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Highlights 

 

● Amino sugars are more stable biomarkers than amino acids in proteins. 

● Bacterial biomass residue-derived C is stabilized via fungal residues. 

● A succession of different pathways in central metabolism was observed. 

● Bacterial biomass C is partially preserved over the time of incubation.  

 

Highlights (for review)



Abstract 31 

Microbial biomass residues play a significant role in biogeochemical cycling but 32 

the mechanism by which material from microbial sources is sequestered in soil organic 33 

matter still remains elusive. Although we previously investigated the detailed turnover 34 

process of Gram-negative bacterial biomass (E. coli) derived carbon (C) in soil and 35 

found indications that fungi were the first clade to incorporate E. coli-derived C, no 36 

reliable estimate is available for the amount of bacterial biomass-derived C that is 37 

stabilized via fungal residues during turnover in soils. Here we tracked 13C-amino sugars 38 

(from chitin and peptidoglycan) and amino acids (from proteins) in order to shed light 39 

onto the bacterial and fungal food web. During incubation, 13C-amino acids decreased 40 

significantly, whereas 13C-amino sugars changed only slightly over time, suggesting that 41 

amino sugars as biomarkers are relatively stable compared to amino acids. The ratio of 42 

13C-fungal derived glucosamine to 13C-muramic acid significantly increased before day 43 

14, then levelled off until the end of the experiment. This further highlighted that 44 

bacterial C was stabilized in soil by conversion to fungal biomass grown on the bacterial 45 

biomass. Interestingly, the shifts in 13C-amino acids distribution pattern reflect three 46 

phases of the central metabolism: in the beginning, the added biomass was low in 47 

carbohydrates compared to the needs of the active microbes, resulting in a dominance of 48 

the glyoxylate cycle. In a second phase, the general metabolism and thus the 49 

tricarboxylic acid cycle (TCA) was very active, most probably supported by the use of 50 

a mixture of compounds from soil organic matter. This phase also included anaplerotic 51 

reactions resulting in C incorporation from CO2. Finally, metabolism slowed down and 52 

thus the TCA cycle was less active and C rather than energy was preserved. In summary, 53 

our study provided evidence that bacterial biomass residues were predominantly utilized 54 

by fungi; thus, at the end, the C was mainly stabilized as fungal necromass. Our results 55 

also indicated that bacterial biomass residues are turned over for preservation of C 56 

(~50%) rather than energy towards the end of the incubation. This may thus be an 57 

important pathway for soil organic carbon sequestration in soil. 58 

Keywords:  Amino sugars; Microbial necromass; Amino acids; TCA cycle; Soil organic 59 



matter 60 

 61 

1. Introduction 62 

Studies of the sequestration of soil organic carbon (SOC) have dramatically 63 

increased in recent years as soil organic matter (SOM) is an important natural resource 64 

which supports the provision of food, helps in regenerating fertility, and is essential for 65 

many vital ecosystem services, such as nutrient transformations, water storage, and 66 

habitat for biodiversity (Carter et al., 2002; Chazdon et al., 2009; Smith et al., 2015). 67 

The important role of soil microorganisms as catalysts for SOM formation has long been 68 

recognised (Kögel-Knabner, 2002). Importantly, soil microorganisms do not only 69 

promote plant litter and SOM transformation and turnover, but also contribute with their 70 

biomass residues: the contribution of microbial necromass has been estimated to range 71 

from 30 to 61.8% (Liang et al., 2019). Such high contributions of microbial necromass 72 

to SOM have important implications for understanding SOM transformation and 73 

sequestration processes. In particular, microbial necromass, and its turnover and 74 

stabilization, have been considered to be of great significance for SOM formation 75 

(Miltner et al., 2012; Hu et al., 2020). Therefore, understanding the detailed processes 76 

of microbial biomass residues carbon (C) transformation is essential for improving our 77 

understanding of the mechanism of SOM formation. 78 

Some earlier studies investigated the turnover of microbial residues by means of 79 

mass-balance experiments with labelled microorganisms of various classes. These 80 

studies showed that between 34 and 66% of the initial microbial biomass C remains in 81 

soil, whereby less than 15% of the label is present in other living microbial biomass; 82 

thus around 20-50% of the label from the various classes of microorganisms remains in 83 

non-living SOM in these experiments (Kindler et al., 2006; Miltner et al., 2012; 84 

Schweigert et al., 2015; Zheng et al., 2021), confirming that microbial biomass residues 85 

C contributes significantly to the formation of SOM. Going even further, Zheng et al. 86 

(2021) followed the detailed 13C cycling through the microbial food web during the 87 

turnover process and found indications that fungi were the pioneer clade to utilize C 88 

derived from the Gram-negative bacterial residues. This may be crucial for the potential 89 

contribution of the 13C in bacterial biomass residues to SOM, as the turnover times of 90 

fungal material have been reported to be much longer than those of bacterial residues 91 

due to the different compositions of fungal and bacterial cell walls (Feofilova, 2010; 92 



