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1 Introduction

Soils are central to nutrient recycling in terrestrial ecosystems. Organic matter accu-

mulates in soils, forming large amounts of varied organic compounds which need to

be decomposed to free the nutrients it contains (Sollins and Gregg, 2017). This is done

by the diverse community of bothmacro- andmicroorganisms that populate soils. They

can decompose this organic matter, breaking down the complex and varied molecules

and releasing mineralized nutrients that can then be absorbed by plants (Bonkowski et

al., 2001). As we investigated the impact of soil organisms and their interactions on the

nitrogen and carbon cycles in soils, we created mesocosms where their effects could be

studied, focusing on plants and their mycorrhizal partners as well as rhizosphere bac-

teria and their protozoan predators, four central actors in soil ecosystems and nutrient

cycles (Bonkowski, 2004).

1.1 Plant productivity and growth strategy

The functions of the different organisms in soil ecosystem results from their resources

availability and needs: typically, the development of soil organisms is limited by the

availability of assimilable energy, in the form of reduced carbon (Clarholm, 1989). On

the other hand, plants use photosynthesis to reduce atmospheric carbon and are there-

fore not limited by this element, but are limited by resources such as water, nitrogen or

phosphorus. This pattern shapes how these organisms interact, as well as the produc-

tivity of the ecosystem as a whole, as plants are dependent on the intake of nutrients

released by soil organic matter decomposition for their development and to be able to

fix of more atmospheric carbon (Steinauer et al., 2015, Kaštovská et al., 2015). As with

any other terrestrial ecosystem, plants are the central producer, with all other organ-

isms relying on plant-derived carbon for their development (Bonkowski, 2004).

Interestingly, the plant-derived carbon feeding soil organisms does not only originate

from litterfall but comes in part from root exudateswhich are consumed by rhizosphere

microorganisms with no direct benefit for the plant. Through these exudates alone,

plant-derived carbon input to soil adds up to an important fraction of the total carbon

fixed by photosynthesis: from 5 to 20% in most cases (Whipps and Lynch, 1983, Vives-

Peris et al., 2020), with up to 40% reported (Kumar et al., 2006). The investment of such
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an important fraction of their production in rhizosphere microorganisms suggests that

plants receive a significant benefit in return. In typically carbon limited soil (Clarholm,

1989), this significant input from plant root promotes microbial activity, which in turn

increase the decomposition of organicmatter and nutrient mobilization (Kuzyakov and

Domanski, 2000).

Missing from most of the available data are tests on the impact of the carbon flow itself

on the nutrient uptake by plants (Chowdhury et al., 2022). As plants exchange carbon

for soil nutrients, it is generally assumed that the flow of carbon and that of other nu-

trients will evolve proportionally (Koller et al., 2013). Contrary to soil nutrients that are

taken up by roots, the carbon flow going to rhizosphere organisms has been shown to

be mostly source-regulated rather than consumer-regulated (Wamberg et al., 2003). In

that context, an important determinant of carbon flow is the plant strategy in its carbon

allocation, whereas the presence of certain microorganisms can only have a localized

impact on the amount of carbon exudated by roots (Vives-Peris et al., 2020).

Plants have indeed been shown to limit their growth belowwhat available resources al-

low (Parsons et al., 2013), with potential for additional nutrients use and plant produc-

tivity under different plant growth strategy (Chen et al., 2016, Williams and de Vries,

2020). Here, the plant growth strategy was used to create productivity treatment, by

planting either a plant species considered fast-growing and resource exploitative or

another more conservative in its growth strategy (Lambers and Poorter, 1992). To have

two plant species that are both significantly different in their strategies but still com-

parable in all other aspects, we used the closely related Plantago lanceolata as the fast-

growing, exploitative species, and Plantago media as the slower-growing, more conser-

vative species. Plantago species are fast-growing generalists that could tolerate well the

growing conditions we provided and associate well with myccorhiza (Thakur et al.,

2019). As non-legume plants, they can not use interaction with nitrogen-fixing bacteria

and have to source their nitrogen from the soil, and we expect this intake to be affected

by our other treatments.

Once growing, the more exploitative P.lanceolata is expected to exude a higher quan-

tity of organic compounds to accelerate the increase in its nutrient intake (Henneron

et al., 2020). In our mesocosms, we would see a faster flow of both carbon and nitro-
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gen as the plants productivity increased, and therefore a significant difference between

P.lanceolata and P.media (Chen et al., 2016, Williams and de Vries, 2020).

1.2 Rhizosphere bacteria

The interaction between plant roots and the rhizosphere community and its potential

benefits for the plant do not stop at nutrient exchanges. Rhizosphere bacteria have been

found to promote plant growth through an array of mechanisms. One aspect is the ca-

pacity of different bacteria taxa to either directly produce auxins, cytokinins, ethylene,

and other phytohormones or indirectly influence the production by plant cells of these

hormones (Kudoyarova et al., 2019), resulting in promoting root growth or modifica-

tion of the root architecture, notably by promoting the development of lateral roots

(Kurepin et al., 2014) and the production of root exudates (Oppenheimer-Shaanan et

al., 2022), as well as the adaptation of the root system to their environment, typically

by shaping the development of different plant tissues in response to abiotic stress such

as drought or high concentration of salts or heavy metals (Egamberdieva et al., 2017).

Similar shifts in root architecture can be attributed to the local availability of nutrients,

particularly ammonia, which in turn can also be affected by microbial activity leading

to the release of more nutrient (Mantelin and Touraine, 2004).

These interactions betweenplants andbacteria are oftendescribed asmutualistic (Saeed

et al., 2021), meaning that the fitness of both organisms sees a net increase (Bronstein,

1994). These microorganisms are reliant on carbon from the plants for their energy,

mostly in the form of exudates, which are produced in higher quantities at the tips of

growing roots (Rovira, 1969). This thriving rhizosphere microbial community then im-

prove significantly the nutrient uptake by the plant, and experiments testing the pres-

ence of common rhizosphere bacteria often found a positive impact on plant growth

and, in the case of crops, yield (Mendes et al., 2013). Another indirect benefit for plants

is the biocontrol of phytopathogens by rhizosphere microbes, either through niche oc-

cupation, resource competition, or direct antagonistic interaction (Sindhu et al., 2009,

Gómez Expósito et al., 2017).
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1.3 Bacteria grazers

The most important aspect of the nutrient cycles for plant nutrition, the mineraliza-

tion of nutrients, is not yet convincingly shown to be a benefit of rhizodeposition when

looking only at interactions between root and bacteria (Bonkowski, 2004). As carbon

released through root exudates increases the C:N ratio, nitrogen is increasingly com-

peted for, and instead of being available to plants, it is immobilized by bacteria in a

mechanism called the ”microbial loop”, a concept originally described inmarinemicro-

biology (Azam et al., 1983) since found to be also applicable in soil ecosystems, where

nutrients found in bacterial biomass are constantly re-absorbed by other bacteria in-

stead of moving up the food chain. This is where bacteria predators play a critical role

in nutrient cycles. These organisms, either protozoa or small animals like nematodes,

have a similar physiological C:N ratio to bacteria (Clarholm, 1981). When they consume

bacterial biomass, which they do in important quantities (Clarholm, 1985), they accu-

mulate an excess of nitrogen as a fraction of the absorbed carbon is used to produce

energy through respiration rather than to build up their own biomass. That surplus

of nitrogen is then made available to plants when it is released as ammonia (Zwart,

1994). The accelerated life cycle of bacteria as their growth is stimulated by grazing

and they are rapidly consumed by predators that recycle the nutrients they contain is

also thought to promote resource transfer through this food web (Morriën et al., 2017).

As in the case of plant-bacteria interactions, this effect on nitrogen flow is not the only

way that bacteria grazers can interact with plant roots. Protozoan bacteria grazers

have been shown to promote root development through their impact on the activity

of the bacteria community, indirectly affecting the production of phytohormones by

these bacteria (Bonkowski and Brandt, 2002, Krome et al., 2010). One of the mecha-

nisms at play is grazing-induced stimulation of auxin- producing bacteria, as consump-

tion of parts of the population of bacteria will free space and resources that promote

the growth of that same bacteria population, resulting in a significant increase in its

metabolic activity (Hunt et al., 1977).

Another effect of bacteria grazers on rhizosphere bacteria is the modification of their

community composition. In previous studies, the impact of this grazing pressure on

soil bacteria community composition was found to be important and rapid (Mielke et

al., 2022, Rosenberg et al., 2009, Rønn, McCaig, et al., 2002). This is due to the selective
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nature of this pressure, with bacteria that are smaller or sporting defense mechanisms

being more grazing-tolerant (Matz and Kjelleberg, 2005). They are therefore advan-

taged by the integration of bacteria grazers in an environment, which quickly reduces

the population of their bigger, faster growing competitors.

Among the predators of bacteria in soils, amoeba are of particular importance. They

are known to be very efficient, their presence having a high impact on the bacteria

community’s diversity and total biomass (Clarholm, 1981). This is due to their physiol-

ogy, which makes them great bacteria hunters in the water films around soil particles,

where their pseudopod can penetrate pores as small as 1 µm, where bacteria are typ-

ically protected from other predators (Ekelund and Rønn, 1994). Additionally, their

short generation time, close to that of their prey, allows them to keep a strong grazing

pressure on bacteria (Clarholm, 1981).

And among amoeba found in soil, Acanthamoeba castellanii is very common and widely

distributed, and was previously shown to be an efficient bacteria grazer (Page, 1976).

Here, it was inoculated in some of our mesocosms to create a treatment. In the rest

of the mesocosms, all bacteria grazers were excluded. In the absence of predation, we

expect the bacterial loop to be a significant obstacle to nutrient uptake by plants, and

therefore the Acanthamoeba castellanii treatment to make a clear impact on the flow of

nutrients. A strong increase in nutrient availability could stimulate plant growth sig-

nificantly, with a potentially disproportionate effect on roots. If this treatment indeed

improves plant development, we would also expect a proportionate increase in carbon

flow from plants to the soil.

1.4 Mycorrhizal fungi

Another plant-microbe interaction that significantly improve the availability of nutri-

ents for plant roots is the mutualistic relationship with mycorrhizal fungi (Ingraffia et

al., 2019). Some fungi, from the Glomeromycota taxon (Tedersoo et al., 2018), have the

capacity of infesting plant roots with their hyphae without directly causing harm to

these tissues. In typical natural conditions, this interaction increases plant fitness in-

stead (Thakur et al., 2019, M. Wang et al., 2023), and currently most terrestrial vascular

plants form mutualistic interactions with mycorrhizal fungi (Averill et al., 2019), with
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evidence that it has been the case since the start of the evolution of land plants (Re-

decker et al., 2000). When a mycorrhize colonize a root, their close connection allows

the plant and the fungus to exchange resources directly. This exchange is based on

the complementary nature of plants and fungi, as their limiting resources are different.

