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Dear Editor,

Please find enclosed a revised version of our naipisSoil carbon dioxide emissions controlled
by an extracellular oxidative metabolism identif@by its isotope signature”.

We would like to thank you and the referees forabastructive comments which did help us to
improve the quality of our manuscript.

We hope that this new version will meet the expemta of referees and the standards of
Biogeosciences

Best regards,

Benoit Kéraval



25

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
51
52
53
54
55
56

57
58
59
60

Anonymous Referee #1 (Received and published: 28 April 2016)

“This MS presents interesting data on CO2 releafedh non-cellular origin in soil. The MS

follows up on the previous paper by Maire et aliblgshed in this journal in 2013. The primary
goal of this MS is to provide further evidence loé textracellular oxidative metabolism by
comparing CO2 released from soil that has undergdiféerent levels of sterilization. An

additional goal was to observe whether or not tkigaeellular metabolic mechanism can break
down a relatively complex organic molecule usirgjapically labeled glucose.

The MS has improved immensely since the firsttimraespecially with the addition of figure 1
and other clarifications made throughout the t&tie methods are appropriate for the questions
asked and they have been meticulously carried ©hé statistical component is easier to
understand, but a few details need to be attende@de below). The discussion addresses the
hypotheses and goals described in the introduciahthe author’s have pointed out the relevance
of their findings to our current understanding ofl€arbon metabolism and how their results can
guide future research.”

Response: We really appreciate the careful analysis of ondifigs made by the referee. We also
thank the referee for the recommendations formdlatgh the aim to improve our manuscript
during the two stages of the reviewing process.

“I find the study novel and the results to be vereresting. | think, however, there are a few
guestions remaining within the results that hightithat the extracellular metabolism is still ireth
hypothesis phase and that the conclusions the esttraw should reflect this.”

Response: We agree that EXOMET remains in the hypothesis@h@herefore, page 16 - line [20-
23], our terms were moderated: “Collectively, oesults tend to sustain the hypothesis through
which soil C mineralization is driven by the welidwn microbial mineralization and an EXOMET
carried out by soil-stabilized enzymes and by soileral and metal catalysts.”

“My first question concerns the isotope resultsofirfigure 3d, we see CO2 that is very depleted
in the heavy isotope (-40 to -55 %o at the beginrofhghe experiment that becomes even more
depleted (-50 to -75 %o, before returning to theibeong values. The authors suggest that this is
related to the DOC concentration associated witbheautoclave level; however, what is curious

to me is that there were no significant differenisesveen the DOC 13C, if the logic is that a low

concentration leads to higher fractionation, thea should expect DOC enriched in 13C, but we
actually see the opposite (the value in the fiest &f fig 4b is about 1%. depleted relative to the

other treatments).”

Response: In fact, figure 3b presents the déelit@ of DOC at the beginning of experiment, that is,
before the EXOMET might have changed the d&ttaof DOC due to its isotopic discrimination
activities (this is specified in the figure capfiomherefore, it is not surprising to see any intgot
difference between treatments. However, we agratetiie causal link between the magnitude of
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fractionation and the DOC content is not certainl aleserves other studies. We added two
sentences (page 14 line 15, page 15 line 17) comydlyis message.

“Along this line of reasoning, it seems that a charin the isotopic fractionation should shift
linearly only within a treatment, but because therenly a total sample size of 3 and the within
treatment DOC concentration variability was sm#lis cannot be tested. What was done instead,
was a comparison across the treatments and | dantitely agree with this interpretation, simply
because the relationship presented in figure 3Boissimply a matter of DOC concentration but
also whatever effects (biotic and abiotic) resulfiein the treatments.

Thus, | feel the concentration effect as an exglanato the isotopic fractionation effect to be
unsatisfying. The precise mechanism seems tolistilvithin a black box and this study has
provided evidence for the extracellular metaboliedkdown of glucose, but much more research
remains to fully clarify the processes behind it.”

Response: As explained above we agree with these ideas andhave added two sentences
acknowledging the limits of our study and explagwahat can be done to progress.

Lastly, | think the readers would appreciate ithé authors could put their results in contextwit
what we know already about the isotopic signatdreod respiration. For example, we know that
the range extends (normally) from -30 to -23%. in @8ninated systems. If the non-cellular
breakdown of carbon in soil was significant theowddn’t we expect these values to be much more
depleted? Furthermore, how does this theory fihimithe diel and seasonal understanding that
we have of soil respiration? Perhaps this phenomenmid only be relevant in certain types of soils
or climates.”

Response: We have added the following paragraph to discussdea:

“It is well known that the delt®C of CQ emitted from soils shows circadian cycle and sealso
fluctuations that reaches up to 5%. (Moyes et @10. However, it is difficult to link these
fluctuations to a modification of metabolic pathwayf soil respiration (living respiration versus
EXOMET) in response to environmental changes simoaerous other processes can contribute
to these fluctuations. Moreover, it is likely titae EXOMET does not induce much C isotope
fractionation in non-sterilized soils since the DO@htent is typically lowKig. 3a) (Liu et al.,
2015). Therefore, addition of large amount of DGCnecessary to reveal the C fractionation
induced by the EXOMET in non-sterilized soils.”

Detailed comments:
“Page 3 line 28: Aren’t most of these enzymes its ©if cellular origin?”

Response: To avoid confusion we changed the sentence bysufigest that C{Oemissions from soils
are not only dependent to the bio-physicochemicegirenment provided by the cells”.

“Page 4 Line 17: probably want to clarify that tsampling was not made continuously.”



97 Response: We changed the sentence Page 4 Line 17The roduction and the isotope composition
98  (8%C) of CQ were monitored in sterilized and non-sterilizedlssover 4 periods through 91 days of
99  incubation.”.

100  “Line 18: maybe reference a biological analog te titomplex cascade of biochemical reactions”
101  to give the reader an idea about what you are dbsay.”

102  Response: We changed the sentence Page 4 Line 18\ dlso tested whether the EXOMET in
103  sterilized soils can carry out complex cascaddafhemical reactions (e.g. an equivalent of glysidyand
104  Krebs cycle) by incorporatingC- labelled glucose and by quantifying emissionS@fCQ; (Fig 1).”

