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Application of nano-scale secondary ion mass spectrometry to microbial
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Abstract: Generally considering the widespread distribution and functional importance of microorganisms in biogeochemical
processes, single-cell methods to detect their metabolic activities in naturally complex environments are essential. Recent
methodological advancements in secondary ion mass spectrometry ( SIMS)-based imaging techniques have revealed novel
insights into metabolically active cells and their identification. The nano-scale secondary ion mass spectrometry
(NanoSIMS) represents the most advanced generation of ion microprobe imaging technique, which possesses well-focused
primary ion beam, high levels of sensitivity, ion transmission, mass resolution and spatial resolution ( < 50 nm),
combining high-resolution microscopy with isotopic analysis. NanoSIMS has been widely used in material science, geology,
life science and mineralogy, and recently expanded to be a novel analytical tool in environmental microbiology.

The basic principle of NanoSIMS is that the primary ions produced by the ion source (Cs" or O”) are accelerated under

ultra-high vacuum to an energy with a few kiloelectronvolts (KeV) , then are focused onto the chosen working areas of the
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sample surface. The bombardment could sputter away a thin layer of secondary ions reflecting the molecular and isotopic
compositions of sample surface. These ion particles are directed into a mass analyzer, and separated based on the different
mass-to-charge ratio, then detected by the highly-sensitive ion detectors. By analyzing different secondary ions (7 masses in
parallel) , information about the identity and activity of the targeted microorganisms can be obtained.

The major steps employed in single-cell analysis by NanoSIMS include environmental and cultured samples incubated
with stable or radioactive isotope (with a suitable half-life) labeled substrates under in situ or microcosm conditions, then
subsamples are chemically fixed, dehydrated and resin-embedded to form thin sections for NanoSIMS. When used in
combination with FISH approach, samples should be hybridized with specific oligonucleotide probes prior to NanoSIMS
analysis. Particularly, when an insulating sample (i.e. most of microbiological samples) is analyzed, the surface need to
be coated with a thin layer of conductive materials to prevent charging effect. By providing information on the ecophysiology
of microorganisms and identifying the metabolically active single cells in complex environments, NanoSIMS could be able to
directly link the microbial identity with the specific activity, which is of global importance to investigate the microbes-
mediated biogeochemical cycles.

The aim of this review was to describe the basic principle of NanoSIMS, and its powerful combinations with isotopic
tracers, transmission electron microscope (TEM) , scanning electron microscope (SEM) , fluorescence in situ hybridization
(FISH), catalyzed reporter deposition ( CARD)-FISH, Halogen In Situ Hybridization ( HISH) to analyze single-cell
microbial function and identity in the field of environmental microbiology. Our review focuses on the recent application of
NanoSIMS-based methodologies combined with isotope probing method to identify and visualize the key microbial populations
involving in nitrogen, carbon and sulfur cycling. Moreover, some practical considerations concerning the sample preparation
and phylogenetic identification when using NanoSIMS are presented. Increasing evidence strongly suggest that NanoSIMS
instruments will be powerful analytical tools for environmental microbiology, provide unprecedented possibilities and huge
advantages to image metabolically active single cells within complex environments. Finally, we point out the amazing
potential of NanoSIMS-based techniques to solve new problems and improve our understanding in future studies of microbial

ecology.
Key Words: NanoSIMS; isotopic analysis; quantitative image-analysis; microbial ecology; FISH
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[ 2 5 L 3 DX G B | 8 O A D 25 T 3 S 0 IR, 15 1 Bl A3 B e il R I A ST R sk G 4 53, SIMS
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PEXF T IE W 3 BT RE A B R G, 4 ( Cs™) B8 T IR
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R,

