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Abstract 26 

Numerous 13CO2 labeling studies have traced the flow of carbon from fresh plant 27 

exudates into rhizosphere bacterial communities. However, the succession of the uptake of 28 

carbon leaving the roots by distinct rhizosphere microbiota has rarely been resolved between 29 

microbial kingdoms. This can provide valuable insights on the niche partitioning of primary 30 

rhizodeposit consumption, as well as on community interactions in plant-derived carbon flows 31 

in soil. Here, we have traced the flow of fresh plant assimilates to rhizosphere microbiota of 32 

maize (Zea mays L.) by rRNA-stable isotope probing (SIP). Carbon flows involving bacteria, 33 

unicellular fungi, as well as protists were observed over 5 and 8 days. Surprisingly, labeling 34 

of Paraglomerales and several bacteria including Opitutus, Mucliaginibacter and Massilia 35 

spp. was especially apparent in soil surrounding the strict rhizosphere after 5 d. This 36 

highlights the central role of arbuscular mycorrhizal fungi (AMF) as a shunt for fresh plant 37 

assimilates to soil microbes not directly influenced by root exudation. Distinct trophic webs 38 

involving different flagellates, amoeba and ciliates were also observed in rhizosphere and 39 

surrounding soil, while labeling of filamentous saprotrophic Ascomycota or Basidiomycota 40 

was not apparent. This challenges the proposed “sapro-rhizosphere” concept and demonstrates 41 

the utility of rRNA-SIP to disentangle inter-kingdom microbial relationships in the 42 

rhizosphere.  43 

44 
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Introduction 45 

Soil microbiota represent one of the greatest reservoirs of biodiversity and organismic 46 

carbon on our planet (Torsvik and Øvreås, 2002; Roesch et al., 2007). This tremendous 47 

biomass is mainly fueled by plant-derived carbon inputs that enter the soil via two distinct 48 

pathways: rhizodeposition and plant detritus. Rhizodeposition is able to shape rhizosphere 49 

microbiota, which in turn are important for plant health in many ways (Berendsen et al., 2012; 50 

Philippot et al., 2013; Sasse et al., 2018). The carbon flux from plants to the rhizosphere is 51 

understood to drive a major component of the entire soil food web, which exerts a top-down 52 

selection on rhizosphere microbiomes in return (Bonkowski et al., 2009). Next to direct root 53 

exudation, an important share of rhizodeposition can also be transferred via arbuscular 54 

mycorrhizal fungi (AMF, (Jones et al., 2004; Roth and Paszkowski, 2017). In return, AMF 55 

facilitate the access of plants to nutrients and water and contribute significantly to root system 56 

functioning via their hyphal network (Jones et al., 2004; Veresoglou et al., 2012). However, 57 

the comparative importance of the mycorrhizal pathway vs. direct exudation in shaping 58 

rhizosphere communities has rarely been addressed (Kaiser et al., 2015). Research on 59 

rhizosphere microbiomes has often been limited to a kingdom-level perspective, and the 60 

complex interactions of AMF, rhizosphere bacteria, protists and other saprotrophic fungi 61 

remain poorly resolved (Henkes et al., 2018).  62 

While bacteria were originally thought to monopolize the consumption of fresh 63 

exudates in the rhizosphere (Kent and Triplett, 2002), non-AMF fungi were conceived to be 64 

less competitive for labile organic substrates (de Boer et al., 2005). However, the 65 

incorporation of plant-derived 13C in fungal phospholipid fatty acids (Butler et al., 2003; 66 

Treonis et al., 2004) has led to the hypothesis that filamentous “sugar-fungi” (e.g. Mucor or 67 

Mortierella spp. within the Mucoromycotina), directly compete with bacteria for the uptake of 68 
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labile exudates (De Boer et al., 2006). Moreover, the interactions of AMF with bacteria not 69 

directly drawing on root exudation may also be more important than originally assumed 70 

(Drigo et al., 2010; Scheublin et al., 2010; Qin et al., 2016). Further complexity is added to 71 

inter-kingdom carbon flows in the rhizosphere by bacterivorous and fungivorous 72 

micropredators, both within the protists and bacteria (Ballhausen and de Boer, 2016; Geisen et 73 

al., 2016; Zhang and Lueders, 2017; Henkes et al., 2018). Accordingly, the understanding of 74 

such intra-microbial trophic loops is still at an early stage.  75 

Here, microcosm studies making use of 13CO2 labeling via growing plants, in 76 

combination with stable isotope probing (SIP) of nucleic acids, have opened an important 77 

experimental route (Vandenkoornhuyse et al., 2007; Drigo et al., 2010; Mao et al., 2014; 78 