Schweigert et al., 2015; Fernandez et al., 2016). However, at present no reliable 93 

assessment is available for how much of the bacterial biomass residue-derived C is 94 

stabilized via fungal residues during turnover in soils. This, however, would be an 95 

essential piece of information for potential controls on SOM stabilization. Amino sugars 96 

are microbial cell wall components that persist in soils after cell death and can reflect 97 

the microbial residue dynamics (Amelung, 2001; Joergensen, 2018). Three amino sugars 98 

[glucosamine (GluN), galactosamine (GalN) and muramic acid (MurA)] are commonly 99 

used to evaluate the accumulation of microbially derived C in soil (Amelung, 2001; 100 

Joergensen, 2018). In addition, the ratio GluN/MurA reflects the relative accumulation 101 

of fungal vs. bacterial-derived residues in soils (Amelung, 2001; van Groenigen et al., 102 

2010), based on their different cell wall compositions. Fungal cell walls contain chitin, 103 

which is a polymer of GluN, while a main constituent of bacterial cell walls is murein, 104 

which contains both GluN and MurA at a ratio of 2:1 (Engelking et al., 2007; Joergensen, 105 

2018; Liu et al., 2019). Therefore, amino sugar analysis during bacterial biomass 106 

residues turnover can provide estimates not only for the amount of microbial residues in 107 

SOM, but also for the ratio of fungal to bacterial-derived residues. GalN is of mixed 108 

fungal and bacterial origin, thus is useful overall quantification of biomass residues, but 109 

in contrast to the GluN and MurA it is not specific for sources (Joergensen, 2018). As 110 

the turnover rates of the different types of necromass differ (see above), this is an 111 

important knowledge which could help in estimating how stable the SOM formed from 112 

the residues is in soil. 113 

Proteins, which consist of amino acid chains, are the most abundant components of 114 

bacterial cells. Proteinaceous amino acids are tightly associated with soil fertility and 115 

primary production (Chapin et al., 2011) because they are important C and nutrient 116 

sources in soils (Stevenson, 1982). They were also recognized for their important role in 117 

the stabilization and destabilization of SOC and N (Rillig et al., 2007; Jones and Kielland, 118 

2012; Farrell et al., 2014). Amino sugars and amino acids hydrolysed from 119 

peptidoglyan/chitin or proteins, respectively, are particularly useful microbial 120 

biomarkers because their polymers are relatively stable against degradation, and are 121 

preserved in soils for long times after cell death (Amelung et al., 2001). A study which 122 

quantified the decomposition of proteins and microbial cell walls showed that the 123 

turnover times of microbial cell wall material and soil protein are comparable across 124 

various ecosystems (Hu et al., 2020). However, we are currently lacking knowledge 125 

about how stable amino sugars or bacterial-derived amino acids are during the 126 



decomposition process. This lack of information on the stability of these frequently used 127 

biomarkers largely limits our understanding of soil C and N cycling as well as the 128 

microbial contribution of the major groups of microorganisms to SOM formation. 129 

Microbes can assimilate amino acids by enzymatically depolymerizing proteins, and use 130 

them as substrates or building blocks for growth; however, amino acids are also de novo 131 

biosynthesized by the microbes during growth and biomass production (Price et al., 2018; 132 

Kästner et al., 2021). This is also the case during organic matter degradation (Amelung 133 

et al., 2001; Hobara et al., 2014). As a result, the transformation dynamics of soil amino 134 

acids are tightly associated with microbial proliferation (Hu et al., 2016). The use of 13C-135 

labelled bacterial biomass residues and isotopic analysis of biomarker amino acids can 136 

thus provide information about the turnover of total proteinaceous amino acids. 137 

Specifically, the observations of transformation dynamics of individual amino acids can 138 

provide deeper insights about how the bacterial-derived C is allocated between different 139 

pathways of the central metabolism and distributed over the microbial food web based 140 

on tricarboxylic acid cycle (TCA) analysis (Nowak et al., 2018). The TCA is a central 141 

catabolic biochemical pathway providing ATP and reduction equivalents. However, 142 

certain metabolites from this cycle are also used for synthesis of particular amino acids. 143 

