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Molecular Phylogeny Suggests a Key Role of ATPase Genes on Evolutionary
Adaption of Soil Ammonia-oxidizing Archaea to Acid Stress

SONG Yuxiang"?, WANG Baozhan’, QIN Hua!, KUANG Lu’, TANG Xiufeng’, WANG Xinxin®, ZHOU Xiaoli’,
JIA Zhongjun'"

(1. State Key Laboratory of Soil and Sustainable Agriculture, Institute of Soil Science, Chinese Academy of Sciences, Nanjing 210008, China;
2. University of Chinese Academy of Sciences, Beijing 100049, China; 3. College of Life Sciences, Nanjing Agricultural University, Nanjing
210095, China; 4. State Key Laboratory of Subtropical Silviculture, Zhejiang Agriculture and Forestry University, Hangzhou 311300, China;
5. Key Laboratory of Geographic Information Science (Ministry of Education), School of Geographic Sciences, East China Normal University,
Shanghai 200241, China; 6. College of Resources and Environmental Science, Nanjing Agricultural University, Nanjing 210095, China;
7. School of Marine and Biological Engineering, Yancheng Teachers University, Yancheng, Jiangsu 224007, China)

Abstract:  Objective Ammonia-oxidizing archaea (AOA) is considered the main microbial group catalyzing the nitrification
process in acidic soils. However, how AOA adapts to acid stress remains largely uncertain, and we hypothesize that the gene
encoding ATPase for microbial energy metabolism may likely play a key role in the adaption of AOA to acidic stress in these
soils. Method In this study, 736 billion base pairs were obtained by ultra-deep metagenomics sequencing of acidic soils of
Masson pine plantations with five different planting years (15 a, 24 a, 45 a, 55 a, 63 a). The phylogenetic congruency between
the AOA amoA gene and ATPase subunit A gene was reconstructed to study the molecular mechanism that may enable the
acidophilic lifestyle of AOA. Result The habitat expansion of AOA to the acidic environment cannot be explained by the
phylogenetic evolutionary trajectory of canonic amoA genes encoding ammonia monooxygenase. The dominant AOA taxa from
all 5 forest soils were phylogenetically affiliated with Nitrososphaerales and Ca. Nitrosotaleales based on amoA gene phylogeny.
Even though Nitrososphaerales is more distantly related to Ca. Nitrosotaleales, it is more closely related to neutral AOA in
alkaline soils. Therefore, the phylogenetic law based on the amod gene cannot explain the successful colonization of
Nitrososphaerales in acidic soils. The phylogeny of ATPase subunit A genes indicated a single clade of AOA in all acidic forest
soils. These results thus suggest that during the habitat expansion and evolution of AOA, the amoA4 and ATPase genes could have
experienced different selection pressures to cope with acid stress, and the V-ATPase gene may be obtained through horizontal
gene transfer to adapt to acid stress. With the increase in forest age, the abundance of Ca. Nitrosotaleales group first decreased
and then increased, while the abundance of Nitrososphaerales group first increased and then decreased. Also, it was observed that
soil bioavailable potassium is an important environmental factor that significantly affects the structure of the AOA community.

Conclusion These results indicate that the AOA populations in acid plantation soils under different planting years were clearly
differentiated, and the horizontal transfer of V-ATPase gene may be an important mechanism that enables AOA to survive acidic
stress for the habitat expansion.

