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Abstract 15 

The concept of microbial biomass growth is central to microbial carbon (C) cycling and ecosystem 16 

nutrient turnover. Growth is usually assumed to occur by cellular replication, despite 17 

microorganisms’ capacity to increase biomass by synthesizing storage compounds. Here we 18 

examined whether C storage in triacylglycerides (TAGs) and polyhydroxybutyrate (PHB) contribute 19 

significantly to microbial biomass growth, under contrasting conditions of C availability and 20 

complementary nutrient supply. Together these compounds accounted for 19.1 ± 1.7% to 46.4 ± 21 

8.0% of extractable soil microbial biomass, and revealed up to 279 ± 72% more biomass growth than 22 

observed by a DNA-based method alone. Even under C limitation, storage represented an additional 23 

16 – 96% incorporation of added C into microbial biomass. These findings encourage greater 24 

recognition of storage synthesis and degradation as key pathways of biomass change and as 25 

mechanisms underlying resistance and resilience of microbial communities. 26 

 27 

 28 
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1 Introduction 29 

Microbial assimilation of organic resources is a central process in most ecosystems. Soil 30 

heterotrophs perform key steps in terrestrial carbon (C) and nutrient cycles, yet how 31 

microorganisms use the available organic resources and regulate their allocation to competing 32 

metabolic demands remains a subject of research and debate1–3. Microbial assimilation of organic C 33 

is often conceptualized as “biomass growth”, which is typically envisioned as an increase in microbial 34 

abundance, i.e. replicative growth. However, many microorganisms are capable of storage, defined 35 

as the accumulation of chemical resources in particular forms or compartments to secure their 36 

availability for future use. Various microbial storage compounds are known, including 37 

polyhydroxybutyrate (PHB) and triacylglycerides (TAGs)4,5. PHB storage is only known among 38 

bacteria, while TAGs are used by both bacteria and fungi6. Accumulation of storage compounds 39 

corresponds to an increase in microbial biomass without replication, and therefore represents an 40 

alternative pathway for growth that is not usually considered in the C cycle.  41 

Conventional methods for measuring soil microbial biomass either require extraction into aqueous 42 

solution after chloroform fumigation7, thereby excluding hydrophobic storage in PHB and TAGs, or 43 

measure biomass proxies such as cell membrane lipids or substrate-induced respiration that are not 44 

proportional to storage8,9. This potential shortcoming is shared with more recent DNA-based 45 

measures of microbial growth10,11. Biosynthesis of PHB has been demonstrated by compound-46 

specific measurement in soil12 and TAGs in marine and soil systems show responsiveness to resource 47 

supply consistent with a C-storage function13,14. Since “biomass growth” is a cornerstone concept at 48 

scales from local ecological stoichiometry to microbially-explicit Earth system models15,16, there is a 49 

need to assess how severely the omission of storage may bias our understanding of carbon 50 

assimilation and utilisation.  51 

Interpretation of storage patterns is facilitated by distinguishing two storage modes, which 52 

represent the end-members on a gradient of storage strategies6,17. Surplus storage is the 53 

accumulation of resources that are available in excess of immediate needs, at little to no opportunity 54 

cost, while reserve storage accumulates limited resources at the cost of other metabolic functions. 55 

Surplus storage of C would be predicted under conditions of C oversupply, when replicative growth 56 

is constrained by other factors such as nutrient limitation. Reserve storage, on the other hand, 57 

predicts that storage may also occur under C-limited conditions. Evidence assembled from pure 58 

culture studies confirms the operation of both storage modes among microorganisms6,18–20. Here we 59 

experimentally investigate the importance of microbial storage in soil, and show how storage 60 
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responses to resource supply and stoichiometry can advance our understanding of resource 61 

allocation and microbial biomass growth. We hypothesized as follows: 62 

1) Microbial storage compounds account for a substantial proportion of soil microbial biomass 63 

under C-replete, nutrient-limited conditions. 64 

2) Due to low opportunity costs, surplus storage is likely to be quantitatively more significant at 65 

