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Abstract; Microorganisms inhabit almost every imaginable environment and are important players in biogeochemical cycles.
With the development and improvement of molecular biology-based approaches, the functions and community composition of
microorganisms in ecosystems can be explored in more detail than ever before. Rapidly advancing molecular techniques have
been applied to questions regarding microbial diversity, biogeography, and responses to environmental changes. Studies of
microorganisms in the environment generally focus on three objectives—determining which microorganisms are present, what
their functions are, and which are active at a given time. Comprehending the range of techniques currently available can be
daunting. To facilitate the selection of the appropriate approach by researchers to study microbial communities in the
environment, we introduce molecular methods according to microbial diversity and function, such as the rapidly developing
high-throughput sequencing, meta-omics, and microbial single-cell approaches ( e.g., nano-scale secondary ion mass

spectrometry-fluorescence in situ hybridization, NanoSIMS-FISH) , and their applications in microbial ecology studies.
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Fig.1 Decision diagram for choosing a molecular approach for use in microbiology studies

B, MeEaTh T ﬁ'J(ﬁE[il WREEAE A DNA 3 RNA /9 BAs B Be 2 thnic PCR Y ILG | ) 25t
Fric PCR F=9) SHEF T 24385, BV AT T8 5 B DT BC 3 51 A9 AR T ¢ 5 e 91, I T AR A5 A 1 1 22 R PR A
X FEEEFE,

FE PR B 1 7 7 U L8 A TR A T e 8] e o5 R A B 22 T] A A e Al A W sl ol 2 R 1R 22 931) , e 41,
REFERI il il LE & C NS F P G IR A HL TS Gy 5 At R 1 300 o) 7 46 A G 19 D) g 56 PR 9 28 4k, Aronson
ZELOVHHT 3 48 PhyloChip (168 rRNA 3 HSIFE , AT LLERAE 60000 42247 A TF OTU (915 8.  BIFFEAS ] 5236 4%
P FAPR L FE B IR AR C B AE D, A b 1 38 v H e S AL T ( Methanotrophs ) FT7™ HHGE T ( Methanogens )
B 2 M S 3 H el AR AL 2 (R AR R, % AR I 2 T H ARV AE A RIS ] M A EUK
bR (] )22 5, [l ik 2 B0 T BEVE T o DB A W B AR A TR S R T AR 1 vk B B N B8 1 e 1 )
Hh BB DR A ) 4 22 S A8 T RERE 28 . Cong 25" FII T GeoChip 5.0( 36 T 393 MNIIREREF K ) 404 T