Key words: Metagenomics; Acid forest soil; Ammonia-oxidizing archaea; amoA gene; ATPase gene
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R R RmRALE R E RS . EAE TR R
Wl AOA & AT KA, @t KM IR R ARMFIR I 50+,
IS R ML P pHL 3 1 R Tk Bl VO i 3 T 4t
¥k Ca. Nitrosotaleales devanaterra [T 5% A Ky
AOA FETRALTHI S T 114 b v 1 B AR — 312 g
MR ZERF AL pH ARSHUH F 245 : (1) JEREA
AWARTT T8 5 RAEPR AN (2) @it i
K ST U N I B 2 i) A5 (3) il ad A4
R A AR R ME AR 7, SRR B iz ik ih
AR (EARTERE A, FRTE RO (i
Wi EE, 24 AR Kk M pH AR T 3.0, g X
A i P TR 2 A A W . S8 1, R ME IR
A REAAAE T PR AR SR, 43 28 B A 2 S Ak T TR E
WO IR ™S, ffEE K pH 7E 3.0~5.0 ZJd];
111 F5 30 43 5 ) TR R DU Ry i R T O, e pH
F 5.0, (HEEARM pH F g K,

ATP ErAAYAKRERST T, M Al
M ALRETCHL A R, Tl A AL A S ARG BE
i, [AkTCHLeR A FRA K SR, (EAR TR,
S G N AR amoA FEDR 5% MEAK 16S rRNA LK
BT S 2 A AT BRI A B o S bR, (H R
TCrk iR 2 A AT TR A S s d P o o, AR
S PRI 2R 7R R 2 AT A% R DNA, 2014 4R AT]
L IR 5 AR AR A PR ) o TR /it PR
AOA, XEEHTHE AOA TERRYE 1 HErh o3 24 5l 1k
FAet PC prbric, BARREAENE, #
H amod FHFM 16S tRNA FEH 5 bR
Nitrososphaerales 1 W BA TE R KR, SO
(&R T B Ca. Nitrosotaleales IR AR, AT
W, SRR, T AOA [ ATPase T fiE
TEIE N PR TE A BT R rh A8 T R BRI . R
% b, BiFiEA AOA 4l 5 ATP il ( ATPase ) %
YIMHOE, AOA Ml A A S5 FHE RGME ™
JFTsh )y, FFiid ATPase & Ak i s s fE &
ATPYL Rk, 4t ATP & B0 3 R U Y
fE 18 7 AR A 1AL A, 0 AT BETE T B AOA 7EE 1 iR
PR G RS R R T EEAEH

ATPase | IZAFAE Tl . MEMERZEY, F
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cm, FERIMEPIGY, — O RAF T-20°CH TR AL
B DNA, B—MmaRT . BEal, i 2 mm i . IR
SIETE 4CHAE, SR (R ) B9, e
T AR bR

1.2 13 DNA REFIRELREFEANF
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22N 41 32 %58 1 Tllumina HiSeq 2000 “F
B, H R A 3h 5 A i R 5 1Y
Covaris M220, 14 & DNA FEHLFT KA %) 300 bp
B R B, #RJ5 KA TruSeq™ DNA Sample Prep Kit
5 & e PE ( Paired-End ) U, fxJriiid HiSeq
3000/4000 PE Cluster Kit i & #17#f 2L PCR K,
J5 2 A 5 A S AT XK Ui ( Paired-End, PE) il
J¥ o 5 FPAS [FIRRE AF B AG ZRMR 1458 S 3 AR
HE IR THRENT , B2 50G bp IR %L
P, FITHIRFL 750G bp i A .

fe B BRI BRI . I SeqPrep
YR 3w Al SR adaptor R4, B SR B
AR BE/NT 50 bp BT 41 reads; H it #fF: Sickle 22
BT 24 B AE AR T 20 DA K & N gL 751 reads,
TR RE D reads, BNFES AR HZ 49G bp
1.3 SEERENFEERATRRBEFEE

S

Pl NCycDB it/ rF AOA amod A 541127
i & e W) ATP filf A W3 ( ATPase subunit A )
EHFAPI %A, g eHER E<10* 1)
P31 reads, #5ILaE X AOA 51, Jf-{#iH SPAdes
AT PR AL S K B & Bf ( contigs )( k-mer
BWEA 21~29), FrA keI 7 £ s 38—k
50G bp #E475H7 -

