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Abstract: [ Objective ] The input of exogenous active carbon (C) substrate strongly affects the growth of soil microorganisms.
However, so far little knowledge is available about dynamic responses of soil microorganisms (bacteria and fungi) to the input of
exogenous active carbon substrate and functional traits of the microorganisms in utilizing the substrate and their relationships
with community structure of the microorganisms. [ Method] Hence, an experiment was carried out using '*C-glucose as
substrate in Ultisol for incubation of soil microorganisms (bacteria and fungi), which were sampled periodically for analysis with
the aid of DNA-based stable isotope probing and high-throughput pyrosequencing techniques to explore dynamic traits of the
microorganisms utilizing the carbon of glucose relative to species[ Result ]It was found that in utilizing the substrate, the bacterial
and fungal communities followed the 7/K selection strategy in evolution from bacteria to fungi. Among the bacterial community,
copiotrophic bacteria, like Proteobacteria and Actinobacteria, were higher than oligotrophic phyla, like Acidobacteria and
Chloroflexi, in activated substrate utilization capacity. Different from bacteria in utilization of substrates, fungi, like Ascomycota
and Basidiomycota, were low in selectivity and able to utilize both labile C and native soil organic matter. [ Conclusion ] Hence,
bacteria retain their intrinsic life-history strategies controlled by their copiotrophic or oligotrophic natures, regardless of increase
in C availability. Fungi can utilize a wide range of substrates and labile C input can induce copiotrophic Ascomycota to utilize
heterogeneous recalcitrant C, thus accelerating decomposition of native soil C.

Key words: Microbial substrate utilization strategy; '*C-glucose; Temporal variation; Trophic pattern; DNA-based stable isotope
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1.1 TEHES

213 ( Ultisol, 0~20cm) T 20144F 7 AR H
VL VG 48 T T T A VB b R A B 21 498 A A
(Mg 65 m, Jb4i 28°15' . ARZ: 116°55" ). T 3EREM
e “Z” BB, RETAEHITIRG . HIE
FEfhid 2 mm i 58 H . 13 pH4.46 (£ @ K=1:
2.5), MUK 5.67 gkg', &% 0.67 gkg ', AIHME
A BBk 4.27 mgkg ', AR 5.25 mgkg ', HRH
84.65 mg-kg ', Bk . BPRL AR R 41.2% . 33.2%
1 25.6%!1°),
1.2 BEMRMEREEFLE

PRI 30 g 388 THEF0T, A KH,PO, ¥
W (FEvE 4% 02mgP, 022mgK ). YW H/KER
R KK R 60%, BT 25 CHEERE 4 bk
w1, 3IRER ., B HRESHRE, # "Cir
ICH A ZRE (BC-glucose ) MIASE M . FRiCE
WS s IRl & R . HIE+H,0 X A B (3
0 J8), HIAE TR MR MR Y o + 0 G A
HEVE s B A -NH,NO; /5 )y DNA-SIP fY % i
2H; +HE+"C-glucose (99 atom% *C ) +NH,NO; /E
5y DNA-SIP By 5255 2H WS NG IR B H 1) i 2 Tl
YN FR BIFEAR TR, MKHE Paul Al Clark! "% A=
VIR R AR, AR 3R S50 s it
Clmgg' 3. NO.1mgg' +3, JE¥ C: N=10
Dl REUEMIEER AW, FEEE SR 8 L, ArdiltE
JEYIMAREFE 1A 3 AR 6 J& G EA TR IR R
FE A E T —80°CH] T #2158 &L DNA,
1.3 LAY DNA R9HEHEL

F| F  FastDNA® Spin Kit for Soil ( MP
Biomedicals 7y 7) ) AR & HEI - EIE R 4 & DNA,
HARGERZUNT « AR 0.5 g B T 2.0 mL .0,
HIA 978 uL SPB 1 122 uL MT 2 i , TEA% IR £ X
% ( Fast Prep® FP120) Dk 6.0 m-s™" 1 4 J& 41 1
AN 30 s, BEJGES.C 10 min (14 000xg ), i
W B KESEOE (2.0mL) H1, /A 250 uL PPS,
B ELEER FIHRE 15 mL KEEOE, A
1.0 mL Binding Matrix, fZ¥% 2 min f5&f 1k, LARIE
PRI DNA FERERE LW I RETTIE B0 T
o FBBAIRFE 500 uL B, HRIAR IR
2R A5 2 SPINTM B0 8L 1250 1 min( 14