Plant roots have access to abundant carbon photosynthesized above-ground, and for-

age for water and soil nutrients, and although mycorrhizal fungi cannot digest the soil

organic matter themselves (Tisserant et al., 2013), they have a much better access to the

soil nutrient once decomposed by other microbes.

This is due to their mycelium requiring fewer resources to grow than plant roots (Bon-

fante and Genre, 2010). Whereas a root cross section typically shows hundreds of cells

and a diameter of at least 300 µm, the mycelium network is formed of strings of sin-

gle hyphae cells measuring around 10 µm in diameter. With fewer resources invested

in structural tissue than plant roots, they can cover a larger volume of soil, creating a

denser network that can also be resorbed once resources have been collected. With this

rapid and ”cheap” access to soil resources, they can compete with other rhizosphere

microorganisms for nutrient uptake, which plant roots cannot do (Bunn et al., 2019).

Their impact on the nutrient availability for plants is such thatmycorrhiza can also have

an important effect on root development. Previous experiments have even reported re-

duced root biomass in the presence of mycorrhiza, as the fungal partner took over some

of the root function (Henkes et al., 2018). But without their plant hosts, the typically

low amount of carbon in soils would limit their development, as is the case for other

soil organisms.

Additionally, the presence of myccorhiza has also been shown to create shifts in the

rhizosphere microbial community composition, presumably by out-competing other

fungi, changing the availability of both soil nutrients and plant carbon, or more di-

rectly through hyphal exudates (Nuccio et al., 2013). Although the feedback of this

phenomenon on other plant-microbe interactions is not clear, such findings suggest that

myccorhiza has an important impact on other rhizosphere microbes. This mechanism

might also play a role in shaping the plant-myccorhiza association effect on nutrient

cycles in soils (Chowdhury et al., 2022).

Similarly to the protozoa treatment, a mycorrhiza treatment was created by excluding
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these organisms and inoculating them only in some of the mesocosms. Plantago species

associatingwith ArbuscularMycorrhizal Fungi (AMF) (Averill et al., 2019), we used the

typical model organism of AMF, Rhizophagus irregularis. This species has been shown to

be particularly beneficial to the growth of Plantago (Thakur et al., 2019). For this reason,

we also expected this treatment to significantly improve nutrient uptake by the plants,

potentially leading to a notable increase in plant growth and carbon flow. Here, we are

particularly interested in the interactions between treatments. Available data suggest

that this effect of AMF association could be stronger with Plantago lanceolata (Thakur et

al., 2019), as well as in the presence of our bacteria grazer treatment (Koller et al., 2013).

According to these previous findings, we would see an increase in nutrient exchange

in the interaction of these treatments that would be higher than the simple sum of their

individual effects. But contrary to the protozoa treatment, we do not expect mycorrhiza

to promote the growth of roots proportionally to the rest of the plant; rather, previous

data has shown that they can reduce the development of the root system as they take

over some of the functions of the roots (Henkes et al., 2018).

1.5 Experiment goal and design

Although numerous studies have shown different positive impacts of plant-mycorrhiza

(Asghari and Cavagnaro, 2012, Bender and van der Heĳden, 2015) or plant-protozoa

(Bonkowski and Brandt, 2002, Gao et al., 2019) relations on plant nutrient intake and

growth, only a limited number of experiments have combined both effects to measure

their interactions and their relative importance. In his 2004 review, Bonkowski hy-

pothesized that, in natural conditions, having both associated mycorrhiza and proto-

zoa maximizes plant growth as mycorrhiza increase uptake of nutrients mobilized by

protozoa, while the respective effects of each interaction on root architecture are coun-

terbalanced (Bonkowski et al., 2001, Bonkowski, 2004). Later experiments tended to

confirm an added benefit to plant development when both mycorrhiza and protozoa

were present in the rhizosphere (Koller et al., 2013, Henkes et al., 2018). Although con-

trasting evidence suggests that inhibition effects exist (Rønn, Gavito, et al., 2002) or, in

some cases, negative impacts on plant growth are found, for example, when ecological

conditions mean that mycorrhiza turn into functional parasites of plant roots (Herdler

et al., 2008). There is still a limited amount of data available to understand the complex

11



rhizosphere foodwebs (Geisen andQuist, 2021), and the impact of interactions between

roots, mycorrhiza, and protozoa is typically dependent on the ecological conditions and

the species involved. And data from experimental studies currently available usually

tackle only one set of these conditions at a time. There is also limited data on the im-

pact of the carbon flow itself on this complex network of interactions (Chowdhury et

al., 2022).

To test the impact of these different trophic levels, from plant producers to protozoa

and myccorhiza, on the nutrient cycles in the rhizosphere, we designed an experiment

where the presence of these organisms was made a treatment in a full factorial design,

allowing us to check for their individual effects as well as those of their interactions.

A controlled environment was created in rhizosphere mesocosms, starting from sterile

soil, where it was possible to create treatments involving the absence or presence of

protozoa and myccorhiza. The three treatments selected (plant growth strategy, pro-

tozoa inoculation, myccorhiza inoculation) were applied in a full factorial design (see

Figure 2), so that both their individual impact and that of their interactions could be

studied.

To follow and quantify the nutrients flow through the rhizosphere of these mesocosms,

we used Stable Isotope Probing (SIP; Dumont and Murrell, 2005) and amended the

isotope ratio of certain pools of elements to later measure their diffusion into other

pools. We chose to focus on the carbon and nitrogen cycles. Here, carbon represents

the amount of energy flowing from above-ground tissues of the plant to the roots and

then to soil organisms. And among the nutrients which are flowing from the soil to

plant tissues, nitrogen is often the primary limiting element for plant growth (Vitousek

and Howarth, 1991), and was therefore preferred to other soil nutrients. By tracking

both the carbon and nitrogen flow this way, we were able to measure the amounts of

each element that were absorbed by the different organisms present.

In the case of nitrogen, this probing was done by amending a patch of bacterial necro-

mass in the soil with 15N and later measuring how much the plant biomass had been

enriched in this isotope.

For the carbon, lipid markers were extracted and identified so that they could be at-

tributed to certain soil microorganisms. These compounds, either part of the cell mem-
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brane of organisms (phospholipid fatty acids, PLFA) or storage lipids (neutral lipid fatty

acids, NLFA), have been found to be specific to some large taxonomic and functional

groups of soil organisms (Frostegård et al., 1993). As fatty acids are quickly degraded

in natural conditions, they are considered a quantitative representation of themicrobial

community at a given time, whereas molecules such as DNA can indicate the presence

of an organism but have a slow turn-over rate in soil and can accumulate in organic

matter, limiting their sensitivity to temporal shifts in community composition (Willers

et al., 2015, Joergensen, 2022).

More recently, this technique has been combined with carbon labeling, with the iso-

topic enrichment of individual biomarkers bringing more insight into the carbon flow

(Yao et al., 2015). Here, the flow of carbon from plants to the soil was probed by plac-

ing the mesocosms in labeling chambers containing a high amount of 13CO 2. Later, the

enrichment in 13C of lipid markers was measured. A high enrichment in a marker was

interpreted as the consequence of the metabolic activity of organisms that had been

feeding on plant-derived carbon.
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2 Material and methods

2.1 Mesocosms setup

Testing the effect of microorganisms required to exclude them from certain treatment.

This was achieved by creating soil mesocosms containing sterile soil that could then be

re-inoculated with some microorganisms but kept hermetically closed to prevent con-

tamination. Inoculum of these organisms were prepared in sterile conditions for the

same reason. Substrate amended with 15N was also added to the soil during the setup

of these mesocosms.

2.1.1 Soil collection

The soil used in this setup was sourced from the Jena Experiment site (Roscher et al.,

2004). The relatively high sand content of this soil would promote the development

and interaction of the different organisms present. Such soil texture leads to larger pore

spaces with a high available surface area, allowing all soil organisms tomove freely and

have good access to resources (Rutherford and Juma, 1992). This ensured the proper

and homogeneous development of all organisms present (bacteria, amoeba, AMF, and

plant roots) in our mesocosms.

The soil on the Jena Experiment site is classified as an Eutric Fluvisol, with texture rang-

ing from silty clay to sandy loam as the distance to the river decreases. A segment of

this site, closer to the river, was chosen for soil collection. This soil has been reported

to have a sand content above 40% and a density of 1.25 g cm−3, with a relatively low

organic matter content of 18.2 g kg−1 and nitrogen content of 1.9 g kg−1. On site, the

presence of numerous molehills was noted, and soil was collected directly there. Not

only is it a practical way to collect a large volume of soil compared to digging, but this

also meant that less plant and mineral matter were mixed with the soil and that it had

already been stirred up, decompacted, and freed of bigger aggregate.

The collected soil was then sieved through a 2 mm mesh to remove fragments of roots

and other debris and keep the aggregate size to a minimum. This improved the surface

area available to soil organisms and plant roots. This step also further homogenized

the soil.
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2.1.2 Soil sterilization

To ensure that only selected organismswould be present in themesocosms, this soilwas

sterilized by autoclaving. As some soil microorganisms, including sporulating fungi

and bacteria, are capable of surviving a single autoclave cycle (Wolf et al., 1989), two

cycles of 30 minutes at 121°C and 210 kPa, separated by a week of incubation at room

temperature, were used. This sterile soil was later used to fill our mesocosms before

being inoculated using cultures of soil organisms.

2.1.3 Plants seedlings

The seeds ofPlantago lanceolata andPlantago media thatwere used to germinate plants for

themesocosms also needed to be sterilized and kept in sterile conditions. All seedswere

surface sterilized by a cycle ofwashing in 70%ethanol, followedby 5%Na-Hypochlorid,

and then cleaned with sterile deionized water (Davoudpour et al., 2020).

Theywere then germinated in sterile conditions on a wet paper filter inside Petri dishes

that were closed with paraffin. These dishes were then placed in a climate chamber for

4 days. As Plantago germinates during the summer in the wild, summer-like conditions

were recreated in the chamber to stimulate germination and fast growth (Blom, 1978).

Throughout the development of the plants, they had a 16-hour long day, 18°C (+7°C

with light on during the day period), 65% humidity, and 280 μmol m−2 s−1 light photon

flux density.

