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@),)) !sotopes definition

A:Z+NX
Z

- Same atomic number Z

(Z= number of protons)

- number of neutrons N (then mass
number A = Z+N) different



a : ! Hydrogen isotopes

REV

Hydrogen Deuterium Tritium




@i ! Carbon isotopes

A:Z+NXZ

Exemple: Carbon C
. 6 protons —» atomic number Z= 6

. 6, 7, ou 8 neutrons (N)
— Atomic mass A=Z+N =12, 13, ou 14

Notation ; 12C, 13C, 14C



"(“‘*W Two types of isotopes

-Radioactive = Transformation into isotopes of another element

147¢m —»143Nd
2381y _,206pp
87Rb —»37Sr

- Stables = the others
No transformation as a function of time

Légers: 14, 2H, 12C, 13C, 160, 170, 180, 14N, 15N

Lourds: 63Cu, 65Cu, 5%Fe, 5°Fe, 57Fe, 5%Fe

66Zn, 8Zn, 79Zn



Nucleus stability

N = A-Z(nombre de neutrons)

160 A=250
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@),) !sotope natural abundancy

99.759

0.037 0.204

4.22




(o Isotopic fractionation

ISOTOPES:
Comparable chemical properties
(identical electronic structure)

[}
BUT
>
2
: -
Mass difference o
o
=
)
o
o
BOI’IdS energy * Interatomic distance
. Constantes H,1%0 D,1%0 H,130
Merging Temperatures = 3 ? L
° ° s o -3 o
VISCOSI"'Y £ Densité (20°C. en g cm™) 0.9979 1.1051 1.1106
. Température de plus grande densité (°C) 3.08 11.24 430
RCGC*IOH rate # Point de fusion (°C) 0.00 381 028
Point d'ébullition (°C) 100.00 101.42 100.14
Pression de vapeur (100°C, en Torr) 760.00 721.60
Viscosité (2 20°C en centipoises) 1.002 1247 1.056

ISOTOPIC FRACTIONATION



M))) Exemple of isotopic fractionation

Evaporation:

T(boiling): H,O= 100 °C
D,0=101.4 °C

Preferential evaporation of H,O
Preferential condensation of D,O

Chemical reaction:

The light isotope forms slightly weaker bonds

l

The products of the reaction will be enriched in light isotope
The reagents will be enriched in heavy isotopes



(ﬁz THE CONCEPT OF ISOTOPIC COMPOSITION

In nature, slight variations in the order of %o of the 13C / 12C ratio.

Variations measured using the isotopic composition:

313C= [(Rs-Ris)/Ris] x 1000 %

With Rs = 13C/12C of the sample
Ris = 13C/12C of the international standard (PDB)

12 I
C enrichment 0 13C enrichment

| " =
PDB
S13C (%o)




@))) VARIATION OF THE 3C/22C RATIO

CO, Marine
Atm carbonate
40 -35 -30 -25 -20 -15 -10 -5 C
_ Terrestrial Plants
L] Marine plants

Marine plankton (+22 °C)

L] Marine plankton (+1 °C)
1 Terrestrial Plants C4
1 Terrestrial Plants C3

The 13C / 12C ratio depends on:

- Carbon origin

- Environmental conditions
- Biosynthetic cycle

C4 (Hatch et Slack) #°

C3 (Calvin)

11



(’(‘i ! TWO TYPES OF APPLICATION

NATURAL ISOTOPIA:

- Compounds origin

- Compounds fate

ISOTOPIC TRACING:

Use of artificially enriched compounds in D, 13C, °N, 180

1

Compounds fate (Transfer, degradation...)



( ORGANIC MASS SPECTROMETRY
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(ﬁ 2 ISOTOPIC MASS SPECTROMETRY

Combustion CO2 SOZ '.

Multiple Detectors

120160180+, 13C160170* > I 46

12C16017O+, 13C1602+ 45

——

14



(ﬁ 2 ISOTOPIC MASS SPECTROMETRY

He
| off-I: 2
%" co,

Samples Standard gas introduction

Source | |

separation

Ionisation

Data analysis

conectore ) |

Amplificators




@) SCHEMES OF AN IRMS

MAGNET

DETECTORS
SOURCE



(T! ! IRMS COUPLING WITH AN ELEMENTARY ANALYZER

Quartz chips Purge

Solid g
autosampler —
O, Pulsed : Constant flow He Reference Gas
Injection HeIN Injector System
per sample 100mL/min Water trap
> Quartz Magnesium CO 7 N,
Quartz tube wool perchlorate
Combustion =+ Reduction
o
1050%C 650°C GC column Pneumatic
Chromium oxide ce a5 3m PoropakQ needle valve

Silvered cobaltous_| 1?% TCD
Cobaltic oxide ?ﬂ;.