000xg ), FTUEW; JEME LMA 500 uL i) SEWS-M
W) LS, 14 000xg 2.0 1 min, 38 SR IE
PERRAL BT 2.0 mL B0 T, 14 000xg B 2
min; HE BB EAE, ST T S min; &5
PHAR S 2 9 1 HE 5 DNA %% T 70 uL T TE 2%
M (10 mmol-L ' Tris-HC1, 1 mmol-L™' EDTA, pH
8.0 ). i T T & % 5 4 Ot Ot B it ( NanoDrop®
ND-1000 UV-Vis ) Xf #2 B 1- 4 DNA il % DNA i
JER4EE (0D260/0D280 1 OD260/0D230 ). FJH
TE ZZ WXt 13 DNA #4710 586 MBI T
PCR #7#. 3% DNA #i® 10 f%5)5 (R FF T-20°CoK
FETEH

14 BEEZEFHES D DNA FAEO/F DNA K

SEHK

¥ 14 DNA (2.0 pg) S5 HMH ( Cesium
chloride, CsCl) EWHITIRG, BRI N 1.725
gmL ' B IE (pH 8.05 100 mmol-L ™' Tris-HCl;
100 mmol-L'KCI; 1.0 mmol L™-EDTA ), MiJ5#%#
BN 5.1 mL R B OB (DL5E ); R
F U 588 H T Vti 65.2 ( Beckman Coulter, Inc.,
Palo Alto, CA, USA) ¥£ 20°C¥3E N LA 177 000xg
FIEE BB 0> 44 h; BfJERA] NE-1000 [ i 2%
( New Era Pump Systems, Inc., Farmingdale, NY,
USA ) i it 4K B O A TR B ffe th ok, g m)
AP A 0.38 mL-min ' I AE 15 A~4E R FL ) DNA
SYERERL, BEEFERFIR Y 380 uL; 2RV A
WA, FIAH AR200 FHrH 1L (Reichert Inc.,
Buffalo, NYUSA ) 1% 1% .

B0 G DNA W alifh BT AR
/32 )5 1) DNA % H PEG 6000 7E 37°C ULHE 1 h;
B T E 3 ELHL 13 000xg B0 30 min, B2 CsCl
W FEJE A 500 pL 70 %2 BESH B DNA JTHE,
B0 10 min, BRE LWEWR; EEIMACBEUSE—F
2B CsCl #1 PEG 6000; /5 DNA JIEWTEE
RN T4 15 min, ¥ T 30 uL A9 TE buffer %,
T4 T—20°C VKA
1.5 DAY 532 DNA [RALER I E

% T TE buffer W 194502 DNA ) °C
F= B R FH R 2 L %42 (IRMS, Delta plus XP,
ThermoFinnigan, USA ) #& L& 3 #1{¢ ( Flash HT
2000, Thermo Fisher, USA) &, EAAFEWT,
FIABWACHREL 5 uL 47 )2 DNA (40 ERFiRiE T+ TE
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buffer ZZ PN & 4502 DNA) BET8 A, T 60C
HEF 2 h, BT ORE SRR T B T, 8°C (%0 )
EAH T HIARIHE : 6°C (%o ) =[ ( Rygmple/Rstandara )
~1]x1000, HrH R="C/"C, Rympie Al Rytandara 73 MK
TR AFRUEY) T ( Pee Dee Belemnite ) Y[R 2R
Fef. HAT, IRMS ik o e & i fe (R AG
FR29R 10~15 pg C, ARILH EALEE S a8 8 &
WAL AW £ 2 DNA FEAS, TE 28 il 7 Tris-base
Fl EDTA S5 ML ) ml HAtbxfE LA 58 45 53 B85 1Y) 8 JoT
IS EY, 1 PEG 6000 45, #4525 1 #2 v
JITARAS B35 T T AAS AR SIE 56 rp B AILRE S T DA 2
S AR A B
1.6 SERTRFEEE PCR