At the end of this germination period, 80 seedlings (40 of each species) were selected to

be planted in the mesocosms. After choosing individuals of similar size for homoge-

neous starting conditions, seedlings were planted in small tubes filled with autoclaved

sand, which were then placed in Magenta vessels (Sigma-Aldrich, St Louis, MO, USA).

Seedlings were kept in these boxes, which were hermetically sealed and transparent,

while they developed further. They were again placed in a climate chamber with sim-

ilar conditions for 4 more days, until they had developed enough to be transferred to

mesocosms.
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2.1.4 Bacteria suspension

Before growing any other organisms in our mesocosms, the sterile soil needed to be

populatedwith a bacteria community thatwould naturally occur in the same soil, while

excluding any protozoa or fungi. A bacteria inoculum was prepared by taking the mi-

crobial community of the original soil and filtering out the bigger organisms. First, a

slurry was created by suspending a small amount of non-sterile soil in tap water. This

slurry was filtered first through a paper filter (595½ Schleicher & Schuell, Dassel, Ger-

many) to remove the bigger soil particles, then through 5 μm water filters, and finally

through 3 μm sterile filters. This successive filtration guaranteed the exclusion of larger

organisms, until only bacteria were left in the solution. This operation was repeated to

create four individual suspensions.

These suspensions were then checked under a microscope for contamination by pro-

tozoan or fungal organisms after 1 week of cultivation in NB-NMAS (modified from

Page, 1976). This liquid growth medium was modified to be poorer in nutrients, using

0.26 g of nutrient broth (CM0001 Nutrient Broth; Oxoid, Basingstoke, UK) for 1 L of

NMAS buffer, or one tenth of the usual recommended quantity. This limited amount

of nutrients ensures slower development of bacteria, thus preventing them from filling

the space in the culture vessels, which would have made the detection of the potential

eukaryotic contaminants harder. In such conditions, after 1 week of growth, it was still

possible to clearly distinguish every single organism present in the culturemedium un-

der a microscope. Only when no contamination could be observed were the bacteria

suspensions selected to be used as inoculum for the mesocosms, each receiving 2 ml of

this solution.

2.1.5 Bacteria grazer: protozoa treatment

The Acanthamoeba castellanii inoculum was prepared using preexisting culture from the

Department of Terrestrial Ecology of the University of Cologne (Rosenberg et al., 2009).

After being checked for contamination under a microscope, the Acanthamoeba culture

was concentrated using two cycles of centrifugation at 1000 rpm for 3 minutes and

re-suspension in NB-NMAS. The resulting solution was estimated to contain roughly

50’000 organisms per ml by using a Neubauer counting plate, also confirming that live
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Acanthamoeba were present at that stage, and was further diluted by doubling its vol-

ume, to 48 ml total. This solution was used as the Acanthamoeba inoculum, using a vol-

ume of 0.5 ml in each mesocosm that received this treatment. This amount contained

approximately 12’500 individual Acanthamoeba.

2.1.6 Mycorrhiza: arbuscular mycorrhizal fungi (AMF) treatment

The Arbuscular Mycorrhizal Fungi (AMF) that was used as a treatment in this setup,

Rhizophagus irregularis, was received as spores in liquid media (Symbiom, Lanskroun,

Czech Republic). This media was used directly as inoculum by injecting 0.5 ml into the

sand tubes before planting the seedlings. Half the tubes received this treatment, so that

half the plants were in contact with AMF spores within days of their germination. This

ensured maximal colonization of their root system.

2.1.7 15N labeling

Tracking of nitrogen flow from the rhizosphere to plants was done using a 15N label

added to the soil of themesocosms in the form of bacterial necromass. This label would

thus first be available tomicroorganisms in the soil before it could be taken up by plants.

To create this labeled bacterial necromass, a liquid media fitting for general bacteria

culture (with a C:N ratio of 8, neutral pH and glucose as the sole energy source) was

prepared (Vrede et al., 2002). The total 15N fraction of this media was brought to 1

atom%, by the addition of 10 atom% K15NO3 salt. One litter of this solution was pro-

duced; its detailed composition can be found in Appendix A.1 (modified from C.Wang

et al., 2020). Its pH was brought to 7.4 using NaOH before it was autoclaved at 121°C

for 20 min at 210 kPa. Using the same bacterial suspension that had been created for

the soil of the mesocosms, this solution was inoculated and left to incubate at room

temperature for one week. The result was a solution where all nutrients had been di-

gested by bacteria and turned into bacterial biomass. Before it could be used in the

mesocosms, this one-liter solution was concentrated by centrifugation (3500 rpm for 15

minutes) and re-suspension in 200 ml of deionized water, and then autoclaved again.

This resulted in a concentrated solution of bacterial necromass, enriched in 15N, that

could later be used as a labeled substrate in the soil of the mesocosms.
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Of this solution, 20 ml were kept aside to be freeze-dried and measured using an Ele-

ment Analyzer (NA 1110, CE Instruments, Milan, Italy) coupled to an IRMS (Delta+XL,

Thermo Finnigan, Bremen, Germany) to get the precise δ15N-value. This analysis found

that nitrogen made 9.74 ± 0.26 % of the dry weight of this solution, and this nitrogen

had δ15N-value 1216.81 ± 4.57, more than double the natural isotope abundance with

approximately 0.815 atom% 15N.

During setup, each mesocosm received 2 ml of this solution, which was added to a

small layer of soil at the bottom of the flask. This concentrated the nutrients in the

necromass into a small volume of soil, creating a patch of labeled resources. These re-

sources would then be first absorbed by bacteria and kept concentrated in a small part

of the mesocosm, making them hard to access by plants in the absence of other organ-

isms such as bacteria grazer or mycorrhiza.

2.1.8 Mesocosms assembly

The 80 mesocosms consisted of single 250 ml culture flasks (CELLSTAR® 250 ml Cell

Culture Flasks, Greiner bio-one, Frickenhausen, Germany) filled with sterilized soil,

having the advantages of being practical, cheap, coming in pre-sterilized, and being

transparent so root development could be monitored throughout the growth of the

plants (see Figure 1). After filling these flasks with soil and having added the 15N la-

beled necromass, mesocosms were inoculated with our bacteria suspension, and left to

incubate for 24 hours at room temperature. The 40 mesocosms in the protozoa treat-

ment group then received 0.5 ml of the Acanthamoeba castellanii inoculum, while the rest

received the same volume of sterilized water.

After another day of incubation, plant seedlings were transferred into the mesocosms

by simply placing their sand tube in the neck of the flask, sitting on the soil. This al-

lowed the plant roots to continue their development in the mesocosm soil without the

risk of damaging them by transplanting the seedling directly into the soil. At this point,

all mesocosms had been inoculated with the required organisms for their respective

treatments (see Figure 2), as the sand tubes had already received AMF spores.

To prevent any contamination from external microorganisms, the neck of the flasks was
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Figure 1: A mesocosm, fully grown stage

Figure 2: Experimental design
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filled with autoclaved cotton wool and covered with a layer of Terostat, creating an air-

tight seal around the stem of the plants. This allowed the leaves of the plants to develop

outside of the flask and their roots to access the soil in the flask while allowing the stem

to grow in thickness. To prevent anoxic conditions inside the mesocosms, the necks of

the flasks were also fitted with a short tube filled with cotton wool, allowing for sterile

gas exchange. Similarly, to allow watering of the mesocosms without risking contami-

nation, a long needle was installed that went through the neck of the flask into the soil

and was fitted with a 0.2 μmwater filter (Filtropur S 0,2; Sarstedt, Nübrecht, Germany).

Throughout the development of the plants, mesocosms were watered with a simple

syringe filled with non-sterile deionized water.

2.2 Growth period

During eight weeks, mesocosms were placed in a climate chamber, again in summer-

like conditions, to promote the growth of the Plantago species, typically germinating

during the summer months (Grey et al., 2019). Similarly to conditions during seed

germination, plants had a 16-hour long day, with 18°C at night and 25°C during the

day, constant humidity of 65% and luminosity of 280 μmol m−2 s−1 light photon flux

density. To ensure that variation in light intensity and air flow across the chamber did

not compromise the homogeneity of their development, mesocosms had their positions

changed every week.

Soil water content measurement on the Jena Experiment site (Wetterstation Saaleaue,

www.bgc-jena.mpg.de/wetter/, n.d.) showed that winter, the wetter season in this cli-

mate, saw an average of 35% water content, reaching only 30% on the driest year, 2019,

when soil in the summer had around 20%, with drier years as low as 15%. Given

that these measurements were done on silt loam, the estimation was that the natu-

ral wet condition on site reached a maximum of 80% of the field capacity (Novák and

Hlaváčiková, 2019).

Therefore, to provide optimal growth conditions to plants, this 80% water content was

also used as a maximum for moisture level inside the mesocosms. Through frequent

rewetting (first weekly when plants were still small, then every 48 hours during the last

2 weeks), it was maintained between 80% and 60% of field capacity by weighting the
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mesocosms and adding missing water weight. The Field Capacity of the soil was esti-

mated by wetting to saturation 250 ml of soil with 250 ml of water and letting it to drain

for 24 hours on top of a sand column, then weighting it before and after oven-drying

at 65°C for 6 hours. The difference in weight corresponded to 100% field capacity, here

82 g of water for 250 ml of dried soil, or around 30% of the Volumetric Water Content,

which is coherent with the high sand content of this soil (Chapin et al., 2011).

2.3 13C pulse labeling

At the end of the eight weeks of growth, the plants had developed enough to fully root

the soil in the mesocosms (see Figure 1). From this point, all of the soil inside the flasks

was considered to be rhizosphere soil, as it was in direct contact with plant roots and

their exudates. Before the plants outgrew their containers and slowed their growth,

they went through the pulse labeling procedure, using 95 atom% 13CO2 to mark the

carbon that would be metabolized by the plants over a 2-hour long period.

This required an airtight container inwhichwe could place ourmesocosms and that we

could fill with 13CO2 gas (see Figure 3). Two interconnected labeling chambers made of

transparent acrylic glass were used. They formed a closed system into which we could

pump 13CO2 gas and then monitor its abundance during the whole process. This was

measured using a Picarro CRDS analyzer (G2101-i analyzer, Picarro, Santa Clara, USA)

and Vaisala CO2 Probe (CARBOCAP® Carbon Dioxide Probe GMP343, Vaisala, Van-

taa, Finland). Other variables being monitored were temperature, humidity, and light

intensity, to ensure that environmental conditions would not be detrimental to plant

growth.