Haichar et al., 2016; Uksa et al., 2017). However, only one previous study has realized the 79 

potential of this approach to trace the flux of plant-assimilated C across all relevant microbial 80 

kingdoms, i.e. bacteria, fungi and protists (Drigo et al., 2010). For a number of C-3 plants, the 81 

authors showed that AMF acted as a rapid shunt for the transfer of C between plant and soil, 82 

and indirectly released root C to secondary bacterial and fungal consumers. Here, we aimed to 83 

disentangle the comparative involvement of members of the three microbial kingdoms as 84 

consumers of rhizodeposits in the rhizosphere of maize, a C-4 plant. A 13CO2-labeling 85 

experiment was conducted with young maize plants growing in rhizoboxes with soil from an 86 

intensively investigated agricultural field (Scharroba et al., 2012; Kramer et al., 2013; Moll et 87 

al., 2015; Müller et al., 2016; Pausch et al., 2016). Key assimilators of plant-derived C were 88 

identified by rRNA-SIP across all relevant microbial kingdoms (bacteria, fungi and protists). 89 

We have previously investigated microbial carbon flows in the detritusphere (Kramer et al., 90 

2016) and also between micropredators in the same soil (Zhang and Lueders, 2017). Together 91 

with the present study, this allows for a highly comprehensive inventory of population-92 

specific microbial activities in the same plant-soil system.  93 
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Materials and methods 94 

Microcosm experiment for SIP 95 

The experiment was conducted in two acrylic glass chambers (l: 95 cm, w: 42 cm, h: 96 

70 cm) for the growth of 13C-labeled and 12C-control plants. To mimic summer conditions in 97 

temperate agricultural fields, maize plants (Zea mays) were exposed to light for 12 hours each 98 

day with 600 µmol PAR. Temperature was 28 °C by day and 18 °C at night. Plants were 99 

germinated on wet cellulose tissue and after five days, seeds and root tips were truncated to 100 

generate highly branched roots and support the use of CO2 as sole C-source for the plants. The 101 

next day, maize seedlings were planted into ethanol sterilized (70% v/v) rhizoboxes (17.0 x 102 

10.0 x 0.5 cm) containing 135 g of fresh, sieved (< 5mm) soil collected in November 2010 103 

from the upper 10 cm of an experimental maize field near Göttingen, Germany (Kramer et al., 104 

2012; Scharroba et al., 2012). Soil was stored at room temperature, sieved (< 5mm) and 105 

homogenized before being distributed into the rhizoboxes for the experiment in March 2011. 106 

The plants were watered every day with 15 ml of water. One week after germination, 0.5 g l-1 107 

KNO3
 were added to the water as fertilizer over a total period of five days.  108 

The labeling started 24 days after germination and three control plants were sampled 109 

directly before the onset of labeling. By then, soil in the rhizoboxes was densely rooted, 110 

suggesting the adequate development of a rhizosphere in the original bulk soil, as intended. 24 111 

plants, each, were placed into both chambers and either 13CO2 (from sodium bicarbonate-13C, 112 

98 atom %, Campro Scientific, Berlin, Germany) or unlabeled CO2 (source: anhydrous 113 

sodium carbonate, Sigma-Aldrich, St. Louis, USA), were pumped into the respective 114 

chambers. Constant CO2 concentrations of 418 ± 27 ppm were established to ensure optimal 115 

C fixation rates. CO2 concentrations were controlled via an infrared gas analyzer (Carbocap 116 

GM70, Vaisala, Vantaa, Finland). Soil was covered with parafilm to reduce CO2 efflux from 117 
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soil respiration, and also to minimize direct labeling of soil microbes via CO2-fixation. 118 

Labeling lasted for 6 d but the experiment was continued for another 10 d after end of 119 

labeling. During the experiment, plants were irrigated with 25 – 30 ml of water each day. 7.5 120 

mg of KNO3 per plant were amended to the water at days 4, 6, 9, and 12 of the experiment, 121 

respectively, as plants developed signs of nitrogen deficiency.  122 

Triplicate plants were destructively harvested per treatment after 0.5, 1, 2, 3, 5, 8, 11 123 

and 16 days. Upon sampling, the front plates of the rhizoboxes were opened and roots were 124 

carefully removed using sterile spatula. Soil remaining adherent to the roots after manual 125 

shaking was considered as the rhizosphere sensu stricto (Andrade et al., 1997; Buddrus-126 

Schiemann et al., 2010), which is largely restricted to the root hair zone for maize (Bengough, 127 

