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Abstract. The respiratory release of G&om soils isama-  lysts. For instance, the physical oxidation of one molecule of
jor determinant of the global carbon cycle. It is traditionally glucose requires a temperature greater thar?800n soils,
considered that this respiration is an intracellular metabolismmicroorganisms set up a complex cascade of biochemical re-
consisting of complex biochemical reactions carried out byactions mediated by numerous enzymes making the oxidisa-
numerous enzymes and co-factors. Here we show that th&on of organic C possible at low temperature.
endoenzymes released from dead organisms are stabilised in The mineralisation of organic C requires two main steps.
soils and have access to suitable substrates and co-factors Eirst, microorganisms secrete extracellular enzymes in soil
permit function. These enzymes reconstitute an extracellulain order to deconstruct plant and microbial cell walls (e.g.,
oxidative metabolism (EOMET) that may substantially con- endoglucanase), depolymerize macromolecules (e.g., perox-
tribute to soil respiration (16 to 48 % of GQeleased from ydase), and ultimately produce soluble substrates for micro-
soils in the present study) ¥©MET and respiration from liv-  bial assimilation (e.g., glucosidase) (@kt, 1991; Burns and
ing organisms should be considered separately when studyBick, 2002; Sinsabaugh et al., 2009). No molecule o@D
ing effects of environmental factors on the C cycle becauseeleased during this depolymerization step. The second step
ExoMET shows specific properties such as resistance to higlof mineralisation, during which C is released as Cighplies
temperature and toxic compounds. the absorption and utilisation of solubilized substrates by mi-
crobial cells with the aim to produce energy (ATP). In cells,
soluble substrates are carried out by a cascade of endoen-
zymes (enzymes contained by membranes of living cells;
1 Introduction Sinsabaugh et al., 2012), along which protons and electrons
are transferred from a substrate to an appropriate acceptor
Knowledge of the metabolic pathways through which or- (e g. the aerobic respiration as well as the anaerobic respira-
ganic carbon (C) is oxidised into carbon dioxide @ tjon and the fermentation with different final electron accep-
soils is fundamental to understanding the global C cycle andgys; prescott et al., 2002). Under aerobic conditions, the ox-
its interactions with climate (Fontaine et al., 2007; Heimannqative metabolism leads to production of adenosine triphos-

ing organisms and is de facto highly stable in absence of cata-
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CO». Respiration fluxes and ATP production in soils are zymes with glucose in sterilised water and soil. ThedlET

usually positively correlated with activity of dehydrogenase induced by the yeast-extract was quantified by measuring

endoenzymes (e.g., Casida et al., 1964), but only some o€0, and G fluxes in water and soil microcosms. Second,

them carry a decarboxylase function (e.g., pyruvate dehydrothe protective role of soil particles (minerals and humus)

genase, oxoglutarate dehydrogenase) that cut the carboxfbr respiratory enzymes was tested by incubating three en-

function of organic C molecules to liberate €O zymes involved in glycolysis and the Krebs cycle in five top
The function of respiration-carrying endoenzymes de-soils sampled from different regions of the world (Table 1).

pends on various co-factors that must be regenerated (e.gThe third part of the manuscript is devoted to the quantifica-

NAD™), on being located adjacent to other enzymes andion of EXoMET contribution to the C@emissions from five

on physiological properties of the cell (e.g., redox poten-studied soils. This contribution was quantified with a method

tial) (Krebs, 1981; Rich, 2003). Given this complexity and combining modelling and incubations of sterilised and non-

the typical fragility of respiratory enzymes, it is tradition- sterilised soils. Finally, we studied som&&vET properties

ally considered that respiration (second step of C minerali-by incubating soils exposed to high temperature, high pres-

sation process) is strictly an intracellular metabolism processure and toxic compounds.

(Burns, 1982; Makoi and Ndakidemi, 2008). Besides, from

an evolutionary point of view, soil microorganisms have no .

interest in provoking extracellular respiration since the en-2 Materials and methods

ergy resulting from this respiration (ATP) may escape from . . S

the cell that provided enzymes (Allison et al., 2011). How- 2.1 Soil sampling and sterilisation

E\g’ some St.u?'fs have slhown ktha}t sut_)lstanrflal em_|SS|g_r1 Icll-for each of the five studied sites (Table 1), twenty indepen-
can persist Tor Several Weeks In Solls Where microbial o, o samples were collected from the 0—20 cm soil layer.

life has t_Je_en red_uced_ b_y exposition 1o toxics (CK-ldr- Soil samples from each site were pooled to make a composite
ange acridine) or irradiation to undetectable value (Peterson

) dample per site. Soil was sieved at 2mm and was then used
1962; Ramsay and Bawden, 1983; Lensi et al., 1991; Trevor ; :
1996: Kemmitt et al., 2008). Such emission of £eould o determine pH, texture and organic matter content and to

not be explained by an activity of surviving microbes th tconductincubation experiments. The five soils presented tex-
W?)uldebz prfelseent inyloa\llv icantigl (i)n ;';Iils un?essccgn;?jeri? tures from sandy-silted to silty-clay soils, pH ranging from

oep . quantity ) . "94 3 t0 8.6 and three types of land use (grassland, forest and
unrealistically high cell respiratory activity. Neither could it

b lained by th tivity of ext Il . crops, Table 1). The soil from Theix was used for all inves-
€ explaned by the activity of extracetiuiar enzymes prevl'tigations, whereas the other soils were used to generalise the
ously secreted by soil microorganisms since these enzym

