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Besides environmental and soil physical drivers, the functional properties of microbial
populations, i. e., growth rate, enzyme production, and maintenance requirements are
dependent on the microbes’ environment. The soil nutrition status and the quantity and
quality of the substrate input, both infer different growth strategies of microorganisms.
It is uncertain, how enzyme systems respond during the different phases of microbial
growth and retardation in soil. The objective of this study was to uncover the changes of
microbial functioning and their related enzyme systems in nutrient-poor and nutrient-rich
beech forest soil during the phases of microbial growth. We determined microbial growth
via kinetic approach by substrate-induced respiratory response of microorganisms,
enabling the estimation of total, and growing biomass of the microbial community.
To induce microbial growth we used glucose, while yeast extract simulated additional
input of nutrients and factors indicating microbial residues (i.e., necromass compounds).
Microbial growth on glucose showed a 12-18h delay in associated enzyme activity
increase or the absence of distinct activity responses (Vimax). B-glucosidase and chitinase
(NAG) demonstrated clear differences of Vinax in time and between P-rich and P-poor
soils. However, during microbial growth on glucose + yeast extract, the exponential
increase in enzymatic activity was clearly stimulated accompanied by a delay of 8-12h,
smoothing the differences in nutrient-acquisition dynamics between the two soails.
Furthermore, cross-correlation of B-glucosidase and acid phosphatase between the two
sites demonstrated harmonized time constraints, which reflected the establishment of
comparable and balanced enzymatic systems within the decomposition network. The
network accelerated nutrient acquisition to maintain microbial growth, irrespective of
the contrasting soil properties and initial nutrient stocks, indicating similar tradeoffs of
C- and P- cycling enzymes in both soils. This reflects comparable temporal dynamics
of activities in nutrient-poor and nutrient-rich soil when the glucose + yeast extract was
added. During lag phase and phase of exponential microbial growth, substrate turnover
time of all enzymes was shortened in nutrient-poor forest soil exclusively, reflecting that
the quality of the added substrate strongly matters during all stages of microbial growth
in sail.

Keywords: substrate utilization, soil nutrition, microbial activity, enzyme kinetics, microbial necromass, time series
analysis, european beech forests, microbial growth kinetics
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INTRODUCTION turnover, up to 50% of soil organic matter (SOM) originates from
microbial residues (Liang et al., 2011; Miltner et al., 2012). Up to
Temperate forest soils store significant quantities of the terrestrial  now, our knowledge on its nutrition potential for plants and the
organic carbon (SOC) (Jobbdgy and Jackson, 2000) which  active microbial community is still limited.
are continuously microbially processed. Soil microorganisms Along with strong functional redundancy, microbial
decompose and transform organic substrates, varying in quality,  functional diversity ensures sustainable mechanisms in the
and quantity under impact of biotic and abiotic factors  community, and the ecosystem (Petchey et al., 2006; Wagg et al.,
(Kowalchuk and Stephen, 2001; Jansson and Prosser, 2013). Due  2019), which still remains a missing link between biodiversity
to specific abiotic conditions of temperate forest ecosystems  patterns and ecosystem functions (Bardgett and Putten, 2014).
(e.g., pH), fungi often dominate over bacteria in soil microbial  Microbial functional diversity is increasingly recognized in
community, and such a dominance is usually distinctly associated  scjence, as these patterns provide a more powerful test of theory
with a particular soil horizon (Baldrian et al,, 2012). Additionally,  than taxonomic richness (Lamanna et al., 2014; Louca et al.,
the diversity of yeast species is much broader in forest biomes  2018). However, we are still lacking knowledge on soil microbial
than in other natural ecosystems (Maksimova and Chernov,  functional diversity and related enzyme systems, especially in
2004). The abundance of fungal taxa is mainly driven by  forest ecosystems (Lang et al., 2016).
the C/N ratio and by the content of phosphorus in the soil Besides traditional methods such as viable counts or the
as compared to other edaphic factors (Lauber et al., 2008).  measurements of optical density of microorganisms (Figure 1),
Enormous microbial diversity ensures sustainability of the  microbial growth can be determined by kinetic approach, via
community due to high functional redundancy of various species,  the substrate-induced respiratory response of microorganisms.
however, it does not necessarily mean high microbial activity =~ This enables the estimation of total and growing biomass
and functioning. An ability to maintain ecologically relevant  of the glucose-consuming, i.e., the major part of the entire
biogeochemical processes such as SOC and nutrient cycling  microbial community (Panikov, 1995; Panikov and Sizova, 1996).
(Roszak and Colwell, 1987) is ensured by the capacity of soil By combining substrate-induced respiration (SIR) (Anderson
microorganisms to switch from dormancy to growth adjusting ~ and Domsch, 1986) and substrate-induced growth respiration
their functional traits accordingly to changing environmentaland ~ (SIGR) of microbial cells (Panikov, 1995) we are able to
climatic conditions (Lennon and Jones, 2011; Wallenstein and  estimate soil microbial biomass as well as its growing proportion.
Burns, 2011; Blagodatskaya and Kuzyakov, 2013). During growth ~ Despite that the SIGR approach is based on the unlimited
and turnover, microorganisms process primarily plant-derived  exponential microbial growth induced by an excess of substrate,
organic substrates transforming them to secondary C sources in  the steepness of the growth curve (determined by CO, evolution
form of microbial residues (i.e., necromass). If microbial residues  rate) is different in soils varying in abiotic or biotic properties
are not stabilized, they are further decomposed and thus, are  (Panikov, 1991; Blagodatsky et al., 2000). All the mentioned
fueling the active microbial community. As a result of microbial ~ techniques can determine the typical microbial growth curves of
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FIGURE 1 | Conceptional soil microbial respiration: We focused on microbial non-steady state condition, reflecting the phases of microbial growth (lag, exponential
growth). This is in contrast to the basal respiration (BR) without any additional substrate addition. Soil activation leads to increased protein synthesis in the early
exponential phase; protein for motility occurs mainly at mid-exponential phase; in the late expontential phase typically accounts for stress resistance, since substratre
gets scarce; stationary phase reflects stable to slight decreasing microbial biomass. Substrate-induced respiration (SIR) and substrate-induced growth respiration
(SIGR) are commonly used to determine microbial growth parameter and microbial biomass.
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microorganisms during microbial non-steady state (increase in
microbial respiration/abundance, Figure 1). These growth curves
show different phases of microbial growth, namely (1) lag, (2)
exponential, (3) stationary and 4) death phase (Figure1). In
general, the lag phase metabolism may include the activation of
signaling pathways and specific transcriptional changes which
might lead to the upregulation of protein assembly, nucleotide
metabolism, lipopolysaccharide biosynthesis, respiration, and
other processes which are needed for differentiation and
multiplication (Hamill et al., 2020). These processes occur during
lag phase, initiate exponential growth and cell divisions (Panikov,
1991). The stationary phase of microbial growth is characterized
by stable (not increasing) microbial net biomass, which is more
relevant for hemostat cultures, whereas it cannot be often
detected in soils.

