Bio-Rad Laboratories, Hercules, FE ) ¥} AT
O EMM TR AOA . AOB #1 comammox FJ amoA
SR HEAT E A0 HT o RNARZR A 20 uL: 10 pL SYBR
Premix Ex Taq ( TaKaRa, H A& ), L TFIF5I¥
0.5 umol-L™", 2 uL (%) 1~10 ng) Mg DNA, #7E
6 UL XK, qPCR 51 RIS 4518 L3 1122 24260,
ARG M E =ANEE, BMEEAE A
MEAT . BS54 AOA. AOB Fll comammox amoA
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SER Y B TORE R DNA BREEFRR R 10"~ 10 (b
HEMREEVEN qPCR FRfErhZe o 38 2o TR B e e vR Uk
KA DG E 1 PCR P8 7=y 0y Re e 1 o

A% S 6 RN EL T8 A AT BT Y & B E R E A
comammox [ amoA FE[A PCR 5|91 5 S E8AEFR 71
Pyg, Bflt amoA FEPFE R Rl R R FHEE B HL
VK A qPCR 25 AT BUENI LB IE . Rl
o 1.2%5EH KA1 Bio-Rad 22 A AY Quantity one

v4.6.6 AR AL S qPCR P24 A4 B AR 24 Al
I H AR AIAXT KB, I H AR ST & ikl
RORBEAER E St , 6% A 4> LT s qPCR K
MZER, RIS RIEES F comammox fY amoA HE[H 5z
Pros DUE, [RIEFAT T i — 20 R BRI 2 v AOA L
AOB #ll comammox — f amoA LKA 5, DA K
AOA il AOB ) amoA F£[H Ay qPCR &5, it—
PEATHHAERAE (UL 1.5).

& 1 EEPCRYEIIMRREFHE

Table 1 Quantitative PCR amplification primers and their reaction conditions

B EE/)2]l R B
HARFE A R3S £ PCR ML E RPN
Primer sequences Length of
Target gene Primer name Thermal profile for qPCR Reference
(5-3) amplicons
ER Rl STA ATG GTC TGG 95 CHiAEHE 3 min, 38 AMEFF (95 CAEHE 10's,
Arch-amoAF
amoA CTT AGA CG 55 CiRAK 305, 72 CIEAH 45s, £ 83 CFELAR );
639 bp i [24]
AOA amoA GCG GCC ATC CAT IR 76 65~95 C, 05 ¢, FS5s
Arch-amoAR N YN
CTG TAT GT BERTOLAE
[= REo
AL GGG GTT TCT ACT 95 CHAEM: 3 min, 38 MEH (95 CAEM: 105,
A amoAlF
amo GGT GGT 55 CIBAK 305, 72 CHEAR 45 s, 76 83 C T AR );
491 bp (23]
AOB amoA o ft 28 ~ =] ) B
CCC CTC KGS AAA L. 16 65~95 ¢, EHM0.5C, HEi5s
amoA2R SRR
GCC TTC TTC BRI
oE AR LA GGA TTT CTG GNT A
Ntsp-amoA-162F 95 CHiZEME 3 min, 38 MEFF (95 CA8H: 10s,
amoA SGATTG GA N
c A 198bp 48 CiBk 30s, 72 CIHEM 30s); HMMLk: &  [26]
omammox amo.
WAG TTN GAC CAC ) et
Ntsp-amoA-359R 70~95 C, Efij]l] 02 C, %T% S5s Liglﬂ(j‘ﬁ{ﬁ
CAS TAC CA
TN A comaA-244F
amoA
415 bp
Comammox Clade A comaA-659R . o 95 CHiZEME 3 min, 38 MEH (95 CAEME 30s,
ZEIM NG,
amoA . 52 CiBK 455,72 CHEM 1 min, £ 72 CTF 4R );
) i JE s |45 6 45751 \ ) [22]
FERMHLMHE T B comaB-244F ‘ ] 415bp  WEMRINZE: 18 38~96 C, HHEMN 0.5 C, {RIFSs
R N
amoA B L
Comammox Clade B comaB-659R

amoA

15 HREEANFMINgEERPEREENEE
e
ZHE 1 ST A Xt 1385 DNA #£47 150 bp
XM (Mlumina HiSeq 2 000 ), 4/NFE 5 43501 77
2y 48Gb MR EdE . K538 4T SeqPrep (https:
//github.com /jstjohn/SeqPrep ) 2% [ A< v I 1 2% 3k

(‘adaptor ), #RJ5#IH Sickle ( https: //github.com/
najoshi/sickle ) LA BRIASHON AR P8 54T T i 4%
HFIEIE, =R EIZ) 42G bp R BUEER
Y5 . f#FH metaSPAdes ( version 3.10) 73 K4 PR
AR P B8 #£47 de novo MK A%, k-mer 24
BN 21~53, fli ] Glimmer 3.0 A7 I e EAE
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( ORFs )il . LA NCycDB %4 2" /rh AOA 1 AOB
f) amoA K LA K Pjevac P Daims 'F1 Lit**145 3¢
F Y comammox ) amoA JEK S % ¥, I
BLASTX 5734k 41 PfF v BLisb A7 bexd, $230 E
value <107 H.[RIWEME T 70%F contigs 7k amoA
ML S, JfiE—20 it NCBI 1Y nr £080 2 13
DL R A amoA FEAL ST Bt AT 50 Uk 25 R A 2R 1T
PR amoA LK ¥ 51

