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A B S T R A C T

The degradation of large biopolymers, such as cellulose, in soil requires several enzymatic hydrolysis steps to 
produce simpler substrates for microbial uptake. The synthesis of these enzymes requires energy and takes time 
until they are fully expressed. However, the heat release associated with enzymatic hydrolysis and the temporal 
delay between this initial heat release and the final carbon mineralization to CO2 is largely unknown. In this 
study, we investigated the dynamics of heat and CO2 release during the sequential decomposition of cellulose to 
its building blocks, cellobiose and glucose, in soil and related these processes to activities of cellobiohydrolase 
and β-glucosidase driving the corresponding steps of cellulose decomposition. Moreover, we estimated catabolic 
heat release during the stepwise enzymatic production of oligo- and monomers in soil by employing fluo
rogenically labeled substrates. This amounted to the absolute value of 26.5 kJ mol C− 1, approximately 6.5 % of 
the total combustion enthalpy stored in the applied cellulose.

By three complementary approaches, we confirmed that cellobiohydrolase rather than β-glucosidase is the 
bottleneck step of enzymatic hydrolysis. First, a 36 h temporal decoupling between the heat and CO2 formation 
peaks occurred during step-wise enzymatic hydrolysis of cellulose performed by cellobiohydrolase and 
β-glucosidase towards final mineralization. This decoupling was not observed in the next sequential step of 
cellobiose hydrolysis by β-glucosidase. Remarkably, heat and CO2 release evolved more slowly during cellulose 
degradation compared to that of its building blocks, cellobiose and glucose. Second, the enzyme activity of 
β-glucosidase more than doubled that of cellobiohydrolase during cellulose degradation. Third, heat release after 
the addition of flurogenically labeled substrate to soil, which mimics the steps of cellulose degradation, was 
faster in the step of glucose production than that of cellobiose production. This study highlights the novel 
mechanistic insights facilitated by calorespiroemetric monitoring of carbon decomposition at high temporal 
resolution.

1. Introduction

Carbon (C) storage in soil is a result of microbial processing of plant 
residues to be either transformed to high and low molecular weight 
compounds of soil organic matter (SOM) or respired as CO2 due to 
mineralization processes. Soil microorganisms require organic com
pounds not only as a C source, but also as an energy source for growth, 
maintenance, and shifting from dormancy to activity (Lennon and Jones, 

2011). They use these compounds to meet their growth needs by 
anabolism, as well as energy acquisition by catabolism (Kästner et al., 
2024). In this context, the efficiency with which microorganisms retain 
metabolized C in their biomass, referred to as carbon use efficiency 
(CUE) (Geyer et al., 2016; Manzoni et al., 2018), and its energy coun
terpart, energy use efficiency (EUE) are interconnected to each other 
through energy channel from catabolic to anabolic processes. Therefore, 
measuring carbon and energy release jointly by calorespirometry can 
provide a more complete picture of metabolic pathways during matter 
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and energy turnover in soil (Barros et al., 2016).
Soil calorespirometry in the last decades has covered a range of 

decomposition studies from animal waste (Dziejowski, 1995) and 
organochlorine herbicides (Cheney et al., 1996) to pure organic com
pounds (Critter et al., 2001), simplifying the complexity of the system. 
Most calorespirometry studies on pure organic substances rely on one 
compound, either monomeric (Barros et al., 2010; Herrmann and 
Bölscher, 2015; Geyer et al., 2019; Endress et al., 2024) or polymeric 
(Wadsö, 1995, 2009), not focusing on the fact that long-chain polymeric 
compounds require sequential steps of decomposition driven by soil 
enzymes.

Cellulose is the most prevalent C-containing plant polymer that is 
available for degradation in soil, consisting of glucose monomers 
coupled by β-1,4 glycosidic bonds (Lynd et al., 2002). Cellulose is 
transformed by a sequence of degradation steps into its oligomeric and 
monomeric building blocks, cellobiose and glucose, which are finally 
mineralized inside microbial cells (Fig. 1). Large biopolymers can be 
consumed as a substrate by soil microorganisms only after they are 
depolymerized extracellularly (Schimel and Weintraub, 2003; Kästner 
et al., 2021). The complete breakdown of energy-rich polymeric cellu
lose to assimilable glucose and CO2 requires three spatially and 
temporally distinct processes: (i) energy-consuming synthesis of en
zymes (ii) extracellular enzyme-mediated hydrolysis, and (iii) intracel
lular metabolism. First, microorganisms need to produce extracellular 
enzymes in an intracellular process by utilizing a carbon source and the 
energy stored in adenosine triphosphate (ATP), the general energy 

currency of living cells (Lengeler et al., 1999). In the second step, 
extracellular depolymerization of cellulose to glucose requires a syner
gistic action of different hydrolytic enzymes before the microorganisms 
finally metabolize the glucose inside the cell (Fig. 1). These extracellular 
enzymes are classified as cellulases, which hydrolyze the β-glycosidic 
bonds by introducing water molecules into the polymer structure. 
Endoglucanases randomly cut the bonds in the amorphous region of 
cellulose, culminating in a series of cello-oligosaccharides with smaller 
chain lengths. Next, exoglucanase, also known as cellobiohydrolase 
(CBH), targets the ends of cello-oligosaccharides producing cellobiose. 
Thereafter, β-glucosidase (BG) catalyzes the hydrolysis of the β-glyco
sidic bond in cellobiose resulting in the production of monomeric 
glucose (Eveleigh, 1987; Lynd et al., 2002; Lakhundi et al., 2015). These 
monomers are then transported into the cell through the cell membrane 
and are metabolized intracellularly via glycolysis and the respiratory 
chain. CO2 is released as the end product of the Krebs cycle and the 
protons and electrons are transferred to oxygen as the terminal electron 
acceptor in the respiration chain enabling cellular energy storage by 
synthesizing ATP (Lengeler et al., 1999; Voet and Voet, 2010).

Microbial respiration as well as growth- and maintenance-related 
processes are exothermic reactions that produce heat (Barros, 2021), 
which are the net outcome of simultaneous-occurring catabolic and 
anabolic reactions (Herrmann and Bölscher, 2015; Kästner et al., 2024). 
Microorganisms tend to utilize organic compounds only when the en
ergy gain is higher than the demand for maintenance and sufficient for 
growth and enzyme production (Kästner et al., 2021). In the case of 
cellulose, on the one hand, synthesis and induction of cellulases is a 
metabolic burden for microorganisms (Lynd et al., 2002), on the other 
hand, the gain is an abundance of energy-rich, assimilable glucose. In 
addition, hydrolysis of the β-glycosidic bonds is energy-producing 
(Tewari and Goldberg, 1989; Sinnott, 1998; Brady et al., 2015; 
Sørensen et al., 2015). To what extent extracellular enzymatic hydro
lysis contributes to the total metabolic heat release remains uncertain. It 
depends on the degree of polymerization of the cellulose, and calorim
etry approaches cannot distinguish between the different contributions 
to overall heat release (red arrows in Fig. 1). To the best of our knowl
edge, there are no soil studies investigating the role of in situ-produced 
hydrolytic enzymes in the sequence of cellulose degradation steps and 
their contribution to heat release as well as the relation of heat and CO2 
formation. Therefore, it remains elusive whether extracellular heat 
formation by polymer hydrolysis may cause a temporal decoupling of 
heat and CO2 formation. Moreover, it needs to be evaluated whether the 
extracellular heat formation depends on substrate complexity or is also 
affected by substrate quantity.

