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AR IE D FT A MA Y DNA, [FIE, RIS G Y) S S TR A AR FN R A 3% 75 55— AR 2
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L RIE R TE , (A 4 BRI 0 EE4E, BIREEFRILEET Proteobacteria |) Azotobacter J& , X
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12 30 Ak, AW R o B
WIRE PN &4 R ZHBOME Y M AR R FR, 5
HA—E FWEFEAT99%MER 77, X —ie iR B =
FEAS R SRR , HIBEAR R AT, Hg
JH3J1F Carl Woese 3T H{A 16S rRNA F&[H 1)
REE TG R HARE X, HEZ, i’
B BT A AR L 4 DNA, )5 16S
rRNA SLRIF I R G & B R, w2k
PR EMFH) 5 MG AR 16S rRNA S
GRRBOE, BONRHERT M AREE IR MY,
s XERE TR E Y, B SRR R s
HAEEE RIS S HME, Kk, Z4%
B3 W K iR Y A AL
ZREME STIREVISE, BN 2 30 HERIMAE Y 1Y
PRTETI T

ORI, “O9%MERE IR A B RIS, fiH 2,
HER A P RUE YR SO, MR SRR, B
AWK EE, MERERE A 1AL,
1 TTE] 1A, Wb R AN ) A
T, IR A R ] fan, 4
AT Iy 2o R B, AN B P A 43531
h2930 & . 15448 FpUO (R, BT H TR A
EA Y 16S rRNA JEF ¥ 41 , A RIHE N Hh 3k e 22475
B 1 AR R — BRI SR AR
Sl IR R A SN AR S ER A R 1 B
25 80 Ji %] 160 J31, ik 2020 44 J 10 H,
NCBI 43282 % ST il A 9 (A0 B ANy 1) 363
4071 J& 465268 it , Forh A] 1535 3770 J& 27773 Fht',
Pk, FRATHED T 5% 3% 8 AR 5 BT A B A
SRR 92.6%F1 5.96%, Ak —FkSH ML
PR, HARKMARH SN, FE, ANl
TRIFATH, HARGRINES, HAHER
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JEMERT SR B AR A Y . B H SR
N, R RTAE N LRGSR T, RS S0
Bl UERAGICE Y BAT <A XS AN AT R SR
SCHR 43 BT 2 W] <099 X 35 7% I oK A HE )
RRUT ) 2 SR SRy AR RO 0 [ SR T
RO, R, BEXS R — A EREAE A, R
PR O BRI SR AR T RO R AN W] 1 7 %
Tl W) 2 d s R LR S, X — 4
£ 1985 4FEgn 44 - P AR EOR W, Bl“The Great
Plate Count Anomaly”!"®!, #5 B SCHRHE I3k
H 1898 4F, F1X Z Al UL i, B AR}
2¢7% Heinrich Winterberg & A4 5 8%
THEOR SR H AR 24 6% 7)o 41 BRE A it 1
o3HT, 1932 AR Wkl oL B S8 F ROK TN BE IR 1Y
GATPR SCHR Bz 5 RN T b e R SCmk ok
H 1934 43 [EF}2~2 % Henry Thornton FJHRIE , &
PR - A H s, RO RO R AR
By 117-1780 1%, FARIE AT EITE CFU (colony
forming unit) , 1 /&5 8 MOF BT EMAEY B
0.09%-0.74%"" . — Ik, 3 X Fh 25 5 i) 2
JE R B SR IO UR LS 1 F AR BR, S B
RABWE P A REAE B 7 3 b AR KRIFIE R %
HAth—se 46, BBt a2 . 4
R A B B T -3 ORL TE R A Y, o A
i 22 M)A AR A DA BAT 6 1 H T AR T T
VR EARE R, (S 99%MER SR,
HE XA IR R . AT, HATROR AR
MEFRAG I A IRIE A0 L3 v BT AT RO 25 SR Tk . 42
Pl AARE. ek BRI AR IR
il A5 44 AT B S 0 T 3 T S o 191
an, BIVE I - SE R T K o B AR 1366 MRATR
PERALE BAOTBUR R 0.1%-1.0%, FHIL,
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2L SR SR TR A B I RTUFIE A 0 25, AR
fift DRV S e A

FET 16S rRNA LR /> F RGN E &
PEA“99%MES; FE 4R AL 1o L . R — 2 5
W, 16S rRNA JEH [FEM I RS K T T4 Hr,
O RO T R AT ERAE A RUE Y A R, A
I RPAEFRIT Operational Taxonomic Unit (OTU),
WA RIBOREE B T A A Y R BRI 24 DNA, 538
Y 16S rRNA FEEIFEMYF I R K T i
R F, BT REM A RE R X—
Tr R T g E R B W INTE BRI . ldn,
TR 20 TR 35 97 L S it 4 K 2 BB T, AN A
WL BRI . SR Y, FER AR
TCHLA SR . XL RERAE W) AR R ik 35 57
SEEESE, IFEL IR E M. IS LilE,
WA — RG] DL s A A . R,
EEXPREE TR UAE Y, R LA R B R i
LM, 78 T PPAL <99%ME 1 R M A B HL B
o BRI, 185 W ARA A CHGE .

