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Abstract. Predictions concerning the feedback of soil
heterotrophic respiration to a warming climate often do
not differentiate between the extracellular and intracellular
steps involved in soil organic matter decomposition. This
study examined the temperature sensitivities of intracellular
metabolic processes and extracellular soil enzyme activities
and how they are influenced by previous temperatures. We
pre-incubated soils at 5, 15, or 26 °C to acclimatize the mi-
crobial communities to different thermal regimes for 60d
before measuring potential activities of B-glucosidase and
chitinase (extracellular enzymes), glucose-induced respira-
tion (intracellular metabolic processes), and basal respiration
at a range of assay temperatures (5, 15, 26, 37, and 45 °C).
A higher pre-incubation temperature decreased the soil pH
and C/N ratio and decreased f-glucosidase potential activ-
ity and respiration but not chitinase potential activity. It is
likely that this legacy effect on B-glucosidase and respiration
is an indirect effect of substrate depletion rather than physi-
ological acclimatation or genetic adaptation. Pre-incubation
temperature effects on temperature sensitivity were subtle
and restricted to extracellular activities, perhaps because of
the short (60d) duration of the pre-incubation at temper-
atures that were below the initial optimum (~ 30°C) for
the mesophilic soil community. However, we found that the
intracellular and extracellular steps differ in their tempera-
ture sensitivity, and this observation differs depending on the
range of temperature used for Q1o estimates of temperature
sensitivity. Between 5 and 15 °C intracellular and extracellu-
lar processes show equal temperature sensitivity, but between
15 and 26 °C intracellular metabolic processes were more
temperature sensitive than extracellular enzyme activity, and
between 26 and 37°C extracellular enzyme activity was

more temperature sensitive than intracellular metabolic pro-
cesses. This result implies that depolymerization of higher
molecular weight carbon is more sensitive to temperature
changes at higher temperatures (e.g. higher temperatures on
extremely warm days), but the respiration of the generated
monomers iS more sensitive to temperature changes at mod-
erate temperatures (e.g. mean daily maximum soil tempera-
ture). However, studies using multiple soil types and a greater
range of pre-incubation temperatures are required to gener-
alize our results. Nevertheless, since climate change predic-
tions currently indicate that there will be a greater frequency
and severity of hot summers and heatwaves, it is possible
that global warming may reduce the importance of extra-
cellular depolymerization relative to intracellular metabolic
processes as the rate-limiting step of soil organic matter min-
eralization. We conclude that extracellular and intracellular
steps are not equally sensitive to changes in soil temperature
and that the previous temperature a soil is exposed to may in-
fluence the potential activity, but not temperature sensitivity,
of extracellular and intracellular processes.

1 Introduction

Understanding the temperature sensitivity of soil organic
matter (SOM) decomposition will help predict how soils
might respond to climate change. There are two major en-
zymatically mediated steps involved in the decomposition
of SOM to produce CO, (Barta et al., 2014; Maire et al.,
2013; Blagodatskaya et al., 2016). The first step, extracellu-
lar depolymerization, requires extracellular enzymes of mi-
crobial (and also plant and animal) origin to depolymer-
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ize macromolecular constituents of SOM and produce solu-
ble low-molecular-weight microbial substrates (Maire et al.,
2013). The second step, intracellular metabolism, results in
the release of CO, after substrates are absorbed and catabo-
lized by microbial cells, involving a multitude of intracellular
metabolic processes.

Many ecological studies have examined the temperature
sensitivity of SOM decomposition, but most of them mea-
sure the end product as respired CO; (e.g. Wang et al., 2013)
or mass loss of C substrate (e.g. Kirwan et al., 2014), which
does not differentiate between the temperature sensitivity of
contributing extracellular and intracellular processes. Tem-
perature sensitivity, defined as the rate of change in reaction
rate with respect to temperature, is the first derivative of the
relationship between temperature and reaction rate (Alster et
al., 2020). Temperature—rate relationships are typically uni-
modal, reflecting rising reaction rates with temperature due
to thermodynamic effects and then a decline in rate with fur-
ther increase in temperature related to thermal effects on en-
zyme activation and ultimately denaturation (Alster et al.,
2020). Parameters describing the temperature—rate relation-
ship have been shown to vary both with respect to extracel-
lular enzyme type and between microbial taxa for the same
enzyme type (Alster et al., 2016). Extracellular enzyme ac-
tivity, rather than intracellular metabolic processes, is widely
thought to be the rate-limiting step for respiration of organic
matter in soils (Jan et al., 2009; Bradford, 2013), but very
few studies have explicitly compared the temperature sen-
sitivity of extracellular and intracellular processes to under-
stand how each step might respond to increases in tempera-
ture and whether the magnitude of dependence of intracellu-
lar catabolism and CO; respiration on extracellular enzyme
activities for supply of substrate increases or decreases with
increasing temperature. Ultimately, this lack of information
limits our predictive understanding of how the soil carbon cy-
cle will respond to future global temperature changes (Blago-
datskaya et al., 2016).