the community scale. Therefore, complementary nutrients will suppress storage compound 66 

accumulation in favour of replicative growth. 67 

3) Microbial biomass growth is substantially underestimated by neglecting intracellular 68 

storage. 69 

Soil microcosms were incubated under controlled conditions, with C availability manipulated 70 

through additions of isotopically labelled (13C and 14C) glucose, which is a common component of 71 

plant root exudates and the most abundant product of plant-derived organic matter 72 

decomposition21. Nutrient supply (N, P, K and S) was manipulated by adding inorganic fertilizers 73 

common in agriculture. A fully crossed design included three levels of C addition (zero-C, low-C and 74 

high-C; 0, 90 and 400 µg C/g soil) and two levels of nutrient supply (no-nutrient and nutrient-75 

supplemented) with nutrients supplemented at a level predicted to enable full C assimilation under 76 

the high-C treatment. CO2 efflux was monitored at regular intervals and microcosms were harvested 77 

after 24 and 96 hours to determine microbial biomass (by chloroform fumigation-extraction), 78 

dissolved organic carbon (DOC), dissolved nitrogen (DN) and the storage compounds PHB and TAGs. 79 

In parallel, a set of smaller microcosms (0.5 g soil) was incubated under otherwise identical 80 

conditions to measure microbial growth as the incorporation of 18O from H2
18O into DNA11. This 81 

method measures the turnover of the microbial population and therefore captures replicative 82 

growth better than tracing of specific C substrates3. Together these form the first integrated 83 

observations of heterotrophic microbial biomass, growth and storage in a natural microbiome, 84 

revealing the importance of storage as a resource-use strategy in response to environmental 85 

resource supply and element stoichiometry. 86 

 87 

2 Results and discussion 88 

2.1 Microbial nutrient status and CO2 efflux 89 

Patterns of soil respiration were in general agreement with past studies of low-molecular weight 90 

organic substance utilization in soil22–24, and provide interpretive insight into the resource 91 

constraints during storage compound synthesis and degradation. 92 
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Glucose addition stimulated large increases in CO2 efflux (Figure 1), primarily derived from glucose 93 

mineralization (Figure 1, inset). Nutrient supplementation barely affected CO2 efflux rates from the 94 

zero- or low-C additions and for none of these treatments was N availability (measured as dissolved 95 

nitrogen) significantly reduced relative to the control at 24 h (Supplementary Figure S1). Thus, C 96 

limitation dominated in the zero- and low-C treatments throughout the experimental period, 97 

irrespective of nutrient additions. 98 

With high-C addition, CO2 efflux rates under the two nutrient levels diverged strongly after 12 hours, 99 

with the no-nutrient treatment declining steadily from 12 h until the end of the experiment. This 100 

early decline in mineralization was consistent with the onset of nutrient limitation, after microbial 101 

growth on the added glucose had depleted easily available soil nutrients (Supplementary Figure S2). 102 

This depletion was reflected in suppressed dissolved nitrogen after 24 h, with only 35.8 – 62.5% of 103 

the zero-C, no-nutrient control (family-wise 95% confidence interval; Supplementary Figure S1) and 104 

a further decline to 96 h. Nutrient limitation was accompanied by an accumulation of highly-labelled 105 

DOC at 24 h in the soil solution, reflecting unused glucose or soluble by-products in an amount 19.6 106 

± 2.1% of the original C addition (mean ± standard deviation; Supplementary Figure S3). High C 107 

addition without supplementary nutrients resulted in rapid mineralization at first, but nutrient 108 

limitation set in within 12 hours and continued for the remaining experimental period. 109 

Nutrient addition had a strong effect in combination with high-C supply: it accelerated glucose 110 

mineralization until 24 hours after addition (Figure 1), after which CO2 efflux dropped precipitously 111 

to below that of the high-C, no-nutrient treatment. Dissolved N decreased only moderately over 24 h 112 