ROEHER TG A A R B R, WIE LT
Br e A IR A X PG, 2Rk
A R A 4,15 2, Hirp 2.9 AZE [ 4
P&, TR, 2010 4RI, e il e 2R
R — TR SIS T B ek, FRATTLLRE AR
I FRR R IR 5L B T B R WA, 45 ik
DNA Fl1+3% DNA 2534326, & EIPAha]
B % w A AR L], Jy<09% R 3 i & i it
B, FABBRIT . (1) A58 2R w4
SR FH R B [ AR AR [ R R 3, AR AT
OB Y- HR R T AR A BT A T A, $2E DNA JF
J& nifH A1 16S rRNA FE P 577 4. X
[ L P & AR TEFS L RE S I R AR

P Wl B SR AL R (2) BT A TR . FAEdR L
HERUEY) DNA MR, M nifH S RIRAS BT A [
R, (R AR 5 0 e AR A BT A A
16S rRNA J#%1), #—5 Ribosomal Database
Project (RDP)ZHHE ZE H 6 41 1 20 B o J [ U 14 2
Br, S5a alIEFR A = RY), RIS g
AR T A T R

L AR Aok
1.1 IERERRR

AR AR AR T b R A B ) R R AR
A R G0 58 AR 2= I 3L 56 5 (35°00" N,
114°24" E), iZHbIXAE S 13.9 °C, AEREK it
615 mm, SEATA/NE RIS FREEVERI DT, s
o= 2RIy b e S S RV YT AL /b =B ) A
FEARTREPERT AN T . RIEEKE, 8.23%; TR
KHpKE(SWHC), 47.1%; NH,-N, 3.85 mg/kg;
NO’-N, 32.4 mg/kg; &%, 1.26 g/kg; 40k, 18.6 g/kg;
A, 14.8; pH (H,0): 7.8, K% 0-20 cm
it -4 WFEE IR 2 mm i, 4 °C fRAF.
1.2 WIERERENEE

1.2.1 3EFEES: FIHSLHN Modified-NFb J&
REEFRILCO, WRIE AT R R AU W
WAARREFR I B4 SRR S g, WA 2.5 g,
FERE 2.5 g, KH,PO, 0.6 g, K,HPO4-3H,0 0.2 g,
MgSO,-7H,0 0.2 g, NaCl 0.1 g, CaCl, 0.02 g,
Fe-EDTA (solution 16.4 g/L) 4 mL, KOH 4 g, )&
W HEZ T 1000 mL £ 27 JCw K, F|H] KOH i
T pH N 7.00 BAREFRILE A, [UBANES N
1.5%30E . KA 121 °C, 20 min K . 1§35
FERBEE , IMALEERIBAW 1 mL (Y% 10 mg,
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ERRME B 20 mg, FEAZE 100 mL, 0.22 pm JEAR
THIEBRTA); MR ITRIEA W 2.0 mL (CuSO,4 5H,0
0.04 g; ZnSO,7H,0 0.12 g; H;BO; 1.40 g;
Na,Mo04-2H,0 1.0 g; MnSO4-H,0 1.175 g, SEZ
2 1L, 0.22 um T IER ).

122 WEFERENE LR : AU
ARG R BRI AR SRS SRR, T L SR
EAEENBAMAEYES . FMEZ, TERIKM
WG SR B AU B T A U R
ARG, IO A e T 2 B i Al s R T
Mo IR, X SEfAE Pyt nl R TR & 5
14 [T SR TR S

HAREAER AT . ARIBCHIERES 1 g, BT
100 mL JCHE/KHJ5, LA 200 r/min 5525 0.5 h
il B A B AR AN, o A ARG 7R
IR R E AR E &, A SRS R
B R C AR E I 3 IRAE e

[Ei] (A 7] 15 S [ RUA R Y RARAE N - IR
100 pL +3ERGR I 500 A T [ ARG S B 3R
KPR BB T 28 cC 3R 7 d s, RH
10 mL TER/CK SRR IR Z X 0% 50 mL
TOR R R — U R, B 1 mL $2HK
DNA. [RIE, BRI 100 pL B AR FH AR i A
AR AERMLAIESR 7 d 5, [FFELL 10 mL R
KR BT A B AR RS AU TR, B 1 mL 42
HU DNA FH--47F-20 °C,

VAATT B 3R T R AR AR AN R
100 uL 3 ESRAEFI 2 100 mL WARRE FEIL)S Ky
B A 28 °C Begeffih, #rE kR 7d )5
AAFEE — QR , B 100 mL 25— & R O
(400xg, 10 min)/5, 7+ L&, IA 10 mL TG K,
PRFHIR S E W AR A 10 mL & A RS B 1 mL 325K
DNA. [Ff, WEEL 100 pL &SRR 28
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100 mL WA FR S, 2055 7 d 5, RTM
] vk 46 A 10 mL 55 “AUE4ERW, B 1 mL
$EHL DNA I-0-4F T-20 °C,

123 BRENHFRMER "N, REEREAEESE
PIRAE : 4 30 mL Y[R EE R 55046 T 120 mL
MERA, 80 100 pL 26 AR EAE £ H G %
BRI, WE PNe-ARic LA N R . bRid
H A TR T2 35 30%A9  PNA(99% 5+ H 4
#). 20% O, Fil 50% Ar; %F B NIFFE 30% "N,
20% O, Fl 50% Aro A7 HFhFI 2% BHRAE 7R IO TR
WA, BT 28 °C Hi3RH 7d, RISATIHA,
K 10 mL JCE7K 52 52 gk ] 1A 15 5 3R i 1) T
B R, B 1 mL $2H DNA J5 /£ T-20 °C,
R A AR B0 B PN-DNA, RIE &%)
RE R Fra IR E 3 MY ER .