RAEE A AOA YFhZFEMEIRIED 2%, Hygk
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I AOA 73252730k I%E AOA #EFT/325. B4+
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iH T RIS CD-HIT DL ERIASBON 8 T 51 R 2,
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RFEF I P 43 2 b r, R A SR 28 b 4%
contigs T @ 2R ST FPHE contigs ¥ L JEF
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(Identity=0.95, Coverage=30) F1 ATPase subunit A
reads ( Identity=0.80, Coverage=60) fJ4)FH 7325
B, FH¥ reads B3 — AL RA/E R H A
14 FEUHESTFREELZEREE

FIH CD-HIT 34X} amoA contigs 1 ATPase
subunit A contigs JFFI#1TRIE, B ENRINS
BARREMCERMEFS . FIH MAFFT AR IERIAS
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N T A S 5505 FE P bk - 3 1 o kAR 3 AR
fbo Ik 1 fR, RIBAK (15 a 124 a) B9 -85
K ERFRBMEIE (45a, 55af63a) 5
IR 15 a AR IEA KR S 30D B AR AR
13 pH, AP . & . KPR A AR

BT S, UHAE 63 a 2K T 3885001 %
PE (P<0.05). A R0 RI B AH R LA, S500th
15 a iR IEM b, SR B, JUHAE
63 a LB £, M 6.60 mgkg' H=E 17.0
mgkg o AN, 545 a BBAHLL, 55 a F163 a
THEEIKE . pH, fAHLIK . 2EFKFEEBRA
WX, AR B 2 NI 63 a
TR G B

F1 DEMAIMNETREREUMR

Table 1 Physico-chemical properties of Pinus massoniana plantation soil

&4l TkE AP 2R KPR A R0 AT
Age group Moisture/% SOC/ (gkg') TN/ (gkg') HN/ (mgkg') AP/ (mgkg') AK/ (mgkg')
FIEMY (15a) 27.6+1.4a  470+02la 17.0+1.8a 1.4440.12a 187+4a 6.60+1.84b 69.7+6.7a
A (24 ) 27.0£3.0a  431+0.11b  14.6+0.7ab 1.18+£0.17ab  140+23b 7.52+1.79b 57.7+4.0b
BT (45 ) 153+09b  4.09+0.17b  15.4+3.4ab 0.954+0.33b 151 +44ab 8.71£1.03b 21.7+1.5¢
MY (55a)  18.56+1.6b 4.0440.15b  15.0+1.4ab 0.920.14b 134+10b 8.2542.09b 57.342.5b
HHMO® (63a) 156429b  4.17+0.11b  12.4%13b 0.8840.13b 117+13b 17.0£6.14a 55.7+4.0b

W RPERE T IE £ baiE2E (n=3); [ —F JCAH W FBEFRR A R R) 25 5+ W % ( P<0.05 ). R[], Note: Values were presented

as mean +standard deviation( n=3 ); Different letters in the same column indicate significant difference among five treatments( P<0.05 ). The

same below. (DMiddle-age forest, @Near-mature forest, 3Mature forest, @Over-mature forest 1, Over-mature forest II.

22 BETESFEUEE amod EEF ATPase
subunit A FFE ## E 3L

EFX s Fp 3 3 ANEEAY 750G bp i R
By, Wk 4 P EEM amod FEHFI ATPase
subunit A JEF M RG K M., rik—. Hik
TRy = A R v B R R S PN R R B
contigs f&i , MR G K B I OC R BB % LU X #EAT
TR T 7k O 3 o B 3 BT R R R T 8 reads
IFERE . ERRY, Ik ERRR AR, MR
kSR E R L THFULR,

RERBE N amod FeH & B HFE Ak I B 45
o, AR LHEBETHAE, 45 R
Ca.Nitrosotaleales( NT ) #ll Nitrososphaerales( NS ),
I NT NS HeJ#k—404r 4 3 A2, NT-a.
NS-y-2.3. NS-C W2, LB T AOA I+
35K 28.1% . 60.3%F1 10.8%, &1t 99.2%( K 1a ),
A, EHEh AR ] B NS-§ W, HEES
7 0.9% (K 1a).