(56.2 – 97.9% of control, despite the added nutrients). DOC at 24 h was far lower than in the 113 

absence of added nutrients, with no further change to 96 h, despite higher N availability (Cohen’s d 114 

>> 1, family-wise p < 0.001 for both), indicating that the microbial community had depleted the 115 

added C and re-entered C-limited conditions. Therefore, high C addition with supplementary 116 

nutrients maintained rapid C mineralization through the first 24 hours, but glucose depletion then 117 

reasserted C-limitation for the rest of the experimental period. 118 

 119 
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 120 

Figure 1: Time-series of the CO2 efflux from soil microcosms following addition of a readily 121 
degradable 13C-labelled carbon source (glucose at 0, 90 and 400 µg C g-1 soil) with or without mineral 122 
nutrient supply (N, P , K, S). Inset shows only CO2 derived from the added glucose in µg C g-1 h-1. Each 123 
point plots the average rate of CO2 efflux at the mid-point of the sampling interval, with error bars 124 
showing standard deviation (n = 4). 125 

 126 

2.2 Presence and synthesis of microbial storage compounds 127 

PHB and TAGs were both found in the control soil (zero-C, no nutrients after 24 h; Figure 2, A&C), 128 

together representing a pool 24.7 ± 2.5% (mean ± standard deviation) as large as the extractable 129 

microbial biomass (Figure S2). This ratio ranged from 19.1 ± 1.7% to 46.4 ± 8.0% over all treatments, 130 

indicating that storage is a significant pool of biomass not only under C-replete conditions, as 131 

hypothesized, but even when C availability is limited. Storage equivalent to a substantial proportion 132 

of biomass offers a resource for regrowth following disturbance, indicating a potential role of 133 

storage in supporting resilience of this soil microbial community. Furthermore, most common 134 

measures of soil microbial biomass rely on proxies such as soluble carbon after chloroform 135 

fumigation, which do not capture this biomass component. This suggest that microbial biomass C 136 

may be widely underestimated in soil.  137 

The two storage compounds were both responsive to the supply of C and complementary nutrients, 138 

but with very different behaviours. At both timepoints, the low input of C stimulated only a 139 

moderate increase in total PHB, irrespective of nutrient supply. In contrast, high C input stimulated a 140 

large increase in PHB, particularly when not supplemented with nutrients (a 308% increase over 141 

control at 96 h, with Hodges-Lehmann median difference of 36.0 – 42.9 µg C g-1). Nutrient supply 142 
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significantly suppressed PHB storage, even in the absence of added C (nutrient main effect, robust 143 

ANOVA of medians 24 h: F(1,∞) = 35, p < 0.001; 96 h: F(1,∞) = 275, p  <0.001). Assimilation of glucose C 144 

into new PHB continued between 24 and 96 h under the nutrient-limited conditions of the high-C, 145 

no-nutrient treatment (Hodges-Lehmann median difference of 10.2 – 13.3 µg C g-1, 95% confidence 146 

interval), while in contrast the increasing C limitation of the high-C, nutrient-supplemented 147 

treatment after 24 h induced degradation of PHB during this late incubation period (median 148 

reduction of 2.7 – 8.6 µg C g-1). The PHB storage pool therefore responded dynamically to shifts in 149 

resource stoichiometry on a timescale of hours to days, with changes as expected from a surplus 150 

storage strategy. Dynamic build-up of storage under conditions of surplus and mobilisation under 151 

scarcity mirrors diurnal storage oscillations observed in the ocean14 as well as patterns described in 152 

pure culture25. This study provides the first confirmation of such microbial storage dynamics in a 153 

terrestrial ecosystem. At the end of the incubation, stored C was sufficient to completely support 154 

basal respiration for 109 – 347 h (depending on the treatment), which could be a crucial resource for 155 

withstanding starvation or other stress.  Much longer periods would be envisaged if accompanied by 156 

strong downregulation of energy use in response to the stress26. Thus, the resource buffer provided 157 

by storage could help microorganisms in terrestrial ecosystems overcome resource fluctuations and 158 

support short-term resistance against environmental disturbance6. 159 

 160 

24 hours 96 hours 

  