In this study, we focused on heat and CO2 release in the course of two 
sequential decomposition stages of polymeric cellulose to oligomeric 
cellobiose and monomeric glucose in soil. The objectives of the study 
were (i) to unravel the dynamics of heat and CO2 release during the 
decomposition of cellulose and its building blocks (oligomers and 
monomers), (ii) to relate matter and energy dynamics to the corre
sponding extracellular enzyme activities, and (iii) to compare the 
experimental values of CUE and EUE with the theoretical estimations for 
substrates with different levels of complexity. We applied isothermal 
microcalorimetry and respirometry techniques to monitor metabolic 
heat and CO2 release during cellulose degradation for 14 days. To 
identify rate limitations in the cellulose degradation process, the 
degradation of its building blocks, cellobiose and glucose, was also 
monitored. In order to investigate microbial enzymes involved in the 
different stages of cellulose degradation, the activities of cellobiohy
drolase (CBH) and β-glucosidase (BG) were determined during this 
process. Since standardized assays for the first step catalyzed by endo
glucanase are missing, we studied only the last two steps of enzymatic 
hydrolysis in detail (Fig. 1). In addition, phosphatase (Phos) activity was 
determined as a proxy for the general microbial enzyme activity. To 
quantify the catabolic heat as a result of β-glycosidic bond cleavage, we 
sought to mimic the step-wise enzymatic breakdown of oligo- and 

List of abbreviations:

CBH cellobiohydrolase
BG β-glucosidase
Phos Phosphatase
MUF-CB 4-Methylumbelliferyl β-D-cellobioside
MUF-βglu 4-Methylumbelliferyl β-D-glucopyranoside
MUF-P: 4-Methylumbelliferyl phosphate

Fig. 1. Schematic figure depicting stages of cellulose degradation in soil 
comprising enzymatic hydrolysis and microbial respiration (mineralization).
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monomers. We added the corresponding fluorogenically labeled sub
strates commonly used in the enzyme assay to the soil for calorimetry 
measurements. This was done using the same experimental setup (soil 
amount, preincubation, moisture, etc) as for cellulose, cellobiose, and 
glucose. These fluorogenically-labeled substrates include 4-methylum
belliferyl β-D-cellobioside (MUF-CB; with 2 β-glycosidic bonds) which 
mimics the production of cellobiose from cellulose as well as 4-methyl
umbelliferyl β-D-glucopyranoside (MUF-βglu; with 1 β-glycosidic bond) 
imitating the production of glucose from cellobiose. Given that MUF is 
an organic compound, a control treatment is necessary to assess if MUF 
contributes to heat production. This approach helps to estimate the 
hydrolytic heat release as well as to identify the bottleneck step in the 
stages of cellulose degradation.

Based on the aforementioned reasonings, we hypothesized that (i) 
there will be a temporal decoupling between heat and CO2 release for 
cellulose, in which the heat release preceded the CO2 release, because 
the sequence of enzymatic break-down steps already releases heat, but 
only the final mineralization step yields CO2 with the related metabolic 
heat. (ii) The time gap between the peak of heat and CO2 release de
pends on the rate-limiting step and decreases with decreasing substrate 
complexity because fewer hydrolytic enzymes are required to mineralize 
simple organic substrate. (iii) The application of fluorogenically labeled 
substrates will be sensitive enough to estimate a net difference in heat 
release between two consecutive stages of cellulose degradation, 
through the hydrolysis of energy-yielding glycosidic bonds.

2. Material and methods

2.1. Experimental design

To investigate the first and second hypotheses, we performed incu
bation experiments using the substrates cellulose, cellobiose, and 
glucose. Both heat release and CO2 evolution were measured for the 
samples. For more details see section 2.3.

To examine the third hypothesis, we assessed heat release after 
addition of fluorogenically-labeled substrates MUF-CB, MUF-βglu, as 
well as unlabeled glucose to the soil. For more details see section 2.5.

2.2. General soil characteristics and preincubation

Haplic Luvisol soils were collected in September 2021 at 0–20 cm 
depth from a long-term fertilization trial, initiated in 1904 at the 
Dikopshof experimental site of the University of Bonn, Germany. The 
trial includes a five-year crop rotation involving sugar beet, winter 
wheat, winter rye, legume (primarily Persian clover), and potato (oat 
until 1953). Since the establishment of the site, farmyard manure (5–12 
t ha− 1 yr− 1) was applied to the fertilized experimental plots, where the 
soil for the incubation experiment has been collected. Physico-chemical 
and biological characteristics of the soil are provided by (Lorenz et al., 
2024).

The soil was air-dried, sieved through a 2 mm mesh, and homoge
nized. Prior to the incubation experiment, the soil was preincubated in a 
plastic tray at room temperature around 22 ◦C maintaining a gravimetric 
water content of 14 % for 10 days. This allowed to reestablish an active 
microbial community and let the immediate flush of microbial activity 
directly after rewetting pass. The tray was covered with aluminum foil, 
featuring a few holes to allow gas exchange while minimizing soil 
dehydration. Any seedlings grown during the preincubation time were 
immediately removed from the soil.

2.3. Respirometry and calorimetry

To test the first and second hypotheses, three carbon sources, cel
lulose (Isolife, Netherlands), cellobiose (Roth, Germany), and glucose 
(Chemsolute, Germany) were used for the study, whereby all were 
supplied homogeneously as a powder to the soil in incubation vessels. 

The cellulose from Isolife was ground using a ball mill (Retsch, Ger
many) comprised of a stainless steel cylinder and one ball of 1.5 cm 
diameter. The grinding was done with two consecutive runs (4 min, 
frequency of 30 s− 1). The cylinders were cooled at − 20 ◦C for 5 min to 
avoid overheating by friction. This grinding step turned crystalline 
cellulose amorphous and changed the initial fluffy material into powder- 
like material which can be more easily distributed in the soil. The added 
carbon sources amounted to 1244 μg C g− 1, corresponding to ~8 times 
the microbial biomass carbon (MBC) content of the soil. Thereafter, soil 
water content was adjusted to 16 % (w/w) (52 % of WHC) by the 
addition of deionized water. Soil samples without substrate but only 
water addition were considered as the negative controls, to account for 
the effect of existing substrates in soil.

Heat release was monitored by an isothermal calorimeter (TAM Air, 
TA instruments, USA) in a twin configuration for soil and reference 
(water in amount ensuring equal heat capacity to soil sample). Heat flow 
rates (μW) were measured continuously at 20 ◦C. The rate of CO2 efflux 
(mg CO2 h− 1) was monitored in a respirometer (Respicond V, Sweden) 
via conductance changes of a KOH solution (10 ml, 0.6 M) induced by 
the absorption of CO2 (Chapman, 1971; Nordgren, 1988).