As already stated, decomposition of SOM is a function
of the heterotrophic microbial community and the extra-
cellular enzymes it produces. If the microbial community
and its enzyme production adapt to warming (or cooling),
this might result in variation in the size of microbial en-
zyme (and biomass) pools (Fanin et al., 2022). In addition,
thermal adaptation of the microbial community may, for a
given enzyme-catalysed reaction, modulate the temperature—
reaction rate relationship (e.g. manifest as a shift in the tem-
perature optimum of reaction rates) and thus temperature
sensitivity of extra- and intracellular processes depending on
soil thermal history (Wallenstein et al., 2010). Adaptation at
the level of the microbial community may be through accli-
mation (phenotypic or physiological change to respond to
thermal regime, including production of different isozymes
within taxa), evolutionary changes within taxa leading to
novel isozymes, or species sorting where taxa (including
their enzyme systems) already better adapted to a certain
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temperature competitively exclude those less adapted (Bir-
gander et al., 2013). Whether adaptive processes modulate
the activity and temperature response relationship to the
same extent for intracellular and extracellular processes is
not known. Since extracellular enzymes catalyse what is be-
lieved to be the rate-limiting step in SOM decomposition
(Duly and Nannipieri, 1998; Alvarez et al., 2018), any ther-
mal adaptation of extracellular enzymes will then determine
how much substrate is available for subsequent uptake and
respiration and represents an important control on the re-
sponse of ecosystems to warming (Bradford, 2013).

In this study, we measured potential extracellular enzyme
activity and glucose-induced respiration, as a proxy for in-
tracellular metabolic processes, at five assay temperatures
(5, 15, 26, 37, and 45 °C) following pre-incubation for 60 d
at 5, 15, or 26°C. The aim was to compare the tempera-
ture sensitivity of the extra- and intracellular steps of or-
ganic matter decomposition in soils that have previously
been incubated at different thermal regimes, alongside mea-
surements of key soil properties that we consider may lead
to changes in potential enzyme activity. The pre-incubation
temperatures were selected to be realistic for the site where
the soil was sampled. We hypothesized that (i) extracellu-
lar and intracellular processes are not equally sensitive in
their response to increasing temperature, given the involve-
ment of different enzymes and (for intracellular catabolism)
biochemical networks, and (ii) extracellular and intracellular
processes, and their temperature sensitivity, are influenced by
pre-incubation temperature due to thermal adaptation of the
soil microbial community.

2 Methodology
2.1 Soil sampling and pre-incubation

Soil samples were collected from a depth of 3-10cm
from a permanent grassland field at Sonning, UK (lat-
itude 51°28.564, longitude 000°54.198'), sieved with a
4mm sieve, mixed, and homogenized before randomly al-
locating to replicates. Four “field moist” (soil moisture
content = 0.13 g H,O g soil 1) replicate sub-samples (750 g)
were pre-incubated at 5, 15°C (similar to the mean daily
minimum (6.8 °C) and the mean daily maximum (15.0°C)
temperatures measured at the University of Reading Atmo-
spheric Observatory, close to the sampling location, between
2009 and 2019), and 26 °C (typical of a temperature mea-
sured on a warm summer day at the University of Reading
Atmospheric Observatory; Fig. S1 in the Supplement) for a
period of 60d in plastic containers with the cover of each
container loosely closed. Soil moisture content was adjusted
to the initial field moist condition every 2 weeks for soils
incubated at 5 and 15 °C and weekly for soils incubated at
26 °C. The soil is a slightly acidic loamy soil, classified as
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Chromic Endoskeletic Luvisol. A detailed description of the
site is provided by Adekanmbi et al. (2020).

2.2 Experimental design

The experimental design included three pre-incubation tem-
peratures (5, 15, and 26 °C), replicated four times, result-
ing in 12 experimental units. At the end of the 60d pre-
incubation period, soils were sub-sampled for determina-
tion of basal respiration and substrate-induced respiration
using glucose as the substrate (Sect. 2.3) and the poten-
tial activity of B-glucosidase (8-1,4-glucosidase) and chiti-
nase (N-acetyl 8-D-glycosaminidase) extracellular enzymes
(Sect. 2.4), all measured at five assay temperatures (5, 15, 26,
37, and 45 °C). Assays were performed on all experimental
units within the same week to minimize variability due to the
time of assay. Incubation temperatures were randomized to
prevent systematic bias in the results. A portion of the soil
from each replicate sample was also analysed for total C, to-
tal N, pH, and microbial biomass carbon (Sect. 2.5).

2.3 Basal and substrate-induced respiration

For each replicate sample, 15¢g (13.31 g dry weight equiv-
alent) of soil was weighed into a 50mL centrifuge tube.
Glucose solution (2mL) was added at concentrations of 0
(deionized water only) or 10mgg~! soil (an initially satu-
rating concentration of glucose as determined in a prelimi-
nary experiment; see Supplement), thus bringing the soil to
58 % of its water-holding capacity. The soil was then mixed
to distribute the solution throughout. Following soil-substrate
mixing, the tube was ventilated by blowing in lab air with a
20 mL syringe. The tubes were then sealed with septum stop-
pers, and 15 mL of lab air was injected. The headspace was
flushed by moving the syringe plunger up and down several
times before sampling 15 mL of headspace gas (as the TO
sample) and injecting it into an evacuated 12 mL exetainer
vial, creating overpressure, using a tap and needle attached
to the syringe. Soil samples were incubated for 1h at either
5, 15, 26, 37, or 45°C. It is likely that during the first few
minutes of the assay the soils were changing temperature
from room temperature to the assay temperature. At the end
of the incubation, the process of injecting air, flushing, and
sampling was repeated (T1 sample). Headspace gas samples
were stored at 20 °C prior to analysis by an Agilent 7890B
gas chromatograph. After calibrating with CO, gas stan-
dards, the concentration of CO; in mg L~! was converted to
C-CO, inmg C g~ ! soilh~! as described by Salazar-Villegas
et al. (2016):

V(T1 —TO)

COz (mgCg™'h™h = —— ~

where V is the volume of the headspace in the centrifuge
tube, T1 is the CO;, concentration after a 1h incubation in
mg L=, TO is the CO, concentration before a 1 h incubation
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inmgL~!, W is the dry weight of the soil, and ¢ is the time
between TO and T1 measurements in hours.