1.3 BERENEESNF

1.3.1  HEHAEYIE DNA BEG RS DNA
$EHL, K FastDNA Spin Kit for Soil (MP Bio)iz
Mg PREC0.5 g TIEMESE T 2.0 mL #0098,
fnA SPB Fl MT Z& il )5 , I Fast Prep & 1
BUYLL 6.0 m/s PRi% 45 s, 14000xg B.L» 15min,
R LIS EM 2.0 mL B0 T, L PPS TTIE 1
%W, Binding Matrix %54 DNA, SEWS-M ¥4
185, K DNA %% 50 uL DES 28 i . i
AN Y6 FE 1T (NanoDrop ND-1000)71 %2 DNA
WSE N 15.2-56.7 ng/ulL, 46 Are0080 M 1.68-1.92,
Asgonzo M 1.52-2.03. [RIBFFIF 1.2% 0 B BE WHEE ML
LUK KGN DNA 58884k

1.3.2 AR EREEEYH DNA I [ 4
WS 25 AU AU & 429 DNA 210, R
Ffl E.ZN.A.® Bacterial DNA Kit (Omega)if 7 £ :
# 1 mL &R 4000xg 5.0 10 min, R Fi,
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JA 100 uL TE Buffer B4, FJH Lysozyme.
Proteinase K Solution #1 RNase A Zff 4, ZFx
FE A A RNA, 100% DNA Wash Buffer 3 #4553 3%
&, /LA 50 uL Elution Buffer, i1JEIX%E DNA,
DNA N 73.4-86.9 ng/ul, 4EFEF Asnse M
1.78-1.89, Asgn30 N 1.58-1.96.
1.3.3 SERZENGER PCR: f#iff] Bio-Rad CFX96
S AE it PCR AX, #FXF 11 DNA | [S{AFIRK
PR AR 2R —AK L 28 AVE SRR IA DNA DLAR
SERIBLRPMCH & YA DNA -7 nifH JEH
H116S rRNA [ E it .

nifH K2R E 4 . R PolF/PolR 514", PolF
J¥41% TGCGAYCCSAARGCBGACTC, PolR J
%1 2)y ATSGCCATCATYTCRCCGGA ., PCR Sz &
% : 10 pL SYBR Premix Ex Taq (TaKaRa), 1FJ[f]
519145 0.5 pL, DNA #ifz 1 pL, 8 pL DNase/
RNase-free H,O, PCR §" 34 F2LF A : 95 °C 10 min;
94 °C 1 min, 55°C30s, 72 °C 1 min, 39 MEH.,
P2 fE . THEEA B AR AR BB Y BE
IREL, RIGWRRIGRE 7 ANWREEREEE , IWITABAR
DNA ¥ DI O R A AR, DL CAE AR DR , 3k
BtrErhZk . €=3.7951gC+44.457(R*=0.999).

16S rRNA LA 5E 5t . SR 515F/907R id 5|
PIxt, 515F 41 GTGCCAGCMGCCGCGG;
907R ¥4y CCGTCAATTCMTTTRAGTTT., PCR
RNIEZRY nifH SEFE AR, PCR P 4FT N
95 °C 3 min; 95°C30s, 55°C30s, 72°C30s;
39 MEFR . FrER AN nifd BERE BRI,
C=3.5611gC+27.639(R*=0.998).,

MAH AL N, IR (TR E EY
N-DNA 435) i 2 BB O i R
RIATIRR, 5 2 K 2 ng DNA SELIH IR

G, TWRWIIREE S8R 1.725 g/mL BYE.OIE
W, RIEKHEPE R 51 mL R IR, A
FADL 52 Vti65.2 5% F1E 3 J& 45 kr/min (190000%g)
T 20°C B0 44 h, W58 [ 300 B R B B0
BN 30 BRI BERK, @i
PEG-6000 R EA AN S, RH 70% L FE4ifl
DNA B.0UTTEFE AR T 30 uL JoR /K, —20 °C f-47 .
X235 N-DNA JF17 16S rRNA Eft,
SE TR UWETITIR . 381t 16S rRNA FERFEA [T
J1% % DNA iy Ap R, RIVRrAE Aicy [ U
EAEYIRESE R PNy AT AR DNAL
1.3.4 Illumina Miseq B @B T nifd EEP
W B B o B SR 3 DNA I AR =
Y DNA JFJ& PCR §714, At 514 PolF/PolR 4Nl
HIPTiR . PolF 1Y 5'¥ii%E$E 6 ML barcode J7
H, FHFXAAFHES . PCR Y HEFETF A 95 °C
5min; 94°C30s, 55°C30s, 72°C45s, 324
¥ ; 72 °C 10 min, PCR JZWAKZR K. 25 L
Premix Taq (TaKaRa), 1ESZ[H 5474 1 uL, DNA
FEHR 2 uL, 21 uL DNase/RNase-free H,O, PCR §~
S 1.8 Y%l BIRHHEEIE Uk, EERIMT T
Wl B bR =9 R Br, FFiE L Agarose Gel DNA
Fragment Recovery Kit Ver. 2.0 77| &5 (TaKaRa)Z{
1t PCR ¥ 38 W)5, % T 30 uL B9 DNase-free
H,0, #F—lad 1.2% ZEeAEERe v kA PCR
PR AL SOR R, R R SR A e o O B
(NanoDrop ND-1000)ll % 2l ft. 5 1Y) PCR 7=
o KT A RS PCR 2ifb = S5 B R BUR & J5
4 22 AN Y (Miseq PE300).,