Quartz __ [ Quartz | _ NUPRO
wool wool Diluter isolation
(Optional use) valve

Stand-by  IsoPrime
valve IRMS

Amount of carbon needed : 50 ug



(‘tn EA-IRMA SAMPLE PREPARATION

Preparation

~
1)
.

Broyage

Mise en capsules

N

'

E;‘
P = —_
- % -
> g

- .
e \ \ 1
= %

> Analyse




(M)) COUPLING WITH GAS CHROMATOGRAPHY

Autosampler FID Sample line
FID  He He O,

eart spiit -

H, Reduction Furnace

_ Water +
I Combustion Furnace CO, trap

Furnace
Gas Chromatograph Regen.

Mass
Spec

e fo—nm I >
Open| stand-by

N
2 Reference gas injector o4 Valve

Reference
gas supply

He carrier




EXAMPLE OF CHROMATOGRAM

e Name: CATher mollsodat NT\Global\User\GC II-11l Interface\Results\ACQ-Results\JGD-AGVs\Tests opti sepa pics HS\Lixi Xian7 Test 39_-0011.dxf

R L L)

457

4.04
3.5
3.0+
2.5
2.0+
1.5

1.0+

W 45144 W 45194

12000+

10000+

8000+

6000+

4000+

2000+

§6.84106 .5156.33

A A A
4 H H
4 H H

944 .89

1053.15
1164.34

1216.80

1300.19 1372 56




Atmospheric concentration

INCREASE IN GHG CONCENTRATION

COs (ppm)

GHy (ppo)

NO (ppb)
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240 |
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T T
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=]

& Depth (m)
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Atmospheric concentration

COs (ppm)

GHy (ppo)

NO (ppb)

I I
agn | Carbon Dioxide g

320 —
200

26]
1

T [
1780 [ Methane
1800
1280

1000

750

2o L Mirous Oxid

200 | i
- Y 4
270 . s . .I. --_:_ - F _.E - a -
'_ .- - . . P i
280 [ . I . I . L . I . ]
1000 1200 1400 1600 1830 2000
Yeoar

360 . . . . ; . . T
350}
340l Measurements
from ice cores
=330t
E o UN IR, Aus (DRSNS, Antartica)
5320 i o LB, CH (Enrocore, Groenland)
3310_ o CAQN, F{HI5)
[&] w L GGE F {7, Antariical
300
290
280
270
900 1000 1100 1200 1300 1400 1500 1600 1700 1800

Age (annees)

Compilation d'aprés JAL Barnola et J. Chappelaz (LGGLE),
frewre extraite ef modifiée & partiv du sife
hiip:wwwbalzan it english ph 2001 Jorius sintesi_him

0 : -
| I I |

1 M ckured @maiphengues .
a0 Péle Sud i

Mesares is5aes
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Lad0 [ei] 1900 1920 194 20 1EE0
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2000




GHG concentration evolution

1600 ppbi VOSTOK ICE CORE
365 ppmv

CLIMATE and GREENHOUSE GASES

300
] 280
| 260
] 240
] 220
] 200
] 180

CO; (ppmv)

+{ BOO
4 700
1 600

1 500

CH.‘_ [ppb"-"]

1 400

I 1 L L '] | 1 1 L L I 1 L 1 L I 1 L L 1 I L 1 L L I L '] L 1 | 1 ] L 1 r '] L 1 L I L
] L0000 100000 150000 200000 250000 300000 350000 400000

Age (‘y’r EF'} Adapted from Petitet al. Natore 1959

24



(@i ! o D et 6 180: isotopic thermometer

iJouzel et al., 1994)

_1 5“ 1 i I 1 1 1 1 I i 1 1 1 | 1 1 i 1 I 1 i 1 1 _Eu
13
8D (%) B0 (%)
Terre Adélle — =23
=200 — pente B0V B.O4%"C
— =30
=250 —
Groenland
pente BT 0 67%"C — 35
=300 —
— =40
=300 — — 15
! ! | ! ! ! ! | ! ! ! ! I ! ! ! ! | ! ! ! ! ﬂu
50 -0 =31 =20 -10

Surface temperature (°C)