105 “Page 5 Line 2: The beginning of this sentenceoisfasing — are you trying to make sure that cells
106  were there or were not there.”

107 Response: We changed the sentence Page 5 Line 2Taydémonstrate the absence of viable cells in
108  soil after irradiation, ...”

109  “Section 2.2 | am not aware that picarro sells amection system for gas samples. Is this a
110  customized unit? Can you also describe how the Wata used from the analyzer? For example,
111 normally an injection will have distinct tails ase&t sample moves through the system, did you take
112 the peak value, integrate, or average over this@ualCan you also describe the concentration
113 range of your samples and whether or not calibmatieas necessary?”

114  Response: We improved this paragraph following your recomahgions: ‘The amount and isotope
115  composition § **C) of CQ» accumulated in flasks during the incubation periage quantified using a
116  cavity ring down spectrometer analyser coupledsimall sample injection module (Picarro 2101-i gsat
117  coupled to the SSIM, Picarro Inc., Santa Clara, G8A). A volume of 20 ml of gas was sampled by the
118 analyser. The C&concentration in gas samples ranged from 300 @9 2@pm of CQ in accordance with
119  the operating range of the analyser. The €@hcentrations and def?C of gas samples were measured at
120  a frequency of 30 mhduring 10 mn. Value provided by the analyser ésitiiegrated value during these 10
121  mn of measurement. A reference gas with a knowsenation of C@and delta*C was injected between
122 samples. For each period of incubation, the curadlamount of C®was divided by the duration of the
123 period (in days) to estimate the mean daily.€@ission rate.”

124  Page 8 Section 2.9: It is written that the data evessted for normality, but | couldn’t find thettes
125  results in the results section- is ANOVA justibedhould a non-parametric test be used instead?”

126  Response: We have indicated the p-values ranges that we tostabt the normal distribution of
127  our values and the equality of the variances: Bageae 20 ‘Normality was tested using the Shapiro-
128  Wilk test (p>0.05). Equality of variances were ¢gktvith a Leven’s Test (p<0.05).”.

129 “Page 9 Section 3.12 Were there treatment diffeesnic DOC concentration and the isotopic
130  signature (not simply between dates as indicatatertext).”

131  Response: There is only one date of measurement, at the begrof the experiment. We have

132 slightly modified this paragraph in order to clgrthe presentation of result®Bdth y-irradiations
133  and autoclaving modified the soil chemistry as ad&@ by the analysis of the agueous phase at thertieg
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of the experiment. The aqueous phase contained mocé DOC in irradiated soil than in untreated soil
(3743 pg C.gto 303+17 pug C.gin LS and IS, respectivelyig. 3a).”

“Page 13 line6: | think you mean to say that theefpistence” of emissions or that the emissions
were maintained, or something similar.”

Response: You are right. We have changed the sentence bigr€over, Blankinshipet al
(Blankinship et al., 2014) have shown that the persistence of soib @@issions after microbial biomass
suppression (or at least reduction) is not spetificradiated soil but also occurs with other noelh of
sterilization such as chloroform fumigation andoziaving.”

“Page 15 Section 4.4: This section is a fine théoet example of how to use isotopic information
to calculate the contribution of CO2 from the exgbular respiration. The only difficulty is the
empirical equation derived from figure 3e. This wldobe removed for the reasons discussed
previously and also to avoid others using the eilgmatinder the impression that it might be
universal (despite any caveat written in the téxt).

Response: In fact, we wanted to present this equation agxample of how this fractionation
coefficient can be calculated. We agree with yaat this coefficient can vary across soils and
should not be viewed as a generic coefficientg@st at this step of knowledge). We have modified
the paragraph to clarify this point.

“Figure 1: List the sample size in the figure tekigure 3a-d: show which treatments are
significantly different from each other. In theurg heading list the sample size (n).”

Response: Following your recommendations, we have listedgample size (n=3) in the text of
figure 1, 2, 3, 4. We have also showed the diffeesrsignificance between treatment in figure 3a-
b. However, we did not show those last resultsgaré 3c-d in order to improve the readability of
those figures. Standard deviations represent sefftistatistical tools which allow to illustrateeth
results and the messages described in paragragh 3.1

Anonymous Referee #2 (Received and published: 17 May 2016)

“This excellent study shows the occurence of erthalar respiration in soils and discusses the
involved pathways. Even if addressed in earlierkspthe question of extracellular or abiotic
production of CO2 is of broad interest for the cepiual representation of soil organic carbon
mineralization. The study is one of the best cotetlion this subject. Even if research has to be
continued on this question, these are new con@misdeas in this study, which are worth being
published yet. The initial manuscript has been riyemnproved in this new version. | therefore
consider the manuscript as acceptable for publarati

Response: We thank the referee for his support and help.
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“Concerning section "4.4. Towards a quantificatiohEXOMET and cellular respiration in living
soils". Results of figure 3e and corresponding ¢iguapage 16 that relates d13C of CO2 to DOC
could be explained through two processes of CORassl by exomet: one involving (almost) no
frationation and the other highly fractionating, é&nprobably from carbon derived from
extracted/heated organic matter. The linear relasbip between d13C and DOC concentration
might be as well explained by a proportion of teead process in the CO2 efflux, which is itself
correlated with the extraction level of carbon etment, as by a reservoir size dependent kinetic
expression of the 13C fractionation factor. Thegm®ed method to quantify exomet through 13C
signature thus makes sense, but the equation #dates the isotope fractionation to DOC
concentration should not be considered as generic.”

Response: We completely agree with this point which has dsen raised by the first referee. We
have modified the text to clarify this limit andgglest studies that could be conducted to overcome
these limits (page 14 line 15; page 15 line 17).