Three replicates were used with 3.88 g and 34.11 g of dry soil per 
replicate in the 20 ml and 280 ml vials of TAM Air calorimeter and 
Respicond, respectively. The experimental setup maintained consistency 
across both the Respicond and TAM Air vials as the soil depth was set at 
approximately 0.9 cm in both cases. Additionally, a minimum ratio of 
4:1 was established between the headspace volume and the soil volume 
in both container types to allow for sufficient aeration. The duration of 
each incubation was determined based on the observance of metabolic 
heat and CO2 release. This period was 60 h for glucose and cellobiose, 
whereas it extended to 14 days for cellulose.

To investigate the effect of substrate amount on the dynamics of heat 
and CO2, additional incubations were performed with cellulose (Roth, 
Germany) at 23 % (w/w) soil water content providing a range of 
substrate-C amounts of 800, 1600, and 3200 μg C g− 1 corresponding to 
~ 5, 10, 20 times of microbial biomass carbon (MBC) of the soil. All 
other conditions were similar to the main experiment.

In this study, we report the absolute values (modulus of value) of 
heat released during the observed microbial processes, irrespective of 
the fact that the heat flow was exothermic (by convention, heat release is 
considered to be negative).

2.4. Enzyme activity assessment

Extracellular enzyme activity of cellobiohydrolase, β-glucosidase, 
and phosphatase in the soil was measured on 5, 7, 11, and 14 days after 
cellulose addition using substrates artificially labeled with fluorogenic 
4-methylumbelliferone (MUF) (Sigma-Aldrich, Germany). 4-methylum
belliferyl- β-D-cellobioside (CAS: 72626-61-0), 4-methylumbelliferyl- 
β-D-glucopyranoside (CAS:18997-57-4), and 4-methylumbelliferyl-phos
phate (CAS: 3368-04-5) were applied for activity estimation of cello
biohydrolase (EC 3.2.1.91), β-glucosidase (EC 3.2.1.21), and 
phosphatase (EC 3.1.3.1), respectively. The rate of enzyme activity (ʋ in 
nmol g− 1 h− 1) directly corresponds to the rate of 4-methylumbelliferon 
(4-MUF) release during the enzymatic reaction (Marx et al., 2001).

In short, 0.2 g (DW) soil was dispersed in 20 ml deionized water and 
sonicated for 1 min (40 J s− 1). Thereafter, 50 μl of the soil suspension 
and 50 μl of 0.1 M 4-morpholineethanesulfonic acid sodium (MES) 
buffer solution (pH 6.5) were transferred into a microplate. Afterwards, 
100 μl of different dilutions of fluorogenic substrates were applied to the 
microplate wells, ensuring a range of 0–150 μM for phosphatase and 
0–400 μM for cellobiohydrolase and β-glucosidase. The maximum con
centration of the substrate for each enzyme was determined in a pre
liminary experiment where a saturation behavior was observed in 
enzymatic activity for different dilutions of the substrate. Microplates 
were incubated at room temperature in the dark, on a rotary shaker. 
Fluorescence was read by an Infinite 200 PRO instrument (Tecan Group 
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Ltd., Männedorf, Switzerland) with excitation and emission wavelengths 
of 360 nm and 465 nm at three time intervals after input of fluo
rogenically labeled substrate, (30 min, 90 min, and 150 min). The 
enzyme kinetic parameters, Vmax and Km were calculated according to 
the Michaelis-Menten equation: 

ʋ=
Vmax × S
Km + S

(1) 

Where ʋ is the enzyme reaction rate (nmol g− 1 h− 1), Vmax is the 
maximum reaction rate (nmol g− 1 h− 1), S is the substrate concentration 
(μM), and Km is the half-saturation constant (μM).

2.5. Heat release after the addition of fluorogenically labeled substrates

The fluorogenically labeled substrates, 4-methylumbelliferyl-β-D- 
cellobioside (MUF-CB) and 4-methylumbelliferyl-β-D-glucopyranoside 
(MUF-βglu), that were used in the enzyme assay to study the release of 
cellobiose from cellulose and glucose from cellobiose, are associated 
with a specific heat release during the hydrolytic reaction. We further 
used these substrates as effective tools for estimating the heat of hy
drolysis during the two sequential stages of cellulose degradation (third 
hypothesis). Importantly, cellobiohydrolase and β-glucosidase facilitate 
the direct reaction of cleaving a β-glycosidic bond in equimolar quan
tities and a synchronized manner. For this purpose, the fluorogenically 
labeled substrates 4-methylumbelliferyl-β-D-cellobioside (MUF-CB), 4- 
methylumbelliferyl β-D-glucopyranoside (MUF-βglu), and 4-methylum
belliferyl phosphate (MUF-phos) (Sigma-Aldrich, Germany) were dis
solved in deionized water, 3 % (v/v) DMSO (dimethyl sulfoxide) to the 
concentration 10 mM. Thereafter, 400 μl of the substrates were added to 
already preincubated soil at a water content of 14 % in 20 ml vials of 
TAM Air calorimeter. The addition of the solution adjusted the final 
gravimetric soil moisture to 16 % as in the main experiment. An addi
tional incubation was performed in which glucose solution with the 
same amount as MUF-substrates and the same concentration in water 
(equivalent to 74 μg C g− 1) was added to the soil. Heat flow (μW) was 
monitored for 45 h. Different negative controls were considered as soil 
amended with either water or MUF. All experiments were performed in 
triplicate.

2.6. DNA extraction and biomass determination

To determine the increment in microbial biomass carbon (MBC) of 
the soil during cellulose degradation, parallel soil incubations were 
performed in the same setting with the vial of TAM Air calorimeter. Here 
the increment in DNA was attributed to the increase in MBC of the soil 
by a conversion factor of fDNA (Zheng et al., 2019) according to the 
following equation: 

fDNA =
MBCi

DNAi
(2) 

Where MBCi is the initial amount of MBC in the soil used in the exper
iment amounted to 155 μg C g− 1 (Lorenz et al., 2024) and DNAi is the 
initial content of DNA in the soil amounted to 9.4 μg DNA g− 1.

For DNA extraction, 300 mg of fresh soil was collected on day 14 
after cellulose addition to the soil. DNA was extracted using a modified 
version of the protocol of DNeasy PowerSoil Pro Kit (QIAGEN, Ger
many). The modification includes an additional homogenization to lyze 
the microbial cells. This was done using a homogenizer (Precelleys-24, 
PEQ-LAB, Germany) where the samples underwent homogenization at 
5000 rpm in three batches each lasting 45s. DNA amount was quantified 
using a NanoDrop ND-8000 spectrophotometer (Thermo Fisher Scien
tific, Dreieich, Germany).

2.7. Carbon use efficiency (CUE) and energy use efficiency (EUE)

For the calculation of CUE and EUE, we applied different equations 
for cellulose as compared to cellobiose and glucose. This is justified by 
the fact that, unlike glucose and cellobiose, the complete mineralization 
of cellulose may not occur within the duration of the experiment. For 
cellobiose and glucose, we applied the equations of apparent CUE and 
EUE with the supposition of complete mineralization of substrates 
(Endress et al., 2024). 