TCA cycle analysis is therefore a powerful tool for obtaining information about the 144 

detailed metabolic processes and pathways of bacterial necromass contribution to SOM 145 

formation (Feisthauer et al., 2008; Miltner et al., 2005a; Miltner et al., 2005b). This 146 

contribution has been reported to be important (Miltner et al., 2009), but mechanisms 147 

are unknown.  148 

Therefore, in our study, we determined the fate of the 13C-labelled bacterial biomass 149 

residues by analysis of the label in amino sugars. We also traced the incorporation of the 150 

bacterial residue-derived 13C into proteins by analysis of the concentrations and isotopic 151 

signatures of the amino acids. The objectives of this study were: (1) quantifying the 152 

relative contributions of fungal-derived C and bacterial-derived C residues to SOM 153 

formation together with the changes over time during the turnover process of E. coli 154 

derived C, (2) assessing whether and how amino sugars or amino acids are stable 155 

biomarkers in soil, and (3) tracing the detailed metabolic pathway of C from microbial 156 

biomass residues to stabilized SOM over time. 157 

 158 

2. Materials and Methods 159 



2.1 Soil, strain and experimental setup 160 

Soil was incubated with 13C-labelled cells of the Gram-negative bacterial strain E. 161 

coli K12; details of the experiments were described previously (Zheng et al., 2021). The 162 

soil material was from the agricultural long-term experiment “Statischer 163 

Düngungversuch” located in Bad Lauchstädt, Germany. The plot was cultivated with 164 

crop rotation (sugar beet, summer barley, potatoes and winter wheat) and fertilized with 165 

farmyard manure (30 t ha-1 y-1). The soil material has been characterised previously 166 

(Zheng et al., 2021) and by new analyses. It was a silty loam (210 g kg-1 clay, 680 g kg-167 

1 silt, 110 g kg-1 sand) with a TOC content of 26.3 g kg-1, a total nitrogen content of 2.8 168 

g kg-1, a pH of 6.6, and a maximum water holding capacity of 375 g kg-1. The natural 169 

abundance in 13C of the soil was 1.077 at% 13C. The soil was stored at 4 °C and passed 170 

through a 2-mm sieve before use. The soil was adjusted to 40% of water holding capacity 171 

and pre-incubated at 20 °C for 10 days before the incubation experiment.  172 

As a model for Gram-negative bacterial biomass residues, we used the strain E. coli 173 

K12 in this incubation experiment. 13C-labelled bacterial biomass was produced by 174 

culturing E. coli in an optimized mineral medium with 4 g l-1 13C-labelled glucose (D-175 

glucose-U-13C6, 99 at% 13C; Cambridge Isotope Laboratories, Andower, USA) as the 176 

sole carbon and energy source, as described by Zheng et al. (2021). We amended the soil 177 

with 2.0×108 13C-labelled E. coli cells per gram of soil (dw), corresponding to 36 µg 13C 178 

g-1 soil (initial amount added) for the incubation experiment. The enrichment of the 179 

labelled microbial biomass was > 90 at% 13C. In addition, the same soil amended with 180 

the same number of unlabelled E. coli cells, as well as unamended soil, were included in 181 

the experiment as unlabelled and unamended controls, respectively. The preparation of 182 

the soil for the incubation experiments took totally around 3 to 4 hours after adding the 183 

E. coli cells. The control treatments were prepared and incubated under the same 184 

conditions, and they served to account for the natural abundance of 13C in the soil, in the 185 

amino sugars and in the amino acids. The water content of the soil mixture was finally 186 

adjusted with soil leachate to 60% of the maximum water holding capacity. We sampled 187 

and analysed the soil on days 0, 7, 14, 30, 60 and 120 from the start of the experiment. 188 

The detailed experimental setup was described by Zheng et al. (2021). 189 

2.2 Quantification of amino sugars and their isotope compositions. 190 

Amino sugars were extracted and analysed according to Zhang and Amelung (1996). 191 

In brief, we weighed soil samples (around containing ± 0.4 mg N) and hydrolysed them 192 

with 10 mL 6 M HCl at 105 °C for 8 h to obtain amino sugar monomers from the 193 



polymers chitin and peptidoglycan. After cooling the flasks to room temperature, 100 194 

µL of the internal standard inositol (1mg/mL in water) was added to each flask and mixed 195 

in by swirling. After subsequently filtering the solution, the filtrate was dried in a rotary 196 

evaporator, and the dried residue was resuspended in 10 ml water. The pH value was 197 

adjusted to 6.6-6.8 and then the samples were centrifuged and lyophilized. Amino sugars 198 

were extracted from the lyophilized residues with methanol and derivatized. Their 199 

concentration was quantified using GC/MS, and their isotopic composition was 200 

determined by means of GC/IRMS. Details of amino sugar analytical conditions are 201 

presented in supplementary material I “GC/MS and GC/IRMS settings for quantitative, 202 

qualitative and isotopic composition analyses of amino sugars”. 203 

The δ13C values of soil amino sugars were calculated according to the equation:  204 

𝛿13𝐶𝐴𝑠 =   
（𝑁𝑜.𝐷𝑒𝑟× 𝛿13𝐶𝐷𝑒𝑟 −  𝑁𝑜.𝐴𝑐𝑒𝑡× 𝛿13𝐶𝐴𝑐𝑒𝑡 ）

𝑁𝑜.𝐴𝑠
  205 

where No. As is the number of C atoms in the amino sugar molecule (No. As = 6), 206 