http ; //www.ecologica.cn



36 &

& (9110TT GHIEY | Eotthp N HE 3 70 [ua| 1
i 0 =17 0 Bl 25534 [ TR L TC L G 1

Wl
TAGHCHY b B N o O Bl * (a1

T I 1 = G o

RISCE SV 1

HSLA-SINISOuEN ¢

WOk (1) (SHREE RO ED BHE N 00 N wDw CDn MHUEYN G HY CHSIH HSL-GHYO AN w500 K
D H T (g1 F B)HCL TRt HSI-QUVD [ < oy ) o) oy 3% 7 [l g 3 0
SKTYE i * £ B0 B M DR i 4 20
I EGHY S HSI ° (¢ 19 H Sy 208 e P 0H
T 2K 7 Y PO B T B X 0 (NAS)
BT HWER ) R3S i [ | 3 C 717 - - 3 -uewe
FRELERE (D RRTIRERE e o BRI g ey SN il
e (wl OS—1 )\ ¥ SRSV H  WOFTTE 17 %O kB ) e G o S S B B AT YOG AT T
[ 2 ) SINISOUBN * [ %Wore O [ X 42 ° 12l
T2 5 D4 3% T (] ) 5 ) 50 i ik ey
W_n:%_&mm@:\mmmﬁ—@—_%&rm domd mm Ve N A d,wmﬂ momESmiom:mbEuE
LAY " Fa T LT X OB T Gy ﬁ%&ﬁmﬂm ﬁmwm_ mwmmmw YNH/VNGEH e __ﬂ__:&%w AN Jsommouageal
D T A GHIE ) B PAEHATEE WL i s gom ) o optipgr PRI BT S e ey 73k 347/ W I %
R < 387 58 A Y0 3 1 A B — B TR G R
P 7 By S M FE ), 1 O N Gl i TR T S
e 2O H o G M 4 G T DO Y [ [ e 0 oy B T i o B VNY/VNA L4 ¥od #H ol Surouenbes indysnoxy-ysiy
Bt i PO RSB ICUEE W E I E A A E WM S G T B D0 T ] 2y A i
S G — (1] B0 D L3 — 3 oL bSE B L G0 24 26 0 o 2600
Ty
) VNY/VNG Gl w ;
O T 4 e 7 G0 700 ol R4 1 ) s 3 T o] Y
N0 B G gy PR Y 00 T
FE Ay VNH/VNA b diynoos)
G0 I 57 GO 700 Bl FCGA e B NC D W e i O I AT S
o M 3 S [ T2 T8 = o ML O TR S ——
B G4 SO ORI TG BB B M N dryoriyg AN Kexrvornyy fi Y
SR ! L ST W YN 0 W
oL 3 £ S TR0 7 Tl T R B [ L B
AN TR B TR S G .
- ) i VNY/VNA Bl HHEHM YD FH
B o0 B WS A o EORT B S  EWEIEA D o s T (o
T dLIN-L ) G A G O (0 (N MG s D RS IR R SR
1 A A AN S AVt ENIRUE A I G E TR T S 00 5 1 , (5 . e
0 ALK TR R OR W By e S amy mwmmms < (LU0 WEE TEE
FORK g — T 8 o g3 G 4990 W B BE0a B L s B T T Y s o [ ) Ao S it S/ 6 Bl AR
soSeueApesI(] pozATeue swoll Jo sadAj, sodfy odweg posn :AHEMMMMHMMMH uonnjosey oy
44 SeWwH it LICH T
e T4 BEIGLL AN v Sk STLLCHT

A3o[o1qo1d1TuI [BIUIWIUOIIAUI Ul saydeoadde xenadjowr jo suonednddy | Jjqe],

WEHNHhESFHFRENDHLEGTEY 1%

http ; //www.ecologica.cn



24 11 R P S RE =X 7/ = Ry B B 1 e Sb 7 e Seoss o Sl D VAR L) i 5

TR R - SF G2 o 1 B R kPR 1 2 IR 2 A | 2 R 0 38 ) i PRI 2 8 5 2 W b R A 2 i A G, Nk
RANBEAGEIAHOCH T REIE A, Frh | B PR Gk PR A 455 iy gk IO IR A S 0 PO R DR B ) R DR 7 = A BRORE
Mo 2 18] g 3% R [A], Y8 X6 B 43 T (canonical correspondence analysis ) F1 22 JT [B] 153 A 43 #1 ( multivariate
regression tree analysis) 340 7 1 847U & it 5 LI RUE Y D RE 5L N B9 4 A 07 ARG
1.3 =i i

Sanger M| JF L2 H T JLH4F I3 B i 5, P P BE 3k 750—1000 bp, %5 CEINR G ), 75 1 ok
S RESCIE  BINKs H bR 3 5 5588 B 25 AU (— RN Escherichia coli) HEATRE SR, T BRI B , SR J5 X 50 B A
i BRI ST I 253 Gl ) AR PR (R PRSI, 2t HL 2% T