2012). Aliquots of ~5 g of strict rhizosphere soil or ~25 g of remaining rhizobox soil (i.e. 128 

surrounding soil) were transferred into sterile plastic tubes and stored frozen (-20°C) until 129 

further analysis. Due to the limited availability of strict rhizosphere soil, biogeochemical and 130 

isotopic downstream analyses could only be done for surrounding soil. rRNA-SIP, however, 131 

was conducted for both sets of soil samples.  132 

Isotopic analysis of plants and soil 133 

Total dry weight of plant shoots and roots were determined after each sampling and 134 

the incorporation of isotopic label was estimated for plant biomass and soil of triplicate 13C-135 

treatments. For this, the δ
13C values of bulk shoot, root and surrounding soil samples were 136 

measured on an Elemental Analyzer NA 2500 (Carlo Erba Instruments, Milano, Italy) 137 

interfaced to a Delta XP isotope ratio mass spectrometer (Thermo Electron Cooperation, 138 

Bremen, Germany, (Pausch et al., 2016). Enrichment of 13C label in a certain C pool was 139 

determined by subtracting the relative abundance of 13C in the unlabeled pool (c(13C)Std, in 140 
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atom %) from the relative 13C abundance in the same pool (P) after labeling (c(13C)P, atom 141 

%). Carbon excess was expressed in g13C g C-1:  142 

c
E(13C) = c(13C)P – c(13C)Std   (Pausch et al., 2016) 143 

Biogeochemical analyses 144 

Organic carbon was extracted from sets of triplicate surrounding soil samples with 145 

0.025M K2SO4 (1:4; w/v), shaken at 250 rev min-1 on a horizontal shaker and centrifuged for 146 

30 min at 4422 x g. Organic C content in supernatants was measured by a N/C analyzer 147 

(Multi N/C 2100S, Analytik Jena, Jena, Germany). Lipids were extracted from 6 g (fresh 148 

weight) of soil with a Bligh & Dyer solution [chloroform, methanol, citrate buffer (pH = 4; 1: 149 

2: 0.8; v/v/v, (Frostegård et al., 1991) and separated into glyco-, neutral fatty acids (NLFA) 150 

and phospholipid fatty acids (PLFA) with silica acid columns (0.5 g silicic acid, 3 ml; Varian 151 

Medical Systems, Palo Alto, CA, USA). Neutral and phospholipid fatty acids were 152 

transformed into fatty acid methyl esters (FAME) by mild alkaline methanolysis. FAMEs 153 

were measured with a GC as described in Kramer et al. (2013). An internal FAME standard 154 

was added to the extracts for quantification before methanolysis. PLFAs i15:0, a15:0, i16:0, 155 

16:1ω7, i17:0, cy17:0, cy19:0 were used as bacterial markers, 18:2ω6,9c as a marker for 156 

saprotrophic fungi, and NLFA 16:1ω5 for arbuscular mycorrhiza (Ruess and Chamberlain, 157 

2010). 158 

rRNA stable isotope probing (rRNA-SIP)  159 

RNA extraction from soil followed previous protocols (Kramer et al., 2016; Zhang and 160 

Lueders, 2017) and was extracted from rhizosphere and surrounding soil samples. RNA 161 

extracts from time points after 1, 3, 5 and 8 d of labeling were selected for gradient 162 

centrifugation. To account for analytical capacities assigned to the project, rRNA extracts 163 
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from triplicate microcosms were pooled and centrifuged as composite samples in SIP. 164 

Isopycnic centrifugation and gradient fractionation were done as described (Kramer et al., 165 

2016; Zhang and Lueders, 2017), with 750 ng of total RNA loaded into each gradient and a 166 

resolution of 12 gradient fractions per sample.  167 

Bacterial rRNA in density-resolved SIP fractions was first analyzed by T-RFLP 168 

fingerprinting as described (Kramer et al., 2016; Zhang and Lueders, 2017). In brief, bacterial 169 

communities were analyzed with primers Ba27f-FAM / 907r and subsequent MspI digestion. 170 

T-RFs representing labeled community members were identified by comparison of T-RF 171 

abundances in heavy vs. light rRNA fractions of 13C-gradients as well as of 12C-controls. 172 

Based on fingerprinting results (Fig. S1), fractions 3 and 8 were identified as representative 173 

heavy and light rRNA fractions of all 12C and 13C SIP gradients and subjected to amplicon 174 

sequencing (Kramer et al., 2016; Zhang and Lueders, 2017).  175 

Bacterial rRNA amplicons were generated and sequenced on a 454 GS FLX sequencer 176 

using Titanium chemisty (Roche Applied Biosystems, Penzberg, Germany) as previously 177 

described (Kramer et al., 2016). Bidirectional reads were quality-trimmed and filtered (Pilloni 178 

et al., 2012; Kramer et al., 2016), and reads <250 bp after trimming were excluded from 179 

further analysis. Classification of bacterial taxa was done with the RDP classifier (Wang et al., 180 