No. Acet is the number of C atoms in the acetyl group used for derivatization (No. Acet = 207 

10) and No. Der is the number of C atoms in the amino sugar derivatives (No. Der = 16). 208 

The δ13C of the carbon atoms used for derivatization (δ13C Acet) was estimated separately 209 

using amino sugar standards (Glaser and Gross, 2005). 210 

The stable C isotope ratios in the various C pools were expressed as at% 13C, which 211 

was converted from δ13C, a value relative to the Pee Dee Belemnite standard, as follows: 212 

𝑎𝑡%13𝐶 =
100 × 0.01118 × (

 δ13C
1000 + 1)

1 + 0.01118 × (
 δ13C
1000 + 1)

  213 

As an index for fungal residues, we calculated fungal-derived GluN (F-GluN) by 214 

subtracting bacterial GluN from total GluN, assuming that GluN and MurN occur at 2:1 215 

molar ratio in bacterial cells (Engelking et al., 2007). The following equation was used 216 

(Shao et al., 2017): 217 

𝐹 − 𝐺𝑙𝑢𝑁 =  (𝐺𝑙𝑢𝑁/179.2 − 2 ∗ 𝑀𝑢𝑟𝐴/251)  ∗ 179 218 

Mannosamine is not specific for any biomass source and usually occurs at low 219 

concentration with strong variation; therefore, it is often not presented in recent studies 220 

(Joergensen et al., 2018; Yang et al., 2022). 221 

2.3 Quantification of amino acids and their isotope compositions. 222 

Amino acids were hydrolysed from proteins. The detailed extraction, purification 223 

and derivatization methods for amino acid was described in previous studies (Nowak et 224 



al., 2013, 2018). In short, the proteins were hydrolysed to amino acids at 110 °C for 22 h 225 

using 6 M HCl and the samples were purified over cation exchange resin (DOWEX 226 

50W-X8; Nowak et al., 2011). The identity and quantity of amino acids were analysed 227 

by means of GC-MS (Agilent GC7890A, MS 5975C, Waldbronn, Germany); the 228 

isotopic compositions of the amino acids were determined by means of GC-C-IRMS 229 

(Finnigan MAT 253 coupled to a Trace GC, Thermo Electron, Bremen, Germany). The 230 

isotopic signatures of the amino acids were corrected for C introduced during 231 

derivatization according to (Silfer et al., 1991). Details on the analytical procedure and 232 

conditions for amino acids are presented in supplementary material I “GC/MS and 233 

GC/IRMS settings for quantitative, qualitative and isotopic composition analyses of 234 

amino acids”. 235 

2.4 Statistical analyses 236 

All incubation experiments were prepared in triplicate. The results are shown as 237 

means; the error bars represent the standard error of the three replicates. Absolute 238 

abundance and percentage of 13C-amino sugars and total amino sugars, 13C-amino acids 239 

and total amino acids at different incubation times were tested for statistically significant 240 

differences between sampling times using one-way analysis of variance (ANOVA) and 241 

a Tukey HSD post-hoc test. Data analysis was conducted in the R statistical environment 242 

(version 3.0.3) (R Development Core Team, 2014). 243 

 244 

3. Results 245 

3.1 Abundance of total and bacterial-derived amino sugars  246 

We found that the concentrations of total amino sugars were quite stable over time 247 

during the incubation (Fig. 1A). Neither the concentrations nor the percentage 248 

distribution of GluN, GalN, MurA changed significantly over time (Fig. 1A and 1B). 249 

The amino sugars were dominated by GluN (63% ± 0.4%), followed by GalN (32% ± 250 

0.6%). MurA only contributed about 5.4 % ± 0.3% to the total amino sugars (Fig. 1B). 251 

In contrast, there was no difference of 13C in total amino sugars between day 0 (4.53 252 

± 0.15 nmol g-1), day 7 (4.35 ± 0.18 nmol g-1), day 14 (4.83 ± 0.17 nmol g-1) and day 30 253 

(4.55 ± 0.10 nmol g-1), only at the end of the incubation, after 120 days, it decreased to 254 

3.91 ± 0.11 nmol g-1 (Fig. 1C). Initially, the abundance of 13C-GalN was very low (0.11 255 

± 0.03 nmol g-1), but it increased during the 120 days of incubation to 0.72 ± 0.06 nmol 256 

g-1 (Fig. 1C). This mainly happened during the first 14 days and indicated substantial 257 



turnover of the added 13C-labelled bacterial biomass. The absolute amounts of the other 258 

two labelled amino sugars, 13C-GluN and 13C-MurA, decreased steadily to 80% and 36%, 259 

respectively, of their initial amounts over time (Fig. 1C). With respect to the relative 260 

contributions of the three amino sugars, we found a clear trend that the percentage of 261 