FERLFHAE A W F A8 8 T AR K ek 78 Sanger W7 J5 v I SRl L, A [R50 €8 19 2 G AR ic IO Ao
[Ff) ANTP , 24 DNA A & o B AMIERT , BRI —FP dNTP g2 Bl b AR 2O, 42 B 128 055 el
R TSR B, TISRAT A DNA B EUAE R, B & G 0 R, bk AR . 1205 1% ARUZE
Yy BAR BRI PCR P2 NAEA AT, — A SO A3 B LT ZIUE T3 40780, % T B RN RS R R4
H AT T PR S T U E ) 2R 2 B 09 % 5354 2 F, B Roche Inc 23 B 454 FEEFR T F1 1llumina
Inc 22 A MiSeq/HiSeq I, 33 P e e e 0 o 05 3208 5 70 s S F O 5 1 0 B b 28 SR RIS [R) R ot 1
G, AT LLR A3 M 2 A A A PR BR &P 91, Ak, =il & 51 4 (The Access Array 48.48, AA48.48,
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RNA F3 BT 75 A0S 6 R 43 A ERS5AE v 30 BR AR AT 10 IS 0 19 B2E 2 B % A, 1 %€ Y S ) 52 & PCR
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il AR ic oG 2 T 2 (A B 2 A S P RN A R IS S, B 201 A% B R (Raman spectroscopy
Raman) *ﬂ?ﬂﬂﬁ:ﬁ(%%ﬂﬁg( Nano-scale secondary ion mass spectrometry, nanoSIMS) FARW) &R ,1@$?B§]H@Eﬁ
BT AR BN

$7 2 T AR P B P E R 2 (AN C AN PR A LGS K R R R A R, SR AT
AR A A A P RE . I, YA YRS C FRid BRI LLG , — 284 Wb s W i 2 i A AR J
MR R B S I RIIRZE S L teah  RAE A Y R a8 T LUK B0 AR | 26 11 3 BRK Ak £ 0 R i 2K 4
HWHR S AN 6] )T T 7 A PRI 0 U v A — o 22 5, DRI, B S o 2 A 0 i 2 PRI AN [R) |, 36 I 2 0
T AR I B AR R4 A0 35 20 K13 (whole-organism fingerprints ) (75 /11400

AR K i T ARSI (T RS M R L 2R A EAT i 2 e B ROAE AT SR P (R 3R 8 T 2B )
FEATRY C NP S0 H R BEITRE " 13808 Z40 b W b il Yy an i A is v 0 sl f% . eah, il
[l 2 L AEAR B (Bl C/2C) , T DAL F 5 s i i i o0 3R i s 6 e Hr s R A& 2 N 3R B
A B A 2SS AN ) BORIESE AT T — R R A % 1, 307X [ 2R Fe (A Ry 23 B B R
B 0 FARE R B (B8 LN 1%0) % S H AL SR A M A B 5T 5 AR L, A AR W e H, 4, 9l
KR E A BT 52O RO 2 A2 B T EER S G I BT TR Y9 hRIC i pd R A, BIA]AE [A] — sk U o [ s
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BRI R ZTRE | T LAk Gk SO G IR 2428 IR 5 NanoSIMS 44T 14 MG LA TE B B ZR AR 11
[A)e

P TR E AN K Z R B3 1 73 PR ] A TOKEE R ARG, 38 5 T P A P R 2R b
TR Al 3R s ARSI P AN AR | 45 5 TR 25 K i BRI R A& B R A R4 X
Jr i EVRi SRR AR T B R RS, WKk Al SRk W e B SR A R E Y B s
P 0 FH I 7 2 8 22 (R FRAL , 3 26 T3 1k i 0 G T X RS 1 Ak W R S RN D e =z B) 366 2R 1 B, [] B oA
B E D S ) — S A W KF BT ORS8RI T 3201, Raman-FISH 4524 — 40 Mg 7K - E Rl 8 1
77 % AERUAE AR SR s i i B b . BIE AT IR, AP CARIC RS as R . 3@ P C - 25 bRic 4
R, M RIK SR AT T ( Pseudomonas spp.) AT LU E WL IESC o -28, HSRA ST A 2 [0 P C i+
SR TR R Tk B T I ARSI Bl A 4 (4 A SR RE A, 3 LA TR AR AR A A AR S R T
NanoSIMS-FISH 7E f# 4= 4 Ak 25 2% b () B FH ¢ Raman-FISH [ 32 | 76 (3 AE 90 B RN B B0 09 BF 58 b 2404 B
FHIEA47)  Musat 457 RIFFE SR B SR WK B 3 FUR EOL A AN, IN2E T8 (Lamprocystis purpurea) | B [ 25 (14
( Chromatium okenii) F1Je = 2% T8 ( Chlorobium clathratiforme) ¥t JCHLUER (HCO;) A ("NH]) BYWSCERE | 45 51
P A A0 S 0.3% 1Y B IS (LR DTRR 1O E A BRSO B 1Y 70% FI AR B 1Y 40% , U F
JE R 114 L FC 25 €00 TR A 12 T /K1) 0k R0 3 ot B AL 35 R AR, Dekas % R AP N AR ic #2086 5
NanoSIMS-FISH 73 B A& &, & BRIR 480 P e 4 Ak A1 3R Sk ] LA A 26 W [ 4, EL AR 1 20 DR 40P o s Ak s
RS2 B, AT, 43 [ () BT DA iz 28 5 A B R [ R B8 A o v IS A8 7R 1 3Rk /UM
WRAGHR Z Al AR 2 | 318 o s R ZARICH AR 5 NanoSIMS-FISH B¢ A0 FH i 13 2k 9 40 B 1 20 B 2H e &
S HAHCAR R iz s AR ) B T AR R T T