16S rRNA JE A3 1 my i S0y . 5197 anwiy
frik, Hoh 515F /Y 5'0m i 12 JERY barcode
Fea, DMET S 2 AR & 751 . PCR

http://journals.im.ac.cn/actamicrocn
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WA R [R] nifH 25N, 3EREFATE : 94 °C 3 min;
94 °C30s, 55°C30s, 72°C45s, 32 MEH;
72 °C 10 min, PCR P¥Jyalifl . P Kl Frad 7
55 nifH JEHE Y1 FAETE
14 TEERER S TR
141 FEBRFIISH . BELEMEGEE G
AR FREEMAE DS 15 MR GT 3 4
O TEE R, nifH FER I 499965 475
Bt )pal, BAFEASCE-Y 33331 4%; 16S rRNA Bk
L1 386390 it s, BAFEADY
25759 4% 16S rRNA Fil nifH JEF] 14 i 3 1 I )3 4K
P QIIME (Quantitative Insights Into Microbial
Ecology, version 1.9.1)7#r5E %, F-{# A usearch
xR iw & W o onifH KR o> B ot AR P
“extract_barcodes.py” 5 & Fl T #& B barcode ,
“split_libraries_fastq.py” & & H F 7 ¥l 3C JE .
“pick_otus.py” fl“pick _rep_ set.py”$§ 4 HF OTU
REFRPUCE I, BB 95%HME T .
16S rRNA Kfis WAb S 53 [7) nifH JEBH, RAEHE
O7%AHMIBE AT . BTS2 http:/qiime.org/
scripts/index.html,
1.4.2  ET nifH 1 16S rRNA EFH KB E#E4SF
32 BRI 2E . il 2 11 DNA Fi
[ %0 B A4 DNA, L] sl 0 mifH A1 168
rRNA S5, 55 1 AU B Heoxs, it RSk
BT, e, W, B, B &
KA, FAFIIRN I B AR

BT nifH BER 93100260 B nifH BEIAER
J¥%1 4% RDP M3 () FunGene pipline (http:/
fungene.cme.msu.edu/FunGenePipeline/pipeline/form
Spr)CFHEA T OTU {HEHE, nifH JERF) OTU 43 284E
95%AHMIE AT, BB Percent Identity>0.8"",

actamicro@im.ac.cn

BT 168 RNA FEHEMH T4 ¥ 16S
rRNA A EF5[R RDP #dsFEE T, &
BEMGEERE S, 1. X, H. B, B/AKEME
I35k 75.0%. 78.5%. 82.0%. 86.5%. 94.5%,
TG TC A3 25 00 7 B B4 UE R R ) ek
SRHIE, G—PMATHREP T W, AR
JH RDP @7 T [ A A W8 ds e, #1% 13 v e
A 16S rRNA B:[H FE X5, 3545 [ AU P 914747
KT ERNE, BT EEWHEK 16S rRNA K
PRI E % RDP [ 20 80 e A B, IR IR A4 5 77
FErP IR A MU TETE 16S TRNA JE R A SE 2Rk
W AT [ R AR BEAGE , AT E SO AR
R, IR AT
143 FIEFEAHLARETERNITE: HA
F IR0 3 nift FEPAT 16S rRNA JE A
OIMTTE L. RIS A LR A (DR

A [ AU L =] 15 3R [ R & )
gt/ - 9 v T A T R P R B (1)

S 3 v A [ 2R A e R A R
gr: (1) 13 DNA Py A WY R e . BiER
B 13 DNA, =38 500 ¥ nifH F1 16S rRNA JE[H
FEMAETT. N, B, B JEAKE, R 115
WA AR RN 25 B () AR I AR
E Y. BRI SR G 58 A0
A T & R YIR KGR .

