
Vol.: (0123456789)
1 3

https://doi.org/10.1007/s11104-022-05380-x

REGULAR ARTICLE

Plants with arbuscular mycorrhizal fungi efficiently 
acquire Nitrogen from substrate additions by shaping 
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sequencing and the net assimilation of plant carbon 
into soil microorganisms using a 13CO2 pulse and 13C 
measurements of microbial biomarkers. We deter-
mined the return of nitrogen back to the shoots using 
the 15N signal, which was provided from the decom-
position of the substrate added to the ingrowth cores.
Results We observed that the microbial community 
composition in the ingrowth cores and their net 13C 
assimilation depended on the presence of AMF and 
the added substrate. Both plant communities had sim-
ilar 15N uptake into their shoots, but the net N uptake 
cost was significantly lower in presence of AMF. In 
the presence of AMF also lower net N uptake cost 
was observed for the decomposition of plant-derived 
and microorganism-derived substrates compared 
to inorganic nitrogen suggesting that AMF actively 
controls the decomposer comunity and their carbon 
demand.
Conclusion Our results identify for the first time a 
functional overlap of soil microorganisms as identi-
cal substrate is decomposed by different microorgan-
isms suggesting functional redundancy of microbial 
communities. In consequence a better understanding 
of ecosystem element cycling can only be achieved 
when the whole plant-microorganism-organic matter-
soil continuum is investigated.

Keywords Functional redundancy · Pulse labeling · 
13C · 15N · Ingrowth core · PLFA · 16S rRNA Gene · 
ITS

Abstract 
Aims We investigated the role of plants and their 
plant-derived carbon in shaping the microbial com-
munity that decomposes substrates and traced the 
return of nutrients from decomposition back to plant 
shoots in order to understand the importance of plants 
for ecosystem element cycling.
Methods We performed a greenhouse experiment 
having plant communities with and without arbuscu-
lar mycorrhizal fungi (AMF) and ingrowth cores that 
held different 15N labeled substrates. We determined 
the microbial community structure using molecular 
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Introduction

Plant growth is mostly limited by nutrient availability 
in soil, as the major part of nutrients are not plant-
available free ions but soil organic matter bound and 
associated with the mineral matrix (Veresoglou et al. 
2012). Consequently, plants invest substantial parts of 
their photoassimilated carbon into soil via root exu-
dates (sugars, amino acids and organic acids) and 
rhizodeposits, to stimulate microbial decomposition 
of organic matter in soil and nutrient release (Kuzya-
kov and Xu 2013; Jacoby et  al. 2017). Additionally, 
root exudates can also directly alter organo-mineral 
associations (Keiluweit et al. 2015), pH (Malik et al. 
2018) and redox potential (Husson 2013) of the soil 
to improve nutrient availability. However, immedi-
ate plant uptake of available nutrients is not always 
possible (Dijkstra et  al. 2013), since soil microbial 
communities have a high nutrient demand and often 
assimilate nutrients more efficiently than plants 
(Levin and Angert 2015; Zhu et al. 2017) and plants 
mainly benefit in the long term from the available 
nutrients. Since nutrient cycles in soil are largely 
controlled by the various biotic (root and microbial 
traits) and abiotic soil properties (mineralogy, pH and 
redox), variations in root exudation patterns and asso-
ciation between plants and microorganisms can have 
a tremendous impact on the rates of nutrient cycling 
in the rhizosphere (Craine et  al. 2007; Veresoglou 
et al. 2012).

To enhance nutrient uptake from soil a major-
ity of terrestrial plant species (> 80%) rely on 
direct root association with arbuscular mycorrhi-
zal fungi (AMF) (Bonfante and Genre 2010; Davi-
son et  al. 2015). Though AMF cannot decompose 
organic matter themselves (Tisserant et  al. 2013), 
they can use their hyphal network to gain nutrients 
and directly compete with the decomposer com-
munity for nutrient uptake (Averill et  al. 2019; 
Bunn et  al. 2019). The AMF network also benefits 
plants by allowing indirect root access to a greater 
soil volume (Sanders and Tinker 1973), immo-
bile nutrient pools (Hestrin et  al. 2019) and dis-
tant water pockets (Bowles et  al. 2018; Karlowsky 
et al. 2018), thus greatly increasing the area across 
which plant carbon is allocated. In this symbiosis 
plants deliver fresh photo-assimilates to AMF in 
exchange for nutrients. AMF grow their hypal net-
work from the photo-assimilates and therefore have 

likely a high carbon demand. However the targeted 
allocation of plant-derived carbon to the microbial 
community  (Whiteside et  al. 2019), which stimu-
lates decomposition and priming, may reduce the 
carbon cost  for nutrient uptake. In contrast, in the 
absence of AMF-association photo-assimilated 
carbon is passively released to the rhizosphere and 
stimulates the decomposition in an untargeted way 
across a comparatively reduced soil volume (Kaiser 
et al. 2015) suggesting an overall high carbon cost. 
However, it remains unclear how both modes of 
carbon delivery into soil affect nutrient cycles and 
plant-microorganism nutrient exchange, and if this 
is affected by the decomposed substrate, i.e. plant 
or microbial litter and if the plant-derived carbon 
demand of the microbial community is changing.

Microbial decomposition of organic matter is the 
most fundamental process to release nutrients into 
soil solution (Schimel and Bennett 2004), but the 
activity of the soil microbial community is often lim-
ited by the availability of labile carbon (Hütsch et al. 
2002). Labile carbon is dominantly provided by roots 
as organic root exudates like sugars, organic acids and 
amino acids. Root exudates can additionally directly 
destabilize mineral-nutrient associations and provide 
mineral nutrients that activate the decomposer com-
munity (Jilling et  al. 2018). Root-AMF associations 
are also known to alter the quantity (de Graaff et al. 
2010) and biochemical profile (Shi et al. 2016; Zhal-
nina et al. 2018) of root exudates, which feedback on 
the activity and the composition of the decomposer 
community. In addition to root exudation, nutrient 
content and type of organic matter that is decomposed 
significantly alter associated decomposer communi-
ties and their activity (Güsewell and Gessner 2009; 
Strickland et  al. 2009; Meier et  al. 2015). Recent 
findings based on functional analysis of rhizosphere 
microbial communities strongly indicate that a func-
tionally diverse microbial community is maintained 
for exudate utilization in the rhizosphere compared 
to the bulk soil (Nuccio et al. 2020). Though exudate 
and litter associated shifts in the microbial commu-
nity of the rhizosphere are well known, understand-
ing the underlying variations of the carbon-nutrient 
exchange between plants and their fungal association 
and consequent variations in the decomposer commu-
nities across various nutrient sources can offer further 
insights into mechanisms of plant nutrient uptake and 
functioning of the microbial community.