O3 SR WA 7 13 AR R AOA
AOB F1 comammox A amoA F& R AHXT £, % —
fhEE, FF Mapped 2] amoA FE [ ) HiSeq reads
Hagit. B Mk, sitEERAH S5 =F
amoA contigs PHZ T FAY HiSeq reads %, reads %%
o I B T S R TR R A R T R AR, BUAR 4
amoA :F 2% )P4, il BLASTX 5JhH reads
AT X, GEi T E value <107, [ =70%,
blast hit XK T 25 DR K Y reads £ H ,
i 3T e =R amoA FEH mapping 11 reads &KL,
B e — 2 18] 1 AH X 3 B o
1.6 REAFHMURE

il T MOTHUR #f0H4 HE 95% 7741 [l 1
$HL AOA . AOB Fll comammox ) amoA J&[H ) OTUs

( operational taxonomic unit) fCRMEFS, SR
MEGA 7.0 FAF i KSR (Maximum likelihood )
P gt = Fh a2 AL A amoA JE IR AR .

2 % B

2.1 AOA. AOB #1 comammox amoA EEFE
qPCR Z5R W RRYES B L5 AOA I
AOB (1) amoA L FE /3N 2.61x10° copies-g '
1 1.45%10° copies-g '( €] 1a ). 3T 5[4 Ntsp-amoA-
162F/359R F15|4) comaA/B-244F/659R ff] qPCR 4%
RE/R comammox amoA FE K8 DI K5k 4.14%
10° copies-g ' fil 2.64x10° copies-g ' SR, HEMLHL
TKE R PR 51 M) qPCR 45 ¥4 B 8 A0 R4 5
PP, 52 comammox Y amoA FE:[E qPCR 4%
ki CFE 1a ). 8 2k 8 i FL UK ORI Quantity one v4.6.6
X} comammox [ amoA [ H br 55l #E172: E fEAili
B, MEIFASIY 1) comammox amoA JE A
S LR o 1.38x10° copies-g™! Al 1.47x10°
copiessg ' ([ la), WL, AW hHERR
amoA FAEXT=E BE , comammox: AOA 4 0.53~0.56;
comammox: AOB 2} 0.95~1.01 (& 1a),

a) b)
_ 70r CMXAOA= gPCR B 250 [ CMX:A0A=055029 O Mapped#lamot K [H
% oo b f{l_;:*ﬁ\?(f;:;:“' 159) g ADA ;‘E % CMX:AOB=0980.59 fIHiSeq reads ¥ .
g _ 0.95-1.01(1.82-2 86) E'“m _ EREN ] @ %'5amod contigsiHk
B w 50 £1 Comammox B g EIHiSeq reads 8
T a M FPCREENE w ¥
E 5 a0 ™ stk fiht g5
= oo S o
= 2 30 3 Comammox(D) -::'|
“__.‘_'_I" 5 8 Comammox(Z) T: 2 100 |
& E 20 clade A %‘ 4
% 2 B Comammox(3) =% 5l
S 1o | clade B ¥ E Ij
#z
0.0 = 0 L L 1
#Hilkhm b AR LA LR R F LT AL
ADA AOB Comammox ADA AOB Comammox
Wbt A ia-oxidizing mi HAERUEY Ammonia-oxidizing microoganism

1 RTFPOEER PCR FIBERHIKEER (a) PANZERHFHAEIE (b) /) AOA. AOB Fl comammox F¥) amoA J& [ £ J&F

Fig. 1 amoA gene abundance of AOA, AOB and comammox based on qPCR, agarose gel electrophoresis semi-quantitative analysis (a) and

metagenomic data (b )

FEF 7] Mapped F| amoA FEF 1) HiSeq
reads £ H 1= 5 amoA contigs $f4%1Y HiSeq reads
BEHSI AR, ZRAEMMAEY amoA FEPI AT
FE R comammox: AOA Zjk 0.55 F1 0.29,
comammox: AOB ZJ°A 0.98 F10.59 (& 1b ),

2.2 AOA. AOB F1 comammox B R4t % & FnEf
& 2B R

HHiT AOA FE 4445 Nitrosopumilus( group 1.1a ),

Nitrosotalea ( group 1.la-associated ). Nitrososphaera

( group 1.1b) Al Nitrosocaldus ( ThAOA ) BY. Z23E[A
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TR I, B BAMEK AOA H 5258 group 1.1b,
25 AOA BAFEIN) 85.66%~88.07%, HK M group
1.1a-associated, 5 11.93%~14.34%, AK#:MZ] group
1.1a Al Nitrosocaldus 257 (& 2 ),