Substrates of contrasting quality may favor microbial guilds
with different intrinsic properties (e.g., maximum specific growth
rates), while substrate amount and availability may affect
duration of lag-time and exponential growth phases. Since
nutrient acquisition is linked stoichiometrically to microbial
growth dynamics, the production of extracellular enzymes is a
basic strategy for microorganisms to prevent nutrient scarcity.
There is still uncertainty, how soil enzyme systems support
microbial growth during lag-, exponential-, and death phase.
To survive under unfavorable environmental conditions and
to be ready to metabolize the occasional substrate input,
soil microorganisms can maintain a dynamic state, ready to
adapt immediately to environmental changes by means of a
wide range of genotypic and phenotypic accommodations. For
example, cell mechanisms such as (i) modification of enzyme
synthesis to take up growth-limiting nutrients, (ii) modulation
of uptake rates for available nutrients, and (iii) coordination
of anabolic processes to maintain balanced growth (van den
Berg, 2001). The functional traits of the dominating population,
i.e., specific growth rate, enzyme production and maintenance
requirements are dependent on both the soil nutrition status,
and the availability of the fresh substrate input. Especially,
bacteria have developed sophisticated mechanisms to adapt
to soil C availability. For example, the presence of glucose
often prevents the use of other, secondary, carbon sources.
This preference for glucose over other carbon sources has
been termed glucose repression or, more generally, carbon
catabolite repression (CCR) (Deutscher, 2008). Nowadays, CCR
is defined as a regulatory phenomenon by which the expression
of functions for the use of secondary carbon sources and the
activities of the corresponding enzymes are reduced in the
presence of a preferred carbon source (Gorke and Stiilke, 2008).
Since CCR has been revealed in most free-living heterotrophic
bacteria, including facultatively autotrophic bacteria, 5-10% of
all bacterial genes are subjected to CCR (Liu et al., 2005). The
selection of the preferred carbon source reflects an important
factor in relation to the bacterial growth rate, and therefore
competitive success with other microorganisms (Gorke and
Stiilke, 2008).

Among numerous enzyme-mediated processes, several are
usually specifically addressed due to their relevance for
decomposition of SOM and therefore, for acquisition of elements
(ie, C, N, and P), which are critical for plant-microbial

interactions and finally, for biochemical cycles. These processes
are related to (1) decomposition of cellulose-like compounds—
the most abundant components in plant tissues by cellulolytic
enzymes (Blifernez-Klassen et al., 2012); (2) the proteolysis,
which is of major importance in heterogeneous soil ecosystems,
as it is considered as rate- limiting step during N mineralization
(Weintraub and Schimel, 2005). For example, proteases such
as exopeptidases (e.g., leucine-aminopeptidase) catalyze the
hydrolysis of the terminal amino acids of polypeptide chains
(Landi et al., 2011). (3) Decomposition of organic compounds is
an important source of phosphorus acquisition due to relatively
high abundance of organic P forms in soil. Therefore, specific
enzymes, e.g., phytase and acid phosphor-mono- and di-esterase
are released in large quantities by e.g., microbes and plants to
access P forms in organic sources (Nannipieri et al., 2012; Jarosch
et al., 2019).