2.4 Extracellular enzyme assays

Extracellular enzyme assay methods were based on Eivazi
and Tabatabai (1988) and Parham and Deng (2000)
for B-1,4-glucosidase (B-glucosidase) and N-acetyl B-D-
glycosaminidase (chitinase), respectively. For each experi-
mental replicate, 1 g of soil was weighed into a 50 mL cen-
trifuge tube and mixed with 4 mL of room temperature pre-
incubated 4-methylumbelliferone (MUB) buffer (pH 6) and
either 1 mL 25mM p-nitrophenyl-B-D-glucopyranoside or
10mM p-nitrophenyl-N-acetyl-b-D-glucosaminide solution
to assess B-glucosidase and chitinase activity, respectively.
Samples were incubated at 5, 15, 26, 37, or 45 °C for 30 min,
after which 1 mL 0.5 M CaCl; and 4 mL tris buffer (pH 12)
were added to stop the reaction. It is likely that during the
first few minutes of the assay the soils were changing tem-
perature from room temperature to the assay temperature.
Samples were mixed by swirling, then filtered with What-
man no. 2 filter paper. Additionally, two blanks (for each
run) were created by adding substrate to tubes containing
the mixture after the reaction had stopped. The colour in-
tensity of the filtrate was measured using a spectrophotome-
ter at 400nm and blank-corrected sample absorbance con-
verted to micrograms of p-nitrophenol per reaction using p-
nitrophenol standard solutions (0, 10, 20, 30, 40, and 50 g p-
nitrophenol). Potential enzyme activities were expressed as
mg p-nitrophenol g~! dry soilh~!. The 30 min assay incuba-
tion time was within the time range where product accumu-
lation was linear with incubation time, according to a prelim-
inary experiment (see Supplement).

2.5 Measurement of total carbon, total nitrogen, pH,
and microbial biomass carbon

Microbial biomass carbon was measured using the fumiga-
tion and extraction method described by Vance et al. (1987).
Four replicates from each pre-incubation temperature were
weighed to the moist mass equivalent to 50 g oven-dried soil
in beakers and placed in a vacuum desiccator lined with
damp paper towel to ensure high humidity, along with a
beaker containing about 50 mL ethanol-free chloroform and
several anti-bumping granules. The desiccator was evacu-
ated, and the chloroform was allowed to boil for 2 min be-
fore the valve was closed and the desiccator kept in the dark
for 24 h. Before extraction, the chloroform was removed, the
desiccator evacuated three times, and the samples left to vent
to ensure no chloroform remained in the soil.

Extraction was carried out on both fumigated soil and
non-fumigated duplicates. Samples of both were placed
into 350 mL polypropylene bottles, to which 200 mL 0.5 M
K;SO4 was added, before being placed on an oscillat-
ing shaker for 30 min. The suspension was then filtered
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into polypropylene universal tubes before being stored in a
freezer prior to analysis. After removal from the freezer, sam-
ples were diluted by a factor of 10 and filtered to remove
CaSOy that had precipitated, before analysis for total organic
carbon (TOC) using a Shimadzu TOC 5000. Also analysed
were method blanks consisting of K»SOy4 that had not been
used to extract soil, to correct for any part of the reading
not due to organic carbon content. TOC extracted from fumi-
gated and non-fumigated samples was converted to a biomass
carbon value by multiplying the difference (E.) by 2.64, fol-
lowing Vance et al. (1987). The TOC of the non-fumigated
soil before conversion represents the K»SOy4 extractable car-
bon.

Total C and N were determined using the dry combustion
method; 2 mm sieved soil samples were ground for 3 min in
an agate ball mill. From the residue, 10 mg duplicates were
weighed out using a five-point balance and placed in tin-
foil capsules for measurement. C and N concentrations were
analysed using a C/N elemental analyser (Thermo Flash
2000 EA). The C/N ratio was calculated from total C and
N.

pH was determined in water (10g air-dried soil: 25 mL
deionized water) following end-over-end shaking (30 rpm,
15 min) and using a calibrated (pH 4.0 and pH 7.0) pH meter.

2.6 Temperature sensitivity

Temperature sensitivity (Q19) of both the intra- (glucose-
induced respiration) and extracellular (chitinase and g-
glucosidase) enzyme activities was calculated using the
equal time measurement method, as described by Karhu et
al. (2014). Q10 was calculated at three temperature ranges
(0105 500> Q105.950¢> and Q10,4 470¢)- The primary reason
why we calculated Q¢ at different temperatures is because
we found that temperature sensitivity was different at differ-
ent temperature ranges. This meant that there was not a good
linear relationship between the natural log of enzyme intra-
cellular metabolic processes or extracellular enzyme activity
and temperature, apart for §-glucosidase, as demonstrated in
the Supplement. A similar range of incubation temperatures
was used by Wang et al. (2013). Arrhenius enzyme activation
energy (E,) was calculated from the slope of the relationship
between —1/RyT and the natural logarithm of the rate of en-
zyme activity (Ro, the gas universal constant: 8.314 Jmol~!;
T, temperature in Kelvin), as described by Li et al. (2015).
E, was calculated using assays within the 5-26 °C temper-
ature range for all four assays to ensure that the data used
to calculate E, conformed to the Arrhenius functional form
(Schulte, 2015).