SR, ATPase subunit A & K708 W45 3] 52 A
[ B 25 5, H3E 3 AOA ELA %5 i 1Y P 51 SR A1

WU, ¥al 240 V-ATPase I 4 BT A 551 96.3%.
K amod &R W)W Fhdr 44 ¢ FARHARLE S X 55, 0
KL V-ATPase I 41434 3 AFJE NT-a, NS-y-2.3,
NS-C. HAREI 0 28.1%. 61.0%. 7.2% (& 1b).
MAYA 3.8%FF5I T 52 A A-ATPase, H: amod 3
432 1y > NS I NP H , 258 NS-a il NP-y,

X e gk BB ) V-ATPase H:[H 7] e & #
AOA 3 [ R M Bkt I & A e [a) 2E Ak 1) 2 7 il
AW TR 5 R IR YE (pH<S5.0), 1%
T amod FE M 43 T0: A FE AOA T T 1Y R 1 1
AN AL, WE 1a BToR, AOA 1A NS HAI NT
HEA B0 RGE A5 005 5 ik 71.1%,
JE# b AU 18.1%, {HHTH RGP RN 2 0L F
B R, TR HE R YR B A TR+
. #HJ2, ATPase subunit A & Gt3EL 0 Hr ) & BL,
96.3%I1 AOA 4RI HJ5h V-ATPase 1/ i AOA, %
AR FZE A B AOA (NS FIINT H ) K158
PR a0 i AR R, T RESE IR R, RIS T
AR /AR LAY V-ATPase % K b iR v i, kAT
FEqCipii gt
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a) Phylogenetic tree of AOA amoA genes b) Phylogenetic tree of AOA ATPases subunit A
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» | S-Gamme 25 ) 5 1% OTU3abundance 127 (3.5%) 7| _ 0.055 |
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. o ]
9T|:'j NS-Gamma-23 2 (KM116901) 60.3% Nitrosotalea sinensis Nd2 (WP_101009229.1) ] ‘9/6 o 2
G 2
98 L 0TU4 abundance 822 (58.3%) NS-y-2.3 OTU4abundance888 (24.6%) - é
NS-Delta-2.1 (KF004224) 0L.0% Nitrososphaera-like AFS (WP_162477184.1) e i
0.088 S0 &
100 1 oTUsabundance 12 (0.9%) OTUSabundance2204 (61.0%) —9 3
0.164 Nitrosocosmicus sp.G61 (CPO17922.1) b s ) OTUG abundance261 (7.2%) i
. 8%  NS- 100
= OlllUslabundancel ReEe £ 72% Niosocosmicus exaquare G61 (WP 145686567 1)—95
Nitrosocaldus yellowstonii (EU239961.1) X i
% —‘: Unclassified Thaumarchaeota YPI bin3 (2718217684)
100 Nitrosocaldus islandicus (MG603030.1)
—
O,’T’ 0.10
. . N ==
F 1 DR AT L AOA amod #:H (a) Fl ATPase subunit A (b) R4 Ak H AL K4 4
Fig. I Phylogenetic tree and convergence analysis of AOA amoA gene (a) and ATPase subunit A (b ) in Pinus massoniana plantation soil