The objective of this study was to unravel the changes
of microbial functioning and their related enzyme systems in
nutrient-poor (site Luess, LUE) and nutrient-rich (site Mitterfels,
MIT) forest soil during phases of microbial growth. Therefore,
we either used glucose, as simple substrate or a combination of
glucose and yeast extract, reflecting a different substrate quality
for microbial utilization. Glucose was used because the fraction
of glucose-consuming microorganisms is generally large and
relatively constant across different soil types and glucose is one
of the most abundant sugars exuded by roots (Ottow, 2011). As
an additional source of substrate, we used yeast extract because it
consists of organic nutritional compounds similar to microbial
(in large extent fungal) residues present in forest ecosystems.
Yeast extract contains a broad range of sugars, phosphates,
proteins and lipids, purines and pyrimidines (RNA type), Mg>*
and Ca®*, chitosan, and chitin (Bartnicki-Garcia and Nickerson,
1962; Pronk, 2002).

We hypothesized that during lag phase (i) an acceleration of
enzyme activity in soil with lower nutrient status would occur,
(ii) enzyme activity would be altered by the addition of yeast
extract in nutrient-poor compared to nutrient-rich soil, as the
enzymes’ affinity is assumed to change. We further hypothesized
that during exponential growth: (iii) microorganisms would
increase enzyme activity, mining for additional nutrients in order
to maintain growth. This effect may be more pronounced in
the nutrient-poor soil, because of lower initial soil resources.
We also hypothesized that (iv) the glucose + yeast extract
amendment would reduce enzyme activity, which can either
affect the synthesis of catabolic enzymes via global or specific
regulators or inhibit the uptake of a carbon source (Park et al.,
2006; Deutscher, 2008). For growth retardation, we hypothesized
that (v) enzymatic activity would be maintained at a high level
and it would not decrease with respiration.

MATERIALS AND METHODS

Experimental Sites and Soil Sampling

The nutrient-poor field site is located at lower Saxon plain, a
landscape that is predominantly shaped by Pleistocene glaciation.
The nutrient-rich soil was sampled from the forest monitoring
station Mitterfels (MIT), situated on the eastern front ridge
of the Bavarian Forest. We sampled the Ah horizon of the
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nutrient-poor and the A(e)h of nutrient-rich soil in June 2017
and immediately started the incubation experiment. Both studied
forest sites showed acidic pH values (Bergkemper et al., 2016;
Lang et al., 2017).

Experimental Setup

We incubated 1.5g of moist soil in a small flask inserted into
the larger tube with the sodium hydroxide to trap the CO,
at 22°C and measured CO, production via changes in electric
conductivity by rapid automated bacterial Impedance technique
(RABIT) (Don Whitley Scientific Limited, UK) (Fehlhaber and
Kriiger, 1998). The indirect technique of RABIT provides a
flexible and calibrated impedance method which monitors the
amount of carbon dioxide produced by growing organisms.
Soil samples were kept in closed systems (microcosm) under
quasi-stationary conditions and the evolved CO, was measured
every 20 min. After 24h the CO, efflux showed stable values
and we started the experiment. A first sampling determined the
background values of enzymes activity in the soils without the
addition of any substrate. Thereafter, two treatments for substrate
addition were established (1) glucose (2) glucose + yeast extract.
Substrate concentrations, enough for unlimited exponential
growth of microorganisms, were estimated based on preliminary
experiments and were adjusted in a rate equivalent to ~100%
of the microbial biomass C, measured in the field. Glucose
with nutrients (1.9 mg g_1 (NH4)SOy4, 2.25 mg g_1 K;HPO,4 and
3.8mg g~' MgSO4-7H,0) was added to the soil as solutions
via micro-pipetting onto the surface of the soil. Yeast extract
amounted 0.3 mg per g soil (C ~258 and N ~30 pg g~!), so
that it could not serve as essential C-source to induce exponential
microbial growth. Substrates were dissolved and added to the soil
as a solution, to reach a resulting moisture to the 60% of WHC.
A destructive sampling design was chosen to determine enzyme
kinetics during the phases of exponential microbial growth and
retardation. Details on experimental duration and time spans
of measurements are shown in Figure 4. Microbial biomass was
determined by substrate-induced respiration (SIR) based on CO,
efflux measured the first 4 h after substrate addition (Anderson
and Domsch, 1986; Anderson and Joergensen, 1997) and the
conversion factor of 30 suggested by Kaiser et al. (1992) was
used. Overall, SIR is a sensitive method and well-reproducible
(Heinemeyer et al., 1989).