25



. Temperature evolution

1600 ppbi
365 ppmv

L

B3 I I T S

VOSTOK ICE CORE

CLIMATE and GREENHOUSE GASES

] 280
| 260
] 240
] 220
y 200
] 180

- 800

| 700
1 600
1 s00

1 400

| L b 5| I I N B | PO T T I I T T [ R T T | Il

0 50000

100000

150000 200000 250000 300000 350000 400000
Age {‘y’r' EF} Adapted from Petiiet al, Natsre 1999

CO; (ppmv)

CH. (ppbv)

26



a : ) Origin of CO,

Atmospheric CO, Atmospheric CO»
(urban area) (rural area)
-78 1o — 12 %o -7.8 %o

= = ] %

anthropogenic
COo

fossil
fuels
coal n%‘tcusrcsl petroleum groundwater
> DIC
—_— < —_ L~ — o

Fig. 1 Stable carbon isotope ratios of major components of terrestrial ecosystem:



Evolution of the 8 13C atmospheric CO,

3G (%)

-0

-7.0

-8.0

j|||||||||||.|||

1000

!
1200

|
1400

|
1600

e B g

1800
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Samples collected after the Erika olil spill

Oil carried by the oil tanker Erika (S1)
1 sample from an oil slick
16 oil residues (S3 to S18)

10 Oiled bird feather (S19 to S28)

Erika

s S5, S8,

- Ploemeur
A

sinking place .

PN

I

S12
$10,S11
Kerroch, Kerpape

A"
e, S6,S9,S19
S3 * & Etel
Guilvinec s Py,
Concarneau R4
S7 =
Noirmoutier
A
S13 i
Crohot ? A
PARC ORNITHOLOGIQUE
S14 s ——" DU TEICH
Cap Ferret g\ S17
S15,S16 Pereire
Salie .
828/’ S18

Léon ‘Chapelle Forestiére




Phenanthrenic isotopic compositions

Isotopic composition (%o)

=277

-26,5

-26

-25,5

-257

-24,5

—+

HH— —

=&— Petrole Erika (S1)

——

& Plumes d’oiseaux

= crohot (S13)

Residus nord Atlantique

Salie petite boulette (S15)

Salie grosse boulette (S16)

Pereire (S17)

phen

3+2 MP

9+1 MP

DMP

TMP




Isotopic composition (%o)

Sediment contaminated by the Erika oil ?

-30 |

-29 |

-28 |

-27

-26 |

-25 |

224

-23

A~ Erika oil

—€_ Non contaminated sediment

@_ Contaminated sediment ?

Phen

3+2 MP

9+1 MP

MPs

Fluo

Pyr

B(a)A+Chrys



(“(‘!2 MIGRATION OF BUTTERFLIES




(fn MIGRATION OF BUTTERFLIES

Correlation between & D pyrolysis and & 80 pyrolysis
in butterfly wings

-60.0

-70.0 o y = 7.951x - 123.948
[ R*=0.936

-90.0 -

-100.0

-110.0 -

5 D smow ( Pyrolysis )

-120.0 5

-130.0 -

-140.0

-2.5 LS -0.5 0.5 15 2.5 3.5 4.5 5.5 6.5 7.5

80" (Pyrolysis )

smow




(0) APPLICATIONS IN ARCHEOLOGY

You are what you eat !

Isotopic analysis of Viking fingernails

6"N 8"C,8D TC/EA

& EA

187 125
16] _
147 . 0

I _

- -50

8 0
ol | | e 0D (%o)
ij co tinental 1-100
o 125

25 .20 -15 -10 -5 O

5"C (%o)

34



@))) Respiratory isotopic test

Sampling of exhaled air

Stressed ?

2 + —E-
7\

> o2 CO2

p I

' ~— —

A\ 4

- = “*" | Example of '°C urea breath test curves
- INFECTED
ulcer ? .
_ Stomach 4 E
. 25 En.
2
20 E
15 ;;LE:
10 i
13C enriched compound i : e
(Urea) — -

(1)

10 o] 30 40 50 60
TIME (minutes)

Courtesy of Simac Diagnosteca BY, The Netherlamds

35



(’6} ! DETERMINATION OF THE ORIGIN OF EXTASIA

Isotopic analysis of Ecstasy ”\ HJ @
@ 9

WV RN/883/00
+ RN/2932/99

A RN/6108/00
X RN/1491/00
O RN/1061/00

| |
-30 -25 -20
5'3C vs VPDB

Fig. 3 Combined isotopic data for five tablet batches.