. i el?ey findings of this study.
only solubilize °r9a’.“°_c a_md d_o hot relea_se ;(t(])o (_1ate, Some incubation experiments involved the use of sterilised
the cause of C®emission in soils where microbial life has

been minimised seems to be unknown and questions our b S—O"Sf We tested different methods .Of soi s',terilisa'gityj (

. . &frradlatlon, autoclaving and dry heating) during preliminary
sic I;now{;a_dgg of b:colc;]gy. dv i d d th investigations. Irradiation was chosen among other sterilis-
ofTngoe:ﬁ icstls\ilgnoint slzilztl:/vrzlez tr%igrrc])b?;?tﬁfg htas(,a g:gﬁqng methods for its efficiency to .kiII soil micro-organisms

. .-~ and for its moderate effect on soil enzymes (see S1 for de-
suppres_sed. We hypothesise that an extracellular px'dat'v?ails of investigations on soil sterilisation). The preservation
metabolism (KOMET) can be reconstituted by respiratory

. ) ! of soil enzymes was important for quantifying th&&veT
endoenzymes released from dead organisms in soils and th'E':II)ntribution to soil CQ emissions (see the Sect. 2.4). Soils
this EXOMET can substantially contribute to soil G@mis-

were sterilised byy-irradiation at 45 kGy °Co, loNisos

Zlé)r?s..The manuscript is organised according to four key quesTSOMOOl, France).

2.2 Demonstration of EXOMET by incubating a cell-free
yeast-extract in sterilised water and soill

1. Can an oxidative metabolism occur in an extracellular
context?

2. How long can this KOMET persist within soil? What 2.2.1 Production of cell-free yeast-extract

is the role of soil particles for EXOMET-carrying en-
zymes? Pichia pastorisx33 (Invitrogen, Clare et al., 1991) cells were

cultured at 28C in a 1.5 L capacity Applikon bioreactor con-
3. How much does EOMET contribute to CQ emission  taining synthetic medium described by Boze et al. (2001).
from living soil? This medium contained 80 pgi D-biotin, 40g L1 glyc-
erol and mineral solutions (FM21 and PTM1). The pH of the
medium was regulated at 5 using a INBH solution (15 %,
First, to assess the possibility of arx&vET, we in- v/v) that also served as a nitrogen source. Dissolved/&s
cubated a cell-free yeast-extract containing respiratory enmeasured using a polarographic probe and was maintained at

4. What are the specific properties o0kBMET?

Biogeosciences, 10, 1155167 2013 www.biogeosciences.net/10/1155/2013/
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Table 1. Site characteristics and soil properties.

Sites

Bugac Laqueuille  Ponta Grossa Sorg Theix
Country Hungary France Brazil Denmark France
Land use Grassland Grassland  Crops Beech forest  Grassland
Clay/Silt/Sand (%) 10/5/85 19/55/26 14/6/80 10/22/68 26/25/49
pH 8.6 5.3 7.0 4.3 6.2
OM content (gCkg?l) 44.0 121.9 14.8 33.7 39.0
CEC (cmok+ kg—1) 10.2 25.1 3.9 9.5 215

over 30 % saturation by stirring up to 1800 rpm and aerationsterilised by filtration at 0.2 um. Three replicates per treat-
(an injection of 1L of air per litre of medium per minute). ment were prepared. Soils were incubated at a water poten-
Data acquisition and bioprocess control were carried out ustial of —100 kPa. Water and soil microcosms were incubated
ing the Applikon biocontroller software. Biomass concentra- at 30°C for 53 days. The EOMET induced by the cell-free
tion of culture samples was determined by weighing washed/east extract was quantified by measuring the concentration
cells after drying at 105C to constant weight. of CO, 13CO, and G in water and soil microcosms through-
The yeast culture was harvested at the end of theoutthe 53 days of incubation (see Sect. 2.6 for details on flux
growth phase by centrifugation at 25009 for 10 min measurements). All manipulations were done under sterile
at 5°C to yield a hard pellet. To remove the culture conditions and the sterility of microcosms was verified af-
media, the sediment was washed and re-decanted threer 13 and 53 days of incubation through direct fluorescence
times in potassium phosphate buffer (0.1 M, 8.5 which ~ microscopic observations and TSA-FISH method (see Sup-
corresponded to the pH of the Theix soil used for theplement S1).
experiment, Vyeas{ Vbutfer=1/10). The sediment was re-
suspended in a small volume of potassium phosphate buffep.3  Soil stabilisation of oxidative metabolism enzymes
(Vyeast Voutier=2/1) before cells were disrupted with a
French pressure cell press (100 MPa, Vanderheiden et al3 3.1 Enzyme incubation
1970). Unbroken cells and large cell debris were removed
from the yeast extract by fourteen successive centrifugationg, order to quantify the protective role of soil par-
at 25000 ¢ and °C. The yeast extract was filtered under icles (minerals, humus) for respiratory enzymes, three
sterile conditions at 0.2 um to obtain a cell-free extract. Di- microbial enzymes involved in glycolysis (GHK: glu-
rect microscopic observation confirmed sterility of the yeast-yse nhexokinase EC.2.7.1.1, Sigma-Aldrich ref H4502;
extract (S1). The cell-free yeast extract was immediately in-Ggp|: glucose-6-phosphate isomerase EC.5.3.1.9, Sigma-
corporated into water and soil microcosms under sterile cona|grich ref P5381) and the Krebs cycle (MDH: malate de-
ditions. The cell-free yeast extract contained 28.5 mg prOteirhydrogenase, EC.1.1.1.37, Sigma-Aldrich ref M7032) were
(Biuret method, Okutucu et al., 2007) and 0.77unitlof  saparately incubated in the non-irradiated-soil from Theix.