microprobe [

http ; //www. ecologica. cn



2 4 AT A ANOK R T EEOR (NanoSIMS ) £E AR 9 A 2524 B 5 (9 R H 351

2 Mk TREBEFRILER AR (NanoSIMS ) B B TR E M £ SF RN AR KL

TWRE TS ER (SIMS) 7R AE Y AR A T B R T 2001 4, Orphan 25 8 KR FISH 5 SIMS 45
BT IEESE TR DU TR A R AW e S A 1T, R AR C—CH, - o A S B X6 [R) 47 25 4 1 40 17
FISH 52 7 Mris 7EAN [ A9 AN 2% b 58 B, 17 5 SIMS A ] 53 R 51K, AN BB AT 450 X6 0 A 40 1) 240 B A4 7 F
P BB CAMECA NanoSIMS 501 % YR B i (A 25 IR 73X —MERT, [ ] NanoSIMS #E£ 7 541
WSR3 AT 1 R 2D IRy A S T R SR SR SR T B R S W PRI A BT 15 57 1 U ) 2 R A
& RUEERNL R (PN 50 C S5 S RO PR [ R T AR, Zead R A R R E AR e R 2 S KRR
AT E K TEARAS B IUAE fity 7 B FH IR SA A R G 28 2 (O FE i ( 46 R 28U E W A S 2 R S R i ) T 22
AT S HLBE IS (Au, Pt, Aw/Pd 503 C) b BN il £ 8 2 T 4R AT A R LA A0 A W RE S AT
NanoSIMS 73#7 . i T SRR AL S 1 H AR A 9, NanoSIMS 75 5 5 3% 5 i 1 W s (TEM) s 1
A3 (SEM) B3GR Z 38 (FISH ) AL 5 DU D6 54 24 28 (CARD-FISH ) | 5 Z v 428 (HISH ) | X Ht
BEIE I (EDS X-ray ) SFHEA R RBIRUE B A S FTige (K 2) .

_[ 78 0 7 ]_
TEM

= _[ T ]
SEM —|
y NI A Ak KB TR
? LA
—[ﬁmﬁ%mﬁﬁ%mﬁgg
CRDFISH
—[ MR SRS ]d
HISH

_[ XS AL ]_'
EDS X-ray

I fr i i 7 BEHEA

B2 SRIRBEFRIESTRENRBEIEFENRRELE

Fig.2 Schematic diagram of NanoSIMS to detect and image microbial metabolic activities
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3.1 APERRUEY)

RV R 2R ER E2 i — R AW a3l PO -0 08 2 5 A Rl B A i AR (L4 BT AR AT
AN RO AP R 2 A6 A ) 09 B BB AR 0 S 224 i Z8U08 PR LAk F 52 ) A% 00 ) j 2 — 17 NanoSIMS
FORAEEAEER 78 T 18 04 1 1 S e [ R 9 9 B 9% 1 RS M Jé (3R 1) . 2006 4F, Lechene %5 1 YA
NanoSIMS M EAAR I /K S FAF 98 3580 T S50 %8 20035 55 09 [# B R Ak Teredinibacter turnerae W [ & 47 PE
2007 4, Lechene 55 XX 5 —F144 A Lyrodus pedicellatus Ff5HH ( Shipworm ) A< PN A= () [ R A 4T T 8 S 0F
2P T AR B R B PN S ROC R , IT ALK S 5 HA A U E R AR Lechene 25 7E 52
BRI R 0 MR Lyrodus pedicellatus WK Hid AT g R R KON, , SR )5 Zead 8d 1 2 @8 15
FRZIG SRR R AT S H - U (TEM) 459 45 6 2 7 B 5% 10 i E 2 2 b 2 [ AU T I 6 S i
NanoSIMS 737 Ji5 & B [ 40 T 1 S8 BRI A0 U5 N T b 33k E00AG ) b ARy Al R gt [ 2802 3B
FURAUESE ", 2 ] NanoSIMS H RS [ EUM A 90 40 M 2 B 9 617 b 7t SR i il R B A 1
KRNI o