2.7 Statistical analysis
Two-way analysis of variance (ANOVA) was carried out to

assess the effects of pre-incubation temperature and assay
temperature on basal respiration, glucose-induced respira-
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tion, and extracellular enzyme activities. We also assessed
whether intracellular and extracellular steps were equally
sensitive to temperature, and whether this was influenced
by pre-incubation temperature, by performing a two-way
ANOVA on the E, and Qo values using assay type and
pre-incubation temperature as factors. One-way ANOVA was
carried out to assess the effect of pre-incubation tempera-
ture on soil properties. ANOVA was performed in Minitab
version 18. Tukey pairwise comparisons were used to assess
the significance of differences between individual treatment
means.

3 Results

3.1 Impact of pre-incubation temperature on selected
soil properties

The effects of soil pre-incubation temperature on the soil to-
tal C, total N, C/N ratio, pH, and microbial biomass carbon
are presented in Fig. 1. Pre-incubation temperature did not
have a statistically significant impact on C (P = 0.641) or N
(P =0.439). However, the soil C/N ratio was significantly
(P < 0.05) higher in soil pre-incubated at 15 and 5 °C, com-
pared to soil pre-incubated at 26 °C. Also, pre-incubation
temperature significantly (P < 0.05) influenced soil pH,
which decreased in the order 5°C > 15°C > 26°C. There
was no statistically significant effect of soil pre-incubation
temperature on soil microbial biomass (P = 0.206).

3.2 Responses of intracellular and extracellular
processes to pre-incubation temperature and assay
temperature

The influence of pre-incubation temperature on the po-
tential activities of B-glucosidase (Fig. 2a) and chitinase
(Fig. 2b) extracellular enzymes, the rate of glucose-induced
respiration (representing intracellular metabolic processes)
(Fig. 2c), and the basal respiration rate (Fig. 2d) across the
full range of assay temperatures (5 to 45 °C) are presented in
Fig. 2.

The pre-incubation temperature (P < 0.0001), assay tem-
perature (P < 0.0001), and their interaction (P =0.001)
significantly influenced potential S-glucosidase activity in
soil. Soils pre-incubated at 26 °C had a lower potential S-
glucosidase activity compared to those pre-incubated at 15 or
5°C. Increasing assay temperature increased S-glucosidase
activity up to the maximum assay temperature of 45°C
(Fig. 2a). Pre-incubating soils at 15°C resulted in signifi-
cantly greater potential §-glucosidase activity at the higher
assay temperatures (45 and 37°C) than by pre-incubating
soils at 5 or 26 °C.

Both assay temperature (P < 0.0001) and the interaction
between assay and pre-incubation temperatures (P < 0.001)
significantly influenced potential chitinase activity, but pre-
incubation temperature (P = 0.077) did not. Chitinase activ-
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ity increased with increasing assay temperature, reaching a
maximum when assayed at 37 °C, but was lower when as-
sayed at 45 °C (Fig. 2b). Pre-incubating soil at 26 °C and as-
saying at 37 °C resulted in a significantly (P = 0.001) greater
chitinase activity than pre-incubating at 5 °C and assaying at
37°C. When assayed at 5 or 15 °C, pre-incubation at 26 °C
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resulted in lower chitinase activities than pre-incubation at
150r5°C.

Both the pre-incubation temperature (P < 0.0001) and
assay temperature (P < 0.0001) significantly influenced
glucose-induced respiration but not their interaction (P =
0.130). Similarly, the pre-incubation temperature (P =
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0.001) and assay temperature (P < 0.0001) significantly in-
fluenced basal respiration but not their interactions (P =
0.250). With or without glucose addition, pre-incubating
soil at 26 °C resulted in lower soil respiration compared to
pre-incubating soil at 5 or 15°C (Fig. 2¢ and d). Glucose-
induced respiration increased with increasing assay tempera-
ture, reaching maximum between 26 and 37 °C, but was sig-
nificantly lower at 45 °C. Basal respiration increased with in-
creasing assay temperature up to 26 °C then declined only
slightly. The addition of 10 mg per gram of soil of glucose
led to about a 4-fold increase in CO; respired, compared to
no addition of glucose substrate.

3.3 Effect of pre-incubation temperature and assay
type (intra- or extracellular) on temperature
sensitivity of metabolic processes

3.3.1 Temperature coefficient (Q1¢)

The effects of pre-incubation temperature and enzyme type
on Q105 ;50cs Q1055 960c» aNd Q10 4,0 are presented in
Fig. 3. There was no overall significant effect (P > 0.05) of
pre-incubation temperature on Q¢ calculated using all three
temperature intervals. There was also no significant effect of
assay type (P = 0.393), or the interaction between assay type
and pre-incubation temperature (P = 0.700), on Q10 ;50c-
However, Q10,5 ,0c Significantly differed with assay type
(P < 0.0001) but not for the interactions between assay type
and pre-incubation temperature (P = 0.160). The Q10,5 550c
was significantly lower for both extracellular enzymes (chiti-
nase and B-glucosidase) than for glucose-induced respira-
tion or basal respiration, irrespective of pre-incubation tem-
perature. This result indicates that intracellular metabolic
processes are more temperature sensitive than extracellular
enzymes in this soil between 15 and 26 °C. Furthermore,
Q10,4 370c Was significantly affected by assay type (P <
0.0001) but exhibited the opposite pattern t0 Q10,5 s50c-
Q10,4 370¢ for chitinase activity and B-glucosidase activity
was significantly (P < 0.05) greater than the Q10,4 5,0 for
glucose-induced respiration and basal respiration. This find-
ing indicates that extracellular enzymes are more tempera-
ture sensitive than intracellular metabolic processes in this
soil between 26 and 37°C. Q10,4 3,0 for chitinase activ-
ity was significantly (P < 0.05) greater than Q19 4,0, for
B-glucosidase activity. There was also a significant interac-
tion between enzyme type and pre-incubation temperature
(P = 0.018). Chitinase activity was less temperature sensi-
tive when soil was pre-incubated at 26 °C compared to when
pre-incubated at 15 or 5 °C.