malate dehygrogenase (MDH). A solution with an enzymatic activity of approximately
50 U L1 was prepared for each enzyme. A volume of 15 L
2.2.2 Yeast extract incubation in sterilised water of enzyme solution was incorporated in 80 mg soil (dry mass
and soil basis) and incubated at 20 and—100 kPa. Soils without

enzyme amendment were also incubated as controls. Two
The cell-free yeast extract (YE) was incubated in sterilisedsets of each treatment (controls without enzyme and soils
water (W) or in the irradiated-soilf) of Theix (Table 1). Ex-  with enzyme) were prepared in order to separately quantify
perimental microcosms consisted of 5mL of cell-free yeastthe activity of total, soluble and soil-immobilised enzymes.
extract and 1 mL of3C labelled glucose with or without 20g  Immobilised enzymes were assumed to be protected from de-
of y-irradiated-soil §+ G +YE andW + G + YE treatments,  naturation and proteolysis (Burns, 1982; Sarkar et al., 1989;
respectively) placed in 250 mL airtight flasks. A second doseQuiquampoix, 2000) and expected to maintain their activity
of glucose was applied after twenty days of incubation in or-in the long-term £ ten days). Different independent subsets
der to determine the persistence of thedmMeT. Water with  of soil samples were prepared to measure the activity of en-
glucose and irradiated-soil with or withotAC labelled glu-  zymes at different times between 20 min and 35 days of en-
cose were incubated as control sampWsH{G, S andS+G zyme incubation in soils. The protective role of soil on res-
treatments, respectively). THEC labelled glucose solution piratory enzymes was generalised against the four other soils
(613C =3712 %0) contained 60 mg C-glucose mLand was  varying in texture and organic matter content by repeating the

www.biogeosciences.net/10/1155/2013/ Biogeosciences, 10, 1152013
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A. Glucose hexokinase (GHK E.C. 2.7.1.1)

Glucose PENTOSE PHOSPHATE
PATHWAY

Glucose f e
hexokinase
ADP NADP+ NADPH + H+

ATP

GLYCOLYSIS
Glucose-6- N\ Mgi Phosphoglucono-

phosphate G6P d-lactone

dehydrogenase

\/

B. Glucose-6-phosphate isomerase (G6PI EC 5.3.1.9)
PENTOSE PHOSPHATE

PATHWAY
[ >
NADP+  NADPH + H+
GLYCOLYSIS
Glucose-6- > Mg 4‘ Phosphoglucono-
phosphate G6P d-lactone
dehydrogenase
G6P
isomerase
v Fructose-6-
phosphate
C. Malate dehydrogenase (MDH EC 1.1.1.37)
NAD+ NADH + H+
IVIgI+
L-Malate 4_¥4 Oxaloacetate
Malate
dehydrogenase
KREBS CYCLE
——————, e

Fig. 1. Enzymatic reactions mediated by the two enzymes involved in glycol{Ajs GHK: glucose hexokinas€B) G6PI: glucose-6-
phosphate isomerase) and the enzyme involved in the Krebs ¢Z3I&OH: malate dehydrogenase) used to quantify the protective role of

soil particles on respiratory enzymes. This protective role was studied in the non-irradiated-soil from Theix. The principle of the enzymatic
activity measurement was to set up a system of enzymatic reactions where the studied enzyme (red) was the limiting factor. For doing this,
we added all substrates, cofactors and intermediary enzymes in excess (green). The activity of the studied enzyme (GHK, G6PI, MDH) was
quantified by measuring the formation or the consumption of NADH by spectrometry. Reactions surrounding the studied enzymatic (grey)
are given for information.

above experiment and by using the G6PI as a model enzymal., 2007). To this end, substrates, cofactors and intermedi-

(see Supplement S2). ary enzymes of the enzymatic reaction system were mixed
o o in a buffer solution and incorporated in excess in soil sam-
2.3.2 Principle of enzyme activity measurement ples (green in Fig. 1). The activity of each studied enzyme

. . . (GHK, G6PI, MDH) was quantified by measuring the forma-
The principle of the enzymatic activity measurement Wasjo, or the consumption of NADH by spectrometry following

to set up a system of enzymatic reactions where the studgqj et a1. (2007), with some protocol modifications for soil
ied enzyme (red in Fig. 1) was the limiting factor (Nardi et

Biogeosciences, 10, 1155367 2013 www.biogeosciences.net/10/1155/2013/
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conditions as opposed to leaves. In particular, concentrationsent of total enzyme activity (TotalEnz), the enzymatic re-
of buffer and M@ solution were increased in order to better action was made into the soil in presence of soluble and soil-
control soil pH and precipitate humic acids that could hamperimmobilised enzymes. To this end, soil-enzyme mixture was
the quantification of NADPH by spectrometry (both humic incubated with substrates and cofactors (see Sect. 2.3.2) dur-
acids and NADPH absorb at 340 nm). For each of the threeng 45 min. At different times between 5 and 45 min of incu-
enzymes, the enzymatic reaction system and the method dfation with substrates, independent samples were harvested
enzyme activity measurement were as follows: and centrifuged at 11000¢ during 3min. The NADPH
. o ) concentration in the supernatant was determined by spec-
— GHK (Fig. 1a): Soil with or without GHK was amended  ,gphotometry at 340 nm. The production of NADPH (for
with 300 uL of solution containing a buffer (Bicine- gHk and G6PI) or the consumption of NADH (for MDH)
NaOH, 100 mM, pH=8.5), glucose (1.5 mM), NADP  §ring the 45min incubation of soil with substrates corre-

(1.5mM), Mg™* (32 mM) and glucose-6-phosphate de- gponded to the activity of total enzymes.
hydrogenase (EC‘1.1.1.49, Sigma-Aldrich ref G5885).