A B 
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 161 

Figure 2: Storage compounds PHB (above, A, B) and TAGs (below, C, D) in soil following addition of a 162 
readily degradable, 13C-labelled carbon source (glucose at 0, 90 and 400 µg C g-1 soil) with or without 163 
mineral nutrient supply (N, P, K, S). Soil was sampled after 24 h (left) and 96 h (right). The source of 164 
the stored C is shown in contrasting colours as determined by isotopic composition, with uncertainty 165 
in relative composition shown as shading of the colours around the mean of composition (shading 166 
corresponds to +/- standard deviation, n = 4 , except for 1 treatment in each of TAGs and PHB where 167 
n = 3). 168 

 169 

Storage of TAGs was enhanced by C input (Figure 2, C&D), but its response to resource stoichiometry 170 

differed greatly from PHB. Over 24 h, nutrient supplementation stimulated more TAG accumulation, 171 

rather than suppressing it (main nutrient effect F(1,∞) = 10.8, p = 0.001 and nutrient:glucose 172 

interactions between zero-C and the two C-supplemented treatments, both p < 0.01), while over 96 173 

h nutrient supply had little effect with C addition and increased TAGs when C was not added (95% 174 

confidence interval for median difference 0.5 – 4.7 µg C g-1). The TAG response to C and nutrient 175 

supply over 96 h resembled changes in extractable microbial biomass (Supplementary Figure S2), 176 

which was increased by C supply but not significantly enhanced by nutrients (ANOVA main effect of 177 

C supply at 96 h: F(2,17) = 8.0, p = 0.003). Therefore, unlike PHB, TAG synthesis was not stimulated by 178 

a stoichiometric surplus of available C, suggesting a reserve storage function for this compound. 179 

Notably, the relative allocation of glucose C between PHB and TAG remained relatively constant 180 

(glucose-derived PHB:TAG ranged 7.0 – 11.5 across all treatments) because the C source used for 181 

TAG biosynthesis varied more strongly than total TAG levels in response to C supply. This 182 

corroborates a reserve storage function of TAG, with total storage synthesis regulated independently 183 

of C supply and drawing on whichever C resources are available, whether glucose- or soil-derived. 184 

C D 
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 185 

A reserve storage role for TAG contrasts with an earlier report that fungal TAG accumulation in a 186 

forest soil was largely eliminated by complementary nutrient supply13, with the difference possibly 187 

attributable to the much higher amounts of C provided in that experiment (16 mg glucose-C g-1). In 188 

our experiment C was traced into both bacterial (16:1ω7) and fungal (18:2ω6,9) TAGs 189 

(Supplementary material Figures S4, S5 and S6). The fungal biomarker 18:2ω6,9 was only a minor 190 

contributor to TAG incorporation in the current experiment, yet even this fungal TAG was not 191 

suppressed by nutrient addition. Our results indicate that both fungi and bacteria employed TAGs as 192 

a reserve storage form, with overall levels of TAG storage more closely linked to replicative growth 193 

than to resource stoichiometry. 194 

 195 

In summary, the response of PHB storage to different C and nutrient conditions was largely 196 

consistent with the hypothesized surplus storage mode. In contrast, patterns of TAG storage were 197 

better characterized by the reserve storage mode. Since some bacterial taxa can utilize both PHB 198 

and TAGs27,28, the question arises whether these compounds fulfil different storage functions in 199 

individual organisms, or whether the different responses emerge at a community scale, with each 200 

compound consistently preferred by a different set of microbial taxa, following divergent storage 201 

strategies. In the latter case, storage traits may prove useful contributions to microbial trait-based 202 

frameworks as proxies of an organism’s resource allocation strategy. 203 

 204 

2.3 Microbial storage as a component of biomass growth 205 

The incorporation of C into soil microbial biomass is an essential step in the terrestrial C cycle, and 206 

appropriate estimates of these flows are required for C modelling and environmental management. 207 