Plant Soil (2022) 475:473–490474



1 3
Vol.: (0123456789)

Soil receives nitrogen containing substances either 
via carbon rich plant residues, nitrogen rich micro-
bial residues or inorganic nitrogen from deposition 
and fertilizers (Gleixner 2013; Thuille et  al. 2015; 
Liang et  al. 2017). However, the difference amongst 
these inputs based on nutrient content (litter quality 
like C/N) often hides the effect of their biochemi-
cal characteristics (litter type like plant cellulose vs. 
microbial peptidoglycan or xanthane) on decomposer 
community assembly and nutrient exchange. Under 
natural conditions, the decomposer community is typ-
ically shaped by their biochemical and physiological 
capabilities, which enable them to cover their ener-
getic and nutritional needs (Thomson et  al. 2013). 
In consequence a substrate can be only decomposed 
and metabolized by organisms that have the genetic 
potential to produce the corresponding enzymes. 
Even though litter decomposition in general is well 
studied, the aspect of litter quality vs. litter biochem-
istry and follow on effects on the decomposer com-
munity structure are less understood, thus underscor-
ing the need for further investigation through labelled 
nutrient amendments.

In summary, large uncertainties still exist regarding 
the mechanistic benefits of plant-AMF associations 
with respect to the role of plants and their photoas-
similates in changing the microbial community func-
tioning in organic matter decomposition and nutrient 
return to the plant shoot. Therefore, we assembled 
two plant communities that differed in their ability 
to either associate with AMF or not associate with 
AMF and amended the soil of ingrowth cores with 
three 15N-labeled nitrogen substrates (plant root lit-
ter, microbial necromass and inorganic N) of similar 
quality (C/N ratio). We traced the net plant-derived 
13C uptake into the microbial community (phospho-
lipid fatty acids (PLFA)  /  neutral lipid fatty acids 
(NLFA)) of the ingrowth core soil using a 13CO2 
pulse label experiment and determined the 15N return 
from substrate decomposition back to the shoots. We 
also investigated the microbial community composi-
tion using DNA and RNA based amplicon sequenc-
ing in the ingrowth core soil in order to analyze the 
microbial community functioning. We first hypoth-
esize that AMF associations result in a smaller net 
plant-derived carbon uptake of the microbial commu-
nity (including AMF) for nitrogen mineralization in 
the ingrowth cores as the fungal hyphae enable target 
oriented exudation into the decomposition hotspots 

in the ingrowth cores. Second, we hypothesize that 
net N uptake cost is higher in presence of AMF asso-
ciation than absence, since AMF associations require 
considerable amounts of plant carbon for maintaining 
the hyphal network. We finally hypothesize that the 
associated soil microbial community in the ingrowth 
cores depends on the plant community (AMF vs. non-
AMF) and on the substrate origin suggesting that sug-
gesting a large functional redundancy of the micro-
bial community.

Materials and Methods

Production of 15N labeled decomposition substrates

Plant root litter was harvested from perennial 
grass Holcus lanatus that was grown in a pot 
(57 × 37 × 20 cm) containing sand in a growth cham-
ber. The chamber was daily lit for 12 h and had day 
temperatures of 23  °C and 63  % relative humidity. 
The plants were watered 2–3 times a week and ferti-
lized weekly with a balanced N-free Hoagland’s solu-
tion amended with 0.40 atom%  K15NO3 as the sole 
nitrogen source. At the end of 4 weeks the plants were 
harvested and roots were cleaned with distilled water. 
The root material was dried at 60 °C and shredded to 
remove effects of particle size.

Inoculum for the production of microbial necro-
mass was generated by slow centrifugation of 6 g of 
Jena Experiment soil (see Microcosm Experiment 
section for more details) in 20 ml of distilled water at 
650 g for 15 min. The supernatant was inoculated into 
M9 minimal medium amended with 20  % glucose 
and contained  K15NO3 (0.40 atom%) as only nitro-
gen source. The culture grew for 7 days at 19 °C on a 
horizontal shaker. The entire cell mass was harvested 
by centrifugation (at 3500  g for 15  min) and was 
cleaned by re-suspension in 10 ml of sterile distilled 
water. After sterilization in an autoclave and centrifu-
gation the resulting sterile pellet was freeze dried and 
homogenized for further use.

The inorganic nitrogen substrate was generated by 
mixing  KNO3 and  K15NO3 such that the mixture had 
an isotopic signature of 0.40 atom% and used directly 
for the amendments.
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Microcosm Experiment

The soil used for the experiment was collected from 
the Jena Experiment, a grassland biodiversity experi-
ment located in Jena, Germany in March 2015. The 
soil type was Eutric Fluvisol (Roscher et  al. 2004) 
that has a pH of 7.4 (s.d. 0.06), organic carbon con-
tent of 21.1  g C  kg−1 (s.d. 3.6  g C  kg−1) and total 
nitrogen content of 2.2 g N  kg−1 (s.d. 0.3 g N   kg−1) 
(Weisser et  al. 2017). The concentration of extract-
able nitrate and ammonium were 0.489 g N  gdry soil

−1 
(s.d. 0.173 g N  gdry soil

−1) and 0.475 g N  gdry soil
−1 (s.d. 