During the two hours of labeling, the temperature inside the chambers increased from

24 to 28°C and the humidity from 70% to 85%, with a light intensity of approximately

600 μmol m−2 s−1. Two pumps constantly circulated air between the two chambers to

homogenize the conditions inside, as well as the CO2 and 13CO2 levels. Other measures

taken to prevent adverse or heterogeneous conditions inside the chambers included

adding ice packs to help limit the temperature increase, water dishes to help maintain

humidity levels, and fans to create air flow. Preventing sunlight from creating hetero-

geneous luminosity inside was done by covering the chambers with opaque panels,
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with LED lighting providing homogeneous luminosity to all plants.

Figure 3: 13CO2 labeling chamber principle (Yao et al., 2015)

Once the chambers were ready and our mesocosms were placed inside, natural CO2 in-

side the chambers was flushed with synthetic air, from approximately 600 ppm down

to 70 ppm. 13CO2 level was then increased to 500 ppm by adding 360 ml of 95 atom%
13CO2 gas. This was considered the starting point of the 2-hour-long labeling. During

this period, 13CO2 concentration level was monitored (see Figure 4) and was increased

back to 550 ppm when it was measured below 400 ppm by adding 45 ml of 13CO2 gas.

This happened roughly every 6 to 7minutes. This strong and constant decrease of 13CO2

was caused by plant photosynthesis and showed that the label was being metabolized.

During these 2 hours, the 12CO2 level was measured to stay between 120 and 140 ppm,

meaning that at all times the 13CO2 level was 3- to 5-fold higher.

After the 2 hours of labeling, the chambers were again flushed with synthetic air to

remove the remaining 13CO2 before opening and removing the plants. The mesocosms

were then placed in a greenhouse with the same growing conditions that they had be-

fore the labeling while waiting to be sampled 48 hours later.
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Figure 4: 13CO2 pulse labeling log

2.4 Sampling

At this stage, the smaller plants were discarded, while taking care to keep at least six

replicates per treatment. The mesocosms that were kept were then sampled. Their soil

was extracted and separated from roots using 2 mm sieves and frozen at -20°C to pre-

vent any alteration to the biomarkers (here fatty acids). A sample of 5 g of soil from

each mesocosm was taken to be oven-dried at 60°C for a day and weighted again to de-

termine their water content. The roots were washed from soil particles and then dried

at 60°C for 3 days, along with the leaves and flowers of the plants, all kept separated.

2.5 Plants matter

After the plant matter had dried, roots, leaves, and flowers were weighted separately

to measure the biomass of each plant and of each tissue type. From these weights, it

was also possible to calculate the root-to-shoot ratio of each plant. After weighting,

plant matter was ground into a powder for measurement of the nitrogen content and
15N atom%, to quantify the absorption of the 15N label by the plants. The powdered

plant matter was split between root and shoot matter only, as only a limited number

of plants had developed big enough flowers to be measured on their own; thus, leaves

and flowers were gathered into ”shoot matter”. Themeasurements were conducted us-
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ing an Element Analyser (NA 1110, CE Instruments, Milan, Italy) coupled to an IRMS

(Delta+XL, Thermo Finnigan, Bremen, Germany).

As a non-labeled control was missing for 15N atom% of plant matter, mean values from

a previous study in the Jena Experiment were used instead (unpublished data).

2.6 PLFA/NLFA extraction

To extract lipids from the soil samples, a Blight-Dyer-Extraction (modified from Bligh

and Dyer, 1959) was run using a Büchi Speed Extractor (BÜCHI Labortechnik GmbH,

Essen, Germany). Soil samples used for extraction were weighted while taking into ac-

count their differences in water content, so that all samples contained 7 g of dry matter.

Although this dry matter content was the same across the samples, the amount of wa-

ter present in each cell during the extraction process varied significantly.

To control for potential impacts on the efficiency of the extraction process (Fu et al.,

2021), a water content control was created. From the original soil collected from the

Jena Experiment site, six samples were taken to be extracted. This soil was measured at

13% water content. Two of these control samples had water added to 25%, two others

only to 19%, and the two last control samples were kept at 13%. This produced three

treatments: low, medium and high water content control samples, all of the same soil,

that we extracted and measured along with the other samples. These water content

control samples were also later used to check for extraction bias in the relative abun-

dance of the yielded compounds, as well as references for the natural abundance of 13C

in lipid markers, as this soil had not gone through pulse labeling.

During the extraction process, cells containing the soil samples were heated to 70°C,

filled with a solvent mixture of chloroform, methanol, and phosphate buffer (2:1:0.8),

and put under 120 bar pressure for 10 minutes before being flushed. This cycle is re-

peated three times, aiming for total extraction of both water-soluble and lipidic com-

pounds from the sample. C19:0 phospholipid was added as an external standard used

for the determination of the extraction efficiency. 50 µg were added to the soil samples

at the start of the extraction, and the proportion of this amount found in the samples

during analysis indicated how efficient the extraction process had been.
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Figure 5: PLFA/NLFA extraction principle

After exclusion of water-soluble compounds by phase separation, phospholipids and

neutral lipidswere isolated fromother lipidic compounds by elution through aChroma-

bond® silica column (Macherey Nagel GmbH & Co. KG, Düren, Germany), using suc-

cessively chloroform, acetone, and methanol as solvents to elute respectively, neutral

lipids, glycolipids, and phospholipids (see Figure 5). Glycolipids were not analyzed

here and were discarded at that point.

From the neutral and phospholipids, only their fatty acidswere kept (respectively Phos-

pholipids Fatty Acid, PLFA, and Neutral Lipids Fatty Acid, NLFA). By hydrolysis, ester

bonds between the glycerol and the fatty acids were cleaved, freeing the fatty acids

that were then methylated, forming Fatty Acids Methyl Esther (FAME). This prevented

fatty acids from reacting with other molecules during the rest of the process. Hydrol-

ysis and methylation were simultaneous, injecting the lipid samples into a 0.2 M KOH

methanol solution before adjusting it to a pH of 6 with acetic acid. A sample of the

methanol used during this stepwas kept for later measurement of its 13C atom%, which
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was needed for correcting its impact on the δ13C-value of the FAMEs. During methy-

lation, the carbon atom from the methyl group added to the fatty acids to form the

FAME, which originated from this methanol, and participated in the δ13C-value of the

molecule. Therefore, to know the δ13C-value of the original fatty acid molecule, cor-

recting for the addition of this individual carbon was required.

Before analysis, these FAMEs were purified by elution through Na2SO4 powder to re-

move any remaining water, and then through a Chromabond® aminopropyl column

(Macherey Nagel GmbH & Co. KG, Düren, Germany) to remove potential contami-

nants. Samples were then reduced to a small volume (less than 50 µl) and put into 500

µl GC-vial inserts, along with 300 µl of 100 ng/µl C12:0 FAME as an internal standard,

used to correct for the variations in total volume between samples.

2.7 PLFA/NLFA abundance and 13C enrichment

Measurement of the concentration of each individual FAME in samples was done with

GC-FID (Gas Chromatography-Flame Ionization Detector; GC: HP 6890 Series, AED:

G 2350 A, Agilent Technologies Inc., Santa Clara, USA). By gas chromatography, each

compound is isolated to allow its quantification by ionization, as the column inside the

gas chromatograph is gradually heated from 45°C to 325°C, with a slow increase from

140°C to 242°C over 50 minutes. Lighter compounds, with a lower boiling point, va-

porize first. Then, a carrier gas (here hydrogen) pushes them through a polar capillary,

which forms a 60-meter-long column. Compounds that are apolar migrate at a slower

speed through this column. When compounds reach the FID at the end of the column,

they are thus temporally separated according to their molecular weight and polarity

and can then be measured individually. On the resulting chromatogram, individual

compounds appear as successive peaks.

These peaks were identified bymatching their retention time (the time between sample

injection and measurement) to the peaks measured in two standards: the BAME Mix

(Bacterial Acid Methyl Ester (BAME) Mix 47080-U, Sigma-Aldrich, St Louis, MO, USA)

and FAME Mix (37 Component FAME Mix CRM47885, Sigma-Aldrich, St Louis, MO,

USA). A few compounds found in the samples but absent from these standards were

identified using GC-MS (Gas Chromatography-Mass Spectrometry; GC: 7890A, MS:
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5977B, Agilent Technologies Inc., Santa Clara, USA) and matching the fraction profile

of the compounds to standard profiles. For each peak, the GC-FID returned an in-

tensity, corresponding to a quantity of matter that could be calculated by finding the

response factor of the machine when running a standard with a known concentration

of compounds.

Once the concentration of the compounds of interest for this experiment was known,

samples were reduced using nitrogen flow to increase their concentration to 20 to 30

ng/µl. This was the estimated optimal accuracy range of the GC-IRMS (Gas Chromato-

graphy-Isotope Ratio Mass Spectrometer; GC: 7890A, Agilent Technologies Inc., Santa

Clara, USA; IRMS: Delta V Plus, Thermo Fisher Scientific, Waltham, USA) used to mea-

sure the 12C/13C ratio of the compounds. Similarly to GC-FID, the samples were in-

jected into the Gas Chromatograph, where individual compounds were separated, but

at the end of the column, they first passed through a combustion oven, where theywere

heated at 980°C and fully oxidized (see Figure 6). Every organic compound was bro-

ken down, and each atom of carbon turned into CO2. This CO2 was then measured in

the IRMS part (Isotope Ratio Mass Spectrometer), where molecules of three different

molecular masses are quantified. Here, to measure the isotopic abundance of CO2, the

three molecular masses are 44, 45, and 46, corresponding to the weight of 12CO2, 13CO2

and 14CO2. For each compound isolated by the GC, the IRMS returned a ratio between

these three isotopes of carbon.

Because of the potential limited accuracy of this system, each sample was measured

in triplicate. Furthermore, because of a significant drift in the measurement over the

measuring period, each day of measurement started and ended with triplicates of a

FAMEstandard, later used to correct for this daily shift. These standards, having known

δ13C-values, were also used to correct for the average shift in ratio returned by the IRMS.

As the GC in both analyses had similar parameters, the peaks of the different com-

pounds arrived in the same sequence, and the identification of the peaks done on the

GC-FID sufficed to identify the peaks from the GC-IRMS. From these two analyses, the

results obtained for each FAME in each sample gave a measure of their concentration

and their δ13C-values.
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Figure 6: GC-IRMS principle (Yao et al., 2015)

2.8 Fatty acid markers attribution

From these identified compounds, only those that were fatty acids and were present

in at least 80% of our samples were considered. Out of these, the known biomarkers

of specific organic groups were selected. In phospholipids, saturated fatty acids (here

C14:0, C16:0, and C18:0) are generally attributed to bacterial metabolism when found

in soil (Zelles, 1997) although they are found in all microorganisms (Zabeti et al., 2010).