CUE=1 −
CCO2

Cs
(3) 

Where CCO2 denotes the cumulative C released as CO2 after 60 h and Cs 
denotes the initially applied amount of C as cellobiose and glucose.

For cellulose, we used the following formula based on the amount of 
C incorporated into biomass and the total microbial C uptake (biomass 
formation and CO2 evolution) (Sinsabaugh et al., 2013; Blagodatskaya 
et al., 2014a). 

CUE=
Cbiomass

Cbiomass + CCO2
(4) 

Where Cbiomass and CCO2 stand for the amount of C incorporated into 
biomass and C released as CO2 up to day 14 after cellulose addition. This 
approach assumes that all C from the transformed cellulose was turned 
over to microbial biomass or CO2 without any other product. The frac
tion of C utilized for synthesis of extracellular enzymes, for cellulose and 
cellobiose, is considered to be negligible for the aerobic soil (Manzoni 
et al., 2018). However, as we did not apply an isotopic approach here, 
we could not estimate the potential effects of positive priming; there
fore, we will consider a potential underestimation of CUE in the 
discussion.

The energy use efficiency for cellobiose and glucose was calculated 
as: 

EUE=1 −
Q

ΔHs
(5) 

Where Q and ΔHs represent the cumulative heat produced after 60 h of 
substrate addition and the combustion enthalpy of the substrates added 
(450 kJ C mol− 1 and 468.9 kJ C mol− 1 for cellobiose and glucose, 
respectively) (Gorokhov and Sryvalin, 1973).

For the EUE of cellulose degradation, with the same analogy of CUE, 
we consider only the part of the depolymerized cellulose that is either 
converted into microbial biomass or evolved as CO2. This is necessary as 
cellulose is probably not completely degraded during 14 days. In this 
case, EUE is approximated by the thermodynamic enthalpy efficiency of 
soil microbial communities (ηeff) (Bölscher et al., 2016), an adapted 
version of equations proposed by (Battley, 1960; Harris et al., 2012), to 
relate the energy used for metabolism to the total energy consumed by 
microorganisms. 

ηeff =1 −
Q
Qm

(6) 

Where Qm denotes the energy metabolized by microorganisms and Q 
denotes the total heat released. Qm can be calculated experimentally 
from the fraction of metabolized C (ΔMBC + ΔCO2 = amount of sub
strate converted to biomass and CO2) and the combustion enthalpy of 
the total substrate added (ΔHs). 

ηeff =1 −
Q

( ΔMBC + ΔCO2)*ΔHs
(7) 

Combustion enthalpy of the ground isolife cellulose was measured to 
15.01 kJ g− 1 (Lorenz et al., 2024), which is at the lower level for 
amorphous celluloses measured in the literature (Goldberg et al., 2015). 
For the sake of simplicity in this paper, we refer to the thermodynamic 
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enthalpy efficiency of soil microbial communities (ηeff) as energy use 
efficiency (EUE).

2.8. Data and statistical analysis

CO2 and heat release curves of cellulose and its control were 
smoothed by applying a combination of a 5h-moving median to remove 
the outliers and a 24 or 72-h moving average (depending on the extent of 
noises) to reduce noise in the signal.

Total heat and CO2 (cumulative values) were calculated by inte
grating the rates of heat and CO2 over the incubation period as following 

Q (t)=
∫t

t=0

P(t)dt (8) 

C (t)=
∫t

t=0

CER(t)dt (9) 

where Q and P stand for cumulative heat (J) and heat flow rate (W) also 
C and CER for cumulative CO2 evolution (mg CO2) and CO2 evolution 
rate (mg CO2 h− 1).

Heat flow after the addition of fluorogenically labeled substrates (μW 
g− 1) was normalized per metabolizable C in the structure of MUF-CB and 
MUF-βglu so the C in the MUF structure was excluded as it did not 
contribute to the heat release (see results in Fig. 5a). For the structures of 
the fluorogenic substrates see Fig. S1.

Mass and energy balance equations for the complete mineralization 
of three substrate-C applied in our study (hypotheses 1 and 2) are 
indicated by the following chemical equations: 

Cellulose → CO2 + Biomass + metabolic heat + hydrolysis heat    (10)

Cellobiose → CO2 +Biomass + metabolic heat + hydrolysis heat   (11)

Glucose → CO2 + Biomass + metabolic heat                                 (12)

These equations represent the sequential steps of cellulose degra
dation. To address the difference in degradation timescales between 
cellulose (weeks to months) and cellobiose as well as gluocse (hours to 
days), we employed fluorogenically labeled substrates. This approach 
enabled us to synchronize substrate degradation and standardize the 
molarity of added C. For the estimation of hydrolytic heat release (hy
pothesis 3), the energy balance for each fluorogenic substrate was 
expressed using the following equations: 

MUF-CB → dH1 + dH-priming                                                      (13)

MUF-βglu → dH2 + dH-priming                                                    (14)

Glucose → dH3 + dH-priming                                                      (15)

Where dH1, dH2, and dH3 represent the heat released due to metabolic 
use of MUF-CB, MUF-βglu, and glucose, respectively. Hydrolytic heat 
release from degradation of cellulose to cellobiose can be quantified as 
dH1 - dH2. Likewise, hydrolytic heat release from degradation of cello
biose to glucose amounts to dH2 - dH3.

We suppose that heat release due to soil priming will be similar for all 
fluorogenic labeled substrates. This assumption is valid since soil 
priming is linked to the amount of C added. The priming effect is rela
tively small when the amount of C added is around or less than soil MBC, 
which was the case of fluorogenic substrates added (74 μg C g− 1 of 
glucose and MUF-βglu as well as 148 μg C g− 1 of MUF-CB with soil MBC 
155 μg C g− 1). In addition, the experimental timeframe (45 h) usually 
corresponds with zero to negative priming due to the triggering effect 
compensated by preferential substrate utilization (Blagodatskaya and 
Kuzyakov, 2008).

Normalized enzyme activities were determined by the ratio of 

averaged Vmax values in cellulose-amended soil and non-amended soil. 
The standard deviation was calculated by the propagation of the error. 
The enzyme kinetics parameters were calculated via a non-linear curve 
fitting by OriginPro software (2022b). The schematic figure (Fig. 1) was 
created by BioRender.

3. Results

3.1. CO2 and heat dynamics for different substrates

In the cellulose-amended soil, microbial growth started only after 
approximately two days of incubation with clear peaks in heat and CO2 
release at 4.7 and 6.2 days after cellulose addition, respectively (Fig. 2a). 
A clear temporal decoupling of heat and CO2 curves was observed, not 
only during peak emissions but also during the exponential growth 
phase (Fig. 2a). The peak of heat release roughly aligned with the 
steepest ascending slope of CO2 release. In contrast, CO2 and heat 
release from non-amended soil remained at a baseline value throughout 
the whole incubation, where small fluctuations in the heat signal were at 
the detection level of the device. This indicates that the effect of native 
substrate existing in the soil on substrate-induced heat and CO2 was 
negligible.

