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Globally, the process of atmospheric nitrogen (N2) fixation by free-living diazotrophs in soils contributes
significantly to the soil N supply, yet the understanding of its driving factors, particularly the role of energy
availability, is limited. In this study, we explored how two different energy sources, an artificial carbon input,
simulating highly bioavailable root exudates, and a natural gradient in soil organic matter that requires
decomposition, affect Ny fixation by free-living diazotrophs and soil microbial community functions through
microcosm °Ny incubation experiments. We analysed the incorporation of °N into soil and used mass spec-
trometry to determine microbial lipids, which serve as indicators of microbial community functions, via an
untargeted lipidomics approach. Our findings demonstrate a significant capacity for Ny fixation by free-living
diazotrophs, with a potential annual storage of 111 kg N per hectare. The addition of artificial exudates yiel-
ded an extra of 51 kg N ha~'y~!. This N, fixation was accompanied by a presumable N limitation in the microbial
community, as biomass growth favoured N-free lipids with an equal synthesis of storage (triacylglycerols) and
structural membrane lipids. While energy addition boosted N uptake particularly in soils with low organic
matter, in soils rich in organic matter, N uptake was naturally higher (an extra 20 kg N ha~'y™!), along with
increased levels of membrane-associated lipids, suggesting a larger microbial community. Our results imply that
enhanced root exudation, potentially driven by more productive plant communities, could mitigate the energy
constraints on free-living diazotrophic Nj fixation as part of a vital soil microbial community. These insights
support the development of sustainable agricultural practices that stimulate the capacity for Ny fixation by free-
living diazotrophs, aiming to maintain ecological balance by minimising N loss from fertilisation.

1. Introduction nutrient imbalances potentially limiting microbial growth responses
(Mason-Jones et al., 2023). To compensate, soil microorganisms have

In many ecosystems, plant productivity is constrained by the avail- developed strategies such as storing excess energy as lipids

ability of nitrogen (N) (Weber and Burow, 2018; Du et al., 2020), a
critical nutrient that plants cannot directly access from atmospheric N2
or decompose from soil organic matter (SOM) (Ashton et al., 2010;
Coskun et al., 2017). Instead, they rely on soil microorganisms to sym-
biotically fix atmospheric N3 or mineralise SOM, releasing
plant-available forms of N such as NH+* and NOs™ (Krapp, 2015; de
Bruijn, 2015; Coskun et al., 2017). Plants actively stimulate the miner-
alisation by releasing root exudates (Hiitsch et al., 2002), which provide
energy for SOM decomposition, enhancing microbial activity and
growth. However, the energy input into soil microorganisms can lead to
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(Mason-Jones et al., 2023), fixing atmospheric N via nitrogenase en-
zymes (Dynarski and Houlton, 2018), and altering their membrane
composition from N-containing to N-free lipids (Schubotz, 2019). So far,
our understanding of the interplay between the different compensation
mechanisms remains limited, and in particular the effects of free-living
nitrogen fixation (FLNF) and adaptations in the microbial lipid meta-
bolism are not well considered.

Received 26 June 2024; Received in revised form 11 February 2025; Accepted 13 February 2025

Available online 14 February 2025

0038-0717/© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0000-0002-8353-8708
https://orcid.org/0000-0002-8353-8708
https://orcid.org/0000-0001-6213-3982
https://orcid.org/0000-0001-6213-3982
https://orcid.org/0000-0002-8209-1334
https://orcid.org/0000-0002-8209-1334
https://orcid.org/0000-0002-9868-5954
https://orcid.org/0000-0002-9868-5954
https://orcid.org/0000-0003-0767-4430
https://orcid.org/0000-0003-0767-4430
https://orcid.org/0000-0002-8777-8004
https://orcid.org/0000-0002-8777-8004
https://orcid.org/0000-0002-2802-9177
https://orcid.org/0000-0002-2802-9177
https://orcid.org/0000-0002-4616-0953
https://orcid.org/0000-0002-4616-0953
mailto:gerd.gleixner@bgc-jena.mpg.de
www.sciencedirect.com/science/journal/00380717
https://www.elsevier.com/locate/soilbio
https://doi.org/10.1016/j.soilbio.2025.109748
https://doi.org/10.1016/j.soilbio.2025.109748
http://crossmark.crossref.org/dialog/?doi=10.1016/j.soilbio.2025.109748&domain=pdf
http://creativecommons.org/licenses/by/4.0/

G. Dittmann et al.
1.1. Free-living nitrogen fixation

Microbial N fixation is either performed by symbiotic bacteria (e.g.,
Rhizobia and Frankia sp.) that live in plant roots or by free-living
asymbiotic heterotrophic bacteria (e.g., Azotobacter sp.), autotrophic
archaea and bacteria (e.g., certain Cyanobacteria). The symbiotic fixa-
tion of Ny is a major research line (Poole et al., 2018), whereas the
fixation by free-living diazotrophs remains understudied. However,
free-living nitrogen fixation (FLNF) occurs worldwide and contributes
substantially to the global nitrogen fixation (Dynarski and Houlton,
2018), with estimated average N uptake rates between 1 and 15 kg N
ha~ly~! over diverse ecosystems and a range of 0.1-21 kg N ha 'y ! in
temperate grasslands (summarised in Reed et al., 2011). 15N2 incubation
experiments have proven to reproducibly estimate realised and potential
N, uptake by FLNF (Gupta et al., 2014; Smercina et al., 2019b; Scheibe
and Spohn, 2022) with potential uptake rates exceeding the realised
ones (Smercina et al., 2019b).