“According to the data, labelled glucose is a saaf exomet CO2, but is not the dominant source.
The conclusion that exomet can achieve a respiydike metabolism doesn’'t exclude the

occurrence in parallel of more partial mineralizati processes, e.g. involving methoxy or
carboxyls etc. Complete mineralization of completecules such as glucose would furthermore
lead to smaller isotope fractionation than observed

Response: We agree with the idea that there are a few questiemaining within the results that
highlight that the extracellular metabolism islstilthe hypothesis phasEherefore, page 16 - line
[20-23], our terms were moderated: “Collectivelyr cesults tend to sustain the hypothesis through
which soil C mineralization is driven by the wetldwn microbial mineralization and an EXOMET
carried out by soil-stabilized enzymes and by saieral and metal catalysts.” We have also
specified that the causal link between the mageitidfractionation and the DOC content is not
certain since the correlation emerges from a catipit of results obtained after different
sterilization treatments. Further studies shoulalyae this causal link in experiments where the
DOC content is directly manipulated and the chamgs time of the isotopic composition of DOC
is quantified (page 14 line 15; page 15 line 17).



10

11

12
13

14

15

16

17

18

Title:

SOIL CARBON DIOXIDE EMISSIONS CONTROLLED BY AN EXTR ACELLULAR
OXIDATIVE METABOLISM IDENTIFIABLE BY ITS ISOTOPE SI GNATURE.

Authors:

B. Kéraval >3 A .-C. Lehourst?, J. Colombet?, C. Amblard *? G. Alvarez®#* S. Fontaine®

Authors affiliations

[1] Clermont Université, Université Blaise Pascal, Laboire Microorganismes: Génome et
Environnement, BP 10448, 63000, Clermont-Ferranahdée

[2] CNRS, UMR 6023, Laboratoire Microorganismesén@me et Environnement, 63178 Aubiéere, France

[3]INRA, UR874 (Unité de Recherche sur I'Ecosystenariad), 5 Chemin de Beaulieu, 63039 Clermont-
Ferrand, France.

[4] Clermont Université, VetAgro Sup, BP 10448, 306 Clermont-Ferrand, France

Correspondence t&. Kéraval penoit.keraval@gmail.com




19

20
21
22
23
24
25
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
51
52
53
54
55
56
57
58
59
60
61
62
63

ABSTRACT

Soil heterotrophic respiration is a major determtnaf carbon (C) cycle and its interactions witmalte.
Given the complexity of the respiratory machinerig itraditionally considered that oxidation of anjc C
into carbon dioxide (Cg) strictly results from intracellular metabolic pesses. Here we show that C
mineralization can operate in soils deprived of @servable cellular forms. Moreover, the process
responsible of C®emissions in sterilized soils induced a strongs@adpe fractionation (up to 50 %o)
incompatible with a respiration of cellular origifihe supply of**C-glucose in sterilized soil led to the
release of*3CO, suggesting the presence of respiratory-like méistho(glycolysis, decarboxylation
reaction, chain of electron transfer) carried optsbil-stabilized enzymes and by soil mineral aretah
catalysts. These findings indicate that Gnissions from soils can have two origins: 1) vledi-known
respiration of soil heterotrophic microorganisms &h an extracellular oxidative metabolism (EXOMET)
or, at least, catabolism. These two metabolismsldhze considered separately when studying effefcts
environmental factors on the C cycle because theyat likely obey to the same laws and respond
differently to abiotic factors.

INTRODUCTION

Mineralization of soil organic matter (SOM) into €@nd mineral nutrients is central to the functignad
eco- and agro-systems in sustaining nutrient suplgt plant primary production. Soil carbon (C)
mineralization is also a major determinant of tlabgl C cycle and climate by releasing from landaes
an equivalent of ten times the anthropogenic eonissbf CQ (IPCC, 2007; Paterson and Sim, 2013).
Therefore, knowledge of the metabolic pathways bictv SOM is oxidized is crucial to predicting both
the food production and the climate under a chapgitvironment.

It is traditionally considered that SOM mineralipatresult from the activity of soil microbial conumities
through biological catalyzed processes includinghbextracellular depolymerization and cellular
metabolisms. Extracellular depolymerization corsvdrigh-molecular weight polymers like celluloseoint
soluble substrates assimilable by microbial céllsis depolymerization is performed by extracellular
enzymes released in soil through microbial celretion and lysigBurns et al., 2013). In cells, assimilated
substrates are carried out by a cascade of endoesz{Sinsabaugh et al., 2009; Sinsabaugh and a&blist
Shah, 2012), along which protons and electrondransferred from a substrate to intermediate accgept
(e.g. NADP) and small C compounds are decarboxylatenl @0, At the end of the cascade, the final
acceptor €.g. O, under aerobic conditions) receives the protons eladtrons while the gradient of'H
generated is used by ATP-synthase to produce Alrigj&let al., 1997).

Given the complexity of its machinery it is ofteelieved that respiration is strictly an intrackliu
metabolic process. However, this paradigm is chgée by recurrent observations of persistent sntiata
CGO, emissions in soil microcosms where sterilizatioratments €g. y-irradiations) reduced microbial
activities to undetectable levels (Blankinshiplet2014; Kemmitt et al., 2008; Lensi et al., 198gire et
al., 2013; Ramsay and Bawden, 1983; Trevors, 198&)eet al. (2013)addressed this issue and proposed
that extracellular oxidative metabolisms (EXOMETntribute to soil respiration. According to these
authors, intracellular enzymes involved in celldative metabolism are released during cell lysisratain
their activities in soil thanks to the protectivder of soil particles. These enzymes are able tdizex'*C-
glucose in**CO; using Q as the final electron acceptor suggesting thabmlpart of the cascade of
biochemical reactions involved in cell oxidativetat®lism are reconstructed outside the cell (Meira.,
2013). As an alternative explanation Blankingdigl. (2014) proposed that some decarboxylases, retaining
activities outside the cell in sterilized soilstatgze CQ emissions through decarboxylation of intermediary
metabolites of the Krebs cycle. Whereas differinghie complexity of the proposed mechanisms, these
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results (i) suggest that G@missions from soils are not only dependent to kiwephysicochemical
environment provided by the cells, (ii) indicatattthe soil micro-environment heterogeneity offerange
of physicochemical conditions allowing endoenzyneelse functional.

Despite these recent advances, the paradigm thea@ell can organize the complex machinery aghgyv
the complete oxidation of organic matter, at ambtemperature, remains established in the scientifi
community (see published discussions generateddirekt al., 2012). In this vein, some authors suggested
that CQ emissions fromy-irradiated soils can result from “ghost cells” fpproliferating but
morphologically intact cells) which conserve soraliutar metabolic activities during prolonged pelsaf
time (Lensi et al., 1991; Ramsay and Bawden, 1983).