We performed a parallel experiment to measure microbial growth using 18O incorporation into 208 

DNA11. This method is calibrated to units of carbon content based on extractable biomass from the 209 

chloroform fumigation-extraction method, and therefore does not capture hydrophobic PHB or TAG 210 

storage. We compared the 18O-based measure of growth with the net incorporation of isotopically 211 

labelled glucose carbon into storage compounds (Figure 3). This provides a comparison of magnitude 212 

using a lower bound for storage synthesis by neglecting the biosynthesis of storage from other C 213 

sources and any degradation of labelled storage prior to measurement. Furthermore, only two 214 

storage forms were measured here, whereas other microbial storage compounds are also known6. 215 

Storage comprised up to 279 ± 72% more biomass growth than observed by the DNA-based method 216 
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(mean ± standard deviation for the high-C, no-nutrient treatment at 24 h, Figure 3A). Even under 217 

conditions of C limitation, this storage growth represented an additional 16 – 96% incorporation of C 218 

into biomass. Intracellular storage evidently plays a quantitatively significant role in microbial 219 

assimilation of C under a broad range of stoichiometric conditions, and biomass growth would be 220 

substantially underestimated by neglecting storage. As microbial growth is a central variable in 221 

microbially-explicit models of the carbon cycle29, the substantial scale of storage also encourages a 222 

reassessment of model inputs and interpretation of results wherever short-term measurements or 223 

dynamic changes are involved. 224 

 225 

24 hours 96 hours 

  

Figure 3: Conservative estimation of new storage biosynthesis in comparison to DNA-based 226 
microbial growth reveals storage as a substantial, overlooked component of biomass growth in soil. 227 
Here 13C-labelled storage compound synthesis (PHB and TAGs) and DNA-based growth 228 
(incorporation of 18O) were measured in soil over 24 (A) and 96 hours (B) following addition of a 229 
readily degradable, 13C-labelled carbon source (glucose at 0, 90 and 400 µg C g-1 soil) with or without 230 
mineral nutrient supply (N, P, K, S). Error bars represent standard deviations in each component of 231 
the stacked bar (n = 4). 232 

 233 

“Microbial biomass growth” is frequently understood as synonymous with an increase in individuals, 234 

in other words, the replicative growth of microbial populations. However, the incorporation of C into 235 

storage compounds represents an alternative growth pathway (Figure 4), which differs from 236 

replicative growth in crucial ways. Models of microbial growth typically assume that increases in 237 

biomass match the elemental stoichiometry of the total biomass (the assumption of stoichiometric 238 

homeostasis30), and therefore implement overflow respiration of excess C under conditions of C 239 

A B 
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surplus31. However, substantial incorporation of C into otherwise nutrient-free PHB and TAG clearly 240 

does not follow whole-organism stoichiometry. Growth in storage therefore increases total biomass 241 

under stoichiometrically unbalanced conditions. The short experimental timeframe here is 242 

representative of environmental resource pulse and depletion processes, such as the arrival of a 243 

root tip in a particular soil volume or death and decay of a nearby organism. Storage provides 244 

stoichiometric buffering during such transient resource pulses, which is predicted to increase C and 245 

N retention over the longer term32. By enhancing the efficiency with which microbes incorporate 246 

transient resource pulses and supporting metabolic activity through periods of resource scarcity, 247 

storage can contribute to resistance and resilience of microbial communities facing environmental 248 