A significant limitation for FLNF are bioavailable carbon (C) sources
providing the essential energy for biological Ny fixation (de Bruijn,
2015). As a result, FLNF predominantly occurs in the rhizosphere, where
root exudates provide highly bioavailable C as an energy source
(Smercina et al., 2019a), and in hotspots of SOM decomposition (Reed
et al., 2011; Zheng et al., 2020). Therefore, increased plant root
exudation along with more diverse and productive plant communities
(Eisenhauer et al., 2017) may overcome energy constraints on FLNF.
However, these exudates also stimulate microorganisms that mineralise
SOM (Phillips et al., 2011; Meier et al., 2017), thereby increasing the
overall N availability (Lu et al., 2018) and potentially decreasing FLNF.
The complex interactions between the plant communities, soil proper-
ties and microbial functions, which influence both FLNF and SOM
mineralisation remain poorly understood in terms of their impact on
nutrient availability and ecosystem functioning. Consequently, it is still
uncertain whether FLNF can serve as a sustainable alternative to our
current N-fertiliser intensive agriculture (Lassaletta et al., 2014), which
exceeds the sustainable planetary boundary for N (Richardson et al.,
2023).

1.2. Microbial lipid metabolism

Microbial survival in complex environments depends on adjustable
cell membranes composed of diverse structural intact polar lipids (IPL).
IPL decay rapidly after cell lysis, making them markers for the living
microbial community (White et al., 1979; Sturt et al., 2004). A simul-
taneous increase of all IPLs indicates cellular growth and operates as a
proxy for microbial biomass (Schubotz et al., 2009). In general, IPL can
be categorised based on their N or P content (summarised in Sohlen-
kamp and Geiger, 2016; see also Semeniuk et al., 2014; Hines et al.,
2017; Ding et al., 2020). Aminlipids, such as betaine and ornithine lipids
(OL), contain N in their structure. Phospholipids either contain both P
and N (e.g., phosphatidylethanolamines (PE), phosphatidylcholines
(PC)), or only P (e.g., cardiolipins (CL), phosphatidylinositol (PI)).
Glycolipids, such as digalactosyl-diacylglycerols (DGDG) are P and
N-free. However, the microbial membrane lipid composition is not
static. For instance, certain bacteria and fungi, when grown under
phosphorus-(P)-limiting conditions, substitute their phospholipids with
non-phospholipids such as betaine lipids (Geiger et al., 2010; Riekhof
et al., 2014; Warren, 2020; Warren and Butler, 2024), ornithine lipids
(Vences-Guzman et al., 2012; Bale et al., 2021) or glycolipids (Bosak
et al., 2016) for survival. Comparable adaptations involving glycolipids
like DGDG occur in certain phototrophs under N limitation (Abida et al.,
2015; Degraeve-Guilbault et al., 2017). The effect of N limitation on the
membrane composition of non-phototrophs remains understudied
(reviewed in Schubotz, 2019). However, FLNF could overcome N limi-
tation on a community level as it is expected to be more important in low
fertile environments with low abundance of symbiotic N-fixers (Reed
et al., 2011).
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Non-polar lipids, such as C-rich triacylglycerols (TAG) and poly-
hydroxybutyrate (PHB) play key roles in microbial energy storage
(Mason-Jones et al., 2022) and account for considerable portions of the
total microbial biomass under both high and low C availability
(Mason-Jones et al., 2023). A recent study by Butler et al. (2023) found
increased microbial C allocation to neutral lipid fatty acids (NLFA,
derived from neutral lipids e.g., TAG) and PHB in infertile soils. In this
study, C allocation to PHB was associated primarily with
phosphate-limited bacteria with C surplus, C allocation to NLFA rather
with reserve storage in C-limited higher microorganisms such as fungi.
Potentially, similar dynamics drive the reported accumulation of TAG
under N limitation in certain bacteria (Scott and Finnerty, 1976; Alvarez
et al., 2000). In summary, the complex interplay between polar and
non-polar lipids offers profound insights into the adaptive strategies and
functional dynamics of microbial communities, particularly in response
to nutrient limitations and environmental complexities (Bale et al.,
2021; Couvillion et al., 2023; Zhang et al., 2023).

1.3. Hypothesis

In this study, we explored microbial community functioning in
relation to nutrient and energy availability focusing on the N acquisition
by free-living diazotrophs in relation to two distinct energy sources. We
used !°N, labelling to incubate soils with natural gradients of
degradation-requiring SOM in parallel with highly bioavailable artificial
root exudates. We investigated microbial community functions using
IPLs isolated from the soil. We hypothesise that (i) under low SOM
availability in less fertile soils, artificial root exudates will provide an
energy source for the soil microbial community, strongly stimulating N
fixation by diazotrophs. However, large parts of the microbial commu-
nity require transformation processes to access the de novo fixed N.
Therefore, (ii) we expect the bioavailable energy to cause microbial
growth primarily through N-free energy-storage (e.g., TAG) and N-free
membrane lipids (e.g., CL, PI, DGDG), indicating N limitation. In
contrast, without bioavailable root exudates as a preferential energy
source, free-living diazotrophs and the microbial community are
dependent on SOM mineralisation. Thus, (iii) natural organic matter-
rich soils support higher N-fixation and increased microbial biomass
through N and P holding structural IPLs, such as phospholipids (e.g., PC,
PE) and amino lipids (e.g., OL, betaine lipids).

2. Materials and methods
2.1. Study site and soil sampling

In our study, we used an Eutric Fluvisol from Jena, Germany
(50°57'04.1'N 11°37'14.3"E, alt. 130 m NN), in the floodplain of the
river Saale (FAO, 1997; Roscher et al., 2004), characterised by a strong
texture gradient. To account for this texture gradient, the experimental
site was arranged in four blocks of comparable soil texture (Table S1),
with a total of 80 grassland plots, 6 x 6 m in size. These grassland plots
provided a plant productivity gradient that was replicated in all blocks.
Since site establishment, plant productivity slowly compensated for
initial differences in SOM content due to the variations in soil texture
and properties (block). Moreover, the productivity gradient resulted in a
long-term gradient in SOM (Lange et al., 2015, 2023), ranging from 1.66
to 3.78% soil organic carbon (SOC) and from 0.12 to 0.33% total soil N.
Soil sampling took place between the end of May and the beginning of
June 2021. For each plot, we sampled soil from 0 to 5 cm of depths in
triplicates. We mixed these triplicates to account for the spatial het-
erogeneity in soils. In addition, we sorted out all visible roots and sieved
the soil to a grain size diameter of 2 mm. All samples were stored at -
20 °C and allowed to acclimate to room temperature overnight prior to
the processing in September 2021. Lipid-related analyses were
completed in November 2021, bulk '°N and total soil nitrogen analyses
in June 2022. Besides our de novo analyses, our study utilised SOC and
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the soil dry density at 5 cm of depth analysed at the experimental site in
2020, in addition to soil texture data analysed in 2002 (Lange et al.,
2023).