Mono-unsaturated fatty acids can be linked to Gram- bacteria activity (Veum et al.,

2019). From our samples, commonly found were C16:1ω5, C16:1ω7, C18:1ω9c, and

two more compounds for which the position of the double-bound on the carbon chain

could not be confirmedwith certainty, thatwere only identified here as C18:1 andC19:1.

Other markers of Gram- activity are cyclic fatty acids, which are specifically attributed

to metabolic activity under environmental stress (Breulmann et al., 2014, Lange et al.,

2014). Here, only one was selected: cyC17:0. Gram+ bacteria activity was attributed

another family of molecules, the branched fatty acids, sporting an additional methyl

group on their carbon chain (Vestal and White, 1989). It was possible to differentiate

between fatty acids with a methyl group at the tail end of their carbon chain, in either

iso or anteiso position, of which six compounds were selected: iC14:0, iC15:0, aC15:0,

iC16:0, iC17:0, and aC17:0, and those with a methyl group on the tenth carbon of the

chain, which are more specifically linked to the Actinobacteria group of Gram+ bacte-
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ria (Högberg et al., 2013). From these, 10MeC16:0, 10MeC17:0, and 10MeC18:0 were

kept for further analysis. Another fatty acid, the double-unsaturated C18:2ω6, was at-

tributed to plant root metabolism. This fatty acid is typically attributed to saprophytic

fungi when found in soil (Willers et al., 2015), but was found here despite the exclusion

of saprophytic fungi by the sterilization of the soil. In these conditions, plants are the

most likely source of this compound (Frostegård et al., 2011, Joergensen, 2022).

In the neutral lipid fraction, only onemarker was kept for further analysis, the C16:1ω5.

When found inNLFA, it is considered amarker for arbuscularmycorrhizal fungi (AMF)

(Olsson and Lekberg, 2022). The other eukaryotic microbe inoculated as a treatment,

Acanthamoeba castellanii, has no known specific lipidic biomarkers that could be used in

this setup (Willers et al., 2015).

2.9 Data treatment and corrections

Data collected during these GC-FID and GC-IRMS analyses were corrected for several

bias causes, first for extraction bias affecting the measured concentration of the fatty

acids in the samples. This was done using the C12:0 FAME standard, as it had a fixed

concentration of 100 ng/µl in the solvent used in the final transfer. Variations in the

measured C12:0 concentration in samples were therefore assumed to be due to differ-

ences in total volume in sample GC-flasks, and the measured concentration of all com-

pounds was corrected accordingly:

Vol Corr FAME concentr = FAME concentr
C12:0 stand concentr ∗ 100 [ng/µl]

Similarly, the impact of the efficiency of the extraction process on the concentration

of individual FAME was corrected using the C19:0 phospholipid standard. As 50 µg,

or 0.0611 µmol of this standard were added to all samples, a 100% efficient extraction

would have resulted in the presence of 0.1222 µmol of C19:0 FAME in the final sample

(one molecule of this phospholipid having two fatty acid chains that are freed during

the hydrolysis), for a mass of 38.192 µg dissolved in 300 µl of sample. Therefore, in the

case of a 100% efficient extraction, the GC-FID would have found 127.31 ng/µl of C19:0

FAME. The fraction of this standard found in each sample was taken as its extraction
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efficiency, and the concentration of all other compounds was corrected by assuming

that this efficiency had the same impact:

Extract Corr FAME concentr = Vol Corr FAME concentr
Vol Corr C19:0 stand concentr ∗ 127.31 [ng/µl]

Using this corrected concentration of FAME, the concentration of each compound in

the original soil sample is calculated by dividing the total amount of compound (the

volume in the GC-flask multiplied by the corrected FAME concentration) by the mass

of the soil sample used to get the amount found in 1 gram of soil. Additionally, the

mass of the carbon from the original fatty acid compound is calculated by removing

the mass of carbon added by methylation, using the known difference in molar mass

between FA and FAME:

FA C µg/soil g = FAME concentr ∗ FAME molar mass ∗ FA C ratio
FA molar mass ∗ soil sample dry mass ∗ 300 µl

This result is the mass of carbon represented by each identified fatty acid in the soil of

our mesocosms. Because of the high variability in the total amount of fatty acids in the

different samples, their relative abundance was calculated:

FA rel abundance = FA absolute abundance
total amount FA

The 12C/13C ratio data returned by the GC-IRMS analysis was also corrected for sev-

eral measurement biases. First, potential mistakes in the identification of peaks due to

a shift in the retention time of the compounds over time were corrected by calculat-

ing a standard deviation in the retention time of each identified compound, allowing

the detection of abnormally high, potentially problematic shifts, and their manual re-

assignment when necessary. Once the identification of the peaks had been checked, a

mean was calculated between the triplicates of each sample and standard. From there,

these means were used, first for correcting for the difference between the average mea-

sured 12C/13C ratio and the known ratio in standards, and subtracting this difference

from all sample measures. Next was the daily drift correction, where the drift was as-

sumed to be linear between the standard measured at the start and at the end of the
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day of measurement. The difference between these measures was the daily drift for the

day, and a fraction of this difference was subtracted from the ratio measured in samples

depending on their running order. Finally, this data was corrected for the addition of

the carbon in the methyl group during the methylation step. The 12C/13C ratio of the

methanol used being known, its impact on the measured 12C/13C ratio of the FAME is

calculated based on the amount of carbon of the FA molecule:

FA 12C/13C ratio = FAME C number ∗ FAME 12C/13C ratio − Me 12C/13C ratio
FA C number

This corrected data had, for each fatty acid marker in each sample, a measure of its con-

centration in the soil of the mesocosm and a measure of its δ13C. This last value is the

expression of the total amount of isotope, and although a high incorporation of the 13C

label in a particular compound would lead to a clearly unnatural, isotopically enriched

ratio, this has several problems. First, it does not account for the relative concentration

of the fatty acids in soil; a small increase in the isotope ratio of a very common com-

pound can be a sign of the incorporation of a significant amount of label, that is ”dis-

solved” in an already large pool of compounds. Secondly, it does not account for the

potential differences in the natural abundance of the isotope between the different com-

pounds, which could lead to faulty analysis. For an easier interpretation of this data,

the APE (Atom Percent Excess) was calculated for each marker. This number expresses

the absolute amount of isotope that can be linked to label incorporation. The measured

δ13C in the non-labeled water content control samples was used as the baseline natural

isotope abundance for each compound, and the difference between this value and the

δ13C value (Δ atom%) measured in labeled samples was considered due to enrichment

by label integration. The fatty acid concentration measured by the GC-FID was then

used to get the absolute amount of matter corresponding to this enrichment:

APE = Δ atom% ∗ FA concentration ∗ FA C number
100% ∗ 1000

2.10 Statistical analysis

The effects of the AMF, protozoan bacteria grazer, and plant productivity treatments

on the flow of the labeled carbon and nitrogen in the mesocosms were tested using

the data yielded by the different measurements presented above. First, the biomass of
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the plants, used as a proxy for plant activity, was tested both as a response variable af-

fected by environmental and treatment effects and as a predictor of the assimilation rate

of both the 15N and 13C labels. Analyzing the effect of different factors on plant growth

was done by fitting a linear model of the total plant dry weight with the treatments, as

well as the position of the mesocosms during the first week of growth, as explanatory

variables added stepwise to extend the model and test alternative model hypotheses.

From this point, plant biomass was used as an explanatory variable in all models used

to analyze other collected measures, but was then log-transformed for distribution im-

provement. Looking further into the characteristics of the collected plant matter, the to-

tal nitrogen content measured by the Element Analyzer was similarly tested by fitting a

linear model in a stepwise succession for effects from plant biomass and/or treatments,

before the same method was used for the δ15N values of the plant matter. Here, data

yielded from root matter and shoot matter were analyzed in separate models, as poten-

tial differences in nutrient attribution mean that they do not constitute exact measure

repetition. Rather, they were analyzed in parallel, resulting in two different models

being selected.

When analyzing data from soil lipids, the first test to be run was the sum of the concen-

tration of all lipid markers yielded by the extraction process against the plant biomass

and the soilwater content, as they could both cause variation in the total amount of lipid

extracted from the soil samples. This was done by comparing data from the six water

content control soil samples, that had the same organic matter content but had their

water content manipulated. The relative abundance of the different lipid markers was

then compared across treatments, while keeping plant biomass as the most important

single effect in all models. For this part of the analysis, microbial groups attributed to

a single marker (cyC17:0 for Cyclic Gram-, C18:2n6 for plant roots here, and AMF with

NLC16:1ω5) had their data fitted in linear models, but in groups that were linked to

multiple markers (Gram- bacteria, Gram+ bacteria, Actinobacteria) Linear MixedMod-

els were used, considering that each marker was a replicate of the measure in a single

mesocosm and using the identity of the mesocosms as a random effect. Both LM and

LMM were similarly extended stepwise and tested for significance using ANOVA to

perform Chi2 tests. A single ordered list of fixed effects was used when creating these

models, consisting of log-transformed plant biomass, plant species treatment, AMF

treatment, amoeba treatment and then four interaction terms between plant biomass
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and the three treatments and between the AMF and amoeba treatments. Models used

to compare the 13C enrichment of the markers were created similarly, also using LM

and LMM with mesocosm identity as random effect to fit 13C APE data with the same

fixed effects list.

All statistical analyses were done in R version 4.3.3 (R Core Team, 2024). For linear

models, lm function from stats package (R Core Team, 2024) was used, and for linear

mixed models function lmer of the lme4 package (Bates et al., 2015). Graphical repre-

sentation of the correlations foundwas done using the gglot2 package (Wickham, 2016).
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3 Results

3.1 Plant growth and nitrogen intake

3.1.1 Plant biomass

During the growth of the plant, strong variation appeared. This also appeared in their

water consumption, causing as much as a 4-fold increase in watering needs by the end

of the growth period. During sampling, as the bigger plants had used much more of

the availablewater, with soilmoisturemeasured around 13%water content, but smaller

plants had a very damp soil, as high as 25%. When comparing the total dry weight of

the plants, the species of the plants showed a clear difference with Plantago lanceolata

on average, more than double the weight of P. media: 1405 ± 626 g against 637 ± 313

g (see Figure 7). In both groups, biomass varied greatly, with a standard deviation

roughly half the value of the mean. Neither protozoa and AMF treatments nor any in-

teraction between treatments did show significant impact (see Table 1). The position

of the mesocosm in the climate chamber during the first week of the growing period,

although seemingly impacting the survival rate of the plants at the start of their devel-

opment, did not have a significant effect on the final biomass of the surviving plants

that were selected for sampling.