disturbances. 249 

 250 

 251 

Figure 4: Intracellular storage represents an alternative pathway for growth of microbial biomass, 252 
which can be quantitatively substantial but is usually omitted from contemporary discussions. In this 253 
conceptual figure the y-coordinates and radii of the pie charts reflect the measured incorporation of 254 
added C into storage, with pie chart colours showing the contributions of PHB and TAG (× for zero-C 255 
treatments). A microbial population is shown schematically by bacterial cells, with yellow lipid 256 
inclusion bodies representing storage. Without C supply, only low levels of replicative growth occur 257 
(A). Low C additions (with ample nutrients) stimulate replicative growth and limited C incorporation 258 
into storage (B), with proportions of new storage and non-storage biomass staying close to those 259 
predicted by an assumption of constant biomass stoichiometry (dashed line to the right). High C 260 
addition with complementary nutrients stimulates both strong replicative growth as well as 261 
disproportionately large storage synthesis (C) moderately violating the stoichiometric assumption. 262 
However, nutrient limitation switches growth strongly towards storage (D), incorporating C into 263 
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biomass without proportionate replicative growth. Replicative growth was measured as 18O 264 
incorporation into DNA (see also Figure 3).  265 

 266 

These findings encourage greater recognition of storage synthesis and degradation as pathways of 267 

microbial biomass change in natural communities, in addition to cellular replication. Accounting for 268 

microbial storage as a key ecophysiological strategy can enrich our understanding of microbial 269 

resource use and its quantitative contribution to global biogeochemical cycles. 270 

 271 

3 Methods 272 

3.1 Experimental design 273 

Topsoil (0 – 25 cm) was collected in November 2019 from the Reinshof experimental farm near 274 

Göttingen, Germany (51°29'51.0" N, 9°55'59.0" E) following an oat crop. Five samples along a field 275 

transect were mixed to provide a single homogenized soil sample. The soil was a Haplic Luvisol, pH 276 

5.4 (CaCl2), Corg 1.4%33. Soil was stored at 4°C prior to sieving (2 mm) and then distributed into 277 

airtight 100 mL microcosms in laboratory bottles with the equivalent of 25 g dry soil at 48% of water 278 

holding capacity (WHC). Four replicates were prepared for each treatment and sampling timepoint. 279 

Microcosms were placed in a climate-controlled room at 15°C and preincubated for one week before 280 

adding treatment solutions. 281 

Treatment solutions provided glucose as a C source (0, 90 or 400 µg C/g soil) in a fully crossed design 282 

with added nutrients (combined (NH4)2SO4 and KH2PO4) or a no-nutrient control. Glucose treatments 283 

contained uniformly isotopically labelled glucose (3 atom% 13C and 0.19 kBq 14C per microcosm, 284 

respectively from Sigma-Aldrich, Munich, Germany and from American Radiolabelled Chemicals, 285 

Saint Louis, U.S.A.). The N and P addition was set to be sufficient for the complete utilisation of the C 286 

in the high glucose treatment, assuming a C:N:P ratio of 38:5:1 for an agricultural microbial 287 

community34 and a C-use efficiency of 50%35. Addition of the treatment solutions raised the soil 288 

moisture to 70% of WHC, after which the microcosms were sealed with air-tight butyl rubber septa 289 

and their headspace flushed with CO2-free synthetic air. Headspace gas was sampled with a 30 mL 290 

gas syringe at regular intervals and collected in evacuated exetainers (Labco, Ceredigion, U.K.) for 291 

measurement by gas chromatography – isotope ratio mass spectrometry (GC-Box coupled via a 292 

Conflo III interface to a Delta plus XP mass spectrometer, all Thermo Fischer, Bremen, Germany). 293 

After gas sampling, the headspace in each microcosm was again flushed with CO2-free air. 294 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted July 1, 2022. ; https://doi.org/10.1101/2022.06.28.497677doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.28.497677
http://creativecommons.org/licenses/by-nc-nd/4.0/


 12 

Microcosms were harvested 24 and 96 hours after application of the treatment solutions. The soil in 295 

each microcosm was thoroughly mixed by hand for 30 sec and subsampled for chemical analysis. 296 