The objective of the present study was to determinether a purely extracellular oxidative metabmlis
(EXOMET) can occur in a soil deprived of active dgbost” cells. To this aim, high dosesyeirradiations
and different time of soil autoclaving were comhirte suppress both biomass and necromass (“ghost
cells). The presence/absence of active and noweactlls in soil was checked by observations with
transmission electron microscopy on tangentiahthin sections of soil, DNA and RNA soil contentlan
flow cytometry. The production and the isotope cosition §*°C) of CQ, were monitored in sterilized and
non-sterilized soils over 4 periods through 91 dafyisicubation. We also tested whether the EXOMET i
sterilized soils can carry out complex cascaddaftemical reactions (e.g. an equivalent of glysidyand
Krebs cycle) by incorporatingC- labelled glucose and by quantifying emissionS@fCQ, (Fig 1).

MATERIAL AND METHODS
Soil sampling, sterilization and incubation

Samples were collected in November 2012 from th6@0m soil layer at the site of Theix (Massif Gaht
France). The soil is sandy loam Cambisol develapedranitic rock (pH=6.5, carbon content = 23,9+1 g
C kg%). For detailed information on the site see Fomtatral. (Fontaine et al., 2007Fresh soil samples
were mixed, sieved at 2 mm, dried to 10 % and iatad with gamma ray at 45 kG$’Co, IONISOS,
ISO14001, France). To demonstrate the absencaloiwells in soil after irradiation, we inoculatadture
medium for bacteria (LB agar) and fungi (Yeast Majar) with irradiated soil and we applied CARD4HIS
to irradiated soil extracts. Results showed theiates of any microbial proliferation and RNA-prochgi
cells (Maire et al., 2013). After irradiation, sosets of soil samples were exposed to autoclaviag ¥ C
during variable periods (0.5 h, 1 h, 1.5 h, 2 h).4Ancubated microcosms consisted of 9 g (ovesddrasis)
samples of sieved soils placed in 120 mL steriésgfflasks capped with butyl rubber stoppers aakkde
with aluminum crimps. Microcosms were flushed watlsterilized free C&gas (80 % N 20 % Q) and
incubated in the dark at 20°C for 91 days. Nondiated living soil was also incubated as a confrbtee
microcosm replicates per treatment were preparkdks were sampled at 15, 31, 51 and 91 days of
incubation to measure G@uxes and**C abundance of COAfter each measurement, flasks containing
soil samples were flushed with a sterilized free.@&s (80 % K 20 % Q). All manipulations were done
under sterile conditions. In the text and the figutS mean “living soils”, IS mean “irradiated sbiand
IAS-t referred to irradiated and autoclaved soilthw’ referring to the time of autoclaving.

Carbon dioxide emissions and their isotope composin (**C/*2C)

The amount and isotope compositidh{C) of CQ, accumulated in flasks during the incubation period
were quantified using a cavity ring down spectra@nanalyser coupled to a small sample injectionuted
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(Picarro 2101-i analyser coupled to the SSIM, Paérc., Santa Clara, CA, USA). A volume of 20 rfil o
gas was sampled by the analyser. The Gihcentration in gas samples ranged from 300 €@ 2pm of
CO; in accordance with the operating range of theyseal The C@concentrations and delt3C of gas
samples were measured at a frequency of 30 duming 10 mn. Value provided by the analyser & th
integrated value during these 10 mn of measuremergference gas with a known concentration ok, CO
and deltal®C was injected between samples. For each periattobation, the cumulated amount of £O
was divided by the duration of the period (in dagsgstimate the mean daily @émission rate.

Content and isotope composition of dissolved orgamcarbon (DOC)

At the beginning and at the end of the incubatton 15 and t= 91 days), DOC was extracted fromds g
soil with a 30 mM KSQ: solution. After filtration through 1.6 um (GE Headare, Life Sciences,
Whatman", Glass microfiber filters), extracts were lyophéd. The lyophilized samples were analyzed
with an elementary analyzer (EA Carlo ERBA NC 1560)pled to an Isotope Ratio Mass Spectrometer
(Thermo Finnigan DELTA S) to determine their carlmomtent and isotope composition (déf@).

Isotope systematic

We use standard notation for quantifying the isotopic compositiohCO, and of DOC: the ratio R of
13C/2C in the measured sample is expressed as a rethfigeence (denoted**C) from the Vienna Pee
Dee Belemnite (VPDB) international standard matefiiae carbon isotope composition is expressed in
parts per thousand (%) according to the expressié@:= (Rampid Rveos) — 1) X 1000. The carbon isotope
fractionation was calculated as followsi™*C (%o) = ¢**C-DOC -8**C-CQy)/(1 + 5*C-CQy).

Soil cell density

At the end of the incubation setting (t = 91 dags)ls were separated from soil particles and enated

by FC. One gram of soil was mixed with 10 mL of gqinosphate buffer (PBS 1X, 0.01 M 4RgD7) and
shaken for 30 min in ice at 70 rpm on a rotary shakfter shaking, the solution was sonicated &r(il

min each) in a water bath sonicator (Fisher Biokl8cientific 88156, 320W, lllkirch, France). Larger
particles were removed by centrifugation (800 % min); the supernatant was fixed with paraformiayjdie

(4 % final concentration) and stored at 4°C priorquantification analysis. Total cells counts were
performed using a FACSCalibur flow cytometrer (BElehices, San Jose, CA, USA) equipped with an air-
cooled laser, providing 15 mW at 488 nm with trendard filter set-up. Samples were diluted int@ Quén
filtered TE buffer, stained with SYBR Green 1 (1@)dold dilution of commercial stock, Molecular Bes,
Oregon, USA) and the mixture was incubated for irbimthe dark. The cellular abundance was detezthin
on plots of side scatter versus green fluorescéb8eé nm wave-length, fluorescence channel 1 of the
instrument. Each sample was analyzed for 1 minrateaof 20puL.mift. FCM list modes were analyzed
using CellQuest Pro software (BD Biosciences, werg.0). Cell density was expressed as cells »fg
soil (dry mass).