The heat and CO2 curves of glucose and cellobiose treatments were 
quite synchronous during the ascending growth phase and peaked be
tween 19 and 23 h after substrate addition, with ~ 2h earlier peaks for 
glucose compared to cellobiose (Fig. 2b and c). The curves of cellulose 
treatment leveled off gradually to the baseline value. In contrast, in the 
case of cellobiose and glucose, the decrease in metabolic curves was 
sharper within ~3h after the peak time which turned into a plateau 
followed by a gradual decreasing rate.

3.2. Enzyme activity

In the cellulose-amended soil, the hydrolytic reaction mediated by 
β-glucosidase was on average ~2.5 times faster than that of cellobio
hydrolase (Fig. 3a). The normalized enzyme activity (ratio of cellulose- 
amended and non-amended soil) showed values larger than 1 for CBH 
and BG, which indicates an increased level of all cellulases secreted by 
microorganisms to break down cellulose into glucose (Fig. 3b). CBH 
activity strongly increased to a variable extent over time, and was 2.5, 
3.1, 4.9, and 3.9 times higher than that of non-amended soil after 5, 7, 
11, and 14 days, respectively (Fig. 3b). In contrast, BG activity only 
increased slightly but more equally in the course of incubation (average 
factor: 1.5), while Phos activity did not show any significant variation 
from the activity measured in non-amended soil. Interestingly, after 
cellulose addition, Km increased only in the case of CBH and not for BG 
and Phos on an average basis of all sampling days, indicating a 
decreased affinity of CBH towards cellulose, which is presumably caused 
by the growth of other degrading organisms and the induction of CBH 
with different properties (Fig. 3c).

3.3. Effect of initial C amount added on the delay time

By increasing the amount of cellulose from 5 × MBC to 10 × MBC, 
both heat and CO2 curves peaked at an earlier time, however, the time 
shift was larger for CO2 than for heat, which reduced the gap between 
the heat and CO2 peak (Fig. 4). Specifically, the peak time shifted from 
day 8.9 to 6.8 for CO2 and from day 7.1 to 6.2 for heat. Interestingly, by 
further increasing the amount of substrate to 20 times MBC, CO2 curves 
preceded that of heat, that is, day 4.6 and 5.2 for CO2 and heat 
respectively.

3.4. Heat release of fluorogenic substrates

A clear metabolic heat peak was observed after the addition of MUF- 
CB, MUF-βglu, and glucose to the soil, but not by the addition of MUF 
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(Fig. 5a) and MUF-Phos (Fig. S2). This indicates that MUF itself was not 
cleaved during the time frame of our experiment and did not contribute 
to the heat development. The dynamics of heat release were gauged by 
the time when 50 % of the total heat during 45 h was released (points in 
Fig. 5a). These time points corresponded to 9.4, 13, and 16.5 h for 
glucose, MUF-βglu, and MUF-CB, respectively (Fig. 5a). For the same 
molar concentration of glucose, MUF-βglu showed a delayed and 
extended peak compared to that of glucose (Fig. 5a). During 45 h, the 
cumulative heat release amounted to 1.04 J g− 1 (4.035 J) for MUF-βglu 
and 2.4 J g− 1 (9.312 J) for MUF-CB addition. Normalized heat release 
per metabolizable C provides strong evidence (p-value = 0.004) for a 
higher heat release from metabolizing MUF-CB (0.194 J μmol C− 1) than 
MUF-βglu (0.168 J μmol C− 1) (Fig. 5b). Similar cumulative normalized 
heat release was detected in glucose and MUF-βglu treatments (Fig. 5b) 
at the end of the incubation (after 45 h) even though glucose peaked 
earlier than MUF-βglu (Fig. 5a).

4. Discussion

4.1. Cellobiohydrolase as the rate-limiting step during cellulose 
degradation in soil

In accordance with the first hypothesis, a distinct 36 h temporal 
decoupling between the peaks of heat and CO2 release was observed in 
the course of cellulose decomposition in soil. In contrast, heat and CO2 

Fig. 2. Rate of CO2 and heat release in the course of degradation of (a) cellulose during 14 days (b) cellobiose during 60 h and (c) glucose during 60 h. Substrate 
addition amounted to 1244 μg C g− 1, corresponding to ~ eight times of microbial biomass C (MBC) content of the soil. The experiments were performed at 16 % 
gravimetric soil moisture and 20 ◦C. For all treatments, absolute values of heat release are illustrated. Data are the average values of three or four replicates. Shadows 
represent 95% confidence intervals.

Fig. 3. Kinetics of extracellular enzymes during degradation of cellulose in soil (a) average values of 4 sampling days for enzyme activity (Vmax) of β-glucosidase and 
cellobiohydrolase during 14 days after cellulose addition to the soil. (b) dynamics of normalized enzyme activity (Vmax-cellulose/Vmax-non) of cellobiohydrolase, 
β-glucosidase, and phosphatase. The points are the average values of 4 replicates (c) average value of 4 sampling days for half-saturation constants (Km) of cello
biohydrolase, β-glucosidase, and phosphatase during 14 days of cellulose addition to the soil. Simple and patterned bars denote non-amended and cellulose-amended 
soil. Bars represent 95% confidence intervals.

Fig. 4. The time of peak in heat and CO2 curves (different colors) for different 
amounts of cellulose added based on soil MBC at 20 ◦C and 23 % gravimetric 
soil moisture. Bars represent 95% confidence intervals. (For interpretation of 
the references to color in this figure legend, the reader is referred to the Web 
version of this article.)
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curves were tightly coupled during the decomposition and metabolic use 
of cellobiose and especially glucose (Fig. 2). Cellulose, cellobiose, and 
glucose generally have similar chemical structures and only differ in 
their degree of linear polymerization by β-1,4 glycosidic bonds formed 
via condensation reactions with the release of water (Lengeler et al., 
1999). These compounds have a similar nominal oxidation state of 
carbon (NOSC) of zero, which may be the highest energy gain for mi
croorganisms using oxygen as a terminal electron acceptor (LaRowe and 
Van Cappellen, 2011). These compounds also have similar energy con
tent considering the combustion enthalpy (ΔcH). For example, ΔcH◦

(25 ◦C) values for cellobiose and glucose amount to 450 kJ C mol− 1 and 
468.9 kJ C mol− 1, respectively (Gorokhov and Sryvalin, 1973) and other 
sources give 418 kJ mol− 1 C for amorphous cellulose (Goldberg et al., 
2015). Therefore, the dynamical differences in heat and CO2 release may 
result from the polymer properties of cellulose, which need to be 
degraded enzymatically by extracellular enzymes.