2.2. Ny-soil incubation and calculation of the plant available water
content

We incubated 0.9 g soil from each plot in 12 mL glass vacutainers. In
addition, we established a highly bioavailable C input treatment to
investigate the effect of an increased energy availability through root
exudation in rhizospheric hotspots on FLNF and the microbial commu-
nity. Therefore, we prepared an aqueous, pH-neutral solution that pro-
vided C in the form of sugars and organic acids, namely glucose, sucrose,
citric acid, mannitol, malic acid and lactose-monohydrate (detailed in-
formation in Supp. 1). We added 268.75 pL of either the undiluted so-
lution, a 50% dilution or ultra-pure water to the vacutainer. This
corresponded to 8.6, 4.3 and 0.0 mg C, which upscaled equalled an
average C input of 5.2 + 0.4, 2.6 & 0.2 and 0.0 kg C ha™! respectively.
These mimicked estimated C inputs to the rhizosphere (Angst et al.,
2016) and partially saturated the soil with liquid, reaching approxi-
mately 80 + 5% of the water holding capacity, which is in the range
recommended by previous studies (Gupta et al., 2014; Smercina et al.,
2019b). We used the control treatment (0.0 mg C input) to investigate
the potential N uptake by FLNF based on the naturally available C
sources in the soils, and thus we refer to it as the “soil potential for
FLNF”. The vacutainers were sealed airtight and we replaced 5.8 mL air
with 6.0 mL ®N, (98 atom% '°N, Sigma-Aldrich) or Nj in natural
abundance using air tight syringes. Using duplicates, we incubated a
total of 960 samples in the dark at room temperature for 3 days. This
experimental design, with dark incubation of soils and negligible re-
sidual plant biomass, ensured that changes in the soil lipidome were
either of microbial origin or attributed to (physicochemical) trans-
formation and degradation processes. After incubation, we dried the
samples at 40 °C for ~3 days and milled them for 3 min at 25 Hz with
two @5 mm steel beads in 2 mL Eppendorf vials using a TissueLyser
Adapter (Qiagen) and a ball mill (MM 400, Retsch).

In our soil incubations, we kept the amount of soil and the volume of
liquid added constant across the SOM gradient and the variable soil
texture (blocks) of our experimental site. This introduced a soil property
effect to our experiment, e.g., through a positive correlation between
SOM and the soil water holding capacity (Libohova et al., 2018). To
account for this effect, we calculated the soil water holding capacity as
the plant available water content (AWC). Therefore, we first determined
the water content of our soils at field capacity Op¢ (matrix potential = 6.8
(-kPa)) and at the permanent wilting point Oywp (matrix potential = 1500
(-kPa)) with the pedotransfer function of Zacharias and Wessolek (2007)
using dry density and soil texture data from our site (Lange et al., 2023).
We used Og¢ and Oyp in formula (1) to calculate the AWC.

AWC = gpc - gwp (1)
2.3. Bulk >N and total soil nitrogen analyses

For 1°N and total soil N analyses, we weighted 25-35 mg of bulk soil
into tin capsules and analysed them with an elemental analyser
(NA1100, CE Instruments) coupled to an isotope ratio mass spectrom-
eter (Delta + XL, Thermo Finnigan) via an interface (ConFlowlIIl,
Thermo Finnigan). We obtained a single estimate per experimental unit
by averaging the duplicates. We calculated §!°N values (for %o *1000)
according to formula (2) with the isotope ratios (15N/ 14N) of the samples
and internal standards (Supp. 2).

N
Ty
sample
o
Tay
standard

515N:
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Natural abundance samples were treated as controls. Thus, we cor-
rected the labelled samples against the natural abundance background
and calculated A8'°N values according to formula (3).

15 15 15
A6PN=6 NLabelled sample — 13 NNatural abundance background (3)

We used the A8'°N values to calculate the potential annual N uptake
by FLNF into the soils in three steps. Firstly, we calculate the corre-
sponding atom% (AP) I5N values with formula (4), where 15N or 1“N
represents moles of the N isotope, and secondly, the atom%excess (APE)
15N, with formula (5), where AP*>Neontrol represents the AP of the con-
trol plots that were incubated with natural abundance air (AP =
0.36782) (IAEA, 2009; Brand and Coplen, 2012; Meija et al., 2016).

15

N
AP VBN = ( N) *100 ()]

15N+14

APE SN=AP"N,

Sample

— AP®N, Reference )

Thirdly, we used the APE °N values with the analysed total soil N to
calculate the >N concentration in our soil samples, followed by the
potential 15N uptake by FLNF with formula (6) (adapted, Schrumpf
etal., 2011). Here BD is the soil density, analysed in 2020 as dry density
of each plot (Lange et al., 2023), and LT the layer thickness, in our case
the top 5 cm of soil equal to our sampling depths. As FLNF is primarily
driven by root exudation (Smercina et al., 2019a), which peaks during
the main vegetation period (Gao et al., 2023), we present the potential
annual °N uptake by FLNF (in kg N ha’l) in the topsoil (5 cm) with
formula (7) on the basis of the main exudation period of 60 days
(Strobel, 2001).

g 8

SN uptake, [%} ='5N concentration {k_g} *BD [W] *LT [cm] *10  (6)

exudation period

s N uptake,, . {%] *10 * 60 [d]
Pot. ann. N uptake,; {E} =

3 [(ﬂ incubation period
()

We identified and removed two outliers in the total soil N mea-
surements using a Rosner’s test (Rosner, 1983), which did not affect our
results. To match the scale of the potential annual °N uptake, we
calculated the average C input per hectare (kg C ha™!) using formula 5,
replacing the term I5N concentration with our C input (in g C kg;olﬂ).