James F. Carter et al., Analyst, 2002, 127, 830-833

36



@))) ORIGIN OF THE COCAINE

BOLIVIA

~ IS0 120 =1 -G ! -50 -30

&3¢ - 1o TMC, T

37



Application to environnemental bioprocesses

J




Municipal solid waste landfill

39



(’fﬁiz Municipal solid waste landfill

Well for pumping
leachates

Waterproof

CH,, CO,, H,S

Lorganisms

lixiviation

Draining /X clogging
layer

Drains

AN Ry
\ YN ’:,):_a.«
A0 . v 7
- N - S e e o v e =X Q-
SN ST N N N e e
" e Ry RN Foon
SR R N N A S Nl S N

Clay Géomembrane
40



@))) Bioreactor Municipal solid waste landfill

e Landfill leachate recirculation
B Biogas extraction

41



@) Bioreactor Municipal solid waste landfill

Nitrified leachate

Biogas

NOy

recirculation

4 collection

| l

NO,- In situ denitrification .

N2
(anaerobic condition)

NH,*

Wastes

ex situ nitrification

]

(aerobic condition)

Strategy: leachate pretreatment before recirculation



(T!) Experimental set up

Anaerobic batch experiment

Septum

Gas phase

Leachate

Wastes




Experimental design

—— Curnulated M2 productlon 4 150
—il— Cumulated M2O production

2000 E 450
- g EEe = - --i- - . = - :___I 00
_ . E 7 4380
E‘ ujﬁclu = ; — : __-j, — 1 3DD% i
AV cenznartol i
- = B ——
g B1ooo E_I" g T 280 F
E = = —i— Curmulated SH4 produciion 1 J-’Dﬂ-ﬂ
E .’ = — B - Cumnulated SO production - ﬁ
= v
5 B B 5

| ——— - 100
B ._---__. .-I ..-.-"'--.___—— 50
e seen el . —a—a
D T TrrrrrrrrrrrrrrrrrrrrrrrTrTrTrTTrT rr T T rrrr T T T T T T T T T T rrrrrd D
a 30 (=11] 80 120 150 180 210 240 270 200 2330

S50

220

250
240
200
150

ND, NG (e N

120

o a0 =18 =1 120 150 180 210 240 270 200 330
Time {(days)




M))) First Case

160 A T 1600
NO3-andN02- 140 ‘_'_"_'*‘r_____‘______‘_-—r--—-i—-—11400 NH"‘

content (mg of N) ~ *=° - e te A 4
oo | e 11000 CONcentration (mg.l4)

SO,% concentration | e I

(mg.IY) - .

20 - \\\ T 200

0 - — OO &%

12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42

Time (Days)

N, cumulated 250 . N,O cumulated
production (mg of N) | production (mg of N)
150 4 —®-azote_moléculaire 3

4 -protoxyde_d'azote
100 2
50 - 1
0 ] 0

12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42

Time (Days)



(’ﬁi ) Case 1 Results interpretation

N, production = denitrification

Presence of organic matter

-> Heterotrophic denitrification

0,625 CH,COOH + NO, & HCO, +0,25CO0O,+ 0,75 H,0 + 0,5 N,

Observed in 13 cases upon 20

46



(’ﬁi ) Second Case

ACIDOGENESE

NO; and NO,  :2° ] e
tent (mg of N) 140 - D [
Con 180 - —<+ - sulfate
160 - A&~ am monium T 2000 NH4+
: ] . concentration (mg.I*
SO,# concentration *2° ] (e
(mg.I) 20 4
Time (Days)
—<®—azote_moléculaire Tt
N2 CumUIated 150 - “m- protoxyde dazote . "_1:16 Nzo CumU|at8d
production (mg of N) [ . +:2  production (mg of N)
100 o v " !" ' T 10
I
A - .

Time (Days)
47



Case 2 Results interpretation

No N, production = Nitramonification?

NO, +4H,+2H"9 NH, +3H,O

Observed in 4 cases upon 20

48



("(“i) Identification of the shifting parameter

Statistical analysis :

N, production = 0,524 R2=0,801

]

Positive effect on Negative effect on
N, production N, production

(Positive coefficient) (Negative coefficient)



(T!) Evaluation of H,S effect

Injection of H,S at different concentration together with nitrate

3,5
= 3,0
O
E 2,5
[—
)
-
(&)
g L5 1,521 mmol.l?!
(@]
(/2\, 1,0 0,962 mmol.l"*
I TN
0,5 0,536 mmol.l*?
0,0
10 12 14 16 18 20 22 24 26

Time (Days)



(1‘!) Evaluation of H,S effect

NO; reduction kinetic in the four reactors

250

200

150 -

100 -

NO; quantity (mg of N)

10 12 14 16 18 20 22 24 26

Time (Days)



(1‘!) Evaluation of H,S effect

N, production in the four reactors

~
Z
5 150 - -
@ : '. "h‘\
& . ' "ol igm gl ==z Pz ==::§
= | 7
O 100 - ! N
+—
U 1 ]
3 1
8 : ! ¢-a "®-ph & c =+
S : -
' |
-O 50‘v : 1
2 Lo
cs W —e ®
5 ;‘_‘_!_.‘/"_*—ﬁ—_"_"_‘_r‘ A
E =
: 0 T T T T T
(&)
~ 10 12 14 16 18 20 22 24 26
Z

Time (Days)



("(‘z ) Evaluation of H,S effect

Is nitramonification happening?