Estimate Std. Error t value P-value

(Intercept) 1370.99 145.34 9.43 <0.001 ***
Plant species -767.59 130.42 -5.89 <0.001 ***
Position week 1 52.09 129.70 0.40 0.689
AMF inoculation 35.91 129.41 0.28 0.782
Amoeba inoculation -26.59 129.48 -0.21 0.838

Table 1: Linear model of plant growth

3.1.2 Nitrogen content of plant tissues

The total nitrogen content of plant tissues, split between above- and below-ground,

showed a strong decrease with increasing total biomass of the plant, with on average a

lower amount of nitrogen below-ground (see Figure 8). No effect from either treatment

was found to be significant (see Table 2).

34



Figure 7: Whole Plant Biomass

Estimate Std. Error t value P-value

(Intercept) 13.65 0.92 14.85 <0.001 ***
Plant biomass
(log-transformed) -1.60 0.13 -12.32 <0.001 ***

Plant species 0.47 1.53 0.31 0.760
AMF inoculation <0.01 0.12 0.03 0.974
Amoeba inoculation 0.18 0.12 1.51 0.137
Plant biomass x species -0.07 0.23 -0.32 0.753

Table 2: Linear model of nitrogen content in plant leaf tissue

3.1.3 15N in plant tissues

The δ15N value of plant biomass, both above- and below-ground and excluding out-

liers, was measured between 11 and 16, meaning that all plants showed values clearly

above non-labeled conditions, with plants growing on the Jena Experiment site having

a value of 2 on average (unpublished data). Across the data set, a very strong correla-

tionwas found between the above- and below-groundmatter of an individual plant (r =

0.613, p < 0.001). Although neither of our treatments had by themselves any significant

effects on the measured δ15N values (see Figure 9), linear models built using stepwise

regression (see Tables 3 and 4) showed significant increase of 15N enrichment in both
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Figure 8: Nitrogen content of plant tissue against plant growth

above- and below-ground tissues. This effect seems to affect mostly smaller plants of

the P.lanceolata species (see Figure 10). The same models also consistently showed that

plants that were smaller or of the P.media species were less enriched.

Estimate Std. Error t value P-value

(Intercept) 4.87 2.15 2.26 0.028 *
Plant biomass
(log-transformed) 1.32 0.31 4.27 <0.001 ***

Plant species -6.28 3.28 -1.92 0.061 .
AMF inoculation 5.78 2.57 2.25 0.029 *
Plant biomass x species 0.97 0.50 1.95 0.056 .
Plant biomass x AMF -0.82 0.38 -2.17 0.035 *

Table 3: Linear model of δ15N in plant above-ground tissues
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Figure 9: δ15N in leaf and root tissue

Figure 10: 15N δ in root content
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Estimate Std. Error t value P-value

(Intercept) 7.54 2.22 3.39 0.001 **
Plant biomass
(log-transformed) 0.87 0.32 2.70 0.009 **

Plant species -9.92 3.21 -3.09 0.003 **
AMF inoculation 5.35 2.57 2.08 0.042 *
Amoeba inoculation -0.48 0.25 -1.94 0.058 .
Plant biomass x species 1.61 0.48 3.33 0.002 **
Plant biomass x AMF -0.70 0.38 -1.86 0.067 .

Table 4: Linear model of δ15N in plant root tissues

3.2 Microbial community and carbon flow

3.2.1 Lipid markers concentration in soil

Important variations were observed in the total amount of lipid marker in individual

samples (see Figure 11). Both plant biomass and the soil water content were very good

predictors of this total FA concentration (both with p-values < 0.001 when tested in-

dividually in linear models, r-values respectively 0.352 and -0.371), as well as being

strongly negatively correlated (p < 0.001, r = -0.787), with high biomass being linked to

high FA concentration and low soil water content.

Our six water content controls showed a similar decreasing fatty acid concentration

with increasing water content (see Figure 11, r = -0.901, p = 0.014).

Linear models only found correlations between single markers and the biomass of the

plant (see Table 5), except for AMF showing some effect from both the plant biomass

and species. Additionally, a strong correlation was found between the cyclic Gram-

marker and the interaction effect of plant biomass and the Acanthamoeba treatment.

In the other microbial groups, requiring Linear Mixed Models for similar analysis (see

Table 6), no significant effect could be found.

Following these LMManalyses, markers were also tested individually with linearmod-

els. In these models, similarly to LMMs, most of the few correlations foundwere linked

to either plant biomass (10MeC16:0 p = 0.009, aC17:0 p = 0.016) or plant species (aC15:0

p = 0.007, aC17:0 p = 0.045, iC14:0 p = 0.027, iC15:0 p = 0.021). The only other ef-
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Figure 11: Fatty acid yielded by the extraction process, against sample water content

Cyclic Gram- C18:2n6 AMF
Added fixed effect F-value P-value F-value P-value F-value P-value
Plant biomass
(log-transformed) 8.21 0.007 ** 19.44 <0.001 *** 7.47 0.009 **

Plant species 0.49 0.486 0.07 0.797 4.87 0.033 *
AMF inoculation <0.01 0.934 1.00 0.324 <0.01 0.949
Amoeba inoculation 0.89 0.352 1.25 0.269 0.01 0.910
Plant biomass x species <0.01 0.971 0.03 0.868 2.90 0.097 .
AMF x Amoeba 0.06 0.802 1.44 0.237 0.02 0.880
Plant biomass x AMF 0.44 0.511 1.02 0.319 3.08 0.087 .
Plant biomass x Amoeba 11.02 0.002 ** 0.03 0.853 0.23 0.636

Table 5: ANOVA of the linear models of FA markers relative abundance
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Gram- Gram+ Actinobacteria
Added fixed effect Chi2 P-value Chi2 P-value Chi2 P-value
Plant biomass
(log-transformed) <0.01 0.944 <0.01 0.966 0.24 0.625

Plant species <0.01 0.929 1.65 0.198 0.03 0.868
AMF inoculation 0.06 0.801 0.03 0.853 0.53 0.465
Amoeba inoculation 0.03 0.854 0.03 0.869 0.01 0.898
Plant biomass x species 0.09 0.768 <0.01 0.985 <0.01 0.963
AMF x Amoeba <0.01 0.990 0.24 0.622 0.04 0.840
Plant biomass x AMF 0.04 0.836 1.39 0.238 0.01 0.910
Plant biomass x Amoeba 0.11 0.739 0.10 0.748 <0.01 0.973

Table 6: ANOVA of the linear mixed models of FA markers relative abundance, indi-
vidual mesocosms as random effect

fects found were C16:1ω7 being slightly less abundant in AMF treatment (p = 0.03)

and 10MeC18:0 being found in a higher amount in AMF treatment (p = 0.034) and a

lower amount in Acanthamoeba treatment (p = 0.052).

3.2.2 13C in lipid markers

Across the different fatty acids identified, the measured δ13C-values varied strongly,

with some compounds showing high 13C enrichment (see Figures inA.3). Phospholipid

markers such as C18:1ω7 and C16:1ω7 had δ13C-values measured over 100 on average,

and C18:2ω6 with a mean delta of almost 500. Others were close to natural abundance,

whichwasmeasured at values between -25 and -30 in non-labeled samples. When look-

ing at theAPE calculated from these values for each fatty acid, the highly enriched com-

pounds tend to be attributed to Gram- bacteria, with the addition of C18:2ω6. Markers

showing low to no enrichment were generally those attributed to Gram+ bacteria, in-

cluding the Actinobacteria markers, and one cyclic Gram- marker (cyC17:0). In the neu-

tral lipids, C16:1ω5, which is attributed to AMF organisms, showed no enrichment on

average, with APE in most samples calculated to be below 1.

Comparing 13C enrichment across our treatments was done with Linear Mixed Model

again, this time to predict the APE values of the Gram-, Gram+ and Actinobacteria

groups (see Table 8). In all three groups, correlations are found to the biomass of the
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plant, with Gram- and Gram+ having higher APE in the presence of bigger plants and

Actinobacteria lower APE. Actinobacteria also showed significantly higher APE in the

AMF treatment, knowing that this group on average showed no enrichment at all. The

models fitting data from Gram+ bacteria also found significant effects from two inter-

actions of the AMF treatment, one with the amoeba treatment and one with the plant

biomass.

In the three other groups too, linear models showed very little significant effects (see

Table 7). Only on C18:2ω6 andNLC16:1ω5was plant biomass found to have significant

effects, with bigger plants leading to higher APE.

Cyclic Gram- C18:2n6 AMF
Added fixed effect F-value P-value F-value P-value F-value P-value
Plant biomass
(log-transformed) 0.19 0.668 11.43 0.001 ** 4.29 0.044 *

Plant species 1.08 0.305 0.06 0.812 0.04 0.851
AMF inoculation 2.22 0.143 0.23 0.633 0.84 0.365
Amoeba inoculation 0.60 0.444 0.66 0.422 0.13 0.723
Plant biomass x species 0.86 0.358 0.23 0.636 0.50 0.482
AMF x Amoeba 0.70 0.409 <0.01 0.944 0.21 0.653
Plant biomass x AMF 0.65 0.423 0.18 0.676 0.01 0.913
Plant biomass x Amoeba 1.35 0.252 2.06 0.159 0.71 0.404

Table 7: ANOVA of the linear models of FA markers 13C APE
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Gram- Gram+ Actinobacteria
Added fixed effect Chi2 P-value Chi2 P-value Chi2 P-value
Plant biomass
(log-transformed) 15.98 <0.001 *** 27.31 <0.001 *** 7.54 0.006 **

Plant species 1.37 0.243 0.82 0.367 0.15 0.700
AMF inoculation 2.01 0.157 1.90 0.168 6.02 0.014 *
Amoeba inoculation 0.02 0.876 0.09 0.759 1.02 0.312
Plant biomass x species 1.78 0.182 1.49 0.222 0.80 0.370
AMF x Amoeba 0.70 0.404 3.86 0.049 * 0.43 0.513
Plant biomass x AMF 1.13 0.288 5.01 0.025 * 0.08 0.772
Plant biomass x Amoeba 2.42 0.120 0.51 0.477 0.19 0.664

Table 8: ANOVA of the linear mixed models of FA markers 13C APE, individual meso-
cosm as random effect in LMM
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4 Discussion

In this experiment, the impact of plant productivity, AMF, and bacteria grazers on car-

bon and nitrogen flow was tested over a period of two months in a mesocosms exper-

iment. Sterile soil was inoculated with a naturally occurring bacteria community, and

then, following a full factorial design, some mesocosms were inoculated with protists

(Acanthamoeba castellanii) and/or AMF (Rhizophagus irregularis) and planted with either

the fast-growing Plantago lanceolata or the slower, more conservative Plantago media. Re-

sults consistently showed that the strongest effect on both carbon and nitrogen flowwas

the biomass of the plant, which in turn was caused by the difference in growth strat-

egy from the plant species, and that our microbial treatments had no significant effect,

except for the AMF inoculation being linked to a slight increase in nitrogen content of

the some of the plants. One of themain issues encountered during this experiment was

the discrepancy in plant growth.