AR A E R A T, T
nifH 8¢ 16S rRNA SE[H 7328, B 64k 15 DNA
Hh A T R S RN R B s R AT A R
IRIEFRIL T E YR TE DNA A [ A 8 A
TR T EBRLARTE, Rl 54 [ AR 7E
BB E R R WA RN L E B AR SR
AR T E 4.
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15 SGEitatr SEdRERR 2, ALFE 5 AAEFR(HIE . FERFIIR RS SR 56
K SPSS16.0 (SPSS Inc., USAVFAIEEZaRE 1. 240 3 AT A B Py i o
FR I BRI ¢ K5, P<0.05 FRBEES
(*); P<0.001 FInR e 2 5(4), 2 ERAAAT
3 R B0 £ 8258 & The National Center 2.1 FIIEFRERREHE B EHE M
for Biotechnology Information (NCBI)&(¥& & , HAA SIS ¢ St E i PCR 20 Hr 3 W [ 0 B 70 15 7 35
Y5 SRR12214932-12214961, H& 30 Mr  PREWMFHEE 1), HRLED il FEEEGEN

() (B) -
[JSolid 5 [JSolid 2~
714107 F [ Liquid 3 ~ 2 5¥10" | [ Liquid §§8
< E ) —
20 gz 1 5 g4
2 9102 | | §Z . g 4x10° I =i
g 1 2m-Enrich % J 2M-Enrich
‘*2 7><1012 [ é 3><]013 [
L
2 5x102 F 2 1x10 +
= L L £ L L
2 = = 3 = =
S 2x10° + 74 i, 0 |
%v g 2x10 V‘
O
0 0
Soil  1¥-Enrich Soil  1¥-Enrich
© D) 5N,-SIP of solid enrichment
[JSolid 1.700
0.90 = []Liquid = _ L1705 ¢ t o,
T Trach In 15
o o4k A st N
E !
® = 1.720 ¢
& 030 g
< %_ £ 17251
Z o
£ 020 F g 1730}
w2 ’ B
e} ]
i ‘I—‘ 2 1.735¢
= 0.10 - ] O
= OOI:f = % 1.750%
E%% 17350004 08 12
0.00 Ratio of maxium quantity
Soil  1*-Enrich 2-Enrich (16S rRNA gene)

E1 ITEEEFEFRESEVNHETHNE
Figure 1. Qiantification of nifH genes and 16S rRNA genes in N,-fixing enrichenments on solid and liquid
medium and in background soil. A: copy number of nifH genes; B: copy number of 16S rRNA genes. Inset figure
on the upper right represents the gene copy numbers in the second generation; C: the ratio of nifH to 16S rRNA
genes; D: Quantitative distribution of bacterial 16S rRNA across the entire buoyant density of the DNA fractions
from N,-fixing enrichenments incubated with either 15N2 or 14N2. 1 Enrich and 2™ Enrich denote the first and
second generations of N,-fixing enrichments, respectively.
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2.08x10" copies /g d.w.s (dry weight soil), TiARHERERh
TR, AR AR R B Y nifH S
DR DUBO 3 8.79x10™ . 5.58%10' copies/g d.w.s,
HaE>2.5 TTAE(E 1-A). +4EH 16S tRNA L
2.11x10" copies/g d.w.s, i —CEAFIR ARG R E
LW PE LR 50 3.73%10",3.86x10" copies/g
dw.s, HIE>1800 15 (&l 1-B). T4 —AURYHFH
W 0.1 mL 35— E 4EMI(1% 8.79%10 nifH genes),
Hp g FALE 1.0x10° g +4(2.08x10° nifH
genes), MHEHEIR 4 TGz 2, NI 32
K BRI EE g, s AR AR A
ZARFL 10 mL 58, 76 BARIRAR SR FR 3 b nifH
FER 500 1.56x10°, 6.63x10%/mL; 16S rRNA Jit
23514 7.19%10° . 5.11x10°/mL (/& 1-B). [A]AT,
+ 3 nifH/16S tRNA K& R+ U150 A9 o 64
(0.982+0.15)% (P 1-C), i 7E FE AR A S —A 5
Fedbh R (23.944.1)%. (17.4+9.6)%,
W@ 25.5 F1 18.9 i . 25 —MUE Wiz LR A
AR, Ay (33.4411) %, (14.9£2.2)%.

X e e TR 2B E A B 00 S5 14 30 AN [
%% DNA, & H Y 16S rRNA JEfK #5 I
$(F 1-D), 45 R, N,-% BEALFE 1, 16S rRNA
FE D Wy e KB T 880l ARER 20 )2, DNA
IS EREUN, %00 1.718-1.729 g/mL; 1 “N,-
PRICAR B, 16S rRNA 3 [H () fe KA H BLAE 50
HEMTEE 16 2, BIOBEEK, 48
1.730-1.738 g/mL, VLW EEEDFRILT "N,
HA W T K IERZ DNA, S8 BE .05,
PN-DNA i & #0358 T
2.2 TIEEFREIAE & T IEATA B AR W H A