0.114  g  N  gdry soil
−1) respectively. Organic phospho-

rous content of the soil, as measured using stepwise 
sequential P fractionation (Hedley et  al. 1982), was 
30.04 mg P kg dry soil

−1 (s.d. 16.40 mg P  kgdry soil
−1) 

whereas labile inorganic phosphate content of the soil 
was 20.04 mg P  kgdry soil

−1 (s.d. 17.81 mg P  kgdry soil
−1) 

(Hacker et al. 2015). The soil contains a diverse mix-
ture of bacteria and fungi (Weisser et  al. 2017) that 
served as a natural inoculum in our experiment. Pre-
vious studies have demonstrated that a diverse AMF 
community existed at the site (Dassen et  al. 2017) 
that proved as natural inoculum under greenhouse 
conditions (Dietrich et al. 2020). After removing the 
root mat in the upper 2 cm, the top 5 cm of soil was 
collected, sieved < 2 mm and all remaining roots were 
removed. The soil was well mixed and stored at 4 °C 
until the establishment of the microcosms 1  week 
later.

We established mixed temperate plant commu-
nities of two types namely AMF-dependent plant 
community (Linum usitatissimum, Linum perenne, 
Festuca rubra and Tagetes patula) termed as the AM 
plant community and plant community lacking in 
AMF associations (Dianthus caryophyllus, Matthiola 
longipetala sub-species bicornis, Dianthus barbatus 
and Carex arenaria) termed as NM plant commu-
nity (Brundrett 2015b, 2015a). We used plant com-
munities instead of monocultures in our experiment 
in order to overcome well-known species-specific 
effects of root exudation and consequently estab-
lished 4 species mixtures, which are generally known 
to overcome species-specific effects (Weisser et  al. 
2017). In consequence, our experiment provides plant 
community level understanding of nutrient exchange 
between plants and microorganisms.

We established microcosms (19 × 12.5 × 9.5  cm) 
for a replicated and randomized double label 

experiment in the greenhouse. Each microcosm had 
a single central PVC ingrowth core (diameter = 5 cm), 
which was the primary compartment of investiga-
tion. The ingrowth cores had 8 windows (4 × 1.5 cm) 
guarded by a 1000 micron mesh to ensure the 
ingrowth of fine roots and hyphae and support the 
removal of the intact ingrowth core after the experi-
ment (Figure S1). No inoculum for AMF was neces-
sary as the source soil already contained the neces-
sary AMF community to support the selected plant 
species (Harley and Harley 1987; Dietrich et  al. 
2020).

The microcosms and the ingrowth cores were 
filled with well mixed soil at field bulk density and 
were pre-equilibrated for 2 weeks in the greenhouse 
(Fig. 1). Even plant communities for each plant com-
munity type were established by planting one seed-
ling per species. The seedlings, which had already 
developed first true leaves, were planted outside of 
the ingrowth core in each microcosm. The final plant 
species richness was 4 in each microcosm. The micro-
cosms were randomly distributed in the greenhouse 
and maintained for 4  months until the plants were 
fully developed. Irrigation was daily provided for 
5 min using an ebb and flood system. The plants had a 
daily light periode of 12 h using Son- T Agro 430 W 
HPS bulbs (primary light range = 520–610  nm, 
Philips Lighting Company, Somerset, NJ, USA). 
Plant species richness and evenness were visually 
monitored throughout the experiment.

In order to add the 15N-labeled decomposition sub-
strates to the fully developed microcosms, the central 
ingrowth core was removed without disturbing the 
outer soil ring and root mat (Fig. 1). The soil from the 
ingrowth core was sieved < 2  mm removing all root 
material. 15N labeled substrates were added match-
ing a total input of 550 mg C, 12 mg N and 150 µg 
15N into 200  g of soil for each ingrowth core. This 
addition increased the carbon and nitrogen content by 
13% and 2.7%, respectively. For matching the miss-
ing C we added 1,28 g and 1,58 g Xanthane, which 
is a N-free decomposable microbial cell wall glyco-
polymer (Li et  al.  2009), to the 15N labeled micro-
bial necromass and inorganic 15N, respectively (see 
above). The amended soil was mixed, refilled into the 
ingrowth core and reinstalled on the microcosm.

Two  weeks after the substrate addition, which 
allowed roots and hyphae to fully regrow into the 
ingrowth core (Figure  S2), all microcosms were 
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simultaneously exposed to a 13CO2 pulse in an air 
tight plexiglass chamber (Malik et  al. 2015). The 
chamber was lit with PAR intensities above 500 µmol 
photons  m−2   s−1 throughout the labeling. The cham-
ber air was flushed with  CO2 free synthetic air 
until the  CO2 concentration fell below 150  ppm at 
the beginning of the labeling. Enriched 13CO2 (99 
atom%) was introduced into the chamber using a 
mass flow controller (model- MF1-20sccm-N2, MKS 
Instruments Inc.) at a flow rate of 3.33 ×  10–7  m3s−1 
for 10  min and circulated using internal fans. The 
 CO2 concentration was monitored online by a cavity 
ringdown spectrometer (G2101-I, Picarro Inc., Santa 
Clara, CA, USA) throughout the labeling period of 
1 h. An additional maintenance stream of 13CO2 was 
introduced halfway at a flow rate of 1.67 ×  10–7  m3s−1 
for 5  min that kept the chamber  CO2 concentration 
between 350 and 410 ppm. The chamber temperature 
was maintained close to greenhouse temperature by 
placing racks of frozen ice packs along the vertical 
walls of the chamber.

Replicated control pots (n = 3) for each substrate 
addition were also placed for an hour in the chambers 
with identical setting but using natural abundance 

 CO2 pulsing instead of 13CO2. To avoid cross con-
tamination from 13C labeled air, soil and biomass, the 
control microcosms were  CO2 pulsed and harvested 
before the 13C labeled pots.

After 1  h of  CO2 pulse the microcosms were 
removed from the chamber and returned back to the 
greenhouse. The control pots were harvested imme-
diately for plant community analyses, microbial com-
munity composition using 16S RNA gene amplifica-
tion and NLFA/PLFA extractions. The labeled plots 
were harvested 240  h after the 13C pulse for plant 
community analyses and NLFA/PLFA extractions. 
Previous experiments have shown that a sampling 
240 h after the pulse optimizes for the 13C uptake in 
slow and fast parts of the microbial community using 
PLFA and NLFA (Malik et al. 2015; Karlowsky et al. 
2018). The ingrowth core soil was removed, roots 
were separated by sieving to 2 mm and hand picking 
and the remaining rhizosphere soil was divided into 
three sub-samples and stored at -80  °C for molecu-
lar analysis within 1 h of harvest, dried at 105 °C for 
48  h and stored at room temperature for elemental 
and isotope analysis and at -20 °C for microbial bio-
mass (PLFA/NLFA). The above and below ground 

Fig. 1  Experimental setup of the study
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plant tissues were dried at 60 °C for 48 h, ball-milled 
to a fine powder and stored in dark at room tempera-
ture for future analysis.