Production of NADPH following the chemical trans- 2.3.4 Kinetic analysis of total enzyme activity

formation of glucose in phosphoglucoidactone was

measured by spectrometry at 340 nm. Different exponential models were tested to fit the decrease

in total enzyme activity (Total Enz) with time. The sole ex-

— G6PI (Fig. 1b): Soil with or without G6PI was amended ponential model able to explain kinetics of total enzymatic

with 300 uL of solution containing a buffer (Bicine- activity considers three pools of enzymes:

NaOH, 100mM, pH=8.5), fructose-6-phosphate

(1.5mM), NADPt (1.5mM), Mgr™ (32mM) and Y (t)=a-exp(—b-t)+c-exp(—d-1)+ f-exp(—g-t) (1)

glucose-6-phosphate  dehydrogenase  (2.5YL

Production of NADPH following the chemical transfor- Wheret is the time of incubationg, ¢ and f represent the

mation of fructose-6-phosphate to phosphoglucéno- Sizes ana, d andg the decay rates of fast, intermediate and

lactone was measured by spectrometry at 340 nm. slow pools, respectively. Decay rate of the fast pool was so
rapid that it could not be characterised precisely in this exper-

— MDH (Fig. 1c): Soil with or without MDH was iment. Consequently, sizeand decay raté of the fast pool
amended with 300 pL of solution containing a buffer were fixed to the amount of enzymatic activity lost during
(TRIS 100mM, pH=6.7), oxaloacetate (1.5mM), the first 20 min of incubation and to 1/5 mih Then, param-
NADH (1.5 mM) and Mg * (32 mM). Consumption of  etersc, d, f andg of intermediate and slow pools of enzymes
NADH following the chemical transformation of ox- could be estimated using a classical nonlinear regression pro-
aloacetate to L-malate was measured by spectrometrgedure. We verified that uncertainty on decay rate of the fast

at 340 nm. pool has negligible effect on estimation of parameters of the
intermediate and slow pools. This lack of effect on the es-

2.3.3 Activity of total, soluble and soil-immobilised timation of parameters is explained by the strong difference
enzymes between decay rate of the fast pool and those of intermediate

and slow enzyme pools (data not shown). The half-lives of

For each endoenzyme, activity of total, soluble and soil-\he enzyme pools were calculated as (In2)/(decay rate).
immobilised enzymes was estimated at different times be-

tween 20 min and 35 days of enzyme incubation in soils. At2 4 Contribution of EXOMET to soil respiration

each harvest date, two independent sets of soils were used

to quantify activity of total (TotalEnz) and soluble enzymes A method based on the measurement ob@@issions from
(SoluEnz). Activity of soil-immobilised enzymes was esti- irradiated and non-irradiated soils (see the Sect. 2.4.2) was
mated by difference (ImmEnz TotalEnz— SoluEnz). Ac-  developed to quantify FOMET and the respiration of liv-
tivity of soluble enzyme (SolEnz) was quantified after their ing organisms in the five studied soils. Gamma irradiation,
extraction from soil. For extraction, 80 mg soil samples wereby killing the soil organisms, was considered to stop living
mixed with the 300 ul of the buffer solution containing sub- respiration whilst preserving soil enzymes (S1) responsible
strates, co-factors and intermediate enzymes (see Sect. 2.3.8r EXOMET. Therefore, CQemissions from irradiated soils
and shaken during 5min. Then, samples were centrifugedvere used to estimate thexBMET. However,y -irradiation

at 11000¢ ¢ during 3 min. The supernatant containing sol- also released a large quantity of endoenzymes from the killed
uble enzymes, co-factors and substrates was transferred intirganisms, thereby artificially increasing the®&vET in the

a micro-plate, where activity of soluble enzyme activity was irradiated-soils. Taking this effect into account, a model of C
measured during 3min. The production rate of NADPH flux was used to quantify SOMET and living respiration.

(for GHK and G6PI) and the consumption rate of NADH

(for MDH) consecutive to the activity of soluble enzymes

were quantified by spectrometry at 340 nm. For measure-

www.biogeosciences.net/10/1155/2013/ Biogeosciences, 10, 1152013
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70 1 50 70
60 |0 GHK A G6PI B| |o MDH C
1 40 % 0 60
| |
%0 3 ® Total enzyme |
| 30 /q 50
® 409 o Soluble enzyme ) 40 &
S 20 © Immobilized enzyme ~ 29 | 2
<
= Model: 7 = 0.99%** Model: 7 = 0.99%** E Model: 7 = 0.99%** 30 =
g Y(t) = ae® + ce?t + fet Y(t) = ae® + ce?t + fe?t \ Y(t) = a'e® + et + fre?t <é
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: , 0 +oG0-0— ! : o— Lo : : O o 0
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Time (days) Time (days) Time (days)

Fig. 2. Activity of three specific enzymes involved in glycolysis and the Krebs cycle following their incorporation in the non-irradiated-soil
from Theix. Enzyme activity along timeA() is expressed as % of the initial activity of enzymatic solutidi)(applied to the soil. The
activities of total (dark circles), soluble (white circles) and immobilised enzymes (grey circles) are distinguished. Full, dashed and dotted
lines represent the fit of the kinetic model on total enzyme activity, its confidence and predictive error intervals at 5% P-level, respectively.
(A) G6PI: glucose-6-phosphate isomergd8);GHK: glucose hexokinas€C) MDH: malate dehydrogenase.

2.4.1 Model of carbon flux ganisms, due to their size, occupy less than 0.5 % of the soil
pore space (Paul and Clark, 1989).