Soil Extracellular Enzyme Activities

We determined the enzyme activities of B-glucosidase, acid
phosphatase, B-N-Acetylglucosaminidase (NAG), and leucine-
aminopeptidase. An aliquot of 0.5g soil of the sample was
sonicated in 50ml autoclaved millipore water in sterile jars
for 2min at low energy level. Aliquots of 50 pl of aliquot
were pipetted in 96-well-microplates (Brand pureGrade, black)
while stirring the soil suspension. Additionally, we buffered the
solution either with 80 ml 0.1 M MES buffer, at pH 6.1 for B-
glucosidase, NAG, and phosphatase, or with 0.05M TRIZMA
buffer, at pH 6.8 for leucine-aminopeptidase. Lastly, 100 pl
substrate solutions with the following concentrations were filled
into the wells: 20, 40, 60, 80, 100, 200, 400 pwmol substrate
g soil~!. Microplates were set to a temperature of 21°C and

agitated before determination of fluorescence (excitation 360 nm;
emission 450 nm) via an automated fluorometric plate-reader
(Wallac 1420, Perkin Elmer, Turku, Finland) after 30, 60, 90,
and 120 min.

We used Michaelis Menten kinetics a non-linear regression
to estimate the maximal enzyme (potential) activity (Vmax),
(Stemmer, 2004; Sinsabaugh et al., 2010; Nannipieri et al., 2012).
Each soil sample was measured as an analytical triplicate.

V= (Vmax [S]) / Km + [S] (1)

The reaction rate (v) is mediated by enzymes. Vi, reflects
maximal decomposition rates at saturating substrate
concentrations; K., is the concentration of substrate at
half-maximum activity and thus is a value which has a negative
correlation with the enzyme affinity to the substrate. The
substrate turnover time was determined by (Kn+S)/Vmax
(Panikov, 1991; Larionova et al., 2007).

Growth Rate Model

The use of substrate-induced growth respiration (SIGR) to
disentangle the soil microbial biomass, its active part and
maximum specific growth rate has become a common tool in
soil science (Blagodatsky et al., 2000). SIGR differs from SIR
method in terms of the phase of CO, evolution and time interval
(Loeppmann et al.,, 2016a). The change in CO, production (p)
with time (t) in soil amended with glucose and nutrients was
calculated by Equation (2), where A (uncoupled respiration) =
(1-19) Q’x0, B (coupled respiration) = ry Q X, and p = Yoz (Q-
Q). Therefore, the steepness of the growth curve represents the
intrinsic functional trait of the growing microbial population and
it can be estimated by the maximum specific growth rate after the
fitting of experimental data to Equation (2) (Wutzler et al., 2012).

CO, (t) = A + B exp (uf) ©)

According to Panikov (1995), the specific respiration activity
measured under excess substrate is denoted as Q, and the
cyanide-resistant fraction Q’; the productive fraction of the total
respiration is then equal to Q-Q’. Ycoy is yield of biomass
C per unit of respired C-CO,, assumed to be constant during
the experiment and equal to 1. The parameters of Equation (5)
were fitted by minimizing the least- square sum using MODEL
MAKER-3 software (SB Technology Ltd). Fitting was restricted to
the part of the curve that corresponded to unlimited exponential
growth, as indicated by maximum values of r, E and Q statistic
criteria. rp was calculated from the ratio of A:B (Panikov and
Sizova, 1996).

B(1—2)
rg=——— " (3)
A+B(—A)
where & = (Q-Q)/Q and may be accepted as a basic
stoichiometric constant = 0.9 (Panikov and Sizova,

1996). The total glucose-metabolizing microbial biomass
(sustaining+growing; xo) was calculated as following:

_ BAYco,
rom

(4)

X0
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The growing microbial biomass (GMB, x¢’) was calculated using
the equation: x

X' = xoro (5)

The lag period (tj,g) was determined as the time interval from
substrate amendment to the moment when the increasing rate
of growth-related respiration [B exp(mt)] became as high as the
rate of respiration uncoupled from the growth of microorganisms
[A] [Equation (1)]. tjg was calculated using the parameters of the
approximated respiration curve by the following equation:

In(A/B
tlug = % (6)

Determination of dsDNA Content

For quantitative soil DNA extraction, we used the MP Bio kits
(MP Biomedicals, Germany). DNA extraction was performed
during lag phase according to the manufacturer’s protocol with
0.5 g of fresh moist soil treated by the FastDNA® SPIN kit for Soil
(MP Biomedicals, Germany). Detailed information on extraction
and quantification of dsDNA can be found in Loeppmann et al.
(2018). A conversion factor of 5.0 was used to convert mg DNA
g~! soil to mg microbial biomass C g~! soil (Anderson and
Martens, 2013; Loeppmann et al., 2018).