2007). Eukaryotic rRNA amplicons were generated with the same primers as used for 181 

eukaryote T-RFLP, and with modified PCR chemistry using the Brilliant III Ultra-Fast RT-182 

qPCR Master Mix (Agilent Technologies, Santa Clara, USA). Quality trimming, filtering and 183 

exclusion of short reads were done following the same workflow as for prokaryotes. Then, 184 

eukaryotic SSU rRNA sequences were taxonomically analyzed with the CREST toolbox 185 

(Lanzén et al., 2012). In brief, the amplicons were taxonomically assigned by MEGAN 186 

analysis of BLASTN files against the SilvaMod SSU rRNA reference database (LCA 187 

parameters: min. bit score 330, min. support 1, top percent 2; 50 best blast hits). The 188 
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classification of flagellates followed the key of Jeuck and Arndt (2013), with all Bicosoecida 189 

and Cercomonadida considered as flagellates.  190 

The sequencing libraries generated for light, unlabeled rRNA (fractions 3 of 12C-191 

gradients) were considered to closely represent total rRNA pools extracted from the different 192 

time points and soil compartments and used to illustrate overall community composition 193 

(Zhang and Lueders, 2017). T-RFs were predicted in silico for sequencing contigs generated 194 

for dominating bacterial taxa of all libraries (Pilloni et al., 2012) by using TRiFLe (Junier et 195 

al., 2008). This allowed to tentatively link labeling patterns observed for T-RFs to that of 196 

sequencing data (Kramer et al., 2016; Zhang and Lueders, 2017). All sequencing data have 197 

been deposited with the NCBI sequence read archive and are available under the BioProject 198 

accession number PRJNA521477 for bacterial and microeukaryotic rRNA reads. 199 

Inference of taxon-specific isotopic enrichment factors in rRNA 200 

To identify taxa involved in the assimilation of 13C from rhizodeposits within the 201 

different groups (bacteria, fungi, protists), sequencing read ‘enrichment factors’ (EF) in heavy 202 

rRNA fractions were inferred as reported (Kramer et al., 2016; Zhang and Lueders, 2017). 203 

Briefly, EFs were calculated as follows:  204 

EF = 13Cheavy / 
13Clight – 12Cheavy / 

12Clight 205 

where 13Cheavy and 13Clight were the relative abundance of taxon-specific reads in heavy and 206 

light rRNA fractions of 13C treatments, and 12Cheavy and 12Clight were the same for the 207 

respective 12C-controls. EFs were calculated for all bacterial taxa with >1 % read abundance 208 

in heavy rRNA of at least one 13C treatment and one time point, >0.25% for eukaryotes, and > 209 

0.1% for yeasts, as the latter were resolved to a finer taxonomic resolution.  210 
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Statistics 211 

The concentrations of extractable organic carbon (EOC), PLFAs and NLFAs over time 212 

and between treatments were analyzed with factorial ANOVA using STATISTICA 12 (Tulsa, 213 

OK, USA). Post Hoc tests for comparison of means were done with Tukey HSD. When 214 

necessary, data were transformed to obtain homoscedasticity (proven by Levene`s test). All 215 

error bars are given as standard deviations of triplicate analyses. 216 

 217 

Results 218 

Plant growth and rhizobox labeling  219 

During the 16 d of our labeling incubation, the maize plants approximately doubled in 220 

root and shoot biomass (Fig. 1A). The biggest increase in plant growth was observed between 221 

days 5 and 8, where the average total plant biomass increased from 0.69 to 0.98 gdw per 222 

rhizobox. Significant differences in plant growth between 13C and 12C-treatments were not 223 

observed. During the labeling period of 6 d, each plant assimilated 2.84 ± 0.75 mmol C d-1, 224 

resulting in an isotopic enrichment of 13C of ~26, 23, and 0.7 atom % 13C for maize shoots, 225 

roots and soil, respectively. Between the end of labeling (6 d) and the end of the experiment, 226 

enrichment in plant did not increase any further (Fig. 1B). 227 

The content of total EOC in rhizobox soil varied over time (F8,36 = 59.9; P < 0.01), 228 

with highest concentrations found on days 2-3 and 11, respectively (Fig. 2A). The abundance 229 

of bacterial PLFAs and of the fungal PLFA 18:2ω6,9c showed a significant short-term 230 

increase within the first day of labeling (Fig. 2B, C). Afterwards, the abundance of bacterial 231 

PLFAs remained constant over time, while that of fungi steadily increased. Mycorrhizal 232 