2.4. Lipid extraction

For lipid extractions and analyses we subsampled incubated soils
from 11 plots. These subsamples were representative of the plant pro-
ductivity gradient and therefore for all plots in our study. All subsamples
were gained from one block, which ensured consistent soil texture and
microbial community composition (Dassen et al., 2017). Our sub-
sampling maintained the SOM gradient and the C input treatment for
both the!°N, and natural abundance Ny aliquots, resulting in a total of
66 extracted samples for the lipidome analysis. We included one
extraction blank in each lipid extraction run, approximately one in every
8 samples extracted. Lipid extraction was based on a modified
Bligh-Dyer protocol including two buffer solutions (Sturt et al., 2004;
Wormer et al., 2015; Bale et al., 2021). In short, buffer 1 was created
with methanol (MeOH, HiPerSolv Chromanorm for HPLC LC-MS, VWR),
dichloromethane (DCM, SupraSolv for GC-MS, Supleco) and aqueous
di-potassium hydrogen phosphate (K-HPO., for HPLC, Supleco;
approximately 8.7 g per L water) solution (2:1:0.8, V:V:V, pH 7.4).
Buffer 2 consisted of MeOH, DCM and aqueous trichloroacetic acid
(TCA, AnalaR Normapur, VWR; approximately 50 g per L water) in the
ratio 2:1:0.8 (V:V:V, pH 2.5). We extracted 0.7 g of the incubated soil,
including 50 ng 1,2-dinonadecanoyl-sn-glycero-3-phosphocholine
(PC-DAG (19:0_19:0), Avanti) as an internal standard. For each buffer,
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starting with buffer 1, we sequentially extracted the samples twice with
3 mL buffer solution in a sonicator for 10 min. We collected the super-
natants, mixed and centrifuged (30 s at 2000 rpm) them twice with
additional dichloromethane (DCM) and aqueous K-HPO. or aqueous
TCA, respectively (final solvent ratio 1:1:0.9, V:V:V), collecting the
organic phase sequentially. For each sample, we combined all organic
phases into a total lipid extract, which we evaporated under a gentle
stream of Ny. We took 2 mg (dry weight) aliquots for analysis and stored
all samples at —20 °C until analysis.

2.5. LC-MS/MS analysis and feature based molecular network

Prior to analysis, we spiked all total lipid extracts with 1,2-dipal-
mitoyl-sn-glycero-3-0O-4’-[N,N,N-trimethyl(d9)]-homoserine (DGTS-d9,
Avanti) as internal standard and filtered them to 0.45 pm. We used ultra-
high-performance liquid chromatography-high-resolution mass spec-
trometry (UHPLC-HRMS, 1290 Infinity II, Agilent & Q Exactive Orbitrap
MS, Thermo Fischer Scientific) with the reverse phase method of
Wormer et al. (2013). The settings used for the UHPLC-HRMS analysis
and the subsequent data conversions are described in detail in Bale et al.
(2021) and Ding et al. (2021). In short, for the UHPLC we used a C18
column (Acquity BEH C18, Waters, 2.1 x 150 mm, 1.7 pm) at 30 °C with
3 min 95% eluent A: methanol/water/formic acid/14.8 M NHsaq
(85:15:0.12:0.04, V:V), linearly decreasing to 40% A at 12 min and
100% eluent B: propan-2-ol/methanol/formic acid/14.8 M NHsaq
(50:50:0.12:0.04, V:V), maintained from min 50 till the end at min 80.
We used the HRMS in positive mode with a mass range of 350-2000 m/z,
with subsequent tandem MS/MS and a dynamic exclusion of repeating
masses. We converted the output data into mzXML-files with MSconvert
(Chambers et al., 2012). Following Ding et al. (2021) we extracted ms!
and MS?2 spectra with MZmine 2.53 (Pluskal et al., 2010) and performed
the subsequent processing including mass peak detection, chromato-
gram building and deconvolution, isotope grouping, feature alignment,
row and isotope filtering and gap filling (Wang et al., 2016). Peak
threshold was set to 5e°, the peak duration to 0.05-5.00 min during
deconvolution and the baseline level to 8e*. We used the Global Natural
Product Social Molecular Network (GNPS) (Wang et al., 2016) and the
tool for Feature Based Molecular Networking (FBMN) (Nothias et al.,
2020) to process the dataset as described earlier (Ding et al., 2021). To
minimise dilution effects and exclude potential contaminants, we sub-
tracted solvent and extraction blanks, and normalised sample intensities
with the internal standard. FBMN greatly facilitated lipid identification,
as molecules were clustered by their structural similarities based on
their fragmentation patterns. The network consisted of 16766 features in
1507 clusters and was visualised with Cytoscape 3.9.0 (Shannon et al.,
2003).

2.6. Lipid identification, data selection and analysis

Besides some lipid hits with the GNPS library, we tentatively iden-
tified lipids in the clusters of the molecular network by manual inspec-
tion of the MS? spectra, accepting a mass deviation threshold of 3 ppm
from the expected mass of a compound. We re-evaluated the manual
lipid identification with SIRIUS (Diihrkop et al., 2019), the inbuilt CSI:
FingerID (Hoffmann et al., 2021) and CANOPUS (Diihrkop et al., 2021).
During data processing, we sorted the identified lipids by intensity and
filtered the 20 most abundant lipids from each identified lipid class for
statistical analysis. For classes with fewer than 20 species, all lipids were
included, resulting in a total of 222 lipid species from 22 lipid classes for
further analysis (Table S3: # of lipids). We ensured semi-quantitative
comparability between the lipid classes by using external standards to
normalise for their different ionisation response in our mass spectrom-
eter (Ding et al., 2024, and their Supplementary Tables 1 and 2). In
short, for each lipid class, a single representative lipid was analysed to
calculate a response factor in comparison to our internal standard
DGTS-d9, which had the highest response with 1.58e° [Peak area/ng
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organic C] (Table S5). We used the resulting response factors of each
lipid class to calibrate our lipid peak intensities in a one-point calibra-
tion with formula (8). Lipid classes without equivalent or structurally
comparable external standard (e.g., cardiolipins (CL), chlorophylls and
quinones) were calibrated with an average response factor for all lipid
classes. All lipid related data and figures presented in this manuscript are
based on calibrated lipid intensities.