Statistics

Significant effects of process parameter (e.g., (max) between
treatments (substrate and soil) were assessed by ANOVA at p <
0.05. The parameters of the equation were fitted by minimizing
the least-square sum using GraphPad Version 8 software (Prism,
USA). The normality distribution of the data was checked using
the Shapiro-Wilks test and if necessary, transformed to log
distribution. Equality of variances were analyzed by Levene’s test.
The degree of linear association between pairs of values separated
by a given distance was obtained from the self- or autocorrelation
using PAST4.01 (Hammer and Harper, 2006) which allowed an
observation of temporal processes at and between local maxima
and minima within the sampled domain. In general, physical,

chemical, and biological reactions occurring rapidly manifest
smaller temporal correlation lengths than those occurring more
slowly. The 95% confidence band is technically appropriate only
at each individual lag, not for the complete autocorrelation
function. Cross correlation was used to compare the two different
time series, covering the same time span (Miller, 1979). Prior to
cross correlation analysis the data was de-trended to prevent non-
stationarity (Podobnik and Stanley, 2008) and pre-whitened to
remove spurious correlations, based on temporal dependencies
between adjacent values of the input time-series. This technique
removes the influences from the output time-series (Shumway
and Stoffer, 2017). Parameter optimization was restricted to the
applied model Equation 2, as indicated by maximum values of
statistic criteria: 72, the fraction of total variation explained by
the model defined as ratio of model weighted sum of squares to
total weighted sum of squares.

RESULTS

Activation and Growth of Soil

Microorganisms

The CO; response of microbial respiration to glucose addition
was 83% higher in nutrient-rich (Mitterfels) than in nutrient-
poor soil (Luess) reflecting a stronger microbial activation
and higher total biomass C (Figure2, Table2). A similar
pattern was depicted for nutrient-rich soil after combined
substrate addition, showing an increase of 48% compared to
nutrient-poor soil.

The maximum specific growth rate of microorganisms was
significantly higher (34% for glucose; 17% glucose + yeast
extract) in nutrient-poor soil than in nutrient-rich soil (Figure 3),
indicating a faster microbial turnover and shorter generation
times. Although, the growth rate was similar in nutrient-
poor soil irrespective of the type of substrate addition, the
proportion of growing microbial biomass increased by three
times, and the lag time shortened by 6h in yeast extract
vs. sole glucose treatment (Table 1). This indicates a positive
feedback of the additional growth factors derived from the yeast
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FIGURE 2 | Soil substrate-induced respiration (SIR) including standard error of mean (SEM) measured by CO» production in two forest soils planted with beech.
Significant differences between the sites are denoted by lower case letters at a significance level of p < 0.05. Note, SIR-derived CO, is measured before exponential
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FIGURE 3 | Maximum specific growth rates including SEM of soil
microorganisms after the addition of either glucose or the combination of
glucose and yeast extract. Significant differences (P < 0.05) between sites
were denoted by lower-case letters. Capital letters denote significant

differences between the substrate addition at identical level.

TABLE 1 | Position and site characteristics were adapted from Lang et al. (2017).

Position and site characteristics

Mitterfels Luess
Gauss- Easting 4564502 3585473
krueger
Coordinates Northing 5426906 5857057
m.a.s.| (m) 1299 115
Annual mean (°C) 4.5 8
temperature
Annual (mm) 1299 779
precipitation
Forest stand
Main tree European European
beech beech
Species Fagus Fagus
sylvatica sylvatica
Soil
Soil type Hyperdystric Hyperdystric
chromic folic
WRB 2014 Folic cambisol Cambisol
Humus layer Moder More-like
moder
Parent Paragneis Sandy till
material
Microbial wgg™ 795 192
biomass C
Soil organic C (mgg™) 175 92
Total soil N (mgg™) 10 4
Total soil P (mgkg™") 1281 178

Soil microbial biomass content was adapted from Bergkemper et al. (2016), and
determined by chloroform fumigation extraction. All other soil parameter, such as soil
organic C and total N and P content were measured in the Ah horizon before incubation
was started. Aboveground and belowground P pools of ecosystems reflect the current
state of interactions between P availability of soils and P uptake and usage by plants and
microorganisms occurring at these sites (Lang et al., 2017).

extract. The active microbial biomass proportion increased by
5% and the lag time shortened by 4h in nutrient-rich soil
(Table 1). The dsDNA-derived microbial biomass C content
during the first 10 h after substrate addition (taken as an average)

150 o AP Luess - 2000
8-+ AP Mitterfels
€O, Luess
m  CO, Mitterfels
1500
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1000
=
= - 500 3’
o S
& 0 =
= i >
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]
s -6000 &
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(1] - 4000
S o
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2000
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Time [h]
FIGURE 4 | Microbial growth curves and potential enzyme activities (dotted
lines) are shown including SEM for soils treated with glucose vs. glucose +
yeast extract. The nutrient-poor soil is denoted by black circles, whereas
nutrient-rich soil is highlighted in red squares. The values given at time point
zero, reflected the control, namely without the addition of any substrate. The
time interval chosen for calculation of SIR are denoted in blue brackets. For
kinetic parameters of SIGR, the whole curve including lag phase is required for
modeling, which is also shown in blue.

was slightly higher when the glucose + yeast extract was
added irrespective of the soil. This was in line with the faster
specific growth rate of microorganisms in nutrient-poor soil
(Figure 4).