NH4* 15N %

Time (Days)



300 2 RDX N1 Ne

, RDX'N2 Ne
- RDX'N3 Ne

Oxido-reductio

Injection de 280 mg N.jour”

Time (Days)

Pérlade dinjection de loiat bt S
10 pl 1
g 100 ¥ = 0,07+ H,75
=N, ¥
o Z “ a0 | :Flndelaprom-mdm;
ST .
= yomedste L
= ®©: -
ST .
] | 1
40 1 PEPRPRR S —
20 T —
-
C_SG & A yrrl]l]ﬂ#xﬂﬂ{& -+ Diaxyde de carbone
= 8 L : : = Méthane
8 o 10 : : -4 fiznte moléculaire
(@) 0

all TED B0 360 &0 50 1EID IEISD 110 IIEIII 1210 1.‘63

Time (Days)



@))) Field experiment

N,O concentration in biogas collecting system

40
0 Nitrified leachate
S Raw leachate recirculation
o 20
Q,
< 10
0T PARSI AR ARA AR AR ANAR aD AR R S i e
o < © — T3] [} T3] o -~ =) < > - - - - >
o ‘_' — ~ — — — - ) — < — v 0 @ @ —
— — — — — — — — ~ — - — -~ ~ -~ -~ —
~ S 9 9 9 & T o < B ~
N N~ N~ [e0) [e0) (o)) — — —
Surface N,0 emission
25 ) . L
‘-.' 20 no recirculation Raw leachate Nitrified leachate
:.3 /;\ . recirculation recirculation
E 15 ‘ e °
210 78 % E . ; 2
E - ) - -
O §5 T— -%- ] ? L/O -%- % LT, .
Z‘\I() T \-T-\ \Jg-\ T T \?\%\%—\%\%\%\%\
—
-
©

26-10 .
27-10
28-10
29-10
30-10
31-10
1-11
7-11
8-11
9-11
10-11
13-11
14-11
15-11
16-11
17-11

55




Anaerobic OM degradation

*Numerous reactions
=Hydrolysis
=Acidogenesis
=Acetogenesis
=*Methanogenesis

"Numerous
microorganisms are
involved

=Complex process

=*Two main reactions can
lead to methane
production

Hydrolytic
bacteria

Acidogenic

bacteria

Acetogenic
bacteria

Aceticlastic Hydrogenotrophic
archaea archaea

HYDROLYSIS

ACIDOGENESIS

SMETHANOGENESIS ACETOGENESIS



(*’(‘i 2 Methanogenesis

During OM degradation

Acetate
CH;COOH

Hydrogenotrophié
methanogenesis

66 % 33 %
Aceticlastic methanogenesis : CH,COOH -> CH, + CO,
Hydrogenotrophic methanogenesis : 4H, + CO, -> CH, + H,0

57



("Fn Archaea

Aceticlastic
methanogene

Methanosaeta

Archaea

Methanosar:« ‘ethanosarcina

Bacteria

noculleus
anobacterium,

i ) ethanobrevibacter,
Life phylogenetic tree (C WOESEIyMethanosphaera,

Methanothermobacter, ...

Hydrogenotrophic
methanogenesis



Isotopic fractionation

= Molecules containing heavy isotopes undergo the same chemical or
biological reactions than light molecules, but simply because chemical
bonds involving heavy isotopes are stronger, they have slower reaction rates

13c_12c
12C_12c

12(:|.|4

12 1ZCH4 12c.12¢c  12¢.12C

CH, 12CH,
13c_12c

HCH, 12¢.12¢ I Substrate
| Y i
13c_12c
Products

12¢.12C

= Due to these tiny differences in reaction rates the products of reactions
have different isotope ratios than the source materials



M)) Isotopic composition

Delta notation is a way to express isotopic composition of a sample relative to
an international standard (marine carbonate, PDB)