13C-GalN increased from about 3% to 21% over time at the expense of both 13C- GluN 262 

and 13C-MurA (Fig. 1D). Although 13C-GluN and 13C-MurA both decreased during 263 

incubation time (Fig. 1D), the ratio of 13C-F-GluN to 13C-MurA (13C-F-GluN/13C-MurA) 264 

increased from 4.39 to 10.76 during incubation (Fig. 2). Most of this increase happened 265 

during the first 7 days; in this period of time the ratio of 13C-F-GluN/13C-MurA increased 266 

to 8.71 ± 0.45 (Fig. 2), indicating that 13C-MurA decreased faster than 13C-F-GluN over 267 

time. 268 

3.2 Abundance of total and bacteria-derived amino acids  269 

During the 120 days incubation, the total amount of hydrolysable amino acids 270 

increased over time from 60 ± 3.19 µmol g-1 to 151 ± 3.60 µmol g-1 (Fig. 3A), indicating 271 

formation of amino acids during incubation. 13C-amino acids contributed only about 1% 272 

to the total amino acids, and in contrast to the total amount of amino acids, 13C-amino 273 

acids significantly decreased during incubation, from 1.9 ± 0.14 µmol g-1 to about 1 ± 274 

0.04 µmol g-1 (Fig. 3A and Fig. 3B). The decrease was fast during the first 30 days of 275 

incubation, thereafter the amount of 13C-amino acids remained fairly stable. In summary, 276 

about 54% of the initial E. coli-derived amino acids had been degraded at the end of the 277 

incubation experiment. The increase of total amino acid concentration with a 278 

concomitant decrease in the amount of 13C-labelled amino acids indicates that the amino 279 

acids newly formed during incubation were mainly unlabelled; the C thus did not 280 

originate from the added 13C biomass residues. 281 

The pattern of 13C distribution among the individual amino acids changed 282 

considerably over time (Fig. 3D). This allowed us to follow the fate of the C bound in 283 

bacterial biomass residues during metabolic cycling in detail. In particular, between day 284 

0 and day 7, the relative share of 13C in glycine increased from 5.9% to 15.0% and the 285 

share of 13C in alanine increased from 16.4% to 25.8%. In contrast, the shares of leucine 286 

decreased from 13.2% to 8.0%, of isoleucine from 6.5% to 4.1% and of lysine from 11.3% 287 

to 8.1%. Seven days later, from day 7 to day 30, the label in the glutamate and aspartate 288 

increased. In brief, the percentage of E. coli-derived C bound in glutamate increased 289 

from 5.8% to 7.7%. For aspartate, the highest amounts of 13C were found on day 30 290 

(9.4%) compared to other incubation times, while the share of 13C-isoleucine decreased 291 



from 4.1% to 3.3%, of 13C-lysine decreased from 8.1% to 6.5%, and of 13C-alanine 292 

decreased from 25.8% to 21.8% from day 7 to day 30. After 30 days of incubation, the 293 

share of 13C decreased from 7.7% to 5.8% in glutamate and from 9.4% to 5.9% in 294 

aspartate, while the share of label detected in alanine increased from 21.8% to 29.0% 295 

and in valine from 5.9% to 7.5% (Fig. 3D).  296 

 297 

4. Discussion 298 

In the study we presented the fate of the 13C-label derived from a Gram-negative 299 

bacterium in soil. In particular, based on the changes of the 13C-F-GluN/13C-MurA, we 300 

could show that (1) 13C-bacterial amino sugars decreased faster than 13C-fungal amino 301 

sugars during the incubation, (2) the pattern of amino acids as well as their 13C 302 

enrichment changed significantly, and (3) the pattern of the 13C-amino acids changed, 303 

which might be related with shifts in the metabolism of the labelled substrate (see below 304 

for a detailed explanation) and a shift in the use of the substrate as a C or energy source 305 

(Gunina and Kuzyakov, 2022). 306 

4.1 Amino sugars as biomarkers are relatively stable compared to amino acids 307 

The concentrations of total amino sugars and the constant pattern of GluN, GalN 308 

and MurA over time during the incubation (Fig. A and B) confirmed that amino sugars 309 

are suitable as biomarkers for microbial necromass from the view of stabilization (Zhang 310 

and Amelung, 1996). Also the amount of 13C in total amino sugar was relatively stable 311 

compared to 13C in total amino acids: about 50% of the E. coli-derived amino acids were 312 

degraded, whereas 13C in total amino sugar decreased only slightly towards the end of 313 

the incubation, again suggesting that amino sugars are more stable biomarkers than 314 

amino acids (Fig. 1C and Fig. 3C). The reason for the higher stability of amino sugars 315 

may be the different reactivities of the corresponding polymers towards hydrolysis. 316 

Hydrolysis is the first step for degradation of protein or peptidoglycan polymers because 317 

high molecular weight compounds cannot be transported into the cell for further 318 

metabolism. Amino sugars occur mainly in peptidoglycan and chitin, which are 319 

considered to be more difficult to hydrolyse than proteins, i.e. amino acid polymers 320 