4.1 Plant biomass effect

As the plants grew, a stark difference in their growth rates became apparent. Research

in plant growth did show a potential for healthy growth passed the limit observed in

nature, suggesting that this limit in growth is not due to resource availability (Parsons et

al., 2013), and therefore that our plant species, which had access to the same resources,

could show differences in their growth. But after sampling, substantial variations in

total biomass were measured, not only between the two Plantago species, which was

expected, but also among individual plants of the same species. This is thought to be

in part due to the harsh conditions for the young seedlings when they were transferred

in the climate chamber, where a high flow of dryer air caused leaves to suffer drought

stress, in some cases showing visible damage and even causing some seedlings to die

at this stage. This likely created heterogeneity in the conditions at the start of the de-

velopment of the plants, with some having to lag behind in their growth due to these

initial damages, as was previously shown in trials on seedlings (Hanley andMay, 2006).

Alternatives include waiting longer to transplant bigger seedlings and covering the

mesocosms with a transparent container, such as plastic bags, during their first days

in the climate chambers. Under this cover, humidity could have been kept high, and
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the effect strong air flow inside the chamberwould have been avoided. Thiswould have

created a transition phase for the seedlings, during which they could have developed

further while adapting progressively to the lower humidity inside the chamber com-

pared to the closed Magenta vessels where they started their growth. With an easier

andmore equal starting condition and a higher survival rate, the final batch of sampled

mesocosms could have constituted more comparable and numerous replicates.

This high variation in biomass of the plants had an array of consequences for the rest

of the experiment. Higher production of exudates is expected from plants with higher

biomass, and more capacity to absorb the 13CO2 label. It also impacted the water con-

sumption of the plants, which caused our soil samples to be strongly dissimilar in their

moisture level. This difference in water content in turn affected the efficiency of our

lipid extraction, despite the amount of dry soil matter being kept equivalent. This was

shown by our ”water content control samples”, where several samples of the same soil

at different moisture level yielded variable amount of fatty acid (see Figure 11), which

is coherent with previous findings (Fu et al., 2021) and demonstrate that this effect was

not due to higher quantity of exudation by bigger plants.

One change might have improved the consistency of the lipid extraction efficiency: by

adapting the amount of phosphate buffer (mostly made up of water) in the solvent mix-

ture used during this step. When soil samples with higher water content were being

processed, the proportion of buffer injected should have been lowered so that the total

amount of water in the extraction cells would have remained similar across samples

with different soil moisture. This correction would have kept the conditions inside the

extraction cells more homogeneous between the samples and potentially reduced the

variability brought to the lipid marker analysis by the difference in water content, itself

caused by the discrepancy in plant growth.

In nitrogen measurements of plant matter, too, this wide variability in plant biomass

had a clear impact. Results show that plant matter in all treatments were measurably

enriched, but that the bigger plants were able to absorb more 15N label as their well-

developed root systems had better access to the labeled resource patch.
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4.2 Plant growth strategy effect

Beside this clear effect of plant biomass, an increase from P.media to P.lanceolata sug-

gested that the difference in strategy regarding resource foraging between the two species

did make a small but significant change to the nitrogen flow. This was limited to a sub-

set of smaller plants, whereas the total exclusion of AMF organisms by soil sterilization

was expected to have much more noticeable effect on plant nutrition and exudation

(Chen et al., 2016). Interestingly, the AMF treatment seemed to compensate the de-

crease in labeled nitrogen intake seen in other smaller-sized P.lanceolata that did not

receive inoculum (see Figure 10). This might suggest that in this plants the AMF func-

tionally replaced the roots that the plant had not grown yet (Henkes et al., 2018), but

this effect is absent in P.media which did not show any impact from the AMF treatment.

Being more conservative in its resource management, P.media might not be as inclined

to use AMF to intensify its foraging (as shown in Thakur et al., 2019). Overall, the im-

pact of our AMF treatment on the nitrogen flow was very limited compared to similar

setup (Nuccio et al., 2013, Ingraffia et al., 2019).

4.3 Mycorrhiza treatment effect

When looking at the result of our soil lipid analysis, the abundance of AMF organisms

or their activity did not seem to be impacted by the AMF inoculation, including in the

P.lanceolata subset that showed a relative increase in nitrogen uptake in the presence of

AMF. This suggests that AMF did not develop in any significant manner in the meso-

cosms and that it was not feeding on plant-derived carbon at the time of the labeling,

despite being inoculated right at the start of the growth of the plants. This was to-

tally unexpected, knowing that Plantago is often used in plant-AMF experiments and

showing good root colonization (Thakur et al., 2019), and that in previous studies AMF

showed high enrichment, consistent with their strong reliance on plant-derived carbon

for nutrition (Blažková et al., 2021, Mielke et al., 2022).These results lead us to the con-

clusion that either the ecological conditions inside the mesocosms did not allow AMF

to develop or the water and nutrient availability in the soil were such that plants did

not need to rely on AMF for foraging, as it has been shown that lower nutrient amount

and drier conditions in soil increase the colonization of root by AMF (Tahat and Sĳam,

2012, Monokrousos et al., 2020, M. Wang et al., 2023). In both cases, this finding sug-

45



gests that our mesocosms setup did not allow the AMF treatment to play its part fully,

limiting the insight that could be gained from such experiment.

4.4 Bacteria grazer effect

The amoeba treatment had no significant impact on nitrogen acquisition by the plants,

which contradict previous research on the role of this bacteria grazer (Bonkowski, 2004,

Zwart, 1994, Clarholm, 1989, Hunt et al., 1977). Similarly, there was no convincing evi-

dence of any impact from the Acanthamoeba treatment on the bacteria community struc-

ture or its metabolic activity, contrary to our expectation (Clarholm, 1981, Griffiths,

1994). As there is no direct proof of presence or absence available, because no specific

biomarkers could be found for this organism, it is not possible to saywhether this is due

to the amoeba not being able to establish itself and develop enough in our mesocosms

to have an impact, or if it was indeed present but still did not have an impact. Another

question is left unanswered because of this lack evidence. Contamination might have

prevented this treatment from showing any shift in the bacteria community or differ-

ence in the nutrient flow. Although contamination is always possible in such a setup,

it seems unlikely that a protozoan contamination would have affected a high number

of mesocosms (Ali, 2017) to the point of preventing any effect from the inoculation.

Contrary to the hypothesized potential impact of the AMF-protozoa treatments inter-

action on nutrient flow (Koller et al., 2013, Griffiths, 1994, Bonkowski, 2004), no effect

of this particular interaction appear in our results. This can be easily explained by the

lack of effects from these two treatments individually.

4.5 Setup limitation and proposed improvements

When looking for possible explanations for the lack of significant impact from the

AMF and the Amoeba treatments, several suspicions of unsuitable conditions inside

the mesocosm flasks arose. Keeping the mesocosms free of external contaminants re-

quired airtight sealing of the flasks, with only a narrow tubing allowing sterile gas ex-

change. A limited amount of oxygen could have prevented the development of both

AMF and Acanthamoeba, but it would also have affected the plant roots which did de-
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velop normally. Studies on their metabolic activity have shown that low oxygenation

conditions are well tolerated by both amoeba (Cometa et al., 2011) and fungi (Pavarina

and Durrant, 2002) but not by plant roots (Geigenberger, 2003) which have the addi-

tional constrain of having thick layers of cells that need to be provided with oxygen,

contrary to microorganisms. We can therefore assume that as long as the roots had

enough oxygen to develop, soil microorganisms did too.

Another problem with enclosed soil was keeping a suitable water level inside. Al-

though sterile watering was easily done, the absence of draining holes at the bottom

of the flasks meant that they could also easily be overwatered. During sampling of

the soil, it was clear that the 80% Field Capacity chosen as the maximum amount for

watering was too high, as a portion of soil at the bottom of some of the mesocosms

was found to be water-logged. Again, given that plant roots did develop normally in

all mesocosms, including in the wetter bottom of the flasks, this can not explain the

absence of the inoculated organisms. But more limited soil moisture might have pro-

moted AMF root colonization during plant growth (Monokrousos et al., 2020, Williams

and de Vries, 2020)).

Nutrition is another factor that might have promoted plant interaction with AMF. The

arguably relatively low luminosity in the climate chamber of 280 μmol m−2 s−1 (Chiang

et al., 2020) could have limited the amount of available photosynthesized carbon that

the plants could spend on root exudates and transfer to the AMF (Rovira, 1959). Guar-

anteeing good lighting for plants might have helped promote carbon availability in the

rhizosphere, which could have positively influenced the establishment of the inocula-

tion of AMF and Acanthamoeba at the start of the experiment (Cortés-Pérez et al., 2023).

These different parameters, although they might have played a role in limiting the po-

tential growth of AMF, are not sufficient explanations for the lack of development that

has been observed in our soil lipid analysis.

Although the 13CO2 pulse labelingwas found to produce the needed effect for our anal-

yses, with the difference in lipid marker enrichment coherent and varying with the

conditions inside individual mesocosms, the 15N labeling led to a limited variability in

plant matter enrichment, making the potential difference caused by the treatment effect

harder to detect. The 15N labeled necromass patch, which was positioned at the bottom
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of the flask to allow root access only later in the plant growth, seems to have been a

source of nitrogen for the plant roughly similarly throughout their development, only

showing a slight increase as the plants grow. Previous experiments using 15N labeled

substrate created distinct compartments, physically allowing or limiting the access of

plant roots, mycorrhizal hyphae, or protozoa to labeled resources (Koller et al., 2013,

Chowdhury et al., 2022). Although more complex, such setups have the advantage

of offering a straight-forward indication of the role played by the different organisms.

Here, the measured nitrogen flow did not fluctuate strongly with the treatment effects.