W 2 PR, T nifH SR RS RF 52T
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I (E 2-B) B— . B ACRIRRE SR 0 &
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—f L B REAEE SR EL S B A 106, 100 A [
RWEEEY, &k (41.4+13)% Fl
(39.244.2)%. FEWEWITTKF, B, H R
AT Kz 7% [ & & H A R (54.8+8.2)%
(47.6£153)%, HHEN . BH. BoZdokFERE 8
FE2E (B 2-C) AR SR B AT 3 T 5 I4G
S B BRI B A 82, 81 4H]
BB A R, A AR 255 J&RY B30
F1(32.343.3)%. (31.6+3.4)%([& 2-D). 1& 5 & i
W3 SR, AT B R A S
S0 B ABRIARE TR B B S A 9 7 AR
T, 7 BT A BB T BB 43 0l R (61.9+15)%
(52.4£4.1)%(1¥ 2-D),
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Figure 2. The proportion of culturable diazotrophs in soil at different taxonomic levels. The nifH genes-based
proportion of culturable diazotroph in soil by solid (A) and liquid (B) medium enrichments; and the 16S rRNA
gene-based proportion of culturable diazotroph in soil by solid (C) and liquid (D) medium enrichments. The percent
number above the column represents the proportion of culturable diazotrophs at different taxonomic levels.
Culturable diazotrophs are defined as all bacteria detected on solid or liquid medium, and abundance and
composition was obtained on the basis of nifH and 16S rRNA gene analysis. All diazotrophs are defined as the sum
of diazotrophs in soil DNA and bacteria detected on medium. Soil: DNA was directly extracted from soil, and
microbial abundance and community composition was obtained by nifH and 16S rRNA gene analysis for
phylogenetic classification (the number of taxa shown in the box). The number after “+” represents the number of
diazotrophs taxa found only in the culture medium, but not detected in the soil. Solid and Liquid represent Solid
and Liquid medium for enrichment of nitrogen-fixing bacteria, respectively. 1*" and 2" enrichment represent the
first and second generation.

23 AR EAE YRS I'T(K 2-A), H: ' Proteobacteria FE®B
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8 [ T LG R S B AR AR (1R 3), T (0.9740200% 5 55 b 5 A 0T 5 b3t it
nifH JEE B R G K R LU 7 AR (0-22050.018)%; {HARE R, 7.89% ) -5 nift
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SR P o2, A RECR B R 5 B AR
(& 3-A). [FIEF, ARG FREEAG IS 5 A AR
BEY), He Proteobacteria 1555 — S A+
FE 58 (96.4+2.7)%F11(98.4+0.89)%, 1M Firmicutes
W /NIE FE B TE, AR BE 300 (3.02+2.4)% il
(1.4940.90)%, 73 4h 3 N THY B SR 0.002%
F10.001%. AR FRELN TS 3 56 4 A R 45 2
HAFAGIE] 4 AT, Firmicutes 1) 2R3 E R,
T2 — AN A 32 B2 43 391l 15 1K (96.7+0.55)%
F1(93.5+4.0)%, 1] Proteobacteria {X_4(0.714£0.29)%
F1(0.65+0.070)%, HA 4 DITHF LS LA
55 AR RT3 9 0.004%F0 0.054% (& 3-A).,

BT nifH BRI B A MY R & R Y iE 3
TR R ., L3P Ira 67 AW E T (#
2-A), FATELET 19 MRS /M (REAFE S )
FREEHT 10 J8), HARXS RS 5 b g AR
VR AR % 5% I T R R S 89.2% . 99.3%-99.8% ATl
94.2%-97.4% (& 3-B), 13 Azospirillum 5
e H ik (47.0£2.9)% , H WK A Bradyrhizobium
(31.0:£2.8)%F1 Rhizobium J&(7.36:0.89)%. [FHl1AL:
FIep, Azotobacter TEHFi—ACHIE ALY 4
Bk 96.6%+2.7%F1 98.2%+0.94%, T 7E T AT
HFAUCH 1.71%+0.40%; 1 546 338 v =F B e s 9
Azospirillum F1 Bradyrhizobium W% 0.234%—
0.289%711 0.004%—0.005% (%] 3-B)., ¥ A1 3% 3 ]
PE¥E T 58 AR [ & H , Paenibacillus 15 3
FHEH(0.843£0.140)%, 1R/ —AUAIEE AU it
A3 59 1 35 (76.7£3.9)% H1(57.4£9.6)% 5 Clostridium
(L 0.12%)7E 58 AU 1 0 %.(21.9+4.0)%
(24.8+7.7)%; FIF(EFHE RN R, PR
#BY Bradyrhizobium Fl Azospirillum = & 2 8
% 0.038%-0.094%F1 0.002%-0.006% (/& 3-B).
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PR, 4E 8 AT RIATE R, 1M 4 4]
WA AR P E . 2 8 A RIAE]
Proteobacteria F i, FEFH—AREE A
FE 43 91 K (69.30+£0.87)% Fl (81.4+3.4)% , Lk &
Firmicutes 5 Fb43 5 4(26.7£1.0)%F11(8.64+3.60)%
(K 3-C)o HiAth 4 AR HNE R J4IHE Acidobacteria .
Planctomycetes . Chloroflexi. Gemmatimonadetes,
XSERE YT R B s, TR R O
AT AR R 0.05%, WA FRIE0AGR T
FMEER, SR F] 12 MR AR, [ 6 e
HITT, 6 DARFNT . SRR E T Firmicutes 4
JF 5 5 [45—1(80.9+13.0)%; 45 —48(59.8+18)%]
HIKA4M 5/ Bacteroidetes [55—1%(13.0£12.0)%;
5 8(19.0£12.0)%] 1 Proteobacteria (% —1X;
(6.01+0.96)%; 5 AL (21.1+7.8)%; ARAIN 6 1 [H
R W AL$HE Acidobacteria . Planctomycetes .
Chloroflexi. Gemmatimonadetes. Crenarchaeota .
Armatimonadetes), EI1TEEE RO, I
IREGFREL A [ R E BN 0.01%. (HASHEE
R, R rh A TR AR B IR AL - AG DU 2 Y
FIrA 14 AR, Horp 8 A e AT,
ST E B RFEERE N 79.7%, Firmicutes {5 N
(36.143.4)% , HiR35A Proteobacteria [(27.0+1.6)%]
H Actinobacteria [(12.100£0.061)%].