B BRI 53— 29 Iz WFIE IR 22 RE B AT TREAE [RI I [T 3E N, # CO, , AR A 20 LA A 5 1
MTEASHRHE A NanoSIMS (45 FERAL 7AEA] 2 2224R 05 S0 56 5 SR A i An S R, AR 5k 26 PRI B Y
FR XT3 Rk TT 3R 78 3% 26 20 i PN S 40 M =2 (8] 1) 5% 35 AR sl I AT RE . Popa 55383 45 & = 40 R
NanoSIMS 5%a & MR ZARICH ARG 22008 B & s 3 A, oscillarioides FIWTEE & B, 3 & 2 B9 & oo 2 ] LLgh =+
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AU PGHEFE A2 | T2 e RN B IR A b 25, A1, NanoSIMS 4 1] LIAR 4 41 g 20 2L AN 5] 1) 6 R 2H B0 M I 441 i
IK bt — 2 A 22 RS 3 A, oscillarioides 1K E/‘Jﬁ%ﬁ%ﬁ%ﬁm o AH—NZERIAIE T NanoSIMS A1 TEM
Xof [ B SE TR R Trichodesmium FIRFIE 0 T M AHEL A C FN ISR I 25 43 A R AE , Horf €O, 1 [8] 7
FAE BB K 00N, R AR TE R s B e K F I BT EDE R C Fl N EZI AR S R
Wk XSRS A K R R AMCE R S NanoSIMS F1 TEM BUARE ARBRA 6 |, BEWS 7E 38 58 1A= 4
JRLY A BRAH G 3R S AR AR RN e i i R T R AR B RAEH] . TRl (5 i B AT T 3 0 A PR A (] 1Y
AR WS Nodularia spumigena Fl Aphanizomenon sp. X T-I% % W15 ( Baltic Sea) ik 2 G FH A FZLME | [RIH 45 & 6k
R IEAF BRI TE 1 PR AN ] 5 55 I TP BR 200 JH /P 14 0 31 g R 4T T4, DA T e A% SE A e Al 0 A [l 280
TR 0o 4 BRI 2 19 BTk % 252

Bk 1 X S0 2R Al R 27 Y [ U ST T T 2 A1, NanoSIMS [R)#E 8 RE W% FH T 43 BT B 852 4 i o 1) [ /Uit
Y., 5k, Foster S A 1PN, [ RARICS NanoSIMS 4545 A5 25 B YO0 5585 FR 1 /K Y 3 ik - et e
AT B0 ] R R AT I e 1o 2 el TR T BRI AN BE SR ek - e AR R S B R A R O
BIWFAEAMERE ) Halm 58585 FISH 5 NanoSIMS 656 T, U5 HA 75 1K DR &UZ b R 45 [ 20 F i I 4
FEIRBORAR R D ERERAN T Chlorobium sp. % 7T Ry 52 2% 0] i FURR P RE it T, Dekas %38 FHIX 2 34
At HA e R R R AL T RERY T T ANME-2 R4 DSS 2ERER R A AU T THF9E  fE 25t 6 DA U N, [FIf7
REEFR I RSN BRI A 1 DL , A AR SRS A Y ANME- 2 7y T HAT [ € AU S g, JF BLAE
BN 1 1 I ROCR BB 45 DSS A"

UEAER B A 5 — R BAT ZU R AL D RE I o TR TR S 30 2 SRAT Al s 5 | U 48U T (AOA) 1 S I 40 1 LA S1MAK
AERIM E S 55 | BSOS AT HAE Y RS A R 2 — Y BRI AE 9 K% 1 Tourna 55 LT it A
T3 E AR T A T Nitrososphaera viennensis , 2 AR FATE TS INAT R S DA IR TR 114 35 35 ik b A RS
NH F AL NOS P2 o Ol T SE LR 2 A5 A FH N R R vh 1Y) C JE 3ok A Al ML 21 20, i THE &5 N, viennensis
AEEFRE IS C FRICHYINERAR , 76 37 °C 1597 10 d 532 ] NanoSIMS X AE G EFT /08T, R KLY A 10% 1Y
C JLE K AT C-TAHI R ,/H\%E/JEEE% H TR S Eh B0 8 ,IFBH N. viennensis AL EE B IR IR G & 3¢
AR ITRES . ISR 1 UCKE NanoSIMS HEAR FHF 28U A Y, X T IR & I 2 e ol 1 119 A= 3
AL S 157 ) S B
3.2 WROEIHBEY