NLFAs (16:1ω5) also showed an initial peak and then a constant increase in abundance until 233 
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day 16 (Fig. 2D). 13C-labeling did not significantly impact the concentrations of EOC, 234 

bacterial and fungal PLFAs, or of NLFAs compared to the 12C-controls. Based on the 235 

observed plant growth and 13C-labeling patterns, days 1, 3, 5 and 8 were selected as time 236 

points subjected to rRNA SIP.  237 

rRNA-SIP of rhizosphere microbiota 238 

SIP was conducted for rRNA extracted from both strict rhizosphere soil and 239 

surrounding soil. The rRNA resolved in SIP gradients was first subjected to fingerprinting of 240 

bacterial SSU rRNA amplicons. The comparison of density-resolved fingerprints from 13C-241 

treatments and 12C-control gradients revealed a clear labeling of bacterial T-RFs after 5 d of 242 

incubation, both in rhizosphere and surrounding soil, further increasing in intensity after 8 d 243 

(Fig. S1). In addition, surrounding soil rRNA extracts taken after 1 and 3 d of incubation were 244 

also resolved in SIP gradients, but labeling patterns were not apparent via bacterial rRNA 245 

fingerprinting for these earlier time points (data not shown). 246 

Therefore, rRNA gradients of days 5 and 8 were selected for downstream sequencing 247 

of bacterial and eukaryotic rRNA amplicons. First, sequencing libraries generated for light 248 

rRNA fractions of the 12C-treatments were used to illustrate overall community composition 249 

of bacteria and microeukaryotes from different time points and compartments (Zhang and 250 

Lueders, 2017). Bacterial sequencing libraries were dominated by Actinobacteria and 251 

Alphaproteobacteria (Fig. 3A), with rRNA affiliated to Marmoricola, Humicoccus, and 252 

Bradyrhizobium spp. representing some of the most abundant genus-level OTUs (~3 – 6%). 253 

Microeukaryote libraries were dominated by fungal rRNA reads (40 – 48%) affiliated to the 254 

Ascomycota, Basidiomycota and Mucoromycotina (Fig. 3B). Moreover, protists within the 255 

Ciliophora, Amoebozoa and Stramenopiles were also of sizeable abundance (20 – 30% of all 256 

eukaryotic reads, taken together). 257 
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Compared to rhizosphere soil sensu stricto, sequence reads of the Deltaproteobacteria, 258 

Acidobacteria, Planctomycetes and Verrucomicrobia were more abundant in the surrounding 259 

soil (Fig. 3A). Moreover, rRNA reads of the mycorrhizal Glomeromycota were more 260 

abundant in surrounding soil, where they represented ~5% of all eukaryotic reads (Fig. 3B). 261 

Distinctions between soil compartments were also apparent for the protists, where amoeba 262 

appeared more abundant in surrounding soil, whereas ciliates were enriched in rhizosphere 263 

rRNA, especially after 8 d (Fig. 3B).  264 

Labeled bacterial rRNA 265 

The taxon-specific read enrichment factors (EFs) showed that only a minor subset of 266 

the considerable bacterial diversity in the soil incorporated 13C-label. Most of the more 267 

strongly labeled bacterial taxa (i.e., EF >3) showed only low relative read abundances in 268 

unlabeled rRNA. However, reads affiliated to Opitutus spp. (Verrucomicrobia) were a marked 269 

exception, as they were both, highly abundant and strongly enriched in heavy 13C-rRNA (Fig. 270 

4, Table S1). Unexpectedly, labeling after 5 d was more pronounced for a number of bacterial 271 

lineages in surrounding soil rRNA than in the strict rhizosphere. In fact, of the ~10 genera 272 

with marked labelling after 5 d, more than half showed stronger 13C-enrichment in the 273 

surrounding soil. This was observed especially for Opitutus, but also Mucilaginibacter, 274 

Ohktaekwangia (both Bacteroidetes), Sphingobium (Alphaproteobacteria) and Massilia spp. 275 

(Betaproteobacteria). In contrast, reads affiliated to Azospirillum (Alphaproteobacteria), 276 

Arthrobacter spp. (Actinobacteria) and Gemmata (Planctomycetes) were more enriched in the 277 

strict rhizosphere after 5 d. On day 8, rRNA of Kitasatospora (Actinobacteria) also appeared 278 

as labeled in surrounding soil rRNA, while rRNA of Mucilaginibacter and Massilia was now 279 

also clearly labeled in the rhizosphere. rRNA of only one lineage (Dactylosporangium, 280 

Actinobacteria) showed opposite temporal dynamics, where rRNA was first enriched in 13C 281 
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after 5 d, and then strongly depleted after 8 d, especially in the surrounding soil. Other 282 

lineages showed similar enrichment in both compartments, either at one (Acidobacteria, 283 

Azospirillum) or at both time points (Rhizobacter, Oxalobacteraceae). For most of the more 284 

abundant taxa, the interpretation of labeling based on EFs was consistently supported by 285 

associated T-RFs enriched in heavy 13C rRNA fingerprints (Table S1, Fig. S1).  286 

Labeled microeukaryote rRNA 287 

rRNA of the Glomeromycota was most strongly 13C-labeled amongst the eukaryotes 288 