In the model, CQ emission from non-irradiated soiR(;) Parametek varies between 0-1 and depends on the frac-

is represented by the sum of living respiratioR|)(and  tion of respiratory enzymes released by dead organisms that

EXOMET (Rx) (EQ. 2). After irradiation, a fractiok of R s stabilised in irradiated-soils. In order to estimatewe

is converted to BEOMET via the soil stabilisation of respi- incubated the glucose-6-phosphate isomerase (G6PI) in the
ratory enzymes released by the killed organisms. As a resultyradiated-soils of Theix, Ponta Grossa, Laqueuille g3ord
the sum of KOMET (Rx) andk- R determines C@emission  Bugac for 14 days. This enzyme was selected because it
from irradiated soil i) (Eq. 3). The model reads as follows showed the smallest stabilised fraction among the three res-
piratory enzymes tested in the soil from Theix (Fig. 2). The
Rni = R + Rx (2)  total G6PI activity was measured throughout the incubation
as described in the Sect. 2.3.2. For each soil, we fixed the
parametetk equal to the fraction of stabilised G6PI activ-
ity assuming that the reaction sustained by the G6PI was

- . . . . . the limiting reaction for the EOMET. Other enzymatic re-
By fixing the sameRy in the irradiated and non-irradiated actions could be more limiting for extracellular oxidative

fr?ells’rg_]eexir;z?‘flggﬁsrzs 3\1/‘: d'g?gg'ﬁgrehgioneoxaerze?ésor}netabolism. In this casé, would have a lower value and
pre-exister X X VO EXaMPIES he calculated EoMET would increase which would sig-
where irradiation could modifyRy. First, they-irradiation

: . . nify that the model underestimates the contribution of the
by denaturing part of soil enzymes could decregsdn this . .
. L . EXOMET to soil CO, emissions. Moreover, parametenas a
case, it is easy to show that th&&vET contribution to soil

o ) : limited bearing on the calculation oi}®&MET. For example,

Iig; (takTslsj:]%nesrelztil::gt?;ﬁSct;)r?g:/leEdT ti)g”tl];yn:g%il'ml\(l)zveertthe'for the soil from Theix_, we qalculated that a 50 % variation

. S ) ) of k caused a 6 % deviation iIN®MET.
ate since the effect of-irradiation on soil enzymes is typ-
ically low (see review of McNamara et al., 2003). Second,
by suppressing the microbial uptake of organic substrates2-4.2 Soil incubation experiment
the irradiation could increase the availability of these sub-
strates for KOMET increasingRy. In this case, the current Experimental microcosms consisted of 30 g (dry mass basis)
model would overestimate thexBMET contribution to soil  samples of fresh sieved soils placed in 250 mL flask. Sets
COy emissions. However, BEOMET and living respiration are  of irradiated and non-irradiated soils were prepared for the
not likely to be in competition for organic substrates. Indeed,five studied soils. Soils werg-irradiated as previously de-
EXOMET may have preferential access to organic substratescribed. Soils were incubated in a dark chamber &G0
since EXOMET-carrying enzymes are adsorbed on soil parti- and with a water potential o100 kPa for 21 days. Suf-
cles including organic matter. Moreover, most of the soil mi- ficient soil microcosms were prepared to permit four de-
crosites where EOMET can proceed are likely to deprived of structive harvests and four replicates per treatment. Micro-
microorganisms. Indeed, enzymes responsible foo¥ET cosms were sampled after 2, 6, 13 and 21 days of incuba-
may diffuse in most soil pores whereas living soil microor- tion to quantify CQ emissions and to verify maintenance of

Ri=k- R+ Rx (3

Biogeosciences, 10, 1155367 2013 www.biogeosciences.net/10/1155/2013/
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irradiated-soils under sterile conditions throughout the incu-2.7 Data analysis

bation. The sterility was verified by a combination of meth-

ods including electron microscopy and molecular tracing of All statistical tests were performed with the Statgraphics Plus
functional RNA-producing microorganisms (S1). The C flux software (Manugistics, Rockville, MD, USA). General lin-
model was constrained with G@missions from irradiated ear model (GLM) procedures, using the LSD method in post
(R;) and non-irradiated-soilskg;) corresponding to the in-  ANOVA multiple mean comparison tests, were employed to
cubation period 13-21 days. The 0-13 day period was extest effects of soil, treatment (irradiation, substrate and yeast-
cluded because soil stabilisation of respiratory enzymes reextract amendment, exposure to high temperature, autoclav-

quired several days (Fig. 2 and S3). ing and toxic compounds) and time factors on #nission
and @ consumptionWhen model residuals did not follow
2.5 Some KXOMET properties a normal distribution, the variables were log-transformed.

_ ) ) Nonlinear regressions were used to analyse kinetics of CO
Given that we consider XOMET to be carried out by o, concentration and enzymatic activity.

soil-protected slow-cycling enzymes rather than microbe-
dependent living respiration with tight physiological con-
straints, we predicted thatX®MET would show specific
properties. First, we suggest thak®&vET persist in the
long-term & 100 days) without microbial production of new
enzymes. To test this hypothesis, the irradiated soil from
Theix was incubated at 3@ and with a water potential of