Elemental and isotope analysis of plant samples

Shoot and root samples were weighed into tin cap-
sules for total C and N content analysis using a vario 
EL CNS analyzer (Elementar Analysensysteme 
GmBH). Similarly, for bulk 13C and bulk 15 N analy-
sis of shoot and root samples were weighed into tin 
capsules and analyzed using an elemental analyzer 
EA1100 (CE, Mainland) coupled via a conflow III 
interface to a DELTA + (Finnigan MAT) isotope ratio 
mass spectrometer (Malik et al. 2015).

Biomarker extraction, quantification and compound 
specific isotope analysis

To assess the net 13C uptake into the microbial com-
munity, fatty acids from neutral lipids  and phospho-
lipids were extracted from pooled ingrowth core soil, 
as described earlier in Karlowsky et al. 2018. In brief, 
5 g of soil were extracted with a modified Bligh and 
Dyer (1959) lipid extraction using pressurized solvent 
extraction. The extract was separated using solid-
phase extraction (SPE) columns (CHROMABOND 
SiOH, 2  g, 15  ml; Macherey–Nagel GmbH & Co. 
KG) into neutral lipid and phospholipid fractions. 
Both fractions were hydrolyzed and methylated with 
methanolic KOH. The resulting fatty acid methyl 
esters (FAMEs) were further purified using amino-
propyl-modified SPE columns (CHROMABOND 
NH2, 0.5  g, 3  ml; Macherey–Nagel GmbH & Co. 
KG). The concentration and compound-specific 13C 
content of the samples was determined using a gas 
chromatograph coupled with a flame ionization detec-
tor (FID) and isotope ratio mass spectrometer (IRMS) 
respectively.

PLFAs were quantified on a GC-FID 7890B with 
a programmable temperature vaporization (PTV) 
injector (Agilent Technologies,.Palo Alto, CA, USA) 
using a DB-1MS column (60 m × 0.25 mm × 0.25 μm; 
Agilent Technologies) and helium as carrier gas 
(1.8  ml/min). The temperature program started at 
45 °C for 1 min, increased at a rate of 60 °C/min to 
140 °C, held for 0.5 min, increase at 2 °C/min until 

264 °C and finally increased at 60°/min until 320 °C, 
which was held for 3 min. Directly after injection, the 
PTV was heated up from 55 °C to 280 °C at a rate of 
500 °C/min.

NLFAs were quantified on a GC-FID HP6890 
(Agilent Technologies) with constant injector 
temperature (280  °C), using a DB-1MS column 
(50  m × 0.32  mm × 0.52  μm, Agilent Technologies) 
and helium as carrier gas (2  ml/min). The tempera-
ture program started at 140 °C for 1 min, followed by 
a first ramp of 2 °C/min until 270 °C, held for 6 min 
and a second ramp of 30  °C/min until 340  °C, held 
for 5 min.

Identification of FAMEs was done by comparison 
of chromatograms with different known FAME mix-
tures (Supelco 37 Component FAME Mix; Sigma-
Aldrich.Chemie GmbH; BR2 and BR4 mixture, 
Larodan Fine Chemicals AB) and an in house data-
base using GC/MS (Kramer & Gleixner, 2006; Mel-
lado-Vázquez et  al., 2016; Thoms, Gattinger, Jacob, 
Thomas, & Gleixner, 2010).

Compound-specific 13C isotope analysis of 
NLFAs and PLFAs was done by GC-IRMS (GC 
7890A with PTV injector; Agilent  Technologies; 
coupled via a Conflo IV/GC IsoLink to a Delta V 
Plus IRMS; Thermo Fisher Scientific) using a DB-
1MS column (60  m × 0.25  mm × 0.25  μm; Agi-
lent Technologies) and helium as carrier gas (1.8 ml/
min). Directly after injection, the PTV was heated 
up from 55  °C to 280  °C at a rate of 500  °C/min. 
The GC temperature program started at 45  °C for 
1  min, then increased in a first ramp of 60  °C/min 
to 140  °C (held for.0.5 min), followed by a second 
ramp of 4  °C/min until 283  °C (held for  4.9  min) 
and a third ramp until 320  °C (held for 3  min). 
Concentrations and 13C isotope content of identi-
fied FAMEs were corrected for the methyl group 
introduced during derivatization.We summed the 
FAMEs 14:0, 15:0, 16:0, 17:0, 18:0, 14:0i, 15:0i, 
15:0a, 16:0i, 17:0i, 17:0a, 16:0(10Me), 17:0(10Me), 
18:0(10Me), 17:0cy, 19:0cy, 15:1, 16:1ω7, 16:1ω5, 
16:1, 17:1, 18:1ω7 and 18:1ω9 from the PLFA frac-
tion as bacterial markers, FAME 18:2ω6,9 from the 
PLFA fraction as marker for free-living fungi and 
FAME 16:1ω5 from the NLFA fraction as marker 
for AMF (Karlowsky et  al. 2018). The yield (vol-
ume x concentration) of saprotrophic fungal markers 
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(PLFA 18:2ω6,9) were converted into biomass C by 
applying the conversion factor 11.8 nmol = 1 mg C 
(Klamer 2004), for bacterial biomarkers by applying 
conversion factor 363.3 nmol = 1 mg C (Frostegård 
and Bååth 1996) and for 16:1ω5 NLFA by applying 
conversion factor 1.047  nmol = 1  μg C (Williams 
et al. 2017). All values are corrected for soil mois-
ture and the total weight of ingrowth core soil.