(Gunina et al., 2017). Proteins are thus considered to have a faster turnover than the 321 

microbial cell wall components peptidoglycan or chitin.  322 

4.2 Turnover of bacterial biomass to soil organic matter via fungal biomass 323 

The relative abundance of 13C-GluN and 13C-MurA both decreased during 324 



incubation time (Fig. 1D). The abundance of 13C-MurA decreased dramatically, 325 

obviously because the labelled E. coli added at the beginning of the incubation started 326 

to lyse and the peptidoglycan was degraded. As no other external substrates were added, 327 

the organisms could only grow on compounds mobilized from SOM and the bacterial 328 

residues added; the latter are generally decomposed relatively easily compared to fungal 329 

residues (Schweigert et al., 2015; Six et al., 2006). The ratio of 13C-F-GluN/13C-MurA 330 

can be used to assess the relative accumulation of fungal-versus bacterial-derived 331 

residues in soil (Amelung, 2001; Joergensen et al., 2018). Interestingly, we observed that 332 

the ratio of 13C-F-GluN/13C-MurA significantly increased during incubation until day 14. 333 

Although we cannot preclude bacterial reuse of 13C-F-GluN and 13C-MurA, the faster 334 

decrease of 13C-MurA compared to 13C-F-GluN until day 14 (Fig. 2) indicates that E. 335 

coli-derived C was decomposed by other microorganisms, predominantly by fungi, 336 

which is supported by the increase in fungal biomass from day 0 to day 7 reported by 337 

Zheng et al. (2021). The ratio of 13C-F-GluN/13C-MurA remained more or less constant 338 

from day 14 until the end of the experiment (Fig. 2), which further highlighted that a 339 

significant percentage of the E. coli-derived C was incorporated into fungal necromass 340 

grown on the bacterial residues; this material remained in soil until the end of our 341 

experiment. Fungal residues have been reported to be more stable than bacterial residues 342 

(Schweigert et al., 2015; Six et al., 2006). Additionally, fungal necromass may favour 343 

interactions between necromass and minerals or other necromass surfaces. This is likely 344 

due to the complex and heterogeneous chemistry of both bacterial and fungal cell walls, 345 

containing lipid membranes, peptidoglycan layer as well as layered mannan, β-glucans 346 

and chitin (Buckeridge et al., 2020; Dufrêne, 2015), and the hyphal growth of fungi 347 

allowing contact to more mineral surfaces. This contributes to adhesion mechanisms that 348 

stabilize necromass in soil and may provide an additional essential mechanism for the 349 

potential stabilization of 13C derived from bacterial biomass in SOM via transformation 350 

into fugal residues. In summary, the combination of the of utilization of 13C-E. coli 351 

residues by fungi and the higher stability of fungal compared to bacterial residues can 352 

result in a high contribution of the labelled E. coli-derived C to recalcitrant SOM. 353 

Interestingly, 13C-GalN was formed during the experiment, mainly in the initial 354 

phase (first 14 days; Fig. 1C). Although the E. coli cells used in the experiment did not 355 

contain any GalN as evidenced by analysing a pure culture of the strain for amino sugars 356 

(Table. S1), we observed 13C-GalN already at the initial sampling (day 0). This 357 

demonstrated that E. coli derived C was very quickly incorporated into other microbial 358 



clades in particular fungi. Similarly, the rapid transfer of 13C from E. coli into fungal 359 

nucleic acids was observed in another soil (Lueders et al., 2006). GalN has been reported 360 

to be a component of extracellular polymeric substances (Joergensen, 2018); the further 361 

increase may therefore be related to growth and activity of bacteria forming GalN-based 362 

extracellular polymeric substance during incubation. 363 

4.3 The metabolic implications on the turnover of bacterial biomass residues  364 

The 13C-amino acids decreased very fast from day 0 to day 7, the decrease slowed 365 

down from day 7 to day 30, then they remained relatively stable from day 30 to day 120. 366 

In contrast, total amino acids increased significantly during the incubation time (Fig. 3A 367 

and 3C). This may indicate that the microbial community was active during the 368 

incubation period; the microbes presumably used unlabelled substrates mobilized from 369 

SOM for the production of amino acids, and the protein produced must have been 370 

stabilized in the soil. The increase in the total amount of hydrolysable amino acids was 371 

similar in unamended soil and in soil inoculated with E. coli (unlabelled or 13C labelled; 372 