—100kPa for 332 days. The G@mission rate was regularly g gterility of microcosms was maintained throughout the
measured during the incubation period in order to CaICUIateexperiment (S1). The emission of GQvas null in wa-

the ExoMET half-life. Second, we suggest thakBMET re- o ith glucose ¥ + G, data not shown). Despite sterili-
5|§t high temp_erature, pressure an_d to>§|c comp_ounds. To t_e§ration, soils with and without glucoss @nd S + G) still

this hypothesis, we exposed the irradiated-soil from TheiXgmitted CQ throughout the incubation (Fig. 3) confirming

to additional treatments: 18C for two hours, autoclaving previous observations (Peterson, 1962; Ramsay and Baw-
(237°C anq 2.4 1BPa for 45 min)' or chloroform vapours for den, 1983; Lensi et al., 1991; Trevors, 1996). The supply
24h. All microcosms were then incubated aPBDand awa-  of glucose had no effect on soil G@missions § versus

ter potential of—100 kPa for 21 days. F(_)ur_ replicates Were g1 G). In contrast, the combined supply of glucose and
prepared for each treatment. The £@mission from soils .|| free yeast-extract containing respiratory enzymes trig-
exposed to temperature, pressure or toxic compounds Wergared sudden and enormous respiration fluxes in water and
compared to that of control soil (only irradiated) in order to ;| (W + G + YE andS + G + YE, respectively). The C®
quantify treatments effects OrxBMET. emission fromW + G + YE and S + G + YE treatments re-
spectively represented 725 and 72 times that of control soil
(after eighteen hours of incubation, Fig. 3). The released
In the incubation experiments where gas fluxes were stud®C2 originated from added’C labelled glucose and unla-

ied (Sects. 2.2, 2.4 and 2.5), two sets of microcosms werdelled substrates present in yeast-extract and soil (S4). More-
prepared in order to quantify gas exchange and to determin8Ve", CQ emissions mirrored the consumption op @r

the 13C content of released GOIn one set of microcosms all treatments and dates, with the exceptioWof- G + YE

the released COwas trapped in NaOH. THEC abundance treatment at eighteen hours of incubation (respiratory quo-
of CO, was analysed by IRMS after precipitating carbonatesti€Nt=2, Fig. 3a). In this particular case, the availability of
with an excess of Bagland filtration. CQ and G gas con- O was reduced, metabolic activity was intense and the pres-
centrations in the other set of microcosms were measured b§ur® in microcosms rose to 1.25atm, all of which indicated
gas spectrometry (Agilent 3000 uGC, Agilent Technology, (€ Presence of fermentative metabolism. _

Lyon). Concentration of CEin atmosphere of flasks was al- ~ OUr results confirm the idea that the enzymatic cascade
ways maintained below 3% (17 % ob@ flasks where C@ leading to the OXIdatIOI‘l.Of organic C (i.e., glycolys!s anq the
was trapped), except at two dates during the yeast extract inKrebs cyc_le) can occur in an e>_<trace||u|ar context in son_ anc_j
cubation experiment. In these latter cases, concentration of/ater- This indicates that respiratory enzymes can maintain
CO, reached 4 % (day 10) and 22 % (day 0.75) signifying thetheir activity outside the cell and have access to substrate and

diffusion of O, may have limited the oxidative metabolism co-factor flux to function. It is worth noting that the electron
(ExoMET) induced by yeast extract. transfer to @ was maintained since the emission of £as
coupled to the consumption of,(dFig. 3a). This electron

transfer, probably carried out by the cytochromes of cellu-
lar debris (Trevors et al., 1982), permits the regeneration of
electron acceptors (i.e., NAB) explaining the persistence of

3 Results

3.1 Demonstration of EXOMET by incubating a cell-free
yeast-extract in sterilised water and soll

2.6 Flux measurements
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Table 2. Size and half-time of fast, intermediate and slow pools
of respiratory enzymes in the non-irradiated-soil from Theix.
GHK: glucose hexokinase, G6PI: glucose-6-phosphate isomerase,
MDH: malate dehydrogenase. Pool size and half-time were ob-
tained by fitting the kinetic model presented in Sect. 2.3 to total
enzyme activity (Fig. 2).

CO, emission
(%)

Fast pool Intermediate pool Slowpool

Size Half-life Size Half-life  Size Half-life
(%) (min) (%) ) (%) (days)

GHK 35.8 <14 576 8.9 6.6 43.3
‘ ‘ ‘ ‘ G6PI 66.4 <14 288 26.4 4.8 315
0-0.75 0.75-10 10-19 19-53 MDH 38.3 <14 47.6 17.1 14.1 495.1

Enzyme

0, consumption
(%)

Period (days)

100

B the soil particles permit ¥FOMET persistence, possibly by

10 - preserving the respiratory enzymes from denaturation and

—eo— W+G+YE :
v S proteolysis.

14 8- S+G . S I .
— & — S+G+YE 3.2 Soil stabilisation of oxidative metabolism enzymes

011 Kinetic analysis of total enzyme activities indicated the ex-

istence of fast-, intermediate- and slow-cycling pools of en-
zymes in the soil from Theix (Fig. 2, Table 2). Between 36
and 66 % of the initial enzymatic activity was lost within
0.001 ‘ ‘ ‘ ‘ ‘ ‘ minutes following enzyme addition to the soil (the difference
0 10 20 30 40 50 60 between initial activity and that 20 min after enzyme addi-
Time (days) tion, Fig. 2). The half-life of this fast pool was too fast to be
. o determined precisely, but is 14 min (Table 2). Given the ra-
Fig. 3. (A) Total (labelledt-unlabelled) CQ emission and @ gty of their inactivation, enzymes of the fast-cycling pool
consumption from irradiated-soilS}; irradiated-soik- labelled were likely denatured by physico-chemical processes (Burns
glucose §+G); irradiated-soik-labelled glucose- yeast- . 0 X
, 1982). A second pool of enzymes representing 29-58 % of
extract §+ G+ YE); water+labelled glucose-yeast-extract e . . . .
the initial activity was inactivated more slowly with a half-