The net mass of isotopes (13C (µg) and 15N (µg)) assim-
ilated into biomass and its fractions (shoot, total microbial 
biomass bacteria, fungi and AMF) (µg) was determined 
from the difference between the isotope content in the 
samples (atom%labelled) collected at the end of the experi-
ment and the control samples (atom%control) times the total 
pool size  (Cpool,  Npool), which integrates over the total soil 
mass of the ingrowth core and community biomass for 
plants and microbial fractions (Karlowsky et al. 2018).

Incorporated13C(15N) [�g] = (atom%labelled − atom%control)∕100% ∗ Cpool(Npool) [�g]

Fig. 2  Photosynthetically fixed carbon assimilated by 
plants and associated microbial communities. A: Alloca-
tion of 13C between roots and shoots of AM (n = 9) and NM 
(n = 9) plant communities across all soil amendments. B: Mean 
13C excess (µg 13C  g−1  soilDW) in the soil microbial biomass 

of each plant community types. Height of the bars repre-
sents mean of all substrate additions and error bars represent 
standard error of mean. Different letters on bars designate 
significant differences based on one-way analysis of variance 
(ANOVA) comparing both plant communities

The net N uptake cost or more specific the net 
plant C allocation to microbial biomass and groups 
per nitrogen gain in the shoot (µg/µg) was calculated 
dividing the net 13C assimilated (incorporated 13C 

(µg)) of the soil microbial community and its parts 
(bacteria, fungi and AMF) by the incorporated 15N 
(µg) into the shoots.

Net N uptake cost = incorporated13Cmicrobial pool(μg)∕incorporated
15Nshoot(μg)

Net N uptake eff iciency = 1∕net N uptake cost
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DNA and RNA based microbial community profiling 
at the time of the labeling

To determine the microbial community composition, 
1.09 ± 0.01  g of soil from each treatment was used 
to co-extract total RNA and DNA using the MoBio 
RNA Powersoil kit. The samples were bead-beaten 
for one cycle at 5.5  m/s for 30  s with a FastPrep 
instrument (MP Biomedicals Germany GmbH). DNA 
was extracted using a MoBio RNA Powersoil DNA 
elution accessory kit. Traces of DNA that remained in 
the final RNA sample were removed using a MoBio 
DNase Max kit. The concentrations of purified DNA 
and RNA were measured using Qubit 4 fluorometer 
(Thermo Fisher Scientific) using the broad range 
assay kits for DNA and RNA. Additionally, the purity 
of the samples was checked using a nanodrop spec-
trometer 2000c (Thermo Fisher Scientific). All sam-
ples had A260/280 and A260/230 ratios of 2 suggest-
ing that the samples had no protein or organic matter 
contamination. The integrity of the RNA samples 
was visually verified using 0.8% agarose gel electro-
phoresis. Presence of sharp well-defined ribosomal 
RNA bands and smear in between and above these 
bands was considered as an indicator of high integ-
rity of the RNA. One replicate of the AM plant com-
munity amended with plant root litter and microbial 
necromass was discarded due to poor RNA integrity 
and subsequent non-amplification of cDNA. 200  ng 
of total RNA extracted was converted into cDNA 
using Superscript™ VILO kit (Thermo Fisher Sci-
entific) using random hexamers to ensure uniform 
conversion of all the RNA fragments. The DNA and 
cDNA samples were further used for amplifying the 
16S rRNA gene and ITS regions respectively. Briefly, 
for the 16S rRNA gene sequencing, amplicon librar-
ies were prepared with V3-V5 primers (Haas et  al. 
2011) using PCR conditions described by Kozich 
et  al. 2013. Three samples without amplification of 
extracted DNA were discarded from further investi-
gation (AM soil amended with plant litter and micro-
bial necromass and NM soil amended with inorganic 
N). ITS2 gene libraries were constructed by amplify-
ing ITS region 2 using the fITS7 (forward) and ITS4 
(reverse) primers (Ihrmark et  al. 2012) with previ-
ously described PCR conditions (Gweon et al. 2015). 
Both sets of primers also consisted of an appropri-
ate Illumina adapter, an 8‐nt index sequence, a 10‐nt 

pad sequence, a 2‐nt linker (Kozich et al. 2013). The 
amplicons were sequenced using Illumina MiSeq, v3 
chemistry, 600 cycles.

Processing of sequencing data

For the bacterial community 16S rRNA gene sequenc-
ing data, the forward and reverse reads obtained were 
merged using PEAR (v 0.9.6) with default parameters 
(Zhang et al. 2014). The bacterial community compo-
sition was analyzed using the QIIME (1.8.0) pipeline 
(Caporaso et  al. 2010). Representative OTU’s were 
picked using UCLUST using de novo method at 97% 
similarity level and were assigned taxonomy using 
RDP classifier method with the SILVA reference data 
set (release 132 for QIIME) (Wang et al. 2007; Edgar 
2010). Total number of sequencing reads classified 
within the OTU table for the samples varied between 
4000 to 21,982 reads. In order to make inter-sample 
comparisons the OTU table obtained was rarefied to 
4000 sequences per sample using QIIME command 
single_rarefraction.py (Caporaso et al. 2010).

Since fungal spores are ubiquitous, the ITS2 
regions that were transcribed into RNA were used to 
sample transcriptionally active fungi (Anderson and 
Parkin 2007). The amplified ITS region from total 
cDNA samples were used for sequencing. The ampli-
fied ITS sequencing data was analyzed using the PIP-
ITS pipeline using the default parameters (Gweon 
et  al. 2015). Briefly, the paired end sequences were 
merged using VSEARCH and the ITS2 region was 
extracted using ITSx. The ITS2 region was matched 
to a trained UNITE database at 97% similarity using 
RDP classifier to obtain an OTU table (Bengtsson-
Palme et  al. 2013; Rognes et  al. 2016). The OTUs 
were assigned to fungal families using FUNguild 
assignment app (http:// www. stbat es. org/ guilds/ app. 
php) (Nguyen et al. 2016).

The bacterial and fungal amplicon sequencing 
data and the associated metadata is publicly available 
through the Sequence Read Archive project number: 
SRP132171. A detailed table of associated metadata 
and download links is also provided in the supple-
mentary information (Table S12 and S13).