Density and integrity of cells
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At the end of the incubation setting (t= 91 daytundance of unicellular organisms (prokaryotic and
eukaryotic) with a preserved morphology was quittibn soil ultrathin sections (90 nm thick) by TEM
Each step of the soil inclusion protocol was fokmiaby centrifugation (12000 x g, 2 min) to pelletl s
samples. Aliquot of soil sample (0.05 g) was fifedl hour in 1.5 mL of a Cacodylate buffer pH {042

M cacodylate, 6 % glutaraldehyde and 0.15 % rutiranied). Soil was washed three times with cacotligdra
0.1 M buffer during 10 min. Post fixation was conthd with the 0.1 M cacohydrate buffer containirfig 1

of osmic acid. To facilitate the further penetrataf propylene oxide, soil dehydration was madeugh a
gradient of ethanol: 50 % ethanol (3 x 5 min), 7G#tanol (3 x 15 min), 100 % ethanol (3 X 20 min)
solutions. To improve the resin permeation, theamas incubated in a propylene oxide bath (3 x 20
min). To allow the sample to soak resin, soil samphs incubated overnight in a bath containing yieope
oxid and Epon 812 resin (ration 1:1), and secondtinginated by flipping. After polymerization of sia
resin on soil preparations (48 h, 50°C), the naeroparts of the molded and impregnated aggregates w
pyramidally shaped with a Reichert TM60 ultramiiidafinally ultra-thin sections (90 nm) were perfauin
with a diamond knife (Ultra 45°, MF1845, DIATOME j&-Bienne, Switzerland; Ultramicrotome Ultracut
S, Reichert Jung Laica, Austria). Soil cuts werlected onto 400-mesh Cu electron microscopy grid
supported with carbon-coated Formvar film (Pelahm&truments, Toulouse, France). Each grid was
negatively stained for 30 s with uranyl acetat&o(2rinsed twice with 0.02 pm distilled water anmagkd on

a filter paper. Soil ultrathin sections were anatyzising a JEM 1200EX TEM (JEOL, Akishima, Japan).
Abundance of morphologically intact cells were egsed as cells x mfof soil.

Soil DNA and RNA content

Two grams of soil were collected at the end ofitleebation setting (t= 91 days). Genomic DNA andlto
RNA were extracted from soil samples and purifieing the PowerSoil DNA isolation kit and the
PowerSaoil total-RNA isolation kit (Mo Bio Laborates, Inc.), respectively. DNA and RNA content oif so
communities were visualized by electrophoresis dn% agarose gel containing ethidium bromide (0.5
g.mL?) normalized with a 1 kbp size marker (InvitrogeNegative control was performed as well.
Following electrophoresis, agarose gels were asdlyaising ImageJ software (available at
http://fimagej.nih.gov/ij/). The band intensitiesr@aised to quantify the relative content of soil/Adahd
RNA in sterilized soils related to living soil.

Soil incubations with **Ce-labelled-glucose

Samples (9 g, dry mass basis) of irradiated (45)le@y autoclaved (121 °C, 4 h) soil were incubatfber
addition of sterile solutions (1.53 mL of a 0.086gMicose solution) of unlabelled- or '6€s- glucose C
Abundance = 99 %). This amendment corresponds @ong) glucose § soil. Incubation and gas
measurements were performed as previously described

Statistical analyses

Each treatment was prepared in triplicate (n=3)e-@fay ANOVA analysis was used to test the
involvement significance of sterilization treatm@min CQ emissionss**C-CQ,, DOC, andd**C-DOC.
Normality was tested using the Shapiro-Wilk testQj05). Equality of variances were tested with edres
Test (p<0.05). Student test analyses were usezktdhte significance of the difference (p<0.05)oted
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between each conditions. Those statistical analysae performed using the PAST software V3.04
(Hammer, 2001).

RESULTS
Effect of sterilization treatments
Microbial cell density and soil DNA and RNA content

Gamma-irradiations did not significantly reducdwal density as revealed by flow cytometry (3.D%4
1.3 x 10 cell.g! in living soil, LS,versus 3.2 x 1§ + 1.1 x 16 cell.g* in irradiated soil, ISFig. 2a and
transmission electron microscopy (1.4 #04.3 16 in LS versus 9.5 16+ 0.7 16 cell.g* in IS, Figs. 2b
and 29. However, two proxies of cellular functionalitpé activity (DNA and RNA) were substantially
decreased by irradiations (-93.5 % £ 1 % for DNA ard % + 6 % for RNAFigs. 2d and 2& Moreover,
RNA and DNA streaks observed on electrophoresisigdicated that the nucleic acid content of iratetil
soils was largely degraded (data not shown).

The combination of-irradiations and autoclaving decreased cell dimsshiy two orders of magnitude in
irradiated and autoclaved soil, IAFi§. 2a). Results from flow cytometry and transmissionctlen
microscopy showed that the cell density was reduced 2% compared to LS. After autoclaving,
transmission electron microscopy revealed that#iledensity was reduced to undetectable valbegs(
2h). According to transmission electron microscopg ancleic acid extract resultBi¢s. 2b, 2d and 2g
the remaining flow cytometry signal in IAS is dbtited to auto fluorescent particles and unspelifiding

of the fluorescent dyes on debris.

Dissolved organic carbon (DOC) and its isotopic coposition

Both y-irradiations and autoclaving modified the soil chigtry as revealed by the analysis of the aqueous
phase at the beginning of the experiment. The agupbase contained much more DOC in irradiated soil
than in untreated soil (37+3 pg Cip 303+17 pg C.gin LS and IS, respectivel¥ig. 3a). Autoclaving
further increased DOC content which gradually aadated according to the time of autoclaving, from
557+11 pg C.g with 0.5 h of autoclaving to 1060+ 28.4 pg €.after 4 h of autoclavingF{g. 3a).
Similarly, thed'*C-DOC gradually increased from -27.4 + 0.4 %o inthS24.9+ 0.12 %o in IAS-4hH(g.

3b). In all soil microcosms, DOC content a3tdC of DOC did not significantly change over timetélaot
shown).

All soil microcosms emitted C{during all the incubationHjg. 3¢). Cumulated C@emissions from LS
and IS were not significantly(<0.05) different throughout the 91 days of incubai{p4.4 + 1.5 and 21.9
+ 1.3 ugC.¢ in LS and IS, respectively) but were significar(ly<0.05) higher than in IAS (16.8 + 1.5

ugC.g).