(W + G +YE) for four periods of incubation. Results are ex- . . L -
pressed as % of microcosm atmosphere. Water with labelledifé of 9-26 h. Soil proteolytic activity may have contributed

glucose was also incubated as control, but,G@nission from  t0 the degradation of this pool (Sarkar et al., 1989). Finally,
this control was null and not reported. Letters at each samplingd—14 % of the initial enzymatic activity was retained in a
date indicate the ANOVA-based differences at 5% P-level amonghighly stable form with a half-life of 32—495 days. Figure 2
treatments.(B) Total (labelled+ unlabelled) CQ emission rate  shows that this long-term persistence of enzymatic activities
from water and soil microcosms. Symbols are the same as Fig. 3a.exclusively relied on enzymes immobilised on soil particles
(humus and minerals). These results confirm the protective
role of soil particles for respiratory enzymes against physico-

, chemical denaturation and proteolysis. Our investigations in
EXOMET over 53 days (Fig. 3). Moreover, our results Show e other soils gave consistent results with 0.8-3.3% of the
that fermentative metabolism is another intracellular processy;tig| enzymatic activity stabilised (S2).

that can be reconstituted outside the cell when the availability
of Oz for the EXOMET is low. 3.3 Contribution of EXOMET to soil respiration

The ExoMET was significantly higher in water than in soil
during the first eighteen hours of incubatioli{ G+ YE ver- Despite sterilisation by -irradiation, the five studied soils
susS+ G + YE, Fig. 3b), which can be explained by enzyme released large quantities of G&hroughout the incubation
inhibitors present in soil (Burns, 1982). Howevex®&vET period (Fig. 4). After 21 days of incubation, cumulatedCO
continuously decreased with time in water whereas it sta-emissions from the irradiated-soil represented 17 to 59 % of
bilised in soil at a rate representing 247 % of £&nissions  that measured in non-irradiated-soil depending on soil type
from sterile control soil at day 20. The higheX&MET in (Fig. 4). The value of model parameterwas determined
soil than in water after 20 days (Fig. 3b) cannot be explainedor the soils of Theix, Ponta Grossa and Laqueuille, but not
by an exhaustion of C-substrate in water since the seconébr the soils of Sorg and Bugac where large releases of hu-
glucose dose had no effect (S5). These results indicate thahic acids did not permit the measurement of G6PI activity

CO, emission rate
(% d™, log scale)
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Table 3. Activity of glucose-6-phosphate isomerase (G6PI) and model quantification gfe@itdssions from living organismsk() and
extracellular oxidative metabolisnRg) for the five studied soilsR,; and R; represent C@ emissions from non-irradiated and irradiated
soil, respectively, for the incubation period 13-21 days the fraction ofR| converted in extracellular oxidative metabolisnX(EET)
after irradiation. Contribution (%) of ¥FOMET to soil CO, emission was calculated & /Ry - 100. nd = not determined

Sites

G6PI activity (% initial activity) Bugac Laqueuille Ponta Grossa Sorg Theix
7 days nd 0.5-0.05 5.1+0.4 nd 10.5£0.9
14 days nd 0.20.03 3.1+0.1 nd 10.6:0.4

Model quantification of the two metabolic pathways of organic C oxidation
Model inputs
Rpi (Mg C-CO kg1 168.8+2.6 186.4:3.3 162.8-0.9 200.2£t1.5 56.4:0.5
Ri (mgC-CO kg1 98.2+3.2 40.3t15 30.6£0.8 34.6:09 30.2:0.9
k (%) nd 0.3:£0.03 3.1+0.1 nd 10.6:t0.4
Model results
R (mgC-CQ kg™ 1) nd 146.5 136.4 nd 29.1
Rx (Mg C-CO kg™ nd 39.9 26.4 nd 27.3
Contribution of the extracellular oxidative nd 21.3 16.2 nd 48.4

metabolism to CQ emission (%)

14 3.4 Some KXOMET properties
E 12 A = - c D E Significant CQ emissions were maintained throughout the
g -g o T 332 day incubation of irradiated-soil from Theix (Fig. 5). We
g K ’ —— N . calculated that the half-life of EFOMET was 165 days. This
E = s 2 mmm Day6 [§ 7 result confirms the idea thatd®MET can persist in the long-
o2 == Day 1315, b term without microbial production of new enzymes. This per-
°© = 061 wmm= Day 21 co sistence reflects soil stabilisation of respiratory enzymes re-
% o 0 ] b leased by ancient generations of microbial populations.
22" . . °. Although the treatments applied to the irradiated-soil
B 2] HC oy : from Theix (high temperature, pressure and chloroform) are
= l IHHI HI known to denature unprotected enzymes and be lethal for
0.0 ‘ ‘ ‘ ‘ most microorganisms (Koffler et al., 1957; Kashefi and Lov-

Ponta Grossa  Soro ~~ Bugac Laqueuile Theix ley, 2003; Rainey et al., 2005; Lopez-Garcia, 2007), signif-
(Brazil) (Danemark) (Hungary) (France) (France) ) L. . . . .

icant CQ emissions persisted during the 21 day incubation

Fig. 4. Relative CQ emission between irradiated and non- period. Based on soil COemissions (Fig. 6), we estimated

irradiated soil for the five studied soils. Day 2, Day 6, Day 13 and that 50, 20 and 10 % of ¥OMET were resistant to chloro-

Day 21 represent days of incubation. Letters indicate the differ-form, 150°C and autoclaving, respectively. Thus, soil par-

ences at 5% level between measurements over time (lower casgjcles not only protect enzymes against denaturation (e.g.,

and across soils (upper case) based on repeated-measures anal)ﬁ%?ndesrﬁki and Pnspanen, 1992), but also allow the mainte-

of variance. nance of complex oxidative metabolism in conditions where
life is generally impossible.