Analysed lipidintensity {Pe;";%}

Lipidintensitycq |- ooxared] _
P Ve gsoil | Responsefactor of therepresentative standard

(€))

We investigated general changes in the microbial biomass with C
source bioavailability and degradability using the summed abundance
of all structural membrane lipids (betaine lipids, ceramides, CL, DGDG,
hopanoids, lyso-PC, MMPE (monomethyl-phosphatidylethanolamine),
OL, PC, PE, PG (phosphatidylglycerol), PI (phosphatidylinositol)) and
non-structural lipids in our data set (acyletherglycerol (AEG), chloro-
phyll, diacylglycerols (DAG), dietherglycerols (DEG), Quinone, Wax and
fatty acid ester). Further, we used TAG, a typical microbial storage
compound, and the response of individual cell membrane building IPL
(e.g, PE, PC, hopanoids, OL and betaine lipids) to distinguish between
biomass growth with low and high replication. For insights into the
microbial community’s nutritional status reflected by e.g., membrane
adjustments, we analysed changes in the proportion of P- and N-free
glycero- (AEG, DAG, DEG, DGDG, TAG), P-free amino- (betaine lipids,
ceramides, OL), N-free (CL, PG, PI) and N-containing phospholipids
(MMPE, PE, PC).

In our study, we did not correlate the lipid data with the investigated
15N uptake, to avoid false correlations by chance. This is because lipids
were derived from the entire soil microbial community, whereas >N
uptake was limited to FLNF by a specific, minor subset of this commu-
nity. In addition, the applied method was designed for an untargeted
screening of various lipid classes. It is limited in the detection of
component-specific °N enrichment to exclusively highly labelled and
concentrated N containing lipid species. In our study, however, a po-
tential 15N enrichment of de novo synthesised N containing lipids by free-
living diazotrophs is masked by the total soil microbial community
yielding unlabelled equivalents.

2.7. Statistics

To investigate the effect of the C input and the natural SOM gradient
on the N uptake through free-living diazotrophs, we performed Linear
Mixed-Effects Models (LMM) using the “lmer” function of the R package
“lme4” (Bates et al., 2015). The '°N uptake values were log-transformed.
We started from a constant null model (M0) with plot as random
intercept, which accounted for the repeated measurements of each plot
due to the 3 levels of our C input treatment. This null model was step-
wise extended (Supp. 3). Following Lange et al. (2021), we fitted block
(MO1) as fixed effect, since the blocks are arranged in a linear sequence
from the river, and thus do not meet the normal distribution assumption
of a random effect (Schmid et al., 2017). We found that block accounted
for >50% of the AWC effect on the 1°N uptake (Table S2). To consider
the full effect, we fitted the next fixed terms in the following sequence:
AWC, C input, SOC gradient. We fitted SOC last, as it was the weakest
effect in our tests (Table S2). For model comparison and to test for sig-
nificant model enhancement with each fixed effect, we used likelihood
ratio tests (reported Chi%) (Zuur et al., 2009). SOC and the total soil N
were highly correlated in our experimental site (Fig. S1). Thus, we tested
for the total soil N and the CN ratio in separate models, replacing SOC in
the fitting sequence.

To investigate the effect of the C input and the natural SOM gradient
on the microbial lipid abundances in the soils, we log transformed the
lipid intensities. All extracted lipid samples originated from the same
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block of the experimental site, which renders the first fixed effect block
in our LMM, obsolete. During sample processing, °N; labelled and the
natural abundance samples were processed in spatially separated labo-
ratories to avoid cross-contamination. This laboratory separation caused
small changes in lipid abundances, which were unrelated to a potential
15N enrichment in specific N containing lipids of free-living diazotrophs.
We accounted for this laboratory related variability by fitting “batch” as
the first fixed effect. The sequential fitting order of the fixed terms
remained as described before (AWC, C input and then SOC gradient). To
investigate the relation between microbial energy storage, structural
and non-structural biomass we selectively expanded the model by e.g.,
“structural membrane lipids” as covariate. Besides the LMM, we per-
formed t-tests to test for significant changes between the potential
annual '°N uptake with the intermediate and high C input treatment. We
performed similar tests further investigating the effect of the SOM
gradient and AWC on the >N uptake by establishing 3 equally sized
discrete groups (SOC: low < 2.31%, intermediate < 2.77%, high
>2.77%, total soil N: low < 0.22%, intermediate < 0.25%, high
>0.25%, AWC: low < 0.260, intermediate < 0.281, high >0.281
cm®cm™3). We used Principal Coordinates Analysis (PCoA) with Bray-
Curtis dissimilarity of the R package “vegan” (Oksanen et al., 2022) to
explore the compositional lipid data. We chose PCoA over Principal
Component Analysis (PCA) due to PCoA’s advantageous performance
with double zeros (Ramette, 2007), common in HPLC-MS/MS data.