3.3.2 Arrhenius activation energy (E,)
The activation energy (E,), derived from the fit of the Arrhe-

nius equation (Fig. 4) to assays performed between 5 and
26 °C, differed significantly with assay type (P < 0.0001)
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Figure 3. Effects of pre-incubation temperature on temperature sen-
sitivity (@105 j50cs @1055060c: A Q10,4 3700) Of basal respira-
tion rate, glucose-induced respiration, and extracellular (chitinase
and B-glucosidase) enzyme activity. Each bar and error bar repre-
sent the mean and standard error of four replicate samples each pre-
incubated at one of three different pre-incubation temperatures (5,
15, or 26°C). Assay types sharing the same uppercase letters are
not significantly different (P > 0.05).

and pre-incubation temperature (P = 0.002), and there was a
significant interaction between assay type and pre-incubation
temperature (P = 0.029). E, increased with increasing pre-
incubation temperature, with soils pre-incubated at 26 °C ex-
hibiting the highest E, and soils pre-incubated at 5 °C ex-
hibiting the lowest. B-glucosidase activity and chitinase ac-
tivity had a significantly (P < 0.05) lower E, than intracellu-
lar metabolic activity and basal respiration, though chitinase
had similar E, with intracellular metabolic activity when
soils were pre-incubated at 26 °C.
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4 Discussion

Understanding whether soil intracellular and extracellular
processes, which each play a distinct role in SOM decompo-
sition, are equally sensitive to temperature changes was the
major motivation for this study. We also examined whether
pre-incubation temperature drives thermal adaption of the
soil microbial community and results in differential alter-
ation of temperature sensitivity of intracellular and extracel-
lular enzyme activity. Therefore, we pre-incubated soil sam-
ples at three different temperatures to expose the soil mi-
crobial community to a particular thermal regime and then
assayed intracellular processes (as respiration induced by a
saturating concentration of glucose) and potential extracel-
lular enzyme activity. Because extracellular enzymes were
assayed in soil slurries and also in the presence of excess
substrate, it was assumed that substrate diffusion or sub-
strate concentration did not limit reaction rates and that the
observed potential reaction rate was thus a function of en-
zyme properties and enzyme concentration (Wallenstein and
Weintraub, 2008). Alongside intracellular and extracellular
enzyme steps we measured basal respiration as a reference.
We assume that the rate of basal respiration will represent
the intracellular metabolic processes as supplied by substrate
from extracellular enzyme activity and that the rate of res-
piration may be limited by substrate availability (to extra-
cellular processes) and its supply (to intracellular processes)
by extracellular activity and diffusion. Thus, any differential
effects of pre-incubation temperature on temperature sensi-
tivity of basal respiration cannot be interpreted solely as a
function of differences in the cellular physiology of the mi-
crobial communities present.

Examining the general shape of the response of poten-
tial activity to assay temperature, we found that activity of
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B-glucosidase increased with increasing incubation temper-
ature to our highest assay temperature of 45 °C. Our result
is consistent with the increase in B-glucosidase activity with
temperature reported in other studies using assay tempera-
tures as low as 2°C and as high as 65°C (Steinweg et al.,
2013) or 70 °C (Trasar-Cepeda et al., 2007) which show in-
creases in activity up to and beyond 45 °C. The potential ac-
tivity of chitinase also increased with temperature, but, in
contrast to B-glucosidase, the response over the range of as-
say temperatures was non-monotonic, reaching a maximum
activity between 37 and 45 °C. This observed non-monotonic
response to increasing temperature is interpreted in terms of
three distinct phases: (i) a rising phase where temperature
increases lead to increasing reaction rate due to thermody-
namic effects, (ii) a plateau which represents the optimum
temperature, and (iii) a steep falling phase where rate de-
clines beyond the optimum temperature (Schulte, 2015), at-
tributed to thermal denaturation of proteins. Our optimum
for chitinase (37 to 45°C) is relatively consistent with the
report of a maximum activity for soil chitinase of 45.5°C
(as assayed through quantification of N-acetyl-glucosamine
released from added chitin; Rodriguez-Kabana et al., 1983)
but contrasts to the optimum of ~ 63 °C reported in the study
by Parham and Deng (2000) using the same p-nitrophenol-
based assay as used here. Differences in these optimum tem-
perature activity responses between soils may be due to
differences in microbial composition (and thus microbial-
produced chitinase isozymes) between soils. Optimum tem-
peratures varying between 40 and 60 °C have been recorded
for chitinases (partially) purified from soil microorganisms
(Gao et al., 2008; Alster et al., 2016; Du et al., 2021; Thakur
et al., 2021). Additionally, soil-type-dependent stabilization
of enzyme structure against thermal denaturation through in-
teraction with soil surfaces might also mediate differential
temperature responses (Sarkar et al., 1989). It is presumed
that B-glucosidase activity in our study soil had a temper-
ature optimum beyond the maximum tested, and our find-
ing that the optimum temperature for chitinase activity was
lower than that of B-glucosidase is likely due to between-
enzyme family differences in protein structural properties
conferring thermal stability, resulting in differential suscep-
tibility of different enzyme families to thermal denaturation
or degree of stabilization in soil. Our finding that intracellu-
lar metabolic processes increased with increasing assay tem-
perature up to an optimal temperature between 26 and 37 °C,
followed by a significant decline thereafter, is very likely due
to the inability of the microbial population to function opti-
mally above 37 °C due to impairments in their physiological
processes (Todd-Brown et al., 2012; Maire et al., 2013) and
uncoupling of relative rates of constituent enzymes leading
to regulatory compromise (Prentice et al., 2020). The opti-
mum temperature recorded here is greater than the annual
average temperature but is within the range of the maximum
soil temperatures experienced for this soil. These findings are
in agreement with other studies on temperate soils record-
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ing an optimum temperature for microbial growth of ~ 30 °C
(Barcenas-Moreno et al., 2009), although the basal respira-
tion rate has been shown to increase with increasing tem-
perature to 45 °C and not to be coupled to microbial growth
(Pietikdinen et al., 2005). Prentice et al. (2020) identify a re-
lationship between the inflection point of the rising phase of
the thermal response of intracellular enzyme activities and
the growth rate of the organism. This inflection seems to
occur between 15 and 26 °C for intracellular metabolic pro-
cesses and between 26 and 37 °C for extracellular enzymes
in our experiment, and pre-incubation temperature does not
consistently affect the temperature at which this inflection
point occurs (Fig. 2). However, the chitinase enzyme ac-
tivity does not clearly demonstrate the bell-shaped thermal
response expected by macromolecular rate theory. This re-
sponse may have been observed if assays were undertaken at
more temperatures between 26 and 45 °C.