(Table 3 and S3). For the three soils whéreould be de-
termined, modelling results indicated that&vET substan-
tially contributed to CQ@ emissions from the non-irradiated-
soils (Table 3). KOMET was responsible for 16,21 and 48 % oy findings show that complex biochemical reactions un-
of CO; emissions from the soils of Ponta Grossa, I-""queu'"ederpinning respiration can occur in the soil without compart-
and Theix, respectively. These unexpected contributions ofnented living structure. Our results also shed light on the
EXOMET |nd|c:_:1te th_e presence of a large quantity of respira-key roles of soil particles (minerals, soil organic matter) im-
tory enzymes in soils outside cells. plied in this phenomenon. Enzymes involved in cell oxidative
metabolism can maintain their activity outside the cell thanks

4 Discussion and perspectives
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4,0 well-known respiration of soil biota, (2) an®MET carried

out by enzymes released from dead organisms and stabilised
by soil particles. These key results deserve further experi-
ments that will verify assumptions of our model designed to
quantify the EXOMET or ideally will propose an alternative
independent method for this quantification.

Living respiration and EoMET should be considered sep-
arately when studying effects of environmental factors on the
C cycle because they do not likely obey to the same laws and
respond differently to environmental factors. Soil microor-
ganisms have tight physiological constraints comprising spe-

3,5 1

3,0 4

2,5 4

2,0 4

CO, emission rate
(mgC kg™ soil d™)

Y (t) = 3.68 (10.09).6'[0'0042 (£0.0003).t]
0.51P<0.001 #=0.97

half-life = 165 days cific environmental conditions (temperature, moisture, ab-
0.0 o 100 200 300 sence of toxic compounds) and needs in energy and nutri-
Time (days) ents. These needs explain why soil £€missions are con-

trolled by the availability of fresh energy-rich C and nutrients
Fig. 5. CO, emission rate from the irradiated-soil from Theix incu- to soil microorganisms (Fontaine et al., 2003; Blagodatskaya
bated during 238 days. Half-life;(2) was calculated from a simple et al., 2007; Pascault et al., 2013). In contrast, tRe&ET-

exponential model. carrying enzymes have few physiological constraints and are
highly resistant to toxics, high temperature and pressure due
150 to their protection by soil particles (section Sect. 3.4). This
® Iradiated-soi EXOMET can explain why part of soil C®emissions is in-
c 1251 A +CHCl, dependent of microbial biomass size, community structure
2 v +150C or specific activity (Kemmitt et al., 2008) and is resistant
2 2100 - W+ Autoclaving to toxic compounds and extreme environments (chloroform,
o0 high temperature, pressure, and irradiation) (Peterson, 1962;
8 2 Ramsay and Bawden, 1983; Lensi etal., 1991; Trevors, 1996;
S Kemmitt et al., 2008). Moreover, thex®MET could explain
3 & 501 the flush of CQ emission from soils submitted to freeze-
§ thaw or wet-dry cycles since these treatments promote mi-
25 4 crobial death and release of respiratory enzymes in soils
(Henry, 2007; Borken and Matzner, 2009; Kim et al., 2012).
0

Finally, the long-term persistence okBEMET-carrying en-
zymes (Figs. 2 and 5) signifies that current C€nissions
from soils partly depend on past microbial activities. This
Fig. 6. Cumulated C@ emission from the soil from Theix af- Mmemory of soils suggests a delay between the modification
ter exposure to irradiation (Irradiated-soil), irradiation and 160  of microbial activities and its consequence on soil respira-
(+150°C), irradiation and chloroform fumigatiorHCHCI3), and tion. Such a delay must be taken into account when studying
irradiation and autoclavingfAutoclaving). effects of environmental factors on soil respiration to avoid
an underestimation of modification of soil functioning.
The contribution of KOMET to CO, emissions was con-

to the protective role of soil particles. The concentration of trasted among the three soils (Table 3), suggesting an im-
endoenzymes around soil particles may facilitate exchangeportant role of soil properties and land use on the balance
of co-substrates and co-factors between enzymes, which atgetween living respiration and®MET. However, the num-
necessary for the cascade of reactions implied in oxidativeber of tested soils is too low to draw definitive conclusions
metabolism. At the end of the respiratory chain, the transferand we can only speculate on some factors that could con-
of electrons to @ may be carried out by soil particles due to trol the EXOMET. It is interesting to note that the highest
their electric charge (Trevors et al., 1982). EXOMET contribution to CQ emissions was found in the

Our results suggest that thexBMET can substantially  soil presenting the highest clay content and the highest ca-
(16—-48 %) contribute to soil C£2emissions. This unexpected pacity to stabilise the endoenzyme G6PI activity (soil from
contribution of EXOMET suggests the presence of a large Theix, Tables 1 and 3). The high specific area and electric
quantity of respiratory enzymes in soils outside cells. Thischarge of clay particles may promote stabilisation of endoen-
enzymatic pool may result from the long-term accumulationzymes on clay surface. The organic-rich soil from Laqueuille
of enzymes released from dead organisms and stabilised dmas an intermediate position in the ranking of soils accord-
soil particles (Fig. 2). Thus, Cemissions from soils are ap- ing to EXOMET contribution. This soil curiously presents
parently driven by two major oxidative metabolisms: (1) the the lowest ability to stabilise the endoenzyme G6PI activity

0 5 10 15 20 25
Time (days)
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