Statistical data analysis

One-way ANOVA was used to determine statisti-
cal differences amongst rhizosphere types (AM 
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vs. NM) for root to shoot ratio, 15N assimilated 
by plant shoot and net microbial 13C assimilation 
into total microbial biomass. Two-way ANOVA 
was applied to identify statistically significant 
differences for plant carbon allocation per unit 
15N gain  due to rhizosphere and litter types. All 
two-way ANOVA models that showed significant 
interactions of rhizosphere-litter types were sub-
ject to Tukey’s post-hoc test to identify differences 
amongst litter types nested within rhizosphere 
types. Significant differences were only consid-
ered if the assumption for homogeneity of variance 
was met using the Flinger-Killing test (Table S2). 
Subsampled OTU tables were binned to different 
taxonomic groups at the phylum and class levels 
(bacteria) whereas fungal OTUs were binned into 
guilds to compare effect of AM vs. NM plant com-
munities and substrate amendments on microbial 
(bacterial and fungal) community composition. 
The effects of substrate addition and plant commu-
nity on the biomass of specific  microbial groups 
were determined using a two-way ANOVA on 
their relative abundance. Changes in the microbial 
(bacterial and fungal) community composition by 
the plant community and the substrates addition 
were analyzed using non-parametric Permutational 
Multivariate Analysis of Variance PERMANOVA 
(“adonis” function in the vegan package 2.5–2) 
(Oksanen et  al. 2018). The assumption of homo-
geneity of variance was tested using the betadis-
per function (vegan package 2.5–2) and both the 
fungal and bacterial community composition was 
found to meet this assumption (Table  S9). We 
visualized the dissimilarities between the micro-
bial communities under the influence of plant 
communities and substrate added to the soil using 
non-metric multidimensional scaling (NMDS) of 
Bray–Curtis dissimilarity coefficients. All analy-
sis was performed using R software (v 3.4.3) with 
visualization being done with ggplot2 package 
(Wickham 2011).

Results

Carbon allocation and Nitrogen return

The AM plant community had expectedly a lower 
shoot biomass (4.62 ± 0.14  g) compared to NM the 

plant community (7.42 ± 0.44  g) but both had simi-
lar root biomass  (F1,16 = 0.17; p = 0.685), which 
resulted in a higher root to shoot ratio for the AM 
plant community (data not shown). In line with this 
the AM plant community also allocated more car-
bon to their roots, which was reflected in the root 
to shoot ratio of incorporated 13C in the AM plant 
community compared to the NM plant community 
 (F1,16 = 20.91, p < 0.001; Fig. 2A). In contrast, the net 
13C assimilation of the rhizosphere microbial commu-
nities, which decomposed the added substrates in the 
ingrowth cores of the AM plant community, was sig-
nificantly lower than that of the NM plant community 
 (F1,16 = 21.75, p < 0.001, Fig. 2B). This was supported 
by lower 13C assimilation into total microbial biomass 
(CFE) and respired soil  CO2 (data not shown).

The shoots of the AM plant community gained 
93.1 ± 4.7 μg 15N from labeled substrate decomposi-
tion, which was not significantly different from the 
NM plant community that gained 82.3 ± 10.7 μg 15 N 
((F1,16 = 0.40, p = 0.541, Fig.  3A). The 15N uptake 
of the plant community shoots was also not affected 
by the added substrate (AM:  F2,6 = 0.57, p = 0.594; 
NM:  F2,6 = 0.797, p = 0.493). Unexpectedly, the net 
N uptake cost in the AM plant community was sig-
nificantly lower than in the NM plant community 
 (F1,16 = 15.20, p = 0.001; Fig.  3B), as 66% less 13C 
was net assimilated by the microbial community per 
15N gain of the AMF plant community shoots. Even 
though, the AM plant community allocated signifi-
cantly more 13C into AMF biomass per 15N gain of 
the plant shoot  (F1,16 = 30.53, p < 0.001; Fig.  4A) 
this was overcompensated by a significantly lower 
13C allocation into free-living fungi  (F1,16 = 15.47, 
p = 0.001; Fig.  4B) and bacteria  (F1,16 = 4.78, 
p = 0.044; Fig.  4C) per 15N gain of the plant shoot. 
Interestingly, the net N uptake cost depended only 
in the AM plant community also on the decomposed 
substrate  (F2,15 = 7.13, p = 0.009, Fig.  4). Specifi-
cally, in the AM community resulted the colonization 
of ingrowth cores with inorganic N amended soil in 
significantly higher net 13C allocation to bacteria and 
free-living fungi compared to microbial necromass 
and plant litter containing ingrowth cores (Fig.  4B, 
C). Such substrate-based differences were missing in 
the ingrowth cores of NM communities.
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Microbial community composition

The microbial community that developed in the 
ingrowth cores of AM and NM plant communities, 
had the same OTU richness and evenness (Table S3). 
Only the addition of root litter significantly increased 
the OTU richness of fungi in the ingrowth cores 
(Table S4). In contrast, the relative abundance of indi-
vidual bacterial groups and fungal guilds significantly 
differed between the ingrowth cores of the AM and 
NM plant community and with the added substrate 
(plant root litter, microbial necromass and inorganic-
N) (Fig. 5, Table S10 and S11). Fungal and bacterial 
communities are mainly separated by the added sub-
strate on NMDS1 whereas AM and NM plant com-
munity separated on NMDS2. The microbial commu-
nities after root litter addition were more dissimilar to 
the other substrate addition, which is likely caused by 
the presence of plant carbohydrates as C substrate vs. 
microbial carbohydrates that were added for micro-
bial necromass and inorganic N additions.

AMF associations had compared to NM communi-
ties significantly higher relative abundance of bacterial 

groups belonging to Actinobacteria and Proteobacte-
ria (specifically Betaproteobacteria) (Table  S5) and 
the absence of AMF associations had significantly 
higher relative abundance of the Acidobacteria group 
(Table S5). In agreement with results from PLFA analy-
sis, AMF association had higher relative abundance of 
AMF (Table  S6) predominantly belonging to Diver-
siporaceae, Claroidegloeraceae, Glomeraceae and 
Paraglomeraceae whereas NM plant communities had 
significantly higher relative abundance of fungal sap-
rotrophs and endophytes that are also reported partially 
having a free-living lifestyle (Rodriguez et al. 2009).