3 RESRE

AEYITE 2B R EREE AR kA 2 P A e AR S R D Re . P A S R G e, WHEIS
FERZ K487 B AR FREE G AE W R S RN DBE 8 2 18] LA K AR ) 45 R 58 PR 1 22 1] ) R AR e
AT o3 TR AR OT R B A AN S R A M F S S it 1 (A [R5 A N AR Y SR BR
(3R 1) LD EEFI N ] A AR OIS AR DU AT e . 0, vesdl 10 22 2 2 A B0 i K P AF 5
B P38 S T BEAE PR & AU L , 5 DGGE FIl T-RFLP S545 45 7 M0 LU, 5 A W ) 22 ik ml oy i 366 DR A
Prid) B R BRI AR e, o il T IR RO OC AR R RS, AR, X 2807 AR BT A
SR, (1) R Y AR B Y 2 S LA AR R SR Y 81, 2R e 1 DR A — i PRI 5 B R A
FIPH), B TARZ R 1) ) BEIE A TE R AR XERR AT i e 91 3 D Be i v afh 16133 5 (2) S 4n i K- 58 O i
Raman K )56 3% i £% 10 R0 ZFRCETTIA S 10 atom% "™ FISH FE Y H & 565 M B 55 345 998t
T R R s AR R AR A IRt P RE S R R G W A B TR ALY A A, 2T PCR
BT, BT 5 YIEPELL e PCR A B 14 [5) 350 55 X A 40 1) BR A iy >Fe Ml 22, a0 7™ A6 B 91 ( chimeras ) (7T 38
A YE B IR, W BellerophonL49J \ChimeraSlayerLSO' A, AN, S RIRE RS EE LY T PCR ¥
B A OCFARIRE D 32, TR RS 2 EERAR AR A R IR R R o AR B T AR, 2 20~ 15 40 i 7K
SRR A B T 7R A SRERE PR W R DR 1 5328 (D REAR B LA F AR AE R 4% T REAE
PRI EE . T E T T R BA S s LS A D RE (0 IR B R T S 0 I X e S 5 I R R
HY S F% | Sanger W 7 5 5 PR 41 A5 4 B, RT3 B AR LA B K SF-BE AR BRI R TS 7, 56 T35 35 0 i
WFFEARIR RS | AN SR IX S BLREE , AN UAR 277 91 i D RE#OME LA BRI T TN R B i A A 2R sl o e
MRZIR I O MERR o 32 B BR G . BEE TR W03 5 LR W27 0 i IR HOR B4R /K- F e HOR 55 ) A
CHE B 43 BT T B A AN IR A, %o AR v Bl A A 9 2 10 2B ) 22 TR A A B E T B R DL R X AR R R B
{14 T R 1) B A AL ZE AN TS I, S G 90 R ) R A S B AR T UL o R B IR AR S R A

http ; //www.ecologica.cn



24 11 R P S RE =X 7/ = Ry B B 1 e Sb 7 e Seoss o Sl D VAR L) i 9

Al A 75 2R G AT R AE BRI 7 1 B Al

5% 3Lk ( References) :

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[24]

Barnard R, Leadley P W, Hungate B A. Global change, nitrification, and denitrification; a review. Global Biogeochemical Cycles, 2005, 19
(1): GB1007.