23 AEMEERTEREEFKLIEISEMTE
amoA 1 ATPase subunit A EEFET{L
RGN K O, WFSE T AN [E) P i 4 R
N ERTEFR AR 14 AOA amod 1l ATPase subunit A %
R oAb R HE T2 AR AR R (& 2 ). X amod FEDH,
VURPERE A R I I amod HE HABIE M
ARG E R TE 2 Ll 80 NS AT NT B4
AOA H . TP contigs HBM T E— (18 2a),
T (K 2b) M= (K 2¢), #&HM NS H
A 3 A2 NS-y-2.3, NS-C HI NS-8, i i 1 4%
R v T I A A A R BT X = AN
J&, IR B — A HoE B 55 NS-B (& 2d ).
[FIEF, B k&8 NT HAUA — 12 NT-o.
R4 AOA I ATPase subunit A F:K 5 amoAd
FEHBFEG A AT (1), [BfEk 41k
2K ATPase 5& R A XS 3= BE WS amod FEH 3=
FER BB R amod FEIK W) Fhir 44
I EBMAYE H X 4y, ATPase subunit A (5 48 XL
KBEY R NToa fl NS-y-2.3, {HASFEERRE, PR
H)5 A R) NTooc Fll NS-y-2.3 BA AR 43 2545 5,
5hik— (K 2¢) M= (E2f) Lk, Hik=
(&l 2g F1J7 35 (] 2h M85 NS-y-2.3 2% AOA
WIHHK R NT-o, FEUGEF AR S (Hl T
— AR EMAFAET NT-a Fl NS-y-2.3 Z/i], %}
HAHXF 2B A SCES W ToR M, BOTE AR SO R

o

FH 7 — 05

amoAd ST R FE I, NT-o il NS-y-2.3 2%
SEAN[FIFPAE AR R T S AR RIE AL AOA 2K
# (F 2a), TEARFHEAERE 5 Ftgeh, L&
FHE R 100% (15 a Filshk ), 88.5% (24 a i
B 92.4% (45 a MK ). 77.6% (55 a iF 2k
I ) 180.5% (63 aifBAKI ), Hrft, NT-a 25
Fe 5k 85.2% . 46.0%. 3.98%. 12.5%F1 61.9%;
T NS-y-2.3 W3 (5 L4510 14.8% ., 42.5% ., 88.4% .
66.4%701 18.6% ( [l 2a ). b4k, NS- FEEFE PR
148 (15 a) PARTARRIIRR, {HBEZE A AEFR 3G
3 hn, HAHXTFEEAES PR (55a) TR AR
21.1%.

ATPase subunit A F& K 43745 Rt % B NT-o Al
NS-p-2.3 WRJE T AOA TLHKHE (K 2¢), TEA
[FAAEAE R 5 Fh L sgerh, HSFREEN 87.8%
(15ahidHR ). 94.1% (24 a LK), 91.1% (45a
WA ), 86.0% (55 a i@k 1 ) 1 86.4% (63 a
HBAM ), Hdr, NTea il NS-p-2.3 895 Fb a5l R
15 a bk (57.0%F1 30.7% ). 24 a Tk (61.2%
H132.9% ). 45 a B (5.70%F1 85.4% ). 55aid
BT (13.6%F1 72.4% ) F1 63 a if BT (63.6%
122.8%) (Il 2e). A, NS-¢ 3B ffi#E FHAEAFEBR
BN 0, HARXS B 15 a FPi Ak 1.8%3%
fNZ 55 a 2R I 380 12.8%.
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Fig. 2 The results of different annotation methods for AOA amoA gene and ATPase subunit A gene in Pinus massoniana plantation soil

SRS, REKRE L IR LT 5 s
A X AOA | ATPase subunit A 751 5 A & B [A]
JEtE, X6 NT-o Fll NS-y-2.3 255 T 51 AY0E R/t
2 AOA FHUIF W A2y V-ATPase. [FlHf , X 28 AOA
(1) amoA KX [FIIEPERAR, R AOA T AT fgid ik
IR K546 74 3R 15 V-ATPase & [KI38 1] 2 14 ip361 o
24 TESENHESBRHIMEIRINVLE

TEMA Y 3 222 AN RIKE, 4l (Class ). H
(Order ), W37 ( Subclade ), WA [FEIREE S A A T
MRAEIE AOA 432 HEHARXS £ AR T REOFS

http://pedolo

T eI B AT A GO0 . 4R R, AOA amod
JLF ATPase subunit A JER 43254, HFEFR
A REOEOR, RVEE A ()R S K (& 3a. 8] 3b ).
[, 3 AR D (928 5 REUIL T AOA ZERF Y A8
5 780 Spearman it KB, AOA KHFFE S
FAE 5 2 MO 25 R G (1 =—0.679, P<0.001 ),