The daily CQ emission rate, DER, increased significanpy<(0.05) from P1 to P4 in LS whereas DER
gradually declined in ISHig. 39. All IAS microcosms exhibited similar dynamics DER: the high DER
recorded during P1 strongly decreased during Ptatilized thereafte{(g. 30).

Thes'C-CQ, from LS decreased through the 4 periods, from2-22.1%o to -28.9 + 0.3%.. Th&#C-CO,
strongly decreased with the intensity of sterii@attreatments, from -29.2 £ 1%o in IS to -75.4 8% in
IAS with 4h of autoclavingKig. 3d). This pattern of values was maintained througltleetincubation but
the difference o6**C-CO, between living and sterilized soils was maximaltiny the two intermediate
periods (P2 and P3).
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Carbon isotope fractionation during DOC mineralization

The §*C strongly deviated between DOC and Q@ all sterilized soil microcosms-ig. 36 indicating
substantial C isotope fractionation during DOC mitigation. This isotope fractionation gradually
increased with the intensity of the autoclavingmeent, from 13.2 + 0.7 %o in IAS with 0.5h of autngng

to 31 + 2.5 %o in IAS with 4 h of autoclaving. Theotope fractionation was significantly and positve
correlated to the DOC content (r = 0.96y. 3. Thed™C deviation between DOC and €@ LS was <
4%o (data not shown).

Response of sterilized soil to supply of unlabelleahd *Cs labelled glucose

The supply of unlabelled or labelled glucose in Mig 4h of autoclaving did not significantly chanptal
CO; emissions (data not shown). THEC values of C@released from microcosms with unlabelled glucose
ranged from -40.2 + 0.6 %o to -53.8 + 1.2 %id. 4). The CQ released from microcosms witfC-glucose
showed progressivEC enrichment with time, frori**C= 127.8 + 1.3 %o to 657+ 1.7 %o after 12 and 34
days of incubation, respectivellig. 4). At the end of the incubation, the amountf-glucose released
as CQ corresponded to 0.01% of glucose input.

DISCUSSION
Irradiation & autoclaving: an efficient combination to remove all traces of cell from soils.

Demonstrating that complex soil matrices are tddyoid of intact cell is a challenging task. In\pogis
studies, measures for assessing abundance anityasftieells iny-irradiated soils ranged from cultivation
(Blankinship et al., 2014; Maire et al., 2013) elidead staining (Blankinship et al., 2014), fluoesgin
situ hybridization (Maire et al., 2013), biomass estiora(Maire et al., 2013), to biomarkers conceiibrat
(Buchan et al., 2012). All gave the same conclusiohigh proportion of dead but intact cells reradin
aftery-irradiations of soil samples (Blankinship et 2D]14; Lensi et al., 1991; Maire et al., 2013). \&terid

a similar result using flow cytometry, transmissilactron microscopy and estimation of DNA and RNA
content of soilfig.2).

To remove the remaining cells, we combineidadiations with a time-gradient of autoclavirganalyze
the kinetics of microbial cellular lysis. To ensdi@t none cell with a preserved morphology renthine
soil aggregates we performéul situ observations with transmission electron microscopytangential
ultrathin sections of soil. This approach allowsiding the pitfalls of methods involving dilute gensions
of soil extracts i(e. incomplete elution of microorganisms (Li et &Q04). The combination of both
sterilization treatments allowed suppressing aflavbable cell structurd=ig.2). Our results also indicate
that the sterility of soil microcosms was maintainmtil the end of incubation.

By destroying the microbial biomass and releasisgantent in soil, the sterilization treatments fe an
accumulation of DOCHjg.34). The increasing DOC accumulation with increadiinge of autoclaving
likely resulted from desorption of organic carbaonf soil particles (Berns et al., 2008) and/or from
depolymerization of carbohydrates (Tuominen etl&l94) since microbial biomass was mostly lysedraft
0.5h of autoclaving.
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Body of evidence for EXOMET

The irradiated and autoclaved soils showed pergi$t®1 days) and substantial soil £€missions (50-
80% of CQ emissions compared to LS). Those &missions can hardly be ascribed to residualiiesv

of living and “ghost” cells since the sterilizingatments removed all observable cell structuraelieer,
the substantial C isotope fractionation (from 1368635 %o,Fig.3€) induced by the process responsible of
CO; emissions is incompatible with a respiration ofiutar origin. A substantial contribution of soil
carbonates to C{emissions is unlikely because (i) the inorganitbea pool is very small in the acidic soll
used in this study (Fontaine et al., 2007), (i§ thotopic composition of CQlid not reflect the signature
of soil carbonates (Bertrand et al., 2007). Theadmuxylation of organic compounds by a combustion
induced by sterilization treatments is also exatlidecause (i) C&emissions were persistent throughout
the incubation, (ii) the C isotope fractionationridg organic C combustion is typically weak (~3%o)
(Turney et al., 2006). Finally, irradiation and tieg induce a heavy oxidative stress through theéion

of hydroperoxides, carboxyls and free radicals.sEhighly reactive oxidants can lead to organicenat
oxidation and decarboxylation. However, this oxiatprocess can hardly explain the persistent CO
emissions observed in our experiment since thelifi@lbf highly reactive oxidants is extremely shfre.
10° s for free radicals). Moreover, Blankinstepal. (2014) have shown that the persistence of soib,CO
emissions after microbial biomass suppression {égast reduction) is not specific to irradiated baoit
also occurs with other methods of sterilizationhsas chloroform fumigation and autoclaving.

The most parsimonious explanation of persistence@femissionsKig. 3¢9 and Q consumption (Maire

et al., 2013) after soil sterilization is an exathdar oxidative metabolism (EXOMET). By EXOMET we
suggest a cascade of chemical reactions whereraiscare transferred from organic matter to redox
mediators (i.e. NALYNADH, Mn**/Mn?") and finally to Q. Those reactions can be catalyzed by respiratory
enzymes stabilized on soil particles (Maire et 2013) and by minerals and metals present in soil
(Blankinship et al., 2014; Majcher et al., 2000he evidence of a complex oxidative metabolism is
supported by the oxidation 8C-glucose in*CO; (Fig. 4). Indeed, glucose is a stable molecule which must
undergo many biochemical transformations beforendpadxidized in carbon dioxide. The glucose
decarboxylationKig. 4) and concurrent &consumption (Maire et al., 2013) suggest that EXXONE able

to reconstitute an equivalent of glycolysis andli¢reycle.