(Fig. 5, Table S1). The Paraglomerales were the most heavily labeled AMF group and 289 

increased in labeling over time, especially in soil surrounding the strict rhizosphere. Also 290 

other AMF lineages (Glomerales, Diversisporales and Archaeosporales) showed notable 13C-291 

labeling. None of the abundant filamentous fungi within the Ascomycota, Basidiomycota or 292 

Mucoromycotina showed any 13C enrichment in SIP. Only within the Chytridiomycota, reads 293 

affiliated to the Rhizophydiales and Chytridiales showed labeling in the rhizosphere. Also 294 

unicellular fungi were revealed to draw on rhizodeposition: rRNA of some yeasts (Candida, 295 

Torulaspora spp.) was weakly labeled in the rhizosphere after 8 d (Fig. 5). Reads affiliated to 296 

Cryptococcus spp. (Tremellomycetes, Basidiomycota), although being by far the most 297 

abundant yeast lineage (3 – 6%, Fig. 3B), showed no 13C-enrichment.  298 

Amongst the protists, rRNA of the oomycete Phytophthora spp. (Stramenopiles) 299 

represented the 2nd most highly labeled microeukaryote taxon in surrounding soil (after the 300 

Paraglomerales). In the rhizosphere, rRNA of flagellates within the Thaumatomonadida 301 

(Cercozoa) and Apusozoa, and of the Leptomyxida (Amoebozoa) was 13C-enriched, indicative 302 

of active protistan micropredation. In contrast, flagellates within the Bodonidae 303 

(Kinetoplastida) incorporated more 13C-label in soil surrounding the strict rhizosphere. 304 

 305 
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Discussion 306 

13C-labeling of rhizosphere microbiota 307 

This study aimed to discriminate plant-derived 13C-labeling patterns for the maize 308 

rhizosphere across microbial kingdoms. We also compared labeling apparent in the strict 309 

rhizosphere vs. that of surrounding soil. The dense rooting of our rhizoboxes clearly prevents 310 

the assumption that part of the investigated soil could still have represented unrooted bulk 311 

soil. Typically, soil remaining adherent to roots after extraction and manual shaking is 312 

considered as the strict rhizosphere (Andrade et al., 1997; Buddrus-Schiemann et al., 2010). 313 

However, the pronounced effect of sampling strategies on access to actual rhizosphere 314 

microbes is a matter of critical debate (Richter-Heitmann et al., 2016), and may also vary with 315 

plant and soil type. In the present work, it can be assumed that the surrounding rhizobox soil 316 

contained a larger fraction of soil less influenced by direct exudation than by AMF-mediated 317 

rhizodeposition, a compartment previously termed as the hyphosphere (Andrade et al., 1997; 318 

Kaiser et al., 2015; Qin et al., 2016).  319 

Allocation of plant-derived C to the soil was first proven by bulk elemental analyses 320 

and by the increase in EOC over time (Fig. 1 and 2A). In our study, the strong increase of 321 

EOC until day 2, paralleled by early short-term peaks of lipid biomarkers, suggested that 322 

abundant plant-derived C was allocated to the soil within the first days of the experiment. 323 

Irrespective, the resulting transfer of label into rhizosphere microbiota seems to have been 324 

insufficient for rRNA-SIP at these early time points. While the total abundance of soil 325 

bacteria as indicated via PLFA biomarkers remained constant after day 2, the parallel increase 326 

of the NLFA biomarker for AMF together with the general fungal PLFA biomarker suggests, 327 

that the increase of total fungal biomass was mainly attributed to mycorrhizal growth. This 328 

clear increase in AMF biomass is a strong evidence for the successful establishment of 329 
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mycorrhizal associations within the growing maize roots (Kaiser et al., 2015; Qin et al., 330 

2016).  331 

Comparative SIP labelling across microbial kingdoms 332 

The use of rRNA-SIP is a prime tool to trace population-specific microbial carbon 333 

flows in the rhizosphere (Haichar et al., 2016). Still, the approach has rarely been applied 334 

across microbial kingdoms in a comparative manner (Drigo et al., 2010). In the present study, 335 

labeling was traced across three relevant microbial kingdoms (bacteria, fungi, protists) and in 336 

two distinct fractions of plant-influenced soil. Several of the labeling patterns observed did 337 

not come as a surprise. Amongst the labeled bacteria, Massilia (Ofek et al., 2012), 338 

Mucilaginibacter (Madhaiyan et al., 2010), Azospirillum and Arthrobacter spp. (Babalola, 339 

2010) are all well-known to include plant growth-promoting rhizobacteria (PGPR). Different 340 