B, 352K, 2 AOA T8 amoA P FI
ATPase subunit A K F KT 40 4574 reads, H
A5 BB IR 34.4%~86.7%, 1Y AOA F£JEH T
40 1~ reads, HAESRREEFLE 9.07%~33.9% [H]

>N

gica.issas.ac.cn



4 1 REMSE: LI TS N PEME 1 ATP BERED 735 JEALF Y

1143

(# 3¢).
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pH. HAHYE NT-a W XHEZFEMEL, HES
NS-y-2.3 FIl NS-{ W3 F Bt & A C (£2).

FI R amod FEFEAIIFFE AOA BEEZREME, il
ANOISM 53 #7, K& IASFIARIE 2 A N T AR 1158
AOA BEVETEERFEZSR (=083, P<0.001), #—
b Mantel 43H7 & B0, HEFZE 0 AOA BEVE 4514
By IR (7=0.56, P<0.001 ),

a)100 [ b
) ) L 140
%[ 140
8of 120F 12or
70 I L
Look ‘ 100
60 [ L
& 2 sk S 80
Ssof * = 5 80 > )
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0 - 3 n L
Environmental ATP_Class ATP Order ATP_Subclade >40 reads <40 reads

R
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4324y 7T Taxonomic catrgory JEPI A FE Gene abundance

432 7T Taxonomic catrgory

K3 ARGHEKT T AOA amod 3£ (a) I ATPase subunit A (b) FEAERREMHGEELXLR (¢)
Fig. 3 Coefficient of variation of abundance of AOA amoA gene (a) and ATPase subunit A (b) at different classification levels and their

relationship with abundance (¢ )

x2 FRSEMMEFRTRALGTE AOA X35 HIFBAMRAIHEXM

Table 2 Relationship of AOA groups with soil physicochemical properties

FRE ALK 2R IR AR T
AOA pH

Moisture SOC ™N HN AP AK
NT-a ( Acidophilic ) 0.65%* 0.75%* 0.20 0.48 0.25 -0.12 0.65**
NS-y-2.3 ( Acid-tolerant ) -0.36 —-0.60* 0.00 -0.39 —-0.01 —0.06 —0.71**

NS-¢ ( Acid-tolerant ) —-0.49 —0.89%* -0.51 —0.78%* —-0.46 0.37 —0.57*

NS-§ ( Neutrophilic ) 0.41 0.28 0.14 0.23 —-0.05 —-0.05 —0.02
Total amoA gene —-0.29 -0.48 0.12 -0.35 0.12 -0.02 —0.67**

. *FRIR BEML (P<0.05); **FRM B EMAL (P<0.001 ). Note: * indicates significant correlation ( P<0.05 ); ** indicates a

very significant correlation ( P<0.001 ) .

AR, B R MR
MY RETR /MR 2 A A e, T4 MY 16S rRNA J
DR R 50 AU amod FER R G0k B Ik Bk
W], X2 AOA 5 HMMERRYE AOA N IH LK

AR, 5PmrER T Rl R AOA R RE

WU AOA Tl T FE R ME PR 58 P (9 A e o A LA

Ho WATESFE RO BRI, BRAS
16S rRNA Fll amoAd KK ) R Gtk B # LK RIFA—
AR T — G, I FRAE T X 2R AOA FERTEFR
B oy 245 m IR RE Y R, LT T ek
VI An i N R TR R SRR, N THERRTESME T
A, AOA W75 st IR A A N A B R Y pH BB B,

THFETE 22 58 Bl N R PR ae o FRATTRT I A F 5 2 R
REEL DR ATP A BUHH 36 1 35k R4 1T B8 & A KP4
%, ERPE LR AOA K EVHIEIRYE AOA &
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