B-glucosidases and NAG demonstrated higher activity in
nutrient-rich than in nutrient-poor soil prior substrate addition
(t = 0) (Figure5). After glucose addition, activity of f-
glucosidases did not increase during exponential microbial
growth in nutrient-rich soil (MIT) (Figure5), indicating
stable enzymatic functioning on C utilization throughout
experimental duration. However, B-glucosidase demonstrated
strong response to glucose addition in nutrient-poor soil
(LUE), by increasing activity during exponential growth of
microorganisms. Correspondingly, the CO, efflux increased in
nutrient-poor soil (Figure 4).

Activity of B-glucosidase and acid phosphatase increased with
microbial growth curves when the glucose + yeast extract was
added and reached the maximum in the phase of microbial
retardation. Acid phosphatase activity showed more steady time
constraint after the glucose + yeast extract addition compared
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beta-glucosidase, (C,D) acid phosphatase, (E,F) NAG, (G,H) leucine-aminopeptidase.

to the amendment of sole glucose. Moreover, we found stronger
responses of enzymes and their substrate turnover times in
nutrient-poor than in nutrient-rich soil. The additional substrate
input of yeast extract induced a greater shortage of substrate
turnover time in nutrient-poor soil (Figure 8), which was in
line with a faster microbial growth rate (Figure 3). Overall, the
turnover time was enzyme-specific, being the shortest for acid
phosphatase and the longest for leucine aminopeptidases during
both, lag time and exponential growth (Table 2).

Self- and Cross- Correlation

Single substrate addition increased the self-correlation of acid
phosphatase (till a lag of 3h) more in nutrient-poor than in
nutrient-rich soil (Figure 6), reflecting increased predictability
of enzyme activities during microbial growth because of the
stability of kinetic reaction parameters such as the Michaelis-
Menten constant. The glucose + yeast extract addition increased
autocorrelation length of acid phosphatase in both soils
(Figure 6). In comparison, B-glucosidase exhibited contrasting
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TABLE 2 | Microbial growth respiration parameters, such as lag phase (Ti4g), actively growing microbial biomass (MB) according to Panikov (1995) and substrate-induced
respiration derived microbial biomass content after Anderson and Domsch (1986) including the conversion factor used by Kaiser et al. (1992).

SIR-derived MB

Tiag Growing MB (.g C/g) Growing MB (%)

(h) (ng C/g)
Glucose
Nutrient-poor soil (LUE) 18a 0.3 1263a
Nutrient-rich soil (Mit) 12a 49a 3.9 2258a
Glucose+yeast
Nutrient-poor soil (LUE) 12a 13a 1.0 1411a
Nutrient-rich soil (MIT) 8a 63a 5.0 2083a

Significant differences between glucose and glucose + yeast extract were denoted by lower-capital letters (P < 0.05).
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FIGURE 6 | Normalized covariance function of enzyme activities during microbial growth in nutrient-poor (black line) and nutrient-rich (red line) soils. Upper graphs
show glucose amendment and below graphs depict glucose + yeast extract. The x-axis shows the lag in hours and y-axis the correlation coefficient. The green
dashed line denotes the confidence bands (P < 0.05), reflecting the significant confidence interval of autocorrelation. (A, D) acid phosphatase, (B,E)
beta-glucosidase; (C,F) NAG.

time constraints by glucose addition, where only nutrient-poor
soil was stable (r ~ 0.6 at lag 3h). Adding both substrates the
autocorrelation of B-glucosidase revealed r > 0.4, accounting a
lag of 2 h at each of the sites.

To test for similarities between the sites cross-correlation
of enzyme activities was performed. Cross-correlation of acid
phosphatase activity between nutrient-rich and nutrient-poor
soil revealed a significant (P < 0.05) relation till a lag of
—1.5h for both sites by adding glucose (Figure 7). However,

for the glucose + yeast extract, the cross-correlation of acid
phosphatase between nutrient-poor and nutrient-rich soil was
highly significant till a lag of —1.5h and also to a lag
of 1.5h between the two site, indicating harmonized time
constraints of acid phosphatase during the phase of microbial
growth. Strongest cross-correlation between nutrient-poor and
nutrient-rich soil was exhibited for the C-cycling enzyme f-
glucosidase reflecting a high degree of similarity of the two
time series between the sites during exponential growth of
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microorganisms (r > 0.6 up to a lag of -3h; P < 0.05)
(Figure 7).