S3JZ DNA A 40 BRI ECAZ S R 48 DB (4 it
FRH ) KSR P22 &= PCR( quantitative real-time
polymerase chain reaction, qPCR ). #rifEHh £k F 40 b4
16S rRNA gene FIEL#% 18S rRNA gene AL 71 vk
HEAFORIEAT 10 f5F R, FRBRE R 6 2 8 4~ 4l
16S rRNA gene I E A% 18S rRNA gene Frifi il 2k
f ¥ DL B3 BB B 4.07x107 ~ 4.07x10° ( R*=
0.985) Hl 1.44x10°~1.44x10° ( R*=0.994 ), =5 HFE
it PRSI AT 7K o AR AR s v T A o B A R
(5 R4 DUR, d i DA s T - a0 B R 4 DU

BN IEAT T . BEARESL 3 IREE R . qPCR Y SV 1A
%420 pL, f34% 1 uL DNA #ifz. 10 pL SYBR
Premix Ex TaqgTM ( TaKaRa Biotech, Dalian, China ),
TE [ A 1 519153 51 0.25 pL( 50 pmol-L™" ) 1 8.5
uL KB AZEIK (519 ) PCR 40 IL3R 1), &t
PCR P4 A 1200 B e D
i S
1.7 SEENFHEAK

Xof T e A RO A B A TR R
DNA, & 5A A1 51 99 5 b iy 3 B9
16S rRNA gene F1 18S rRNA gene, # PCR F=#)4li
A5 73 50K FLAE R SRR & HEAT I Y o 1 T 114 3
HBIYEA 11 AT 5 Tag A%, HILAIX 404
6] B 53 E A S . @510 PCR &7 3G B L3R 1.
RAGY =Y 5, FIH Agarose Gel DNA Fragment
Recovery Kit Ver. 2.0 il & ( Takara ) YJRc4lifbif:
FHET 30 uL KoK i —alid 2.0%3 05
WEEE I F VKA PCR =W Al AL RCR , R i 52 4
4366+ ( NanoDrop ND- 1000 UV-Vis ) il & 4
fbJ5 PCR =Wk i . #4453 JZFE i 16S rRNA gene
F118S rRNA gene [ PCR 4lifk ;=4 53 il 5 B2 IR KR
4, F llumina Miseq M F4¢ ( Illumina, San Diego,
CA, USA) BEATIF 747

F1 BHAS5I4F PCR ¥ 8/ L
Table 1 Primers used and PCR amplification reaction in this study
Gk 5zl H AR A PCR i3 72 9T HGE E =BG
Primer Sequence (5'-3") Target gene PCR procedure Molecular analysis ~ Reference
GTG CCA GCM GCC
515F 95°CTAEME 3 min, 95°C7EYE 30
GCG G* N eIt i PCR Fll
YT 16S rRNA JEH s, 55CiR k 305, 72°CHEAH 30 s, N ] [23]
CCG TCA ATT CMT ) 5 38 Y
907R 35 MEH
TTR AGT TT
CTGGTTGATCCT
EUKIA 95 CHAEYE 3 min, 95°CAEME 30
GCCAG
B 18S rRNA FEH s, 55°CIE K 30s, 72°CHEM 30s,  ZGaE i PCR [24]
ACCAGACTTGCC
EUKS516R 39 MEH
CTGG
( Barcode1-90 ) GCGGTA
EUK528F 95°CTHAEME 3 min, 95°C7AEYE 30
ATTCCAGCTCCAA ) L
B 18S rRNA FEA s, 55°CIR K 30's, 72°CHEAH 30 s, 1o 30 5 Y [25]
AATCCRAGAATTT
EUK_706R 39 MEH
CACCTCT