Improvements to this setup might include placing the necromass pellet higher in the

flask to reduce the bias in absorption by plants with differently developed root systems,

or a later addition of the labeled substrate. Additionally, a washing of the soil can be

performed during the sterilization steps to reduce the amount of available nutrients at

the start of the growth period. This could potentially promote the use by plants of the

labeled resources, as well as increasing their reliance on organisms such as mycorrhiza

and protozoa for nutrition, as nutrients would be harder to forage from soil (Pankoke

et al., 2015).

Future experimentation with a similar setup might also need to multiply the model or-

ganisms used, as previous research has found that using different species categorized

as mycorrhizal fungi or bacteria grazers can lead to very different results, as they do

not all have the same interactions with other soil microbes or plants (Powell and Rillig,

2018, Thakur et al., 2019).

4.6 Significant contribution from plants to the C18:2ω6 PLFA marker

One lipid marker used here showed a very unexpected pattern: C18:2ω6. This com-

pound is typically used as a marker for saprophytic fungi (Willers et al., 2015), but here

was found t be highly correlated to the plant biomass, both in its quantity and its 13C en-

richment, while being systematically much more enriched than any other markers (see

Figure 13). In similar experiments where saprophytic fungi are present, this marker

is found in higher concentrations, but typically shows little enrichment (Mielke et al.,

2022, Denef et al., 2007, Elias et al., 2017). The very high 13C enrichment measured here

is confirmation that plants are the most likely source of C18:2ω6 in our samples, as was
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previously suspected (Frostegård et al., 2011, Joergensen, 2022). Given this observation,

more attention should be paid to the use of this marker to estimate saprophytic fungi

metabolism. In a natural setting, it is still highly likely that most of this fatty acid will

originate from fungi, hence its use as a marker in the literature (Willers et al., 2015). But

in future research, attention must be paid to the fact that a portion of this compound,

when found in soil, actually originates from root metabolism. Especially when using
13CO2 labeling as we did, as it is likely that the plant-derived C18:2ω6 will have a dis-

proportionate impact on the overall enrichment of this marker, making it unreliable as

an indication of the flow of plant-derived carbon to saprophytic fungi.
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5 Conclusion

In contrast to our expectations, the AMF and amoeba inoculation treatments did not

have any profound impact on the flow of labeled nitrogen or carbon through our rhi-

zosphere mesocosms. An important doubt remains as to whether these organisms did

actually develop and had the possibility of producing such effects. Particularly, the

AMF treatment, despite correlating to a small increase in nitrogen uptake by some of

the plants, did not lead to any enrichment of the AMF biomarker, which means that

this organism was not metabolizing any significant amount of plant-derived carbon at

the time. This suggests that the AMF would not have been active during the labeling

period. Our plant treatment, the two Plantago species, only showed a very limited dif-

ference in their impact on these nutrient flows, with P.lanceolata taking upmore labeled

nitrogen in its root tissue when compared to P.media of the same biomass. This lack of

observable effect from the plant growth strategy might have been caused by the wide

variation in total plant growth over the duration of this experiment. Throughout our

results, this difference in plant production was systematically found to be the most im-

portant cause of variation in the measured variables by our statistical analyses. It is

therefore possible that the same analyses would have had a better chance of detecting

treatment effects if the plant growth had been more homogeneous across our samples.

One valuable insight gained during this experiment has been the unexpected enrich-

ment of the phopholipid C18:2ω6. Typically used as a marker for saprophytic fungi,

this compound was still found to be ubiquitous in our samples despite the exclusion of

any other fungi than AMF. Contrary to previous data from setup that included sapro-

phytic fungi, C18:2ω6 was here found in relatively small concentration, but with an

extremely high 13C enrichment compared to any other compoundmeasured here. This

confirms previous suggestions that this lipidmarker is not specific to saprophytic fungi

but can also originate from plant roots. Future experiments using isotope probing in

combinationwith PLFAmarkers will need to take this into account before drawing con-

clusions when measuring 13C enrichment of this compound.

Although such experiments can be complicated to setup and require good attention to

details to yield usable results, lipidmarkers and stable isotope probing still have the po-

tential to bring unique insight on the role that the huge diversity of interactions between

soil organisms play on the nutrient cycles in nature. Manipulating these interactions
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might necessitate convoluted experimental setups, but by learning from unsuccessful

trials, they can be improved to become more reliable.

6 Summary

Soil bacteria are essential to nutrient recycling and plant nutrition, but they tend to

immobilize nutrients, making them unavailable to plant roots. Other microorganisms,

such as arbuscular mycorrhizal fungi (AMF) and protozoan bacteria grazers, play an

important role in improving plant access to soil resources. Although their individual

impacts on plant nutrition have been well studied, there is still limited data on their

combined effects and interactions. Creating rhizosphere mesocosms where these or-

ganisms were excluded or inoculated, we tested their effects on the carbon and nitro-

gen exchange between plant roots and rhizosphere microorganisms, using either fast-

or slow-growing plant species to manipulate the carbon input by roots.

The flows of both carbon and nitrogen through ourmesocosm soil wasmeasured using

stable isotope probing (SIP). A patch of 15N enriched bacterial necromass was added to

the soil, and the isotopic abundance of nitrogen was later measured in plant biomass.

For carbon, we placed ourmesocosms in chambers with a high amount of 13CO2 to do a

pulse labeling andmeasured the resulting 13C enrichment in lipid biomarkers found in

soil. The enrichment rate in both 15N and 13C is directly linked to the nutrient exchange

in the soil.

The lack of significant effect from any of our treatments, due to the highly heteroge-

neous plant growth and the apparent lack if development of our AMF and protozoa

inoculum, meant that no hindsight was gained on the questions of the nutrient flows

in the rhizosphere that we hoped to investigate. But several recommendations for po-

tential improvements are made, with optimistic expectations for a future iteration of

a similar setup. Unexpectedly, sterile conditions in the mesocosms allowed for an in-

teresting observation on the abundance and 13C enrichment of one lipid marker, the

phopholipid C18:2ω6, despite the absence of saprophytic fungi, to which it is usually

associated. We conclude that this compound originated from plant roots, leading us to

advise caution in any future use of this biomarker, especially in the context of carbon
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labeling.

7 Zusammenfassung

Bodenbakterien spielen für die Nährstoffkreisläufe und die Nährstoffaufnahme durch

Pflanzen eine entscheidende Rolle. Sie neigen aber auch dazu Nährstoffe zu binden,

sodass sie den Pflanzen zur Aufnahme über die Wurzeln nicht zur Verfügung ste-

hen. Andere Mikroorganismen wie arbuskuläre Mykorrhizapilze (AMF) und bakte-

rienfressende Protozoen hingegen könnendieNährstoffverfügbarkeit für Pflanzenwes-

entlich verbessern. Währendder individuelle Einfluss dieserOrganismen auf dieNähr-

stoffaufnahme von Pflanzen bereits gut erforscht ist, ist die Datenlage zu kombinierten

Effekten und Interaktionen zwischen den Organismengruppen noch begrenzt. In un-

serem Versuchsaufbau mit Mesokosmen in deren Rhizosphären bestimmte Organis-

men hinzugefügt oder ausgeschlossen wurden, untersuchten wir deren Einfluss auf

denAustausch vonKohlenstoffundStickstoff zwischendenPflanzenwurzeln undRhizo-

sphären-Mikroorganismen. Dabei wurden entweder schneller oder langsam wach-

sende Pflanzen verwendet, um den Kohlenstoffeintrag über die Wurzeln zu manip-

ulieren.

ZurUntersuchungderKohlenstoff- und Stickstoffflüsse zwischenPflanzenwurzeln und

Rhizosphären-Mikroorganismen verwendeten wir in unserenMesokosmen-Versuchen

stabile Isotopenmarkierungen (SIP). Dem Boden wurde 15N-angereichertes Material

aus bakterieller Nekromasse zugesetzt, um später die Isotopenhäufigkeit in der Pflan-

zenbiomasse zumessen. Zur Verfolgung des Kohlenstoffflusses erfolgten Pulsmarkier-

ungen der Mesokosmen in Kammern mit erhöhter 13CO2-Konzentration, als auchMes-

sungen der resultierenden 13C Anreicherung in Lipid-Biomarkern im Boden. Die An-

reicherungsraten sowohl von 15N als auch 13C stehen in direktem Zusammenhang mit

dem Nährstoffaustausch im Boden.

Das Ausbleiben signifikanter Effekte unserer Behandlungen aufgrund des stark hetero-

genenPflanzenwachstumsunddes fehlenden offensichtlichenEntwicklungsfortschritts

unseres AMF- und Protozoen-Inokulums bedeutete, dass keine Erkenntnisse zu den

Fragen des Nährstoffflusses in der Rhizosphäre gewonnen werden konnten. Es werden
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deshalb mehrere Verbesserungsvorschläge erörtert, deren Einbezug in zukünftige Ver-

suchsplanungenmit ähnlichemAufbau eindeutigere Ergebnisse hervorbringen könnte.

Allerdings ergaben sich aus den sterilen Bedingungen in denMesokosmen interessante

Beobachtungen zur Häufigkeit und 13C-Anreicherung eines Lipidmarkers, des Phos-

pholipids C18:2ω6, dessen Vorkommen normalerweise mit saprophytischen Pilzen as-

soziiert ist. Daraus schließen wir, dass diese Verbindung möglicherweise auch aus

Pflanzenwurzeln stammen kann, was bei zukünftiger Verwendung dieses Biomarkers

berücksichtigt werden sollte, insbesondere im Kontext von Kohlenstoffmarkierungen.
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A Appendix

A.1 Culture media for 15N labeled necromass

Composition Content (mg L−1)

Na2HPO4 6000
Glucose 5000
KH2PO4 3000
NH4Cl 1000
NaCl 500
MgSO4·7H2O 246.5
K15NO3 (10 atom%) 122.9
CaCl2 14.7
H3BO3 0.15
CoCl2·6H2O 0.10
ZnSO4·7H2O 0.05
MnCl2·4H2O 0.015
Na2MoO4·2H2O 0.015
NiCl2·6H2O 0.010
CuCl2·2H2O 0.005

Table 9: Composition of the culture media, modified from C. Wang et al., 2020

66



A.2 Relative abundance of phospholipid markers

Figure 12: Representation of relative abundance of lipid markers in each treatment
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A.3 Phospholipid markers 13C enrichment (δ-values)

Figure 13: 13C δ-values of lipid markers showing high enrichment

Figure 14: 13C δ-values of lipid markers showing low or no enrichment
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A.4 Phospholipid markers 13C enrichment (APE)

Figure 15: 13C APE of lipid markers showing high enrichment

Figure 16: 13C APE of lipid markers showing low or no enrichment
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