R -R
sample standard « 1000 [ 0 ] R =13C/12C
00
standard

=» When 313C is positive, the sample is enriched in 13C / Standard

=» When 313C is negative, the sample is enriched in *C / Standard

Enrichment in 12C 0 Enrichment in 13C
Pbb 513C (%)
(Standard)

60



@2 Stable isotopic approach

O13C (%o)

Isotopic composition is genera
between

ifferent 10 %o

0 %o

-20 %o

e important for the -47 %o
phic methanogenesis

l -60 %o

Using bibliographic data, it’s possible to determine
the methanogenic pathway by using methane -95 %o
stable isotopic composition 61




('(‘!) Waste incubations (35°C vs 55°C)

Batch reactors

|
|
|
Inoculum: « Landfill leachate » :
Substrate: Reconstituted MSW :

I

- o o o . oy,

Liquid medium : Carbonated solution




(1‘2 2'\/' et h ane p rOd U Ct|0 N - Waste incubations (35°C vs 55°C)

Cumulated CH, production
(mL.kg! of Dry Matter)

100 ¢

@ 35°C °
80 | o—2
®55°C @
o ®
[
60 | ®
°® o ®
® o’
40 | °
°
20 t
oo’
0 00 00ee® ' ' ' ' ' Time (days)
0 20 40 60 80 100 120

= At 55°C, Methanogenesis startup is enhanced compare to 35°C

= At 35°C, final cumulated methane production is more
importante compare to 55°C



E ISOtOp'C COmpOS|t|On - Waste incubations (35°C vs 55°C)

Isotopic composition Toc - 350C .
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- Hydrogenotrophic pathway

Firstly, we have a decrease of
&613CH,

During active methane production
phase , methane appears to be
produced by the aceticlastic
pathway

And finally methane appears to be
produced by both metabolisms
(syntrophic propionate oxydation)

- Aceticlastic pathway



T ISOtO iC com OSitiOn - Waste incubations (35°C vs 55°C)

Concentration

= Methane is produced by (mg.L) T°C = 55°C
hydrogenotrophic pathway

>

= But acetate is produced and

2000

® Acétate

1500 NN

consumed
Q 1000
= SAO reaction >00
@
(Syntrophic Acetate Oxidation)
0 e . o . o
80 100 120
Time (days)

i Hydrogenotrophic pathway - Aceticlastic pathway



@ Syntrophic Acetate Oxidation

During OM degradation
Acetate

Hydrogenotrophlc
methanogenesis

Acetate
CH;COOH

66 % 33 %
0% 100 %
Aceticlastic methanogenesis : CH;COOH -> CH, + CO,
Hydrogenotrophic methanogenesis : 4H, + CO,->CH, + H,0
Homoacetogenesis : 4H, + CO, -> CH;COOH + 2H,0

Acetate oxidation : CH;COOH + 2H,0 -> 4H, + CO,




T | SequenCing rESUItS - Waste incubations (55°C)

Domain Order Percentage*
g R e— —— — — — — e ———— — -~
[ 1
I Methanomicrobiales I
o

: 5 5 C Archaea Thermoplasmatales I
l Putative chimera** I
J

\ —————————————— -_—

* Number of sequences identified in regard to the number analyzed
** Sequences originating from 2 or more distinct DNA templates

At 55°C, Methanomicrobiales is the
dominant archaeal order present

1> Sequencing result agree with previous

interpretation at 55°C (SAO)
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( (! ) Syntrophic acetate oxidation

A two steps reaction :

1) CH3;COOH + 2H,0 -> 4H, + 2CO, Bacteria

Syntrophic relationship between

bacteria and




‘ Identification of functional microorganism

Complexe
ecosystem

O O
o CO2

O
13C O

O

O O

L

13C enriched nucleic
acid recovery
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[@).) Cellulose hydrolysis

Hydrolytic
bacteria

Acidogenic

bacteria

Acetogenic
bacteria

Aceticlastic Hydrogenotrophic
archaea archaea

HYDROLYSIS

ACIDOGENESIS

SMETHANOGENESIS ACETOGENESIS



Why it is important to improve cellulose anaerobic digestion?