* YA ) Barcode ¥ 54 1-90, The No. of bacterial Barcode, 1-90.
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97 % AN SR 2 M HAE /0 25 o8 (OTU ), Fffii ]
UPARSE ZFi G 41, R4 OTU Hdf %) + e 20
FER AT FWEHT. BEHR 18S rRNA gene B E B
PRI HERA IR, (EA SIS rhll 7 25 R R B 70%L4
IR IRAE L B R 2R D HER LR T 60%.16S
rRNA gene fl1 18S rRNA gene ¥Jfifi ] Silva 123 14
ZHRAEE, i QIIME H1iY Assign_taxonomy.py
THARAACFRYEP I JEE R, LG4k
i b A 2 58 [ [ 7 A WA B0 National Center
for Biotechnology Information, NCBI )( https: //www.
ncbi.nlm.nih.gov/) ¥ BioProject £ HE/EH, 45
A PRINA487919,

1.8 HHEAER ST

% H Excel ( Microsoft Office 2010 ) AbF%H
FIHT SAS 9.2 XA I Bt 4 7 5 42 I e L R R
75 22531 ( repeated-ANOVA ), K% 35| ] Origin
9.0 2. HHE Zumsteg ZUH Pepe-Ranney 27
R RIE)ZE SRZEN CERET M CFEER,
FIH PC-bRic MR AR AR bR L B 4 B 75 1 2
FE)Z DNA A F s 2K it 18 )2 i
Yy s & M7 (Enrichment Factors, EF) ¢, 15
ARUF . EF=RA,/RA, (°C) —RAW/RA, (C),
Hr RA, (PC) FIRA, (PC) Fom PC-hric a4
B Ak T 2 AR 2 R 43 2R BT AR X R

RA, ("2C) Ml RA; (2C) FrRAKric 17 % b B
N HEZ )RR AT E . PC-FRid
BB BT, TWELIT 2 5. 1) PC-hrichy
HIAHEAL BN 2 AN T A R TR E T
HXFEREE; 2) EF > 0.5,

2 45 R

21 TEPHEMEEESSEHFAR DNA HEAL

RILEMEEE LA S5

R R o014 26 Ak AR G, PO A R AR I A
¥4 JZ DNA 1 16S rRNA gene F1 18S rRNA gene #%
DUBCRE T 70 %% B (R B8 m 2 30— A B e (18 1A,
1B ), 156HH 20 F ELAZ SE R 4] DNA 3% B B hRic,
It BBEE Y ESE AN, bRic B AW . It
AN, BC FRIC T 4B A FL AR LR U1 K0 B A i
BLEPTE 3~7 )2 (BREB—J 1Y 18S rRNA H:K#% 1
AN ), T AR IC 1 4 2 A A HR S (1 0 1 B A R A
O~11 2o 20 HBE > HrH AR e i e A
Yigk PC FikRic, IR CC-HIAIMERE 57 IS 4148 DNA
iy PC 1 (8°C) FEEEE)E 3~5 BEim, Hib
TRV E RN §VC M (F 1C). R
HEEZ 9~ 11 2, T H AN E R hric, % 70 )Z DNA
M sPC M LR EZES . Wik, %3, 4. 5ER
)2 DNA R Z, B "C-DNA, %HE)Z DNA fif
B MY £ E S 5N AR, Xt
HMIE A S5 R N e A BRI UE X R T 9. 10,
11 20 k42 DNA fREZE, Bl °C-DNA, %k
JZ DNA 7] B =25 5 + 585U A AR 9 7 2

3B

1o}
sk
0l
st
30t

[l 3% LA

8 12 12
g -
o0 A) B)
= G 1.0 1.0
N
= 2 08 0.8
= =
£ & 06 0.6
& 8
= % 04 0.4
¥ e
R & 02 0.2
o e
£ 00 00
2]
& 170 1.71 1.72 173 1.74 175 1.76

1.70 1.71 172 1.73 1.74 1.75 1.76

-35 s L s L L L )
1.70 1.71 1.72 173 1.74 1.75 176

SARATE J)#E CsCl buoyant density/(g-mL ")

T AR 3 A K S22 0 3 PR DL SR AT AT )2 Uk v B 2 10 35 P 4 DL 40045 3]  Note : Relative ratio was obtained by dividing the
highest number of gene copies of all layers with the number of gene copies in each layer.