P FETF 16S rRNA JEPH 4328, R B L4
A 255 A BARE (& 2)1 847 SELA (A
3-D). ARFEA T RE vy PR EFEHEA T 10 ALF
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Figure 3. Dynamic changes of diazotrophic communities in soils and enrichments at phylum and genus levels.

The nifH gene-based taxonomic composition of diazotrophs in soil and enrichments at levels of phylum (A) and
genus (B). The 16S rRNA gene-based taxonomic composition of diazotrophs in soil and enrichments at levels of
phylum (C) and genus (D). The underlined taxa indicate that the sequences of these taxa showed high similariry to
bacterium in which N,-fixing physiology has not been demonstrated within the underlined phylum and/or genus.
All taxa without underlined signs denote at least one of strain within these phylum or genus has shown the
physiological capability of N-fixation. All other labels are the same as Figure 2.
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eRE, Lo BUAFR AR SRR P2 28 R
(&l 3-D). [IRREFREE P ILAGIN ] 27 ASPEHH A
wEE £y, SHMERREEIL 15 4, K
Pseudomonas 1% Fe i [ —18(59.8+1.4)%, 5
fR(54.6£15)%], HIX & Paenibacillus[(23.1£5.6)%,
(14.120.43)%]; 1 12 /& AR A 15 J AR PEHGE ,
HEFER BN 142%F1 18.0%, FBEHE AL
Lysobacter [ 5 — 1 (4.52£0.98)% ; % — 1%
(0.335+£0.230)% . Pseudoxanthomonas [(4.19+1.1)%;
(4.0304£0.012)%] . Olivibacter [(2.77£1.30)% ;
(3.43+2.0)%]. WIARREFRR 27 MR E AR E S
Wb, 15 A NE I EE, 12 A i ARAT 1 %
AETRIE, 15 NEFE, Paenibacillus F-JE i
FEE—(31.3£20)%, 55 —f8(27.7£22)%], Hik
N Sporolactobacillus [(21.5£6.5)%, (13.0£12)%]; Frfy
12 A R J A R JE R R R R R A )
[(15.7£15)%, (30.3£15)%] ,
Stenotrophomonas [(2.74+0.87)%, (5.87+3.5)%]. It
Gb, LIHEREHA 16 NEAEAREM 12 4
RA I E AR E, 16 DMEHE AR E G 1
Serp P A LS 8 AU 42 70.1%, HeH Bacillus
St Em A 30.8%+2.8%, HIK KN Paenibacillus
(15.8%+2.3%), Lysobacter (11.7%%1.1%).
24 AHSRERENEEMNE

nifH SEPE AT T HER AT 67 A
J&, S MIEERE, BRFR AR SR IR
W U = AR 39 T8/, P AR SRIE 30 B, W
PRIESRIL 23 J& s ISR RIS A TR 14 15(FE 4-A).
168 rRNA & 7 Hr 0 4 B - e 25 255 [ AU
J&, FFREMAERRIITRG 248 REEY),
Hoh A IR 5 212 A&, TG FREE 164 4>
J&; BUAFRIAIAE 128 4>, AATMEAR TR

Flavobacterium
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&, A 22 MR A B AAFRIE, oAl 226 J&
AR AT [ FAGE (K] 4-A), o5 AT HSR IR S ik 91.1%.
A, 2 KER A AR 3 e b S5 A
J&, nifH FEE G RUIEIRE ST 69.5%H A
B F B2 <0.1%, 42.8%[1JE<0.01%; 1fii 16S rRNA
A3 00k BRI B AR R 78.5% ] AL TA JE B
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SR TR AR AR ] R R e 2 ] A K i [
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R0 [ R Bl 2 AR (1R 4) . AN, nifH AR
PAMHT I, BARREFREE LAY 30 48 (B 4-A),
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o LI R R (1.5340.35) %, T AE S —fLUR
o5 AR T A K5 37 e 1 T BE 43900 2K (96.6+2.7)% il
(98.00+0.94)%, & 63 f5H 64 15, WiIAREF:
FEARE) T RIS, it 23 AN EAEE E %
b (& 4-A), (CEFRHEEET 3 DEEARE
(Kl 4-C), Hrp Paenibacillus F1 Clostridium &K
AR EE R, A I R R (0.771+
0.13)%#11(0.1110.035)%, M7EH—REEFRP £
A3 1R (76.643.8)%F1(21.944.0)%, & HAGE S ik
99.3 F1 192 1%, #bob, 5t L3 Syntrophothermus
FEEAH 0.029%, FEH (R FRh B E N E
0.048%, FEHEAEZRN 1.99(4 4-C).