Municipal solid waste composition Cellulose Hydrolysis
35—
Cellulose
30 %
CHZOH CHZOH CI-I20H CH20H

B %] H/—0 /0 H/—0 H/ 0

OCNOH HA ON\OH HA) OO A O (\o Ay ©
H OH  H OH H OH H OH

0%

Plastique

15 %—!-- . BES . 5
putrescibles ke cellulase
0% |
Papiers
T CH20H
" H 0.0H
HO oH H L
H OH
Glucose
Cellulose
80 % of the methane potential Kinetic limiting step

»Identification of microorganisms involved in cellulose hydrolysis
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(@) Stable isotope probing (SIP)

13C enriched
substrat

DNA extraction




(”‘("Z) Incubations

55°C

N Cellulose 12C et 13C

% Glucose 12C et 13C

"\ Acetate 12C et 13C




(@) Stable isotope probing (SIP)

mixture  13C

Radajewski, Nature, 2000

Buoyant density (g/ml)

SIP during cellulose degradation

12C 13C day7 dayl14 day21 day63

suonoRl) wNg Avean suonRoRY YNNG BN



Identification of involved microbial group

Clostridium

CLOS 3Gy s ot avisrzs
ﬂ_IEGBEDEHEGu?EFWTE-
10 CA6 07 H B HO (2) EFS50110 4
e A TSEEEE
GAS D8 H B E11 EFSE880 &
umnculiured beciedum AFZT5EN4
GAIEDALE AT (4 EFSEHA o
1001 335 06 H B ADE (15) EF553168 &
G35 D8 H B G09S EFSSE0 -
wneulluresd kw GrC Grame DO203415
G35 DB H B C0% (2) EFSS9IEz &
G35 DAL B BOG (2) EFS59160 ©
100l Gas e H B A (7) EFSSTET -
E35 DEL B E12 EFS59158 O
GISDAHB C11 EFS50167 @
Closbidium propioricum X7 7841
To0| (S3SDELE DO (2 EFSSS142 O
100 | G35 06 H B B8 (5) EFS50166 &

=

GAS 08 H B D05 {2} EF553171 #
100 (335 DS L B C12 (2) EFS58155 ©
G35 DA H B B4 () EFS5STE =
G35D08 HEBE F1D EF55E186 &
Clastridium sp. AY 35060
iy =35 0DEHE C102) EFSSE183 @
100 luncultured Clostridum sp. Q232855
Clostridium lelani 74770
G35 D8 H B D03 EFSEMMA5
G35 08 H B AOT EFSE01ET #
100 G35 D6 H B BOG (3) EFS501TT ®
o L c38 07 L B D01 EFSS302 A
EE] Clostridium quinii ¥TE745
Closindivm Chauwsoei LIS1843

n2

C L 0490"32 Fwine manure pit bactedum AT542453

..

Acetivibrio

&2 G DEL B F12 EF550153 O
C 40 Clestridium straminisoluens AB125278
22 35 D7 H B 300 [4) EFS50108 &
Clastridium thesmecellum LO91T2
Acetivibrio celluosoleens LISE15
a4 CIF0EIHB C11 4 EF358124 A
_I:II'.BE DT HEB B10(2) EF550112 A
B5 F B C06 () EFS560TE
uncultured Clostridium sp. AY336584
CA6DE3 H B AQS (7) EFS5N 28 A
A5 D63 H B F1D EF558N131 &
= AL F B AOZ (365) EFS58080

UCL 284 m|casosaHe stz o erssaizz

Involved in the first step of cellulose

degradation a 35°C

Involved in glucose degradation at 35°C
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@D FISH (Fluorescence In Situ Hybridization )

] Sample

Q
l Fixation
Q

HYBRIDIZATION

] Fixed sample |

\ G e b 5 EER st RS MY Bl K R
» I —
_/

FISH Probe

|

Excitation

99[ SyexeN

Hybridization Qf
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D)) Spatial distribution of microorganisms

CLOS3S CLO4SO

Clostridium in
glucose
incubation




(fﬁi ) AMMONIA EFFECT

Cl1 & C2: Immediate start of methanogenesis

C3 & C4: High latency

Similar level of methane production at the end

Cumulated CH, production

(mL.g ! of acetate)

400
350

300 -
250 -
200 -
150 -
100 -
50 -

0

anus

20

[NHZ]
-=Cl | 0.2 gL
*C2 | 14 gL'
-*-C3 | 36 gL
“#-C4 | 54 gL

40
Time (Days)

60

80

100

120
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« : ) ISOTOPIC COMPOSITION

Time (days) FISH observation
0 20 40 60 80 100
0 | | | | | |
I
3 L\' —— — f.
~10] Nef—a
S
=15 - Acetoclastic methanogenesis
c -20
2
E -25
- . .
230, :
g 35 R4 .
~ . .
O 40 - :
) [ 1
S 45 - [ [ [
g ] \
o -30 - [NHi]
%-55 {|-=C1]| 02 gL J J ]
D o | ®™C2| 14 glLf Hydrogenotrophic —>
65 | 3|36 gL methanogenesis
=C4 | 54 g.L'
-70 -