K1 7% 1% )2 DNA 4 (A), B8 (B) SR BN LR Z ILE (C)

Fig. 1

Relative distribution of Bacterial 16S rRNA genes, Eukaryotic 18S rRNA genes and 8"3C value in each buoyant density layer,

bacteria ( A ), Eukaryota (B) and 8'3C value (C)
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22 HEMEEERERHNETK

48 PC-DNA H A £ BT A L B 35 PR DL T
T PC-DNA, HL# A EL AR Bl s ) AS 728 in &
2A— 2C), FIXTIEALEE (0 w) N Z KA L,
PC-DNA 41 1 3 R 95 DU B0 Ae 15 9% — R 5 24

2.99 i, 17 B P 3 R 98 DUEIOR T 50 D/ 45%
Bl AT N, PC-DNA w40 B KL D8 ¥ 01 %%
AN T B, (B 5 PR DL B0 4 5 B ] 2] 384
(K 2A, K 2B). Hitk, “C-DNA A EL B FIZ0 3
PR DL L B s 5 B RS S - (1] 2D ),

14E10 a 14E10¢
] » B
2 i2m0r A 3 )
E _ £ [ »cpNa
£ 2 1.0E10 2 2 12E10 ([l >C-DNA
z 2 z B
o T =9
8 T 80E9 a g =
g 3 b %
= 2 60E9F be § 3 a
=8 = .
= S 40B9F . b = 3 408
¥ : = H
B 2089 b b & 2.0E8f
= i c a c b b b
0.0 0.0
Ow 1w 3w 6w ow 1w w 6w
90 a 0.12
« © D) a
Z 75 0.10
[ 77 168 rRNA gene 5
© 60BN 188 rRNA gene £ 008 |
2 ® &
Z a5 £ & 006
o b s b
Z30 = 8 004 .
LY b £ 002 N
il c © ; c b
(=N 7.' v 0.00 .
Ow Tw 7§w 6w ow 1w 3w 6w

1 7= B} H] Incubation time

TE: (A) HEAERPE %L, (B) HAZAERE N, (C) MEMEEEZMZREPERE I LH, (D) BREMREPHRES

20T A DR DURY LU (. BEARARE TP 0w L w. 3wl 6 w 43 S FaR 0 BRAL SR AR IR 5 B 9% 1AL 3 RN 6 i 1R ZERE SRR AR
WiRk (n=9), NRIFRFRREESZE PRS2SR B3 (P<0.05), Note: ( A) Bacterial 16S rRNA gene copy numbers,
( B) Eukaryotic 18S rRNA gene copy numbers; ( C) Ratios of the *C-DNA and '*C-DNA in 18S rRNA and 16S rRNA genes, ( D) Ratio of
18S rRNA and 16S rRNA copy numbers in 3C-DNA and ')C-DNA. 0w, 1w, 3 wand 6w in X-axis indicate control treatment, incubated 1
week, 3 weeks and 6 weeks after substrate addition. Error bar represents standard errors (n = 9) . Different letters indicate significant
differences between samples different in incubation time in "*C-DNA or '*C-DNA ( P<0.05) .

P2 AN [ 5 3 ] T 0 B R R o 22 A 22 e R AT DL M L R A
Fig. 2 Changes of Bacterial, eukaryotic 18S rRNA gene copy numbers and ratios of them in '*C-DNA and '*C-DNA under different incubation

time

23 HAEABITHEAABINENFENESE FERSIN PC-AATE R TR R, ARTE T 111 EF

EFEZH

R #ir, BC-DNA WA BT R 1)
(R RE X 3 B 8 25 i T R AR EE () 3A). ARTE
ITRARXS EREAESS 3 Ak Bl (e, MRILR 1Y 14%
AN ZE 59%, BEJG FREZE 49%. FELH T 10106 A
XN 7%, A5 55 1R 5 Bk 3 i = 5 2 45%,
BhJS 2 R, fERRSE 3 JHM 6 JRRHIX LN
20%. XJHEAL B EEERR ] ( Firmicutes ) FYARXS 3
FEALZ R 1%, (HI5FR 1 FJE RIAE] 16%, SRR
AR 5% FRFF B T T RN SRS B8 11 AE R 4f £ 38 b A AR X
FIEAR 30%. S SN A A BT,
TP TR O = AT B, AR R X = B AR
AKE R [ 475 5 2 A% % A B