Sphingobacteria and Azospirillum spp. have also been previously associated with rhizodeposit 341 

utilization in maize (Haichar et al., 2008; Peiffer et al., 2013). Also Arthrobacter spp. has 342 

been identified as a utilizer of sugars in the same soil in our previous SIP investigation of 343 

detritusphere carbon flows (Kramer et al., 2016). For all of these lineages, labelling consistent 344 

with presumed rhizodeposit usage was obtained in our study. The distinct temporal labelling 345 

pattern observed for Dactylosporangium spp., however, could be indicative of a stimulated 346 

usage of unlabeled soil organic matter (SOM) after prior rhizodeposit uptake, i.e. a priming 347 

effect (Kuzyakov, 2010). 348 

However, we did not expect to find rRNA of the verrucomicrobial Opitutus spp. to 349 

represent the most prominently labeled bacterium in the rhizoboxes. Opitutus has been 350 

previously detected in the rhizosphere of maize (Correa-Galeote et al., 2016), but was 351 

originally isolated from flooded rice paddies and is known as an obligate fermenter (van 352 

Passel et al., 2011). We cannot exclude that the high water demand of the plants could have 353 



16 

 

led to the transient establishment of anoxic micro-niches in our rhizoboxes after watering. 354 

Regardless, Opitutus spp. was clearly identified as the most successful bacterial forager of 355 

fresh plant-derived C in our study, a finding that has not been described for any other 356 

rhizosphere system. The fact that Opitutus rRNA was even more clearly labeled in soil 357 

surrounding the strict rhizosphere suggests, that it must have been receiving plant-derived C 358 

via the mycorrhizal pathway.  359 

rRNA labelling of fungi clearly substantiated the outstanding role of AMF as a conduit 360 

for fresh plant assimilates into the mycorrhizosphere (Roth and Paszkowski, 2017). A rapid 361 

transfer of plant assimilates to AMF and a direct release to soil bacteria via their hyphal 362 

network (Johnson et al., 2002) was the only conceivable route for the pronounced labeling of 363 

Opitutus spp. outside the strict rhizosphere after 5 d. These results are in line with the 364 

description of AMF as a “carbon bridge” between roots and the surrounding soil (Bago et al., 365 

2003). Other bacteria for which AMF-mediated transfer of plant-derived C was suggested 366 

included Mucilanginibacter, Ohktaekwangia, and Massilia spp.. Massilia spp. can be very 367 

abundant in the rhizosphere of maize (García-Salamanca et al., 2013) and also 368 

Mucilaginibacter spp. are known as typical rhizosphere microbes and maize endophytes 369 

(Kämpfer et al., 2014). We previously identified Mucilaginibacter and other Bacteroidetes as 370 

important degraders of maize litter in the detritusphere of the same soil (Kramer et al., 2016). 371 

The present study, however, suggest that these bacteria possessed efficient ways of interacting 372 

with and accessing plant-derived C via the AMF network (Scheublin et al., 2010). We can 373 

only speculate whether chitinolytic capacities reported for members of the genus could have 374 

been involved (Yoon et al., 2012).  375 

Amongst the filamentous saprophytic fungi, none of the abundant Ascomycota, 376 

Basidiomycota or even sugar fungi within the Mucoromycotina detected in our rRNA libraries 377 

showed 13C enrichment. This was surprising, since a previous 13CO2 pulse labeling 378 
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experiment conducted directly in the field suggested a prominent role of saprotrophic fungi in 379 

the acquisition of root-derived C (Pausch et al., 2016), in line with the recently proposed 380 

“sapro-rhizosphere” concept (Ballhausen and de Boer, 2016). The functional differences 381 

observed here could potentially be attributed to the different growth stages of the investigated 382 

plants (~4 weeks in rhizoboxes vs. ~3 months in the field). Thus, plant-growth dependent 383 

differences in exudation and mycorrhization should be more specifically addressed when 384 

investigating rhizosphere microbiome recruitment and interactions in the future (Guyonnet et 385 

al., 2018).  386 

Although rRNA of typical sugar fungi like Mortierella spp. and other hyphal 387 

Basidiomycota and Ascomycota were diverse and abundant in our study (Fig. 3), they clearly 388 

remained unlabeled. Different yeasts appeared as the only Ascomycota to receive minor 13C-389 

labeling in the investigated soil. At the same time, labeling was much more pronounced for 390 

members of the Chytridiomycota, some of which are, intriguingly, known to include AMF 391 

parasites (Ross and Ruttencutter, 1977; Wakefield et al., 2010). Irrespective of the possible 392 

mechanisms, our results highlight the importance of complex trans- and inter-kingdom 393 

microbial carbon flows in plant-influenced soils.  394 

Micropredator labeling 395 

Except for oomycetes (Phytophthora spp.), some of which are known as plant-396 

pathogens (Fry, 2008), rRNA of labeled protists detected in this study all belonged to 397 

microbial grazers. A distinct community of labeled protists was detected in both investigated 398 

soil fractions. While amoebae were generally the most abundant protistan supergroup in light 399 

rRNA libraries (Fig. 3), the active protistan community directly incorporating root-derived C 400 

included mostly flagellates, especially in the strict rhizosphere. Members of the 401 