DISCUSSION

Microbial Growth After Substrate Addition

in Contrasting Forest Soils

During non-steady state of microbial growth, we detected higher
microbial biomass and higher proportion of growing microbial
biomass along with a shorter lag time in nutrient-rich than
in nutrient-poor soil, which reflected a well-adapted microbial
response to the added substrate as well as the higher initial
nutrient stock (Loeppmann et al., 2016a,b; Lang et al., 2017).
However, the maximum specific growth rate of microorganisms
was higher in nutrient-poor soil, indicating faster growing
microorganisms than in nutrient-rich soil. The fact that most
microbial groups existed at both sites (43% of identified microbial
groups) (Bergkemper et al., 2016) does not necessarily imply
that the communities were similar. Nevertheless, we assume a
high sustainability potential due to broad microbial diversity
independent from the soil nutrient status. However, significant
differences of microbial specific growth rates between sites
indicated wide disparity in microbial community structure
(Fuhrman, 2009). This reflects the high abundance of unique
bacterial groups in nutrient-poor soil, which points to a
specific adaption of the community to P limitation at this site
(Bergkemper et al., 2016). Despite the fact that specific growth
rate reflects the respiratory response of microbial community

as a whole (Panikov, 1995; Panikov and Sizova, 1996), it
mainly characterizes a few or even single microbial assemblies
dominating competition for a single input of glucose (Mau et al.,
2015). As single glucose addition is insufficient to activate large
number of glucose-metabolizing taxa (Mau et al., 2015), the SIGR
approach does not alter functional structure of the community
and it simulates an occasional input of available substrate under
conditions of substrate excess (Ehlers et al., 2010).

The glucose + yeast extract addition increased the specific
growth rate of microbes by 15% solely in the nutrient-
rich soil (Figure3). We did not reveal any repression of
respiration by CCR (Deutscher, 2008) compared with sole
glucose addition, presumably due to relatively low input of yeast
extract insufficient to initiate microbial growth. In contrast,
glucose was quickly metabolized during exponential growth
causing microbial starvation and growth retardation instead
of catabolite repression. Another explanation could be that
CCR occurred in a very short-term immediately after substrate
addition to soil. We revealed that glucose repressed an activity
of enzymes related to cleavage of carbohydrates and proteins but
only in short-term (10 h). This infers that those bacteria affected
by CCR may be easily outcompeted by other microorganisms
during phase of exponential growth. In addition, the enzyme
activity was more stable (smooth) and more synchronous with
CO; evolution with the amendment of glucose + yeast extract
indicating an absence of catabolic repression.

The addition of yeast extract along with glucose to nutrient-
poor soil increased maximum specific growth rate, shortened
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the lag phase and enhanced the portion of growing microbial  phosphatase and NAG activity in nutrient-rich than in nutrient-
biomass compared to the amendment of glucose. This clearly  poor soil with the addition of glucose. As a result of NAG
indicated that the substrate diversity and quality are of great  activity, amino sugars derived from peptidoglycan (bacterial
importance during lag and exponential microbial growth. cell walls, e.g., microbial necromass) and chitin (fungal cell
We determined 2-3-times higher potential B-glucosidase, acid ~ walls) decomposition could have contributed substantially to the
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FIGURE 8 | Substrate turnover time of C-, N-, and P-cycling extracellular enzymes during lag phase and exponential growth of microorganisms according to Tischer
et al. (2015). The nutrient-poor site is shown by black and the nutrient-rich by red bars. As substrates either glucose or the combination of glucose and yeast extract
was added to two soils of nutrient stocks (Table 1). Significant differences between substrate addition were denoted by capital letters at a level of significance of P <
0.05. Lower letters indicate the significant differences between the sites at identical level.
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dissolved organic N pool (Hu et al, 2018) and subsequently
fueling microbial demands (Geisseler et al., 2009).

Limitations in gene expression may play a role in generating
phenotypic diversity, which is advantageous in fluctuating
environments, at the expenses of decreasing growth rates (Kim
et al., 2020). Since acid phosphatases have been shown to
correlate with the soil microbial C content and with abundance of
bacterial phoN genes in the field (Spohn et al., 2018), we assume
optimized trade-offs between resource allocation and growth
of microorganisms.

By the addition of glucose + yeast extract, the lag phase
of growing microorganisms shortened irrespective of the initial
nutrient content (Table 2), reflecting an advanced adaptation to
the newly available resources, fueling a balanced, and less stressed
metabolic network (Hamill et al., 2020). However, the substrate
turnover time of C-, N-, and P-cycling extracellular enzymes
during lag phase and exponential growth of microorganisms
was stable in nutrient-rich soil, whereas the substrate turnover
time of enzymes was strongly shortened in nutrient-poor soil
(Figure 8). This indicates that organic nutrients derived from the
yeast extract were the preferential source to overcome microbial
resource scarcity only in nutrient-poor soil.

The dsDNA-derived microbial biomass in nutrient-poor soil
was close to the one of nutrient-rich soil (Figure 9), reflecting
stronger activation potential of microorganisms in soil of lower
initial MBC content. This was in line with the faster specific
growth rate of microorganisms in nutrient-poor soil.