BT 168 rRNA B 43 Bt 15 225 Bl g5
FEAE SR 212 M E AR B S EYH(E 4-A), 5
THEP AL, ACE 8 ANMEEA T BERN
(K 4-D), ffE 4 ANEHERFEE, 4 4 A4 E
RAEMENE . SHEAIET Pseudomonas &
LRI, EHIEP I HR(0.620£0.14)%, TEA
— AR AR 514 (49.0£13)%H1(45.5+7.1)%, &
BEREIE 79 M 74 £ 4N 3 AR EENTH
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Figure 4. Selective enrichment patterns of culturable diazotrophs in solid and liquid media. A: The common and
unique diazotrophs between solid and liquid medium based on nifH and 16S rRNA gene analysis; B: One
nitrogen-fixing genus wassignificantly enriched based on analysis of nifH gene in solid media (30 diazotrophs in
total) as indicated by the stars above the columns, all other three generas are not in solid medium; C: Three
nitrogen-fixing genera were significantly enriched based on analysis of nifH gene in liquid media (23 diazotrophs in
total) as indicated by the stars above the columns; D: Eight nitrogen-fixing genera were significantly enriched
based on analysis of 16S rRNA gene in soild media (212 nitrogen fixers in total); E: Nine nitrogen-fixing genera
were significantly enriched based on analysis of 16S rRNA gene in liquid media (164 nitrogen fixers in total). The
underlined genera indicate that the sequences of these genera showed high similariry to bacterium in which
N,-fixing physiology has not been demonstrated within the underlined genus. All genera without underlined signs
denote at least one of strain within the genus has shown the physiological capability of N,-fixation. All other labels
are the same as Figure 2 and Figure 3.
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B & AR5 ) A Olivibacter (%—ﬁ 82 fi%;
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ARIR AR TR IR, T I R AR, R
S AL B A R SR I AR, AR
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FHEE L,

[ AR A B 5 rh e BRI E A s
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History and definition of the “99% unculturability paradigm” —
case analysis with nitrogen-fixing bacteria
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Abstract: [Objective] To clarify the source references of the paradigm that 99% of microorganisms are
noncuturable; and to quantitatively evaluate the proportion of culturable diazotrophs in an agricultural soil.
[Methods] Total microbial DNA was directly extracted from soil. Classic cultivation methods were used to obtain
diazotrophic colonies from the first and second generation of solid and liquid culture medium for DNA extration. The
abundance and composition of microbiome were analyzed by high-throughput sequencing of nif and 16S rRNA

genes. Community composition and proportions of culturable diazotrophs were then identified through phylogenetic
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classification. [Results] At the genus level, phylogenetic analysis of nifH gene showed the proportion of culturable
diazotrophs in the soil was (22.4+4.5)%—(28.4+£6.3)%, and result of 16S rRNA genes was (31.64+3.4)%—
(41.4£13.1)%. Phylogeny of nifH genes revealed a total of 67 genera in soil; 39 genera could grow in liquid or solid
medium, but only 4 genera were significantly enriched. The solid meidum led to significant enrichment of
Azotobacter of Proteobacteria as the dominant nitrogen-fixing bacteria with a relative abundance of (98.2+0.94)%.
Meanwhile, liquid medium enriched members within two genera of Paenibacillus and Clostridium of Firmicutes
significantly, and the relative abundance of the first generation was as high as (76.7+3.9)% and (21.9+4.0)%,
respectively. As for 16S rRNA gene-based result, a total of 255 genera within 14 phyla were obtained in soil; 248
genera could grow in liquid or solid medium, but the sequences of up to 226 genera and 5 phya showed high
similariry to bacterium in which N,-fixing physiology has not been demonstrated. Members within 6 genera of
Proteobacteria were significantly enriched in solid medium, while liquid medium encirhed significantly 5 genera of
Firmicutes. [Conclusion] Literature survey reveals that 99% unculturability paradigm is not yet experimentally
verified; and it is more a synonym for "the plate count anomaly", depsite it is widely accpeted in past 30 years. It
indicates that direct microscopic counts of total microorganisms in environment is often much more than dilution
plate counts of culturable microorganisms. Using N,-fixer as an emxple, we show that up to 58.2% (nifH gene) and
97.3% (16S rRNA gene) of diazotrophs in soil can form colony in solid or liquid medium; but 91.1% of these
colony have not been isolated yet with known physiology of N,-fixing activity. Meanwhile, the majority of
diazotrophs are rare taxa (with relative abundance<0.1%) at genus level on the basis of nifH and 16S rRNA genes,
representing 69.5% and 78.5% of the total diazotrophs in soil, respectively. Desite of the clony forming in medium,
these numerically less dominant taxa could thus liekly escaped isolation, due to the continous enrichment and
long-term subcutlure strategies, and the members within the phyla of Proteobacteria and Firmicutes were particularly
enriched. Our study thus highlight that the term “unculturable” should be avoided, and the difficult-to-cultivated term
would be more appropriate because >90% of diazotrophs could form colony in medium, although they are not isolated

yet. Cultivation effort is warranted for future studies with focused target of these rare taxa.

Keywords: culturable bacteria, diazotrophs, nitrogen-fixation, nifH gene
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