Complete mineralization of cellulose to CO2 includes extracellular 
enzyme hydrolysis and intracellular metabolism of glucose. Hydrolytic 
reactions per se do not produce CO2 and are low energy-releasing cata
lytic reactions (Voet and Voet, 2010). The energy produced outside the 
cell by hydrolysis of the biopolymer will be released as heat since it does 
not generate electron transfers in microbial metabolism and thus cannot 
be used to generate ATP (Lengeler et al., 1999). CO2 will be released 
only during intracellular metabolism when the monomeric glucose 
passes through the cell membrane to be oxidized to CO2 through cellular 
catabolism and respiration. This step produces both heat, as the part of 
energy that is not utilizable, and CO2, as the end product of the Krebs 
cycle. This was observed in the case of glucose as the sole substrate 
added (Fig. 2c). All these steps occurred simultaneously, so the CO2 and 
heat release are not necessarily separated in time (Fig. 2a). In particular, 
in our experiment, heat and CO2 were not measured from the same soil 
sample. Nevertheless, the experimental setup (detailed in section 2.3) 
was designed to minimize any potential inconsistencies between the two 
measurements. It is worth mentioning that we observed a small delay 
between CO2 formation and detection in the experiments, but critically 
any diffusion constraints leading to a CO2 delay are ruled out by the fact 
that these reasons would evoke a fixed offset for all substrates and 
substrate amounts, which was not the case in our study (see Fig. 4). 
Moreover, such diffusion constraints may only take less than 2 h in the 
respirometry setup (Endress et al., 2024).

In line with our second hypothesis, with decreasing substrate 
complexity the delay time between heat and CO2 release was also 
reduced (Fig. 2). The different decomposition dynamics of the three 
tested substrates, gauged by peak times in the range of 4.7–6.2 days, 
21.3–23 h, and 19.5–23 h for cellulose, cellobiose, and glucose, as well 
as two times slower reaction mediated by CBH as compared with BG 
(Fig. 3a) provided complementary confirmation that the bottleneck step 

between the two sequential stages of cellulose degradation is the pro
duction of cellobiose through hydrolysis by CBH and not the cleavage of 
cellobiose by β-glucosidases. The limitation can be even more intense as 
the total activity of β-glucosidase might have been underestimated. This 
is because not all the β-glucosidase is extracellular and bacteria can 
degrade cellobiose also by intracellular β-glucosidase activity (Wilson, 
2008).

Although the rate of enzyme activity in cellulose-amended soil was 
more than two times smaller for cellobiohydrolase than β-glucosidase 
(Fig. 3a), the overall increase of enzymatic activity after cellulose 
addition (expressed as normalized enzyme activity: Vmax cellulose- 
amended soil/Vmax non-amended soil) was on average two times 
higher for cellobiohydrolase than for β-glucosidase (Fig. 3b). This ex
plains that, in comparison to the more constitutive levels of BG and 
Phos, cellulose addition strongly stimulated induction and synthesis of 
CBH, the activity of which is normally lower than BG activity in soil 
without addition of cellulose (Loeppmann et al., 2016; Breitkreuz et al., 
2021). Hence, microorganisms possibly compensate for lower activity of 
CBH by synthesizing it at a higher level. The normalized enzyme activity 
of CBH did not drop immediately after the decrease in respiration 
starting at day 6.2 (Fig. 2a), but it increased to day 7 with a peak at day 
11 and dropped on day 14 (Fig. 3b). Likewise, the normalized enzyme 
activity of BG stayed constant even after the time of maximum heat and 
CO2 release. This legacy effect is explained either by the stability of 
enzymes activity in the soil even one month after substrate addition 
(Renella et al., 2007; Blagodatskaya and Kuzyakov, 2013) perhaps 
through attachment of cellulases to microbial cells (Wilson, 2008; Yan 
and Wu, 2013) or by the continuation of enzyme production by micro
organisms to maintain their activity as long as sufficient substrate and 
energy flux is provided. This is plausible considering that enzymes 
synthesized to fulfill a particular resource demand may remain func
tional even when the demand is no longer present (Allison et al., 2007; 
Burns et al., 2013). Interestingly by cellulose addition, Km increased 
significantly only for CBH and not for BG and Phos (Fig. 3c). This implies 
either the growth of a more diverse microbial community or a higher 
variety of enzymes comprising other kinetic properties for the cleavage 
of cellobiose from cellulose.

The slower leveling off in the heat and CO2 rates after the peak time 
in cellobiose and glucose incubation as compared to cellulose incubation 
suggests a potential nutrient limitation for microbes in the latter treat
ments (Fig. 2). Due to the faster uptake and turnover, it is perhaps 
plausible that the amount of carbon added surpassed the amount of 
nutrients in the soil, as the soil was not amended with an additional 
nutrient solution. Under these conditions, soil microorganisms cannot 
utilize all of the available C during the exponential growth phase. They 
keep metabolizing the C source even after the exponential growth phase 
(Endress et al., 2024), either to perform overflow respiration and heat 

Fig. 5. Heat release after the addition of fluorogenically labeled substrates to the soil, 4-Methylumbelliferyl-β-D-cellobioside (MUF-CB), 4-Methylumbelliferyl-β-D- 
glucopyranoside (MUF-βglu), 4-Methylumbelliferron (MUF), and glucose. (a) Rate of heat release (subtracted from respective negative controls) by the addition of 
MUF-CB, MUF-βglu, MUF, and glucose. Points represent the time when 50 % of total heat (during 45 h) is released. (b) Cumulative heat release normalized per 
metabolizable-C added at the end of the incubation (45 h) for the treatments with a clear peak, i.e. treatments amended with MUF-CB, MUF-βglu, and glucose. For all 
treatments, absolute values of heat release are illustrated. Shadows and bars represent 95% confidence intervals.
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release (Russell and Cook, 1995; Mooshammer et al., 2014; Chakrawal 
et al., 2022) to be ready for the occasional substrate input or to mine 
nutrients from soil organic matter (Moorhead and Sinsabaugh, 2006).

Notably, we observed that the temporal decoupling between heat 
and CO2 formation was shortened from approximately 39 h to 16 h by 
increasing the amount of substrate from 5 to 10 multiples of MBC 
(Fig. 4). Elevated amounts of cellulose may accelerate microbial acti
vation and growth, and thereby accelerate the whole process of enzy
matic hydrolysis and intracellular metabolism of glucose (Fig. 1). The 
same trend was observed when the C addition was increased further to 
20 multiples of times MBC, where interestingly even heat curve lagged 
behind the CO2 curve (Fig. 4, Fig. S3). Such a large excess of the initial 
substrate (cellulose) provided large amounts of labile cellobiose and 
glucose. Under these conditions, it is plausible that microorganisms may 
shift their metabolism with the release of other presumably fermenta
tion metabolites (Helling et al., 1987; Bernal et al., 2016) and may 
reduce their exoenzyme production until they utilize the more labile 
C-sources other than the not-yet-degraded biopolymer. Therefore, the 
“cheaters” may take advantage of the assimilable compounds produced 
outside the cell by “producers” (Allison, 2005). This may culminate in 
increased intracellular metabolism and an earlier complete mineraliza
tion to CO2.