We found that the intracellular metabolic processes and
extracellular enzyme activities differ in their temperature
sensitivity, and this observation differs depending on the
range of temperature used for Q1 estimates of tempera-
ture sensitivity. Intracellular metabolic processes were more
sensitive to temperature changes at a moderate temperature
range (15 and 26 °C) than extracellular enzymes. Conversely,
extracellular enzymes were more sensitive than intracellu-
lar processes to temperature changes at a higher temperature
range (26 and 37°C). These results imply that, in the soil
we studied, extracellular depolymerase activity was more
temperature sensitive at higher temperatures, and intracel-
lular metabolic processes were more temperature sensitive
at moderate temperatures. At the site where the soil was
collected for this experiment, the annual mean daily max-
imum soil temperature was approximately 15°C, whereas
26 °C reflected a typical hot summer day. Therefore, assum-
ing the absence of any thermal adaptation, we might ex-
pect intracellular metabolic processes to be more sensitive
to global-warming-induced increases in the mean daily max-
imum soil temperature, but extracellular enzymes might be
more sensitive to increased maximum temperatures on ex-
tremely warm days. The findings described above support
our first hypothesis that the potential rate of extracellular de-
polymerization and intracellular catabolism are not equally
temperature-sensitive steps in the mineralization of organic
matter in soils. As far as we are aware, only one other study
(Blagodatskaya et al., 2016) has considered intra- and extra-
cellular steps involved in organic matter decomposition and
their responses to temperature separately. Our finding that
intracellular metabolic processes are more temperature sen-
sitive at moderate temperatures is in agreement with Blago-
datskaya et al. (2016) who calculated a Q19,, 50 for in-
tracellular glucose oxidation of 5.1 and Q10,, .. for chiti-
nase and B-glucosidase activity of 1.9 and 2, respectively.
Other previous research (Trasar-Cepeda et al., 2007) has
compared intracellular metabolic processes (via dehydroge-
nase assay) and extracellular enzyme activity responses to a
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wider range of temperatures (5-70 °C), but, not necessarily
under substrate-excess conditions for intracellular metabolic
processes, as we have done here. Thus, further experiments
are required to evaluate the applicability of our finding of
a greater temperature sensitivity of extracellular activities at
higher (26 and 37 °C) temperature ranges to other soil types.

Climate change predictions currently indicate that there
will be a greater frequency and severity of hot summers
and heatwaves in Europe (Meehl and Tebaldi, 2004; Chris-
tidis et al., 2015), including southeast England, where the
soil was collected for this study. Therefore, our findings im-
ply that, in the absence of substrate availability (or other,
e.g. moisture) limitations to activity, the rate of extracel-
lular depolymerase-catalysed reactions will increase during
heatwaves to a greater extent than the rate of intracellular
metabolic processes. Depending on the relative sizes of the
intra- and extracellular enzyme pools and substrate availabil-
ity, it is possible that global warming may reduce the impor-
tance of extracellular depolymerization relative to intracellu-
lar metabolic processes as the rate-limiting step of SOM min-
eralization under in situ conditions. Such a switch in rate lim-
itation, if applicable generally across all extra- and intracel-
lular reactions, would result in a buildup of low-molecular-
weight substrates in the soil and thus potential for greater
losses of C from the soil profile as dissolved organic carbon,
an often overlooked component of terrestrial carbon budgets
(Evans et al., 2014; Cook et al., 2018).