The response of the bacterial community on substrate 
additions was generally higher compared to the fungal com-
munity (Fig. 5, Table S7 and S8). The substrate addition of 
root litter had a stimulating effect on the relative abundance 
bacterial groups belonging to Gemmamonadetes, Nitros-
pira and others whereas the addition of bacterial necromass 
showed significantly lower abundance of Deltaproteobacte-
ria (Table S7). Only fungal OTUs that were not exclusively 
assigned to major guilds (Saprotrophs, AMF, Ectomycorrhi-
zal and Endophytes) showed a significant response to sub-
strate amendments (Table S8).

Fig. 3  Carbon investment into microbial community and 
return of decomposition released nitrogen. A: 15N content 
(µg) of shoots in AM (n = 9) and NM (n = 9) plant communi-
ties. B: Net N uptake cost (µg 13C in microbial biomass / 
µg 15N plant shoot) Colors represent plant community types 

(Dark Green = AM and Orange = NM plant community). Hori-
zontal bars represent means for all substrate additions and error 
bars represent standard error of means. Groups sharing the 
same letters are not significantly different based on one-way 
analysis of variance (ANOVA)
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Discussion

In this study, we investigated the role of plants in eco-
system nutrient cycling by tracing plant-derived car-
bon in substrate decomposing microorganisms and 
substrate-derived nitrogen back to plant shoots. We 

compared on the one hand a plant community with 
and one without symbiotic fungi (AMF) and on the 
other hand the decomposition of different substrates. 
We investigated the changes in the microbial commu-
nity composition and determined the net plant-derived 
carbon assimilation of the microbial communities and 

Fig. 4  Net N uptake cost for different microbial groups. 
Mean 13C (µg) incorporated into total microbial group specific 
lipids (A – AMF (NLFA); B – Free-living fungi (PLFA) and 
C – Bacteria (PLFA)) per 15N uptake (µg) by the plant com-
munity shoots. Means, standard error and significant differ-

ences between plant communities (asterisk) and soil amend-
ments (LSD letter-group based on Tukey’s post-hoc tests) are 
shown. Significance is indicated at p < 0.05 (*), p < 0.01 (**) 
and p < 0.001 (***).
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their functional parts (bacterial groups and fungi). 
Finally we calculated the net carbon cost for decom-
position-derived nitrogen uptake to the plant shoots. 
We found that AMF associated (AM) plant communi-
ties did not gain significantly more nitrogen from the 
different substrates than non-mycorrhizal (NM) plant 
communities. This is in line with previous reports 
looking at nitrogen uptake on the plant community 
level (van der Heijden et al. 2006). Even so, it is clear 
from experiments on the species level using compart-
ments with restricted hyphal access (Nuccio et  al. 
2013) and sterile soil (van der Heijden et  al. 2006) 
that plants clearly benefits from AMF for nutrient 
uptake. Our results suggest therefore that results from 
single species experiments cannot be generalized for 
plant communities as associations in single species 
experiments often occur with specialized AMF spe-
cies and do not account for alternate nutrient uptake 
strategies that exist in NM plants. We advocate con-
sequently community-based approaches to understand 
effects of presence or absence of AMF association. 
We used four different plant species in our experi-
mental plant communities, as biodiversity research 

has shown that species related trait variations are less 
important in plant communities having 4 and more 
species (Weisser et al. 2017).

Most interestingly, our experiments show that even 
though AMF associated plants may take up nutrients 
more efficiently, the total nutrient gain of the plant 
community relative to NM based plant communi-
ties remains similar. This raises the question why so 
many terrestrial plant species rely on the AMF asso-
ciation? At first glance, it appears that AMF associ-
ated plants need to allocate carbon to grow and main-
tain the hyphal network (Kaiser et  al. 2015), which 
is theoretically increasing the plant carbon demand. 
In addition AM plants directly exchange carbon for 
nutrients with the AMF. However, carbon demands 
are also observed in NM plants, as NM plants release 
exudates to induce growth of saprotrophic fungi and 
bacteria in the rhizosphere, which stimulate substrate 
decomposition. Our results (Fig.  3B, Fig.  6,) show 
that the targeted transfer of plant carbon to AMF 
and from AMF directly to the location of microbial 
decomposition is more efficient than untargeted trans-
fer of carbon to the whole rhizosphere of NM roots. 

Fig. 5  Variation in microbial bacterial and fungal commu-
nity composition with different plant communities and added 
substrates. Non-metric multidimensional scaling (NMDS) 
plots illustrating Bray–Curtis distances between microbial 
communities (A: Fungal Community (ITS regions) and B: 
Bacterial Community (16S RNA gene) in individual sam-
ples (n = 18). Colors represent plant community type (Dark 

Green = AM and Orange = NM) whereas symbols represents 
soil amendments. Stress values for fungal (A) and bacterial 
(B) plots are 0.05 and 0.18 respectively. Fungal and bacterial 
communities differ significantly between plant communities 
(F = 1.87, p = 0.013 and F = 1.24, p = 0.019) and added sub-
strates (F = 1.99, p = 0.0003 and F = 1.5, p = 0.0001), respec-
tively (see Text and Table S10 and S11).
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This target oriented carbon transfer likely explains 
the overall success of plant-AMF associations. This is 
also in line with previous studies showing the impor-
tance of carbon flow through the AMF hyphal net-
work for functioning of the associated soil bacterial 
community (Vestergård et al. 2008; Drigo et al. 2010; 
Kaiser et  al. 2015). The close interaction of AMF 
and bacteria potentially increases decomposition 
efficiency and makes in the long run more nutrients 

available to the plant communities (Verbruggen et al. 
2013). NM plant communities likely miss the targeted 
growth of AMF hyphae and rely on free-living sap-
rophytic fungi and bacteria for decomposition, there-
fore increasing the overall carbon per nitrogen cost 
(Cosme et al. 2018).