AOB F % 4 & B-AOB ( Nitrosospira Al
Nitrosomonas ) F1 y-AOB ( Nitrosococcus, FASfLERE
J& ) B3, Hrh Nitrosospira £ 7 cluster 1~4. cluster 0.
Nitrosospira sp. Nsp65 F/1 Nitrosospira sp. Nsp57/58 5543
F 13334 Nitrosomonas £ N. europaea/N. mobilis, N.
communis. N.marina. N. oligotropha. N. cryotolerans,
Nitrosomonas sp. Nm143 Fil cluster 5 25355 22 5E4
237 7R, Nitrosospira J& AOB (1) EE5H#E, 5 AOB

53" Nitrosearchacu limnia SFB1

99 Nitrostalea-like F5
1 Acidsoil clone R78 HMO4T262
Nitrosotalea devanaterra Ndl
bt -

srl—y il
I—Nmﬂmhmﬁt_‘s
gi;l @ OTUSI4 (228%)

amoA JEHEEER 51.71%~63.96%, FEFRET
cluster 3., 0 A1 Nitrosospira-like( &l 3 ), Tfii Nitrosomonas
hi 36.04% ~ 4829% , F TS JE T Nitrosomonas
communis F1 Nitrosomonas oligotropha ( ] 3 ),

H Al #E # comammox ¥ Y& T Nitrospira
lineage II, H EZ44 clade A Fl clade B B3¢,
A W92 comammox clade A #F—3 4 H A
PLZEBE, clade A.1 Fll clade A28, 352 FE R 4143
Bric s, BRPERRAR 128 comammox HY FE 2N
clade B, 5§ comammox amoA I [ & E & Y
63.39%~71.39%, LLAl clade A.1 /i 4550 5AY
28.61%~36.61%, Akuill#] clade A2 J75 (&l 4),

Mapped#amod £ YjameA contigs

JENMHISeq reads B B4 HiSeq reads ¥
I 1 I 1

» »

11.93% 14.34%

@ OTU 413 (1.33%)

Acid soil elome 27*4 G624 1

—

100 istandicns

=t
0.05

85.66%

88.07%

P2 JETRBERAMEEMETE (AOA) amoA H[K R GE K & W FIAHXS - 4

Fig. 2 Phylogenetic tree and relative abundance of AOA amoA genes in the forest soil based on metagenomic analysis
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MappedF|amoA 2 Hamod contigs
HEHEMHISeq reads ¥l HEEAYHiSeq reads#
I 1 T 1

Cabbage soil clone B
WOTU S (103%)

B OTU S (149%)
Neutral soilof Erhailuk

Constructed |
= Flooded rice soil clone
W OTUSI3 (296%)
Nitrosospira

63.96% 51.71%

WOTU214 (2375%)
Vegatable soil clone BC22 MF616096
Lake sedimentclone Q529 KI641177
W OTU 315 (6.94%)

lone PTm-22 EF615125

98, M OTU 1415 (099%)

Acid vegetable soil clone B23 KY 993!
The Plumi :

Acid vegetable soil ¢l
100" Weakly acidie yellow clay
95, M OVTUBIS (396%)

¢ €

36.04% 48.29%

e
0.05

B3 ETHREFNAMZEAE (AOB) amoA KK RS k& W HUAH T B

Fig. 3 Phylogenetic tree and relative abundance of AOB amoA genes in the forest soil based on metagenomic analysis

3 W f& (1), Ti comammox amoA JE[H i PiZs7 | ¥y 17
FEWT S AR R S B %25 5 5 Beach Al Noguera®”!
TR R TR M Aepk e Sy Tae PETEAR R —ERCIAT Ta ). il i B L Tk 2 X qPCR

Fl| AOA. AOB Fll comammox amoA & K fE#f £ B, &5 AT T 1E DL B o2 i TR AL I O3 A B
ABFSE I T qPCR RS HL KK S A% 56 comammox amoA 5K 4% DI AOB 1) amoA 5[4
H =R E AT LB 0T qPCR FIE LN 2y AT R—AIKF, #25 AOA amoA FE[H 5 DK
F ] AOA amoA EHEFEZH AOB amoA FEH M 50%Z4 (Kl 1), %A1, HHET comammox Y qPCR
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59 — Nitrospiranitrosa CUS31358

Nitrospirasp. UWLDOO1 OYT21943

Nitrospira sp. HN bin3 OQW36130 |
Tidalsed lone COMHYE26 MG391622

COMRea¥ MG591679

P LNSBS086

Paddy fields clone 322000y0B IN591194

Nitrospira nitrificans CUS38627

Nitrospirasp. CG24B PLY 29908

Nitrospira sp. A2 bin 2619758875

AOTU 1113 (4.68%)

Weakly acid wetland clone 019 498 FN397 182

Neutral eastern snake river plain clone W10 DQO08437
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Fig. 4 Phylogenetic tree and relative abundance of comammox amoA genes in the forest soil based on metagenomic analysis
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