 297 

3.2 Chemical analysis 298 

Extractable microbial biomass was measured by chloroform fumigation extraction 7,36. Two 5 g 299 

subsamples of moist soil were taken from each microcosm. One was immediately extracted by 300 

shaking in 20 mL of 0.05 M K2SO4 for 1 hour at room temperature, then centrifuged and the 301 

supernatant filtered. The other was exposed to a chloroform-saturated atmosphere for 24 hours, 302 

after which residual chloroform was removed by repeated evacuation and the fumigated soil was 303 

extracted in the same manner as the non-fumigated subsample. Extractable MBC was calculated as 304 

the difference in DOC between the fumigated and non-fumigated samples, measured on a Multi N/C 305 

2100S analyser (Analytik Jena, Jena, Germany). Glucose-derived MBC was similarly calculated from 306 

the difference in radioactivity (14C) of the extracts as measured on a Hidex 300 SL scintillation 307 

counter (TDCR efficiency correction, Hidex, Turku, Finland) using Rotiszint Eco Plus scintillation 308 

cocktail (Carl Roth, Karlsruhe, Germany). Dissolved nitrogen was determined as total nitrogen in the 309 

extracts of the unfumigated soil. 310 

PHB was determined by the method of Mason-Jones et al.12, using Soxhlet extraction into 311 

chloroform followed by acid-catalysed transesterification in ethanol and GC-MS quantification of the 312 

resulting ethyl hydroxybutyrate on a 7890A gas chromatograph (DB1‐MS column, 100% dimethyl 313 

polysiloxane, 15 m long, inner diameter 0.25 mm, film thickness 0.25 μm), with helium (5.0) as the 314 

mobile phase at a flow rate of 1 mL min-1, coupled to a 7000A triple quadrupole mass spectrometer 315 

(all Agilent, Waldbronn, Germany). Injection volume was 1 μL at an inlet temperature of 270°C and 316 

split ratio of 25:1. The GC temperature was: 42°C isothermal for 7 min; ramped to 77°C at 5°C min-1; 317 

then to 155°C at 15°C min-1; held for 15 min; and the ramped to 200°C at 10°C min-1. The transfer 318 

line temperature was 280°C, with electron ionization at 70 eV. Quantification was based on ions at 319 

m/z 43, 60 and 87 for the ethyl 3‐hydroxybutyrate analyte, and at m/z 57, 71 and 85 for the 320 

undecane internal standard. Identity and purity of peaks was confirmed by scan measurement 321 

across the range m/z 40 to 300. The same chromatographic conditions were used for determination 322 

of the PHB isotopic composition on a Thermo GC Isolink coupled with a Conflo IV interface to a MAT 323 

253 isotope ratio mass spectrometer (all Thermo Fisher, Bremen, Germany), but with splitless 324 

injection. The measured isotopic compositions were corrected for carbon added in derivatization 325 

according Glaser and Amelung 37. 326 
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TAGs were extracted using established protocols for neutral and phospholipid analysis in soil 38, 327 

according to which lipids were first extracted from frozen soil into a single-phase chloroform-328 

methanol-water solution, purified by solvent extraction, and neutral lipids separated from more 329 

polar lipids on a silica solid-phase extraction column. Following removal of the solvent by 330 

evaporation, the purified TAGs were hydrolyzed (0.5 M NaOH in MeOH, 10 minutes at 100°C) and 331 

methylated (12.5 M BF3 in MeOH, 15 minutes at 85°C), followed by extraction into hexane, drying 332 

and redissolution in toluene. The resulting fatty acid methyl esters were quantified by GC-MS on a 333 

7890A gas chromatograph (DB-5 MS column, 5%-phenyl methylpolysiloxane, 30 m coupled to a DB1‐334 