The delay in the exponential increase of heat and CO2 in the first days 
after cellulose addition (Fig. 2a) was due to the re-allocation of C and 
energy resources for the synthesis and secretion of inducible extracel
lular enzymes to break down the polymeric chains of cellulose 
(Blagodatskaya et al., 2014b; Ramin and Allison, 2019). This delay was 
reduced for cellobiose and glucose with quite similar dynamics only 
differing in CO2 and heat peaks. The small time difference between the 
heat peaks (~2h) after glucose and cellobiose addition may be attrib
uted to the additional synthesis and secretion of β-glucosidases to cleave 
the β-glycosidic bond. This effect was more pronounced in a Cambisol 
preincubated with a nutrient solution and amended with fewer amounts 
of glucose and cellobiose (~400 μg C g− 1) in which ~ 6 h time difference 
for the heat peak between glucose and cellobiose was observed 
(Ropelewska et al., 2016). A similar trend was observed by comparing 
the dynamics of heat release after the addition of glucose and MUF-βglu, 
in which 50 % of the total heat release was achieved after 9.4 and 13 h, 
respectively (Fig. 5a). This is because microbial utilization of MUF-βglu 
requires the release of glucose by breaking the bonds between MUF and 
glucose before consumption. In other words, the starting point of the 
substrate decomposition is presumably a bit delayed, as in the MUF-βglu 
treatment the glucose was continuously produced in small amounts after 
the cleavage of the glycosidic bond in the structure of MUF-βglu by 
β-glucosidase in response to substrate input. The delay of the microbial 
growth phase after the addition of MUF-βglu indicates an energy burden 
on the microorganisms, as they need time and energy to produce addi
tional extracellular enzymes to cleave the β-glycosidic bond. This energy 
could otherwise be directly used for growth (Manzoni et al., 2021) 
which was observed as immediate growth on glucose (Fig. 5a). This 
indicates that the degradation of compounds requiring extracellular 
enzymes for cleavage may cause a delay in time. Although this is beyond 
the scope of this study, future work is required to model the individual 
steps of cellulose degradation considering the temporal difference be
tween the steps of cellulose degradation.

4.2. Heat of hydrolysis

In particular, we were able to quantify in situ hydrolytic heat released 
by cleavage of β-glycosidic bonds in the soil at the step of cellulose 
degradation to oligomers like cellobiose and relate its contribution to 
the total energy incorporated in the cellulose. The production of cello
biose and glucose was simulated with MUF-CB and MUF-βglu, which 
acted as the substrates for the enzymes CBH and BG. While the differ
ence in total heat released between MUF-βglu and glucose treatments 
was not significant (Fig. 5b), an essential difference in total heat released 

at the end of the incubation (45 h) between MUF-CB and MUF-βglu 
treatments accounted for the value of 26.5 kJ mol C− 1 (disregarding the 
negative sign), corresponding to 6.5 % of the combustion enthalpy of 
cellulose (15.01 kJ g cellulose− 1 equivalent to 405.62 kJ mol C− 1). 
Remarkably, no significant heat release was observed in both the MUF 
and MUF-P treatments (Fig. 5a and Fig. S1). This confirms that con
sumption and thus the metabolic heat detected in MUF-βglu and MUF- 
CB treatments originated from the overall heat production of the sum 
of extracellular cleavage as well as the decomposition of MUF-cleaved 
glucopuranoside and cellobioside. The difference in heat release be
tween the MUF-CB and MUF-βglu normalized per metabolizable C must 
account for processes other than microbial anabolism and catabolism 
resulting in microbial growth that are already included in both curves of 
MUF-CB and MUF-βglu. We assume, therefore, that this difference in 
metabolic heat was attributed to the hydrolytic cleavage of β-glycosidic 
bonds during cellobiose production by CBH. When expressed per mole of 
β-glycosidic bond (or mole of cellobiose, as each cellobiose contains one 
β-glycosidic bond), the estimated hydrolysis heat release was equivalent 
to the value of 318 kJ mol− 1 cellobiose. This value is more than two 
orders of magnitude higher than the absolute value of in vitro ΔH of 
cellobiose hydrolysis (2.43 kJ mol− 1 cellobiose) reported by (Tewari and 
Goldberg, 1989; Tewari et al., 2008). This is perhaps plausible consid
ering that the in vitro experiment (Tewari and Goldberg, 1989) was 
performed for 1–2 h in a liquid solution under equilibrium conditions 
with just the addition of both substrates and enzymes. In contrast, our 
experiments were performed in native soil with living organisms lasting 
for 45 h. We expect that heat release in soil is dependent on specific soil 
properties that are absent in liquid media such as higher diversity of 
microbial communities, the presence of nutrients and additional sub
strates which may enhance microbial activity and heat production. 
However, we expect that this effect would be similar for all substrates as 
they were added in small and equimolar amounts. Thus, the heat 
exceeding the literature value may result from in vivo microbial 
turnover.

Notably, identical heat release in glucose and MUF-βglu treatments 
but greater heat release for MUF-CB indicates that the bond between the 
MUF and the sugar may not be as strong as the glycosidic bond in the 
cellobiose structure (for the structure of MUF-substrates see Fig. S1). In 
summary, we could quantify the hydrolytic heat during the extracellular 
step of cellobiose production from cellulose, thus partly confirming our 
last hypothesis. However, we were not able to quantify the hydrolysis 
heat for the step of cellobiose degradation to glucose in soil, as it might 
not have exceeded the detection limit of the device.