Uhlik O, Leewis M C, Strejeek M, Musilova L, Mackova M, Leigh M B, Macek T. Stable isotope probing in the metagenomics era: a bridge
towards improved bioremediation. Biotechnology Advances, 2013, 31(2) . 154-165.

Mackelprang R, Waldrop M P, DeAngelis K M, David M M, Chavarria K L, Blazewicz S J, Rubin E M, Jansson J K. Metagenomic analysis of a
permafrost microbial community reveals a rapid response to thaw. Nature, 2011, 480(7377) ; 368-371.

Zimmerman N, Izard J, Klatt C, Zhou J Z, Aronson E. The unseen world; environmental microbial sequencing and identification methods for
ecologists. Frontiers in Ecology and the Environment, 2014, 12(4) . 224-231.

Epstein S S. The phenomenon of microbial uncultivability. Current Opinion in Microbiology, 2013, 16(5) : 636-642.

Tringe S G, Hugenholiz P. A renaissance for the pioneering 16S rRNA gene. Current Opinion in Microbiology, 2008, 11(5) : 442-446.

Nilsson R H, Ryberg M, Abarenkov K, Sjokvist E, Kristiansson E. The ITS region as a target for characterization of fungal communities using
emerging sequencing technologies. FEMS Microbiology Letters, 2009, 296(1) : 97-101.

Kirk J L, Beaudette L. A, Hart M, Moutoglis P, Klironomos ] N, Lee H, Trevors J T. Methods of studying soil microbial diversity. Journal of
Microbiological Methods, 2004, 58(2) : 169-188.

TN, ERIBE B DGGE B SU AL Y REVE I A4 3 LIRS A, Bl , 2006, 46(2) : 331-335.

REM, RO, Beh). FEERUEYIREE T T-RELP HOR SN, DA S35 E 24k, 2006, 12(6) - 861-868.

Gentry T J, Wickham G S, Schadt C W, He Z, Zhou J. Microarray applications in microbial ecology research. Microbial Ecology, 2006, 52(2) .
159-175.

Loman N J, Misra R V, Dallman T J, Constantinidou C, Gharbia S E, Wain J, Pallen M J. Performance comparison of benchtop high-throughput
sequencing platforms. Nature Biotechnology, 2012, 30(5) . 434-439.

Minoche A E, Dohm J C, Himmelbauer H. Evaluation of genomic high-throughput sequencing data generated on Illumina HiSeq and Genome
Analyzer systems. Genome Biology, 2011, 12: R112-R112.

Huang W E, Stoecker K, Griffiths R, Newbold L, Daims H, Whiteley A S, Wagner M. Raman-FISH; combining stable-isotope Raman
spectroscopy and fluorescence in situ hybridization for the single cell analysis of identity and function. Environmental Microbiology, 2007, 9(8) .
1878-1889.

Pett-Ridge J, Weber P K. NanoSIP : NanoSIMS applications for microbial biology. Methods in Molecular Biology, 2012, 881 375-408.
Eickhorst T, Tippkotter R. Improved detection of soil microorganisms using fluorescence in situ hybridization ( FISH) and catalyzed reporter
deposition (CARD-FISH). Soil Biology and Biochemistry, 2008, 40(7) . 1883-1891.

LiTL, Wu T D, Mazéas L, Toffin L., Guerquin-Kern J L, Leblon G, Bouchez T. Simultaneous analysis of microbial identity and function using
NanoSIMS. Environmental Microbiology, 2008, 10(3) : 580-588.