VT SBAE 5 B O 1) 11 R 258 (HISH ) 5 NanoSIMS 156 FH A5 A BE 0% 23 M PR B5RE i A 03 A W0 4R, I
[F f 5 o000 B A A AR RE ) . Musat 55 27 el 5ORI R I AR FI T 098 3578 32 91K vh 3 AR IR 064 40
B Chromatium okenii , Lamprocystis purpurea 1 Chlorobium clathratiforme %} H®CO; FI"NH] WM IMCERAE"T . Al
AT Aok 5 26 2 B g 5 R A B, IR G 4 A T ) A [ 0 i 2 BB b AR R A AR o3 2 e, R IRIRBEO &
A ) 22 SR o A5 ALK 0. 03% (1 C. okendi TTHR T A 4H TR B WSLEL Bk 19 70% F1 R
B 40% X FE AWK b DR A0 B A0 T 1 Bk ROV Moo A A S Pl — 3 A A AR A D ST S e

NanoSIMS B AR TERIAE I AL ) 5 T 53— 20 35202 0 T F 5635 35 B (04 P B % RN H 0 15 9
) BIBTSE . Li S8 A AR 0 B0 SR H R IR B SO 445815 NanoSIMS 455 HYJ7 vk R A W) S 07 i v PR B SR 1
AL BN REHEAT T 43T Ry TS A W SO #4582 6 v A A WS P R ML bR T C- Y 5 970K
H AR SO s BOAE i IR 5% 25 d J, 16 56 P DABIUR T A0 1 6T 200 T R oy T ) A S PR AR B0 A ot LR 2
WIATE BRI KRR 152 FH T NanoSIMS 43T , 45 58 5 31y TR J2 A= 900 S g+ WM FRY e ) R 2 ) e A Y
AN, Behrens 553z FHIS A B BB T O AW BE 1 B9 Cytophaga-Flavobacterium JSFE WG WP C-2 3 12 1Y
Ife .

3.3 BEHAEY
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Xt SRB AL BRI F BEFEAT T VR AT, FL 1 /N BE7E 040 I KCF- e Ar HL2E BRAR I D e R E >, i, 26
[R5 Fike S5F] FHIEOHTHY NanoSIMS 50L %1 — Vs 1 Bl {X , JF 454 CARD-FISH A, iyl A fiff ik —
(PR AL BT LA, U HE T e ER RS T R MR b 2 S A M FEEE A YR 2 Desulfobacteraceae
BRI R ) AT E S ANZE B A TS0, MR S Rk Yk b T s BR AL S, BT RR L
5580, KL R ISR A ™S [ 52 2 U T, SRR 3 NanoSIMS BRI AR HE A0S 53R it
&S IRl 2 AL UG B0 , T THAAE S AN [R) 2 0 4R BE AR AL e BE . NanoSIMS T A= U — 4E RIS R I
A= 1 rb i AL W 0 VR R BE R R R 1 g s b, B R b s # 5 R ] CARD-FISH. Ji i 5E 1Y
Desulfobacteraceae B} [ 87 B2 £k 34 i i = B FETUAE W1 3R B 1 AR AL - A8 AH Y &, BB Desulfobacteraceae BEXJ i
Ay A ) 2 1) o AT BT JOE AR S DA T B R A S5 BT (A 9F 5% 245 B A e JFL 1 2 8 R 4
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fluorescens PIZEREF7 1 #k (NCTC10038 ) 7E &% A "NH; /) NanoSIMS B f& 4
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Table 1 Examples of NanoSIMS applications in microbial ecology
FE I FHHE A S HTRY IR TR 275 3CHik
Sample types Techniques used in combination Types of ion imaging References
Al 14 1] 8200 T P R TR PE[E] 2 ARIL | Transmission BoMN- 2ty 1201
Teredinibacter turnerae Electron Microscope (TEM) ’
WEBH Lyrodus pedicellatus B 18 N 1) 3t N —
G Fel € PER 7 R ARiC \ TEM ZCHNT,2CPNT 21
I A FasE PR R R bRid , [21]
2% TR 11 220K [ 2 e ’ NN
E u%m#/{j{.ﬂm& FaE PRI Z bRl 2¢=,Bem,2CMNT 2PN Bp [23]
Anabaena oscillarioides
S 0 B AW Trichodesmium FaE MR FE hRiC  TEM 2¢- 3¢, 12CMNT, 2N 3T [24]
224K [ ¥ Aphanizomenon sp. TR MR R AR IC RIS T 2¢m,Bem,2eNT 2PN [25]
224K B AR5 B Nodularia spumigena P Vak A I Ay TN Tl G N gL 2¢7,18¢, 124N, 2CP N [26]
T KR it e 4 T s e A FE MR R bRid ZCHNT 12CPNT [27]
T M R ZpRid | Catalyzed
WK IRAAZ I E A A Reporter Deposition Fluorescent In Situ  2C~ B¢~ 2CH*N™,12CPN- [28]
Hybridization (CARD-FISH)