= C1& C2: Acetoclastic methanogenesis
= (C4: Syntrophic acetate oxidation




0)) Syntrophic acetate oxidation

T4 & & bk & % %

(um)

Table 1. Reactions involved in acetate and hydrogen metabolism

Process Reaction AG” (kJ/mol)
(1) Aceticlastic methanogenesis *CH;COO~ + H,O — *CHy + HCO5~ -31.0
(2) Syntrophic acetate oxidation *CH;COO~ + 4H,0 — H*CO5 + 4H, + HCO; + H* +104.6
(3) Hz-consuming methanogenesis 4H, + HCO5 + H*t — CHy + 3H2O —135.6
(4) sum (2)+(3) *CH;COO™ + HyO - H*CO3™ + CHy -31.0
(5) Hz-consuming acetogenesis 4H, + 2HCO5 + H* — CH;COO™ + 4H,0 —104.6

Asterisks (*) represent the fate of the methyl group carbon of acetate. It was assumed that 100% of the labeled carbon was converted to CHy (reac-
tion 1) or HCO5™ (reaction 4). The standard Gibbs free energy change (AG") values were calculated from reference 75. .
Hattori, 2008



SECONDARY IONS MASS SPECTROMETRY (SIMS)

Surface analysis technique

12(-
Cs*? 13C-

- N

I |

m/z 12 13 19

Mass Spectrometer

E> Two-dimensional mapping of elemental and isotopic composition the
surface of a sample
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(JL. Kerguin-Kern, Alain Croisy, Ting-Di Wu)



Visualization of function and identity by FISH-SIMS

Enriched 13C
Substrat

SIMS
FISH 2C
Cs* 13C- ‘
- e \ N
- \GCTGCCTCCCGTAGGAGT % — L L ||
12 13 127
% 13C
Involved
Inv%d
Involved

But not alone

Function



(U y ) Bacillus subtilis+ E. coli 100% 13C hybridized by iodine probe

S 13C

a

Visualization of the whole Visualization of the Visualization of the
biomass targeted strain isotopic enrichment

: ]

N S

—
Co-localisation



Possibility of distinguishing
different levels of enrichment




\ ( : ) ISOTOPIC COMPOSITION MEASUREMENT

CARBONE

%, 9%, 58%, 90% en 13C +
E. coli 34% en 13C, hybridized by

the probe EubI (Tode)

100 %
0% i

NITROGEN

E. coli 1%, 9%, 63%, 95% en 1°N

+

E. coli 37% en °N, hybridized by the
probe EubI (Iode)

% 13C IRMS

% 13C SIMS

9,25%20,10 10,1 +0,17

36,46 £ 0,21 38,9%10,19

% 13C IRMS % 13C SIMS
1,10 £ 0,00 1,1+0,03
8,80 £ 0,09 9,6x0,1/
33,99 20,08 32,6 £0,22
58,12 x0,47 58,0x0,41

63,99

66,5% 0,13




(‘f ’!) METHANOGENES IDENTIFICATION BY SIMSISH

The isotopic enrichment of members of the
Methanosarcinaceae family shows their involvement in
the syntrophic oxidation of acetate.

Methanosarcinaceae

30% of 13C in addition

lodine— MS1414

Bacterium-like structures also exhibit non-
natural isotopic enrichment (40%)

$

The OSA appears to be made by a syntrophic
relationship Bacterium-Methanosarcinaceae

% of Carbone 13

SIMSISH image



ACETATE REINJECTION

400 -
350 -

umulated Production of
H,(mL.g? of acetate)

N

o

o

t

= No latency
= Synthrophic acetate oxidation

» Importance of inoculum acclimatation

120
Time (Days)
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(’ﬁi ) From the black box to the grey box

Tools for exploring

. Functional microbiota
metabolic pathways

iIdentification tools

Isotopic “ Molecular
Biogeochemistry biology

Acetoclastic methanogenesis

$

SAO

"Bdctéries T

Substrats \

Products

4

. Colonisation par d

SIMSISH v\
ARV - du genre Ac

D e iy
institutCurie 25

. Archées | B
% de Carbone 13 0

» Demonstration of the inhibition of certain metabolic pathways
» Identification of the responsible microorganisms

» Bio-augmentation strategies often show limitations
» Relationship between diversity, structure and ecosystem functions
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METAOMIC APPROACHES

DNA

Metagenomic

o

Microbial community

RNA Protein

Metatranscriptomic
Metaproteomic

~

J

Substrats

!

Products

Metabolomic

et

Effluents
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