Peteranderl R, Lechene C. Measure of carbon and nitrogen stable isotope ratios in cultured cells. Journal of the American Society for Mass
Spectrometry, 2004, 15(4) . 478-485.

Aronson E L, Dubinsky E A, Helliker B R. Effects of nitrogen addition on soil microbial diversity and methane cycling capacity depend on drainage
conditions in a pine forest soil. Soil Biology and Biochemistry, 2013, 62 119-128.

Cong J, Liu X D, Lu H, Xu H, Li Y D, Deng Y, Li D Q, Zhang Y G. Available nitrogen is the key factor influencing soil microbial functional
gene diversity in tropical rainforest. BMC Microbiology, 2015, 15: 167-167.

Hermann-Bank M L, Skovgaard K, Stockmarr A, Larsen N, Mglbak L. The gut microbiotassay: a high-throughput qPCR approach combinable with
next generation sequencing to study gut microbial diversity. BMC Genomics, 2013, 14. 788-801.

Lu L, Jia Z J. Urease gene-containing Archaea dominate autotrophic ammonia oxidation in two acid soils. Environmental Microbiology, 2013, 15
(6): 1795-1809.

Kim S J, Park S J, Cha I T, Min D, Kim J S, Chung W H, Chae J C, Jeon C O, Rhee S K. Metabolic versatility of toluene-degrading, iron-
reducing bacteria in tidal flat sediment, characterized by stable isotope probing-based metagenomic analysis. Environmental Microbiology, 2014, 16
(1): 189-204.

Clemmensen K E, Bahr A, Ovaskainen O, Dahlberg A, Ekblad A, Wallander H, Stenlid J, Finlay R D, Wardle D A, Lindahl B D. Roots and

associated fungi drive long-term carbon sequestration in boreal forest. Science, 2013, 339(6127) . 1615-1618.

http ; //www.ecologica.cn



10 GO O 36 &
[25] Kuypers M M M, Jgrgensen B B. The future of single-cell environmental microbiology. Environmental Microbiology, 2007, 9(1) ; 6-7.

[26]
[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]
[37]

[38]

[39]
[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

Radajewski S, Ineson P, Parekh N R, Murrell J C. Stable-isotope probing as a tool in microbial ecology. Nature, 2000, 403(6770) : 646-649.
Cadisch G, Espana M, Causey R, Richter M, Shaw E, Morgan ] A W, Rahn C, Bending G D. Technical considerations for the use of > N-DNA
stable-isotope probing for functional microbial activity in soils. Rapid Communications in Mass Spectrometry, 2005, 19(11) ; 1424-1428.
Schwartz E. Characterization of growing microorganisms in soil by stable isotope probing with H,'™ 0. Applied and Environmental Microbiology,
2007, 73(8) : 2541-2546.

Putkinen A, Larmola T, Tuomivirta T, Siljanen H M P, Bodrossy L, Tuittila E S, Fritze H. Peatland succession induces a shift in the community
composition of Sphagnum-associated active methanotrophs. FEMS Microbiology Ecology, 2014, 88(3) : 596-611.

Dumont M G, Pommerenke B, Casper P. Using stable isotope probing to obtain a targeted metatranscriptome of aerobic methanotrophs in lake
sediment. Environmental Microbiology Reports, 2013, 5(5): 757-764.

Lu Y H, Conrad R. In situ stable isotope probing of methanogenic archaea in the rice rhizosphere. Science, 2005, 309(5737) . 1088-1090.
XU, TS, T Rl P HOR A R N AL E PR A P E B2 AR 2013, 8(3) + 196-200.

Gerlach W, Jinemann S, Tille F, Goesmann A, Stoye J. WebCARMA: a web application for the functional and taxonomic classification of
unassembled metagenomic reads. BMC Bioinformatics, 2009, 10: 430-430.

Meyer F, Paarmann D, D’Souza M, Olson R, Glass E M, Kubal M, Paczian T, Rodriguez A, Stevens R, Wilke A, Wilkening J, Edwards R A.
The metagenomics RAST server-a public resource for the automatic phylogenetic and functional analysis of metagenomes. BMC Bioinformatics,
2008, 9: 386-386.