MS 15m long, both with an inner diameter 0.25 mm and film thickness 0.25 μm) with an injection 335 

volume of 1 µl into the splitless inlet heated to 270°C, and at a constant flow of He (4.6) of 1.2 mL 336 

min-1, coupled to a 5977B series mass spectrometer (Agilent, Waldbronn, Germany), set to 70 eV 337 

electron impact energy, with the GC oven programme as follows: initial temperature 80°C 338 

isothermal for 1 min, ramped at 10°C min1 to 171°C, ramped at 0.7°C min1 to 196°C isothermal for 4 339 

min, ramped at 0.5°C to 206°C, and ramped at 10°C min1 to the final temperature of 300°C, 340 

isothermal for 10 min for column reconditioning. Isotopic composition was determined in triplicate 341 

using a Trace GC 2000 (CE Instruments ThermoQuest Italia, S.p.A), coupled with a Combustion 342 

Interface III to a DeltaPlus isotope-ratio mass spectrometer (Thermo Finnigan, Bremen, Germany) 343 

using the same dimensions and parameters with splitless injection. 344 

Growth was estimated by 18O incorporation into DNA10,11. Parallel microcosms were prepared with 345 

0.50 g soil in 2 mL Eppendorf tubes (Eppendorf, Hamburg, Germany) and incubated alongside the 346 

larger microcosms. Treatment solutions were prepared at the same concentrations as for the larger 347 

microcosms, but enriched with 97 atom% H2
18O so that addition provided a final soil solution of 4.2 348 

atom% 18O. Tubes were withdrawn from incubation 24 h and 96 h after addition and immediately 349 

frozen at -80°C. DNA was subsequently extracted using MP Bio FastDNA Spin Kit for Soil (MP 350 

Biomedicals, Solon, OH, USA), following the manufacturer’s recommendations. DNA concentration in 351 

the extract was measured on an Implen MP80 nanophotometer (Implen, Munich, Germany) at 260 352 

nm, with A260/280 and A260/A230 to confirm quality, and 50 µL was pipetted into silver capsules, 353 

freeze dried, and measured by TC/EA (Thermo Finnigan, Bremen, Germany) coupled with a Conflo III 354 

interface to a Delta V Plus isotope ratio mass spectrometer (all Thermo Finnigan, Bremen, Germany). 355 

The total measured O content of the sample, the O content of the DNA (31 % by mass), and the 18O 356 

natural abundance of unlabelled control samples were used to calculate the background 18O from 357 

the kit. This background 18O was deducted to obtain 18O abundance of the DNA, which was applied in 358 

a 2-pool mixing model with 70% of O in new DNA derived from water39. This provided the fraction of 359 
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extracted DNA that had been newly synthesized during the incubation period. This fraction was 360 

multiplied by extractable microbial biomass to arrive at gross biomass growth in units of µg C g-1 soil. 361 

 362 

3.3 Statistical analysis 363 

Statistical analysis was performed in R40. Dissolved nitrogen and DOC data was log-transformed to 364 

satisfy assumptions for ANOVA (Shapiro-Wilk’s test of normality and Levene’s test for homogeneity 365 

of variance), followed by Tukey’s HSD test for pairwise comparisons of treatment effects. Where 366 

relevant, effect sizes were computed as Cohen’s d, using the effsize package41. The same analysis 367 

was performed on untransformed extractable microbial biomass data.  368 

Levels of labelled storage compounds showed considerable heteroskedasticity that could not be 369 

consistently corrected by transformation, particularly due to very high levels of unsaturated fatty 370 

acids in one of the 24 h samples. This conceivably reflected a hotspot of fungal activity in the soil. 371 

This datapoint was therefore conservatively retained since this would comprise relevant variability in 372 

the soil. Analysis of storage compounds proceeded by robust ANOVA of medians for each timepoint 373 

separately using the R package WRS242. Pairwise tests of median differences in storage (2-sided) 374 

were calculated as 95% confidence intervals using the Hodges-Lehmann estimator (R package 375 

DescTools43). 376 

Growth estimation by 18O incorporation used DNA concentration and its 18O enrichment to 377 

determine mean gross microbial growth for each treatment in relative terms. The corresponding 378 

mean extractable microbial biomass values were applied to convert to absolute units of µg C, using 379 

standard rules of error propagation44. 380 

Results are presented as mean ± standard deviation unless otherwise noted. 381 
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