Fig. S2), which clearly indicates that SOM mobilization was independent of the addition 373 

of bacterial cells. Therefore, the reason for the increase of this parameter cannot be the 374 

addition of the bacterial biomass residues. Obviously, the manipulations of the soil 375 

necessary to set up the experiment (mixing, moisture adjustment, distribution to 376 

microcosms) initiated a strong increase in microbial activity, along with substantial 377 

production of amino acids for protein synthesis. The effect was strongest at the beginning 378 

of the incubation, although we minimized sample preparation effects on microbial 379 

processes in our microcosms by preincubating the soil at 80% of the intended water 380 

content and at the incubation temperature. 381 

About 50% of the E. coli-derived amino acids were degraded at the end of the 382 

experiment. These labelled amino acids may either have been mineralized or converted 383 

to other transformation products. These are probably not even necessarily microbial 384 

biomass constituents as we did not observe an increase of 13C in fatty acids (see Zheng 385 

et al, 2021) or necromass (this study). A potential explanation is that the E. coli-derived 386 

amino acids may have been utilized by soil nematodes. However, from our results, we 387 

cannot provide clear evidence for the fate of the degraded amino acids; we therefore 388 

cannot verify any assumptions. Nevertheless, together with the results indicating that the 389 

amount of 13C in amino sugars was rather stable during incubation, we can infer that part 390 

of the necromass was degraded and mineralized. However, we cannot rule out that 391 

necromass was formed with less labelled proteins than the parent biomass. This leads us 392 



to the conclusion that microbes utilized amino acids from other (unlabelled) sources, 393 

presumably mobilized from SOM, in addition to the (labelled) necromass for their 394 

growth (Fig. S3). However, the shift in the pattern of labelled amino sugars to GalN (at 395 

the expense of GluN and MurA) indicates that some turnover of the E. coli-derived 396 

peptidoglycan is taking place and that this material is also used for energy gain. 397 

Importantly, we found specific shifts in the 13C-amino acids distribution over time 398 

which clearly prove decomposition and synthesis of amino acids (Fig. 3D). In addition, 399 

we can use these shifts to get information on shifts in the metabolic pathways of amino 400 

acid transformation. The TCA is a central catabolic pathway that provides ATP and 401 

reduction equivalents, releases CO2. However, certain intermediates of this cycle are 402 

used for amino acid biosynthesis. In experiments with stable isotope labelled substrates, 403 

shifts in the label abundance in different amino acids can thus inform us about how the 404 

substrate-derived C is distributed within the central metabolism and the microbial food 405 

web. In our study, we observed shifts in 13C-amino acid patterns, which reflect a 406 

pronounced shift in the C flow through different branches of the central metabolism, in 407 

particular with respect to the biochemical pathways related to the TCA cycle (Fig. 4). 408 

Briefly, the first 7 days of incubation can be regarded as a phase of adaptation to the new 409 

incubation conditions. Our results showed that the percentage of 13C-glycine within the 410 

13C-amino acids increased in this initial phase (Fig. 3D). Glycine is probably not 411 

synthesized from serine, as no label was observed in serine in our study. In addition, we 412 

added Gram-negative bacterial biomass residues, which are protein-rich substrates 413 

compared to SOM and plant material, at the beginning of the incubation. The lack of 414 

carbohydrates for biomass growth (relative to proteins) presumably enhanced the 415 

glyoxylate cycle and thus fostered the conversion of glyoxylate directly into glycine 416 

(Feisthauer et al., 2008). In the phase of the most active metabolism (day 7 to day 30), 417 

we observed that the percentage of 13C-aspartate and 13C-glutamate within 13C-amino 418 

acids increased, indicating that the TCA cycle was very active in this phase (Feisthauer 419 

et al., 2008). The relatively high activity and growth as well as the related intensive 420 

biomass formation require a highly active TCA cycle. At the same time, the demand for 421 

biomass building blocks, some of which can be withdrawn from the TCA cycle, is also 422 

high. Thus, anaplerotic reactions have to be particularly active in this phase, resulting in 423 

high label incorporation into aspartate (Feisthauer et al., 2008; Nowak et al., 2011). 424 

Thereafter, from 30 to 120 days, when substrates get exhausted, the metabolism slows 425 

down. During this phase, the TCA cycle is less active and the demand for new biomass 426 



components is lower. At this late phase of the incubation, bacterial biomass residues are 427 

turned over for preservation of C rather than energy. As a result, the label is preferentially 428 

incorporated into amino acids synthesized from pyruvate as a precursor, i.e. alanine and 429 

valine, during this phase.  430 

 431 

5. Summary and Conclusions 432 

Tracing the 13C derived from labelled E. coli biomass residues (representative for 433 

Gram-negative bacteria) through amino acids and amino sugars is a prerequisite for 434 

understanding the turnover of microbial cell components and can be used to identify the 435 

mechanism for stabilization of Gram-negative bacterial biomass-derived C in SOM. In 436 

our experiment, we observed that amino sugars are relatively stable biomarkers 437 

compared to amino acids. As we expected, the ratio of 13C-F-GluN/ 13C-MurA 438 

significantly increased during the first 14 days and then remained relatively stable until 439 

the end of the experiment. This suggests that turnover of bacterial biomass residue-440 

derived C is accompanied by a continuous transfer of bacterial-derived C to fungal 441 

biomass and its residues. We also observed specific shifts in the 13C-amino acid pattern 442 

during turnover of bacterial-derived 13C. These shifts in the label distribution provide a 443 

detailed view on shifts in the activity of the TCA cycle and its related metabolism. 444 