IR T 0.5, ZRILERN 0.5~4.3, BT
EF HZ°h 1.1~1.5, JEEERF 1% EF {H7E 1 JAA 3
JARERE KT 0.5, (HE 3R 6 G FREEZLUT . R4
Wil 25 A MG ) BB IR FF B T NSRS B8 11/ EF (H
SIS, BRI R I EF B/
T 05, EZERAM (F2),

1 R ] 5 I I B R R 7 R
( Chytridiomycota ) J&XJ MRANHE + e IR ], A
X BE AR 34% . 2% 16%. A PC-Hric #i 4
BiJG ., PC-DNA HA T4 B ] A A = 7 555 37 10 ]
WERE N, B 6 FHAXTF AR F] 88%., (HE,
TR0 EF (AW RS, A 1 Y 3.8 Bk
RZ5E 6 MY 0.5, HF R I7E PC-DNA HAYHHXT
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¥R 59 %

F SRR IR kA B2 AR, AN 3%,
PRI EF EAESS 1 Fh 0.6, 7EEFR/EINT
R 0B . A TR 1) A0 AR X o B 7 5 7R 30 R 2K 1
1%, HIL EFH¥ R (& 3B, £2).

3 3 ®
3.0 ELEIANGN X IR 0 e L AN R P AT

TERE R P SR PO IS, A
B4 PC-DNA Fil 2C-DNA H 3 PR 2 71 50 5 A

1201

A)

100}

80+

60+

40}

20F

X JEF Relative abundance/%

[ ] kamn JAet

Ow 1w 3w 6w
B 75 E] Incubation time

[ 45T
I T ) Acidobacteria

I P Prote ||(Ir||

s R 20), 5B B A B B T AR FE AN IR A R
WA DA H LR A it A B4 K. B2,
PC-DNA " B B M40 B 3 N F 0B s T
">C-DNA FLTH 2 (14 L (1 i 25 4 7250 B 1) S0 AT AR 7 484
i, 2R - R W R SR R IS A A K
AR, MG T30 P % 3 P R R e A o
MRS, R PC-wiAiE S, B IR DU
WA G R WAL A, RHEA RIS REE
14 41 B RS PR A BE D T B B AN
ORI, B 40P SE PR H 1R L (EAS W7 3

120

B)

100+

B
20+ B i
[ #1711 T Basidiomycota
I 71 ] Ascomycota
0

Ow 1w 3w 6w
B=FEIF (8] Incubation time

e« N B B R — AN PR [ FEAS [R] 35 % 18] 1Y) 2% 57 . 3 ( P < 0.05 ), Note : Different colors of the letters indicate significant

differences between samples in incubation time in the same bacterial phylum ( P<0.05) .

K3 AEIEFRI AN EZ R (A) FEE (B) JLFd TR 325

Fig. 3 Relative abundance of dominant bacterial ( A ) and fungal ( B) phyla in *C-DNA under different incubation time
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Table 2 Enrichment factors (EF) of dominant bacterial and fungal phyla relative to incubation time

5 FEmHE] Incubation time

#t Kingdom ["] Phylum
1 /8 1 week 3 i 3 week 6 Ji] 6 week
AFJE TR ] Proteobacteria 0.51 430 2.69
TR Actinobacteria 1.50 1.30 1.09
FRFTHI ] Acidobacteria -0.87 -0.71 -0.23
44 Bacteria
225411 Chloroflexi -0.81 -0.73 —0.66
JEEBETE ] Firmicutes 0.74 1.13 —0.43
IF# 7 1] Planctomycetes -1.03 -0.57 -0.58
FHEW ] Ascomycota 3.77 0.73 0.53
H#HF 1] Basidiomycota 0.59 -0.16 —0.21
H A Fungi

T[] Chytridiomycota —2.44 —2.44 —2.54
#4372 unidentified -3.10 -3.21 -3.40
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Fig. 4 Concept graph of substrate utilization strategies of bacteria and fungi in Ultisol
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