4.3. Carbon and energy balance: carbon and energy use efficiency (CUE 
and EUE)

Carbon and energy balances for cellulose indicated that after 14 days 
of cellulose addition, 32 % of the C added was released as CO2. However, 
only 23 % of the total energy (ΔcH◦) contained in cellulose was released 
as heat (Table 1). For cellobiose and glucose after 60 h of incubation, 
these values equaled 45 % and 29 % as well as 46 % and 32 % (Table 1). 
Consistent for all three substrates, more C is released as CO2 in com
parison to the heat release. This implies that C is used in other processes 
than directly coupled catabolism and growth, such as formation of 
storage compounds (Mason-Jones et al., 2023), overflow metabolism, or 
other products, e.g. acetate, with much less heat release (Hansen et al., 
2004; Bernal et al., 2016). It may even indicate the assimilation of 
biomass building blocks from SOM (Kästner et al., 2024). In addition, it 
implies that C, and presumably also heat, was released from other 
sources than cellulose, due to positive priming of SOM (Blagodatskaya 
et al., 2014b), when amending the soil with a large amount of C (~8 
times MBC). Although the application of isotope labeling can confirm 
this for C, as recently proved for a cellulose incubation in the same soil 
by (Wirsching et al., 2025), detailed energy budgeting is not feasible 
with the current knowledge.
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The values of CUE and EUE for glucose and cellobiose were 0.54 and 
0.55 as well as 0.68 and 0.70, respectively. This indicates that EUE 
values are larger than CUE values which are in line with the current 
finding for glucose (Endress et al., 2024) and in disagreement with the 
findings of (Wang and Kuzyakov, 2023). The potential CUE and EUE 
values for glucose and cellobiose calculated by the theoretical model of 
microbial turnover to biomass (MTB) (Brock et al., 2017; Trapp et al., 
2018) were 0.43 and 0.47, respectively (for the detailed calculation see 
SI). As a pathway-independent approach, MTB applies the Gibbs energy 
release of the turnover reaction (ΔG) related to the microbially available 
electrons for calculating the potential biomass formation (yield) from 
substrate turnover under the relevant electron acceptor conditions. The 
inconsistency between experimental and theoretical CUE and EUE 
values indicates a possible overestimation of these parameters by the 
experimental approach and may indicate assimilation of other substrates 
from SOM. This is plausible considering the assumption that all sub
strates were metabolically consumed (see section 2.7). However, esti
mations using the MTB model predicted actual turnover values of <70 % 
for glucose and cellobiose and <60 % for cellulose based on the amount 
of C released as CO2 within the experimental time frame. For cellulose, 
CUE and EUE values based on the metabolized part of depolymerized 
cellulose (CO2 evolution and biomass formation) corresponded to only 
0.15 and 0.39. Although both experimental values of CUE and EUE in 
our study were lower than the corresponding theoretical values pre
dicted by the MTB model of 0.42 and 0.48, the difference was much 
larger for CUE compared to EUE. This may be due to a sudden decrease 
in microbial biomass, e.g., due to potential protozoan grazing observed 
on the 7th day of cellulose decomposition (Blagodatskaya et al., 2014b) 
or viral lysis. Moreover, while DNA is one of the most reliable proxies to 
determine microbial biomass content of the soil (Blagodatskaya et al., 
2003; Malik et al., 2015; Čapek et al., 2023), the application of a con
stant factor for the conversion of DNA to biomass may lead to an un
derestimation of biomass during microbial growth. This is plausible 
because, after substrate addition, the ratio between microbial biomass 
and DNA content, i.e. fDNA, tends to decrease during growth (Čapek 
et al., 2023). This is possibly due to a higher level of C use for formation 
of storage compounds (Mason-Jones et al., 2023) than for synthesizing 
DNA initially after substrate input.

Notably, the MTB model considers an average value of potential 
growth yield (Y), defined as biomass formed as a result of substrate 
mineralization, for estimating CUE and EUE. Moreover, the MTB 
approach is based on the release of Gibbs energy (ΔG) of the microbial 
turnover reaction including the respective electron acceptor (in this case 
oxygen), which indicates the feasibility and extent of microbial growth 
reactions and the potential microbial yields. In contrast, the EUE based 
on thermodynamic enthalpy efficiency (ηeff) takes into consideration the 
total actual changes in combustion enthalpy of the reaction (ΔcH), 
which represents the heat released by combustion with oxygen at con
stant pressure that can be measured experimentally. The absolute values 
of ΔcG are slightly higher than those of ΔcH as ΔG contains the entropic 
contribution of the energy as well (ΔG = ΔH-TΔS) (Sandler and Orbey, 
1991). The theoretical values derived from Gibbs energy change provide 
the upper limit for the assessment of microbial growth and turnover in 
the experimental results and indicate incomplete turnover of the 

supplied substrates in the present experiments. Therefore, the initial 
assumption of complete substrate turnover when calculating the amount 
of substrate supplied resulted in overestimation by the observed CUE 
and EUE compared to theoretical values of CUE and EUE. In any case, for 
the real C and energy assessment, information about the residual 
amount of substrate at the end of the incubation and turnover calcula
tions would have been necessary. Overall, the observed discrepancy 
between the experimental and theoretical values of CUE and EUE, as 
predicted by the MTB model shows that the calculation of these pa
rameters is highly method-dependent. This is particularly evident when 
the values derived using the apparent definition of these parameters (for 
glucose and cellobiose) exceeded the theoretical values, whereas, for 
cellulose, the experimental values based on metabolized C were lower 
than the theoretical predictions. This underscores the critical need to 
establish a standardized methodology for calculating CUE and EUE to 
ensure consistency and accuracy across various studies and contexts.

5. Conclusion

This study highlights the intricate relationship between mass and 
energy flows in the course of the complex microbial metabolism of 
cellulose and its building blocks in soil. For simple substrates like 
glucose and cellobiose, there is a close coupling between CO2 release 
and heat production during microbial metabolism. However, for more 
complex substrates like cellulose, we observed a temporal decoupling 
between heat release and CO2 production, suggesting that unaccounted 
energy sources, such as heat released during extracellular enzymatic 
hydrolysis, may play an additional significant role in the overall energy 
dynamics of cellulose degradation.

The observed decoupling emphasizes the need for process-based 
modeling that considers the sequential steps of cellulose degradation. 
Such models should account for the stepwise nature of cellulose break
down, where the product of each enzymatic step becomes the substrate 
for the next. Furthermore, they should relate the rates of individual 
enzyme reactions to substrate consumption and product formation, 
while also considering the potential heat release from extracellular hy
drolysis and its contribution to overall energy dynamics.

This study highlights the importance of considering the role of hy
drolytic enzymes in calorespirometry studies, especially for polymeric 
compounds like cellulose, and provides a framework for developing 
more sophisticated C-cycling models that account for complex com
pounds and the enzyme-driven microbial processes in the soil 
environment.

CRediT authorship contribution statement

Fatemeh Dehghani: Writing – original draft, Visualization, Meth
odology, Investigation, Formal analysis, Data curation, Conceptualiza
tion. Thomas Reitz: Writing – review & editing, Supervision, Funding 
acquisition, Conceptualization. Steffen Schlüter: Writing – review & 
editing, Supervision, Funding acquisition, Conceptualization. Matthias 
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Table 1 
Carbon and energy budgeting. The amount of energy added is calculated based on the absolute values of combustion enthalpy (ΔcH) for the tested substrates:, ΔcH◦

(glucose) = 468.9 kJ C mol− 1, ΔcH◦ (cellobiose) = 450 kJ C mol− 1 (Gorokhov and Sryvalin, 1973), ΔcH◦ (cellulose) = 15.01 kJ g cellulose− 1 equivalent to 405.62 kJ 
mol C− 1 (Lorenz et al., 2024).

Substrate type Parameter The amount added per soil g The amount released per soil g Percentage of released Biomass per soil g CUE

Cellulose Carbon 1244 μg 398.12 ± 17 μg 32 % 73.25 ± 25.11 μg 0.15 ± 0.04
Energy 42.44 J 9.85 ± 0.65 J 23 % 0.39 ± 0.03

Cellobiose Carbon 1244 μg 580.77 ± 6.45 μg 45 % NA 0.55 ± 0.00
Energy 46.65 J 13.75 ± 0.03 J 29 % 0.70 ± 0.00

Glucose Carbon 1244 μg 570.51 ± 6.45 μg 46 % NA 0.54 ± 0.00
Energy 48.61 J 15.40 ± 0.22 J 32 % 0.68 ± 0.00
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Rodríguez-Añón, J.A., 2016. Factors influencing the calorespirometric ratios of soil 
microbial metabolism. Soil Biology and Biochemistry 92, 221–229. https://doi.org/ 
10.1016/j.soilbio.2015.10.007.
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