Microbial growth is often preceded by adapting the
physiological state of the microbial cells, during the lag phase
(Madar et al., 2013). A recent study on single cells has revealed
that individual bacteria vary in the time required to reach first
cell division (Bertrand, 2019) and that with increasing number
of stressed or nutrient limited cells, the lag phase becomes longer
and the time-points at which individual cells begin dividing show
increased scattering (Smelt et al., 2002; Guillier et al., 2006).

Enzyme Activities During the Phase of
Microbial Growth

Acid phosphatase activity increased during microbial growth in
both, nutrient-rich and nutrient-poor soil. The maximum of
potential acid phosphatase activities was reached in the phase of
microbial growth retardation. This may be explained by the active
excretion of phosphatases or their release by cell lysis after death,
which reflect a crucial portion in the build-up of indigenous soil
phosphatase activity (Jarosch et al., 2019). When microbes start
to mine for nutrients, they invest in enzyme production related
to their specific needs. Many different pathways of organics’
degradation, including amino acid, glycolytic, and fatty acid
pathways, utilize enzyme cascades processing a broad range of
substrates, which increases the chance of microbial recycling of
dead cell residues. Therefore, in order to avoid the detection of
CO; derived from microbial recycling experimental our duration
was kept short.

The substrate turnover time was enzyme-specific and ranged
from hours to days. During microbial growth substrate turnover
of enzymes was shorter than reported from the field (natural
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FIGURE 9 | Violin plot of dsDNA-derived microbial biomass C (MBC) content
during the first 10 h after substrate addition for nutrient-poor soil (Luess) and
nutrient-rich soil (Mitterfels). The dashed line shows the median of MBC, the
dots denote the replicates and the thin black line the quartiles. The
lower-capital letter depicts the significant differences between sites at a level of
0.1.

forest) under steady state, ranging from 0.6 days for acid
phosphatase to 646 days for a-glucosidase (Tischer et al., 2015).
The addition of glucose + yeast extract increased B-glucosidase
and NAG activity during lag phase exclusively in nutrient-
poor soil. Strongest effects on activities and estimated substrate
turnover time of enzymes were detected in nutrient-poor soil
when both substrates were added in combination, implying a
strong affinity to these substrates and therefore, an adequate
strategy on the recycling of organic compounds.

By adding the substrate combination cross-correlation of
B-glucosidase and acid phosphatase between the two sites
demonstrated harmonized time constraints, which reflected the
establishment of comparable and balanced enzymatic systems for
substrate utilization during lag time. Consequently, accelerating
nutrient acquisition to maintain microbial growth, irrespective
of contrasting soil properties, and initial nutrient stocks, was
demonstrated by the temporal interpolation between their
measured values. This clearly indicates similar tradeoffs of C-
and P- cycling enzymes in both soils reflecting comparable
temporal dynamics of enzyme activities in nutrient-poor and
nutrient-rich soil during the phase of microbial growth when
the glucose + yeast extract was added. Due to the individual
composition of compound-classes of different decomposability,
necromass of different microbial groups, such as yeast residues,
reflect a wide range of decomposition rates (Six et al., 2006).
Despite the different decomposability of microbial cell wall
components during microbial steady state, no difference in the
mean residence time of necromass C in soil among bacteria,
actinobacteria, and fungi was found (Throckmorton et al., 2012).
Here, during microbial non-steady state conditions a faster
microbial turnover was present in nutrient-poor soil suggesting
faster recycling of microbial necromass-derived nutrients and
reduced necromass C stabilization in nutrient-poor than in
nutrient-rich forest soils.
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SUMMARY

Up to 34% faster specific growth rates of microorganisms,
albeit of a small proportion of actively growing microbial
biomass, were revealed in nutrient-poor than in nutrient-rich
soil. This clearly showed the fast adaptation and activation of
microorganisms, able to quickly uptake and grow fast on the
sudden (single) substrate input. Therefore, a faster microbial
turnover occurred in nutrient-poor soil, which shifted microbial
substrate utilization and resulted in a shortened lag phase of
microbial growth, irrespective of the initial soil nutrient status,
because faster microbial activation and nutrient acquisition
dynamics in the presence of additional microbial residues i.e.,
yeast extract took place. This was in line with a strong reduction
of substrate turnover time of all enzymes in nutrient-poor
soil. Cross-correlation analysis of enzyme activities between
the two sites demonstrated harmonized time constraints of
enzyme systems which reflected the establishment of comparable
and balanced enzymatic systems within the decomposition
network. This became evident as similar tradeoffs of C- and
P- cycling enzymes occurred in both soils. However, significant
differences in microbial community structure, due to high
abundance of unique bacterial groups in nutrient-poor soil,
indicated a specific adaption of the community to P limitation
at this site. Glucose repressed an activity of enzymes related to
cleavage of carbohydrates and proteins only in short-term (10 h),
inferring that those bacteria affected by catabolic repression
may be easily outcompeted by other soil microorganisms
during exponential growth. Especially, B-glucosidase and acid
phosphatase underlined an activity synchronous with CO,
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