The temperature sensitivity of C mineralization is gen-
erally found to decrease with temperature (Niklifiska and
Klimek, 2007; Wang et al., 2013), and this trend has been ob-
served in a synthesis of soil respiration measurements from
laboratory studies which revealed that Q¢ correlates neg-
atively with the range of temperatures used to generate the
Q10 value below 25 °C (Hamdi et al., 2013). This is consis-
tent with kinetic theory of temperature dependence of reac-
tion rates that explains that the fraction of molecules with
sufficient energy to react decreases in relative terms as tem-
perature increases (Davidson and Janssens, 2006). However,
similar results to our study have been reported for mineral-
ization of (labile) C where calculated Qg values were lower
in the 0-10 or 5-15 °C range than 10-20 or 15-25 °C range,
respectively (Howard and Howard, 1993; Wang et al., 2013).
These findings possibly reflect that CO, production is not
a function of a single non-enzyme-catalysed chemical reac-
tion but is subject to moderation by the temperature sensi-
tivity of other components in the involved biochemical net-
work (for example, reduced membrane fluidity at lower tem-
perature), with implications for substrate uptake and func-
tion of membrane-embedded proteins (Schulte, 2015). Also,
based on kinetic theory, it is suggested that substrates that
are more recalcitrant should have higher temperature sen-
sitivities (Davidson and Janssens, 2006). It might be ini-
tially supposed that the substrates that are hydrolysed by
chitinase and S-glucosidase enzymes in depolymerization re-
actions might be more recalcitrant than glucose and other
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lower-molecular-weight substrates for intracellular respira-
tion and, consequently, the extracellular-catalysed reactions
should have higher temperature sensitivities. This supposi-
tion is supported by the Q10,; ;... data but not for Q19 calcu-
lated using the other temperature ranges. However, it should
be recognized that chitinase and S-glucosidase have rela-
tively simple dimeric or trimeric substrates in nature and are
assayed using artificial and simple substrates that may not be
more recalcitrant than those used in intracellular metabolism.
In addition, the theoretical predictions refer to chemical de-
composition reactions and not necessarily those involving
enzyme catalysis (Blagodatskaya et al., 2016). Indeed, com-
parison of intracellular versus extracellular estimated activa-
tion energies (Fig. 4) suggested that the extracellular enzyme
substrates had similar or lower (for 8-glucosidase) recalci-
trance. The activation energy values we obtained were in
broad agreement with those reported in other studies (Trasar-
Cepeda et al., 2007).

In addition to the differences between the temperature sen-
sitivity of extra- and intracellular processes, the extracellular
activities were not equally temperature sensitive to each other
according to Q10, 5,0 and activation energy (integrating the
temperature response between 5 and 26 °C), with chitinase
being more sensitive than B-glucosidase. Previous studies
have also shown that the temperature sensitivity of particular
classes of enzyme differs within the same soil environment
(Wallenstein et al., 2010), although specific comparisons be-
tween B-glucosidase and chitinase have not always revealed
significant differences between these enzyme classes (e.g.
Nottingham et al., 2016; Min et al., 2014, 2019; Wei et al.,
2021). Therefore, the sign and magnitude of within-soil dif-
ferences may not be consistent across soil types. In the case
of differential temperature sensitivity with respect to assay
type, there are implications for temperature-dependent vari-
ation in the quality of monomeric SOM constituents supply-
ing respiration (Wallenstein and Burns, 2011). In the chiti-
nase vs. B-glucosidase example here, the relative activity
of these enzymes would change with temperature (assum-
ing no change in enzyme or substrate concentration), altering
the relative production of glucose and N-acetyl-glucosamine
monomers and thus C and N resource availability to soil mi-
crobial communities (Min et al., 2014).