3. Results
3.1. Free-living nitrogen fixation

A high soil potential for FLNF (control) was observed that increased
the soils A3'°N values on average by 1226.4 & 360.2%, corresponding
to a potential annual >N uptake of 111.4 + 35.5 kg N ha™! (Fig. 1). The
FLNF potential was further increased by 555.1%o following the input of
bioavailable C in the form of sugars and organic acids, corresponding to
an additional potential annual *°N uptake of 51.3 kg N ha~! on average
(Chi®=92.3,P < 0.001, Fig. 1). We observed no significant difference in
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Fig. 1. The effect of soil organic carbon (SOC) coloured according to the carbon
(C) input (upscaled) on the potential annual '°N uptake during the soil in-
cubations with the ANOVA results of the Linear Mixed-Effects Models.
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the '°N uptake between the intermediate and high C input, even if it was
slightly higher in the latter (+8.5 kg N ha™1). The soil potential for FLNF
(control) was higher in SOM rich soils. However, the effect of C input on
the additional *°N uptake in SOM poor soils exceeded the additional >N
uptake in SOM rich soils by 20.2 kg N ha™! (P < 0.05), thus equalising
the SOM effect observed in the control. SOM and the total soil N were
highly correlated at our experimental site (Pearson R = 0.78, P < 0.001,
Fig. S1). In addition, we found a significant negative effect of the CN
ratio on the '°N uptake in the control (Fig. 52). Note that the plant
available water content (AWC) was significantly higher in soils with
coarser texture and positively correlated to SOM in most blocks of our
experimental site (Fig. S3). We found a significant negative effect of
AWC on the >N uptake (Chi% = 10.2, P < 0.01) in the control samples,
which was negated by C input, similar to the effect of SOC, TN and CN.
We accounted for this effect in our LMM.

3.2. Soil lipid composition

The variability of the lipid composition in our samples was pre-
dominantly driven by the input of highly bioavailable C (primarily on
the PC 1 axis with 65.1% of the total variability) and to a lesser extent by
SOM (PC 2 axis with 9.6% of the total variability), here further inves-
tigated as SOC (Fig. 2). Highly bioavailable C stimulated lipid synthesis
and thus the microbial biomass in general. This was reflected in the
absolute intensity of structural membrane lipids increasing 2.2-fold
(Chi2 = 125.5, P < 0.001), non-structural lipids increasing 2.5-fold
(Chi® = 111.0, P < 0.001) and energy-storage related TAG increasing
2.3-fold (Chi2 = 88.8, P < 0.001) on average with the highest C input
(Fig. 3, Table S3). TAG and structural membrane lipids were positively
correlated (Chi% = 24.2, P < 0.001), their ratio remained unchanged by
Cinput (Fig. 4A). However, the response of the microbial lipid synthesis
to highly bioavailable C varied between the investigated major lipid
classes. From a macronutrient perspective, C input caused a shift to-
wards a N- and, to a lesser extent, P-free microbial biomass (Fig. 4B). We
observed a preference for P- and N-free glycerolipids (Chi? = 133.9, P <
0.001) and N-free phospholipids (Chi?® = 106.8, P < 0.001) over N-
containing phospholipids (Chi2 = 29.2, P < 0.001) and aminolipids
(Chi® = 13.4, P < 0.01).

Batch PERMANOVA: **
02 REDS Available water content PERMANOVA: **
- Carbon input PERMANOVA: ***
Soil organic carbon PERMANOVA: *
pxd
Carbolrhput
0.1 OgXRO Carbon input [mg]
0.0
—_ AG, AEGRDEG
o VG AR O ® 43
@
] ® 386
o 0.0
o Soil organic carbon [%]
O
o O < 2.31(Low)
<=2.77 (Intermediate)
4l il £
0.1 Aé%'i‘\ g aterco ent W > 277 (High)
Quinones PE
0.2 oL
PC

-0.2 0.2 0.4

0.0
PC1[65.08 %]

Fig. 2. Principal Coordinates Analysis (PCoA, using Bray-Curtis dissimilarity),
based on the calibrated intensities of the individual lipids filtered from the soil
lipidome with PERMANOVA results. Squares represent individual samples,
coloured according to the carbon input treatment with shapes representing the
soil organic carbon gradient. Ellipses coloured according to the carbon input
assume a multivariate t-distribution. The vectors indicate the effect of the
environmental factors inherent to the experimental site and the carbon input
treatment (red, not significant: pink) and the behaviour of the summed in-
tensity of selected lipid groups (dark grey).
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Fig. 3. The effect of soil organic carbon (SOC) on major lipid class composition, coloured according to the carbon (C) input on the summed () calibrated intensity of
A) structural membrane lipids; B) non-structural lipids; C) storage lipids; D) aminolipids; E) N-containing phospholipids; F) N-free phospholipids and G) N & P-free
glycerolipids including the ANOVA results of the Linear Mixed-Effects Models. Lipids included are A) betaine lipids, ceramides, CL, DGDG, hopanoids, lyso-PC,
MMPE, OL, PC, PE, PG, PI; B) AEG, chlorophyll, DAG, DEG, Quinone, Wax and fatty acid ester; C) TAG; D) Betaine lipids, Ceramides, OL; E) PC, Lyso-PC, PE,
MMPE; F) PG, CL, PI and G) AEG, DAG, DEG, DGDG, TAG.
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Besides the synthesis of energy-storage related TAG, DGDG -also a P- pool of the investigated lipid classes, rising from 1.7 + 0.5% under
free and N-free glycerolipid class— increased 27-fold with the high C control conditions to 19.3 + 5.2% with high C input (Table S4). Less
input (Chi2 = 188.8, P < 0.001, Fig. 5, Table S3). This represented a abundant N-free phospholipids such as CL (Chi2 = 136.1, P < 0.001),
substantial increase in the relative contribution of DGDG to the total PG-DAG (Chi2 =112.1,P < 0.001), and PI-DAG (Chi2 =76.1,P < 0.001)
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were increased as well. Major N-containing phospholipids e.g., PC-DAG
(Chi*> = 38.7, P < 0.001) and PE-DAG (Chi? = 8.5, P < 0.05) showed a
maximal increase with the intermediate C input (Fig. S4). Whereas
aminolipids, such as OL (Chi% = 81.5, P < 0.001) and betaine lipids
(Chi? = 35.5, P < 0.01), but also hopanoids (ChiZ = 8.0, P < 0.05), which
were mostly N containing (adenosyl-)hopanoids, were negatively
affected.