Thaumatomonadida have been previously identified as dominant flagellates in the 402 
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investigated soil based on laboratory cultivation (Scharroba et al., 2012), thus their labelling 403 

in the present study, albeit weak, was actually consistent. We have also recently observed 404 

distinct predation patterns of amoebae on Gram-positive or –negative bacterial prey in the 405 

same soil (Zhang and Lueders, 2017), so prey selection could also have contributed to the 406 

trophic labeling observed. Amongst the amoebae, the facultatively mycophagous Leptomyxida 407 

(Chakraborty and Old, 1982; Geisen et al., 2015) were also weakly 13C-labeled, possibly 408 

suggesting a respective fungivorous foraging on unicellular fungi or even AMF in our 409 

experiment.  410 

Conclusions 411 

This study highlights the pivotal role of AMF being a major hub for translocating fresh 412 

plant-derived labile carbon to soil microbes, independent from and in parallel to passive root 413 

exudation (Bago et al., 2003; Kaiser et al., 2015). It is thought that a large proportion of C 414 

translocated through the AMF network is transported as glycogen or triacylglycerol (Roth and 415 

Paszkowski, 2017; Keymer and Gutjahr, 2018). Possibly, some of the bacteria detected as 416 

highly 13C-labeled in our study (e.g. Opitutus spp.) specialize on consuming such AMF-417 

derived C substrates.  418 

Summarizing these results into a conceptual network of the flow of labeled carbon 419 

between plant and microbes in the investigated rhizosphere (Fig. 6), the pivotal importance of 420 

AMF as a rapid shunt of fresh plant assimilates to bacteria and also protists (Oomycetes and 421 

Bodonidae) outside the strict rhizosphere is illustrated. At the same time, evidence for the 422 

involvement of typical saprotrophic hyphal fungi in rhizosphere carbon flows was not 423 

observed, thus challenging the proposed “sapro-rhizosphere” concept (Ballhausen and de 424 

Boer, 2016). We also demonstrate that rhizodeposits are competitively utilized by specific 425 

subpopulations across microbial kingdoms, but that these are also dynamic in time (Fig. 6). 426 
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Our results demonstrate how AMF-mediated carbon transfer into soil greatly extends the 427 

influence of the plant holobiont, previously thought to be mainly driven by direct root 428 

exudation. For the first time, we provide evidence for the spatial and temporal dynamics of 429 

these interactions via SIP.  430 
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Figure legends  630 

Fig. 1: Growth of plant biomass in 
12

C and 
13

C treatments (A) and 
13

C enrichment in soil, roots 631 

and shoots of the 
13

C-treatments (B). Vertical bars indicate standard deviation for three replicate 632 

rhizoboxes for each time point.  633 

Fig. 2: (A) Content of extractable organic carbon (EOC) in surrounding soil of 
12

C and 
13

C 634 

treatments. (B) Bacterial PLFA, (C) PLFA of saprotrophic fungi, (D) mycorrhizal NLFA content in 635 

surrounding soil of 
12

C and 
13

C treatments. Vertical bars indicate standard deviations of triplicate 636 

measurements.  637 

Fig. 3: Relative sequence abundance of overall bacterial (A) and microeukaryote (B) taxa in 638 

amplicon libraries of soil rRNA. Communities are shown for two time points (days 5 & 8) and two 639 

investigated soil fractions (surrounding soil, strict rhizosphere soil). Selected sub-phylum taxa 640 

mentioned in the text are highlighted. 641 

Fig. 4: 
13

C-labeled bacterial taxa identified in SIP after 5 and 8 days of incubation. Labeling 642 

was inferred via comparative sequencing read enrichment factors (EF) in heavy vs. light rRNA 643 

gradient fractions of 
13

C- and 
12

C-treatments. All bacterial taxa that showed an EF >0.5 in at least one 644 

treatment or time point were considered as 
13

C-labeled. Other taxa identified in sequencing libraries 645 

are not shown. EFs were combined with relative read abundance of labeled taxa in heavy 
13

C-rRNA.  646 

Fig. 5: 
13

C-labeled fungal and protists taxa identified in SIP after 5 and 8 days of incubation. 647 

All further details: see legend of Fig. 4.  648 

Fig. 6: Conceptualization of plant-derived inter-kingdom microbial carbon flows as observed 649 

in the strict rhizosphere and surrounding soil of maize. Arrows indicate direct inter-population C-650 

flows, curved arrows suggest interactions via predation. 651 
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