In respect of the second hypothesis, the observation that
pre-incubation at 26 °C resulted in significantly lower activ-
ity, when considered across all assay temperatures, for 8-
glucosidase and intracellular catalytic enzymes (as well as
basal respiration), compared to pre-incubation at 5 or 15 °C,
suggests possible adaptation of these processes to the direct
or indirect effects of temperature. The indirect effects could
be due to temperature-induced changes in soil properties dur-
ing pre-incubation, with consequences for soil microbial ac-
tivities (Sinsabaugh, 1994; Sinsabaugh et al., 1991; Adeli et
al., 2005; Sinsabaugh et al., 2008; Puissant et al., 2019). It
was evident in our results that pre-incubating soils at 26 °C
reduced the C/N ratio when compared to pre-incubation
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at 5 or 15°C. This probably reflects enhanced decomposi-
tion of organic matter at the warmer pre-incubation temper-
ature and the resulting mass loss of CO,-C and enrichment
of N (on a mass basis), leading to the statistically signifi-
cant effect when expressed in C/N ratio form. Temperature-
induced changes in the C/N ratio have been reported pre-
viously (Bérta et al., 2014; Souza and Billings, 2022). The
lower intracellular enzyme activity after 2 months’ exposure
to a higher pre-incubation temperature is likely due to a lower
(indicated but not statistically significant) microbial biomass
(and thus a reduced intracellular enzyme pool) responding
to depleted relative C availability. The lower activity of §-
glucosidase for 26 °C pre-incubated soil most likely also re-
flects a lower enzyme pool size, given the nature of the po-
tential assay used to measure reaction rate and its relation-
ship to enzyme concentration (Wallenstein and Weintraub,
2008). It is likely that such indirect effects of pre-incubation
temperature on the microbial enzyme pool size mask any di-
rect thermal acclimatation or genetic adaptation of the soil
microbial community and subsequent change in the temper-
ature sensitivity of the enzymes it produces. It is often found
that substrate depletion plays a greater role in the response
of soil microbial communities to warming than physiologi-
cal or genetic shifts (Domeignoz-Horta et al., 2023). Com-
pared to B-glucosidase, there was less evidence of an effect
of pre-incubation temperature on the potential enzyme activ-
ity of chitinase (no significance of pre-incubation as a main
effect). The potential activity of an enzyme in soil is a func-
tion of production versus turnover rate. Accordingly, the bal-
ance between these two processes, for S-glucosidase, must
have been differentially influenced by pre-incubation temper-
ature, probably both directly and indirectly via, for example,
reduced microbial biomass, and complex enzyme regulation
in response to altered C availability relative to other nutrients
(Allison and Vitousek, 2005; de Almeida et al., 2015).
Whilst pre-incubation at 26 °C reduced the rate of intra-
cellular metabolic processes, it did not lead to an alteration
of community intracellular temperature response traits (i.e.
the shape of the temperature response) as evidenced by the
non-significant interaction between pre-incubation and assay
temperature or a pre-incubation effect on temperature sen-
sitivity as evaluated by calculation of Q¢ (Fig. 3) or E,
(Fig. 4). This result agrees with another study that showed
minimal adaptation of the temperature response (of microbial
growth) to pre-incubation temperature when the temperature
was below the initial optimum (~ 30 °C) for the mesophilic
soil community (Bércenas-Moreno et al., 2009), although
pre-incubation above the optimum led to corresponding in-
creases in the optimum for microbial growth. Minimal adap-
tive response to pre-incubation substantially below the initial
optimum (i.e. 5 and 15 °C in our study) is explained in terms
of a rate of species sorting (ultimately favouring a commu-
nity better adapted to the pre-incubation conditions) being
too slow to manifest within the 60d pre-incubation period
due to slow microbial generation times at colder tempera-
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tures (Barcenas-Moreno et al., 2009). In contrast to intra-
cellular metabolic processes, there was some evidence (sig-
nificant interaction between pre-incubation temperature and
assay temperature) of a pre-incubation effect on the tem-
perature response for potential extracellular enzyme activ-
ity, although effects were quite subtle and only systematic
with pre-incubation temperature for chitinase where activity
assayed at 37 °C decreased in the order of decreasing pre-
incubation temperature (also discernible in effects of pre-
incubation on Q10 1,0 and E,). The lower E, for chiti-
nase for soil samples pre-incubated at the lower tempera-
tures is consistent with the concept that cold adaptation of
microorganisms leads to the production of cold-adapted en-
zymes, by adjustment of chemical structure of the active
site, with lower activation energies (Wallenstein and Burns,
2011). However, the few previous experimental studies ex-
amining the temperature response and/or sensitivity of ex-
tracellular enzyme potentials in soils exposed to differing
thermal regimes have suggested no difference in tempera-
ture sensitivity (Schindlbacher et al., 2015; Jing et al., 2019)
and therefore an absence of thermal adaptation of tempera-
ture sensitivity. However, these experiments involved long-
term field-based warming treatments, and it is suggested
that the effects of the experimental warming were negligible
against the effects of wide seasonal temperature variations
(Jing et al., 2019). Other studies, however, have demonstrated
seasonal changes in temperature sensitivity of extracellular
enzymes (Wallenstein and Burns, 2011; Wallenstein et al.,
2009). These changes likely result from temporal changes in
production of isoenzymes (by different organisms or within
the same organism transcribing alternative enzyme-encoding
genes), but whether these patterns represent an adaptation to
seasonally varying temperature or are driven by other factors
that change seasonally (e.g. substrate availability) is not clear
(Wallenstein and Burns, 2011).

5 Conclusion

Our results advance understanding of how SOM decomposi-
tion will change under future global warming conditions. We
show that the potential rates of the intracellular and extra-
cellular steps of SOM decomposition are not equally sensi-
tive to changes in temperature and that individual extracellu-
lar enzymes have different temperature sensitivities. Specif-
ically, for our individual grassland soil pre-incubated at just
three representative temperatures, we have demonstrated that
potential activities of extracellular depolymerase enzymes
(B-glucosidase and chitinase) have greater sensitivity to in-
creases in temperature in the range of temperatures experi-
enced on extremely warm days (between 26 and 37 °C) than
the temperature sensitivity of intracellular metabolic pro-
cesses involved in the catabolism of monomeric (e.g. glu-
cose) substrates to CO,. Since a greater prevalence of ex-
tremely hot days and heatwaves are predicted, the impor-
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tance of intracellular metabolic processes may increase, and
the importance of extracellular enzyme activity may decrease
as the rate-limiting step in SOM decomposition.

For the extracellular enzymes studied, we found differ-
ential temperature sensitivity with respect to enzyme class.
Here, the implications are for temperature-dependent vari-
ation in the quality of monomeric SOM substrates supply-
ing respiration and potential feedbacks to the soil micro-
bial community composition, given taxa-specific competi-
tive utilization of substrates (Wallenstein and Burns, 2011).
Whilst interpretation should be within the context of the pre-
incubation conditions (60 d at temperatures less than the op-
timum for activity of the mesophilic community), we have
also shown that the thermal history (i.e. pre-incubation tem-
perature) of a soil might modulate the relative responses in
reaction rates to current temperature. This is both through
enzyme-dependent reduction in potential activity across as-
say temperatures in 26 °C pre-incubated soil (for intracellular
enzymes and B-glucosidase but not chitinase) and also subtle
adaptation of the temperature response trait to pre-incubation
temperature (for extracellular enzymes but not intracellular
metabolic processes). Measurements of CO; alone as a re-
sponse variable while studying the effect of warming may
obscure our understanding of the temperature sensitivity of
the intracellular and extracellular steps of SOM decomposi-
tion.
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