Goecks J, Nekrutenko A, Taylor J, The Galaxy Team. Galaxy: a comprehensive approach for supporting accessible, reproducible, and transparent
computational research in the life sciences. Genome Biology, 2010, 11(8) : R86-R86.

Reich M, Liefeld T, Gould J, Lerner J, Tamayo P, Mesirov J P. GenePattern 2.0. Nature Genetics, 2006, 38(5) : 500-500.

Fierer N, Lauber C L, Ramirez K S, Zaneveld J, Bradford M A, Knight R. Comparative metagenomic, phylogenetic and physiological analyses of
soil microbial communities across nitrogen gradients. The ISME Journal, 2012, 6. 1007-1017.

Xia Y, Wang Y B, Fang H H P, Jin T, Zhong H Z, Zhang T. Thermophilic microbial cellulose decomposition and methanogenesis pathways
recharacterized by metatranscriptomic and metagenomic analysis. Science Reports, 2014, 4. 6708-6708.

Sorokin Y I. Radioisotopic Methods in Hydrobiology. Heidelberg: Springer, 1999.

Huang W E, Griffiths R I, Thompson I P, Bailey M J, Whiteley A S. Raman microscopic analysis of single microbial cells. Analytical Chemistry,
2004, 76(15) . 4452-4458.

Boxer S G, Kraft M L., Weber P K. Advances in imaging secondary ion mass spectrometry for biological samples. Annual Review of Biophysics,
2009, 38: 53-74.

Orphan V J, Turk K A, Green A M, House C H. Patterns of '>N assimilation and growth of methanotrophic ANME-2 archaea and sulfate-reducing
bacteria within structured syntrophic consortia revealed by FISH-SIMS. Environmental Microbiology, 2009, 11(7) . 1777-1791.

Musat N, Foster R, Vagner T, Adam B, Kuypers M M M. Detecting metabolic activities in single cells, with emphasis on nanoSIMS. FEMS
Microbiology Reviews, 2012, 36(2) : 486-511.

Abraham W R. Applications and impacts of stable isotope probing for analysis of microbial interactions. Applied Microbiology and Biotechnology,
2014, 98(11) . 4817-4828.

Huang W E, Ferguson A, Singer A C, Lawson K, Thompson I P, Kalin R M, Larkin M J, Bailey M J, Whiteley A S. Resolving genetic functions
within microbial populations: in situ analyses using TRNA and mRNA stable isotope probing coupled with single-cell raman-fluorescence in situ
hybridization. Applied and Environmental Microbiology, 2009, 75(1) ; 234-241.

BTG, SREAE, BUALIE. AR U T BUEEOR (NanoSIMS ) A M Az A A0 O PGB, R4Sl 2013, 33(2) : 348-357.

Musat N, Halm H, Winterholler B, Hoppe P, Peduzzi S, Hillion F, Horreard F, Amann R, Jorgensen B B, Kuypers M M M. A single-cell view
on the ecophysiology of anaerobic phototrophic bacteria. Proceedings of the National Academy of Sciences of the United States of America, 2008,
105(46) : 17861-17866.

Dekas A E, Poretsky R S, Orphan V J. Deep-sea archaea fix and share nitrogen in methane-consuming microbial consortia. Science, 2009, 326
(5951) ; 422-426.

Huber T, Faulkner G, Hugenholiz P. Bellerophon; a program to detect chimeric sequences in multiple sequence alignments. Bioinformatics, 2004,
20(14) : 2317-2319.

Haas B J, Gevers D, Earl A M, Feldgarden M, Ward D V, Giannoukos G, Ciulla D, Tabbaa D, Highlander S K, Sodergren E, Methé B,
DeSantis T Z, The Human Microbiome Consortium, Petrosino J F, Knight R, Birren B W. Chimeric 16S rRNA sequence formation and detection in
Sanger and 454-pyrosequenced PCR amplicons. Genome Research, 2011, 21(3) . 494-504.

http ; //www.ecologica.cn