Comparing low (<2.31%) and high (>2.77%) SOC soils, higher SOC
content was accompanied by a minor increase in structural membrane
lipids by (Chi® = 4.7,P < 0.05) (Fig. 3, Table S3, Fig. S5A). Contrary to C
input, higher SOC affected the lipid abundance by primarily increasing
N-containing lipids like aminolipids (Chi? = 7.3, P < 0.01) and N-con-
taining phospholipids (Chi® = 5.0, P < 0.05) (Fig. 3, Fig. S5B). Thus,
major N containing membrane lipids, e.g., PE-DAG, PC-DAG, OL,
Betaine lipids and (adenosyl-)hopanoids were generally positively
affected by SOC (Table S3, Fig. S4). However, energy-storage related
TAG, but also DGDG, were not positively affected by the SOC gradient, a
contrast to the strong increase observed with the highly bioavailable C
input. Although we fitted AWC before C input and SOC in our LMM,
AWC had only a marginal effect on lipid abundances (Table S3). Any
effect, such as a positive correlation with N-containing phospholipids
(Chi?® = 4.7, P < 0.05), was accounted for in our models.

4. Discussion
4.1. N fixation

4.1.1. High natural potential for FLNF in our experimental site

We identified a high soil potential for FLNF (no addition of artificial
exudates) in the topsoil of our experimental site corresponding to an
estimated N uptake of 111.4 kg N'ha~'y~! (Fig. 1). The high N uptake we
observed is comparable to the levels of N fertiliser used in managed
grasslands (Weigelt et al., 2009). This underscores the significance of
free-living nitrogen fixation (FLNF) as a potentially important source of
N in terrestrial environments (Smercina et al., 2019a). However, the
high soil potential for FLNF in our experimental site was also surprising,
as the realised N storage in our soils was reported to be in the range of
30-35 kg N ha 'y~ (Weisser et al., 2017) and FLNF in temperate
grasslands was generally expected to contribute N in the range of 0.1-21

+13

kg N ha~ly~! (Reed et al., 2011). Note that the realised N storage re-
ported in Weisser et al. (2017) refers to the first years after the experi-
ment was established on a former arable field with high fertiliser inputs
and that during this time changes in the N cycle were observed
(Oelmann et al., 2011). Almost 20 years after the establishment of the
experiment, without fertiliser addition and removal of harvested plant
biomass a changed plant-microbial interaction is assumed to maintain
soil functioning and plant productivity (Lange et al., 2019). Further-
more, we only assumed a main root exudation period of 60 days
(Strobel, 2001) as the period of the main FLNF activity, for our calcu-
lation of the annual potential 1°N uptake, although it can be assumed
that FLNF is performed beyond this time. In addition to the gaseous
losses and N leaching not considered here, the management of the
unfertilised experimental site as a meadow with N removal by annual
plant harvesting likely created periodic conditions of N demand in our
soils, generally assumed to increase the potential for FLNF (Reed et al.,
2011). Further, the potential N uptake in our in vitro soil incubations
expectedly exceeded the realised N uptake under in situ conditions, as
our experimental design ensured favourable conditions for FLNF. This
included energy supply, temperature, oxygen limitation, and water
saturation, creating both aerobic and anaerobic microsites in the soils
(Smercina et al., 2019a).

4.1.2. Greater N, fixation increases in SOM poor soils

In line with our hypothesis (i), the microbial community used highly
bioavailable energy, like the provided artificial root exudates, to in-
crease FLNF, equalling an additional N uptake of 51.3 kg N ha~ly ™! in
the topsoil (Fig. 1). The promoting effect was quantitatively higher in
SOM poor soils, suggesting both a stronger energy limitation of FLNF in
SOM poor soils, confirming C availability as an important driver (Gupta
et al., 2014), and an initially better performing free-living diazotrophic
community on the existing more complex energy sources with less
additional fixation from highly bioavailable energy. Our findings indi-
cate that an increase in root exudation, putatively caused by more
diverse plant communities (Eisenhauer et al., 2017) will reduce the
energy limitation for FLNF in the rhizosphere, likely increasing its po-
tential, especially in SOM poor ecosystems. In addition, we can expect a
high potential for FLNF in certain ecosystems already today, as the input
of root exudates e.g., in the grasslands of the Inner Mongolia during the
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growing season with 4-19 g C m?! per month (Shen et al., 2020) re-
sembles the quantities of the inputs in our study when calculated per
month with approximately 7.8 + 0.6 ¢ C m?! and 15.6 + 1.3 g C m>.

4.1.3. Saturation of the additional N fixation

However, our data indicated a saturation of the additional N uptake
by FLNF by highly bioavailable energy input (Fig. 1), suggesting a
saturation of FLNF energy requirements within the three days of our
study. Besides a saturation in energy, the potential of FLNF could have
been limited by another driver not further investigated here. For
example, Zheng et al. (2023) showed that the energy-intensive FLNF (de
Bruijn, 2015) is reduced in the presence of existing N stocks on a global
scale, with reasons discussed including a reduction in facultative Ny
fixation (Gutschick, 1981) or a reduction in the biosynthesis of the
enzyme nitrogenase, required for N fixation (Bentley, 1987).

4.1.4. Microorganisms prefer bioavailable C over SOM

In line with hypotheses (iii), SOC and thus SOM rich soils had on
average a 20.2 kg N ha™! (P < 0.05) increased soil potential for FLNF
(control) (Fig. 1), suggesting that heterotrophic N-fixers (and the mi-
crobial community) in SOM rich soils used the higher energy availability
from the degradation of SOM to gain additional N through FLNF. This
finding highlights SOM degradation as an energy source for heterotro-
phic FLNF (Reed et al., 2011; Zheng et al., 2020). However, we did not
observe an additional increase in the N uptake by FLNF in SOM rich soils
with simultaneous input of C (Fig. 1). Thus, in the interplay of both
energy sources, free-living diazotrophs preferred the highly bioavailable
artificial root exudates, over the degradation requiring SOM as energy
source.