Belowground plant carbon allocation into the 
microbial community is one of the most important 
mechanism for soil carbon formation and nutrient 

Fig. 6  Conceptual model showing the effect of AMF asso-
ciation on decomposer and plant responsive microbial groups 
that shape carbon and nutrient assimilation when decompos-
ing stoichiometrically identical substrates. In non-mycorrhizal 
plants (NM) the role of AMF is taken over by fungal sapro-
trophs. Distinct bacterial communities are assembled for each 

substrate depending on substrate origin and plant-AMF asso-
ciation context. Arrows represent the C and N flow differences 
arising from presence or absence of AMF, explaining that for 
an equivalent N uptake AMF associated plants invested lower 
amounts of photoassimilated carbon into decomposer commu-
nity
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cycling (Gleixner 2013; Lange et  al. 2015; Walker 
et  al. 2020). Plants adjust the below ground car-
bon flow and its chemical composition in response 
to the environment. For instance, increased fluxes 
of rhizodeposits that stimulate decomposition are 
observed as a response to increased atmospheric 
carbon concentrations in order to compensate to the 
higher nutrient demand for growth (Drigo et al. 2010). 
Also the the nutrient content (C/N ratio) of organic 
matter is suggested to influence the flux and composi-
tion of rhizodeposites (Jones et al. 2004; Wang et al. 
2015; Stempfhuber et al. 2016). In our experiment we 
added the same amount of carbon and nitrogen for 
microbial decomposition, but varied the biochemis-
try of the substrates. Root litter held nitrogen mainly 
as proteins, microbial necromass mainly as pepti-
doglucanes and nitrate as third substrate was readily 
available. Our substrate addition showed that the net 
assimilation of plant-derived carbon by the rhizo-
sphere microbial community depended on the bio-
chemical characteristics of the decomposed substrate 
(Fig.  4). This strongly suggests that substrate (bio)
chemistry and therefore the enzymes that are needed 
for the decomposition of the substrates and the micro-
organisms that are able to biosynthesize them, is 
likely the reason behind the effect of nutrient content 
(C/N ration) in substrate decomposition experiments. 
Therefore, our results advocate that future experi-
ments that investigate the below ground carbon trans-
fer and decomposition should simultaneously con-
sider nutrient content (C/N ratio) and biochemistry of 
substrates available for nutrient recycling.

AMF  associated rhizosphere microbial commu-
nities generally assimilated less plant carbon than 
the microbial communities lacking this association 
(Fig.  4), which suggests that AMF allocated less 
labile carbon to the free-living soil microbial commu-
nity in order to take up mineralized N from decom-
position. The fundamental role of the AMF in this 
transfer is supported by results from a root exclusion 
treatment that used 30 µm mesh instead of 1000 µm 
(Table  S1), which showed no significantly different 
15N uptake into the plant community. This suggests 
that AMF indeed act as target-oriented root exten-
sions that more effectively feed plant-derived carbon 
to the free-living microbial community (Parihar et al. 
2020) and therefore likely use the flux and compo-
sition of exudates to stimulate the suitable part of 
the microbial community for decomposition of the 

available substrate. This targeted feeding strategy 
is supported by the significant response of specific 
microbial groups to either the substrate addition or 
the plant community (AM and NM) (Fig. 5).

Therefore, the composition of the microbial 
decomposer community is adjusted to plant exu-
dation and type of the substrate being decomposed 
(Fig. 5, Fig. 6), thus making AMF associations with 
plants an important part of the decomposition pro-
cess (McLaren and Turkington 2011). Expectedly, 
the fungal community primarily differed between 
AM or NM plant communities (Fig. 5A), emphasiz-
ing the fungal role in decomposition and nutrient 
gathering (Meier et al. 2015; Bukovská et al. 2018). 
However, in the presence of AMF, we observed 
lower plant carbon assimilation by the free-living 
fungal community (Fig.  4B) (Mueller et  al. 2014), 
indicating dominance of a bacterial community in 
the associated decomposition processes. This sug-
gests that primary decomposers in the AM rhizos-
phere/hyphosphere were bacteria that were fed and 
rapidly adapted to substrate by the AMF (Herman 
et al. 2012; Nuccio et al. 2013).

Most interestingly our results indicate for the 
first time that AM plant communities strongly ben-
efit from the association with AMF during nutri-
ent uptake from microbial necromass (Fig.  4). 
AMF assimilated more 13C from plants (i.e. higher 
net N uptake cost, Fig.  4A) but invested less car-
bon into the bacterial community for decomposi-
tion (i.e. lower net N uptake cost, Fig.  4B). This 
might indicate that AMF, which lack capability to 
decompose lignocellulose structures of plant cell 
walls themselves (Tisserant et  al. 2013), might 
be able to decompose peptidoglycan structures of 
microbial cell walls. This idea would be supported 
by the dramatic up-regulation of genes in AMF that 
encode for enzymes containing a peptidoglycan 
binding LysM domain and glycan hydrolases like 
lysozyme, glucosamidase and alpha amylase, which 
would be necessary for microbial cell wall decom-
position (Tisserant et  al. 2013; Gude et  al. 2012). 
If we consider that large parts of soil organic mat-
ter are microbial necromass (Gleixner 2013) the 
association of plants with AMF gain a new overall 
importance for ecosystem functioning. However, 
additional experiments are needed to confirm this 
new role of plant-AMF associations for microbial 
cell wall decomposition.
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Conclusion

Our results suggest that a three-way interaction 
between the plant community, the microbial com-
munity and the biochemistry of decomposed sub-
strate is of fundamental importance for ecosystem 
functioning. Specifically, nutrient recycling in the 
plant-microorganism-soil continuum is shaped by 
these interactions leading to a plant-driven and con-
text-dependent (biochemistry of litter, environmental 
conditions, presence or absence of fungi) stimulation 
of microorganisms that decompose the given sub-
strate (Fig.  6). Most interestingly is the decomposi-
tion capability of parts of the decomposer community 
likely redundant as litter with the same biochem-
istry is decomposed by different parts of the micro-
bial community in dependence of the presence and 
absence of AMF (functional overlap). Consequently, 
organic matter decomposition and nutrient recycling 
can only be fully understood if the whole continuum 
is investigated. Moreover, our results demonstrate for 
the first time that plant nutrient gain via AMF associ-
ation is less carbon intensive and likely more targeted 
than passive exudation of plant communities lacking 
an AMF association. This might explain why a large 
part of the plant community relies on AMF mediated 
nutrient uptake strategy.
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