During the initial incubation period, glyoxylate is converted directly into glycine within 445 

the glyoxylate cycle. Then, during the most active metabolism from day 7 to day 30, 446 

biomass synthesis requires strong anabolic reactions based on the (unlabelled) SOM 447 

resources. In the late phase, the metabolism slows down, as does the TCA cycle. In this 448 

phase, bacterial biomass residues are turned over for preservation of C rather than energy 449 

at the late phase of the incubation. These findings should be taken into account for the 450 

development and refinements of soil C models as they provide theoretical support for a 451 

comprehensive understanding of soil C accumulation with microbial mediation.  452 

Our study thus strongly suggests that bacterial biomass residue-derived C is largely 453 

transformed to fungal residues. This, however, opens the question of how fungal biomass 454 

residues are turned over in soil and how they contribute to the soil C cycle and SOM 455 

formation. Additional studies are also needed in order to investigate the effect of 456 

exogenous substrates additions on the turnover of both bacterial and fungal biomass 457 

residues, and on how we can better disentangle the partially overlapping cycles of 458 

bacterial and fungal necromass in soil.  459 
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Figure Legends 613 

 614 

Fig. 1. Absolute abundance of total amino sugars (A) and percentage of total amino 615 

sugars (B), as well as absolute abundances of 13C-amino sugars (C) and percentage of 616 

13C-amino sugar (D) during incubation. GluN, glucosamine; MurA, muramic acid; GalN, 617 

galactosamine. Error bars represent standard errors. Different letters denote significant 618 

differences between sampling times (P < 0.05). 619 

 620 

Fig. 2. Ratio 13C-F-GluN to 13C-MurA during incubation. GluN, glucosamine; MurA, 621 

muramic acid. Error bars represent standard errors. Different letters denote significant 622 

differences between incubation times (P < 0.05). 623 

 624 

Fig. 3. Absolute abundance of total amino acids (A) and percentage of total amino acids 625 

(B), as well as absolute abundance of 13C-amino acids (C) and percentage of 13C-amino 626 

acids (D) during incubation time. Error bars represent standard errors. Different letters 627 

denote significant differences between incubation time (P < 0.05). 628 

 629 

Fig. 4. Simplified conceptual model indicating the shifts of the central metabolism as 630 

indicated by shifts in 13C-amino acid distribution over incubation time. Orange 631 

background indicates increased 13C-amino acid percentage; blue background indicates 632 

decreased 13C-amino acid percentage. The green lines indicated the potentially dominant 633 

pathway in each phase according to the observed shifts in 13C-amino acid abundances. 634 
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 643 

Fig.1. Absolute abundance of total amino sugars (A) and percentage of total amino 644 

sugars (B), as well as absolute abundances of 13C-amino sugars (C) and percentage of 645 

13C-amino sugar (D) during incubation. GluN, glucosamine; MurA, muramic acid; GalN, 646 

galactosamine. Error bars represent standard errors. Different letters denote significant 647 

differences between sampling times (P < 0.05). 648 
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  660 

Fig.2. Ratio 13C-F-GluN to 13C-MurA during incubation. GluN, glucosamine; MurA, 661 

muramic acid. Error bars represent standard errors. Different letters denote significant 662 

differences between incubation times (P < 0.05). 663 
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 677 

Fig.3. Absolute abundance of total amino acids (A) and percentage of total amino acids 678 

(B), as well as absolute abundance of 13C-amino acids (C) and percentage of 13C-amino 679 

acids (D) during incubation time [Lys (Lysin), Phe (Phenylalanine), Glu (Glutamat), Asp 680 

(Aspartat), Pro (Proline), Iso (Isoieucine), Leu (Leucine), Val (Valine), Gly (Glycine), 681 

Ala (Alanine)]. Error bars represent standard errors. Different letters denote significant 682 

differences between incubation time (P < 0.05). 683 
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 693 

Fig. 4. Simplified conceptual model indicating the shifts of the central metabolism as indicated by shifts in 13C-amino acid distribution over 694 

incubation time. Orange background indicates increased 13C-amino acid percentage; blue background indicates decreased 13C-amino acid 695 

percentage [Lys (Lysin), Phe (Phenylalanine), Glu (Glutamat), Asp (Aspartat), Pro (Proline), Iso (Isoieucine), Leu (Leucine), Val (Valine), Gly 696 

(Glycine), Ala (Alanine), Aspa (Asparagine), Met (Methionine), Thr (Threonine)]. TCA: tricarboxylic acid cycle, GC: glyoxylate cycle. The green 697 

line indicated the potentially dominant pathway in each phase according to the observed shifts in 13C-amino acid abundances. 698 
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