T TORY A R UV R BER R M TR) A2 K A T, Fluorescence In BoMN- 2ty (29-30]
AR Situ Hybridization ( FISH) ?
E2IRE D IV~ KRt ) f S FsE R A RhRic GEL W IR R 2C,BC,2CN 007, [32]
Nitrososphaera viennensis JRE 19p- ,3] P- ,325’
SEE IR T = Fhob A A \ e g
AT =Rk A AR Bt A e
Chromatium okenii , Lamprocystis . ) C,”C7,"C"N ,“C”N,"F [17]

. » CARD-FISH  HISH
purpurea F1 Chlorobium clathratiforme

) B 20- Bo- RN 12QI5N-

A R B RoE bR AR i o s ’ [34]
1t B 1 FaSE Pk ] 7 % bR . CARD-FISH,  2c7,Pc7,2een,2eler, 135
Cytophaga-Flavobacterium psyicd Halogen In Situ Hybridization ( HISH) 2CUN- 2PN 0F 8B
1;%%%% (' microbial mats) ) B R CARD-FISH ng- ,3457 [37]
ERIL R (SRB)
FIEILTTH ) Pseudomonas fluorescens  FEPEFRI ZFRIC . Scanning Electron 2 Bo- REHN- 2EISN- g (40]
TR B Microscope (SEM) X SF£EfEIEAY ’ ’ ? ? ?
HRBRE ) Fe e MR M ZbRid \TEM 2¢- B¢, 2CMNT L 2N B0, [41]
ﬂii%%‘%ﬂ’]ﬁﬁéﬁﬂj%%ﬁ: TEM 12CUN- 31p- S6FeI6 0 TRel6 (- [42]
Desulfovibrio magneticus
I B A )
RN FaE Pk ZARIC \FISH 12¢- Be- [43]
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B EREERE S A0 8 /3 WK I ELRBAS K AZ 125 o A S B K 18 7 vk — M A 45 T2 [ 2 Y (A fin A 2 | PR R
PR ) ARTRBEK P ERAERAE H E ORTE] B K k8 T R R BE Y NanoSIMS 404, 4R
FEAE S 2% 1 R R AT IR TG 2 T BB K AR R AL Bl , S5c it ARG IRLIBE /K Dy vk ok [ s A B2, 81 an
FERFESE [ UM 0 A B RO 3 8 A B4 524 6 TR SR AS L 0 18 0 o e FRI RS B 0 A A 3L SR I U0 i i
FroR DAME HEFT NanoSIMS 434, P (8 5 V00T —F w2k 0 A R 1 2 1 0 Bl o A A A 6 A [ e /K
PEFIM AR A A i B A T RES | A P A0 rp 192 C, AR NanoSIMS 1) 43 T H 38— 5 19 i 22
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JKALEE) . Peteranderl Al Lechene Hod TR IR BE/K 5 fhp [ XA i il 2 A AS [R5 ), 2 BAL 2 [ 380
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WK T 5 AR 98 B, Al [ R 25 0 B A 3 L R i e IR i R T AL
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RN M 2855 A A A ek P 40 B 5 40 R S 2 ), A A R0 IX 533K A [R) B A % N ) IR Ay ke A R TR
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5 BEMEE
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