Mineral catalysts are stable and soil-stabilizedyeres are protected against denaturation (Cartat.,et
2007; Gianfreda and Ruggiero, 2006; Nannipieri,@®0annipieri et al., 1996; Stursova and Sinsabaugh
2008) This stability of soil catalysts likely contributés the maintenance of glucose oxidation anc CO
emissions after soil exposure to high temperatuck @essure (autoclavinglaire et al. (2013) have
already pointed at the exceptional resistanceibC&d» emissions to high temperature, pressure and toxics
However, by providing here the evidence of an aiateof **C-labelled glucose ip-sterilized soil exposed

to high temperature and pressure, we show thatdhglex metabolic pathways of the EXOMET are
maintained under these extreme conditions.

Origin of the C isotope fractionation during EXOMET

Our results indicated that the EXOMET preferengialkidizes organic molecules containing lighQ)
over heavyéC) carbon atoms. Similar strong isotope fractimratias already been described during wet
abiotic oxidation of oxalic acid (Grey et al., 200&he preferential conversion of substrate coirgin
lighter isotopes agrees with classical kinetic #mermodynamic laws. The presence'# atoms in a
substrate slows its conversion rate because dfititeer activation energy request to induce thetieac
(Christensen and Nielsen, 2000; Heinzle et al.8200lassical works on thermodynamic also indithéd

the isotopic fractionation is dependent on subssttancentration (Agren et al., 1996; Goevert andr&a



311  2009; Wang et al., 2015). Under limited substratecentration, the isotope fractionation decreasealtse
312 the heavy molecules left over during the first ssa@f reaction are finally carried out by the pssce
313  Consistently, our results show that the isotopactionation induced by the EXOMET was positively
314  correlated to DOC contenfig. 29. However, the causal link between the magnituideagstionation and
315 the DOC content is not certain since the correfaémerges from a compilation of results obtainddraf
316  different sterilization treatments. Further studiesuld analyze this causal link in experimentsnetibe
317 DOC content is directly manipulated and the chamger time of the isotopic composition of DOC is
318  quantified.

319  Previous studies (Blair et al., 1985; Zyakun et 2013)have shown that, contrary to EXOMET, cells
320 induced no or few (< 4%o) C isotope fractionatiomidg respiration. This difference between cell iestjpn

321 and EXOMET can be explained by two processes., Suistrate absorption by microbial cells is tyfyca
322 limited by substrate diffusion, a process that dussor weakly fractionate isotopes. Second, calimtain
323 a limited quantity of substrates in the cytoplasynrégulating their substrate absorption and reserve
324  (Button, 1998). This limited substrate availabilfiyevents the preferential use of light C isotoperdy
325 biochemical reactions of cell respiration.

326 Itis well known that the deltdC of CQ emitted from soils shows circadian cycle and sealstuctuations
327 thatreaches up to 5%. (Moyes et al., 2010). Howewsrdifficult to link these fluctuations to aadification
328 of metabolic pathways of soil respiration (livirgspiration versus EXOMET) in response to envirortalen
329 changes since numerous other processes can ctatiibilhese fluctuations. Moreover, it is likelathhe
330 EXOMET does not induce much C isotope fractionationon-sterilized soils since the DOC content is
331 typically low (Fig. 38 (Liu et al., 2015). Therefore, addition of lamymount of DOC is necessary to reveal
332 the C fractionation induced by the EXOMET in noar#ized soils.

333  Towards a quantification of EXOMET and cellular respiration in living soils

334  Our findings support the idea that €€nissions from soils are driven by two major ofidametabolisms:

335 (1) the well-known respiration of soil biota, (2) BEXOMET carried out by soil stabilized enzymes aail

336 minerals and metals. A first quantification of teesetabolisms has been made by Mairal. (2013)

337  suggesting that the EXOMET contributes from 16 80%4 of soil CQ emissions. However, Mairg al.

338  (2013)pointed at the need of another method to confiimghbstantial contribution of EXOMET. Indeed,
339 their method can lead to some biases. For instdéineesoil irradiation used to block cellular adi®s and

340 estimate the EXOMET induces a flush of respiratioie to the release of substrates and enzymes from
341  microbial biomass. This side effect of soil stedlion leads to an overestimation of EXOMET byasiag

342  enzymes and cofactors in soil.

343  The difference in C isotope fractionation betweOBMET and cellular respiration offers another metho
344  of quantification of those metabolisms applicabtenmn-sterilized living soils. The development loit
345  method first requires a quantification of the is@dractionation (%o delt&C) and its dependence to DOC
346  content occurring during cell respiration’{Ccer) and EXOMET A Cexomer). Our results provide an
347  example of estimation &"*Cexowmer (Fig. 36), though further studies are needed to verifygtiweericity of
348 this estimation in other soila™C.e for soil microorganisms can be estimated with celtures using soil
349 inoculum and different substrate concentrationsis Tduantification allows determining the isotope
350 composition of CQ (%o delta**C) released by cell respiratio’{C-COuel) and EXOMET §*C-
351  COgzexomer) in function to DOC content and isotope compositid DOC ¢*3C-DOCsamply:

352 813C‘C020e": 813C‘D0Qample‘ Alsccell (1)
353  §MC-COexomer= 63C-DOC -A¥Cexomer (2
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with A¥Ceen and A¥Cexomer are functions of DOC content. Based on our restft&Cexover can be
determined as

Al?’CEXOMET =0.037 x [DOC] —5.495
where [DOC] is dissolved organic C contemg C g* soil).