4.2. Lipids derived from the soil microbial community

4.2.1. Accumulation of N-free lipids with bioavailable energy indicates
nutrient limitation

Highly bioavailable energy from the input of artificial root exudates
was used by the soil microbial community for biomass growth, indicated
by a more than twofold increase in structural membrane lipid abun-
dance (Fig. 3), which was furthermore accompanied by a strong shift in
the lipid composition (Fig. 2). In line with hypothesis (ii), biomass
growth was primarily achieved through the synthesis of N-free phos-
pholipids (e.g., PI, PG, CL) and glycerolipids (e.g., DGDG), including
storage-related TAG, which serve as markers of non-stoichiometric
biomass growth, rather than through N-containing lipids (e.g., PE, PC,
OL, betaine lipids, adenosylhopanoids) (Fig. 4, Table S3, Table S4,
Fig. S4). Adaptation of the lipidome with a dominant synthesis of N-free
lipids likely indicated a microbial response to N limitation. Microbial N
limitation would be in line with previous results from our experimental
site, where the site was found to be limiting by N rather than by P in
general (Weisser et al., 2017). However, our results also showed that the
supplied highly bioavailable energy was used by the free-living diazo-
trophs in the soil for an increased N uptake (Fig. 1). Hence, we observed
the highest N fixation in a presumably more nutrient limiting system, as
the lipids derived from the microbial community were C-rich, but low in
N (and to a lesser extent in P). In addition, the preferential synthesis of
N-free lipids suggests, that large parts of the microbial community were
unable to access the de novo fixed N without further transformation
processes of the necromass from the diazotrophs on a short time scale, or
that the quantities of fixed N were insufficient to balance the available C
for substantial cellular growth based on N containing membrane lipids
(microbial stoichiometry: Zechmeister-Boltenstern et al., 2015).

4.2.2. Bioavailable energy causes microbial biomass growth without
additional storage

Although considerable quantities of the microbial biomass growth in
our soils were caused by the synthesis of storage compounds in response
to C input (Mason-Jones et al., 2023), the parallel synthesis of N-free
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membrane lipids kept the ratio of storage to structural biomass stable
throughout the C treatment (Figs. 3 and 5). This equal increase in
storage and cellular growth suggests that the microbial community in
our soils used TAG primarily for reserve rather than surplus storage,
which is consistent with recent studies (Butler et al., 2023; Mason-Jones
et al., 2023). TAG synthesis continued to increase between the inter-
mediate and the high energy inputs (Figs. 3 and 5), which contrasts the
observed N uptake (Fig. 1). This finding may indicate that FLNF expe-
riences energy saturation prior to energy storage.

Energy storage with TAG is mainly known for eukaryotes such as
fungi and some bacteria like Actinobacteria. Other bacterial taxa, such as
Proteo-, Cyano- and Actinobacteria use PHB (Mason-Jones et al., 2022;
Butler et al., 2023), which can make up a considerable proportion of
storage compounds. In our study, however, the untargeted lipid
screening method used was not optimised to analysing large oligomers
such as PHB. Future studies should consider the whole set of energy
storage compounds including TAG, PHB, glycogen and cyanophycin.

The stable ratio between storage and structural membrane lipids was
primarily caused by the strong increase in membrane-related DGDG,
with bioavailable energy in our soils (Fig. 5). As a result, DGDG became
a major lipid class (Table S4). Since our experiment used plant-free soil
and dark incubation, it excluded common sources of DGDG such as
plants and other obligate phototrophs (Schubotz, 2019), hence making
the increase in DGDG rather atypical for microbial cellular growth. We
assume that the unexpected, but substantial increase in DGDG, and
therefore the observed shift in membrane lipid composition, was pro-
voked by the changing carbon/nutrient ratio with our carbon treatment.
In this regard, DGDG could be attributed to certain bacteria (Brundish
et al., 1966; Tatituri et al., 2012; Hines et al., 2017) that stabilise their
membranes against N loss due to the recycling of N containing com-
pounds. However, the observed increase in DGDG needs further
investigation.

4.2.3. SOM increases cellular growth through N containing membrane
lipids

In contrast to the strong increase in microbial biomass with highly
bioavailable energy, we observed an expected (hypothesis iii) slight
increase in IPL abundance and thus microbial biomass in SOC- and
hence SOM rich soils (Fig. 3, Table S3). This positive effect of SOM on
microbial biomass was consistent with previous findings on the experi-
mental site (Prommer et al., 2020). SOM driven biomass growth was
distinct from the growth with N-free structural membrane- and storage
lipids due to highly bioavailable C, as SOM availability promoted
cellular growth with major N-containing membrane lipids over storage
(Fig. S4, Fig. S5, Table S3, Table S4). First, a preference for storage in
low SOM, and thus less fertile soils is in line with the recent literature
(Butler et al., 2023). Second, considering the positive effect of SOM on
the potential N uptake by FLNF without C input (Fig. 1), our lipid data
suggested that SOM rich soils harboured an abundant microbial com-
munity, which neglected storage and used available C to gain N from
FLNF and existing SOM stocks in order to meet the microbial demand for
growth (Zechmeister-Boltenstern et al., 2015).

5. Conclusion

Besides SOM decomposition, plant root exudates provide a major
carbon and energy source for various soil microbial functions such as
free-living N fixation, cellular growth and storage. Our study identified
root exudates as the primary energy source for an unexpected high po-
tential free-living N fixation in the soils of a long-term unfertilised
temperate grassland. Simultaneously, large parts of the microbial com-
munity utilised root exudates to mineralise soil organic matter for
cellular growth and storage rather than N fixation. This underscores the
critical role of organic matter decomposition for plant nutrition.

Our findings highlight the importance of non-symbiotic plant-mi-
crobial interactions in plant nutrition and nitrogen cycling. They
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emphasise that plant-derived carbon and energy inputs into the soil are
key factors in shaping soil microbial functions that are beneficial to plant
growth. Our results have potential implications for the transition from
nitrogen fertiliser-dependent agriculture to more sustainable nitrogen
management in agriculture.
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