Given that the C isotope fractionation dependsmexcess of available substrate, substantial anmfunt
DOC must be added to the living soil before qugmg EXOMET and cell respiration. After substrate
addition, cellular respiration (R) and EXOMET (Rxowmer) can be separated using the classical isotope
mass balance equations:

Rsoil = Reell + Rexomer (3)
613C-C02 soil X Rsoil = 513C-C02ce|| X Reen + 613C'COZEXOMET X Rexomer (4)

where Roi andd™C-CQ; seiare respectively the total G@mitted by the amended sqil C-CQ kg™ soil)
and its isotopic composition (% defiT). R.i andd™*C-CQ, soi must be measured in hours following the
substrate addition before any substantial growtlsaf microorganisms which would lead to an over-
estimation of cell respiration. This short-term sw@ament is also a prerequisite to prevent theahiat
uptake of the heavy C isotope left over by the EXEIMS*C-COxen and 5*3C-COuexomer must be
estimated in separate experiments as previoushyiled. Therefore, the two unknownsRand Rxomer
can be determined by solving the two equations.

CONCLUSIONS AND IMPLICATIONS

Collectively, our results tend to sustain the hizests through which soil C mineralization is driv@nthe
well-known microbial mineralization and an EXOME@&rded out by soil-stabilized enzymes and by soil
mineral and metal catalysts. These two metabolisang explain why soil C mineralization is not always
connected to size and composition of the micrdbi@nass (Kemmitt et al., 2008) and why experimental
reduction of these microbial components has mod&fétcts on mineralization rate (Griffiths et 2D01).
Moreover, these two metabolisms should be congideeparately when studying effects of environmental
factors on the C cycle because they do not likddgyoto the same laws and respond differently to
environmental factors. Soil microorganisms havehttiphysiological constraints comprising specific
environmental conditions (temperature, moistureJ ageds in energy and nutrients. The EXOMET is
resistant to extreme conditions (e.g. autoclavihghks to soil stabilization of enzymes and depeands
microbial turnover for the supply of respiratoryzgmes. These two metabolisms may interact in many
different ways: microbial cells and EXOMET likelpmpete for available substrates; dying cells are a
source of respiratory enzymes and substrate fOEX@MET etc. Further studies are necessary to bette
understand processes at play and predict thevelatiportance of EXOMET and cell respiration across
ecosystems and climates.

Overall our findings have several implicationstbarlogy. They challenge the belief of cell as thaimum
structure unit able to organize and achieve cascaidehemical reactions leading to complete oxatatf
organic matter. They also suggest that soils héaged a key role in the origin of life. Previousidies
have shown the role of soil minerals in the conegitin and polymerization of amino-acids and nwezlei
acids in protein-like molecule during the prebigieriod (Hazen, 2006 ; Bernal, 1949). Our resuitsis
that, when all relevant molecules are present, taxrigochemical reactions underpinning bioenergetic
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life (respiration) can occur spontaneously in thié §hus, the first ancestral oxidative metaboksmay
have occurred in soil before it has been includetié first cell.
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Cascade of hypotheses Parameters Methods Treatments Sampling dates
quantified to test the

hypothesis
- I - Microbial /t{ Flow cytometry (FC) (Fig. la) LS
1. A of BT / density .. - s
(45kGy) to autoclaving (121°C) Tr n electron microscopy 1AS0.5h —
create a soil devoid of cells. | (TEM) observations of ultrathin TAS-2h
\ sections of soil (Fig. 1b and ¢) IAS-4h
N Microbial | | ADN and ARN extraction and
functionality quantification (Fig. 1d and ¢) LS
IS
2. Soil CO, emissions are IAS 0.5h
maintained despite the suppression (— CO, cmissions [+  CRDS analyzer (Fig.2¢) | IAS 1h Day 0, 15,31, 51,91
of cells. IAS 1.5h
IAS 2h
IAS 4h
3. Complex extracellular oxidative CO, emissions
metabolism such as glycolysis is - IAS-4h + labeled and
involved in CO, emissions from \ 3C-CO, CRDS analyzer (Fig. 3) I—’ labeled glucose Day 12, 22, 34
soils deprived of cells. emitted
1 813C-Co, e X IS
} o <'[ CRDS analyzer (Fig. 2d and ¢) IAS 0.5h
4. The extracellular oxidative | / IAS Th
metabolism  induces  specific |/ DocC El y analyzer coupled to an IAS 1.5h ay
isotopic C fractionation compared Isotope Mass Spectrometer (Fig. 2 IAS 2h
to cellular oxidative metabolism §3C-DOC a,bande) IAS 4h
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531 Figure 1. General experimental design of the study whictuite our hypothesis, the parameters, the
532  methods and the samples (n=3 for each date artchietistudied) used to test those hypotheses.
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Figure 2: Impact of sterilization treatments on cellular sigy integrity and functionality.

(@) Cell density enumerated by flow cytometry (FQ)) cell density and integrity determined by
transmission electron microscopy (TEM), (c) TEM fgraphs of ultrathin sections of soil showing wialt
structure in LS, (d) DNA and (e) RNA relative camiein soils (dry mass basis). The percentage oA DN
and RNA relative contents was estimated using L& @gerence. Standard deviation was estimated) usin
three replicates per conditions (n=3). LS: Untréaseils, IS: irradiated soils, IAS-t. irradiateddan
autoclaved soils with ‘t’ referring to the time afitoclaving.
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Figure 3: Content and isotopic composition of dissolved oirgaarbon (DOC) and of CQacross time and
treatments.

(a) Content and ()"*C of dissolved soil organic carbon content (DOQhatbeginning of incubation, (c)
daily C-CQ emissions rates and (&°C of CQ released during four periods of incubation, (eyelation
between the carbon isotope discriminatiati t°C in %) induced by the extracellular oxidative nitism
(EXOMET) and the DOC content. The correlation wakulated from data of sterilized soil treatments
(IS, 1AS-0.5h, IAS-1h, IAS-1.5h, IAS-2h, IAS-4h) @yzed at the beginning and the end of incubation.
Standard deviation was estimated using three @pbcper conditions (n=3). LS: Untreated soils, IS:
irradiated soils, IAS-t: irradiated and autoclageils with ‘t’ referring to the time of autoclaving
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Figure 4: Kinetic of thed**C-CQ; released from an irradiated and autoclaved (4hjrezulated with'*C-
labelled glucose{C-glucose) or with unlabelled glucosEQ-glucose) through 32 days of incubation.
Standard deviation was estimated using three apkger treatments (n=3).
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